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FOREWORD 
The ACS S Y M P O S I U M S E R I E S was founded in 1974 to provide a 
medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing A D V A N C E S 

IN C H E M I S T R Y S E R I E S except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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PREFACE 

THE E N V I R O N M E N T A L O R I G I N O F M A N Y H U M A N C A N C E R S is gaining 
increasing acceptance. Significant levels of cancer-causing agents are 
commonly present in polluted air, automobile exhaust, tobacco smoke, and 
many common foods. Direct evidence concerning the role of chemical 
carcinogens in the etiology of human cancer is difficult to obtain due to 
necessary restrictions on human experimentation. However, there is a 
mounting volume of indirect evidence that supports the importance of 
chemical agents as causative factors. 

Epidemiological studies show wide variation in the incidences of various 
types of cancers in different populations. These geographic differences are 
often dramatic. For example, the incidence of female breast cancer is 
particularly high in the United States and relatively low in Japan. On the 
other hand, the occurrence of stomach cancer in these two countries is 
approximately reversed, being exceptionally high in Japan and relatively low 
in the United States. These differences appear to be related more to diet and 
lifestyle factors than to inherent genetic differences. Thus, the cancer profile 
of the Japanese population in Hawaii shows a marked shift in the relative 
incidence of breast and stomach cancer away from the levels in Japan 
toward those in the United States. In general the cancer patterns of migrant 
populations tend to shift toward those patterns characteristic of the new 
environment. 

Carcinogenesis research has demonstrated the tumorigenic activities of a 
large number of chemical substances in experimental animals. These include 
molecules of diverse chemical classes, organic and inorganiC., and natural 
products as well as compounds synthesized in the laboratory or produced by 
industry. 

Man has served as the unintentional guinea pig for the identification of 
some major classes of carcinogens. These include the polycyclic aromatic 
hydrocarbons (PAH), or polyarenes, which have been identified as the active 
components of soot, which was recognized by the London surgeon Percivall 
Pott two centuries ago as responsible for cancer of the scrotum in chimney 
sweeps. Subsequently, polycyclic hydrocarbons have been implicated as 
agents responsible for skin cancer in other occupations such as shale oil 
distillation and mule spinning in the cotton industry. 

The carcinogenicity of aromatic amines, such as benzidine and 2-naph-
thylamine, was first recognized by Rehn in the 1890s as an occupational 
hazard in the German dyestuffs industry. Compounds in this class induce 
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tumors in man predominantly in the urinary bladder. The nitrosamines, 
another major class of carcinogens, were first recognized as such by their 
induction of tumors in the livers of workmen in the chemical industry who 
were using N-nitrosodimethylamine as a solvent. 

Polycyclic aromatic hydrocarbons hold a unique place in carcinogenesis 
research. The first pure compounds recognized as carcinogens more than 50 
years ago were the PAH benzo[a]pyrene and dibenz[tf,/z]anthracene. Because 
only certain polyarenes exhibit tumorigenic activity and the level of activity 
is highly dependent upon molecular structure (e.g., number of fused rings, 
molecular shape, and presence of methyl or other groups in particular 
molecular regions), the PAH are ideally suited to studies of structure-activity 
relationships. The polycyclic hydrocarbons are also exceptional in their 
ability to induce various types of tumors selectively, dependent upon their 
mode of administration and other experimental conditions. Thus, oral 
administration of 10 mg of 7,12-dimethylbenz[tf]anthracene to female 
Sprague-Dawley rats was shown by Huggins to elicit mammary tumors with 
100% incidence. Intravenous injection of a lipid emulsion of the same 
hydrocarbon to male or female Long-Evans rats selectively induced 
leukemia with similarly high incidence. In contrast, intramuscular injection 
of this hydrocarbon into the legs of Long-Evans rats gave predominantly 
local sarcomas at the site of injection. Other malignancies may be induced by 
PAH under appropriate experimental conditions. PAH-induced tumors are 
widely employed as standards in experimental oncology. 

Polycyclic aromatic hydrocarbons' potential importance in human 
cancer is strongly suggested by their environmental occurrence and their 
exceptional carcinogenic potency; PAH as a class rank second only to the 
potent hepatocarcinogenic aflatoxins. The environmental prevalence of PAH 
is largely a consequence of PAH formation as products of combustion of 
fossil fuels and other organic matter. Although human populations are 
chronically exposed to low levels of polyarenes, individual levels of exposure 
may vary widely, determined by lifestyle, particularly cigarette smoking, diet, 
and occupation. 

Research in PAH carcinogenesis has made major advances in the past 
decade. Most notable has been identification of diol epoxide metabolites as 
the active forms of benzo[a]pyrene, 7,12-dimethylbenz[a]anthracene, and 
other carcinogenic PAH. This finding has stimulated enormous research 
activity and opened the way to determination of the detailed molecular 
mechanism of action of this important class of carcinogenic molecules. 

The symposium upon which this book is based brought together leading 
investigators concerned with the mechanisms of carcinogenesis of PAH at 
the molecular level. The individual chapters in this book are not merely 
verbatim reports of the symposium proceedings but rather critical reviews of 
symposium topics with extensive references to investigations in other 
laboratories. Since the pertinent literature references are scattered in journals 
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in diverse fields ranging from synthetic and theoretical chemistry to oncology 
and molecular biology, it has been difficult for nonspecialists to keep abreast 
of recent advances. This book provides a convenient summary of current 
developments that cuts across these diverse academic disciplines. 

Several additional chapters on relevant topics that could not be 
included in the symposium due to time limitations are also included in this 
volume. Chapter 10 presents a unified theoretical treatment of the covalent 
binding to DNA of the reactive diol epoxide metabolite of benzo[tf]pyrene 
implicated as the active form of this hydrocarbon. Chapter 15 on the in vitro 
metabolic activation of nitro polycyclic aromatic hydrocarbons is the first 
review of this very active area of investigation. Interest in this topic has been 
stimulated by the discovery that nitration of pyrene and other PAH by 
oxides of nitrogen occurs in the atmosphere to form nitro-PAH derivatives 
which are often highly mutagenic. Chapter 14 on the carcinogenic metabo
lites of arylamines and arylamides reviews the large body of literature on the 
mechanism of carcinogenesis of this important class of PAH compounds. 
Since nitro-PAH are reducible by bacterial enzymes to polycyclic arylamines 
and the fused aromatic ring systems of both these classes of PAH 
compounds may undergo activation to diol epoxide derivatives, multiple 
overlapping mechanistic pathways exist for the metabolic activation of 
unsubstituted PAH and their nitro- and amino-substituted derivatives, 
compounding the mechanistic complexity. 

This book is expected to be of interest to investigators active in all 
aspects of carcinogenesis research as well as to graduate students, educators, 
and others seeking an introduction to this important field of research. 

It is hoped that this volume will contribute toward the ultimate 
elucidation of the molecular mechanism of induction of cancer by PAH. This 
knowledge will provide a rational basis for the design of approaches for the 
prevention and cure of this dread disease. 

Additional support for the symposium was provided by the U.S. 
Department of Energy. I particularly thank Walter Trahanovsky of the 
American Chemical Society for his personal contribution toward making 
this project a success and my wife Helene for her support and understanding 
throughout this project. Any opinions, findings, conclusions, or recommen
dations expressed herein are those of the authors and do not necessarily 
reflect the views of the U.S. Department of Energy. 

R O N A L D G. H A R V E Y 

University of Chicago 
Chicago, Illinois 

March 22, 1985 
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1 
Polycyclic Aromatic Hydrocarbon Carcinogenesis 
An Introduction 

ANTHONY DIPPLE 

LBI-Basic Research Program, Chemical and Physical Carcinogenesis Laboratory, National Cancer 
Institute, Frederick Cancer Research Facility, Frederick, MD 21701 

Since polycyclic aromatic hydrocarbons are widely 
distributed throughout the atmosphere and water 
sources of the world, it is essentially impossible 
to avoid exposure to nanogram quantities of these 
substances on a daily basis. It is particularly 
important, therefore, that the mechanism of action 
of these carcinogens be understood. This introduc
tion provides a general background on experimental 
carcinogenesis and structure-activity relationships 
for hydrocarbons. It also traces the key steps 
involved in the discovery that polycyclic aromatic 
hydrocarbons are the carcinogenic components of 
complex mixtures such as soots and tars and the 
more recent discovery that bay region dihydrodiol 
epoxides are probably the metabolites of hydrocar
bons that initiate the carcinogenic process. 

Although there are earlier reports of lifestyle-associated can
cers in the scientific literature, the 1775 observation of Percival 
Pott, surgeon to St. Bartholomew's Hospital in London, that scrotal 
cancer in chimney sweepers originates from their occupational 
exposure to soot (1) represents the key historical development in 
the fields of chemical carcinogenesis in general and polycyclic 
aromatic hydrocarbon carcinogenesis in particular. This observa
tion was followed a century later by von Volkmann's reports of 
occupational skin cancers in workers in the coal tar industry in 
Germany (_2), and by the early 1900fs it was widely recognized that 
soot [produced by the inefficient combustion of coal and containing 
up to 40% coal tar (3)], coal tar [produced by the destructive 
distillation of coal], and pitch [the residue after d i s t i l l i n g 
coal tar] are a l l carcinogenic for man. At that time, it was 
conceivable that a single carcinogenic substance might be respon
sible for a l l the known occupational cancers (j4), but attempts to 
characterize the carcinogens in these complex combustion and pyro-
lysis products had to await the development of an experimental 
system for determining carcinogenic activity. It was not until 

0097-6156/85/ 0283-0001 $06.00/0 
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2 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

1915 that such a system was developed by Yamagiwa and Ichikawa (5) 
who succeeded i n producing malignant s k i n tumors i n r a b b i t s by the 
p e r s i s t e n t t o p i c a l a p p l i c a t i o n of c o a l t a r . Three years l a t e r 
T s u t s u i (6) produced tumors i n mice by repeated a p p l i c a t i o n of 
t a r s to the s k i n , and t h i s p a r t i c u l a r assay, which was q u i c k l y 
adopted i n other l a b o r a t o r i e s , has proved to be of l a s t i n g value 
and i s s t i l l used f r e q u e n t l y today. 

The s e r i e s of events which then l e d to the i d e n t i f i c a t i o n of 
c e r t a i n p o l y c y c l i c aromatic hydrocarbons as the f i r s t pure chemical 
carcinogens has been described i n depth by S i r Ernest Kennaway 
(_7), a key p a r t i c i p a n t i n the discovery, and only a b r i e f o u t l i n e 
of t h i s e x c i t i n g s t o r y i s included h e r e i n . In 1921, Bloch and 
D r e i f u s s (8) i n S w i t z e r l a n d had e s t a b l i s h e d that the carcinogen i n 
c o a l t a r was of high b o i l i n g p o i n t , was f r e e of n i t r o g e n and s u l 
phur, formed a s t a b l e p i c r a t e , and was probably a complex hydrocar
bon. Kennaway pursued these leads a f t e r j o i n i n g what i s now the 
I n s t i t u t e of Cancer Research i n London i n 1922, and, amongst a 
number of notable s t u d i e s on carcinogenic t a r s , he demonstrated 
that pyrolyses of isoprene or acetylene i n an atmosphere of hydro
gen gave r i s e to carcinogenic d i s t i l l a t e s , thereby proving that 
carcinogenic a c t i v i t y r e s i d e d i n some compound c o n t a i n i n g only 
carbon and hydrogen ( 9 ) . 

A second v i t a l observation was made when Mayneord, a p h y s i c i s t , 
j o i n e d i n the research e f f o r t and decided to examine the conspicu
ous fluorescence of the many carcinogenic d i s t i l l a t e s present i n 
Kennaway fs la b o r a t o r y . He found that most of the carcinogenic 
t a r s e x h i b i t e d a common fluorescence spectrum (A m a x 400, 418 
and 440 nm) but, i n subsequent s t u d i e s w i t h Hieger, none of the 
hydrocarbons a v a i l a b l e at that time e x h i b i t e d these s p e c t r a l char
a c t e r i s t i c s (_7). The spectrum of benz[ajanthracene was found to 
be s i m i l a r t o , but of longer wavelength than, that of the c a r c i n 
ogenic preparations but t h i s s i m i l a r i t y d i r e c t e d Kennaway fs a t t e n 
t i o n to C l a r ' s report of the synthesis of dibenz[a_,h]anthracene 
(10). Tumors were obtained when t h i s hydrocarbon was repeatedly 
painted on to mice and thus i t was e s t a b l i s h e d that the p r o p e r t i e s 
necessary to e l i c i t tumors i n animals were contained w i t h i n the 
s t r u c t u r e of a s i n g l e pure chemical compound (11). 

Since the spectrum of dibenz [a_,hjanthracene was not i d e n t i c a l 
to that of the ca r c i n o g e n i c t a r s , c arcinogenic a c t i v i t y obviously 
was not confined to a unique chemical s t r u c t u r e and indeed Cook, 
who had j o i n e d t h i s research e f f o r t i n 1929, soon synthesized a 
number of new hydrocarbons, and many of these were ca r c i n o g e n i c . 
The outstanding problem of the carcinogen i n the t a r s was u l t i m a t e 
l y r e s o l v e d by a massive experiment beginning w i t h the d i s t i l l a t i o n 
of 2 tons of gas-works p i t c h . Thereafter, by f r a c t i o n a l d i s t i l l a 
t i o n , d i f f e r e n t i a l e x t r a c t i o n s , f r a c t i o n a l c r y s t a l l i z a t i o n and by 
f o l l o w i n g the fluorescence spectrum and carcinogenic a c t i v i t y of 
the v a r i o u s f r a c t i o n s , Cook, Hewett and Hieger (12) were able to 
o b t a i n gram q u a n t i t i e s of a c r y s t a l l i n e m a t e r i a l which was c a r c i n o 
genic and e x h i b i t e d the fluorescence which had been as s o c i a t e d 
w i t h carcinogenic a c t i v i t y . This m a t e r i a l was resolved i n t o three 
separate substances, perylene and two unknown isomers of perylene 
which were i d e n t i f i e d by s t ructure-determining syntheses as benzo-
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1. DIPPLE Polycyclic Aromatic Hydrocarbon Carcinogenesis 3 

[ajpyrene and benzo[ejpyrene. Benzo[ajpyrene was the source of 
both carcinogenic a c t i v i t y and the c h a r a c t e r i s t i c fluorescence of 
the carcinogenic t a r s . This f i n d i n g completed a remarkable episode 
of research during which the carcinogenic a c t i v i t y (or, at l e a s t , 
some of the of the carcinogenic a c t i v i t y ) a s s o c i a t e d w i t h complex 
m a t e r i a l s l i k e soots and c o a l t a r s came to be a t t r i b u t e d to a 
s p e c i f i c chemical component, benzo[ajpyrene. 

Human Exposure 

The carcinogenic a c t i v i t y of soots, t a r s and o i l s i n man i s beyond 
dispute (13-16) and, i n a d d i t i o n to the s k i n cancers which were 
noted i n i t i a l l y , there have a l s o been s e v e r a l r eports i n d i c a t i n g 
that higher incidences of r e s p i r a t o r y t r a c t and upper g a s t r o i n t e s 
t i n a l t r a c t tumors are a s s o c i a t e d w i t h o c c u p a t i o n a l exposures to 
these carcinogens (summarized i n r e f s . 13-16). While present day 
working c o n d i t i o n s are d r a s t i c a l l y improved over those of the 19th 
century, contemporary s t u d i e s [for example on Danish chimney 
sweeps (17)] continue to f i n d increased cancer r i s k s a s s o c i a t e d 
w i t h exposure to these p o l y c y c l i c aromatic hydrocarbon-containing 
m a t e r i a l s . Nevertheless, because any given hydrocarbon i s but 
one component of these complex occupational carcinogens, the p o s i 
t i o n taken by Working Groups of the I n t e r n a t i o n a l Agency f o r 
Research on Cancer over the l a s t ten years (13-16) i s that i n d i v i 
dual hydrocarbons, such as benzo[ajpyrene, have not been proven to 
be carcinogens f o r man. This l a c k of d i r e c t proof of t h e i r c a r c i n 
o g e n i c i t y f o r man should not be ov e r i n t e r p r e t e d . I t does not 
imply that the human race Is r e s i s t a n t to these potent experimental 
carcinogens and most carcinogenesis researchers adopt the view-point 
t h a t , u n t i l proof to the contrary i s obtained, chemicals found to 
be carcinogens i n animals should be regarded as probable carcinogens 
f o r man. The p o l y c y c l i c aromatic hydrocarbons have to be regarded 
i n t h i s way since some of them are very potent experimental 
carcinogens and the metabolism and DNA binding products of benzo[a] 
pyrene i n human c e l l s and t i s s u e s are very s i m i l a r to those seen 
i n s u s c e p t i b l e experimental animals (reviewed i n 16). Some i n v e s 
t i g a t o r s b e l i e v e that the hydrocarbons are proven s k i n carcinogens 
and probable r e s p i r a t o r y t r a c t carcinogens f o r man (18). 

The presence of p o l y c y c l i c aromatic hydrocarbons i n the 
environment i s of obvious concern and, apart from s p e c i f i c occupa
t i o n a l environments, human exposure to these compounds derives 
from combustion products released i n t o the atmosphere. Estimates 
of the t o t a l annual benzo[a]pyrene emissions i n the United States 
range from 900 tons (19) to about 1300 tons (20). These t o t a l s 
are derived from heat and power generation (37-38%), open-refuse 
burning (42-46%), coke production (15-19%) and motor v e h i c l e 
emissions (1-1.5%) (19,20). Since the vast m a j o r i t y of these 
emissions are from s t a t i o n a r y sources, l o c a l l e v e l s of a i r p o l 
l u t i o n o bviously vary. Benzo[ajpyrene l e v e l s of l e s s than 
1 ug/1,000 m̂  correspond to clean a i r (20). At t h i s l e v e l , 
i t can be estimated that the average person would i n h a l e about 
0.02 ug of benzo[ajpyrene per day, and t h i s could increase 
to 1.5 pg/day i n p o l l u t e d a i r (21). 
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4 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

P o l y c y c l i c p a r t i c u l a t e s released i n t o the a i r can be washed 
out by r a i n or s e t t l e out under g r a v i t y , thereby contaminating 
water and s o i l and p r o v i d i n g other p o s s i b l e routes f o r human 
exposure. In f a c t , hydrocarbons are widespread through the 
world's waters (22) and can enter our food chain by being 
taken up by plankton, by f i l t e r - f e e d i n g mollusks, and by f i s h 
(23). The average l e v e l of benzo[a]pyrene i n d r i n k i n g water 
i s about 0.01 pg/1 (19) so that d a i l y i n t a k e from d r i n k i n g water 
i s of a s i m i l a r order to that from breathing reasonably clean 
a i r . These i n t a k e s , together w i t h the hydrocarbons present i n 
our uncooked foods (24), are probably l a r g e l y unavoidable and 
because of t h i s , and the high carcinogenic potency e x h i b i t e d 
by the hydrocarbons, i t i s important that the mechanism of 
a c t i o n of these ubiquitous carcinogens be i n v e s t i g a t e d i n order 
to determine how to minimize t h e i r threat to man. 

Experimental Carcinogenesis 

The process of carcinogenesis remains poorly understood and 
t h i s i s perhaps not s u r p r i s i n g given that i t occurs over a 
pe r i o d of many months i n experimental animals and many years 
i n man. While mouse s k i n remains a convenient and popular 
system f o r monitoring the carcinogenic a c t i v i t y of p o l y c y c l i c 
aromatic hydrocarbons, i t i s by no means the only t i s s u e s e n s i 
t i v e to t h i s c l a s s of carcinogens. To a large extent, the 
t i s s u e a f f e c t e d i s determined by the route of a d m i n i s t r a t i o n 
of the carcinogen and the animal species under i n v e s t i g a t i o n . 
For example, 7,12-dimethylbenz[ajanthracene Is a p a r t i c u l a r l y 
potent carcinogen f o r the mammary gland of young female Sprague-
Dawley r a t s a f t e r o r a l or intravenous a d m i n i s t r a t i o n (25,26), 
d i e t a r y benzo[ajpyrene leads to leukemia, lung adenoma and 
stomach tumors i n mice (27), and e i t h e r of these hydrocarbons 
can induce hepatomas i n male mice when i n j e c t e d on the f i r s t 
day of l i f e (28). Nevertheless, the mouse s k i n system has 
proved to be p a r t i c u l a r l y valuable because of the r a p i d i t y 
of tumor i n d u c t i o n , the ease of d e t e c t i o n of tumors and because 
the multi-stage nature of the carcinogenic process was e x p e r i 
mentally e s t a b l i s h e d i n t h i s system. 

Tumors are induced i n mouse s k i n e i t h e r by the repeated ap
p l i c a t i o n of small doses of p o l y c y c l i c hydrocarbons, by a 
s i n g l e a p p l i c a t i o n of a la r g e dose, or by the s i n g l e a p p l i c a t i o n 
of a sub-carcinogenic dose of hydrocarbon ( i n i t i a t i o n ) f o llowed 
by repeated a p p l i c a t i o n s of a noncarcinogenic agent such as 
croton o i l or i t s a c t i v e c o n s t i t u e n t l 2 - 0 - t e t r a d e c a n o y l - p h o r b o l - l 3 -
acetate (promotion) (29). The c h a r a c t e r i s t i c s of the l a t t e r 
i n i t i a t i o n - p r o m o t i o n system i n d i c a t e that i n i t i a t i o n i s e s s e n t i a l l y 
i r r e v e r s i b l e . This f o l l o w s from the f a c t that even when treatment 
w i t h promoters i s begun s e v e r a l months a f t e r i n i t i a t i o n w i t h a 
hydrocarbon, a high y i e l d of tumors i s s t i l l u l t i m a t e l y obtained. 
In c o n t r a s t , promotion i s r e v e r s i b l e to some extent, and i t i s 
only e f f e c t i v e f o l l o w i n g , not preceding, the i n i t i a t i n g events. 
These d i s c o v e r i e s suggest that only the i n i t i a t i o n stage of c a r c i n 
ogenesis has an absolute requirement f o r the chemical carcinogen. 
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1. DIPPLE Polycyclic Aromatic Hydrocarbon Carcinogenesis 5 

More d e t a i l e d reviews of the complex i n i t i a t i o n - p r o m o t i o n l i t e r a t u r e 
should be consulted f o r a f u l l a p p r e c i a t i o n of t h i s t o p i c (30,31). 

While s e v e r a l general mechanisms through which chemicals might 
i n i t i a t e the carcinogenic process have been conceived, the weight 
of evidence at present suggests that the p o l y c y c l i c aromatic hydro
carbons i n i t i a t e carcinogenesis through a mutagenic mechanism. 
This i n v o l v e s an i n i t i a l covalent i n t e r a c t i o n between a metabolite 
of the hydrocarbon and the DNA of the target t i s s u e . While these 
i n t e r a c t i o n s are becoming f a i r l y c l e a r l y understood (32), i t i s 
important to remember that t h i s chemical i n t e r a c t i o n i n i t s e l f 
does not c o n s t i t u t e the process of i n i t i a t i o n . This f o l l o w s because 
i n i t i a t i o n i s o p e r a t i o n a l l y defined as an i r r e v e r s i b l e process 
and s e v e r a l s t u d i e s of the transformation of mammalian c e l l s i n 
v i t r o show that u n t i l c e l l s exposed to a carcinogen have been 
permitted to undergo c e l l d i v i s i o n , the transforming e f f e c t s of 
carcinogens can be reversed (33,34). Thus, even the i n i t i a t i o n 
stage of carcinogenesis i s complex, and i s dependent not only on 
the p r o p e r t i e s of the hydrocarbon administered, but i t a l s o r e 
q u i r e s complex c o n t r i b u t i o n s from the animal t i s s u e i n v o l v e d , 
f i r s t i n m e t a b o l i z i n g the hydrocarbon to an appropriate c a r c i n o 
genic metabolite and secondly i n making permanent the p o t e n t i a l l y 
I n i t i a t i n g damage generated by t h i s metabolite. In order that 
tumors should e v e n t u a l l y a r i s e f o l l o w i n g the i n i t i a t i o n stage, 
appropriate promotional s t i m u l i are a l s o required and promotion 
i t s e l f has been resolved i n t o s e v e r a l stages (29,35). Given t h i s 
degree of complexity, i t would be g r o s s l y o p t i m i s t i c to expect any 
obvious r e l a t i o n s h i p between the s t r u c t u r e of p o l y c y c l i c aromatic 
hydrocarbons and t h e i r carcinogenic a c t i v i t i e s . However, at the 
outset of i n v e s t i g a t i o n s i n t o the carcinogenic hydrocarbons, the 
s t r u c t u r e - a c t i v i t y approach was the only means a v a i l a b l e to attempt 
to determine the mechanism of a c t i o n of these compounds. While i t 
d i d not provide the key evidence leading to our present l e v e l of 
understanding, i t has c o n t r i b u t e d considerably to the l a t t e r , and, 
w i t h the b e n e f i t of h i n d s i g h t , i t i s c l e a r that the success of the 
s t r u c t u r e - a c t i v i t y approach was l i m i t e d p r i m a r i l y by our i n a b i l i t y 
to i n t e r p r e t the i n f o r m a t i o n i t y i e l d e d , r a t h e r than by the i n f o r 
mation i t s e l f . 

S t r u c t u r e and A c t i v i t y 

Immediately a f t e r the f i r s t few carcinogenic hydrocarbons were 
i d e n t i f i e d , s c i e n t i s t s puzzled over the developing s t r u c t u r e - a c t i v 
i t y r e l a t i o n s h i p s and t r i e d to i d e n t i f y the s t r u c t u r a l features of 
the hydrocarbons which are a s s o c i a t e d w i t h t h e i r c arcinogenic 
a c t i v i t y . 

For unsubstituted p o l y c y c l i c aromatic hydrocarbons (see examples 
on page 6), i t seems that a minimum of four benzene r i n g s i s required 
f o r , but does not guarantee, carcinogenic a c t i v i t y . Thus, only two 
of the s i x p o s s i b l e arrangements of four benzene r i n g s represent 
compounds w i t h d e f i n i t e although weak carcinogenic a c t i v i t y . 
These are benzo[c]phenanthrene and benz[a]anthracene which, as 
Hewett (36) noted i n 1940, are both phenanthrene d e r i v a t i v e s . In 
co n t r a s t , l i n e a r s t r u c t u r e s such as naphthacene are not associated 
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6 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Structures of Carcinogenic and Noncarcinogenic Unsubstituted 
P o l y c y c l i c Aromatic Hydrocarbons 

These compounds show t u m o r - i n i t i a t i n g a c t i v i t y . 
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1. DIPPLE Polycyclic Aromatic Hydrocarbon Carcinogenesis 1 

w i t h carcinogenic a c t i v i t y . Structures such as triphenylene and 
dibenzo [f£,op_]naphthacene, which behave chemically l i k e condensed 
polyphenyls, are a l s o i n a c t i v e as carcinogens. While pyrene i t 
s e l f , does not e x h i b i t any carcinogenic a c t i v i t y , the more potent 
carcinogens amongst the unsubstituted hydrocarbons are benzo[aj
pyrene and s e v e r a l compounds which can be considered to be benzo-
d e r i v a t i v e s of benzo[ajpyrene. The presence of a benzo[ajpyrene 
s t r u c t u r e w i t h i n a more complex molecule does not guarantee c a r c i n 
ogenic a c t i v i t y however, because anthanthrene i s not a carcinogen. 
In a d d i t i o n to the benzenoid p o l y c y c l i c s , s t r u c t u r e s c o n t a i n i n g 
five-membered r i n g s are a l s o present i n the environment and some 
of these are a l s o c a r cinogenic. 

S t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s become even more complex when 
the e f f e c t of various s u b s t i t u e n t s on carcinogenic a c t i v i t y i s con
s i d e r e d (37). While benz [ajanthracene i s considered to be a 
f a i r l y weak carcinogen, 7,12-dimethylbenz[ajanthracene i s one of 
the most potent of the hydrocarbon carcinogens. A number of other 
dimethylbenz [ajanthracenes, some trimethylbenz [ajanthracenes and 
a l l of the twelve p o s s i b l e methylbenz [ajanthracenes have been 
synthesized and t h e i r carcinogenic a c t i v i t i e s evaluated. These 
f i n d i n g s have been reviewed many times (37-40) and though there 
are s l i g h t d i f f e r e n c e s from one study to another the o v e r a l l con
c l u s i o n s are f a i r l y c l e a r (Table I ) . Thus, f o r the me t h y l b e n z [ a j -
anthracenes, the most potent carcinogen i s 7-methylbenz[ajanthra-
cene but s u b s t i t u t i o n at p o s i t i o n s 6, 8 or 12 i s a l s o a s s o c i a t e d 
w i t h s u b s t a n t i a l a c t i v i t y . None of the other methylbenz[ajanthra-
cenes have e x h i b i t e d s u b s t a n t i a l carcinogenic a c t i v i t y , w i t h the 
p o s s i b l e exception of 5-methylbenz[ajanthracene (41), but i n the 
e a r l i e r t e s t s on mouse s k i n (38) s u b s t i t u t i o n i n the angular r i n g 
i . e . , on the 1-, 2-, 3- or 4- p o s i t i o n s , was found to y i e l d t o t a l l y 
i n a c t i v e compounds whil e the remaining isomers i . e . the 9-, 10-, 
and 11-methylbenz[ajanthracenes a l l e x h i b i t e d some s l i g h t a c t i v i t y . 
The concept that s u b s t i t u t i o n i n the angular r i n g was i n v e r s e l y 
a s s o c i a t e d w i t h carcinogenic a c t i v i t y was strengthened by the 
f i n d i n g s w i t h dimethylbenz[ajanthracenes. Even though both 7-
and 12-methylbenz[ajanthracene are potent carcinogens, the 1,7-, 
1,12-, 4,7-, and 4,12-dimethylbenz[ajanthracenes are a l l i n a c t i v e 
(37) . S i m i l a r l y , the potent a c t i v i t y of 7,12-dimethylbenz[aj
anthracene can be destroyed by the presence of methyl groups on the 
2-or 3- p o s i t i o n s but the 4-methyl d e r i v a t i v e remains a c t i v e . 
The wealth of s t r u c t u r e - a c t i v i t y data f o r the hydrocarbons, t o 
gether w i t h the f a c t that they were the f i r s t pure chemicals recog
n i z e d to e x h i b i t carcinogenic potency, a t t r a c t e d a great deal of 
a t t e n t i o n over the years, w i t h numerous attempts being made to 
define the s t r u c t u r a l features associated w i t h carcinogenic a c t i v 
i t y . A t t e n t i o n was d i r e c t e d l a r g e l y towards the presence of a 
phenanthrene s t r u c t u r e w i t h i n most of the carcinogenic hydrocarbons 
(38) and then subsequently, to the presence of an aromatic bond 
w i t h a high degree of double bond character analogous to that of 
the 9,10-bond i n phenanthrene. While many i n v e s t i g a t o r s c o n t r i b u 
ted to the development of s o - c a l l e d e l e c t r o n i c t h e o r i e s of c a r c i n o 
genesis, the most widely a p p l i c a b l e d e s c r i p t i o n of a hydrocarbon 
carcinogen i n these terms was developed by the Pullmans (42). 
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8 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

They found t h a t , w i t h few exceptions, the carcinogens and noncar-
cinogens among the u n s u b s t i t u t e d hydrocarbons could be d i s t i n 
guished by i n d i c e s d e s c r i b i n g the r e a c t i v i t y of K-regions and 
L-regions towards a d d i t i o n r e a c t i o n s (Figure 1). Carcinogens 
were c h a r a c t e r i z e d by a high r e a c t i v i t y at the K-region together 
w i t h a low r e a c t i v i t y at the L-region (where such a s t r u c t u r a l 
f e a t u r e was present). The i n t e r p r e t a t i o n of t h i s c o r r e l a t i o n 
i m p l i e d that some i n t e r a c t i o n between a K-region and some c e l l u l a r 
c o n s t i t u e n t was responsible f o r i n i t i a t i n g the carcinogenic process, 
while some a l t e r n a t i v e i n t e r a c t i o n at a r e a c t i v e L-region could 
destroy the carcinogenic p r o p e r t i e s of an otherwise p o t e n t i a l 
carcinogen. These ideas had a major i n f l u e n c e on t h i n k i n g about 
the mechanisms of a c t i o n of the hydrocarbon carcinogens from the 
e a r l y 1940 fs to the e a r l y 1970 fs. While i t i s no longer thought 
that the K-region plays a major r o l e i n the a c t i v a t i o n of c a r c i n o 
gens, i t remains p o s s i b l e that i n a c t i v a t i n g r e a c t i o n s may occur 
at L-regions. S p e c i f i c exceptions to the K- and L-region hypothesis 
were anthanthrene which was expected to be a carcinogen but i s 
not, and the o v e r a l l e f f e c t of methyl groups i n the angular 1,2,3, 
4-ring of benz[a]anthracene d e r i v a t i v e s i n reducing carcinogenic 
a c t i v i t y . 

Once i t was appreciated that a v i c i n a l d i h y d r o d i o l epoxide 
might be the metabolite of benzo[a]pyrene responsible f o r c a r c i n o 
genic a c t i v i t y (43), J e r i n a and Daly (44) were able to suggest 
that a "bay r e g i o n " was the s t r u c t u r a l f e a t u r e required f o r c a r c i n 
ogenic a c t i v i t y and that the a c t i v e metabolites f o r many hydrocar
bons would be found to be bay region d i h y d r o d i o l epoxides i . e . 
v i c i n a l d i h y d r o d i o l epoxides wherein the epoxide r i n g i s adjacent 
to a bay region (Figure 2). (The term bay region i s used to 
describe a concave area of the periphery of aromatic hydrocarbons 
and was i n i t i a l l y introduced because protons i n such a region 
i . e . at 1 and 12 i n 7-methylbenz[ajanthracene or 10 and 11 i n 
benzo[ajpyrene (Figure 2) e x h i b i t d i s t i n c t i v e nmr p r o p e r t i e s ) . 
This suggestion n e a t l y accounted f o r the exceptions to the K-re
gion hypothesis, above, si n c e anthanthrene does not contain a bay 
r e g i o n and s u b s t i t u t i o n s i n the angular r i n g of benz[ajanthracene 
and i t s homologues might be expected to i n t e r f e r e w i t h metabolic 
a c t i v a t i o n to a bay region d i h y d r o d i o l epoxide. In a d d i t i o n , the 
presence of a phenanthrene s t r u c t u r e w i t h i n a more complex hydro
carbon i s necessary f o r a bay region to be present as w e l l as f o r 
a K-region to be present. I t appears, then, that the exceptions 
to the e a r l i e r s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s were s i g n a l l i n g 
the current understanding of the s t r u c t u r a l features required f o r 
carcinogenic a c t i v i t y but, as d e t a i l e d i n the f o l l o w i n g s e c t i o n , 
experimental advances i n understanding the mechanism of metabolic 
a c t i v a t i o n of p o l y c y c l i c hydrocarbons had to be made before these 
s i g n a l s could be i n t e r p r e t e d . 

Metabolic A c t i v a t i o n of Hydrocarbon Carcinogens 

In e a r l y s t u d i e s of the metabolism of hydrocarbons, i t was noted 
that v i c i n a l trans d i h y d r o d i o l s were f r e q u e n t l y found as hydrocar
bon metabolites and, because of t h e i r trans c o n f i g u r a t i o n , Boyland 
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1. DIPPLE Polycyclic Aromatic Hydrocarbon Carcinogenesis 9 

Table I. E f f e c t of a Methyl Group at a Single Starred P o s i t i o n on 
Carcinogenic A c t i v i t y of Benz[a]anthracene D e r i v a t i v e s 

Inactive Active 

Figure 1. Benz[a]anthracene w i t h regions of low bond l o c a l i z a t i o n 
energy (K-region) and low para l o c a l i z a t i o n energy (L-region) 
i n d i c a t e d . 
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10 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

(45) suggested that these d i o l s probably arose from an intermediate 
epoxide. Moreover, he argued that such epoxides might be the 
metabolites r e s p o n s i b l e f o r i n i t i a t i n g the carcinogenic process. 
The s t r u c t u r e - a c t i v i t y c o nsiderations at that time n a t u r a l l y enough 
focussed i n t e r e s t on epoxides formed at the K-regions of the c a r 
cinogenic hydrocarbons (Figure 3), but i t was not u n t i l 1964 that 
the synthesis of such p u t a t i v e metabolites was achieved (46). 

The M i l l e r s ' p ioneering work on metabolic a c t i v a t i o n i n the 
aromatic amine f i e l d (47) had e s t a b l i s h e d the r o l e of s p e c i f i c 
metabolites i n the carcinogenic a c t i o n of N-2-fluorenylacetamide 
by demonstrating that the N-hydroxy metabolite was o v e r a l l a more 
potent carcinogen than the parent compound. Analogous experiments 
w i t h the K-region epoxides of s e v e r a l hydrocarbon carcinogens, 
however, i n d i c a t e d that these arene epoxides were e i t h e r very weak 
or t o t a l l y i n a c t i v e as chemical carcinogens (reviewed i n 48). 
While these f i n d i n g s d i d not support the hypothesis that hydrocar
bons expressed t h e i r carcinogenic a c t i v i t y through the intermediacy 
of K-region epoxides, the f a c t that such metabolites were chemical
l y r e a c t i v e and p o t e n t i a l l y subject to a v a r i e t y of i n a c t i v a t i n g 
r e a c t i o n s during the course of a p p l i c a t i o n to experimental animals 
l e d many workers to f e e l that the negative f i n d i n g s were not con
c l u s i v e . This f e e l i n g was strengthened by the b i o l o g i c a l a c t i v i 
t i e s e x h i b i t e d by the K-region epoxides i n various In v i t r o systems, 
which showed them to be toxiC., mutageniC., and e f f e c t i v e inducers 
of transformation in v i t r o (48). Thus, by the e a r l y 1970s, the 
wealth of in f o r m a t i o n on b i o l o g i c a l a c t i v i t i e s i n various systems 
and the lack of an acceptable a l t e r n a t i v e hypothesis was lea d i n g 
to a growing acceptance of K-region epoxides as the metabolites 
through which the hydrocarbons exert t h e i r c arcinogenic p o t e n t i a l , 
despite t h e i r l a c k of carcinogenic a c t i v i t y . 

The developments which l e d to the present day concepts of the 
metabolic a c t i v a t i o n of hydrocarbons d i d not a r i s e from the c l a s s i 
c a l approach of i d e n t i f y i n g metabolites of greater b i o l o g i c a l 
potency than the parent compound, but from an approach dependent 
upon the assumption (or presumption) that the i n t e r a c t i o n of c a r 
cinogens w i t h DNA i s a key event i n the i n i t i a t i o n of the c a r c i n o 
genic process. Brookes and Lawley (49) found i n 1964 that when 
r a d i o a c t i v e hydrocarbons are a p p l i e d to the s k i n of mice, they 
become c o v a l e n t l y bound to the DNA of the s k i n . Moreover, the 
extents of bin d i n g to DNA f o r various hydrocarbons followed f a i r l y 
c l o s e l y t h e i r r e l a t i v e carcinogenic a c t i v i t i e s . 

T h e r e a f t e r , Brookes sought to i d e n t i f y the metabolites i n v o l v e d 
i n b inding to DNA assuming that these same metabolites were i n v o l v e d 
i n the carcinogenic process (50-53). Since the binding of hydro
carbon to DNA i n c e l l u l a r systems does not generate enough m a t e r i a l 
to examine d i r e c t l y , DNA i s o l a t e d from c e l l s exposed to r a d i o a c t i v e 
hydrocarbons was enzymically degraded to deoxyribonucleosides and 
the r a d i o a c t i v e hydrocarbon-deoxyribonucleoside adducts were 
compared chromatographically w i t h those obtained from some p u t a t i v e 
r e a c t i v e metabolite. In 1973 (53), t h i s approach c l e a r l y showed 
that i n mouse s k i n or mouse embryo c e l l s i n c u l t u r e , the carcinogen 
7-methylbenz[a]anthracene d i d not bind to DNA through a K-region 
epoxide intermediate and, u n l i k e the c o r r e l a t i v e b i o l o g i c a l a c t i v i -
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Bay Region Bay Region 

C H 3 OH 

Figure 2. 7-Methylbenz[a]anthracene and benzo[a]pyrene i n d i c a t i n g 
those regions defined as bay regions and the s t r u c t u r e s of the 
corresponding bay region d i h y d r o d i o l epoxides. 

Figure 3. The K-region epoxides of 7-methylbenz[a]anthracene and 
benzo[ajpyrene. 
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12 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

ty data, t h i s d i r e c t measurement of events o c c u r r i n g w i t h i n the 
b i o l o g i c a l system could not be circumvented. 

The search f o r an a l t e r n a t i v e r e a c t i v e metabolite f o r the p o l y 
c y c l i c hydrocarbon carcinogens was soon s u c c e s s f u l . Also In 1973, 
Borgen et a l . (54) reported t h a t , i n the presence of a microsomal 
system from hamster l i v e r , trans 7,8-dihydro-7,8-dihydroxybenzo[aj
pyrene (a metabolite of benzo[a]pyrene) was bound to DNA i n v i t r o 
some ten times more e x t e n s i v e l y than was benzo[a]pyrene i t s e l f . 
They concluded that t h i s trans 7,8-dihydrodiol " i s f u r t h e r metabo
l i z e d to an a c t i v e a l k y l a t i n g agent", though they made no s p e c i f i c 
suggestion as to i t s s t r u c t u r e . Sims and h i s colleagues, who had 
long been proponents of the r o l e of hydrocarbon epoxides i n c a r c i n 
ogenesis, r a p i d l y r e a l i z e d that the a l k y l a t i n g a c t i v i t y could 
a r i s e from epoxidation of the nonaromatic 9,10-double bond i n 
the trans 7,8-dihydrodiol (Figure 4). They synthesized a small 
amount of t h i s d i h y d r o d i o l epoxide, and were able to show that i t s 
products of r e a c t i o n w i t h DNA i n v i t r o were chromatographically i n 
d i s t i n g u i s h a b l e from those obtained when benzo[a]pyrene i t s e l f 
was bound to DNA i n c e l l u l a r systems through metabolic a c t i v a t i o n 
(43). 

This general sequence of metabolic steps through which hydro
carbons become bound to DNA has subsequently been found to apply 
to s e v e r a l other p o l y c y c l i c aromatic hydrocarbon carcinogens and 
t h i s supports the bay region d i h y d r o d i o l epoxide g e n e r a l i z a t i o n of 
J e r i n a and Daly, discussed e a r l i e r . Moreover, s e v e r a l studies i n 
which metabolites i n v o l v e d i n the d i h y d r o d i o l epoxide pathway 
have been te s t e d f o r carcinogenic a c t i v i t y are l a r g e l y supportive 
of the idea that t h i s route of metabolic a c t i v a t i o n i s a l s o i n v o l v e d 
i n the carcinogenic a c t i o n of hydrocarbon carcinogens. The most 
thorough stud i e s have been done i n the case of benzo[a]pyrene, so 
i t i s convenient to summarize these as re p r e s e n t a t i v e of the most 
extensive developments i n the area i n general. For t h i s c a r c i n o 
gen, a l l of the p o s s i b l e stereoisomers and enantiomers of the bay 
region d i h y d r o d i o l epoxide metabolites have been synthesized and 
t h e i r b i o l o g i c a l a c t i v i t i e s evaluated (Table I I ) (55-58 and r e f e r 
ences c i t e d t h e r e i n ) . 

O v e r a l l , f i n d i n g s on the tu m o r i g e n i c i t y of the compounds 
l i s t e d i n Table I I i n d i c a t e s that benzo[a]pyrene expresses i t s 
carcinogenic p o t e n t i a l through metabolic conversion to a bay region 
d i h y d r o d i o l epoxide. The (+)-enantiomer of benzo[a]pyrene-7,8-
epoxide i s a more potent carcinogen than the (-)-enantiomer but 
ne i t h e r of these has demonstrated greater a c t i v i t y than benzo[aj
pyrene i t s e l f . S i m i l a r l y , the d i h y d r o d i o l and a n t i and syn dihy
d r o d i o l epoxides derived from the (+) 7,8-epoxide are a l l more 
potent carcinogens than t h e i r enantiomers derived from the (-) 7,8-
epoxide. However, i n comparison with the carcinogenic a c t i v i t y of 
benzo[a]pyrene, the s i t u a t i o n i s l e s s c l e a r , w i t h the (-) 7,8-dihy
d r o d i o l being the only metabolite which c o n s i s t e n t l y e x h i b i t s an 
a c t i v i t y equal to or greater than that of the parent hydrocarbon. 
In the newborn mouse system (Table I I ) , the (+) a n t i d i h y d r o d i o l 
epoxide i s c l e a r l y more e f f e c t i v e than benzo[a]pyrene but t h i s i s 
not the case i n i n i t i a t i o n - p r o m o t i o n s t u d i e s or i n complete c a r c i n 
ogenesis stu d i e s on mouse s k i n . Nevertheless, there i s always 
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7,8-dihydrodiol 9,10-epoxide 7,8-dihydrodiol 

Figure 4. The bay region d i h y d r o d i o l epoxide route of metabolism 
of benzo[a]pyrene. 

Table I I . Carcinogenic A c t i v i t i e s of Benzo[a]pyrene (BP) Metabolites 

Tumor I n i t i a t i o n i n Lung Adenoma Induction i n 
Mouse Skin Metabolite Newborn Mice Metabolite 
A c t i v i t y / A c t i v i t y of A c t i v i t y / A c t i v i t y of BP 

BP at Same Dose at Same Dose 

% Mice % Mice 
Dose wit h Av. Tumors Dose w i t h Lung Adenoma 

Compound Qxmol) Tumors per Mouse (/nmol) Adenoma per Mouse 

( + ) BP[7R,8S]-epoxide 0.1a 38/68 0.76/2.1 0.7* 71* 2.14* 

OH 
(-) BP[7R,8R]-dihydrodiol 0.1b 77/77 3.8/2.6 0.14d 88* 9.18* 

Continued on next page. 
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14 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Table I I . Continued 

Compound 

Tumor Initiation in Mouse Skin 
Metabolite Activity/Activity 

of BP at Same Dose 

Lung Adenoma Induction in Newborn Mice 
Metabolite Activity/Activity of BP 

at Same Dose 
Dose % Mice with Av. tumors Dose 
(̂ mol) tumors per mouse (̂ mol) 

% Mice with lung Adenoma 
adenoma per mouse 

OH 
(-) BP[7R,8S]-dihydrodiol 

[9R,10S]-epoxide 

HO = 
OH 

( + ) BP[7S,8S]-dihydrodiol 

HO 
OH 

(-) BP[7S,8R]-dihydrodiol 
[9R,10SJ-epoxide 

( + ) BP[7S,8R]-dihydrodiol 
[9S,10R]-epoxide 

0.1C 

0.1C 

11/68 0.11/2.1 

0.44/2.6 

0.17/2.1 

0.014e 

0.014e 

0.78 

0.14d 

0.0146 

0.014* 

" A c t i v i t i e s f o r benzo[a]pyrene under the same co n d i t i o n s were not 
reported. 

e p o x i d e data from Ref. 59; benzo[a]pyrene data from Ref. 56. 
From Ref. 55. 
"From Ref. 56. 
dFrom Ref. 57. 
"From Ref. 58. 
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1. DIPPLE Polycyclic Aromatic Hydrocarbon Carcinogenesis 15 

some difficulty in the interpretation of carcinogenesis tests with 
highly reactive compounds and thus, the high carcinogenic activity 
of the 7,8-dihydrodiol (as well as the high activity of analogous 
diols from other hydrocarbons) strongly indicates that the dihydro
diol epoxide route of activation is involved in polycyclic aromatic 
hydrocarbon carcinogenesis. 
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2 
Stereoselective Metabolism and Activations of Polycyclic 
Aromatic Hydrocarbons 

SHEN K. YANG, MOHAMMAD MUSHTAQ, and PEI-LU CHIU 

Department of Pharmacology, F. Edward Hébert School of Medicine, Uniformed Services 
University of the Health Sciences, Bethesda, MD 20814-4799 

Current understandings on the stereoselective metabo
lism and activation pathways of the weak carcinogen 
benz[a]anthracene and two of the potent carcinogens, 
benzo[a]pyrene and 7,12-dimethylbenz[a]anthracene, 
are reviewed. Different stereoselective pathways of 
metabolism occur in the formations of the procarcino-
genic dihydrodiols, the bay-region dihydrodiol-
epoxides, and the K-region dihydrodiols by rat liver 
microsomal enzymes. Recent evidence suggests that a 
methyl substituent at the C-12 position of benz[a]-
anthracene enhances the carcinogenicity of the 
methylated hydrocarbon and also changes the stereo
selective metabolism in the formation and hydration 
of the K-region 5,6-epoxide as well as the procar-
cinogenic 3,4-epoxide. 

Polycyclic aromatic hydrocarbons (PAHs) are common particulate envi
ronmental pollutants and may be responsible for some cancer induc
tion in man. The biological properties of PAHs, such as mutageni
city, carcinogenicity, and covalent binding to cellular macromole-
cules, require metabolic activation by the cytochrome P-450 contain
ing drug-metabolizing enzyme systems. The metabolism of PAHs has 
been studied intensively in the past thirty years and the recent 
rapid progress in the understanding of their activation pathways is 
largely due to the recognition of benzo[ajpyrene 7,8-dihydrodiol-
9,10-epoxide as the major carcinogenic and mutagenic metabolite of 
benzo[ajpyrene (BaP) (Figure 1; for reviews, see 1-4 and references 
therein)• 

BaP is metabolically activated predominantly to the 7R,8S-dihy-
drodiol-9S,10R-epoxide (anti form) and to a minor extent to 7R,8S-
dihydrodiol-9R,10S-epoxide (syn form) via 7R,8S-epoxide and 7R,8R-
dihydrodiol (Figure 1). Evidence for the formation of the 7S,8S-
dihydrodiol and the 7S,8R-dihydrodiol-9R,10S-epoxide from the meta
bolism of BaP in vivo on mouse skin has been reported (5). 

BaP is also stereoselectively metabolized to the 4R,5R-dihydro-
diol via the 4S,5R-epoxide and to the 9R,10R-dihydrodiol via the 
9S,10R-epoxide (Figure 1). 

This chapter not subject to U.S. copyright. 
Published 1985, American Chemical Society 
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2. YANG ET AL. Stereoselective Metabolism and Activations 21 

Absolute Configurations of the Dihydrodiol Metabolites of Benzo[aj
pyrene 

The configuration of the 4R,5R-dihydrodiol was established by appli
cation of the exciton chirality method (6). To minimize undesired 
interactions between the electric transition dipoles of the two j>-
N,N-dimethylaminobenzoate chromophores and the dihydrodiol chromo-
phore, a 4,5-dihydrodiol enantiomer was f i r s t reduced to 
l,2,3,3a,4,5,7,8,9,10-decahydro and 4,5,7,8,9,10,11,12-octahydro 
derivatives (6). We found that i t is not necessary to reduce the 
chrysene chromophore of a BaP 4,5-dihydrodiol enantiomer (Figure 2). 
Similarly, the absolute configurations of the K-region dihydrodiol 
enantiomers of BA (7}> 7-bromo-BA (8), 7-fluoro-BA (9), 7-methyl-BA 
(10), and 7,12-dimethyl-BA (DMBA) (7) can also be determined by the 
exciton chirality method without further reduction. 

The absolute configuration of the 7,8-dihydrodiol metabolite was 
also established to be 7R,8R by the exciton chirality method 
(11.12). Our result (Figure 2) is in agreement with those reported 
earlier (11,12.). 

The absolute configuration of the 9,10-dihydrodiol metabolite 
was established to be 9R,10R both by nuclear magnetic resonance 
spectroscopy and by the structures of the hydrolysis products formed 
from the syn and anti 9,10-dihydrodiol-7,8-epoxides which were 
synthesized from the same 9,10-dihydrodiol enantiomer (13). The 
absolute configuration of a BaP trans-9.10-dihydrodiol enantiomer, 
after conversion to a tetrahydro product, can also be determined by 
the exciton chirality method (Figure 2) (19.20). 

Optical Purity of the Dihydrodiol Metabolites of Benzo[ajpyrene 

The optical purities of the dihydrodiol metabolites of BaP have been 
determined by three methods; (i) derivatization of the dihydrodiol 
metabolites with either (-)menthoxyacetyl chloride (15-16) or (-)-a-
methoxy-a-trifluoromethylphenylacetyl chloride (17). ( i i ) circular 
dichroism spectra (14,16,18). and ( i i i ) direct separation of enan
tiomers by chiral stationary phase HPLC (19.20). Method i. requires 
the availability of relatively large amounts of racemic dihydrodiol 
standards and is very time-consuming. Method i i . requires microgram 
quantities of dihydrodiol metabolites and the availability of a 
spectropolarimeter. Method i i i can analyze sub-microgram quantity of 
unlabeled dihydrodiol metabolites and sub-nanogram quantity of 
radiolabeled dihydrodiol metabolites. If the enantiomers of a dihy
drodiol can be resolved by the chiral stationary phase HPLC., method 
i i i has the advantages of speed and sensitivity. The enantiomers of 
the non-K-region dihydrodiols of BaP can either be analyzed as the 
dihydrodiol or as the tetrahydrodiol (Figure 3). 

The optical purities of the dihydrodiol metabolites formed in 
BaP metabolism by liver microsomes from Sprague-Dawley rats 
(1,14,15) are higher than those from liver microsomes from rats of 
Long-Evans strain (17). Repeated experiments in our laboratory using 
both rat strains indicate that small differences indeed exist (Table 
I). However, the percentages of R,R enantiomers are consistently 
higher than those reported by another laboratory (17). 
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22 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

250 300 350 
Wavelength (nm) 

Figure 2, The e x c i t o n c h i r a l i t y CD spectra of bis-p-N,N-dimethyl-
aminobenzoyl d e r i v a t i v e s of BaP 7,8,9,10-tetrahydro-tranjB-7,8-diol 
(1.0 A / ^ / m l , derived from BaP trans-7, 8 - d i h y d r o d i o l m e t a b o l i t e ) , 
BaP 7, <8,9,10-tetrahvdro-trans-9.10-diol (1.0 A 2 A 4 / m l , derived from 
BaP trans-9,10-dihydrodiol m e t a b o l i t e ) , and BaP trans-4,5-dihydro-
d i o l m e t a b o l i t e (1.0 A 2yQ/ml). CD spectra are expressed by e l l i p t i -
c i t y at the i n d i c a t e d c o n c e n t r a t i o n as described (9.50). Ar = p-N,N-
dimethylaminobenzoyl. 
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Studies using e i t h e r molecular oxygen-18 or oxygen-18 water 
i n d i c a t e d that the 4R,5R-dihydrodiol i s derived by water at t a c k at 
the C-4 p o s i t i o n of the m e t a b o l i c a l l y formed 4,5-epoxide interme
d i a t e (15.21). These r e s u l t s e s t a b l i s h e d that 4S,5R-epoxide i s 
formed as the metabolic precursor of the 4R,5R-dihydrodiol. Hydra
t i o n s t u d i e s of the o p t i c a l l y pure BaP 4,5-epoxide enantiomers 
i n d i c a t e d that the 4S,5R-epoxide i s hydrated e x c l u s i v e l y at the S-
center (C-4 p o s i t i o n ) whereas 85% of the 4R,5S-epoxide i s hydrated 
at the S-center (C-5 p o s i t i o n ) (22 and F i g u r e 4). 

Table I . O p t i c a l P u r i t y of the Dihy d r o d i o l Metabolites Formed i n the 
Metabolism of Benzo[a]pyrene by L i v e r Microsomes from Untreated, 

Phenobarbital (PB)-, 3-Methylcholanthrene (3MC)-, and 
P o l y c h l o r i n a t e d Biphenyls (PCBs, A r o c l o r 1254)-Treated Rats 

Pretreatment and % R,R-Dihydrodiol Enantiomer 
Strain of Rats — 

4,5- 7,8- 9,10-

Untreated 
Sprague-Dawley 96.3 96.9 ** 99.6 
Long-Evans 95.2 97.4 ( 9 3 ) ^ 98.6 

PB-treated 
Sprague-Dawley 95.1 98.2 99.3 
Long-Evans 94.4 94.9 (92) 96.6 

3MC-treated 
Sprague-Dawley 99.6 99.6 99.6 
Long-Evans 98.9 (96) 99.2 (96) 99.7 (96) 

PCBs-treated 
Sprague-Dawley 99.2 99.2 99.6 
Long-Evans 98.4 99.2 98.7 

Each entry is an average of data obtained from two separate expe
riments using different microsomal preparations. Enantiomeric 
composition was determined by CD spectral data (18) and by CSP-

^HPLC (19.,20). 
Data in parentheses are from refs. 17. and 23. 

It was recently reported that >?7% of BaP 4,5-epoxide metaboli
cally formed from the metabolism of BaP in a reconstituted enzyme 
system containing purified cytochrome P-450c (P-448) is the 4S,5R 
enantiomer (24). The epoxide was determined by formation, separation 
and quantification of the diastereomeric trans-addition products of 
glutathione. Recently a BaP 4,5-epoxide was isolated from a metabo
l i t e mixture obtained from the metabolism of BaP by liver microsomes 
from 3-methylcholanthrene-treated Sprague-Dawley rats in the 
presence of the epoxide hydrolase inhibitor 3,3,3-trichloropropylene 
oxide, and was found to contain a 4S,5R/4R,5S enantiomer ratio of 
94:6 (Chiu et al . f unpublished results). However, the content of the 
4S,5R enantiomer was <60% when liver microsomes from untreated and 
phenobarbital-treated rats were used as the enzyme sources. Because 
BaP 4R,5S-epoxide is also hydrated predominantly to 4R,5R-dihydro-
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24 POLYCYCLIC HYDROCARBONS A N D CARCINOGENESIS 

20 30 40 50 20 30 40 
Retention Time (min) 

Figure 3. Mechanism of microsomal EH-catalyzed h y d r a t i o n of the K-
region epoxide enantiomers of BA, BaP, and DMBA. The percentages of 
the t r a n s - a d d i t i o n product by water f o r each enantiomeric epoxide 
are i n d i c a t e d . The enantiomeric composition of the d i h y d r o d i o l enan
tiomers formed from the hy d r a t i o n of DMBA 5S,6R-epoxide was deter
mined using 1 mg p r o t e i n equivalent of l i v e r microsomes from pheno-
b a r b i t a l - t r e a t e d r a t s per ml of inc u b a t i o n mixture and t h i s hydra
t i o n r e a c t i o n i s h i g h l y dependent on the concentration of the micro
somal EH (49). The epoxide enantiomer formed predominantly from the 
re s p e c t i v e parent hydrocarbon by l i v e r microsomes from 3-methylcho-
lanth r e n e - t r e a t e d r a t s i s shown i n the box. 

Figure 4. CSP-HPLC separation of the enantiomers of BaP dihydro- and 
tetr a h y d r o - trans-7,8-diol and trans-9,10-diol. A column (4.6 
mm ID x 25 cm) of y - a m i n o p r o p y l s i l a n i z e d s i l i c a w i t h i o n i c a l l y 
bonded (R)-N-(3,5-dinitrobenzoyl)phenylglycine was elu t e d w i t h 18% 
(v/v) of e t h a n o l / a c e t o n i t r i l e (2:1, v/v) i n hexane at a solvent f l o w 
r a t e of 2 ml/min. (Reproduced w i t h permission from Ref. 20. 
Copyright 1984 E l s e v i e r . ) 
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2. YANG ET AL. Stereoselective Metabolism and Activations 25 

d i o l (22), the d i h y d r o d i o l s formed i n the metabolism of BaP by l i v e r 
microsomes from untreated and phen o b a r b i t a l - t r e a t e d r a t s are a l s o 
h i g h l y enriched i n 4R,5R enantiomers (Table I ) . 

I t was shown that microsomal epoxide h y d r o l a s e - c a t a l y z e d t r a n s -
a d d i t i o n of water to BaP 9,10-epoxide occurs s t e r e o s p e c i f i c a l l y at 
the C-9 p o s i t i o n (15). Since BaP i s metabolized e s s e n t i a l l y to an 
o p t i c a l l y pure 9R,10R-dihydrodiol (L3 and 15; Table I ) , the 9,10-
epoxide formed i n BaP metabolism must have 9S,10R absolute s t e r e o 
chemistry (Figure 1). S i m i l a r l y , the 7,8-epoxide formed i n BaP 
metabolism i s hydrated s p e c i f i c a l l y at the C-8 p o s i t i o n to form the 
7R,8R-dihydrodiol (14.21). Hence the e n z y m a t i c a l l y formed 7,8-
epoxide intermediate has 7R,8S absolute stereochemistry (Figure 1). 
Although the 7R,8R-dihydrodiol i s formed almost e x c l u s i v e l y from BaP 
metabolism i n r a t l i v e r microsomes (Table I) and i n bovine b r o n c h i a l 
explants (25). the 7S,8S-dihydrodiol i s a l s o formed from BaP metabo
l i s m i n mouse s k i n epidermis i n v i v o (5). 

S t e r e o s e l e c t i v e Metabolism at the 1.2.3.4-ring of Benz[a]anthracene 

In BA metabolism, the procarcinogenic BA tra n s - 3 . 4 - d i h y d r o d i o l (26) 
c o n s t i t u t e s 1.5-4% of a l l the metabolites formed by r a t l i v e r m icro
somes (27) and a major component of the f r e e d i h y d r o d i o l s formed by 
mouse s k i n maintained i n short-term organ c u l t u r e (28). In t h i s 
system (28). the noncarcinogenic d i h y d r o d i o l s may be p r e f e r e n t i a l l y 
removed by conjugation r e a c t i o n s to y i e l d water s o l u b l e products. 

BA t r a n s - 3 . 4 - d i h y d r o d i o l cannot be separated from BA trans-8.9-
d i h y d r o d i o l i n se v e r a l HPLC c o n d i t i o n s (27-29). Q u a n t i f i c a t i o n of BA 
tran s - 3 . 4 - d i h y d r o d i o l by HPLC can only be accomplished a f t e r conver
t i n g the 3,4-dihydrodiol to i t s d i a c e t a t e (25.26). The BA trans-3,4-
d i h y d r o d i o l formed i n BA metabolism by l i v e r microsomes from pheno
b a r b i t a l - t r e a t e d r a t s was determined to have a 3R,4R/3S,4S enantio
mer r a t i o of 69:31 (30). Recently we have determined the o p t i c a l 
p u r i t y of the BA tran s - 3 . 4 - d i h y d r o d i o l formed i n the metabolism of 
BA by three l i v e r microsomes prepared from untreated r a t s and r a t s 
that had been pretre a t e d w i t h an enzyme inducer. As shown i n Table 
I I , cytochrome P-450 isozymes contained i n l i v e r microsomes from 3-
methylcholanthrene- or phe n o b a r b i t a l - t r e a t e d r a t s had s i m i l a r 
s t e r e o s e l e c t i v i t y toward the 3,4-double bond of BA. BA trans-3.4-
d i h y d r o d i o l i s formed v i a the 3,4-epoxide intermediate (31). 

In c o n t r a s t to the f i n d i n g s that both enantiomers of BaP t r a n s -
7,8-dihydrodiol can be metabolized to the bay-region 7,8-dihydro-
diol-9,10-epoxide8, the metabolic pathways of the enantiomeric BA 
trans-3,4-dihydrodiols are q u i t e d i f f e r e n t . The more tumorigenic 
3R,4R-dihydrodiol (26) i s poorly converted (<16% of t o t a l metabo
l i t e s ) by r a t l i v e r microsomes to i t s bay-region 1,2-epoxide, 
whereas the l e s s tumorigenic 3S,4S-dihydrodiol i s not converted to 
the 3,4-dihydrodiol-l,2-epoxides (32; Figure 5). The major metabo
l i t e s formed i n the metabolism of BA trans - 3 . 4 - d i h y d r o d i o l are b i s -
d i h y d r o d i o l s (32). In the absence of hydroxy1 groups, 3,4-dihydro-BA 
i s a more potent tumorigen than both of the BA tr a n s - 3 . 4 - d i h y d r o d i o l 
enantiomers (33). These r e s u l t s i n d i c a t e that the absolute s t e r e o 
chemistry of the hydroxyl groups of BA tran s - 3 . 4 - d i h y d r o d i o l p l a y 
important r o l e s i n the i n t e r a c t i o n w i t h the cytochrome P-450 
isozymes. I t would be of i n t e r e s t to a s c e r t a i n i f s i m i l a r pathways 
of metabolism e x i s t i n the metabolism of the enantiomeric BA t r a n s -
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3,4-dihydrodiols in intact cells and under in vivo conditions. 

Metabolism at the 1.2,3.4-ring of 7.12-Dimethvlbenz[ajanthracene 

DMBA trans-3.4-dihydrodiol is a metabolite of DMBA (34) and a potent 
mutagen to cultured bacterial (35.36) and mammalian cells (37.38) as 
well as a potent tumorigen (39.40). 

As found in BA metabolism, DMBA trans-3.4-dihydrodiol is a minor 
metabolite (0.2-4.9% of a l l the metabolites) formed by rat liver 
microsomes and nuclei (41) and both enantiomeric 3,4-dihydrodiols 
are formed in DMBA metabolism by rat liver microsomes (Table II). 
The 3,4-dihydrodiol is a major component of the free dihydrodiols 
formed in mouse skin maintained in short-term culture (28). The 
optical purities of these dihydrodiols were determined by a CSP-HPLC 
method (43). The metabolic fates of the enantiomeric DMBA 3,4-
dihydrodiols are not yet known. Studies in our laboratory indicate 
that the products formed in liver microsomal metabolism of DMBA 3,4-
dihydrodiol bind extensively to the components of liver microsomes 
and the expected 1,2,3,4-tetrols of DMBA were not detected in the 
acetone/ethyl acetate extract of the incubation mixture (unpublished 
results). It is known that these products bind extensively to DNA 
(44). 

The metabolites that bind to DNA in cultured mammalian cells 
treated with DMBA are derived from both syn and anti forms of DMBA 
3,4-dihydrodiol-l,2-epoxides (45.46). Since both enantiomers of the 
DMBA trans-3.4-dihydrodiol8 are formed from DMBA metabolism, the 
metabolites that bind to DNA (44-46) may be derived from the meta
bolism of either or both of the enantiomeric DMBA trans-3,4-dihydro-
diols (Figure 6). The exact structures of the diastereomeric 3,4-
dihydrodiol-l,2-epoxide formed in vitro or in vivo are yet to be 
established. It would be of interest to see whether both of the DMBA 
transj-3,4-dihydrodiol enantiomers can be metabolized to form the 
bay-region 3,4-dihydrodiol-l,2-epoxide. In comparison, BA 3S,4S-
dihydrodiol is not activated to bay-region 3,4-dihydrodiol-l,2-
epoxide (32). The determination of the relative carcinogenic a c t i v i 
ties of the four possible 3,4-dihydrodiol-l,2-epoxides of DMBA 
(Figure 6) are not yet possible due to the lack of procedures for 
their syntheses. When available, a better understanding of the 
activation pathways can be achieved. 

Stereoselective Metabolism at the K-Region of Benz[a]anthracene 

The major enantiomer of BA trans-5.6-dihydrodiol formed in BA meta
bolism by rat liver microsomes is the 5R,6R enantiomer (Table II). 
Both enantiomeric BA trans-5.6-dihydrodiol8 may be derived from the 
epoxide hydrolase-catalyzed hydration of either one of the two 
enantiomeric BA 5,6-epoxides (22) (Figure 4). The 5,6-epoxide, 
analyzed as glutathione conjugates, formed in the metabolism of BA 
in a reconstituted system containing rat liver cytochrome P-450c (P-
448) was found to contain >97% of the 5S,6R enantiomer (47). These 
findings indicate that the 5S,6R-epoxide is enzymatically hydrated 
by trans-addition of water preferentially at the S-center (C-5 
position, Figure 4) to yield the BA 5R,6R-dihydrodiol. The forma
tions of BA 5S,6R-epoxide and BaP 4S,5R-epoxide by rat liver cyto-
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28 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Table I I . Enantiomeric Composition of the 3,4- and 5,6-Dihydrodiols 
Formed i n the Metabolism of BA and DMBA by L i v e r Microsomes from Rats 

of the Sprague-Dawley S t r a i n 

% of D i h y d r o d i o l Enantiomer 

Enzyme Inducer BA DMBA Enzyme Inducer 

3R,4R 5R, 6R 3R,4R 5R,6R 

None 83 77 57 89 

Phenobarbital 91 (69)** 81 (68) 62 95 

3-Methylcholanthrene 90 84 (81) 64 94 

*BA 3,4-dihydrodiol m e t a b o l i t e s were i s o l a t e d by a reversed-phase 
HPLC using a Vydac C18 column (Chiu et a l . , unpublished r e s u l t s ) . 
DMBA d i h y d r o d i o l m e t a b o l i t e s were i s o l a t e d as described (42). The 
enantiomeric composition was determined e i t h e r by CD s p e c t r a l data 

^ r by CSP-HPLC (7.19.20). 
Data i n parentheses are from r e f . 30. u s i n g r a t s of Long-Evans 

s t r a i n . 

chrome P-450c as the i n i t i a l K-region epoxidation products at the K-
reg i o n of the r e s p e c t i v e parent hydrocarbon are p r e d i c t e d by a 
substrate binding model proposed by J e r i n a et a l . (48). 

S t e r e o s e l e c t i v e Metabolism at the K-region of 7.12-Dimethylbenz[a]-
anthracene 

In c o n t r a s t to the metabolism of BA and BaP, the 5,6-dihydrodiols 
formed i n the metabolism of DMBA by l i v e r microsomes from untreated, 
p h e n o b a r b i t a l - t r e a t e d , and 3-methylcholanthrene-treated r a t s are 
found to have 5R,6R/5S,6S enantiomer r a t i o s of 11:89, 6:94, and 
5:95, r e s p e c t i v e l y (7.49 and Table I I ) . The enantiomeric contents of 
the d i h y d r o d i o l s were determined by a CSP-HPLC method (7.43). The 
5,6-epoxide formed i n the metabolism of DMBA by l i v e r microsomes 
from 3MC-treated r a t s was found to co n t a i n predominantly (>97%) the 
5R,6S-enantiomer which i s converted by microsomal epoxide hydrolase-
c a t a l y z e d h y d r a t i o n predominantly (>95%) at the R-center (C-5 p o s i 
t i o n , see Figure 3) to y i e l d the 5S,6S-dihydrodiol (49). In the 
metabolism of 12-methyl-BA, the 5S,6S-dihydrodiol was a l s o found to 
be the major enantiomer formed (50) and t h i s s t e r e o s e l e c t i v e reac
t i o n i s s i m i l a r to the r e a c t i o n s c a t a l y z e d by r a t l i v e r microsomes 
prepared w i t h d i f f e r e n t enzyme inducers (unpublished r e s u l t s ) . 
L a b e l i n g s t u d i e s u s i n g molecular oxygen-18 i n d i c a t e that 5R,6S-
epoxide i s the precursor of the 5S,6S-dihydrodiol formed i n the 
metabolism of 12-methyl-BA (51). 

The presence of a methyl group at the C-12 p o s i t i o n of BA i s 
apparently the major c o n t r i b u t i n g f a c t o r determining the f o r m a t i o n 
of a 5R,6S-epoxide i n the metabolism of 12-methyl-BA and DMBA. 
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S t e r e o c h e m i c a l l y t h i s i s opposite to the 5S,6R-epoxide formed predo
minantly from the metabolism at the K-region of BA (47). 

S t e r e o s e l e c t i v e Metabolism at the 8.9.10.11-rings of 7.12-Dimethyl-
benz[a1anthracene and Benz[a]anthracene 

The 8,9- and 10,11-dihydrodiols formed i n the metabolism of BA and 
DMBA r e s p e c t i v e l y are a l l h i g h l y enriched (>90%) i n R,R enantiomers 
(Table I I I ) . L a b e l i n g experiments using molecular oxygen-18 i n the 
i n v i t r o metabolism of the r e s p e c t i v e parent compounds and subse
quent mass s p e c t r a l analyses of d i h y d r o d i o l m e t a b o l i t e s and t h e i r 
a c i d - c a t a l y z e d dehydration products i n d i c a t e d that microsomal 
epoxide hydrolase-catalyzed h y d r a t i o n r e a c t i o n s occurred e x c l u s i v e l y 
at the nonbenzylic carbons of the m e t a b o l i c a l l y formed epoxide 
intermediates (unpublished r e s u l t s ) . These f i n d i n g s i n d i c a t e that 
the 8,9- and 10,11-epoxide i n t e r m e d i a t e s , formed i n the metabolism 
of BA and DMBA r e s p e c t i v e l y , c o n t a i n predominantly the 8R,9S and 
10S,11R enantiomer, r e s p e c t i v e l y . These s t e r e o s e l e c t i v e e poxidation 
r e a c t i o n s are r e l a t i v e l y i n s e n s i t i v e to the cytochrome P-450 isozyme 
contents of d i f f e r e n t r a t l i v e r microsomal preparations (Table I I I ) . 

Table I I I . Enantiomeric Compositions of the 8,9- and 10,11-
Dihydrodiols Formed i n the Metabolism of BA and DMBA by 
L i v e r Microsomes from Rats of the Sprague-Dawley S t r a i n 

% of D i h y d r o d i o l Enantiomer* 

Enzyme Inducer BA DMBA 

8R,9R 10R,11R 8R,9R 10R,11R 

None 94 >99 91 91 

Phenobarbital 90 ( 8 9 ) * * 95 (83) 96 86 

3-Methylcholanthrene >99 (9 8 ) * * >99 (9 8 ) * * 99 98 

*BA 8,9- and 10,11-dihydrodiol metabolites were i s o l a t e d as 
described (29). DMBA d i h y d r o d i o l m e t a b o l i t e s were i s o l a t e d as 
described (42). The enantiomeric composition was determined by 

^gSP-HPLC (1,19,20,43). 
Data i n parentheses are from r e f . 30. using r a t s of Long-Evans 

s t r a i n . 

On the Model of the Substrate Binding Site of Cytochrome P-450c 

In the liver8 of rats pretreated with 3-methylcholanthrene, >70% 
of the total cytochromes P-450 is cytochrome P-450c (P-448) (52). 
The finding that BaP is highly stereoselectively metabolized to 
dihydrodiols and bay-region 7,8-dihydrodiol-9,10-epoxides (summa
rized in Figure 1) by liver microsomes from 3-methylcholanthrene-
treated rat8 led Jerina et. a l . (48) to propose a model of the 
substrate binding site for cytochrome P-450c (Figure 7) which 
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anti syn anti syn 

t 
Covalent Binding to Cellular Macromolecules 

Figure 6. Metabolic activation pathways of DMBA. The absolute confi
gurations of the metabolites are as shown. 

Figure 7. Steric model proposed by Jerina, et. al. for the catalytic 
binding site of cytochrome P-450c (P-448) to account for the stereo
selective metabolism of polycyclic aromatic hydrocarbons (48). The 
boundary should be enlarged in the directions shown to accommodate 
substrates whose mechanism of stereoselective oxygenation does not 
f i t the steric model originally proposed. 
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correctly predicts the stereochemistries of some non-K-region dihy
drodiols formed in the metabolism of phenanthrene, chrysene, BA, and 
BaP. The model also correctly predicted the major K-region epoxide 
enantiomers formed from the metabolism of BA and BaP by cytochrome 
P-450c in a reconstituted rat liver enzyme system (22.47). In view 
of the findings that the 5R,6S-epoxide is the predominant stereoiso
mer formed in the K-region metabolism of 12-methyl-BA and DMBA, the 
proposed model (48) therefore cannot be generalized to include 
hydrocarbons such as 12-methyl-BA and DMBA. The model (48) also 
predicted that a 3S,4R-epoxide should be formed preferentially. 
However, the formation of both trans-3,4-dihydrodiol enantiomers in 
the metabolism of DMBA (Table II) was not predicted. The 1,2- and 
3,4- positions of BA, monomethyl-BA, and DMBA do not f i t the cataly
tic binding site of the proposed model. Unless the proposed boundary 
of the substrate binding site is expanded, the 1,2-double bond of BA 
trans-3R,4R-dihydrodiol, the 3,4-double bond of BA trans-1,2-dihy-
drodiol, the 7,8- and 9,10- double bonds of cholanthrene, the 1,2-
and 2,3- double bonds of BaP a l l do not f i t the catalytic binding 
site in the proposed model although metabolism are known to occur at 
these double bonds (1,2,4,53-56). BA trans-l,2-dihydrodiol enan
tiomers can be stereoselectively metabolized to the 1,2-dihydrodiol-
3,4-epoxide (53). BA 3R,4R-dihydrodiol is metabolized to the bay-
region anti-3,4-dihydrodiol-l,2-epoxide (32). BaP 2,3-epoxide is a 
major intermediate in the metabolism of BaP (55). The formation of 
1-hydroxy-BaP as a metabolite of BaP suggests that BaP 1,2-epoxide 
is also a metabolic intermediate (56). Trans-l .2- and trans-3.4-
dihydrodiols are among the major metabolites formed from the metabo
lism of 8-methyl-BA (57.58) and of 8-hydroxymethyl-BA (59). Thus 
these and other compounds mentioned above must f i t into the cataly
tic binding site of cytochrome P-450c in some way, but these were 
not considered by the model originally proposed (48). In order to 
accommodate substrates such as those mentioned above, the minimal 
size of the catalytic binding site of cytochrome P-450c must be 
enlarged considerably (Figure 7). If enlarged, the proposed model 
would have lost its predictive value. A model for the substrate 
binding site for cytochrome P-450c (or any one of the cytochrome P-
450 isozymes) must be able to account for the formations of known 
metabolites, regardless whether they are chiral or achiral. 
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3 
Synthesis of the Dihydrodiol and Diol Epoxide 
Metabolites of Carcinogenic Polycyclic Hydrocarbons 

RONALD G. HARVEY 

Ben May Laboratory, University of Chicago, Chicago, IL 60637 

Methods for the synthesis of the biologically active 
dihydrodiol and diol epoxide metabolites of both car
cinogenic and noncarcinogenic polycyclic aromatic hy
drocarbons are reviewed. Four general synthetic ro
utes to the trans-dihydrodiol precursors of the bay 
region anti and syn diol epoxide derivatives have been 
developed. Syntheses of the oxidized metabolites of 
the following hydrocarbons via these methods are de
scribed: benzo(a)pyrene, benz(a)anthracene, benzo-
(e)pyrene, dibenz(a,h)anthracene, triphenylene, phen
anthrene, anthracene, chrysene, benzo(c)phenanthrene, 
dibenzo(a,i)pyrene, dibenzo(a,h)pyrene, 7-methyl-
benz(a)anthracene, 7,12-dimethylbenz(a)anthracene, 3-
methylcholanthrene, 5-methylchrysene, fluoranthene, 
benzo(b)fluoranthene, benzo(j)fluoranthene, benzo(k)-
fluoranthene, and dibenzo(a,e)fluoranthene. 

Polycyclic aromatic hydrocarbons (PAH) are widespread environmental 
contaminants and one of the most potent classes of carcinogenic 
chemicals. They are byproducts of combustion, and significant le
vels are produced in automobile exhaust, refuse burning, smoke stack 
effluents, and tobacco smoke. It is strongly suspected that PAH may 
play an important role in human cancer. 

Recent advances in PAH carcinogenesis research over the past 
decade have led to identification of diol epoxide metabolites as the 
principal active forms of the PAH investigated to date (1,2). Benzo-
(a)pyrene (BP) has been most intensively investigated, and i t has 
been demonstrated that a diol epoxide metabolite anti-BPDE is the 
active intermediate which binds covalently to DNA in human and other 
mammalian tissues (3_>4). Anti-BPDE was also demonstrated to be a 
powerful mutagen in both bacterial and mammalian cells (5). These 
findings stimulated an outpouring of research directed towards elu
cidation of the molecular mechanism of PAH carcinogenesis. 

The scope and direction of these biological investigations have 
been largely determined by the development of methods for the syn
thesis of the PAH metabolites. The diol epoxides are not isolable as 
products of metabolism due to their exceptional chemical reactivity. 

0097-6156/85/0283-0035$07.75/0 
© 1985 American Chemical Society 
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Their d i h y d r o d i o l precursors are only i s o l a b l e i n t i n y q u a n t i t i e s , 
i n s u f f i c i e n t f o r complete i n v e s t i g a t i o n s of t h e i r b i o l o g i c a l and 
n u c l e i c a c i d b i n d i n g p r o p e r t i e s . 

This chapter reviews methods f o r the synthesis of the dihydro
d i o l and d i o l epoxide d e r i v a t i v e s of both carcinogenic and non-
carcinogenic PAH (Figure 1). Many of these syntheses were developed 
i n our l a b o r a t o r i e s under con-tract to the N a t i o n a l Cancer I n 
s t i t u t e , and the s y n t h e t i c compounds were fur n i s h e d to the Chemical 
Repository at the I l l i n o i s I n s t i t u t e of Technology Research I n 
s t i t u t e f o r d i s t r i b u t i o n to q u a l i f i e d i n v e s t i g a t o r s f o r chemical and 
b i o l o g i c a l s t u d i e s . This program has c o n t r i b u t e d importantly to the 
remarkable advances made i n t h i s f i e l d over the past decade. Since 
metabolism of PAH i n mammalian c e l l s a f f o r d s trans_-isomeric d i o l s 
and d i o l epoxides e x c l u s i v e l y (6) 9 t h i s a r t i c l e w i l l be l i m i t e d to 
only these stereoisomers. R e l a t i v e l y few c i s - d i o l s and d i o l epo
xides have been i n v e s t i g a t e d (_7), and t h e i r b i o l o g i c a l p r o p e r t i e s 
are l a r g e l y unknown. 

Benzo(a)pyrene (Method I) 

The d i o l epoxide d e r i v a t i v e of benzo(a)pyrene, trans-7,8-dihydroxy-
anti-9,10-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene a l s o known as (+) 
-73,8a-dihydroxy-9a,10a-epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene,was 
the f i r s t d i o l epoxide to be synthesized. I n t e r e s t i n t h i s compound 
was s t i m u l a t e d by the report by Borgen et a l . (8) that a metabolite 
of benzo(a)pyrene, t e n t a t i v e l y i d e n t i f i e d as the t r a n s - 7 , 8 - d i o l (I) 
became c o v a l e n t l y bound to DNA i n the presence of r a t l i v e r micro
somes. Sims et a l . (9) suggested that the a c t i v e metabolite was a 
d i o l epoxide d e r i v a t i v e of u n s p e c i f i e d stereo chemistry. 

Synthesis of the t r a n s - 7 , 8 - d i o l from the a v a i l a b l e 7-keto de
r i v a t i v e of tetrahydro-BP was accomplished v i a the procedure out
l i n e d i n Figure 2 (7^10, L I ) . Prevost r e a c t i o n of 9,10-dihydro-BP 
with s i l v e r benzoate and I ~ gave the trans-dibenzoate e s t e r which 
underwent bromination with NBS followed by base-catalyzed dehydro-
bromination and methanolysis to y i e l d 1. In subsequent studies i t 
was demonstrated that i n t r o d u c t i o n of the o l e f i n i c bond by bro-
mination-dehydrobromination gives e r r a t i c r e s u l t s , and t h i s t r a n s 
formation may be achieved more r e l i a b l y i n one step w i t h 2,3-di-
chloro-5,6-dicyano-l,4-benzoquinone (DDQ) (7,12). Epoxidation of I 
with m-chloroperbenzoic a c i d took place s t e r e o s p e c i f i c a l l y to a f f o r d 
the a n t i isomeric d i o l epoxide (anti-BPDE) i n which the epoxide 
oxygen atom i s on the opposite face to the b e n z y l i c hydroxy1 group. 
The syn diastereomer, which has the oxygen atom on the same face as 
the b e n z y l i c h y d r o x y l , was synthesized s t e r e o s p e c i f i c a l l y from 1 by 
conversion to the bromohydrin w i t h NBS i n moist DMSO followed by 
base-catalyzed c y c l i z a t i o n . C l o s e l y r e l a t e d syntheses were a l s o 
reported by Yagi et a l . (13) without proof of the s t e r i c assignments. 
This general s y n t h e t i c approach w i l l be r e f e r r e d to i n t h i s chapter 
as Method I . 

The a n t i s t e r e o s p e c i f i c i t y of e p o x i d a t i o n by the p e r a c i d i s 
i n t e r p r e t e d as due to a s s o c i a t i o n of the reagent w i t h the a l l y l i c 
hydroxyl group which d i r e c t s the e n t e r i n g oxygen atom to the same 
face of the molecule. The s t e r e o s p e c i f i c i t y of bromohydrin f o r 
mation i s e x p l i c a b l e i n terms of s t e r i c approach c o n t r o l i n v o l v i n g 
i n i t i a l a ttack of the bulky bromine atom on the face opposite to the 
b e n z y l i c hydroxyl group (T_). 
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HARVEY Dihydrodiol and Diol Epoxide Metabolites 

BenzoCeJpyrene 

3-Methylcholanthrene 

BenzoCj] f luoranthene 

Dibenzota,elf luoranthene 

Figure 1. S t r u c t u r a l formulae of p o l y c y c l i c aromatic hydrocar
bons. 
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38 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Both diastereomers are r e l a t i v e l y r e a c t i v e , c o m p l i c a t i n g t h e i r 
i s o l a t i o n and p u r i f i c a t i o n . The h a l f - l i v e s of anti-and syn-BPDE i n 
water at pH 7 are 2 hr and 30 min., r e s p e c t i v e l y . Although they tend 
to decompose on chromatographic absorbants, these d i o l epoxides can 
be p u r i f i e d by r a p i d chromatography on low a c t i v i t y alumina columns 
or by HPLC i n the presence of t r i e t h y l a m i n e as a s t a b i l i z e r . 

The stereochemical assignments were made on the basi s of che
m i c a l and NMR s p e c t r a l evidence C7,10) (Figure 3 ) . Thus, r e a c t i o n of 
both diastereomers w i t h sodium t e r t - b u t y l t h i o l a t e afforded the r e 
spec t i v e products of trans- s t e r e o s pec i f i c ring-opening (Ja, and 3a). 
A c e t y l a t i o n gave the corresponding t r i a c e t a t e s (2b and 3£). Analy
s i s of the coupling patterns of the nonaromatic r i n g protons i n the 
NMR spectra of the l a t t e r permitted c l e a r c u t assignment of the i s o 
meric s t r u c t u r e s . Further c o n f i r m a t i o n was provided by demonstra
t i o n that the adduct from anti-BPDE (2a) gave a p r e c i p i t a t e w i t h 
potassium t r i a c e t y l o s m a t e and r e a d i l y formed an acetonide, c o n s i s 
tent w i t h the presence of c i s - h y d r o x y l groups i n the 8,9-positions. 
The adduct from syn-BPDE (3a) f a i l e d to enter i n t o e i t h e r r e a c t i o n , 
c o n s i s t e n t w i t h the a l l - t r a n s r e l a t i o n of the hydroxyl groups. 
These assignments were a l s o supported by aqueous s o l v o l y s i s s t u d i e s 
(14-17) which showed that the primary products are the t e t r a o l s 
a r i s i n g from c i s and trans a d d i t i o n of water to the epoxide r i n g . 
A n a l y s i s of the chemical s h i f t and coup l i n g constant patterns of the 
NMR spectra of the t e t r a a c e t a t e d e r i v a t i v e s confirmed the st e r e o 
chemical isomer assignments. 

R e s o l u t i o n of the enantiomers of anti-BPDE was achieved by r e 
a c t i o n of the racemic d i h y d r o d i o l with (-)-menthoxyacetyl c h l o r i d e 
followed by prep a r a t i v e HPLC separation and ba s i c methanolysis to 
give the o p t i c a l l y pure (+) and (-) d i h y d r o d i o l s (18-20). Epo
x i d a t i o n of the (- ) - d i h y d r o d i o l gave (+)anti-BPDE and v i c e v e r s a . 
The CD spectra of the enantiomers were m i r r o r images. The absolute 
s t e r e o c h e m i s t r i e s were assigned as shown by a p p l i c a t i o n of the ex
c i t o n c h i r a l i t y method of Nakanishi (3,19,21). 

An a l t e r n a t i v e synthesis of 1 through r e d u c t i o n of BP 7,8-dione 
wi t h NaBH^ i n ethanol has a l s o been described (22). BP 7,8-dione was 
prepared from 9,10-dihydro-BP by conversion to the c i s - 7 , 8 - t e t r a -
h y d r o d i o l by r e a c t i o n w i t h OsO^ followed by o x i d a t i o n w i t h DDQ (23) 
(Figure 4 ) . This method e n t a i l s the same number of steps as the 
o r i g i n a l procedure and would appear to o f f e r no advantage. 

Syntheses of the tr a n s - 7 , 8 - d i h y d r o d i o l d e r i v a t i v e s of 7-and 8-
methylbenzo(a)pyrene v i a Method I have a l s o been reported (24-26). 
Conversion of the l a t t e r to trans-7,8-dihydroxy-anti-9,10-epoxy-8-
methy1-7,8,9,10-tetrahydrobenzo(a)pyrene, has a l s o been 
described (26). 

Benz(a)anthracene (Methods I I and I I I ) 

Although benz(a)anthracene (BA) i s g e n e r a l l y considered noncarcino-
genic (27), i t i s a weak tumor i n i t i a t o r when administered w i t h a 
phorbol e s t e r promoter (28). More importantly, BA i s a convenient 
model f o r the h i g h l y potent carcinogenic PAH 7,12-dimethylbenz(a)-
anthracene and 3-methylcholanthrene (27), both of which are BA de
r i v a t i v e s but which o f f e r more serious s y n t h e t i c problems. 

F i v e v i c i n a l t r a n s - d i h y d r o d i o l s of BA are known. One of these, 
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3. HARVEY Dihydrodiol and Diol Epoxide Metabolites 39 

A N T I - B P D E S Y N - B P D E 

Figure 2. Synthesis of trans-7,8-dihydroxy-anti(and syn)-9,10-
epoxy-7,8,9,10-tetrahydrobenzo(a)pyrene ( a n t i - and syn-BPDE) v i a 
Method I (9,10). Reagents: ( i ) NaBH,; ( i i ) H ; ( i i U A g O B z , I 2 ; 
( i v ) NBS; (v) DBN; ( v i ) NaOMe; ( v i i ) DDQ; ( v i i i ) m-CPBA; ( i x ) 
DMSO, H 20; (x) t-BuOK. 

diaxial diequatorial 3 g : R « H 

Syn-BPDE b:R-A 

Figure 3. Conformation and stereochemical assignment of anti-and 
syn- BPDE. Reagents: ( i ) t-BuSNa; ( i i ) Ac^O. 
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40 POLYCYCLIC HYDROCARBONS A N D CARCINOGENESIS 

the 5 , 6 - d i h y d r o d i o l , i s a K-region d i h y d r o d i o l , incapable of forming 
a d i o l epoxide. Syntheses of the 1,2-, 3,4-, 8,9-, and 10,11-
d i h y d r o d i o l s of BA were reported by our research group (7,12,29) and 
by Lehr et a l . (30). 

These d i h y d r o d i o l s were synthesized by Lehr and coworkers by a 
common approach based on Method I employed f o r the p r e p a r a t i o n of the 
BP 7,8-dihydrodiol. The only m o d i f i c a t i o n required was the use of 
d i a c e t a t e d i e s t e r s i n place of tetrahydrobenzoate d e r i v a t i v e s i n the 
p r e p a r a t i o n of the 1,2- and 3,4-dihydrodiols. While t h i s s y n t h e t i c 
approach i s r e l a t i v e l y s t r a i g h t f o r w a r d and provides the d e s i r e d com
pounds, i t s u f f e r s from the disadvantage that the ketones re q u i r e d 
as s t a r t i n g compounds are not r e a d i l y a v a i l a b l e and must themselves 
be synthesized by m u l t i s t e p procedures. Commonly, the method em
ployed i s the c l a s s i c a l Haworth synthesis (31) e n t a i l i n g F r i e d e l 
C r a f t s s u c c i n o y l a t i o n of an aromatic precursor having one l e s s r i n g , 
Wolff-Kishner or Clemmensen red u c t i o n of the r e s u l t i n g keto a c i d , 
and a c i d - c a t a l y z e d c y c l i z a t i o n of the a r y l b u t y r i c a c i d to a ketone. 
L i m i t a t i o n s of t h i s approach incl u d e the inherent problems of con
t r o l l i n g the s i t e of s u c c i n o y l a t i o n and the d i r e c t i o n of r i n g c l o 
sure. The d e s i r e d isomers are not always favored and mixtures of 
isomers d i f f i c u l t to separate are f r e q u e n t l y obtained. 

A more e f f i c i e n t s y n t h e t i c approach to the BA 1,2-and 3,4-
d i h y d r o d i o l s i n v o l v e s r e d u c t i o n of BA w i t h l i t h i u m i n ammonia f o l 
lowed by base-catalyzed i s o m e r i z a t i o n of the o l e f i n i c product i n t o 
conjugation (29) (Figure 5 ) . This s y n t h e t i c approach i s designated 
Method I I . Techniques f o r stepwise r e d u c t i o n of PAH w i t h Li/NH^ were 
developed p r e v i o u s l y i n our l a b o r a t o r i e s (32-34). The s t r u c t u r e s of 
the products of r e a c t i o n s of t h i s type are p r e d i c t a b l e by molecular 
o r b i t a l theory (35), and the y i e l d s are g e n e r a l l y h i g h . Base-cata
lyzed i s o m e r i z a t i o n of 1,4,7,12-te trahydro-BA gave 1,2,7,12-tetra-
hydro-BA and 3,4,7,12-tetrahydro-BA i n approximately equal r a t i o . 
Separation was most conveniently achieved by chromatography f o l 
lowing Prevost r e a c t i o n to y i e l d the d i o l - d i b e n z o a t e s . Dehydro-
genation of the meso r i n g w i t h o_-chloranil took place smoothly and 
e s s e n t i a l l y q u a n t i t a t i v e l y to f u r n i s h the corresponding tetrahydro-
d i o l dibenzoates. These d i e s t e r s were converted to the correspond
ing d i h y d r o d i o l s and d i o l epoxides by the methods described f o r the 
analogous BP d e r i v a t i v e s ( 7 ) . O v e r a l l y i e l d s of the 1,2- and 3,4-
d i h y d r o d i o l s of BA v i a t h i s route (14% and 32%, r e s p e c t i v e l y ) were 
supe r i o r to those obtained by the longer conventional synthesis from 
anthracene using Haworth c y c l i z a t i o n . 

The BA 8,9- and 10,11-dihydrodiols were a l s o synthesized d i 
r e c t l y from BA (.7,12) v i a a s y n t h e t i c approach which i s designated 
Method I I I (Figure 6 ) . Hydrogenation of BA over a platinum c a t a l y s t 
took place r e g i o s p e c i f i c a l l y i n the t e r m i n a l r i n g to a f f o r d 8,9,-
10,11-tetrahydro-BA (36,37). Treatment of the l a t t e r w i t h one e q u i 
v a l e n t of DDQ gave a mixture of 8,9-and 10,11-dihydro-BA; Prevost 
r e a c t i o n y i e l d e d the t e t r a h y d r o d i o l dibenzoates, r e a d i l y separable 
by f r a c t i o n a l c r y s t a l l i z a t i o n or chromatography. I t i s convenient 
that both isomers are obtainable i n the same r e a c t i o n sequence, 
since both are g e n e r a l l y r e q u i r e d f o r conversion to the correspond
ing d i h y d r o d i o l s and d i o l epoxides r e q u i r e d f o r b i o l o g i c a l s t u d i e s . 

Syntheses of the BA 3,4- and 8,9-dihydrodiols through r e d u c t i o n 
of the corresponding quinones wit h NaBH, (Figure 4) has been r e 
ported by Oesch (22,23). Attempted pre p a r a t i o n of BA 1,2-dihydro-
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HARVEY Dihydrodiol and Diol Epoxide Metabolites 

OH 0 OH 

Figure 4. A l t e r n a t i v e synthesis of 1, (18). Reagents: ( i ) OsO, ; 
( i i ) DDQ; ( i i i ) NaBH,. ~ 

Figure 5. Synthesis of 1,2- and 3,4-dibenzoyloxy-l,2,3,4-tetra 
hydrobenz(a)anthracene from BA by Method I I (22.). Reagents: ( i ) 
Li,NH q; ( i i ) NaOMe, DMSO; ( i i i ) AgOBz, I«; ( i v ) o - c h l o r a n i l . 

OBz 

Figure 6. Synthesis of 8,9- and 10,ll-dibenzoyloxy-8,9,10,11 
tetrahydrobenz(a)anthracene from BA by Method I I I (10,12). 
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42 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

d i o l by t h i s method gave instead the c a t e c h o l , 1,2-dihydroxy-BA 
(22). Since the quinones r e q u i r e d as s t a r t i n g compounds were pre
pared by m u l t i s t e p syntheses from the r e l a t e d ketones, 4- and 8-oxo-
tetrahydro-BA, which i n turn were synthesized by the m u l t i s t e p Haw
or t h procedure, t h i s route would appear to o f f e r l i t t l e p r a c t i c a l 
advantage. 

Dibenz(a,h)anthracene 

Dibenz(a,h)anthracene (DBA) i s a weak carcinogen (38) and the f i r s t 
PAH to be demonstrated to be carcinogenic (39). Syntheses of the 
1,2- and 3,4-dihydrodiols of DBA and the corresponding d i o l epoxides 
were accomplished from DBA by Method I I (40). Reduction of DBA w i t h 
Li/NH«j could not be stopped at the tetrahydro stage, but proceeded to 
1,4,7,8,11,14-hexahydro-DBA. Base-catalyzed i s o m e r i z a t i o n of t h i s 
d i o l e f i n gave a mixture of isomeric conjugated d i o l e f i n s . Prevost 
r e a c t i o n of t h i s mixture w i t h 2 equivalents of s i l v e r benzoate and 
iod i n e followed by dehydrogenation wi t h DDQ furnished the dibenzoate 
e s t e r s of 1,2-and 3,4-dihydroxy-l,2,3,4-tetrahydro-DBA i n 1:9 r a t i o . 
These isomers were r e a d i l y separable by chromatography and underwent 
conversion to the corresponding d i h y d r o d i o l s by the usual proce
dures. The o v e r a l l y i e l d s of the 1,2- and 3,4-dihydrodiols of DBA 
v i a t h i s sequence were 11% and 22% r e s p e c t i v e l y , i n eigh t steps. 
These d i h y d r o d i o l s were a l s o i n d i v i d u a l l y synthesized from the r e 
l a t e d ketones, 1-oxo-and 4-oxo-l,2,3,4-tetrahydro-DBA, by appro
p r i a t e m o d i f i c a t i o n of Method I (41). These ketones were themselves 
prepared from phenanthrene v i a 8-oxo-8,9,10,11-tetrahydro-BA by s t a 
ndard methods of r i n g c o n s t r u c t i o n i n e i g h t steps each. The net 
o v e r a l l y i e l d s of the DBA 1,2- and 3,4-dihydrodiols from phenan
threne by these sequences were <0.5% i n fourteen steps each. 

Epoxidation of the DBA 3,4-dihydrodiol with m-chloroperbenzoic 
a c i d provided the a n t i 3,4-diol-l,2-epoxide (£) s t e r e o s p e c i f i c a l l y 
i n 85% y i e l d (Figure 7). Epoxidation of the trans 1,2-dihydrodiol 
w i t h t h i s p e r a c i d gave a mixture of the a n t i and syn d i o l epoxides 
(5) i n 1:3 r a t i o (40,41). S i m i l a r s t e r e o s e l e c t i v e syn epox i d a t i o n 
of the 1,2-dihydrodiol of 7-me thy lbenz (a)anthracene was a l s o ob
served (42). These are the f i r s t examples of p r e f e r e n t i a l syn d i o l 
epoxide formation by pera c i d r e a c t i o n . This unexpected s t e r i c pre
ference i s a s s o c i a t e d w i t h the unusual t r a n s - d i a x i a l conformation of 
these s t e r i c a l l y hindered bay regi o n 1,2-dihydrodiols (43). This ef 
feet i s i n t e r p r e t e d as due to the favorable geometry of an i n 
termediate complex i n v o l v i n g a s s o c i a t i o n of the per a c i d w i t h the 
b e n z y l i c hydroxyl group which d i r e c t s epoxidation to the same face 
of the molecule. In cases where the hydroxyl groups are d i e q u a t o r i a l 
the a l l y l i c hydroxyl group exerts the dominant i n f l u e n c e . 

Synthesis of DBA 3,4-dihydrodiol from DBA 3,4-dione v i a bro-
mination and r e d u c t i o n of the 1,2-dibromo compound w i t h sodium bo-
rohydride has a l s o been described (44). The DBA 3,4-dione was syn
t h e s i z e d by Kundu from 5-bromo-2-nitro-l-naphthol i n nine steps i n 
4.2% o v e r a l l y i e l d (45). More r e c e n t l y , r e d u c t i o n of DBA 3,4-dione 
w i t h NaBH, i n the presence of a i r has been reported to a f f o r d d i 
r e c t l y the 3,4-dihydrodiol (22). 

Benz o(e)pyrene 

In c o n t r a s t to BP, benzo(e)pyrene (BeP) i s g e n e r a l l y considered to 
be i n a c t i v e as a complete carcinogen (38). The only v i c i n a l d i -
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3. HARVEY Dihydrodiol and Diol Epoxide Metabolites 43 

h y d r o d i o l of BeP capable of forming a d i o l epoxide i s the 9,10-
d i h y d r o d i o l (9), and i t i s not detected as a metabolite of BeP (46). 
Nevertheless, i t was of i n t e r e s t to synthesize t h i s d i o l epoxide, 
since i t was pr e d i c t e d t h e o r e t i c a l l y to be a moderately a c t i v e c a r 
cinogen (47). 

Synthetic routes to BeP 9,10-dihydrodiol are based on hexa-
hydropyrene (Figure 8). Conversion of t h i s hydrocarbon to the 9-
keto d e r i v a t i v e of octahydro-BeP (7) was r e a d i l y accomplished by the 
Haworth method (48,49). Reduction'of 2 wi t h NaBH^ followed by a c i d i c 
dehydration and Pre^vost r e a c t i o n gave the trans dibenzoate which 
underwent dehydrogenation wi t h DDQ to y i e l d the t e t r a h y d r o d i o l d i 
benzoate (8). A m o d i f i c a t i o n of t h i s s y n t h e t i c approach i n v o l v i n g 
a r o m a t i z a t i o n of intermediate (> p r i o r to c y c l i z a t i o n afforded 8, i n 
somewhat higher o v e r a l l y i e l d . Attempted i n t r o d u c t i o n of the o l e -
f i n i c bond i n t o 8, with excess DDQ f a i l e d , despite the f a c t that 
s i m i l a r r e a c t i o n of the analogous t e t r a h y d r o d i o l dibenzoate of BP 
proceeded smoothly. This d i f f e r e n c e i n r e a c t i v i t y r e s u l t s from the 
f a c t that the dibenzoate groups of £ are forced to adopt the d i a x i a l 
conformation due to s t e r i c i n t e r a c t i o n w i t h the adjacent aromatic 
r i n g . Consequently, hydride a b s t r a c t i o n from the un s u b s t i t u t e d ben
z y l i c p o s i t i o n of 8, i s e f f e c t i v e l y blocked. The NMR spectrum of g, 
confirms the d i a x i a l o r i e n t a t i o n of the b e n z y l i c groups ( J ^ I Q = " 
3.5Hz). Conversion of 8 to % was r e a d i l y achieved by the 'Bro-
mination-dihydrobromination method. Attempted synthesis of £ by 
red u c t i o n of BeP 9,10-dione w i t h NaBH^ i n ethanol i n the presence of 
a i r gave only the corresponding c a t e c h o l , 1,2-dihydroxy-BeP (22). 
S i m i l a r r e a c t i o n conducted under oxygen f o r a week furnished 9, i n 
moderate y i e l d (35%). 

Epoxidation of wi t h m-chloroperbenzoic a c i d afforded a mix
ture of the a n t i and syn d i o l epoxides (anti-and syn-BePDE). In our 
i n i t i a l s t udies only the a n t i isomer was i s o l a t e d (48). Subse
quently, i t was found by Yagi et a l . (50) that both diastereomers 
are formed. In our experience, the r e l a t i v e r a t i o of isomers i s 
dependent upon experimental c o n d i t i o n s . This i s another example of 
lac k of s t e r e o s p e c i f i c i t y of epoxidation of a d i a x i a l d i h y d r o d i o l . 

Triphenylene 

This PAH i s a common environmental contaminant. However, i t i s 
i n a c t i v e as a carcinogen i n animal t e s t s (51). The t r a n s - l , 2 - d i 
h y d r o d i o l of triphenylene has been synthesized from phenanthrene by 
a route analogous to that employed f o r the pre p a r a t i o n of BeP 9,10-
d i h y d r o d i o l (48). L i k e the l a t t e r compound, epoxidation w i t h per
a c i d a f f o r d s a mixture of the a n t i and syn d i o l epoxides (Figure 9) 
(48,50). 

Phenanthrene (Method IV) 

Although phenanthrene i s noncarcinogeniC., some of i t s methylated 
d e r i v a t i v e s e x h i b i t s i g n i f i c a n t a c t i v i t y as mutagens (52,53). The 
1,2- and 3,4-dihydrodiols of phenanthrene were f i r s t synthesized by 
J e r i n a et a l . (54) by a method i n v o l v i n g r e d u c t i o n of the co r 
responding quinones with L i A l H . However, the y i e l d s i n the r e -
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44 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

4 5 i 5 b 

Figure 7. Structures of the DBA a n t i 3,4-diol-l,2-epoxide ( 4 ) , 
anti-1,2-diol-3,4-epoxide (5a), and syn-1,2-diol-3,4-epoxide 
(5b). 

ANTj - B e P D E SvN - B e P D E 

Figure 8. Synthesis of the 9,10-dihydrodiol of BeP (41,42). Re 
agents: ( i ) s u c c i n i c anhydride, A1C1~; (ii)H2NNH«, KOH; ( i i i ) 
HF; ( i v ) NaBH, ; (v) H ; ( v i ) AgOBz, T ; ( v i i ) DDf/; ( v i i i ) NBS; 
( i x ) DBN; (x) NaOMe. 

Figure 9. Epoxidation of the 1,2-dihydrodiol of triphenylene 
y i e l d s both a n t i and syn d i o l epoxide isomers. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
3

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



3. HARVEY Dihydrodiol and Diol Epoxide Metabolites 45 

d u c t i o n step were only 4% and 1%, r e s p e c t i v e l y . Subsequently, these 
d i h y d r o d i o l s were synthesized by Lehr et a l . (30) by Method I from 
the corresponding ketones, 1-oxo-and 4-oxo-l,2,3,4-tetrahydrophen-
anthrene. Subsequent r e i n v e s t i g a t i o n of the quinone r e d u c t i o n route 
i n our l a b o r a t o r i e s l e d to development of an improved procedure 
which afforded s u b s t a n t i a l l y improved y i e l d s (55). Reduction of the 
phenanthrene 1,2-and 3,4-diones with L i A l H , by t h i s method gave the 
1,2- and 3,4-dihydrodiols i n y i e l d s of 46% and 27%, r e s p e c t i v e l y 
(Figure 10). Further enhancement of these y i e l d s was achieved by 
c a r r y i n g out these reductions with NaBH^ i n ethanol under a i r (22). 
I t i s b e l i e v e d that oxygen serves to r e o x i d i z e c a t e c h o l byproducts 
to quinones. 

The phenanthrene 1,2- and 3,4-diones are s y n t h e t i c a l l y acces
s i b l e from the r e l a t e d 3-phenols. O x i d a t i o n of 2-phenanthrol w i t h 
e i t h e r Fremy's s a l t ((KSO^^NO) or p h e n y l s e l e n i n i c anhydride gave 
phenanthrene 1,2-dione d i r e c t l y (55). Unexpectedly, o x i d a t i o n of 3-
phenanthrol w i t h (KSO^^NO y i e l d e d 2,2-dihydroxybenz(e)indan-l,3-d-
ione (Figure 10). However, phenanthrene 3,4-dione was r e a d i l y ob
tained from 3-phenanthrol by F i e s e r ' s method e n t a i l i n g diazonium 
c o u p l i n g , r e d u c t i o n , and o x i d a t i o n of the r e s u l t i n g 4-amino-3-phen-
a n t h r o l with chromic a c i d (56). 

