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ABSTRACT

To determine the contribution of the dlol-epoxlde to
t he genotoxlclty of benz(l aceant hryl ene (BJAA), the
mut agenic activity of Bj AA and Its bay-region netabolites
were evaluated In the Ares assay. Bj AA, the 9, 10-oxl de, and
the 9,10 dl hydrodlol are Indirect acting nutagens with
specific activities of 12.9 rev/nnole, 5.6 rev/nnol, and
9.4 rev/nnol e, respectively. The 9, 10-dl hydrodl ol -7, 8- oxl de
was direct acting having the sane activity as the parent
conpound, Bj AA

Met abol i sm st udi es using Aroclor 1254 |Induced rat I|iver
S9 were conducted on the Bj AA-9, 10-dl hydrodi ol netabolite.
Four netabolites were |Isol ated. Three netabolites were
Identified as 1,2,9,10-tetrahydro-1, 2,9, 10-t etrahydr oxy-
Bj AA, 7, 8, 9,10-tetrahydro-7,8,9, 10-tetrahydroxy-BJAA and the
9, 10-dl hydroxy-Bj AA. The fourth nmetabolite was tentatively
| dentified as BJAA-9, 10-dl hydrodl ol - 2- one.

Simlarly, the netabolism of cycl opentafused
benzoCel pyrene (cpBeP) was al so Investigated to determ ne
whet her the previously observed nmutagenic activity of this
conpound was due to netabolismat the bay-region or the
etheno bridge. Only one nmgjor netabolite was observed, the
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3, 4-dl hydr odl ol cpBeP. Additional mnor netabolites vere
| sol at ed, but not enough nmaterial was available to Identify
t hem

Oxi dation occurs at the cycl opentafused ring for both
Bj AA and cpBeP when Incubated with rat liver 59. This
structure Is of I|nportance when consi dering nutagenic
activation of a conmpound, and |Is an exception to the bay-

regi on theory proposed by Jerlna and col | eagues.
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I . 1 NTRODUCTI ON

Pol ycyclic aromati ¢ hydrocarbons (PAHs) are
environmental pollutants generated in combustion processes
(Kamensr et al., 1987; Lo, et al., 1978). Several exanples
are shovn in figure 1. \Wet her these conmpounds are
potential public health hazards, causing cancer, depends on
the chem cal dose received, and its distribution within the
body (Boul os, et al., 1986; Jeffrey, 1985). The
distribution is influenced by the conpound' s netabolism and
the stability and reactivity of the netabolites produced.

Cytochrome P-450, an enzyme predominantly found in the
liver, is knovn to be involved in xenobiotic nmetabolism
St udi es have indicated that this enzyne oxi di zes PAHs
formng el ectrophilic species. These netabolites may then
interact vith cellular macronol ecul es, such as protein or
DNA. If the damage is not repaired these interactions can
ultimately result in tunor formation.

The prediction of biologically active nmetabolites is
directed towards the structural features of PAHs. The
rel ationship between metabolismat the K- and bay-regions,
shown in figure 1, and biological activity is known for
several conpounds, including benzCa3anthracene (BaA) and
benzoCel pyrene (BeP). The nutagenic activity, determned by
the Anes assay, indicates that the bay-regi on netabolites
are highly reactive, and lead to the ultimate
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FI GURE 1. The polycycllc aromatic hydrocarbons shown,
benzoCaIp rene B) benzoCel yrene 0 benzcalanthracene
3-met h % ol ant hr'ene, an cycl opent ﬂ Bgrene are

vironnent al contam nants fouhd in dlesel exhalist ‘and wood

snDke (Gold, et al., 1980; Thakker, et al. 1981)
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carci nogenic netabolites (Jerlna, et al., 1978).

Derivatives of BaA and BeP, benzCll aceant hryl ene (BJAA)
and cycl opent af used benzoCel pyrene (cpBeP), respectively,
are shown In figure 2. BjAA and cpBeP are the focus of this
study. BJAA Is unique In that It has three structural
features, the K-reglon, bay-region and a peripheral etheno
bri dge. CpBeP has two regions of potential activity, the
bay-regi on and a peripheral etheno bridge. The peri pheral
et heno bridge or cyclopentafused ring may be subject to
el ectrophl Il c attack and undergo oxidation, ultimately
form ng a nutagenic netabolite. The resulting active
el ectrophlle could then Interact wwth DHA (Harvey, et al.
1988a). ol d and col | eagues (1988) postul ated that a
reactive internediate of this ring nost likely forns the
maj or met abol i ¢ pat hway of cycl opentafused conpounds.

Studies perforned by Nesnow and colleagues (1984)
showed that Bj AA Incubated with Aroclor 1254 Induced S9 rat
l'iver mcrosomes generated several netabolites. The
trans-1f 2-dl hydrodiol was the mgjor netabolite conprising
60% of the total netabolites forned (Nesnow, et al., 1988).
The tEana-9,10- and 11, 12-dl hydrodl ol were forned
contributing to approximtely GX and 3% of the total,

respectively. The 10-hydroxy-Bj AA was also observed
(Nesnow, et al., 1984).
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FIGURE 2. BenzCll aceanthrylene, (A), and cycl opentaf ueed

benzoCel pyrene (B).
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Bj AA net abol i sm has al so been studied I n nouse enbryo
fibroblasts, C3HLOT)&CL8 cells where this conpound had been
found to Initiate norphol ogical transformati on. The nmjor
netabolite formed, the Bj AA-9, 10-dl hydrodl ol , conprises 55X
of the total. The Bj AA-|, 2-dl hydrodl ol vas only a m nor
net abolite consisting of 14% of the total netabolites
(Hohapatra, et al., 1987). Since the Bj AA-9, 10-dl hydrodl ol
vas so prom nant and could be a precursor to the bay-region
dl ol -epoxl de, ve Initiated nmutagenicity studies on the bay-
region nmetabolites to determne If this vas a possible route
of nmetabolic activation for BjAA

This study Involves nutagenicity testing of BJAA and
Its bay-region metabolites by the Ares assay to determne |f
t he norphol ogi cal transformation observed In the C3H eTKCL8
cells could be explained by oxidation of the Bj AA bay-
region. Metabolismstudies vith rat liver SO will be
conducted on the Bj AA-9, 10-dl hydrodl ol to determ ne vhat
met abolites may be forned by Aroclor Induced rat |iver
| sozynes.