The development of s a t i s f a c t o r y methods f o r the s t e r e o s e l e c t i v e 
r e d u c t i o n of termi n a l r i n g PAH quinones to t r a n s - d i h y d r o d i o l s r e 
presented a s i g n i f i c a n t advance. Combined w i t h methods f o r the 
o x i d a t i o n of 8-phenols to ortho-quinones i t provided the b a s i s of 
what i s probably the most general s y n t h e t i c route to non-K-region 
d i h y d r o d i o l s . This s y n t h e t i c approach i s designated Method IV. 
While reductions w i t h L i A l H ^ appear to be g e n e r a l l y stereospecifiC., 
the r e a c t i o n s w i t h NaBH^ a f f o r d somewhat b e t t e r y i e l d s , but show 
lower s t e r e o s e l e c t i v i t y , y i e l d i n g v a r i a b l e amounts of c i s - a s w e l l as 
t r a n s - d i h y d r o d i o l s . 

Synthesis of the a n t i and syn isomers of the 1,2-diol-3,4-
epoxide of phenanthrene by epoxidation of the 1,2-dihydrodiol has 
been reported by Whalen et a l . (57). 

Anthracene 

Anthracene i s noncarcinogenic and i s s t r u c t u r a l l y incapable of f o r 
ming a bay region d i o l epoxide. Anthracene 1,2-dihydrodiol i s most 
conveniently synthesized from 2-anthranol by o x i d a t i o n w i t h phenyl
s e l e n i n i c anhydride to anthracene 1,2-dione (55) followed by r e 
duc t i o n w i t h NaBH^ i n ethanol (22) or L i A l H ^ (55). Anthracene 1,2-
d i h y d r o d i o l has a l s o been synthesized v i a the Provost r e a c t i o n route 
(30). 

Chrysene 

Chrysene i s a weak tumor i n i t i a t o r and i s i n a c t i v e as a complete 
carcinogen (38). The 1,2-dihydrodiol i s more a c t i v e as a mutagen 
than the 3,4- or the 5,6-dihydrodiols. The b i o l o g i c a l data support 
the hypothesis that the p r i n c i p a l a c t i v e metabolite of chrysene i s 
the bay region anti-1,2-diol-3,4-epoxide (58). 

Two s y n t h e t i c approaches to the 1,2- and 3,4-dihydrodiols of 
chrysene (10 and 1J.) have been reported (41,59), and an a d d i t i o n a l 
novel methoa w i l l ^ E e described h e r e i n (60). "Syntheses of 10 and 11 
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46 POLYCYCLIC HYDROCARBONS A N D CARCINOGENESIS 

from naphthalene (61) and phenanthrene (62) v i a 1-oxo- and 4-oxo-
1,2,3,4-tetrahydrochrysene by Method I was described by Ka r l e et a l , 
(41). A more convenient s y n t h e t i c route to these d i h y d r o d i o l s d i 
r e c t l y from chrysene by Method I I I has been reported by Fu and Harvey 
(59) (Figure 11). Hydrogenation of chrysene over a palladium c a t a 
l y s t afforded r e g i o s p e c i f i c a l l y 5,6-dihydrochrysene, while s i m i l a r 
r e a c t i o n over PtO« gave 1,2,3,4-tetrahydrochrysene, and hydrogena
t i o n over a mixecT Pd-Pt c a t a l y s t f u r n i s h e d 1,2,3,4,5,6-hexahydro-
chrysene (37,59,63). Dehydrogenation of the hexahydrochrysene de
r i v a t i v e w ith DDQ took place r e g i o s e l e c t i v e l y to y i e l d 3,4,5,6-te-
trahydrochrysene. This o l e f i n underwent smooth transformation to 
the 1,2-dihydrodiol (10) v i a the Prevost r e a c t i o n , dehydrogenation, 
and methanolysis. Although dehydrogenation of 1,2,3,4-tetrahydro
chrysene could not be stopped at the dihydro stage, p a r t i a l de
hydrogenation was r e a d i l y achieved by the bromination-dehydrobro-
mination method to y i e l d a mixture of 1,2-and 3,4-dihydrochrysene 
from which the 3,4-dihydrodiol ( J J ) was synthesized v i a the usual 
PreVost r e a c t i o n route. 

Epoxidation of 10 with m-chloroperbenzoic a c i d y i e l d e d the ch r 
ysene anti-1,2-diol-3,4-epoxide, whereas s i m i l a r r e a c t i o n of 11 gave 
a mixture of the corresponding a n t i and syn d i o l epoxides i n a 5:3 
r a t i o (57,59). These f i n d i n g s are i n accord with previous observa
t i o n s that d i h y d r o d i o l s f r e e to adopt the d i e q u a t o r i a l conformation 
undergo a n t i s t e r e o s p e c i f i c e p o x i d a t i o n , whereas bay region d i a x i a l 
d i h y d r o d i o l s y i e l d mixtures of a n t i and syn diastereomers. The syn-
1,2-diol-3,4-epoxide diastereomer of chrysene was synthesized from 
10 v i a base-catalyzed c y c l i z a t i o n of the b r o m o t r i o l intermediate 
(57,60). The o p t i c a l l y pure (+) and (-) enantiomers of both the 
a n t i and syn chrysene 1,2-diol-3,4-epoxides have a l s o been prepared 
(64). 

An a l t e r n a t i v e new s y n t h e t i c approach to chrysene 1,2-dihydro
d i o l based on Method IV has r e c e n t l y been developed (60). This 
method (Figure 12) e n t a i l s synthesis of 2-chrysenol v i a a l k y l a t i o n 
of l - l i t h i o - 2 , 5 - d i m e t h o x y - l , 4 - c y c l o h e x a d i e n e with 2-(l-naphthyl) e-
t h y l bromide followed by m i l d a c i d treatment to ge nerate the d i -
ketone 12. A c i d - c a t a l y z e d c y c l i z a t i o n of 12 gave the unsaturated 
t e t r a c y c l i c ketone 13 which was transformed to 2-chrysenol v i a de
hydrogenation of i t s enol acetate w i t h o - c h l o r a n i l followed by hy
d r o l y s i s . O x i d a t i o n of 2-chrysenol w i t h Fremy's s a l t gave chrysene 
1,2-dione which underwent r e d u c t i o n w i t h NaBH^ i n the presence of 
oxygen to y i e l d 11. This method i s r e a d i l y adaptable to synthesis on 
any s c a l e . 

Benzo(c)phenanthrene 

Benzo(c)phenanthrene (BeP) i s e x c e p t i o n a l l y weak or i n a c t i v e as a 
carcinogen i n experimental animals (51). On the other hand, the bay 
reg i o n a n t i d i o l epoxide of BeP (14) e x h i b i t s high tumor i n i t i a t i n g 
a c t i v i t y on mouse s k i n (65). *~ 

The 3,4-dihydrodiol of BeP was synthesized from 4-oxo-l,2,3,4-
tetrahydro-BcP (15) by Method I (66). The ketone L§ was i t s e l f 
prepared from 4-oxo-l,2,3,4-tetrahydrophenanthrene v i a a m u l t i s t e p 
sequence e n t a i l i n g Reformatsky r e a c t i o n w i t h methyl bromocrotonate, 
dehydration of the r e s u l t i n g a l c o h o l , i s o m e r i z a t i o n to the a r y l -
b u t y r i c a c i d , and c y c l i z a t i o n of i t s a c i d c h l o r i d e with SnCl*. F u l l 
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3. HARVEY Dihydrodiol and Diol Epoxide Metabolites 

Figure 10. Synthesis of the 1,2- and 3,4-dihydrodiols of phen
anthrene from the r e l a t e d phenols by Method IV (47). Reagents: 
( i ) (KS0 3) NO or (PhSeO) 20; ( i i ) L i A l H ^ or NaBH,,0,; ( i i i ) d i -
azonium s a l t of s u l f a n i l i c a c i d ; ( i v ) Na 90«S 9; (v; fJrO~. 

Figure 11. Synthesis of the chrysene 1,2- and 3,4-dihydrodiols 
and the corresponding d i o l epoxide d e r i v a t i v e s from chrysene by 
Method I I I (51). Reagents: ( i ) H 2,Pd; ( i i ) H 2,Pt; ( i i i ) DDQ; 
( i v ) AgOBz,I 2; (v) NBSsA^fc}|P§ftS ^ ^ | ^ § f M e J ( v i i i ) 5 L - C P B A -

Society Library 
1155 1Grh St. N. vi 

Washington, D. C. 20038 
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48 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

experimental d e t a i l s have not been published. 4-0xo-l,2,3,4-tetra-
hydrophenanthrene i s s y n t h e t i c a l l y a c c e s s i b l e from naphthalene v i a 
the Haworth synthesis (67). 

More convenient s y n t h e t i c access to 15 i s provided by the se
quence i n Figure 13 (68). A l k y l a t i o n of the potassium s a l t of 2,6-
dimethoxy-1,4-cyclohexadiene with 2-(2-naphthyl)ethyl bromide i n 
l i q u i d ammonia followed by m i l d a c i d i c h y d r o l y s i s generated the d i -
ketone (16). C y c l i z a t i o n of 16 i n polyphosphoric a c i d took place 
smoothly i n the de s i r e d d i r e c t i o n to a f f o r d the p a r t i a l l y saturated 
ketone which underwent dehydrogenation w i t h DDQ to 15. 

Synthesis of the 1,2-dihydrodiol of BeP by conventional methods 
was blocked by the f a i l u r e of attempts to synthesize i t s p o t e n t i a l 
s y n t h e t i c precursors 1-keto-l,2,3,4-tetrahydro-BcP and 1,2-dihydro-
BcP (66). However, BeP 1,2-dihydrodiol was obtained i n low y i e l d 
( ~ 1 % ) by o x i d a t i o n of BeP with a s c o r b i c a c i d - f e r r o u s s u l f a t e (66). 

Dibenzo(a,i)pyrene and Dibenzo(a,h)pyrene 

These h e x a c y c l i c hydrocarbons are g e n e r a l l y recognized as two of the 
most potent u n s u b s t i t u t e d carcinogenic PAH (38). The 3,4-dihydro
d i o l of dibenzo(a,i)pyrene (17) and the 1,2-dihydrodiol of dibenzo-
(a,h) pyrene (ĵ §) have been synthesized from 4-oxo-l,2,3,4-tetra-
hydrodibenzo(a,l)pyrene and 1-oxo-l,2,3,4-tetrahydrodibenzo(a,h)py-
rene, r e s p e c t i v e l y , by Method I . (69). Treatment of these dihydro
d i o l s w i t h m-chloroperbenzoic a c i d gave the corresponding a n t i d i o l 
epoxides (66). 

7-Methylbenz(a)anthracene 

While BA i s e s s e n t i a l l y i n a c t i v e as a complete carcinogen, 7-me-
thylbenz(a)anthracene (MBA) e x h i b i t s r e l a t i v e l y potent a c t i v i t y i n 
t h i s respect (27,38). This d i f f e r e n c e t y p i f i e s the of t e n dramatic 
e f f e c t of methyl s u b s t i t u t i o n on the b i o l o g i c a l a c t i v i t y of PAH 
compounds (70). The molecular b a s i s of a l k y l sub s t i t u t i o n e f f e c t s 
i s one of the most i n t r i g u i n g problems i n current carcinogenesis 
research. However, much l e s s progress has been made i n e l u c i d a t i n g 
the d e t a i l s of the metabolic a c t i v a t i o n and DNA bi n d i n g of methyl-
s u b s t i t u t e d than u n s u b s t i t u t e d PAH because of the greater complexity 
of t h e i r metabolism and the greater d i f f i c u l t y of the synthesis of 
t h e i r a c t i v e m e t a b o l i t e s . B i o l o g i c a l s t u d i e s have i m p l i c a t e d the 
a n t i 3,4-diol-l,2-epoxide of MBA as i t s u l t i m a t e carcinogenic me
t a b o l i t e (71-73). 

Syntheses of the 1,2- and the 3,4-dihydrodiols of MBA v i a Me
thods I I and IV have been described (74). The 1,2- and 3,4 - d i o l 
dibenzoates of 1,2,3,4-tetrahydro-MBA prepared from MBA v i a the L i / -
NH^ r e d u c t i o n route were r e a d i l y separable by c r y s t a l l i z a t i o n . I n 
t r o d u c t i o n of the o l e f i n i c bond i n t o the 1,2-position of the 3,4-
d i o l dibenzoate by the usual bromination-dehydrobromination proce
dure was complicated by the greater f a c i l i t y of bromination by NBS on 
the methyl group than the 1 - p o s i t i o n . This problem was solved ( F i g 
ure 14) by a l l o w i n g bromination to proceed to the dibromo stage, 
followed by s e l e c t i v e r e d u c t i o n of the bromomethyl group wit h NaBH^ 
i n diglyme. The monobromo d e r i v a t i v e underwent dehydrobromination 
r i t h an amine base to f u r n i s h the 3,4-dihydrodiol dibenzoate e s t e r 19b), which on treatment w i t h NaOMe i n methanol y i e l d e d the free 
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3. HARVEY Dihydrodiol and Diol Epoxide Metabolites 49 

Figure 12. Synthesis of chrysene 1,2-dihydrodiol by Method IV 
(52). Reagents: ( i ) H ; ( i i ) isopropenyl a c e t a t e ; ( i i i ) DDQ; 
( i v ) (KS0 3) NO; (v) NaBH 4,0 2. 

15 

Figure 13. Synthesis of 4-oxo-l , 2 , 3 , 4 -tetrahydrobenzo(c)phenan-
threne (1J) (59). 
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3,4-dihydrodiol (19a). A s i m i l a r sequence of operations on the 
1,2,3,4-tetrahydro-MBA 1,2-diol dibenzoate furnished the isomeric 
1,2-dihydrodiol of MBA. 

The 3,4-dihydrodiol was a l s o synthesized v i a Method IV (74). 
O x i d a t i o n of 3-hydroxy-MBA wit h Fremy's s a l t gave the 3,4-quinone 
which underwent r e d u c t i o n w i t h L i A l H ^ to give 19a. The y i e l d i n the 
red u c t i o n step was only 15%, but i t i s l i k e l y that t h i s could be 
s u b s t a n t i a l l y improved by the use of the NaBH^/02 system (18) de
veloped a f t e r these studies were completed. 

The 10,11-dihydrodiol of MBA was synthesized from MBA by Method 
I I I (12). Hydrogenation of MBA over a platinum c a t a l y s t took place 
r e g i o s p e c i f i c a l l y i n the termi n a l r i n g to provide 8,9,10,11-tetra-
hydro-MBA (75). Treatment of the l a t t e r with DDQ furnished 8,9-
dihydro-MBA which underwent conversion to the 10,11-dihydrodiol by 
the usual procedures. O x i d a t i o n of MBA with a s c o r b i c a c i d - f e r r o u s 
s u l f a t e to a f f o r d low y i e l d s ( <0.2%) of the f i v e p o s s i b l e d i 
h y d r o d i o l s has a l s o been described (76). 

Epoxidation of the 3,4-dihydrodiol w i t h m-chloroperbenzoic a c i d 
afforded s t e r e o s p e c i f i c a l l y the corresponding a n t i d i o l epoxide 
(74). P e r a c i d o x i d a t i o n of the bay regi o n 1,2-dihydrodiol gave a 
mixture of the a n t i and syn d i o l epoxide diastereomers. Assignment 
of the major isomer as syn was made through a n a l y s i s of the NMR 
spectra of the acetates of the t e t r a o l s formed on h y d r o l y s i s of the 
i n d i v i d u a l d i o l epoxides (42). P e r a c i d o x i d a t i o n of the 10,11-
d i h y d r o d i o l i s reported to y i e l d the corresponding a n t i d i o l epoxide 
(12). However, i t i s l i k e l y f o r s t e r i c reasons that the syn isomer 
i s a l s o formed. 

7,12-Dimethylbenz(a)anthracene 

7,12-Dimethylbenz(a)anthracene (DMBA) i s the most potent c a r c i n o 
genic PAH commonly employed i n carcinogenesis research. Depending 
upon i t s mode of a d m i n i s t r a t i o n , DMBA can s e l e c t i v e l y induce a d i 
verse range of neoplasmas. For example, o r a l a d m i n i s t r a t i o n of DMBA 
to female Sprague-Dawley r a t s e l i c i t s mammary cancer (77). I n t r a 
muscular a d m i n i s t r a t i o n of DMBA to male Long-Evans r a t s induces l o 
c a l sarcomas (27), and intravenous i n j e c t i o n of a l i q u i d emulsion of 
DMBA to male or female Long-Evans r a t s leads to leukemia (780 • When 
s o l u t i o n s of DMBA are painted on the s k i n s of mice, l o c a l s k i n tumors 
are induced (79). B i o l o g i c a l studies i m p l i c a t e the 3 , 4 - d i o l - l , 2 -
epoxide as the probable a c t i v e metabolite of DMBA (80-83). 

The 3,4- and the 8,9-dihydrodiols of DMBA have been synthesized 
by unambiguous routes (55,84). Synthesis of the 3,4-dihydrodiol of 
DMBA (20) was accomplished by Method IV (55) (Figure 15). O x i d a t i o n 
of 3-hydroxy-DMBA wit h e i t h e r p h e n y l s e l e n i n i c anhydride or Fremy's 
s a l t afforded DMBA-3,4-dione. Analogous o x i d a t i o n of 4-hydroxy-DMBA 
gave mainly DMBA 1,4-dione. Reduction of the 3,4-quinone w i t h L i -
AlH^ i n ether y i e l d e d 20. However, t h i s r e a c t i o n i s e x c e p t i o n a l l y 
s e n s i t i v e to traces of moisture, and y i e l d s are e r r a t i c ranging from 
0-45%. More r e c e n t l y , we have discovered that analogous reductions 
w i t h NaBH^ i n ethanol i n the presence of 0^ are more repr o d u c i b l e and 
give c o n s i s t e n t l y higher y i e l d s of 20 ( ~80%) (60). 

Synthesis of the 8,9-dihydrodiol of DMBA (23) was accomplished 
from 10,11-dihydro-DMBA (2£) by Method I (84) /~ The o l e f i n 1} was 
i t s e l f prepared through a s y n t h e t i c sequence i n v o l v i n g D i e l s - A l d e r 
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C H 3 C H 3 

l9a.:R=H 
~b.R=B 

Figure 14. Synthesis of MBA 3,4-dihydrodiol (19a) (64). Re
agents: ( i ) NBS; ( i i ) NaBH,, diglyme; ( i i i ) DBN. 

2 0 21 

Figure 15. Synthesis of DMBA 3,4-dihydrodiol (21) by Method IV 
(47,75). Reagents: ( i ) (PhSeO) 90 or (KSO^KNO T ( i i ) L i A l H , or 
NaBH4,0 ; ( i i i ) m-CPBA. 
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r e a c t i o n of 1-methoxybuta-l,3-diene w i t h phenanthrene-1,4-dione, 
followed by a d d i t i o n of methylmagnesium bromide, hydrogenation, and 
ac i d - c a t a l y z e d dehydration (Figure 16). 

I n i t i a l attempts to prepare the a n t i 3,4-diol-l,2-epoxide of 
DMBA (21) by d i r e c t e poxidation of the 3,4-dihydrodiol of DMBA a f 
forded mixtures of i l l - d e f i n e d products. Since DMBA i t s e l f un
dergoes f a c i l e o x i d a t i o n w i t h m-chloroperbenzoic a c i d to a f f o r d mix
tures of meso region o x i d a t i o n products, i t appeared l i k e l y that 
analogous o x i d a t i o n of 20 was the predominant pathway. On the other 
hand, when peracid o x i d a t i o n was conducted i n the presence of DNA, 
there was i s o l a t e d a small percentage of an adduct t e n t a t i v e l y i d e n 
t i f i e d as being formed from covalent binding of 21 to DNA (85). 
Since DMBA i s known to be severely d i s t o r t e d from p l a n a r i t y due to 
s t e r i c i n t e r a c t i o n between the bay regi o n methyl group and the hy
drogen atom i n the 1 - p o s i t i o n , i t was conceivable that the d i o l 
epoxide 21 might be too unstable to i s o l a t e due to s i m i l a r s t e r i c 
s t r a i n . For these reasons, we temporarily abandoned our e f f o r t s to 
synthesize 21. However, our subsequent success i n s y n t h e s i z i n g the 
bay region d i o l epoxide of 3-methylcholanthrene (86) which has a 
r e a c t i v e meso region and the analogous d i o l epoxide of 5-methyl-
chrysene (87) which has a bay region methyl group stimulated renewed 
e f f o r t s to synthesize 21. This was achieved by conducting the epo
x i d a t i o n of 20 under m i l d c o n d i t i o n s , monitoring the course of r e 
a c t i o n by HPLC., and i s o l a t i n g the d i o l epoxide from c o l d s o l u t i o n . 
S u ccessful synthesis of the syn 3,4-diol-l,2-epoxide of DMBA has 
subsequently a l s o been accomplished v i a the bromohydrin intermediate 
(60). However, both these isomeric d i o l epoxides have proven r e 
l a t i v e l y unstable, decomposing on standing. The exc e p t i o n a l che
m i c a l r e a c t i v i t y of these d i o l epoxides may be an important d e t e r 
minant of the high tumorigenic potency of DMBA. 

In contrast to 21, the d i o l epoxide d e r i v a t i v e of the 8,9-
d i h y d r o d i o l of DMBA was r e l a t i v e l y s t a b l e . Although only the a n t i 
isomer was i s o l a t e d and i d e n t i f i e d from epoxidation of the 8,9-
d i h y d r o d i o l w i t h m-chloroperbenzoic a c i d (84), i t i s l i k e l y that the 
syn isomer may a l s o be formed i n t h i s r e a c t i o n . The 8,9-dihydrodiol 
e x i s t s predominantly i n the d i a x i a l conformation as a consequence of 
s t e r i c i n t e r a c t i o n between the 8-hydroxyl and 7-methyl groups (88). 

3-Methylcholanthrene 

3-Methylcholanthrene (3-MC) i s a potent carcinogen, intermediate i n 
a c t i v i t y between DMBA and BP (27,77). I t was f i r s t prepared i n 1925 
by Wieland from desoxycholic a c i d (89). B i o l o g i c a l studies have 
t e n t a t i v e l y i d e n t i f i e d the 9,10-dihydrodiol (24a) and/or i t s 1- or 
2-hydroxy d e r i v a t i v e s (24b and 24c) and the corresponding d i o l and 
t r i o l epoxides (25a-x) as the proximate and u l t i m a t e carcinogenic 
forms, r e s p e c t i v e l y , " o f 3-MC (90-93). 

The 9,10-dihydrodiol of 3-MC (24a) was synthesized from 9-hy-
droxy-3-MC by Method IV (86). Oxidation of t h i s phenol with Fremy's 
s a l t i n the presence of Adogen 464, a quaternary ammonium phase 
t r a n s f e r c a t a l y s t , f urnished 3-MC 9,10-dione. Reduction of the q u i -
none wit h NaBH^-02 S a v e pure 24a i n good y i e l d . Treatment of 24a 
wit h m-chloroperbenzoic a c i d was monitored by HPLC i n order to op
ti m i z e the y i e l d of the a n t i d i o l epoxide (25a) and minimize i t s 
decomposition. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
3

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



3. HARVEY Dihydrodiol and Diol Epoxide Metabolites 53 

9-Hydroxy-3-MC was not conveniently a c c e s s i b l e by e s t a b l i s h e d 
methods, n e c e s s i t a t i n g the development of a new synthesis of 3-MC 
and i t s d e r i v a t i v e s (86,94). This method (Figure 17) i s based upon 
the a v a i l a b i l i t y of o r t h o - l i t h i a t e d arylamides through d i r e c t e d me-
t a l a t i o n of arylamides w i t h a l k y l l i t h i u m reagents (9^5). Condensa
t i o n of 2,2-dideuterio-4-methylindanone w i t h the 2 - l i t h i o s a l t of 
N,N-diethyl-l-naphthamide or i t s 6-methoxy d e r i v a t i v e at -60°C a f 
forded smoothly the corresponding l a c t o n e . The deuterated ketone 
was employed to take advantage of the p r e v i o u s l y demonstrated par
t i a l suppression of the competing enolate anion pathway by the deu
terium isotope e f f e c t (94,96). Reduction of the lactone w i t h z i n c 
and a l k a l i gave the free c a r b o x y l i c a c i d which on treatment w i t h 
ZnCl^ i n a c e t i c a c i d - a c e t i c anhydride c y c l i z e d to the 6-acetoxy-3-MC 
d e r i v a t i v e . Complete exchange of deuterium took place during t h i s 
step. S e l e c t i v e r e d u c t i o n of the 6-acetoxy group was e f f e c t e d by 
treatment w i t h HI i n a c e t i c a c i d . Reduction was e s s e n t i a l l y com
p l e t e i n 90 seC.; longer time gave more e x t e n s i v e l y reduced pro
ducts. Treatment of 9-methoxy-3-MC w i t h HBr i n a c e t i c a c i d gave 9-
hydroxy-3-MC. 

Recently r e s o l u t i o n of the ( + ) and (-) enantiomers of 24a has 
been accomplished by r e a c t i o n of ££a with (-J-menthoxyacetyf^chlo-
r i d e and HPLC separation of the b i s menthoxyacetate e s t e r s (97). 
Epoxidation of (+)-and (-)-24a provided o p t i c a l l y pure (-)- and (+)-
25a, r e s p e c t i v e l y (97). 

5-Me thy1chrys ene 

In contrast to chrysene and other monomethy1chrysene isomers, which 
e x h i b i t only minimal tumorigenic a c t i v i t y , 5-methylchrysene (5-MC) 
e x h i b i t s carcinogenic potency equal to that of BP (98). 5-MC., which 
i s a component of tobacco smoke, i s a l s o more mutagenic toward S a l 
monella typhimurium than chrysene and the other methyl-chrysene i s o 
mers (99,100). Evidence from b i o l o g i c a l s t u d i e s has i m p l i c a t e d the 
anti-1,2-diol-3,4-epoxide metabolite (26), i n which the epoxide r i n g 
i n i n the same bay region as the methyl group, as the p r i n c i p a l 
a c t i v e form i n v i v o (99,101,102). Although the a n t i - 7 , 8 - d i o l - 9 , 1 0 -
epoxide (27), which i s a l s o a bay region d i o l epoxide, i s formed me-
t a b o l i c a l l y , i t appears to be l e s s important b i o l o g i c a l l y . 

Syntheses of the 1,2- and 7,8-dihydrodiols of 5-MC have been 
described (60,87,103). The 1,2-dihydrodiol (30a) i s most e f f i c i e n 
t l y prepared from l-hydroxy-5-MC (29a) by Method IV (87), w i t h the 
d i f f e r e n c e that an a-phenol i s employed r a t h e r than a $-phenol as i n 
previous examples. O x i d a t i o n of 29a wi t h (KSO-^NO furnished a 
s i n g l e isomeric quinone i d e n t i f i e d ^ a s 5-MC 1,2-aione (Figure 18). 
Formation of an ortho r a t h e r than a para quinone i n the o x i d a t i o n of 
an a-phenol w i t h Fremy's reagent i s unusual. Apparently the bay 
regio n methyl group serves to s t e r i c a l l y block o x i d a t i v e a t t a c k i n 
the adjacent bay region s i t e . Reduction of 5-MC 1,2-dione wi t h NaBH^ 
i n ethanol gave 5-MC 1,2-dihydrodiol. 

l-Hydroxy-5-MC (29a) was i t s e l f prepared (87) by a m o d i f i c a t i o n 
of the s y n t h e t i c sequence employed i n the prep a r a t i o n of 2-chrysenol 
(Figure 13). Reaction of 2-(l-(3-methylnaphthyl) e t h y l bromide w i t h 
the 1 - l i t h i o s a l t of 1,5-dimethoxycyclohexa-l,4-diene furnished the 
diketone £8a (Figure 18). C y c l i z a t i o n of the l a t t e r i n polvphos-
phoric a c i d a fforded the 1-keto d e r i v a t i v e which underwent dehydro
genation over a palladium c a t a l y s t to y i e l d 29. 
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C H 3 OH C H 3 

2 2 2 3 

Figure 16. Synthesis of DMBA 8,9-dihydrodiol (23) (74). Re
agents: ( i ) H z,Pd; ( i i ) CH-MgBr; ( i i i ) H ; (iv)~'AgOBz,I 25 (v) 
NBS; ( v i ) DBN; T v i i ) NaOMe. 

g : R » R , « H ; b:R « OH,R t » H; c= R « H , Rj-OH. 

R = H o r MeO 

Figure 17. Synthesis of 9-hydroxy-3-MC (85). Reagents: ( i ) 
Zn,NaOH; ( i i ) Z n C l ? , HOAC., Ac 90$ ( i i i ) HI, HOAC.; ( i v ) HBr, HOAc. 
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28 2 9 

30 

*:R = CH 3v Rj -H. b - R* Hj R^CHj. 

Figure 18. Synthesis of 5-MC 1,2- and 7,8-dihydrodiols by Method 
IV (52,93). Reagents: ( i ) polyphosphoric a c i d ; ( i i ) palladium; 
( i i i ) (KS0 3) 2NO; ( i v ) NaBH 4,0 2-
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The 7,8-dihydrodiol of 5-MC (30b) was prepared from 8-hydroxy-
5-MC by Method IV (60,103). I t was'necessary to u t i l i z e the B-rather 
than the a-phenol ( i . e . 8-HO-5-MC ra t h e r than 7-HO-5-MC), since o x i 
d a t i o n of the l a t t e r w i t h Fremy's s a l t was a n t i c i p a t e d to take place 
predominantly i n the para p o s i t i o n . The 8-hydroxy-5-MC was prepared 
i n our l a b o r a t o r i e s by a m o d i f i c a t i o n of the procedure i n Figure 18. 
An a l t e r n a t i v e p r e p a r a t i o n of 8-hydroxy-5-MC v i a p h o t o c y c l i z a t i o n of 
methyl 3-phenyl-2-(l-(6-methoxynaphthyl) propenoate has a l s o r e 
c e n t l y been described (103). 

Epoxidation of the 1,2- and 7,8-dihydrodiols of 5-MC w i t h m-
chloroperbenzoic a c i d f urnished the corresponding a n t i d i o l epoxides 
26 and 27. Compound 26 was the f i r s t d i o l epoxide bearing a methyl 
group i n the same bay region as the epoxide f u n c t i o n to be syn
t h e s i z e d . While the d i o l epoxide 26 i s r e l a t i v e l y r e a c t i v e (104), i t 
i s more s t a b l e than the s t r u c t u r a l l y analogous DMBA 1,2-diol-3,4-
epoxide (21); i t was obtained as a white c r y s t a l l i n e s o l i d . 

The r e l a t e d syn d i o l epoxide isomers were synthesized from the 
1,2- and 7,8-dihydrodiols of 5-MC by r e a c t i o n w i t h N-bromoacetamide 
i n moist DMSO followed by base-catalyzed c y c l i z a t i o n by the usual 
Method I procedures (60). 

Fluoranthene 

Fluoranthene i s one of the more prevalent PAH i n the human en
vironment. Although fluoranthene i s not a c t i v e as a carcinogen, i t s 
2- and 3-methyl d e r i v a t i v e s have been shown to be a c t i v e as tumor 
i n i t i a t o r s (105). The major mutagenic metabolite of fluoranthene i n 
the Ames assay has been i d e n t i f i e d as the 2,3-dihydrodiol (31) 
(106). Synthesis of 31 by Method I (107,108) and i t s conversion to 
the r e l a t e d a n t i and syn d i o l epoxide d e r i v a t i v e s (32,33) has been 
reported (108). The isomeric t r a n s - l , l O b - d i h y d r o d i o l t$7) and the 
corresponding a n t i and syn d i o l epoxide isomers (38,39) have a l s o 
been prepared (108) (Figure 19). Synthesis of 37 from 2,3-dihydro-
fluoranthene (109) could not be accomplished by Prevost o x i d a t i o n . 
An a l t e r n a t i v e route i n v o l v i n g conversion of 2,3-dihydrofluoranthene 
to the c i s - t e t r a h y d r o d i o l (3£) wi t h OsO^ followed by dehydration, 
s i l y l a t i o n , and o x i d a t i o n w i t h p e r a c i d gave the a-hydroxyketone 35. 
The t r i m e t h y l s i l y l ether d e r i v a t i v e of the l a t t e r underwent s t e r e o 
s e l e c t i v e p h e n y l s e l e n y l a t i o n to y i e l d 36. Reduction of 3£ wi t h 
L i A l H , followed by o x i d a t i v e e l i m i n a t i o n of the selenide f u n c t i o n 
afforded 37. Epoxidation of 37 w i t h t-BuOOH/VO(acac) and de-
s i l y l a t i o n gave 38, while epoxidation of the acetate of JJ and de-
a c e t y l a t i o n f urnished 39. 

Benzofluoranthenes 

Benzo(b)-, benzo(k)-, and benzo(j)fluoranthene are common envi r o n 
mental contaminants (38). The t u m o r - i n i t i a t i n g a c t i v i t y of benzo-
(b)fluoranthene on mouse s k i n i s about equal to that of DBA (38). 
A l l three isomers are mutagenic i n the Ames assay (110). Syntheses 
of the 1,2-, 9,10-, and 11,12-dihydrodiols of benzo(b)fluoranthene 
by Method I have been reported (111,112). 

Dibenzo(a,e)fluoranthene 

This PAH i s a moderately potent carcinogen which produces sarcomas 
at the s i t e of i n j e c t i o n (51). Metabolism s t u d i e s suggest that the 
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Figure 19. Synthesis of the fluoranthene 1,lOb-dihydrodiol (37) 
and the corresponding a n t i and syn d i o l epoxide isomers (38) and 
39). Reagents: ( i ) OsO,; ( i i ) H , ( i i i ) M e ^ S i l ; ( i v ) m-CPBA; (v) 
M e 3 S i C l ; ( v i ) LDA; ( v i i ) Me-SiCl; ( v i i i ) PhSeCl; ( i x ) L i A l H , ; (x) 
HO ; ( x i ) K C0 3. 
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principal metabolites of dibenzo(a,e)fluoranthene which bind covale-
ntly to DNA are the diol epoxides formed from the 3,4-and 12,13-
dihydrodiols (113). While chemical synthesis of these dihydrodiols 
have not been reported, their diol epoxide derivatives have been 
prepared by treatment of the dihydrodiols obtained by metabolic ox
idation with m-chloroperbenzoic acid (114). 
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4 
The Bay Region Theory of Polycyclic Aromatic 
Hydrocarbon Carcinogenesis 

ROLAND E. LEHR1, SUBODH KUMAR 1, WAYNE LEVIN2, ALEXANDER W. WOOD2, 
RICHARD L. CHANG 2, ALLAN H. CONNEY2, HARUHIKO YAGI3, JANE M. SAYER3, and 
DONALD M. JERINA3 

1Department of Chemistry, University of Oklahoma, Norman, OK 73019 
2Department of Experimental Carcinogenesis and Metabolism, Hoffmann-La Roche, Inc., Nutley, 
NJ 07110 

3 Laboratory of Bioorganic Chemistry, National Institute of Arthritis, Diabetes, Digestive, and 
Kidney Diseases, National Institutes of Health, Bethesda, MD 20205 

The hydrolysis rates, mutagenicities and tumorigen-
ic i t i e s of a variety of diol epoxides and tetrahydro-
epoxides derived from polycyclic aromatic hydrocarbons 
(PAH) are examined. Bay-region diol epoxides and 
tetrahydroepoxides, as predicted by the "bay-region 
theory," are the most reactive and biologically active 
of those derivatives of a given PAH. A comparison of 
reactivity and mutagenicity data with a quantum chem
ical parameter that estimates chemical reactivity, 
ΔEdeloc/β, reveals a generally good correlation for 
the hydrolysis data, provided that diol epoxides with
in groups of similar conformational preference are 
compared. A similar result is found for the mutagen
ici t y data when the analysis is confined to four-
and five-ring PAH, with the significant exception of 
diol epoxides with the epoxide in a sterically hin
dered bay region, which are considerably more muta
genic than other diol epoxides with similar ΔEdeloc/β values. Three- and six-ring tetrahydro- and diol 
epoxides, however, exhibit consistently lower muta
genicities than their four- and five-ring counter
parts with similar conformational preferences and 
ΔEdeloc/β values. Additional restrictions apply 
to tumorigenicity. To date, only bay-region diol 
epoxides that have preferred conformations with 
pseudodiequatorial hydroxyl groups have been found 
to be significantly tumorigenic, and those only 
when they have a relatively high calculated 
ΔEdeloc/β value or a highly hindered bay-region epoxide. 
Mutagenicity data for benz[a]- and benz[c]acridine 
diol epoxides and tetrahydroepoxides reveals a de
activating effect of nitrogen dependent upon i t s 
position relative to the epoxide. Benz[a]acridine 
bay region diol and tetrahydroepoxides have signi
ficantly reduced mutagenicities relative to their 

0097-6156/85/0283-0063$06.25/0 
© 1985 American Chemical Society 
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benz[a]anthracene counterparts, whereas the benz[c]-
acridine non-bay tetrahydroepoxide on the angular 
benzo ring has significantly reduced mutagenicity. 

For more than f i f t y years i t has been recognized that members of 
the polycyclic aromatic hydrocarbon (PAH) class of molecule exhibit 
widely varied carcinogenicities. However, i t is only relatively 
recently that the chemistry and biochemistry of PAH has become 
sufficiently understood to permit an assessment of the structure-
activity relationships involved in their diverse carcinogenicities. 
A conceptual basis for understanding the chemical carcinogenesis of 
PAH was laid in the 1950's by the Millers (1). Their work with 
aromatic amides led them to hypothesize that many organic molecules 
become carcinogenic only after "metabolic activation" to reactive, 
electrophilic species capable of binding with cellular macromole-
cules. The identification of these reactive, "ultimate" carcino
genic forms of PAH proved d i f f i c u l t , as a number of exciting possi
b i l i t i e s emerged, but were eventually discarded. Nonetheless, by 
1976, evidence was accumulating that, for benzo[a]pyrene (BaP), an 
important "ultimate" carcinogenic form was BaP 7,8-diol-9,10 
-epoxide, produced by three steps of metabolism: 

BaP-

This important discovery was made possible by significant contri
butions from a number of research laboratories. Discussions of 
these contributions are included in a number of articles (2-6). 
The bay region theory 
Although BaP 7,8-diol-9,10-epoxides provided a possible clue to 
explaining the carcinogenesis of PAH, i t was i n i t i a l l y unknown 
whether metabolic activation to diol epoxides would prove to be 
generally important and whether any structural feature in the BaP 
7,8-diol-9,10-epoxide could be identified that would provide a 
guide to predicting which of the various diol epoxides derivable 
from a PAH would be most biologically active. Jerina and Daly, by 
interpreting substituent effects upon the carcinogenicity of 
benz[a]anthracene (BA) derivatives and considering observed re
activities at benzylic positions on tetrahydrobenzo rings of PAH, 
provided the i n i t i a l postulation that i t was the "bay region" 
nature of the epoxide in BaP 7,8-diol-9,10-epoxide that was the 
cr i t i c a l structural feature (3). The prototype of a "bay region" 
in a PAH is the sterically hindered region between C-4 and C-5 of 
phenanthrene, and bay region epoxides on tetrahydrobenzo rings of 
PAH are characterized by this structural feature, though additional 
aromatic rings may be fused to the aromatic nucleus. Because of 
the route by which PAH are metabolically activated, there w i l l also 
be a trans, vicinal dihydroxyl substitution at the two remaining 
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saturated carbon atoms on the tetrahydrobenzo r i n g . While, as 

w i l l be seen l a t e r , these hydroxyl groups have an Important In
fluence on r e a c t i v i t y and b i o l o g i c a l a c t i v i t y , f o r the present I t 
Is appropriate to focus a t t e n t i o n upon the epoxide moiety, and I t s 
b e n z y l i c p o s i t i o n , as the s i t e of r e a c t i v i t y . 

Quantum chemical c a l c u l a t i o n s provided a t h e o r e t i c a l b a s i s f o r 
the bay region theory. These c a l c u l a t i o n s were used to estimate 
the r e l a t i v e ease of ring-opening of the b e n z y l i c C-0 epoxide bond 
to form a r e s o n a n c e - s t a b i l i z e d carbocatlon (7^8). The p r e c i s e 
mechanism by which d i o l epoxides react w i t h DNA and other macro-
molecules was unknown then and remains a t o p i c of a c t i v e research. 
Nonetheless, carbocatIons are a t t r a c t i v e Intermediates to consider, 
s i n c e they are Involved In the r a p i d h y d r o l y s i s of the BaP bay 
regio n d i o l epoxides and are h i g h l y e l e c t r o p h l l l c species c o n s i s 
tent w i t h the M i l l e r s ' hypothesis. Further, Hulbert (9) and others 
have argued that r e a c t i o n v i a a Sjjl mechanism or t r a n s i t i o n s t a t e 
w i t h appreciable c a r b o c a t l o n - l l k e character provides one way of 
accommodating a s i g n i f i c a n t ( I f low) l e v e l of r e a c t i v i t y of an 
e l e c t r o p h l l e w i t h weakly n u c l e o p h l l l c macromolecules l i k e DNA. 
Thus, an e s t i m a t i o n of the r e l a t i v e ease w i t h which v a r i o u s ben
z y l i c epoxides on tetrahydrobenzo r i n g s are converted to e l e c t r o 
p h l l l c carbocatlons seemed appropriate. A s i m i l a r approach had 
been p r e v i o u s l y a p p l i e d to a r y l m e t h y l d e r i v a t i v e s of PAH, when 
those d e r i v a t i v e s appeared to be of Importance In the metabolic 
a c t i v a t i o n of methylated PAH (10). The p r i n c i p a l opportunity f o r 
d i f f e r e n c e s In a c t i v a t i o n energy f o r the conversion r e s i d e s In the TT 
- e l e c t r o n energy changes that occur, and these can be e a s i l y es
timated through p e r t u r b a t l o n a l molecular o r b i t a l (PMO) c a l c u l a 
t i o n s . The PMO c a l c u l a t i o n y i e l d s a parameter, AE^ ̂  /&, which 
Is a d i f f e r e n c e In iT-electron energy between the reactant ir-system 
(the u n s u b s t i t u t e d aromatic nucleus) and the ir-system of the product 
(an a r y l m e t h y l c a t i o n , s u b s t i t u t e d at the p o s i t i o n on the aromatic 
nucleus corresponding to that of the b e n z y l i c carbon atom of the 
epoxide). Provided that these d i f f e r e n c e s In ir-energy are r e f l e c 
ted In the t r a n s i t i o n s t a t e f o r the conversion, A E H e i O C / 3 values 
w i l l provide an estimate of r e l a t i v e r e a c t i v i t y , w i t h those 
epoxides that can form more h i g h l y s t a b i l i z e d carbocatlons being 
more r e a c t i v e . Thus, f o r conversion of BA H^-l,2-epoxlde to the 
b e n z y l i c carbocatlon (Equation 1), the PMO c a l c u l a t i o n corresponds 
to the TT-energy change shown In Equation 2. That I s , the 
TT-energy d i f f e r e n c e corresponds to that between anthracene and 
1-anthracenylmethyl c a t i o n . For f u r t h e r I l l u s t r a t i o n , the analo
gous conversion of BA H^-l0,11-epoxide (Equation 3) Is c a l c u l a t e d 
as the ir-energy d i f f e r e n c e between phenanthrene and 3-phenan 

8 9 
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66 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

-th r e n y l m e t h y l c a t i o n (Equation 4). The ir-systems of the a r y l -
methylcarbocations are i n v a r i a b l y s t a b i l i z e d r e l a t i v e to the TT-
systems of t h e i r p recursor, 

0(H) 

Eq. 1 

Eq. 2 

0(H) 
Eq. 3 

A E , / 3 = 

0.571 Eq. 4 

w i t h l a r g e r values of A E ( j E L O C / 3 corresponding to greater s t a b i l i z a 
t i o n . Notably, these c a l c u l a t e d values vary considerably, w i t h 
s i g n i f i c a n t l y greater s t a b i l i z a t i o n being found f o r carbocatlons 
derived from bay-region tetrahydroepoxides of a given PAH than from 
tetrahydroepoxides i n which the epoxide i s not at a bay regi o n 
p o s i t i o n (7,8). A t h e o r e t i c a l b a s i s f o r t h i s o b servation has been 
o f f e r e d (11). F u r t h e r , the c a l c u l a t i o n s of A E J ^ /& f o r b e n z y l i c 
p o s i t i o n s of d i f f e r e n t PAH revealed that more h i g h l y c a r c i n o g e n i c 
PAH t y p i c a l l y had higher c a l c u l a t e d AE^ ^ Q C / 3 values at the bay-
region p o s i t i o n than d i d weak or non-carcinogenic PAH (]_y8). I n 
f a c t the c o r r e l a t i o n of p r e d i c t e d c a r c i n o g e n i c i t y f o r a PAH based 
upon the c a l c u l a t e d A E j E ^ Q C / 3 value at the bay-region p o s i t i o n of 
the de r i v e d tetrahydrobenzo r i n g i s about e q u a l l y " s u c c e s s f u l " as 
that of the Pullmann's "K-region" c a l c u l a t i o n s , s i n c e a good c o r r e 
l a t i o n between the parameters used i n the two methods e x i s t s (8). 
The s t r u c t u r e s of a v a r i e t y of PAH of v a r y i n g c a r c i n o g e n i c i t y that 
have been i n v e s t i g a t e d i n our l a b o r a t o r i e s are shown i n Figure 1, 
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.545 
'10 

8 9 
Phenanthrene Ph 

noncarc. 

' 4 
.571 

7 6 
Benzo[c]phenanthrene BcPh 

weak care. 

>8 7 6 
BenzOaJanthracene BA 

weak care. 

Benzo &1 pyrene BeP 
noncarc. 

.500 

' 5 .S45 
8 7 6 

Dibenzo&,hJ pyrene DBahP 
strong care. 

.794 

Triphenylene Tp 
noncarc. 

12 1 
11 

.4BB7 6 5 

Benzo Dajoyrene BaP 
strong care. 

9 8 7 
DibenzoCa,0pyrene DBaiP 

strong care. 

Figure 1. St r u c t u r e s , w i t h numbering and c a l c u l a t e d A £ d e l o c / 3 
values at b e n z y l i c p o s i t i o n s of the tetrahydro benzo-ring d e r i v a 
t i v e s of PAH discussed i n t h i s chapter. 
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along w i t h c a l c u l a t e d values of A E ^ ^ / 3 , which r e f e r to the 
values c a l c u l a t e d at the b e n z y l i c p o s i t i o n on the tetrahydrobenzo 
r i n g d e r i v a t i v e of the PAH. A l s o i n d i c a t e d i n t h i s F i g u r e are the 
abbr e v i a t i o n s to be used f o r the PAH i n t h i s a r t i c l e , and the 
numbering of the PAH. The higher c a l c u l a t e d values of A E ^ E ^ Q C / 3 at 
the bay-region p o s i t i o n s of each PAH are evident, and i t i s appro
p r i a t e to note that experimental r e s u l t s w i t h a l l the carcinogens 
i n Figure 1 are c o n s i s t e n t w i t h metabolic a c t i v a t i o n to bay re g i o n 
d i o l epoxides as a major route of a c t i v a t i o n of the PAH. Indeed, 
f o r the more than ten even-alternant PAH so f a r s t u d i e d i n some 
depth, the experimental r e s u l t s s t r o n g l y support "bay-region" a c t i 
v a t i o n . Recent reviews (12-14) have summarized these r e s u l t s , 
which came from d e t a i l e d s t u d i e s of the metabolism of PAH and t h e i r 
d i h y d r o d i o l d e r i v a t i v e s , s t u d i e s of the mutagenicity of PAH and 
t h e i r d e r i v a t i v e s both w i t h and without metabolic a c t i v a t i o n , and 
st u d i e s of the t u m o r i g e n i c i t y of PAH and t h e i r d e r i v a t i v e s . This 
manuscript w i l l focus p r i m a r i l y upon the " u l t i m a t e " mutagens and 
carcinogens, the d i o l epoxides, as w e l l as the r e l a t e d t e t r a h y d r o 
epoxides, w i t h a view to e x p l o r i n g the s t r u c t u r e - a c t i v i t y r e l a t i o n 
ships that govern t h e i r chemical and b i o l o g i c a l behavior, and the 
extent to which quantum chemical c a l c u l a t i o n s are u s e f u l i n ex
p l a i n i n g those r e l a t i o n s h i p s . 

Tetrahydroepoxides as models. Since the quantum chemical c a l c u l a 
t i o n s apply most r i g o r o u s l y to the simple benzo-ring t e t r a h y d r o 
epoxides and si n c e the c a l c u l a t i o n s neglect i n f l u e n c e s of the hy
d r o x y l groups i n the d i o l epoxides, i t i s i n s t r u c t i v e f i r s t to 
examine the benzo-ring tetrahydroepoxides as s i m p l i f i e d models f o r 
the r e a c t i v e s i t e i n the d i o l epoxides. Most of the information 
about tetrahydroepoxide r e a c t i v i t y d e r i v e s from s t u d i e s of the 
k i n e t i c s of t h e i r h y d r o l y s i s r e a c t i o n s , i n which c i s - and t r a n s -
d i o l s , as w e l l as tetrahydroketones can be formed (Equation 5). 

OH OH 

The r e a c t i o n f o l l o w s the r a t e law: k 0 D S < i = ^R^"*" + ko» ^—^ a n d 

values of k Q f o r e i g h t PAH tetrahydroepoxides are p l o t t e d i n Figure 2 
against the AE^ e l o c ^ values at the b e n z y l i c p o s i t i o n bearing the 
epoxide. Since cne experimental c o n d i t i o n s used f o r the naph
thalene (Np) and phenanthrene (Ph) s t u d i e s d i f f e r e d from those f o r 
the s t u d i e s of BA, triphenylene (Tp), benzo[e]pyrene (BeP) and BaP, 
a d i r e c t comparison of a l l compounds i s d i f f i c u l t . I n t e r e s t i n g l y , 
f o r a s e r i e s of tetrahydro epoxides whose hy d r a t i o n products have 
been st u d i e d , the percentage of c i s - h y d r a t i o n during a c i d i c hy
d r o l y s i s increases as the c a l c u l a t e d ease of formation of the 
carbocatlon increases, a r e s u l t c o n s i s t e n t w i t h l o n g e r - l i v e d (more 
st a b l e ) carbocations as one proceeds along the s e r i e s (16). 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
4

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



4. LEHRETAL. The Bay Region Theory 69 

M u t a g e n i c i t y of tetrahydroepoxides. The mutagenic a c t i v i t y , w i t h 
out metabolic a c t i v a t i o n , of fourteen PAH tetrahydroepoxides has 
been measured i n S. typhimurium s t r a i n TA 100. The loga r i t h m s of 
the r e l a t i v e mutagenic a c t i v i t i e s are p l o t t e d i n F i g u r e 3 vs. the 
value of A E J 6 ^ / 3 c a l c u l a t e d f o r conversion of each tet r a h y d r o -
epoxide to i t s b e n z y l i c carbocatlon. Several f e a t u r e s are notable: 
f o r each case f o r which both bay- and non-bay re g i o n H/-epoxides 
f o r a given PAH have been s t u d i e d , the bay-region epoxide i s the 
more mutageniC.; f o r the four BA H^-epoxides, the r e l a t i v e mutagen
i c i t y of a l l four isomers i s c o r r e c t l y p r e d i c t e d by the A E ^ ^ / 3 
parameter; the c o r r e l a t i o n c o e f f i c i e n t f o r the fourteen data p o i n t s 
i s 0.76, and i t i m proves t o 0.87 i f o n l y the d a t a f o r the t e n 
t e t r a - and p e n t a c y c l i c PAH are considered and i f the data f o r 
dibenzopyrenes and Ph are omitted. As w i l l be seen l a t e r , the 
lower than p r e d i c t e d mutagenicity of these l a t t e r molecules per
s i s t s w i t h t h e i r d i o l epoxide d e r i v a t i v e s . The mutagenicity of PAH 
H^-epoxides has a l s o been shown to c o r r e l a t e w i t h Herndon's SC 
r a t i o c a l c u l a t i o n s (17). 

T u m o r i g e n i c i t y of tetrahydroepoxides. As yet, only Ch H^-epoxide 
has been d i r e c t l y demonstrated to be tumorigenic (18). However, 
i n d i r e c t evidence has been found i n the h i g h t u m o r i g e n i c i t y of 3,4-
dihydro BA, 9,10-dihydro BeP and 3,4-dihydrobenz[c]acridine (19-
21), each of which i s a l i k e l y metabolic precursor of a bay-region 
H^-epoxide. I n the case of 9,10-dihydro BeP, c i s - and trans-9,10-
d i h y d r o x y - 9 > 1 0 , l l , 1 2 - t e t r a h y d r o BeP were i d e n t i f i e d 
as products of metabolism of 9,10-dihydro BeP (22), and are the 
expected products of hydr a t i o n of the epoxide. D i o l s are a l s o 
formed from 7,8-dihydro BaP upon metabolism w i t h p r o s t a g l a n d i n 
endoperoxide synthase (23) or w i t h r a t l i v e r homogenates (24). 

D i o l epoxides. S t r u c t u r a l c o n s i d e r a t i o n s . Because enzymatic hy
d r a t i o n of arene oxides produces trans d i h y d r o d i o l s i n mammalian 
c e l l s , there are two d i a s t e r e o m e r i c s e r i e s of d i o l epoxides. In 

OH OH 

t h i s a r t i c l e , we s h a l l r e f e r to those d i o l epoxides i n which the 
b e n z y l i c hydroxyl group i s c i s to the oxirane oxygen atom as be
longing to the " d i o l epoxide-1" s e r i e s and to those d i o l epoxides 
i n which the b e n z y l i c hydroxyl group i s trans to the oxirane oxygen 
atom as belonging to the " d i o l epoxide-2" s e r i e s . Depending upon 
the nature and p o s i t i o n of any s u b s t i t u e n t s attached to the p e r i 
p o s i t i o n s of the adjacent aromatic r i n g , c e r t a i n conformational 
preferences have been observed, as judged by the c o u p l i n g constants 
between the c a r b i n o l protons i n the nuclear magnetic resonance 
spectrum. The conformational preferences have been di s c u s s e d i n 
d e t a i l r e c e n t l y (25). To f a c i l i t a t e the d i s c u s s i o n i n t h i s paper, 
Table I groups the d i o l epoxides f o r which h y d r o l y s i s and/or muta-
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A3 | | | L_ 
.45 .55 .65 .75 

A E d e l O c/G 
Figure 2. Log k Q versus k£deloc/& p l o t s f o r the spontaneous 
h y d r o l y s i s of tetrahydroepoxides. Rates were measured at 25 °C 
i n 1:9 diox a n e r ^ O , i o n i c strength 0.1 (NaC104) except i n the 
case of the phenanthrene and naphthalene tetrahydroepoxides, 
whose rates were measured at 30 °C i n 1^0, i o n i c strength 1.0 
(KC1). (Adapted from Refs. 25, 26, and 27.) 

Figure 3. P l o t of the logarithms of the r e l a t i v e mutagenicity 
of PAH tetrahydroepoxides toward typhimurium TA 100 versus 
A E d e l o c / B . (Adapted from Ref. 33.) 
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Table 1. Conformational Preferences of D i o l Epoxides 

Group Hydroxyl groups Epoxide Compounds 

D i o l Epoxides-1 

ps e u d o d i a x i a l nonaligned 
(slight-moderate) ( s l i g h t -

moderate) 

pse u d o d i a x i a l 
(strong) 

nonaligned 
(strong) 

BaP 7,8-diol-9,10-epoxide, 
BA 3,4 - d i o l - l , 2 - e p o x i d e , 
BA 8 , 9 - d i o l - 1 0 , l l - e p o x i d e , 
BA 1 0 , l l - d i o l - 8 , 9 - e p o x i d e , 
Ch l , 2 - d i o l - 3 , 4 - e p o x i d e , 
Ph l,2-diol-3,4-epoxide 

BA l, 2 - d i o l - 3 , 4 - e p o x i d e , 
BeP 9 , 1 0 - d i o l - l l , 1 2 - e p o x i d e , 
Tp l,2-diol-3,4-epoxide 

pseudodie-
q u a t o r i a l 
(moderate-
strong) 

a l i g n e d 
(moderate-
strong) 

BcPh 3,4-diol-l,2-epoxide 

D i o l Epoxides-2 

pseudodi- nonaligned BaP 7,8-diol-9,10-epoxide 
e q u a t o r i a l (moderate- Ba 3,4-diol-l,2-epoxide 
(moderate- strong) BA 8, 9 - d i o l - 1 0 , l l - e p o x i d e 
strong) BA 1 0 , l l - d i o l - 8 , 9 - e p o x i d e 

Ch l,2-diol-3,4-epoxide 
Ph l,2-diol-3,4-epoxide 
DBahP l,2-diol-3,4-epoxide 
DBaiP 3,4-diol-l,2-epoxide 
BcPh 3,4-diol-l,2-epoxide 

p s e u d o d i a x i a l a l i g n e d BeP 9,10-diol-ll,12-epoxide 
(strong) (strong) Tp l,2-diol-3,4-epoxide 

no c l e a r no c l e a r BA l,2-diol-3,4-epoxide 
preference preference BP 9,10-diol-7,8-epoxide 
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g e n t c i t y and t u m o r i g e n i c i t y data w i l l be compared according to 
t h e i r conformational preferences. For d i o l epoxides-1 that do not 
have the b e n z y l i c hydroxyl group In a bay region (Group A), there 
Is a very s l i g h t preference f o r the conformation w i t h pseudoaxlal 
hydroxyl groups when the epoxide Is In a bay region. This confor
mational preference becomes more pronounced when both the epoxide 
and the d i o l groups are not In a bay region. For d i o l epoxldes-1 
w i t h t h e i r b e n z y l i c hydroxyl group at a bay region p o s i t i o n (Group 
B), there Is a strong preference f o r the ps e u d o d i a x i a l conformation 
regardless of whether the epoxide Is In a bay region. For d i o l 
epoxldes-1 w i t h the b e n z y l i c hydroxyl group at a non-bay p o s i t i o n , 
but w i t h the epoxide at a s t r o n g l y hindered bay r e g i o n p o s i t i o n 
such as the f j o r d r e gion In BcPh (Group C), there Is a moderate-
strong preference f o r a pseudodlequatorlal conformation. The 
pseudo d i a x i a l and pseudodlequatorlal conformations of d i o l 
epoxldes-1 are shown below. For d i o l epoxldes-2, the compounds can 

al i g n e d nonaligned 

a l s o be separated i n t o three groups. When the b e n z y l i c hydroxyl 
group i s at a non-bay p o s i t i o n (Group A) and the epoxide Is e i t h e r 
at a bay or non-bay p o s i t i o n , there Is a moderate-strong preference 
f o r p seudodlequatorlal hydroxyl groups. When both the b e n z y l i c 
hydroxyl group and the epoxide are In a bay-region, there Is a 
strong preference f o r the ps e u d o d i a x i a l conformation f o r the hy
d r o x y l groups (Group B). When the b e n z y l i c hydroxyl group Is at a 
bay r e g i o n p o s i t i o n and the epoxide Is at a non-bay p o s i t i o n , there 
Is no c l e a r preference f o r e i t h e r conformation (Group C). The 
conformations f o r the d i o l epoxlde-2 Isomers are shown below. 

OH 

a l i g n e d nonaligned 
A s i g n i f i c a n t conformational i n f l u e n c e on chemical r e a c t i v i t y 

of these d i o l epoxides i s the o r i e n t a t i o n of the b e n z y l i c C-0 bond 
of the epoxide r e l a t i v e to the aromatic r i n g system. I n both con
formations shown at the l e f t , t h i s bond Is In b e t t e r alignment w i t h 
the aromatic p i o r b l t a l s than In the conformations shown at the 
r i g h t . Such an "aligned" conformation of the epoxide might be ex
pected to lead to b e t t e r overlap between the aromatic p i o r b l t a l s 
and the p - o r b l t a l of a developing carbocatlon In epoxide cleavage 
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r e a c t i o n s r e l a t i v e to the "nonaligned" conformation. This i s i n 
deed the case f o r n e u t r a l s o l v o l y s i s r e a c t i o n s ( k Q ) as w i l l be 
discussed i n the f o l l o w i n g s e c t i o n . 

R e a c t i v i t y of d i o l epoxides. By f a r the most thoroughly and sys
t e m a t i c a l l y s t u d i e d r e a c t i o n of d i o l epoxides has been t h e i r hy
d r o l y s i s . I n F i g u r e 4, l o g k Q values f o r eight d i o l epoxides-1 and 
ten d i o l epoxides-2 are p l o t t e d vs. A E d e l o c ^ # With*- 1 1 each 
d i a s t e r e o m e r i c s e r i e s , the conformational preference of the mole
cule i s i n d i c a t e d by open c i r c l e s (Group A d i o l epoxides, Table 1), 
clo s e d c i r c l e s (Group B d i o l epoxides, Table 1) or a square (Group 
C d i o l epoxide, Table 1). For the Group A d i o l epoxides, an e x c e l 
l e n t c o r r e l a t i o n of l o g k Q w i t h A e i o c / $ * s observed i n both 
s e r i e s . The steep slopes of these l i n e s i n d i c a t e (30) that con
s i d e r a b l e p o s i t i v e charge i s accumulated at the t r a n s i t i o n s t a t e i n 
the k Q process f o r these molecules and the considerable v a r i a t i o n 
(>100 f o l d ) i n k Q values w i t h i n each s e r i e s i s notable. For the 
d i o l epoxides-1, the c o n f o r m a t i o n a l l y r e l a t e d Group B d i o l epoxides 
d e r i v e d from BA, Tp and BeP show a s i m i l a r s e n s i t i v i t y to c a l c u 
l a t e d values of A E ( j E L O C / 3 , and t h e i r r e a c t i v i t i e s are c o r r e c t l y 
ordered. Notably, these three compounds e x h i b i t negative d e v i a 
t i o n s from the l i n e determined by the Group A d i o l epoxides. The 
BcPh d i o l epoxide-1, a Group C d i o l epoxide, i s conf o r m a t i o n a l l y 
unique i n t h i s s e r i e s . I t e x h i b i t s r e a c t i v i t y expected f o r a Group 
A d i o l epoxide w i t h the same A E D E L O C / 3 value. For the d i o l 
epoxide-2 s e r i e s , the BcPh d i o l epoxide i s c o n f o r m a t i o n a l l y r e l a t e d 
to the Group A d i o l epoxides and shows the a n t i c i p a t e d low r e a c t i v 
i t y . The Group B d i o l epoxides derived from Tp and BeP e x h i b i t 
almost equal k Q values. The BA l,2-diol-3,4-epoxide, w i t h no 
strong conformational preference, i s f a i r l y r e a c t i v e . I t i s pos
s i b l e to e x p l a i n much of the r e a c t i v i t y d i f f e r e n c e i n the k Q r e g i o n 
by c o n s i d e r i n g the o r i e n t a t i o n of the b e n z y l i c C-0 bond of the 
epoxide r i n g w i t h respect to the aromatic system i n the v a r i o u s 
conformations (25). S p e c i f i c a l l y , those d i o l epoxides that have no 
marked conformational preference or those that p r e f e r the a l i g n e d 
conformation (Groups A and C i n the d i o l epoxide-1 s e r i e s and 
Groups B and C i n the d i o l epoxide-2 s e r i e s ) w i l l g e n e r a l l y be more 
r e a c t i v e i n k r e a c t i o n s than d i o l epoxides w i t h comparable values 
of A E ( j e j L o / 3 but which strongly prefer the nonaligned conformation 
(Group B i n the d i o l epoxide-1 s e r i e s and Group A i n the d i o l 
epoxide-2 s e r i e s ) . The negative d e v i a t i o n s of the three Group B 
d i o l epoxides-1 and the s m a l l p o s i t i v e d e v i a t i o n s of BA 1,2- d i o l -
3,4-epoxide-2 and TP d i o l epoxide-2 from the l i n e s i n F i g u r e 4 are 
i l l u s t r a t i v e of t h i s point. The general t h r u s t of the data i n 
Figure 4 i s that a good c o r r e l a t i o n of l o g k Q w i t h A E ( j E ^ O C / 3 values 
i s observed when major conformational d i f f e r e n c e s between d i o l 
epoxides are taken i n t o c o n s i d e r a t i o n . Other quantum chemical 
parameters (17,31,32) have been shown to c o r r e l a t e w i t h d i o l 
epoxide h y d r o l y s i s data about e q u a l l y w e l l (30). 

Mutagenicity of d i o l epoxides. The i n t r i n s i c m u t a g e n i c i t i e s of ten 
d i o l epoxides-1 and twelve d i o l epoxides-2 toward S. typhimurium 
s t r a i n TA 100 and Chinese hamster V79 c e l l s have been determined 
(14,28,29). For d i o l epoxides-1, the logarithms of the r e l a t i v e 
m u t a g e n i c i t i e s vs. the c a l c u l a t e d values of AEj /& are given i n 
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POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Figure 4. P l o t s of - l o g k Q versus AE d e;L o c/3 f o r d i o l epoxides. 
Rates were measured at 25 °C i n 1:9 dioxane:H20, i o n i c strength 
0.1 (NaClO^). The numbers f o l l o w i n g the PAH a b b r e v i a t i o n , i f 
given, designate the p o s i t i o n of the epoxide r i n g . I f no 
ab b r e v i a t i o n i s used, the d i o l epoxide i s at a bay region. 
(Adapted from Refs. 25 and 30.) 
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4. LEHRETAL. The Bay Region Theory 75 

F i g u r e 5A ( f o r the b a c t e r i a ) and Figure 5B ( f o r Chinese hamster V79 
c e l l s ) . I t w i l l be noted that conformational Group A d i o l epoxides 
(open c i r c l e s ) of four and f i v e r i n g s have m u t a g e n i c i t i e s c l o s e l y 
c o r r e l a t e d w i t h c a l c u l a t e d A E j f i i 0 C / B values, whereas the conforma
t i o n a l l y r e l a t e d t h r e e - r i n g Ph d i o l epoxide i s about ten times l e s s 
mutagenic than would be p r e d i c t e d based upon the c o r r e l a t i o n of the 
other Group A d i o l epoxides. I t may be r e c a l l e d that the Ph 1,2-
and 3,4-tetrahydroepoxides were a l s o l e s s mutagenic than expected 
based upon the c o r r e l a t i o n of the other tetrahydroepoxides ( F i g . 
3), but the approximately f o u r - f o l d d iminished a c t i v i t y of the 
tetrahydroepoxides i s l e s s than that of the d i o l epoxides. The 
r e l a t i v e m u t a g e n i c i t i e s of the Group B d i o l epoxides are c l o s e l y 
c o r r e l a t e d w i t h AE^-^ Q C / 3 i n the b a c t e r i a , but not i n the mam
malian c e l l s , where the mutagenicity of the BA l,2-diol-3,4-epoxide 
appears to be unexpectedly high. Except f o r the BA 1,2-diol-3,4-
epoxide value i n Chinese hamster V79 c e l l s , the m u t a g e n i c i t i e s of 
these d i o l epoxides f a l l w e l l below the values expected based on 
the c o r r e l a t i o n of the f o u r - and f i v e - r i n g d i o l epoxides w i t h 
hydroxyl groups not at a bay region. The c o n f o r m a t i o n a l l y unique 
BcPh d i o l epoxide e x h i b i t s a very h i g h mutagenicity i n both sys
tems, and i s the most mutagenic d i o l epoxide-1 toward Chinese 
hamster V79 c e l l s , which b e l i e s i t s low c a l c u l a t e d A E ( j E L O C / 3 value 
and i t s low observed r e a c t i v i t y . Figures 6A and 6B present the l o g 
m u t a g e n i c i t i e s vs. AE (j£i O C /3 p l o t s f o r the d i o l epoxides-2. The 
BcPh 3,4-diol-l,2-epoxide i s again h i g h l y mutagenic and much more 
than expected based on the c o r r e l a t i o n of the other Group A (open 
c i r c l e s ) d i o l epoxides. Otherwise, the f i v e conf o r m a t i o n a l l y r e 
l a t e d Group A d i o l epoxides of four and f i v e r i n g s have mutagen
i c i t i e s c o r r e l a t e d f a i r l y w e l l w i t h A E ^ e i O C / 3 but the Ph and d i -
benzopyrene d i o l epoxide mutagenicity values f a l l a p p r e c i a b l y below 
the values p r e d i c t e d on the b a s i s of the c o r r e l a t i o n of the f i v e 
other d i o l epoxides. These low values are again c o n s i s t e n t w i t h 
the low values observed f o r tetrahydroepoxides d e r i v e d from the 
three PAH. The group B (c l o s e d c i r c l e s ) d i o l epoxides d e r i v e d from 
BeP and Tp show much reduced m u t a g e n i c i t i e s w i t h respect to values 
expected f o r Group A d i o l epoxides w i t h s i m i l a r A E ( j E ^ 0 C / 3 values, 
but t h e i r r e l a t i v e m u t a g e n i c i t i e s are c o r r e c t l y ranked. The con-
f o r m a t i o n a l l y i n t ermediate BA l,2-diol-3,4-epoxide e x h i b i t s reduced 
mutagenicity more c l o s e l y r e l a t e d to the Group B d i o l epoxides. 

S e v e r a l observations can be made about the mutagenicity 
values. F i r s t , the h i g h l y - h i n d r e d BcPh bay-region d i o l epoxides 
e x h i b i t m u t a g e n i c i t i e s f a r i n excess of what might have been a n t i 
c i p a t e d based upon t h e i r c a l c u l a t e d A E ^ e i O C / 3 values, and the b a s i s 
f o r t h e i r h i g h m u t a g e n i c i t i e s must l i e i n some f a c t o r other than 
T T-electron s t a b i l i z a t i o n . I t i s p o s s i b l e t h a t , once a group of 
s i m i l a r l y hindered d i o l epoxides have been s t u d i e d , there may be a 
gradation of m u t a g e n i c i t i e s that r e f l e c t s r e l a t i v e A E ( I E ^ 0 C / 3 
values, but at a l e v e l of mutagenicity r a i s e d w e l l above that of 
other d i o l epoxides. There i s growing evidence (34,46) that the 
bay-region d i o l epoxides of 5-methylchrysene i n which the methyl 
group shares the same bay r e g i o n as the epoxide are r e s p o n s i b l e f o r 
much of the mutagenicity and c a r c i n o g e n i c i t y of 5-methylchrysene, 
though they are a l s o reported to be c h e m i c a l l y u n r e a c t i v e (46). 
S i m i l a r l y , a hindered bay-region d i o l epoxide appears to be a 
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76 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

V 79 

A E d e . o c / ( 3 A E d e . o c / 0 

Figure 5. P l o t s of log r e l . mutagenicity toward Sj_ typhimurium 
TA 100 and Chinese hamster V79 c e l l s versus AEd eloc/6 f o r PAH d i o l 
epoxides-1. Numbers r e f e r to the p o s i t i o n of the epoxide; the 
epoxide i s at a bay region i f the number i s not given. (Adapted 
from Refs. 14, 28, and 29.) 

A E d e l o c / 0 
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Figure 6. P l o t s of log r e l . mutagenicity toward Sj_ typhimurium 
TA 100 and Chinese hamster V79 c e l l s versus A E d e l o c / B for PAH 
d i o l epoxides-2. Numbers r e f e r to the p o s i t i o n of the epoxide; 
the epoxide i s at a bay region i f the number i s not given. 
(Adapted from Refs. 14, 28, and 29.) 
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4. LEHRETAL. The Bay Region Theory 11 

l i k e l y candidate as an u l t i m a t e carcinogen of 7,12-dimethylbenz-
[a]anthracene, and of numerous PAH w i t h methyl groups p o s i t i o n e d to 
i n t e r a c t s t e r i c a l l y w i t h bay-region d i o l epoxides derived from the 
PAH (3_5,45). 

Secondly, mutagenicity i s s t r o n g l y attenuated i n d i o l epoxides 
l i k e those of BeP and Tp, i n which the b e n z y l i c hydroxyl group as 
w e l l as the epoxide i s at a bay region. I n these cases, a pseudo
d i a x i a l conformation f o r the hydroxyl groups i s s t r o n g l y favored. 
Reduced mutagenicity i s a l s o observed f o r BA l,2-diol-3,4-epoxide-
2, i n which the presence of the b e n z y l i c hydroxyl group at a bay 
re g i o n p o s i t i o n r e s u l t s i n a greater than usual (ca. 50%) amount of 
pseu d o d i a x i a l conformer. Recently, the 7,8-diol-9,10-epoxides 
deri v e d from 6-fluoro BaP have been shown to e x i s t predominantly i n 
conformations w i t h p s e u d o d i a x i a l hydroxyl groups, and they have 
m u t a g e n i c i t i e s reduced c o n s i d e r a b l y r e l a t i v e to the corresponding 
BaP 7,8-diol-9,10-epoxides (36). The f l u o r i n e atom i s not respon
s i b l e f o r the reduced mutagenicity, s i n c e the 6-F BaP H^ 9,10-
epoxide e x h i b i t s mutagenicity s i m i l a r to that of BaP H^ 9,10-
epoxide. I n t e r e s t i n g l y , geminal d i m e t h y l s u b s t i t u t i o n at C-7 of 
the tetrahydro r i n g a l s o reduces 

H 3C CH 3 

the mutagenicity of 7,7-dimethyl-BaP H^ 9,10-epoxide, i n which one 
of the methyl groups must be a x i a l , to l e s s than one-tenth that of 
BaP H 4 9,10-epoxide i n S. typhimurium TA 100 (37). 

T u m o r i g e n i c i t y of d i o l epoxides. Based on the d i o l epoxides t e s t e d 
i n s k i n and/or newborn mouse models (12-14) s e v e r a l q u a l i t a t i v e 
statements are p o s s i b l e . D i o l epoxides-1 are g e n e r a l l y nontumor-
i g e n i c or weakly tumorigenic w i t h one exception, the bay-region 
d i o l epoxide-1 derived from BcPh, which i s a potent carcinogen i n 
mouse s k i n (38). A l l tumorigenic d i o l epoxides-2 are bay-region 
d i o l epoxides and can be ranked i n the order: BcPh>BaP>DBahP • 
DBaiP>BA> Ch. The BeP d i o l epoxide i s very weakly tumorigenic and 
the Ph and BA l,2-diol-3,4-epoxides (39,40) are nontumorigenic on 
mouse s k i n . These r e s u l t s r e v e a l a r e s t r i c t i o n of t u m o r i g e n i c i t y 
to only those d i o l epoxides w i t h p r e f e r r e d p s eudodlequatorlal con
formations of t h e i r hydroxyl groups. This i s the p r e f e r r e d confor
mation of only one bay r e g i o n d i o l epoxide-1, that of BcPh, which 
u n l i k e other d i o l epoxide-1 isomers i s h i g h l y tumorigenic. Fur
ther, of those d i o l epoxides-2 possessing a p r e f e r r e d pseudoedi-
e q u a t o r l a l conformation f o r t h e i r h ydroxyl groups, BcPh 3 , 4 - d i o l -
1,2-epoxide has an e x c e p t i o n a l combination of high t u m o r i g e n i c i t y 
and low r e a c t i v i t y (and low A E < i e i 0 C / 3 value). Although the d i -
benzopyrene bay r e g i o n d i o l epoxides-2 are potent tumorigens, t h e i r 
t u m o r i g e n i c i t y i s not as high as might have been expected based on 
t h e i r r e a c t i v i t i e s and A E < l e - j O C / 3 values. The BaP, BA and Ch d i o l 
epoxides have r e l a t i v e t u m o r i g e n i c i t i e s that correspond to t h e i r 
r e l a t i v e c a l c u l a t e d and observed r e a c t i v i t i e s . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
4

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



78 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Benzacridine tetrahydroepoxides and d i o l epoxides. The i s o s t e r i c 
molecules BA, b e n z [ a ] a c r i d i n e (BaAcr) and b e n z [ c ] a c r i d i n e (BcAcr) 
and t h e i r d e r i v a t i v e s provide e x c e l l e n t probes f o r studying the 
e f f e c t of e l e c t r o n i c changes upon b i o l o g i c a l p r o p e r t i e s . The 

t u m o r i g e n i c i t y of a v a r i e t y of BaAcr and BcAcr d e r i v a t i v e s has been 
examined, and g e n e r a l l y BcAcr d e r i v a t i v e s have been found to be 
more a c t i v e than t h e i r BaAcr counterparts (41). Recent s t u d i e s 
(21,29) i n d i c a t e that these r e l a t i v e t u m o r i g e n i c i t i e s may be ex
p l i c a b l e , i n p a r t , as due to a s i g n i f i c a n t e f f e c t of n i t r o g e n sub
s t i t u t i o n that i s dependent upon the p o s i t i o n of n i t r o g e n sub
s t i t u t i o n r e l a t i v e to the epoxide on the angular tetrahydrobenzo 
r i n g . 

E f f e c t s of n i t r o g e n s u b s t i t u t i o n can be p r e d i c t e d by quantum 
chemical c a l c u l a t i o n s (42,43), or more q u a l i t a t i v e l y by examining 
the charge d i s t r i b u t i o n i n the re l e v a n t carbocatlons. When a 
carbocatlon i s generated at C - l , the p o s i t i v e charge can be 
d e l o c a l i z e d as shown below. 

I t w i l l be noted that the p o s i t i v e charge i s d i s t r i b u t e d , i n p a r t , 
to the p o s i t i o n occupied by the e l e c t r o n e g a t i v e n i t r o g e n atom (X) 
of the b e n z [ a ] a c r i d i n e , whereas i t i s not p o s s i b l e to d i s t r i b u t e 
the charge by resonance to the n i t r o g e n atom (Y) of BcAcr. Thus, 
the C-l bay-region carbocatlon d e r i v e d from b e n z [ a ] a c r i d i n e i s 
pr e d i c t e d to be d e s t a b i l i z e d r e l a t i v e to the corresponding carboca
t l o n s derived from BA and BcAcr. The opposite e f f e c t i s expected 
f o r the carbocatlons derived from tetrahydroepoxides at C-4, the 
non-bay region p o s i t i o n on the angular r i n g . Here, the carbocatlon 
derived from BcAcr i s p r e d i c t e d to be d e s t a b i l i z e d r e l a t i v e to the 
BaAcr carbocatlon. 

BA BaAcr BcAcr 

BA:X=Y=CH 
BaAcr:X=N;Y=CH 
BcAcr:X=CH;Y=N 

The m u t a g e n i c i t i e s of the bay regi o n d i o l epoxides der i v e d from BA, 
BaAcr and BcAcr toward S. typhimurium s t r a i n TA 100 ( s i m i l a r r e 
s u l t s are obtained i n s t r a i n TA 98) and Chinese hamster V79 c e l l s 
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4. LEHR ET AL. The Bay Region Theory 79 

a r e shown i n F i g u r e 7. In both systems, the BaAcr d i o l epoxides are 

BA:X=Y=CH 
BaAcr:X=N;Y=CH 
BaAcr:X=CH;Y=N 

s i g n i f i c a n t l y l e s s mutagenic ( l e s s than one-tenth) than the c o r r e s 
ponding BcAcr d i o l epoxides. The BcAcr d i o l epoxides are l e s s 
mutagenic than the analogous BA d i o l epoxides, w i t h isomer-1 having 
about 50% and 90% the mutagenicity of the analogous BA d i o l epox
ides i n b a c t e r i a and mammalian c e l l s , r e s p e c t i v e l y , and isomer-2 
being about 25% and 33% as mutagenic as the analogous BA d i o l 
epoxides i n the two systems. Thus, the bay re g i o n d i o l epoxides of 
BaAcr are much more a f f e c t e d by the n i t r o g e n s u b s t i t u t i o n than 
those from BcAcr. 

The m u t a g e n i c i t i e s of the angular benzo r i n g tetrahydroepox
ides of BA, BaAcr and BcAcr provide a c l e a r - c u t demonstration of 
the s e l e c t i v i t y of the e f f e c t of n i t r o g e n atom s u b s t i t u t i o n f o r 
carbon. In Figure 8 the r e l a t i v e m u t a g e n i c i t i e s of these epoxides 
i n S. typhimurium TA 98 and TA 100 are shown. Using the cor
responding BA H^-epoxides f o r comparison, i t i s c l e a r that f o r the 
BaAcr H^-epoxides the mutagenicity of the 1,2-epoxide i s shar p l y 
reduced (to l e s s than h a l f that of BA H^ 1,2-epoxide) whereas the 

3,4-epoxide has 70-90% of the mutagenicity of BA 3,4-epoxide. 
The e f f e c t i s opposite f o r the BcAcr H^-epoxides. I n that case, 
the BcAcr 1,2-epoxide i s a c t u a l l y more mutagenic than the BA 
1,2-epoxide whereas BcAcr 3,4-epoxide i s l e s s than 30% as muta
genic as BA 3,4-epoxide. The e f f e c t of n i t r o g e n s u b s t i t u t i o n , 
r e l a t i v e to BA, i s to accentuate the d i f f e r e n c e s i n mutagenicity of 
the BcAcr H^-epoxides, so that the bay r e g i o n isomer i s 29-230 
times as mutagenic as the non-bay r e g i o n H^-epoxide. However, the 
l o w e r i n g of the mutagenicity of the bay region H^-epoxide of BaAcr 
r e s u l t s i n v i r t u a l l y i d e n t i c a l m u t a g e n i c i t i e s f o r the two angular 
r i n g H^-epoxides of BaAcr. In f a c t , i n s t r a i n TA 100 the mutagen
i c i t y of the non-bay reg i o n H^-epoxide of BaAcr s l i g h t l y exceeds 
the mutagenicity of the bay re g i o n H^-epoxide. This apparent 
r e v e r s a l i s e a s i l y accommodated by the e l e c t r o n i c c o n s i d e r a t i o n s 
that form part of the ba s i s f o r the bay-region theory. 

Summary and conclusions 

For the a l t e r n a n t PAH that have been s t u d i e d e x t e n s i v e l y , bay-
region d i o l epoxides are important m e t a b o l i c a l l y a c t i v a t e d forms. 
Studies of the chemical and b i o l o g i c a l a c t i v i t y of a v a r i e t y of 
d i o l epoxides have provided i n s i g h t i n t o the f a c t o r s r e l a t e d to 
r e a c t i v i t y and b i o l o g i c a l a c t i v i t y . Chemical r e a c t i v i t y , as mea
sured by spontaneous h y d r o l y s i s , c o r r e l a t e d w e l l w i t h c a l c u l a t e d 
quantum chemical parameters that estimate i r - e l e c t r o n s t a b i l i z a t i o n 
upon conversion of the epoxide to a b e n z y l i c c a r b o c a t l o n , provided 
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Figure 7. Mu t a g e n i c i t i e s of BA, BaAcr, and BcAcr bay region d i o l 
epoxides i n Ŝ  typhimurium TA 100 and Chinese hamster V79 c e l l s . 
(Adapted from Ref. 29). 
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Figure 8. M u t a g e n i c i t i e s of BA, BaAcr, and BcAcr angular r i n g 
tetrahydroepoxides i n Sj_ typhimurium TA 98 and TA 100. (Adapted 
from Ref. 29 and unpublished r e s u l t s from these l a b o r a t o r i e s . ) 
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that diol epoxides of similar conformational preferences are com
pared. Mutagenicities are similarly fairly well correlated i f 
conformational preferences are taken into account, with two strik
ing exceptions: the BcPh diol epoxides, in which the bay region 
epoxide moiety is strongly sterically hindered and three- and six-
ring PAH diol epoxides, which show consistently lower mutagenic
ities than expected based upon the mutagenicities of four- and 
five-ring PAH with similar conformational preferences. The unique 
behavior of the BcPh diol epoxides suggests that some factor not 
related to electronic considerations is of major importance to i t s 
activity. Mutagenicities of diol epoxides which strongly favor the 
pseudodiaxial conformations for their hydroxyl groups, though cor
rectly ranked internally by AE d ei Q C / 3 values, are much lower than 
the mutagenicities of diol epoxides with similar AÊ -̂  /$ values 
without this structural feature. The relative mutagenicities of 
angular ring tetrahydroepoxides of BA, BaAcr and BcAcr demonstrate 
the importance of the position of nitrogen substitution relative to 
the epoxide moiety, and the substantially lowered mutagenicities of 
the bay-region BaAcr tetrahydroepoxide and of the BcAcr non-bay 
region tetrahydroepoxide can be related to electronic destabiliza-
tion by nitrogen when the positive charge in the carbocatlon de
rived from the epoxide is delocalized onto nitrogen. 

Significant tumorigenicity is confined to only those diol 
epoxides which have preferred conformations with pseudodlequatorlal 
hydroxyl groups and i) a sterically hindered bay region or i i ) a 
fairly high reactivity. Also, though not reviewed here, the abso
lute configuration at the four chiral carbon atoms in the diol 
epoxide is extremely important. Thus, for a l l PAH except BcPh so 
far investigated (44), only one of the stereoisomeric bay region 
diol epoxides with trans-hydroxyl groups contributes significantly 
to the mutagenicity and tumorigenicity. 

The effects of structure on the mutagenicity and tumorigenic
ity of PAH diol epoxides appear to follow consistent patterns, and 
should enable fairly accurate predictions of these properties for 
given diol epoxides. The prediction of relative carcinogenicity of 
the parent PAH, however, is dependent as well upon an ability to 
predict the extent of its metabolism to the bay region diol epoxide 
of correct absolute configuration. Significant progress has been 
made in understanding the metabolism of PAH (14,44), but a discus
sion of this topic is beyond the scope of this paper. Finally, the 
existence of other routes of metabolic activation for PAH may 
emerge as studies continue, although there is no substantial evi
dence for such routes at present. 
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5 
Effects of Methyl and Fluorine Substitution 
on the Metabolic Activation and Tumorigenicity 
of Polycyclic Aromatic Hydrocarbons 

STEPHEN S. HECHT, SHANTU AMIN, ASSIEH A. MELIKIAN, EDMOND J . L A V O I E , and 
DIETRICH HOFFMANN 
Naylor Dana Institute for Disease Prevention, American Health Foundation, Valhalla, NY 10595 

The effects of methyl and fluorine substitution on the 
metabolic activation and tumorigenicity of polycyclic 
aromatic hydrocarbons (PAH) are reviewed. The struc
tural requirements favoring tumorigenicity of methyl
ated PAH are a bay region methyl group and a free peri 
position, both adjacent to an unsubstituted angular 
ring. The enhancing effect of a bay region methyl 
group on PAH tumorigenicity appears to be due to the 
relatively high reactivity with DNA and exceptional 
tumorigenicity of a dihydrodiol epoxide metabolite 
having a methyl group and epoxide ring in the same bay 
region. The inhibiting effect of a peri methyl sub-
stituent on tumorigenicity can be due to either the 
diaxial conformation of the trans dihydrodiol at the 
adjacent double bond, or to inhibition of dihydrodiol 
formation. Substitution of fluorine in the angular 
ring of PAH can prevent bay region dihydrodiol epoxide 
formation and can thereby diminish tumorigenicity. 
Fluorine substitution at the peri position adjacent to 
the angular ring also inhibits tumorigenicity, by 
mechanisms similar to those observed in peri-methyl 
substituted PAH. 

Human exposure to complex mixtures of polycyclic aromatic hydrocar
bons (PAH) occurs through inhalation of tobacco smoke and polluted 
indoor or outdoor air, through ingestion of certain foods and pollut
ed water, and by dermal contact with soots, tars, and oils (1_). 
Methylated PAH are always components of these mixtures and in some 
cases, as in tobacco smoke and in emissions from certain fuel proc
esses, their concentrations can be in the same range as some unsub
stituted PAH. The estimated emission of methylated PAH from mobile 
sources in the U.S. in 1979 was approximately 1700 metric tons (2). 
The occurrence of methylated and unsubstituted PAH has been recently 
reviewed 0̂ .2 )• In addition to their environmental occurrence, 
methylated PAH are among the most important model compounds in 
experimental carcinogenesis. 7,12-Dimethylbenz[ajanthracene, one of 

0097-6156/85/0283-0085$06.00/0 
© 1985 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
5

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



86 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

the most potent known PAH carcinogens, i s e x t e n s i v e l y used f o r the 
i n d u c t i o n of breast tumors i n Sprague-Dawley r a t s . 7,12-Dimethyl-
benz[ajanthracene i s an e x c e l l e n t example of a strong carcinogen, 
formed by methyl s u b s t i t u t i o n of an e s s e n t i a l l y i n a c t i v e parent com
pound, benz[a]anthracene. Many examples are a v a i l a b l e of s t r i k i n g 
d i f f e r e n c e s i n tumorigenic a c t i v i t y between methyl s u b s t i t u t e d PAH 
and t h e i r parent compounds or between d i f f e r e n t methyl isomers i n the 
same s e r i e s ( 3 ) . In t h i s review, we w i l l d i s c u s s the s t r u c t u r a l 
f e a t u r e s that favor t u m o r i g e n i c i t y among the methylated PAH and w i l l 
consider the mechanistic b a s i s f o r these observations. 

F l u o r i n a t e d PAH have been used e x c l u s i v e l y as model compounds to 
probe the mechanisms of PAH metabolic a c t i v a t i o n . I t has g e n e r a l l y 
been assumed that s u b s t i t u t i o n of a s m a l l , e l e c t r o n e g a t i v e f l u o r i n e 
atom at a p a r t i c u l a r p o s i t i o n i n a PAH r i n g system w i l l block enzy
matic o x i d a t i o n at that p o s i t i o n . Thus, i f a f l u o r i n a t e d PAH were 
l e s s tumorigenic than i t s parent compound, i t could be concluded that 
the carbon bearing the f l u o r i n e atom was i n v o l v e d i n metabolic a c t i 
v a t i o n of the parent PAH. This " f l u o r i n e - p r o b e approach" has been 
u s e f u l and i n many cases the t u m o r i g e n i c i t y data have been supported 
by metabolism s t u d i e s . The e f f e c t s of f l u o r i n e s u b s t i t u t i o n on PAH 
t u m o r i g e n i c i t y and metabolic a c t i v a t i o n w i l l be reviewed. In some 
ways, the e f f e c t s of f l u o r i n e or methyl s u b s t i t u t i o n on PAH tumori
g e n i c i t y are s i m i l a r . 

S t r u c t u r a l Requirements Favoring Tumorigenicity of Methylated PAH 

In 1979, based on our work on methylchrysenes and on l i t e r a t u r e data 
on other methylated PAH, we suggested that the s t r u c t u r a l r e q u i r e 
ments f a v o r i n g t u m o r i g e n i c i t y of methylated PAH were a bay r e g i o n 

peri pos i t ion 
bay reg ion I 

angular r ing 

bay region 

per i p o s i t i o n 

methyl group and a f r e e p e r i p o s i t i o n , both adjacent to an u n s u b s t i 
tuted angular r i n g ( 4 ) . The bay regions, p e r i p o s i t i o n s , and angular 
r i n g s of chrysene are i n d i c a t e d . Examples of h i g h l y tumorigenic 
methylated PAH having a bay r e g i o n methyl group adjacent to an unsub
s t i t u t e d angular r i n g are i l l u s t r a t e d i n Figure 1. A l l of these com
pounds are more tumorigenic than the corresponding u n s u b s t i t u t e d 
PAH. 1,4-Dimethylphenanthrene and 4,10-dimethylphenanthrene are more 
tumorigenic than s e v e r a l other dimethylphenanthrenes ( 6 ) . However, 
4-methylphenanthrene, which has a bay r e g i o n methyl group adjacent to 
an u n s u b s t i t u t e d angular r i n g , i s i n a c t i v e (_5). This exception w i l l 
be discussed f u r t h e r below. 7,12-Dimethylbenz[ajanthracene i s the 
most potent of the dimethylbenz[ajanthracenes ( 3 ) . 12-Methylbenz[aj
anthracene i s more tumorigenic than benz[ajanthracene and l - , 2 - , 3 - , 
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8 9 
CH3 

1,4- DIMETHYLPHENANTHRENE 7,12- DIMETHYLBENZ(a) ANTHRACENE l2-METHYLBENZ(o) ANTHRACENE 

5,11-DIMETHYLCHRYSENE 

II - METHYLBEN 20(o) PYRENE 

5-METHYLCHRYSENE 
(3M«C) 

3 , « - DIMETHYLCHOLANTHRENE 

15,16- DIHY0R0 - II- METHYLCYCLO -
PENTA(o) PHENANTHREN-17-ONE 

7,14- OIMETHYLDIBENZ (o,h) 
ANTHRACENE 

7,14 • DIMETHYLMBENZ (§, )) ANTHRACENE 

F i g u r e 1. 
Hig h l y tumorigenic methylated PAH having a bay re g i o n methyl group 
adjacent to an un s u b s t i t u t e d angular r i n g . A l l compounds are more 
tumorigenic than t h e i r parent PAH. With the exception of 12-
methylbenz[a]anthracene, a l l compounds shown are a l s o more tumori
genic than any other assayed methyl or dimethyl isomers. 
References: 1,4-dimethylphenanthrene (5,6.); 7,12-dimethylbenz [ a j 
anthracene ( 3 ) ; 12-me thy lbenz [ajanthracene (3,7.); 5,11-dimethy1-
chrysene ( 4 ) ; 5-methylchrysene ( 8 ) ; 15,16-dihydro-ll-methylcyclo-
penta[a]phenanthren-17-one ( 9 ) ; 11-methylbenzo[a]pyrene (10); 
3,6-dimethylcholanthrene (11,12); 7,14-dimethyldibenz[a,h]anthra
cene (11,13); 7,14-dimethyldibenz[a,jjanthracene (11). 
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4-,5-,9-,10-, and 11-methylbenz[ajanthracene 03>Z)' However, i t i s 
le s s tumorigenic than 7-methylbenz[ajanthracene and has a c t i v i t y 
s i m i l a r to those of 6-methylbenz[ajanthracene and 8-methylbenz[aj
anthracene 03,_7)» 5,11-Dlmethylchrysene i s the most potent dimethyl-
chrysene t e s t e d , w i t h tumorigenic a c t i v i t y exceeding that of 5-
methylchrysene (5-MeC) ( 4 ) . 5-MeC i s more tumorigenic than chrysene 
or any of the other methylchrysenes ( 8 ) . 15,16-Dihydro-ll-methyl-
cyclopenta[a]phenanthrene-17-one i s more tumorigenic than the parent 
compound or other raonomethyl isomers i n t h i s system ( 9 ) . 11-Methyl-
benzo[a]pyrene i s more tumorigenic than benzo[ajpyrene or any of the 
other monomethylbenzo[a]pyrenes (10). 3,6-Dimethylcholanthrene i s 
more tumorigenic than cholanthrene or 3-methylcholanthrene (11,12). 
7,14-Dimethyldibenz[a,h]anthracene and 7,14-dimethyldibenz[a,j ] -
anthracene are more tumorigenic than the parent hydrocarbons or the 
7-methyl analogues (11,13). These r e s u l t s f i r m l y e s t a b l i s h the 
enhancing e f f e c t on t u m o r i g e n i c i t y of a bay reg i o n methyl group 
adjacent to an un s u b s t i t u t e d angular r i n g . 

However, the p e r i p o s i t i o n adjacent to the angular r i n g must 
a l s o be u n s u b s t i t u t e d f o r maximum a c t i v i t y to be observed. Examples 
of i n h i b i t i o n of tumorigenesis by methyl s u b s t i t u t i o n at the p e r i 
p o s i t i o n are i l l u s t r a t e d i n Figure 2. The comparative carcinogenic 
a c t i v i t i e s on mouse s k i n of 5,12-dimethylchrysene, 5,11-dimethylchry-
sene, and 5-MeC provide a c l e a r example, as i l l u s t r a t e d i n Figure 3. 
The requirement f o r a f r e e p e r i p o s i t i o n can a l s o be seen by the 
i n a c t i v i t y of 9,14-dibenz[a,c]anthracene, which has a bay reg i o n 
methyl group but no f r e e p e r i p o s i t i o n adjacent to the angular r i n g 
en). 

9,14-dimethyldibenz(a,c)anthracene 

As discussed i n previous chapters, the metabolic a c t i v a t i o n of 
methylated PAH i n v o l v e s formation of d i h y d r o d i o l epoxides i n the 
angular r i n g , as i n the un s u b s t i t u t e d PAH. This process can be par
t i a l l y i n h i b i t e d by s u b s t i t u t i o n i n the angular r i n g . M e t a b o l i c 
s t u d i e s on 7-methylbenzo[a]pyrene have shown that 7,8-dihydro-7,8-
dihydroxy-7-methylbenzo[a]pyrene i s formed, but to a l e s s e r extent 
than i n the metabolism of benzo[a]pyrene (20,21). Therefore, i t i s 
not s u r p r i s i n g that 7-methylbenzo[ajpyrene, as w e l l as 8-,9-,and 10-
methylbenzo[a]pyrene are l e s s tumorigenic than benzo[a]pyrene. In 
the benz[ajanthracene s e r i e s , 1,7,12-trimethylbenz[ajanthracene and 
2,7,12-trimethylbenz[a]anthracene are l e s s a c t i v e than 7,12-dimethyl
benz [ajanthracene (22), probably as a r e s u l t of i n h i b i t i o n of 3,4-
dihydrodiol-1,2-epoxide formation. While there are many examples of 
methylated PAH which have tumorigenic a c t i v i t i e s i n agreement w i t h 
the s t r u c t u r a l requirements discussed above, there are a l s o some 
notable exceptions. These i n c l u d e 6-,7-, and 8-methylbenz[ajanthra
cene. None of these compounds have bay regi o n methyl groups yet a l l 
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5. HECHT ET AL. Effects of Methyl and Fluorine Substitution 91 

are strong tumorigens. 7-Methylbenz[ajanthracene i s the strongest 
tumorigen among the monomethylbenz [ajanthracenes (3,jO. The reasons 
f o r the unique a c t i v i t y of 7-methylbenz[a]anthracene are not known. 
4-Methylphenanthrene f u l f i l l s the s t r u c t u r a l requirements but, as i n 
the case of the other monomethylphenanthracenes, i s i n a c t i v e as a 
tumor i n i t i a t o r on mouse s k i n (_5). This seems to be due to f a c i l e 
metabolic d e t o x i f i c a t i o n by formation of the 9,10-dihydrodiol, a pro
cess which i s blocked i n the tumorigenic isomers 1,4- and 4,10-di-
methylphenanthrene 0 , 6 ) . Among the methylated benzo[clphenan-
threnes, the 3-,4-,5-, and 6-methyl isomers are the most tumori
genic. The 1-methyl isomer, i n which the methyl group i s present i n 
a 4-sided " f j o r d " , i s only weakly a c t i v e l i k e the parent hydrocarbon 

Mechanistic Basis f o r the Enhancing E f f e c t on Tumorigenicity of a Bay 
Region Methyl Group 

5-MeC i s an e x c e l l e n t model compound f o r studying the enhancing 
e f f e c t on t u m o r i g e n i c i t y of a bay reg i o n methyl group because i t has 
two bay regions, one of which has the methyl group adjacent to an 
uns u b s t i t u t e d angular r i n g . Bioassays of 5-MeC metabolites f o r tumor 
i n i t i a t i n g a c t i v i t y on mouse s k i n demonstrated that 1,-2-,3-,7-,8-
and 9-hydroxy-5-MeC were l e s s tumorigenic than was 5-MeC. 5-Hydroxy-
methylchrysene had a c t i v i t y comparable to that of 5-MeC (24). Among 
the d i h y d r o d i o l m e t a b o l i t e s , l,2-dihydro-l,2-dihydroxy-5-MeC (5-MeC-
1 , 2 - d i o l , F i g u r e 4) was more tumorigenic than was 5-MeC whereas 
5-MeC-7,8-diol was l e s s tumorigenic than 5-MeC. 5-MeC-9,10-diol was 
i n a c t i v e (25). Both 5-MeC-l,2-diol and 5-MeC-7,8-diol could form bay 
region d i h y d r o d i o l epoxides and, by analogy to un s u b s t i t u t e d PAH, 
these metabolites might be expected to be u l t i m a t e carcinogens. 
However, the r e l a t i v e l y high a c t i v i t y of 5-MeC-l,2-diol compared to 
5-MeC and 5-MeC-7,8-diol suggested that the methyl group i n the bay 
regi o n had a s p e c i a l e f f e c t on d i h y d r o d i o l epoxide t u m o r i g e n i c i t y . 
This was found to be the case when the tumorigenic a c t i v i t i e s of 
anti-1,2-dihydroxy-3,4-epoxy-l,2,3,4-tetrahydro-5-MeC ( a n t i - D E - I , 
Figure 4 ) , syn-DE-I, and anti-DE-II were compared i n newborn mice and 
on mouse s k i n . The r e s u l t s of the newborn mouse experiment which are 
summarized i n Table I c l e a r l y show that anti-DE-I has e x c e p t i o n a l 
tumorigenic a c t i v i t y and i s a major u l t i m a t e carcinogen of 5-MeC. 
Anti-DE-I i s the only example of an u l t i m a t e carcinogen of a methyl
ated PAH to be e s t a b l i s h e d i n a bioassay. Anti-DE-I was a l s o more 
tumorigenic than a n t i -DE-II on mouse s k i n , but was l e s s a c t i v e than 
5-MeC (Table I I ) . These r e s u l t s demonstrate that a bay region methyl 
group can enhance the t u m o r i g e n i c i t y of a d i h y d r o d i o l epoxide metabo
l i t e as i n the case of anti-DE-I. Thus, the enhancing e f f e c t of the 
bay region methyl group on PAH tu m o r i g e n i c i t y would appear to r e s u l t 
from the unique a c t i v i t y of a bay reg i o n d i h y d r o d i o l epoxide metabo
l i t e , having the methyl group and epoxide r i n g i n the same bay 
regi o n . 

Experiments on the metabolic a c t i v a t i o n of 5-MeC i n mouse s k i n 
are i n agreement w i t h the p i v o t a l r o l e of anti-DE-I i n expressing i t s 
t u m o r i g e n i c i t y . The major DNA adduct formed i n mouse s k i n t r e a t e d 
w i t h [3H]5-MeC has the s t r u c t u r e i n d i c a t e d i n Figure 5, r e s u l t i n g 
from a d d i t i o n of the e x o c y c l i c amino group of deoxyguanosine to c a r -

(23). 
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92 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

5-MeC-l,2-DI0L 5 -MeC-7,8-DI0L 

F i g u r e 4. 
Str u c t u r e s of 5-MeC bay reg i o n d i h y d r o d i o l epoxides and t h e i r 
precursor d i h y d r o d i o l s . 
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DE-n-dG 

F i g u r e 5. 
Stru c t u r e s of the major adducts formed upon r e a c t i o n of ( A ) a n t i -
DE-I and (B)anti-DE-II w i t h DNA i n v i t r o .  P
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96 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

bon 4 of anti - D E - I . A s t r u c t u r a l l y s i m i l a r major adduct i s formed 
from a n t i - D E - I I (26). However, anti-DE-I adducts exceed a n t i - D E - I I 
adducts by 2-3 f o l d i n mouse s k i n , 4-48 hr a f t e r treatment w i t h [ % ] -
5-MeC (27). The predominance of anti-DE-I adducts over anti-DE-II 
adducts i n mouse s k i n i s not due to d i f f e r e n c e s i n extents of forma
t i o n of 5-MeC-l,2-diol and 5-MeC-7,8-diol si n c e the l e v e l s of these 
metabolites i n mouse epidermis are the same from 0.33-4 hr a f t e r 
treatment w i t h [3H]5-MeC (27). 

The rate s of h y d r o l y s i s and binding to DNA of anti - D E - I , syn-DE-
I , a n t i - D E - I I , syn-DE-II, and anti-1,2-dihydroxy-3,4-epoxy-l,2,3,4-
tetrahydrochrysene (anti-chrysene-DE) were s t u d i e d i n order to r e l a t e 
the chemical r e a c t i v i t y of these d i h y d r o d i o l epoxides to t h e i r b i o 
l o g i c a l a c t i v i t i e s . The h a l f - l i v e s of the d i h y d r o d i o l epoxides i n 
cacodylate b u f f e r at pH 7.0 and 37°C are summarized i n Table I I I and 
t h e i r r e l a t i v e extents of bi n d i n g to DNA i n Table IV. I t i s c l e a r 
that the ra t e s of h y d r o l y s i s of the d i h y d r o d i o l epoxides do not c o r 
r e l a t e w i t h t h e i r DNA binding p r o p e r t i e s . 

Table I I I . H a l f - L i v e s of Dih y d r o d i o l Epoxides of 5-MeC and Chrysene 
at pH 7.0 and 37 °C i n the Absence and Presence of Native and 

Denatured C a l f Thymus DNA 

t /̂2 (minutes) 

Compound B u f f e r S o l u t i o n Denatured Native 
Only DNA DNA 

Anti-DE-I 59 24 3.5 

Syn-DE-I 62 48 22 

Anti-DE-II 17.5 9 2 

Syn-DE-II 5.4 4.9 2.8 

Anti-chrysene-DE 104 77 21 

When the hydrolyses were c a r r i e d out i n the presence of denatured 
DNA, a ra t e enhancement of 1.1 to 2.5 f o l d was observed w h i l e i n the 
presence of n a t i v e DNA the enhancement was 2 to 17 f o l d (see Table 
I I I ) . The r a t i o s of the ra t e s of h y d r o l y s i s i n the presence of 
n a t i v e DNA to the ra t e s of h y d r o l y s i s i n the presence of denatured 
DNA d i d c o r r e l a t e w i t h the extents of bi n d i n g to DNA as i l l u s t r a t e d 
i n F igure 6. Our i n t e r p r e t a t i o n of these r e s u l t s i s that i n t e r c a l a 
t i o n of the d i h y d r o d i o l epoxide i n DNA precedes r e a c t i o n , as has been 
observed w i t h benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxides (28-30). 
This may be the key f a c t o r i n determining extents of bi n d i n g of dihy
d r o d i o l epoxides to DNA i n v i t r o . I t i s of i n t e r e s t that the 
greatest r a t e enhancement and highest extent of bi n d i n g were observed 
f o r a n t i - D E - I , which a l s o binds to DNA to a greater extent than a n t i -
DE-II i n v i v o and i s the most tumorigenic of the methylated bay 
reg i o n d i h y d r o d i o l epoxides t e s t e d . While these r e s u l t s suggest that 
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Table IV. R e l a t i v e Extents of Binding of Dih y d r o d i o l Epoxides of 
5-MeC and Chrysene to Native Calf-Thymus DNA at pH 7.0 and 37 °C 

R e l a t i v e Extents of 
Compound Binding 

Anti-DE-I 4.9 

Syn-DE-I 2.0 

Anti-DE-II 2.6 

Syn-DE-II 1 

Anti-chrysene-DE 2.4 

extents of DNA binding of the d i h y d r o d i o l epoxides are a determinant 
of tumorigenic a c t i v i t y , the e x c e p t i o n a l t u m o r i g e n i c i t y of anti-DE-I 
can probably not be explained on t h i s b a s i s alone. 

The r e s u l t s of these s t u d i e s demonstrate that the enhancing 
e f f e c t of a bay regi o n methyl group on t u m o r i g e n i c i t y , as i n 5-MeC., 
i s due to the e x c e p t i o n a l t u m o r i g e n i c i t y and r e l a t i v e l y high reac
t i v i t y w i t h DNA of a d i h y d r o d i o l epoxide m e t a b o l i t e , anti-DE-I, 
having a methyl group and an epoxide r i n g i n the same bay region. 
Among the monoraethylchrysenes, only 5-MeC can form such a metabo
l i t e . T h is p a r t i a l l y e x p l a i n s i t s unique a c t i v i t y . Studies on the 
metabolic a c t i v a t i o n of 15,16-dihydro-ll-methylcyclopenta[a]phen-
anthrene-17-one and 7,12-dimethylbenz[ajanthracene have shown that 
bay region d i h y d r o d i o l epoxides are l i k e l y u l t i m a t e carcinogens 
(31,32). I t appears l i k e l y that the enhancing e f f e c t of a bay region 
methyl group on t u m o r i g e n i c i t y i n these systems i s a l s o a r e s u l t of 
the e x c e p t i o n a l t u m o r i g e n i c i t y of these d i h y d r o d i o l epoxide metabo
l i t e s having a methyl group and epoxide r i n g i n the same bay region. 
In the case of 7,12-dimethylbenz[a]anthracene, i t has been proposed 
that the bay reg i o n s y n - d i h y d r o d i o l epoxide may be important i n i t s 
metabolic a c t i v a t i o n (33). The low t u m o r i g e n i c i t y of syn-DE-I sug
gests, however, that t h i s may not be the case and i n d i c a t e s the 
importance of s t e r i c f a c t o r s i n determining d i h y d r o d i o l epoxide 
t u m o r i g e n i c i t y , as reported f o r u n s u b s t i t u t e d PAH. 