Previous studies by Ball and coll eagues (1991) have
| ndi cated that cpBeP shovs significantly greater nutagenic
activity In the Anes assay than BeP. Metabolites of cpBeP

generated by rat liver S9 vlI| be Identified In this study
to determne hov the addition of the cycl opentafused ring

affects the netabolite profile, vhlch may explain the

| ncrease I n nmutagenic activity observed.
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. BACKGROUND

I'l1. A ENVI RONMENTAL SOURCES

PAHs have been found in the environnment due to natura
occurrences such as forest fires. As a result of these
fires, PAHs are deposited on the soil, and nmay contam nate
nearby river and marine sedinents fromvater runoff (Lo, et
al ., 1978). However the major source of PAH contam nation
occurs through activities of man. Fossil fuels are used for
90% of the nation's energy. Conbustion is usually the [|ast
process in converting fossil fuels to energy. An
i nefficient conbustion process is a major source of PAH.

BenzoCa] pyrene (BaP), a well studied PAH, is often used
as a neasure of PAH contam nation. Over 1300 tons of this
compound were released into the environnent per annumin the
United States (Levin et al., 1978). The processes that
rel ease this particular PAH in addition to other PAHs are
refuse burning, 600 tons BaP, heat and power generation

500 tons BaP, coke production, 200 tons BaP, and gasoline-
powered notor vehicles 22 tons BaP (Boul os, et al., 1986;
Lo, et al., 1978).

PAHs are also released in wood snoke and cigarette
snoke (Lo, et al., 1978). These conpounds are sorbed onto
particulate matter present in the air, where they my be
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| nhal ed by humans. This is one route of human exposure.

Anot her route of human exposure is ingestion. Potable
wat er supplies have been contam nated with PAH present in
tar used to coat water pipes. Also, PAHs present in air nay
deposit onto food stuff, and into soil where plant roots may
absorb these conpounds. Hany foods such as fresh vegetabl es
(2.8-24.5 ppb BaP), coffee (3.9 ppb BaP), and even vegetabl e
oils (0.4-1.3 ppb BaP), contain |ow concentrations of PAH
PAHs are al so generated in cooking, especially in flame and
charcoal broiled neats, trace-50.4 ppb BaP (Boul os, et al.,
1986; Lo, et al., 1978). Once PAHs are absorbed into the
body, they may interact with cellular conponents after
metabolic transformati on and are thus said to be biol ogical
agent s.

An associ ation between cancer and PAHs generated from
fossil fuel sources is well docunented in epidem ol ogi ca
studi es involving coke oven workers, gas works operators and
coal liquefaction workers. An increase in cancer incidence

has al so been docunented in urban and i ndustrialized areas

wi th hi gher energy em ssions conpared to rural areas
(Guerin, et al., 1978).

1. B. CARCI HOGEHI I TY

Chem cal carcinogenicity is a nultistep process
I nvolving three stages: initiation, pronotion and
progression (Levi. 1987: \Weinstein, 1988). The initiating
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chemcal is an el ectrophlle damagi ng DHA by causi ng base
substitution, deletions and chronosone transl ocations,
amplifications and transpositions. Al though nutations occur
at high frequency, they are usually repaired. Unrepaired or
msrepaired nutations vill result in irreversible danage.
Pr ot ooncogenes, tunor suppressor genes and transcriptional
regul atory genes are involved in controlling normal cel
grow h and differentiation. These genes are often the
genetic targets of the initiation phase (Winstein, 1988).
Pronmoters are conpounds that act at stages subsequent
to Initiation. These conmpounds are generally not
el ectrophilic, and do not interact with DVA. However post-
initiation treatment with | ow concentrations of pronoter can
I nduce carcinogenesis at much | ower doses of initiator than
in the absence of pronoter (Levl, 1987). Studies with
phor bol esters, a class of conpounds that are highly
effective as pronoters, show that these nol ecul es do not
bind to DHA, but bind to nenbrane-associ ated receptors
produci ng effects at the epigenetic level (Winstein, 1988).
The effects of pronoter binding is reversible at an early

stage. Continuous |ow | evel exposure is needed, suggesting
that there is a threshold | evel that nust be reached in

order for the pronoter to have an effect.
The effectiveness of a chem cal in causing

carci nogenesi s depends on several factors: the rate of
Interaction between the chemcal and DHA, as well as the
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rate of Interaction between the chem cal and conpeting
cel lul ar nucl eophlles, such as RNA or proteins; whether
detoxification of the chem cal occurs, and to what extent;
and the stability of the active internediate during
transport across the nenbrane and the probability of it
reaching a genetic target (Wisburger, 1980).

Brookes and Lawl ey (Conney, 1982; DePierre, et al.
1978) using several PAHs, including BaP, observed a positive
correl ati on between carcinogenic activity of the conpound
and the degree to which it bound to DMA. This observation
was al so confirnmed by Buty and col | eagues (1976). However
no correlation was observed between carcinogenicity and the

chem cal binding to protein. It is thought that arene

oxi des of PAHs bind to DVA and transformnormal cells into

cancer cells (DePierre, et al., 1978).