An important s t r u c t u r a l f e a t u r e of the methylated PAH w i t h a bay 
region methyl group i s t h e i r n o n - p l a n a r i t y . S t e r i c hindrance between 
the methyl group and the adjacent bay region hydrogen causes d i s 
t o r t i o n and d e v i a t i o n from p l a n a r i t y i n 7,12-dimethylbenz[ajanthra
cene and 5-MeC (34,35). I t has been suggested that n o n - p l a n a r i t y may 
play a r o l e i n the high t u m o r i g e n i c i t y of these compounds. In view 
of the r e s u l t s discussed above, i t would appear that t h i s e f f e c t 
would have to operate at the l e v e l of the d i h y d r o d i o l epoxide metabo
l i t e s . I t would be u s e f u l to determine the x-ray c r y s t a l s t r u c t u r e s 
of anti-DE-I and anti-DE-II i n order to e s t a b l i s h whether d i f f e r e n c e s 
i n p l a n a r i t y of these m e t a b o l i t e s , i f any, could c o n t r i b u t e to t h e i r 
d i f f e r i n g extents of r e a c t i o n w i t h DNA. 
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0 1 2 3 4 5 

RELATIVE EXTENT OF BINDING OF DIHYDRODIOL 

EPOXIDES TO DNA 

F i g u r e 6, 
P l o t of the r a t i o s of the h a l f - l i v e s of d i h y d r o d i o l epoxides i n 
the presence of denatured DNA to those i n the presence of n a t i v e 
DNA v s . extents of DNA bin d i n g i n v i t r o . 
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Mechanistic Basis f o r the I n h i b i t o r y E f f e c t on Tumorigenicity of a 
P e r i Methyl Group 

Unhindered angular r i n g t r a n s - d i h y d r o d i o l s such as trans-7,8-dihydro-
7,8-dihydroxybenzo[a]pyrene e x i s t p r e f e r e n t i a l l y i n the pseudo d i -
e q u a t o r i a l conformation and can u s u a l l y be o x i d i z e d e n z y m a t i c a l l y t o 
the corresponding bay r e g i o n d i h y d r o d i o l epoxides. However, a p e r i 
methyl group causes crowding and as a r e s u l t the conformation of a 
t r a n s - d i h y d r o d i o l i n the adjacent angular r i n g w i l l be p r e f e r e n t i a l l y 
d i a x i a l . This phenomenon has been noted by s e v e r a l groups and has 
been p r e v i o u s l y reviewed (36, 37). I t has been suggested that the 
i n h i b i t o r y e f f e c t of a p e r i methyl group on t u m o r i g e n i c i t y i s due t o 
the r e l a t i v e d i f f i c u l t y of enzymatic conversion of d i a x i a l dihydro
d i o l s to t h e i r corresponding d i h y d r o d i o l epoxides (36,37). Some 
experimental evidence supports t h i s suggestion although d e t a i l e d 
metabolic s t u d i e s on compounds such as 6-methylbenzo[ajpyrene, 3,11-
dimethylcholanthrene, and 5,7,12-trimethylbenz[a]anthracene have not 
been reported. 

Whereas p e r i methyl s u b s t i t u t i o n does not block d i h y d r o d i o l 
formation i n the adjacent r i n g i n the benz[ajanthracene system 
(38,39), i t apparently does so i n the chrysene system. 7,8-Dihydro-
7,8-dihydroxy-5,12-dimethylchrysene was a major metabolite of 5,12-
dimethylchrysene i n r a t and mouse h e p a t i c 9000 x g supernatant, but 
1,2-dihydro-l,2-dihydroxy-5,12-diraethylchrysene could not be de
tec t e d . S i m i l a r l y , the r a t i o of 7-hydroxy-5,12-dimethylchrysene to 
1-hydroxy-5,12-dimethylchrysene was about 100 to 1 i n l i v e r super-
natants from 3-methylcholanthrene p r e t r e a t e d mice and r a t s . I n 
co n t r a s t , 1,2-dihydro-1,2-dihydroxy-5,11-dimethylchrysene was a major 
met a b o l i t e of 5,11-dimethylchrysene (40). These r e s u l t s suggest that 
the low t u m o r i g e n i c i t y of 5,12-dimethylchrysene i s due to i n h i b i t i o n 
of formation of i t s l i k e l y major proximate carcinogen, 1,2-dihydro-
1,2-dihydroxy-5,12-dimethylchrysene• 

E f f e c t s of F l u o r i n e S u b s t i t u t i o n on the Tumorigenicity of PAH 

Table V summarizes l i t e r a t u r e on the tumorigenic a c t i v i t i e s of f l u o r 
i n a t e d PAH, t e s t e d e i t h e r as tumor i n i t i a t o r s or complete carcinogens 
on mouse s k i n . In general, the r e s u l t s are c o n s i s t e n t w i t h the hy
pothesis that f l u o r i n e s u b s t i t u t i o n c o u l d block the formation of 
angular r i n g bay r e g i o n d i h y d r o d i o l epoxides. Thus, decreased tumor
i g e n i c i t y was observed upon s u b s t i t u t i o n of f l u o r i n e i n the angular 
r i n g s of 7-methylbenz[ajanthracene, 7,12-dimethylbenz[ajanthracene, 
benzo[a]pyrene, dibenzo[a,1]pyrene, and dibenzo[a,h]pyrene. In the 
case of 5-methylchrysene and 5-hydroxymethylchrysene which each have 
2 angular r i n g s and 2 bay regions, decreased t u m o r i g e n i c i t y was 
observed only upon f l u o r i n e s u b s t i t u t i o n i n the 1-4 r i n g which i s the 
major s i t e of metabolic a c t i v a t i o n as discussed above. Decreased 
t u m o r i g e n i c i t y was a l s o observed upon f l u o r i n e s u b s t i t u t i o n at the 
p e r i - p o s i t i o n s adjacent to the angular r i n g s i n v o l v e d i n metabolic 
a c t i v a t i o n , as seen w i t h the methylated PAH. Increases i n tumorigen
i c i t y were observed upon s u b s t i t u t i o n of f l u o r i n e at the 7- and 
12-positions of benz[ajanthracene d e r i v a t i v e s , although the increases 
were much l e s s than observed upon s u b s t i t u t i o n of methyl groups at 
those p o s i t i o n s . Whereas the e f f e c t s of f l u o r i n e s u b s t i t u t i o n i n the 
angular r i n g s and p e r i - p o s i t i o n s are reasonably w e l l understood as 
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100 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Table V. Tumorigenicity of F l u o r i n a t e d PAH on Mouse S k i n a 

+ NC -

Benz[ajanthracene 7F (16) 4F (41) 
12F 5F 
7,12diF 

7-methylbenz[a]anthracene b 12F (_16) 6F (41) 3F (16,41-43) 
9F 4F 

10F 5F 

12-methylbenz[ajanthracene 7F (16) 5F (16) 

7,12-dimethylbenz[ajanthracene 0 11F (17,44) IF (17,44) 
2F 
5F 

5-methylchrysene 6F (45) 6F (45,46) IF (45,46) 
7F 3F 
9F 12F 

11F 

5-hydroxymethylchrysene 7F (24) 3F (24) 

benzo[a]pyrene d 6F (47-49) 
7F 
8F 
9F 

10F 

dibenzo[a,i]pyrene e 2F (50,_51) 
3F 
2,10-diF 

dibenzo[a,h]pyrene 3,10-diF (52) 

a +; more a c t i v e than parent hydrocarbon; NC., no change; -, l e s s a c t i v e . 

b When tested by s.c i n j e c t i o n i n r a t s , 6F was + (41,53); 2F, 3F, 5F, 9F, 10F were -
(22^41-43). when tested by s.c. i n j e c t i o n i n mice, 3F, 6F were + (41_); 5F, 9F, 10F 
were - (41-43). 

c When tested by s.c. i n j e c t i o n i n ra t s IF, 2F, 4F were - and 8F, 11F were NC 
(22,53). 

d When tested f o r induction of lung adenomas i n mice or by s.c. i n j e c t i o n i n r a t s , 6F 
was NC C49). 

e When tested by s.c. i n j e c t i o n i n mice 3F and 2,10-diF were - (54). 
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described below, the reasons f o r the increases i n t u m o r i g e n i c i t y upon 
s u b s t i t u t i o n at the 7- and 12-positions of benz[ajanthracene are 
obscure. 

E f f e c t s of F l o r i n e S u b s t i t u t i o n on the Metabolic A c t i v a t i o n of PAH 

Metabolism s t u d i e s on f l u o r i n a t e d d e r i v a t i v e s of 5-MeC., 5-hydroxy-
methylchrysene, benzo[ajpyrene and dibenzo[a,ijpyrene have a l l shown 
that f l u o r i n e e f f e c t i v e l y blocks o x i d a t i o n of a PAH at the formal 
double bond to which the f l u o r i n e i s attached (24,45,47,50). Only 
one example of metabolic l o s s of f l u o r i n e has been reported; 6-
fluorobenzo[a]pyrene was p a r t i a l l y converted to the 1,6- and 3,6-
quinones (48). Since d i h y d r o d i o l epoxide formation r e q u i r e s succes
s i v e o x i d a t i o n i n the same r i n g , a s i n g l e f l u o r i n e atom i n an angular 
r i n g w i l l i n h i b i t t h i s pathway of metabolic a c t i v a t i o n . Thus, the 
DNA binding (55) and c a r c i n o g e n i c i t y of the angular r i n g f l u o r i n a t e d 
compounds are lower than those of the corresponding hydrocarbons 
(24,45,47,50). 

The e f f e c t s of f l u o r i n e s u b s t i t u t i o n a t the p e r i - p o s i t i o n s 
adjacent to angular r i n g s of PAH are not as s t r a i g h t f o r w a r d . I t has 
been shown that the t r a n s - d i h y d r o d i o l s adjacent to p e r i f l u o r i n e sub-
s t i t u e n t s adopt the ps e u d o - d i a x i a l conformation, as i n the case of 
peri-methyl s u b s t i t u t i o n . Thus, NMR experiments demonstrated that 
the 5,6- and 8,9-dihydrodiols of 7-fluorobenz[ajanthracene and the 
7,8-dihydrodiol of 6-fluorobenzo[a]pyrene e x i s t i n the ps e u d o - d i a x i a l 
conformation (48,56). I t was suggested that the i n h i b i t o r y e f f e c t of 
a p e r i - f l u o r i n e s u b s t i t u e n t on t u m o r i g e n i c i t y , as observed f o r 5F-7-
methylbenz[ajanthracene, 5F-12-methylbenz[ajanthracene, 5F-7,12-di
methylbenz [a] anthracene, 6F-benzo[a]pyrene, and 12F-5-methylchrysene, 
might be due e i t h e r to a low r a t e of conversion of the d i a x i a l d i h y
d r o d i o l s to the corresponding bay reg i o n d i h y d r o d i o l epoxides or to 
the i n h e r e n t l y lower t u m o r i g e n i c i t y of the d i h y d r o d i o l epoxide metab
o l i t e (56). For 6F-benzo[a]pyrene, t h i s e x p l a n a t i o n appears to be 
cor r e c t (48). Thus, the 7,8-dihydrodiol i s formed m e t a b o l i c a l l y at 
s i m i l a r r a t e s from both 6F-benzo[ajpyrene and benzo[a]pyrene. Both 
d i h y d r o d i o l s have the same absolute c o n f i g u r a t i o n , but the 7,8-dihy
d r o d i o l of 6F-benzo[a]pyrene i s d i a x i a l and i s not appr e c i a b l y muta
genic toward Chinese hamster V79 c e l l s , i n co n t r a s t to benzo[a]-
pyrene-7,8-dihydrodiol. 

I n c o n t r a s t , the f l u o r i n e atom at the p e r i - p o s i t i o n of 12F-5-
methylchrysene i n f l u e n c e s d i h y d r o d i o l formation i n the adjacent angu
l a r r i n g . Whereas the r a t i o of 5-MeC-7,8-diol to 5-MeC-l,2-diol i n 
mouse epidermis was 1:1, 2 hr a f t e r t o p i c a l a p p l i c a t i o n of [3H]5-MeC., 
the r a t i o of 12F-5-methylchrysene-7,8-diol to 12F-5-methylchrysene-
1, 2 - d i o l was 68:1. In c o n t r a s t to 5-MeC., the metabolites formed from 
12F-5-methylchrysene i n mouse s k i n r e s u l t e d almost e x c l u s i v e l y from 
o x i d a t i o n a t the 7,8-bond (57). Thus, metabolic s w i t c h i n g to the 
l e s s tumorigenic 7,8-dihydrodiol appears to be the bas i s f o r the 
lower t u m o r i g e n i c i t y of 12F-5-methylchrysene compared to 5-MeC. 

Prospects f o r Further Research 

With some exceptions, the r e l a t i o n s h i p between s t r u c t u r e and a c t i v i t y 
of various methylated and f l u o r i n a t e d PAH i s now reasonably w e l l 
understood. Important exceptions are 6-,7-, and 8-methylbenz[a]-
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anthracene and 7,12-dimethylbenz[ajanthracene. There is presently no 
satisfactory explanation for the potent tumorigenicity of these com
pounds compared to other monomethyl or dimethylbenz[a]anthracenes. 
Nevertheless, current knowledge of structure-tumorigenicity relation
ships should allow accurate prediction of the tumorigenic activities 
on mouse skin of untested methylated PAH. Extension of methylated 
PAH testing to other bioassay systems would be desirable. L i t t l e is 
known, for example, about the carcinogenicity of methylated PAH 
administered by inhalation or in the diet. In addition, the carcino
genic activities of mixtures of PAH should be more extensively 
investigated since human exposure is always to mixtures. 

Whereas bay region dihydrodiol epoxides appear to be major u l t i 
mate carcinogens of a number of methylated PAH, the stereochemical 
aspects of dihydrodiol epoxide reactions with DNA and tumorigenicity 
require further investigation. Among the unsubstituted PAH, i t is 
known that the absolute configuration of dihydrodiol epoxide metabo
lit e s is a key feature in their tumorigenic activities. Whether such 
stereochemical subtleties operate for the bay region dihydrodiol 
epoxides having a methyl group and epoxide ring in the same bay 
region is unknown, but appears likely based on the differences in 
tumorigenicity between anti-DE-I and syn-DE-I. 

Since the general features of methylated PAH metabolic activa
tion are known, i t should now be possible to design effective chemo-
preventive strategies. A key to this approach is a better under
standing of the ability of the organism to detoxify dihydrodiol epox
ide metabolites by conjugation with glutathione. If glutathione con
jugates of methylated PAH dihydrodiol epoxides are formed, i t may be 
possible to enhance their rates of formation by various pretreat-
ments. In addition, i t w i l l be important to identify naturally 
occurring or synthetic compounds that can prevent dihydrodiol epoxide 
formation or reaction with DNA in vivo. 

Finally, i t is important that further research be carried out on 
the identification and mechanism of action of environmental cocarcin-
ogens and tumor promoters which can enhance the carcinogenicity of 
PAH. Human exposure to at least trace amounts of PAH is unavoida
ble. The probability of eventual tumor development may be controlled 
primarily by repeated exposure to cocarcinogens or promoters. 
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6 
Mechanisms of Interaction of Polycyclic Aromatic Diol 
Epoxides with DNA and Structures of the Adducts 

NICHOLAS E. GEACINTOV 

Chemistry Department, New York University, New York, NY 10003 

Spectroscopic studies on complexes derived from the 
binding of benzo(a)pyrene-7,8-diol-9,10-epoxide 
(BaPDE) to DNA indicate that the conformations of 
the adducts can be broadly classified into two types: 
site I which displays most of the properties of inter-
calative adducts, and site II which is characterized 
by an orientation of the planar aromatic residues 
tilted closer to the axis of the helix. Both the syn 
and the anti diastereomers of BaPDE form unstable type 
I physical intercalation complexes and undergo speci
fic and general acid catalysis to form tetraols (>90%) 
and covalent adducts (<10%). The biologically highly 
active (+) anti-BaPDE enantiomer undergoes a marked 
reorientation upon covalent binding to form almost 
exclusively site II adducts, while the less active (-) 
anti-BaPDE enantiomer, as well as racemic syn-BaPDE, 
give mixtures of site I and site II adducts. The 
presence of site II type of adducts appears to be 
correlated with high tumorigenic and mutagenic activi
ties in this family of stereoisomeric diol epoxides. 

The reaction of metabolically generated polycyclic aromatic diol 
epoxides with DNA in vivo is believed to be an important and c r i t i 
cal event in chemical carcinogenesis (_1,2). In recent years, much 
attention has been devoted to studies of diol epoxide-nucleic acid 
interactions in aqueous model systems. The most widely studied 
reactive intermediate i s benzo(a)pyrene-7,8-diol-9,10-epoxide 
(BaPDE), which is the ultimate biologically active metabolite of the 
well known and ubiquitous environmental pollutant benzo(a)pyrene. 
There are four different stereoisomers of BaPDE (Figure 1) which are 
characterized by differences in biological activities, and reactivi
ties with DNA (2-4). In this review, emphasis is placed on studies 
of reaction mechanisms of BPDE and related compounds with DNA, and 
the structures of the adducts formed. 

0097-6I56/85/0283-0107$06.00/0 
© 1985 American Chemical Society 
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108 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

(+) syn - BaPDE (-) syn -BaPDE 

Figure 1. Stereoisomers of benzo(a)pyrene-7,8-diol-9,10-oxide. 
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P r i n c i p l e s of Experimental Methods 

The p y r e n e - l i k e aromatic chromophore of BaPDE i s c h a r a c t e r i z e d by a 
prominent and c h a r a c t e r i s t i c absorption spectrum i n the ^310-360 nm 
s p e c t r a l r e g i o n , and a fluorescence emission i n the ^370-460 nm 
range. These p r o p e r t i e s are s e n s i t i v e to the l o c a l microenvironment 
of the pyrenyl chromophore, and spectroscopic techniques are thus 
u s e f u l i n st u d i e s of the s t r u c t u r e s of the DNA adducts and i n moni
t o r i n g the r e a c t i o n pathways of BaPDE and i t s h y d r o l y s i s products i n 
DNA s o l u t i o n s . 

L i n e a r Dichroism. In t h i s technique, the DNA molecules are a l i g n e d 
e i t h e r by an ap p l i e d e l e c t r i c f i e l d pulse or i n a flow g r a d i e n t . 
The o r i e n t a t i o n of the aromatic residues of the metabolite model 
compounds bound to the DNA ( e i t h e r c o v a l e n t l y or non-covalently) 
r e l a t i v e to the o r i e n t a t i o n of the DNA bases i s probed u t i l i z i n g 
l i n e a r l y p o l a r i z e d l i g h t . The l i n e a r d i chroism A A can be e i t h e r 
negative or p o s i t i v e , and i s defined as 

A A = kf/ - Aj^= (3/2) A (3 co s 2 0 - 1) f (1) 

where and A j _ are the absorbance components measured by the 
l i n e a r l y p o l a r i z e d l i g h t o r i e n t e d p a r a l l e l and perpendicular w i t h 
respect to the d i r e c t i o n of the a p p l i e d e l e c t r i c f i e l d , or flow 
d i r e c t i o n . The o r i e n t a t i o n angle 0 of the t r a n s i t i o n moment ve c t o r s 
i s measured r e l a t i v e to t h i s d i r e c t i o n , A i s the i s o t r o p i c absorban
ce of the sample, and f i s a wavelength independent f u n c t i o n which 
def i n e s the degree of o r i e n t a t i o n of the DNA. The a x i s of the DNA 
double h e l i x tends to a l i g n p a r a l l e l to the d i r e c t i o n of the flow or 
e l e c t r i c f i e l d . Since, i n the Watson-Crick model 0 = 90°, AA i s 
negative i n si g n below ~310 nm. Depending on the o r i e n t a t i o n of 
the i n - p l a n e , long a x i s t r a n s i t i o n moment of the pyrene chromophore, 
A A can be e i t h e r negative or p o s i t i v e i n the 310 - 360 nm re g i o n . 

When there i s only one o r i e n t e d chromophore present, i t i s 
important to note that the magnitude of AA i s p r o p o r t i o n a l to A. 
In such cases, the l i n e a r d i chroism spectra resemble the ab s o r p t i o n 
s p e c t r a (5>J>.) 5 i« e- |AA|0CA. 

Two types of DNA bin d i n g s i t e s . Two d i f f e r e n t s p e c t r o s c o p i c a l l y 
d i s t i n c t types of bin d i n g s i t e s have been i d e n t i f i e d u t i l i z i n g 
a b s o r p t i o n , fluorescence and l i n e a r d i chroism data on non-covalent 
(6), and covalent (7) py r e n e - l i k e metabolite model compound-DNA 
complexes• 

S i t e I i s c h a r a c t e r i z e d by a r e l a t i v e l y l a r g e red s h i f t of 
~10 nm i n the absorption maxima ( r e l a t i v e to the aqueous s o l u t i o n 
s p e c t r a ) , e x h i b i t i n g maxima at ^337 and ~354 nm, and a negative 
A A 8pectrum; a l l of these p r o p e r t i e s are c o n s i s t e n t w i t h an i n t e r 
calation-complex geometry i n which the planar pyrene ring-system i s 
n e a r l y p a r a l l e l to the planes of the DNA bases. 

S i t e I I i s c h a r a c t e r i z e d by a r e l a t i v e l y small 2-3 nm red s h i f t 
i n the absorption spectrum and a p o s i t i v e A A spectrum. In t h i s 
conformation, the planes of the pyrene moeities tend to a l i g n para
l l e l r a t h e r than perpendicular to the a x i s of the DNA h e l i x . 

This c l a s s i f i c a t i o n has r e c e n t l y been adopted by other wor
kers as w e l l ( 8 - 1 0 ) . 
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Formation of P h y s i c a l I n t e r c a l a t i v e D i o l Epoxide-DNA Complexes 

Stopped flow k i n e t i c measurements i n d i c a t e that when two aqueous 
s o l u t i o n s , one c o n t a i n i n g BaPDE and the other DNA, are mixed r a p i d 
l y , a non-covalent s i t e I-type complex i s formed w i t h i n 5 ms or l e s s 
(11). 

The l i n e a r dichroism spectra of such non-covalent complexes can 
be measured by the flow o r i e n t a t i o n method, and t y p i c a l A A s p e c t r a 
obtained w i t h racemic a n t i - and syn-BaPDE are shown i n Figure 2. 
These experiments were c a r r i e d out at pH 9.2 i n order to minimize 
the degradation of the d i o l epoxide molecules during the measurement 
( l e s s than 2 minutes). The s t r u c t u r e s and the negative s i g n of the 
A A spectra suggest that both compounds form i n t e r c a l a t i v e p h y s i c a l 
complexes. The A A spectra of the covalent adducts are a l s o shown 
f o r comparison ( a f t e r a l l o w i n g the r e a c t i o n s to go to completion and 
e x t r a c t i n g the t e t r a o l h y d r o l y s i s products of BaPDE w i t h e t h e r ) ; 
f o r anti-BaPDE A A i s p o s i t i v e , as found p r e v i o u s l y C 5), but f o r the 
syn adducts AA i s negative, as shown already by Undeman et a l (10). 
Thus, considerable r e - o r i e n t a t i o n of the pyrenyl moeity i s o c c u r r i n g 
i n the case of (+) anti-BaPDE as a r e s u l t of the covalent b i n d i n g 
r e a c t i o n , w h i l e w i t h (+) syn-BaPDE the conformational changes, i f 
any, appear to be minor. The k i n e t i c s of such l i n e a r d i c h r o i s m 
changes have r e c e n t l y been st u d i e d u t i l i z i n g the enantiomers (+) and 
(-) anti-BaPDE (12). 

Analogous r e s u l t s have been r e c e n t l y obtained w i t h t r a n s - l , 2 -
dihydroxy-anti-3,4-epoxy-l,2,3,4-tetrahydro-5-methyl chrysene (13) 
and the epoxide 1-oxyranylpyrene (14). Thus, the formation of non-
covalent i n t e r c a l a t i v e s i t e I complexes appears to be a general 
phenomenon which governs the i n t e r a c t i o n of p o l y c y c l i c aromatic epo
xides w i t h DNA (15-17). 

Reaction Pathways of BaPDE i n Aqueous DNA S o l u t i o n s 

The experimentally observed p s e u d o - f i r s t order r a t e constant k i s 
increased i n the presence of DNA (18,19). This enhanced r e a c t i v i t y 
i s a r e s u l t of the formation of p h y s i c a l BaPDE-DNA complexes; the 
dependence of k on DNA c o n c e n t r a t i o n c o i n c i d e s w i t h the b i n d i n g 
isotherm f o r the formation of s i t e I p h y s i c a l i n t e r c a l a t i v e com
plexes (20). T y p i c a l l y , over ^ 9 0 % of the BaPDE molecules are 
converted to t e t r a o l s , w h i l e only a minor f r a c t i o n bind c o v a l e n t l y 
to the DNA bases (18,21-23). The dependence of k on temperature 
(21,24), pH (21,23-25), s a l t c o n c e n t r a t i o n (16*20,21,25), and con
c e n t r a t i o n of d i f f e r e n t b u f f e r s (23) has been i n v e s t i g a t e d . In 5 mM 
sodium cacodylate b u f f e r s o l u t i o n s the formation of t e t r a o l s and 
covalent adducts appear to be p a r a l l e l p s e u d o - f i r s t order r e a c t i o n s 
c h a r a c t e r i z e d by the same r a t e constant k, but d i f f e r e n t r a t i o s of 
products (21,24). S i m i l a r r e s u l t s are obtained w i t h other b u f f e r s 
(23). The formation of carbonium ions by s p e c i f i c and general a c i d 
c a t a l y s i s has been assumed to be the rate-determining step f o r both 
t e t r a o l and covalent adduct formation (21,24). 

The experimental observations i n cacodylate b u f f e r s o l u t i o n s 
are c o n s i s t e n t w i t h a mechanism i n v o l v i n g a k i n e t i c a l l y common 
intermediate according to the f o l l o w i n g r e a c t i o n scheme: 
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6. GEACINTOV Interaction of Polycyclic Aromatic Diol Epoxides with DNA 111 

F i g u r e 2. T y p i c a l l i n e a r d i c h r o i s m s p e c t r a o f n o n - c o v a l e n t 
( s o l i d l i n e s ) and covalent (dashed l i n e s ) DNA complexes (data of 
M. Shahbaz). 
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BaPDE + DNA ^ > [BaPDE.. .DNA] >• [BaPDE +.. .DNA] 
i. i 

(2) 

kC 
Te t r a o l s T e t r a o l s Covalent adducts 

As long as the r a t e constants k ^ j l ^ ^ k3> t n e p s e u d o - f i r s t order 
r a t e constant k f o r the r e a c t i o n of BaPDE i s (20,21); 

k = ( 1 - X b ) k h + k 3 X b , X b = K[DNA]/( 1 + K[DNA] ) (3) 

where X b i s the f r a c t i o n of d i o l epoxide molecules bound to DNA, and 
K = k^/k^ i s the e q u i l i b r i u m binding constant. The two terms i n 
equation (3) represent weighted c o n t r i b u t i o n s of the r e a c t i o n s of 
fr e e BaPDE molecules, and of molecules complexed w i t h DNA, and t h i s 
equation provides an adequate f i t to the experimental data w i t h K = 
12,000 M i n 5 mM sodium cacodylate s o l u t i o n at pH 7, 25°C(20). 

The f r a c t i o n of d i o l epoxide molecules which bind c o v a l e n t l y to 
DNA ( f C Q V ) i s (21): 

f c o v - [ k c / ( k c + k T ) ] [ k 3 X b / k ] (4) 

The f i r s t term on the right-hand s i d e i s the f r a c t i o n of carbo-
nium ions which decay by forming covalent bonds, w h i l e the second 
term denotes the f r a c t i o n of a l l d i o l epoxide molecules which r e a c t 
w h i l e complexed p h y s i c a l l y to DNA, r a t h e r than as f r e e molecules i n 
s o l u t i o n . 

Equation (4) demonstrates that the r e l a t i o n s h i p between the 
a s s o c i a t i o n constant K, which i s s e n s i t i v e to the i o n i c s t r e n g t h 
(16,17,21,25), and the l e v e l of covalent b i n d i n g , f C O v ' * 8 a c o m P ^ e x 

one. I t i s known that f c o v decreases upon the a d d i t i o n of NaCl or 
MgC^f and t h i s e f f e c t has been taken as evidence that p h y s i c a l 
i n t e r c a l a t i o n complexes play a r o l e i n the covalent b i n d i n g r e a c t i o n 
(17,22,26). While t h i s c o n c l u s i o n may s t i l l be c o r r e c t , such evide
nce i s i n s u f f i c i e n t s i n c e i t has been shown that not only K, but 
a l s o k 3 (21,25), and the branching r a t i o k c / k T (21) i n Equation (4) 
depend on the s a l t c o n c e n t r a t i o n . 

P h y s i c a l I n t e r c a l a t i o n Complexes, Covalent Binding and H y d r o l y s i s 

The p o s s i b l e existence of two types of b i n d i n g s i t e s f o r p h y s i c a l 
BaPDE-DNA complexes has sti m u l a t e d v a r i o u s proposals regarding the 
r e l a t i v e importance of each i n the two r e a c t i o n pathways of t e t r a o l 
formation and covalent b i n d i n g . In order to f a c i l i t a t e the f o l 
lowing d i s c u s s i o n , the va r i o u s p o s s i b l e r e a c t i o n pathways are summa
r i z e d i n Figure 3. In a d d i t i o n , we have added the p o s s i b i l i t y that 
there may be a r a p i d exchange between p h y s i c a l b i n d i n g s i t e s (kg, 
k„£)» a f a c t o r which seems to have been neglected up t i l l now. 

P h y s i c a l b i n d i n g s t u d i e s (&*9.*2T) suggest that p h y s i c a l complex 
formation w i t h DNA by i n t e r c a l a t i o n appears to be sequence-specific. 
Thus, BaPT and pyrene i n t e r c a l a t e much more s t r o n g l y i n poly(dA-
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6. GEACINTOV Interaction of Polycyclic Aromatic Diol Epoxides with DNA 113 

dT):poly(dA-dT) than i n poly(dG-dC):poly(dG-dC) and i n the homopoly-
mers poly(dG):poly(dC) and poly(dA):poly(dT). This preference f o r 
dA-dT sequences has prompted Chen to suggest that the covalent 
b i n d i n g of BaPDE to guanine proceeds at e x t e r n a l s i t e I I p h y s i c a l 
complexes, r a t h e r than at i n t e r c a l a t i v e s i t e I complexes, w h i l e 
BaPDE molecules i n t e r c a l a t e d at dA:dT r i c h sequences p r e f e r e n t i a l l y 
undergo h y d r o l y s i s ( 8 ) . In f i g u r e 3, Chen's hypothesis corresponds 
to k 3

I ( T ) » k 3
I I ( T ) , and k 3

I I ( C ) » k 3
I ( C ) . 

Meehan and Bond (23) on the other hand, have taken an opposite 
view, namely that k 3

I 1 ( C ) « k 3
I ( C ) , while k 3

I I ( T ) » k 3
I ( T ) . Thus, i n 

t h i s view, the h y d r o l y s i s occurs at e x t e r n a l b i n d i n g s i t e s , w h i l e 
covalent binding occurs at i n t e r c a l a t i o n s i t e s . Furthermore, they 
r e j e c t the common intermediate model (Equation 2) on the b a s i s of 
t h e i r b e l i e f that the r a t e s of r e a c t i o n f o r t e t r a o l formation and 
adduct formation and the r a t i o of the products should be the same i n 
such a model. While these r a t e s of r e a c t i o n are the same and the 
product r a t i o s are observed to be d i f f e r e n t , t h i s i s f u l l y c o n s i s 
tent f o r a set of p a r a l l e l p s e u d o - f i r s t order r e a c t i o n s i n v o l v i n g a 
common intermediate (29) as pointed out above. Thus, the data of 
Meehan and Bond does not demonstrate the v a l i d i t y of the two-domain 
model (23). 

The r e a c t i o n schemes of Chen (8) and of Meehan and Bond (23), 
n e g l e c t the p o s s i b i l i t y that exchange between the two p h y s i c a l 
b i n d i n g s i t e s (Figure 3) may be o c c u r r i n g on time s c a l e s which are 
much f a s t e r than those c h a r a c t e r i z i n g the chemical r e a c t i o n pathways 
of BaPDE. Thus, whil e i t i s s t i l l p o s s i b l e that the r e a c t i o n s may 
be o c c u r r i n g at p h y s i c a l l y d i f f e r e n t b i n d i n g s i t e s , k i n e t i c a l l y only 
one common precursor f o r these r e a c t i o n s may be d i s t i n g u i s h a b l e 
( k 1 , k 2 , k E , k . E » k 3 i n Figure 3 ) . U t i l i z i n g a k i n e t i c flow d i 
chroism method, we have e s t a b l i s h e d that there i s a d i s t i n c t k i n e 
t i c r e l a t i o n s h i p between the disappearance of p h y s i c a l l y bound (+)-
anti-BaPDE molelcules at type I i n t e r c a l a t i v e b i n d i n g s i t e s , and the 
appearance of covalent adducts at s i t e s I I . However, because of the 
foregoing arguments i n v o l v i n g the r a p i d exchange of p h y s i c a l l y bound 
molecules between s i t e s I and s i t e s I I , the exact nature of the 
microcomplexes which are inv o l v e d i n the covalent and h y d r o l y s i s 
r e a c t i o n s remains to be e l u c i d a t e d . 

S t r u c t u r e of the Covalent Adducts 

There i s considerable disagreement between d i f f e r e n t researchers on 
the conformations of covalent adducts derived from the b i n d i n g of 
BaPDE to DNA. I t has been reported that the covalent b i n d i n g of 
BaPDE to closed c i r c u l a r DNA r e s u l t s i n the unwinding of the DNA 
h e l i x (26,29). Since analogous unwinding e f f e c t s are produced by 
non-covalently i n t e r c a l a t e d a c r i d i n e dyes, these e f f e c t s have been 
a t t r i b u t e d to the formation of covalent i n t e r c a l a t i v e BaPDE com
plexes (29). However, these conclusions can be c r i t i c i z e d s i n c e 
other types of conformations, or e f f e c t s other than c o v a l e n t - i n t e r -
c a l a t i v e b i n d ing of BaPDE may give r i s e to the unwinding of the 
double h e l i x (26,30). Furthermore, the ab s o r p t i o n , l i n e a r d i 
chroism, and fluorescence p r o p e r t i e s of the covalent (+)-anti-BaPDE-
DNA complexes are not c o n s i s t e n t w i t h those of c l a s s i c a l i n t e r c a l a 
t i o n complexes, as i s shown below. 
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114 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Li n e a r Dichroism. The A A spectra of covalent adducts derived from 
the b i n d i n g of racemic anti-BaPDE and of the enantiomer ( + ) - a n t i -
BaPDE to DNA are p o s i t i v e i n s i g n and s i m i l a r i n shape (5,31); t h i s 
i s expected since the (+) enantiomer binds more e x t e n s i v e l y to DNA 
than the (-) enantiomer (15). These covalent adducts are t h e r e f o r e 
of the s i t e I I type. 

Subsequent s t u d i e s of adducts derived from the covalent b i n d i n g 
of other epoxide model compounds w i t h p y r e n y l chromophores (Figure 
4) to DNA (7,14,32-33) show that the occurrence of p o s i t i v e A A 
spec t r a i s the exception r a t h e r than the r u l e . A d e t a i l e d a n a l y s i s 
of the l i n e a r dichroism s p e c t r a of covalent adducts obtained w i t h 
the compounds shown i n Figure 4, demonstrates that there i s a marked 
heterogeneity of adducts. Q u a l i t a t i v e l y the l i n e a r d i chroism spec
t r a can be accounted f o r i n terms of su p e r p o s i t i o n s of p o s i t i v e AA 
spec t r a due to s i t e I I b i n d i n g , and negative A A spectra due to s i t e 
I b i n d i n g , w i t h the l a t t e r dominating i n 9,10-BaPE, 7,8-BaPE (unpub
l i s h e d ) , BePDE, BePE and 1-OP covalent DNA adducts. Other s t u d i e s 
on adducts derived from the bi n d i n g of benzo(a)pyrene-9,10-diol-7,8-
oxide to DNA (22) suggest that s i t e I complexes a l s o dominate i n 
t h i s case. 

The s i t e I adducts are c h a r a c t e r i z e d by a n e a r - p a r a l l e l ( w i t h i n 
25°) average o r i e n t a t i o n of the planar pyrene residue w i t h the 
planes of the DNA bases, and a r e l a t i v e l y strong i n t e r a c t i o n between 
the T T - e l e c t r o n s of the pyrene residues and the DNA bases. 

Hogan et a l (34), who stu d i e d the e l e c t r i c l i n e a r d i chroism of 
(+) anti-BaPDE bound c o v a l e n t l y to small DNA fragments (~145 base 
p a i r s ) , showed that the l i n e a r dichroism w i t h i n the DNA absorpti o n 
band decreased w i t h an i n c r e a s i n g l e v e l of b i n d i n g . These r e s u l t s 
i n d i c a t e that kinks are produced i n the DNA molecule upon i n t e r a c 
t i o n w i t h the d i o l epoxide molecules. They suggested that the 
c o v a l e n t l y bound BaPDE moeities r e s i d e at these k i n k s i n wedge-
shaped i n t e r c a l a t i o n complexes. This model i s reasonable; however, 
such a s t r u c t u r e i s more c o n s i s t e n t w i t h the negative, r e d - s h i f t e d 
l i n e a r d i chroism spectra of s i t e I bin d i n g s i t e s (31) than w i t h the 
major s i t e I I type of bi n d i n g s i t e observed w i t h the covalent (+)-
anti-BaPDE-DNA adducts s t u d i e d by Hogan et a l . The r e d - s h i f t o f 
only 2-3 nm di s p l a y e d by the c o v a l e n t l y bound residues appears to be 
too small f o r an i n t e r c a l a t i v e geometry; the l a r g e r red s h i f t , and 
the negative l i n e a r d i chroism d i s p l a y e d by adducts bound at s i t e s I , 
appear more c o n s i s t e n t w i t h t h i s model. 

While i t i s reasonable to assume that k i n k s are formed at the 
s i t e of the covalent b i n d i n g of BaPDE (34), i t i s a l s o p o s s i b l e that 
such bends a r i s e elsewhere on the double h e l i x , due to the known 
formation of n i c k s and s i n g l e - s t r a n d breaks (35,36). Therefore, the 
exis t e n c e of kinks i n the DNA h e l i x at s i t e I or s i t e I I b i n d i n g 
s i t e s should be f u r t h e r i n v e s t i g a t e d , before such a model can be 
adopted d e f i n i t i v e l y . 

I t i s i n t e r e s t i n g to note that the absence of the two OH groups 
at the 7 and 8 p o s i t i o n s of 9,10-BaPE (7), and the 7,8-carbon atoms 
i n 1-OP (14), lead to a p a r t i a l l o s s of s t e r e o s e l e c t i v e e f f e c t s i n 
the covalent b i n d i n g of these molecules to DNA; i n the adducts de
r i v e d from these two molecules, s i t e I adducts dominate. In con
t r a s t , i n the case of the d i o l epoxide (+)anti-BaPDE, s i t e I I com
plexes account f o r over 90% of the bind i n g ( 3 1 ) . 
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6. GEACINTOV Interaction of Polycyclic Aromatic Diol Epoxides with DNA 115 

TIME SCALES 
™ * < 5 m s minutes 

1 k^T) 

F i g u r e 3. P o s s i b l e r e a c t i o n schemes o f BaPDE i n aqueous 
s o l u t i o n s c o n t a i n i n g DNA. 

Figure 4. Structures of model compounds which upon covalent 
b i n d i n g to DNA give predominantly s i t e I adducts. 
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116 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

F l u o r e s c e n c e and H e t e r o g e n e i t y o f A d d u c t s . The f l u o r e s c e n c e 
p r o p e r t i e s of adducts can provide f u r t h e r i n s i g h t i n t o the heteroge
n e i t y of the adducts. P r u s i k et a l (37) reported that there are two 
f l u o r e s c e n t components i n covalent (+)-anti-BaPDE-DNA adducts. One 
component w i t h a 75% amplitude, was c h a r a c t e r i z e d by a 8.2 ns l i f e 
time, and the other by a 125 ns l i f e t i m e ( i n a i r - s a t u r a t e d s o l u 
t i o n s ) w i t h a 25% amplitude. Upon d i l u t i o n of the DNA, the r e l a t i v e 
amplitude of the l o n g - l i v e d component was found to increase. Recent 
measurements by Undeman et a l (10) i n d i c a t e that the l o n g - l i v e d 
component i s a minor one (42 ns, 6%), and that there are two other 
s h o r t - l i v e d decay components (1.6 ns, 52% and 7.0 ns, 42% ampli
tude). 

Our more recent measurements (38) confirm Undeman's f i n d i n g that 
the l o n g - l i v e d fluorescence components represents a minor p r o p o r t i o n 
of f l u o r e s c e n t molecules; the e a r l i e r samples (37) probably con
t a i n e d f l u o r e s c e n t degradation products, most l i k e l y t e t r a o l s . The 
fluorescence of t e t r a o l s i s quenched upon bi n d i n g p h y s i c a l l y to DNA; 
thus d i l u t i o n of the DNA adducts s h i f t e d the e q u i l i b r i u m to f r e e , 
f l u o r e s c e n t molecules, thus i n c r e a s i n g the amplitudes of the long-
l i v e d component and the o v e r a l l fluorescence y i e l d upon d i l u t i o n of 
the samples 0 3 7 ) . Such DNA c o n c e n t r a t i o n e f f e c t s on the f l u o r e s 
cence of covalent adducts were not observed by Undeman et a l (39) 
and by Hogan et a l (34). Since the fluorescence l i f e t i m e s of the 
major p o r t i o n of c o v a l e n t l y bound molecules i s very s m a l l , the 
quenching of t h i s fluorescence by i n t e r m o l e c u l a r DNA-DNA i n t e r a c 
t i o n s , as p r e v i o u s l y proposed (37), w i l l be d i f f i c u l t to observe 
even i f the adducts are e x t e r n a l l y l o c a t e d . 

Even though p r e v i o u s l y s t u d i e d samples of covalent BaPDE-DNA 
adducts may have been contaminated by t e t r a o l degradation products, 
a l o n g - l i v e d fluorescence component i s s t i l l present even a f t e r 
repeated e x t r a c t i o n s of the aqueous s o l u t i o n s c o n t a i n i n g the cova
l e n t adducts w i t h organic s o l v e n t s . Such repeated organic solvent 
e x t r a c t i o n s are known to be e f f e c t i v e f o r the removal of p h y s i c a l l y 
bound t e t r a o l s . The r e s i d u a l l o n g - l i v e d fluorescence component, 
even though present i n r e l a t i v e l y low c o n c e n t r a t i o n , gives r i s e to a 
d i s p r o p o r t i o n a t e l y large c o n t r i b u t i o n to the steady-state f l u o r e s 
cence y i e l d because of i t s long l i f e t i m e (38). This fluorescence 
component i s c h a r a c t e r i z e d by a low degree of i n t e r a c t i o n of the 
pyrene chromophore w i t h the DNA bases and thus probably represents 
an e x t e r n a l l y bound adduct as p r e v i o u s l y discussed (37). 

We f i n d that the fluorescence y i e l d of f r e s h l y prepared cova
l e n t (+)-anti-BaPDE-DNA adducts i n oxygen-free s o l u t i o n s i s 66+2 
lower than the y i e l d of the t e t r a o l 7,8,9,10-tetrahydroxytetrahydro-
benzo(a)pyrene (BaPT) i n the absence of DNA. Since the fluorescence 
l i f e t i m e of BaPT under these c o n d i t i o n s i s 200ns, the mean f l u o r e s 
cence l i f e t i m e of the adducts (see reference 37̂ ) can be estimated to 
have a lower l i m i t of ^ 3 n s , which i s c l o s e to the mean value of 
0.52x1.6 + 0.42x4.0 = 2.7 ns estimated from the two short f l u o r e s 
cence components of Undeman et a l (10). 

The fluorescence of BaPT (6) and of other r e l a t e d compounds (40) 
seems to be n e a r l y completely quenched upon p h y s i c a l i n t e r c a l a t i o n 
i n t o DNA. 

Fluorescence Quenching and A c c e s s i b i l i t y of Adducts. The solvent 
a c c e s s i b i l i t y of fluorophores bound to DNA can be probed by magnetic 
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6. GEACINTOV Interaction of Polycyclic Aromatic Diol Epoxides with DNA 117 

resonance methods (41), and by fluorescence quenching techniques. 
I f F Q i s the y i e l d i n the absence of quenchers, F the y i e l d i n 

the presence of quenchers ( conc e n t r a t i o n Q ), and t?0 i s the f l u o 
rescence l i f e t i m e when [Q] = 0, the r e l a t i v e y i e l d as a f u n c t i o n of 
[Q] i s given by the Stern-Volmer equation: 

F Q/F = 1 + rQ K [Q] (5) 

K i s the bimolecular encounter r a t e , m u l t i p l i e d by a p r o b a b i l i t y 
f a c t o r which determines the e f f i c i e n c y of quenching per c o l l i s i o n a l 
encounter. This constant i s dependent on the degree of solvent 
exposure of the adducts. For f r e e l y a c c e s s i b l e BaPT molecules i n 
aqueous s o l u t i o n s K = 9 x 10 M s i n the case of molecular oxygen 
and 7.5 x 10 8M" 1s" 1 i n the case of acrylamide (38). The a c c e s s i b i 
l i t y of the pyrenyl chromophores i n the DNA adducts has been in v e s 
t i g a t e d u t i l i z i n g oxygen (10,37), or acrylamide (22,34) as quen
chers. In the case of oxygen i t i s known that the a c c e s s i b i l i t y of 
i n t e r c a l a t e d chromophores i s reduced by a f a c t o r of 20-30 (42,43). 
When the dye ethidium bromide i s i n t e r c a l a t e d between the bases of 
DNA, i t appears to be completely i n a c c e s s i b l e to acrylamide and i t s 
fluorescence y i e l d i s unaffected at acrylamide concentrations as 
high as 0.8M (22). U t i l i z i n g a high pressure c e l l to measure F Q/F 
fo r covalent (+)-anti-BaPDE-DNA adducts f o r oxygen concentrations up 
to 90 mM, Undeman et a l (10) concluded that the adducts d i s p l a y at 
best a low a c c e s s i b i l i t y to molecular oxygen. On the b a s i s of 
acrylamide quenching data, Hogan et a l (34) concluded that the 
flu o r e s c e n t pyrenyl moeities i n the covalent adducts are at l e a s t 9-
f o l d l e s s a c c e s s i b l e than i n nuclease^digested complexes. The 
wedge-shaped i n t e r c a l a t i o n model f o r the covalent complexes r e s t s , 
i n p a r t , on these fluorescence quenching r e s u l t s . However, MacLeod 
et a l (22) compared the acrylamide quenching of the fluorescence of 
ethidium bromide-DNA i n t e r c a l a t i o n complexes w i t h those of the cova
l e n t (+)-BaPDE-DNA adducts, and they concluded that the pyr e n y l 
moeity i s not i n t e r c a l a t e d . 

The above r e s u l t s were obtained u t i l i z i n g measurements of F Q/F 
as a f u n c t i o n of [Q] according to Equation 5. I t should be empha
s i z e d that a low extent o f fluorescence quenching can be i n t e r p r e t e d 
i n one of two ways: (1) low a c c e s s i b i l i t y of f l u o r e s c e n t adducts 
( s m a l l K ) , or (2) low values of fluorescence l i f e t i m e s f Q , even 
though the adducts may be t o t a l l y a c c e s s i b l e . I f the fluorescence i s 
heterogeneous, the Stern-Volmer p l o t s of F Q/F versus [Q] are not 
s t r a i g h t l i n e s , but w i l l e x h i b i t downward curvature w i t h i n c r e a s i n g 
quencher conc e n t r a t i o n (10,34); t h i s e f f e c t can a l s o be caused by a 
heterogeneity of l i f e t i m e s , r a t h e r than by a heterogeneity of acces
s i b i l i t i e s , a p o s s i b i l i t y which was not considered by Hogan et a l 
(34). 

In view of these u n c e r t a i n t i e s we have r e - i n v e s t i g a t e d the 
fluorescence p r o p e r t i e s of covalent (+)-anti-BaPDE-DNA adducts (38). 
The heterogeneity of the fluorescence i s c l e a r l y apparent i n F i g u r e 
5a which i s a p l o t of the r a t i o Fexc/A (fluo r e s c e n c e e x c i t a t i o n 
spectrum d i v i d e d by the absorption spectrum); the absorption spec
trum A i s a l s o shown i n t h i s f i g u r e f o r comparison. I f one s i n g l e 
species were present, F e x c / A should be independent of wavelength, as 
seems to be the case above ^354 nm. The maxima at 312, 325 and 341 
nm i n d i c a t e that a species w i t h a higher fluorescence y i e l d i s 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
6

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



118 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

present; since these maxima do not c o i n c i d e w i t h the absorption 
maxima, the r e l a t i v e c o n c e n t r a t i o n of t h i s species must be small and 
corresponds to the minor long l i f e t i m e component discussed i n the 
previous s e c t i o n . 

The wavelength dependence of F Q/F at an oxygen conc e n t r a t i o n of 
1.3mM and an acrylamide c o n c e n t r a t i o n of 0.335M are compared i n 
Figure 5b. The maxima correspond to those i n the F e x c / A spectrum i n 
Figure 5a, i n d i c a t i n g that the minor fluorescence species i s more 
r e a d i l y quenched ( p o s s i b l y due to a large *X ) than the major spe
c i e s , whose fluorescence dominates at e x c i t a t i o n wavelengths above 
356. However, even above 356 nm, the acrylamide quenching Stern-
Volmer p l o t s e x h i b i t marked downward curvatures (data not shown), 
i n d i c a t i n g that the fluorescence i s heterogeneous i n t h i s wavelength 
range of e x c i t a t i o n as w e l l (38). From such acrylamide quenching 
p l o t s we f i n d that the smallest measured values of the f a c t o r K ^ c 

l i e i n the range of 0.5-1.0 M ; these values are c o n s i s t e n t w i t h 
the r e s u l t s of Hogan et a l (34). Since XQ i s l e s s than 3 ns, and 
could be even as low as 1.6 ns (10), we conclude that the pyrenyl 
chromophores are e i t h e r t o t a l l y a c c e s s i b l e to acrylamide, o r , at 
best, d i s p l a y a decreased a c c e s s i b i l i t y by a f a c t o r of only 2-3 
r e l a t i v e to free BaPT molecules. S i m i l a r r e s u l t s are obtained upon 
a d e t a i l e d a n a l y s i s of the oxygen quenching (38). 

I n summary, a d e t a i l e d e x a m i n a t i o n o f the f l u o r e s c e n c e 
quenching p r o p e r t i e s , and t a k i n g i n t o account the low values of 
fluorescence l i f e t i m e s *? 0* i n d i c a t e s that the pyrenyl chromophores 
i n covalent BaPDE-DNA adducts are a c c e s s i b l e to quenching mole
c u l e s . This c o n c l u s i o n represents a f u r t h e r argument against c l a s 
s i c a l i n t e r c a l a t i o n s t r u c t u r e s f o r these covalent complexes. Fur
thermore, i t i s l i k e l y that these adducts are c h a r a c t e r i z e d by many 
species each d i f f e r i n g s l i g h t l y from the other because of i t s mi-
croenvironment; such a heterogeneity has been proposed p r e v i o u s l y 
(5^), and gives r i s e to a broadening of the absorption bands and, 
p o s s i b l y , to a heterogeneity of fluorescence l i f e t i m e s T . 

These conclusions are, at t h i s p o i n t , l i m i t e d to the s i t e I I 
complexes which dominate i n covalent (+)-BaPDE-DNA adducts. The 
a c c e s s i b i l i t y of s i t e I type complexes, which we have termed " q u a s i -
i n t e r c a l a t i v e " ( 7 ) , i s p r e s e n t l y being i n v e s t i g a t e d . 

T h e o r e t i c a l modeling of adduct conformations 

Several groups of researchers have considered adduct conformations 
from a t h e o r e t i c a l point of view. L i n et a l (44) have proposed that 
p h y s i c a l i n t e r c a l a t i o n of BaPDE precedes the formation of covalent 
BaPDE-DNA adducts, as suggested by Meehan and Straub (15) on more 
q u a l i t a t i v e grounds. The s t e r i c p r o p e r t i e s of p h y s i c a l DNA i n t e r c a 
l a t i o n complexes obtained w i t h the two enantiomers of anti-BaPDE 
(45,46), and the t r a n s i t i o n - s t a t e a l k y l a t i o n geometries w i t h N2 of 
guanine (48) have been examined. S p a c e - f i l l i n g molecular model 
b u i l d i n g (48), molecular mechanics and computer graphic s t u d i e s 
suggest that the formation of the major N2 guanine adduct does not 
r e s u l t i n a s i g n i f i c a n t s t r u c t u r a l p e r t u r b a t i o n of the DNA s t r u c t u r e 
(49,50). Hingerty and Broyde have performed minimized conforma
t i o n a l p o t e n t i a l energy c a l c u l a t i o n s f o r a BaPDE adduct w i t h the 
d i n u c l e o t i d e dCpdG (51). M i l l e r and h i s co-workers have considered 
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Figure 5. Fluorescence p r o p e r t i e s of covalent complexes derived 
from the covalent b i n d i n g o f (+)-anti-BaPDE to DNA. 
(a) A b s o r p t i o n spectrum ( A, s o l i d l i n e ) and f l u o r e s c e n c e 
e x c i t a t i o n spectrum ( F e x c ) d i v i d e d by A. 
(b) Fluorescence quenching r a t i o as a f u n c t i o n of e x c i t a t i o n 
wavelength. Closed c i r c l e s : comparison of fluorescence y i e l d s i n 
nit r o g e n - s a t u r a t e d [ F C ^ ) ] and oxygen-saturated [F( 0 2 ) l aqueous 
s o l u t i o n s . Open c i r c l e s : c omparison o f y i e l d s o f n i t r o g e n -
s a t u r a t e d , and ni t r o g e n - s a t u r a t e d s o l u t i o n c o n t a i n i n g 0.335 M 
acrylamide [ F ( N 2 A c r ) ] . (Adapted from Ref. 38.) 
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d i f f e r e n t adduct geometries (52), and the reader i s r e f e r r e d to 
M i l l e r ' s paper f o r greater d e t a i l (53). 

S t e r e o s e l e c t i v e Covalent Binding of BaPDE Enantiomers to DNA 

For racemic syn-BaPDE, and (+) and (-) anti-BaPDE, the l i n e a r d i 
chroism spectra of the non-covalent i n t e r c a l a t i v e complexes i n d i c a t e 
that there i s l i t t l e , i f any, d i f f e r e n c e i n the conformations of 
these p h y s i c a l complexes (Figure 2, 12). However, there are s t r i k 
i n g d i f f e r e n c e s i n the conformations of the covalent syn and a n t i -
BaPDE-DNA adducts (Figure 2, reference 10). 

The d i f f e r e n c e s i n the adduct s t r u c t u r e s d e r i v e d from the 
bin d i n g of the two enantiomers (+) and (-) anti-BaPDE to DNA are 
p a r t i c u l a r l y s t r i k i n g . The absorbance and l i n e a r dichroism s p e c t r a 
f o r the (+) and the (-) DNA adducts are shown i n Figure 6. The (+) 
adducts are c h a r a c t e r i z e d by a s i n g l e absorption band at 346 nm. A 
s i m i l a r maximum i s observed i n the case of the (-) adduct; however, 
a prominent shoulder i s a l s o apparent at 354 nm. A d e t a i l e d analy
s i s of these spectra suggest that the (+) adduct i s c h a r a c t e r i z e d by 
a major type I I bin d i n g s i t e ( s i m i l a r to the bi n d i n g of racemic 
anti-BaPDE, s i n c e the (+) enantiomer binds more e x t e n s i v e l y to DNA 
than the (-) enantiomer) w i t h a ^ 1 0 % c o n t r i b u t i o n of s i t e I (note 
the prominent t a i l beyond 350 nm i n the absorption spectrum i n 
Figure 6, top l e f t p a n e l ) . The (-) adducts appear to be mixtures of 
s i t e I and s i t e I I adducts. These conclusions are f u l l y confirmed 
by the l i n e a r dichroism spectra of these adducts, which are a l s o 
shown i n Figure 6. The AA spectrum i s p o s i t i v e i n the case of the 
(+) adduct, as expected f o r s i t e I I ; the AA spectrum i n the case of 
the (-) adduct i s p o s i t i v e at those wavelengths where s i t e I I domi
nates (330 and 346 nm), w h i l e AA i s negative at 335-340 and 354 nm 
where the r e d - s h i f t e d s i t e I absorption bands are most prominent. 

The o r i e n t a t i o n angles f o r s i t e I I i n the (+) adducts were 
found to be i n the range of 15-30° (average o r i e n t a t i o n of the 
pyreny l long, i n plane a x i s , r e l a t i v e to the average o r i e n t a t i o n of 
the DNA h e l i x ) ; however, i n the (-) adducts the o r i e n t a t i o n of the 
s i t e I I adducts appear to be more t i l t e d w i t h respect to the a x i s of 
the h e l i x , and t h i s angle i s w i t h i n the range of 37-45° (31). The 
o r i e n t a t i o n angles of the q u a s i - i n t e r c a l a t i v e s i t e I complexes i n 
the (-) adducts l i e i n the range of 61-79°; these angles are d i f f e r 
ent from those expected f o r c l a s s i c a l i n t e r c a l a t i o n complexes (31). 

S i m i l a r experimental r e s u l t s on the l i n e a r d ichroism of cova
l e n t adducts derived from the covalent b i n d i n g of the two enantio
mers of anti-BaPDE to DNA have a l s o been published r e c e n t l y ( 5 4 ) . 

Conformations of covalent adducts and b i o l o g i c a l a c t i v i t y 

Out of the four BaPDE stereoisomers shown i n Figure 1, ( + ) - a n t i -
BaPDE d i s p l a y s by f a r the highest b i o l o g i c a l a c t i v i t y e i t h e r as a 
tumorigen, or a mutagen i n mammalian c e l l s (JL-4). I t i s a l s o the 
only enantiomer which gives r i s e to dominant s i t e I I adducts w i t h 
the long a x i s of the pyrenyl plane t i l t e d c l o s e to the average 
o r i e n t a t i o n of the DNA double h e l i x . Therefore, i t appears that the 
occurrence of s i t e I I aducts i s c o r r e l a t e d w i t h high b i o l o g i c a l 
a c t i v i t y i n t h i s f a m i l y of benzo(a)pyrene d i o l epoxide s t e r e o i s o 
mers. The q u a s i - i n t e r c a l a t i v e s i t e I adducts, which may i n v o l v e the 
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Figure 6, Absorbance (A) and l i n e a r d i chroism ( A A ) s p e c t r a o f 
covalent adducts derived from the bi n d i n g of (+)anti-BaPDE ( l e f t 
panels) and (-)anti-BaPDE ( r i g h t panels) to double-stranded c a l f 
thymus DNA. Extent of covalent m o d i f i c a t i o n : 0.19% (+) and 0.06%(-) 
of the bases, n u c l e o t i d e c o n c e n t r a t i o n : 7.3x10 M. The DNA was 
or i e n t e d by the pulsed e l e c t r i c f i e l d method (31).  P
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binding of BaPDE to sites other than the exocyclic amino group of 
guanine (2), appear to be correlated with a lower biological activi
ty. It remains to be seen whether similar correlations can be found 
with other families of stereoisomeric diol epoxide molecules. 
Conclusions 
The existence of isomeric polycyclic aromatic diol epoxide compounds 
provides rich opportunities for attempting to correlate biological 
a c t i v i t i e s with the physico-chemical reaction mechanisms, and 
conformational and biochemical properties of the covalent DNA 
adducts which are formed. 
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7 
X-ray Analyses of Polycyclic Hydrocarbon Metabolite 
Structures 

JENNY P. GLUSKER 

Fox Chase Cancer Center, Institute for Cancer Research, Philadelphia, PA 19111 

The methods of X-ray diffraction analysis of crystal 
structures can be used to investigate steric effects 
in carcinogenic polycyclic aromatic hydrocarbons 
(PAHs) and their activated metabolites. For example, 
the presence of a methyl group adjacent to the bay 
region of a PAH greatly enhances its carcinogenicity; 
X-ray studies have shown the extent of the steric 
distortions of the bay region, in-plane and out-of
-plane, caused by this methylation. In most PAHs the 
conformation of the molecule is determined by 
nonbonded H••••H interactions. If hydrogen atoms 
would approach each too closely if the molecule were 
planar, then bond angle and torsion angle changes are 
made to accommodate this strain. In addition, in 
more saturated ring systems such as PAH metabolites, 
this type of nonbonded interaction between hydrogen 
atoms may force a hydroxyl or other substituent to 
have an axial rather than an equatorial conformation. 
This has been analyzed for metabolites such as diols 
and diol epoxides. 

The mechanism of carcinogenesis by PAHs is 
believed to involve alkylation of an informational 
macromolecule in a critical, but at present unknown, 
manner. Such an interaction with a protein has been 
modelled by alkylation of a peptide; this showed a 
conformational change occurred on alkylation. It has 
not yet been possible to study the structure of DNA 
alkylated by an activated carcinogen; this is because 
DNA is a fiber and the structural order in it is not 
sufficient for a crystal structure determination. 
However the crystal structures of some alkylated 
portions of nucleic acids are described, particularly 
some nucleosides alkylated by chloromethyl deriva
tives of DMBA. In crystals of these alkylation pro
ducts the PAH portion of the adduct shows a tendency 
to lie between the bases of other nucleoside 

0097-6156/85/0283-0125$16.00/0 
© 1985 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
7

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



126 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

molecules in the crystal structure, although the more 
buckled part of the PAH does not take part in this 
stacking. There also appears to be an interaction 
between the oxygen of the ribose sugar and part of 
the PAH (the methyl group in a 12-methylbenz[a]-
anthracenyl derivative). Some preliminary studies in 
computer modelling experiments show that, at present, 
the X-ray data on adducts are consistent with both 
current models of interaction after covalent attach
ment - partial intercalation of the aromatic portion 
of the PAH between the bases of DNA or the situation 
where the aromatic group lies in a groove of DNA. 

The carcinogenicity of polycyclic aromatic hydrocarbons (PAHs) was 
first deduced by Sir Percivall Pott in London in 1775 (J_) when he 
noted an appreciable incidence of scrotal cancer in young chimney 
sweeps. He correctly noted that this affliction was caused by an 
accumulation of soot on the skin. The work of his grandson, Henry 
Earle (2J, and of Curling (3_, 4) led to the ideas that, since 
scrotal cancer did not affect all chimney sweeps, another factor, 
such as an inherited predisposition, might also play a part in its 
occurrence, and that the disease could have an appreciable latent 
period. The fact that coal tar could, by itself, cause skin tumors 
was shown by Yamagiwa and Ichikawa (5J. Shortly after that Passey 
(6j extracted a single chemical from soot and it was demonstrated 
that it was a carcinogen. Finally the chemical formulae of many of 
the active carcinogenic components of coal tar and soot were 
established by the experiments of Kennaway, Heiger, Mayneord, Cook 
and Hewitt (7J. They showed that the carcinogens from soot and coal 
tar are PAHs with formulae such as I (benzo[a]pyrene), II 
(7,12-dimethylbenz[a]anthracene), III (3-methylcholanthrene), IV 
(benz[a]anthracene) and V (dibenz[ji,h]anthracene). It was PAHs like 
these that were responsible for the problems of the chimney sweeps. 
In fact, carcinogenic PAHs continue to be a problem and are environ
mental hazards found wherever pyrolysis of organic matter occurs, as 
in cooking and in cigarette smoking (8-10). 
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2 

11 

10 

9 
V 

The f a te of such apparent ly innocuous hydrophobic chemicals i n 
the body has been the subject of much study (11). These compounds 
are f a i r l y i n so l ub l e in water, but they are so lub le in fa t s and o i l s . 
The body, i n an e f f o r t to s o l u b i l i z e , and there fo re e x c r e t e , these 
fo re i gn compounds, epox id izes and hydroxylates them, o f ten forming 
conjugates with amino ac ids and pept ides such as g lu ta th ione (j_2). 
Such metabolism of PAHs proceeds v i a quinones, a l c o h o l s , epoxides 
and peptide conjugates to g ive products that can be e l iminated from 
the body. But o c c a s i o n a l l y , by a process known as " a c t i v a t i o n , " a 
d i o l epoxide, with func t iona l groups in very s p e c i f i c pos i t i ons in 
the molecu le, i s formed (13). These d i o l epoxides are formed by the 
ac t ion of the enzyme cytochrome P-450 and epoxide hydrase. I n i 
t i a l l y an epoxide i s formed and t h i s i s hydrated by epoxide hydrase 
to a t r a n s - d i o l . Fur ther epoxidat ion gives the d i o l epoxide; t h i s 
i s an a l k y l a t i n g agent that can i n t e r a c t with a c e l l u l a r macromole-
cu le such as DNA and d i s t o r t i t in some manner a f t e r a l k y l a t i n g i t . 
This i s be l ieved to be the beginning of the carc inogen ic process 
caused by c e r t a i n PAHs. 

The three-d imens iona l s t ruc tures o f these PAHs and t h e i r metab
o l i t e s , of t h e i r a c t i v a ted products and of adducts with port ions o f 
DNA w i l l be the subject of t h i s chapter . While the formulae I - V 
appear to be only two-dimensional (that i s , f l a t ) , i t w i l l be shown 
that the presence of methyl groups, d i o l epoxide groupings, e t c . in 
c e r t a i n areas of such molecules r e su l t s in three-d imens ional 
molecular s t ruc tures that may be buckled and s t r a i n e d . Some of the 
three-d imens ional s t ruc tu re s of such PAHs and t h e i r metabol i tes w i l l 
be desc r ibed . In a d d i t i o n , the pos s ib le s t r u c t u r a l d i s t o r t i o n s that 
may be caused in DNA by s p e c i f i c a l k y l a t i o n s by a c t i v a ted PAHs w i l l 
be d i scussed in the l i g h t of s t ruc tu ra l s tud ies of adducts of PAH 
a l k y l a t i n g agents with nuc leos ides . From such informat ion i t i s 
hoped eventua l l y to be able to determine what makes a PAH c a r c i n o 
geniC., and in what way the d i s t o r t i o n s in DNA, r e s u l t i n g from a l ky 
l a t i o n by an ac t i va ted carc inogen ic PAH, make DNA behave d i f f e r e n t l y 
from normal so that a carc inogen ic process i s i n i t i a t e d . 

Geometry of PAHs 

The techniques of X-ray d i f f r a c t i o n analyses of c r y s t a l s o f 
compounds of i n t e r e s t can be used to determine, with high p r e c i s i o n , 
the three-dimensional arrangement of atoms, ions and molecules in 
such c r y s t a l s (14); in each case the r e s u l t i s r e f e r r e d to as the 
" c r y s t a l s t r u c t u r e . " X-ray d i f f r a c t i o n by c r y s t a l s was d i scovered 
by von Laue, F r i e d r i c h and Knipping (15) and the technique was 
app l ied by the Braggs to the determinat ion of the s t ruc tures of 
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128 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

simple c r y s t a l s such as those of sodium c h l o r i d e and diamond (16, 
17), and by Lonsdale to the s t ruc tu re of c r y s t a l s o f hexamethyl-
benzene (18). Th i s l a t t e r study was the f i r s t evidence that the 
benzene r ing i s a symmetrical hexagon of carbon atoms with each C-C 
bond length the same wi th in experimental e r r o r . The s t ruc tures 
drawn by Kekule with a l t e r n a t i n g s i n g l e and double bonds are not 
found, even at low temperatures where any in te rconver s i on of isomers 
would be expected to be slower. Thus the benzene molecule i s t r u l y 
"aromat ic " with s i x equiva lent C-C bonds. D i f f r a c t i o n s tudies o f 
benzene (J_9, 20) (which have n e c e s s a r i l y been done at low tempera
tures s ince benzene i s l i q u i d at room temperatures) have shown that 
the C-C bond length i s 1.392(2) A, in agreement with r e su l t s from 
spect roscop ic data (2J_). 

When two or more benzene r ings are fused together to g ive 
naphthalene, anthracene, e t c . , X-ray d i f f r a c t i o n s tud ies show that 
some l o c a l i z a t i o n of double bonds occurs (22-24); t h i s a f f e c t s the 
chemical r e a c t i v i t i e s o f d i f f e r e n t regions in the molecule. The 
exper imenta l l y measured bond lengths in PAHs are those that would 
be expected from a cons idera t ion of the var ious types of resonance 
hybr ids (25) that are po s s i b l e . 

The un i t s by which c r y s t a l l o g r apher s descr ibe interatomic 
d i s tances are Angstrom uni t s (A = 10~ 8 cm.). Normal values f o r 
carbon-carbon interatomic d i s tances are 1.34 A f o r a double bond 
(as in ethylene) and 1.54 A (as for*diamond) f o r a s i n g l e bond. In 
a t r u l y aromatic compound (such as benzene) the C-C bond l eng th , as 
mentioned above, i s 1.39 A. C-C-C angles are 109.5° f o r a t e t r a h e -
dral carbon atom (sp^) and 120.0° f o r a t r i gona l carbon atom ( s p 2 ) . 
As shown in F igure 1 f o r BP and DMBA, measured C-C bond lengths , 
interbond angles and t o r s i o n are v a r i a b l e around these va lues. 

Most carc inogen ic PAHs conta in the phenanthrene grouping in 
them (see F igure 2) and there are two important areas in these mole
cu les that are o f ten r e f e r r e d to in s tud ies of PAH carc inogenes i s . 
One i s the "K - reg ion " which corresponds to the very a c t i v e double 
bond between atoms 9 and 10 in phenanthrene (26). In BP (I) the 
"K - reg ion " i s the 4,5 bond and in DMBA (II) i t i s the 5,6 bond. 
Bonds in the "K - reg i on " are u sua l l y short (1.34-1.35 A ) , near in 
values to that f o r a pure double bond, whi le most other C-C bonds in 
PAHs are in the range 1.36-1.44 A. The second area of i n t e r e s t i s 
the "bay reg ion " (27) which corresponds to the hindered region 
between the 4- and 5- po s i t i on s of phenanthrene (the area between 
C10 and C l l of BP (I) or CI and C12 of DMBA ( I I ) , f o r example). 
Some bay- and K-regions are i l l u s t r a t e d in F igure 2. While i t was 
o r i g i n a l l y thought that the cond i t i on f o r c a r c i n o g e n i c i t y of a PAH 
i s the presence in i t o f a K - reg ion , i t i s now c l e a r that the p res 
ence o f a bay-region with a methyl group attached to one s ide of i t 
i s a be t te r c r i t e r i o n (27). I n t e r e s t i n g l y the c o r r e l a t i o n s that 
were o r i g i n a l l y found between the presence of a K-region and c a r c i n o 
g e n i c i t y de r i ve from the f a c t that most carc inogen ic PAHs conta in ing 
a phenanthrene- l ike group w i l l a l so have a bay - reg ion; Pullman (28) 
sa id that "bay-reg ion could be a kind o f 'back door' to the 
K - reg ion " . 

Ea r l y work on the s t ruc tu re of carc inogen ic PAHs was done by 
John Iba l l at the U n i v e r s i t y of Dundee, Scot land (29); he had 
suggested the use of the " I ba l l index" (30) as a measure of the 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 129 

BP DMBA 

(a) 

Figure 1. (a) Bond leng ths , (b) interbond angles and (c) t o r s i o n 
angles f o r BP ( l e f t ) and DMBA ( r i g h t ) . Estimated standard 
dev ia t ions are 0.002 A f o r d is tances and 0.2 f o r ang les . I f the 
d i s t r i b u t i o n of e r ro r s i s normal there i s a 99% chance that a 
measurement w i l l d i f f e r by le s s than 2.7 e . s . d . from the mean 
value of that quant i ty . A t o r s i o n angle i s the angle of tw i s t o f 
a bond. In a se r ie s of four bonded atoms, A-B-C-D, the t o r s i o n 
angle about the B-C bond i s def ined as the angle o f r o t a t i on 
about that bond required to make the p ro jec t i on of the l i n e A-B 
co inc ide with the p ro jec t i on of the l i n e C-D, when viewed along 
the B-C d i r e c t i o n . In t h i s and a l l subsequent diagrams the 
l a r g e r c i r c l e s are carbon atoms, the smal ler c i r c l e s are hydrogen 
atoms. In l a t e r diagrams oxygen atoms are s t i p p l e d and n i t rogen 
atoms are b lack. 
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130 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

111 3-methy1cholanthrene VII 11-methyl-15,16-di hydro-
eye 1 open ta[a_] phenanthrene 

VIII 5-methylchrysene 

Figure 2. Views o f some carc inogen ic molecules showing K- and 
bay- reg ions. Views are given o f BP ( I ) , DMBA ( I I ) , 3-methyl -
cholanthrene ( I I I ) , l l -methy l -15 ,16 -d ihydrocyc lopenta [a ]phen -
anthracene (VII) and 5-methylchrysene (VI I I ) . These and a l l 
subsequent b a l l - a n d - s t i c k diagrams were drawn using the computer 
program VIEW (141). 
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r e l a t i v e c a r c i n o g e n i c i t y o f a given compound. Th is index invo lved 
the percentage of cancer in mice that have surv ived beyond the 
shortes t t ime of the l a ten t per iod versus the average l a ten t per iod . 
I ba l l s tud ied chrysene (31) and 1,2-cyclopentenophenanthrene (32) 
s ince he was i n te re s ted in the s t ruc tu ra l s i m i l a r i t i e s between 
s t e r o l s , b i l e a c i d s , sex hormones, toad poisons and carc inogen ic 
PAHs- Iba l l a l so s tud ied 3-methylcholanthrene (MC)(II I) (33, 34) 
and benzo[a]pyrene (BP) (I) (35, 36). 7,12-Dimethylbenz[ajanthra
cene (DMBAT (I I) was s tud ied by Sayre and F r i ed l ander (37 j , r e f i ned 
by Iba l l (38) and remeasured at low temperature by Zachar ias and 
Glusker (3|J. I n t e r e s t i n g l y , when the s t ruc tu re was f i r s t reported 
the r e s u l t was assumed to be erroneous because the molecule was so 
buck led; i t was, o f course , co r rec t (40). Other PAHs s tud ied by 
c r y s t a l l o g r a p h i c techniques inc lude the weak carc inogen 
benz[a]anthracene (BA) (IV) (41) and the carc inogen ic PAH d ibenz -
[a,h]anthracene (DBA) (V) (42-45). 

It i s o f i n t e r e s t to compare the shapes and s i zes of var ious 
molecules with apprec iab le carc inogen ic a c t i v i t y . For example, 
a f l a t o x i n B] (V I ) , found in moldy peanuts and g r a i n , i s one o f 
the most powerful carcinogens known. I ts c r y s t a l s t ruc tu re was 
determined by van Soest and Peerdeman (46-48). 

VI 

The mode of ac t i on of t h i s carc inogen i s be l ieved to invo lve 
epox idat ion o f a double bond (49), as i nd i ca ted in F igure 3; in t h i s 
F igure the s i m i l a r i t i e s o f the shapes, and p a r t i c u l a r l y of the s i t e s 
o f a c t i v a t i o n o f a f l a t o x i n , BP and DMBA are demonstrated. A f l a t o x i n 
has funct iona l groups at each end of the molecule, un l i ke an a c t i v a t 
ed PAH which has funct iona l groups only at one end of the molecule. 
As shown in F igure 3, the s i ze s of BP and DMBA are not only s i m i l a r 
to those of a f l a t o x i n , but a l so to those of base pa i r s in DNA as 
noted by Haddow (50) and o f s t e r o i d s , such as e s t r a d i o l (51), as 
noted by Huggins and Yang (52). Such s t ruc tu ra l s i m i l a r i t i e s be
tween s te ro id s and carc inogen ic PAH have i n t r i gued s c i e n t i s t s s ince 
Cook and Hazel wood converted the s t e r o i d , deoxychol ic a c i d , to the 
carc inogen, 3-methylcholanthrene. in 1933 (53). S ince then Coombs 
has demonstrated the c a r c i n o g e n i c i t y o f 11-methyl -15,16-d ihydro-
cyc1openta[a]phenanthrene (VII) which has an aromatized s t e r o i d - l i k e 
nucleus (54 j . The s i g n i f i c a n c e of these s t r u c t u r a l s i m i l a r i t i e s i s 
not c l e a r at t h i s t ime. 

In t h i s chapter we sha l l cons ider d i s t o r t i o n s from p l a n a r i t y in 
PAH systems. These d i s t o r t i o n s are introduced by subs t i tuent methyl 
and other groups that are too bulky to f i t in the a v a i l a b l e space 
and at the same time al low the subs t i tu ted PAH to remain p lanar 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
7

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



132 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

(b) 

a f latox in B 

benzo[aj pyrene 7,12-di methylbenz[a] 
anthracene 

F igure 3. (a) S i m i l a r i t i e s in the shapes of BP, DMBA, a base pa i r 
of guanine and c y t o s i n e , and the s t e r o i d , e s t r a d i o l . In (b) the 
shapes o f B D and DMBA ( f i l l e d bonds) are compared with that o f 
a f l a t o x i n B] (open bonds) and the s i t e s of a c t i v a t i o n of each to 
an epoxide i s i nd i ca ted by the arrows. 
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YII 

(although in methy l - subs t i tu ted PAHs at l ea s t two of the methyl 
hydrogen atoms must, o f cour se , be out of t h i s p lane) . Most of t h i s 
type of s t r a i n comes from repu l s ions between hydrogen atoms that are 
not bonded to adjacent carbon atoms. The minimum a l lowable non-
bonded H...H d i s tance appears, from s t r u c t u r a l s t u d i e s , to l i e in 
the region o f 1.6 A. X-ray c r y s t a l l o g r a p h i c r e su l t s show g raph ic 
a l l y how the s t r a i n that occurs orv methyl s u b s t i t u t i o n adjacent to 
the bay-region i s accommodated wi th in the molecule; an in spec t ion of 
F igure 1 i s recommended. In the bay-reg ion the C-C bond length may 
be increased to 1.48 A, and i t i s usual to see d i s t o r t i o n s o f i n t e r -
bond angles from the normally expected values o f 118 -122° . However, 
in s p i t e of t h i s s t r a i n the sum of the angles around an sp2 carbon 
atom w i l l remain at 3 6 0 ° , that i s , the carbon re ta in s an e s s e n t i a l l y 
p lanar arrangement of atoms around i t . 

The buck l ing of the molecule from s t e r i c hindrance a r i se s from 
t o r s i o n about the bonds ra ther than from d i s t o r t i o n s from p l a n a r i t y 
o f sp^ -hybr id ized carbon atoms. Therefore an exce l l en t measure o f 
s t r a i n i n PAHs i s provided by the C-C-C-C t o r s i o n angles, that i s 
the angles o f tw i s t of var ious C-C bonds. When a PAH i s completely 
p lanar a l l of the t o r s i o n angles are e i t h e r 0° or 180° . However in 
the bay regions of some methylated PAHs, values as high as 23° in 
DMBA (37-39) and 36° in 1,12-dimethylbenzCi]anthracene (55) have 
been repor ted. For example, in BP ( I ) , there i s s l i g h t overcrowding 
between hydrogen atoms on CIO and CI 1 in the bay reg i on . This over
crowding i s r e l i e v e d by a very s l i g h t tw i s t o f 2° about the C17-C18 
bond so that these two hydrogen atoms on CIO and C l l l i e 0.04 A on 
e i t h e r s ide of the molecular plane (see F igure 1). Apart from t h i s 
the molecule i s f l a t . However, as shown in F igure 4, DMBA i s much 
more buck led; t h i s i s a r e s u l t of the overcrowding between CI and 
CI9 (where CI9 i s the carbon atom attached to C12). Here the s t r a i n 
i s r e l i e v e d by a tw i s t o f 23° about the C13-C14 bond in the bay 
reg i on , as well as tw i s t s about other bonds in the bay-reg ion as 
shown in F igure 4. The angle between the planes of the two outer 
r ings o f DMBA becomes 2 4 . 0 ° as a r e s u l t of t h i s t w i s t i n g . S i m i l a r 
e f f e c t s are seen i n 5-methylchrysene (VI I I ) , the only carc inogen ic 
monomethylchrysene, and i t s d e r i v a t i v e s (56-58). Here the r ing 
system i s more amenable to in -p l ane d i s t o r t i o n s and the re fo re t o r 
s ion angles in the bay reg ion are not as great as f o r DMBA (as shown 
in a comparative way in F igure 5 ) . 

Thus we have a p i c tu re o f a bay region that becomes d i s t o r t e d 
on s u b s t i t u t i o n with a methyl group, a s u b s t i t u t i o n that may cause 
i n -p l ane or ou t -o f -p l ane d i s t o r t i o n s . These are i l l u s t r a t e d in 
F igure 5 f o r 5,12-dimethylchrysene ( i n -p l ane d i s t r i b u t i o n s ) and DMBA 
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134 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

DMBA 

5,6-dimethylchrysene 

F igure 4. Views of DMBA, BP, 5,6-d imethylchrysene, 5,12-d imethyl -
chrysene and 5-methylchrysene. These i l l u s t r a t e the d i s t o r t i o n s 
that occur as a r e s u l t of s t e r i c e f f e c t s . These and many subse
quent representat ions of molecular s t ruc tu re are stereoviews and 
may be viewed with s te reog l a s se s ; a l t e r n a t i v e l y the reader can 
focus his eyes on the two images un t i l an image between them 
begins to form and then al low his eyes to re lax u n t i l the cent ra l 
image becomes th ree -d imens iona l . This process c a l l s f o r pat ience 
and may take a minute or so. The reader who does not wish to do 
t h i s may simply inspect one of the two diagrams f o r each 
s t r u c t u r e . 

Continued on next page. 
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5-methylchrysene 

F igure 4. Continued. 

F igure 5. Bay region geometry. The r e s u l t o f docking the bay-
region of DMBA ( f i l l e d bonds) on to that o f 5,12-dimethylchrysene 
(broken bonds) i s shown (142). In DMBA the 12-methyl group i s 
forced out of the plane of the rest o f the r ing system. In 5,12-
dimethylchrysene (used because more accurate coordinates are 
a v a i l a b l e than those o f 5-methylchrysene) the d i s t o r t i o n s are 
i n - p l a n e . Note the d i f f e r i n g o r i en t a t i on s o f the fourth r i ng 
(upper r i gh t ) that i nd i ca te s d i f f e r e n t types o f f l e x i b i l i t y in 
the r ing systems of DMBA and 5-methylchrysene. 
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136 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

1 12 

VIII 

( ou t -o f -p l ane d i s t o r t i o n s ) . Note how d i f f e r e n t l y the methyl groups 
(on pos i t i ons 5 and 12 r e s p e c t i v e l y ) l i e and a lso the d i f f e r i n g 
l o ca t i on of the outer r ing s . Thus i t i s found that a carc inogen ic 
PAH may be a buckled molecule, not the f l a t two-dimensional molecule 
dep ic ted in the tex t books. While BP i s carcinogeniC., i t s 11-methyl 
d e r i v a t i v e with a methyl group in the bay region i s even more 
carc inogen ic (59). 

I n t e r c a l a t i o n 

Th i s type of buck l ing i s of p a r t i c u l a r i n t e r e s t when we cons ider the 
i n t e r a c t i o n of such carcinogens with b i o l o g i c a l macromolecules such 
as DNA. DNA has a double h e l i c a l s t ruc tu re with bases at d i s tances 
3.4 A apar t , hydrogen-bonded in planes perpendicu lar to the h e l i x 
ax i s . By a s t r e t c h i n g or t w i s t i n g of the he l i x i t i s pos s ib le to 
extend the v e r t i c a l d i s tance between the bases to 6.8-7.0 A; a 
p lanar molecule, with a th ickness of about 3.5-3.7 A, can then s l i p 
between the bases. This i s a common i n t e r a c t i o n between f l a t aromat
i c molecules such as p r o f l a v i n e or 9-aminoacr id ine and DNA, and was 
f i r s t proposed by Lerman (60). The f l a t molecule becomes completely 
enveloped w i th in the hydrophobic area of the n u c l e i c a c i d , that i s , 
between the hydrogen-bonded bases (6J_, 62). Paul ing (63) l i s t s the 
van der Waals rad ius (the d i s tance of c l o s e s t approach of another 
molecule) of hydrogen as 1.2 A, 2.0 A as the radius o f a methyl 
group and 1.85 A as the h a l f - t h i c k n e s s o f an aromatic molecule. 
Thus the v e r t i c a l d i s tances between bases would have to be f u r the r 
increased i f a methyl group, which i s not f l a t and which has no 
i r -e lec t ron system, i s to be i n t e r c a l a t e d . In p r a c t i c e , whi le very 
small f l a t molecules such as water can i n t e r c a l a t e between bases 
(64) , so f a r no cases where the more bulky methyl group i n t e r c a l a t e s 
have been found. 

Several complexes that invo lve i n t e r c a l a t i o n of an a c r i d i n e 
in a por t ion of a nuc l e i c ac id have been s tud ied by X-ray c r y s t a l -
lograph ic techn iques . These inc lude complexes of d inuc leo s i de 
phosphates with ethidium bromide, 9-aminoacr id ine, a c r i d i n e orange, 
p r o f l a v i n e and e l l i p t i c i n e (65-69). A representa t ion of the 
geometry of an i n t e r c a l a t e d p r o f l a v i n e molecule i s i l l u s t r a t e d in 
F igure 6 (b); t h i s i s a view of the c r y s t a l s t ruc tu re of p r o f l a v i n e 
i n t e r c a l a t e d in a d inuc leos ide phosphate, c y t i d y l y l - ( 3 ' - 5 l ) guano-
s ine (CpG) (70, 7 J J . For comparison an example of the s i t u a t i o n 
before such i n t e r c a l a t i o n i s a l so i l l u s t r a t e d in F igure 6 (a) by 
three adjacent base pa i r s found in the c r y s t a l s t ruc tu re of a po l y 
nuc leo t ide (729 73). In t h i s l a t t e r s t ruc tu re the v e r t i c a l d i s tance 
( p a r a l l e l to the h e l i x ax i s ) between the bases i s approximately 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 

F igure 6. (a) Views of three base pa i r s in the c r y s t a l s t ruc tu re 
of a longer po l ynuc leo t ide . No molecule i s i n t e r c a l a t e d in t h i s 
s t r u c t u r e , (b) A view o f the i n t e r c a l a t i o n complex o f p r o f l a v i n e 
in the self-complementary complex o f c y t i d y l y l - ( 3 ' - 5 ' ) g u a n o s i n e .  P
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138 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

3.4 K9 compared with a value of approximately 6.8 A in the 
i n t e r c a l a t e d complex. S ince CpG i s se l f -complementary, two mol
ecules may hydrogen bond to each other in a h e a d - t o - t a i l manner 
forming two sets of Watson-Crick base p a i r s , each i nvo l v ing hydrogen 
bonds between cy to s ine and guanine. When p r o f l a v i n e i s i n t e r c a l a t 
ed, the phosphodiester backbone i s extended by i nc reas ing two t o r 
s ion angles [ those of P -05* -C5 , -C4 ' and 01 ' -C I ' -N9-C8 in guanosine] 
by about 60° (70, TV). A s i m i l a r s i t u a t i o n has been found f o r 
p r o f l a v i n e i n t e r c a l a t e d in CpA; a self-complementary pa i r i s formed 
because cy to s ine i s protonated in t h i s s t r u c t u r e , and t h i s al lows 
f o r base pa i r i n g by hydrogen bonding (74). The p r o f l a v i n e then 
i n t e r c a l a t e s in the complex. 

However, such i n t e r c a l a t i o n invo lves the i n s e r t i o n o f a f l a t 
molecule, with a i r -e lec t ron system, between the i r -e lec t ron systems 
o f the bases o f DNA. Therefore a buckled molecule and/or a methyl 
group w i l l not f i t well in such an i n t e r c a l a t i o n mode. Thus, s ince 
the buckled molecules (with a methyl group in the bay region) are 
more carcinogeniC., we concluded that complete i n t e r c a l a t i o n o f the 
hydrocarbon between the bases of DNA i s not a l i k e l y mechanism f o r 
c a r c i n o g e n i c i t y , s ince the less p lanar molecules are more a c t i v e in 
terms of ca rc inogen ic a c t i v i t y . However, as we sha l l show l a t e r , i t 
i s po s s ib le that the planar port ion of the PAH may l i e between the 
bases of DNA in a s e m i - i n t e r c a l a t i o n mode; the methyl groups, i f 
p resent , probably do not take part in t h i s s e m i - i n t e r c a l a t i o n . 

An example of these ideas i s provided by c r y s t a l l o g r a p h i c 
s tud ies o f 7-chloromethylbenz[a]anthracene (IX) and 12-methyl-7-
chloromethylbenz[.a]anthracene TX). These are chloromethyl a l k y l a t 
ing agents t h a t , l i k e many other a l k y l a t i n g agents such as epoxides, 
are carc inogen ic (75) (although the 12-methyl compound i s more c a r 
c inogen ic than the one that lacks a methyl group in the bay reg ion 
(76, 77) ) ; t h i s i s in l i n e with the idea that the r e a c t i v e species 
i s an e l e c t r o p h i l i c agent, that i s a p o s i t i v e charge i s developed 
on i t . The compounds IX and X have minimal f l e x i b i l i t y ; they are as 
p lanar as p o s s i b l e , but s t e r i c f a c t o r s cause them to buckle to 
vary ing degrees. X-ray d i f f r a c t i o n s tudies (78-80) showed that the 
compound IX, l a ck ing a bay-reg ion methyl group, i s approximately 

IX X 

p lanar , apart from the hydrogen and c h l o r i n e atoms of the c h l o r o 
methyl group. Th i s i s i l l u s t r a t e d in F igure 7 (a ) . However, f o r 
reasons a l ready descr ibed (the s t e r i c repu l s i on between non-bonded 
hydrogen atoms), when there i s an add i t i ona l methyl group at C12 
(as i n X) the molecule becomes markedly buckled as a r e su l t of 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 139 

i n t e r a c t i o n s between the hydrogen atom on CI and those of the methyl 
group attached to C12. S ince the more buckled r ing system i s found 
f o r the more carc inogen ic compound i t must be concluded that 
p l a n a r i t y of the r ing systems in halomethylbenz[a]anthracenes i s not 
a requirement f o r c a r c i n o g e n i c i t y . 

Thus complete i n t e r c a l a t i o n of the aromatic PAH between the 
bases of DNA, in the manner descr ibed above f o r f l a t molecule such 
as p r o f l a v i n e , d id not seem to be a l i k e l y mechanism fo r the c a r c i n o 
genic ac t ion of these compounds. S ince a l k y l a t i o n and i n t e r c a l a t i o n 
are not s imultaneous ly pos s ib le f o r s t e r i c reasons, and s ince one 
molecule i s wedge-shaped and the other i s f l a t t e r , i t was cons idered 
more l i k e l y that the ac t i on of these compounds arose from t h e i r 
a l k y l a t i n g a b i l i t y ; they could a l k y l a t e a base of DNA and then, 
s ince the bulky aromatic hydrophobic group would po s s i b l y not remain 
protrud ing in to the h y d r o p h i l i c environment, i t i s pos s ib le that the 
aromatic PAH group could then l i e in one of the grooves o f DNA. 
This i s i l l u s t r a t e d in F i gure 7(b) and ( c ) . 

K-region D e r i v a t i v e s 

O r i g i n a l l y i t was thought, as mentioned above, that the s i t e o f 
ac t i on o f ac t i va ted carc inogen ic PAHs was the K-region (26), and, 
indeed, those PAHs with epoxide groups in the K-region are c a r c i n o 
gen ic . However, our main i n t e r e s t i s in studying metabol i tes o f 
these PAHs that are intermediates in carc inogenes i s by the PAH, that 
i s , the d i o l epoxides. Before the notion o f the d i o l epoxide as the 
a c t i v e agent, some c r y s t a l l o g r a p h i c s tudies were done on K-region 
d e r i v a t i v e s even though i t i s now c l e a r that the metabol i tes o f 
K-region oxides do not match those formed from the parent PAH 
iji v ivo (81_). The s t r u c t u r a l s tud ies do, however, throw some l i g h t 
on s t e r i c f a c to r s that are opera t i ve f o r the bay-region d e r i v a t i v e s . 

At f i r s t three K-region oxides were s tud i ed , those of DMBA 
(XI), BP (XII) and phenanthrene, the non-carc inogenic parent (XI I I ) ; 
the s t ruc tu re s are shown in F igure 8. These epoxides, which were 
cons idered very r e a c t i v e , were found to remain s tab le both in a i r 
and in the X-ray beam when in the c r y s t a l l i n e s ta te (82, 83) . 

The epoxide r ing i s an approximately symmetrical three-membered r ing 
that l i e s almost perpend icu lar to the plane of r i n g conta in ing the 
double bond that has undergone an add i t i on reac t i on to g ive the 
epoxide, and the hydrogen atoms s t i c k out above the r i n g . In gen
era l the bond lengths in an epoxide r ing vary from 1.43 to 1.46 A 
and the interbond angles are 6 0 ° . An averaged geometry of an 
epoxide r ing i s shown in F igure 9. In F igure 10 we show, from an 

XI XII XIII 
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7-chloromethyl-12-methylbenz[a]anthracene 

7-chloromethylbenz[a]anthracene 

(b) 
base 
base .CI 

base 
base 

base-
base-
base" 

CI 

(O 
CI 

NH—base 

J-HCl 

\ — base 

Figure 7. (a) Views of 7-chloromethyl-12-methylbenz[_a]anthracene 
showing the extent of buck l ing of the molecule and o f 7 - ch lo ro -
methylbenz[a]anthracene which i s much more p lanar, (b) Diagram 
i l l u s t r a t i n g the e f f e c t of i n t e r c a l a t i o n of the chloromethyl PAH 
in DNA. (c) Diagram i l l u s t r a t i n g the e f f e c t of a l k y l a t i o n o f the 
e x t r a c y c l i c amino groups of the bases of DNA. S ince the more 
buckled molecule i s more carc inogen ic i t i s concluded that 
a l k y l a t i o n ra ther than i n t e r c a l a t i o n i s the s i g n i f i c a n t mode of 
i n t e r a c t i o n in t h i s carc inogen ic process. 
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(d) 

F igure 8. The s t ruc tu res of the K-region oxides of DMBA (XI) ( a , 
b and c ) , BP (XII) (d) and phenanthrene (XIII) ( e ) . Views ( c ) , 
(d) and (e) are d i r e c t l y onto the plane of the epoxide group. 
Note the asymmetry around the epoxide r ing and the non-p lanar i ty 
of the aromatic r ing system in the K-region oxide of DMBA. A l so 
note that the 7-methyl and the 5 ,6-oxide groups in (a) are in the 
r e l a t i v e po s i t i on s f o r a d i o l epoxide of a bay-reg ion methylated 
d i o l epoxide. Perhaps the ro l e of the bay-region methyl group in 
such d i o l epoxides i s to cause such a d i s t o r t i o n in the oxide 
r i n g and so a f f e c t i t s a c t i v i t y . 
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Bond distances 

H • /H 
n X 1.47(2) A / 

T O 

Interbond angles 

F igure 9. Averaged geometry o f an epoxide showing bond d is tances 
and interbond angles. Values in parentheses are estimated s tand
ard dev ia t i ons of these average va lues . 

ketones epoxides ethers 

Figure 10. Contours of the pos i t i on s of hydrogen bonded groups 
around ketone, epoxide and ether groups. These contours are ob
ta ined from s c a t t e r p l o t s o f such hydrogen bonding groups in many 
c r y s t a l s t r u c t u r e s . Note that hydrogen bonding groups approach 
ether oxygen atoms in a narrower range o f pos i t i ons than they do 
f o r ketones or epoxides. 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 143 

ana ly s i s o f a l l epoxides s tud ied by X-ray d i f f r a c t i o n methods to 
date, the arrangement of groups that hydrogen bond to an epoxide; 
such data are important f o r any model b u i l d i n g . An ana ly s i s o f 
these data showed that hydrogen bonding groups tended to l i e along 
the d i r e c t i o n s u sua l l y a scr ibed to the lone pa i r s o f the oxygen atom 
(84). In t h i s d i r e c t i o n a l i t y of hydrogen bonding epoxides resemble 
ketones rather than e ther s , as shown in F igure 10. 

The add i t i on o f an epoxide group to a PAH, e s p e c i a l l y i f there 
i s a nearby methyl group, increases the observed buck l ing of the 
r i ng system. For example the angle between the outer r ings o f BP i s 
increased on epox idat ion at the K-region from 1° to 5 ° , whi le the 
angle between the outer r ings o f DMBA i s , with K-region epox ida t i on , 
increased from 24° to 3 5 ° . The epoxide bond C-0 bond lengths are 
1.461(6) and 1.459(6) A f o r phenanthrene oxide (the same wi th in 
experimental e r r o r ) , and 1.481(4) and 1.478(4) A f o r BP oxide (again 
symmetr ica l ) . Those f o r the K-region oxide of DMBA are 1.445(3) and 
1.457(3) A; these are unequal, po s s i b l y f o r s t e r i c reasons s ince the 
methyl group on C7 causes s t e r i c problems in t h i s a rea , as shown in 
F igure 11(a). It would be expected that the longer C-0 bond, that 
i s , C6-0, would be c leaved more r e a d i l y than C5-0, and t h i s i s , in 
f a c t , the case (see F igure 11c). 

Further s t ruc tu ra l s tud ies on a 5 , 6 - c i s - d i o l o f DMBA (XIV) (85) 
showed the extent of the s t e r i c e f f e c t that the 7-methyl group was 
having on the K- reg ion. It was found that the 6-hydroxyl group 
(nearest the 7-methyl group) i s ax ia l whi le the 5-hydroxyl group 
( f u r t h e r from the 7-methyl group) i s e q u a t o r i a l , as shown in F igure 
11(b). If the 6-hydroxyl group were equator i a l i t would "bump" in to 
the 7-methyl group. S ince the r i ng bearing the d i o l group i s more 
f l e x i b l e than the r ing bearing the 7-methyl group the s t r a i n i s 
accommodated by d i s t o r t i o n s at C5 and C6 as shown in F igure 11(b). 

Another c i s - d i o l (XV) der ived from BP was obtained by the ac t i on of 
osmium t e t r o x i d e on 4 ,5 -d i hydroxy ben zo[ja] pyrene (86). The hydroxyl 
group at C5a i s ax ia l and that at C6 i s e q u a t o r i a l , i l l u s t r a t i n g the 
r e l a t i v e r i g i d i t y of the BP r i n g system and the f l e x i b i l i t y at C6 o f 
the r i ng bearing the d i o l groups. 

T rans -D io l s and D io l Epoxides 

Carc inogenes is by PAHs i s now be l ieved to proceed v i a " a c t i v a t i o n " 
to a d i o l epoxide that i s capable a l k y l a t i n g e i t h e r DNA (13, 87, 
88 ) , o r , p o s s i b l y , another i n fo rmat ion -conta in ing c e l l u l a r macro-
molecule (such as a nuc lear p ro te in that i n t e r a c t s with DNA). The 
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144 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

(a) 

F igure 11. (a) View of K-region oxide of DMBA. (b) View of 
5 ,6 -c i s d i o l of DMBA. (c) Some conc lus ions from the s t ruc tu ra l 
data in (a) and (b) . The p red i c t i on i s that the C-0 bond at C6 
i s broken more r e a d i l y than that at C5. 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 145 

bay-reg ion hypothesis (27) suggested that a d io l epoxide, with an 
epoxide group located adjacent to the bay - reg ion , may be the 
ac t i va ted metabol i te of a carc inogen ic PAH that i s invo lved in a l k y 
l a t i n g the " c r i t i c a l t a r g e t . " We can now ask the quest ions , how 
much d i s t o r t i o n i s there in a bay-reg ion d i o l epoxide, and can any 
informat ion on i t s chemical r e a c t i v i t y and the stereochemistry o f 
i t s i n t e r a c t i o n with DNA be obtained? 

Our understanding o f the importance of s t e r i c f a c to r s was 
i n i t i a t e d by s t ruc tu re determinat ions by X-ray d i f f r a c t i o n t e c h 
niques o f two t r a n s - d i o l s o f benz[a]anthracene (89), XVI and XVII, 
shown in F igure 12. The c r y s t a l s t ruc tures showed d i e q u a t o r i a l 

XVI XVII 

conformations f o r the hydroxyl groups in the unhindered compound 
(XVI), and d i a x i a l conformations in the hindered compound (XVII) 
with a hydroxyl group adjacent to the bay-reg ion. In XVII the 
hydroxyl group would bump in to the hydrogen atom on CI2 i f the 
conformation were d i e q u a t o r i a l ; t h i s s t e r i c e f f e c t would be f u r t h e r 
enhanced i f there were a methyl group on CI2. But what are the 
conformations i n so lu t i on ? NMR stud ies showed that in XVII the 
hydroxyl groups were s t i l l 100% d i a x i a l in s o l u t i o n , but that f o r 
the le s s hindered copound, the hydroxyl groups were 30% d i a x i a l and 
70% d i equa to r i a l in s o l u t i o n (89). Thus, s i m i l a r conc lu s i ons , de
r i ved from a cons idera t ion of s t e r i c i n t e r a c t i o n s between non-bonded 
hydrogen atoms, apply to both c r y s t a l s t ruc tu re ( i . e . , s o l i d s ta te) 
and s o l u t i o n data. 

While the t rans d i o l s j u s t descr ibed were racemates i t has been 
pos s ib le to use X-ray c r y s t a l l o g r a p h i c methods to determine the 
absolute con f i gu ra t i on o f the isomer of BP d i o l epoxide that has the 
highest a c t i v i t y (90). Th is i s the method of cho ice f o r the 
determinat ion of absolute c o n f i g u r a t i o n , and can be done using the 
anomalous s c a t t e r i n g e f f e c t o f a f a i r l y heavy atom ( in t h i s case a 
bromoderivat ive was s tud ied ) . Th i s method of anomalous s c a t t e r i n g 
ana l y s i s was o r i g i n a l l y used to e s t a b l i s h the absolute con f i gu ra t i on 
o f t a r t a r i c ac id (91) and of many other c h i r a l molecules. The 
determinat ion of the X-ray molecular s t ruc tu re and the absolute con
f i g u r a t i o n determinat ion o f (+)-trans-8-bromo-7-menthyloxyacetoxy-
7,8,9,10-tetrahydrobenzo[a]pyrene showed that i t has the (7S,,8S) 
con f i gu ra t i on (90). This i s shown in F igure 13; subsequent chemical 
reac t i ons to g ive an epoxide e s t a b l i s h that (+)-benzo[a]pyrene 
7,8-ox ide has the (7R_,8S) c o n f i g u r a t i o n . This in format ion then 
could be used, with chemical c o r r e l a t i o n s , to e s t a b l i s h the absolute 
con f i gu ra t i on o f the most a c t i v e d i o l epoxide of BP (XVII I ). 
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146 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

1,2-d io l 

F igure 12. The s t ruc tu res of two trans d i o l s o f benz[a]anthracene 
showing the d i e q u a t o r i a l conformation of the unhindered 10,11-d io l 
and the d i a x i a l conformation of the hindered 1 , 2 - d i o l . These 
trends p e r s i s t i n s o l u t i on where the 10,11-d io l ex i s t s as an 
e q u i l i b r i u m of 30% ax ia l and 70% equator ia l conformers (that i s , 
the r i ng i s f l e x i b l e ) ; on the other hand the 1,2-d io l i s 100% 
d i a x i a l even in s o l u t i o n . I f the 1-hydroxyl group were equator ia l 
i t would "bump" in to the hydrogen atom on CI2. 

Continued on next page. 
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10,11-diol 

F igure 12. Cont inued. 

American Chemical 
Society Library 

1155 loth St. N. W. 
Washington. D. C. 20036 
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(0-7R.8S 
the more active isomer 
(0-BP-7,8-oxide 

F igure 13. Absolute con f i gu ra t i on of benzo[a]pyrene metabol i tes 
determined by anomalous d i s pe r s i on (X-ray d i f f r a c t i o n ) s tud ies of 
a bromoder ivat ive. 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 149 

There are four stereoisomers of the d i o l epoxide o f BP (XVIII -
XXI). Two (XVIII and XIX) have the epoxide oxygen atom below the 
plane of BP and the other two (XX and XXI) have the oxygen above 
t h i s p lane. In add i t i on the 7-hydroxyl group may be on the same 
(syn) s ide (XIX and XXI) as the epoxide oxygen atom or on the oppo
s i t e s ide (ant i ) (XVIII and XX). A lso the trans hydroxyl groups may 
be d i a x i a l or d i e q u a t o r i a l , and t h i s may be demonstrated by c r y s t a l -
lograph ic and o ther , such as NMR, s tud ies (92, 93). 

OH OH 

(+>anti (+)-syn 
XVIII XIX 

(->anti (->syn 

XX XXI 

The s t ruc tu re o f the a n t i - d i o l epoxide of BP (XVIII) was 
determined by Neid le and co-workers (94); the s t ruc tu re i s shown in 
Figure 14, together with the s t ruc tu re of the d i o l (before epoxide 
formation) and the t e t r o l (opening o f the epoxide r i n g ) . The two 
hydroxyl groups in the d i o l epoxide are d i e q u a t o r i a l (as shown to be 
the case in s o l u t i o n by NMR s tud ies ) and the epoxide r ing l i e s in a 
plane near ly perpend icu lar to the PAH system. Other analogous 
epoxides with one or two hydroxyl groups in the same r ing (XXII, 
XXIII) have s i m i l a r conformations (95, 96) (F igure 15). The f i r s t 
s t r u c t u r e of a syn-compound was done by X-ray d i f f r a c t i o n on a 
naphthalene d e r i v a t i v e with a methyl group in place o f one of the 
hydroxyl group (XXIV) (97). Here the formation of an in terna l 
hydrogen bond, as pred ic ted by Hulbert (98) , i s observed. However, 
t h i s hydrogen bond i s not the cause of the presence of ax ia l groups, 
but ra ther the r e s u l t , s ince i f the 7-hydroxy group i s replaced by a 
methoxy group, as i n a dimethoxy epoxide (XXV), the conformation of 
the hydroxyl groups i s a l so d i a x i a l (99). These s t ruc tures are 
i l l u s t r a t e d in F igure 16. In the ( ± ) - a n t i - t e t r a h y d r o b e n z o [ a ] p y r e n e 
d i o l epoxide the r ing bearing the epoxide and d io l has a C8 h a l f -
c h a i r conformation (with C8 as the atom most out of the p lane) . In 
the syn-hydroxy epoxides (XXIV and XXV) the r ing has a s i m i l a r con
format ion. A syn -d io l epoxide (XIX) s tud ied by Neid le (100), i l l u s 
t r a t e d in F igure 17, was shown by X-ray studies to have equator i a l 
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150 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

F igure 14. (a,b) Views of the s t ruc tu re o f an a n t i - d i o l epoxide 
o f BP (94). Note the d i equa to r i a l conformation of the hydroxyl 
groups, (c) A d ihydrod io l of BP and (d) a t e t r o l o f BP, a l l 
determined by Neid le and co-workers. 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 

Figure 16. S t ructures o f analogs o f the syn -d io l epoxide, 
(a) G lu sker , Zachar i a s , Whalen and co-workers (97) , (b) K l e i n 
and Stevens (99). 
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H 0 X 

equatorial 

0 

OH OH 
equatorial equatorial 

XXII XXIII 

0 o 

C H 3 0 
axial 

OH O C H 3 

axial axial 

XXIV XXV 

hydroxyl groups, even though potent ia l energy c a l c u l a t i o n s had 
ind i ca ted that t h i s might be a higher energy form. 

The epoxides in F igures 14 to 16 show two general conformat ions, 
of which the more common i s shown in F igure 18 (a ) . S ince the res t 
o f the PAH i s p l anar , or near ly so, the f i r s t bonds in the saturated 
r i ng bearing the d i o l epoxide must a l so l i e approximately in that 
p lane. The epoxide w i l l a l so l i e near ly in the p lane, but with C9 
(or i t s equ iva lent ) s l i g h t l y above or below t h i s p lane. However, 
only the carbon atom equiva lent to C8 in BP d i o l epoxide i s pushed 
f a r out of the plane of the PAH (see F i gure 18 (b ) ) . As d i scussed 
by Whalen and co-workers (101, 102), in the a n t i - and syn -d io l 
epoxides of BP, the major d i f f e r e n c e s in the conformations of d i o l 
epoxides i nvo lve o r i e n t a t i o n of the epoxide group with respect to 
the p lanar PAH part of the molecule; they used the r e l a t i v e o r i e n 
t a t i o n o f the benzy l i c C-0 bond to the i r - o r b i t a l s o f the aromatic 
r ings (101) as a measure ( r e f e r r e d to as " a l i gned " or "nona l i gned" ) . 
These i r - o r b i t a l s l i e perpend icu lar to the plane of the PAH. X-ray 
data g ive a more d e t a i l e d measure of t h i s f o r the d i o l epoxides o f 
BP, as shown in Table I. In the syn-isomer ( "a l i gned" ) the 0-C10 
bond i s near ly perpend icu lar to the plane of the PAH ( t o r s i on angle 
9 8 ° ) ; in the an t i - i s omer "nonal igned" i t i s at about 40° to t h i s 
plane ( t o r s i o n angle 49°) (see F igure 18 ( c ) ) . 

These r e s u l t s can now be used to cons ider what happens when a 
d i o l epoxide at tacks DNA. The epoxide group w i l l open and t rans 
add i t i on w i l l occur. The product (XXVI) w i l l have the DNA s u b s t i 
tuted adjacent to the bay region ( p a r t i c u l a r l y i f i t i s hindered so 
that the epoxide group i s made more reac t i ve ) and w i l l l i e ax ia l to 
the PAH r ing system. Th is means that the plane of the PAH and the 
a l ky l a ted base o f DNA must have a perpendicu lar r e l a t i o n s h i p to each 
other as i nd i ca ted in F igure 19. In t h i s F igure those s i t e s in 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 

F igure 17. Views of the s t ruc tu re of a syn -d io l epoxide o f BP 
determined by Neid le and co-workers (100). 

(a) 

anti-isomer syn-isomer syn-isomer 

Figure 18. Conformations of d i o l epoxides of BP. (a) Diagrams 
o f the a n t i - and syn-isomers of a d i o l epoxide showing the p o s s i 
b i l i t y f o r i n te rna l hydrogen-bonding in the syn -d io l epoxide. 
(b) Conformations of the r ings in a por t ion of the a n t i - and 
syn -d io l epoxides of BP showing the d i f f e r e n t r i n g conformations. 
(c) R e l a t i v e o r i e n t a t i o n of the epoxide group and the PAH system 
in d i o l epoxides of BP. „ 

Continued on next page. 
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F igure 18. Continued. 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 155 

Table I. Tors ion Angles in D io l Epoxides of BP 

Tor s i on Angle Anti-BPDE Syn-BPDE 

0-9-8-7 35 -111 
0-10-10A-6A -49* 98** 
8-9-10-10A 2 -1 
9-10-10A-6A 19 29 
10-10A-6A-7 -7 -12 
10A-6A-7-8 -25 -33 
6A-7-8-9 44 59 
7-8-9-10 -34 -45 
8-9-10-10A 2 1 

* " a l i g n e d " 
* * "nona l i gned " 

T 10A 

aromatic r ing 

dihydroxy group 

epoxide 

Source: Adapted from Refs. 93 and 99. 
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156 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

F igure 19. P e r p e n d i c u l a r i t y of the PAH and the base. 
Conformations of t r a n s - d i o l s . The s t e r i c hindrance in a bay 
reg ion w i l l cause hydroxyl or other subs t i tuents (such as DNA) to 
l i e in an ax ia l o r i e n t a t i o n . S i te s where t h i s occurs are marked 
" a " . Those s i t e s where there i s no s t e r i c hindrance are marked 
"ae " ( ax ia l or e q u a t o r i a l ) . The conc lus ion i s that when a d i o l 
epoxide a l ky l a te s DNA the base on DNA w i l l be bonded a x i a l l y to 
the PAH group. 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 157 

carc inogen ic molecules that are hindered are i nd i ca ted by " a " 
( a x i a l ) , whi le those that are unhindered are designated "ae" ( e i t h e r 
conformer p o s s i b l e ) , 

DNA 
I 

OH 
XXVI 

In te rac t ions o f A c t i v a t e d Carcinogens with Po lypept ides 

Since our i n t e r e s t i s in the stereochemical r e su l t of a l k y l a t i o n o f 
a b i o l o g i c a l macromolecule, we have s tud ied models o f both prote ins 
and nuc l e i c ac id s . In prote ins there are several ways in which the 
polypept ide chain can f o l d ; o f these the most common organized 
f o l d i n g i s the a l p h a - h e l i x (103) and the beta -p leated sheet (104). 
Other parts of the po lypept ide may f o l d in a random manner. The 
stereochemical e f f e c t of in t roduc ing a l a rge hydrophobic group into 
a p ro te in has been demonstrated (105) by the determinat ions of the 
c r y s t a l s t ruc tures o f the t r i p e p t i d e s a r c o s y l g l y c y l g l y c i n e , 
CH3NH2CH2C0NHCH2C0NHCH2C02 (XXVII), and i t s a l ky l a ted product 
(XXVIII). The aromatic a l k y l a t i n g agent (XXIX) c r y s t a l l i z e d with 

XXVIII XXIX 

i t s aromatic r i ng systems s l i g h t l y over lapp ing . The t r i p e p t i d e 
(XXVII) c r y s t a l l i z e d with an i n t r i c a t e three-d imens ional network o f 
hydrogen bonds, but no water o f c r y s t a l l i z a t i o n . The a l ky l a ted t r i 
pept ide (XXIX), however, c r y s t a l l i z e d in a " b i l a y e r " type s t ruc tu re 
as shown in F igure 20. The aromatic groups packed in much the same 
way that they d id in the simple a l k y l a t i n g agent (XXIX), and the 
peptide groups formed sheets held together by hydrogen bonds. Hy
drogen bonding between these sheets o f peptides invo lved add i t iona l 
water of c r y s t a l l i z a t i o n . While the simple t r i p e p t i d e had t o r s i o n 
angles near those expected f o r an a l p h a - h e l i x , on a l k y l a t i o n the 
t o r s i o n angles changed to l i e more near ly those expected f o r a beta -
pleated sheet. Thus a s imple model was provided o f the pos s ib l y 
loss of a l p h a - h e l i c i t y on a l k y l a t i o n by a bulky hydrophobic group. 
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It might a l so be expected that the aromatic port ion o f the PAH 
a l k y l a t i n g agent w i l l tend to l i e in the i n t e r i o r of the p r o t e i n , as 
f a r as pos s ib le from the h y d r o p h i l i c sur face and i t s aqueous env i ron 
ment. Thus the re su l t of a l k y l a t i o n can be extens ive and can lead 
to a loss o f any f u n c t i o n , such as c a t a l y t i c a c t i v i t y ( i f the pro
t e i n i s an enzyme) and/or loss of a b i l i t y to recognize an attachment 
s i t e or another macromolecule. 

Another i n t e r e s t i n g point a r i s i n g from t h i s s t ruc tu re 
determinat ion was that the peptide became d i s t o r t e d on a l k y l a t i o n ; 
the peptide group f a r thes t removed from the s i t e of a l k y l a t i o n had 
a non-planar pept ide group ( t o r s i o n angle of 159° instead of the 
expected value of 180°) . Th i s may have been caused by the c r y s t a l 
pack ing, s ince i f that pept ide group were planar a carboxyl group 
would pro ject in to an area of the c r y s t a l occupied by the aromatic 
groups. Presumably l e s s energy was l o s t in d i s t o r t i n g the pept ide 
group than in r e v i s i n g the packing of the aromatic groups. A 
s i m i l a r s i t u a t i o n could be envis ioned to occur in b i o l o g i c a l systems 
where there are extens ive hydrophobic areas that might sequester a 
PAH group; such a d i s t o r t i o n might a l so render the pept ide group 
more l i a b l e to attack by other agents. However, u n t i l the nature of 
the re levant a l ky l a ted pro te in i s known, i t i s not pos s ib le to 
deduce the d i r e c t e f f e c t s of a l k y l a t i o n by an ac t i v a ted carc inogen. 

I n te rac t ions o f A c t i v a t e d Carcinogens with Nuc leot ides 

In a s i m i l a r way the e f f e c t of a l k y l a t i o n of DNA by an a c t i v a ted PAH 
may be drastiC., as the hydrophobic aromatic group of the a l k y l a t i n g 
agent t r i e s to avoid the aqueous environment of the n u c l e i c a c i d . 
The exact nature o f the l e s i o n in DNA i s unknown, and so i s the type 
of DNA that i s a t tacked. Recent X-ray c r y s t a l l o g r a p h i c s t ud i e s , as 
wel l as other physicochemical s t u d i e s , have made i t c l e a r that DNA 
i s not simply a po l ynuc l eo t i de , fo lded as Watson and C r i ck (106) 
proposed. There are three main conformational types of DNA; they 
each keep the hydrogen-bonded bases in the center of the h e l i x , but 
may t i l t them by a " p r o p e l l o r t w i s t , " may s l i d e them from the center 
of the h e l i x in the plane of the base p a i r s , and may vary the amount 
of r o t a t i on from one base pa i r to the next up the h e l i c a l axes. 
These va r i a t i on s are l i s t e d in Table II and represent data from the 
X-ray s t ruc tu re s of var ious po l ynuc leo t i de s . The three main con
formational types are B-DNA (which i s l i k e Watson and C r i c k ' s r i g h t -
handed h e l i c a l model and was demonstrated in the s t ruc tu re of a 
dodecamer CGCGAATTCGCG, 107, 108, F igure 21 ( a ) ) , A-DNA (another 
r ight-handed h e l i c a l form of DNA that has some of the cha rac te r 
i s t i c s of RNA, 109, 110, F igure 21 (b)) and Z-DNA (a conformation 
found f o r n u c l e i c ac ids c o n s i s t i n g of a l t e r n a t i n g pur ine -pyr im id ine 
sequences and at high s a l t concent ra t i on s , with a le f t -handed 
h e l i c a l conformat ion, 111, 112, F igure 21 ( c ) ) . 

Other important conformational parameters of n u c l e i c ac ids are 
the sugar pucker and the conformation about the g l y c o s i d i c l i nkage . 
The puckering of the five-membered sugar r ing in r ibose or deoxy-
r ibose d e r i v a t i v e s , i s u sua l l y descr ibed with respect to the plane 
through the four most p lanar atoms and then de f i n i n g how the f i f t h 
atom (one of 0 1 ' , C I 1 , C 2 ' , C3' or C4 ' ) l i e s with respect to t h i s 
p lane; i f t h i s f i f t h atom l i e s on the same s ide of the plane as does 
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160 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Table II. Three Major Conformations of DNA 

B-DNA A-DNA Z-DNA 

Handedness of he l i x Right Right Le f t 

Base pa i r s per turn 10 11 12 

Ax ia l r i s e per nuc leo t ide 
res idue 3.37 Jt 2.56 K 3.7 & 

Degrees of winding per 36° 32 .7° - 3 0 ° 

van der Waals diameter 19.3 K 23 K 18.2 X 

Sugar pucker C2' -endo C3' -endo C3' -endo or 
C I ' - exo 

G l y c o s i d i c bond ant i ant i ant i a l t e r 
nat ing with 

syn 

Major groove deep and 
wide 

very deep shal low 

Minor groove shal1ower very shal low very deep 

Note: See Refs. 113 and 114 f o r more d e t a i l s . 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 161 

C 5 ' , then the atom i s sa id to be endo, and i f i t i s on the oppos i te 
s i de i t i s def ined as exo. The conformation about the sugar-base 
l inkage i s def ined as ant i when the t o r s i o n angle ( c h i , 0 4 ' - C T -
N T - C 2 f o r pyr imid ines and 04'-CI '-N9-C4 fo r purines) l i e s near 180° 
and syn when i t l i e s near 0 ° . These s i t u a t i o n s are i l l u s t r a t e d in 
F igure 22. The g l y c o s i d i c l inkage are a l l ant i in B-DNA and A-DNA, 
but i n Z-DNA the guanine bases are in the syn conformat ion. 

In F igure 23 the s i t e s on DNA a c c e s s i b l e to an a l k y l a t i n g agent 
are shown. In the major groove of B-DNA 06 and N7 of guanine, N4 of 
c y t o s i n e , N6 and N7 of adenine and 04 of thymine are a v a i l a b l e f o r 
a l k y l a t i o n . In the minor groove of B-DNA N2 of guanine, 02 o f c y to 
s ine and of thymine and N3 of adenine are a v a i l a b l e f o r a l k y l a t i o n . 
The amino groups N2 on guanine and N6 on adenine are the commonest 
s i t e s o f i n t e r a c t i o n with halomethyl PAH a l k y l a t i n g agents (75, 76); 
t h i s impl ies attack of guanine in the minor groove and adenine in 
the major groove of B-DNA. However the groove s i z e var ies with 
other conformers of nuc le i c ac ids (113, 114) as shown in Table II. 
In B-DNA the major groove i s deep and wide and the minor groove i s 
narrower and shal low; i n A-DNA the major groove i s deeper; in Z-DNA 
only the minor groove remains. So there are d i f f e r e n t p o s s i b l i t i e s 
f o r accommodating a bulky PAH group f o r each conformational type of 
DNA. 

Very i n t e r e s t i n g informat ion re levant to the stereochemical 
r e su l t s of a l k y l a t i o n of DNA comes from stud ies o f nuc leos ides a l ky 
l a ted by ac t i v a ted PAHs. E ight such s t ruc tures have been reported 
(115-118). Three are products o f the i n t e r a c t i o n of chloromethyl 
PAHs with N6 of adenosine XXX-XXXII, two with deoxyadenosine 
(XXXIII, XXXIV), two are pa ra - subs t i tu ted benzyl d e r i v a t i v e s o f 
guanosine, a l k y l a t e d at 0-6 (XXXV, XXXVI) (117) and one i s an ace
t y l ami nof l uorene d e r i v a t i v e of guanosine, a l ky l a ted at C8 (XXXVII) (Hi). 

The general scheme f o r preparat ion of the a l ky l a ted adenosine 
and deoxyadenosine invo lved the i n t e r a c t i o n of the appropr ia te amino-
hydrocarbon with a 6 -ch lo ropur ine r i b o s i d e (116). This al lowed fo r 
the most s p e c i f i c i n t e r a c t i o n without too many byproducts. The 
molecular s t ruc tures determined from d i f f r a c t i o n s tud ies are shown 
in F igures 24 and 25. In F igure 24 the shape of an a l k y l a t e d 
nuc leos ide (115) i s compared with that o f the una lky lated form, 

XXX XXXI XXXII 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 

Figure 21. Continued. 

C3 ' -endo 

5- 2- " 

4' 3' V 

5' 3 ' N 

4' 2' r 

C2 ' -endo 

C3 ' -endo, C2 '-exo 

anti syn 

F igure 22. (a) Ribose sugar conformations i l l u s t r a t i n g the 
meanings of C3 ' -endo, C2 ' -endo and C2'-_endo, C3 ' -exo . 
(b) G l y c o s i d i c bond conformations of r i bo s i de s showing a n t i -
and syn-conformati ons. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
7

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



164 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

major groove 

\ 

— N 2 

\ 
minor groove 

major groove 

minor groove 

Figure 23. S i te s on DNA a c c e s s i b l e to a l k y l a t i n g agents. Oxygen 
and n i t rogen atoms in the major and minor grooves are i n d i c a t e d . 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 

Figure 24. Comparison of the s t ruc tures o f (a) deoxyadenosine 
and (b) an a l ky l a ted d e r i v a t i v e . Note the syn conformation o f 
the product of a l k y l a t i o n . 
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(a) 

POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

F igure 25. Shapes of f i v e a l ky l a ted d e r i v a t i v e s o f adenosine 
and deoxyadenosine. (a) Adenosine d e r i v a t i v e of DMBA (XXXII). 
(b) Deoxyadenosine d e r i v a t i v e of DMBA (XXXIV). No hydrogen 
atom pos i t i on s f o r t h i s diagram, (c) Adenosine d e r i v a t i v e o f 
dimethyl anthracene (XXXI). Note the d i f f e r e n t conformat ion. 
(d) Deoxyadenosine d e r i v a t i v e of dimethyl anthracene (XXXIII). 
(e) Adenosine d e r i v a t i v e of methyl anthracene (XXX). 

Continued on next page. 
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F igure 25. Continued. 

Continued on next page. 
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F igure 25. Continued. 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 169 

XXXVII 

deoxyadenosine (119). Note that in the a l ky l a ted nuc leos ide the 
adenine and PAH res idues l i e near ly perpendicu lar to one another. 
It can be seen that a l k y l a t i o n has changed the sugar-base conforma
t i o n (d i s tant from the s i t e o f a l k y l a t i o n ) from ant i (as in deoxy
adenosine and in B-DNA) to s,y_n (as in a l ky l a ted deoxyadenosine and 
i n some bases in Z-DNA). The sugar puckers are e i t h e r C2' -endo or 
C3 ' -endo. A second s t ruc tu ra l feature o f great i n t e r e s t in these 
c r y s t a l s i s that the more planar anthracene port ion of the PAH i s 
stacked between adenine res idues of other molecules throughout the 
c r y s t a l . The h igh ly buckled region of the PAH does not take part 
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170 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

in t h i s s t a ck ing , but i s pos i t i oned out o f the way, as shown in 
F igure 26. 

Th i s general scheme of packing i s found in a l l f i v e adenine 
d e r i v a t i v e s s tudied by d i f f r a c t i o n methods; the PAH and adenine are 
i n t e r l e a v e d , but the hydrogen bonding arrangements in the c r y s t a l s 
of d i f f e r e n t d e r i v a t i v e s (XXX-XXXIV) are d i f f e r e n t . Th i s led us to 
suppose that t h i s s tack ing i s a s i g n i f i c a n t i n t e r a c t i o n . I n te re s t 
i ng l y in four of the f i v e compounds there i s the in t ramo lecu la r 
hydrogen bond between the 5 ' -hydroxy l group and adenine, but in the 
f i f t h compound t h i s hydrogen bond i s not found in the c r y s t a l s tud
i e d , even though the conformation i s s t i l l syn. Th i s i nd i ca te s that 
the formation of t h i s i n te rna l hydrogen bond i s not necessary f o r 
the adoption by the molecule of the syn-conformat ion. F i n a l l y there 
seems to be a weak (but pos s ib l y s i g n i f i c a n t ) i n t e r a c t i o n between 
the r i bo se r ing oxygen atom of one molecule and the carbon atom of a 
12-methyl group in the 12-methyl benz[a]anthracenyl d e r i v a t i v e ; such 
i n t e r a c t i o n s have been noted in other c r y s t a l s t ruc tures (84, 108, 
111, 120). Such an i n t e r a c t i o n , i l l u s t r a t e d in F igure 27, may be 
important i n a id ing in the p o s i t i o n i n g o f the PAH por t ion of the 
adduct wi th in DNA. 

The two O^-a lky la ted guanosine d e r i v a t i v e s (117), shown in 
F igure 28, do not demonstrate a pe rpend i cu l a r i t y of hydrocarbon and 
base, presumably because the hydrocarbon i s much sma l ler . However, 
again the nuc leos ide has the syn-conformat ion. This perpendicu
l a r i t y , however, i s found f o r the acetylamino f l u o r i n e d e r i v a t i v e . 

Computer Mode l l ing of DNA-Activated Carcinogen In te rac t ions 

The computer has provided an e x c e l l e n t medium f o r model l ing the 
i n t e r a c t i o n s o f such ac t i va ted PAHs with port ions of DNA. As men
t ioned e a r l i e r , i t i s genera l l y be l ieved that the e x t r a c y c l i c base 
amino groups, N2 of guanine, and more r a r e l y N6 of adenine, are 
attacked by a c t i v a t e d PAHs. There are two general c l a s se s of models 
f o r DNA a l ky l a ted by a d i o l epoxide. In the f i r s t the PAH l i e s i n 
one o f the grooves o f DNA but on the perimeter of the h e l i x (121-
128); t h i s i s r e f e r r e d to as "externa l b i n d i n g . " The py rene - l i ke 
chromophore o f benzo[a]pyrene d i o l epoxide l i e s at about 35° to the 
DNA h e l i x ax i s . Th i s i s i n l i n e with model b u i l d i n g experiments by 
us i n which we "docked" the a l ky l a ted deoxyadenosine compounds s tud 
ied (XXX-XXIV) onto the s^n-base (guanine) i n Z-DNA. We used Z-DNA 
because we had found a syn-conformation f o r the a l k y l a t e d adenosines 
and deoxyadenosines and Z-DNA conta ins guanine res idues in the syn-
conformation. It meant that an adenine group was "docked" onto a 
guanine re s i due ; the r e s u l t i s that major groove a l k y l a t i o n (on 06 
of guanine or N6 of adenine) i s model led. The r e s u l t i s shown in 
F igure 29. A r o t a t i o n of 180° about the C6-N6 bond (which i s f r e e 
to rotate) to the PAH placed the PAH on the surface o f the he l i x and 
d id not d i s rup t normal interbase hydrogen bonding w i th in the h e l i x 
in any way. Some other r o t a t i o n angles about t h i s bond led to 
unacceptable s t e r i c i n t e r a c t i o n s . The i n t e r e s t i n g feature o f the 
rotated model i s that the curvature o f the dimethylbenz[ja]anthracene 
moiety conforms to some extent to the shape of the h e l i x . Attempts 
to dock the a l k y l a t e d bases in to B-DNA led to more s t e r i c problems. 
Such model bu i l d i n g by others (129-131) has led to the suggestion 
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7. GLUSKER X-ray Analyses of Polycyclic Hydrocarbons 171 

F igure 26. Stacking of PAHs and bases in a l k y l a t e d adenosine and 
deoxyadenosine d e r i v a t i v e s , (a) The methylanthracenyl d e r i v a t i v e 
of adenosine, (b) The DMBA d e r i v a t i v e o f deoxyadenosine viewed 
onto the planes of adenine groups, (c) S ide view of t h i s , 
(d) Diagram of over lap of a DMBA d e r i v a t i v e in the adenosine and 
deoxyadenosine adducts Ar denotes the aromatic r ing and pu 
i nd i c a te s pur ine. Areas o f over lap are black. 

Continued on next page. 
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172 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Figure 27. I n te rac t ion of a r ibose oxygen atom with the methyl 
group in another molecule of an a l ky l a ted nuc leos ide . Two short 
l i n e s i n d i c a t e the i n t e r a c t i o n . 
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Figure 28. The s t ruc tu re of an 06 a l k y l a t e d d e r i v a t i v e o f 
guanosine. 
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174 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

(a) 

F igure 29. Docking o f an a l ky l a ted base in to Z-DNA and t o r s i on 
of the PAH group, (a , b) Two views of the a l ky l a ted base (as 
determined by X-ray d i f f r a c t i o n techniques) docked onto the syn-
guanine group in Z-DNA. (C., d) Two views of the same model l ing 
experiment with a t o r s i ona l r o t a t i o n of 180 about C6-N6. Note 
how the curvature of the PAH group conforms to that of the h e l i x . 
Th i s i s a model of the carcinogen l y i n g in a groove of DNA. 

Continued on next page. 
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Figure 29. Continued. 
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that the benzo[a]pyrene adduct formation could promote a l oca l 
B-to-A DNA t r a n s i t i o n , s ince A-DNA has a wider but les s deep minor 
groove into which the aromatic por t ion could f i t . 

An a l t e r n a t i v e model, in which the PAH i s i n t e r n a l l y bound 
( " q u a s i - i n t e r c a l a t e d " ) , i s shown in F igure 30. Presumably some 
d i s t o r t i o n must occur i f a PAH i s both c o v a l e n t l y bound to a base 
and l i e s between that base and i t s neighboring base up the DNA h e l i x 
ax i s . This i s i l l u s t r a t e d in F igure 31 which shows f i r s t a d i o l 
epoxide docked onto B-DNA and then the e f f e c t of t r y i n g to br ing the 
aromatic group between the bases; because i t i s cova len t l y attached 
some d i s t o r t i o n o f bases from planes approximately perpend icu lar to 
the h e l i x ax is must occur. One attempt to reso lve t h i s problem led 
to the suggestion that the DNA becomes kinked at t h i s point (138). 
However there i s a l so phys ica l evidence fo r t h i s kind of b inding 
(132-138). Our X-ray r e s u l t s on the i n t e r l e a v i n g o f adenine and PAH 
a l so are in l i n e with t h i s model, and suggest that there are forces 
that favor at l ea s t p a r t i a l i n t e r c a l a t i o n . 

To date we do not have enough informat ion to be able to t e l l 
what the l e s i o n in DNA would be on a l k y l a t i o n in the appropr ia te 
p o s i t i o n of DNA (that i s , the one that i s c a r c i n o g e n i c a l l y a c t i v e ) . 
Attempts to overcome t h i s are in progress. A syn thet i c heptameric 
duplex d(GTCA*GAC):d(GTCTGAC) prepared by Stezowski and co l leagues 
(139) has an adenosine group (A*) in the center of one strand 
a l ky l a ted by a PAH group. Attempts are in progress to make a minor 
groove adduct. The report o f the c r y s t a l s t ruc tu re o f a synthet i c 
o l i g o n u c l e o t i d e duplex with a T:T mismatch (140) shows no loss of 
h e l i c i t y but modi f ied (wobble) ba se -pa i r i n g . 

So we are s t i l l l e f t with two models of the s tereochemistry o f 
DNA a l ky l a ted by a PAH d i o l epoxide; the PAH e i t h e r l i e s in a groove 
of DNA or e l s e t r i e s to i n t e r c a l a t e between the bass of DNA. S ince 
i t i s cova l en t l y bonded to a base i t must cause cons iderab le 
d i s t o r t i o n i f i t t r i e s to l i e between the bases. However, the 
s tack ing observed in the c r y s t a l l i n e s ta te seems to argue f o r 
p a r t i a l i n t e r c a l a t i o n . We w i l l need c r y s t a l s t ruc tures of at l ea s t 
one appropr i a te l y a l k y l a t e d po lynuc leot ide before t h i s problem can 
be re so l ved . And when t h i s i s done i t w i l l be j u s t the beginning o f 
the answer to the problem of a l k y l a t i o n of DNA by ac t i va ted c a r c i n o 
gens. The subsequent quest ion i s , what i s the l e s i o n in DNA that i s 
important in ca rc inogenes i s , and then what does i t cause to happen 
so that tumor formation i s i n i t i a t e d ? 
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(a) 

(b) 
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1 sugar 
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Figure 30. Schematic diagrams of over lap of r ing systems in 
(a) the a l k y l a t e d nuc leos ide descr ibed here, (b) daunomycin i n t e r 
ca l a ted in a hexanucleot ide (143), (c) p r o f l a v i n e i n t e r c a l a t e d in 
a d inuc leos ide phosphate (70)TTd) a model of a d i o l epoxide of 
DMBA semi - i n te r ca l a ted in a manner analogous to that in (a) so 
that N2 of guanine may be a l k y l a t e d , (e) a model of a d i o l 
epoxide of DMBA s e m i - i n t e r c a l a t e d in a manner analogous to that 
i n (c) so that 06 of guanine may be a l k y l a t e d . 

Continued on next page. 
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sugar 

Figure 30. Continued. 
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(a) 

F igure 31. Schematic diagrams of a l k y l a t i o n of DNA by a d i o l 
epoxide by (a) s em i - i n te r ca l a ted (viewed from above), (b) 
s e m i - i n t e r c a l a t e d (viewed from the s i d e ) . The guanine in the 
lower r i g h t of the diagram w i l l be a l ky l a ted when the epoxide 
r ing opens, (c) a l k y l a t i o n of a guanine with the PAH l y i n g i n a 
groove of DNA, and (d) the problem that r e su l t s when a covalent 
bond i s formed. The base and PAH group cannot both l i e in planes 
perpend icu lar to the h e l i x a x i s . The re fo re , i f the PAH i s 
s e m i - i n t e r c a l a t e d , as shown, the base must d i s t o r t out of the 
plane o f the base p a i r with subsequent d i s t o r t i o n s along the 
h e l i x . Var ious models have suggested kinks or conformational 
changes to account f o r t h i s . One way in which t h i s might occur 
i s i l l u s t r a t e d in t h i s schematic diagram. The conformation that 
a c t u a l l y r e s u l t s in r e a l i t y on such a l k y l a t i o n i s s t i l l unknown. 

Continued on next page. 
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8 
Polycyclic Aromatic Hydrocarbon-DNA Adducts 
Formation, Detection, and Characterization 

ALAN M. JEFFREY 

Cancer Center, Institute of Cancer Research and Department of Pharmacology, Columbia 
University, New York, NY 10032 

This chapter reviews the role of the covalent binding of 
metabolites of polycyclic aromatic hydrocarbons to DNA. 
A variety of methods for the measurement of such binding 
are discussed, including the use of radiolabeling, and 
immunological and fluorescence techniques. The structures 
of some of the DNA adducts which have been characterized 
to date are also described. 

Chemical carcinogenesis by polycyclic aromatic hydrocarbons (PAHs) i s 
a multi-step process in which each of the steps must occur i f a 
neoplasm i s to develop. Thus, exposure to PAHs alone i s not 
necessarily sufficient for the induction of a tumor. Many of these 
factors are summarized below and are discussed in various 
chapters of this volume. Considered here w i l l be those factors 
influencing the reactions of the metabolically activated forms of the 
PAHs with DNA and the ways in which adducts may be detected and 
characterized. 

Chemical Carcinogenesis: A Multistage Process 
1) Exposure; concentration and time 
2) Adsorption: presence of carcinogens/cocarcinogens 
3) Metabolism: activation/inactivation 
4) Reactivity/stability of metabolites: chemical and metabolic 
5) Potential of reaction with DNA: steric and electronic/ 

specific target sequences 
6) Stability of DNA adducts: chemical and effects of repair 

enzymes 
7) Potential of adduct to i n i t i a t e c e l l 
8) Presence of tumor promoters 
9) Cell escapes normal control of proliferation 

10) Cancer/metastasis 

Direct evidence for the importance of DNA adduct formation being one 

0097-6156/85/0283-0187$06.25/0 
© 1985 American Chemical Society 
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188 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

of the c r i t i c a l events i n chemical carcinogenesis has been d i f f i c u l t 
to o b t a i n , although there i s considerable data i m p l i c a t i n g the 
probable importance o f such r e a c t i o n s . Good c o r r e l a t i o n s have been 
obtained between binding of PAHs to DNA, but not to p r o t e i n or RNA, 
i n mouse s k i n and t h e i r p o t e n t i a l as chemical carcinogens (1). Such 
simple r e l a t i o n s h i p s do not always hold and l a t e r s t u d i e s (2,3) found 
some carcinogens, such as dibenz[a,c]anthracene, bound b e t t e r than 
d i d some stronger carcinogens such as dibenz[a,h]anthracene. One 
problem w i t h t h i s type of approach i s the p o s s i b i l i t y o f r e l e a s e of 
t r i t i u m from the l a b e l e d hydrocarbons used which can then become 
incorporated i n t o the DNA i t s e l f . For these reasons, a b e t t e r index 
of DNA binding has been obtained by only l o o k i n g at those PAH-DNA 
adducts which are r e t a i n e d by Sephadex LH20 chromatography (4). 

This l a c k of a simple r e l a t i o n s h i p between DNA binding and 
c a r c i n o g e n i c i t y i s perhaps not s u r p r i s i n g i f carcinogenesis i s a 
multi s t a g e process i n which carcinogen-DNA binding i s only one step. 
In a d d i t i o n , s p e c i f i c adducts may d i f f e r i n t h e i r a b i l i t y to induce 
mutations (5,), and d i f f e r e n t c e l l l i n e s may be equipotent i n t h e i r 
a b i l i t y t o metabolize, f o r example benzo[a]pyrene (B[a]P), and yet 
may not be e q u a l l y s e n s i t i v e to tran s f o r m a t i o n (6-8). Some s t u d i e s 
demonstrate a wide range l i n e a r dose-response curve f o r such b i n d i n g 
(9), w h i l e others do not (10); t h i s d i f f e r e n c e has important 
i m p l i c a t i o n s f o r human r i s k (11). Some evidence has been presented 
that b inding to adenine res i d u e s (12) i s more important than the 
major guanine s i t e s . Other work has suggested that d e p u r i n a t i o n o f 
DNA by PAHs i s c r i t i c a l a t l e a s t f o r mutagenesis. M e t a b o l i t e s , such 
as the 7,8-dihydrodiol of B[a]P, which are on the pathway towards the 
u l t i m a t e metabolite which binds to DNA (13) are g e n e r a l l y more potent 
as carcinogens (14) w h i l e those not on such pathways are l e s s 
carcinogenic (15-18). Instances have been noted where there i s 
reduced a c t i v i t y of such int e r m e d i a t e s , but these have o f t e n been 
explained i n terms of the lower absorption or gr e a t e r i n s t a b i l i t y o f 
these more p o l a r m e t a b o l i t e s . In a d d i t i o n , r e s u l t s vary depending 
upon the animal model used (14.19-22). S y n t h e t i c a l l y prepared 
d e r i v a t i v e s of weak carcinogens, which might be expected to be 
f u r t h e r metabolized to d e r i v a t i v e s which bind to DNA, are o f t e n 
h i g h l y c a r c i n o g e n i c (23). Data from other c l a s s e s o f chemical 
carcinogens show a c o r r e l a t i o n between the need f o r metabolic 
a c t i v a t i o n t o products which bind to DNA and the a b i l i t y of such 
precarcinogens to induce tumors, l e n d i n g support to the idea that DNA 
binding i s c r i t i c a l t o ca r c i n o g e n e s i s . Although not complete, there 
i s a strong c o r r e l a t i o n between the p o t e n t i a l c a r c i n o g e n i c i t y o f 
compounds and t h e i r a b i l i t y t o act as mutagens (24)• The l a t t e r 
process i s much more c l e a r l y r e l a t e d to DNA damage. Although 
unrelated d i r e c t l y t o PAH ca r c i n o g e n e s i s , a d d i t i o n a l evidence f o r the 
c r i t i c a l r o l e of DNA comes from s t u d i e s on the s e n s i t i v i t y o f c e l l s 
to t r a n s f o r m a t i o n by l i g h t when they have been p r e v i o u s l y exposed to 
bromodeoxyuridine (25). This thymidine analog s p e c i f i c a l l y 
misincorporates i n t o DNA and then can be photochemically decomposed 
to induce DNA strand breaks. Other data on the transformation of 
c e l l s by t r a n s f e c t i o n w i t h protooncogenes p r e v i o u s l y modified w i t h 
nitrosomethylurea (26) o r , more r e c e n t l y , B[a]P d i o l epoxide (27), 
provides the strongest evidence t h a t DNA i s the t a r g e t f o r u l t i m a t e 
carcinogens. These experiments r a i s e i n t e r e s t i n g questions regarding 
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8. JEFFREY Polycyclic Aromatic Hydrocarbon-DNA Adducts 189 

the mechanism of chemical c a r c i n o g e n e s i s . W i l l t h i s prove to be a 
general mechanism or w i l l d i f f e r e n t tumors a r i s e by d i f f e r e n t 
mechanisms? Although the c e l l s used i n t h i s i n s tance may be 
considered to be p a r t i a l l y transformed they are the f i r s t experiments 
i n which i t can a s c e r t a i n t h a t only DNA i s modified t o the e x c l u s i o n 
of other p o t e n t i a l t a r g e t s such as RNA of p r o t e i n s . 

D e t e c t i o n of DNA Adducts 

The l e v e l of DNA m o d i f i c a t i o n i n any b i o l o g i c a l system i s low, 
ranging up to about one adduct per 10 5 bases i n the DNA h e l i x . Any 
methods used to detect such damage must t h e r e f o r e e i t h e r be very 
s e n s i t i v e or i n v o l v e some method by which the e f f e c t of such damage 
i s a m p l i f i e d t o measurable l e v e l s . 

I n d i r e c t Methods. These i n v o l v e the assay o f consequences r e s u l t i n g 
from DNA damage but not the adducts themselves. An example of t h i s 
approach i s the Ames assay (28-30) i n which damage t o the DNA can 
induce a v a r i e t y of mutational events r e s u l t i n g i n the b a c t e r i a 
which becoming capable of growth i n the absence o f h i s t i d i n e . Since 
a l a r g e number of b a c t e r i a can be exposed to the a c t i v e metabolites 
of PAHs mutational events o c c u r r i n g even w i t h very low frequencies 
can be detected. A d d i t i o n a l a m p l i f i c a t i o n of DNA damage can be 
obtained i n s u i t a b l e s t r a i n s by the presence o f plasmids c o n t a i n i n g 
e r r o r prone r e p a i r enzymes (31). Thus, damage at a l e v e l which 
i t s e l f would not produce a measurable mutation frequency may, through 
the r e p a i r process, become d e t e c t a b l e . Some systems appear to be 
e n t i r e l y dependent upon the r e p a i r process f o r mutation (32). These 
Processes are discussed i n greater d e t a i l i n Chapter 13. S i m i l a r 
approaches have been developed f o r mammalian c e l l s u s i n g , f o r 
example, the HGPRT locus or oubain r e s i s t a n c e ( f o r a review see 33). 
This type o f assay, w h i l e s e n s i t i v e , r a p i d , and r e l a t i v e l y simple t o 
perform, has s e r i o u s l i m i t a t i o n when attempts are made to e x t r a p o l a t e 
r i s k s t o the cancer i n human popu l a t i o n s . F i r s t , there i s not a 
simple q u a n t i t a t i v e r e l a t i o n s h i p between carcinogenesis and 
mutagenesis (24); secondly, although i t has been p o s s i b l e t o ob t a i n 
some c o r r e l a t i o n (e.g., 5.) w i t h i n defined t e s t systems using pure 
chemicals, normally humans are exposed to complex mixtures o f 
compounds, components of which may have s i g n i f i c a n t s y n e r g i s t i c or 
an t a g o n i s t i c e f f e c t s on each o t h e r s ' c a r c i n o g e n i c i t y . Exposures t o 
mixtures are even more d i f f i c u l t to evaluate by these mutagenesis 
assays. Such problems may be, at l e a s t p a r t i a l l y , overcome by more 
d i r e c t q u a n t i t a t i o n o f DNA adducts which represents the end p o i n t o f 
t h i s complex s e r i e s o f i n t e r a c t i o n s . Although no completely general 
methods are a v a i l a b l e , s e v e r a l approaches t o the problem are 
a v a i l a b l e . 

D i r e c t Methods. The c l a s s i c a l approach has been t o prepare t r i t i a t e d 
or carbon l a b e l e d analogs o f the parent hydrocarbons which may then 
be used i n animal or i n v i t r o experiments. T r i t i a t e d compounds are 
g e n e r a l l y e a s i e r t o prepare, using exchange r e a c t i o n s on the parent 
hydrocarbon, than t h e i r 1 4 C analogs and have higher s p e c i f i c 
a c t i v i t i e s . However, during the metabolism of such compounds, some 
of the t r i t i u m i s released as t r i t i a t e d water, e i t h e r d i r e c t l y or 
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through the NIH s h i f t (34) » when phenols and quinones are formed. 
This t r i t i a t e d water can become incorporated i n t o the normal bases o f 
DNA and may c o n t r i b u t e s i g n i f i c a n t l y to the o v e r a l l apparent binding 
l e v e l s measured i n DNA (4). Such problems are circumvented i n the 
case of 1 4 C l a b e l e d hydrocarbons. T r i t i u m l a b e l e d compounds can be 
prepared at s u f f i c i e n t l y high s p e c i f i c a c t i v i t i e s ( o f t e n 20-80 
Ci/mmole) tha t fentomole amounts of adduct may be detected. 
Depending upon the amount of DNA which can be i s o l a t e d , d e t e n t i o n o f 
adducts down to the l e v e l of about one adduct per 10» bases i s 
p o s s i b l e , although more t y p i c a l l y , the range i s one per 10«- 7 bases. 

DNA can be i s o l a t e d from the t e s t m a t e r i a l by a v a r i e t y o f 
approaches depending upon the source of the m a t e r i a l . P r o t e o l y t i c 
enzymes are oft e n h e l p f u l i n s o l u b l i z i n g m a t e r i a l p r i o r t o phenol 
e x t r a c t i o n , the most commonly used method. Phenol e x t r a c t i o n has the 
advantage that i t w i l l not only help to p u r i f y the DNA from p r o t e i n , 
but a l s o e x t r a c t some of the unwanted, non-covalently bound PAH. 
F i n a l a l c o h o l p r e c i p i t a t i o n not only allows f o r removal of the phenol 
and any remaining non-covalently bound hydrocarbon but a l s o 
concentrates the DNA. Ribonuclease treatment removes any 
contaminating RNA. A d d i t i o n a l p u r i f i c a t i o n by cesium c h l o r i d e 
c e n t r i f u g a t i o n (35) i s a l s o o f t e n performed. This i s p a r t i c u l a r l y 
s u i t e d t o small q u a n t i t i e s of DNA. Hydroxyapatite chromatography i s 
a l s o e f f e c t i v e i n sepa r a t i n g RNA, p r o t e i n s , and DNA (36,37). 

P o s t - l a b e l i n g Techniques. The methods described above, w h i l e 
valuable i n a l a b o r a t o r y experimental s i t u a t i o n , are not s u i t e d t o 
e i t h e r complex mixtures or t o measurement of human exposures. An 
a l t e r n a t i v e approach, developed by Dr. Randerath and h i s group 
(38.39). i s shown i n F i g u r e 1. DNA i s i s o l a t e d from any appropriate 
source, which may be from the blood of exposed i n d i v i d u a l s or 
animals, t i s s u e samples or c e l l s i n c u l t u r e . The DNA i s then 
digested e n z y m a t i c a l l y t o the 3'-phosphates which are then 
phosphorylated i n the 5' p o s i t i o n w i t h [ y - , 2 P ] ATP. Because of the 
extremely high s p e c i f i c a c t i v i t i e s (~5000 Ci/mmole) and counting 
e f f i c i e n c i e s which can be achieved wi t h S 2 P , l e s s m a t e r i a l i s needed 
than when e i t h e r t r i t i a t e d or carbon l a b e l e d PAHs are used as 
radiochemical t r a c e r s . The major disadvantage of t h i s approach i s 
th a t , i n c o n t r a s t t o the sep a r a t i o n of non-covalently bound 
r a d i o l a b e l e d PAHs from DNA, which i s g e n e r a l l y q u i t e easy, the 
sepa r a t i o n o f the modified and normal deoxyribonucleoside 
diphosphates and any radiochemical decomposition products from the 
high s p e c i f i c a c t i v i t y ATP i s very d i f f i c u l t when the adducts are 
only present at one pa r t per 10«- 7. To achieve such r e s o l u t i o n a 
m u l t i - d i r e c t i o n a l t i c system on PIE c e l l u l o s e was developed i n which 
samples are ap p l i e d t o the center of the p l a t e and the f i r s t two 
d i r e c t i o n s o f development are washes intended to remove the bulk of 
the undesired r a d i o a c t i v i t y . The p l a t e i s cut a f t e r each run so th a t 
the unwanted r a d i o a c t i v i t y i s discarded. The f i n a l two dimensions of 
chromatography allows f o r s e p a r a t i o n of the modified bases which are 
then f i n a l l y detected by autoradiography at l e v e l s down to a few 
attomoles of adduct. The main r e s t r i c t i o n upon the s e n s i t i v i t y o f 
t h i s method i s the higher background as more m a t e r i a l i s a p p l i e d t o 
the t i c p l a t e and the time f o r autoradiography i s in c r e a s e d . I n 
general f o r PAHs, the sep a r a t i o n o f modified and unmodified 
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nuc l e o t i d e s occurs q u i t e w e l l and d e t e c t i o n l e v e l s around one 
adduct/10 7 bases can be obtained. A l t e r n a t i v e methods i n v o l v i n g 
p r i o r s e p a r a t i o n o f modified and unmodified bases p r i o r to l a b e l i n g 
w i t h , a P r e s u l t i n d i f f i c u l t i e s i n q u a n t i t a t i o n of the extent of 
adduct formation. Separation o f the adducts on reverse phase p l a t e s 
w i t h subsequent t r a n s f e r o f the modified bases t o the PIE c e l l u l o s e 
p l a t e s r e s u l t s i n the method becoming more s e n s i t i v e but even more 
la b o r i n t e n s i v e and complex. 

I d e n t i f i c a t i o n o f the chemical nature o f these adducts i s , 
however, p o s s i b l e only by chromatographic comparison w i t h standards 
prepared by r e a c t i n g the u l t i m a t e carcinogens w i t h DNA. Proof of 
i d e n t i t y by co-chromatography should be undertaken using s e v e r a l 
chromatographic systems which depend f o r t h e i r s e p a r a t i o n upon 
d i f f e r e n t p r o p e r t i e s of the adduct molecules: d e r i v a t i z a t i o n p r i o r t o 
r e a n a l y s i s may be i n c l u d e d . 

Tmmnpqj n g j c a l Methods. This approach r e l i e s upon the pr e p a r a t i o n of 
a n t i s e r a which recognize s p e c i f i c a l l y the modified bases i n DNA. 
Such a n t i b o d i e s prepared i n i t i a l l y a gainst methylated bases (40), are 
becoming i n c r e a s i n g l y a v a i l a b l e f o r more complex m o d i f i c a t i o n s 
i n c l u d i n g PAHs (41-43). 

Many v a r i a t i o n s on the assay e x i s t , but the ELISA, shown 
s c h e m a t i c a l l y below, i s c u r r e n t l y h i g h l y favored because of i t s 
s i m p l i c i t y once e s t a b l i s h e d i n a l a b o r a t o r y ; s e n s i t i v i t y , d e t e c t i n g 
about one adduct per 10 7 bases; and a b i l i t y to screen many samples 
because of easy automations. The current p r e r e q u i s i t e f o r the assay 
i s t hat DNA can be modified to s u f f i c i e n t l y high l e v e l s w i t h the 
u l t i m a t e carcinogen t o make i t s u i t a b l y a n t i g e n i c . These types o f 
antigens have been used t o r a i s e p o l y c l o n a l a n t i b o d i e s i n r a b b i t s 
(41) and monoclonal a n t i b o d i e s from mice (42). 

About 5 ng of modified DNA i s coated onto the surfa c e of a 96 
w e l l p l a t e (Figure 2, Step 1 ) . I n a competitive v e r s i o n of t h i s 
assay, antibody w i t h s p e c i f i c i t y against the PAH-DNA adduct of 
i n t e r e s t i s incubated w i t h samples i f DNA t o be tested (Step 2 ) . 
This mixture i s then t r a n s f e r r e d to the p l a t e (Step 3 ) . The l e s s PAH 
m o d i f i c a t i o n o f the t e s t sample of DNA, the more f r e e antibody there 
w i l l be to r e a c t w i t h the modified DNA which was precoated onto the 
p l a t e . A f t e r s u i t a b l e i n c u b a t i o n and washing of the p l a t e (Step 4 ) , 
only the excess antibody which d i d not r e a c t w i t h the t e s t DNA i n 
s o l u t i o n w i l l be l e f t on the p l a t e . A second antibody now i s needed 
which i s d i r e c t e d against the general c l a s s , f o r example IgG, of that 
adsorbed on the p l a t e . This second antibody, coupled t o s u i t a b l e 
marker enzymes, i s g e n e r a l l y commercially a v a i l a b l e . For example, i n 
the case o f the anti-BPDE-DNA IgG p o l y c l o n a l a n t i b o d i e s prepared i n 
r a b b i t s , a goat a n t i - r a b b i t antibody coupled to a l k a l i n e phosphatase 
was used (41). The second antibody i s now a p p l i e d to the p l a t e and 
i t binds to any remaining r a b b i t IgG (Step 5 ) . A f t e r washing (Step 
6 ) , the s u b s t r a t e f o r the enzyme, i n t h i s example p - r i i t r o p h e n y l 
phosphate, i s added (Step 7) As h y d r o l y s i s proceeds (Step 8 ) , a 
yellow develops under the s l i g h t l y b a s i c c o n d i t i o n s o f the f i n a l 
assay which i s i n v e r s e l y p r o p o r t i o n a l t o the extent of m o d i f i c a t i o n 
of the t e s t sample of DNA. I t i s t h i s a m p l i f i c a t i o n o f d e t e c t i o n by 
the c a t a l y t i c a c t i v i t y o f the enzyme l i n k e d to the second antibody 
which g i v e s t h i s assay such high s e n s i t i v i t y . Even more s e n s i t i v e 
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J E F F R E Y Polycyclic Aromatic Hydrocarbon-DNA Adducts 

1) Coat 

4) Wash 
5) Add enzyme linked 

antibody 

\ 

3) Mix 

2) Incubate 

? o 

6) Wash 
7) Add 

substrate 

8) Measure product 
a) color 
b) radioactivity 
c) fluorescence 

F i g u r e 2» Schematic p i c t u r e o f a competitive enzyme-linked 
immunosorbent assay (ELISA). 
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194 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

methods have been developed using h y d r o l y s i s of 3 a P l a b e l e d ATP (41), 
biotin-aviden-enzyme complexes (44)» or the formation of f l u o r e s c e n t 
product as a r e s u l t of enzyme ca t a l y z e d r e a c t i o n s (45). However, one 
of the l i m i t i n g f a c t o r s at the moment i s the a v a i l a b i l i t y of 
a n t i b o d i e s w i t h high s p e c i f i c i t y toward modified DNA which do not 
r e a c t w i t h unmodified DNA when present at 10 7-' times g r e a t e r 
concentrations. The l i m i t s o f t h i s assay are about 0.1 fmole 
adduct/jig DNA or about one adduct/10 8 bases. 

The s i m p l i c i t y of t h i s assay makes i t h i g h l y a t t r a c t i v e f o r 
f u r t h e r development. Some of the l i m i t a t i o n s i n c l u d e the need f o r 
the p r e p a r a t i o n of r e l a t i v e l y l a r g e amounts of a p p r o p r i a t e l y modified 
DNA f o r the i n i t i a l immunization. This may be reduced w i t h the 
development of i n v i t r o immunization techniques i n which as l i t t l e as 
5ng of antigen can be e f f e c t i v e . The a n t i b o d i e s must a l s o be 
c h a r a c t e r i z e d once prepared. For example, a v a r i e t y of monoclonal 
a n t i b o d i e s against BlalPDE-modified DNA have been prepared (42) which 
show var y i n g s p e c i f i c i t y . At one extreme, some r e q u i r e the f u l l 
s t r u c t u r e of the adduct bound to DNA, at the other, B[a]P t e t r a o l 
w i l l e f f e c t i v e l y compete. What i s not c l e a r at the moment i s how 
s p e c i f i c such a n t i s e r a are f o r a p a r t i c u l a r PAH. W i l l these a n t i s e r a 
recognize only B[a]P t e t r a o l s t r u c t u r e s or those of any d i o l epoxide 
modified DNA? 

Thus, as more s p e c i f i c monoclonal a n t i b o d i e s are prepared, i t 
should become p o s s i b l e to determine not only the t o t a l extent of DNA 
m o d i f i c a t i o n but a l s o to g a i n i n s i g h t i n t o the s t r u c t u r a l and 
conformational p r o p e r t i e s of such modified DNA. 

Fluorescence Measurements. PAHs are o f t e n h i g h l y f l u o r e s c e n t and i n 
a d d i t i o n , many of those of i n t e r e s t as chemical carcinogens have 
s u f f i c i e n t l y conjugated r i n g systems t h a t they absorb l i g h t at longer 
wavelengths than the DNA to which they may have become bound. 
Metabolic a c t i v a t i o n may reduce the extent of conjugation, and hence 
the longest wavelengths at which they absorb, and binding to DNA 
o f t e n reduces the quantum y i e l d s of these hydrocarbons. However, 
fluorescence s t u d i e s have played an important r o l e i n i n v e s t i g a t i n g 
both the s t r u c t u r e and conformation o f DNA adducts. 

Because of the extents of m o d i f i c a t i o n of DNA are low, 
r e l a t i v e l y high concentrations o f DNA are used, t a k i n g advantage of 
the f a c t that DNA does not absorb s t r o n g l y beyond about 310nm. In 
a d d i t i o n , the quantum y i e l d o f adducts may be increased by c o o l i n g to 
l i q u i d n i t r o g e n temperatures (46)- Photon counting techniques (47) 
allo w averaging of s i g n a l over time, i n c r e a s i n g the s i g n a l to noise 
r a t i o s . Combinations of these approaches have been used q u i t e w i d e l y 
f o r v a r i o u s hydrocarbons (46,48-54). The method has the advantage 
tha t i t r e q u i r e s no p r i o r knowledge of the s t r u c t u r e of the adduct 
nor i t s s y n t h e t i c p r e p a r a t i o n . Success, however, depends 
cons i d e r a b l y upon the type of metabolic a c t i v a t i o n which occurs. For 
example, i n the case of 7,12-dimethylbenz[ajanthracene (DMBA), 
s e v e r a l groups have reported f l u o r e s c e n c e s p e c t r a f o r DNA i s o l a t e d 
from a v a r i e t y o f sources a f t e r exposure t o the hydrocarbon 
(50,55.56). A l l de s c r i b e metabolic a c t i v a t i o n having occurred i n the 
1-4 p o s i t i o n s . However, dimethylanthracene absorbs s t r o n g l y a t long 
wavelengths to g i v e a very c h a r a c t e r i s t i c spectrum. Had metabolism 
occurred i n the 8-11 p o s i t i o n s , the r e s i d u a l phenanthrene chromophore 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

00
8

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



8. JEFFREY Polycyclic Aromatic Hydrocarbon-DNA Adducts 195 

would have been much harder t o det e c t . Only a f t e r more thorough HPLC 
a n a l y s i s of the bound products was i t p o s s i b l e to be c e r t a i n t h a t the 
maj o r i t y of adduct r e s u l t e d from a c t i v a t i o n i n the bay regi o n 
(50,55,57). 

Another l i m i t a t i o n o f t h i s approach i s t h a t , because o f the 
r e l a t i v e l y broad e x c i t a t i o n and emission s p e c t r a , i t i s s e v e r e l y 
l i m i t e d when attempts are made t o analyze exposures t o complex 
mixtures of PAHs. In the case of PAHs themselves, s i g n i f i c a n t 
improvement i n the q u a l i t y o f s p e c t r a have been obtained by matrix 
i s o l a t i o n techniques (58) i n c o n j u n c t i o n w i t h working l i q u i d helium 
temperatures t o remove the e f f e c t s of thermal broadening of the 
s p e c t r a l l i n e s . Under such c o n d i t i o n s , i t has been p o s s i b l e t o 
analyze d i r e c t l y q u i t e complex mixtures o f hydrocarbons. However, 
the m a t e r i a l s g e n e r a l l y used f o r the matrix, such as ni t r o g e n or 
hexane, are q u i t e unsuited t o PAH-modified DNA samples. Mixtures o f 
water, ethylene g l y c o l and ethanol do, however, form s u i t a b l e g l a s s e s 
i n which DNA samples can be embedded. I n such g l a s s e s , the bound 
hydrocarbon moieties w i l l be i n any one of a l a r g e v a r i e t y o f micro-
environments and, w h i l e the i n d i v i d u a l molecules may themselves have 
sharp e x c i t a t i o n and emission s p e c t r a , the r e s u l t of these 
overlapping s p e c t r a i s again a broad f l u o r e s c e n t spectrum. These 
subpopulations, or isochromats, may be i n d i v i d u a l l y e x c i t e d w i t h very 
narrow band pass l i g h t such as produced by a l a s e r . This approach, 
c a l l e d 'fluorescence l i n e narrowing', has been a p p l i e d t o a study o f 
B[a]P bound to DNA (59). The s p e c t r a are much more c h a r a c t e r i s t i c 
than the broad band s p e c t r a of equi v a l e n t samples (46)• Subtle 
d i f f e r e n c e s even a l l o w d i s t i n c t i o n between 7,8,9,10-tetrahydroB[a]P 
and i t s corresponding t e t r a o l . At the r e s o l u t i o n so f a r obtained, 
d i s t i n c t i o n between the t e t r a o l , BPDE modified DNA, and the BPDE-
deoxyguanosine d e r i v a t i v e i s o l a t e d from such modified DNA could not 
be made. The emission s p e c t r a are h i g h l y c h a r a c t e r i s t i C . , and complex 
mixtures c o n t a i n i n g up to nine PAH metab o l i t e s , have r e c e n t l y been 
resolved (unpublished r e s u l t s ) . In a d d i t i o n , i t has been p o s s i b l e t o 
detect the B[a]PDE-deoxyguanosine d e r i v a t i v e present i n DNA i s o l a t e d 
from mouse embryo f i b r o b l a s t 10T1/2 c e l l s exposed f o r 24 hours to 1 
jig of B[a]P at the l e v e l o f one adduct per 10« bases without p r i o r 
d i g e s t i o n o f the DNA (unpublished r e s u l t s ) . This approach provides 
an opportunity t o begin to i n v e s t i g a t e d i r e c t l y the types of DNA 
adducts which are formed when c e l l s are exposed t o complex mixtures 
of PAHs. 

An a l t e r n a t i v e approach used t o i n v e s t i g a t e the covalent b i n d i n g 
of B[a]P t o mouse s k i n has been to r e l e a s e the hydrocarbon-DNA 
adducts from the i s o l a t e d DNA by a c i d h y d r o l y s i s (60,61). Since, i n 
the case of BPDE-DNA adducts, they are a c i d l a b i l e and the t e t r a o l s 
produced are not only more f l u o r e s c e n t than the adducts themselves 
but a l s o more e a s i l y e x t r a c t e d from the l a r g e excess o f unmodified 
bases, t h i s provides a convenient approach. The method does, 
however, r e q u i r e the c e r t a i n t y that h y d r o l y s i s of the adducts w i l l 
occur and that the products w i l l be s t a b l e o r , i f degradation occurs, 
that they can s t i l l be recognized. 

Determination o f St r u c t u r e s of PAH-DNA Adducts 

Since the l e v e l s o f m o d i f i c a t i o n i n v i v o are so low, a l l s t r u c t u r a l 
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i d e n t i f i c a t i o n o f such adducts have been based upon the p r e p a r a t i o n 
of the a c t i v e metabolite or u l t i m a t e c a r c i n ogenic form of the 
o r i g i n a l PAH which can then be reacted w i t h DNA, homo-
deoxyribonucleotide polymers or monodeoxyribonucleotides. This 
approach g e n e r a l l y allows p r e p a r a t i o n of one or two hundred jig of 
adduct which can be used to compare w i t h the chromatographic 
p r o p e r t i e s of adducts i s o l a t e d a f t e r i n v i v o exposure t o the parent 
PAH and, i f such s e t s of adducts are co-chromatographic by HPLC., the 
subsequent chemical c h a r a c t e r i z a t i o n of the s y n t h e t i c adducts. (See 
below). 

Reactive M e t a b o l i t e s of PAHs. A wide v a r i e t y of products have been 
i d e n t i f i e d as metabolites of PAHs. These i n c l u d e phenols, quinones, 
t r a n s - d i h y d r o d i o l s , epoxides and a v a r i e t y of conjugates of these 
compounds. Simple epoxides, e s p e c i a l l y those of the K-region, were 
i n i t i a l l y favored as being the a c t i v e metabolites r e s p o n s i b l e f o r the 
covalent binding of PAH to DNA. L i t t l e d i r e c t experimental support 
e x i s t s f o r t h i s i d e a (62.63.64) except i n microsomal i n c u b a t i o n s 
using p r e p a r a t i o n i n which o x i d a t i o n s at the K-region are favored 
(65.66). Evidence has been presented t h a t a 9-hydroxyB[a]P 4,5-oxide 
may account f o r some of the adducts observed i n v i v o (67.68) although 
these products have never been f u l l y c h a r a c t e r i z e d . 

Studies on the comparative a b i l i t i e s (13.) of B[a]P metabolites 
to bind t o DNA i n microsomal systems showed t h a t the 7,8-dihydrodiol 
was the most e f f i c i e n t . This l e d to the proposal (69) that 
d i h y d r o d i o l epoxides were the u l t i m a t e c a r c i n ogenic m e t a b o l i t e s . 
Chemical s y n t h e s i s of a l l p o s s i b l e isomers (70.71) has allowed 
complete s t r u c t u r a l i d e n t i f i c a t i o n of the adducts (72-74). 

The p r o f i l e of adducts formed may w e l l d i f f e r i f simultaneous 
exposure to other compounds i n a d d i t i o n to the carcinogen occurs. 
Such exposures have a marked e f f e c t on the c a r c i n o g e n i c i t y of 
compounds which may be a r e s u l t of changes at any one of a number of 
p o i n t s i n the carcinogenic process. E f f e c t on metabolism, and 
consequently DNA adduct formation, are know to occur by enzyme 
i n d u c t i o n , i n h i b i t i o n , or a c t i v a t i o n (75-81). Recent r e p o r t s (82,83) 
have shown that i n mouse s k i n , the spectrum of B[a]P-DNA adducts 
could be a l t e r e d by simultaneous exposure to pyrene, fluoranthene or 
B[e]P which can a l t e r the c a r c i n o g e n i c i t y of B[a]P. These 
s y n e r g i s t i c and a n t a g o n i s t i c e f f e c t s have important i m p l i c a t i o n s f o r 
human r i s k assessments when, even i f exposure to a s i n g l e agent i s 
being considered. Other f a c t o r s such as d i e t a r y or l i f e - s t y l e 
v a r i a t i o n s and g e n e t i c d i f f e r e n c e s a l l impact on the b i o l o g i c a l l y 
e f f e c t i v e dose rec e i v e d by an i n d i v i d u a l . 

Target S i t e s on DNA f o r Adducts Formation. E a r l y s t u d i e s on the 
r e a c t i o n of simple epoxides w i t h DNA i n d i c a t e d that the N 7 p o s i t i o n 
of guanine was s t r o n g l y favored (84)• This does not appear to be the 
case w i t h the more complex d i o l epoxides. Predominantly, adducts 
have been c h a r a c t e r i z e d as having reacted wi t h the N 2 amino group of 
guanine (see below). A d d i t i o n a l evidence has shown that some 
r e a c t i o n may occur at phosphate residues (85) or the N 7 of guanine 
(86-88). The N 7 guanine adducts appear to be p a r t i c u l a r l y unstable 
and they depurinate or open t h e i r i m i d a z o l e r i n g s r a p i d l y . BPDE 
r e a c t s w e l l w i t h dC or dA homopolymer (89)• However, these s i t e s 
appear to be very poor t a r g e t s i n the case of DNA i t s e l f (72-74,90). 
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W i t h i n the sequence of DNA, much l e s s i s known regarding the 
sequence requirements f o r b i n d i n g . Experiments by Pulkrabek et a l . 
(91), using plasmid DNA showed that i n r e s t r i c t i o n enzyme fragments 
m o d i f i c a t i o n was roughly p r o p o r t i o n a l to G:C content. However, these 
fragments were s t i l l p o s s i b l y too long t o see the i n f l u e n c e o f more 
l o c a l or nearest neighbor e f f e c t s . Experiments by Strauss (92) and 
Has e l t i n e (93), l o o k i n g at i n h i b i t i o n of DNA polymerases or a l k a l i n e 
l a b i l e s i t e s (presumably N 7, not the N 2 adducts) showed l i t t l e 
sequence s p e c i f i c i t y . More r e c e n t l y d i r e c t photochemical approaches 
have been used (94) and t h i s provides an i n t e r e s t i n g a l t e r n a t i v e t o o l 
to study these e f f e c t s . 

An a d d i t i o n a l question r e l a t i n g t o s i t e s of m o d i f i c a t i o n i s the 
p o s s i b l e i n f l u e n c e of DNA binding p r o t e i n s and the conformational 
changes they induce i n DNA as i t forms chromatin, which i n t u r n may 
in f l u e n c e a v a i l a b l e binding s i t e s f o r adduct formation. Several 
s t u d i e s have i n v e s t i g a t e d the d i s t r i b u t i o n of DNA adducts i n 
chromatin (95-102). although no c l e a r answer f o r the i n f l u e n c e of 
these p r o t e i n s has yet emerged. 

Arene oxides and d i o l epoxides are g e n e r a l l y unstable i n 
aqueous, e s p e c i a l l y a c i d i c media (103-105), and i n a d d i t i o n , s e v e r a l 
groups have noted th a t DNA has a marked c a t a l y t i c e f f e c t upon d i o l 
epoxide h y d r o l y s i s (106,107). However, i n c e l l s there appears to be 
s i t e s , probably l i p i d i n nature, i n which these compounds can have 
much longer h a l f - l i v e s . 

S t r u c t u r e s of S p e c i f i c PAH-DNA Adducts. A f t e r enzymic d i g e s t i o n o f 
the modified DNA, s t r u c t u r a l i d e n t i f i c a t i o n has used conventional 
techniques o f HPLC p u r i f i c a t i o n of the adducts and i n i t i a l 
c h a r a c t e r i z a t i o n by a n a l y s i s of t h e i r nmr sp e c t r a . These s p e c t r a , 
e s p e c i a l l y when measured at high f i e l d s t r e n g t h , can provide v a l u a b l e 
i n f o r m a t i o n regarding both the s i t e s of m o d i f i c a t i o n and the 
s t r u c t u r e s and conformations o f the adducts. For example, i f a l l the 
aromatic protons can be i n t e r p r e t e d , i t may be p o s s i b l e t o 
d i s t i n g u i s h between adenine and guanine adducts. In a d d i t i o n , i f the 
C-8 proton of the imidazole r i n g can be seen, that p o s i t i o n may be 
elim i n a t e d as a s i t e of m o d i f i c a t i o n . S u b s t i t u t i o n at the N 7 

p o s i t i o n would cause p r o t o n a t i o n of the i m i d a z o l e r i n g and subsequent 
change i n the chemical s h i f t o f the C-8 proton. I n s p e c t i o n o f the 
chemical s h i f t s and coup l i n g constants of the protons attached t o the 
r i n g o f the o r i g i n a l d i o l epoxide u s u a l l y i n d i c a t e the p o i n t of 
attachment and whether a d d i t i o n occurred c i s or t r a n s . Further 
d e r i v a t i z a t i o n or decoupling experiments may be necessary f o r 
complete i n t e r p r e t a t i o n . Because o f the importance of c h i r a l i t y i n 
both the formation and r e a c t i o n o f these u l t i m a t e carcinogens w i t h 
DNA, the CD s p e c t r a of these adducts have o f t e n y i e l d e d v a l u a b l e 
i n f o r m a t i o n (108,109). The e l u t i o n order o f these DNA adducts from 
the HPLC columns may change as one o c t a d e c y l - s u b s t i t u t e d reverse 
phase column i s compared w i t h another. For these reasons, the 
e l u t i o n order cannot be assumed to c o r r e l a t e w i t h published v a l u e s . 
The CD sp e c t r a o f these adducts are, however, very c h a r a c t e r i s t i c and 
w i l l o f t e n a l l o w p a i r i n g of diastereoisomeriC., and c i s and trans 
p a i r s o f adducts (108,109) and i s o f t e n the most s e n s i t i v e method f o r 
the d e t e c t i o n o f such conformational changes i n s t r u c t u r e . 
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One of the major problems has been to determine the s i t e of 
attachment of the PAH to the base. Some in f o r m a t i o n may be obtained 
d i r e c t l y from the nmr s p e c t r a e l i m i n a t i n g c e r t a i n p o i n t s of 
attachment. As mentioned above, i f the C-8 proton of guanine or 
adenine can be i d e n t i f i e d , then t h i s cannot be the p o i n t of 
attachment of the carcinogen. E s t i m a t i o n of the pKa's of the adducts 
e i t h e r by t i t r a t i o n (108) or p a r t i t i o n (110) has, however, provided 
a d d i t i o n a l v a l u a b l e i n f o r m a t i o n . Mass s p e c t r a l fragmentation 
patterns can be of help i n determining the s i t e of s u b s t i t u t i o n as 
w e l l as i n determining which bases are i n v o l v e d i n binding (108,111-
113). S u b s t a n t i a l advances have been made i n recent years on the 
mass s p e c t r a l a n a l y s i s of i n v o l a t i l e compounds and d e r i v a t i z a t i o n i s 
not always e s s e n t i a l (114-118). X-ray a n a l y s i s of DNA adducts has, 
to date, only been a p p l i e d to model systems (119-121). 

Examples of S p e c i f i c PAHs 

Benzo[a]pyrene. The best documented adduct i s that shown below which 
r e s u l t s from the trans opening of the a n t i - d i o l epoxide of B[a]P 
(anti-BPDE) by the N -amino group of guanine (Figure 3 ) . Of p a r t i c u l a r 
i n t e r e s t i s the f a c t t h a t when racemic anti-BPDE i s reacted w i t h B 
form DNA about 95% of the adducts r e s u l t from r e a c t i o n of the 7R 
enantiomer (73,74,90.111.122). Very l i t t l e of the 7S r e a c t s . 
Explanations have been proposed t o e x p l a i n t h i s but f u r t h e r work i s 
needed to to f u l l y c l a r i f y t h i s s t e r e o s e l e c t i v i t y . This f i n d i n g i s 
a l s o r e l e v a n t when any t h e o r e t i c a l treatments of carcinogenesis 
(123.124) which c u r r e n t l y do not consider such d i f f e r e n c e s . C l e a r l y , 
the s t e r e o s e l e c t i v i t y of both metabolism and the subsequent covalent 
binding can play dominant r o l e s i n determining the o v e r a l l 
c a r c i n o g e n i c i t y of a p a r t i c u l a r PAH. The presence of another 
compound such as g l u t a t h i o n e (77.125.126). b u t y l a t e d hydroxyanisole 
(127), e l l a g i c a c i d (128,129). or p l a n t f l a v a n o i d s (76) > may a l s o 
reduce the l e v e l of binding t o DNA. I n a d d i t i o n , although d i o l 
epoxides are r e l a t i v e l y r e s i s t a n t to epoxide hydrolase, they are not 
to dehydrogenases (130) or GSH t r a n s f e r a s e s (131.132). 

The p a r t i c u l a r s i t e s to which the B[a]P becomes attached i n the 
DNA w i l l probably g r e a t l y i n f l u e n c e i t s r o l e . This may be e s p e c i a l l y 
important i f the adduct f u n c t i o n s d i r e c t l y r a t h e r than through a 
nonspecifiC., i n d i r e c t process, such as i n d u c t i o n of DNA r e p a i r . 
E f f o r t s have been made to determine the s p e c i f i c s i t e s t o which B[a]P 
becomes bound (92,94) and i t s d i s t r i b u t i o n on chromatin (97,98). 

In a d d i t i o n to t h i s major adduct which, i n some b i o l o g i c a l 
systems, such as human bronchus (90) or mouse s k i n (74) or f i b r o b l a s t 
10T1/2 c e l l s i n c u l t u r e (133). accounts f o r almost a l l of the DNA 
adducts, other d e r i v a t i v e s have been detected i n many systems which 
have been i n v e s t i g a t e d . These may vary w i t h respect to t i s s u e 
(134.135.136) or time of exposure (135.137). 

As described e a r l i e r i n Chapter 2, B[a]P i s metabolized mainly 
to the 7R 7 , 8 - t r a n s d i h v d r o d i o l . However, both enantiomers are 
f u r t h e r epoxidized on the lower face of the molecule. Thus, w h i l e 
the 7R enantiomer forms mainly the a n t i - d i o l epoxide, the 7S 
enantiomer forms mainly s y n - d i o l epoxide. In some systems, such as 
human colo n (138) or hamster embryo c e l l s (139). s i g n i f i c a n t 
q u a n t i t i e s of s y n - d i o l epoxide adducts are found, i n c l u d i n g adducts 
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8. JEFFREY Polycyclic Aromatic Hydrocarbon-DNA Adducts 199 

F i g u r e 3. S t r u c t u r e of major DNA adduct detected i n many i n v i v o 
systems as a r e s u l t of metabolic a c t i v a t i o n of benzo[a]pyrene or the 
r e a c t i o n o f anti-B[a3PDE w i t h DNA jja v i t r o . dR=deoxyribose moiety. 
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formed by reaction with adenine and cytosine residues (137,140). 
Some of the following adducts also have been characterized, although 
not a l l thoroughly: adenosine (108.111). the 0 6 (87) and N7-guanine 
derivatives (86-88). phosphate (85) and adducts resulting from the 
further epoxidation of the 9-hydroxy B[a]P at the 4,5-position 
(67.68). 

Benzo[elpyrene. This PAH i s noncarcinogenic despite the presence of 
two bay regions. The reason for this, and the lack of DNA adducts, 
i s that each step towards adduct formation i s blocked. Rather than 
formation of a 9,10-dihydrodiol, metabolism i s directed towards 
phenols and K-region dihydrodiols (141). Even when chemically 
prepared, the 9,10-dihydrodiol i s poorly metabolized to diol 
epoxides, probably because of the quasi axial conformation of the 
hydroxyl groups. When the diol epoxide i s chemically prepared, i t 
reacts poorly with DNA (unpublished results), probably again because 
of the induced conformational change by steric hindrance of the 
hydroxyl group with the aromatic ring resulting in a quasi axial 
orientation. Removal of this constraint in the case of 9,10,11,12-
tetrahydroB[e]P 9,10-oxide results in a compound which reacts well 
with DNA (142) and i s mutagenic. The presence of B[e]P can, 
however, effect the metabolism of a number of carcinogenic PAHs 
including B[a]P and DMBA (143). 

Benz[a1anthracenes. The parent hydrocarbon i s a weak carcinogen and 
the extent of modification of DNA in most in vivo systems i s low. 
Diol epoxides have been prepared in both the bay and non-bay regions 
and reacted with DNA (144). The former i s more reactive. When 
either mouse skin (145) or hamster embryo (145-147) or microsomes 
(148) were treated with B[a]A, the isolated DNA adducts were found to 
result from mainly the non-bay region diol epoxide, although not to 
the exclusion of bay-region diol epoxides (145.147.149). Thus, the 
reason for the weak carcinogenicity of B[a]A appears to result from 
the preferential metabolism to a diol epoxide which binds poorly to 
DNA. As with B[a]P, there i s a marked stereoselectivity in the 
tumorigenesis of various bay region diol epoxides of B[a]A (150), 
again indicating the importance of not only the site at which 
metabolism occurs but also the stereochemistry of the products. Both 
bay-region and non bay-region anti-diol epoxides react preferentially 
with guanine (146.151) at the N*-position (144) although the non bay-
region epoxide i s overall less reactive. 

Methylated derivatives of 7-methylB[a]A are particularly 
carcinogenic when substitutes in the 7-, 12-, or 6- and 8-positions 
(152.153). The increased carcinogenicity of these compounds may 
result from the inhibition of metabolism at the 8-11 positions which 
increases the amounts of bay region diol epoxides formed, the greater 
reactivity of such epoxides with DNA, or an intrinsic d i f f i c u l t y for 
cells to repair such adducts (154). 

In the case of 7-methyl-B[alA (155) and 7,12-dimethy1-B[a]A 
(DMBA) (50,55.57.156-158) most of the evidence supports bay region 
diol epoxide adducts. Thus, fluorescence studies (50.55,56.159). 
light sensitivity of the adducts (160), and analysis of adducts 
formed by further oxidations of the 3,4-dihydrodiol a l l suggest a bay 
region diol epoxide intermediate (161.162). More recent evidence 
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from Dipple's group has suggested t h a t many of the DMBA-DNA adducts 
may a r i s e from s j m - d i o l epoxides and th a t adenosine adducts may be 
more prevalent than i n the case of other PAHs i n v e s t i g a t e d so f a r 
(55,163.164). Some a d d i t i o n a l evidence from s t u d i e s on 2- and 5-
f l u o r o DMBA a l s o support the r o l e of a bay re g i o n d i o l epoxide 
d e r i v a t i v e of DMBA (165.166). S u b s t a n t i a l h y d r o x y l a t i o n of the 7-
methyl group occurs and evidence f o r DNA adducts from t h i s metabolite 
has been presented (167-170) i n c l u d i n g p o s s i b l e a c t i v a t i o n by a 
sulphate e s t e r (170). The o v e r a l l importance of t h i s type of adduct 
has not been f u l l y e s t a b l i s h e d . 

3-Methylcholanthrene. This PAH g i v e s r i s e to many metabolites and a 
complex p a t t e r n of DNA adducts (159,171-173). A l l o f the evidence 
suggests again t h a t the bay r e g i o n d i o l epoxides are i n v o l v e d w i t h 
a d d i t i o n a l o x i d a t i o n p o s s i b l y having occurred at the methyl, or CI or 
C2 p o s i t i o n s . 

Chrvsenes. Chrysene i s only weakly c a r c i n o g e n i c d e s p i t e i t s symmetry 
which r e s u l t s i n two bay-regions. Although evidence f o r bay-region 
d i o l epoxide adducts has been presented (51,174), a t r i o l - e p o x i d e 
pathway, which suggests an a l t e r n a t i v e mechanism of a c t i v a t i o n 
analogous to the 9-hydroxyB[a]P 4,5-oxide, has a l s o been proposed t o 
account f o r as much as 50% of the DNA adducts (175.176). While, as 
wit h B[a]A, the parent hydrocarbon i s weakly carcinogeniC., 
s u b s t i t u t i o n w i t h methyl groups has a pronounced e f f e c t upon the 
c a r c i n o g e n i c i t y o f these compounds. In p a r t i c u l a r , the 5-methyl 
d e r i v a t i v e (5-MeC) was found to be p a r t i c u l a r l y c a r c i n o g e n i c (177). 
Evidence from both animal t e s t i n g w i t h halogenated 5-MeC d e r i v a t i v e s 
and d i r e c t a n a l y s i s of the PAH adducts suggest that a c t i v a t i o n occurs 
through a l,2-dihydroxy-5-methyl-l,2,3,4-tetrahydrochrysene 3,4-oxide 
(118,178-180). Adducts were prepared by r e a c t i o n of the d i o l epoxide 
w i t h DNA and the i s o l a t e d adducts c h a r a c t e r i z e d by t h e i r nmr, mass, 
and uv sp e c t r a and pKa determinations. 

Fluoranthenes. With the exception of 3-methylcholanthrene, much 
l e s s work has been undertaken on nonalternant PAHs. Several recent 
s t u d i e s have reported on the major metabolites and mutagenicity of 
vari o u s fluoranthenes (181-185), but l i t t l e i s known about the DNA 
adduct which they form. Some s t u d i e s on dibenzo[a,e]fluoranthene 
showed that s e v e r a l adducts are formed by microsomal incubations 
(185) and a d d i t i o n a l s t u d i e s w i l l be req u i r e d to provide complete 
s t r u c t u r a l e l u c i d a t i o n of the products formed. 

Conclusions 

Over the past few years s u b s t a n t i a l advances have been made i n our 
understanding o f the chemistry of the major adducts formed when PAH 
carcinogens are m e t a b o l i c a l l y a c t i v a t e d to d e r i v a t i v e s which bind to 
DNA. U n l i k e many simple a l k y l a t i n g agents the N 2 of guanine i s a 
major t a r g e t f o r r e a c t i o n . Metabolic a c t i v a t i o n through d i o l epoxides 
has proved an important pathway f o r many PAHs and s u b s t i t u t i o n w i t h a 
methyl group i n the bay r e g i o n adjacent to the a c t i v a t e d benzo r i n g 
g e n e r a l l y enhances c a r c i n o g e n i c i t y . Information i s a l s o a v a i l a b l e on 
f a c t o r s governing the r e a c t i o n of these metabolites w i t h DNA and the 
conformation i n which some of these adducts e x i s t . 
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Areas in which additional information is s t i l l needed relates to 
the role and relative importance of different adducts and the 
mechanisms by which they initiate cells. General principles are 
developing which will allow better predictions to be made at each of 
the stages of chemical carcinogenesis outlined in Table I. The 
ultimate goal therefore, would be, by a combined analysis of all 
these steps, to predict accurately the carcinogenicity of newly 
discovered or untested PAH derivatives. 
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9 
The Intercalation of Benzo[a]pyrene and 
7,12-Dimethylbenz[a]anthracene Metabolites and 
Metabolite Model Compounds into DNA 

P. R. LEBRETON 

Department of Chemistry, University of Illinois at Chicago, Chicago, IL 60680 

Carcinogenic metabolites and metabolite model com
pounds of benzo[a]pyrene and 7,12-dimethylbenz-
[a]anthracene intercalate into DNA with physical 
binding constants in the range 103-104 M-1. The 
association constants for hydrocarbon-base stack
ing are similar in magnitude to those for base
-base stacking and are much smaller than those of 
intercalating drugs such as ethidium bromide which 
has a value >106 M - 1 . The intercalation of these 
molecules strongly depends on DNA structure and 
environment. Increases in solvent polarity en
hance intercalation. The DNA stabilizers Mg+2 and 
polyamines inhibit intercalation. Hydrocarbon
-base π interactions are much weaker in heat dena
tured DNA than in native double-stranded DNA. For 
metabolites and metabolite models for which com
parisons were made, binding to native single
-stranded DNA is favored over binding to circular 
double-stranded DNA, and binding to poly(dA-dT) is 
favored over binding to other synthetic polynu
cleotides. In studies of nonreactive model com
pounds which have steric and electronic properties 
similar to those of reactive metabolites of 7,12-
dimethylbenz [a] anthracene and benzo[a]pyrene, i t 
is found that analogs of bay region epoxides are 
better intercalating agents than those of less 
carcinogenic epoxides. 

M e t a b o l i t e s of carcinogenic p o l y c y c l i c aromatic hydrocarbons (PAH) 
such as (±) trans-7,8-dihydroxy-anti-9,10-epoxy-7,8,9,10-tetrahy-
drobenzo[a]pyrene (BPDE) and 7,8,9,10-tetrahydroxytetrahydroben
zo [a]pyrene (BPT) p a r t i c i p a t e i n TT b i n d i n g i n t e r a c t i o n s w i t h nu
c l e o t i d e bases (1-19) which lead to the r e v e r s i b l e formation of 
p h y s i c a l complexes. Almost a l l the p h y s i c a l l y bound hydrocarbon 
metabolites are i n t e r c a l a t e d between the nu c l e o t i d e bases. A 
great deal of informa t i o n about events important to chemical c a r -

0097-6156/ 85/ 0283-0209$08.25/ 0 
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cinogenesis has r e c e n t l y come to l i g h t as a r e s u l t of the study of 
r e a c t i v e i n t e r a c t i o n s o c u r r i n g between epoxide c o n t a i n i n g metabo
l i t e s of PAH and DNA (20-34). Much l e s s i s known about the nature 
and the s i g n i f i c a n c e of r e v e r s i b l e p h y s i c a l i n t e r a c t i o n s between 
hydrocarbon metabolites and DNA. The p o t e n t i a l importance of hy-
drocarbon-nucleotide p h y s i c a l b i n d i n g to the mechanisms of PAH 
carcinogenesis i s shown by the data given i n Table I which gives 
b i n d i n g constants f o r stacked complexes formed from the i n t e r a c 
t i o n of n u c l e o t i d e bases wit h pyrene (35), BPDE (3) and ethidium 
bromide (36). Table I al s o contains b i n d i n g constants f o r stacked 
complexes formed from the s e l f - a s s o c i a t i o n of nucleosides (37). 

A comparison of the DNA binding constants i n Table I i n d i 
cates that the TT s t a c k i n g i n t e r a c t i o n s of hydrocarbon metabolites 
such as BPDE are much weaker than those of strong i n t e r c a l a t i n g 
drugs such as ethidium bromide. The bin d i n g constant f o r BPDE i n 
t e r c a l a t i o n i n t o DNA i s s i m i l a r i n magnitude to the binding con
stants f o r the hydrogen bonding of base p a i r s . In organic s o l 
vents (CDCl^ and CCl^) at 25° C a s s o c i a t i o n constants f o r base-
p a i r hydrogen bonding t y p i c a l l y l i e i n the range 10^-10 M~* (37). 

An examination of the nucleoside and nu c l e o t i d e binding data 
i n Table I al s o shows that the forces r e s p o n s i b l e f o r the stacked 
a s s o c i a t i o n of nucleosides are s i m i l a r i n magnitude to those l e a d 
ing to bin d i n g of pyrene to mononucleotides. In v i v o the r e v e r s i 
b l e p h y s i c a l b i n d i n g of n u c l e o t i d e bases to one another v i a base 
s t a c k i n g and hydrogen bonding i s re s p o n s i b l e f o r the storage and 
tran s m i s s i o n of genetic i n f o r m a t i o n and plays an important r o l e i n 
determining the s t r u c t u r e and s t a b i l i t y of double-stranded h e l i c a l 
DNA. The s i m i l a r i t y between the p h y s i c a l i n t e r a c t i o n s of bases 
w i t h one another and the p h y s i c a l i n t e r a c t i o n s of bases wit h hy
drocarbons and hydrocarbon metabolites may be important to mecha
nisms of PAH carc i n o g e n e s i s . 

Recent s t r u c t u r e - a c t i v i t y studies of l-alkylbenzo[a]pyrenes 
a l s o suggest that DNA i n t e r c a l a t i o n of benzo[a]pyrene (BP) metabo
l i t e s plays a r o l e i n the mechanism of BP carcinogenesis (38). 
The a d d i t i o n of bulky a l k y l groups at the 1-position of BP, which 
i n h i b i t DNA i n t e r c a l a t i o n of 1-alkyl-BP metabolites (19), causes a 
reduct i o n i n carcinogenic a c t i v i t y . 

In the e a r l i e s t s t u d i e s of the p h y s i c a l binding of carcinoge
n i c hydrocarbons w i t h DNA the e f f e c t s of DNA upon the s o l u b i l i t y 
of pyrene and benzo[a]pyrene were examined. In a s o l u t i o n of DNA 
(0.05% by weight) the s o l u b i l i t y of these hydrocarbons i s i n c r e a s 
ed as much as 70 times (39, 40). The biochemical s i g n i f i c a n c e of 
these e a r l y s t u d i e s has been questioned (41), and i t has been a r 
gued that mechanisms of hydrocarbon carcinogenesis depend much 
more upon the i n t e r a c t i o n of parent hydrocarbons with p r o t e i n s 
than w i t h DNA. This c r i t i c i s m i s supported by current studies of 
hydrocarbon carcinogenesis which point to the important r o l e that 
a c t i v a t i o n of parent hydrocarbons by microsomal enzyme systems 
c o n t a i n i n g cytochrome P-450 plays i n the formation of u l t i m a t e r e 
a c t i v e carcinogens (42). 

Most recent studies of hydrocarbon i n t e r a c t i o n s w i t h DNA have 
focussed on the binding of hydrocarbon metabolites r a t h e r than on 
the b i n d i n g of the parent hydrocarbons. Much of t h i s work deals 
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9. LEBRETON Intercalation of Metabolite Model Compounds into DNA 211 

Table I . Comparison of Binding Constants f o r Stacked Complexes at 
23-25 °C 

Complex KCM'1) 

a b 
Nucleoside-Nucleoside ' 
Pyrene-Nucleotide 0 

BPDE-DNA 
Ethidium Bromide-DNAa»e 

-1.0 x 10 1 

-3.0 x 10 1 

6.5 x 10 3 

>10 6 

a 
b 
c 
d 
e 

In H 20 
Taken from r e f . 37. 
In H 20 + 5% Methanol. Taken from r e f . 35. 
In H 20 + 2% Ethanol. Taken from r e f . 3. 
Taken from r e f . 36. 
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wi t h the r e a c t i o n p r o p e r t i e s of carcinogenic epoxides of BP and 
7,12-dimethylbenz[a]anthracene (DMBA). There i s considerable e v i 
dence suggesting that DNA l e s i o n s r e s u l t i n g from re a c t i o n s w i t h 
those and other carcinogens are an e s s e n t i a l step i n tumor i n i t i a 
t i o n (43,44). 

I t i s found that i n a s i g n i f i c a n t number of cases metabolite 
r e a c t i v i t y provides a good index f o r p r e d i c t i n g PAH carc i n o g e n i c 
potency (45, 46). For example, bay region epoxides and precursors 
of bay region epoxides of BP and DMBA are more mutagenic and c a r 
cinogenic than l e s s r e a c t i v e epoxides, such as K-region epoxides, 
derived from the same parent hydrocarbons (45-53). Figures 1 and 
2 show bay region epoxides of BP and DMBA along w i t h s t r u c t u r e s of 
l e s s a c t i v e epoxides. 

In v i t r o s t u d i e s of DNA i n t e r a c t i o n s with the r e a c t i v e ben
z o y l pyrene epoxide BPDE i n d i c a t e that p h y s i c a l b i n d i n g of BPDE 
occurs r a p i d l y on a m i l l i s e c o n d time s c a l e forming a complex that 
then reacts much more sl o w l y on a time s c a l e of minutes (17). Se
v e r a l r e a c t i v e events f o l l o w formation of the p h y s i c a l complex. 
The most favorable r e a c t i o n i s the DNA cat a l y z e d h y d r o l y s i s of 
BPDE to the t e t r o l , BPT (3,5,6,8,17). At 25°C and pH=7.0, the hy
d r o l y s i s of BPDE to BPT i n DNA i s as much as 80 times f a s t e r than 
h y d r o l y s i s without DNA ( 8 ) . Other r e a c t i o n s which f o l l o w forma
t i o n of p h y s i c a l complexes in c l u d e those i n v o l v i n g the nu c l e o t i d e 
bases and p o s s i b l y the phosphodiester backbone. These can lead to 
DNA strand s c i s s i o n (9> 34, 54-56) and to the formation of s t a b l e 
BPDE-DNA adducts. Adduct formation occurs at the e x o c y c l i c amino 
groups on the nu c l e o t i d e bases and at other s i t e s (1,2,9,17,20, 
28,33,34,57,58). The pathway which leads to hydrocarbon adducts 
c o v a l e n t l y bound to the 2-amino group of guanine has been the most 
widely s t u d i e d . 

Several l a b o r a t o r i e s have examined whether BPDE c o v a l e n t l y 
bound to DNA assumes an i n t e r c a l a t e d conformation or i s e x t e r n a l l y 
bound. D i f f e r e n t groups have reported d i f f e r e n t r e s u l t s 
(5,6,8,20,34,59-69). M o b i l i t y studies using relaxed c i r c u l a r 
pBR322 DNA i n d i c a t e that r e a c t i o n w i t h BPDE gives r i s e to r a p i d 
p o s i t i v e s u p e r c o i l i n g which i s suggestive of a conformation i n 
which the hydrocarbon occupies an i n t e r n a l s i t e i n the DNA (34). 
On the other hand, from r e s u l t s of the most recent s p e c t r o s c o p i c 
s t u d i e s i t i s concluded that the covalent adduct formed from the 
more carcinogenic (+) enantiomer of BPDE i s i n an e x t e r n a l confor
mation (68,69). 

On the ba s i s of PAH p h y s i c a l b i n d i n g s t u d i e s (18) i t has been 
p r e v i o u s l y suggested that BPDE adduct conformations are s t r o n g l y 
dependent upon the DNA environment and that t h i s may be p l a y i n g a 
r o l e i n the va r y i n g r e s u l t s reported by d i f f e r e n t l a b o r a t o r i e s . A 
mechanism f o r r e a c t i o n has been proposed (2) which involves i n i 
t i a l i n t e r c a l a t i o n of BPDE followed by r e a c t i o n which can lead u l 
t i m a t e l y to n o n i n t e r c a l a t e d complexes. This mechanism i s support
ed by recent k i n e t i c flow dichroism studies (69). 

Two s p e c i f i c suggestions concerning the r o l e that the re v e r 
s i b l e p h y s i c a l binding of proximate and u l t i m a t e carcinogens de
r i v e d from BP play i n carcinogenesis have been made. The f i r s t i s 
based on r e c o g n i t i o n that DNA-BPDE complex formation precedes r e -
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Reactive Metabolites Metabolite Model Compounds 

Bay Region Epoxide 

BPDE 

Less Carcinogenic Epoxides 

HO. 

trans-9,10- di hydroxy-anU-7,8-
epoxy-7,8,9,10-tetrahydro-BP 

BP-4,5-oxide 

7,8,9,10-tetrahydroxy tetrahydro-BP 

7-hydroxy-7,8,9,10-tetrahydro-BP 

7,8-dihydroxy-7,8,9,10-tetrahydro-BP 

•OH 

trans - 4,5 - dihydroxy - 4,5 - dihydro-BP 

Figure 1. Metabo l i t e s and metabolite model compounds derived from 
benzo[a]pyrene• 
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Less Carcinogenic Epoxides 

CH 3 5,6-dihydro-BA 
DMBA-5,6-oxide 

HO* 
OH CH 3 8,9,10,11-tetrahydro-BA 

8,9-dihydroxy-10,ll-epoxy-
8,9,10,11-tetrahydro-DMBA 

Figure 2. Reactive metabolites and metabolite model compounds de
r i v e d from 7,12-dimethylbenz[a]anthracene. 
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a c t i o n . This has l e d to s p e c u l a t i o n (1) that the stereochemistry 
associated w i t h the formation of p r e r e a c t i o n i n t e r c a l a t e d com
plexes with DNA i s r e l a t e d to the va r y i n g r e a c t i v e and carcinogen
i c p r o p e r t i e s of d i f f e r e n t stereoisomers of BP epoxides. I t has 
al s o been suggested (9) that s i t e s f o r strand s c i s s i o n are deter
mined by the formation of i n t e r c a l a t e d complexes before r e a c t i o n . 

The second i s based on the observation (18) that the nonreac-
t i v e proximate carcinogen _trans_-7 ,8-dihydroxy-7,8-dihydro-BP binds 
f a v o r a b l y to DNA. This b i n d i n g may lead to increased i n v i v o nu-
c l e a r concentrations of the d i o l . Nuclear membrane bound c y t o 
chrome P-450 (70,71) i s a v a i l a b l e f o r f u r t h e r a c t i v i a t i o n of the 
d i o l , and poo l i n g of the proximate carcinogen i n the nucleus and 
subsequent metabolism to BPDE may be important. This would pro
vide an e f f i c i e n t mechanism by which b i o l o g i c a l l y s i g n i f i c a n t l e 
v e l s of unstable r e a c t i v e metabolites reach nuclear target s i t e s . 

Several groups have i n v e s t i g a t e d the DNA p h y s i c a l b i n d i n g 
p r o p e r t i e s of BP (39,40,72), of nonreactive BP metabolites and of 
re a c t i v e BP metabolites (1-6,8,11). Nonreactive metabolites which 
have been s t u d i e d are trans-7,8-dihydroxy-7,8-dihydro-BP 
(15,16,18,19), BPT (3-5,7,10,18) and trans-4,5-dihydroxy-4,5-dihy-
dro-BP (15,18). The f i r s t of these molecules i s a proximate c a r 
cinogen and a metabolic precursor of BPDE. The second and t h i r d 
molecules are the h y d r o l y s i s products of BPDE and of the l e s s c a r 
cinogenic K-region epoxide, benzo[a]pyrene-4,5-oxide, r e s p e c t i v e 
l y . Studies of the p h y s i c a l binding of r e a c t i v e metabolites of 
benzo[a]pyrene have focussed on BPDE and on trans-9,10-dihydroxy-
anti-7,8-epoxy-7 ,8,9,10-tetrahydro-BP (J_-4_, _6, JJL_) • These i n v e s 
t i g a t i o n s of the noncovalent b i n d i n g of r e a c t i v e metabolites to 
DNA are made d i f f i c u l t by the r e a c t i o n s , e s p e c i a l l y h y d r o l y s i s , 
which f o l l o w the formation of a p h y s i c a l complex. 

In order to gain more d e t a i l e d i n f o r m a t i o n about the p h y s i c a l 
b i n d i n g of hydrocarbon metabolites to DNA, studie s have a l s o been 
c a r r i e d out with model compounds which have many of the s t e r i c and 
e l e c t r o n i c p r o p e r t i e s of carcinogenic epoxides but no r e a c t i v e 
epoxide group. The use of nonreactive model compounds permits the 
c l e a r s e p a r a t i o n of p h y s i c a l binding i n t e r a c t i o n s from r e a c t i v e 
i n t e r a c t i o n s . Benzo[a]pyrene metabolite model compounds which 
have been examined i n c l u d e 7-hydroxy-7,8,9,10-tetrahydro-BP (_4) , 
and c i s (4) and trans-7,8-dihydroxy-7,8,9,10-tetrahydro-BP ( 9 ) . 
The DMBA metabolite model compounds which have been examined i n 
clude the benz[a]anthracene (BA) d e r i v a t i v e s , 1,2,3,4-tetrahydro-
BA (12, L3), 5,6-dihydro-BA (12), and 8,9,10,11-tetrahydro-BA (12, 
13, 14), as w e l l as anthracene (12) and 9,10-dimethylanthracene 
(DMA) (14). Figures 1 and 2 show s t r u c t u r e s of nonreactive meta
b o l i t e s and metabolite model compounds derived from BP and DMBA 
fo r which DNA p h y s i c a l b i n d i n g s t u d i e s have been c a r r i e d out. 

The major goals of recent s t u d i e s of the p h y s i c a l binding to 
DNA of BP and DMBA metabolites and metabolite models are to det e r 
mine: (1) the magnitudes of the bin d i n g constants, (2) the con
formations of p h y s i c a l complexes which are formed and the nature 
of DNA bin d i n g s i t e s , (3) how DNA s t r u c t u r e and environment i n f l u 
ence p h y s i c a l b i n d i n g , (4) how the s t r u c t u r e of hydrocarbon meta
b o l i t e s i n f l u e n c e s p h y s i c a l binding p r o p e r t i e s , (5) whether the 
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216 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

p h y s i c a l b i n d i n g of hydrocarbon metabolites e x h i b i t s s p e c i f i c i t y 
f o r c e r t a i n base sequences i n DNA, and (6) whether d i f f e r e n t meta
b o l i t e s derived from the same parent hydrocarbon but with v a r y i n g 
carcinogenic potency e x h i b i t d i f f e r e n t DNA p h y s i c a l binding pro
p e r t i e s . 

Spectroscopic Probes of P h y s i c a l Binding P r o p e r t i e s 

Most st u d i e s of the p h y s i c a l binding of hydrocarbon metabolites 
and metabolite model compounds have measured the e f f e c t of DNA 
bin d i n g on hydrocarbon fluorescence i n t e n s i t i e s , fluorescence 
l i f e t i m e s and UV absorption s p e c t r a . Radioactive l a b e l l i n g has 
a l s o been used, but l e s s f r e q u e n t l y . Spectroscopic methods are 
p a r t i c u l a r l y convenient. These methods, e s p e c i a l l y fluorescence 
methods, are a l s o very s e n s i t i v e . A l l of the hydrocarbons i n 
Figure 1 except the epoxides have high fluorescence quantum 
y i e l d s , which permit r o u t i n e d e t e c t i o n i n the 10~^-10 M concen
t r a t i o n range. 

With s p e c t r o s c o p i c methods i t i s p o s s i b l e to obt a i n informa
t i o n about the conformation of hydrocarbon-DNA complexes. The 
fluorescence quantum y i e l d s of aromatic hydrocarbons are g r e a t l y 
reduced when they bind to DNA i n i n t e r c a l a t e d conformations. 
Figure 3 shows how the i n t e n s i t y of the emission spectrum of DMA 
decreases w i t h i n c r e a s i n g concentrations of DNA i n 15% methanol. 
( I n Figure 3 and throughout t h i s d i s c u s s i o n DNA concentrations and 
a s s o c i a t i o n constants have been reported i n terms of P0^~ m o l a r i t y 
unless otherwise i n d i c a t e d . The s o l u t i o n content of organic s o l 
vents i s given i n percent volume.) 

The mechanism of the fluorescence quenching process which ac
companies hydrocarbon i n t e r c a l a t i o n i s not thoroughly under
stood. However, i n st u d i e s of 9-methylanthracene and phenan
threne, which have p r o p e r t i e s s i m i l a r to the molecules considered 
here, i t i s found that small p e r t u r b a t i o n s such as those a r i s i n g 
from temperature v a r i a t i o n (73) or from deuterium s u b s t i t u t i o n f o r 
hydrogen at s p e c i f i c p o s i t i o n s (74) can s t r o n g l y a l t e r f l u o r 
escence quantum y i e l d s . These changes i n quantum y i e l d s are due 
almost e x c l u s i v e l y to changes i n the ra t e of intersystem c r o s s 
i n g . I t i s reasonable to expect that quenching due to DNA i n t e r 
c a l a t i o n a l s o i n v o l v e s an increase i n the rate of intersystem 
c r o s s i n g which accompanies b i n d i n g . This c o n c l u s i o n i s supported 
by the observation that there i s n e a r l y a 1:1 correspondence be
tween the disappearance of s i n g l e t e x c i t e d s t a t e s and the appear
ance of t r i p l e t s i n i n t e r c a l a t e d DNA complexes formed from poly
c y c l i c aromatic hydrocarbons (72,75). 

In some cases i t i s p o s s i b l e to ob t a i n a measure of the as
s o c i a t i o n constant f o r i n t e r c a l a t i o n d i r e c t l y from fluorescence 
quenching data. This method i s a p p l i c a b l e when the dynamic 
quenching of the hydrocarbon fluorescence by DNA i s small and when 
the i n t e r c a l a t e d hydrocarbon has a n e g l i g i b l e fluorescence quantum 
y i e l d compared to that of the free hydrocarbon. I f these c o n d i 
t i o n s are met, the a s s o c i a t i o n constant f o r i n t e r c a l a t i o n , KQ, i s 
equal to the Stern-Volmer quenching constant Kgy (76) and i s given 
by Equation 1. 
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390 410 430 450 470 490 510 

X (nm) 

Figure 3. Uncorrected emission spectra of DMA i n 15% methanol 
measured at var y i n g c a l f thymus DNA conc e n t r a t i o n s . 
The spectra were measured under the c o n d i t i o n s d e s c r i b 
ed i n r e f . 14.  P
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K Q - K g v - [DNA ] 1 [^- - 1] (1) 

In Equation 1, IQ i s the fluorescence i n t e n s i t y of the hydrocarbon 
measured without DNA, and I i s the i n t e n s i t y measured w i t h DNA. 

Figure 4 shows Stern-Volmer p l o t s measured f o r the DNA 
quenching of DMA, 1,2,3,4-tetrahydro-BA, 5,6-dihydro-BA, 
8,9,10,11-tetrahydro-BA and anthracene. Figure 5 shows s i m i l a r 
p l o t s f o r trans-7,8-dihydroxy-7,8-dihydro-BP and trans-4,5-dihy-
doxy-4,5-dihydro-BP. Figures 4 and 5 cont a i n data obtained both 
w i t h n a t i v e DNA and with heat-denatured DNA. Both f i g u r e s show 
that the s i g n i f i c a n t fluorescence quenching which i s observed i n 
na t i v e DNA i s g r e a t l y diminished i n denatured DNA. This strong 
dependence of the spec t r o s c o p i c p u r t u r b a t i o n due to b i n d i n g , on 
DNA secondary s t r u c t u r e i s i n d i c a t i v e of an i n t e r c a l a t i v e b i n d i n g 
process (36). 

Measurements of the hydrocarbon fluorescence l i f e t i m e s pro
vide important inform a t i o n which i s u s e f u l i n i n t e r p r e t i n g the 
Stern-Volmer p l o t s . In cases where Equation 1 i s v a l i d , the hy
drocarbon fluorescence decay p r o f i l e s must be the same wi t h and 
without DNA. In some cases, BP f o r example, t h i s i s not the 
case. For BP the observed decay p r o f i l e changes s i g n i f i c a n t l y 
when DNA i s added (72). 

However f o r s e v e r a l of the molecules shown i n Figures 1 and 
2, DNA has only a small e f f e c t on the observed fluorescence l i f e 
time. These molecules inc l u d e trans-7,8-dihydroxy-7,8-dihydro-BP 
(15,18,19), trans-4,5-dlhydroxy-4,5-dihydro-BP (15,18), BPT 
(7,18), 1,2,3,4-tetrahydro-BA (12), 8,9,10,11-tetrahydro-BA (14), 
5,6-dihydro-BA (12), anthracene (12) and DMA (14). T y p i c a l decay 
p r o f i l e s obtained i n fluorescence l i f e t i m e measurements of t r a n s -
7,8-dihydroxy-7,8-dihydro-BP and of 8,9,10,11-tetrahydro-BA are 
shown i n Figure 6. The l i f e t i m e s e x t r a c t e d from the decay pro
f i l e s shown here have been obtained by using a least-squares de-
conv o l u t i o n procedure which c o r r e c t s f o r the f i n i t e d u r a t i o n of 
the e x c i t a t i o n lamp pulse (77). 

For 8,9,10,11-tetrahydro-BA the l i f e t i m e s measured with and 
without DNA are the same w i t h i n experimental e r r o r (± 2 nsec). 
Without DNA the decay p r o f i l e of trans-7,8-dihydroxy-7,8-dihydro-
BP f o l l o w s a s i n g l e - e x p o n e n t i a l decay law. With DNA the decay 
p r o f i l e has a small c o n t r i b u t i o n from a s h o r t - l i v e d component (x = 
5 nsec) which a r i s e s from DNA complexes. This i n d i c a t e s that 
Equation 1 i s not s t r i c t l y v a l i d . However, the a n a l y s i s of the 
decay p r o f i l e w i t h DNA a l s o i n d i c a t e s that the short l i f e t i m e com
ponent c o n t r i b u t e s l e s s than 11% to the t o t a l emission observed at 
[P O a ~ ] » 5 x 10~* M. Under these c o n d i t i o n s Equation 1 s t i l l 
y i e l d s a good approximate value to the a s s o c i a t i o n constant f o r 
i n t e r c a l a t i o n . 