1. C.  STRUCTURE- ACTI VI TY RELATI OHSHI PS

Under st andi ng the rel ati onshi p bet ween nol ecul ar
structure and biol ogical activity would be very hel pful in
predi cting the nutagenic/carcinogenlc activity of new
conpounds. Several theories, the nost |nportant being the

bay-regi on theory, were developed to attain this goal.
I1.C.1 K-Reglon Theory

Pul | man and Pul | man suggested that the reactivity of
the nolecule was the key in relating chemcal structure and
carcinogenic activity. Earlier studies by Boyland and
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col | eagues (Pullman, et al., 1955) denonstrated that
nmet abolic transformation took place at carbons adjacent to
t he nost reactive regions of the nolecule. The K-reglon
reacting with a cell ul ar nmacronol ecul e caused
per hydroxyl atl on of the Mreglon, figure 3, resulting In
dl hydrodl ol s as Internmedi ates I n netabolism

Pul | man and Pul |l man (1955) conpared theoretical
cal cul ati ons of bond energies vlith biological activity of
several conpounds. For a conpound to have carcinogenic
activity It needed an active K-reglon, however this was not
sufficient. If the conpound also contained a L-reglon, this
regi on would need to be Il ess reactive or Inactive to
| ncrease the carcinogenic activity of the conpound.

Attenpts to show If the K-reglon arene oxi des were
proxi mat e carci nogens or ultimate carci nogens, were
unsuccessful In the early 1970's (Bresnlck, 1976). However,
Jerl na and col | eagues (1978) observed that nol ecul es
contai ning bay-regions usually had a K-reglon as well, which
m ght explain the correlation between the K-reglon and
bi ol ogi cal activity seen by the Pul | mans.

I1.C. 2 Bay-Region Theory

Previous studies have shown that arene oxi des,
dl hydrodlol  precursors, were the primary oxidative
metabolites of PAHs (Lehr, 1982). Met abol i sm st udi es
Indicated that the BaP-7,S-dihydrodiol Is further
met abol i zed to the BaP-7, 8-di hydrodiol-9,10-oxide, a highly
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FIGURE 3: The K-, L-, and bay-regions are inportant
in determning structure activity relationships of
PAHs (Chu, 1980).
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reactive netabolite that binds to DHA (Lehr, 1982; Jerl na,
et al., 1978; Wod, et al., 1976). The dl ol - epox| des vere
hi ghly reactive, and conpounds form ng this structure
di spl ay substantial biological activity. Al so a unique
structural feature was observed for the BaP-7, 8-dl hydrodl ol -
9, 10- oxl de. The epoxi de was | ocated on a saturated, angular
benzo-rlng which fornmed part of the bay-region of the
mol ecul e (Jerlna, et al., 1978).

The bay-regi on becanme the critical structural feature
accounting for the nutagenlc/carclnogenlc activity of sone
PAHs (Jerlna, et al., 1978; Tsang and Giffin, 1979).
Jerl na and col | eagues (Conney, 1982) who devel oped the
theory were able to predict the proxinate and ulti mate
carci nogeni c netabolites of PAH Exanples conformng to
this theory are BaA, 3-nethylcholanthrene (3-M), chrysene
and dl benzoCa, Upyrene. However as Tsang and Giffin (1979)
observed, the presence of a bay-regi on oxide nmay be
necessary, but this structural feature Is not sufficient for
carci nogenic activity as seen fromthe exanpl e,
phenant hrene, which contains a bay-region, but |Is not
carcinogenic. Tsang and Griffin C1979) also Indicated that

cycl opent atc, dl pyrene (CPP) was shown to be highly
mut ageni ¢, but did not contain a bay region

In the bay-region theory, the resonance stabilization
energy for the carbonlumlon formed on oxide ring opening,

AEj, /B, is calculated. The nost favorable carbonlumlon Is
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usual |y the benzylic atomon the saturated, term nal ring
form ng part of the bay region. The |arger the val ue of
AEjjgjgj,/fl, the nore readily the epoxide precursor forns the
carboniumion (Jerina, et al., 1978). The ion appears to be
nore readily formed for bay-region diol-epoxides, than for
non- bay-regi on epoxi des and di ol - epoxi des. The stability of
the carboniumion formed fromthe epoxide in the bay-region
vs. the non-bay-region may in part account for the
bi ol ogi cal and chemi cal activity seen with conpounds
cont ai ni ng bay-regi ons. Conpounds containing substitutuents
and met hyl ene bridges adjacent to the bay-regi on may
I ncrease the stability of the carboniumion, thereby
I ncreasing the activity of the conpound (Rice, et al.,

1988). The ease of carboniumion formation as reflected in
AEj.i../fi values nmay be used in a qualitative ranking of PAHs
for carcinogenicity (Jerina, et al., 1978).

Hany compounds appear to follow the bay-region theory.
However, Jerina and col | eagues (1978) suggest caution in
applying this theory, since several elenents were not
considered in the quantum mechani cal cal cul ations. Factors
not included were the influence of the detoxification of a
conpound by enzyme systens, and the delivery to and reaction
with the critical target or receptor (Jerina, et al., 1978).
Tsang and Griffin (1979) also nention that the calcul ations

do not take into account substituents on the saturated or

aromatic angul ar benzo-rings.  Experinents have shown that
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subst xt uents on the angul ar benzo-rxng tend to decrease the
activity ot the nolecule as a result of Inhibiting epoxide
formati on. Methyl groups in the bay-region on the sane
angular ring will lover tunorigenic activity (Rice, et al.,
1988). However, substituents on other carbons on the
mol ecul e may bl ock these sites from metabolism thereby
I ncreasi ng netabolismat the benzo-ring of the conpound
(Tsang & Giffin, 1979; Jerina, et al., 1978). Methyl
groups at sites other than the angular ring protruding into
t he bay-region may pronote association of the netabolite
with DVA or effect the netabolismof the PAH (Harvey, et
al ., 1988a; Hoffman, et al., 1981; Sraithgall, et al., 1988).
I1.C.3 Di-Region Theory