For BP metabolites and metabolite model compounds UV absorp
t i o n experiments provide an independent means by which b i n d i n g 
constants f o r hydrocarbon i n t e r c a l a t i o n i n t o DNA can be measur
ed. I n t e r c a l a t i v e b i n d i n g gives r i s e to a red s h i f t (~ 10 nm) i n 
the hydrocarbon UV absorption spectrum of PAH. Figure 7 shows ab
s o r p t i o n s pectra of trans-7,8-dihydroxy-7,8-dihydro-BP at var y i n g 
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[P04~] X I 0 4 M 

Figure 4. Stern-Volmer p l o t s and quenching constants derived from 
the fluorescence quenching of DMA ( T ) , 1,2,3,4-tetra
hydro-BA (•), 5,6-dihydro-BA ( A ) , 8,9,10,11-tetrahydro-
BA (•) and anthracene (•) by DNA i n 15% methanol at 23° 
C. Emission and e x c i t a t i o n wavelengths and d e t a i l s 
concerning the experimental c o n d i t i o n s are given i n 
r e f s , 12 and 14. The open symbols, o and V, show I ^ / I 
f o r 1,2,3,4-tetrahydro-BA and DMA r e s p e c t i v e l y i n dena
tured DNA([PO "] = 4.4 x 10~ 4 M). 
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220 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Figure 5. Stern-Volmer p l o t s and quenching constants derived from 
the fluorescence quenching of _trans_-7,8-dihydroxy-7,8-
dihydro-BP and trans-4,5-dihydroxy-4,5-dihydro-BP i n 
na t i v e DNA (clos e d symbols) and i n denatured DNA (open 
symbols) i n 15% methanol at 23° C. D e t a i l s about the 
experimental c o n d i t i o n s are given i n r e f . 15. 
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CO 

6 

5 15 25 35 45 55 65 5 15 25 35 45 55 65 

t (nanoseconds) 

Figure 6. Fluorescence decay p r o f i l e s of trans_-7,8-dihydroxy-7,8-
dihydro-BP and 8,9,10,11-tetrahydro-BA measured at 23 
°C w i t h and without n a t i v e DNA. Taken from r e f s . 14 
and 15. The upper l e f t - h a n d corner contains an i n 
strument response p r o f i l e . Emission and e x c i t a t i o n 
wavelengths, l i f e t i m e s , and values of x 2 obtained from 
deconvolution of the l i f e t i m e data are a l s o g i v e n . 
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350 360 370 380 390 

WAVELENGTH (nm) 

Figure 7. Absorption spectra i n 15% methanol at 23°C of t r a n s -
7,8-dihydroxy-7,8-dihydrobenzo[5]pyrene i n na t i v e DNA 
at concentrations^ of 0.0, 8.0 x_lO 5 , 1.6 x 10 **, 2.4 
x lo""4, 3.2 x lo"*4 and 4.0 x lo"*4 M. The broken l i n e 
shows a spectrum i n the presence of 3.2 x 10 M DNA 
and 3.2 x 10 M spermine. (Reproduced wi t h permission 
from Ref. 15. Copyright 1985, Alan R. L i s s . ) 
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DNA conce n t r a t i o n s . The appearance of the r e d - s h i f t e d UV absorp
t i o n spectrum i s s t r o n g l y dependent upon DNA secondary s t r u c t u r e 
and i s g r e a t l y reduced i n denatured DNA. L i k e the fluorescence 
quenching the r e d - s h i f t e d absorption spectrum i s due to hydrocar
bon i n t e r c a l a t i o n (15, 18). Standard methods f i r s t derived by 
Benesi and Hildebrand (78) and l a t e r modified (_3, 4_, 9_, 79) have 
been used to analyze the UV data. Table I I contains a s s o c i a t i o n 
constants obtained from Stern-Volmer quenching data along w i t h as
s o c i a t i o n constants obtained from UV bin d i n g s t u d i e s of BP metabo
l i t e s and metabolite models. For a l l three of the molecules con
t a i n e d i n Table I I , fluorescence l i f e t i m e s t u d i e s (9_, 15) i n d i c a t e 
that decay p r o f i l e s measured wit h and without DNA are very s i m i 
l a r . In each case the fluorescence s p e c t r a and the absorption 
s p e c t r a were measured under i d e n t i c a l c o n d i t i o n s . A comparison of 
the r e s u l t s obtained from the two d i f f e r e n t methods i n d i c a t e s that 
the agreement i n values f o r the i n t e r c a l a t i o n b i n d i n g constants i s 
good. 

For the DMBA metabolite models stud i e d to date a s i m i l a r com
parison of r e s u l t s from fluorescence and absorption s t u d i e s has 
not been c a r r i e d out. In these molecules a l l of the more intense 
absorption bands occur at wavelengths below 300nm where DNA ab
so r p t i o n i n t e r f e r e s . This makes i t d i f f i c u l t to determine the DNA 
bin d i n g constants using absorption measurements. However the good 
agreement between the absorption and fluorescence r e s u l t s f o r the 
BP d e r i v a t i v e s supports the conclus i o n that when the hydrocarbon 
fluorescence decay p r o f i l e measured without DNA i s s i m i l a r to that 
w i t h DNA, the Stern-Volmer quenching constant provides a good mea
sure of the a s s o c i a t i o n constant f o r PAH i n t e r c a l a t i o n . 

Review Of Results 

I n t e r c a l a t i o n of BPDE. Several groups have studied the r e v e r s i b l e 
i n t e r c a l a t i v e binding of BPDE to DNA. The fluorescence quantum 
y i e l d of BPDE i s much lower than that of BP d e r i v a t i v e s which do 
not contain an epoxide group and fluorescence techniques have not 
been widely used to study BPDE p h y s i c a l b i n d i n g to DNA (A_). Asso
c i a t i o n constants f o r the DNA i n t e r c a l a t i o n of BPDE have been ob
tai n e d by measuring red s h i f t s i n the UV absorption s p e c t r a of 
BPDE which occur upon the formation of i n t e r c a l a t e d complexes (3_»A.».§.»JD and from fluorescence s t u d i e s (8) of the k i n e t i c s of DNA 
cata l y z e d h y d r o l y s i s of BPDE. The h y d r o l y s i s r e a c t i o n Is conveni
e n t l y monitored by f o l l o w i n g the fluorescence of the h y d r o l y s i s 
product, BPT, which has a quantum y i e l d many times greater than 
BPDE. 

A summary of BPDE a s s o c i a t i o n constants f o r i n t e r c a l a t i o n ob
tained from d i f f e r e n t s t u d i e s i s given i n Table I I I . The wide 
v a r i a t i o n i n reported a s s o c i a t i o n constants can be a t t r i b u t e d i n 
part to d i f f e r e n c e s i n solvent c o n d i t i o n s . The low bin d i n g con
sta n t obtained i n r e f . _̂ i s due to the high i o n i c s t rength and 
high concentration of organic solvent employed i n the e x p e r i 
ments. The d i f f e r e n c e i n the values of a s s o c i a t i o n constants r e 
ported i n r e f s . 3_ and 8_ i s most l i k e l y due to the d i f f e r e n c e i n 
the organic content of the s o l u t i o n s used. 
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Table I I . I n t e r c a l a t i o n A s s o c i a t i o n Constants and Stern-Volmer 
Quenching Constants f o r Benzo[a]pyrene Metabolites and 

Metabolite Model Compounds3 w i t h C a l f Thymus DNA 

KpV"1) KsVC ( ! r l ) 

trans-7,8-dihydroxy- 5400 6100 
7,8-dihydro-BP d 

trans-4,5-dlhydroxy- 1900 2100 
4,5-dihydro-BP d 

trans-7,8-dihydroxy- 750-910 740 
7,8,9,10-tetrahydro-

The estimated u n c e r t a i n t y i n the a s s o c i a t i o n constants and 
quenching constants i s ± 10%. 
A s s o c i a t i o n constants from UV absorption s t u d i e s . 

*T Stern-Volmer Quenching Constants. 
d Measured i n 15% methanol. Taken from r e f s . 15 and 18. 
e Measured i n 2.5% DMSO. Taken from r e f . 9. 

Table I I I . DNA I n t e r c a l a t i o n A s s o c i a t i o n Constants Reported f o r 
trans-7,8-Dihydroxy-ant i-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene 

Type of DNA Bu f f e r 
(pH) 

A d d i t i o n a l Organic T(°C) K(M" 
Ions Solvent 

•1 

Salmon Testes 
(sheared) 

C a l f Thymus a , C 

(sonicated) 

a,b 20 mM Tris«HCl 
(7.4) 

10 mM NaHCOo 
(9.0) 

2% Ethanol 21 6,580 

50 mM 10% Acetone 25 377 
NaCl 

C a l f Thymus 5 mM Sodium 
Cacodylate 

(7.1) 

0.2% T e t r a - 25 12,000 
hydrofuran 

^Based on UV absorption measurements. 
Taken from r e f 3. Results w i t h c a l f thymus DNA are reported to 

be s i m i l a r to those w i t h salmon t e s t e s DNA. 
cTaken from r e f . 4. 
Based on UV absorption s t u d i e s and on fluorescence s t u d i e s of the 

k i n e t i c s of DNA 
ca t a l y z e d BPDE h y d r o l y s i s . Taken from r e f . 8. 
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The d e r i v a t i o n of an i n t e r c a l a t i o n a s s o c i a t i o n constant from 
k i n e t i c s t u d i e s of BPDE h y d r o l y s i s presumes that the r e a c t i o n pro
ceeds v i a an i n t e r c a l a t e d complex. This mechanism i s supported by 
the observations that the c a t a l y t i c a c t i v i t y of denatured DNA i s 
lower than that of na t i v e DNA ( 8 ) , that c a t a l y s i s i s i n h i b i t e d at 
high i o n i c strengths (_3, 8̂ , 17), and that mononucleotides such as 
GMP e x h i b i t much greater c a t a l y t i c a c t i v i t y than does free phos
phate (80). 

In a d d i t i o n to UV binding studies of BPDE, one other l e s s 
carcinogenic epoxide, (±) trans-9,10-dihydroxy-anti-7,8-epoxy-
7,8,9,10-tetrahydro-BP, was examined. Table IV which contains r e 
s u l t s obtained i n t h i s study i n d i c a t e s that the i n t e r c a l a t i o n 
b i n d i n g constant i s 23% lower than that of BPDE ( 3 ) . 

Table IV also contains r e s u l t s of UV absorption studies of 
hy d r o x y l a t i o n e f f e c t s on the DNA i n t e r c a l a t i v e b i n d ing of ben
zo [a] pyrene metabolites and metabolite model compounds. The most 
important feature of these r e s u l t s i s that h y d r o l y s i s of BPDE to 
BPT causes a f o u r - f o l d r e d u c t i o n i n the i n t e r c a l a t i o n a s s o c i a t i o n 
constant. Of a l l the BP d e r i v a t i v e s s t u d i e d , the t e t r o l has the 
lowest b i n d i n g constant f o r i n t e r c a l a t i o n . The small b i n d i n g con
sta n t of the t e t r o l compared wit h BPDE, coupled w i t h the DNA ca t a 
l y z e d h y d r o l y s i s of BPDE to the t e t r o l may provide a d e t o x i f i c a 
t i o n pathway f o r removal of a p o r t i o n of unreacted i n t e r c a l a t e d 
BPDE. 

P h y s i c a l Binding of Metabo l i t e s and Meta b o l i t e Model Compounds to 
Secondary S i t e s on DNAT For BPT a secondary DNA bin d i n g s i t e has 
been reported on the basis of d i a l y s i s experiments (_7). In f l u o r 
escence l i f e t i m e studies i t was found that the fluorescence decay 
p r o f i l e of BPT bound at the secondary s i t e i s very s i m i l a r to that 
of the unbound metabolite. This suggests that the secondary s i t e 
occurs on the outside of DNA. I n i t i a l r e s u l t s from the d i a l y s i s 
experiments i n d i c a t e d that f o r BPT the binding constant f o r e x t e r 
n a l b i n d i n g i s 2 to 4 times lower than that f o r i n t e r c a l a t i o n . 
More recent s t u d i e s (75,81) i n d i c a t e that the binding constant f o r 
complex formation at secondary s i t e s i s at l e a s t 2 times smaller 
than that o r i g i n a l l y reported. D i a l y s i s experiments c a r r i e d out 
on trans-7,8-dihydroxy-7,8-dihydro-BP, trans-4,5-dihydroxy-4,5-di-
hydro-BP and pyrene i n d i c a t e that f o r these molecules binding at 
secondary s i t e s occurs w i t h binding constants which are about 9 
times lower than those f o r i n t e r c a l a t i o n (18). For a l l these mol
ecules i n t e r c a l a t i o n i s by f a r the most important b i n d i n g mode. 

Base S p e c i f i c i t y of P h y s i c a l B i n d i n g . To determine whether the 
p h y s i c a l b i n d i n g of hydrocarbon metabolites to DNA e x h i b i t s base 
s p e c i f i c i t y , the binding of trans-7,8-dihydroxy-7,8,9,10-tetrahy-
dro-BP was examined using fluorescence and absorption techniques 
(9) . A comparison was als o made of the var y i n g degrees to which 
d i f f e r e n t s y n t h e t i c p o l y n u c l e o t i d e s are able to s o l u b i l i z e BPT 
(10) . 

Results w i t h trans-7,8-dihydroxy-7,8,9,10-tetrahydro-BP i n d i 
cate that i n 100 mM NaCl and 2.5% DMSO at pH 7.0 the a s s o c i a t i o n 
constant f o r i n t e r c a l a t i o n i n t o poly(dA-dT) i s more than 5 times 
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Table IV. Comparison of Results from UV Absorption Studies of the 
I n t e r c a l a t i o n Binding Constants f o r Benzo[a]pyrene Metabolites 

and Metabolite Model Compounds i n t o DNA 

Compound K(M ) 

BPDE a 6580 

±trans-9,10-dihydroxy-anti-7,8-epoxy- 5080 
7,8,9,10-tetrahydro-BP a 

7,8,9,10-tetrahydroxytetrahydro-BP a 1650 

i b i d , b 44 

7-hydroxy-7,8,9,10-tetrahydro-BP b 160 

trans-9,10-dihydroxy-7,8,9,10-tetrahydro-BP b 177 

cis-7,8-dihydroxy-7,8,9,10-tetrahydro-BP b 257 
a Measured with sheared salmon testes DNA at 21 °C i n 2% ethanol 

buffered to a pH of 7.4 w i t h 20 mM t r i s # H C l . Taken from r e f . 3. 
b Measured w i t h sonicated c a l f thymus DNA i n 200 mM NaCl, 2 mM 
Mg and 10% acetone buffered to a pH of 9.0 with 10 mM 
NaHC0 o. Taken from r e f . 4.  P
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g r e a t e r than the a s s o c i a t i o n constants f o r i n t e r c a l a t i o n i n t o po-
ly(dG-dC), polydGrpolydC, polydArpolydT or c a l f thymus DNA ( 9 ) . 
S o l u b i l i z a t i o n s t u d i e s w i t h BPT y i e l d e d s i m i l a r r e s u l t s (10). For 
BPT i n 10 mM sodium phosphate, 10 mM NaCl and 1 mM EDTA at pH 7.0 
the s o l u b i l i z i n g a c t i v i t y of the p o l y n u c l e o t i d e s s t u d i e d increases 
i n the order polydArpolydT * polydGrpolydC < poly(dA-dC)rpoly(dG-
dT) « poly(dG-dC) < poly(dA-dT). This base s p e c i f i c i t y a l s o ex
h i b i t s a pH dependence. When the pol y n u c l e o t i d e s are protonated 
i n 10 mM sodium c i t r a t e (pH=3.8) the s o l u b i l i z i n g a c t i v i t y of po-
ly(dA-dT), poly(dG-dC) and poly(dA-dC)rpoly(dG-dT) are app r o x i 
mately e q u i v a l e n t . 

Comparison of The P h y s i c a l Binding P r o p e r t i e s of BP and DMBA Meta
b o l i t e Model Compounds. The r e s u l t s i n Figures 4 and 5 show how 
s t r u c t u r a l d i f f e r e n c e s that occur i n d i f f e r e n t metabolites derived 
from BP and DMBA i n f l u e n c e p h y s i c a l b i n d i n g to DNA. The r e s u l t s 
i n d i c a t e that both trans-7,8-dihydroxy-7,8-dihydro-BP and t r a n s -
4,5-dihydroxy-4,5-dihydro-BP are b e t t e r i n t e r c a l a t i n g agents than 
the DMBA metabolite model compounds. While no bin d i n g s t u d i e s of 
the bay region d i o l epoxide of DMBA have yet been c a r r i e d out, the 
model compound st u d i e s suggest that BPDE i s the b e t t e r i n t e r c a l a t 
i n g agent. 

The r e s u l t s i n Figures 4 and 5 a l s o show that f o r a given pa
rent hydrocarbon, bay region metabolite model compounds are b e t t e r 
i n t e r c a l a t i n g agents than model compounds of l e s s carcinogenic me
t a b o l i t e s . For example, the i n t e r c a l a t i o n b i n d i n g constants f o r 
1,2,3,4-tetrahydro-BA and DMA are more than 4.4 times greater than 
those f o r 5,6-dihydro-BA, 8,9,10,11-tetrahydro-BA and anthracene 
(12, 14). The i n t e r c a l a t i o n b i n d i n g constant f o r trans-7,8-dihy-
droxy-7,8-dihydro-BP i s 2.9 times greater than that f o r trans-4,5-
dihydroxy-4,5-dihydro-BP (15). 

E l e c t r o n i c Influences on Stacking I n t e r a c t i o n s . The r e s u l t s of 
recent studies of the i n t e r c a l a t i v e b i n d i n g of hydrocarbon metabo
l i t e models to DNA show how e l e c t r o n i c f a c t o r s i n f l u e n c e TT b i n d i n g 
i n t e r a c t i o n s between nuc l e o t i d e s and p o l y c y c l i c aromatic hydrocar
bons. In some stacked complexes i n v o l v i n g DNA and RNA bases, as
s o c i a t i o n constants increase as the TT i o n i z a t i o n p o t e n t i a l s of the 
bases decrease (82,83). This occurs when charge t r a n s f e r or d i s 
p e r s i o n forces between the i n t e r a c t i n g partners are important 
(37,82,84,). Figure 8 shows how a s s o c i a t i o n constants f o r TT 
s t a c k i n g vary w i t h nucleoside i o n i z a t i o n p o t e n t i a l s i n complexes 
formed from the s e l f a s s o c i a t i o n of nucleosides and from the b i n d 
ing of r i b o f l a v i n to nucl e o s i d e s . In both examples the a s s o c i a 
t i o n constants increase as the nucleoside i o n i z a t i o n p o t e n t i a l s 
decrease. 

This r e l a t i o n s h i p i s u s e f u l f o r understanding the d i f f e r e n t 
i n t e r c a l a t i o n b i n d i ng constants of hydrocarbons w i t h s i m i l a r TT 
systems. This i s i n d i c a t e d i n Figure 4, by a comparison of data 
f o r 1,2,3,4-tetrahydro-BA, DMA and anthracene. For 1,2,3,4-tetra-
hydro-BA the presence of a nonplanar a l i c y c l i c group i s expected 
to s t e r i c a l l y i n h i b i t i n t e r c a l a t i o n . The nonplanar methyl groups 
of DMA play a s i m i l a r s t e r i c r o l e . However f o r both 1,2,3,4-te-
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8.0 8.5 9.0 8.0 8.5 9.0 

IONIZATION POTENTIAL (eV) IONIZATION POTENTIAL (eV) 

Figure 8. Dependence of TT complex bi n d i n g constants upon nucleo
side i o n i z a t i o n p o t e n t i a l s f o r (•) u r i d i n e , (») thymi
dine, (A) c y t i d i n e , (o) adenosine, (D) guanosine, and 
(A) N,N,-dimethyladenosine. Panel A shows a s s o c i a t i o n 
constants f o r the binding of nucleosides to r i b o f l a 
v i n . Panel B shows a s s o c i a t i o n constants f o r the s e l f 
a s s o c i a t i o n of nuc l e o s i d e s . (Reproduced from Ref. 82. 
Copyright 1981, American Chemical Society.) 
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trahydro-BA and DMA the a s s o c i a t i o n constants f o r i n t e r c a l a t i o n 
are greater than that f o r anthracene. For 1,2,3,4-tetrahydro-BA 
the enhanced binding i s accompanied by a decrease i n the i o n i z a 
t i o n p o t e n t i a l s of the f i v e highest occupied ir o r b i t a l s compared 
to corresponding o r b i t a l s i n anthracene (85). This i s shown i n 
Figure 9 which gives the photoelectron spectrum of 1,2,3,4-tetra-
hydro-BA. Previous photoelectron s t u d i e s of p o l y c y c l i c aromatic 
hydrocarbons i n d i c a t e that the methyl groups play a s i m i l a r r o l e 
i n d e s t a b i l i z i n g the manifold of upper occupied TT o r b i t a l s i n DMA 
(85-87). For both 1,2,3,4-tetrahydro-BA and DMA e l e c t r o n i c e f 
f e c t s which accompany the a d d i t i o n of a l i c y c l i c groups and methyl 
groups enhance i n t e r c a l a t i o n . These e f f e c t s are more important 
than s t e r i c e f f e c t s , which i n h i b i t i n t e r c a l a t i o n . 

The Influence of DNA Struct u r e and Environment on the I n t e r c a l a 
t i o n of Hydrocarbon Met a b o l i t e s and Met a b o l i t e Model Compounds. 
The p h y s i c a l b i n ding of hydrocarbon metabolites to DNA i s very 
s e n s i t i v e to DNA s t r u c t u r e and environment. This i s demonstrated 
by the data i n Figures 4 and 5, which show how heat denaturation 
of DNA i n h i b i t s hydrocarbon quenching. These r e s u l t s are c o n s i s 
tent w i t h e a r l y s t u d i e s which i n d i c a t e that the a b i l i t y of n a t i v e 
DNA to s o l u b i l i z e pyrene and BP i s much greater than that of dena
tured DNA (40). 

In a d d i t i o n to denaturation, hydrocarbon p h y s i c a l binding i s 
s e n s i t i v e to other DNA s t r u c t u r a l changes. Radioactive l a b e l l i n g 
s t u d i e s have been c a r r i e d out to compare the b i n d i n g of trans-7,8-
dihydroxy-7,8-dihydro-BP to double-stranded DNA versus s i n g l e -
stranded DNA (16). The r e s u l t s show that b i n d i n g to bacteriophage 
s i n g l e - s t r a n d e d <j>x 174 DNA i s more than 4.9 times stronger than 
bi n d i n g to a r e p l i c a t i v e form double-stranded c i r c u l a r <{>X DNA. 

The a b i l i t y of hydrocarbon metabolites to i n t e r c a l a t e i n t o 
DNA i s s t r o n g l y dependent on DNA environment as w e l l as on DNA 
s t r u c t u r e , as demonstrated i n Figure 10. The top panel of Figure 
10 shows the e f f e c t of methanol on the fluorescence quenching of 
DMA by DNA. The reduction of DMA bind i n g at i n c r e a s i n g methanol 
conc e n t r a t i o n i s due to the decrease i n solvent p o l a r i t y . The 
bottom panel of Figure 10 shows how DMA quenching i s g r e a t l y r e 
duced by the a d d i t i o n of the DNA s t a b i l i z e r Mg 2- S i m i l a r r e s u l t s 
have been obtained f o r BPDE (3,4,8,11,63). I t has al s o been shown 
that i n c r e a s i n g i o n i c s t r e n g t h by adding NaCl i n h i b i t s i n t e r c a l a 
t i v e b i n d i n g of BPDE (4,63). Polyamine DNA s t a b i l i z e r s such as 
spermine have the same e f f e c t on the i n t e r c a l a t i o n of both BPDE 
and on trans-7,8-dihydroxy-7,8-dihydro-BP (4,11,15). This i s i n 
d i c a t e d by Figure 7, which shows how the i n t e n s i t y of the red-
s h i f t e d band a r i s i n g from DNA complexes w i t h trans-7,8-dihydroxy-
7,8-dihydro-BP i s reduced when spermine i s added. For BPDE (4,63) 
the r e l a t i v e e f f i c i e n c y of DNA s t a b i l i z e r s f o r i n h i b i t i n g i n t e r c a 
l a t i o n increases i n the order NaCl < MgCl 2 < +spermine. I t i s im
portant to note that i n v i v o polyamine and Mg 2 concentrations are 
i n the m i l l i m o l a r range (88, 89). I t i s expected that at these 
l e v e l s they w i l l e f f i c i e n t l y protect DNA against hydrocarbon i n 
t e r c a l a t i o n . 

The dependence of hydrocarbon i n t e r c a l a t i o n on DNA conforma-
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10.10 
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Ionization Potential (eV) 

Figure 9. He(I) photoelectron spectra of 1,2,3,4-tetrahydro-BA. 
Assignments are given along w i t h probe temperatures. 
Numbers i n parentheses are i o n i z a t i o n p o t e n t i a l s f o r 
corresponding o r b i t a l s i n anthracene. (Reproduced wi t h 
permission from Ref. 12. Copyright 1983, Academic.)  P
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Figure 10. A. E f f e c t s of va r y i n g methanol l e v e l s on the f l u o r e s 
cence quenching of 9 , 10-dimethylanthracene and 
8,9 ,10,11-tetrahydro-BA by na t i v e DNA 
([pOi/] - 5.0+x 10 M). 

B. E f f e c t s of Mg 2 on hydrocarbon fluorescence quench
i n g by na t i v e DNA ([pou ] s 5.0 x io"1* M) • 
(Reproduced wit h permission from Ref. 14. Copyright 
1984, Adenine.) 
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t i o n , on the p o l a r i t y of the DNA environment, and on the presence 
of DNA s t a b i l i z e r s i n d i c a t e s that ±n_ v i v o hydrocarbon i n t e r c a l a 
t i o n i n t o DNA i s a process which can occur to d i f f e r e n t degrees as 
DNA f u n c t i o n changes during the course of a c e l l c y c l e . 

I t i s i n t e r e s t i n g that trans-7,8-dihydroxy-7,8-dihydro-BP ex
h i b i t s l i t t l e fluorescence quenching w i t h heat-denatured c a l f thy
mus DNA but binds s t r o n g l y to si n g l e - s t r a n d e d <J>X 174 DNA. At pre
sent there i s no informat i o n concerning the nature of the bi n d i n g 
to s i n g l e - s t r a n d e d DNA. However, n a t i v e s i n g l e - s t r a n d e d DNA i s 
l e s s s t e r i c a l l y crowded than double-stranded DNA and has secondary 
s t r u c t u r e that i n v o l v e s regions w i t h a s i g n i f i c a n t degree of base 
s t a c k i n g (90). The binding s t u d i e s w i t h trans_-7,8-dihydroxy-7,8-
dihydro-BP i n d i c a t e that t h i s s t r u c t u r e may provide a very f a v o r 
able host f o r hydrocarbon metabolite i n t e r c a l a t i o n . The greater 
a f f i n i t y of trans-7,8-dihydroxy-7,8-dihydro-BP to si n g l e - s t r a n d e d 
DNA than to double-stranded DNA and the e f f e c t i v e i n h i b i t i o n of 
hydrocarbon i n t e r c a l a t i o n by DNA s t a b i l i z e r s has l e d to specula
t i o n that hydrocarbon i n t e r c a l a t i o n i n t o double-stranded DNA may 
be most favorable when DNA i s p a r t i a l l y unwound (14, 16). Such 
conformations are thought to occur when DNA i s undergoing r e p l i c a 
t i o n and when gene expression i s t a k i n g place (91). 

Summary 

Benzo[a]pyrene and 7,12-dimethylbenz[a]anthracene metabolites 
which are u l t i m a t e carcinogens and bay region metabolite model 
compounds which simulate the IT s t r u c t u r e of u l t i m a t e carcinogens 
are good i n t e r c a l a t i n g agents. Bay region model compounds of BP 
metabolites are b e t t e r i n t e r c a l a t i n g agents than comparable model 
compounds of DMBA metab o l i t e s . For a given parent hydrocarbon (BP 
or DMBA) bay region metabolite model compounds which have been 
st u d i e d to date are b e t t e r i n t e r c a l a t i n g agents than model com
pounds of l e s s carcinogenic metabolites examined under i d e n t i c a l 
c o n d i t i o n s . The i n t e r c a l a t i o n of aromatic hydrocarbons i n t o DNA 
i s h i g h l y dependent upon the conformation and the environment of 
the DNA. 

There are a lar g e number of p o t e n t i a l l y important ways i n 
which p h y s i c a l binding of hydrocarbon metabolites to DNA can i n 
fluence c a r c i n o g e n i c a c t i v i t y . The p h y s i c a l b i n d i n g of nonreac
t i v e proximate carcinogens to DNA may lead to the p o o l i n g of these 
molecules at u l t i m a t e t a r g e t s i t e s . Current r e s u l t s i n d i c a t e that 
p h y s i c a l b i n d i n g of r e a c t i v e hydrocarbon metabolites to DNA pre
cedes r e a c t i o n and enhances metabolite r e a c t i v i t y . F o l lowing the 
formation of p h y s i c a l complexes of r e a c t i v e metabolites with DNA, 
re a c t i o n s occur which lead to epoxide h y d r o l y s i s and to DNA modi
f i c a t i o n . The base s p e c i f i c i t y and the stereochemistry associated 
w i t h i n t e r c a l a t e d complexes may i n f l u e n c e these r e a c t i o n s . 

In a d d i t i o n to i n f l u e n c i n g hydrocarbon metabolite-DNA reac
t i o n s , the p h y s i c a l b i n d i n g p r o p e r t i e s of hydrocarbon metabolites 
c o v a l e n t l y bound to DNA may al s o be important to carcinogenic ac
t i v i t y . The covalent b i n d i n g of u l t i m a t e carcinogens derived from 
BP and DMBA to DNA produces adducts w i t h IT binding p r o p e r t i e s s i 
m i l a r to those of n a t u r a l l y o c c u r r i n g n u c l e o t i d e s . These adducts 
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can p a r t i c i p a t e i n TT b i n d i n g i n t e r a c t i o n s w i t h other strands of 
DNA, w i t h RNA and with DNA r e g u l a t i n g enzymes. 
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10 
A Mechanism for the Stereoselectivity and Binding 
of Benzo[a]pyrene Diol Epoxides to DNA 

KENNETH J. MILLER, ERIC R. TAYLOR1, and JOSEF DOMMEN 

Department of Chemistry, Rensselaer Polytechnic Institute, Troy, NY 12181 

A molecular model is proposed for stereoselectivity 
during the process of covalent binding of (+)-trans-
7,8- dihydroxy- anti-9,10- epoxy-7,8,9,10- tetrahydro
benzo[a]pyrene, denoted by (+)-anti-BPDE or BPDE I(+); 
(-)-trans-7,8-dihydroxy-syn-9,10-epoxy-7,8,9,10-tetra-
hydrobenzo[a]pyrene denoted by (-)-anti-BPDE or BPDE 
I I ( - ) , and their mirror images (-)-anti-BPDE or BPDE 
I ( - ) , and (+)-syn-BPDE or BPDE II(+) to DNA. Inter
calation of the BPDEs places the reactive epoxide near 
N2 on guanine (G), 06 on G, N6 on adenine (A), and N4 
on cytosine (C). A proton catalyzed nucleophilic SN2 
reaction between C10 of the BPDEs and base atoms and 
thus trans addition is favored during this step. 
These positive H+ atoms reside in the most negative 
regions of the DNA, the grooves. The DNA must kink 
for proper hybridization to occur during intercalative 
covalent binding between C10 and the base atoms. 
Stereoselectivity occurs during this step. The I(+) 
and II(+) isomers are selected by N2(G), the I(-) and 
II(-) isomers by 06(G), N6(A), and II(+) and I(-) by 
N4(C). Reorganization of the DNA places BPDE I(+) and 
II(+) outside the helix (most l ike ly the minor groove 
for the I(+)-N2(G) adduct), whereas the I(-) and II(-) 
remain intercalatively covalently bound. A less 
favored proton addition via an SN1 reaction forms the 
carbonium ion of the BPDEs which allows both trans and 
cis base adducts. Cis addition accounts for minor 
products which are the I(-) and II(-) isomers with 
N2(G), the I(+) and II(+) isomers with N6(A) and 06(G) 
and II(-) and I(+) by N4(C). A combined analysis of 
experimental results and theoretical modeling calcula
tions is presented with detailed stereographic 
molecular structures. 

1Current address: Department of Chemistry, University of Southwestern Louisiana, Lafayette, 
LA 70504 

0097-6156/85/0283-0239S13.00/0 
© 1985 American Chemical Society 
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240 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

A combined experimental and t h e o r e t i c a l approach has been undertaken 
i n many research l a b o r a t o r i e s t o understand the r e l a t i o n s h i p between 
the c a r c i n o g e n i c i t y , mutagenicity, and s t r u c t u r e of the polynuclear 
aromatic hydrocarbons (PAHs). Although any r e l a t i o n s h i p may be more 
complicated than the emerging models, i t appears t h a t the st u d i e s of 
one p a r t i c u l a r well-known carcinogen, benzo[a]pyrene, BP, are ex
t e n s i v e enough to permit a somewhat comprehensive proposal f o r the 
p h y s i c a l b i n d i n g of i t s d i o l epoxides, BPDEs, to DNA. One t o four 
o f the diastereoisomers have been i n v o l v e d i n extensive research. 
They are denoted by BPDE l(+) f o r the (+)-trans-T,8-dihydroxy-anti-
9 , 1 0-epoxy-T , 8 , 9 , 1 0-tetrahydrobenzo[a]pyrene or (+)-anti-BPDE and by 
BPDE I I ( - ) f o r the (-)-trans-T,8-dihydroxy-syn - 9 , 1 0-epoxy - 7 , 8 , 9 , 1 0 -
tetrahydrobenzo[a]pyrene or (-)-syn-BPDE i n Figure 1. The BPDE 
i ( - ) and BPDE I l ( + ) are m i r r o r images of the l(+) and I l ( - ) isomers, 
r e s p e c t i v e l y . The CIO p o s i t i o n i s i n v o l v e d i n adduct formation w i t h 
N2(G) and i t i s assumed to be in v o l v e d w i t h N6(A), 06(G) and NMc). 

BPDE I(+) 

(+)-anti-BPDE 

BPDE I I ( - ) 

(-)-syn-BPDE 

Figure 1. BPDE isomers. 

This paper presents a u n i f i c a t i o n of t h e o r e t i c a l c a l c u l a t i o n s 
and experimental r e s u l t s i n a proposed model f o r the stereo
s e l e c t i v i t y of the BPDEs by DNA. I t i s d i v i d e d i n t o f i v e major sec
t i o n s : The Experimental Background presents a l i t e r a t u r e review of 
the current s t a t u s of the s t r u c t u r a l and conformational i n t e r p r e 
t a t i o n of the chemical and p h y s i c a l r e s u l t s f o r BPDE-DNA adduct f o r 
mation. The Approach to the T h e o r e t i c a l Modeling o u t l i n e s the over
a l l c o n s i d e r a t i o n s of the problem. The ene r g e t i c s of forming recep
t o r s i t e s , b i n d i n g of the BPDEs t o DNA and d e f i n i t i o n s of the energy 
expressions used i n the c a l c u l a t i o n s are discussed i n Steps i n the 
Bind i n g Process. The Mechanism f o r BPDE-DNA Adduct Formation con
t a i n s an a n a l y s i s of each step i n the proposed model. I t c o n s t i 
t u t e s the major part of the paper. R e s u l t s from the l i t e r a t u r e , as 
w e l l as from our l a b o r a t o r y , are used t o support the mechanism and 
t o i n t e r p r e t the experimental r e s u l t s at a molecular l e v e l . This 
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major s e c t i o n , which contains the study of a l l steps i n the mecha
nism, i s subdivided i n t o s i x subsections: benzo-ring conformations 
and h y b r i d i z a t i o n of BPDEs and adducts report the dominant l o c a l 
conformations which must be considered. The p o s s i b i l i t y of 
r e h y b r i d i z a t i o n of amino groups i s considered t o insure t h a t the 
proper h y b r i d i z a t i o n about CIO of the BPDE and the amino n i t r o g e n 
atoms of the bases are used. Quantum mechanical c a l c u l a t i o n s are 
reported i n these two subsections and they are compared w i t h e x p e r i 
mental r e s u l t s . Then the m o d i f i c a t i o n s of the DNA are examined i n 
receptor s i t e s i n which c l a s s i c a l i n t e r c a l a t i o n , kinked DNA f o r 
s t e r e o s e l e c t i v i t y and rearranged DNA t o the f i n a l s t a t e s of 
e x t e r n a l l y and i n t e r n a l l y bound adducts are considered. Molecular 
mechanics methods are used t o o b t a i n the r e s u l t s reported i n these 
f o u r subsections. A summary of the e n t i r e mechanism, the s t e r e o 
s e l e c t i v i t y of BPDEs f o r t r a n s and c i s a d d i t i o n products and pre
d i c t i o n s and suggestions f o r e x p e r i m e n t a l i s t s are presented i n the 
f i n a l major s e c t i o n D i s c u s s i o n and Conclusion. Stereographic pro
j e c t i o n s of adducts i n v o l v i n g a l l four BPDE isomers are presented. 
They i l l u s t r a t e the process of s t e r e o s e l e c t i v i t y by kinked DNA and 
the f i n a l o r i e n t a t i o n of the pyrene moiety which depends on the 
p a r t i c u l a r BPDE-isomer i n v o l v e d . 

Experimental Background 

The c a r c i n o g e n i c i t y of PAHs i n v o l v e s t h e i r conversion t o a c t i v e 
metabolites ( l _ ) , and t h e i r subsequent r e a c t i o n w i t h n u c l e i c a c i d s 
(2-22). An organism or organ may produce a unique set of 
met a b o l i t e s , each of which may be carci n o g e n i c t o the host or t o 
other systems. These metabolites may be c l a s s i f i e d as f o l l o w s (23-
25.): Primary or u l t i m a t e carcinogens, i . e . , compounds t h a t are 
che m i c a l l y or b i o l o g i c a l l y a c t i v e by v i r t u e of t h e i r s p e c i f i c s t r u c 
t u r e and conformation. Secondary or procarcinogens, i . e . , compounds 
which are c h e m i c a l l y or b i o l o g i c a l l y i n e r t , but undergo conversions 
which transform them to u l t i m a t e carcinogens. In a d d i t i o n , the PAHs 
or t h e i r metabolites may be promoting-agents or co-carcinogens, 
i . e . , non-carcinogens which serve t o p o t e n t i a t e the e f f e c t of e i t h e r 
a primary or secondary carcinogen. Research i n t h i s area has pro
ceeded along s e v e r a l paths: ( i ) The i d e n t i f i c a t i o n of metabolites 
o f PAHs i n b i o l o g i c a l systems, e x p e c i a l l y the arene o x i d e s , d i 
h y d r o d i o l s and t e t r a h y d r o d i o l - e p o x i d e s . ( i i ) The determination of 
the c a r c i n o g e n i c i t y and mutagenicity of these compounds. ( i i i ) The 
i d e n t i f i c a t i o n of adducts formed w i t h DNA and the d e t a i l s of the 
s t r u c t u r e s and conformations of the complexes. I t appears t h a t co
v a l e n t bond formation between an a c t i v e compound and c e l l u l a r macro-
molecules may be an important step i n the c a r c i n o g e n i c event (2,23-
26). 

The importance of the r o l e of DNA i n the genetic code has f o 
cused research on the s t r u c t u r e of the a c t i v e compound and the over
a l l conformation of DNA as a receptor. In a d d i t i o n the i d e n t i f i c a 
t i o n of benzo[a]pyrene as an important carcinogen (27) has s t i m 
u l a t e d extensive research to determine the o r i g i n and i t s a c t i v i t y . 
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This procarcinogen undergoes metabolic conversion t o benzo[a]pyrene 
d i o l epoxides, BPDEs (5,28-31), which have been the focus of s t r u c 
t u r a l and conformational s t u d i e s by t h e o r e t i c a l and experimental 
methods. These chemically r e a c t i v e BPDEs are i n v o l v e d i n covalent 
b i n d i n g t o DNA (13-22). 

In a d d i t i o n , covalent bond formation t o the NT r i n g n i t r o g e n i n 
guanine w i t h r i n g opening and strand s c i s s i o n , and phosphorylation, 
which i s a minor r e a c t i o n pathway, are two other r e a c t i o n processes 
which have been i d e n t i f i e d (8-11,32,33). However, the a n a l y s i s of 
adducts t o DNA wi t h HPLC techniques e n t a i l s h y d r o l y s i s w i t h a sub
sequent l o s s of a l l but the BPDE bonded t o the amino nitrogen of the 
bases, thereby focusing a t t e n t i o n on these amino groups as a c t i v e 
s i t e s (13-22). Binding t o N2 on guanine i s most p r e v a l e n t , and t h i s 
has received much a t t e n t i o n (13-20). Of p a r t i c u l a r i n t e r e s t i s the 
s t r u c t u r e of BPDE l(+) bound to N2 on guanine. To date, no c r y s t a l 
s t r u c t u r e has been reported. The products r e s u l t i n g from the BPDE 
l(+)-N2(G) r e a c t i o n w i t h n u c l e i c a c i d s are mostly t r a n s w i t h a minor 
component of c i s a d d i t i o n (13-1T). In r e a c t i o n s of racemic BPDE 
Il(±) w i t h poly(G) the t r a n s adduct c o n s t i t u t e s the major component 
(22)• I t i s b e l i e v e d t h a t the s t r u c t u r e and conformation of DNA and 
the adduct may e x p l a i n the t r a n s a d d i t i o n and s t e r e o s e l e c t i v i t y of 
the BPDE l ( + ) to the DNA. Meehan and Straub (3h) and Pulkrabek et 
a l . (35) have examined the s t e r e o s e l e c t i v i t y of BPDE l(+) and i ( - ) 
by DNA. BPDE l(+) binds most e x t e n s i v e l y t o guanine w i t h minor com
ponents i n v o l v i n g adenine and c y t o s i n e . BPDE i ( - ) binds most exten
s i v e l y t o adenine w i t h minor components i n v o l v i n g guanine. They 
(3*0 f i n d t h a t the l e v e l of covalent b i n d i n g t o N2 on guanine i s of 
the same order as the mutagenic a c t i v i t y between the (+) and (-) 
a n t i d i o l epoxides i n mammalian c e l l s (36). This c o r r e l a t e s w i t h 
the s t e r e o s e l e c t i v i t y of BPDE l(+) f o r N2TG) (3T). 

In another study Brookes and Osborne (3^) f i n d t h a t the induc
t i o n of 8-azaguanine r e s i s t a n t mutants i n Chinese hamster VT9 c e l l s 
by BPDE l(+) and i ( - ) depends on the extent of r e a c t i o n w i t h DNA and 
t o the r e a c t i o n products. For equal extents of r e a c t i o n both were 
e q u a l l y c y t o t o x i c but BPDE l(+) was more mutagenic. The extent of 
bi n d i n g of the l(+) isomer i s 9k% at N2 (G), k% t o u n i d e n t i f i e d p o s i 
t i o n s on G and 2% t o N6(A), whereas the extent of b i n d i n g of the 
I ( - ) isomer i s 59% t o N2(G), 21% t o 06(G), 18% t o N6(A) and 2% which 
may be 06(G) (8). However, the r e l a t i v e b i n d i n g t o DNA of l ( + ) and 
i ( - ) i s 10:1 (3*0. They p o s t u l a t e t h a t the d i f f e r e n c e between the 
l(+) and I ( - ) isomers r e s u l t s from the d i f f e r e n c e s i n s p a t i a l 
o r i e n t a t i o n . We show th a t s t e r e o s e l e c t i v e b i n d i n g t o N2(G) (3T), 
N6(A) and 06(G) can occur f o r t r a n s a d d i t i o n during the i n t e r c a l a 
t i v e covalent b i n d i n g mode, and t h a t a minor component from c i s ad
d i t i o n y i e l d s a complementary s t e r e o s e l e c t i v e component. We 
po s t u l a t e t h a t e x t e r n a l b i n d i n g r e s u l t s through r e l a x a t i o n (de
na t u r a t i o n and r e n a t u r a t i o n ) of the DNA which allows the pyrene 
moiety t o adjust i t s e l f t o one of the grooves, but a combination of 
these processes may occur. 

Greater i n s i g h t i n t o the conformational s t r u c t u r e of the recep
t o r s i t e ( s ) i s gained by a s e r i e s o f p h y s i c a l measurements. 
Lefkowitz et a l . (39) performed an o p t i c a l l y detected magnetic reso-
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nance study to show that the BPDE l(±) covalent adduct t o DNA l i e s 
o u t s i d e the h e l i x , i . e . , t h a t i t i s not i n t e r c a l a t e d . P r u s i k and 
coworkers (UP,Ul) f i n d w i t h fluorescence measurements that the BPDEs 
are bound e x t e r n a l l y . Drinkwater et a l . (1*2) demonstrate the un
winding of su p e r c o i l e d SVl+0 DNA by covalent b i n d i n g of a s e r i e s of 
hydrocarbon epoxides. Although not necessary f o r t h e i r work, they 
i m p l i e d use of a c l a s s i c a l i n t e r c a l a t i o n hypothesis by comparison 
w i t h the e f f e c t by ethidium bromide. Namely, p a r a l l e l base p a i r s 
separated by 6.8 A wi t h the BPDE p a r a l l e l t o the base p a i r s and 
stacked at 3.1+ A. Consequently, r e a c t i o n w i t h the e x o c y c l i c amino 
groups (13-22) of G, A, and C presents a problem w i t h the i n t e r p r e 
t a t i o n of a reasonable ClO-nitrogen bond l e n g t h and bond angles f o r 
proper h y b r i d i z a t i o n about CIO and the amino group (j*JjjM0 . Subse
quent measurements of the o r i e n t a t i o n of the pyrene moiety and of 
the base p a i r s demonstrated t h a t a c l a s s i c a l i n t e r c a l a t i o n s i t e i s 
not i n v o l v e d . In f a c t , f o r the c o v a l e n t l y bound adduct Drinkwater 
et a l . (1*2) and Gamper et a l . (1*5) o b t a i n unwinding angles of 22°±3° 
and 30°-35°, r e s p e c t i v e l y , f o r relaxed DNA and Meehan et a l . (1*6) 
i n t e r p r e t t h e i r unwinding angle of 13° f o r the p h y s i c a l l y bound BPDE 
l(+) ( r e v e r s i b l y bound i n a c l a s s i c a l i n t e r c a l a t i o n s i t e ) . Thus 
BPDE unwinds DNA i n two ways: by c l a s s i c a l i n t e r c a l a t i o n and by 
i n t e r c a l a t i v e covalent b i n d i n g . 

In order to determine the o r i e n t a t i o n of the pyrene moiety and 
the base p a i r s r e l a t i v e t o the average h e l i x a x i s s e v e r a l approaches 
have been taken. Geacintov and coworkers 0*7) have found w i t h e l e c 
t r i c l i n e a r dichroism s p e c t r a an upper l i m i t o f 35° f o r the o r i e n 
t a t i o n between the pyrene chromophore and the e l e c t r i c f i e l d v e c t o r . 
The angles obtained r e f l e c t average o r i e n t a t i o n s of the long a x i s of 
the pyrene moiety r e l a t i v e t o average o r i e n t a t i o n s of a l l of the DNA 
bases. The DNA tends t o a l i g n i t s e l f along the e l e c t r i c f i e l d . In 
order t o i n t e r p r e t the experimental r e s u l t s w i t h a p h y s i c a l model, 
i t has been assumed t h a t , on the average, the h e l i c a l a x i s i s 
a l i g n e d along the e l e c t r i c f i e l d v e c t o r . With an upper l i m i t o f 35° 
they proposed a model i n which the pyrene chromophore i s o r i e n t e d on 
the outside of the DNA. To e x p l a i n t h i s o r i e n t a t i o n s e v e r a l theo
r e t i c a l models were proposed i n i t i a l l y . Beland (1*8) and l a t e r 
J e f f r e y et a l . (1*9) adjusted the BPDE l ( + ) adduct to N2TG) t o f i t i n 
the minor groove of B-DNA. Although the long a x i s of the pyrene 
moiety y i e l d s an o r i e n t a t i o n r e l a t i v e t o the h e l i x a x i s i n q u a l i 
t a t i v e agreement (ca. 50°-60°) wi t h the experimental value of 35°, 
the s t e r i c contacts are extremely poor. To re s o l v e t h i s problem, 
e i t h e r the DNA must be adjusted, i . e . , unwound (1*3) or bent (1*1*) t o 
permit a b e t t e r f i t , or a new receptor s i t e must be proposed. 

In another recent study on the o r i e n t a t i o n of base p a i r s i n 
c a l f thymus DNA modified by c o v a l e n t l y bound BPDE l(+) Hogan, et a l . 
(50) have shown t h a t the h e l i c a l axes of DNA segments are not 
or i e n t e d along the e l e c t r i c f i e l d . The o r i e n t a t i o n of the h e l i x ax
i s of DNA segments i n the e l e c t r i c f i e l d y i e l d s y(DNA) = 29° at 0.0*4 
adducts per base p a i r , and the long a x i s of the pyrene i n the BPDE 
adduct i s o r i e n t e d at ot(BPDE) =1+3° from the h e l i x a x i s of modified 
DNA regions. This value agrees w i t h t h a t of 35° measured by 
Geacintov et a l . (kj) f o r an "average" h e l i x a x i s o f DNA a l i g n e d 
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wi t h the e l e c t r i c f i e l d . The problem of i n t e r p r e t a t i o n i s discussed 
by Taylor et a l • (kk). Thus, Hogan et a l • (j>0) p o s t u l a t e d a kinked 
receptor s i t e w i t h an i n t e r c a l a t i v e c o v a l e n t l y bound BPDE l(+) i n 
co n t r a s t t o Geacintov and coworkers (kj) who po s t u l a t e e x t e r n a l 
b i n d i n g . A l t e r n a t e i n t e r p r e t a t i o n s o f t h i s data may inc l u d e l o c a l 
denaturation o f the duplex or some form of DNA damage. However, i f 
the DNA remains double stranded at the s i t e of covalent adduct f o r 
mation, then a model f o r the s t e r e o s e l e c t i v i t y o f the BPDE can be 
presented. T h e o r e t i c a l l y determined receptor s i t e s f o r kinked DNA 
were generated by Taylor et a l . (kk) t o model t h i s type of b i n d i n g . 
The kinked DNA accommodates the covalent bonding region w i t h t e t r a -
h e d r a l and t r i g o n a l h y b r i d c o n f i g u r a t i o n s about the CIO of BPDE l(+) 
and N2(G), r e s p e c t i v e l y . However, the long a x i s of the pyrene i s 
ne a r l y perpendicular to the h e l i c a l a x i s , i . e . , ot(BPDE) > 80° i n a l l 
s t r u c t u r e s examined. An a l t e r n a t i v e model presented i n t h i s paper 
shows t h a t the data of Hogan et a l . (50) and Geacintov et a l . (kj) 
are c o n s i s t e n t w i t h an e x t e r n a l l y bound adduct to a deformed DNA 
kinked to accommodate the pyrene i n the minor groove. None the l e s s 
the receptor s i t e kinked t o accommodate an i n t e r c a l a t i v e covalent 
bound adduct y i e l d s s t e r e o s e l e c t i v i t y f o r the l(+) diastereoisomer 
(o f a l l four studied) (37) i n an intermediate step which has not 
been i d e n t i f i e d e x p e r i m e n t a l l y . Because the l i n e a r dichroism 
r e s u l t s f o r the o r i e n t a t i o n of the pyrene moiety i n the BPDE l ( + )-
DNA adduct are very s i m i l a r i n experiments performed by the e l e c t r i c 
f i e l d and flow techniques (51) i t i s tempting t o assume that the 
angles r e f l e c t measurements r e l a t i v e t o the "average" DNA a x i s . 
Thus, there are two i n t e r p r e t a t i o n s t o the o r i e n t a t i o n of 35°-^3° 
f o r the pyrene moiety: a purely e x t e r n a l l y bound adduct and an 
i n t e r c a l a t i v e c o v a l e n t l y bound adduct. In our proposed mechanism 
f o r l(+)-N2(G) adducts, the i n t e r c a l a t i v e c o v a l e n t l y bound form i n a 
kinked receptor s i t e has an o r i e n t a t i o n a(BPDE) > 80°, whereas the 
e x t e r n a l l y bound forms i n a relaxed B-DNA type s t r u c t u r e have values 
o f ot(BPDE) « 15° f o r the G base i n the a n t i conformation and 
a(BPDE) « 50° f o r G i n the syn conformation. 

The non-covalently bound BPDEs t o DNA formed i n i t i a l l y appear 
to be i n t e r c a l a t i o n complexes (U6,52-55). Meehan et a l . (k§) report 
t h a t the BPDE i n t e r c a l a t e s i n t o DNA on a m i l l i s e c o n d time s c a l e 
w h i l e the BPDE a l k y l a t e s DNA on a time, s c a l e of minutes. Most of 
the BPDE i s hydrolyzed t o t e t r o l s (53-56). Geacintov et a l . (5k) 
have shown w i t h l i n e a r d i chroism s p e c t r a l measurements that the d i s 
appearance of i n t e r c a l a t e d BPDE l(+) i s d i r e c t l y p r o p o r t i o n a l t o the 
r a t e of appearance of covalent adducts. These r e s u l t s suggest th a t 
e i t h e r there may be a competition between the p h y s i c a l l y non-
c o v a l e n t l y bound BPDE l(+) and an e x t e r n a l l y bound adduct or as sug
gested by the mechanism i n the present paper, an i n t e r c a l a t i v e co
va l e n t step followed by a r e l a x a t i o n o f the DNA t o y i e l d an ex
t e r n a l l y bound adduct. Their r e s u l t s f o r the BPDE i ( - ) e x h i b i t both 
i n t e r c a l a t i v e and e x t e r n a l l y bound adducts. The l i n e a r dichroism 
measurements do not d i s t i n g u i s h between p h y s i c a l l y bound and co
va l e n t bound forms which are i n t e r c a l a t i v e i n nature. Hence the as
sumption th a t a s u p e r p o s i t i o n of i n t e r n a l and e x t e r n a l s i t e s occurs 
f o r t h i s isomer. 
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The b i n d i n g of i ( - ) t o base atoms a s s o c i a t e d w i t h the minor 
groove, s p e c i f i c a l l y N6(A) (38), 06(G) and N*+(C), have been observed 
(13-22,3*4,38). We propose t h a t the DNA can be kinked t o a l l o w i n 
t e r c a l a t i v e covalent b i n d i n g t o these atoms, but that the f i n a l 
o r i e n t a t i o n may be i n such a s i t e or e x t e r n a l l y bound to the DNA and 
t h a t t h i s f i n a l s i t e may a l s o be kinked. 

Geacintov and coworkers (51,57) have st u d i e d the o r i e n t a t i o n of 
the pyrene moiety i n BPDE l(+) and i ( - ) adducts w i t h DNA and Undeman 
et a l . (58) have stud i e d the o r i e n t a t i o n of BPDE l(±) and Il(±) t o 
DNA. They i n t e r p r e t t h e i r e l e c t r i c l i n e a r d i chorism measurements i n 
terms of a su p e r p o s i t i o n o f two types of b i n d i n g s i t e s which they 
l a b e l s i t e I and s i t e I I . To avoid confusion w i t h the n o t a t i o n f o r 
our i n t e r c a l a t i o n s i t e s , t h e i r s i t e s w i l l be r e f e r r e d to as IQ and 
II X . In s i t e IQ the complex has the pyrene moiety o r i e n t e d w i t h i n 
30° of the DNA bases, i . e . , 60°-90° r e l a t i v e t o the h e l i x a x i s . 
They c a l l t h i s quasi i n t e r c a l a t i o n . We r e f e r to i t as i n t e r c a l a t i v e 
covalent b i n d i n g . I t r e s u l t s a f t e r i n t e r c a l a t i o n and k i n k i n g of the 
DNA and covalent bond formation. In s i t e IIX the complex has the 
long a x i s of the the pyrene moiety o r i e n t e d 15°-27° f o r BPDE l(+) 
and 37°-*45° f o r BPDE i ( - ) r e l a t i v e t o the h e l i x a x i s . They i n t e r 
p r e t t h i s as e x t e r n a l b i n d i n g . They a t t r i b u t e s i t e IIX bi n d i n g t o 
N2(G) and S i t e IQ bi n d i n g t o 06(G) and N6(A) i n agreement with the 
i n t e r p r e t a t i o n of Brookes et a l . (38), t h a t the d i f f e r e n c e i n mu
t a g e n i c i t y between the l(+) and i ( - ) isomers r e s u l t s from d i f f e r 
ences i n s p a t i a l o r i e n t a t i o n . S p e c i f i c a l l y , the l(+) isomer ex
h i b i t s s i t e IIX bin d i n g w i t h 88-9*+% bound. The i ( - ) isomer e x h i b i t s 
s i t e IIX b i n d i n g w i t h 50-60% bound, the remaining being a t t r i b u t e d 
t o s i t e IQ. 

The i n t e r p r e t a t i o n o f experimental data and p r e s e n t a t i o n of a 
d e t a i l e d molecular model can be accomplished only a f t e r c e r t a i n as
sumptions have been made about the alignment of the DNA by an e l e c 
t r i c f i e l d and i n flow techniques, ( l ) The h e l i x a x i s of the DNA i s 
o r i e n t e d along the e l e c t r i c f i e l d and flow a x i s i n e x a c t l y the same 
manner. For DNA wit h superturns t h i s assumption i m p l i e s only the 
"average" h e l i x a x i s . (2) The conformational change through the r e 
ceptor s i t e i s smooth. That i s , there are no sharp bends which may 
o r i e n t the pyrene moiety along the e l e c t r i c f i e l d or flow a x i s while 
i t i s quasi i n t e r c a l a t e d , implying t h a t i t i s e x t e r n a l l y bound. (3) 
The average h e l i c a l a x i s through the receptor s i t e l i e s along the 
e l e c t r i c f i e l d or flow a x i s so that the bending i s symmetrical about 
the k i n k . In Figure 2, an i d e a l i z e d o r i e n t a t i o n of the BPDEs i n 
both bound forms i s i l l u s t r a t e d w i t h one s p e c i f i c example. For 
t r i g o n a l h y b r i d i z a t i o n about N2(G) and t e t r a h e d r a l h y b r i d i z a t i o n 
about CIO(BPDE), values of the k i n k , a x , y(DNA) and a(BPDE) are i n 
d i c a t e d . However, i n p r a c t i c e the pyrene moiety i s not p a r a l l e l t o 
the adjacent base p a i r , and i t s long a x i s does not l i e i n the plane 
of the l o c a l h e l i c a l axes, t and X', and the average h e l i c a l 
a x i s , Thus, a(BPDE) > 6*5°, the i d e a l i z e d v a l u e . S i m i l a r l y f o r 
the outside form, a(BPDE) >20°. In t h i s paper, a molecular model i s 
presented i n which a(BPDE) « 80° f o r the i n t e r c a l a t i v e c o v a l e n t l y 
bound form, and a(BPDE) « 15° and y(DNA) * 30° f o r the e x t e r n a l l y 
bound form. Both forms are bound t o DNA w i t h d i f f e r e n t k i n k confor
mations. In summary, a ki n k i n the DNA need not imply i n t e r c a l a t i v e 
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Figure 2. Geometry f o r i d e a l i z e d o r i e n t a t i o n s of the pyrene moiety 
( ) i n (a) an i n t e r c a l a t i v e c o v a l e n t l y bound form and i n (b) an 
e x t e r n a l l y bound form. The average h e l i x a x i s i s assumed t o l i e 
along The l o c a l segments of DNA l i e along t and X'. They are 
o r i e n t e d by y(DNA) r e l a t i v e t o £ and the long a x i s of the 
pyrene moiety i s o r i e n t e d by <xx(BPDE) r e l a t i v e t o \. 

covalent b i n d i n g . Outside b i n d i n g can a l s o k i n k the DNA. The i n 
t e r e s t i n g feature of the i n t e r c a l a t i v e covalent intermediate i s t h a t 
s t e r e o s e l e c t i v i t y can be shown t o a r i s e during t h i s step. 

Approach t o the T h e o r e t i c a l Modeling 

A t h e o r e t i c a l a n a l y s i s i s presented f o r the b i n d i n g of the four d i a -
stereoisomers of benzo[a]pyrene d i o l epoxides (BPDEs) t o N2(G), 
N6(A), 06(G) and NMc). Molecular models f o r b i n d i n g and s t e r e o 
s e l e c t i v i t y i n v o l v i n g i n t e r c a l a t i o n , i n t e r c a l a t i v e c o v a l e n t l y and 
e x t e r n a l l y bound forms are presented. Molecular mechanics c a l c u l a 
t i o n s provide the ener g e t i c s which suggest p o s s i b l e s t r u c t u r e s f o r 
the formation of each of the p r i n c i p a l DNA-BPDE complexes. Stereo-
graphic p r o j e c t i o n s are used to i l l u s t r a t e the molecular s t r u c t u r e s 
and s t e r i c f i t s . The r e s u l t s of previous c a l c u l a t i o n s on i n t e r 
c a l a t i o n and adduct formation of BPDE l(+) i n kinked DNA (37) are 
summarized and extended t o i n c l u d e the four diastereoisomers l(±) 
and Il(±). The t h e o r e t i c a l model i s c o n s i s t e n t w i t h the observed 
experimental data. 

A mechanism f o r the s t e r e o s e l e c t i v i t y of the diastereoisomers 
o f BPDE by duplex DNA i s p o s t u l a t e d . I t e n t a i l s a s e r i e s of pro
cesses: The d i o l epoxide i n t e r c a l a t e s w i t h the epoxide o r i e n t e d 
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e i t h e r i n the major or minor groove and adjacent t o the r e a c t i v e 
atoms of the bases. For a n e g a t i v e l y charged DNA the most negative 
e l e c t r o s t a t i c p o t e n t i a l s are i n the grooves. Counterions l i e i n the 
grooves, and t h e r e f o r e , hydrogen ions are a v a i l a b l e f o r the conver
s i o n of the BPDEs t o r e a c t i v e carbonium i o n s . The DNA i s shown to be 
f l e x i b l e enough to ki n k about the receptor s i t e . Adjacent base 
p a i r s undergo a change from a p a r a l l e l o r i e n t a t i o n t o a bend or ki n k 
by otx = +39° and -30° about the x - a x i s , or k i n k a x i s , which i s per
p e n d i c u l a r t o the average h e l i x and the dyad axes through the recep
t o r s i t e . This permits adduct formation between CIO of BPDE and one 
of the base atoms w i t h a bond le n g t h of ca. 1.5 A and proper h y b r i d 
i z a t i o n about the r e a c t i n g atoms. The boat (B) and c h a i r (C) forms 
of the benzo r i n g w i t h d i a x i a l (da) and d i e q u a t o r i a l (de) 7 ,8-
dihydroxy groups of each of the four diastereoisomers are adjusted 
i n the appropriate receptor s i t e w i t h a minimization of the i n t r a -
and i n t e r m o l e c u l a r energy. The general trends i n adduct formation 
favor b i n d i n g on the 5' sid e of purines (pu) and on the 3' si d e of 
pyrim i d i n e s ( p y ) , because the py(p)pu sequences form i n t e r c a l a t i o n 
and k i n k s i t e s most r e a d i l y . For tran s a d d i t i o n , the benzo[a]pyrene 
moiety can be o r i e n t e d very fa v o r a b l y w i t h i n the receptor s i t e from 
one side (top or bottom) o n l y . That i s , e i t h e r the BPDE l(+) and 
Il ( + ) or the i ( - ) and I l ( - ) isomers can f i t i n the kinked receptor 
s i t e during adduct formation. This trend becomes apparent when the 
s t r u c t u r e s are viewed w i t h stereographic p r o j e c t i o n s . The type of 
a d d i t i o n , t r a n s or c i s , and o r i e n t a t i o n of the pyrene moiety p l a y a 
major r o l e i n the s e l e c t i o n of one of the enantiomers of the d i a 
stereomers, I and I I . Optimum adduct formation occurs f o r BPDE l(+) 
and Il(+)-N2(G) adducts f o r both the (3') and (5') o r i e n t a t i o n about 
the bases; f o r BPDE i ( - ) and Il( - ) - N 6 ( A ) and 06(G) adducts f o r the 
(y) o r i e n t a t i o n ; and f o r BPDE i ( - ) ( 5 ' - o r i e n t a t i o n s ) and BPDE I l ( + ) 
( 3 ' - o r i e n t a t i o n s ) adducts t o NMc). The process i n v o l v i n g i n t e r c a 
l a t i o n followed by i n t e r c a l a t i v e covalent b i n d i n g i s po s t u l a t e d t o 
be the step i n which s t e r e o s e l e c t i v i t y o f the BPDEs by duplex DNA 
occurs. For c i s a d d i t i o n , s t e r e o s e l e c t i v i t y f o r the complementary 
isomers occurs, i . e . , the benzo[a]pyrene moiety can be o r i e n t e d 
f a v o r a b l y i n BPDE i ( - ) and I l ( - ) adducts w i t h N2(G), and i n BPDE 
l(+) and II(+) adducts t o N6(A) and 06(G). The tr a n s a d d i t i o n i s 
favored over c i s v i a an SJJ2 mechanism, and consequently, the f i r s t 
case i s observed. 

There are two p o s s i b i l i t i e s f o r the f i n a l conformation i n which 
the adduct i s e x t e r n a l l y bound. Both e n t a i l denaturation of the 
DNA, and adjustment of the adduct and a r e n a t u r i z a t i o n of the DNA. 
In the f i r s t the DNA resumes a B-type conformation a f t e r the base 
i n v o l v e d i n adduct formation undergoes an a n t i syn r o t a t i o n about 
the g l y c o s i d i c bond of the a f f e c t e d base t o place the pyrene 
i n the major groove. In the second the DNA kin k s t o al l o w the ad
duct to l i e i n the minor groove. In the l a t t e r case the o r i e n t a t i o n 
o f the pyrene moiety r e l a t i v e t o the h e l i x a x i s agrees b e t t e r w i t h 
a v a i l a b l e experimental r e s u l t s . This change converts the complex 
from one i n which the adduct i s i n an i n t e r c a l a t i v e c o v a l e n t l y bound 
form i n a kinked s i t e t o one i n which the adduct i s e x t e r n a l l y 
bound. The d i s t i n g u i s h i n g feature between these two p o s s i b i l i t i e s 
i s t h a t the pyrene moiety l i e s i n opposite grooves f o r b i n d i n g 
t o N2(G). This a n t i M s y n .modifipatipn produces a s t r u c t u r e 
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wi t h very favorable non-bonded contacts f o r adduct formation between 
BPDE l(+) on G, somewhat poorer non-bonded contacts f o r BPDE I l ( - ) 
and N6(A) and 06(G) and a very unfavorable s t r u c t u r e w i t h BPDE I l ( - ) 
and NU(c) unless the DNA i s allowed to undergo a ki n k from the over
a l l B-DNA conformation. The t h e o r e t i c a l model presented e x p l a i n s 
the p h y s i c a l and chemical data reported on the b i n d i n g of the d i a 
stereoisomers of the BPDEs to DNA. 

Steps i n the Binding Process 

The b i n d i n g of the BPDEs f o r adduct formation to DNA may be viewed 
i n terms of the ease i n which the DNA can undergo a change t o the 
proposed receptor s i t e , the a b i l i t y of the i n d i v i d u a l d i a s t e r e o 
isomers t o f i t i n t o the receptor s i t e and the formation of a co
va l e n t bond. A stepwise procedure i s used i n the a n a l y s i s , and the 
energy required to accomplish the f i r s t two steps i s c a l c u l a t e d . 
The process which i s used to define the change begins w i t h the a l 
t e r a t i o n of B-DNA t o an i n t e r c a l a t i o n s i t e (v) followed by a bending 
o f the DNA to produce a kinked s i t e (K) 

v K v 

where 

R R B-DNA 
A E D N A = E D N A - E D N A (1) 

i s the energy r e q u i r e d to form a receptor s i t e R (v and K) r e l a t i v e 
t o B-DNA. I t should be emphasized t h a t the c a l c u l a t i o n s performed 
t o determine d e t a i l e d molecular s t r u c t u r e s and conformations deal 
w i t h the thermodynamic process. Only the steps of importance t o 
b i n d i n g , s t e r e o s e l e c t i v i t y and f i n a l o r i e n t a t i o n are considered. 
D e t a i l e d analyses of the pathways and s p e c i f i c a l l y , the continuous 
adjustment of the DNA to achieve each of the receptor s i t e s r e q u i r e 
c o s t l y computations. They should be performed a f t e r the importance 
o f each receptor s i t e has been e s t a b l i s h e d . 

S e v e r a l mathematical techniques have been used to obt a i n atomic 
coordinates f o r n u c l e i c a c i d s t r u c t u r e s . They incorporate s e v e r a l 
d i f f e r e n t approaches. (a) Systematic r o t a t i o n s about a l l backbone 
t o r s i o n a l angles are performed and those conformations which form 
h e l i c i e s and have adjacent bases p a r a l l e l or i n a given o r i e n t a t i o n 
are s e l e c t e d (59>6'0). (b) Least squares techniques are used to r e 
l a x a DNA fragment u n t i l c o n s t r a i n t s f o r the geometrical c o n d i t i o n s 
o f proper bond l e n g t h s , bond angles w i t h a s p e c i f i c placement of 
bases are s a t i s f i e d (6l,62). (c) Systematic adjustment of bases 
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through p a r a l l e l , kinked or any other o r i e n t a t i o n of i n t e r e s t to 
search f o r backbone completion (63-66). A l a r g e number of duplex 
DNA receptor s i t e s have been obtained f o r the i n t e r c a l a t i o n process, 
s e v e r a l d i n u c l e o s i d e monophosphate receptor s i t e s have been used f o r 
modeling BPDE-DNA i n t e r a c t i o n s , and only one set of kinked DNA s i t e s 
are a v a i l a b l e (36,66). The question a r i s e s : which receptor s i t e s 
should be used i n the modeling of the b i n d i n g of molecules w i t h DNA? 
In p r i n c i p a l , i t cannot be answered without t r y i n g a l l of the them. 
In p r a c t i c e , c a l c u l a t i o n s w i t h t h e o r e t i c a l l y determined i n t e r c a l a 
t i o n s i t e s (67-71), c a l c u l a t i o n s u s i n g experimental data (72,73), 
d i n u c l e o s i d e triphosphate u n i t s (7**, 75) 5 tetramer duplexes which f i t 
i n t o B-DNA (61,62,66-68), and tetramer-duplexes (76) w i t h the same 
and w i t h mixed sugar puckers y i e l d r e s u l t s which demonstrate f o r 
simple systems th a t the optimum b i n d i n g o r i e n t a t i o n s are i n agree
ment w i t h experimental data and t h a t the trends i n b i n d i n g energies 
f o r a l l p o s s i b l e sequences remain approximately the same. The 
tetramer duplex receptor s i t e s used i n t h i s study have the f o l l o w i n g 
c h a r a c t e r i s t i c s : ( l ) they f i t i n t o B-DNA, (2) they represent con
formations which possess s p e c i f i c f e a t u r e s , i . e . , i n t e r c a l a t i o n , 
k i n k s or DNA d i s t o r t e d from the B-DNA form. Therefore, we proceed 
w i t h the assumption that the i n t e r c a l a t i o n process w i l l r e v e a l the 
manner i n which the r e a c t i v e atoms approach each other to permit i n 
t e r c a l a t i v e covalent b i n d i n g as a f i r s t step followed by an ad
justment of the base p a i r s t o non-planar o r i e n t a t i o n s (kink) t o ac
commodate the proper h y b r i d c o n f i g u r a t i o n s about CIO on BPDE and 
N2(G), N6(A), 06(G) and NU(C) f o r covalent bond formation. For 
b i n d i n g , two o r i e n t a t i o n s along the DNA must be considered: 3' and 
5" b i n d i n g . They are i l l u s t r a t e d w i t h the BPDEs bound to a purine 
(pu) and to a pyrimidine (py). 

The arrow denotes the 5" 3' d i r e c t i o n along the backbone, i . e . , 
5'(sugar)3' or e q u i v a l e n t l y 3'(p)5'. The diagram corresponds to 
viewing the DNA i n t o the minor groove as seen i n most f i g u r e s i n 
t h i s paper. Therefore, the energy of opening the DNA t o s i t e s 
f a v o r i n g 3' or 5" b i n d i n g provides the c o n t r i b u t i o n of the DNA t o 
the process. 

Once the s i t e i s c r e a t e d , the a b i l i t y of each BPDE to f i t i n t o 
the receptor i s examined. Two processes are considered: i n t e r c a l a 
t i o n and covalent i n t e r c a l a t i v e b i n d i n g represented by 

_R 
A BP? A E B P D E A BPo 

+ BPDE ^ 1 

BPl 

A B P 2 I 
BPDE I BP! I 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

01
0

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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The energy 

A EBPDE - JBPDE + A CBPDE ( 2 ) 

represents the energy f o r i n s e r t i o n of BPDE i n t o s i t e R. I t i s 
c a l c u l a t e d w i t h a Coulomb p o t e n t i a l 

a 6-lU p o t e n t i a l 

(3) 

and a t o r s i o n a l p o t e n t i a l 

T = J (V b / 2 ) [ 1 + cos i^] (5) 
b 

f o r i n t e r a c t i n g atoms i and j and f o r r o t a t i o n s about each bond b. 
Ass o c i a t e d w i t h the atoms are the net atomic charges q^ and q j , and 
the van der Waals r a d i i and p j . The distance between atoms i and 
j i s r-j^ , the sum of van der Waals r a d i i i s p i j = P i + Pi > the r e 
duced distance i s s-y = r i j / p i j , A±j = 1 . 5 a i c y I j l j / C l i + I j ; where a i , 
aj and I i , I j are the atomic p o l a r i z a b i l i t i e s and i o n i z a t i o n poten
t i a l s r e s p e c t i v e l y , i s the b a r r i e r t o i n t e r n a l r o t a t i o n and l\> i s 
the p e r i o d i c i t y f o r a complete r o t a t i o n about bond b. 

The i n t e r m o l e c u l a r energy Igp^g c o n s i s t s of a sum Q+U. The 
summation i n the two-body i n t e r a c t i o n s proceeds over a l l atoms i i n 
the BPDE and j i n the DNA. The i n t r a m o l e c u l a r i n t e r a c t i o n s between 
non-bonded atoms i n BPDE as w e l l as the t o r s i o n a l energy are given 
by the change i n conformational energy, AC^^g, measured r e l a t i v e 
t o the g l o b a l minimum f o r the f r e e molecule. I t c o n s i s t s of a sum 
of terms Q + U + T. In t h i s case the summation proceeds over non-
bonded atoms i and J i n d i f f e r e n t fragments of BPDE, i . e . , fragments 
separated by r o t a t a b l e bonds. The conformational energy of the 
benzo r i n g i s a l s o i n c l u d e d . For t h i s c o n t r i b u t i o n the r e s t r i c t i o n s 
are made that i>j and th a t atoms i and j are non-bonded. The d e f i 
n i t i o n s and the d e t a i l s of the energy terms and the parameters are 
presented elsewhere (69)• The t o t a l energy change of the complex i s 
given by 

A W - A EDNA + A4>DE ( 6 ) 
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For convenience, the energy w i l l be reported r e l a t i v e t o the g l o b a l 
minimum as 

0 GBPDE = eBPDE " U e B P D E ; m i n 

For the c o v a l e n t l y bound adduct the b i n d i n g energy must be added t o 
to AEgp^g. ^ For tj^e DNA, only a conformational change occurs 
and A^t)NA = A(^DNA w t i e r e ^ e gl° D al minimum i s assumed t o be 
f o r B-DNA. 

By c a l c u l a t i n g the energy changes f o r the i n t e r c a l a t i o n pro
c e s s , the preference f o r o r i e n t a t i o n of the epoxide i n the major or 
minor groove can be determined. This step provides a r a t i o n a l e f o r 
the f i r s t step i n covalent b i n d i n g by examining whether the r e a c t i n g 
atoms are i n p r o x i m i t y t o each other. The important step i n s t e r e o 
s e l e c t i v i t y i s the a b i l i t y of the BPDEs to f i t i n t o the s i t e once a 
covalent bond has formed. The conformations of the benzo r i n g are 
important i n the f i t of each of the diastereoisomers t o the k i n k 
s i t e during adduct formation. They modify the o r i e n t a t i o n of the 
double bond of the benzo r i n g and hence the e n t i r e pyrene moiety. 

Mechanism f o r BPDE-DNA Adduct Formation 

Formation of the BPDE-DNA adduct r e q u i r e s a study of ( l ) Benzo r i n g 
conformations of BPDEs and adducts; (2) The r e h y b r i d i z a t i o n of amino 
groups on the benzo f o r the C10-N bond formation; (3) The r e 
ceptor s i t e s r e s u l t i n g from a conformational adjustment of DNA to 
accommodate an i n t e r c a l a t e d and f i n a l l y an i n t e r c a l a t i v e c o v a l e n t l y 
bound BPDE, and the base sequence s p e c i f i c i t y i n the formation of 
the receptor s i t e ; (k) C l a s s i c a l i n t e r c a l a t i o n and the o r i e n t a t i o n 
o f CIO of the BPDEs toward the r e a c t i v e N2(G), N6(A), 06(G) and 
Nl+(C) base atoms; (5) The s t e r e o s e l e c t i v i t y of the BPDEs during i n 
t e r c a l a t i v e covalent b i n d i n g i n kinked DNA; and (6) The p o s s i b l e r e 
o r i e n t a t i o n of the complex to y i e l d an e x t e r n a l l y bound adduct. The 
ene r g e t i c s f o r each of these processes w i l l be presented to i d e n t i f y 
the important steps that i n f l u e n c e the b i n d i n g of s p e c i f i c isomers. 
I t w i l l be shown t h a t the o r i e n t a t i o n of each diastereoisomer of 
BPDE about s p e c i f i c base atoms i n kinked receptor s i t e s i n the du
p l e x DNA during covalent bond formation i s the determining f a c t o r i n 
s t e r e o s e l e c t i v i t y • 

The parameters which define the o r i e n t a t i o n of the BPDE adduct 
t o N2 on guanine are given i n Figure 3 i n terms of the r e a c t i o n co
o r d i n a t e s R, a, $, Y> <5 and e. For b i n d i n g t o N6(A), 06(G) and 
NU(C), 3 i s redefined by r e p l a c i n g N3(G) by N l ( A ) , Nl(G) and N3(C), 
r e s p e c t i v e l y . For adduct formation, coordinates i n t e r n a l and ex
t e r n a l t o the r i n g , must be considered. The r i n g pucker i s deter
mined by the t o r s i o n a l angles T N. These are i n t e r n a l c o o r d i n a t e s . 
The r e a c t i o n coordinates o r i e n t the e n t i r e BPDE. They are e x t e r n a l 
coordinates and may be c l a s s i f i e d i n t o three groups: The i d e a l i z e d 
r e a c t i o n coordinates R = 1.5 A, a =120° and 6 = 109*5° are assumed 
t o d e f i n e a s t a b l e bond w i t h proper h y b r i d i z a t i o n about N2(G), 
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R*(N2,CI0) a V^^kC^CI0a==^=C6a T 

a=(C2,N2,CI0) R ^ n 3 

0«(N3,C2,N2,CIO) / V i j e T 5 T 4 ^ C 7 - ! £ , 0 7 
r«(C2,N2,CI0,CI0a) ^ C 9 ^ ^ C 8 ^ \ 
8«(N2,CIO,CIOa) J <K 
€«(N2,CI0,CI0a,C6a) 

Figure 3. Reaction coordinates f o r trans a d d i t i o n of BPDE l(+) t o 
N2 on guanine t o y i e l d a t r i o l adduct, BPT-N2(G). The t o r s i o n a l 
angles T]_, T2, 3̂,... define the pucker of the benzo r i n g . For 
bi n d i n g t o the other bases, N3(G) i s replaced by N l ( A ) , Nl(G) and 
N3(C) f o r b i n d i n g t o N6(A), 06(G) and Nl+(c), r e s p e c t i v e l y . 

N6(A), 06(G) and NMc) and CIO a f t e r adduct formation i n our molecu
l a r mechanics c a l c u l a t i o n s . The r e a c t i o n coordinates 3 and y o r i e n t 
the pyrene moiety independently of the p a r t i c u l a r r i n g conformation 
o r isomer. These angles r e f l e c t an o v e r a l l adjustment of the BPDE 
r e l a t i v e t o the DNA. The c r i t i c a l parameter i s e which i s the only 
parameter that depends on the r i n g conformation. I t o r i e n t s the py
rene moiety to the base through the sequence (N2,C10,C10a,C6a) f o r 
BPDE l(+) bound t o N2(G) and s i m i l a r l y f o r the other isomers. I t s 
dependence on the i n t e r n a l t o r s i o n a l angles f o r t r a n s a d d i t i o n i s 
e = ±(120°+TI) f o r the (±) isomers r e s p e c t i v e l y where x n i s defined 
f o r the (+) isomer. For c i s a d d i t i o n e = ±(-120°+TI). In t h i s pa
per 109.3° < |e| < 130.7°. When an i n t e r a c t i o n w i t h DNA occurs, 
there i s an i n t e r p l a y between the minimum energy of the benzo r i n g 
and the a b i l i t y of the pyrene moiety t o f i t i n t o the receptor s i t e . 
However, the change i n conformational energy i s small so that the 
s t e r i c f i t i n the receptor s i t e becomes the determining f a c t o r i n 
b i n d i n g . For a given r i n g conformation w i t h x n and e, the o p t i m i z a 
t i o n proceeds w i t h the remaining r e a c t i o n coordinates 3 and y. 

Benzo-ring conformations and h y b r i d i z a t i o n of BPDEs and adducts. In 
order to understand the geometry, p o s s i b l e conformations of the d i o l 
epoxides and BPDE-N2(G) adducts and r e l a t i v e energies of the va r i o u s 
conformations and isomers, quantum mechanical c a l c u l a t i o n s were per
formed w i t h the MIND0/3 approximation (77)• A double p r e c i s i o n v e r 
s i o n adapted to the IBM 3081D and modified w i t h a damping procedure 
t o insure convergence was used (78). These c a l c u l a t i o n s are used as 
a guide t o the s e l e c t i o n of a set of i d e a l i z e d bond angles f o r 
h y b r i d i z a t i o n about CIO of BPDEs and the base atoms f o r a l l of the 
c a l c u l a t i o n s . Two model systems studied denoted by s t r u c t u r e s I and 
I I are shown i n Figure k. S t r u c t u r e I w i t h t h i s hydroxyl group at 
C7 t r a n s t o the epoxide i s termed a n t i , w h i l e the s t r u c t u r e I I w i t h 
the hydroxyl group on the same side as the epoxide w i t h respect t o 
the plane of the r i n g i s termed syn. These two diol- e p o x i d e s o f 
benzene (BDE) are chosen as models f o r the a n t i and syn isomers of 
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H08 

(+)-Anti (1+) (+)-Syn (11+) 

Figure h. A n t i and syn diastereoisomers of the benzo di o l - e p o x i d e 
(BDE). For the 7 , 8-diol - 9 ,10-epoxide of benzo[a]pyrene (BPDE), 
these would be the (+)-anti or l ( + ) and (+)-syn or I l ( + ) isomers as 
i n d i c a t e d . Atom numbers f o r BDE are those f o r the d i o l epoxide of 
benzo[a]pyrene. 

the T 9 8-diol - 9 ,10-epoxide of benzo[a]pyrene t o reduce the cost of 
the computations. For both s t r u c t u r e s , an o p t i m i z a t i o n of the 
geometry f o r a l l four p o s s i b l e conformers was c a r r i e d out. I*y main
t a i n i n g (CT,C6a,C10a,C10) planar because of the double bond, the 
r i g i d i t y o f the pyrene moiety i s modeled. The d i s t a n c e s , bond 
ang l e s , and the d i h e d r a l angles were allowed to vary, except f o r 
those held r i g i d by the planar sequence, and f i x e d C-H, 0-H, and C-0 
( i n C-O-H only) bond l e n g t h s . Sample c a l c u l a t i o n s f o r optimized 
non-planar c o n f i g u r a t i o n s about t h i s double bond, and f o r changes i n 
the C-H and C-O-H bond lengths had very l i t t l e e f f e c t on the energy 
and no e f f e c t on the energy changes. The h y b r i d c o n f i g u r a t i o n about 
the epoxide r e a c t i o n s i t e and the r i n g conformation has been taken 
i n t o account p r o p e r l y . 

For the i s o l a t e d benzo r i n g , the conformational angles, bond 
angles and r e l a t i v e energies f o r the s i x t e e n p o s s i b i l i t i e s are r e 
ported i n Table I . Thus, eig h t conformations of c h a i r (C) and boat 
(B) w i t h 07 and 08 i n the d i a x i a l (da) and d i e q u a t o r i a l (de) o r i e n 
t a t i o n s f o r the l(+) and I l ( + ) isomers y i e l d r e l a t i v e minima f o r the 
benzo r i n g i n t h i s study. They are i l l u s t r a t e d i n Figure 5. The 
i ( - ) and I l ( - ) isomers y i e l d an a d d i t i o n a l eight by r e p l a c i n g T N by 
- x n , i . e . , the m i r r o r images. 

To assign the terms boat, c h a i r or h a l f - c h a i r , d i a x i a l or d i 
e q u a t o r i a l t o the v a r i o u s conformations of the benzo r i n g of the 
d i o l - e p o x i d e , the f o l l o w i n g d e f i n i t i o n s based on values of the con
f o r m a t i o n a l angles were used. Four d i f f e r e n t conformers were de
f i n e d as f o l l o w s : the same signs of the d i h e d r a l angles TQ = 
(C8,C7,C6a,C10a) and TI = (c6a,C10a,C10,C9) denote a h a l f - c h a i r (C) 
form, and the opposite signs y i e l d a boat (B) form. Because of the 
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(+)-Anti ( +)_s y n 

Figure 5* Optimum conformations of d i a x i a l (da) and d i e q u a t o r i a l 
(de) forms of the c h a i r (C) and boat (B) s t r u c t u r e s of the ( + ) - a n t i , 
l ( + ), and (+)-syn, I l ( + ) , benzo-ring d i o l - e p o x i d e . They are ordered 
w i t h i n c r e a s i n g energy (bottom t o t o p ) . The dotted l i n e represents 
the planar sequence (C10,C10a,C6a,C7). The epoxide oxygen and 08 or 
07 distances are given f o r the a n t i and syn isomers, r e s p e c t i v e l y . 

double bond and the r i g i d epoxide r i n g , the hydroxyl groups attached 
t o C7 and C8 can assume only a somewhat d i a x i a l or d i e q u a t o r i a l 
p o s i t i o n to each other. A d i h e d r a l angle |(07,C7,C8,08)| > 111° i s 
designated as a d i a x i a l , and l e s s than 111° as d i e q u a t o r i a l . These 
were obtained by minimizing the energy of conformations chosen 
i n i t i a l l y i n one of the four p o s s i b l e extremes. Thus, each con
formation represents a r e l a t i v e minimum. The a n t i isomer p r e f e r s a 
Bde form, whereas, the syn isomer i s i n the Bda form. The r e s u l t 
f o r the a n t i isomer i s i n agreement w i t h experimental f i n d i n g s (79, 
80) of the a n t i d i o l - e p o x i d e of benzo[a]pyrene as seen i n Table 
I , w i t h force f i e l d c a l c u l a t i o n s by Silverman (8l) and i n r e s u l t s 
reported by Lavery and Pullman (82) and K i k u c h i et a l . (83_). The 
a n t i isomer has three conformations, Bde, Cde, Bda which l i e w i t h i n 
2.1 k c a l of the minimum, w h i l e the Cda conformation seems to be i n a 
r e l a t i v e minimum which i s very unfavorable. The conformer c l a s 
s i f i e d as Bda has a conformational angle, (07,C7,C8,08) = -ll6.i+°, 
i n c o n t r a s t t o -89.1° f o r the Bde conformation. The syn isomer has 
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two d i a x i a l conformers, Bda and Cda w i t h i n 1.1+ k c a l of the minimum. 
The d i e q u a t o r i a l Bde and Cde conformations l i e 3-5 and 7-8 k c a l 
above the Bda conformer. Lavery and Pullman (82) give the energy 
d i f f e r e n c e between the lowest d i e q u a t o r i a l and d i a x i a l conformations 
as 2.9 and k.l kcal/mol f o r the a n t i and syn isomers, r e s p e c t i v e l y . 
K i k u c h i et a l . (83) obtain the d i f f e r e n c e s of 3.3 and k.6 kcal/mole, 

Table I. Conformational Energies and Average Benzo Ring 
Conformations of BPDEs C a l c u l a t e d w i t h the MIND0/3 

Approximation 3 

Isomer Ring" 3 AC C TI 19 T3 xl+ X5 x£ 

I(+) 
II(+) 

Cda 
Cde 

11.1 
7.8 

10.7 0.0 11.5 -30 .7 39.8 -32.0 -136.3 
83.7 

I(+) 
II(+) 

Cde 
Cda 

2.3 
1.1* 

- 7 . 6 0.0 - 6 . 5 19. h -25.2 20.1* -81.7 
136.8 

I(+) 
II(+) 

Bda 
Bde 

3.0 . 
3.5 

-21.1 0.0 13 .8 - 7 . 3 -11.9 26.3 -116.1* 
110.2 

I(+) 
II(+) 

Bde 
Bda 

0.9 
0.0 

15.6 0.0 -21.3 27.1 -12.1 - 8.6 -89.1 
133. k 

I(+) Bde exp d 19. k - 6 . 6 -2U.8 1*1*.2 -3k.0 1.9 -67.9 

I(+) Bde exp e 10.6 -6.1* -35.1 1*7.1 -30.0 2.0 -

I(+) Bde FFC f 27.5 - 3 . 1 -Uo.o 59.9 -37.5 -5.2 -56.2 

a The angles are i n degrees and defined i n Figure 3 . The 
isomers i ( - ) and I l ( - ) are obtained by r e p l a c i n g T N by - x n , 
n = 1, 2, 3 , . . . 6 , and d. 

b The Chair (c) and Boat (B) forms occur when x^ and T3 have 
the same and opposite s i g n s , r e s p e c t i v e l y . They may be i n 
d i a x i a l (da) or d i e q u a t o r i a l (de) arrangements. x^ = 
(07,C7,C8,08), the t o r s i o n a l angle which defines da ( | | > 
111°) and de (|x d| < 111°). 

c AC (kcal/mole) i s measured r e l a t i v e t o Bda f o r the I l ( + ) 
isomer. 

d Experimental c r y s t a l s t r u c t u r e (79)• 
e Deduced from the experimental c r y s t a l s t r u c t u r e s f o r d i o l s 

and epoxides of BP (80). 
f Force f i e l d c a l c u l a t i o n on the epoxide (Ql). 
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r e s p e c t i v e l y . Our values of 2.1 and 3.5 kcal/mol are i n good agree
ment. On an absolute s c a l e the syn isomer i s s l i g h t l y more s t a b l e 
by 0.9 kcal/mol than the a n t i isomer. An ab i n i t i o SCF (Gaussian 
TO, ST0-5G) c a l c u l a t i o n by P o l i t z e r et a l . (Qk), MNDO c a l c u l a t i o n s 
by Klopman et a l . (85), and CNDO/2 c a l c u l a t i o n s by K i k u c h i et a l . 
(83) give values of 2.0-3.3 kcal/mol. These r e s u l t s suggest from a 
thermodynamic point of view t h a t there i s v i r t u a l l y no preference 
f o r t r a n s or c i s epoxidation of the 7 , 8-diols t o form the a n t i or 
syn d i o l - e p o x i d e . Nevertheless, d i f f e r e n c e s i n the r a t i o of isomers 
formed may occur i n the metabolic pathway because of s t e r i c i n t e r 
a c t i o n s w i t h the enzymatic system. Therefore, i t appears t h a t the 
enzymatic receptor s i t e e v e n t u a l l y must be fa c t o r e d i n t o the c a l c u 
l a t i o n . 

The conformational s t a b i l i z a t i o n by hydrogen bonding of d i o l 
epoxides has been s t u d i e d . The MIND0/3 approximation to molecular 
o r b i t a l theory i s incapable of d e s c r i b i n g hydrogen bonding (86,87)• 
Water dimers, f o r example, e x h i b i t no minimum. To study the p o s s i 
b i l i t y of hydrogen bonding, we used the net charges of BDE w i t h a 
Coulomb p o t e n t i a l and a 6-lH p o t e n t i a l i n a semi-empirical procedure 
t h a t i s described elsewhere (69)• The p r o x i m i t y o f 0910 t o 08 i n 
the a n t i isomer and to 07 i n the syn isomer as seen i n Figure k and 
5 i n d i c a t e s t h a t both isomers are p o t e n t i a l l y capable of i n t r a 
molecular hydrogen bonding. The Bda and Cda conformations o f the 
syn isomer are e x c e l l e n t candidates f o r hydrogen bonding between the 
epoxide 0910 and H07, and the Bde and Bda conformations of the a n t i 
isomer have the 0910 and H08 atoms i n p o s i t i o n f o r p o s s i b l e hydrogen 
bonding. Because the sum of van der Waals r a d i i of the oxygen atoms 
i s approximately 3.0 A, these conformations were chosen f o r study. 

As the hydrogen atom i s r o t a t e d toward the epoxide i n the syn 
isomer an improvement of - 0 . 8 k c a l occurs f o r the Bda conformation. 
The distance 0910^»H07 i s 2 . 6 l A. The Cda conformer which has a 
0910»»»H07 distance of 2.92 A s t i l l y i e l d s an energy change of - 0 . 5 
k c a l . Lavery and Pullman (82) and P o l i t z e r , et a l . (8U) report hy
drogen bond energy of approximately 1.7 k c a l , f o r 0910*••H07 bonds 
lengths of I . 9 8 A and 2.25 A, r e s p e c t i v e l y . They f i n d no hydrogen 
bonding i n the a n t i isomer between the epoxide and the H08. We ap
p l i e d our semi-empirical approach to the Bde and Bda conformers. In 
both cases the energy decreased only by - 1 . 1 and - 0 . 5 k c a l , and the 
dist a n c e s between H08 and 0910 are 2.^6 A and 2.8U A. The improve
ment i n energy i n a l l conformations i s l e s s than expected f o r hydro
gen bonding. The reason t h a t the syn isomer didn't show such a high 
hydrogen bond energy as was found by others (82,8*0 may be the 
l a r g e r distance between the epoxide and 0910 i n our s t r u c t u r e s . In 
the case of the a n t i isomer the ab i n i t i o c a l c u l a t i o n s of P o l i t z e r 
et a l . (8j+) show a s l i g h t r e p u l s i o n , but at a distance of 2.96 A 
which corresponds approximately t o the sum of van der Waals 
r a d i i of the atoms. In a l l the conformations of a n t i and syn i s o 
mers, the 0910»^H08 and the 0910»»«H07 sequences are not l i n e a r , 
and an a n a l y s i s suggests t h a t at most, the p o s s i b i l i t y f o r hydrogen 
bonding e x i s t s i n the a n t i isomer. The improvement i n energy ob
t a i n e d i n a l l conformations w i t h the use of semi-empirical t e c h 
niques i s not only l e s s than expected f o r hydrogen bonding, but l e s s 
than the energy d i f f e r e n c e s between the v a r i o u s conformations o f the 
a n t i and syn forms given i n Table I . Therefore, the minimum energy 
conformers of the BDEs are determined by the r i n g system and by the 
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s t e r i c r e p u l s i o n s of the oxygen atoms and not by hydrogen bonding. 
To model the adduct between BPDE and base atoms, the geometry 

o f the BDE adducts t o N2(G) f o r the corresponding t r i o l was o p t i 
mized by va r y i n g the same parameters as i n the case of BDE, as w e l l 
as the set of r e a c t i o n coordinates and benzo r i n g conformations R, 
a 5 3 j Y» <S, e, and x n defined i n Figure 3. The r e a c t i o n between CIO 
of the a n t i or syn isomer of BPDE and base atoms can take place 
e i t h e r on the same side ( c i s ) or on the opposite s i d e (trans) of the 
epoxide to y i e l d four d i f f e r e n t products. The n o t a t i o n syn and a n t i 
i s used i n t h i s i n v e s t i g a t i o n t o designate the isomer of BPDE i n 
volved i n the r e a c t i o n and not th a t of the adducts. Each of the 
isomers of the adduct may again assume four d i f f e r e n t conformations 
o f the 7 , 8 - d i o l : Cde, Cda, Bde, and Bda. R e l a t i v e minimum energy 
conformations s t i l l occur when the BDE-N2(G) adduct lo c k s i n t o each 
o f the four d i f f e r e n t conformations of each isomer as found f o r BDE 
alone. The r e l a t i v e energies change because of the mutual i n t e r 
a c t i o n of the BDE w i t h guanine. Although the s i x r e a c t i o n c o o r d i 
nates were v a r i e d (along w i t h parameters of the BDE), the complica
t i o n of convergence to a minimum was reduced by the f a c t that s t e r i c 
c o n s t r a i n t s and h y b r i d i z a t i o n l i m i t e d the range of values of a 
(-120° f o r t r i g o n a l N2), 6 (-109° f o r t e t r a h e d r a l CIO), e (~±120° 
f o r t e t r a h e d r a l CIO) and R (~1.5 A f o r a C2'-N2 bond). F i n a l l y , y 
assumes s e v e r a l p o s s i b i l i t i e s which depend on the s t e r i c i n t e r a c 
t i o n s between the BDE and guanine m o i e t i e s . These s t a r t i n g values 
very q u i c k l y give the r e l a t i v e minimum energies reported i n Table I I 
and conformations l i s t e d i n Table I I I . 

The most constrained conformation, Cda, of a n t i BDE becomes the 
p r e f e r r e d conformation f o r i t s c i s and tr a n s adducts, whereas, the 
minimum energy conformation, Bda, of the syn isomer of BDE i s the 
most s t a b l e form i n the reactants and products. A la r g e decrease i n 
energy occurs f o r the Cde conformer r e l a t i v e t o the Bda conformer 
when the syn isomer of BDE react s t o form the BDE-guanine adduct, 
w h i l e the other energies change l e s s d r a m a t i c a l l y . No t h e o r e t i c a l 
c a l c u l a t i o n s are a v a i l a b l e f o r comparison. The r e l a t i v e s t a b i l i t y 
o f c i s and trans adducts of the fre e BDE-N2(G) adduct and the obser
v a t i o n that t r a n s a d d i t i o n occurs i n DNA suggests t h a t the DNA plays 
a r o l e i n the type of a d d i t i o n product. To model the mechanism of 
adduct formation of BPDEs t o N2(G), P o l i t z e r et a l . (89) performed 
ab i n i t i o Gaussian 70 c a l c u l a t i o n s on the a d d i t i o n of water to 
ethylene oxide. They f i n d t h a t p r o t o n a t i o n of the epoxide f a c i l i 
t a t e s r i n g opening, and t h a t c i s a d d i t i o n i s p r e f e r r e d over t r a n s by 
12 kcal/mol because of i n t e r n a l hydrogen bonding between the water 
molecule and epoxide. The f l e x i b i l i t y of water i n t h i s r e a c t i o n may 
not be a v a i l a b l e t o the bases i n DNA. Another mechanism has been 
proposed by Loew et a l . (90) who stud i e d the a t t a c k of water on a 
protonated benzene d i o l epoxide w i t h the MIND0/3 molecular o r b i t a l 
approximation. Their p o t e n t i a l energy surfaces show that the a c t i 
v a t i o n energy f o r a proton a s s i s t e d SJJ2 r e a c t i o n w i t h water i s 
favored by about 6 k c a l over carbonium ion formation followed by 
a d d i t i o n of water. I f one assumes t h a t the same mechanism a p p l i e s 
t o adduct formation to N2(G) and other base atoms then the tr a n s 
r a t h e r than c i s a d d i t i o n products should be s l i g h t l y favored w i t h 
Sfl2 a d d i t i o n . However, i f the DNA i n f l u e n c e s the protonation of the 
d i o l epoxide t o form a carbonium i o n then some c i s adduct should 
form i n an S ^ l r e a c t i o n . However, no d e t a i l e d t h e o r e t i c a l c a l c u l a 
t i o n e x p l a i n i n g t r a n s over c i s a d d i t i o n i s a v a i l a b l e . 
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Table I I . R e l a t i v e Energies of Various Conformations of the 
BDE-N2(G) Adduct C a l c u l a t e d with the MINDO/3 Approximation 

Conf. AC AE R a B Y « e 
k c a l k c a l A deg deg deg deg deg 

(+)-Anti Isomer, l ( + ), c i s i A d d i t i o n 

Cda 0.0 0.7 1 . ^ 5 130.0 -35.1 -122.9 106.9 -118.1+ 
Bde 3.2 3.9 1.U6 128.9 -26.1 -125.2 101+.6 -127.8 
Cde 1+.1+ 5.1 1.1+6 130.1+ -19.7 -128.5 106.5 - 1 3 5 . *+ 
Bda 5.1 5.8 1.1+5 1 3 5 . 6 -21+.9 -150.3 107.6 -11+3.2 

(+)-Anti Isomer, I(•+ •) , t r a n s A d d i t i o n 

Cda 0.0 0.1+ 1.1+6 13*+.0 -10.7 127.8 105.6 13*+. 0 
Cde 3.0 3 . U 1.U5 1 3 3 . 6 - 3 . 9 1 3 0 . 9 107.1 125.8 
Bda 3.9 1+.3 1.1+5 1 3 3 . 7 - 1 . 7 1 3 0 . 1 106.1+ 123.7 
Bde 1+.2 1+.6 1.1+6 132 .8 - 2 . 3 1 3 7 . 7 106.0 132.5 

(+)-Syn Isomer, I I ( + ), c i s a d d i t i o n 

Bda 0.0 1.6 1.1+6 129.2 -23.1 -121+.7 101+.7 -128.6 
Bde 0.9 2.5 1.U6 131.1 - 3 2 . 6 -116.1 108.9 -11+2.3 
Cda 1.8 3.5 1.U6 130.1+ -13.1 -121.8 106.3 -136.5 
Cde 2.8 1+.1+ 1.1+6 129.6 -33.5 -120.9 107. *+ -118.0 

(+)-Syn Isomer, I l ( 4 • ) , t r a n s A d d i t i o n 

Bda 0.0 0.0 1.1+5 132 .3 -11.8 136.5 106.3 1 3 3 . 0 
Bde 2.1 2.1 1.1+6 1 3 U . 1 - 6 . 6 132.1+ 107.8 127.1 
Cda 2.8 2.8 1.1+5 133.1 - 3 . 0 137.*+ 106.5 128.1+ 
Cde 2.8 2.8 1.1+6 1 3 3 . 7 -16.1 129.9 107.6 137. k 

Note: Refer t o the t e x t f o r d e f i n i t i o n s of conformations. 
AC i s the r e l a t i v e energy f o r conformations of a given 
isomer, AE i s the energy measured r e l a t i v e t o the Bda 
conformation of the adduct formed by tra n s a d d i t i o n of the 
syn isomer. The r e a c t i o n coordinates R, a, 3, y, <5, and e 
are defined i n Figure 3. 
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10. MILLER ET AL. Binding of Benzo[a]pyrene Diol Epoxides to DNA 259 

Table I I I . Benzo Ring Conformations and Conformational Energies 
(AC) of BDE-N2(G) Adducts 3 

Isomer 1 3 Ring AC C 
T l T2 T3 Tl* T5 T6 Td 

K + ) 
I I ( + ) 

Cda 
Cde 

0.0 
2.8 10.7 3.1 8.7 -31.9 1+2.7 -35.2 -1I+I+.9 

82.1+ 

K + ) 
I I ( + ) 

Cde 
Cda 

3.0 
2.8 -5.3 -1+.6 -1U.2 1+0.3 -U5.U 31.0 -73.8 

163.0 

K + ) 
I I ( + ) 

Bda 
Bde 

3.9 
2.1 

-7.6 -8.7 13.3 -0.9 -ll+.O 19.2 -106.2 
113.2 

K + ) 
I I ( + ) 

Bde 
Bda 

1+.2 
0.0 

2.8 -U.3 -13.5 31.5 -30.2 15.k -72.8 
1VT.5 

I ( + ) Cde exp^ -ll+.7 3.7 -22.8 53.7 -65.9 1+1+.7 -62.5 

a Refer to footnotes a and b of Table I . Angles are f o r trans 
a d d i t i o n . 

b BDE isomer i n v o l v e d i n adduct formation. 
c AC i s measured r e l a t i v e t o Cda f o r the l(+) isomer and Bda 

f o r the I l ( + ) isomer, 
d Experimental c r y s t a l s t r u c t u r e f o r B P T 0 H , the h y d r o l y s i s 

product of the anti-BPDE isomer. The signs o f a l l angles 
are changed from those reported i n r e f . 88 t o correspond t o 
the l(+) isomer. 

The r e s u l t s o f a c r y s t a l s t r u c t u r e formed by a tran s opening of 
the BPDE I(+) t o y i e l d 7,8,9,10-tetrahydroxy-7,8,9,10-tetrahydro-
benzo[a]pyrene ( B P T 0 H ) shows a Cde (90) conformation of the r i n g . 
The 07-H07 and 08-H8 groups are de, and the 09-H9 and 0 1 0 - H 1 0 are 
a l s o de. The t o r s i o n angles of the benzo r i n g are i n best agreement 
w i t h our second most s t a b l e s t r u c t u r e , Cde, of the a n t i BDE-N2(G) 
t r a n s adduct as i s seen from Table I I I . In adduct formation t o 
N2(G) the trans adduct i s the major product ( 1 3 - 2 2 ) . 

The quantum mechanical c a l c u l a t i o n s reported i n t h i s s e c t i o n 
show t h a t the h y b r i d i z a t i o n about N2(G) i s t r i g o n a l w i t h somewhat 
l a r g e bond angle (a * 130°). The benzo-ring conformations of the 
N2(G) adducts reported i n Table I I I are w i t h i n 2 ° of the averages of 
the two isomers. These c a l c u l a t i o n s were performed on the BDE-N2(G) 
adduct without any s t e r i c c o n s i d e r a t i o n s from the DNA. To approach 
the modeling of BPDE-DNA adducts f o r a l l base atoms, the i d e a l i z e d 
values of a, 6 and e w i l l be used along w i t h the benzo-ring confor
mations from Table I I I . 

R e h y b r i d i z a t i o n o f amino groups. Adduct formation w i t h N2(G), 
N6(A) and Nl+(C) during the i n t e r c a l a t i v e covalent b i n d i n g step r e 
q u i r e s a r e h y b r i d i z a t i o n of the amino n i t r o g e n atoms. The l o s s i n 
energy r e s u l t i n g from the a l t e r a t i o n of a planar NH2 or NH(CH3) 
group t o a conformation of the type r e q u i r e d f o r covalent b i n d i n g i s 
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260 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

given i n Table IV. The methyl s u b s t i t u t e d amine i s used to model 
a l k y l a t i o n a f t e r adduct formation. R o t a t i n g the planar t r i g o n a l NHR 
(R=H or CH3) group 90° t o break conjugation w i t h the r i n g or r o t a t 
i n g only the NR bond out of plane by <|>(NR) = 120° r e q u i r e s ca. 5-17 
k c a l . A t e t r a h e d r a l amino group w i t h <|>(NR) = 120° or with both of 
the NH or NR bonds out of plane r e q u i r e s approximately 7-23 k c a l . 
Therefore, during adduct formation we assume that CIO of the BPDEs 
can form a covalent bond to the amino nitrogens even wit h a l o s s i n 
resonance energy which i s assumed t o be f a r l e s s than the energy r e 
covered during covalent bond formation. The t r i g o n a l c o n f i g u r a t i o n 

Table IV. Energy Change f o r Loss of Conjugation of the E l e c t r o n 
P a i r on NHR i n R=H and CH3 S u b s t i t u t e d Bases 3 

N 
h y b r i d 

-NHR 
o r i e n t a t i o n 

guanine adenine cyt o s i n e 

• (NH) <|>(NR) NH 2 NHCH3 NH 2 NHCH3 NH 2 NHCH3 

t r 0° 180° 0.0 0.0 0.0 0.0 0.0 0.0 

t r 90° 270° 6.9 5.6 9.1 13.2 17.1 11.7 

( t r ) 0° 120° 6.9 6.9 6.1+ 3.6 10.1 7.6 

(te) 0° 120° 8.5 11. k 7.8 9.0 15.9 17.6 

t e 30° 150° 7.1 12.1+ 7.0 16.1+ 1U.0 23.2 

a The t o r s i o n angle <|> o r i e n t i n g H and R i s defined r e l a t i v e 
t o atom X i n the r i n g system. 

* M *(NH)=(XtC,N,H) 

' y +(NR) = (X,C,N,R) 

about N2 wit h <J>(NH) = 0° and <f>(NCH3) = 120° i s used i n t h i s paper. 
The e n t i r e NHR (R=BPDE) i s ro t a t e d about the C10-N bond by 3 and y 
f o r each e. 

In studies reported i n t h i s paper using molecular mechanics i n 
which a and 6 were allowed t o vary, we found t h a t these values r e 
mained c l o s e to 123° and 112°, r e s p e c t i v e l y , f o r the adduct forma
t i o n w i t h the favored adducts and q u i t e f a r from these values f o r 
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10. MILLER ET AL. Binding of Benzo[?i\pyrene Diol Epoxides to DNA 261 

the unfavored isomers. The values a = 120° and e = 120°+T^ ranging 
from 112.U° t o 130.7° and 6 = 109-5° are c o n s i s t e n t w i t h the c a l c u 
l a t e d values f a v o r i n g t r i g o n a l and t e t r a h e d r a l h y b r i d i z a t i o n about 
N2(G) and CIO reported w i t h quantum mechanical c a l c u l a t i o n s i n Table 
I I . This suggests th a t the BPDEs which form adducts w i t h DNA i n 
receptor s i t e s do not re q u i r e a s i g n i f i c a n t d i s t o r t i o n of the bond 
angles to achieve a f i t . 

Receptor s i t e s . The i n t e r c a l a t i o n and kinked s i t e s i n DNA used i n 
t h i s study are l i s t e d i n Table V. Three t h e o r e t i c a l l y determined 
i n t e r c a l a t i o n s i t e s ( I , I I and I I I ) permit the study to be conducted 
w i t h the DNA unwound by 7°-12°, ll+ - l 8 ° and 25°-32° wi t h p a r a l l e l 
base p a i r s separated by 6.76 A and w i t h a l t e r n a t i n g (a) sugar puc
kers (67,68). A t t e n t i o n w i l l be confined to s i t e I because i t was 
found t o be the most favorable i n the present s t u d i e s . Several k i n k 
(K) s i t e s have been i d e n t i f i e d (66). The c o n s t r a i n t t h a t proper hy
b r i d i z a t i o n e x i s t s about N2(G) and CIO of BPDEs stimula t e d an i n 
v e s t i g a t i o n i n kinked DNA. In an i d e a l i z e d s t r u c t u r e the pyrene 
moiety i s approximately p a r a l l e l t o one of the base p a i r s as shown 

Table V. D e f i n i t i o n of Binding S i t e s f o r I n t e r c a l a t i o n and 
I n t e r c a l a t i v e Covalent B i n d i n g 3 

B i n d i n g 
S i t e b 

Sugar 
Puckers 

Comment Az <*z Ax «x 

I a l t e r n a t i n g (a) I n t e r c a l a t i o n 
S i t e I 

6.76 29.2 0.0 0.0 

KMs C(2')-endo (s) DNA opens 
i n M groove 

7.56 33.0 -1.2 39.0 

KMa a l t e r n a t i n g (a) DNA opens 
i n M groove 

8.21+ 17.3 0.0 39.0 

Kma a l t e r n a t i n g (a) DNA opens 
i n m groove 

6.80 ll+.O 0.0 -30.0 

The b i n d i n g s i t e s w i t h a l l the same (js), C(2')-endo, and 
w i t h a l t e r n a t i n g ( a ) , C(2^)-endo t o C(3^)-endo sugar 
puckers are kinked 7*0 i n the major (M) or minor (m) 
grooves• 
The conformational angles are reported i n Table I (66) f o r 
s i t e s KMs and KMa. For s i t e Kma, the backbone t o r s i o n 
angles are £ = -175.8°, e = -157.8°, y = 163.1°, 4 = -123.0° 
and a) = -97.7°. 
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262 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

i n Figure 2. In p r a c t i c e , the pyrene moiety i s not o r i e n t e d i n t h i s 
i d e a l i z e d manner. Consequently, r e p r e s e n t a t i v e values of the k i n k 
were s e l e c t e d w i t h favorable energies of formation f o r t h i s study. 

The energy r e q u i r e d t o adjust the DNA t o these receptor s i t e s 
i s given i n Table VI. The DNA can ki n k e q u a l l y w e l l i n both grooves 
w i t h base p a i r s h e l d at a distance s u f f i c i e n t f o r i n t e r c a l a t i o n 
(Az = 6,76 A, a x = 0°) and f o r kinks (Az > 6.76 A, ct x * 0°). These 
receptor s i t e s are constructed by operations on a p a i r of i n i t i a l l y 
c o i n c i d e n t base p a i r s . Each i s r o t a t e d by +ax/2 and -a x/2 about a 
k i n k a x i s . This a x i s i s perpendicular t o the h e l i x and dyad axes of 
the base, and p a r a l l e l t o the CI'(py)-Cl'(pu) a x i s . I t l i e s ap
proximately along the C6(py)-C8(pu) a x i s . Then each base p a i r i s 
ro t a t e d about the h e l i x a x i s by +ctz/2 and -otz/2 and separated by Az. 
The combinations of ot x, ot z, and Az which permit the c o n s t r u c t i o n of 
a phosphate backbone defines f a m i l i e s of receptor s i t e s . With 
t h i s approach, the base p a i r s adjacent t o the BPDE are symmetrically 

Table VI. Energy, A E D N A i n kcal/Duplex, Required to A l t e r B-DNA to 
Receptor S i t e s 3 

Sequence I n t e r c a l a t i o n Kink Kink Binding O r i e n t a t i o n 
B P 3 
+BP2+ S i t e I 

s 
c*x=39° «x=39° ax=-30° G C A 

+T-A+ 19.1 13.2 9.0 -1U.9 Y 
A-T 
+ C-G+ 20.0 15.5 10.8 -12.1+ 3' Y 

20.5 17. u 12.1 -10.6 y 3' 

tG^C* 23.8 17.8 15.2 - 7.2 3' Y Y 

+G»C+ 2U.7 20.2 17.0 - U.6 3' ,y Y*3' -

+A-T+ 25.3 21.3 17.7 - U.3 _ - 3* ,5 
+C»G+ 26.2 23.8 19.6 - 1.8 Y 3' 3' 
* C # G L +G»C + 30.7 2U.5 23.6 2.7 3' Y 
* T # A L +G»C+ 29.6 25.6 23.5 3.0 3' Y 3' 
* T # A x +A«T + 29.1 27.2 2U.0 3.7 - 3' 

a E n e r g i e s reported are f o r i n t e r c a l a t i o n s i t e IB 
(67,68) and kinked s i t e s f o r C(2')-endo (s_) and C(2')-
endo t o C(3^)-endo (a) (kk966). The sequence reported i n 
+GC,BP2,BP3,CG+. 
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10. MILLER ET AL. Binding of Benzo[a]pyrene Diol Epoxides to DNA 263 

d i s p l a c e d about the o r i g i n . The space-fixed Z-coordinate becomes 
the average h e l i c a l a x i s through the receptor s i t e . The d e t a i l s of 
the a l g o r i t h m t o generate n u c l e i c a c i d s t r u c t u r e s are given e l s e 
where (65-67). 

For k i n k s i t e s there are two p o s s i b i l i t i e s f o r the sugar 
puckers, C(2')-endo to (C2')-endo (same, s) and C ( 2 >)-endo t o C(3")-
endo ( a l t e r n a t i n g , a.) through the receptor s i t e along the 3' sugar 
Y d i r e c t i o n . These a l t e r n a t i n g sugar puckers occur i n i n t e r c a l a 
t i o n s i t e s . In the case of i n t e r c a l a t i o n , p a r a l l e l base p a i r s can 
be separated t o U.58 A (91) before sequence changes from ŝ  t o a. In 
the case of a k i n k , Taylor et a l . (66) r e p o r t conformations w i t h 
base p a i r s separated s u f f i c i e n t l y f o r i n t e r c a l a t i v e covalent b i n d 
i n g . For j i sugar puckers a x ranges from ca. -1+0° to +61+° and f o r js 
sugar puckers otx i s confined to 0° t o 70°. For e x t e r n a l covalent 
b i n d i n g adjacent base p a i r s have minimal s e p a r a t i o n . Kinks of -1*0° 
t o +30° are found f o r JB sugar puckers and -80° t o -30° f o r a. sugar 
puckers. For covalent i n t e r c a l a t i v e b i n d i n g t o N2(G) a ki n k of a x = 
+39° i s used t o open the DNA i n the major groove (M), whereas, f o r 
b i n d i n g to N6(A), 06(A) and NMc) an opening i n the minor groove (m) 
wi t h cxx = -30° i s used. Receptor s i t e s w i t h these k i n k values were 
chosen because the energy re q u i r e d to k i n k the DNA increased dramat
i c a l l y f o r l a r g e r kinks and because these receptor s i t e s y i e l d e d 
favorable s t r u c t u r e s a f t e r adduct formation. These s i t e s and the 
model proposed permits an a n a l y s i s on the molecular l e v e l of the 
s t e r e o s e l e c t i v i t y of BPDEs by DNA during i n t e r c a l a t i v e covalent 
b i n d i n g . 

The most s t a b l e base sequences (67,7*0 are the pyrimidine(p) 
purine ones: TpA, TpG and CpG. For b i n d i n g t o N2(G), N6(A), 06(G) 
and NMc) these lead t o 5", 5 ' , Y and 3' type b i n d i n g f o r receptor 
s i t e s . The 3' and Y type b i n d i n g f o r (pu) and (py) base atoms, 
r e s p e c t i v e l y , r e q u i r e the use of receptor s i t e s which are l e s s 
s t a b l e . These b i n d i n g o r i e n t a t i o n s are l e s s l i k e l y t o occur i f the 
i n t e r c a l a t i o n process precedes covalent bond formation. 

C l a s s i c a l i n t e r c a l a t i o n . The o r i e n t a t i o n of the BPDEs i n the i n 
t e r c a l a t i o n s i t e provides an important step i n the type of b i n d i n g 
(3" or Y) as w e l l as a placement of the epoxide adjacent to the r e 
a c t i v e base atom f o r t r a n s a d d i t i o n . I n t e r c a l a t i o n w i t h the epoxide 
d i r e c t e d i n both grooves has been st u d i e d (1*3,92). In Figure 6, two 
optimum b i n d i n g o r i e n t a t i o n s of the BPDE l(+) Cde isomer i s shown 
i n t e r c a l a t e d i n t o s i t e I of a +CG,GC+ dimer duplex u n i t , i . e . , a 
(py)p(pu) sequence. For the case of minor groove b i n d i n g the 
epoxide i s adjacent to N2(G), whereas, f o r major groove b i n d i n g i t 
i s adjacent t o 06(G) and NU(C). For the case of +TA,AT+ sequence, 
the epoxide i s adjacent t o N6(A) i n the major groove. I n t e r c a l a t i o n 
o f BPDEs w i t h a l l benzo r i n g conformations was s t u d i e d . The optimum 
b i n d i n g o r i e n t a t i o n s and r e l a t i v e enegies f o r the four isomers are 
given i n Table VII f o r i n t e r c a l a t i o n s i t e I . S i t e s I I and I I I , 
y i e l d e d q u a l i t a t i v e l y s i m i l a r y b i n d i n g o r i e n t a t i o n s but l e s s favora
b l e b i n d i n g energies by 1 and 2 k c a l , r e s p e c t i v e l y . Preference f o r 
i n t e r c a l a t i o n s i t e I w i t h small unwinding angles (7°-12°) w i t h small 
c o n t r i b u t i o n s from s i t e s I I and I I I w i t h unwinding angles of ll* ° - l 8 ° 
and 25°-32° y i e l d s an average weighted by a Boltzmann d i s t r i b u t i o n 
o f ca. 12°. This agrees w i t h the experimental r e s u l t of 13° (h6). 
The general trend shows the epoxide d i r e c t e d toward one of the 
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grooves. This occurs because the p o s i t i o n i n g of the pyrene moiety 
i s due t o the s t e r i c f i t , 6U. Preference f o r the major groove 
a r i s e s from the e l e c t r o s t a t i c c o n t r i b u t i o n , 6Q. The e l e c t r o s t a t i c 
p o t e n t i a l of the DNA i s most negative i n the minor groove (93)• 
Hence the preference of the r e l a t i v e l y negative epoxide oxygen f o r 
the major groove. These c a l c u l a t i o n s were performed wi t h a d i 
e l e c t r i c o f 1.0. In a c a l c u l a t i o n by Subbiah et a l . (92) i n which 
the d i e l e c t r i c was v a r i e d from 1 t o h w i t h i n c r e a s i n g d i s t a n c e , the 
r e l a t i v e energy favored minor groove b i n d i n g f o r the BPDE l(+) i s o 
mer and n e i t h e r groove f o r the BPDE i ( - ) isomer. Their values are 
reported i n Table V I I . The d i s t a n t dependent d i e l e c t r i c reduces the 
e f f e c t of the e l e c t r o s t a t i c c o n t r i b u t i o n . In t h e i r c a l c u l a t i o n s the 
r e a c t i v e CIO of BPDE l(+) i s favo r a b l y o r i e n t e d f o r r e a c t i o n w i t h 
N2(G). TO examine the e f f e c t of the counterions on the DNA, we i n 
troduced them i n t o the most negative regions of i n t e r c a l a t i o n s i t e s 
and of B-DNA, i . e . , the minor groove (93,9*+,95). In t e s t c a l c u l a T 

t i o n s , +1 charges were placed along a l o c a l dyad a x i s of each base 
p a i r . As the charge approached the DNA, the d i f f e r e n c e i n the r e l a 
t i v e b i n d i n g energies f o r major and minor groove o r i e n t a t i o n de-

Table I I I . Optimum Binding O r i e n t a t i o n s and R e l a t i v e Energies f o r 
the I n t e r c a l a t i o n of the BPDEs i n t o a +C»G,G«CJ/ Dimer Duplex 3 

Isomer Ring Ax Ay ey g 
6 UBPDE 6 QBPDE 6 EBPDE 

T b 
BPDE 

K + ) Cde 3.0 - 3 . 2 162 m 3.5 5.1 8.6 0.0 
K + ) Cde 0.8 2.7 -78 M 0.0 0.0 0.0 5.3 

i ( - ) Cda 2.6 -3.0 162 m 3.7 8.8 12.5 6.7 
K - ) Cda - 1 . 1 3.6 -50 M 6.2 U.O 10.2 6.6 

n(+) Cde 3.2 -3.0 159 m 2.U 9.7 12.1 
n ( + ) Cde - 0 . 2 h.O -62 M 6.0 8.1 1U.1 

n ( - ) Cda 2.8 -2.7 162 m 2.6 5.7 8.3 
n ( - ) Cda - 0 . 2 3.0 -70 M 0.2 3.8 

aThe optimum o r i e n t a t i o n was obtained f o r the epoxide d i r e c t e d 
toward the major (M) and minor (m) grooves. I n t e r c a l a t i o n s i t e I 
(68) w i t h cxz = 29° was used. The base p a i r sequence used i s 
+GC,CG,BPDE,GC,CGJ/. The r e l a t i v e t o t a l energy, 6E = 6U + 6Q, i s 
p a r t i t i o n e d i n t o r e l a t i v e s t e r i c , 6U, and r e l a t i v e e l e c t r o s t a t i c 
c o n t r i b u t i o n s • 

^ R e l a t i v e energies reported by Subbiah et a l . (92). 
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creased, and when the +1 charge approached w i t h i n k A of the 
epoxide, minor groove b i n d i n g became more f a v o r a b l e . 

The f o l l o w i n g t h e o r e t i c a l and experimental data i s presented t o 
support the idea f o r a c t i v a t i o n of the BPDEs i n an a c i d c a t a l y z e d 
S^2 r e a c t i o n f o r trans a d d i t i o n (90) w i t h some c o n t r i b u t i o n t o ca r 
bonium ion formation i n an S^l r e a c t i o n f o r both t r a n s and c i s a d d i 
t i o n . The non-covalently bound BPDE adducts t o DNA formed i n i t i a l l y 
are i n t e r c a l a t i o n complexes (1+6,51-55) » Meehan et a l . (k6) and 
Geacintov et a l . (5*0 reported that the BPDE i n t e r c a l a t e s i n t o DNA 
on a m i l l i s e c o n d time s c a l e while the BPDE a l k y l a t e s DNA on a time 
s c a l e of minutes. Because the e l e c t r o s t a t i c p o t e n t i a l i s most nega
t i v e i n the grooves, p o s i t i v e ions are a t t r a c t e d t o these regions 
(93,9^,95). Consequently, protonation of the BPDE l(+) t o form the 
a c t i v a t e d s t a t e can occur i n the i d e a l p o s i t i o n f o r subsequent co
v a l e n t bond formation to base atoms. We p o s t u l a t e t h a t t h i s a c t i v a 
t i o n occurs during the i n t e r c a l a t i o n step. A space f i l l i n g model 
w i t h s t e r i c contours on which e l e c t r o s t a t i c contours are super
imposed i l l u s t r a t e these p o i n t s i n Figure 6 f o r the BPDE l(+) isomer 
(37)• One may i n t e r p r e t the presence o f protons i n the grooves of 
DNA as equivalent to a l o c a l increase i n pH over the bulk v a l u e . 
Whalen et a l . (96) observed that the r a t e of h y d r o l y s i s of the BPDE 
l(±) and Il(±) isomers increases l i n e a r l y w i t h a c i d c o n c e n t r a t i o n . 
They p o s t u l a t e t h a t a dihydrogen phosphate t r a n s f e r s a proton t o the 
epoxide i n a rat e l i m i t i n g step. They suggest th a t an intermediate 
carbonium ion i s formed. Geacintov et a l . (53,56,97,98)> Michard et 
a l . (99) and K o o t s t r a et a l . (100) observed that the r a t e of hy
d r o l y s i s of the BPDEs depends on the co n c e n t r a t i o n of DNA. Thus, 
the DNA plays the important r o l e i n the a c t i v a t i o n of the BPDEs i n 
the receptor s i t e and at the s i t e of the r e a c t i v e base atoms. How
ever, i n a d d i t i o n t o adduct formation, t e t r o l s are formed (53,55). 

Lavery and Pullman ( l O l ) have c a l c u l a t e d the r e l a t i v e energies 
f o r the b i n d i n g of the model system; the a l l y l carbonium io n of the 
base p a i r s followed by deprotonation. They f i n d that the r e l a t i v e 
energies of formation f o r trans a d d i t i o n w i t h N2(G), N6(A) and N3(c) 
are 0 . 0 , 7.6, and 7.1 kcal/mole, r e s p e c t i v e l y . Their c a l c u l a t i o n s 
are i n agreement w i t h the observed r e l a t i v e y i e l d s f o r r e a c t i o n w i t h 
DNA (18,19,3^,38), namely t h a t b i n d i n g occurs i n the order N2(G), 
06(G), N3(C) and N6(A) and t h a t BPDE l(+) p r e f e r s N2(G). Lavery et 
a l . (102) have performed a model study o f the a l l y l carbonium io n 
w i t h guanidine. They o b t a i n a t e t r a h e d r a l intermediate. L i n et a l . 
(103) studied geometries of intermediates i n v o l v i n g stacked guanine 
and BPDE l(+) as post u l a t e d i n c l a s s i c a l i n t e r c a l a t i o n , and a f t e r 
p o s t u l a t i n g a c i d c a t a l y z e d carbonium ion formation, they c a l c u l a t e 
w i t h ab i n i t i o SCF c a l c u l a t i o n s a very s t a b l e (-67 kcal/mole) bond 
f o r the model system, CH3+-NH3 ( p l a n a r ) . In these c a l c u l a t i o n s , the 
proper h y b r i d c o n f i g u r a t i o n about C10-N2(G) was not studied w i t h i n 
the t o t a l DNA-BPDE l(+) complex. Nakata et a l . (lOU) o b t a i n a t r a n 
s i t i o n s t a t e a l k y l a t i o n geometry w i t h parameters corresponding t o 
r = 2.0 A, a = 110°, 3 = 100°, y = v a r i a b l e , 6 = 80° and e = 0° or 
180°. When the BPDE l ( + ) , i ( - ) , I l ( + ) and I l ( - ) isomers are i n 
s e r t e d i n t o c l a s s i c a l i n t e r c a l a t i o n s i t e s they f i n d t h a t the l(+) 
isomer i s o r i e n t e d most fav o r a b l y f o r adduct formation t o N2(G) con
s i s t e n t with t h i s geometry. A systematic study of c i s a d d i t i o n on 
to these four base atoms has not been made. 
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a 

b 

c 

Figure 6. Optimum b i n d i n g o r i e n t a t i o n s of BPDE l(+) i n t e r c a l a t e d 
w i t h the epoxide i n the major (a) and minor (b and c) grooves i n 
+C«G,G»C*. (c) R e l a t i v e values of the e l e c t r o s t a t i c p o t e n t i a l are 
denoted by («—) p o s i t i v e , ( — ) intermediate and ( — ) negative on 
s t e r i c contours of DNA viewed i n t o the minor groove. 

S t e r e o s e l e c t i v i t y . We f i n d t h a t s t e r e o s e l e c t i v i t y o f the i n 
d i v i d u a l isomers occurs during i n t e r c a l a t i v e covalent b i n d i n g . To 
complete the formation of a chemical bond w i t h proper h y b r i d con
f i g u r a t i o n s , the DNA must undergo a f u r t h e r change to a kinked s i t e . 
For each of the k i n k s i t e s the DNA was bent by a x = +39° and - 3 0 ° . 
Each isomer was adjusted t o o b t a i n an optimum f i t . For each benzo 
r i n g conformation of each isomer, 3 and y were v a r i e d u n t i l a m i n i 
mum energy was achieved. 

An example of the v a r i a t i o n of energy of adduct formation w i t h 
r i n g conformation and i t s i n f l u e n c e on e and the e n t i r e pyrene 
moiety i s given i n Figure 7. For tr a n s a d d i t i o n of BPDE l(+) t o N2 
on guanine i n duplex DNA, the minimum occurs w i t h the Cde ( e = l l U . 7 ° ) 
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conformation of the benzo r i n g . This assessment of the optimum con
formation was made f o r adduct formation t o a l l s i t e s s tudied i n t h i s 
i n v e s t i g a t i o n . This example demonstrates the r o l e of the benzo r i n g 
conformation i n the o r i e n t a t i o n of the pyrene moiety through the i n 
t e r n a l angle, T^, and the e x t e r n a l r e a c t i o n coordinate e = 
(120°+TI). 

The optimum r e s u l t s are i l l u s t r a t e d f o r b i n d i n g t o N2(G), N6(A) 
and NU(C) i n Figures 8-10. Binding t o 06(G) y i e l d s the same o r i e n 
t a t i o n s as shown f o r N6(A) i n Figure 9« The minimum b i n d i n g ener
g i e s f o r 3' and Y b i n d i n g are l i s t e d i n Tables V I I I - X I along w i t h 
the o r i e n t a t i o n of the long a x i s o f the pyrene moiety to the average 
l o c a l h e l i x a x i s through the kinked s i t e . These c a l c u l a t i o n s were 
performed f o r only two types of sequences: py(p)pu and pu(p)py. 
The DNA adj u s t s to the receptor s i t e s f a v o r i n g Y b i n d i n g f o r N2(G), 
N6(A) and 06(G) and 3' b i n d i n g f o r NU(C) as seen from r e s u l t s i n 
Table VI. The BPDE isomers favor 3' bi n d i n g f o r N2(G) and Y b i n d 
i n g f o r N6(A), 06(G) and both f o r NMc) as seen from the t o t a l com
pl e x energies reported i n Tables V I I I - X I . I n t e r c a l a t i o n i n t o 
py(p)pu sequences i s the favored f i r s t step. Consequently, one may 
assume that t h i s step favors Y b i n d i n g t o N2(G), N6(A), 06(G) and 
bi n d i n g to NU(C). For t h i s reason these complexes are i l l u s t r a t e d 
i n Figures 8-10. However, the trends show t h a t the l(+) and Il(+ ) 
isomers f i t much b e t t e r than the i ( - ) and I l ( - ) isomers f o r both 3' 
and Y b i n d i n g t o N2(G) i n Table V I I I . Thus, s t e r e o s e l e c t i v i t y oc
curs t o s e l e c t t h i s BPDE l(+)-N2(G) adduct re g a r d l e s s of the b i n d i n g 
o r i e n t a t i o n , but i n t e r c a l a t i o n s i t e production favors Y b i n d i n g . 

« = 120+ T, (deg) 

Figure 7. Intermolecular energy dependence f o r trans a d d i t i o n of 
the BPDE l ( + ) on r i n g conformation and e f o r the C3') and (Y) 
bound adducts t o N2(G). <5E]BPDE i s measured r e l a t i v e t o t h a t f o r 
t h a t f o r the Cde conformation. 
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268 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Figure 8, Intercalative covalent binding to N2(G). Trans BPDE-
adducts are bound to the Y side of G in the +G*C,C«G,BPT,OG,C«GJ, 
complex in DNA kinked to s i t e KMa. 
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Figure 9. I n t e r c a l a t i v e covalent b i n d i n g t o N6(A). Trans BPDE-
adducts are bound t o the Y s i d e of A i n the +G«C,T«A,BPT,A«T,C»G+ 
complex i n DNA kinked t o s i t e KMa. 
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I K + ) 

I K - ) . 

K + ) 

K-) 

Figure 10. I n t e r c a l a t i v e covalent b i n d i n g t o NU(c) f o r four repre
s e n t a t i v e cases. Trans BPDE I l ( + ) and I l ( - ) adducts are bound t o 
the 3' and BPDE l(+) and i ( - ) adducts are bound t o the Y side of C 
i n the +G»C ,OG,BPT,G»C ,OGJ/ and +G«C ,G«C ,BPT,OG,C»G+ complexes, 
r e s p e c t i v e l y . 
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Table V I I I . Binding to N2(G) v i a trans A d d i t i o n of BPDEs i n the 3'-
and 5'-Orientations i n a Kinked S i t e a 

BPDE 
Isomer 

Benzo 
Ring 

3 

3 ' - o r i e n t a t i o n 1 3 

y s i a ( B P D E ) e 
5 ' - o r i e n t a t i o n c 

Y « i « ( B P D E ) 

K+) Cde: -66 -18 0.0 83 63 99 8.6 80 

n(+) Cda: -67 -16 3.7 81* 61t 99 11. k 80 

K-) Cde: -69 -77 67.7 8U 66 6 1*78.5 83 

n(-) Cda: -69 -78 71.9 8U 75 18 61*.1* 86 

a Kink s i t e KMa i s defined i n Table I I I . See Figure 8. Energies 
are measured r e l a t i v e t o the 3' BPDE l(+)-N2(G) adduct. 

b The base p a i r sequence i s +G-C,G»C,BPT,C»G,C»G+. 
c The base p a i r sequence i s +G»C,C»G,BPT»G»C,C«G+. 

Table IX. Binding to N6(A) v i a trans A d d i t i o n of BPDEs i n the 3'-
and 5'-Orientations i n a Kinked S i t e (Kma) a 

BPDE Benzo 3" - o r i e n t a t i o n 1 3 Y - o r i e n t a t i o n 0 

Isomer Ring vw, v Kma 
» y 6e^ E a (BPDE) 3 y ^ a (BPDE) 

K - ) Cde: -101 18 1255.2 87 108 -112 0.0 81 

n(-) Cda: -101 16 11+05.U 87 108 -111 3.8 81 

K+) Cde: -96 92 101.8 88 106 -18 159.U 8U 

n(+) Cda: -96 92 10U.1 88 100 -16 1636.8 85 

a Kink s i t e Kma i s defined i n Table I I I . See Figure 9« Energies 
are measured r e l a t i v e t o the Y BPDE l(-)-N6(A) adduct. 

1 3 The base p a i r sequence i s +G«C ,A«T,BPT,G«C jC-G*. 
c The base p a i r sequence i s +G»C,T«A,BPT,A»T,C»G+. 
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Table X. Binding to 06(G) v i a trans A d d i t i o n of BPDEs i n the 3 ' -
and 5'-Orientations i n a Kinked S i t e (Kma) a 

BPDE 
Isomer 

Benzo 
Ring 

3 

3 '-o r i e nt at i on 1 3 

3 

5 ** -or i ent at i o n c 

Y « ( B P D E ) 

K - ) Cde: • -105 25 1223.3 90 110 - l i l t 0.0 80 

n ( - ) Cda: • -103 21 1723.5 90 110 -111* 3.6 80 

K+) Cde: -96 86 131. k 81 105 -9 1*2.1* 85 

n ( + ) Cda: -96 82 13k.5 86 102 -6 79.2 86 

a Kink s i t e Kma i s defined i n Table I I I . Energies are measured 
r e l a t i v e t o the Y BPDE l ( - ) - 0 6(G) adduct. 

b The base p a i r sequence i s +G«C,C»G,BPT,G«C,C»G+. 
c The base p a i r sequence i s +G-C ,G-C ,BPT,C-G,C«G4>. 
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Table XI. Binding to N4(C) v i a trans A d d i t i o n of BPDEs i n the 3'-
and 5'-Orientations i n a Kinked S i t e (Kma) a 

BPDE Benzo 3 "'-orientation 1 3 5 ' - o r i e n t a t i o n 0 

Isomer Ring y-ma i r m a 

K - ) Cde: -98 19 3 x l 0 4 8U 109 -116 6.U 82 

n ( - ) Cda: -98 19 3x10*+ 8U 109 -117 10.6 83 

K+) Cde: -102 106 32.8 80 103 -21 121+5-9 89 

n ( + ) Cda: -102 106 0.0 83 102 -20 1375 .1 88 

a Kink s i t e Kma i s defined i n Table I I I . See Figure 10. Energies 
are measured r e l a t i v e t o the 3' BPDE II-NU(C) adduct. 

1 3 The base p a i r sequence i s tG«C,C»G,BPT,G»C,C«GI. 
c The base p a i r sequence i s rG«C,G«C,BPT,C»G,C»GI. 

In c o n t r a s t , adduct formation t o N6(A) favors Y b i n d i n g through i n 
t e r c a l a t i o n w i t h the base(p)pu sequences t o s e l e c t i ( - ) and I l ( - ) 
isomers through the s t e r i c f i t . The base(p)py sequences form l e s s 
s t a b l e i n t e r c a l a t i o n s i t e s and the r e s u l t i n g 3' b i n d i n g favors the 
l(+) and I l ( + ) isomers over the i ( - ) and I l ( - ) isomers, but the 
o v e r a l l s t e r i c f i t i s much poorer than f o r Y b i n d i n g as seen i n 
Table IX. The argument f o r adduct formation w i t h 06(G) p a r a l l e l s 
t h a t f o r N6(A) and the o v e r a l l r e s u l t s are the same as seen i n Table 
X. In the case of NU(C), the i ( - ) and I l ( - ) isomers f i t best i n Y 
b i n d i n g , whereas the l(+) and I l ( + ) isomers f i t best f o r 3' b i n d 
i n g . I n t e r c a l a t i o n s i t e s form most e a s i l y t o favor 3' b i n d i n g , and 
consequently one may expect the l(+) and I l ( + ) isomers to be s e l e c 
t e d by NU(c). Because the r e a c t i o n surface i s q u i t e complex, the 
a c t i v a t i o n energies were not computed. Therefore, the c o n t r i b u t i o n 
o f t h i s step t o the r e l a t i v e y i e l d s cannot be assessed. However, 
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the dramatic d i f f e r e n c e i n the energies r e q u i r e d t o f i t each isomer 
o f BPDE i n the receptor s i t e s during the i n t e r c a l a t i v e covalent 
b i n d i n g step demonstrates the s t e r e o s e l e c t i v i t y . 

The trends can be summarized w i t h a v i s u a l a n a l y s i s of the 
stereographic p r o j e c t i o n s . Base atoms d i r e c t e d toward the minor 
groove s e l e c t the (+) isomer, whereas base atoms d i r e c t e d toward the 
major groove s e l e c t the (-) isomer w i t h the exception t h a t NU(c) 
binds both. This s e l e c t i o n i s most dramatic. I t i s the b a s i s of 
the s t e r e o s e l e c t i v i t y . Of the p o s s i b l e diastereomers, a f u r t h e r 
s e l e c t i o n of the l(+) and I l ( + ) or i ( - ) and I l ( - ) isomers occurs. 
This s e l e c t i o n i s l e s s dramatic. I t a r i s e s from the s l i g h t l y d i f 
f e r e n t f i t of the I and I I isomers. The o r i e n t a t i o n of the pyrene 
moiety r e l a t i v e t o the base f o r trans a d d i t i o n of the (+) isomers i s 
n e a r l y independent o f the o r i e n t a t i o n of the 7,8-dihydroxy groups. 
S i m i l a r l y f o r the (-) isomers. Therefore, the o r i e n t a t i o n s of the 
l(+) and Il ( + ) isomers are n e a r l y the same as are the i ( - ) and I l ( - ) 
isomers. The f u r t h e r s e l e c t i o n of I or I I depends on the p o s i t i o n 
i n the r i n g of the dihydroxy groups as w e l l as the r i n g conforma
t i o n . The r e a c t i o n coordinate e = ±(120°+TI) which o r i e n t s the 
pyrene r e l a t i v e t o the base f o r trans a d d i t i o n depends on minor ad
justments of the benzo r i n g through the i n t e r n a l r i n g t o r s i o n angle 
T^. The trends obtained i n the minimum conformations o f the r i n g i s 
Cde f o r isomer I and Cda f o r isomer I I w i t h the l(+) isomer f o r 
b i n d i n g t o N2(G), i ( - ) f o r b i n d i n g t o N6(A), 06(G), and NMc). The 
pyrene moiety i s adjusted i n the receptor s i t e t o be as p a r a l l e l as 
p o s s i b l e t o the kinked base p a i r s . Thus, small values of |e| are 
favored as seen i n Figure 7 and as can be deduced v i s u a l l y from the 
stereographic p r o j e c t i o n s . Due t o the sm a l l conformational energies 
of the benzo-ring, the s t e r i c f i t a d j u s t s the r i n g t o y i e l d confor
mations w i t h |e| = llU.7°, the appropriate TI and the Cde and Cda 
forms f o r isomers I and I I . 

The p o s s i b i l i t y t h a t both trans and c i s a d d i t i o n can occur a l 
lows an i n t e r p r e t a t i o n i n which adducts r e s u l t i n g i n the major and 
minor components can be expl a i n e d . SJJ2 r e a c t i o n s (90) predominate 
t o y i e l d t rans a d d i t i o n products. But the l e s s favored Sjjl r e a c t i o n 
may occur and t h i s permits both. By v i s u a l i n s p e c t i o n of adducts i n 
Figures 8-10, the s t e r i c f i t s f o r c i s a d d i t i o n can be a s c e r t a i n e d . 
This i s accomplished i f a l l atoms of the BPDEs are r e f l e c t e d through 
the plane of the pyrene. Then the C10-N2(G), e t c . bonds, which r e 
main f i x e d r e l a t i v e t o the base, assume an o r i e n t a t i o n f o r c i s a d d i 
t i o n as the (+) isomers transform t o (-) isomers. Beginning w i t h 
F i g u r e 8, tra n s l(+)-N2(G) and trans-II(+)-N2(G) adducts become c i s 
l ( - ) - and II(-)-N2(G) adducts w i t h approximately the same favorable 
s t e r i c f i t . The 7- and 8-hydroxy groups do not i n t e r f e r e w i t h the 
DNA. This becomes apparent without f u r t h e r c a l c u l a t i o n because (+) 
isomers f i t n e a r l y e q u a l l y w e l l even though the 7 and 8 hydroxy 
groups are reversed. Therefore, the r e f l e c t i o n t o convert t r a n s 
l(+) t o c i s i ( - ) adduct can accommodate t h i s change without s t e r i c 
i n t e r f e r e n c e by the 7- and 8-0H groups. However, the 9-OH group 
a l s o undergoes a r e f l e c t i o n . V i s u a l i n s p e c t i o n of the stereographic 
p r o j e c t i o n s shows t h a t there i s room i n the receptor s i t e f o r t h i s 
t o occur. S i m i l a r i l y , the unfavored s t e r i c f i t s f o r the tra n s 
l(-)-N2(G) and trans-II(-)-N2(G) become e q u a l l y unfavored c i s !(+)-
N2(G) and c i s Il(+)-N2(G) adducts. In other words, these should not 
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10. MILLER ET AL. Binding of Benzo[a]pyrene Diol Epoxides to DNA 275 

be observed. We a t t r i b u t e the observed s t e r e o s e l e c t i v i t y of the 
l(+)-N2(G) adduct to t r a n s a d d i t i o n r e s u l t i n g from a predominantly 
SJJ2 r e a c t i o n and the f i t i n the kinked receptor s i t e . The l e s s 
favored Sjjl r e a c t i o n which permits t r a n s and c i s a d d i t i o n may ac
count f o r the small y i e l d of the l(-)-N2(G) adduct (3^,38) i f c i s 
a d d i t i o n i s assumed, A s i m i l a r argument a p p l i e s t o N6(A) and 06(G). 
The favored s t e r i c f i t shown i n Figure 9 f o r the t r a n s i ( - ) and 
Il( - ) - N 6 ( A ) adducts become favored c i s l(+) and Il(+)-N6(A) adducts. 
Conversely, the unfavorable complexes i n v o l v i n g t r a n s l(+) and Il ( + ) 
are e q u a l l y poor candidates a f t e r a r e f l e c t i o n through the pyrene 
moiety to y i e l d c i s i ( - ) and I l ( - ) - N 6 ( A ) adducts. The ster e o 
s e l e c t i v i t y e x h i b i t e d during t h i s step i n v o l v i n g kinked receptor 
s i t e s i s c o n s i s t e n t w i t h the observed r e a c t i o n s of the isomers. The 
types of adducts obtained t h e o r e t i c a l l y and r e l a t i v e experimental 
y i e l d s are summarized i n Table X I I . The % y i e l d s reported are only 
f o r adduct formation t o the bases without d e t a i l e d knowledge of the 
extent of trans and c i s a d d i t i o n . This i s our i n t e r p r e t a t i o n . 

To place t h i s argument i n p e r s p e c t i v e assume that both t r a n s 
and c i s adducts were e q u a l l y l i k e l y . Then s t e r e o s e l e c t i v i t y would 
not be observed. A l l of the adducts t o base atoms l i s t e d i n Table 
X I I f o r t r a n s a d d i t i o n correspond t o the s t e r i c a l l y forbidden p o s s i 
b i l i t i e s f o r c i s a d d i t i o n and v i c e v e r s a . Therefore, l(+) and i ( - ) 
isomers would bind e q u a l l y w e l l t o N2(G). This does not occur. 
Rather the favored S^2 r e a c t i o n over the Sjjl r e a c t i o n weights 
t r a n s a d d i t i o n h e a v i l y . Therefore, i n our i n t e r p r e t a t i o n of e x p e r i 
mental y i e l d s , the smaller y i e l d of i ( - ) w i t h N2(G) i s p r e d i c t e d t o 
be a c i s a d d i t i o n product. The argument can be extended t o demon
s t r a t e that t r a n s l(-)-N6(A) and 06(G) and c i s l(+)-N6(A) and 06(G) 
adducts should be expected. 

Although we po s t u l a t e that t h i s receptor s i t e r e s u l t s i n 
s t e r e o s e l e c t i v i t y , i t may not be the f i n a l s t a t e . The o r i e n t a t i o n 
o f the long a x i s of the pyrene moiety i s approximately 80°-90° and 
t h i s i m p l i e s q u a s i - i n t e r c a l a t i o n of s i t e IQ (_56-58). The kinked 
s i t e proposed by Hogan et a l . (50̂ ) and stu d i e d by Taylor and 
M i l l e r {kk) f o r l(+)-N2(G) b i n d i n g i n r e t r o s p e c t appears t o repre
sent d i f f e r e n t b i n d i n g s i t e s . The o r i e n t a t i o n of the pyrene moiety 
o f a(BPDE) = k3° and the l o c a l DNA a x i s i n the k i n k of y(DNA) = 29° 
(50) w i l l be explained by e x t e r n a l b i n d i n g i n the next s e c t i o n . The 
i n t e r c a l a t i v e covalent b i n d i n g i n a kinked s i t e i s an intermediate 
step between i n t e r c a l a t i o n and the f i n a l s t r u c t u r e f o r the e x t e r n a l 
l y bound BPDE-N2(G) adduct, but i t becomes the f i n a l s t r u c t u r e f o r 
the quasi i n t e r c a l a t e d BPDE-N6(G), 06(G) and NU(C) adducts. 

E x t e r n a l l y and i n t e r n a l l y bound adducts. The i n t e r n a l l y bound BPDEs 
have been presented i n a step i n which the favored proton a s s i s t e d 
SJJ2 r e a c t i o n r e s u l t s i n the t r a n s a d d i t i o n and the s t e r e o s e l e c t i v i t y 
o f isomers toward base atoms. The DNA i s dynamic. We propose a r e 
l a x a t i o n which y i e l d s both i n t e r n a l l y and e x t e r n a l l y bound adducts; 
the former f a v o r i n g b i n d i n g to N6(A), 06(G) and NU(C), and the l a t 
t e r f a v o r i n g N2(G). 

From a s t r u c t u r a l p o int of view, there are two p o s s i b l e o r i e n 
t a t i o n s f o r the e x t e r n a l l y bound adduct i n duplex DNA. They are 
e a s i e s t t o discuss f o r BPDE-N2(G) adduct formation. The f i r s t r e 
s u l t s from an a n t i syn r o t a t i o n of G about i t s g l y c o s i d i c bond. 
The BPDE-N2(G) adduct i s t r a n s f e r r e d to the major groove and the DNA 
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Table X I I . S t e r e o s e l e c t i v i t y of BPDEs f o r Base Atoms by the 
I n t e r c a l a t i v e Covalent Binding Step i n Kinked DNA and 

Pre d i c t e d F i n a l Binding S i t e 3 

Isomer tr a n s adducts ( S j j 2 , S N l ) c i s adducts ( S ^ l only) 

N2(G) N6(A) 06(G) N M C ) N2(G) N6(A) 06(G) N U ( C ) 

I ( + ) Y,3' - Y Y 
(S6%986%) (5*,2%) ( - , W 

(IIX) (IQ) (IQ) 

I ( - ) - Y Y Y Y,3' 
(5*,2*) (-.2*) (k$95$) 

(IQ) (IQ) (IIX) 

I I ( + ) Y ,3' - - 3' y y 
(IIX) (IQ) (IQ) 

I I ( - ) - Y Y Y ,3' 

(IQ) (IQ) (IIX) 

a Adducts f o r trans a d d i t i o n are shown i n Figure 8-10 and those as
sumed to be p o s s i b l e f o r c i s a d d i t i o n are determined by symmetry 
by i n s p e c t i o n of Figure 8-10. The % y i e l d s are reported by 
Meehan and Straub (3h) and Brookes and Osborne (38), r e s p e c t i v e 
l y f o r b i n d i n g t o bases. Trans and c i s a d d i t i o n products were 
not analyzed i n d e t a i l . Values from (38) were adjusted by 0.91 
and 0.09 f o r the l(+) and i ( - ) isomers to correspond to the t o t a l 
r e l a t i v e y i e l d s i n (3*0. The i n t e r p r e t a t i o n of experimental 
y i e l d s f o r trans and c i s adducts i s c o n s i s t e n t w i t h the proposed 
model. The e x t e r n a l b i n d i n g s i t e (IIX) and quasi i n t e r c a l a t e d or 
i n t e r c a l a t i v e covalent s i t e (IQ) are i n d i c a t e d . 

resumes an o v e r a l l B-DNA conformation except f o r the a f f e c t e d base. 
The second r e s u l t s when the adduct i s placed i n the minor groove i n 
a receptor s i t e kinked to y i e l d a good s t e r i c f i t . These kinks oc
cur when the B-DNA i s bent to improve the s t e r i c f i t of the adduct. 
They d i f f e r from those used f o r i n t e r c a l a t i v e covalent b i n d i n g by 
the p o s s i b l e minimum separation of the base p a i r s . Of the two pos
s i b l e o r i e n t a t i o n s of the a f f e c t e d base, adduct formation t o N2(G) 
i s d i s t i n g u i s h e d by placement of the pyrene moiety i n the minor 
( a n t i G) or major (syn G) grooves of the DNA. They are i l l u s t r a t e d 
i n Figure 11. For both of these p o s s i b i l i t i e s the o r i e n t a t i o n 
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Figure 11. An e x t e r n a l l y bound BPDE l(+)-N2(G) adduct. (upper) The 
pyrene i s placed i n the major groove a f t e r an a n t i syn r o t a t i o n 
about the g l y c o s i d i c bond of G by 200° i n an otherwise B-DNA confor
mation, (lower) The pyrene moiety i s placed i n the minor groove i n 
a DNA conformation with a -70° k i n k , a(BPDE) = 15° and y(DNA = 
35°. 

a n g l e s , ct(BPDE) and Y ( d n a ) , are reported i n Table X I I I f o r s e v e r a l 
p o s s i b l e duplex s t r u c t u r e s . The most favorable f i t of the e x t e r n a l 
l y bound BPDE-N2(G) adducts occurs f o r the a n t i o r i e n t a t i o n of G as 
the kin k becomes more negative w i t h the pyrene i n the minor groove. 
At ct x = -70°, y(DNA) = 35° and a(BPDE) = 15° and the unwinding angle 
i s 3o° - a z * 29°. These o r i e n t a t i o n s are i n good agreement w i t h ex
perimental values (1+2,1+5,50,51,58). However, caution must be 
str e s s e d i n t h i s i n t e r p r e t a t i o n because the r e a c t i o n s were studi e d 
w i t h the racemic l(±) adducts (1+2,1+5,58) and w i t h the l ( + ) adduct 
(50>5l) to DNA. The major product i n v o l v i n g the t r a n s l(+)-N2(G) 
adduct suggests th a t a(BPDE) and y ( D N A ) a r e r e l a t e d t o the t h e o r e t i 
c a l s t r u c t u r e s . The measured unwinding angles (1+2,1+5) i n v o l v e other 
adducts and i n t e r c a l a t i v e c o v a l e n t l y bound forms. 

Both of these s t r u c t u r e s can a r i s e a f t e r a denautration and r e -
n a t u r a t i o n of the DNA. There i s experimental evidence f o r the 
dynamic process of opening and c l o s i n g of the DNA. In hydrogen ex
change studies of the amino and, i n Watson-Crick base p a i r i n g , 
b u r i e d imide groups, Teitelbaum and Englander (105,106) conclude 
t h a t the G»C and A»T base p a i r s are open about 1% of the time, and 
t h a t the opening r a t e constant i s about 0.01+ t o 0.06 s e c " 1 i n both 
cases. A study of i n t e r c a l a t i o n by Gabbay et a l . (107) of two mole
c u l e s , a 1,8-naphthylimide w i t h one bulky s u b s t i t u e n t and a 1,8,1+, 5-
naphthylimide w i t h bulky s u b s t i t u e n t s on each end of the molecule t o 
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Table X I I I . E x t e r n a l l y Bound K+: ), K->, I I ( +) and I I ( -) tr a n s 
Adducts to N2(G) and N6(A) a 

Adduct base sugars a z y (DNA) a(BPDE) 5 eBPDE 

a n t i syn o r i e n t a t i o n of a f f e c t e d base 

l ( + )-N2(G)*> syn s_ 0 36.0 0 51 6.6 
l(+)-N2(G) syn ŝ  +10 36.1 5 h9 9.6 

I l ( - ) - N 6 ( A ) c syn s_ 0 36.0 0 51 10 3 

a n t i o r i e n t a t i o n of a l l bases 

l(+)-N2(G) a n t i s_ 0 36.0 0 50 10 5 

l(+)-N2(G) a n t i ŝ  -20 22.5 10 33 11+1.7 
l(+)-N2(G) a n t i ŝ  -1+0 22.0 20 30 60.8 

l(+)-N2(G) a n t i a -30 26.0 15 29 63.7 
l(+)-N2(G) a n t i a -50 19.2 26 16 5.7 
l(+)-N2(G) b a n t i a -70 7.3 35 15 -10.1 
l(+)-N2(G) d 1-11+ 29 15-^3 exp 

l(-)-N6(A) a n t i s_ 10 36.1 5 1+2 377. k 

l(-)-N6(A) a n t i s_ 20 38.0 10 38 1+1+.6 
K-)-N6 ( A) a n t i js 30 38.6 15 31 7.5 
l ( - ) - N 6 ( A ) e 37-^5 exp 

Il(+)-N2(G) a n t i a -30 26.0 15 5 215.7 
Il(+)-N2(G) a n t i a -50 19.2 25 7 - 5 . 3 
Il(+)-N2(G) a n t i a -70 7.3 35 15 -13.8 
Il(±)-N2(G)f >65 exp 

I l ( - ) - N 6 ( A ) a n t i s_ 0 36.0 0 1+6 3 x l 0 3 

II(-)-N6(A) a n t i s_ 20 38.0 10 39 67.2 
I I(-)-N 6 ( A) C a n t i ŝ  30 38.6 15 31 12.7 

a The sugars are C(2')-endo t o C(2')-endo (s_) and C(2')-endo t o 
C(3^)-endo (a) i n the 5"(p)3' or 3'(sugar)5 ' d i r e c t i o n . Base 
sequences: +G-C,OG,BPT,G«C,OG+ and +G«C,T«A,BPT,A«T,C«G+. 
Energies f o r the BPDE-N2(G) and -N6(A) adducts are measured 
r e l a t i v e t o the 5 ' - o r i e n t a t i o n of the corresponding isomers i n 
Tables VIII and IX, r e s p e c t i v e l y . 

b See Figure 11. 
c See Figure 13. 
d Experimental r e s u l t s (50,51,58). a z = 36° - unwinding angle 

from (1+2,1+5). 
e Experimental r e s u l t s (51.). N6(A) adduct formation i s assumed. 
f Experimental r e s u l t s are f o r the racemic mixture (j>8_). 
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prevent direct insertion into an intercalation s i t e , also supports a 
dynamical structure of DNA. Their kinetic studies show that DNA 
complexes form in ca. <1 msec and >100 msec for these two compounds, 
respectively. The f i r s t compound can be inserted into DNA di r e c t l y 
from one groove; however, for the second naphthylimide to be int e r 
calated, the substituents must l i e in opposite grooves. The slower 
time needed for complex formation suggests a denaturation and re-
naturation of the DNA to accommodate each substituent i n each 
groove. Their results suggest that there are two modes available 
for intercalation: rapid (involving opening, RO) and slow (invol
ving denaturation, SD) equilibrium processes, and conversely, that 
these two modes are available for the reverse process. For a co
valently bound adduct which results during intercalation, the RO 
process w i l l not permit the pyrene moiety to be dislodged from the 
intercalation s i t e , whereas the SD process w i l l . Therefore, the 
f i n a l state w i l l depend on the direction of the equilibrium pro
cess. 

The anti ->» syn reorientation of G, and A i s i l l u s t r a t e d in 
Figure 12. This transformation takes N2(G) from i t s position in the 
minor groove and places i t in the major groove and quite far outside 
the he l i x . Watson-Crick pairing i s l o s t . There are no poor steric 
contacts in t h i s model, and energy can be recovered by hydrogen 
bonding with water. An anti syn rotation of A displaces N6(A) 
only s l i g h t l y farther into the major groove and s i m i l a r l y for 06(G). 
As already shown, the anti orientation of G yields the most favor
able f i t and the pyrene orientations are in agreement with experi
mental results for the l(+)-N2(G) adducts. Similar calculations 
were performed for the BPDE l ( - ) - and Il(-)-N6(A) adducts. 

The stereoselected Cda conformation of the BPDE i ( - ) and I l ( - ) 
adducts to N6(A) were chosen for study in a reoriented complex with 
an externally bound pyrene moiety. In Figure 13, the adduct i s 
shown in i t s optimum orientation in B-DNA with adenine after an 
anti syn transformation for which the non-bonded contacts are 
poor, and with the normal anti base orientation with favorable con
tac t s . The f i t improves for the anti base as ct x 30°. The orien
tation of the pyrene moiety i s a(BPDE) =31° and the l o c a l h e l i c a l 
axis of the DNA i s oriented at y(DNA) = 15°. Calculations were not 
performed with externally bound BPDE-DNA adducts to 06(G) and NU(C). 
Calculations of externally bound BPDE l(-)-N6(A) adducts with kinked 
DNA with a x 30° yields an orientation a(BPDE) = 31° in good agree
ment with experimental results for the externally bound component 
(51). 

The energies reported in Table XIII for the externally bound 
forms are measured relative to that for the intercalative covalently 
bound form. Thus, the trans BPDE l(+)-N2(G) adduct i s 10.1 kcal/ 
mole more stable and the trans BPDE Il(-)-N6(A) adduct i s 12.7 
kcal/mole less stable in the externally bound form. S i m i l a r i l y , the 
trans BPDE Il(+)-N2(G) adduct i s -13.8 kcal/mole more stable and the 
trans BPDE l(-)-N6(A) adduct i s 7*5 kcal/mole less stable. There
fore, s i t e IQ (intercalative covalent) which i s favored by the i ( - ) 
isomer (5l) may be due to N6(A) and NMc) adduct formation, speci
f i c a l l y trans addition. 

The distribution of BPDE i ( - ) adducts observed by Brookes et 
a l . (38) as 59% N2(G), 21% 06(G), lQ% N6(A) and 2% other must be ad
dressed. Although the y i e l d of N2(G) adduct i s 59% compared to 
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t h a t w i t h other base atoms, i t i s a c t u a l l y 0.1 of the l(+)-N2(G) ad
duct. The b i n d i n g t o N2(G) and the r e s u l t i n g form ( e x t e r n a l l y or 
i n t e r n a l l y bound) w i l l predominant. In tr a n s a d d i t i o n the i ( - ) i s o 
mer i s unfavored i n the i n t e r c a l a t i v e covalent step; however, c i s 
a d d i t i o n i s p o s s i b l e as discussed i n the previous s e c t i o n . The c i s 
adduct should y i e l d a s t a b l e complex analogous t o the r e s u l t s f o r 

Figure 12. A n t i ( - ) and syn ( ) r e o r i e n t a t i o n of G and A about 
t h e i r g l y c o s i d i c bonds (Cl'-O) i n B-DNA. 

the l(+) adduct i n Table X I I I . The c o n t r i b u t i o n t o both IQ ( i n t e r 
n a l ) and IIX ( e x t e r n a l ) b i n d i n g s i t e s by the i ( - ) isomer may be due 
t o the small amount of c i s adduct which binds t o N2(G) ( f o r IQ) and 
low r e a c t i v i t y toward N6(A) ( f o r s i t e IQ). 

Two other models which o r i e n t the pyrene moiety e x t e r n a l l y have 
been proposed. Aggarwal et a l . (108) s u c c e s s f u l l y f i t both the l(+) 
and i ( - ) i n t o A-DNA which can a r i s e from a l o c a l d i s t o r t i o n of B-
DNA. In the l(+) adduct, the chromophore i s d i r e c t e d out of the 
minor groove, whereas f o r the i ( - ) i t f i t s snugly i n t o the groove. 
The angle subtended by the long a x i s of BP w i t h respect to the h e l i x 
a x i s i s 67° f o r l(+) and 63° f o r i ( - ) . Hingerty and Broyde (109) 
have optimized the conformation of the dCpdG-BPDE l(+) adduct. They 
f i n d a pyrene base stacked conformation w i t h C and or i e n t e d by 
a(BPDE) = 25°-30°. I f t h e i r complex can be incorporated i n t o a 
double h e l i x , i t may represent a l o c a l deformation of an e x t e r n a l l y 
bound form w i t h the pyrene o r i e n t e d i n the minor groove. Thus, a l l 
three models f o r the " f i n a l " e x t e r n a l l y bound BPDE l(+) t o N2(G) i n 
the minor groove e x h i b i t s i m i l a r p h y s i c a l c h a r a c t e r i s t i c s . At the 
time of w r i t i n g t h i s manuscript, s t e r e o s e l e c t i v i t y has not been 
demonstrated w i t h these l a t t e r two models (108,109). 
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Figure 13. An e x t e r n a l l y bound BPDE Il ( - ) - N 6 ( A ) adduct w i t h the 
pyrene moiety placed i n the major groove. The receptor s i t e s are 
(upper) B-DNA except f o r an a n t i syn r o t a t i o n by 180° about the 
g l y c o s i d i c bond of A, and (lower) DNA w i t h an a x = 30° k i n k . 

D i s c u s s i o n and Conclusion 

T h e o r e t i c a l r e s u l t s have been presented w i t h a n a l y t i c a l data and 
stereographic p r o j e c t i o n s t o support a mechanism given i n Figure ll+ 
i n which s t e r e o s e l e c t i v i t y occurs during i n t e r c a l a t i v e covalent 
b i n d i n g . We propose a molecular model and demonstrate th a t each 
step plays the f o l l o w i n g r o l e s : The i n t e r c a l a t i o n step o r i e n t s the 
epoxide toward the major or minor groove w i t h the r e a c t i v e CIO atom 
i n the groove adjacent to the appropriate base atoms: N 2(G), N6(A), 
0 6(G) and NU(c). A proton c a t a l y z e d n u c l e o p h i l i c SJJ2 r e a c t i o n i s 
favored during i n t e r c a l a t i o n because p o s i t i v e i o n s , e s p e c i a l l y H +, 
re s i d e i n the grooves and t h e i r presence a s s i s t s i n the a c t i v a t i o n 
o f the BPDEs. However, during covalent bond formation, the DNA must 
k i n k t o o r i e n t the pyrene moiety w i t h i n the kinked s i t e f o r proper 
bonding between CIO of the BPDEs and the r e a c t i v e base atoms, i . e . , 
t o achieve a bond length of approximately 1.5 A and t e t r a h e d r a l hy
b r i d i z a t i o n on CIO of the BPDE and t r i g o n a l h y b r i d i z a t i o n on the r e 
a c t i v e base atoms. In t h i s step the base p a i r s are deformed from 
the p a r a l l e l o r i e n t a t i o n of a c l a s s i c a l i n t e r c a l a t i o n s i t e w hile the 
BPDE remains i n s e r t e d . The DNA kinks or bends w i t h a wedge opening 
i n t o the major or minor groove, r e s p e c t i v e l y , w h i l e the adjacent 
base p a i r s remain separated t o accommodate the quasi i n t e r c a l a t e d 
BPDE as i t undergoes i n t e r c a l a t i v e covalent b i n d i n g t o DNA. I t was 
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shown t h a t s t e r e o s e l e c t i v i t y occurs during t h i s step. S p e c i f i c a l l y , 
BPDE l(+) and Il ( + ) are the only isomers which f i t i n a kinked s i t e 
(+39P) when bound t o N2 on guanine. In c o n t r a s t , BPDE i ( - ) and 
I l ( - ) are the only isomers which f i t i n a kinked s i t e (-30°) when 
bound to atoms N6 (A), 06(G) and i t appears t h a t b i n d i n g t o Hk(c) may 
not be s t e r e o s e l e c t i v e . The l e s s favored proton a d d i t i o n v i a an Sjji 
r e a c t i o n forms the carbonium ion of BPDE. This permits both t r a n s 
and c i s a d d i t i o n , and minor products. For c i s a d d i t i o n , the m i r r o r 
images are s t e r e o s e l e c t e d , namely, i ( - ) and I I ( - ) by N2(G), l(+) and 
I l ( + ) by N6(A) and 06(G) and I l ( - ) and l(+) by N U ( C ) . I f both t r a n s 
and c i s a d d i t i o n occurred t o an equal e x t e n t , s t e r e o s e l e c t i v i t y 
would not be observed. Therefore, the favored t r a n s a d d i t i o n as 
w e l l as the s t e r i c f i t of s p e c i f i c stereoisomers during i n t e r c a l a 
t i v e covalent b i n d i n g c o n t r i b u t e t o s t e r e o s e l e c t i v i t y . P o s s i b l e r e 
arrangements of the DNA t o y i e l d outside b i n d i n g can occur i n two 
ways: F i r s t , an a n t i syn r o t a t i o n about the g l y c o s i d i c bond of 
the a f f e c t e d bases allows the remaining p o r t i o n of the DNA t o resume 
i t s normal B-DNA conformation w i t h an e x t e r n a l l y bound adduct that 
f i t s w e l l i n the case of BPDE l(+) and I l ( + ) bound t o N2(G), but not 
w e l l f o r BPDE i ( - ) and I l ( - ) bound t o N6(A). Second, a denatura
t i o n , rearrangement of the adduct and r e n a t u r a t i o n of the DNA allows 
the adduct to l i e i n a groove i n a s l i g h t l y kinked DNA. 

BPDE BPDE 
H+ 

BPT+ 

B-DNA I n t e r c a l a t i o n A c t i v a t i o n 

H+ 
Relaxation 

I n t e r c a l a t i v e covalent b i n d i n g ; 
s t e r e o s e l e c t i v i t y ; f i n a l 
predominant s t r u c t u r e f o r trans 
a d d i t i o n t o N6(A) and 06(A1 
o f BPDE I ( - ) and I l ( - ) . 

Outside b i n d i n g ; 
f i n a l predominant 
s t r u c t u r e f o r trans 
a d d i t i o n t o N2(G) of 
BPDE l(+) and I l ( + ) . 

F i g u r e l U . Mechanism f o r BPDE-DNA adducts. 
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The main features of t h i s proposed mechanism are ( l ) the 
s t e r e o s e l e c t i v i t y of the BPDEs by the DNA during i n t e r c a l a t i v e co
va l e n t b i n d i n g and (2) the f i n a l o r i e n t a t i o n of the bound pyrene 
which may be o r i e n t e d i n t e r n a l l y ( i n t e r c a l a t i v e covalent) or ex
t e r n a l l y (outside the h e l i x ) . The s t e r e o s e l e c t i v i t y occurs during 
covalent bond formation and a f t e r i n t e r c a l a t i o n . R e l a x a t i o n of the 
DNA allows the adduct to adjust to i t s f i n a l o r i e n t a t i o n . I f the 
experimental measurements are assumed t o be made on the DNA-adducts 
a f t e r the f i n a l o r i e n t a t i o n has been achieved, then the f o l l o w i n g 
i n t e r p r e t a t i o n s can be made. 

The l(+) and I l ( + ) isomers are s t e r e o s e l e c t e d by N2(G), whereas 
the i ( - ) and I l ( - ) isomers are s t e r e o s e l e c t e d by the N6(A) and 06(G) 
during i n t e r c a l a t i v e covalent steps w i t h t r a n s a d d i t i o n . The l ( + ) -
and Il(+)-N2(G) adducts are rearranged t o an e x t e r n a l l y bound form 
w i t h the pyrene i n the minor groove, but the l(-)-N6(A) and 
Il ( - ) - 0 6(G) adducts remain quasi i n t e r c a l a t e d . This i s determined 
by the r e l a t i v e energy change between the two forms as we see from 
Table X I I I . However, there i s a su p e r p o s i t i o n of the two types of 
s i t e s , IQ and IIX (51,57,58), and BPDE i ( - ) DNA adducts e x h i b i t both 
types of b i n d i n g . By symmetry, the c i s BPDE l(-)-N2(G) adduct i s 
pr e d i c t e d to behave s i m i l a r i l y t o the tra n s l(+)-N2(G) adduct. I t 
should be e x t e r n a l l y bound. 

The N2(G) adducts are more s t a b l e than the N6(A) and 06(G) and 
Nl*(c) adducts. Because c i s a d d i t i o n products are present, minor 
amounts of the other adducts are found. I f only c i s a d d i t i o n occur
r e d , then the i ( - ) and I l ( - ) isomers would be st e r e o s e l e c t e d by 
N2(G), and the l(+) and I l ( + ) isomers would be st e r e o s e l e c t e d by 
N6(A) and 06(G). Although we d i d not perform c a l c u l a t i o n s on the 
c i s adducts, i t can be seen from the stereographic p r o j e c t i o n s t h a t 
the change accompanied by a r e f l e c t i o n of only the BPDE atoms 
through the plane of the pyrene changes the ( + ) i n t o (-) isomers. 
Thus, the r u l e s of s t e r e o s e l e c t i v i t y are reversed. However, the 
sm a l l amount of c i s adduct y i e l d s these minor components; the 
l(-)-N2(G) adduct i s most prevalent (38) f o r r e a c t i o n s of BPDE i ( - ) 
w i t h DNA and we assume t h a t t h i s a r i s e s from the c i s a d d i t i o n . I f 
both trans and c i s a d d i t i o n occurred e q u a l l y , we p r e d i c t t h a t 
s t e r e o s e l e c t i v i t y would not be observed. 

Based on the r e s u l t s i n t h i s paper, the f o l l o w i n g experimental 
data should be obtained f o r each of the diastereoisomers. ( l ) The 
r e l a t i v e y i e l d s of trans and c i s a d d i t i o n products should be deter
mined f o r adduct formation t o each base atom. (2) A l t e r n a t i n g and 
no n - a l t e r n a t i n g homopolymers should be used t o evaluate the base se
quence s p e c i f i c i t y . (3) Binding t o s i t e s IQ and IIX should be cor
r e l a t e d t o tra n s and c i s adducts and t o s t e r e o s e l e c t i v i t y . 
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11 
One-Electron Oxidation in Aromatic Hydrocarbon 
Carcinogenesis 

ERCOLE L. CAVALIERI and ELEANOR G. ROGAN 

Eppley Institute for Research in Cancer, University of Nebraska Medical Center, Omaha, NE 68105 

Two main pathways are involved in the carcinogenic 
activation of polycyclic aromatic hydrocarbons (PAH): 
one-electron oxidation and monooxygenation. One-elec
tron oxidation produces PAH radical cations, which can 
react with cellular nucleophiles. Biochemical and bio
logical data indicate that only PAH with relatively low 
ionization potentials (below ca. 7.35 eV) can be acti
vated by one-electron oxidation. Furthermore, a car
cinogenic PAH must have a relatively high charge local
ization in its radical cation to react effectively with 
target cellular macromolecules. Binding of benzo[a]py-
rene (BP) to DNA in vitro and in vivo occurs predomi
nantly at C-6, the position of highest charge density 
in the BP radical cation, and binding of 6-methylBP to 
mouse skin DNA yields a major adduct in which the 
6-methyl is bound to the 2-amino of deoxyguanosine. 
PAH radical cations are also involved in the metabolic 
conversion of PAH to PAH diones. Carcinogenicity 
studies of PAH in rat mammary gland indicate that only 
PAH with ionization potential low enough for activation 
by one-electron oxidation induce tumors in this target 
organ. These results and others indicate that one
-electron oxidation of PAH is involved in their tumor 
initiation process. 

Covalent b inding of chemical carcinogens to c e l l u l a r macromolecules, 
DNA, RNA and p r o t e i n , i s wel1-accepted to be the f i r s t step in the 
tumor i n i t i a t i o n process (_1,_2). Most carc inogens , i n c l ud ing p o l y 
c y c l i c aromatic hydrocarbons (PAH), requ i re metabol ic a c t i v a t i o n to 
produce the u l t imate e l e c t r o p h i 1 i c species which react with c e l l u l a r 
macromolecules. Understanding the mechanisms of a c t i v a t i o n and the 
enzymes which ca ta l yze them i s c r i t i c a l to e l u c i d a t i n g the tumor 
i n i t i a t i o n process . 

H i s t o r i c a l l y the process of a c t i v a t i o n has almost e x c l u s i v e l y 
been s tud ied by metabo l iz ing compounds with l i v e r p repara t i ons , 
lead ing most i nve s t i g a to r s in chemical carc inogenes i s to th ink that 

0097-6156/85/0283-0289S06.00/0 
© 1985 American Chemical Society 
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oxygenation i s the c r i t i c a l step to produce proximate and/or u l t i 
mate carc inogens . This emphasis has indeed been predominant f o r 
PAH, in which formation of bay-reg ion v i c i n a l d i o l epoxides has been 
descr ibed to be the most important, i f not e x c l u s i v e , pathway o f 
a c t i v a t i o n (2-5.)* 

At present a v a r i e t y of s tud ies with PAH, as wel l as other 
chemica l s , suggest that metabol ic a c t i v a t i o n in ta rget t i s sues can 
occur by one -e lec t ron ox ida t ion (6^,7). The e l e c t r o p h i l i c i n te rmed i 
ate r a d i c a l ca t ions generated by thTs mechanism can react d i r e c t l y 
with var ious c e l l u l a r n u c l e o p h i l e s . In t h i s paper, we w i l l d i scuss 
chemica l , biochemical and b i o l o g i c a l evidence which i nd i ca te s that 
one-e lec t ron ox ida t ion p lays an important r o l e in the metabol ic 
a c t i v a t i o n of PAH. 

Chemical Propert ies of PAH Radical Cations 

Nuc leoph i l i c Trapping of Radical Cat ions . To i n v e s t i g a t e some of 
the p roper t i e s of PAH r ad i ca l ca t ions these intermediates have been 
generated in two one -e lec t ron oxidant systems. The f i r s t conta ins 
i od ine as oxidant and p y r i d i n e as nuc leoph i l e and so lvent (8-10), 
whi le the second contains Mn(0Ac) 3 in a c e t i c ac id (10,11). Studies 
with a number of PAH i n d i c a t e tha t the formation of pyndin ium-PAH 
or acetoxy-PAH by one -e lec t ron ox ida t ion with Mn(0Ac) 3 or i o d i n e , 
r e s p e c t i v e l y , i s r e l a ted to the i o n i z a t i o n po ten t i a l (IP) of the 
PAH. For PAH with r e l a t i v e l y high IP, such as phenanthrene, 
chrysene, 5-methylchrysene and d ibenz[a ,h]anthracene, no reac t ion 
occurs with these two oxidant systems. Another important f a c t o r 
i n f l u e n c i n g the s p e c i f i c r e a c t i v i t y of PAH r a d i c a l ca t ions with 
nuc leoph i les i s l o c a l i z a t i o n of the p o s i t i v e charge at one or a few 
carbon atoms in the r a d i c a l c a t i o n . 

For unsubst i tuted PAH, such as benzo[a]pyrene (BP), pyr id in ium 
or acetoxy d e r i v a t i v e s are formed by d i r e c t attack of py r i d i ne or 
acetate i o n , r e s p e c t i v e l y , on the r ad i ca l ca t i on at C-6, the p o s i 
t i o n of maximum charge dens i t y (Scheme 1). This i s fo l lowed by a 
second one-e lec t ron ox ida t ion of the r e s u l t i n g r a d i c a l and los s of a 
proton to y i e l d the 6 - subs t i tu ted d e r i v a t i v e . For m e t h y l - s u b s t i 
tuted PAH in which the maximum charge dens i ty of the r ad i ca l c a t i o n 
adjacent t o the methyl group i s app rec i ab l e , as i n 6-methylbenzo[a]-
pyrene (6-methylBP) (Scheme 2 ) , loss of a methyl proton y i e l d s a 
b e n z y l i c radical. This r e a c t i v e species i s r a p i d l y ox id i zed by 
i od ine or Mn to a benzy l i c carbonium ion with subsequent t rapp ing 
by p y r i d i n e or acetate i o n , r e s p e c t i v e l y . 

For a c t i v a t i o n by one -e lec t ron o x i d a t i o n , these p roper t ie s of 
PAH r a d i c a l ca t ions enable us to p red i c t the p o s i t i o n ( s ) at which 
covalent b inding of PAH to c e l l u l a r t a rge t s may occur . 

Synthesis of Radical Cation Perch lorates and Subsequent Coupling 
with NucleophilesT Syntheses of the r a d i c a l c a t i on perch lora tes of 
BP and 6-methylBP (12) were accomplished by the method reported 
e a r l i e r f o r the preparat ion of the pery lene r ad i ca l c a t i on (13,14). 
More recen t l y we have a l so synthes ized the r a d i c a l c a t i on p e r c h l o r -
ate of 6-f luoroBP (15). Oxidat ion of the PAH with i od ine in benzene 
in the presence of AgClO. ins tantaneous ly produces a black p r e c i p i 
t a t e conta in ing the r ad i ca l c a t i on perch lo ra te adsorbed on Agl with 
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Scheme 2. Stepwise one -e lec t ron ox ida t ion of 6-methylBP and sub

sequent t rapp ing by a nuc leoph i l e (Nu). 
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yie. lds_of 28, 28 and 39% f o r BP*C10~ 6-methylBP»C1 OT and 6 - f l u o r o -
BP'CIOT, r e s p e c t i v e l y . The BP and 8-methylBP r a d i c a l ca t ions have 
been cha rac te r i zed by e l ec t ron spin resonance spectroscopy (12) and 
by t rapp ing with strong n u c l e o p h i l e s . Reaction of the BP r a d i c a l 
ca t i on with the two strong nuc leoph i le s NaSCN and NaN02 y i e l d s 
6 - th iocyano- and 6 -n i t roBP, but a l so d e r i v a t i v e s at C - i . Inc iden
t a l l y , in the BP r ad i ca l c a t i o n , C-6 i s the p o s i t i o n of highest 
charge d e n s i t y , fo l lowed by C - l and C-3. When the 6-methylBP and 
6-f luoroBP r a d i c a l ca t ions react with NaNOp and NaSCN, only d e r i v a 
t i v e s at the 1 and/or 3 -pos i t i on are obta ined. Neither s u b s t i t u t i o n 
at the 6-methyl group nor displacement of the f l u o r i n e atom i s ob
served. These r e s u l t s genera l l y i n d i c a t e that strong nuc leoph i les 
d i s p l a y low s e l e c t i v i t y toward the p o s i t i o n in which the p o s i t i v e 
charge i s be t te r l o c a l i z e d . Reaction of BP and 6-f luoroBP r a d i c a l 
ca t ions with the weak nuc leoph i le H ? 0 a f fo rds a mixture of BP -1 ,6 - , 
- 3 , 6 - and -6 ,12 -d ione . These products are the r e s u l t of an i n i t i a l 
attack of FLO at C-6. + 

When the weak nuc leoph i le acetate ion in water i s used, BP*C107 
y i e l d s s p e c i f i c a l l y 6-acetoxyBP and the three d iones , which are the 
r e s u l t o f Reaction of the r ad i ca l c a t i on with FLO. In the case of 
6-fluoroBP#C10T, BP diones are the predominant products , whereas 
only t races of 6-acetoxyBP are obta ined . This i nd i ca te s that the 
attack by the acetate ion i s s t e r i c a l l y hindered at the 6 -pos i t i on 
in the 6- f luoroBP*ClOT. 

The o v e r a l l conc lus ion from the reac t i on of BP and 6 - subs t i tu ted 
BP r a d i c a l ca t ions with nuc leoph i le s of var ious s trengths i s that 
weak nuc leoph i le s d i s p l a y higher s e l e c t i v i t y toward the p o s i t i o n of 
highest charge l o c a l i z a t i o n . Thus another important f a c t o r in the 
chemical r e a c t i v i t y of r a d i c a l ca t ions i s represented by the 
s t rength of the n u c l e o p h i l e . 

I on izat ion Potent ia l of PAH and Charge L o c a l i z a t i o n in Radical 
Cat ions 

From knowledge p resent l y a v a i l a b l e , the a b i l i t y of PAH to bind c o 
v a l e n t l y to c e l l u l a r macromolecules appears to depend mainly on two 
f a c t o r s : the ease of formation of PAH r a d i c a l c a t i o n s , which i s 
measured by t h e i r IP, and l o c a l i z a t i o n of p o s i t i v e charge in the 
r ad i ca l c a t i o n . The IP of numerous PAH have been determined and 
compared to a q u a l i t a t i v e measure of t h e i r c a r c i n o g e n i c i t y (16). 
Some of the most representa t i ve PAH with high and low IP are p r e 
sented in Table I. Only PAH with r e l a t i v e l y low IP (below ca . 7.35 
eV) can be b i o l o g i c a l l y ac t i va ted by one -e lec t ron ox ida t ion (16). 
This has been observed in s tud ies of rat mammary gland carc inogene
s i s (10,17,18), in which the r e s u l t s from d i r e c t a p p l i c a t i o n of PAH 
i n d i c a t e that only PAH with low IP induce tumors i n t h i s ta rget 
organ (see below). In add i t i on when the b ind ing of PAH to DNA i s 
s tud ied us ing horserad ish p e r o x i d a s e / H 2 0 2 , a system which ca ta lyzes 
one -e lec t ron ox ida t ion of a v a r i e t y of cnemica l s , only those PAH 
with IP < ca 7.35 eV are s i g n i f i c a n t l y bound (16). 

The c a r c i n o g e n i c i t y of PAH with r e l a t i v e l y high IP, such as 
benzo[c]phenanthrene, benz[a]anthracene, chrysene, 5-methylchrysene 
and d ibenz[a,h]anthracene (Table I ) , can be re l a ted to the formation 
of bay-reg ion d i o l epoxides ca ta l yzed by monooxygenase enzymes (j>). 
However, the most potent carc inogen ic PAH have IP < c a . 7.35 eV. 
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Table I. S t ruc tu re , I on iza t ion P o t e n t i a l , and Ca rc i nogen i c i t y of 
Se lected PAH 

I o n i z a t i o n 8 

p o t e n t i a l . 
Compound S t ruc tu re ieVj Ca r c i nogen i c i t y 1 

Phenanthrene 

Benzo[c]phenanthrene 

Chrysene 

5-Methylchrysene 

Benzo[e]pyrene 

Dibenz[a,h]anthracene 

Benz[a]anthracene 

Pyrene 

Anthracene 

7-Methylbenz[a]anthracene 

Continued on next page. 
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Table I. Continued. 

Compound 

Ion izat ion* 
potent ia l 

(eV) Ca r c i nogen i c i t y 

Dibenzo[a,e]pyrene 

Dibenzo[a,l]pyrene 

D1benzo[a,i]pyrene 

Benzo[a]pyrene 

6-FluorobenzoLajpyrene 

7.35 

7.26 

7,12-D1methy1benz[a]anthracene 

7.23 

7 .23 

+ + + 

+ + + 

7.25 + + + + 

++ + + 

-I- + 

7.22 - H - + + + 

3-Methylcholanthrene 

6-Methylbenzo:a]pyrene 

Peryle 

7.12 

7.08 

7.06 

+ ++ + 

+ + + 

Continued on next page. 
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Table I. Continued. 

I o n i z a t i o n 9 

Compound S t ructure Po tent i a l (eV) Ca rc inogen i c i t y 

6.97 +++ + Dibenzo[a.hjpyrene 6.97 +++ + 

6.96 + Anthanthrene 6.96 + 

Determined from absorpt ion maximum of the charge - t rans fe r complex of 
each compound with c h l o r a n i l , with the except ion of d i b e n z [ a , h ] -
anthracene determined by polarographic ox ida t ion (24). 

b Ext remely a c t i v e , +++++; very a c t i v e , ++++; a c t i v e , +++; moderately 
a c t i v e , ++; weakly a c t i v e , +; very weakly a c t i v e , +.; and i n a c t i v e , — . 
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296 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

This l i s t inc ludes BP, 7,12-dimethylbenz[a]anthracene, 3-methy lchol 
anthrene, d ibenzo[a , i ]py rene and d ibenzo[a,h]pyrene. These PAH can 
be ac t i va ted both by one -e lec t ron ox ida t ion and/or monooxygenation. 
There are a few PAH with low IP which are i n a c t i v e (Table I), such 
as pery lene , or weakly a c t i v e , such as anthanthrene. This i nd i ca te s 
that low IP i s a necessary, but not s u f f i c i e n t f a c t o r f o r determin
ing ca rc inogen ic a c t i v i t y by one -e lec t ron o x i d a t i o n . These i n a c t i v e 
or weakly a c t i v e PAH have the highest dens i t y of p o s i t i v e charge 
d e l o c a l i z e d over several aromatic carbon atoms in t h e i r r ad i ca l 
c a t i o n s , whereas the a c t i v e PAH with low IP have charge mainly l o 
c a l i z e d on one or a few carbon atoms in t h e i r r ad i ca l c a t i o n s . 
These observat ions lead us to suggest that the second c r i t i c a l f a c 
t o r in b inding of PAH r a d i c a l ca t ions i s that the carc inogen ic PAH 
must have r e l a t i v e l y high charge l o c a l i z a t i o n in t h e i r r ad i ca l 
ca t ions to g ive them s u f f i c i e n t r e a c t i v i t y to bind with c e l l u l a r 
nuc leoph i le s (6.,_7)- Evidence on t h i s point has been obtained by 
one-e lec t ron ox ida t ion of PAH with i od ine (8-10) and Mn(0Ac)~ 
(10,11), although t h i s concept of charge locaTTzation requ i res f u r 
ther study by more q u a n t i t a t i v e approaches. 

Metabol ic Formation of Quinones by an I n i t i a l One-Electron Oxidat ion 
of BP 

Metabolism of BP mediated by the cytochrome P-450 monooxygenase 
system forms three c l a s ses of products : phenols , d i hyd rod io l s and 
quinones. Formation of phenols and d i hyd rod i o l s i s obtained by an 
i n i t i a l e l e c t r o p h i l i c attack of an enzyme-generated oxygen atom. 
The same pathway of a c t i v a t i o n has been pos tu la ted in the formation 
of quinones, although the pu ta t i ve 6-hydroxyBP precursor has never 
been i s o l a t e d (19,20). In t h i s mechanism, formation of quinones 
would proceed by autox idat ion of 6-hydroxyBP (20). However, sub
s t a n t i a l evidence i nd i ca te s that the f i r s t step in formation of 
quinones does not i nvo lve the t y p i c a l attack of the e l e c t r o p h i l i c 
a c t i v e oxygen to y i e l d 6-hydroxyBP, but ins tead cons i s t s of the loss 
of one e l e c t r o n from BP to produce the r a d i c a l c a t i o n . 

The f i r s t l i n e of evidence der ives from the predominant forma
t i o n of quinones when metabolism of BP i s conducted under p e r o x i 
d a s e c o n d i t i o n s , namely by pros tag land in H synthase (21) or by 
cytochrome P-450 with cumene hydroperoxide as cofactor~T22)• Under 
these metabol ic cond i t i ons one -e lec t ron ox ida t ion i s the prepon
derant mechanism of a c t i v a t i o n . 

Second, metabolism of 6-f luoroBP by rat l i v e r microsomes y i e l d s 
the same BP quinones obtained in the metabolism of BP (23). This 
suggests that these products are formed by an i n i t i a l attack of a 
n u c l e o p h i l i c oxygen atom at C-6 in the 6- f luoroBP r a d i c a l ca t ion 
with displacement of the f l u o r o atom. In f a c t , when 6-f luoroBP i s 
t r ea ted with the one -e lec t ron oxidant Mn(0Ac) 3 , the major products 
obtained are 6-acetoxyBP and a mixture of 1,6- and 3,6-diacetoxyBP 
(15), i n d i c a t i n g that reac t i on occurs v i a an i n i t i a l attack of a ce 
t a t e ion at C-6 of the 6- f luoroBP r ad i ca l c a t i o n . On the other hand 
e l e c t r o p h i l i c s u b s t i t u t i o n of 6- f luoroBP with bromine or deuterium 
ion shows no displacement of f l u o r i n e at C-6, although in both cases 
s u b s t i t u t i o n occurs at C - l and/or C-3. These r e s u l t s i n d i c a t e that 
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the only p l a u s i b l e chemistry in the metabol ic formation of quinones 
from 6- f luoroBP i s cons i s tent w i th + an i n i t i a l one -e lec t ron ox idat ion 
of the compound to form 6 - f l u o r o B P » . 

F i n a l l y , we have s tud ied the metabolism of a s e r i e s o f PAH with 
decreas ing IP. In these metabol ic s tud ies with Aroc lo r - induced rat 
l i v e r microsomes, the formation of quinones was measured in the p r e 
sence of NADPH or cumene hydroperoxide as c o f a c t o r . 

As presented in Table II, no quinones are obtained with NADPH 
fo r d ibenz[a,h]anthracene and benz[a]anthracene, whereas with cumene 
hydroperoxide a t r a ce amount of benz[a]anthracene quinone i s ob
served. For the PAH with low IP, quinones are formed in the p r e 
sence of both c o f a c t o r s . The r e l a t i o n s h i p between IP and formation 
of quinones con s t i t u te s f u r t h e r evidence that these metabol i tes are 
obtained by an i n i t i a l one -e lec t ron ox ida t ion of the PAH with forma
t i o n of i t s r a d i c a l c a t i o n . 

Table II. Metabol ic Formation of Quinones f o r PAH of 
Various Ion izat ion Po ten t i a l s 

Ion izat ion 

Formation of Quinone 
by Aroc lo r - induced Rat 
L i ve r Microsomes with 

Compound 
Potent ia l 

(eV)* NADPH 
Cumene 

Hydroperoxide 

Dibenz[a,h]anthracene 7.57 - -
Benz[a]anthracene 7.54 -
Benzo[a]pyrene 7.23 + + 

Dibenzo[a, i ]pyrene 7.20 + + 

Dibenzo[a,h]pyrene 6.97 + + 

Anthanthrene 6.96 + + 

Determined from absorpt ion maximum of the cha rge - t r an s fe r 
complex of each compound with c h l o r a n i l , with the except ion 
of dibenz[a.h)]anthracene. which was determined by p o l a r o -
graphic ox ida t i on (24). 

+_ ind i ca te s formation of a t r ace amount of quinone. 

We propose that the f i r s t step in the formation of quinones, as 
shown in Scheme 3 f o r BP, invo lves an e l ec t ron t r a n s f e r from the 
hydrocarbon to the ac t i v a ted cytochrome P-450-iron-oxygen complex. 
The generate^ n u c l e o p h i l i c oxygen atom of t h i s complex would react 
at C-6 of BP* in which the p o s i t i v e charge i s apprec iab ly l o c a l i z e d . 
The 6-oxy-BP r ad i ca l formed would then d i s s o c i a t e to leave the i ron 
of cytochrome P-450 in the normal f e r r i c s t a t e . Autoxidat ion of the 
6-oxy-BP r ad i ca l in which the sp in dens i t y i s l o c a l i z e d mainly on 
the oxygen, C - l , C-3 and C-12 U9 ,20 ) would produce the three BP 
d iones . 
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Binding of PAH to DNA in v i t r o and in v ivo 

While most research on the enzymatic a c t i v a t i o n of chemical c a r c i n o 
gens has focused on monooxygenation by cytochrome P-450, i t has 
become i n c r e a s i n g l y c l e a r that a c t i v a t i o n by c e l l u l a r perox idases , 
i n c l ud ing the pros tag land in H synthase complex, plays an important 
ro le in the a c t i v a t i o n of many carcinogens (25). The model horse 
rad i sh peroxidase/HgOp system has been found to metabol ize N-hy-
droxy-2-acety laminof luorene (26,27), d i e t h y l s t i l b e s t r o l (28), phenol 
(29), aminopyrine (30), benzicTTne and d e r i v a t i v e s (3U, ^277 t e t r a -
methyl hydrazine (33T"~and BP (34) by one -e lec t ron o x i d a t i o n . Mam
malian peroxidases a l so fo l l ow t h i s mechanism: f o r example, mouse 
u ter ine peroxidase and rat bone marrow peroxidase with d i e t h y l -
s t i l b e s t r o l (28) and phenol (29), r e s p e c t i v e l y . Furthermore p r o s t a 
g landin H synthase has been proposed to a c t i v a t e benz id ine in kidney 
carc inogenes i s (35, 36), N-hydroxy-2-acety laminof luorene in mammary 
c e l l s (37), te t ramethy lhydraz ine (38) and d i e t h y l s t i l b e s t r o l (39), 
apparent ly by one -e lec t ron o x i d a t i o n . 

Both horserad ish peroxidase and pros tag land in H synthase e f f i 
c i e n t l y c a t a l y ze the b ind ing of BP to DNA in_ v i t r o , y i e l d i n g 89 +̂  5 
and 310 + 64 ymole BP bound/mole DNA-P, r e s p e c t i v e l y . Horseradish 
peroxidase has a l ready been seen to bind other PAH with r e l a t i v e l y 
low IP to DNA (16). For both BP (34) and 6-methyl BP (40), we have 
obtained c l e a r evidence conf i rming one -e lec t ron ox ida t i on as the 
mechanism of a c t i v a t i o n . In the case of 6-methylBP we have i d e n t i 
f i e d a DNA adduct in which the 6-methyl group i s c ova l en t l y bound to 
the 2-amino group of deoxyguanosine (40). This DNA adduct i s a l so 
present i n mouse sk in t rea ted with racTTolabeled 6-methyl BP, p r o 
v id ing the f i r s t evidence f o r a c t i v a t i o n of a PAH in a ta rget t i s s u e 
by one -e lec t ron ox ida t ion (40). We have begun to examine BP-DNA 
adducts formed in mouse sk in using high pressure l i q u i d chromatogra
phy a f t e r enzymic d i ge s t i on of the p u r i f i e d DNA to mononucleosides. 
In add i t i on to BP d i o l epoxide adduct ( s ) , we observe an adduct p r o 
f i l e which i s q u a l i t i a t i v e l y s i m i l a r to the adduct p r o f i l e s obtained 
from DNA with BP bound by incubat ion with horserad i sh p e r o x i -
dase/Hp0 2 and from BP r a d i c a l ca t i on bound to deoxyguanosine. We 
are c u r r e n t l y i d e n t i f y i n g the s t r u c t u r e of the common adducts ob
ta ined on the ^ k i n , with horserad i sh peroxidase a c t i v a t i o n and by 
reac t ion of BP with deoxyguanosine. I d e n t i f i c a t i o n of DNA adducts 
formed by one -e lec t ron ox ida t i on can prov ide evidence that t h i s 
mechanism of a c t i v a t i o n i s opera t i ve in t a rge t t i s s u e s , although 
t h i s does not prove that i t i s re spons ib le f o r i n i t i a t i n g the tumor 
process . 

Ca rc inogen i c i t y Studies in Two Target Organs 

The c a r c i n o g e n i c i t y of a s e r i e s of PAH in the mammary gland has been 
examined in 50-day-o ld female Sprague-Dawley rats us ing d i r e c t ap
p l i c a t i o n of the compound to the mammary t i s s u e (10, 17, 18). The 
r e s u l t s o f these experiments, presented in Table III, are compared 
to the c a r c i n o g e n i c i t y r e s u l t s in mouse sk in from repeated a p p l i c a 
t i o n obtained in our l abora tory and o ther s . PAH were se lec ted be 
cause they were or were not expected to be ac t i v a ted by one -e lec t ron 
o x i d a t i o n , based on the hypothesis that compounds with r e l a t i v e l y 
high IP cannot be ac t i v a ted by t h i s mechanism. Furthermore, some 
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Table III. Comparative Ca r c i nogen i c i t y of PAH in Mouse Skin and Rat 
Mammary Gland 

I o n i z a t i o n 3 C a r c i nogen i c i t y i n : 
Potent ia l Rat Mammary 

Compound (eV) Mouse Skin Gland 

Cyclopenta[cd]pyrene + + -
Benzo[a]pyrene 7,8-
d ihydrod io l + + + + -
5-Methylchrysene c a . 7.7 + + + -
Di benz[a,h]anthracene 7.57 + + + -
Benz[a]anthracene 7.54 + -
7-Methylbenz[a]anthracene 7.37 + + + + 

Benzo[a]pyrene 7.23 + + + + + + + 

7,12-Dimethylbenz[a]-
anthracene 7.22 + + + + + + + + + 

10-F1uoro-3-methyl -
cholanthrene 7.17 N.T. C + + 

1,3-Dimethylcholanthrene 7.15 + + -
8-F1uoro-3-methy lcho l -
anthrene 7.14 N.T. + + 

2,3-Dimethylcholanthrene 7.13 N.T. + + 

3-Methylcholanthrene 7.12 + + + + + + + + 

6-Methylbenzo[a]pyrene 7.08 + + + + 

Determined from absorpt ion maximum of the cha rge - t r an s fe r complex 
of each compound with c h l o r a n i l , with the except ion of dibenzC&J}.]-
anthracene determined by po larographic ox ida t ion (24). 

Extremely a c t i v e , + + + + + ; very a c t i v e , + + + +; a c t i v e , + + +, 
moderately a c t i v e , + +; weakly a c t i v e , +; very weakly a c t i v e , HH; 
i n a c t i v e , 

C N . T . = not t e s t e d . 
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PAH were chosen in which a c t i v a t i o n by monooxygenation or o n e - e l e c 
t ron ox ida t i on was b locked. 

Compounds which have low IP and s u f f i c i e n t charge l o c a l i z a t i o n 
in the r a d i c a l c a t i o n , namely 7-methylbenz[a]anthracene, BP, 
7,12-dimethylbenz[a]anthracene, 10-f1uoro-3-methylcholanthrene, 
8 - f luoro -3 -methy l cho lan threne, 2,3-d imethy lcholanthrene, 3-methyl-
cho lanthrene, and 6-methylBP, are genera l l y c a r c i n o g e n i c , both in 
mouse sk in and rat mammary g land. However, 1,3-d imethylcholan-
th rene , which has a low IP, i s i n a c t i v e in rat mammary gland and 
a c t i v e in mouse s k i n . This i s presumably due to s t e r i c hindrance at 
C - l , the p o s i t i o n of n u c l e o p h i l i c s u b s t i t u t i o n in the 3-methy lcho l 
anthrene r a d i c a l c a t i o n . Its ca rc inogen ic a c t i v i t y i n mouse sk in 
can be a t t r i b u t e d to a c t i v a t i o n by monooxygenation. In contras t 
2 ,3-d imethy lcho lanthrene, in which the methyl subs t i tuent at C-2 
does not prevent n u c l e o p h i l i c s u b s t i t u t i o n at C - l in the r ad i ca l 
c a t i o n , i s c a r c i nogen i c . PAH with r e l a t i v e l y high IP, such as 
d ibenz[a,h]anthracene and 5-methylchrysene, are not a c t i v e when 
d i r e c t l y app l ied to the mammary g land. The c a r c i n o g e n i c i t y of 
5-methylchrysene in mouse sk in has been demonstrated to occur v i a a 
d i o l epoxide mechanism (41), and the potent a c t i v i t y of d i b e n z [ a , h ] -
anthracene i s presumably induced by the same mechanism (5) . The 
i n a c t i v i t y of these two sk in carcinogens suggests that dTol epoxides 
are not formed in the mammary g land. No ca rc inogen ic a c t i v i t y i s 
observed in t h i s t a rget organ f o r the two mouse sk in carcinogens BP 
7 ,8 -d ihydrod io l (5̂ ) and cyc lopenta[cd]pyrene (42) , both of which 
requ i re a s imple epox idat ion to become a c t i v e . 

From these experiments we can draw three main conc lu s i ons : 1) 
oxygenation of PAH by cytochrome P-450 monooxygenase enzymes does 
not seem to p lay a r o l e in e l i c i t i n g c a r c i n o g e n i c i t y in rat mammary 
g l and; 2) the r e s u l t s in the mammary experiments support the hypo
the s i s that one -e lec t ron ox ida t i on might be the predominant mecha
nism of a c t i v a t i o n in t h i s t a rge t organ; and 3) m u l t i p l e mechanisms 
of a c t i v a t i o n appear to occur in mouse s k i n , although these e x p e r i 
ments do not prov ide d i r e c t evidence on t h i s po i n t . 

Conclus ions 

Based on present knowledge the c a r c i n o g e n i c i t y of PAH i s best under
stood in terms of two major mechanisms of a c t i v a t i o n : one -e lec t ron 
ox ida t ion and monooxygenation. The bay-reg ion d i o l epoxides can be 
cons idered major u l t imate carc inogen ic intermediates when a c t i v a t i o n 
occurs by monooxygenation (2-5.) • One-e lectron ox ida t ion of PAH with 
formation of r a d i c a l ca t ions can only play a r o l e in b i o l o g i c a l 
systems when PAH have an IP below c a . 7.35 eV (Table I) (6,_7). Thus 
c a r c i n o g e n i c i t y of compounds with r e l a t i v e l y high IP (TabTe I), such 
as benzo[c]phenanthrene, chrysene, 5-methylchrysene and d i b e n z [ a , h ] -
anthracene, can be a t t r i b u t e d to monooxygenation with formation of 
bay-reg ion d i o l epoxides. Most of the potent PAH, however, have IP 
below c a . 7.35 eV. This l i s t inc ludes BP, 7,12-dimethylbenz[a]an-
thracene, 3-methylcholanthrene, d ibenzo[a , i ]pyrene and d i b e n z o [ a , h j 
pyrene. These PAH can be ac t i v a ted by both one -e lec t ron ox ida t ion 
and monooxygenation, depending on the enzymes present in the ta rge t 
organ. The ub iqu i ty of perox idases , in p a r t i c u l a r prostag land in H 
synthase, in ex t rahepat i c t i s s u e s which are respons ive to PAH leads 
us to suggest that one -e lec t ron ox ida t ion may be a major pathway of 
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a c t i v a t i o n in most ta rget t i s s u e s . Combined s tud ies of enzymology, 
c a r c i n o g e n i c i t y and b ind ing to c e l l u l a r macromolecules should p r o 
v ide the informat ion necessary to determine the r o l e of the d i f 
fe ren t mechanisms of PAH a c t i v a t i o n respons ib le f o r i n i t i a t i o n o f 
the cancer process in a c e r t a i n ta rget organ. 
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Hydroperoxide-Dependent Oxygenation of Polycyclic 
Aromatic Hydrocarbons and Their Metabolites 

LAWRENCE J. MARNETT 

Department of Chemistry, Wayne State University, Detroit, MI 48202 

Fatty acid hydroperoxides in the presence of heme com
plexes and heme proteins oxidize benzo(a)pyrene and 
7,8-dihydroxy-7,8-dihydrobenzo(a)pyrene to quinones 
and diol epoxides, respectively. The oxidizing agent 
is a peroxyl radical derived from the fatty acid 
hydroperoxide but not a higher oxidation state of a 
mammalian peroxidase. The stereochemistry of (±)-BP-
dihydrodiol epoxidation is distinct from that cata
lyzed by mixed-function oxidases, which provides a 
convenient method for discriminating the contributions 
of the two systems to BP-7,8-dihydrodiol metabolism 
in cell homogenates, cell or organ culture. Using 
this method, epoxidation of BP-7,8-dihydrodiol has 
been detected during prostaglandin biosynthesis, l ipid 
peroxidation, and xenobiotic oxygenation. Fatty acid 
hydroperoxide-dependent oxidation constitutes a novel 
pathway for metabolic activation of polycyclic hydro
carbons and other carcinogens which has widespread 
potential in vivo significance. 

Oxidation is intimately linked to the activation of polycyclic aro
matic hydrocarbons (PAH) to carcinogens (1-3?. Oxidation of PAH in 
animals and man is enzyme-catalyzed and is a response to the intro
duction of foreign compounds into the cellular environment. The 
most intensively studied enzyme of PAH oxidation is cytochrome P-450, 
which is a mixed-function oxidase that receives its electrons from 
NADPH via a one or two component electron transport chain (_1) . Some 
forms of this enzyme play a major role in systemic metabolism of PAH 
(4). However, there are numerous examples of carcinogens that 
require metabolic activation, including PAH, that induce cancer in 
tissues with low mixed-function oxidase activity (_5) . In order to 
comprehensively evaluate the metabolic activation of PAH, one must 
consider al l cellular pathways for their oxidative activation. 

Peroxidases have been implicated in carcinogenesis by PAH, 
aromatic amines, and estrogens inter alia (6-9). These enzymes 
catalyze the reduction of hydrogen peroxide and organic 

0097-6156/85/0283-0307S06.00/0 
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308 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

hydroperoxides and use a wide v a r i e t y of compounds as reducing 
agents (Equation 1). Important observations on the ox i d a t i o n of PAH 

ROOH + DH 2 + ROH + D + H 20 (1) 

by peroxidases have been made by C a v a l i e r i and Rogan and are 
described i n t h e i r chapter i n t h i s volume and elsewhere (6̂ ) . Ten 
years ago we reported that benzo(a)pyrene (BP) i s ox i d i z e d during 
the oxygenation of arachidonic a c i d by prostaglandin H (PGH) synthase 
(10). PGH synthase i s a widely d i s t r i b u t e d enzyme of polyunsatu
rated f a t t y a c i d metabolism that possesses a peroxidase a c t i v i t y and 
generates hydroperoxy endoperoxides as i n i t i a l products of f a t t y 
a c i d oxygenation (11-13). I t s p r i n c i p a l f u n c t i o n i s to biosynthesize 
PGH2i the endoperoxide intermediate of prostaglandin and thromboxane 
bios y n t h e s i s (Figure 1) (11,14). The other enzyme of unsaturated 
f a t t y a c i d oxygenation i s lipoxygenase (15^ . I t oxygenates unsatu
rated f a t t y acids to hydroperoxides that are reduced to alcohols or 
converted to leukotrienes (Figure 1) (16). These two enzymes, PGH 
synthase and lipoxygenase, represent the p r i n c i p a l sources of 
organic hydroperoxides i n mammalian t i s s u e (17). Our i n v e s t i g a t i o n s 
of the ox i d a t i o n of PAH by the hydroperoxide products of PGH synthase 
and lipoxygenase c a t a l y s i s i n d i c a t e that t h i s pathway can generate 
ultimate carcinogenic forms of PAH and that the mechanisms of oxida
t i o n are d i s t i n c t from those of c l a s s i c peroxidase-catalyzed oxida
t i o n . F a t t y a c i d hydroperoxide-dependent o x i d a t i o n , therefore, 
represents a novel pathway f o r the metabolic a c t i v a t i o n of PAH. 

Benzo(a)pyrene Oxidation 

Incubation of BP with arachidonic a c i d and ram seminal v e s i c l e micro
somes, a r i c h source of PGH synthase, produces 1,6-, 3,6-, and 6,12-
quinones as the ex c l u s i v e products of oxi d a t i o n (Figure 2) (18). 
These are the same quinones that are formed when 6-hydroxy-BP i s 
ox i d i z e d by a i r or microsomes (19). However, there i s no d e f i n i t i v e 
evidence that 6-hydroxy-BP i s an intermediate i n t h e i r formation by 
PGH synthase. Among a l l of the stable metabolites of BP, the 
quinones are d i s t i n c t i v e because, u n l i k e phenols and d i h y d r o d i o l s , 
they are not derived from arene oxides. Thus, arene oxides do not 
appear to be products of BP ox i d a t i o n by PGH synthase (19,20). 
Potent i n h i b i t i o n of PGH synthase-dependent BP ox i d a t i o n by a n t i o x i 
dants suggests that the quinones are products of free r a d i c a l 
r e a c t i o n s (18) . 

A d d i t i o n of RNA or DNA p r i o r to ox i d a t i o n of BP by PGH synthase 
r e s u l t s i n s u b s t a n t i a l n u c l e i c a c i d binding (17,21). A d d i t i o n of 
RNA f i v e minutes a f t e r i n i t i a t i o n of o x i d a t i o n leads to no covalent 
binding (17). This implies that the quinones do not bind to 
n u c l e i c a c i d but rather a s h o r t - l i v e d intermediate i n t h e i r forma
t i o n does. Arachidonic a c i d oxygenation i n ram seminal v e s i c l e 
microsomes i s complete w i t h i n two min, which suggests that the 
re a c t i v e intermediate i s generated concurrently with PGH2« The 
str u c t u r e s of the n u c l e i c a c i d adducts have not been e l u c i d a t e d so 
the i d e n t i t y of the r e a c t i v e intermediate i s unknown. 

Despite the high l e v e l of n u c l e i c a c i d binding that i s evident, 
no mutagenic species can be detected when BP i s incubated with ram 
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Figure 1. Pathways of oxygenation of unsaturated f a t t y acids i n 
animal t i s s u e . 

6,12-

Figure 2. Products of BP o x i d a t i o n by arachidonic a c i d and ram 
seminal v e s i c l e microsomes. 
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seminal v e s i c l e microsomes and arachidonic a c i d i n the presence of 
Salmonella typhimurium s t r a i n s . The presence of the Salmonella 
s t r a i n s and n u t r i e n t broth i n the incubations does not i n h i b i t 
quinone formation. Furthermore, one of the s t r a i n s employed, TA98, 
has been reported to detect 6-hydroxy-BP as a mutagen (23_) . I t may 
be that the intermediate responsible f o r n u c l e i c a c i d binding i s too 
unstable to survive t r a n s i t across the b a c t e r i a l c e l l w a l l and mem
brane. A l t e r n a t i v e l y , the intermediate may bind to DNA but not 
induce mutation. This i s u n l i k e l y because the generation of bulky 
adducts on a DNA molecule u s u a l l y r e s u l t s i n mutation. Although 
some adducts of p o l y c y c l i c hydrocarbons to DNA appear to be more 
mutagenic than others, the d i f f e r e n c e s are not greater than an order 
o f magnitude (24,25). Thus, i t i s u n l i k e l y that i f adducts are 
formed they are not mutagenic. 

Two other p o l y c y c l i c hydrocarbons, 3-methylcholanthrene and 
7,12-dimethylbenzanthracene are o x i d i z e d during arachidonate 
metabolism (21,26). Hydroxymethyl compounds that do not a r i s e from 
arene oxides appear to be the products formed from 7,12-dimethyl
benzanthracene . 

7,8-Dihydroxy-7,8-Dihydrobenzo(a)pyrene Oxidation 

In contrast to the r e s u l t s with BP, incubation of BP-7,8-dihydrodiol 
with ram seminal v e s i c l e microsomes and arachidonate generates a 
species that i s st r o n g l y mutagenic to Salmonella s t r a i n s TA98 and 
TA100 (Figure 3) (22). Formation of the mutagen i s i n h i b i t e d by 
indomethacin i n d i c a t i n g the involvement of PGH synthase. S i m i l a r 
experiments with BP-4,5-dihydrodiol and BP-9,10-dihydrodiol do not 
generate potent mutagens, which suggests that a c t i v a t i o n i s s p e c i f i c 
f o r the precursor of the bay-region d i o l epoxide (22). The obvious 
i n t e r p r e t a t i o n of these experiments i s that PGH synthase c a t a l y z e s 
the epoxidation of BP-7,8-dihydrodiol to the ultimate carcinogen 
BP-diol epoxide. To confirm t h i s we i d e n t i f i e d the products of BP-
7,8-dihydrodiol o x i d a t i o n (27,28). T h e o r e t i c a l l y , the epoxide 
oxygen can be introduced from e i t h e r side of the molecule g i v i n g 
r i s e to syn- or a n t i - d i o l epoxides. Each epoxide hydrolyzes 
r a p i d l y to a mixture of c i s and trans t e t r a h y d r o t e t r a o l s (Figure 4 ) . 
When incubations of BP-7,8-dihydrodiol and PGH synthase are allowed 
to proceed f o r 15 min, two products are obtained that we i d e n t i f i e d 
as the c i s and trans t e t r a o l s derived from the a n t i - d i o l epoxide 
(27,28,29). Hydrolysis products of the sy n - d i o l epoxide were not 
detected. When incubations were terminated a f t e r 3 min, a new 
product was detected that we i d e n t i f i e d as a methyl ether t h a t i s 
formed by methanolysis of the a n t i - d i o l epoxide (Equation 2) (29), 

Thi s r e a c t i o n can only have occurred a f t e r termination of the 
r e a c t i o n because there was no methanol i n the incubation mixture. 
A d d i t i o n a l experiments confirmed that methanolysis occurs during 
chromatography (reverse phase, methanol-water g r a d i e n t s ) . The 
de t e c t i o n of the methyl ether i s important because i t confirms that 
a d i o l epoxide i s generated, survives solvent e x t r a c t i o n , and then 
undergoes s o l v o l y s i s on the HPLC column. This provides d i r e c t 
evidence f o r the formation of the a n t i - d i o l epoxide as a product of 
PGH synthase-dependent cooxidation of BP-7,8-dihydrodiol. The cor
r e l a t i o n of the rate of BP-7,8-dihydrodiol o x i d a t i o n , a n t i - d i o l 
epoxide formation, and mutagen generation are shown i n Figure 5 (30). 
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600-

1BP7,8-DI0U /tM 

Figure 3. Induction of mutation i n typhimurium TA98 by BP-7,8-
d i h y d r o d i o l , arachidonic a c i d , and ram seminal v e s i c l e 
microsomes. Concentration dependence on BP-7,8-dihydro
d i o l . (Reproduced wi t h permission from Ref. 22. Copyright 
1978 Academic.) 

Figure 4. D i o l epoxide products of BP-7,8-dihydrodiol o x i d a t i o n and 
t h e i r h y d r o l y s i s products. 
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Figure 5 . Comparison of the time course of PGH2 b i o s y n t h e s i s , BP-

7,8-dihydrodiol metabolism, and generation of a mutagen 
from BP-7,8-dihydrodiol by RSVM. (Reproduced with 
permission from Ref. 30. Copyright 1982 Marcel Dekker.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

01
2

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



12. MARNETT Hydroperoxide-Dependent Oxygenation 313 

Further support f o r epoxidation o f BP-7,8-dihydrodiol to the 
a n t i - d i o l epoxide i s the i d e n t i f i c a t i o n of RNA and DNA adducts formed 
as a r e s u l t of incubation of BP-7,8-dihydrodiol, PGH synthase, and 
polyguanylic a c i d or DNA (30,31). Following d i g e s t i o n of the n u c l e i c 
a c i d , the major guanosine and deoxyguanosine adducts were i d e n t i f i e d 
as a r i s i n g by a d d i t i o n of the e x o c y c l i c amino group of guanosine to 
the b e n z y l i c carbon of the a n t i - d i o l epoxide (Table I) (.31) . These 
experiments a l s o defined the stereochemistry of epoxidation. Both 
enantiomers of BP-7,8-dihydrodiol are epoxidized at equal rates to 
enantiomers of the a n t i - d i o l epoxide. The d i r e c t i o n of oxygen i n t r o 
duction i s from the same si d e of the molecule as the hydroxyl group 
at carbon-8 of BP-7,8-dihydrodiol. 