Di screpanci es in the bay-region theory have been seen
concerning the correlation between biological activity and
carboniumion delocallzation energies (Lehr, 1982).
BenzoCal napht hacene and di benzoCa, JI napht hacene are two
conpounds that are not biologically active, but the
cal cul ated del ocal | zati on energies are greater than the
del ocal | zati on energi es cal cul ated for BaP. O her
exceptions are benzoCcl chrysene and di benz[ a, | 3ant hracene
whi ch exhi bit biological activity, but have snaller
del ocal | zati on energi es than conmpounds that are narginally

active or nonactive (Q anhuan, 1985).
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In lieu of these short com ngs of the bay-region
t heory, Q anhuan (1985) has suggested a theory vhlch takes
several regions of the nolecule (Including the bay- and
K-regions) Into consideration. The dl -region theory
suggests that two active centers need to be present in the
PAH nol ecule In order to have conpl ete carcinogenic
activity. Figure 4 shows the regions of the nolecule
considered in this theory. Experinental evidence indicates
that the sites of |owest to highest del ocalization energies
are L, K E followed by E

In addition, Q anhuan (1985) suggested that the optinum
di stance between the active centers in the nol ecule should
be 2.80-3.00 A, the distance between two negative centers
in the DVA doubl e helix. Experinental evidence has shown
t hat carci nogenic nol ecules interact with DVA via
electrophilic internedi ates that have resulted from
nmet abol i sm of the parent conpound. Q anhuan concl uded t hat
mut agens such as DHBA (dl net hyl benzant hracene) induced cross

l'inking of conplenentary bases of different DHA strands.

1. D. CYTOCHRQOVE P-450

Cytochrome P-450 is involved in the netabolism of
drugs, steroids, pesticides and PAHs (Estabrook, et al.,
1978). This enzyne converts hydrophobic conpounds to
hydrophi l'ic conpounds through a variety of reactions such as
hydroxylatlon of the aromatic rings, nitrogen and sul fur
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FI GURE 4» The regi ons ahovn above are inportant

in the dl-region theory. This theory suggests that
two active centers need to be present in the nolecule
in order to have conpl ete carcinogenic activity

(Q anhuan, 19aS).
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oxi dation, nitrogen, sulfur and oxygen deal kyl ati ons,
oxi dative deam nation and nitrogen reduction to nane a fev
(Yang, et al., 1987; Hodgson, 1987).

Cyt ochronme P-450 nonooxygenase system (HO), or m xed
function oxi dases (HFGs), consists of two enzynes, NADPH
cytochronme P-450 reductase and cytochrome P-450, the latter
enzyme contains a hene group (DePierre, et al., 1978). The
HFGs are found predom nantly in the endoplasmc reticul um of
the liver, but are also present in |ower concentrations in
t he kidney, brain, and cells near portals of entry in the
| ung, intestine and skin (Hodgson, 1987). The nane P-450
was derived fromthe reduced form of the carbon nonoxi de
derivative which has an absorpti on maxi mum at 450 nm
Separation and purification of many isozynmes of cytochrone
P- 450 has been acconplished. The absorbance nmaxi mas of the
CO bound reduced form have ranged from 447-452 nm These
| sozynes differ in structure and show i ndependent and
over |l apping specificities for various substrates (DePierre,
et al., 1978).

A wel | known schenme of cytochrone P-450 catal yzed
reactions is shown in figure 5, although the internediates
In sone of the steps have not been conpletely el ucidated
(Est abrook, et al., 1978). The oxidized formof cytochrone

P-450 (Felll) interacts with the substrate to form an

enzyne-substrate conplex. The substrate is thought to bind
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FIGURE 5: The schematic indicates the events that occur for
Xtochrone P- 450 monooxygenations. This enzynﬁ Is involved in
e oxidation of PAHs, and the formation of the ultimate

carci nogeni ¢ netabolite (Hodgson & Levi, 1987; p. 55).
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| oosely at the hene nmoiety. A series of oxidation-reduction
reactions then occur. First, one electron is transferred
from HADPH cyt ochrone P-450 reductase to the enzyne-
substrate conpl ex. Mol ecul ar oxygen conbi nes vith the
reduced enzyme-substrate conplex. Transfer of a second
el ectron from HADPH or HADH cytochrone b- reductase results
in reductive cleavage of the oxygen-oxygen bond, yielding
H'O and an oxygen atomwhich is transferred fromthe iron
center to the substrate. The enzyne and oxi di zed substrate
t hen di ssociate, restoring the enzyne to the ferric form
(Hodgson, 1987).

Experinments perforned by Conney and col | eagues (1982)
| nvol ved the treatnment of rats with benzopyrene prior to
exposure to several other organic conpounds. They showed
that the liver mcrosonmal enzynes responsible for
hydr oxyl ati on of benzopyrene, hydroxyl ated sone of the
organi ¢ conpounds tested, but not all of them Additional
studi es (Conney, 1982) showed that purified hepatic
cytochrome P-450 of control rats and rats treated with
met hyl chol ant hrene and phenobarbitol, in the presence of
excess HADPH cytochrone P-450 reductase exhibit different
substrate specificities. These results suggest that
| sozyml ¢ nonooxygenases are present in the [iver.

In fact, we now know that many isozynes of
cytochrome P-450 exist, and they have overlapping substrate
specificities. These cytochrones, as suggested in Conney's
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studi es above, are Inducible. Witlock and col | eagues
(1973) have shovn that PAHs stinulate synthesis of the
enzyne at the level of transcription and that protein
synthesis is also controlled by a regulatory protein. Buty
and col | eagues (1976) denonstrated with several PAHs,

I ncl udi ng BaA, BaP and 3-MC, that induction of the MFD
system and tunmor initiating capability of a conpound were
unrelated. As a result, the generation of PAH I nduced

cytochrone P-450 has becone a very useful tool in the study

of carci nogenesi s.

. E PAH METABCLI SM

Epoxi de formation occurs by the addition of an oxygen
atom catal yzed by cytochronme P-450, to an arene bond. In
1950 Boyl and and col | eagues (G over, 1986) proposed that
di hydrodi ol s, phenols and mercapturic acids were forned from
epoxi de precursors. Jerina and col | eagues showed t hat
napt hal ene oxi de was the necessary internediate in the
nmet abol i sm of napt hal ene to napthol, dlol and the
gl ut at hi one conjugate (DePierre, et al., 1978). O her
studi es with phenanthrene, BaA and BaP al so support these

results (Grover, 1986).
Arene oxides may occur in the bay-region. Results from
nmol ecul ar orbital studies indicate that the distal region

car bon-carbon bond has greater electron density than the
proximal region bond (figure 3), and therefore favors arene
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oxi de formation. Depending on the stability and reactivity
of the netabolite and its affinity to the enzyne, the
substrate may undergo a variety of reactions as shown in
figure 6. The epoxide may undergo hydrolysis via epoxide
hydrol ase to forma trans-di hydrodiol (Path A); conjugation
with glutathione (Path B) and be detoxified; or
rearrangenent to a phenol (Path C) and be detoxified by
subsequent conjugation with glutathione (Chu, 1980; Kadl ubar
and Hammons, 1987). It has al so been denpbnstrated that
arene oxi des of BaP, BaA and 3-MC may be reduced back to the
parent hydrocarbon when incubated with rat |iver mcrosones.
This process is NADPH dependent and inhi bited by oxygen
(DePierre, et al., 1978).

The trans-di hydrodiol is the key product in the
nmet abol i ¢ pathway. This nol ecul e nay be detoxified by
conjugation with glucuronic acid (Path A2), or be reduced to
a catechol and subsequently oxidized to a quinone (Path A3).
The trans-di hydrodiol may also formthe ultimte carcinogen,
the diol-epoxide (Path Al), as a result of further oxidation
by cytochrone P-450. This netabolite nay still be
detoxified via glutathione conjugation. However diol -
epoxi des are of concern, since an increase in stability of
1; |l « carbocati on enhances the carcinogenicity of the
mol ecul e, and its liklihood of binding to DMA (Chu, 1980;
Kadl ubar and Hanmmons, 1987) and m crosonmal and nucl ear

protein (Bresnick, 1976).
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FI GURE 6: The diol-epoxide is a very reactive internediate in
PAH net abol i sm Thi s di agram denpnstrates several pathways

l eading to the detoxification and production of the ultinmate
car ci nogen upon formati on of the diol -epoxi de (Kadlubar, et al.,
1987; p.92).
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Addi ti onal studies by Grover and Si ns, and
i ndependent |y by Hei del berger (1975), denonstrated that
epoxi des bind nmore readily to cellular macronol ecul es than
t he correspondi ng parent hydrocarbon or di hydrodi ol
net abolite. Grover and Sins (Heidel berger, 1975) from
earlier studies shoved that K-region epoxides of DHBA and
phenant hrene reacted coval ently vith DNA and hi st ones.
G over and col |l eagues (DePierre, et al., 1978) al so showed
t hat K-region epoxides vere forned after incubation vith
l ung m crosones from 3-HC treated animals. These epoxi des
reacted vith glutathione (Gover, 198&). D hydrodi ol and
phenol netabolites have al so been observed (DePierre, et
al., 1978). O her studi es have shovn epoxi des to be
el ectrophilic, cytotoxic, mutagenic and capable of inducing
cell transformation. Hovever the potency of these epoxides
is still less than their parent conpounds (Kadl ubar and
Hamrons, 1987).

Mechani sns proposed for phenol formation are
| somerization of epoxides, dehydration of dl hydrodi ol s,
breakdovn products of dihydrodiol conjugates, and reactions
bet veen vater and radical cations. Although fev exanples
vere cited for these proposals, the nost popul ar nechani sm
vas the spontaneous isonerization of epoxides to phenols

(Grover, 1986). The high electron density of the L-region
and the ease of formation of phenols, increases the


NEATPAGEINFO:id=45526B2D-3954-448E-85D5-0DCC45D6870A


24

probability of quinones occurring in this region, and
t hereby detoxifying the compound (MIler, et al., 1974).

I1.E 1. BenzoCal pyrene

Benzo[ a] pyrene was extensively studied to determne its
met abolites, and their nutagenicity and carcinogenicity,
figure 7 (Conney, 1982). In the presence of purified
hepati c cytochrone P-450, BaP netabolites that were
gener at ed consi sted of phenols and qui nones. Upon the
addi tion of epoxide hydrol ase, three jjcanei-dihydrodiols,
4,5-, 7,8-, and 9, 10- appeared, decreasing the concentration
of phenolic netabolites. The BaP-4, 5-oxide netabolite was
present in the initial incubation, appearing on the
chromat ogram After epoxide hydrol ase was added, BaP-4, 5-
oxi de was no | onger observed. Conney and col | eagues (1982)
reported that the netabolite was a potent nutagen, producing
a low incidence of tumors when applied to mouse skin and did
not exhibit a dose-response relationship (Wod, et al.,
1976). This netabolite was denonstrated to be a weak tunor
initiator as well. Although BaP-4,5-oxide is a potent
mut agen, in the presence of epoxi de hydrol ase and
gl ut at hi one-s-transferases, deactivation of the netabolite

probably occurs at a rate which limts the interaction
between the conpound and the genetic material of the skin

(Wod, et al. , 1976).
Further work varying the ratio of cytochrome P-450 and

epoxi de hydrolase resulted in changes to the profile of
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oxi des and di hydrodi ol s (Conney, 1982). In the presence of
epoxi de hydrol ase, the epoxide gave rise to di hydrodiols,
whi |l e phenols were forned in the absence of epoxide
hydrol ase. I n addition, this evidence indicates that
epoxi de hydrolase is involved in the detoxification pathway
as well as in the formation of ultimate carcinogens.