Table I. Rel a t i v e Y i e l d s of Diastereomeric Adducts From A n t i - d i o l 
Epoxide Plus Polyguanylic A c i d Compared to Adducts Gener
ated During Metabolism of BP-7,8-dihydrodiol by Ram Seminal 
V e s i c l e s i n the Presence of Arachidonic A c i d 

% R a d i o a c t i v i t y 
as (-)-cis and % R a d i o a c t i v i t y % R a d i o a c t i v i t y 
(-)-trans as (+)-cis as (+)-trans 

Incubation diastereomers diastereomer diastereomer 

[ 1 4 c ] - a n t i - 50 12 38 
d i o l epoxide 
[3H]-BP-7,8- 51 7 42 
d i h y d r o d i o l 

When the 7,8-hydroxyl groups are missing, epoxide i n t r o d u c t i o n 
occurs from both sides of the pyrene r i n g . Thus 7,8-dihydrobenzo(aj
pyrene i s cooxidized by PGH synthase to a potent mutagen that i s 
i d e n t i f i e d by product and n u c l e i c a c i d binding studies as 9,10-epoxy-
7,8,9,10-tetrahydrobenzo(a)pyrene (Equation 3) (32J . The st r u c t u r e s 
of the guanosine adducts formed i n incubations containing p o l y 
guanylic a c i d i n d i c a t e that equal amounts of epoxide are formed by 
in t r o d u c t i o n of oxygen from above and below the plane of the pyrene 
r i n g (Equation 3). 

These f i n d i n g s i n d i c a t e that PGH synthase i n the presence of 
arachidonate can catalyz e the terminal a c t i v a t i o n step i n BP carc i n o 
genesis and that the r e a c t i o n may be general f o r d i h y d r o d i o l metabo
l i t e s of p o l y c y c l i c hydrocarbons. Guthrie e_t. a l . have shown that 
PGH synthase cata l y z e s the a c t i v a t i o n of chrysene and benzanthracene 
d i h y d r o d i o l s to potent mutagens (33). As i n the case with BP, only 
the d i h y d r o d i o l that i s a precursor to bay region d i o l epoxides i s 
a c t i v a t e d . We have r e c e n t l y shown that 3,4-dihydroxy-3,4-dihydro-
benzo(a)anthracene i s o x i d i z e d by PGH synthase to t e t r a h y d r o t e t r a o l s 
derived from the a n t i - d i o l epoxide (Equation 4) (34). 

Nature of Oxidants Generated From Fa t t y A c i d Hydroperoxides 

PGH synthase contains two heme-requiring a c t i v i t i e s (13). The c y c l o -
oxygenase component oxygenates arachidonic a c i d to the hydroperoxy 
endoperoxide, PGG2, and the peroxidase component reduces PGG 2 to the 
hydroxy endoperoxide, PGH2. The cyclooxygenase i s i n h i b i t e d by non
s t e r o i d a l antiinflammatory agents such as a s p i r i n and indomethacin, 
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but the peroxidase i s not (35,36) . Both components are contained 
on the same 70,000 Dalton p r o t e i n (13). The presence of a p e r o x i 
dase as an i n t e g r a l component of PGH synthase implies that hydro-
peroxide-dependent oxidations are catalyzed by t h i s component (37_) . 
As a f i r s t approximation one might expect that the mechanisms of 
these oxidations would be analogous to those of other heme p e r o x i 
dases. 

Extensive studies have e s t a b l i s h e d that the c a t a l y t i c c y c l e f o r 
the reduction of hydroperoxides by horseradish peroxidase i s the one 
depicted i n Figure 6 (38) . The r e s t i n g enzyme i n t e r a c t s with the 
peroxide to form an enzyme-substrate complex that decomposes to 
a l c o h o l and an iron-oxo complex that i s two o x i d i z i n g equivalents 
above the r e s t i n g s t a t e of the enzyme. For c a t a l y t i c turnover to 
occur the iron-oxo complex must be reduced. The two e l e c t r o n s are 
furnished by reducing substrates e i t h e r by e l e c t r o n t r a n s f e r from 
substrate to enzyme or by oxygen t r a n s f e r from enzyme to substrate. 
Substrate o x i d a t i o n by the iron-oxo complex supports continuous 
hydroperoxide reduction. When e i t h e r reducing substrate or hydro
peroxide i s exhausted, the c a t a l y t i c c y c l e stops. 

We have developed an assay to i d e n t i f y peroxidase reducing sub
s t r a t e s based on t h e i r a b i l i t y to stimulate reduction of 1-hydro-
peroxy-5-phenyl—4-pentene (Equation 5) (39). The hydroperoxide i s 
incubated with l i m i t i n g concentrations of peroxidase i n the presence 
or absence of a p o t e n t i a l reducing substrate. In the absence of 
reductant c a t a l y t i c reduction cannot occur and n e g l i g i b l e q u a n t i t i e s 
of a l c o h o l are produced (the hydroperoxide and a l c o h o l are q u a n t i t a -
ted a f t e r separation by HPLC). In the presence of a good reducing 
substrate c a t a l y t i c turnover occurs and q u a n t i t i e s of a l c o h o l are 
produced that are s t o i c h i o m e t r i c with reducing substrate o x i d i z e d . 
The assay appears to be general f o r a l l p l a n t and animal, heme and 
non-heme, peroxidases. One can rank the r e l a t i v e e f f i c a c y of 
reducing substrates using t h i s assay. Aromatic amines, phenols, 
catechols, 8-dicarbonyls, nitrogen heterocycles, and aromatic s u l 
f i d e s are good to e x c e l l e n t reducing substrates (39̂ ) . In c o n t r a s t , 
p o l y c y c l i c hydrocarbons and d i h y d r o d i o l metabolites of PAH are very 
poor to non-reducing compounds. Because BP and BP-7,8-dihydrodiol 
do not stimulate hydroperoxide reduction they cannot be o x i d i z e d by 
higher o x i d a t i o n s t a t e s of the peroxidase (iron-oxo complexes) The 
concentrations of hydroperoxide, PGH synthase, and BP or BP-7,8-
d i h y d r o d i o l are analogous to those i n which BP or BP-7,8-dihydrodiol 
o x i d a t i o n can be detected i n ram seminal v e s i c l e microsomes. 
Therefore, we conclude that the o x i d i z i n g agent that converts BP to 
quinones or BP-7,8-dihydrodiol to d i o l epoxides i s not an iron-oxo 
intermediate of peroxidase turnover. 

Support f o r t h i s conclusion i s provided by the hydroperoxide 
s p e c i f i c i t y of BP o x i d a t i o n . The scheme presented i n Figure 6 
r e q u i r e s that the same o x i d i z i n g agent i s generated by r e a c t i o n of 
H 2 ° 2 r perox> a c i d s , or a l k y l hydroperoxides with the peroxidase. 
Oxidation of any compound by the iron-oxo intermediates should be 
supported by any hydroperoxide that i s reduced by the peroxidase. 
This i s c l e a r l y not the case f o r o x i d a t i o n of BP by ram seminal 
v e s i c l e microsomes as the data i n Figure 7 i l l u s t r a t e . Quinone 
formation i s supported by f a t t y a c i d hydroperoxides but very poorly 
or not at a l l by simple a l k y l hydroperoxides or H 202. The f a c t that 
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Figure 6. C a t a l y t i c c y c l e of horse r a d i s h peroxidase. 
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PGG2 

somes on the concentration of d i f f e r e n t hydroperoxides. 
Abbreviations used are 20:4, arachidonic a c i d ; 15-HPEA, 
15-hydroperoxy-eicosatetraenoic a c i d ; t-BuOOH, t - b u t y l 
hydroperoxide. The st r u c t u r e i s PGG 2 i s given i n Figure 1. 
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H2O2 does not support o x i d a t i o n i s e s p e c i a l l y s i g n i f i c a n t because 
the same concentrations of H 2 0 2 support vigorous o x i d a t i o n of 
reducing substrates such as aromatic amines and phenylbutazone. 
Therefore, we conclude that BP and BP-7,8-dihydrodiol are o x i d i z e d 
by a species that i s not a f u n c t i o n a l intermediate of peroxidase 
c a t a l y s i s . 

The o x i d i z i n g agent that i s responsible f o r the oxygenation of 
BP and BP-7,8-dihydrodiol appears to be a free r a d i c a l . Reaction of 
f a t t y a c i d hydroperoxides with metal complexes generates a l k o x y l and 
peroxyl r a d i c a l s that can o x i d i z e organic molecules (40-43). Incu
bation of f a t t y a c i d hydroperoxides with c e r t a i n hemeproteins or 
t h e i r p r o s t h e t i c group, hematin, causes o x i d a t i o n of BP to quinones 
and BP-7,8-dihydrodiol to d i o l epoxides (17,40). In the case of BP-
7,8-dihydrodiol epoxidation, the source of the epoxide oxygen i s 
molecular oxygen; epoxidation i s potent l y i n h i b i t e d by a n t i o x i d a n t s , 
and epoxidation i s supported by unsaturated but not saturated f a t t y 
a c i d hydroperoxides (Table II)(40,44). These observations are 
analogous to the r e s u l t s o f microsomal incubations and are c o n s i s 
tent with a free r a d i c a l mechanism of hydroperoxide-dependent epoxi
dation. BP ox i d a t i o n to quinones occurs during autoxidation of 
l i p i d s i n i t i a t e d by enzymes or y - i r r a d i a t i o n (45,46) . 

In the case of the hematin-catalyzed r e a c t i o n we have proposed 
that peroxyl r a d i c a l s are the ep o x i d i z i n g agents (40). The mechan
ism i s i l l u s t r a t e d i n Figure 8. Hematin reduces the hydroperoxide 
to an a l k o x y l r a d i c a l that c y c l i z e s to the adjacent double bond. 
The i n c i p i e n t carbon-centered r a d i c a l couples with O2 to form a 
peroxyl r a d i c a l that we propose epoxidizes BP-7,8-dihydrodiol. 
Peroxyl r a d i c a l s are well-known i n chemical systems to epoxidize 
i s o l a t e d double bonds such as the 9 , 1 0-double bond of BP-7,8-dihydro
d i o l (Equation 6) (47). However, they have been l a r g e l y ignored as 
p o t e n t i a l o x i d i z i n g agents i n biochemical systems although t h e i r 
h a l f - l i v e s (0.1-10 sec) suggest they can serve as d i f f u s i b l e , s e l e c 
t i v e oxidants (48) . The mechanism o u t l i n e d i n Figure 8 i s c o n s i s 
tent with a l l of the experimental observations and explains the 
requirement f o r a double bond i n the v i c i n i t y of the hydroperoxide 
(Table I I ) . The a b i l i t y of peroxyl r a d i c a l s to epoxidize double 
bonds appears to depend upon the a b i l i t y of the peroxyl r a d i c a l -
o l e f i n adduct to s t a b i l i z e the carbon-centered r a d i c a l . Thus, 3,4-
dihydroxy-3,4-dihydrobenzo(a)anthracene i s o x i d i z e d to 1/6 the 
extent of BP-7,8-dihydrodiol and a f l a t o x i n B i i s epoxidized to only 
a s l i g h t extent (34,49). 

Peroxyl r a d i c a l s are the species that propagate autoxidation of 
the unsaturated f a t t y a c i d residues of phospholipids (50). In add i 
t i o n , peroxyl r a d i c a l s are intermediates i n the metabolism of cer
t a i n drugs such as phenylbutazone (51). Epoxidation of BP-7,8-
d i h y d r o d i o l has been detected during l i p i d p e r o x i d a t i o n induced i n 
r a t l i v e r microsomes by ascorbate or NADPH and during the p e r o x i d a t i c 
o x i d a t i o n of phenylbutazone (52,53) . These f i n d i n g s suggest t h a t 
peroxyl radical-mediated epoxidation of BP-7,8-dihydrodiol i s general 
and may serve as the prototype f o r s i m i l a r epoxidations of other 
o l e f i n s i n a v a r i e t y of biochemical systems. In a d d i t i o n , peroxyl 
radical-dependent epoxidation of BP-7,8-dihydrodiol e x h i b i t s the 
same stereochemistry as the arachidonic acid-stimulated epoxidation 
by ram seminal v e s i c l e microsomes. This not only provides a d d i t i o n a l 
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Table I I , Epoxidation of Unsaturated and Saturated 
Fat t y A c i d Hydroperoxides 

HYDROPEROXIDE 
0 2 UPTAKE 7,8-DIOL OXIDATION 

(*M) VI (ttM/ain.) 

n " C l 6 H 3 3 0 0 H 
0 . 1 6 1 0 . 0 2 

A ^ X C O O H 

0 0 H 

6 I ± 3 6 . 5 1 0 . 6 

00H 

160116 1 2 . 3 1 0 . 9 

H 0 0 

1 6 0 1 1 3 1211.3 

/ = V = W C 0 0 H 

\=A7vv 
0 0 H 

16015 1211.6 

/ V ^ / V / C 0 0 C M 3 

y v v w 
00H 

/ N ^ ^ C 0 0 C H 3 

00H 

6511 7.011.1 

/ \ / ^ s / V / C 0 0 C H 3 

0OH 

2 4 0 1 1 5 1611.6 
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evidence that the o x i d i z i n g agent i n the enzymatic r e a c t i o n i s a 
peroxyl r a d i c a l but a l s o suggests that the stereochemistry of BP-
7,8-dihydrodiol o x i d a t i o n i s an important and general d i a g n o s t i c 
probe to d i f f e r e n t i a t e epoxidation by mixed-function oxidases and by 
peroxyl r a d i c a l s . 

S i g n i f i c a n c e of F a t t y A c i d Hydroperoxide-Dependent PAH Oxidation 

What i s the s i g n i f i c a n c e o f arachidonic acid-dependent xenobiotic 
metabolism? Experiments described above f i r m l y e s t a b l i s h that i t 
can cause metabolic a c t i v a t i o n in vitro, Dihydrodiol metabolites of 
p o l y c y c l i c hydrocarbons are o x i d i z e d to d i o l epoxides that represent 
the ultimate carcinogenic forms of the parent hydrocarbons. I n t e r 
e s t i n g l y , only d i h y d r o d i o l s that form bay region d i o l epoxides are 
a c t i v a t e d by PGH synthase; no a c t i v a t i o n of other PAH d i h y d r o d i o l s 
occurs. Arachidonate-dependent cooxidation i s e s s e n t i a l l y an a c t i 
v a t i o n pathway s p e c i f i c for generation of bay-region d i o l epoxides. 
Work described elsewhere i n d i c a t e s that aromatic amines can a l s o be 
o x i d i z e d to mutagenic d e r i v a t i v e s although the i d e n t i t y of the muta
genic d e r i v a t i v e i s , at present, uncertain (54). 

Is i t p o s s i b l e tc quantitate the r e l a t i v e c o n t r i b u t i o n of 
hydroperoxide-dependent and mixed-function oxidase-dependent oxida
t i o n of PAH in vitro, i n c e l l s and organs, and in vivo? Adding 
arachidonic a c i d or NADPH to support o x i d a t i o n i i i vitro gives a good 
estimate of o x i d a t i v e p o t e n t i a l but i t s r e l a t i o n to c e l l u l a r oxida
t i o n i s not straightforward. Likewise, " s p e c i f i c " i n h i b i t o r s can be 
h e l p f u l i n in vitro experiments but t h e i r use can be compromised i n 
c e l l u l a r , organismal, or in vivo experiments by overlapping s p e c i 
f i c i t i e s or a l t e r e d potencies. For example, many compounds that i n 
h i b i t lipoxygenase a c t i v i t y at low concentration i n microsomal or 
cytoplasmic f r a c t i o n s are i n e f f e c t i v e when they are employed i n 
c e l l u l a r experiments. The reason f o r the d i f f e r e n t i a l e f f e c t i s un
c l e a r but the i m p l i c a t i o n f o r the use of such compounds as in vivo 
i n h i b i t o r s i s obvious. 

A p o t e n t i a l l y powerful probe f o r s o r t i n g out the c o n t r i b u t i o n 
of hydroperoxide-dependent and mixed-function oxidase-dependent 
p o l y c y c l i c hydrocarbon o x i d a t i o n i s stereochemistry. Figure 9 sum
marizes the stereochemical d i f f e r e n c e s i n epoxidation of (±)-BP-7,8-
d i h y d r o d i o l by hydroperoxide-dependent and mixed-function oxidase-
dependent pathways (31,55,56). The (-)-enantiomer of BP-7,8-
d i h y d r o d i o l i s converted p r i m a r i l y to the ( + ) - a n t i - d i o l epoxide by 
both pathways whereas the (+)-enantiomer of BP-7,8-dihydrodiol i s 
converted p r i m a r i l y to the ( - ) - a n t i - d i o l epoxide by hydroperoxide-
dependent o x i d a t i o n and to the (+)-syn-diol epoxide by mixed-function 
oxidases. The stereochemical course of o x i d a t i o n by cytochrome 
P-450 isoenzymes was f i r s t e l u c i d a t e d f o r the methycholanthrene-
i n d u c i b l e form but we have detected the same stereochemical p r o f i l e 
using r a t l i v e r microsomes from c o n t r o l , phenobarbital-, or methyl-
cholanthrene-induced animals (32). The only d i f f e r e n c e between the 
microsomal preparations i s the rate of o x i d a t i o n . 

The f i n d i n g s summarized i n Figure 9 provide a p r a c t i c a l d i a g 
n o s t i c t o o l f o r d i s t i n g u i s h i n g the two routes of o x i d a t i o n . 
Reactions can be performed with c e l l u l a r or s u b c e l l u l a r preparations 
and (±)- or (+)-BP-7,8-dihydrodiol and the t e t r a o l h y d r o l y s i s 
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(D - PEROXIDE-METAL DEPENDENT 

Figure 9. Stereochemical d i f f e r e n c e s between f a t t y a c i d hydro
peroxide- and mixed-function oxidase-dependent o x i d a t i o n 
of (±)-BP-7,8-dihydrodiol. 
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products of the d i o l epoxides separated by HPLC and quantitated 
(57). When the substrate i s (±)-BP-7,8-dihydrodiol an a n t i / s y n 
r a t i o i n excess of 2.5 i s seen f o r peroxide-dependent o x i d a t i o n and 
an a n t i / s y n r a t i o of 1 f o r mixed-function oxidase-dependent oxida
t i o n . When the substrate i s (+)-BP-7,8-dihydrodiol the a n t i / s y n 
r a t i o f o r the mixed-function oxidase-dependent r e a c t i o n decreases 
to MD.3. The t e n f o l d d i f f e r e n c e i n the anti/syn r a t i o between 
peroxide- and cytochrome P-450-dependent epoxidation makes i t an 
extremely s e n s i t i v e i n d i c a t o r of the pathway of o x i d a t i o n . We have 
e x p l o i t e d i t to demonstrate that l i p i d p e r o x i d a t i o n i n r a t l i v e r 
microsomes causes epoxidation (52). By using (+)-BP-7,8-dihydrodiol, 
we have been able to d i s t i n g u i s h epoxidation caused by NADPH-
dependent l i p i d p e roxidation i n methylcholanthrene-induced r a t l i v e r 
microsomes (52). These microsomes contain an extremely a c t i v e cyto
chrome P-450 toward BP-7,8-dihydrodiol but i t i s p o s s i b l e to d i f f e r 
e n t i a t e the c o n t r i b u t i o n of l i p i d p e r o x i d a t i o n to epoxidation by 
determining the y i e l d of t e t r a o l s from the ( - ) - a n t i - d i o l epoxide. 
Although i t has been suspected f o r some time that l i p i d p eroxidation 
could cause xenobiotic o x i d a t i o n i n the presence of an a c t i v e cyto
chrome P-450, our studies of BP-7,8-dihydrodiol o x i d a t i o n provided 
the f i r s t c l e a r c u t demonstration of i t . Stereochemistry has a l s o 
been employed to detect arachidonic acid-dependent BP-7,8-dihydro
d i o l epoxidation i n c u l t u r e d hamster trachea (58). These examples 
i l l u s t r a t e the power of such stereochemical probes. 

PGH synthase and the r e l a t e d enzyme lipoxygenase occupy a 
p o s i t i o n at the i n t e r f a c e of peroxidase chemistry and free r a d i c a l 
chemistry and can c l e a r l y t r i g g e r metabolic a c t i v a t i o n by both 
mechanisms. The peroxidase pathway a c t i v a t e s compounds such as 
d i e t h y l s t i l b e s t r o l and aromatic amines whereas the free r a d i c a l 
pathway a c t i v a t e s p o l y c y c l i c hydrocarbons (59). Both pathways 
require synthesis of hydroperoxide i n order to t r i g g e r o x i d a t i o n . 
The r a t e - l i m i t i n g step i n hydroperoxide synthesis i s release of 
arachidonic a c i d from phospholipid storage (60,61). Release i s 
catalyzed by phospholipases and i s stimulated by aqents that a c t at 
the c e l l surface such as hormones, ionophores, tumor promoters, etc 
(62). Arachidonic acid-dependent cooxidation i s , t h e r e f o r e , a 
pathway that l i n k s events at the c e l l surface to i n t r a c e l l u l a r o x i 
d a t i o n of x e n o b i o t i c s . I t i s a l s o a model f o r o x i d a t i o n of xeno-
b i o t i c s by other peroxidases and by free r a d i c a l s . There are few 
reports of x e n o b i o t i c metabolism by peroxyl or a l k o x y l free r a d i c a l s 
but the p o t e n t i a l i s enormous. Unsaturated f a t t y acids are present 
i n a l l c e l l s to some extent and, i n f a c t , are q u i t e abundant i n most 
c e l l s . For example, v e n t r i c u l a r myocardial muscle contains 14.1 
ymol l i n o l e i c and arachidonic acids per gram wet weight t i s s u e (63). 
Both f a t t y acids are quite s u s c e p t i b l e to l i p i d p e r o x i d a t i o n which 
generates peroxvl r a d i c a l s capable of o x i d i z i n g c e r t a i n x e n o b i o t i c s , 
e.g., BP-7,8-dihydrodiol. I n h i b i t i o n of l i p i d p e r o x i d a t i o n i s 
obviously a task that must be constantly performed by c e l l s to pre
vent t i s s u e d e s t r u c t i o n and xenobiotic metabolism. The turnover of 
only 0.1% of the unsaturated f a t t y a c i d residues of c e l l s could 
generate a very s i g n i f i c a n t amount of peroxyl r a d i c a l s i n s i d e mem
brane regions of c e l l s where many xeno b i o t i c s arp d i s s o l v e d . 

Metabolism of aromatic amines and BP-7,8-dihydrodiol has been 
detected during arachidonate oxygenation i n i n t a c t c e l l s and i n 
c u l t u r e d trachea (64,58). Exogenous arachidonate was added to 
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stimulate hydroperoxide synthesis and cooxygenation i n most of the 
stu d i e s . Recently, though, Amstad and C e r u t t i reported that the 
l e v e l s of a f l a t o x i n B^-DNA adducts formed i n C3H iO l S f i b r o b l a s t s 
were decreased by treatment of the c e l l s with indomethacin or e i c o s a -
t e t r a y n o i c a c i d , i n h i b i t o r s of arachidonate oxygenation (65). They 
concluded that a s i g n i f i c a n t f r a c t i o n of t o t a l a f l a t o x i n epoxidation 
by iOT^ c e l l s occurs as a r e s u l t of arachidonate-dependent cooxygen
a t i o n . This implies that cooxygenation takes place i n c e l l s and that 
i t i s t r i g g e r e d by release of arachidonate from endogenous s t o r e s . 

To what extent does cooxygenation occur in vivo and i s i t 
important i n chemical carcinogenesis? This i s a very d i f f i c u l t 
question to answer at the present time. Recent r e s u l t s demonstrate 
that aromatic amines and diamines can be cooxidized in vivo (66,67). 
In the case of 3-napthylamine i t i s estimated t h a t 30% of the adducts 
that form to DNA i n the dog bladder, a tar g e t organ f o r napthylamine 
carcinogenesis, a r i s e as a r e s u l t of arachidonate-dependent cooxida-
t i o n (66). This conclusion i s based on the de t e c t i o n of unique 
peroxidase adducts t c DNA that are s t r u c t u r a l l y d i s t i n c t from mixed-
fu n c t i o n oxidase-generated adducts. In contrast, pretreatment of 
A/HeJ mice with a s p i r i n or indomethacin does not lower the l e v e l s o f 
DNA adducts formed from BP i n lung nor does i t reduce the incidence 
of lung neoplasms induced by BP (68). Control experiments i n d i c a t e 
that a s p i r i n treatment abolishes PGH synthase a c t i v i t y in vivo (68). 
This suggests that PGH synthase-dependent cooxidation does not play 
a r o l e i n lung tumorigenesis by benzo(a)pyrene i n the adenoma model. 
This may be r e l a t e d to the high l e v e l s of the endogenous antioxidant, 
vitamin E, i n rodent lung (69). However, adm i n i s t r a t i o n o f a s p i r i n 
to guinea pigs does not lower the l e v e l s o f p r o t e i n or DNA adducts 
formed from BP i n seve r a l d i f f e r e n t t i s s u e s , so the l e v e l s of 
vitamin E may not be a determinant of BP cooxidation (70). 

The t i s s u e d i s t r i b u t i o n of PGH synthase suggests that i t does 
not pl a y a major r o l e i n systemic drug metabolism because most of 
the t i s s u e s where i t i s present i n high concentration do not receive 
a s i g n i f i c a n t p r o p o r t i o n of ca r d i a c output (12) . However, several 
of these t i s s u e s , e.g., kidney and uterus, are tar g e t organs f o r 
carcinogens that require metabolic a c t i v a t i o n . In oraer to detect 
arachidonate-dependent metabolic a c t i v a t i o n i n these t i s s u e s , i t 
w i l l be necessary to develop unique and s p e c i f i c probes. I f 
systemic metabolism of a given compound proceeds with a unique 
pa t t e r n of stereochemistry (e.g., BP-7,8-dihydrodiol) or produces 
unique DNA adducts (3-napthylamine) then i t should be p o s s i b l e to 
quantitate the extent to which unique stereoisomers or DNA adducts 
are formed. In vitro studies d e f i n e these d i s t i n c t i v e features of 
cooxidative metabolism and guide the i n t e l l i g e n t design of c r i t i c a l 
experiments. Hopefully, by using such d i a g n o s t i c probes i t w i l l be 
po s s i b l e to provide q u a n t i t a t i v e answers to questions about the 
extent to which cooxidation of p o l y c y c l i c hydrocarbons and other 
carcinogens occurs in vivo. 
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13 
The Mutational Consequences of DNA Damage 
Induced by Benzo[a]pyrene 

ERIC EISENSTADT 
Department of Cancer Biology and Laboratory of Toxicology, Harvard School of Public Health, 
Boston, MA 02115 

Induced mutagenesis in Escherichia co l i i s an active 
process involving proteins with DNA replication, re
pair, and recombination functions. The available evi
dence suggests that mutations are generated at sites 
where DNA has been damaged and that they arise via an 
error-prone repair act ivi ty. In an attempt to under
stand what specific contributions to mutagenesis are 
made by DNA lesions, we have studied the mutational 
specificity of some carcinogens, such as benzo[a]pyrene 
and aflatoxin B1, whose chemical reactions with DNA are 
well-studied. Our results, obtained by monitoring the 
distribution of lacI nonsense mutations in E. coli, 
suggest that the major mutational events induced by 
benzo[a]pyrene and aflatoxin B1 are base substitutions. 
The base substitutions are primarily transversions at 
G:C base pairs and the available evidence suggests that 
these mutations are induced by apurinic sites which are 
generated as secondary consequences of the initial al
kylation event. The significance of these results in 
the context of carcinogenesis is briefly considered. 

The high f i d e l i t y w i t h which genomes are r e p l i c a t e d in v i v o and 
passed on to daughter c e l l s i s achieved by a r e p e r t o i r e of a c t i v i t i e s 
which f u n c t i o n during r e p l i c a t i o n , r e p a i r , and recombination (1^,2). 
These a c t i v i t i e s , which c o l l e c t i v e l y maintain the s t r u c t u r a l and i n 
formational i n t e g r i t y of the DNA molecule, are s e v e r e l y t e s t e d when 
the DNA template i s damaged and becomes n o n - r e p l i c a b l e . Under these 
circumstances, which o b t a i n , f o r example, when c e l l s are exposed to 
such human carcinogens as UV - l i g h t (3) or p o l y c y c l i c aromatic hydro
carbons ( 4 ) , i t i s commonly observed that the frequency of mutation 
i s enhanced by many orders of magnitude. The c o r r e l a t i o n between the 
mutagenic and car c i n o g e n i c a c t i v i t y of many p h y s i c a l and chemical 
agents has been well-documented (_5). Recent observations even sug
gest the p o s s i b i l i t y that one step i n tumorigenesis might l i t e r a l l y 
i n v o l v e the mutational a l t e r a t i o n of s p e c i f i c chromosomal genes 
(6-8). 

0097-6156/ 85/ 0283-0327506.00/ 0 
© 1985 American Chemical Society 
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In t h i s chapter I w i l l review some aspects of mutagenesis mecha
nisms and the mutational consequences of DNA damage generated by ben
zo [a] pyrene. The focus w i l l be on knowledge derived from i n v e s t i g a 
t i o n s i n v o l v i n g the bacterium E s c h e r i c h i a c o l i . 

Mutagenesis i s an a c t i v e process 

12. c o l i and eu k a r y o t i c c e l l s can respond to DNA damage by inducing 
the s y n t h e s i s of s p e c i f i c gene products (9-12). The phenomenon of 
gene i n d u c t i o n by DNA damage has been most thoroughly described f o r 
12. c o l i and has r e c e n t l y been reviewed by Walker ( 9 ) . Among the i n 
d u c i b l e responses to DNA damage i s the mutagenic r e p a i r process, 
whose exis t e n c e was f i r s t suggested over 30 years ago by the e x p e r i 
ments of Weigle (13). 

Weigle showed that U V - l i g h t was mutagenic to bacteriophage lamb
da only i f the U V - i r r a d i a t e d lambda were grown on b a c t e r i a which had 
al s o been i r r a d i a t e d w i t h U V - l i g h t . I n other words, the UV treatment 
was not mutagenic per se. Furthermore, he demonstrated that i r r a d i 
ated lambda phage could be r e a c t i v a t e d by growing the phage on pre-
i r r a d i a t e d b a c t e r i a . His r e s u l t s suggested the p o s s i b i l i t y that bac
t e r i a had an i n d u c i b l e system f o r DNA r e p a i r and mutagenesis which 
acted on U V - i r r a d i a t e d lambda phage. The genetics of what i s now 
c a l l e d Weigle or W-re a c t i v a t i o n and W-mutagenesis i s now very w e l l 
understood. 

Some twenty genes i n J2. c o l i — known c o l l e c t i v e l y as d i n genes 
(damage i n d u c i b l e ; 9,14) are c o o r d i n a t e l y regulated by the products 
of the genes recA and lexA. The LexA p r o t e i n represses d i n gene ex
pre s s i o n by bi n d i n g to the operator r e g i o n of each gene and prevent
in g i t s t r a n s c r i p t i o n i n t o RNA by RNA polymerase. Treatments which 
damage the c e l l ' s DNA or otherwise i n t e r f e r e w i t h DNA s y n t h e s i s , a c t 
i v a t e the RecA p r o t e i n ; a c t i v a t e d RecA p r o t e i n then promotes the pro
t e o l y t i c i n a c t i v a t i o n of LexA repressor (15). Genes whose t r a n s c r i p 
t i o n had been repressed by LexA p r o t e i n can now be t r a n s c r i b e d and 
new p r o t e i n s can be synthesized. The o v e r a l l response of 12. c o l i to 
DNA damage, which i s g e n e t i c a l l y regulated by the recA and lexA l o c i , 
i s known as the SOS-response (16,17). 

Mutations i n e i t h e r recA or lexA can a b o l i s h the SOS-response 
and e l i m i n a t e both W - r e a c t i v a t i o n and W-mutagenesis. These mutations 
a l s o e l i m i n a t e the m u t a b i l i t y of the b a c t e r i a by U V - i r r a d i a t i o n (16). 
The observation that UV mutagenesis depended on the SOS-response es
t a b l i s h e d that mutations were not i n e v i t a b l e outcomes of DNA damage 
and that DNA damage required processing by c e l l u l a r mechanisms i n o r 
der f o r mutations to be recovered. What s p e c i f i c processes regulated 
by the SOS-response are r e s p o n s i b l e f o r mutagenesis? 

A major c o n t r i b u t i o n towards answering t h i s question was made by 
the i s o l a t i o n of mutations which s p e c i f i c a l l y e l i m i n a t e d the mut a b i l 
i t y of 12. c o l i without a f f e c t i n g any of the other components of the 
SOS-response. Mutations at the umuDC locus were independently d i s 
covered by Kato and Shinoura (18) and Steinborn (19) to a b o l i s h the 
mutational a f f e c t s of DNA damage by U V - i r r a d i a t i o n . These mutants 
were a l s o shown to be d e f e c t i v e i n W-mutagenesis (18,20) and W-react
i v a t i o n (18,20). The biochemical nature of the a c t i v i t y performed by 
the umuDC gene products i s not known. However, s e v e r a l observations 
suggest that the f u n c t i o n of the umuDC pr o t e i n s i s to enhance some 
mode of DNA r e p a i r , e i t h e r d i r e c t l y or i n d i r e c t l y : 1) J2. c o l i c a r r y -
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i n g the umuC36 a l l e l e i s more s e n s i t i v e to the l e t h a l e f f e c t s of UV-
i r r a d i a t i o n (18) and a n g e l i c i n plus near-UV (21); 2) Plasmid borne 
analogs of the umuDC locus (mucAB; 12) enhance W - r e a c t i v a t i o n and the 
r e s i s t a n c e of b a c t e r i a to the l e t h a l e f f e c t s of U V - i r r a d i a t i o n (23); 
3) As p r e v i o u s l y noted, W - r e a c t i v a t i o n i n Uvr b a c t e r i a i s e l i m i n a t e d 
by mutations at the umuDC locus (18). Of the approximately twenty 
genes induced by DNA damage, the umuDC genes and t h e i r products are 
the best candidates f o r d i r e c t p a r t i c i p a n t s i n the biochemical pro
cessing of DNA l e s i o n s to mutations. The processing of DNA damage i n 

c°li v i a t n e umuDC gene products and the ass o c i a t e d p r o t e i n s regu
l a t e d by the SOS-response i s c a l l e d SOS-processing (9) o r , sometimes, 
error-prone r e p a i r (16,17). Mutagenesis i n IS. c o l i , t h e r e f o r e , ap
pears to be a g e n e t i c a l l y and b i o c h e m i c a l l y a c t i v e process r e q u i r i n g 
the p a r t i c i p a t i o n of i n d u c i b l e p r o t e i n s . 

Not a l l mutagenesis i n IS. c o l l i s dependent on SOS-processing. 
Mutations may a r i s e q u i t e simply during DNA r e p l i c a t i o n i f a base i s 
s u b s t i t u t e d by or converted to another, i n c o r r e c t , base. Consider 
the consequence of o x i d a t i v e deamination of the base 5-methylcytosine 
to thymine. R e p l i c a t i o n followed by daughter strand segregation w i l l 
r e s u l t i n a G:C base p a i r having been mutated to an A:T base p a i r . 
S i t e s c o n t a i n i n g 5-methylcytosine are hotspots f o r G:C to A:T t r a n s i 
t i o n s i n E. c o l i ( 24). 

A l k y l a t i o n of some bases at the e x o c y c l i c oxygen atoms can lead 
to c hemically s t a b l e a l t e r a t i o n s i n the base p a i r i n g p r o p e r t i e s of a 
base and, thereby, d i r e c t l y induce base m i s - p a i r i n g by DNA polymer
ase. A w e l l - s t u d i e d example of t h i s i s the consequence of a l k y l a t i n g 
guanine at the 0-6 p o s i t i o n (25-27). This has the e f f e c t of f r e e z i n g 
guanine i n i t s ( r a r e ) enol tautomer p e r m i t t i n g the G:T mismatch to 
form i n place of the usual G:C base p a i r . A subsequent round of DNA 
r e p l i c a t i o n leads to the generation of a G:C to A:T t r a n s i t i o n muta
t i o n . These exceptions notwithstanding, most DNA damaging agents i n 
duce mutations i n IS. c o l i v i a SOS-processing. 

How u n i v e r s a l i s the SOS-processing system of E. c o l i ? 

The dependence of mutation on fu n c t i o n s i n v o l v i n g DNA r e p a i r seems to 
be widespread among organisms. Many p r o k a r y o t i c species are i n h e r 
e n t l y non-mutable by UV-l i g h t but become mutable when plasmids encod
in g f o r f u n c t i o n s analogous to the umuDC fu n c t i o n s are introduced 
(e.g. 28). Non-mutable mutants of the yeast Saccharomyces c e r e v i s i a e 
have been i s o l a t e d and shown to possess defects which i m p l i c a t e DNA 
r e p a i r and recombination processes (see 29̂  f o r a recent review). 
Furthermore, there are many examples of DNA r e p a i r s t r a t e g i e s which 
are common to p r o k a r y o t i c and eu k a r y o t i c organisms ( n u c l e o t i d e e x c i 
s i o n r e p a i r , DNA g l y c o s y l a s e s , a p u r i n i c / a p y r i m i d i n i c endonucleases, 
0 -methylguanine-DNA-methyl t r a n s f e r a s e ; 2,30). P u r i f i e d DNA poly
merases from mammalian c e l l s and v i r u s e s behave s i m i l a r l y _in v i t r o to 
IS. c o l i DNA polymerase when DNA damage i s encountered — r e p l i c a 
t i o n ceases at the s i t e of the l e s i o n ( 3 1). Of course, even i f ana
logues of SOS-processing are i d e n t i f i e d i n eukaryotes, the r e g u l a t i o n 
of these a c t i v i t i e s might d i f f e r i n d e t a i l from the scheme which ob
t a i n s i n IS. c o l i (e.£. analogous f u n c t i o n s may be c o n s t i t u t i v e l y ex
pressed). Nonetheless, Ruby and Szostak (10) have demonstrated the 
existence of DNA damage i n d u c i b l e l o c i i n j>. c e r e v i s i a e and estimate 
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that there may e x i s t as many as 80 such genes (11). Shorpp et a l . 
(12) have r e c e n t l y reported that UV l i g h t enhances the syn t h e s i s of 
at l e a s t eight p r o t e i n s i n human f i b r o b l a s t c e l l s . 

Are mutations d i s t r i b u t e d at s i t e s of DNA damage? 

The dependence of mutagenesis on SOS processing r a i s e d questions a-
bout the r o l e ( s ) played by DNA l e s i o n s i n mutagenesis. Do DNA l e 
sions simply t r i g g e r the SOS response by i n t e r f e r i n g w i t h DNA r e p l i 
c a t i o n thereby generating mutations i n d i r e c t l y v i a an error-prone 
form of DNA r e p l i c a t i o n ? Or do mutations a r i s e d i r e c t l y at the s i t e s 
i n DNA where damage has been generated? 

The observations that mutation frequencies are elevated s e v e r a l -
f o l d above normal l e v e l s i n mutants which c o n s t i t u t i v e l y express 
t h e i r SOS-functions (32) and that the mutation frequency of u n i r r a d i 
ated phage i s elevated by growing them on i r r a d i a t e d (i.^e. SOS-in
duced) b a c t e r i a (33), have been invoked to argue f o r the notion that 
mutagenesis v i a SOS-processing may be i n d i r e c t . 

On the other hand, the observation that 95% of the UV induced 
base s u b s t i t u t i o n mutations arose at the very s i t e s ( p y r i m i d i n e - p y r i -
midine sequences) where the major f r a c t i o n of UV damage i s d e p o s i t 
ed suggested that at l e a s t the UV induced mutations were targeted 
(24). 

Drake and B a l t z (34) and W i t k i n and Wermundsen (35) presented 
arguments i n favor of the n o t i o n t h a t , f o r the most p a r t , SOS muta
genesis was o c c u r r i n g at s i t e s of DNA damage. More recent evidence, 
based on an a l y z i n g the d i s t r i b u t i o n of mutations w i t h i n the l a d gene 
of _E. c o l i , s t r o n g l y suggests that mutations a r i s i n g v i a SOS-process
i n g are o c c u r r i n g at the s i t e s of DNA damage (36,37). B r i e f l y , when 
one examines the spectrum of mutations induced by a v a r i e t y of muta
gens whose a c t i v i t y i s dependent on SOS-processing, one f i n d s that 
both where the mutations are induced and which mutations are induced 
depends on the mutagen. The observed d i f f e r e n c e s among mutagens ap
ply both to the mutational events that are d i s t r i b u t e d non-randomly 
at only a few s i t e s (hotspots) and to events that are d i s t r i b u t e d 
randomly at many d i f f e r e n t s i t e s w i t h i n the gene (low frequency oc
currences or LFO events) (36). Since each mutagenic treatment leaves 
behind i t s own c h a r a c t e r i s t i c d i s t r i b u t i o n of mutations w i t h i n the 
gene ( 3 7 ) , mutations generated by SOS-processing of damaged DNA must 
be o c c u r r i n g at the s i t e s of damage. Furthermore, the recent study by 
M i l l e r and Low (38) on the d i s t r i b u t i o n of mutations generated by 
turn i n g on the SOS-response without DNA-damaging treatments shows 
that even these mutations are generated at s p e c i f i c s i t e s i n a gene 
as i f they arose at s i t e s where spontaneously generated l e s i o n s occur 
w i t h a high frequency. 

The w e l l c h a r a c t e r i z e d r e a c t i o n s of carcinogens such as benzo-
[a]pyrene and a f l a t o x i n B^ w i t h DNA (39-50) suggested to us that an 
a n a l y s i s of the kinds of mutations these agents induced could shed 
l i g h t on the c o n t r i b u t i o n of s p e c i f i c DNA l e s i o n s to mutagenesis. 
Such an a n a l y s i s c o u l d , i n t u r n , provide clues as to which s p e c i f i c 
DNA l e s i o n s generated by these agents were mutagenic. 

I would l i k e to describe our i n v e s t i g a t i o n s , performed i n c o l 
l a b o r a t i o n w i t h J e f f r e y M i l l e r . To begin, I w i l l b r i e f l y o u t l i n e the 
genetic system developed by M i l l e r which permits a r a p i d , r i g o r o u s 
determination of the p o s i t i o n and kinds of mutants induced i n a par
t i c u l a r gene by DNA. damaging agents* 
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13. EISENSTADT Mutational Consequences of DNA Damage 331 

The l a d system f o r a n a l y z i n g nonsense mutations In E. c o l i 

The l a d system has been described i n d e t a i l by M i l l e r (51). The 
l a d gene product i s the repressor of the l a c operon. C e l l s which 
have normal repressor a c t i v i t y are repressed f o r the sy n t h e s i s of the 
lacZ gene product, 3-galactosidase, and the other products of the l a c 
operon. C e l l s which c a r r y mutations i n l a d which l e a d to syn t h e s i s 
of a d e f e c t i v e repressor p r o t e i n w i l l c o n s t i t u t i v e l y synthesize 3-
ga l a c t o s i d a s e . Such mutants can be s e l e c t e d by demanding growth of 
b a c t e r i a on a medium c o n t a i n i n g a g a l a c t o s i d e analog such as phenyl-
0-D-galactoside ( P - g a l ) . P-gal i s not i t s e l f an inducer of the l a c 
operon. Thus, i t i s a simple matter to t r e a t a popu l a t i o n of bacter
i a l c e l l s w i t h a DNA damaging agent, grow them out n o n - s e l e c t i v e l y to 
permit processing of DNA damage and phenotypic expression, and then 
p l a t e them on P-gal to s e l e c t f o r c e l l s c a r r y i n g mutations i n l a c l . 

A l a r g e c l a s s of base s u b s t i t u t i o n mutants can be analyzed d i 
r e c t l y by screening f o r s u p p r e s s i b l e mutations among the c o l l e c t i o n 
of l a c l mutants. The sup p r e s s i b l e mutations are due to wi l d - t y p e 
codons having been mutated to TAA, TAG, or TGA. These nonsense co-
dons are normally s i g n a l s f o r the t e r m i n a t i o n of p r o t e i n s y n t h e s i s by 
ribosomes and can a r i s e v i a a l l s i n g l e base p a i r s u b s t i t u t i o n muta
t i o n s w i t h the exception of the A:T to G:C t r a n s i t i o n . Thus, a l l 
base p a i r s u b s t i t u t i o n s , except f o r the one t r a n s i t i o n , can be moni
tored by c o l l e c t i n g nonsense mutations i n l a c l . There are over 60 
s i t e s i n l a c l at which a s i n g l e base p a i r s u b s t i t u t i o n w i l l generate 
a nonsense codon. 

L a c l nonsense mutants can be i d e n t i f i e d u s i n g c l a s s i c a l bacter
i a l g e n e t i c methods. The e n t i r e gene has been sequenced (52). The 
s i t e , and t h e r e f o r e , the base p a i r which has been mutated can be in
dent i f l e d simply by mapping the p o s i t i o n of the nonsense mutation. 
This can be accomplished by using an extensive set of l a c l d e l e t i o n 
mutants (53). Mapping the mutation allows one to determine which 
base p a i r s u b s t i t u t i o n has been generated by a p a r t i c u l a r treatment. 
Thus, by i d e n t i f y i n g many nonsense mutations induced by a mutagen, a 
p i c t u r e emerges of both the mutagens s i t e s p e c i f i c i t y (where, w i t h i n 
the gene the mutations a r i s e ) and i t s mutagenic s p e c i f i c i t y (which 
p a r t i c u l a r base s u b s t i t u t i o n s are generated). To determine c l a s s e s 
of mutation other than base p a i r s u b s t i t u t i o n s , i t i s p o s s i b l e to 
g e n e t i c a l l y cross a given l a c l a l l e l e onto small plasmid or phage 
molecules and determine the sequence of the mutant a l l e l e (54,55)• 

We have a p p l i e d the ge n e t i c system f o r a n a l y z i n g l a c l nonsense 
mutants to the i n v e s t i g a t i o n of the mutagenic s p e c i f i c i t y of benzo-
[a]pyrene (56) and a f l a t o x i n B. (57). The r e s u l t s of our s t u d i e s 
have provided some important clues as to the chemical nature of the 
mutagenic l e s i o n s induced by benzo[a]pyrene. Before I di s c u s s these 
r e s u l t s , I w i l l b r i e f l y summarize previous i n v e s t i g a t i o n s on the mu
t a g e n i c i t y of BPDE. 

The mutagenicity of benzo[a]pyrene d i o l e p o x i d e — previous 
inves t i g a t ions 

Carcinogens f i r s t began to be evaluated d i r e c t l y f o r mutagenic ac-

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

01
3

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 
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t i v i t y against microorganisms 35 years ago by B a r r e t t and Tatum (58). 
However, the systematic use of s e n s i t i v e m i c r o b i a l mutation assays to 
monitor the b i o l o g i c a l a c t i v i t y of carcinogens was not achieved u n t i l 
the r e a l i z a t i o n that metabolic a c t i v a t i o n of carcinogens was essen
t i a l (reviewed i n 59). By the use of s u b - c e l l u l a r f r a c t i o n s d erived 
from l i v e r homogenates, i t became p o s s i b l e to detect the mutagenic 
a c t i v i t y of benzo[a]pyrene and many other p o l y c y c l i c aromatic hydro
carbons • 

The mutagenicity of benzo[a]pyrene f o r b a c t e r i a was demonstrated 
by Ames et a l . (60). They found that i n the presence of r a t l i v e r 
homogenates benzo[a]pyrene induced both f r a m e s h i f t and base-pair sub
s t i t u t i o n mutations. When the chemistry of benzo[a]pyrene a c t i v a t i o n 
had been worked out and the u l t i m a t e c a r c i n o g e n i c form i d e n t i f i e d as 
a d i o l e p o x i d e , BPDE (reviewed i n 61-62), s e v e r a l i n v e s t i g a t o r s (63-
66) showed that BPDE was an extremely potent mutagen, a l s o capable of 
inducing both f r a m e s h i f t and base-pair s u b s t i t u t i o n mutations. 
McCann et a l . (67) had shown that benzo[a]pyrene was mutagenic f o r J5. 
typhimurium only i f the b a c t e r i a c a r r i e d the mutation enhancing p l a s -
mid pKMlOl whose a c t i v i t y was l a t e r shown by Walker (23) to be en
t i r e l y dependent on b a c t e r i a l recA and lexA c o n t r o l l e d f u n c t i o n s . 
This provided e a r l y evidence that the mutagenicity of carcinogens 
such as benzo[a]pyrene was dependent on SOS-repair. L a t e r , Ivanovic 
and Weinstein (68) d i r e c t l y showed that benzo[a]pyrene was mutagenic 
f o r JE. c o l i only i f the b a c t e r i a were both r e c A + and lexA*. 

Two questions that are r a i s e d by these observations are: 
1) what i s the mutagenic s p e c i f i c i t y of BPDE, i_.je. what kinds of 

mutations are induced by t r e a t i n g c e l l s w i t h BPDE? 
2) what i s ( a r e ) the pre-mutational l e s i o n ( s ) generated by BPDE 

which i s ( a r e ) r e s p o n s i b l e f o r mutations? 

The mutagenic s p e c i f i c i t y of BPDE 

We have obtained important clues to these questions by determining 
the spectrum of 185 nonsense mutations induced i n the l a c l gene of IS. 
c o l i by BPDE. The r e s u l t s of t h i s i n v e s t i g a t i o n (56) are summarized 
i n Tables I to I I I and i n Figure 1. The r e s u l t s were s t r i k i n g . They 
showed that t r a n s v e r s i o n mutations at G:C base p a i r s were the domi
nant induced event, although, other s u b s t i t u t i o n s , i n p a r t i c u l a r A:T 
to T:A t r a n s v e r s i o n were c l e a r l y induced, but at lower frequencies. 
The s p e c i f i c i t y of i n d u c t i o n of G:C to T:A was most c l e a r l y seen by 
examining the mutations o c c u r r i n g at the TAC codons f o r t y r o s i n e (Ta
ble I I I ) . At these s i t e s , both G:C to T:A mutations ( y i e l d i n g TAA, 
ochre nonsense mutants) and G:C to C:G ( y i e l d i n g TAG, amber nonsense 
mutants) t r a n s v e r s i o n s are monitorable. Table I I I c l e a r l y shows that 
at the two t y r o s i n e codons where mutations were well-induced there i s 
a s t r i k i n g preference f o r one mutational event over the other. 

We have not d i r e c t l y determined the r e l a t i v e frequencies of 
f r a m e s h i f t mutations and other mutational events i n comparison to the 
base s u b s t i t u t i o n mutations. However, based on the high frequency of 
nonsense mutations (11%) among a l l l a c l mutants induced by BPDE and 
because nonsense mutations are monitorable at l e s s than o n e - f i f t h of 
the l a c l codons and, even then, only v i a c e r t a i n base p a i r s u b s t i t u 
t i o n s , we b e l i e v e that base s u b s t i t u t i o n s account f o r a major f r a c 
t i o n of mutations induced by BPDE. 
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Table I. Summary of Base S u b s t i t u t i o n Events Generated by BPDE 

No. of No. of % of 
A v a i l a b l e S i t e s T o t a l No. of Analyzed 

S u b s t i t u t i o n S i t e s Found Occurrences Mutations 

G:C to A:T 26 12 22 12 

G:C to T:A 23 21 123 66 

A:T to T:A 15 9 33 18 

A:T to C:G 5 3 4 2 

G:C to C:G 3 2 3 2 

T o t a l 72 47 185 

Amber 36 26 96 

Ochre 36 21 89 

What i s (are) the pre-mutational l e s i o n ( s ) induced by BPDE? 

BPDE react s at s e v e r a l d i f f e r e n t s i t e s on DNA to generate s e v e r a l 
kinds of l e s i o n s at the N2 (43-45) and N7 (46,47) p o s i t i o n s of guan
i n e , a p u r i n i c s i t e s (48,49), and strand breaks (50). Which of these 
l e s i o n s are r e s p o n s i b l e f o r the t r a n s v e r s i o n mutations at G:C s i t e s ? 
Evidence derived from a number of experiments suggests the hypothesis 
that a p u r i n i c s i t e s generated by BPDE r e a c t i o n s w i t h DNA are respon
s i b l e f o r the t r a n s v e r s i o n mutations: 

1. When we examined the mutagenic s p e c i f i c i t y a f l a t o x i n B^, a 
carcinogen which s p e c i f i c a l l y reacts w i t h the N7 atom of guanine (39-
42), we found v i r t u a l l y only G:C to T:A tr a n s v e r s i o n s were induced 
(57); N7 purine adducts can induce d e p u r i n a t i o n by d e s t a b i l i z i n g the 
N - g l y c o s y l i c bond (69). 

2. The work of Loeb and Kunkel and t h e i r colleagues (70-72) has 
c l e a r l y e s t a b l i s h e d that a p u r i n i c s i t e s i n DNA are mutageniC.; they 
s p e c i f i c a l l y cause t r a n s v e r s i o n mutations, due to a strong preference 
f o r the i n c o r p o r a t i o n of adenine residues during bypass of a p u r i n i c 
s i t e s i n template DNA. Thus, A:T to T:A and G:C to T:A tr a n s v e r s i o n s 
are the major mutagenic outcome generated by dep u r i n a t i o n of DNA. 

3. Recently, Sage and H a s e l t i n e (49) have q u a n t i t a t i v e l y d e t e r 
mined the spectrum of DNA l e s i o n s induced by re a c t i o n s of BPDE w i t h 
DNA. They found that a l k a l i - l a b i l e l e s i o n s account f o r about 40% of 
the DNA adducts. There was a s t r i k i n g c o r r e l a t i o n between the muta
t i o n frequencies induced by BPDE i n l a c l and the frequencies of a l k a 
l i s e n s i t i v e l e s i o n s at G, A, and C re s i d u e s . A p u r i n i c / a p y r i m i d i n i c 
s i t e s are common a l k a l i - s e n s i t i v e l e s i o n s . E a r l i e r work by Drink
water et a l . (48) had a l s o shown that treatment of DNA w i t h BPDE gen
erated a p u r i n i c / a p y r i m i d i n i c s i t e s . 
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Table I I . D i s t r i b u t i o n of l a c l Nonsense Mutations Induced by BPDE 

No. No. 
Base Independent Independent 
S u b s t i t u t i o n s S i t e Occurrences S i t e Occurrences 

G:C - A:T A5 0 09 0 
*A6 5 010 0 
A9 0 O i l 0 

*A15 0 013 0 
A16 0 017 0 
A19 1 021 3 
A21 2 024 3 
A23 0 027 2 
A24 1 028 1 
A26 0 029 1 
A31 1 034 0 
A33 1 035 0 
*A34 1 
A35 0 

G:C - T:A„ A2 7 03,A1 # 12,1 (13) 
G:C - C:G A7 5 06 0 

A10 5 07 „ 0 
08, A8 4,0 (4) 

A12 18 014 2 
A13 5 015 7 
A17 5 019 4 
A20 5 020 12 
A25 4 025 0 
A27 5 026 # 4 
A28 3 030,A29 1,2 (3) 

031 2 
032 1 
036 12 

A:T - T:A0 A l l 2 01 2 
A:T - C:G A18 4 0 2 & 5 

A32 1 0*>A3^ 0 (0) 
A36 8 05,A4 L 2 (2) 

012 0 
0 1 6 0 6 
018,A14 L 1 (1) 
0 2 2 A 4 
023,A22^ 0 (0) 
033,A30 L 1 (1) 

S i t e s at which nonsense mutations are detected are i d e n t i f i e d by 
t h e i r amber (A) or ochre (0) a l l e l e s (Coulondre and M i l l e r , 1977). 
The 8 t y r o s i n e codons i n l a c l each have two nonsense a l l e l e s , one 
amber and one ochre. The amber a l l e l e s at these s i t e s are marked by 
the symbols # and @. 
* S i t e s c o n t a i n i n g 5-methylcytosines (CCAGG). These are spontaneous 
l a c l hotspots. 
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Table I I I . BPDE-Induced Mutations at the Three TAC Tyrosine Codons 
i n the l a c l Gene 

S i t e coding p o s i t i o n 
# of independent 

TAC - TAA 
(GC - TA) 

occurrences of: 
TAC - TAA 
(GC - CG) 

^ , 0 3 t y r 7 12 1 

A8,08 t y r 47 4 0 

A29,030 t y r 273 1 2 

T o t a l 17 3 

Both amber and ochre mutations can be generated at these s i t e s , 
a l l o w i n g both G:C to T:A and G:C to C:G tr a n s v e r s i o n s to be 
monitored. 

Thus, w h i l e BPDE and a f l a t o x i n might generate G:C to T:A 
tra n s v e r s i o n s v i a d i f f e r e n t pathways, i t i s reasonable to consider 
the hypothesis that there i s a common mechanism by which they induce 
t h i s mutation and t h a t , t h e r e f o r e the t r a n s v e r s i o n mutations induced 
by BPDE r e s u l t , not from the major adduct to the N2 atom of guanine 
but from the generation of a p u r i n i c s i t e s i n DNA. These secondary 
l e s i o n s might be generated spontaneously or v i a the a c t i v i t y of DNA 
gly c o s y l a s e s (2_, 30). An a l t e r n a t i v e hypothesis i s that bulky l e 
sions i n g e n e r a l , the N2 adduct among them, may be noninformational 
s i t e s opposite which adenines are p r e f e r e n t i a l l y i n s e r t e d during rep
l i c a t i o n a f t e r DNA damage. 

Other molecular gen e t i c s t u d i e s on the mutagenicity of BPDE 

The genetic system we used to study the mutagenic s p e c i f i c i t y of BPDE 
l i m i t s one to a n a l y z i n g base s u b s t i t u t i o n mutations. What i s known 
about the a b i l i t y of BPDE to induce other c a t e g o r i e s of mutation? As 
mentioned above, r e s u l t s from the Ames t e s t revealed that benzo[a]py
rene and i t s d i o l epoxide were capable of inducing f r a m e s h i f t muta
t i o n s (60,63,64). More r e c e n t l y , Mizusawa and co-workers (73-76) 
have i n v e s t i g a t e d the mutational consequences of modifying plasmid 
DNA i n v i t r o w i t h BPDE. In a s e r i e s of st u d i e s they have shown t h a t : 

_ 1. plasmid molecules are i n a c t i v a t e d (become n o n - r e p l i c a b l e ) i n 
Uvr b a c t e r i a by 1 covalent adduct (73,76) per molecule; t h i s r e s u l t 
i s i n p e r f e c t agreement w i t h an e a r l i e r report by Hsu eit a l . (77) 
which had demonstrated that one molecule of bound BPDE was s u f f i c i e n t 
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Figure 1. The frequencies of amber mutations i n the l a c l 
gene induced by BPDE. S o l i d bars, i n d i v i d u a l s i t e s at 
which we detected mutations; open bars, s i t e s at which we 
d i d not detect mutations; a s t e r i s k s ( i n a ) , s i t e s at which 
the target codon contains 5-methylcytosine. 
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to i n h i b i t the r e p l i c a t i o n of s i n g l e molecule of the s i n g l e stranded 
bacteriophage 0X174. 

2. BPDE-induced mutations i n plasmid borne genes can be depen
dent on umuC (75); 

3. mutations induced by BPDE i n c l u d e t r a n s v e r s i o n , t r a n s i t i o n , 
and f r a m e s h i f t mutations (74,76). 

Wei et a l . (78) c h a r a c t e r i z e d mutations r e s u l t i n g from a l k y l a 
t i o n of a 10-base p a i r o l i g o n u c l e o t i d e w i t h BPDE. D e l e t i o n mutations 
were the major mutational event detected. 

The number of mutations analyzed i n each of these i n v e s t i g a t i o n s 
was too small (only 7 to 8) to permit drawing f i r m conclusions about 
mutational and s i t e s p e c i f i c i t i e s . However, the r e s u l t s suggest 
t h a t , under some circumstances, BPDE can induce many d i f f e r e n t kinds 
of mutations. 

Future s t u d i e s on the genetic e f f e c t s of BPDE 

To r i g o u r o u s l y e s t a b l i s h the ge n e t i c consequences r e s u l t i n g from BP 
adduct to the N2 p o s i t i o n of guanine, the approach taken by Essigman 
and h i s colleagues (79,80) w i l l be r e q u i r e d . They have been develop
i n g techniques f o r p l a c i n g defined chemical l e s i o n s i n t o plasmid DNA 
at pre-determined s i t e s at which mutations can be monitored. I f a 
BP adduct can be " b u i l t " i n t o DNA at the N2 of guanine, i t s b i o l o 
g i c a l and genetic e f f e c t s can be determined. 

I t would be i n t e r e s t i n g to know i f the mutational consequences 
of DNA l e s i o n s i n mammalian c e l l s were the same as those which o b t a i n 
i n b a c t e r i a . Methods f o r r e t r i e v i n g and sequencing mutations i n mam
malian c e l l s and t h e i r v i r u s e s are now being developed (81-83). I f 
yeast, a eu k a r y o t i c microorganism, can be considered r e p r e s e n t a t i v e 
of higher eukaryotes, then judging from the observations that the 
mutational s p e c t r a f o r U V - i r r a d i a t i o n and 4 - n i t r o q u i n o l i n e - l - o x i d e 
treatment are i d e n t i c a l f o r yeast (84) and b a c t e r i a ( 8 5 ) , the spec
trum of mutations induced by BPDE i n mammalian c e l l s could w e l l r e 
semble those induced i n IS. c o l i . 

Is the mutagenicity of BPDE d i r e c t l y r e s p o n s i b l e f o r i t s 
c a r c i n o g e n i c i t y ? 

Though one i s f a r from being able to make a d e f i n i t i v e statement, 
there are some i n d i c a t i o n s that the answer to t h i s question might be 
no. Recent experiments w i t h mammalian c e l l c u l t u r e systems, which 
a l l o w one to study the progression of c e l l s from a s t a t e where t h e i r 
growth i s normally regulated to a tumorigenic s t a t e have revealed 
that the transformation process r e q u i r e s at l e a s t two steps (86-88)• 
The f i r s t step, which i s induced f o l l o w i n g exposure to a carcinogen 
(X-rays: 86,88; 3-methylcholanthrene: 87), occurs w i t h a very h i g h 
frequency and seemingly a f f e c t s every exposed c e l l i n the tr e a t e d 
p o p u l a t i o n . The frequency of the i n i t i a l event i m p l i e s that i t i s 
not a mutational event but ra t h e r an e p i g e n e t i c one r e l a t e d , perhaps, 
to the responses induced by DNA damage i n IS. c o l i and S* c e r e v i s i a e . 
The second event i s a very rare event c o n s i s t e n t w i t h the p o s s i b i l i t y 
that i t might be mutational i n nature. However, s i n c e the second e-
vent occurs many c e l l generations a f t e r the exposure to DNA damaging 
agents, i t seems h i g h l y improbable that i t occurs as a d i r e c t conse
quence of r e p a i r i n g the i n i t i a l DNA damage. Thus, the l i n k between 
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carcinogenesis and mutagenesis may simply be that the two processes 
o r i g i n a t e from the same s t a r t i n g p o i n t , namely DNA damage. 
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14 
Chemical Properties of Ultimate Carcinogenic 
Metabolites of Arylamines and Arylamides 

FRED F. KADLUBAR and FREDERICK A. BELAND 

National Center for Toxicological Research, Jefferson, AR 72079 

A number of arylamines and arylamides are carcinogenic in a 
variety of tissues of several species including the urinary 
bladder of man. These compounds undergo metabolic activation 
to ultimate carcinogens through a number of enzymatic and 
nonenzymatic pathways. In this review, these activation 
mechanisms are considered in detail and their relative con
tribution to the observed carcinogenicity of these compounds 
is discussed. 

The metabolism of carcinogenic arylamines and arylamides r e s u l t s i n 
a broad spectrum of r e a c t i v e , e l e c t r o p h i l i c metabolites that form 
covalent adducts w i t h c e l l u l a r c o n s t i t u e n t s . These a c t i v a t i o n path
ways are summarized i n Figure I. Arylamides and primary arylamines 
are r e a d i l y i n t e r c o n v e r t e d by N-a c e t y l t r a n s f e r a s e s and N-deacety-
la s e s (reviewed i n 1) and they are i n i t i a l l y a c t i v a t e d by cytochrome 
P-450- and f l a v i n - c o n t a i n i n g monooxygenases to form N-hydroxy a r y l 
amides and N-hydroxy arylamines, r e s p e c t i v e l y (reviewed i n 2_). These 
N-hydroxy m e t a b o l i t e s , which can a l s o be int e r c o n v e r t e d by enzymatic 
N - d e a c e t y l a t i o n / N - a c e t y l a t i o n (1_), are proximate carcinogens since 
they are g e n e r a l l y more carcinogenic and mutagenic than t h e i r parent 
compounds. Further enzymatic or non-enzymatic processes lead to 
ul t i m a t e carcinogens, which are u s u a l l y defined by t h e i r e l e c t r o 
p h i l i c r e a c t i v i t y w i t h n u c l e i c acids or pr o t e i n s 03). 

N-Hydroxy a r y l a m i d e s are c o n v e r t e d t o u l t i m a t e c a r c i n o g e n s 
through c o n j u g a t i o n w i t h s u l f u r i c , a c e t i c or g l u c u r o n i c a c i d s 
(reviewed i n J ^ , 4 ) . S u l f u r i c a c i d conjugation i s catalyzed by 
3'-phosphoadenosine-5'-phosphosulfate (PAPS)-dependent sulf©trans
ferases and y i e l d s N-sulfonyloxy arylamides ( I ) ; w h i l e N-acetoxy 
arylamides ( I I ) are formed through nonenzymatic e s t e r i f i c a t i o n w i t h 
a c e t y l coenzyme A or by a peroxidase-mediated, one-electron o x i d a 
t i o n and subsequent d i s m u t a t i o n of a n i t r o x y l r a d i c a l (5^,6^). 
N-Glucuronyloxy arylamides ( i l l ) are a l s o formed by enzymatic con
j u g a t i o n and they can undergo subsequent N-deacetylation to N-glucu-
ronyloxy arylamines ( I V ) . An a d d i t i o n a l pathway by which N-hydroxy 
arylamides are a c t i v a t e d i s through an in t r a m o l e c u l a r rearrangement 
to N-acetoxy a r y l a m i n e s (V) which i s c a t a l y z e d by c y t o s o l i c 
N , 0-acyltransferases. 

This chapter not subject to U.S. copyright. 
Published 1985, American Chemical Society 
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N-Hydroxy arylamines are a l s o converted to N-acetoxy arylamines 
(V), but apparently by an a c e t y l coenzyme A-dependent enzymatic 
O - e s t e r i f i c a t i o n 0 , 8 ) . S i m i l a r l y , N-sulfonyloxy arylamines (VI) 
are thought to a r i s e by a PAPS-dependent enzymatic O - s u l f o n y l a t i o n 
of N-hydroxy arylamines (9,10); w h i l e 0 - s e r y l or 0 - p r o l y l e s t e r s 
(VII) are formed by t h e i r corresponding aminoacyl tRNA synthetases 
i n a ATP-dependent r e a c t i o n (11,12). 

N-Hydroxy arylamines r e a d i l y form glucuronide conjugates, but i n 
contrast to the N-hydroxy arylamides, these are N-glucuronides which 
are unreactive and sta b l e at n e u t r a l pH. The N-glucuronides are 
r e a d i l y transported to the lumens of the u r i n a r y bladder and i n t e s 
t i n e where they can be hydrolyzed to the free N-hydroxy arylamines 
by m i l d l y a c i d i c u r i n e or by i n t e s t i n a l b a c t e r i a l 3-glucuronidases 
(13,14). Non-enzymatic a c t i v a t i o n of N-hydroxy arylamines can occur 
i n an a c i d i c environment by prot o n a t i o n (15,16) of the N-hydroxy 
group ( V I I I ) as w e l l as by a i r o x i d a t i o n (reviewed i n 17) to a 
nitrosoarene ( I X ) . 

A l t e r n a t i v e m e t a b o l i c pathways i n v o l v e r i n g - o x i d a t i o n and 
pe r o x i d a t i o n of arylamines. Although r i n g - o x i d a t i o n i s g e n e r a l l y 
considered a d e t o x i f i c a t i o n r e a c t i o n , an e l e c t r o p h i l i c iminoquinone 
(X) can be formed by a secondary o x i d a t i o n of the aminophenol 
metabolite ( J ^ 8 , J _ 9 ) . L a s t l y , r e a c t i v e imines (XI) can be formed from 
the p r i m a r y a r y l a m i n e s by p e r o x i d a s e - c a t a l y z e d r e a c t i o n s t h a t 
i n v o l v e free r a d i c a l intermediates (reviewed i n 20). 

Only a l i m i t e d number of a c t i v a t i o n pathways appear to be 
a v a i l a b l e to N-methyl arylamines. F o l l o w i n g enzymatic N-hydroxyla-
t i o n to secondary N-hydroxy arylamines (21,22), these compounds are 
converted i n t o r e a c t i v e e l e c t r o p h i l e s through enzymatic e s t e r i f i c a -
t i o n (9) to N-sulfonyloxy-N-methyl arylamines (XII) or by f u r t h e r 
o x i d a t i o n to N - a r y l n i t r o n e s ( X I I I ) . 

In t h i s review, the chemical p r o p e r t i e s of these e l e c t r o p h i l i c 
metabolites ( I - X I I I ) are discussed i n terms of t h e i r metabolic 
formation and r e a c t i v i t y w i t h n u c l e o p h i l e s , s o l v o l y s i s and redox 
c h a r a c t e r i s t i c s , r e a c t i o n mechanisms, and t h e i r r o l e as u l t i m a t e 
carcinogenic m e t a b o l i t e s . 

N-Sulfonyloxy Arylamides ( i ) 

The metabolic formation of N-sulfonyloxy-N-acetyl-2-aminofluorene 
(N-sulfonyloxy-AAF) and i t s observed e l e c t r o p h i l i c r e a c t i v i t y , 
provided the f i r s t evidence f o r the importance of enzymatic con
j u g a t i o n r e a c t i o n s i n c h e m i c a l c a r c i n o g e n e s i s (23,24). T h i s 
r e a c t i o n was shown to be catal y z e d by PAPS-dependent s u l f o t r a n s -
ferases that are located predominantly i n l i v e r c y t o s o l and has been 
subsequently demonstrated f o r N-hydroxy arylamide metabolites of 
s e v e r a l o t h e r c a r c i n o g e n s , i n c l u d i n g N-acety1-4-aminobipheny1 
(AABP), benzidine, N-acetyl-2-aminophenanthrene and phenacetin. 

A c c o r d i n g l y , the c o n t r i b u t i o n of t h i s m e t a b o l i c a c t i v a t i o n 
pathway to the formation of covalently-bound adducts of arylamides 
w i t h c e l l u l a r p r o t e i n s and n u c l e i c acids has been the subject of 
numerous i n v e s t i g a t i o n s , and has been reviewed e x t e n s i v e l y by Mulder 
(25). From these and more recent data (4,26,27) i t i s apparent, 
p a r t i c u l a r l y i n the case of N-hydroxy-AAF TN-OH-AAF), that _in v i v o 
f o r m a t i o n of r e a c t i v e N - s u l f o n y l o x y d e r i v a t i v e s i s p r i m a r i l y 
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344 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

resp o n s i b l e f o r the carcinogen adducts with hepatic p r o t e i n , RNA, 
DNA and g l u t a t h i o n e (GSH) that r e t a i n the N-acetyl group. With 
N-OH-AAF, f o r example, these N - a c e t y l a t e d adducts account f o r 
70-80%, 60-80%, and 15-30% of the t o t a l b i n d i n g to r a t l i v e r 
p r o t e i n , RNA, and DNA, r e s p e c t i v e l y (28,30); and GSH-AAF adducts 
excreted i n the b i l e account f o r about 10% of the dose given (26). 
In comparable stud i e s w i t h N-hydroxy-AABP (N-OH-AABP), N-acetylated 
adducts represent about 10% and 20% of the RNA and DNA b i n d i n g , 
r e s p e c t i v e l y (3C0 ; and N-acetylated adducts derived from 4 ' - f l u o r o -
N-OH-AABP and N,N'-diacetylbenzidine amount to 10-20% of the t o t a l 
DNA-bound products (_3jL̂ ,_32_). In c o n t r a s t , only deacetylated adducts 
are detectable i n r a t hepatic DNA a f t e r a d m i n i s t r a t i o n of N - a c e t y l -
4-aminostilbene (33) or N-acetyl-7-fluoro-2-aminofluorene (34), both 
of which induce tumors i n the l i v e r and other t i s s u e s . S i m i l a r l y , 
only deacetylated DNA adducts are found i n r a t l i v e r a f t e r treatment 
w i t h the e x t r a h e p a t i c arylamide carcinogen, N-acetyl-2-aminophenan-
threne (35), or with the N-hydroxy-N-acetyl d e r i v a t i v e of the colon 
carcinogen, 3,2'-dimethyl-4-aminobiphenyl (36). 

S t r u c t u r a l i d e n t i f i c a t i o n of the N-acetylated adducts found i n 
v i v o has shown that b i n d i n g to p r o t e i n or GSH i n v o l v e s predominantly 
o r t h o - r i n g s u b s t i t u t i o n of the arylamide with the s u l f u r atom i n 
methionine or c y s t e i n e , r e s p e c t i v e l y . In c o n t r a s t , arylamide b i n d i n g 
to n u c l e i c acids in. v i v o involves both ^ - s u b s t i t u t i o n at the C-8 
p o s i t i o n of guanine and o r t h o - r i n g s u b s t i t u t i o n w i t h the e x o c y c l i c 
N 2 atom of guanine (26,29-31,37,38). 

Several s y n t h e t i c N-sulfonyloxy arylamides have been prepared i n 
order to compare t h e i r r e a c t i v i t y with n u c l e o p h i l e s to that observed 
i n v i v o and i n i n v i t r o metabolic systems. Synthetic N-sulfonyloxy-
AAF r e a c t s appreciably w i t h both p r o t e i n or methionine to give high 
y i e l d s of ortho-methylmercapto d e r i v a t i v e s that are i d e n t i c a l to 
those formed jLn v i v o . S i m i l a r l y , methionine has been shown to trap 
65-85% of N-sulfonyloxy-AAF generated i n incubations c o n t a i n i n g 
PAPS, N-OH-AAF, and hepatic c y t o s o l i c sulf©transferase (9 ) . N-
Sulfonyloxy-AAF a l s o r e a c t s with GSH Ln v i t r o to give 1-, 3-, 4-, 
and 7-AAF r i n g - s u b s t i t u t e d g l u t a t h i o n - S - y l adducts (39), of which 
two ( 1 - , 3-) are major b i l i a r y metabolites (26). N-(Guanosin-8-yl)-
AAF, a major i n v i v o adduct w i t h hepatic RNA, can be prepared by 
r e a c t i o n of guanosine wi t h N-sulfonyloxy-AAF or by _in v i t r o s u l f o -
t r a n s f e r a s e a c t i v a t i o n of N-OH-AAF i n the presence of RNA or guano
sine (40_). Reaction of N-sulf onyloxy-AAF with DNA y i e l d s both 
N-(deoxyguanosin-8-yl)-AAF and 3-(deoxyguanosin-N 2-yl)-AAF, which 
are i d e n t i c a l to the N-acetylated adducts found _in v i v o (30,41). 
However, a s i m i l a r r e a c t i o n w i t h deoxyguanosine i n an aqueous medium 
gives only the C8-substituted product; while both C8- and ^ - s u b s t i 
tuted adducts can be prepared by r e a c t i o n of N-sulfonyloxy-AAF w i t h 
deoxyguanosine i n anhydrous d i m e t h y l s u l f o x i d e / t r i e t h y l a m i n e (41). 

Though much l e s s r e a c t i v e than N-sulfonyloxy-AAF, N-sulfonyloxy 
e s t e r s of N-OH-AABP and i t s 4 ' - f l u o r o d e r i v a t i v e have been prepared 
and shown to react w i t h methionine to give o r t h o - s u b s t i t u t e d methyl-
mercapto arylamides and with DNA to give C8- and N 2 - s u b s t i t u t e d 
deoxyguanosine-arylamide adducts (reviewed i n 42). Again, only C8-
s u b s t i t u t e d guanine d e r i v a t i v e s are obtained on r e a c t i o n of N - s u l -
fonyloxy-AABP w i t h deoxyguanosine, guanosine, or RNA. N-Sulfony-
loxy-N-acetyl-2-aminophenanthrene has been prepared and shown to 
react to a l i m i t e d extent w i t h methionine, deoxyguanosine and deoxy-
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adenosine to give 1-methvlmercapto, N-(deoxyguanosin-8-yl), and 
l - ( d e o x y a d e n o s i n - N 6 - y l ) d e r i v a t i v e s , r e s p e c t i v e l y . M e t a b o l i c 
formation of N-sulfonyloxy phenacetin has a l s o been proposed since 
h e p a t i c s u l f o t r a n s f e r a s e - c a t a l y z e d a c t i v a t i o n of N-hydroxy 
phenacetin leads to the formation of adducts with p r o t e i n , n u c l e i c 
acids and GSH (25,43). 

From these studies and those i n v o l v i n g N-acetoxy arylamides 
(vide i n f r a ) , i t i s c l e a r that any proposed r e a c t i o n mechanism must 
account f o r the a b i l i t y of d i f f e r e n t n u cleophiles to d i r e c t sub
s t i t u t i o n to the _N-, ortho- and meta-ring p o s i t i o n s of the arylamide 
and should be co n s i s t e n t w i t h r e a c t i o n k i n e t i c s and wi t h s o l v o l y s i s 
or rearrangement products found i n the r e a c t i o n medium. In t h i s 
regard, studies w i t h model compounds such as methanesulfonate e s t e r s 
of N-hydroxy a c e t a n i l i d e s (44,45) and N-sulfonyloxy a c e t a n i l i d e s 
(46) have been p a r t i c u l a r l y u s e f u l . These data i n d i c a t e that reac
t i v e N-sulfonyloxy d e r i v a t i v e s undergo h e t e r o l y t i c cleavage of the 
N-0 bond to form an intimate i on p a i r c o n s i s t i n g of a p a r t i a l l y 
d e l o c a l i z e d s i n g l e t nitrenium/carbenium c a t i o n and the s u l f a t e anion 
(Figure 2), as o r i g i n a l l y proposed by Scribner et a l . (47) and more 
r e c e n t l y supported by molecular o r b i t a l c a l c u l a t i o n s (48). Collapse 
of the ion p a i r by i n t e r n a l r e t u r n r e s u l t s i n an o- s u l f onyloxy 
a c e t a n i l i d e w h i l e r e d u c i n g agents c o n v e r t i t to the p a r e n t 
a c e t a n i l i d e . Evidence has a l s o been presented that h y d r o l y s i s of 
the i o n p a i r may proceed through an imine intermediate which would 
account for met a- and p o s s i b l y ^ - s u b s t i t u t e d products (45,46). In 
a d d i t i o n , e a r l i e r studies w i t h the m e t a b o l i c a l l y generated N - s u l -
fonyloxy ester of phenacetin (£-ethoxyacetanilide) i n d i c a t e that 
N-acetyl benzoquinone imine i s formed as a r e a c t i v e intermediate 
(49). 

Recently, the decomposition of N-sulfonyloxy-AAF under aqueous 
co n d i t i o n s has been f u r t h e r examined and appears to be c o n s i s t e n t 
w i t h t h i s o v e r a l l mechanism (50). That i s , the major products 
appear to be 1- and 3-sulf onyloxy-AAF w i t h small amounts of AAF, 
4-hydroxy-AAF, and a dimer formed by a d d i t i o n of the e l e c t r o p h i l e 
onto the aromatic r i n g of another AAF molecule (51). Furthermore, 
the r e l a t i v e y i e l d s of AAF could be increased by a d d i t i o n of the 
reducing agent, ascorbic a c i d (52). 

The involvement of the nitrenium/carbenium c a t i o n - s u l f a t e anion 
p a i r as the major e l e c t r o p h i l i c reactant from arylamide carcinogens 
i s a l s o c o n s i s t e n t with the nature of the products formed with 
c e l l u l a r n u c l e o p h i l e s (vide supra) and i s i n accord w i t h the Pearson 
hard/soft acid-base concept of e l e c t r o p h i l i c s u b s t i t u t i o n (53). 
Thus, o r t h o - s u b s t i t u t i o n of the arylamine i s favored by s o f t nucleo
p h i l e s (RSCH 3, RSH, RNH2) which tend to advance io n p a i r separation 
r e s u l t i n g i n greater charge d e r e a l i z a t i o n i n the aromatic r i n g 
(48); while ^ - s u b s t i t u t i o n i s favored with hard n u c l e o p h i l e s that 
a t t a c k a t i g h t i o n p a i r w i t h a p o s i t i v e n i t r o g e n center (54). Both 
types of s u b s t i t u t i o n represent an S I r e a c t i o n mechanism which i s 
determined by the strength of the s u l f a t e l e a v i n g group, along w i t h 
formation of the ion p a i r whose o v e r a l l r e a c t i v i t y or s e l e c t i v i t y (N 
vs. ortho s u b s t i t u t i o n ) can be inf l u e n c e d by changes i n r e a c t i o n 
medium and by the nature of the nu c l e o p h i l e (41,42,55). 

A l t h o u g h m e t a b o l i c a l l y - f o r m e d N - s u l f o n y l o x y a r y l a m i d e s are 
strong e l e c t r o p h i l e s , bind to c e l l u l a r macromolecules, and have long 
been considered u l t i m a t e carcinogens, t h e i r p r e c i s e r o l e i n a r y l -
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SR 
( - O H ) 

Figure 2 . Reaction Mechanism f o r N-Sulfonyloxy Arylamides ( I ) . Ac, 
a c e t y l ; RSCH 3, methionine; RSH, glu t a t h i o n e or c y s t e i n e ; 
RNH2, N 2-guanine- and/or N 6-adenine-nucleosides, -nucleo
t i d e s , or - n u c l e i c a c i d s ; RCH, C8-guanine-nucleosides, 
- n u c l e o t i d e s , or - n u c l e i c a c i d s , or C7-AAF. 
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14. KADLUBAR AND BELAND Arylamines and Arylamides 347 

amide tumorigenesis i s not c e r t a i n . For example, N-sulfonyloxy-AAF 
i s not a d i r e c t - a c t i n g , l o c a l carcinogen (56), even though i t i s 
h i g h l y t o x i c (57). I t i s mutagenic when reacted with p u r i f i e d _B. 
s u b t i l i s transforming DNA (58), but does not serve as a d i r e c t - a c t 
i n g mutagen i n the IS. typhimurium t e s t system (51,52,59,60) . During 
chronic a d m i n i s t r a t i o n of a carcinogenic dose of AAF, hepatic s u l f o -
t r a n s f e r a s e a c t i v i t y i s g r e a t l y diminished (61) and deacetylated 
arylamine-DNA adducts e v e n t u a l l y account f o r 97-100% of the t o t a l 
adducts (62). In a d d i t i o n , e x t r a h e p a t i c t i s s u e s which have l i t t l e 
or no sulf©transferase a c t i v i t y and contain only deacetylated ad
ducts, are al s o s u s c e p t i b l e to AAF or N-OH-AAF carcinogenesis 
(63,64). However, s e n s i t i v i t y to hepatic tumor i n d u c t i o n by AAF 
c o r r e l a t e s w e l l w i t h hepatic s u l f a t e a v a i l a b i l i t y and with sex, 
s t r a i n , and species d i f f e r e n c e s i n hepatic sulf©transferase l e v e l s 
(reviewed i n 4^,25^). Thus, i t has been proposed that N - s u l f onyloxy 
arylamides may not be re s p o n s i b l e f o r i n i t i a t i n g hepatic tumorigene-
s i s , but may rather serve to promote f i x a t i o n of an i n i t i a t i n g 
l e s i o n through a c y t o t o x i c response that induces c e l l r e p l i c a t i o n 
( 25̂ , 60). 

N-Acetoxy Arylamides ( I I ) 

N-Acetoxy arylamides have been widely used as s y n t h e t i c models to 
study e l e c t r o p h i l i c r e a c t i v i t y w i t h c e l l u l a r c o n s t i t u e n t s and they 
y i e l d r e a c t i o n products s i m i l a r to those observed wi t h the N- s u l -
fonyloxy e s t e r s . Furthermore, since they are h i g h l y carcinogenic at 
l o c a l s i t e s of a p p l i c a t i o n (56,65,66) they have a l s o been regarded 
as u l t i m a t e carcinogens (47jT~ However, the N-acetoxy es t e r s are 
gen e r a l l y l e s s r e a c t i v e than the corresponding s u l f o n y l o x y d e r i v a 
t i v e s , they e x h i b i t much longer h a l f - l i v e s i n aqueous s o l u t i o n 
(41,55,57,67-71) and t h e i r r e a c t i o n mechanism i s decidedly more 
complex. They r e a c t , at l e a s t i n part by an S ^ l mechanism i n v o l v i n g 
i o n p a i r formation s i m i l a r to that shown i n Figure 2. This i s 
supported by: a) t h e i r lower e l e c t r o p h i l i c r e a c t i v i t y and s e l e c t i v i 
t y i n comparison to N-s u l f onyloxy e s t e r s which i s due to the 
decr e a s e d s t r e n g t h and hardness of the a c e t a t e l e a v i n g group 
(41,55,67,72); b) t h e i r thermal rearrangement to ortho-acetoxy a r y l 
amides (69); c) t h e i r f a c i l e r e d u c t i o n to the parent arylamide 
(68,73); ~d) t h e i r conversion to r e a c t i v e imines (45,74); and e) 
t h e i r r e a c t i v i t y w i t h n u c l e o p h i l e s to give N̂ -, ortho- and meta-
s u b s t i t u t e d products (42,75). Yet h e t e r o l y t i c cleavage at the N-0 
bond must occur to only a minor extent because u n l i k e N-sulfonyloxy 
arylamides (46,50), N-acetoxy arylamides have been shown to undergo 
p r e f e r e n t i a l l y cleavage of es t e r l i n k a g e to form a hydroxamate anion 
and presumably an a c e t y l c a t i o n which would account f o r the observed 
a c e t y l a t i o n of l y s i n e i n pro t e i n s and ribo s e i n n u c l e i c acids 
(66,72,76,77). Evidence has al s o been presented that N-acyloxy 
arylamides may decompose h o m o l y t i c a l l y to y i e l d f r e e r a d i c a l s that 
could arylamidate DNA bases and a l s o r e s u l t i n DNA-protein c r o s s 
l i n k s (78-81). However, i n view of the r e l a t i v e s t a b i l i t y of N-
acetoxy arylamides i n aqueous media, t h e i r r a p i d r e a c t i o n w i t h added 
n u c l e o p h i l e s , and the f a i l u r e to detect racemization to N - [ ( ( ^ - l 8 0 ) -
acetoxy]-arylamides on prolonged i n c u b a t i o n of N - [ ( c a r b o n y l - 1 8 0 ) -
acetoxy]-arylamides i n the absence of nuc l e o p h i l e s (82), i t appears 
that an S^2 r e a c t i o n i ^ y o l v i n ^ b | ^ ^ e c | ^ displacement of acetate 
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348 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

or hydroxamate by the a t t a c k i n g n u c l e o p h i l e represents a more 
p r o b a b l e mechanism to account f o r the major a r y l a m i d a t e d or 
ac e t y l a t e d products obtained (27,75,76,82). 

The r o l e of N-acetoxy a r y l a m i d e s as m e t a b o l i c a l l y formed 
u l t i m a t e carcinogens in v i v o a l s o appears to be l i m i t e d . Their 
enzymatic formation v i a p e r o x i d a t i o n of N-hydroxy arylamides can be 
excluded since t i s s u e s c o n t a i n i n g high l e v e l s of peroxidases such as 
the r a t mammary gland (83) and the dog u r i n a r y bladder (84) do not 
form a c e t y l a t e d carcinogen-DNA adducts in v i v o (63). Their non
enzymatic formation by r e a c t i o n of a c e t y l coenzyme A w i t h N-hydroxy 
arylamides (6^) cannot be excluded; however, even i f formed, t h e i r 
d i r e c t r e a c t i o n w i t h c e l l u l a r DNA appears u n l i k e l y as treatment of 
cu l t u r e d c e l l s w i t h s y n t h e t i c N-acetoxy AAF (85,86) r e s u l t s p r i m a r i 
l y i n deacetylated arylamine-DNA adducts, apparently due to r a p i d 
N -deacetylation to form the r e a c t i v e N-acetoxy arylamine (V). 

N-Glucuronyloxy Arylamides ( I I I ) and Arylamines (IV) 

Metabolic conjugation of N-hydroxy arylamides to form N-glucuronyl-
oxy ethers ( i l l ) represents a major pathway f o r b i l i a r y and u r i n a r y 
e x c r e t i o n of aromatic amine carcinogens (87,88). While these conju
gates are g e n e r a l l y considered to be st a b l e d e t o x i f i c a t i o n products, 
the N-glucuronyloxy d e r i v a t i v e s of AAF, N-acetyl-4-aminostilbene, 
phenacetin, but not of AABP or N-acetyl-2-aminophenanthrene, have 
been shown to react slowly e i t h e r w i t h p r o t e i n , n u c l e i c a c i d s , or 
t h e i r c o n s t i t u e n t s (89-91). Since r e a c t i o n of N-glucuronyloxy-AAF 
w i t h m e t h i o n i n e and guanosine y i e l d s o r t h o - m e t h y l m e r c a p t o and 
N - ( g u a n o s i n - 8 - y l ) d e r i v a t i v e s (89) , r e s p e c t i v e l y , a r e a c t i o n 
mechanism i n v o l v i n g formation of a nitrenium/carbenium c a t i o n -
glucuronyl lactonate anion p a i r can be envisaged (Figure 3, path a ) . 
Studies on the mechanism of decomposition of N-glucuronyloxy phenac
e t i n (92) are co n s i s t e n t w i t h t h i s hypothesis as ortho-glucuronyloxy 
phenacetin was the major rearrangement product, and evidence f o r an 
imine intermediate (45,92) l e a d i n g to a meta-substituted d e r i v a t i v e 
and to N-acetyl benzoquinone imine and i t s r e a c t i o n products was 
obtained. The red u c t i o n product, phenacetin, was also obtained 
although i t s formation was not increased by ascorbate. However, an 
i n t e r n a l redox process y i e l d i n g phenacetin and saccharic a c i d i s 
p l a u s i b l e . 

Conversion of N-glucuronyloxy-AAF to an N-glucuronyloxy a r y l 
amine (IV) has al s o been demonstrated (Figure 3, paths b and c ) . 
This can occur spontaneously at a l k a l i n e pH by migratio n of the 
N-acetyl group to the 2'-hydroxyl of the glucuronyl moiety (93) or 
i n t i s s u e s by enzymatic N-deacetylation (94). N-Glucuronyloxy-2-
aminofluorene (AF) i s h i g h l y e l e c t r o p h i l i c , d i r e c t l y mutagenic, and 
reacts w i t h n u c l e i c acids and with methionine and guanosine (and 
5'-guanylic acid) to give the corresponding ortho-methylmercapto and 
N-(guan-8-yl) d e r i v a t i v e s ($9_>95_,j>6_), presumably v i a an S N1 mecha
nism. I n t e r e s t i n g l y , enzymatic formation of N-glucuronyloxy a r y l a 
mines by d i r e c t O-glucuronidation of N-hydroxy arylamines does not 
appear to occur, as only s t a b l e N-hydroxy arylamine N-glucuronides 
are obtained i n i n v i t r o h e patic microsomal incubations (16). 

N-Glucuronyloxy arylamides do not appear to be important i n 
hepatocarcinogenesis as t h e i r increased metabolic formation does not 
r e s u l t i n i n c r e a s e d h e p a t i c macromolecular b i n d i n g ( 4 , 2 5 ) . 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

01
4

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



14. KADLUBAR AND BELAND Arylamines and Arylamides 349 

+ R S C H 3 / \^+RCH 

K >< 
\CH3" C B 

Figure 3. Reaction Mechanism f o r N-Glucuronyloxy Arylamides ( I I I ) and 
Ar y l a m i n e s ( I V ) . AC.; a c e t y l ; RSCH 3, m e t h i o n i n e ; RCH, 
C8-guanine-nucleosides, - n u c l e o t i d e s , or - n u c l e i c a c i d s . 
Pathways a, b, and c are discussed i n the t e x t . 
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Prolonged residence i n the i n t e s t i n e or u r i n a r y bladder lumen could 
allow time f o r s i g n i f i c a n t r e a c t i o n w i t h t i s s u e components; however, 
N-glucuronyloxy-AAF was only weakly carcinogenic at l o c a l subcu
taneous s i t e s of a p p l i c a t i o n (89). Enzymatic d e a c e t y l a t i o n to 
N-glucuronyloxy-AF has been detected i n hepatic t i s s u e but t h i s 
a c t i v i t y i n d i f f e r e n t species does not c o r r e l a t e w i t h t h e i r r e l a t i v e 
s u s c e p t i b i l i t y to AAF hepatocarcinogenesis (94). On the other hand, 
the a l k a l i n e pH-induced conversion to a r e a c t i v e d e r i v a t i v e may play 
an important r o l e i n u r i n a r y bladder carcinogenesis (87) by AAF and 
other arylamides i n those species or i n d i v i d u a l s where normal u r i n e 
pH i s a l k a l i n e (e.g. normal r a b b i t u r i n e pH i s 8.5-9.0). 

N-Acetoxy Arylamines (V) 

E a r l y studies on the jLn v i t r o metabolic a c t i v a t i o n of carcinogenic 
N-hydroxy arylamines i n d i c a t e d that N-acetoxy arylamines (V) are 
formed as h i g h l y r e a c t i v e intermediates that y i e l d adducts with 
p r o t e i n s and n u c l e i c acids (40,97). With N-hydroxy arylamides as 
sub s t r a t e s , an enzyme mechanism i n v o l v i n g i n t r a m o l e c u l a r N,0-acetyl-
t r a n s f e r was proposed (98); w h i l e an int e r m o l e c u l a r process could be 
demonstrated using N-hydroxy arylamines as substrates and N-hydroxy 
arylamides as a c e t y l donors (^?). Since that time, t h i s a c y l t r a n s 
ferase has been e x t e n s i v e l y c h a r a c t e r i z e d (J_) and p u r i f i e d to homo
geneity from hepatic and ext r a h e p a t i c t i s s u e s of se v e r a l species 
(reviewed i n 100). More r e c e n t l y , Flammang e_t a l . (7,101) have 
shown that a c e t y l coenzyme A can serve e f f e c t i v e l y as an a c e t y l 
donor f o r t h i s enzyme, c a t a l y z i n g the apparent d i r e c t O - a c e t y l a t i o n 
of s e v e r a l carcinogenic N-hydroxy arylamines. 

Because of t h e i r i n s t a b i l i t y and high r e a c t i v i t y , s y n t h e t i c 
N-acetoxy arylamines have never been i s o l a t e d (97,99). However, NMR 
s p e c t r a l evidence f o r the existence of N-acetoxy-4-aminoquinoline-
1-oxide has been obtained (102,103); and N-acetoxy-4-aminoazobenzene 
(104), N-acetoxy-2-amino-6-methyldipyrido [ l , 2 - a : 3 f , 2 1 - d ] i m i d a z o l e 
(N-acetoxy-Glu-P-1); r e f . 105), and N-acetoxy-3-amino-l-methyl-5H-
pyrido[4,3-b]indole (N-acetoxy-Trp-P-2; r e f . 106) have been prepared 
as intermediates and then reacted w i t h nucleosides or n u c l e i c acids 
to a f f o r d N-(guan-8-yl) products. In each of these cases, a more 
st a b l e imino tautomer can e x i s t (Figure 4 ) . S i m i l a r attempts at 
prep a r a t i o n of N-acetoxy-4-aminobiphenyl have not been s u c c e s s f u l 
(107); however, N-acetoxy-N-trifluoroacetyl-4-aminobiphenyl has been 
prepared and shown to react r a p i d l y i n aqueous b u f f e r w i t h guanosine 
( o r 5 f - g u a n y l i c a c i d ) t o g i v e N - ( g u a n - 8 - y l ) - 4 - a m i n o b i p h e n y l 
d e r i v a t i v e s , apparently by s e q u e n t i a l d e t r i f l u o r o a c e t y l a t i o n and 
generation of an e l e c t r o p h i l i c N-acetoxy arylamine (108). Evidence 
f o r the formation of other N-acetoxy arylamines _iri s i t u has been 
obtained by treatment of N-hydroxy arylamines w i t h a c e t i c anhydride 
i n buffered aqueous s o l u t i o n s c o n t a i n i n g N-acetylmethionine which 
y i e l d e d the corresponding ortho-methylmercapto arylamines (97). 
With i n v i t r o metabolic a c t i v a t i o n systems, e n z y m a t i c a l l y generated 
N-acetoxy a r y l a m i n e s have a l s o been shown t o r e a c t w i t h 
N-acetylmethionine or 2-mercaptoethanol to y i e l d ortho-aIkylmereapto 
arylamines (68,97,99) and with nucleosides or n u c l e i c acids to give 
N-(guan-8-yl)- and ortho-(guan-N 2-y1)-arylamines (97,101,103,104). 

From t h e i r high r e a c t i v i t y and n u c l e o p h i l i c s e l e c t i v i t y , i t 
seems l i k e l y that N-acetoxy arylamines r e a d i l y undergo h e t e r o l y t i c 
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J/ ,\ \ ' J N 0 - A c /O - r A c - / 

a b 

Figure 4. R e a c t i o n Mechanism f o r N-Acetoxy A r y l a m i n e s ( V ) . Ac, 
a c e t y l ; RSCH3 methionine; RNH2, N 2-guanine-nucleosides, 
- n u c l e o t i d e s , or - n u c l e i c a c i d s ; RCH, C8-guanine-nucleo-
s i d e s , - n u c l e o t i d e s , or - n u c l e i c a c i d s . Pathways and 
h e t e r o l y t i c cleavages a and b are discussed i n the t e x t . 
Dashed arrows i n d i c a t e proposed pathways. 
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cleavage to form s i n g l e t nitrenium/carbenium cation-acetate anion 
p a i r s (Figure 4, path a ) . N u c l e o p h i l i c attack by RSCH 3, RNH2, or 
RCH would then give the observed ortho- and ̂ - s u b s t i t u t e d products. 
Under a c i d i c c o n d i t i o n s , h y d r o l y s i s of N-acetoxy-4-aminoquinoline-
1-oxide to 4-hydroxyaminoquinoline-l-oxide (Figure 4, path b) has 
als o been observed (102). Although the i d e n t i f i c a t i o n of decompo
s i t i o n products of chemically or enzymatically-generated N-acetoxy 
arylamines i n n e u t r a l aqueous s o l u t i o n has not been reported, model 
studies w i t h N-benzoyloxy-4-aminophenanthrene (109) suggest that i n 
t e r n a l rearrangement to an ortho-acetoxy arylamine and an N-hydroxy 
arylacetamide should occur (Figure 4, dashed arrows). The l a t t e r 
conversion has important i m p l i c a t i o n s f o r enzyme mechanisms. Thus, 
f o r N-hydroxy arylamide N , 0 - a c e t y l t r a n s f e r a s e , conversion to an 
N-acetoxy arylamine and i n t e r n a l r e t u r n to an N-hydroxy a r y l a c e t a 
mide represents a c y c l i c process which would terminate upon a d d i t i o n 
of a nu c l e o p h i l e and may be re s p o n s i b l e f o r the s u i c i d e i n a c t i v a t i o n 
of the enzyme (99). For N-hydroxy arylamine O-acetylase, the 
rearrangement of the i n i t i a l N-acetoxy arylamine intermediate to an 
N-hydroxy arylacetamide product represents an o v e r a l l enzymatic 
N - a c e t y l a t i o n of an N-hydroxy arylamine, which i s a well-documented 
metabolic pathway f o r aromatic amines (1_). 

An important r o l e f o r N-acetoxy arylamines as u l t i m a t e chemical 
carcinogens seems l i k e l y i n view of t h e i r high r e a c t i v i t y , the wide 
t i s s u e and species d i s t r i b u t i o n (7,98) of enzyme(s) that c a t a l y z e 
t h e i r formation, and the prevalence of non-acetylated arylamine-DNA 
adducts i n carcinogen-target t i s s u e s (110). In a d d i t i o n , s y n t h e t i c 
N-acetoxy-4-aminoquinoline-l-acetate, which generates the acetoxy 
arylamine on r e a c t i o n w i t h t h i o l s (102,103), i s h i g h l y carcinogenic 
at s i t e s of a p p l i c a t i o n (111). Recently, S a i t o et_ a l . (8) have 
shown that the N-hydroxy metabolites of the mutagenic h e t e r o c y c l i c 
amines, Trp-P-2 and G l u - P - 1 , are m e t a b o l i c a l l y a c t i v a t e d t o 
ul t i m a t e mutagens by an a c e t y l coenzyme A-dependent enzyme present 
w i t h i n the t e s t bacterium, as o r i g i n a l l y proposed by Sakai £t a l . 
(112) and McCoy e_t a l . (113). Thus, metabolic formation of 
N-acetoxy arylamines would appear a major pathway f o r both mutation 
i n d u c t i o n and i n i t i a t i o n of carcinogenesis. 

N-Sulfonyloxy Arylamines (VI) 

For c e r t a i n carcinogenic primary N-hydroxy arylamines, metabolic 
0- s u l f o n y l a t i o n to a r e a c t i v e e s t e r has been demonstrated. With r a t 
hepatic sulf©transferase pr e p a r a t i o n s , the PAPS-dependent a c t i v a t i o n 
of N-hydroxy d e r i v a t i v e s of 4-aminobiphenyl, 4-aminoazobenzene, 
1- naphthylamine, and 2-naphthylamine y i e l d e d e l e c t r o p h i l i c i n t e r 
mediates that formed adducts w i t h methionine or n u c l e i c a c i d s ; w h i l e 
N-hydroxy-4-aminostilbene, N-hydroxy-3,2'-dimethyl-4-aminobiphenyl, 
N-hydroxy-N 1-acetybenzidine and N-hydroxy-AF were not a c t i v a t e d i n 
t h i s i n v i t r o system (9,37,101,114). By comparison, mouse hepatic 
sulf©transferase has r e c e n t l y been shown to ca t a l y z e the a c t i v a t i o n 
of both N-hydroxy-AF (10) and N-hydroxy-4-aminoazobenzene (115) to 
intermediates that react w i t h guanosine to y i e l d N-(guan-8-yl) 
products. 

L i k e the N-acetoxy a r y l a m i n e s , a r e a c t i o n mechanism f o r 
N-sulfonyloxy e s t e r s would be expected to involve formation of a 
nitrenium/carbenium c a t i o n - s u l f a t e anion p a i r which then reacts w i t h 
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14. KADLUBAR AND BELAND Arylamines and Arylamides 353 

methionine i n p r o t e i n s and guanine (or adenine) i n n u c l e i c acids to 
give ortho- and N-s u b s t i t u t e d products (Figure 5). I n t e r e s t i n g l y , 
the simple e l e c t r o p h i l i c e s t e r , hydroxylamine-O-sulfonic a c i d , a l s o 
re a c t s w i t h guanosine under a c i d i c c o n d i t i o n s to give the C8-sub-
s t i t u t e d araino-guanosine apparently by a s i m i l a r mechanism (116). 
Furthermore, t h i s mechanism i s con s i s t e n t with decomposition pro
ducts i d e n t i f i e d from sulf©transferase incubations of N-hydroxy-2-
naphthylamine (9) and wi t h rearrangement products observed w i t h 
s y n t h e t i c a l l y - p r e p a r e d N-sulfonyloxy a n i l i n e and N-sulfonyloxy-2-
naphthylamine (117). That i s , the ort h o - s u l f o n y l o x y arylamine was a 
major product and t h i s could a r i s e by i n t e r n a l r e t u r n upon c o l l a p s e 
of the i o n p a i r ( o f . N-sulfonyloxy arylamides). N-Hydroxy-N-sul-
f o n y l - 2 - n a p h t h y l a m i n e may a l s o be formed as an i n t e r m e d i a t e 
rearrangement product as i t has been reported (117,118) to decompose 
to ortho-sulfonyloxy-2-naphthylamine and 2-amino-l-naphthol, the 
l a t t e r of which was al s o detected i n the sulf©transferase incuba
t i o n w i t h N-hydroxy-2-naphthylamine ( 9 ) . The e l e c t r o p h i l i c i o n p a i r 
a l s o appeared to undergo a f a c i l e r e d u c t i o n to 2-naphthylamine. In 
t h i s metabolic a c t i v a t i o n system, t h i s proceeded at the expense of 
N-hydroxy-2-naphthylamine, which was o x i d i z e d to 2,2'-azoxynaphtha-
lene; however, other reducing agents may serve t h i s purpose Jjri v i v o 
and e f f e c t i v e l y d e t o x i f y the r e a c t i v e e s t e r . S i m i l a r redox proces
ses could occur w i t h N-acetoxy arylamines and other primary a r y l 
amine O-esters but t h i s has not yet been i n v e s t i g a t e d . 

The r o l e of N-sulfonyloxy arylamines as u l t i m a t e carcinogens 
appears to be l i m i t e d . For N-hydroxy-2-naphthylamine, conversion by 
r a t hepatic sulf©transferase to a N-sulfonyloxy metabolite r e s u l t s 
p r i m a r i l y i n decomposition to 2-amino-l-naphthol and 1-sulfonyloxy-
2-naphthylamine which are a l s o major u r i n a r y metabolites; and reac
t i o n w i t h added n u c l e o p h i l e s i s very low, which suggests an o v e r a l l 
d e t o x i f i c a t i o n process (9,17). However, f o r 4-aminoazobenzene and 
N-hydroxy-AAF, which are potent hepatocarcinogens i n the newborn 
mouse, evidence has been presented that s t r o n g l y i m p l i c a t e s t h e i r 
N-sulfonyloxy arylamine e s t e r s as u l t i m a t e hepatocarcinogens i n t h i s 
species (10,104). This includes the i n h i b i t i o n of arylamine-DNA 
adduct formation and tumorigenesis by the s u l f o t r a n s f e r a s e i n h i b i t o r 
pentachlorophenol, the reduced tumor incidence i n brachyraorphic mice 
that are d e f i c i e n t i n PAPS b i o s y n t h e s i s (10,115), and the r e l a t i v e l y 
low O-acetyltransferase a c t i v i t y of mouse l i v e r f o r N-hydroxy-4-
aminoazobenzene and N-OH-AF (7,114,115). 

O-Seryl ( O - P r o l y l ) E s t e r s (VII) of N-Hydroxy Arylamines 

The formation of 0 - s e r y l or 0 - p r o l y l e s t e r s (Figure 1) of c e r t a i n N-
hydroxy arylamines has been i n f e r r e d from the observations that 
h i g h l y r e a c t i v e intermediates can be generated _in v i t r o by incuba
t i o n with ATP, serine or p r o l i n e , and the corresponding aminoacyl 
tRNA synthetases (11,12,119). For example, a c t i v a t i o n of N-hydroxy-
4-aminoquinoline-l-oxide (119 ,120) , N-hydroxy-4-aminoazobenzene (11) 
and N-hydroxy-Trp-P-2 (121) to n u c l e i c acid-bound products was dem
onstrated using seryl-tRNA synthetase from yeast or r a t a s c i t e s 
hepatoma c e l l s . More r e c e n t l y , hepatic c y t o s o l i c p r o l y l - , but not 
s e r y l - , tRNA synthetase was shown to a c t i v a t e N-hydroxy-Trp-P-2 
(12); however, no a c t i v a t i o n was detectable f o r the N-hydroxy metab
o l i t e s of AF, 3,2 ,-dimethyl-4-aminobiphenyl, or N 1 - a c e t y l b e n z i d i n e 
(122). 
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14. KADLUBAR AND BELAND Arylamines and Arylamides 355 

The i d e n t i f i c a t i o n of C8-guanyl and N 6 - a d e n y l adducts of 
4-aminoquinoline-l-oxide (102,103) i n DNA modified by the me t a b o l i -
c a l l y - g e n e r a t e d 0 - s e r y l e s t e r and the s i m i l a r i t y of the adduct pro
f i l e w ith that obtained on r e a c t i o n of DNA wi t h N-acetoxy-4-araino-
q u i n o l i n e - 1 - o x i d e suggest an e l e c t r o p h i l i c r e a c t i o n mechanism 
s i m i l a r to that f o r the N-acetoxy or N-sulfonyloxy arylamines 
(Figures 4 and 5 ) . However, N-seryloxy or N-prolyloxy arylamines 
have not been synthesized and the decomposition products of the 
es t e r s generated i n v i t r o have not yet been s t u d i e d . 