Weak nutagenic activity was seen for the 7,8- and
9, | e- oxi des. However the 7,8-dihydrodiol-9, 10-epoxi de
exhibited the highest mutagenic activity of all t he
netabolites of BaP in S. typhimuriumTA98 and TAle0 and
mamal i an cell assays. In the bacterial strains, the
7, a-di hydrodiol-9,10-epoxide-BaP 2 (syn isoner) was a nore
potent nmutagen than the 7, 8-dihydrodiol-9,10-epoxide-BaP 1
(anti isomer). The opposite result was observed in
., 1976).
Unlike the 4,5-di hydrodiol, the 7,S-dihydrodiol was shown to

be a potent tumor initiator in nmouse skin. The strong

manmmal i an cell assays (Conney, 1982; Wod, et al

carcinogenic activity of the 7,a-oxide and 7,S-dihydrodiol
is aresult of the conversion to the highly reactive
7, a-di hydrodi ol -9, 10-oxide (Conney, 1982).

Epoxi des of BaP are the key metabolites involved in DVA

bi nding (Singer, et al., 1983). The first evidence of
net abol i c activation of PAH was reported by EE C. MIler in

the early 1950's (Conney, 1982). Application of BaP to
nmouse skin resulted in coval ent binding of BaP netabolites

to protein. Guengerich and colleagues (19S9) observed t hat
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human |iver mcrosomes can oxidize the 7,8-dihydrodiol to
metabolites that bind to DVA.  Winsteln's group (Conney,
1982) denonstrated that the BaP-7, 8-di hydrodiol -9, 10-oxi de
i soner 2 vas shown to bind to DVA in cultured cells. Thi s
result vas also denonstrated by Sinms and col | eagues (Conney,
1982). In addition Winstein's group reported that the BaP-
7,a-di hydrodiol-9,le-oxide isomer 1 bound to a greater
extent than isonmer 2; and that the major adduct fornmed vas a
coval ent bond betveen isomer 1 and the H2 position of
guani ne (Conney, 1982; Singer, et al., 1983). M nor DNA
adduct products have been detected as veil. BaP netabolites
vere observed to bind at the N7-guanine, 06-guanine, N6-
adenine and the N4-cytosine positions vithin the DNA
(Osborne, 1985).
Il1.E 2. BenzoCel pyrene

Benzo[ elpyrene is a symmetrical hydrocarbon vith a
K-region and tvo identical bay-regions. Little to no
tunorigenic activity vas seen in mce or rats for this
conpound (Conney, 1982; Jacob, et al., 1985). The nmin
netabolite formed is the trans-4f5-di hydrodiol in rat liver
homogenates, figure 8, and enbryonic cells of mce and
hanmsters. This conpound is al so the predom nant metabolite
formed in untreated rat |liver mcrosones. The 3-hydroxy-
and 4- hydroxy-BeP have been identified as veil. The

putative proximate carcinogen, the trans-g.i0-dihydrodiol,

vas shovn to be a mnor netabolite in hanster enbryo cells
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FI GURE 8:
di hydr odi ol

BenzoCel pyrene predom nantly forns the K-region
when i ncubated w th methlychol ant hrene i nduced

hepatic mcrosones; only a small amount, | X of the

proxi mat e carcinogen, the 9,10-trans-dihydrodiolp is formed
(MacLeod, et al. , 1980).
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and rat liver m crosones (Jacob, et al., 1985). This
net abolite was usually further netabolized to the 4,5,9, 10-
tetrahydro-4,5,9, 10-tetrahydroxy-BeP, and not the ultimate
carci nogen, the 9,10-di hydrodiol-I1, 12-oxide. |ncubation of
BeP with uni nduced rat and human |iver m crosones, resulted

inIX and 12%yi el ds of the 9,10-di hydrodi ol, respectively

(Jacob, et al., 1985).

The 9, 10-di hydrodi ol -11, 12- oxi de was nmade
synthetically, and its nutagenic activity was tested. The
actual nutagenic activity of this conpound was | ower than
expected fromthe quantum nmechani cal cal cul ati ons (MacLeod,
et al., 1980). This weakly active ultinmte carcinogen can
I ncrease the nunber of pulnonary tunors in mce and the
nunber of hepatic tunors occurring in nmale mce (Conney,
1982) .

Many investigators have attenpted to determ ne why BeP
has | ow nutagenic activity conpared to BaP. MaclLeod and
col | eagues (1980) answered this question by conparing the
net abolismrate of the two conpounds. When bot h conpounds
were incubated with purified or reconstituted m xed function
oxi dase systens, they had conparabl e netabolismrates.
These results indicated that BeP coul d be used by the m xed
functi on oxi dase system as a substrate. MaclLeod and
col | eagues concluded that the initial site of oxidation was

different. BaP oxidation resulted in formati on of

di hydrodiols in the bay-region (7,8 or 9,10 positions).
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wher eas BeP oxidation resulted in formation of dihydrodiols
in the K-region (4,5 position). PAH induced cytochrone
P-450 incubated with BeP resulted in a slightly greater
yield of the BeP-9, 10-di hydrodiol. The low yield of this
bay-region metabolite precursor may explain the [|ow
nut ageni ¢ and carcinogenic activity of this conpound (Jacob,
et al., 1985).
Il.E.3 CyclopentaCc, dlpyrene

The bay-regi on theory does not account for the
bi ol ogi cal activity of this conmpound, since it does not

possess a bay-region. The five-nenbered ring is highly

suscepti bl e to epoxidation due to the olefinic nature of the
doubl e bond, and AEjjgjjjj,/B of the C3 carboniumion resulting
from epoxide ring opening is identical to that from BaP
di ol -epoxi de (Eisenstadt, et al., 1976).

CPP was tested over the standard spectrum of
S. typhinmurium strains used in the Ares assay. The specific
activity was 174 rev/nnole in TA1537, and the anmount of S9
needed to produce an effect in this assay was approximtely
one-tenth of the anobunt needed for BaP (Ei senstadt, et al.,
1978). However, unlike the ultinmte carcinogen of BaP, a
dramati c decrease was observed in the nutagenicity of CPP
upon addition of epoxide hydrolase (Wod, et al., 1980).

The predicted ultinmate carcinogen of CPP is the
3, 4- oxi de. This metabolite is direct acting and highly
reactive in the Anmes assay (Wod, et al., 1980). |In strain
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TAI QQ, the specific activity of this nmetabolite was
calculated to be 1440 rev/nnole (CGold, et al., 198Qa).

The CPP- 3, 4-oxi de transfornms C3HLOTKCL8 cells, but with
| ess activity than BaP. This assay is a norphol ogi cal
transformati on assay whi ch has been docunented to respond to
chem cal carcinogens, including PAHs (CGold, et al., 1980b).
The 3,4-oxide is a weak tunor initiator, simlar in activity
to BaA (Wod, et al., 1980), but only one-twentieth as
active as BaP (Raveh, et al., 1982).

Since the activity of CPP cannot be expl ai ned by the
formati on of a bay-region diol epoxide, Eisenstadt and
Gol d (1978) suggested the activity may be governed by the
formati on of a stable benzylic carboniumion. The resulting
el ectrophile would interact with cellular macronol ecul es
yi el ding biological activity (Eisenstadt, et al., 1978,
Gold, et al., 1980a).

Il.E. 4. BenzCa] ant hr acene

Based on the bay-region theory, Jerina and col | eagues
predi cted the proxinmate and ultimate carci nogenic
nmet abolites of BaA to be the 3, 4-dihydrodiol and the
3,4-di hydrodiol -1,2-oxides 1 and 2, respectively (Conney,

1982; Wbod, et al., 1976). Incubation of BaA with purified
hepatic cytochrome P-450 and epoxi de hydrol ase resulted in

the trans-5,6- and 8, 9-di hydrodi ol s as the nmj or

net abolites, and the trans-3. 4-di hydrodiol as a m nor

net abolite (Conney, 1982). Aso, small amounts of the 1, 2-
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and 11, 12-di hydrodi ol s have been observed (Singer, et al.,
1983). The 3, 4-di hydrodi ol was at |east 10 tines nore
nut ageni ¢ than BaA and the other trans-di hydrodi ol
metabolites in S. typhinmuriumstrain TA100 with S9
activation (Conney, 1982).

BaA is a weak skin tunor initiator, and noncarci nogenic
in many in vitro cell transformation systens and in vivo
ani mal tunorigenesis assays (Slaga, et al., 1978). Wen
tested as a tunor initiator in nouse skin, the
3, 4-di hydrodi ol was shown to be 5-10 tines nore active than
BaA and the tEaaa-l,2-, 5,6-, 8,9- and 10, 11-di hydr odi ol s of
BaA (Conney, 1982; Slaga, et al., 1978). Since the 3, 4-
di hydrodiol is distal to the bay-region the high | evel of
activity of this netabolite can be expl ai ned by secondary
net abolismto the bay-regi on diol-epoxide (Wod, et al.
1976) .

The 8, 9-di hydrodi ol -10, 11-oxide 2 (anti isoner) and the
3,4-di hydrodiol -1,2-oxide 2 (anti isomer) were shown to bind
covalently to DNA when BaA was applied to nouse skin. Both
di hydrodi ol s react with the 2-am no group of guanine
(Singer, et al., 1983). The 8, 9-di hydrodi ol -10, 11- oxi de
al so reacted with deoxyadenosi ne (Heram ni ki, 1980). The
3, 4-di hydrodi ol -1, 2-oxi de isomer 2 has greater mnutagenic and
carcinogenic activity of the two netabolites, and appears to
be a tunor initiator, nore tunorigenic than BaA, initiating

lung and skin tumors in mce (Conney, 1982, Slaga, 1978).


NEATPAGEINFO:id=4A7B66FB-E9C0-4072-BA4B-C17A8AFD6DF7


33

However both netabolites are probably responsible for the
bi ol ogi cal activity of BaA (Henm ni ki, 1980). Singer and
G unberger (1983) state the significance of the nutagenic
activity of the 8,9-di hydrodi ol -10, 11-oxide is not clear;
and that its activity is a failure of the bay-region theory
to predict all the netabolites that may bind to DNA
I1.E 5. 3-Hethlychol ant hrene and 3- Met hyl chol ant hryl ene

3- Het hyl chol anthrene is simlar to BaA with the
exceptions of a nethyl group at the 3 position, and a
saturated 5-nenbered ring fused between positions 7 and 8 of
BaA. Wien this conpound was i ncubated with cytochrone P-450
and epoxi de hydrol ase, the two major netabolites forned were
the 1-hydroxy- and the 2-hydroxy-3-MC. Only a snall anount
of the proximate carci nogen, the 9, 10-di hydrodi ol, was
formed (Conney, 1982; Singer, et al., 1983; Jacobs, et al.,
1983). In contrast, Li and coll eagues (1983) have cl ai ned
that the 9, 10-di hydrodiol is one of the najor netabolites.
When t he 1-hydroxy-, 2-hydroxy- (Conney, 1982) and the
2-OXO 3-MC (Shou, et al., 1990) were i ncubated with
cytochrome P-450 and epoxi de hydrol ase, a | arger anount of
t he correspondi ng 9, 10-di hydrodi ol was forned. Additional
met abolites fornmed included the 4,5-, 7,8-, and the 11, 12-
trans-di hydrodiols and 1,2-diol (Singer, et al., 1983).