Although aminoacyl-tRNA synthetases are necessary f o r p r o t e i n 
synthesis i n a l l t i s s u e s , t h e i r importance i n chemical c a r c i n o 
genesis i s d i f f i c u l t to assess. Mutation i n d u c t i o n by t h i s pathway 
has been studied e x t e n s i v e l y (123), yet metabolic a c t i v a t i o n i n a 
carcinogen-target t i s s u e has not been demonstrated. The only excep
t i o n i s hepatic prolyl-tRNA synthetase a c t i v a t i o n of N-hydroxy-Trp-
P-2; however, hepatic O-acetylation of t h i s substrate a l s o occurs to 
an appreciable extent (12). Further i n v e s t i g a t i o n s i n v o l v i n g the 
use of s p e c i f i c enzyme i n h i b i t o r s would be h e l p f u l i n addressing 
t h i s problem. 

Prot o n a t i o n of N-Hydroxy Arylamines ( V I I I ) 

The formation of O-protonated N-hydroxy arylamines (Figure 6) under 
a c i d i c c o n d i t i o n s has been w e l l documented as an intermediate step 
i n the Bamberger rearrangement to form aminophenols and other o r t h o -
or p a r a - s u b s t i t u t e d products (124-128). From absorption s p e c t r a l 
data i n v o l v i n g protonation e q u i l i b r i a (128), the exchange e x p e r i 
ments of [ 0]H20 i n t o products or s t a r t i n g m a t e r i a l (126,127), and 
from stud i e s of r e a c t i o n k i n e t i c s (125,128), the protonated hy-
droxylamines appear to be r e l a t i v e l y s t a b l e species whose rearrange
ment proceeds by an S ^ l mechanism wit h e l i m i n a t i o n of water as the 
rate-determining step. The e l e c t r o p h i l i c nature of t h i s i n t e r m e d i 
ate was i n i t i a l l y considered by H e l l e r e_t a l . (125); while K r i e k 
(15), who proposed that e l i m i n a t i o n of water r e s u l t e d i n a h i g h l y 
e l e c t r o p h i l i c a r y l n i t r e n i u m i o n , f i r s t demonstrated r e a c t i o n s w i t h 
b i o l o g i c a l n u c l e o p h i l e s . Since that time, the r e a c t i o n of c a r 
cinogenic N-hydroxy arylamines with n u c l e i c acids under m i l d l y 
a c i d i c c o n d i t i o n s has been shown to be an e f f e c t i v e procedure f o r 
prepar a t i o n and i d e n t i f i c a t i o n of arylamine-nucleoside adducts and 
both ortho- and N-substituted products have been obtained (reviewed 
i n 110). These in c l u d e o_-(guan-N - y l ) , o_-(guan-0 - y l ) , o_-(aden-N -
y l ) , N-(guan-8-yl), and N-(aden-8-yl) adducts. Of these, the N-
( g u a n - 8 - y l ) d e r i v a t i v e s have u s u a l l y been the major r e a c t i o n 
product. 

In contrast to the r e a c t i v i t y of N-sulfonyloxy and N-acetoxy 
e s t e r s of arylamides and arylamines, the r e l a t i v e r e a c t i v i t y of pro
tonated N-hydroxy arylamines with n u c l e o p h i l e s g e n e r a l l y decreases 
i n the order: DNA > denatured DNA > rRNA = p r o t e i n > tRNA » nucleo
t i d e s s nucleosides s methionine s GSH (2,13-17,30,36,40,127,129, 
130). Furthermore, the ra t e of r e a c t i o n w i t h DNA was found to be 
not only f i r s t order with respect to N-hydroxy arylamine concen
t r a t i o n , but a l s o f i r s t order with respect to DNA conce n t r a t i o n 
(127,129,131). These data suggested that the r e a c t i o n mechanism was 
e i t h e r SXT2 or S I with the involvement of an intermediate i n the N N 
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356 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

rate-determining step (132). In view of the r e l a t i v e l y slow ex
change (40%/hr) of [ l 8 0 ] H 2 0 i n t o N-hydroxy-l-naphthylamine at pH 5, 
the slower conversion of N-hydroxy-l-naphthylamine to aminonaphthols 
( 1 % / h r ) , i t s r a p i d r e a c t i o n w i t h DNA. (25%/hr), and the e s t a b l i s h e d 
S ^ l r e a c t i o n mechanism f o r the Bamberger r e a c t i o n , a p a r t i a l l y 
d e l o c a l i z e d hydrated nitrenium/carbenium ion intermediate (Figure 6) 
was proposed (127,132,133). This intermediate i s analogous to an 
intima t e i on p a i r formed under n e u t r a l c o n d i t i o n s as described f o r 
the e l e c t r o p h i l i c O-esters of N-hydroxy arylamides and arylamines 
(vide supra). 

Thus, the o v e r a l l r e a c t i v i t y and s e l e c t i v i t y (N- vs. r i n g -
s u b s t i t u t i o n ) of protonated N-hydroxy arylamines should be de t e r 
mined by a b i l i t y of the nuc l e o p h i l e to desolvate the hydrated i o n , 
to d e l o c a l i z e f u r t h e r the p o s i t i v e charge, and to r e s u l t i n product 
formation (132,134). Such a mechanism i s cons i s t e n t with the p r e f 
e r e n t i a l formation of N-substituted products from r e a c t i o n w i t h 
n u c l e i c acids (110) and from s o l v o l y s i s of N-hydroxy arylamines i n 
b e n z e n e / t r i f l u o r o a c e t i c a c i d (135); while a r y l r i n g - s u b s t i t u t e d 
products are p r e f e r e n t i a l l y obtained on s o l v o l y s i s of N-hydroxy 
arylamines (135) or 1-naphthylazide (136) i n b e n z e n e / t r i f l u o r o -
methanesulfonic a c i d . A l t e r n a t i v e l y , upon d e s o l v a t i o n , a true i o n 
p a i r could be formed between a n e g a t i v e l y charged n u c l e o p h i l e or 
c a t a l y s t and the nitrenium/carbenium c a t i o n , which could c o l l a p s e to 
the product or undergo i n t e r n a l rearrangement. However, the l a t t e r 
mechanism seems improbable s i n c e , u n l i k e the e l e c t r o p h i l i c O-esters, 
the r e a c t i v i t y of protonated N-hydroxy arylamines w i t h DNA i s un
af f e c t e d by reducing agents and t h e i r r e a c t i o n w i t h strong, low 
molecular-weight n u c l e o p h i l e s such as 4-(_p-nitrobenzyl)pyridine 
cannot be detected (127,129,131). 

The e x c e p t i o n a l r e a c t i v i t y of DNA f o r protonated N-hydroxy 
arylamines can be r a t i o n a l i z e d by at l e a s t two mechanisms. F i r s t , 
i n t e r c a l a t i o n of the e l e c t r o p h i l i c intermediate between DNA bases 
could s t e r i c a l l y a s s i s t i n d e s o l v a t i o n and i n d i r e c t i n g the e l e c 
t r o p h i l i c center of the carcinogen over the n u c l e o p h i l i c region of 
the DNA base. This seems u n l i k e l y , however, as pretreatment of DNA 
wit h c i s - P t , which decreased the DNA contour length by 50%, f a i l e d 
to reduce the r e a c t i v i t y of N-hydroxy-l-naphthylamine f o r the DNA 
(137). A second p o s s i b i l i t y i n volves an e l e c t r o s t a t i c a t t r a c t i o n 
between the e l e c t r o p h i l e and the phosphate backbone of the DNA (77). 
This seems more probable since e i t h e r + h i g h i o n i c strength or s t o i 
c h iometric ( to DNA-P) amounts of Mg s t r o n g l y i n h i b i t DNA adduct 
formation (77,137). In a d d i t i o n , evidence has been presented that 
N-hydroxy arylamine-DNA/RNA phosphotriesters may be formed which 
induce strand breaks (137,138) and could serve as a c a t a l y s t f o r 
de s o l v a t i o n and subsequent adduct formation. 

The importance of protonated N-hydroxy arylamines as u l t i m a t e 
carcinogens has been suggested f o r some time (28,40,139). From 
studies on t h e i r r e a c t i v i t y with n u c l e i c acids at d i f f e r e n t pH's 
(2,15,16,63,130,131), the pK f o r pr o t o n a t i o n of the N-hydroxy group 
appears to be between pH 5 a and 6; thus, a s i g n i f i c a n t p r o p o r t i o n 
(1-10%) of the N-hydroxy d e r i v a t i v e e x i s t s as the protonated form 
even under n e u t r a l c o n d i t i o n s . This would account f o r the s i g 
n i f i c a n t l e v e l s of covalent m o d i f i c a t i o n of DNA observed i n v i t r o by 
r e a c t i o n with N-hydroxy arylamines at n e u t r a l pH. Consequently, i t 
has been proposed that in_ v i v o formation of non-acetylated a r y l 
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amine-DNA adducts may a r i s e , at l e a s t i n p a r t , by the d i r e c t reac
t i o n w i t h p r o t o n a t e d N-hydroxy a r y l a m i n e s (2,28,139) . T h i s 
hypothesis i s f u r t h e r supported by the observation that s y n t h e t i c or 
metabolically-generated N-OH-AF reacts appreciably w i t h DNA i n i s o 
l a t e d l i v e r n u c l e i to y i e l d detectable l e v e l s of N-(deoxyguanosin-
8-yl)-AF ( 2 ) . This i s c o n s i s t e n t w i t h the high c o n c e n t r a t i o n of DNA 
w i t h i n c e l l n u c l e i (ca. 50 mg/ml) and with the f i r s t order r e l a t i o n 
between r e a c t i o n rates and DNA concentrations. 

Protonated N-hydroxy arylamines have a l s o been proposed to be 
ul t i m a t e carcinogens f o r the u r i n a r y bladder (16,17,140,141) since 
u r i n e pH i s s l i g h t l y a c i d i c i n a number of species (14,142). 
Furthermore, pharmacokinetic studies have shown that increased u r i n e 
a c i d i t y and decreased frequency of u r i n a t i o n are p r e d i c t i v e of r e l a 
t i v e species s u s c e p t i b i l i t y to u r i n a r y bladder carcinogenesis (142); 
and n e o p l a s t i c transformation of c u l t u r e d human f i b r o b l a s t s by 
N-hydroxy arylamines i s g r e a t l y enhanced by incub a t i o n at pH 5 as 
compared to pH 7 (143). 

Nitrosoarenes (IX) 

N i t r o s o a r e n e s are r e a d i l y formed by the o x i d a t i o n of p r i m a r y 
N-hydroxy arylamines and se v e r a l mechanisms appear to be in v o l v e d . 
These i n c l u d e : 1) the metal-catalyzed o x i d a t i o n / r e d u c t i o n to n i t r o 
soarenes, azoxyarenes and arylamines (144); 2) the 0 2-dependent, 
metal-catalyzed o x i d a t i o n to nitrosoarenes (145); 3) the 0 2-depen-
dent, hemoglobin-mediated c o - o x i d a t i o n to nitrosoarenes and methe-
moglobin (146); and 4) the 0 2-dependent conversion of N-hydroxy 
a r y l a m i n e s t o n i t r o s o a r e n e s , n i t r o s o p h e n o l s and n i t r o a r e n e s 
(147,148) . Each of these p r o c e s s e s can i n v o l v e i n t e r m e d i a t e 
n i t r o x i d e r a d i c a l s , superoxide anion r a d i c a l s , hydrogen peroxide and 
hydroxyl r a d i c a l s , a l l of which have been observed i n model systems 
(149,151). Although these r a d i c a l s are e l e c t r o p h i l i c and have been 
suggested to r e s u l t i n DNA damage (151,152), a causal r e l a t i o n s h i p 
has not yet been e s t a b l i s h e d . Nitrosoarenes, on the other hand, are 
r e a d i l y formed i n i n v i t r o metabolic incubations (2,153) and have 
been shown to react c o v a l e n t l y w i t h l i p i d s (154), p r o t e i n s (28,155) 
and GSH (17,156-159). Nitrosoarenes are al s o r e a d i l y reduced to 
N-hydroxy arylamines by ascorbic a c i d (17,160) and by reduced 
p y r i d i n e n u c l e o t i d e s (9,161) . 

The mechanism of r e a c t i o n of nitrosoarenes with GSH has been 
studied e x t e n s i v e l y and i s known to inv o l v e an a d d i t i o n r e a c t i o n 
w i t h the t h i o l group to form an N-hydroxy-N-(glutathion-S-yl)-
arylamine adduct. This intermediate can rearrange to an N - ( g l u t a -
t h i o n - S - y l ) - a r y l a m i n e S-oxide or can be reduced to an N-hydroxy 
arylamine or an N- ( g l u t a t h i o n - S - y l ) - a r y l a r a i n e (Figure 7). I t i s 
i n t e r e s t i n g to note that 4-aminobiphenyl has r e c e n t l y been reported 
to form high l e v e l s of a hemoglobin adduct (5% of the dose) that 
appears to a r i s e by a d d i t i o n of 4-n i t r o s o b i p h e n y l to a c y s t e i n y l 
s u l f h y d r y l group i n the p r o t e i n , forming an N-S li n k a g e (162). 
Binding of nitrosoarenes to n u c l e i c acids has been suggested (43, 
163), but negative r e s u l t s were obtained i n subsequent studies 
(40,159). Thus, the r o l e of nitrosoarenes as u l t i m a t e carcinogens 
per se seems u n l i k e l y , although m o d i f i c a t i o n of a c r i t i c a l c e l l u l a r 
p r o t e i n cannot be excluded. 

A r o l e f o r nitrosoarenes i n arylamine carcinogenesis has been 
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Figure 6. Reaction Mechanism and Form a t i o n of P r o t o n a t e d N-Hydroxy 
A r y l a m i n e s ( V I I I ) . RNH 2, N 2 - g u a n i n e - and N 8 - a d e n i n e -
n u c l e i c a c i d s ; ROH, 0 6 - g u a n i n e - n u c l e i c a c i d s ; RCH, 
C8-guanine- and C8-adenine-nucleic a c i d s . 
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O H 

SR 

+ 2e f e 

H 

I 
N — S R 

i t 
SR 

Figure 7. Reaction Mechanism f o r Nitrosoarenes ( I X ) , 
RSH, g l u t a t h i o n e or c y s t e i n e . 
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suggested to be due to t h e i r f a c i l e i n t e r c o n v e r s i o n with N-hydroxy 
arylamines by o x i d a t i o n and re d u c t i o n and t h e i r r a p i d d e t o x i f i c a t i o n 
by r e a c t i o n with GSH (159). Consequently, a d d i t i o n of asc o r b i c a c i d 
s i g n i f i c a n t l y i n c r e a s e d 2 - n i t r o s o f l u o r e n e m u t a g e n i c i t y ( 1 6 0 ) ; 
whereas, a d d i t i o n of GSH s t r o n g l y i n h i b i t e d mutagenic a c t i v i t y (164) 
and GSH d e p l e t i o n has r e s u l t e d i n i n c r e a s e d DNA damage i n 
hepatocytes by N-OH-AF (165). 

Iminoquinones (X) and Diimines (XI) 

The formation of iminoquinones (166,167) and diimines (20,168) as 
intermediates i n the o x i d a t i o n of aminophenols and aryldiamines has 
been w e l l e s t a b l i s h e d . These intermediates r e a d i l y undergo a d d i t i o n 
r e a c t i o n s w i t h n u c l e o p h i l e s to y i e l d N-, ortho-, or meta-substituted 
products (Figure 8 ) . For example, 2-amino-l-naphthol, which has 
long been suggested as a proximate carcinogenic metabolite of 
2-naph thy lamine (169), i s r e a d i l y o x i d i z e d i n a i r or by cytochrome c_ 
to 2-imino-l-naphthoquinone. This iminoquinone i s e l e c t r o p h i l i c and 
can bind c o v a l e n t l y to p r o t e i n and DNA, can undergo r e a c t i o n with 
aryl-NH2 groups to give meta-substituted products, or can hydrolyze 
to form 2-amino-l,4-naphthoquinone (19,166,167,170-172). In t h i s 
regard, the major r e a c t i o n product of 2-imino-l-naphthoquinone w i t h 
DNA has been r e c e n t l y i d e n t i f i e d as 4-(deoxyguanosin-N -yl)-2-amino-
1,4-naphthoquinoneimine (19). 

Diimines are formed d i r e c t l y by p e r o x i d a t i v e metabolism of 
aryldiamines. For example, 4,4'-diiminobiphenyl (or be n z i d i n e -
dimine), a product of benzidine p e r o x i d a t i o n whose formation i n 
volves a c a t i o n r a d i c a l intermediate (20,168), r e a d i l y binds to 
p r o t e i n and n u c l e i c a c i d (173,174). This diimine a l s o reacts with 
i t s e l f to form, an azo d^mer (20) or react s w i t h GSH to give an 
or t h o - s u b s t i t u t e d g l u t a t h i o n - S - y l conjugate (175), w i t h phenols to 
g i v e an N - s u b s t i t u t e d indo dye ( 1 7 6 ) , and w i t h DNA t o g i v e 
N-(deoxyguanosin-8-yl)-benzidine (174). Other s i m i l a r l y r e a c t i v e 
imines and iminoquinones have been shown to be formed i n b i o l o g i c a l 
systems, notably N-acetyl-jr-benzoquinone imine, which has been 
i d e n t i f i e d as the major hepatotoxic metabolite of acetaminophen and 
phenacetin (reviewed i n 91). 

Over the l a s t few years, the s i g n i f i c a n c e of these intermediates 
as u l t i m a t e carcinogens has received new impetus since p r o s t a g l a n d i n 
H synthase, a mammalian peroxidase which i s widely d i s t r i b u t e d i n 
extra h e p a t i c t i s s u e s (177), can mediate the co o x i d a t i o n of s e v e r a l 
carcinogenic arylamines to intermediates that bind c o v a l e n t l y to 
p r o t e i n and n u c l e i c a c i d (20,168,178,179). For the u r i n a r y bladder 
carcinogen, 2-naphthy1amine, the formation of 2-araino-l-naphthol and 
i t s subsequent o x i d a t i o n to 2-imino-l-naphthoquinone have been shown 
to be p r i m a r i l y r e s p o n s i b l e f o r DNA b i n d i n g i n the i i i v i t r o p e r o x i 
dase system (180). Furthermore, about 20-30% of the 2-naphthyl-
amine-DNA adducts formed i n the dog u r i n a r y bladder, which contains 
high l e v e l s of pr o s t a g l a n d i n H synthase (84), appears to be derived 
from the a d d i t i o n r e a c t i o n of 2-imino-l-naphthoquinone (19). For 
benzidine, another u r i n a r y bladder carcinogen, the major b e n z i d i n e -
DNA adduct formed i n the pro s t a g l a n d i n H synthase-mediated r e a c t i o n 
and i n the u r i n a r y bladder of dogs given benzidine was shown to be 
i d e n t i c a l to the N-(guan-8-yl) d e r i v a t i v e that was prepared by 
r e a c t i o n w i t h s y n t h e t i c 4,4'-diiminobiphenyl (174). Recently, the 
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360 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

Figure 8. Reaction Mechanisms f o r Iminoquinones (X) and Imines ( X I ) . 
RNH2, N 2-guanine-nucleic acids or arylamines; RCH, C8-
g u a n i n e - n u c l e i c a c i d s or _ D_-substituted p h e n o l s ; RSH, 
glutathione or cy s t e i n e . 
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p e r o x i d a t i v e metabolism of AF has been c a r e f u l l y studied and found 
to r e s u l t i n the formation of a " h e a d - t o - t a i l " dimer, 2-amino-
d i f l u o r e n y l a m i n e , whose f u r t h e r o x i d a t i o n to a r e a c t i v e diimine may 
be res p o n s i b l e f o r macromolecular b i n d i n g (181-183). However, f o r 
each of these carcinogens, there i s a l s o good evidence that e l e c t r o 
p h i l i c r a d i c a l c a t i o n s (20,150,168,182) can be produced and that 
these may y i e l d covalent adducts with p r o t e i n and n u c l e i c a c i d s . 
Further studies on the i d e n t i f i c a t i o n of these adducts should 
provide u s e f u l information on the r o l e of r a d i c a l intermediates i n 
arylamine ca r c i n o g e n e s i s . 

N - S u l f o n y l o x y ( X I I ) and N - A r y l n i t r o n e ( X I I I ) D e r i v a t i v e s o f 
N-Methyl Arylamines 

Although s e v e r a l N-methyl-substituted arylamines have been shown to 
be carcinogenic (184-186), metabolic a c t i v a t i o n pathways have been 
i n v e s t i g a t e d p r i m a r i l y f o r the hepatocarcinogenic aminoazo dyes, 
N-methyl-4-aminoazobenzene (MAB) and i t s 3'-methyl d e r i v a t i v e (9,21, 
22,187,188). N-Hydroxy-N-methyl arylamines are ge n e r a l l y regarded 
as proximate carcinogenic metabolites (22,187,189) and have been 
shown to be converted to e l e c t r o p h i l i c N-sulfonyloxy d e r i v a t i v e s by 
hepatic s u l f o t r a n s f e r a s e s (9,187) or to r e a c t i v e N - a r y l n i t r o n e s by 
a i r o x i d a t i o n (21). 

Metabolically-formed N-sulfonyloxy-MAB was found to react with 
m e t h i o n i n e , g u a n o s i n e , and GSH t o g i v e o r t h o - m e t h y l m e r c a p t o , 
guan-8-yl, and o r t h o - g l u t a t h i o n - S - y l products (9,190); and these 
were the same major adducts found i n v i v o i n r a t hepatic p r o t e i n , 
n u c l e i c a c i d , and b i l e , r e s p e c t i v e l y , a f t e r MAB a d m i n i s t r a t i o n 
(191-193) . These s t u d i e s were a i d e d by the a v a i l a b i l i t y of 
sy n t h e t i c N-benzoyloxy es t e r s which show s i m i l a r r e a c t i v i t y toward 
nucl e o p h i l e s and are potent, d i r e c t - a c t i n g carcinogens and mutagens 
(57,194,195). A d d i t i o n a l experiments have shown that s u b s t i t u t e d 
guan-N 2 - y l and aden-N 6 - y l d e r i v a t i v e s are also formed i n DNA a f t e r 
r e a c t i o n Ln v i t r o w i t h N-benzoyloxy-MAB and a f t e r dosing w i t h MAB i n 
v i v o (196-198) , which s u g g e s t s a s i m i l a r r e a c t i v i t y f o r 
metabolically-formed N-sulfonyloxy e s t e r s . 

Thus, l i k e the N-sulfonyloxy e s t e r s of arylamides and of primary 
arylamines (Figures 2 and 5 ) , a r e a c t i o n mechanism for N - s u l f o n y l -
oxy-N-methyl arylamines i s expected to inv o l v e formation of a 
nitrenium/carbenium c a t i o n - s u l f a t e anion p a i r which reacts to give 
both N- or r i n g - s u b s t i t u t e d products, depending on the softness or 
hardness of the nu c l e o p h i l e (Figure 9 ) . Recently, N-sulfonyloxy-MAB 
was prepared s y n t h e t i c a l l y and i t s s o l v o l y s i s and r e a c t i o n w i t h GSH 
was examined (199). In a d d i t i o n to the expected r i n g - s u b s t i t u t e d 
g l u t a t h i o n - S - y l adducts, a glutathion-S-methylene conjugate was 
obtained. This suggests that i n t e r n a l decomposition of the intimate 
i o n p a i r i n v o l v e s l o s s of s u l f u r i c a c i d and formation of a methimine 
(Figure 9 ) , which can hydrolyze to formaldehyde and the primary 
arylamine or can react w i t h GSH v i a a Mannich condensation to y i e l d 
the glutathion-S-methylene product (200). 

In i n v i t r o N-hydroxy-MAB s u l f o t r a n s f e r a s e - a c t i v a t i n g systems, 
N-sulfonyloxy-MAB a l s o appears to undergo r a p i d r e d u c t i o n to MAB 
(Figure 9) w i t h the concomitant o x i d a t i o n of N-hydroxy-MAB to the 
N- a r y l n i t r o n e (9K The o x i d i z i n g p r o p e r t i e s of the N-sulfonyloxy-
MAB i o n p a i r i s co n s i s t e n t with r e s u l t s obtained f o r the primary 
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N-sulfonyloxy arylamines (vide supra) and i s supported by mechanis
t i c studies using the analogous N-sulfonyloxy e s t e r s of purine 
N-oxides (201,202). 

N-Ar y l n i t r o n e s ( X I I I ) formed by o x i d a t i o n of N-hydroxy-N-methyl 
arylamines, show high r e a c t i v i t y toward carbon-carbon and carbon-
ni t r o g e n double bonds i n non-aqueous media (21,203) (Figure 10). Under 
p h y s i o l o g i c a l c o n d i t i o n s , however, i t appears that N - a r y l n i t r o n e s ex
i s t as protonated s a l t s that r e a d i l y hydrolyze to formaldehyde and a 
primary N-hydroxy arylamine; and e f f o r t s to detect N - a r y l n i t r o n e ad
d i t i o n products i n c e l l u l a r l i p i d , p r o t e i n or n u c l e i c acids have not 
been s u c c e s s f u l (204). N i t r o x i d e r a d i c a l s derived from N-hydroxy-
MAB have a l s o been suggested as r e a c t i v e intermediates (150), but 
t h e i r d i r e c t covalent r e a c t i o n w i t h n u c l e i c acids has been excluded 
(21). 

KT 
Figure 10. Reaction Mechanism f o r N-Arylnitrones ( X I I I ) . A d d i t i o n to 

C=C and C=N bonds y i e l d s i s o z a x o l i d i n e s and o x a d i a z o l i -
d i n e s , r e s p e c t i v e l y . 

For N-methyl arylamines, e l e c t r o p h i l i c N-sulfonyloxy e s t e r s 
appear to be strong candidates f o r the u l t i m a t e carcinogenic metabo
l i t e s . However, a d d i t i o n a l studies are required as these conclu
sions are c i r c u m s t a n t i a l l y based on t h e i r comparative r e a c t i v i t y 
with n u c l e o p h i l e s and on the f a i l u r e of other metabolic conjugation 
systems to e s t e r i f y N-hydroxy-N-methyl arylamines (9,187). 
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15 
The In Vitro Metabolic Activation of Nitro Polycyclic 
Aromatic Hydrocarbons 

FREDERICK A. BELAND1, ROBERT H. HEFLICH1, PAUL C. HOWARD2, and 
PETER P. FU1 

1National Center for Toxicological Research, Jefferson, AR 72079 
2Center for Environmental Health Sciences, Case Western Reserve University, Cleveland, OH 44106 

Nitro polycyclic aromatic hydrocarbons are environ
mental contaminants which have been detected i n 
airborne particulates, coal fly ash, diesel emission 
and carbon black photocopier toners. These compounds 
are metabolized in vitro to genotoxic agents through 
ring oxidation and/or nitroreduction. The details of 
these metabolic pathways are considered using 
4-nitrobiphenyl, 1- and 2-nitronaphthalene, 5-nitro-
acenaphthene, 7-nitrobenz[a]anthracene, 6-ni tro-
chrysene, 1-nitropyrene, 1,3-, 1,6- and 1,8-dinitro-
pyrene, and 1-, 3- and 6-nitrobenzo[a]pyrene as 
examples. 

I t was over a century ago when the synthesis of 1-nitropyrene (_1) 
and 6-nitrochrysene (2) was described and since then a wide v a r i e t y 
of n i t r o p o l y c y c l i c aromatic hydrocarbons (PAHs) have been pre
pared. I n ge n e r a l , n i t r o s u b s t i t u t i o n has been reported to i n h i b i t 
the c a r c i n o g e n i c i t y of PAHs ( 3 ) , and i t was not u n t i l 1950 that a 
n i t r o PAH was found which would induce tumor formation ( 4 ) . 
Twenty-five years l a t e r , McCann et. a l . (_5) observed that a number 
of n i t r o PAHs were mutagenic i n the Salmonella typhimurium assay 
and, i n t e r e s t i n g l y , that they d i d not r e q u i r e a mammalian post-
m i t o c h o n d r i a l supernatant (S9) i n order to be genotoxic. These 
f i n d i n g s were of academic i n t e r e s t u n t i l 1978 when P i t t s and 
coworkers (6) reported that mutagenic n i t r o PAHs could be formed i n 
model atmospheres c o n t a i n i n g t r a c e q u a n t i t i e s of PAHs, n i t r o g e n 
oxide and n i t r i c a c i d . At the same time, Wang et a l . (7^) found 
t h a t urban a i r p a r t i c u l a t e s c o n t a i n e d d i r e c t - a c t i n g b a c t e r i a l 
mutagens which they suggested might be n i t r o PAHs, and Jager (8) 
detected 6-nitrobenzo[a]pyrene as an a i r p o l l u t a n t . Since these 
i n i t i a l r e p o r t s , numerous papers have appeared which show that 
n i t r o PAHs are widespread environmental contaminants which may pose 
a s i g n i f i c a n t human h e a l t h hazard. I n t h i s review we dis c u s s the 
s y n t h e s i s , e n v i r o n m e n t a l o c c u r r e n c e , b i o l o g i c a l e f f e c t s , and 
bio t r a n s f o r m a t i o n of these compounds w i t h emphasis on t h e i r i n 
v i t r o metabolic a c t i v a t i o n pathways. A recent review by Rosenkranz 

0097-6156/ 85/ 0283-0371 $07.25/ 0 
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and Mermelstein (9^) considers the mutagenicity of n i t r o PAHs i n 
greater d e t a i l . 

Synthesis 
N i t r a t i o n i s one of the most common r e a c t i o n s of PAHs. Under m i l d 
c o n d i t i o n s , s u b s t i t u t i o n w i l l occur at the most r e a c t i v e carbon to 
give the k i n e t i c a l l y - c o n t r o l l e d product as the predominant isomer 
(10). Thus, n i t r a t i o n of anthracene, pyrene, chrysene, perylene, 
benz[a]anthracene, benzo[a]pyrene (BaP) and dibenz[a,h]anthracene 
y i e l d s 9-nitroanthracene, 1-nitropyrene, 6-nitrochrysene, 3 - n i t r o -
perylene, 7-nitrobenz[a]anthracene, 6-nitro-BaP and 7-n i t r o d i b e n z -
[a,h]anthracene, r e s p e c t i v e l y (1-2,10-15). I n a d d i t i o n to these 
major p r o d u c t s , o t h e r i s o m e r s p l u s more e x t e n s i v e l y n i t r a t e d 
d e r i v a t i v e s are n e a r l y always produced. Removal of the undesired 
compounds can be q u i t e tedious and i n most instances c l a s s i c a l 
procedures such as r e c r y s t a l l i z a t i o n and column chromatography do 
not g i v e m a t e r i a l s u f f i c i e n t l y pure f o r use i n b i o l o g i c a l s t u d i e s . 
The use of h i g h p r e s s u r e l i q u i d chromatography i s s t r o n g l y 
encouraged f o r the p u r i f i c a t i o n of n i t r o PAHs because even t r a c e 
q u a n t i t i e s of the undesired isomers can lead to erroneous conclu
sions concerning b i o l o g i c a l a c t i v i t y . For example, the n i t r a t i o n 
of BaP gives 6-nitro-BaP accompanied by small amounts of 1- and 
3- n i t r o - B a P (_13). Pure 6 - n i t r o - B a P i s not a d i r e c t - a c t i n g 
b a c t e r i a l mutagen whereas both 1- and 3-nitro-BaP are q u i t e a c t i v e 
(15-18). Therefore, r e p o r t s of 6-nitro-BaP being a d i r e c t - a c t i n g 
b a c t e r i a l mutagen (6,19) are probably a r e s u l t of contamination by 
the l a t t e r two isomers. 1-Nitropyrene i s another case; although i t 
i s a d i r e c t - a c t i n g b a c t e r i a l mutagen, i t s a c t i v i t y i s at l e a s t 
100-fold l e s s than that observed w i t h 1,3-, 1,6- or 1,8 - d i n i t r o p y -
rene ( 9 ) . The wide v a r i a t i o n i n b a c t e r i a l mutagenicity that has 
been reported f o r 1-nitropyrene (9) i s , t h e r e f o r e , probably due to 
the presence of these d i n i t r o p y r e n e s as tra c e i m p u r i t i e s . 

A l a r g e number of reagents are a v a i l a b l e f o r the pr e p a r a t i o n 
of n i t r o PAHs. These i n c l u d e fuming n i t r i c a c i d i n a c e t i c a c i d 
(20) or a c e t i c anhydride (13), sodium n i t r a t e i n t r i f l u o r o a c e t i c 
a c i d (21) or t r i f l u o r o a c e t i c a c i d and a c e t i c anhydride ( 17), 
d i n i t r o g e n t e t r o x i d e i n carbon t e t r a c h l o r i d e ( 2 2 ) , sodium n i t r a t e 
i n t r i m e t h y l phosphate and phosphorus pentoxide (23) , and nitronium 
t e t r a f l u o r o b o r a t e i n anhydrous a c e t o n i t r i l e (24). A l t e r n a t i v e 
approaches must be used to synthesize n i t r o PAHs s u b s t i t u t e d at 
p o s i t i o n s other than the most r e a c t i v e carbon. For in s t a n c e , 
4- nitropyrene has been prepared by n i t r a t i o n of 4,5,9,10-tetra-
hydropyrene followed by dehydrogenation (25-26). 

Environmental Occurrence 
A wide v a r i e t y of n i t r o PAHs have been i s o l a t e d from d i f f e r e n t 
environmental sources i n c l u d i n g airborne p a r t i c u l a t e s (27-34), c o a l 
f l y ash (35-37), d i e s e l emission p a r t i c u l a t e s (38-41) and carbon 
black photocopier toners (42-43). Their presence has a l s o been 
suggested i n the smoke from n i t r a t e - f o r t i f i e d c i g a r e t t e s (44). The 
st r u c t u r e s of the most commonly detected n i t r o PAHs are shown i n 
Figure 1 and i n each instance i t i s the k i n e t i c a l l y - f a v o r e d isomer 
that i s found. 

There are at l e a s t two routes which could r e s u l t i n the forma-
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1 -nitronaphthalene 2-nitronaphthalene 
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1,8-dinitropyrene 
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1,3-dinitropyrene 
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5-nitroacenaphthene 
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9-nitroanthracene 
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7-nitrobenz(a)anthracene 
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1 -nitrobenzo(a)pyrene 3-nitrobenzo(a)pyrene 6-nitrobenzo(a)pyrene 

Figure 1. S t r u c t u r e s of commonly detected n i t r o PAHs. 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

01
5

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



374 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

t i o n of n i t r o PAHs i n the environment. Since PAHs are products of 
the incomplete combustion of organic m a t e r i a l , i f n i t r o g e n i s 
present, the n i t r o PAHs may be formed during the combustion process 
i t s e l f (45). N i t r o PAHs may a l s o r e s u l t from atmospheric r e a c t i o n s 
of PAHs w i t h n i t r o g e n oxides (6,46-49), as evidenced by the obser
v a t i o n that the predominant n i t r o PAHs detected i n a i r samples are 
d e r i v a t i v e s of the most abundant PAHs found i n the environment 
(50-51). The q u a n t i t y of n i t r o PAHs found i n a i r samples may not 
r e f l e c t t h e i r i n i t i a l c o n c e n t r a t i o n because these compounds appear 
to undergo p h o t o l y t i c decomposition. For example, when 9 - n i t r o 
anthracene, 1-nitro-BaP, 6-nitro-BaP and 1-nitropyrene were exposed 
to s u n l i g h t , each decomposed to y i e l d quinones but the rate s v a r i e d 
markedly between compounds (52). I t should a l s o be noted that 
n i t r o PAHs have been reported to be formed as a r t i f a c t s during the 
c o l l e c t i o n of a i r samples (53). 

B i o l o g i c a l E f f e c t s 
N i t r o PAHs have been shown to e x h i b i t a l a r g e v a r i e t y of b i o l o g i c a l 
a c t i v i t i e s . Included i n these are: the i n d u c t i o n of mutations i n 
b a c t e r i a l (Table I ) and euk a r y o t i c c e l l s (9,17,54-57), the neo
p l a s t i c t ransformation of c u l t u r e d mammalian c e l l s (58-59) , and the 
i n d u c t i o n of DNA strand breaks (60), DNA r e p a i r (61-62), s i s t e r 
chromatid exchanges (63-64), and chromosomal a b e r r a t i o n s (65-66). 
N i t r o PAHs have a l s o been demonstrated to bind c e l l u l a r DNA i n 
b a c t e r i a (67-73) and mammalian c e l l s (74-77), to i n h i b i t p r eferen
t i a l l y the growth of r e p a i r - d e f i c i e n t b a c t e r i a ( 7 8 ) , to have 
recombinogenic a c t i v i t y i n yeast (66,79-80) and to induce tumors i n 
experimental animals (Table I I ) . 

Mutagenicity. The mutagenicity of n i t r o PAHs has been s t u d i e d most 
e x t e n s i v e l y i n the Ames1 Salmonella typhimurium r e v e r s i o n assay 
( 5 ) . The m u t a g e n i c i t i e s of r e p r e s e n t a t i v e n i t r o PAHs i n t h i s assay 
are shown i n Table I . Some of the more important features regard
ing t h e i r mutagenicity can be summarized as f o l l o w s : 

i . N i t r o PAHs g e n e r a l l y e x h i b i t t h e i r highest mutagenicity 
i n s t r a i n TA98 (a f r a m e s h i f t detector) i n the absence of 
an S9 a c t i v a t i n g system. This d i r e c t mutagenic a c t i v i t y 
c o n t r a s t s w i t h the response observed w i t h PAHs and amino 
PAHs which normally r e q u i r e S9 to induce mutations, 

i i . Some of the n i t r o PAHs (e.g., 1,3-, 1,6-, and 1 , 8 - d i n i -
tropyrene) are among the most mutagenic compounds ever 
tested i n the S_. typhimurium r e v e r s i o n assay, 

i i i . N i t r o PAHs which show greater a c t i v i t y i n the presence 
of S9 (e.g., 6-nitro-BaP) may have a fundamentally 
d i f f e r e n t r e a c t i v e intermediate than the d i r e c t - a c t i n g 
n i t r o PAHs. 

i v . There can be dramatic v a r i a t i o n s i n mutagenic p o t e n t i a l 
between n i t r o PAH isomers. For i n s t a n c e , 6-nitro-BaP i s 
not a d i r e c t - a c t i n g mutagen whereas 1- and 3-nitro-BaP 
are potent d i r e c t - a c t i n g mutagens, 

v. D i n i t r o PAHs appear to be more mutagenic than t h e i r 
mononitrated analogues. 

Tumorigenicity. A number of n i t r o PAHs have been shown to be 
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15. BELAND ET AL. Nitro Polycyclic Aromatic Hydrocarbons 377 

tumorigenic i n experimental animals (Table I I ) . I n gen e r a l , n i t r o 
PAHs demonstrate the same target t i s s u e s p e c i f i c i t y as t h e i r amino 
PAH analogues. Thus, 2-nitronaphthalene (97) and 2-naphthylamine 
(107) induce bladder tumors i n monkeys, 4 - n i t r o b i p h e n y l (99) and 
4-aminobiphenyl (108-109) are bladder carcinogens i n dogs, and 
2- n i t r o f l u o r e n e (4,100) and 2-aminofluorene (100) are carcinogenic 
f o r the l i v e r , mammary gland and sma l l i n t e s t i n e i n r a t s . Although 
6-nitrochrysene (106) and 6-aminochrysene (110) are tumorigenic on 
mouse s k i n , t h i s t i s s u e i s not normally a target f o r aromatic amine 
carcinogens. Since mouse s k i n i s a tar g e t t i s s u e f o r PAHs, i n c l u d 
ing chrysene i t s e l f (106), t h i s suggests that 6-nitrochrysene and 
6-aminochrysene behave l i k e PAH carcinogens. The s i t u a t i o n regard
ing n itropyrenes i s more complex. When tes t e d on mouse s k i n , 
n e i t h e r pyrene nor 1-nitropyrene was a c t i v e (106,111), whereas a 
mixture of 1,3-, 1,6- and 1,8-dinitropyrene was tumorigenic (111). 
In a d d i t i o n , these n i t r a t e d pyrenes induce tumors at the i n j e c t i o n 
s i t e i n r a t s (101-102,104-105). 

M i c r o b i a l Metabolism 
Salmonella typhimurium. Although most n i t r o PAHs are d i r e c t - a c t i n g 
mutagens i n S a l m o n e l l a t y p h i m u r i u m , these compounds must be 
metabolized to bind c o v a l e n t l y to DNA (71,92,112). S_. typhimurium 
contains a f a m i l y of ni t r o r e d u c t a s e s which are capable of reducing 
n i t r o PAHs, and s t r a i n s which are d e f i c i e n t i n these enzymes 
g e n e r a l l y show decreased s e n s i t i v i t y toward n i t r o PAH-induced muta
t i o n s (27,92,113-114). These observations suggest that reduced 
metabolic intermediates may be the c r i t i c a l r e a c t i v e e l e c t r o p h i l e s . 

Compared to the extensive data that have been obtained on the 
mutagenicity of n i t r o PAHs i n Ŝ . typhimurium, r e l a t i v e l y l i t t l e i s 
known about the metabolism of these compounds i n t h i s organism. 
Messier et a l . (67) reported that i n c u b a t i o n of 1-nitropyrene w i t h 
Ŝ . typhimurium TA98 y i e l d e d 1-aminopyrene and 1-acetylaminopyrene 
as major and minor m e t a b o l i t e s , r e s p e c t i v e l y . The re d u c t i o n of 
1-nitropyrene was slow and was accompanied by a slow formation of 
DNA adducts. When incubations were conducted w i t h the n i t r o r e -
d u c t a s e - d e f i c i e n t s t r a i n , TA100 F50, both the extent of 1-amino
pyrene formation and DNA binding decreased. Howard et^ a l . (71,115) 
a l s o found r e d u c t i o n of 1-nitropyrene to 1-aminopyrene i n s t r a i n s 
TA98, TA1538 and ATCC 14028. 

Although 1-aminopyrene i s a reduced metabolite of 1-nitropy
rene, t h i s arylamine w i l l not c o v a l e n t l y bind to DNA i n v i t r o (72). 
In c o n t r a s t , when incubations were conducted w i t h the intermediate 
r e d u c t i o n product, N-hydroxy-l-aminopyrene, extensive covalent 
binding to DNA was detected (72). This observation i s c o n s i s t e n t 
w i t h the previous report that s e v e r a l N-hydroxy arylamines formed 
DNA adducts and induced mutations i n S_. typhimurium (116), and 
suggests t h a t , at l e a s t f o r 1-nitropyrene, r e d u c t i o n to N-hydroxy-
l-aminopyrene i s a c r i t i c a l step i n mutation i n d u c t i o n . 

Recently, Bryant £t a l . (70) examined the metabolism of 
1,8-dinitropyrene i n s e v e r a l j>. typhimurium s t r a i n s and found 
r e d u c t i o n t o l - a m i n o - 8 - n i t r o p y r e n e and 1,8-diaminopyrene. I n 
a d d i t i o n , other u n i d e n t i f i e d metabolites were detected i n s t r a i n s 
which were s e n s i t i v e to 1,8-dinitropyrene-induced mutations (TA98 
and TA98NR) but not i n the r e s i s t a n t s t r a i n s , TA98/1,8-DNP6 and 
TA98NR/1,8-DNP6. 
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C e r t a i n n i t r o PAHs appear to r e q u i r e metabolism of t h e i r 
N-hydroxy arylamine d e r i v a t i v e s i n order to induce mutations. For 
example, w h i l e 2 - n i t r o f l u o r e n e showed decreased mutagenicity i n the 
n i t r o r e d u c t a s e - d e f i c i e n t mutant, TA98NR, and i n s t r a i n 
TA98/1,8-DNP^, i t s presumed u l t i m a t e mutagenic d e r i v a t i v e , 
N-hydroxy-2-aminofluorene was i n a c t i v e i n only s t r a i n TA98/1,8-DNP^ 
(117). Observations such as these l e d McCoy eit al. (117) to 
propose that c e r t a i n N-hydroxy arylamines r e q u i r e e s t e r i f i c a t i o n to 
N-acetoxy arylamines to induce mutations and that t h i s c a p a b i l i t y 
was l a c k i n g i n s t r a i n TA98/1,8-DNP^. Since N-hydroxy-2-acetyl-
aminofluorene was l e s s mutagenic than N-hydroxy-2-aminofluorene i n 
a l l three s t r a i n s , t h i s suggests that d i r e c t O - a c e t y l a t i o n occurs 
to y i e l d N - a c e t o x y - 2 - a m i n o f l u o r e n e r a t h e r than N - a c e t y l a t i o n 
followed by N , 0 - a c y l t r a n s f e r . Although _N-acetoxy arylamines are 
g e n e r a l l y too r e a c t i v e to be detected, i n d i r e c t evidence f o r t h e i r 
formation was obtained by noting the formation of N-acetylated 
d e r i v a t i v e s of 2-aminofluorene i n s e n s i t i v e , but not r e s i s t a n t , j5. 
typhimurium s t r a i n s (118). Thus, by comparing the d i f f e r e n t i a l 
s e n s i t i v i t y i n the three s t r a i n s , i t appears that the N-hydroxy 
arylamine derived from 1-nitropyrene reacts d i r e c t l y w i t h the 
b a c t e r i a l genome to i n d u c e m u t a t i o n s , whereas the analogous 
d e r i v a t i v e s of 2 - n i t r o f l u o r e n e and 1,8-dinitropyrene are f u r t h e r 
a c t i v a t e d by O - a c e t y l a t i o n (118). This suggests that the u n i d e n t i 
f i e d 1,8-dinitropyrene metabolites detected by Bryant ejt a l . (70) 
i n m u t a t i o n - s e n s i t i v e (TA98 and TA98NR), but not r e s i s t a n t 
(TA98/1,8-DNP A), S. typhimurium s t r a i n s may be a c e t y l a t e d products 
(73). b 

Other b a c t e r i a . I n t e s t i n a l b a c t e r i a may play a c r i t i c a l r o l e i n 
the metabolic a c t i v a t i o n of c e r t a i n n i t r o a r o m a t i c compounds i n 
animals (119) and s e v e r a l r e p o r t s have appeared on the metabolism 
of n i t r o PAHs by r a t and human i n t e s t i n a l contents and m i c r o f l o r a 
(120-123). Kinouchi ^ t a l . (120) found that 1-nitropyrene was 
reduced t o 1-aminopyrene when i n c u b a t e d w i t h human f e c e s or 
anaerobic b a c t e r i a . More r e c e n t l y , Kinouchi and Ohnishi (121) 
i s o l a t e d four n i t r o r e d u c t a s e s from one of these anaerobic b a c t e r i a 
(Bacteroides f r a g i l i s ) . Each n i t r o r e d u c t a s e was capable of con
v e r t i n g 1-nitropyrene i n t o 1-aminopyrene, and one form c a t a l y z e d 
the formation of a r e a c t i v e intermediate capable of binding DNA. 
Howard et_ a l . (116) confirmed the re d u c t i o n of 1-nitropyrene to 
1-aminopyrene by both mixed and p u r i f i e d c u l t u r e s of i n t e s t i n a l 
b a c t e r i a . Two a d d i t i o n a l metabolites were a l s o detected, one of 
which appeared to be 1-hydroxypyrene. Recently, s i m i l a r e x p e r i 
ments have demonstrated the r a p i d r e d u c t i o n of 6-nitro-BaP to 
6-amino-BaP (123) . 

Mammalian Metabolism 
General c o n s i d e r a t i o n s . N i t r o a r o m a t i c compounds, such as n i t r o -
furans and nitrobenzenes are commercially important chemicals used 
as drugs, food a d d i t i v e s or s y n t h e t i c intermediates. Since there 
i s widespread human exposure to these chemicals, t h e i r metabolism 
has been stud i e d e x t e n s i v e l y . N i t r o a r o m a t i c compounds are reduced 
by both h e p a t i c c y t o s o l and microsomes. The microsomal a c t i v i t y 
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appears t o be a s s o c i a t e d w i t h the cytochrome P-450 and i t s 
reductase, w h i l e c y t o s o l i c reductions can be ca t a l y z e d by a number 
of enzymes, i n c l u d i n g xanthine oxidase, DT-diaphorase, and aldehyde 
oxidase. 

The jLn v i t r o metabolic r e d u c t i o n of n i t r o PAHs was f i r s t r e 
ported i n 1967 (124). Since then a number of s i m i l a r i n v e s t i g a 
t i o n s have been conducted; however, most of these s t u d i e s have been 
performed under only anaerobic c o n d i t i o n s . The o x i d a t i v e metabo
l i s m of n i t r o PAHs has been examined only r e c e n t l y , but as 
considered i n the f o l l o w i n g s e c t i o n s , both r e d u c t i v e and o x i d a t i v e 
metabolic pathways may be important i n the metabolic a c t i v a t i o n of 
n i t r o PAHs. 

4- N i t r o b i p h e n y l , 1 - n i t r o n a p h t h a l e n e , 2 - n i t r o n a p h t h a l e n e and 
5- nitroacenaphthene. P o i r i e r and Weisburger (125) examined the 
redu c t i v e metabolism of 4 - n i t r o b i p h e n y l , 1-nitronaphthalene and 
2-nitronaphthalene by s u b c e l l u l a r f r a c t i o n s of r a t and mouse l i v e r . 
Under anaerobic c o n d i t i o n s , h e p a t i c S9 and c y t o s o l c a t a l y z e d the 
s t o i c h i o m e t r i c conversion of each of these n i t r o PAHs to t h e i r 
c o r r e s p o n d i n g a r y l a m i n e s w i t h o u t any d e t e c t a b l e f o r m a t i o n of 
N-hydroxy arylamine intermediates. The ra t e of re d u c t i o n was 
stimulate d by NADPH and was f u r t h e r a c c e l e r a t e d by the a d d i t i o n of 
both NADPH and FMN. These c o f a c t o r s a l s o g r e a t l y increased 
microsome-catalyzed amine formation. 

El-Bayoumy and Hecht (84-85) have compared the metabolism of 
the c a r c i n o g e n 5 - n i t r o a c e n a p h t h e n e w i t h i t s n o n c a r c i n o g e n i c 
s t r u c t u r a l a n a l o g u e , 1 - n i t r o n a p h t h a l e n e . W i t h r a t l i v e r S9, 
ox i d a t i o n of the 2-carbon bridge of 5-nitroacenaphthene y i e l d e d a 
s e r i e s of keto, hydroxy and dihydroxy metabolites which r e t a i n e d 
t h e i r n i t r o f u n c t i o n s ( F i g u r e 2 ) . I n t e r e s t i n g l y , l-hydroxy-5-
n i t r o a c e n a p h t h e n e and l - o x o - 5 - n i t r o a c e n a p h t h e n e were b e t t e r 
d i r e c t - a c t i n g mutagens i n the j$. typhimurium r e v e r s i o n assay than 
5-nitroacenaphthene. Hepatic S9-catalyzed n i t r o r e d u c t i o n d i d not 
occur w i t h the l e s s mutagenic 1-nitronaphthalene, and only phenolic 
and d i h y d r o d i o l metabolites were detected. 

These o b s e r v a t i o n s a r e s i g n i f i c a n t f o r s e v e r a l r e a s o n s . 
F i r s t , i t appears that 5-nitroacenaphthene must be o x i d i z e d before 
i t can undergo n i t r o r e d u c t i o n because 5-aminoacenaphthene was not 
detected as a metabolite. Second, since 1-hydroxy- and l-oxo-5-
nitroacenaphthene are d i r e c t - a c t i n g mutagens, these metabolites may 
be proximate mutagenic forms of 5-nitroacenaphthene. T h i r d , since 
1-hydroxy- and l-oxo-5-aminoacenaphthene were not d i r e c t - a c t i n g 
mutagens, intermediate r e d u c t i o n products, presumably the N-hydroxy 
arylamine d e r i v a t i v e s , may be the u l t i m a t e mutagens. 

McCoy et a l . (86) have provided a d d i t i o n a l evidence that 
o x i d a t i o n must precede n i t r o r e d u c t i o n i n the metabolic a c t i v a t i o n 
of 5-nitroacenaphthene. I n a d d i t i o n , they noted that t h i s compound 
was l e s s mutagenic i n S_. typhimurium TA98/1,8-DNPfi which l e d them 
to suggest that the r i n g - o x i d i z e d N-hydroxy arylamine intermediates 
( F i g u r e 2) are f u r t h e r a c t i v a t e d by an " e s t e r i f i c a s e " , which i s 
apparently l a c k i n g i n t h i s p a r t i c u l a r s t r a i n of Salmonella. 

Although El-Bayoumy and Hecht (84) d i d not detect the reduc
t i o n of 1-nitronaphthalene to 1-naphthylamine i n t h e i r S9 incuba
t i o n s , P o i r i e r and Weisburger (125) d i d f i n d r e d u c t i o n under 
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anaerobic c o n d i t i o n s i n the presence of FMN. This suggests that 
1 - n i t r o n a p h t h a l e n e i s l e s s mutagenic than 5 - n i t r o a c e n a p h t h e n e 
because i t i s more r e s i s t a n t to n i t r o r e d u c t i o n . I t i s a l s o 
s i g n i f i c a n t t h a t when n i t r o r e d u c t i o n d i d o c c u r , N - h y d r o x y - l -
naphthylamine was not detected as a metabolite (125) since t h i s 
compound i s both mutagenic (5,126-127) and carcinogenic (127-129). 
I t i s p o s s i b l e that during the S9-catalyzed r e d u c t i o n of 1 - n i t r o 
naphthalene only the terminally-reduced species, 1-naphthylamine, 
i s released from the enzyme complex. Recent s t u d i e s have i n d i c a t e d 
that 1-naphthylamine i s not o x i d i z e d by mixed f u n c t i o n oxidases to 
i t s N-hydroxy arylamine d e r i v a t i v e (130). Taken together, these 
data help e x p l a i n why N-hydroxy-l-naphthylamine can be a potent 
c a r c i n o g e n w h i l e 1 - n i t r o n a p h t h a l e n e and 1-naphthylamine a r e 
apparently noncarcinogenic. 

9-Nitroanthracene, 7 - n i t r o b e n z [ a ] a n t h r a c e n e and 6 - n i t r o c h r y s e n e . 
Rat l i v e r microsomes o x i d i z e d 9 - n i t r o a n t h r a c e n e p r i m a r i l y t o 
9-nitroanthracene-trans-3,4-dihydrodiol, w i t h 9-nitroanthracene-
t r a n s - 1 , 2 - d i h y d r o d i o l and 9,10-anthraquinone being detected as 
minor metabolites ( F i g u r e 3; 89). The p r e f e r e n t i a l o x i d a t i o n of 
the 3- and 4-carbons, as opposed to carbons 1 and 2, suggests that 
metabolism i s i n h i b i t e d i n regions p e r i to the n i t r o s u b s t i t u e n t . 
9-Nitroanthracene and i t s two d i h y r o d i o l metabolites were not 
d i r e c t - a c t i n g mutagens i n Ŝ . typhimurium and were only weakly 
mutagenic i n the presence of an S 9 - a c t i v a t i n g system. When 
microsomal incubations were conducted under anaerobic c o n d i t i o n s , 
r e d u c t i o n to 9-aminoanthracene was not observed. 

The primary product formed during the microsomal metabolism of 
7-nitrobenz[a]anthracene was 7-nitrobenz[a]anthracene-trans-3,4-
d i h y d r o d i o l ( F igure 4; 131). A small amount of 7-nitrobenz[a]an-
thracene-trans-8,9-dihydrodiol was a l s o detected which i s c o n s i s 
tent w i t h the previous observation (89) that n i t r o s u b s t i t u t i o n 
i n h i b i t s p e r i - r e g i o n o x i d a t i o n . Both d i h y d r o d i o l metabolites were 
formed i n a s t e r e o s e l e c t i v e manner w i t h the R,R enantiom e r s 
predominating. Since the same trans-3,4- and 8,9-enantiomers are 
formed during the microsomal metabolism of benz[a]anthracene, i t 
appears that n i t r o s u b s t i t u t i o n a f f e c t s the r e g i o s e l e c t i v i t y but 
not the s t e r e o s e l e c t i v i t y of metabolism. N i t r o s u b s t i t u t i o n a l s o 
a f f e c t s the conformation of the r e s u l t a n t d i h y d r o d i o l m e t a b o l i t e s . 
Thus, w h i l e the hydroxyl groups of 7-nitrobenz[a]anthracene-trans-
3,4-dihydrodiol p r e f e r e n t i a l l y adopt a q u a s i - d i e q u a t o r i a l conforma
t i o n (131), the 8,9-isomer has a s i g n i f i c a n t p o p ulation w i t h a 
q u a s i - d i a x i a l conformation. The e f f e c t of these conformations upon 
the f u r t h e r metabolism of 7-nitrobenz[a]anthracene i s p r e s e n t l y not 
known, although w i t h other PAH d e r i v a t i v e s , q u a s i - d i a x i a l conforma
t i o n s tend to i n h i b i t metabolism to d i o l epoxides (132). As was 
observed w i t h 9-nitroanthracene (89) , 7-nitrobenz[a]anthracene and 
i t s two d i h y d r o d i o l metabolites were not d i r e c t - a c t i n g mutagens i n 
Ŝ. typhimurium and were only weakly mutagenic i n the presence of S9 
(96). 

El-Bayoumy and Hecht (95) have r e c e n t l y examined the metabo
l i s m of 6-nitrochrysene by r a t l i v e r S9. 6-Nitrochrysene-trans-
1,2-dihydrodiol was detected as the major metabolite and t h i s was 
f u r t h e r m e t a b o l i z e d t o a pro d u c t t e n t a t i v e l y i d e n t i f i e d as 
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Figure 4. Microsomal metabolites of 7-nitrobenz[a]anthracene. 
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1,2-dihydroxy-6-nitrochrysene (Figure 5 ) . Oxidation i n the r e g i o n 
p e r i to the n i t r o f u n c t i o n ( i . e . , carbons 7 and 8) was not observed 
and r e d u c t i o n to 6-aminochrysene only occurred when the 0^ concen
t r a t i o n was decreased. I n S_. typhimurium TA100, 6-nitrochrysene-
t r a n s - 1 , 2 - d i h y d r o d i o l was a b e t t e r d i r e c t - a c t i n g mutagen than 
6 - n i t r o c h r y s e n e or the o t h e r two m e t a b o l i t e s . T h i s l a t t e r 
observation suggests that the d i h y d r o d i o l may be a proximate 
mutagenic form of 6-nitrochrysene and that i t i s f u r t h e r a c t i v a t e d 
by b a c t e r i a l n i t r o r e d u c t i o n . In the presence of S9, a l l of the 
metabolites were mutagenic i n s t r a i n TA100, wit h 6-aminochrysene 
being the most a c t i v e . 

1-Nitropyrene. 1-Nitropyrene i s the p r i n c i p a l n i t r o PAH found i n 
d i e s e l exhaust (40) and, t h e r e f o r e , has been the subject of intense 
study. Nachtman and Wei (133) found that under anaerobic c o n d i 
t i o n s , 1 - n i t r o p y r e n e was reduced by h e p a t i c S9, c y t o s o l or 
microsomes to p r i n c i p a l l y 1-aminopyrene. Only l i m i t e d r e d u c t i o n 
occurred i n the absence of c o f a c t o r s , w h i l e maximum metabolism was 
observed i n the presence of both FMN and NADPH. Although the 
microsomal f r a c t i o n had the greatest s p e c i f i c a c t i v i t y toward 
1-nitropyrene metabolism, the c y t o s o l had 30 times the t o t a l 
a c t i v i t y . 

S a i t o et_ a l . (134) found that the c y t o s o l i c n i t r o r e d u c t a s e 
a c t i v i t y was due to DT-diaphorase, aldehyde oxidase, xanthine 
oxidase plus other u n i d e n t i f i e d n i t r o r e d u c t a s e s . As a n t i c i p a t e d , 
the microsomal r e d u c t i o n of 1-nitropyrene was i n h i b i t e d by 0^ and 
stimulated by FMN which was a t t r i b u t e d to t h i s c o f a c t o r a c t i n g as 
an e l e c t r o n s h u t t l e between NADPH-cytochrome P-450 reductase and 
cytochrome P-450. Carbon monoxide and type I I cytochrome P-450 
i n h i b i t o r s d e c r e a s e d the r a t e of n i t r o r e d u c t i o n which was 
con s i s t e n t w i t h the involvement of cytochrome P-450. Induction of 
cytochromes P-450 increased r a t e s of 1-aminopyrene formation and 
n i t r o r e d u c t i o n was demonstrated i n a r e c o n s t i t u t e d cytochrome P-450 
system, w i t h isozyme P-448-IId c a t a l y z i n g the r e d u c t i o n most 
e f f i c i e n t l y . 

El-Bayoumy and Hecht (91) were the f i r s t to report the o x i d a 
t i v e metabolism of 1-nitropyrene. Using r a t l i v e r S9, they found 
3-, 6-, and 8-hydroxy-l-nitropyrene and l - n i t r o p y r e n e - t r a n s - 4 , 5 - d i -
h y d r o d i o l (Figure 6 ) . A small amount of 1-aminopyrene was a l s o 
formed and t h i s increased i n c o n c e n t r a t i o n as the 0^ c o n c e n t r a t i o n 
was decreased. S i m i l a r metabolites have r e c e n t l y been detected 
w i t h mouse l i v e r and lung S9 (103). When assayed i n _S. typhimurium 
TA98 and TA100, 3- and 6-hydroxy-l-nitropyrene were found to be 
be t t e r d i r e c t - a c t i n g mutagens than 1-nitropyrene. Thus, as was 
found w i t h 6-nitrochrysene (95) and 5-nitroacenaphthene (84-86), 
r i n g h y d r o x y l a t i o n does not n e c e s s a r i l y represent a d e t o x i f i c a t i o n 
process. I n t e r e s t i n g l y , when the mutagenic assays were conducted 
i n the presence of S9, 1-nitropyrene was more mutagenic than i t s 
phenolic m e t a b o l i t e s . The reason f o r t h i s apparent dichotomy i s 
not known. 

Bond (135) found that S9 preparations from r a t n a s a l t i s s u e 
have twice the s p e c i f i c a c t i v i t y f o r the o x i d a t i v e metabolism of 
1-nitropyrene as l i v e r S9 and 10 times the a c t i v i t y of lung S9. 
Each S9 preparation gave s i m i l a r metabolic p r o f i l e s w i t h the 
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Figure 5. S9-catalyzed metabolites of 6-nitrochrysene. 
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Figure 6. 1-Nitropyrene metabolites detected i n i n v i t r o incuba
t i o n s . 
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predominant metabolites being 3-, 6-, and 8-hydroxy-l-nitropyrene 
plus at l e a s t three other u n i d e n t i f i e d products. King ej: a i l . (136) 
conducted s i m i l a r s t u d i e s using S9 from r a b b i t l i v e r . At l e a s t 12 
metabolites were detected and, based upon cochromatography w i t h 
known standards, the major compounds appeared to be K-region ( i . e . , 
4,5- and 9,10-) d i h y d r o d i o l s , 10-hydroxy-l-nitropyrene and other 
phenols. Bond and Mauderly (137) a l s o reported the presence of 
1 0 - h y d r o x y - l - n i t r o p y r e n e as w e l l as N - a c e t y l - l - a m i n o p y r e n e i n 
perfused r a t lung preparations. 

Howard ejt a l . (138) have studied the metabolism of 1 - n i t r o 
pyrene using r a t l i v e r microsomes. I n microsomes from c o n t r o l and 
p h e n o b a r b i t a l - p r e t r e a t e d r a t s , the p r i n c i p a l m e t a b o l i t e was 
3-hydroxy-l-nitropyrene, whereas A r o c l o r pretreatment r e s u l t e d i n 
6- and 8-hydroxy-l-nitropyrene being the major products. These 
data suggest that d i f f e r e n t cytochrome P-450 isozymes may be 
r e s p o n s i b l e f o r the f o r m a t i o n of the i n d i v i d u a l p h e n o l i c 
m e t a b o l i t e s . I n a d d i t i o n t o these h y d r o x y l a t e d d e r i v a t i v e s , 
1 - n i t r o p y r e n e - t r a n s - 4 , 5 - d i h y d r o d i o l , 1-aminopyrene, and two 
a d d i t i o n a l m e t a b o l i t e s were d e t e c t e d . More r e c e n t l y , t h i s 
microsomal metabolism has been examined i n greater d e t a i l and 
l-nitropy r e n e - 4 , 5 - o x i d e , l-nitropyrene-9,10-oxide and 1-hydroxy-
pyrene were i d e n t i f i e d as metabolites through s p e c t r a l a n a l y s i s and 
by comparison to s y n t h e t i c standards (139). 1-Nitropyrene-trans-
9,10-dihydrodiol was a l s o detected, which confirmed the o r i g i n a l 
i s o l a t i o n of t h i s d e r i v a t i v e by King et_ a l . (136). I n subsequent 
s t u d i e s , microsomal incubations were conducted i n the presence of 
Chinese hamster ovary (CHO) c e l l s . Under anaerobic c o n d i t i o n s , the 
p r i n c i p a l m e t a b o l i t e was 1-aminopyrene and one major a d d u c t , 
N-(deoxyguanosin-8-yl)-1-aminopyrene, was detected i n the CHO c e l l 
genome (140). I n c o n t r a s t , under o x i d a t i v e c o n d i t i o n s amine 
formation was suppressed and two DNA adducts were found. One of 
these adducts coeluted w i t h N-(deoxyguanosin-8-yl)-1-aminopyrene, 
w h i l e the other was more p o l a r . This l a t t e r adduct may r e s u l t from 
l-nitropyrene-4,5-oxide and suggests that genotoxic damage can 
r e s u l t from the o x i d a t i v e metabolism of 1-nitropyrene. 

1,3-, 1,6- and 1,8-Dinitropyrene. Although d i n i t r o p y r e n e s account 
f o r only a small amount of the n i t r o PAHs found i n d i e s e l exhaust, 
they make a s i g n i f i c a n t c o n t r i b u t i o n to the mutagenicity a s s o c i a t e d 
w i t h d i e s e l p a r t i c u l a t e s (40). As noted e a r l i e r , i n S. typhimurium 
these d i n i t r o p y r e n e s appear to be m e t a b o l i c a l l y a c t i v a t e d through 
s e q u e n t i a l n i t r o r e d u c t i o n and O- a c e t y l a t i o n . This i s i n co n t r a s t 
to the r e l a t e d , l e s s mutagenic 1-nitropyrene, which only r e q u i r e s 
n i t r o r e d u c t i o n f o r i t s mutagenicity (70,73,118). A s i m i l a r pathway 
has r e c e n t l y been found u s i n g mammalian n i t r o r e d u c t a s e s and 
acetyl a s e s (141). Incubation of r a t l i v e r c y t o s o l w i t h 1 - n i t r o 
pyrene or 1,3-, 1,6- or 1,8-dinitropyrene r e s u l t e d i n the formation 
of 1-aminopyrene and the r e s p e c t i v e aminonitropyrenes. When DNA 
was i n c l u d e d i n the in c u b a t i o n s , only a low l e v e l of DNA bin d i n g 
was detected. However, a d d i t i o n of a c e t y l coenzyme A (AcCoA) 
increased the bin d i n g of the d i n i t r o p y r e n e s to DNA 20- to 4 0 - f o l d 
w h i l e the bind i n g of 1-nitropyrene was only s l i g h t l y a f f e c t e d . 
This increase i n bin d i n g of d i n i t r o p y r e n e s to DNA i n the presence 
of AcCoA was not detected when using dog l i v e r c y t o s o l which i s 
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known to be d e f i c i e n t i n a c e t y l a s e s . These data i n d i c a t e that 
mammalian c y t o s o l i c n i t r o r e d u c t a s e s c a t a l y z e the f o r m a t i o n of 
N-hydroxy arylamine intermediates which i n the case of d i n i t r o 
pyrenes are converted to r e a c t i v e N-acetoxy arylamines by c y t o s o l i c 
AcCoA-dependent a c e t y l a s e s . 

6-Nitrobenzo[a]pyrene. 6-Nitro-BaP i s a l s o a component of d i e s e l 
exhaust (16,40); however, i n co n t r a s t to the n i t r a t e d pyrenes, i t 
i s only mutagenic i n the presence of S9 (15-18). This suggests 
that o x i d i z e d metabolites of 6-nitro-BaP may be resp o n s i b l e f o r 
m u t a t i o n i n d u c t i o n , and t h e r e f o r e , t h e s e p r o d u c t s have been 
c h a r a c t e r i z e d . When incubated w i t h l i v e r microsomes from 3-methyl-
cholanthrene-pretreated r a t s , 6-nitro-BaP was converted i n t o 1- and 
3-hydroxy-6-nitro-BaP, 6 - n i t r o - B a P - l , 9 - and -3,9-hydroquinone and 
BaP-3,6-quinone (Figure 7, 142). The same metabolites were found 
when c o n t r o l or phenobarbital-induced microsomes were used, w i t h 1-
and 3-hydroxy-6-nitro-BaP being the predominant products i n each 
instance (143). The l a t t e r two phenols were more mutagenic than 
6-nitro-BaP, but as was observed w i t h 6-nitro-BaP, they r e q u i r e d S9 
to be a c t i v e (142). I n c o n t r a s t , 6-nitro-BaP-l,9- and -3,9-hydro-
quinones appear to be d i r e c t - a c t i n g b a c t e r i a l mutagens (96). 

Several conclusions can be drawn from these r e s u l t s . F i r s t , 
as has been noted w i t h 5-nitroacenaphthene and 6-nitrochrysene, 
there appears to be no p e r i - r e g i o n ( i . e . , 4,5- or 7,8-) o x i d a t i o n . 
Second, although r i n g o x i d a t i o n appears to be an a c t i v a t i o n step, 
S9 i s s t i l l r e q u i r e d f o r 1- and 3-hydroxy-6-nitro-BaP to be 
mutagenic. I n a d d i t i o n , e s s e n t i a l l y the same mutagenic a c t i v i t y 
was found i n TA98 and TA100 and t h e i r r e s p e c t i v e n i t r o r e d u c t a s e -
d e f i c i e n t d e r i v a t i v e s . Thus, i n contr a s t to the n i t r o PAHs 
considered p r e v i o u s l y , the metabolic a c t i v a t i o n of 6-nitro-BaP may 
not i n v o l v e n i t r o r e d u c t i o n , but only r i n g o x i d a t i o n . T h i r d , s i n c e 
6-nitro-BaP-l,9- and -3,9-hydroquinones are d i r e c t - a c t i n g mutagens, 
t h e s e m e t a b o l i t e s may be the u l t i m a t e mutagenic forms of 
6-nitro-BaP. 

Recently, the mechanism of 6-nitro-BaP r i n g h y d r o x y l a t i o n has 
been e l u c i d a t e d by using 3-deutero-6-nitro-BaP (144). When i n c u 
bated w i t h 3-methylcholanthrene-induced r a t l i v e r microsomes, t h i s 
deuterated analogue y i e l d e d the same metabolite p r o f i l e p r e v i o u s l y 
observed w i t h 6-nitro-BaP. Spectroscopic a n a l y s i s of 3-hydroxy-6-
nitro-BaP and 6-nitro-BaP-3,9-hydroquinone i n d i c a t e d that 30% of 
the deuterium l a b e l had migrated to carbon 2, presumably v i a an NIH 
s h i f t . Therefore, i t appears that 6-nitro-BaP-2,3-oxide i s a 
common intermediate f o r these two metabolites. 

1- and 3-Nitrobenzo[a]pyrene. 1- and 3-Nitro-BaP a l s o appear to be 
components of d i e s e l exhaust, but u n l i k e 6-nitro-BaP, these n i t r o 
PAHs are d i r e c t - a c t i n g b a c t e r i a l mutagens (15-18). When 1- and 
3-nitro-BaP were incubated w i t h l i v e r microsomes from 3-methyl-
cholanthrene-pretreated r a t s , 7 , 8 - t r a n s - d i h y d r o d i o l s , 9,10-trans-
d i h y d r o d i o l s , and 7,8,9,10-tetrahydrotetrols were formed as major 
metabolites ( F i g u r e 8; 145-146), whi l e amine formation was detected 
only under anaerobic incubations (147). These r e s u l t s are i n 
cont r a s t to those found w i t h 6-nitro-BaP; w i t h 1- and 3-nitro-BaP, 
a l l of the o x i d a t i o n occurred i n the te r m i n a l benzo r i n g ( i . e . , 
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carbons 7, 8, 9, and 10), while 6-nitro-BaP metabolism i n i t i a l l y 
occurs at carbons 1 and 3. Thus, the n i t r o group has a s i g n i f i c a n t 
e f f e c t upon the r e g i o s e l e c t i v i t y of metabolic o x i d a t i o n . The 
absence of h y d r o x y l a t i o n at carbon 3 i n 1-nitro-BaP i s noteworthy 
because, i n a d d i t i o n to being a major s i t e of o x i d a t i o n i n 
6- n i t r o - B a P (142) , 3-hydroxy-BaP i s a predominant m i c r o s o m a l 
metabolite of BaP (148). Furthermore, the analogous carbon i n 
1-nitropyrene i s a s i t e f o r extensive metabolism (91,138). The 
reason f o r t h i s marked r e g i o s e l e c t i v i t y i s not known. 

The conformations of the 1- and 3-nitro-BaP metabolites were 
determined through a n a l y s i s of t h e i r NMR spectra (145-146). Both 
1- and 3-nitro-BaP-trans-7,8-dihydrodiols e x i s t e d predominantly i n 
q u a s i - d i e q u a t o r i a l conformations, which corresponds to the pre
f e r r e d conformation of the proximate carcinogen BaP-Jtrans-7 ,8-dihy
d r o d i o l (149). This suggests that these d i h y d r o d i o l metabolites 
may be converted i n t o e l e c t r o p h i l i c d i o l epoxides and i n support of 
t h i s c o n t e ntion, the ste r e o c h e m i s t r i e s of 1- and 3-nitro-BaP-
7,8,9,10-tetrols were i n d i c a t i v e of t r a n s - 7 , 8 - d i h y d r o d i o l - a n t i -
9,10-epoxide intermediates. I t i s p o s s i b l e , however, that a 
pro p o r t i o n of the t e t r o l metabolites were formed from trans-9,10-
d i h y d r o d i o l - a n t i - 7 , 8 - e p o x i d e s . 

The m u t a g e n i c i t i e s of 3-nitro-BaP, 3-amino-BaP, and 3 - n i t r o -
BaP-7,8- and -9,10-dihydrodiols have r e c e n t l y been compared i n S. 
typhimurium s t r a i n s TA98, TA98NR, and TA98/1,8-DNP, (147). I n the 
absence of S9, 3-nitro-BaP showed decreased a c t i v i t y i n TA98NR and 
s l i g h t l y higher mutagenicity i n TA98/1,8-DNP6 compared to TA98, 
which i s c o n s i s t e n t w i t h n i t r o r e d u c t i o n , but not e s t e r i f i c a t i o n , 
b e i n g e s s e n t i a l f o r m u t a t i o n i n d u c t i o n . T h i s c o n c l u s i o n i s 
supported by the observation that the d i r e c t - a c t i n g mutagenicity of 
3-amino-BaP was the same i n a l l three s t r a i n s , probably as a r e s u l t 
of i t being spontaneously o x i d i z e d to N-hydroxy-3-amino-BaP. The 
di h y d r o d i o l s behaved s i m i l a r l y to one another: t h e i r d i r e c t - a c t i n g 
mutagenicity was s i m i l a r to that of 3-nitro-BaP i n TA98, decreased 
by about 50% i n TA98NR, and was s u b s t a n t i a l l y d e c r e a s e d i n 
TA98/1,8-DNP^. These r e s u l t s suggest that both n i t r o r e d u c t i o n and 
e s t e r i f i c a t i o n are r e q u i r e d f o r the d i r e c t - a c t i n g mutagenicity of 
these d i h y d r o d i o l metabolites. 

Conclusions 
The data presented i n t h i s review show that both o x i d a t i v e and 
red u c t i v e pathways are in v o l v e d i n the metabolic a c t i v a t i o n of 
n i t r o PAHs to genotoxic agents jLn v i t r o . The p r e c i s e pathways 
depend upon the p a r t i c u l a r compound, but i n each instance the n i t r o 
group appears to play a c r i t i c a l r o l e i n the a c t i v a t i o n process. 
With regard to o x i d a t i v e metabolism, the l o c a t i o n of the n i t r o 
f u n c t i o n i n f l u e n c e s the r e g i o s e l e c t i v i t y of r i n g o x i d a t i o n s i n c e 
metabolism i s g e n e r a l l y i n h i b i t e d i n p e r i regions. When p e r i -
r e gion o x i d a t i o n does occur, i t i s q u i t e l i m i t e d i n extent and a 
s i g n i f i c a n t p r o p o r t i o n of the d i h y d r o d i o l metabolite e x i s t s i n a 
q u a s i - d i a x i a l conformation. Thus, i n a d d i t i o n to i n f l u e n c i n g the 
r e g i o s e l e c t i v i t y of o x i d a t i o n , the n i t r o group can have a marked 
e f f e c t upon the conformation of the r e s u l t a n t metabolite which, i n 
tu r n , may i n f l u e n c e subsequent metabolism. The n i t r o f u n c t i o n may 
al s o be d i r e c t l y i n v o l v e d i n the a c t i v a t i o n sequence v i a r e d u c t i o n 

 P
ub

lic
at

io
n 

D
at

e:
 J

ul
y 

19
, 1

98
5 

| d
oi

: 1
0.

10
21

/b
k-

19
85

-0
28

3.
ch

01
5

In Polycyclic Hydrocarbons and Carcinogenesis; Harvey, R.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1985. 



390 POLYCYCLIC HYDROCARBONS AND CARCINOGENESIS 

to r e a c t i v e N-hydroxy arylamines. N-Hydroxy arylamines can re a c t 
d i r e c t l y w i t h DNA, or i n some instances they may be f u r t h e r 
a c t i v a t e d by 0 - e s t e r i f i c a t i o n . Although the f a c t o r s that a l l o w an 
N-hydroxy arylamine to undergo 0 - e s t e r i f i c a t i o n are not known, 
es t e r formation g e n e r a l l y r e s u l t s i n the production of a compound 
which i s more genotoxic than the N-hydroxy arylamine precursor. 
F i n a l l y , some n i t r o PAHs are metabolized to u l t i m a t e mutagens by a 
combination of o x i d a t i v e and red u c t i v e pathways. With these 
compounds, r i n g o x i d a t i o n g e n e r a l l y precedes n i t r o r e d u c t i o n and the 
net e f f e c t appears to be the formation of an N-hydroxy arylamine 
metabolite which can serve as a substrate f o r O ^ e s t e r i f i c a t i o n . 

The data from these i n v i t r o s t u d i e s can provide i n s i g h t i n t o 
the t u m o r i g e n i c i t y of n i t r o PAHs. Thus, n i t r o d e r i v a t i v e s of 
noncarcinogenic PAHs, such as 2-nitronaphthalene or 4 - n i t r o b i 
phenyl, are e x t e n s i v e l y reduced _in v i t r o which i s c o n s i s t e n t w i t h 
t h e i r showing the same tar g e t s p e c i f i c i t y as t h e i r aromatic amine 
analogues. This view i s strengthened by the observation that 
i d e n t i c a l DNA adducts have been found i n the bladder e p i t h e l i u m of 
dogs administered e i t h e r 4 - n i t r o b i p h e n y l or 4-aminobiphenyl (116). 
N i t r o d e r i v a t i v e s of carc i n o g e n i c PAHs demonstrate v a r i e d tumori
g e n i c r e s p o n s e s which may be a s s o c i a t e d w i t h d i f f e r e n c e s i n 
metabolic pathways. For example, 6-nitrochrysene i s tumorigenic on 
mouse s k i n and undergoes extensive d i h y d r o d i o l formation i n v i t r o 
which suggests that i t i s metabolized to a r e a c t i v e d i o l epoxide. 
In c o n t r a s t , d i h y d r o d i o l metabolites are apparently not formed from 
6-nitrobenzo[a]pyrene and t h i s compound gives a negative tumori
genic response on mouse s k i n . In a d d i t i o n , 6-nitrobenzo[a]pyrene 
has two protons p e r i to i t s n i t r o f u n c t i o n , which appears to 
r e s t r i c t i t s a b i l i t y to be en z y m a t i c a l l y converted to a r e a c t i v e 
N-hydroxy arylamine (150). These i n v i t r o metabolic s t u d i e s a l s o 
i n d i c a t e that a combination of o x i d a t i v e and re d u c t i v e pathways may 
be i n v o l v e d i n the t u m o r i g e n i c i t y of c e r t a i n n i t r o PAHs. This may 
be p a r t i c u l a r l y important w i t h the r i n g - o x i d i z e d metabolites of 
1-nitropyrene, 5-nitroacenaphthene and 3-nitrobenzo[a]pyrene, which 
are at l e a s t as genotoxic as t h e i r parent n i t r o PAHs. These 
observations suggest that i n order to assess the human h e a l t h r i s k 
from n i t r o PAHs, t u m o r i g e n i c i t y assays should be conducted not only 
w i t h the parent compounds and t h e i r n i t r o r e d u c t i o n products, but 
al s o w i t h the r i n g - o x i d i z e d metabolites that have been detected i n 
i n v i t r o i n c u b a t i o n s . 
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Benzo[aJpyrenediol epoxide-N2 (quanine) 
adducts—Continued 

r e l a t i v e energies of various 
conformations, 257,258t 

Benzo[e]pyrene 
adduct formation, 200 
carcinogenic a c t i v i t y , A3 

Benzo[ej pyrenedihydrodiols 
epoxidation, A3 
synth e s i s , A3,AAf 

Cooxygenation, importance i n chemical 
carcinogenesis, 323 

C r y s t a l s t r u c t u r e , d e f i n i t i o n , 127 
Cytochrome P-A50 

d e f i n i t i o n , 307 
pr o p e r t i e s , 307 

Cytochrome P-A50c substrate binding 
s i t e model 

d e s c r i p t i o n , 29,31 
schematic, 29,30f 

.Carcinogenesis, process, A 
Carcinogenic a c t i v i t y 

dependence on benzo[a]pyrene, 3 
determination, 2 
mouse s k i n monitoring system, A 
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a f f e c t e d r e l a t i o n s h i p , A 
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Carcinogens 

c a r c i n o g e n i c i t y f o r man, 3 
c h a r a c t e r i z a t i o n , 1,2 
examples, 1 
occupational exposure, 3 

Chemical ca r c i n o g e n e s i s , multistage 
process, 185-86 
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carcinogenic a c t i v i t y , A5 
DNA adducts, 201 
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epoxidation, A6 
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IV, A6,A7f,A9f 
Cocarcinogens, d e f i n i t i o n , 2A1 
Computer-modeling studies 

docking a base i n t o 
Z-DNA, 170,17Af-75f 

model of q u a s i - i n t e r c a l a t e d 
p o l y c y c l i c aromatic 
hydrocarbons, 176,177f 

Deoxyribonucleic a c i d — S e e DNA 
Dibenz[ £,c]anthracene, 

s t r u c t u r e , 88 
Dibenz[£,h]anthracene 

carcinogenic a c t i v i t y , A2 
spectrum, 2 
st r u c t u r e , 127 

Dibenz[a_,Jh] anthracenediol epoxides 
epoxidation, A2 
st r u c t u r e s , A2,AAf 
synthesis v i a Method I I , A2, 

Dibenzo[a_,eJ fluoranthene 
carcinogenic a c t i v i t y , 58 
p r i n c i p a l metabolites, 58 

Dibenzof a_,Ji] pyrene 
carcinogenic a c t i v i t y , A8 
st r u c t u r e , A9 
synthesis v i a Method I, A8 

Dibenzo[a_,JJ pyrene 
carcinogenic a c t i v i t y , A8 
st r u c t u r e , A9 
synthesis v i a Method I, A8 

Dihyd r o d i o l epoxides 
carcinogenic i n i t i a t i o n , 10 
st r u c t u r e s , 1 0 , l l f 

Dihydroxy-7,8-dihydro-
benzo[aJpyrene o x i d a t i o n 

c o r r e l a t i o n of the rate of 
BP-7,8-dihydrodiol o x i d a t i o n , 
a n t i - d i o l epoxide formation, 
and mutagen 
generation, 310,312f 

d i o l epoxide products, 310-15 
mutation i n d u c t i o n i n Salmonella 

typhimurium, 310,311f 
PGH synthase, 310 
y i e l d s of adducts from d i o l 

epoxide versus those from 
d i h y d r o d i o l , 313t 

Diimines 
metabolic formation, 359 
re a c t i o n mechanism, 359,360f 
r o l e as ultimate 

carcinogens, 359,361 
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7,12-Dimethylbenz[aJanthracene 
bond lengths, interbond angles, and 

t o r s i o n angles, 128,129f 
breast tumor i n d u c t i o n , 85,86 
carcinogenic a c t i v i t y , 50 
p h y s i c a l binding 

i n t e r a c t i o n s , 215-16 
s t e r e o s e l e c t i v e metabolism at the 

K r e g i o n , 28 
s t r u c t u r e , 126,143 
s t r u c t u r e s of metabolites and 

m e t a b o l i t i c model 
compounds, 212,214f 

view of 5 , 6 - c i s - d i o l , 143,144f 
view of K-region oxide, 143,144f 

7,12-Dimethylbenz[a]anthracene epoxide, 
s t r u c t u r e , 139,141f 

7,12-Dime thy lbenz [ a_] anthracene 
meta b o l i t e s , comparison 
of p h y s i c a l binding 
p r o p e r t i e s , 227 

7,12-Dimethylbenz[a]anthracenedihydro
d i o l s 

enantiomeric 
compositions, 27,28t,29t 

enantiomeric r a t i o s , 28 
metabolic a c t i v a t i o n 

pathways, 27,30f 
o p t i c a l p u r i t y , 27 
p r o p e r t i e s , 27 
s t e r e o s e l e c t i v e metabolism, 29 

D i n i t r o p y r e n e s , metabolic 
a c t i v a t i o n , 386 

D i o l epoxides 
conformational 

preferences, 69,711,72 
c o n f o r m a t i o n a l - r e a c t i v i t y 

r e l a t i o n s h i p , 72,73 
diastereomeric s e r i e s , 69 
formation, 127 
l o g ^ v e r s u s A E , /p, 73,74f 
log r e l a t i v e mutagenicity versus 

AE^ /p, 75-77 
mutagenicity, 73,75,77 
r e a c t i o n mechanism, 65 
r e a c t i v i t y , 73 
t u m o r i g e n i c i t y , 77 
types, 69 

D i o l epoxide adducts 
c o n f o r m a t i o n a l - b i o l o g i c a l a c t i v i t y 

r e l a t i o n s h i p , 120,122 
fluorescence quenching, 116-17 
l i n e a r dichroism s p e c t r a , 1 1 0 , l l l f 
solvent a c c e s s i b i l i t y , 110 

D i o l epoxide-DNA adduct conformations, 
t h e o r e t i c a l modeling, 118,120 

DNA 
alignment, 245 
a l k y l a t i o n by a d i o l 

epoxide, 176,178f 

DNA—Continued 
binding constants, 210,211t 
c r y s t a l s t r u c t u r e , 136 
diagrams of major 

conformations, 159,162f-63f 
i n t e r c a l a t i o n , 136 
major conformations, 159,160t 
s i t e s a c c e s s i b l e to a l k y l a t i n g 

agents, 161,164f 
DNA adducts 

conformational s t r u c t u r e of the 
receptor s i t e , 242-43 

covalent bond formation, 242 
d e t e c t i o n , 189 
extent of r e a c t i o n , 242 
i n t e r c a l a t i o n complexes, 244-45 
i n t e r c a l a t i v e covalent b i n d i n g , 245 
o r i e n t a t i o n of the pyrene moiety and 

the base p a i r s , 243 
DNA adduct d e t e c t i o n 

d i r e c t methods, 189-90 
fluorescence measurements, 194-95 
immunological methods, 192-94 
i n d i r e c t methods, 189 
p o s t l a b e l i n g techniques, 188-90 

DNA atomic coordinates, mathematical 
approaches, 248-49 

DNA binding 
DMBA met a b o l i t e s , 27,30f 
energy f o r i n s e r t i o n , 250-51 
metabolic steps, 12 
metabolites, 10,12 
receptor s i t e s , 249-50 

DNA b i n d i n g - c a r c i n o g e n i c i t y 
r e l a t i o n s h i p , 188-89 

DNA binding s i t e s 
d e f i n i t i o n s , 261t 
energy required to a l t e r DNA to 

receptor s i t e s , 261t,262-63 
kink s i t e s , 261t,262-63 
p r o p e r t i e s , 109 
types, 109 

DNA r e p a i r s t r a t e g i e s 
mutagenic r e p a i r process, 328 
SOS response, 328 

DNA s i t e adducts 
b i o l o g i c a l a c t i v i t y , 120,122 
c h a r a c t e r i s t i c s , 114 

E l e c t r o n energy parameter (AE^ e^ Q c/(3) , 
e s t i m a t i o n of r e l a t i v e 
r e a c t i v i t y , 65,66,68 

E l e c t r o n i c t h e o r i e s of 
c a r c i n o g e n e s i s , 7 
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Epoxide r i n g , averaged 
geometry, 139,142f 

Epoxides, contours of hydrogen-bond 
p o s i t i o n s , 139,142f,143 

E x t e r n a l l y bound benzojajpyrenediol 
epoxide-DNA adducts 

adduct with the pyrene moiety i n the 
major groove, 279-80,281f 

a n t i and syn r e o r i e n t a t i o n of G and 
A, 279,280f 

d i s t r i b u t i o n , 279-80 
i n t e r c a l a t i o n s , 277,279 
o r i e n t a t i o n s , 275-76,277f 
o r i e n t a t i o n angles and 

energies, 276-79 

F 

F a t t y a c i d hydroperoxide dependent 
o x i d a t i o n , pathways, 308,309f 

F a t t y a c i d hydroperoxide p o l y c y c l i c 
aromatic hydrocarbon o x i d a t i o n , 
s i g n i f i c a n c e , 320 

Fluoranthenes 
carcinogenic a c t i v i t y , 56 
DNA adducts, 201 

Fluoranthenedihydrodiols 
epoxidation, 56 
s t r u c t u r e , 57 
sy n t h e s i s , 56,57f 

N-2-Fluorenylaeetamide, r o l e of metabo
l i t e s i n carcinogenic a c t i o n , 10 

Fluorescence quenching 
a s s o c i a t i o n constant f o r 

i n t e r c a l a t i o n , 216 
fluorescence decay 

p r o f i l e s , 218,221f 
fluorescence l i f e t i m e s , 218 
mechanism, 216 
quenching constants, 223-24 
Stern-Volmer p l o t s , 218,219f-20f 

Fluorine-probe approach, 
d e s c r i p t i o n , 86 

G 

N-Glucuronyloxy arylamides 
r e a c t i o n mechanism, 348 
r o l e i n 

hepatocarcinogenesis, 348,350 
N-Glucuronyloxy arylamines, r e a c t i o n 

mechanism, 348,349f 

H 

Hydroperoxide-dependent epoxidation, 
unsaturated versus saturated f a t t y 
a c i d hydroperoxides, 317,318t 

Hydroperoxide-dependent oxidations 
c a t a l y t i c c y c l e of horseradish 

peroxidase, 314,315f 
hydroperoxide s p e c i f i c i t y of BP 

ox i d a t i o n , 314 
i d e n t i f i c a t i o n of peroxidase-

reducing s u b s t r a t e s , 314-15 
o x i d i z i n g agent, 314,317 

N-Hydroxy arylamides, r e a c t i o n s , 341 
N-Hydroxy arylamides and N-hydroxy 

arylamines, c a r c i n o g e n i c i t y , 341 
N-Hydroxy arylamines 

protonation, 355 
r e a c t i o n s , 343 

N-Hydroxy arylamine 0 - s e r y l ( 0 - p r o l y l ) 
e s t e r s 

metabolic formation, 342f,353 
r e a c t i o n mechanism, 355 
r o l e i n ca r c i n o g e n e s i s , 355 

Hydroxybenzo[ajpyrene 
a l t e r n a t e s y n t h e s i s , 38,41f 
conformational and stereochemical 

assignments, 38,39f 
h a l f - l i v e s , 38 
p u r i f i c a t i o n , 38 
r e a c t i v i t y , 38 
synthesis v i a Method I, 36,38,39f 

Hydroxy-3-methylcholanthrenes, 
s y n t h e s i s , 53,54f,56 

Hydroxy-5-methylchrysene, 
s y n t h e s i s , 53,55f,56 

I 

I b a l l index, d e f i n i t i o n , 128,131 
Iminoquinones 

metabolic formation, 359 
r e a c t i o n mechanism, 359,360f 
r o l e as ultimate 

carcinogens, 359,361 
I n i t i a t i o n 

i n t e r a c t i o n of carcinogens with 
DNA, 10 

i r r e v e r s i b i l i t y , 4 
mutagenic mechanism, 5 
r e v e r s i b i l i t y , 4 

I n i t i a t i o n - p r o m o t i o n system, 
c h a r a c t e r i s t i c s , 4 

I n t e r c a l a t i o n of an a c r i d i n e i n a 
n u c l e i c a c i d , views, 136-38 
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K 

K- and L-region hypothesis 
d e s c r i p t i o n , 8 
exceptions, 8 
regions of benz[ajanthracene, 8,9f 

K-region, d e f i n i t i o n , 128 
K-region epoxides 

b i o l o g i c a l a c t i v i t i e s , 10 
metabolic a c t i o n , 10 

L 

l a c l system f o r analyzing nonsense 
mutations i n E s c h e r i c h i a c o l i , 
d e s c r i p t i o n , 331 

Linear dichoism, d e s c r i p t i o n , 109 

M 

Metabolic a c t i v a t i o n , one-electron 
o x i d a t i o n , 290 

Method I s y n t h e t i c approach, 
d e s c r i p t i o n , 36 

Method I I s y n t h e t i c approach, 
d e s c r i p t i o n , AO 

Method I I I s y n t h e t i c approach, 
d e s c r i p t i o n , AO 

Method IV s y n t h e t i c approach, 
d e s c r i p t i o n , A5 

ll-Methyl-15,16-dihydrocyclopenta[ aj -
phenanthrene, s t r u c t u r e , 133 

Methylated p o l y c y c l i c aromatic 
hydrocarbons 

examples, 85,86 
h i g h l y tumorigenic examples having a 

methyl adjacent to an angular 
r i n g , 86,87f 

metabolic a c t i v a t i o n , 88 
occurrence, 85 
s t r u c t u r a l requirements f a v o r i n g 

mutagenicity, 86,88 
7-Methylbenz[ajanthracene, carcinogenic 

a c t i v i t y , A8 
7-Methylbenz[aJ anthracenedihydrodiol 

epoxidation, 50,52 
peracid epoxidation, 50 
synthesis v i a Methods 

I-IV, A8,50-52,5Af 
3-Methylcholanthrene 

carcinogenic a c t i v i t y , 52 
DNA adducts, 201 
s t r u c t u r e , 126 

3-Methylcholanthrenedihydrodiols 
s t r u c t u r e , 5A 
synthesis v i a Method IV, 52 

3-Methylcholanthrenediol epoxides, 
s t r u c t u r e s , 5A,55 

3-Methylcholanthrenetriol epoxide, 
s t r u c t u r e s , 5A 

5-Methylchrysene 
carcinogenic a c t i v i t y , 53 
s t r u c t u r e , 136 

5-Methylchrysene metabolites 
h a l f - l i v e s of d i h y d r o d i o l 

epoxides, 96t 
h a l f - l i v e s of d i h y d r o d i o l epoxides 

versus extents of DNA 
bindings, 96,98f 

r e l a t i v e extents of binding of 
d i h y d r o d i o l epoxides to DNA, 91 

s t r u c t u r e s of bay-region d i h y d r o d i o l 
epoxides and 
d i h y d r o d i o l s , 91,92f 

s t r u c t u r e s of major adducts formed 
upon DNA-metabolite 
r e a c t i o n , 91,95f,96 

tu m o r i g e n i c i t y i n r a t s , 91,93t 
t u m o r - i n i t i a t i n g a c t i v i t y on mouse 

s k i n , 91,9At 
5-Methylchrysenedihydrodiols 

epoxidation, 56 
synthesis v i a Method IV, 53,55f,56 

ll-Methyl-15,16-dihydrocyclopenta[ji]-
phenanthrene, s t r u c t u r e , 133 

Mouse s k i n system 
advantages, A 
tumor i n d u c t i o n , A 

Mutagenesis 
base m i s p a i r i n g , 328 
processes of DNA damage, 328-29 
r o l e s played by DNA l e s i o n s , 330 
SOS processing, 329 

Mutagenic mechanism, d e s c r i p t i o n , 5 

N 

Naphthacene 
a c t i v i t y , 7 
s t r u c t u r e , 6 

N i t r o p o l y c y c l i c aromatic hydrocarbons 
b i o l o g i c a l e f f e c t s , 37A 
environmental occurrence, 372,37A 
mammalian metabolism, 378 
m i c r o b i a l metabolism, 377 
mutagenicity, 37A,375t 
p u r i f i c a t i o n , 372 
s t r u c t u r e s , 372,373f 
s y n t h e s i s , 372 
t u m o r i g e n i c i t y , 37A,376t,377 
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N i t r o p o l y c y c l i c aromatic hydrocarbon 
mammalian metabolism 

e f f e c t s of n i t r o s u b s t i t u t i o n , 381 
microsomal metabolites, 381,382f 
ox i d a t i o n and 

n i t r o r e d u c t i o n , 379,381,383, 
386-87,389 

reasons f o r study, 378 
S-9-catalyzed 

metabolites, 379,380f,384f 
N i t r o p o l y c y c l i c aromatic hydrocarbon 

m i c r o b i a l metabolism 
other b a c t e r i a , 378 
Salmonella typhimurium, 377-78 

1-Nitropyrene 
metabolites detected i n i n v i t r o 

incubations, 383,385f,386 
mutagenicity, 383 
oxi d a t i v e metabolism, 383 
reduction, 383 

Nitrosoarene 
metabolic formation, 357 
r e a c t i o n mechanism, 357,358f 
r o l e i n carcinogenesis, 357,359 

0 

O p t i c a l p u r i t y determination 
CSP-HPLC separation of 

enantiomers, 23,24f 
hydration mechanism of K-region 

epoxide enantiomers, 21,22f 
methods, 21 

Oxidation 
a c t i v a t i o n of p o l y c y c l i c aromatic 

hydrocarbons to carcinogens, 307 
d e s c r i p t i o n , 307 

P 

P e r i methyl group i n h i b i t o r y e f f e c t on 
tum o r i g e n i c i t y , mechanistic 
b a s i s , 99 

Peroxidases 
carcinogenic a c t i v a t o r s , 307 
pr o p e r t i e s , 307-8 

Peroxy r a d i c a l s 
epoxidation, 317,319-20 
r e a c t i o n s , 317 

Peroxy r a d i c a l generation, 
mechanism, 317,319f 

P e r t u r b a t i o n a l molecular o r b i t a l 
c a l c u l a t i o n s , 65,66 

Phenanthrene, carcinogenic 
a c t i v i t y , 43 

Phenanthrene epoxide, 
s t r u c t u r e , 139,141f 

Phenanthrenedihydrodiols, synthesis 
v i a Method IV, 45,47f 

P h y s i c a l binding p r o p e r t i e s , 
spectrocopic probes, 216 

P o l y c y c l i c aromatic hydrocarbons 
a d d i t i o n of an epoxide group, 143 
b i o l o g i c a l p r o p e r t i e s , 19 
carcinogenic i d e n t i f i c a t i o n , 2 
c a r c i n o g e n i c i t y , 126,292-96 
c a r c i n o g e n i c i t y i n mouse skin versus 

that i n r a t mammary gland, 300-302 
charge l o c a l i z a t i o n i n the r a d i c a l 

c a t i o n , 292,296 
c l a s s i f i c a t i o n s of metabolites, 241 
covalent binding f a c t o r s , 292 
environmental exposure, 3,4 
examples, 198 
i n t e r c a l a t i o n i n DNA, 138-39,140f 
i o n i z a t i o n p o t e n t i a l , 292,293t-95t 
n i t r a t i o n , 372 
numbering, a b b r e v i a t i o n s , and 

A ^ d e l o c / p v a l u e s » 6 6 " 6 8 

r e a c t i v e m e t a b o l i t e s , 196 
s t r u c t u r a l formulas, 36,37f 
s t r u c t u r e - a c t i v i t y r e l a t i o n s h i p , 5 
s t r u c t u r e s , 292,293t-95t 
synthesis of d i h y d r o d i o l and d i o l 

epoxide d e r i v a t i v e s , 36 
view of carcinogenic molecules 

showing K and bay 
regions, 128,130f 

X-ray d i f f r a c t i o n s t u d i e s , 128 
P o l y c y c l i c aromatic hydrocarbon d i o l 

epoxide-DNA i n t e r a c t i o n , 
p e r p e n d i c u l a r i t y , 152,156f,157 

P o l y c y c l i c aromatic hydrocarbon-DNA 
adducts 

a c t i v a t i o n by c e l l u l a r 
peroxidases, 300 

binding constants, 210,211t ,227,229 
binding of hydrocarbon 

metabolites, 210,212 
e f f e c t s of DNA on s o l u b i l i t y , 210 
e l e c t r o n i c i n f l u e n c e on stacking 

i n t e r a c t i o n s , 227,228f 
evidence f o r one-electron o x i d a t i o n 

a c t i v a t i o n , 300 
m e t a b o l i t i c r e a c t i v i t y -

c a r c i n o g e n i c i t y r e l a t i o n s h i p , 212 
photoelectron spectrum, 229,230f 
p h y s i c a l binding, 210 
s t r u c t u r e - a c t i v i t y s t u d i e s , 210 
str u c t u r e s , 197-98 

P o l y c y c l i c aromatic hydrocarbon-DNA 
adduct s t r u c t u r e s , 
determination, 195-98 
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P o l y c y c l i c aromatic hydrocarbon-DNA 
i n t e r c a l a t i o n , i n f l u e n c e of DNA 
s t r u c t u r e and 
environment, 229,231f,232 

P o l y c y c l i c aromatic hydrocarbon 
metabolic a c t i v a t i o n , e f f e c t s of 
f l u o r i n e s u b s t i t u t i o n , 101 

P o l y c y c l i c aromatic hydrocarbon 
o x i d a t i o n , hydroperoxide and 
mixed-function oxidase 
d i f f e r e n c e s , 320-23 

P o l y c y c l i c aromatic hydrocarbon 
t u m o r i g e n i c i t y , e f f e c t of f l u o r i n e 
s u b s t i t u t i o n , 99-101 

Primary carcinogens, d e f i n i t i o n , 241 
Procarcinogen—See Secondary 

carcinogen 
Prostaglandin H synthase 

b i o s y n t h e s i s of PGH2» 308,309f 
heme-requiring a c t i v i t i e s , 313-14 
o x i d a t i o n of p o l y c y c l i c aromatic 

hydrocarbons, 308 
p r o p e r t i e s , 308 

P r o t e i n s , polypeptide chain 
f o l d i n g , 157 

Protonated N-hydroxy arylamines 
r e a c t i o n mechanism and 

formation, 355-56,358f 
r e a c t i v i t y and s e l e c t i v i t y , 355-56 
r o l e as ultimate carcinogens, 356-57 

Q 

Quantum chemical c a l c u l a t i o n s , 65 
Quinones 

metabolic formation by an i n i t i a l 
one-electron o x i d a t i o n of 
benzo [ a ]pyrene, 296-99 

metabolic formation f o r p o l y c y c l i c 
aromatic hydrocarbons of various 
i o n i z a t i o n p o t e n t i a l s , 297t 

R 

R a d i c a l c a t i o n s 
chemical p r o p e r t i e s , 290 
n u c l e o p h i l i c trapping 

mechanism, 290-91 
one-electron o x i d a t i o n and 

subsequent n u c l e o p h i l i c 
trapping, 290-91 

s p e c i f i c r e a c t i v i t y with 
n u c l e o p h i l e s , 290,292 

Radical c a t i o n p e r c h l o r a t e s , synthesis 
and subsequent n u c l e o p h i l i c 
c o u p l i n g , 290,292 

S 

Secondary carcinogens, d e f i n i t i o n , 241 
SOS mutagenesis, occurrence at s i t e s 

of DNA damage, 330 
SOS-processing system, 

d e s c r i p t i o n , 329-30 
Spectroscopic probes 

emission s p e c t r a of DNA, 216,217f 
fluorescence quenching, 216 
UV absorption, 218 

S t r u c t u r a l requirements f a v o r i n g 
mutagenicity 

bay-region methyl group, 86,88,91 
comparative t u m o r i g e n i c i t y of 

methylchrysenes, 88,90f 
free p e r i p o s i t i o n , 86,88 
i n h i b i t i o n of t u m o r i g e n i c i t y by 

perl-methyl s u b s t i t u t i o n , 88,89f 
nonplan a r i t y , 97 
unsubstituted angular r i n g , 86,88 

S t r u c t u r e - a c t i v i t y r e l a t i o n s h i p s 
e f f e c t of a methyl group, 7,9t,48 
s u b s t i t u t i o n , 7 
u n s u b s t i t u t l o n , 5,7 

Sugar conformations, 
diagrams, 159,161,163f 

N-Sulfonyloxy arylamides 
decomposition, 345 
e l e c t r o p h i l i c r e a c t i v i t y , 343 
e l e c t r o p h i l i c s u b s t i t u t i o n , 345 
metabolic formation, 343-45 
r e a c t i o n mechanism, 345,346f 
r o l e i n arylamide 

tumorigenesis, 345,347 
N-Sulfonyloxy arylamines 

metabolic formation, 352 
r e a c t i o n mechanism, 352-53,354f 
r o l e as ultimate carcinogen, 353 

N-(Sulfonyloxy)-N-methyl arylamines 
r e a c t i o n mechanism, 361-63 
r e a c t i v i t y , 361 
r o l e as ultimate carcinogens, 361 

T 

Tetrahydroepoxides 
log kg versus A E ^ ^ /P p l o t , 68 
log r e l a t i v e mutagenicity toward S. 

typhimurium TA 100, 69,70f ~~ 
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Tetrahydroepoxides—Continued 
models f o r d i o l epoxide r e a c t i v e 

s i t e , 68 
mutagenicity, 69 
r e a c t i v i t y , 68 
tum o r i g e n i c i t y , 69 

T e t r a o l s , f l u o r e s c e n c e , 116 
T r i p e p t i d e s , s t r u c t u r e s , 157 
Triphenylene 

a c t i v i t y , 7 
carcinogenic a c t i v i t y , 43 
s t r u c t u r e , 6 

Triphenylened ihydrod i o l s 
epoxidation, 43,44f 
s y n t h e s i s , 43 

U 

Ultimate c a r c i n o g e n — S e e Primary 
carcinogen 

Unstructured p o l y c y c l i c aromatic 
hydrocarbons, s t r u c t u r e s , 5,6 

UV absorption 
absorption s p e c t r a , 218,222f 
a s s o c i a t i o n constants, 223,224t 

W 

Weigle r e a c t i v a t i o n and mutagenesis, 
d e s c r i p t i o n , 328 

X 

X-ray d i f f r a c t i o n analyses of 
c r y s t a l s , d e s c r i p t i o n , 127-28 
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