In S. typhirauriumstrain TA98 with S9, the 1-hydroxy-

was 10 tinmes nore nutagenic than 3-MC, the 3-MC 2-one showed

greater activity than 3-HC, and the 2-hydroxy- had simlar
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activity as 3-MC. The 11, 12-di hydrodi ol was inactive (Wod,
et al., 1978). The 9, 10-di hydrodi ol was the npbst nutagenic

of the 3-1fC netabolites in both bacterial and manmali an
systens. This netabolite vas a nore active tunor initiator
than the 4,5-, 7,8-, and 11, 12-di hydrodi ol s (Conney, 1982),
and had simlar activity to 3-HC (Shou, et al., 1990).

The 9, 10-di hydrodi ol -7, S-oxide was the ultinate
carci nogen forned from 3-MC (Conney, 1982; Jacobs, 1983; Li,
et al., 1983). Eight major DHA adducts and one m nor adduct
were isolated by HPLC from nouse skin incubated with ""H 3-
nmet hyl chol ant hrene. The | arge nunber of adducts are nost
li kely due to the 9, 10-di hydrodi ol -7, 8-oxi de and t he
hydr oxyl at ed deri vatives that were isolated in the
met abol i sm studi es (Singer, et al., 1983). DNA adducts
coval ently bound at either the 7, 8, 9 or 10 positions of
t he hydrocarbon, simlar to BaP, were observed in cul tured
mouse enbryo cells and nouse skin (Gsborne, 1985).

Gsborne (198G identified two of the DNA adducts fromthe
i ncubati on of hanster DHA with the 9, 10-di hydrodiol -7, 8-
oxi de. The netabolite binding at the N2 position of guanine
was the maj or adduct. The second adduct, a m nor product,

resulted fromthe diol-epoxide binding at the 7 position of
guani ne. I ncubation of the ultinmate carcinogen with RNA
isolated fromE. coli resulted in both guanosi ne and

adenosi ne adducts (Gsborne, 1985).
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3- Het hyl chol ant hryl ene contains a doubl e bond at the
1 and 2 positions. This conpound is a mnor netabolite of
3-HC, and a potent nutagen in the Ames assay in both
S. typhinurium TA98 and TA100. 3- Met hyl chol ant hryl ene nmay
be further metabolized into 3-nethylchol anthrene~2-one, a
known carci nogen, figure 9 (Yang, et al., 1990). Yang and
col | eagues (1990) also predict that the potential ultimte
carcinogenic netabolite of 3-MC and 3-nethyl chol ant hryl ene

is the 3-nethylcholanthrene-|,2-oxide, having greater

carcinogenic activity than BaP or BaA.

. F. ANALYTI CAL

I1.F. 1. Ames Miutagenicity Assay

In an attenpt to correl ate nutagenesis with
carci nogenesi s, specifically cancer as a result of somatic
nutations. Dr. Bruce Ames developed an assay wth a
genetically altered bacterial strain of S __typhinurium
(Anes, et al., 1975). Oiiginally three strains of
S. typhinurium TA1535, TA1537 and TA1538, all histldine
auxotrophs, vere enployed in standard screeni ng assays to
detect base pair substitution and franmeshift nutations.

TA1535, predecessor to TA100, contains a nmutation in the
hisG gene for the first enzyme of histldine biosynthesis.
DVA sequence analysis perforned by Barnes and colleagues
(Haron, et al., 1983) indicated that the am no acid proline

was substituted for leucine in the "vild type" gene. These


NEATPAGEINFO:id=C4A5F08F-718A-48ED-A5C7-5131E41D1674


Simlar products as shown for 3MCE

Tt p-aso 71 P-450
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P- 450
10 P-450
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N '-<5"M-3WE and  10-OH 3MCE
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FIGURE 9: A proposed pathway by Yang and col | eagues (1990)

for the metabolismof 3-nethylcholanthrene by rat |iver
m Cr osones.
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strai ns detect conpounds causi ng base pair nmutations nostly
at GC pairs. In strain TA1S38, predecessor to TA98, the
hl sD3(d52 nutation Is a -1 deletion, near a sequence of eight
repetitive GC residues. The correction in the nisreadi ng of
t he nucl eoti de sequence Is ternmed franmeshlft and results In

hl stl dl ne synthesis. Strain TA1537 al so detects franeshlft

mut ati ons.

Strai ns TA100 and TABS differ fromtheir respective
parent strains by the addition of an R factor pl asnld,
pkmi 01. The plasnm d I ncreases the sensitivity of the
bacteria to nutagens by enhancing an error prone DNA repair
system A gene coding for amplclllIn resistance is al so
present on the plasmd, and Is used In determning the
presence of the plasmd (C axton, et al, 1982).

The culture grovn for the assay is nmade froma single
col ony picked froma master plate made from frozen stock
cultures. The S. typhl nurium contain two additi onal
mut ati ons, uvrB and rfa, whose presence |Is also verified
before use. An Increase in sensitivity of the bacteri al
strain results froma deletion In the gene coding for DNA
excision repair, uvrB, which prevents nutations from bei ng

repai red. The del eti on extends through the blotln gene,

therefore blotln Is al so needed for gromh. The absence of
grow h after exposure to ultraviolet light (UV) is

i ndicative of the presence of the gene (Cl axton, et al.

1982; Maron, et al. , 1983).
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The permeability of the cell nenbrane to |arger
mol ecul es results fromthe rfa mutation, a partial loss In
the Il popol ysaccarlde layer In the cell menbrane. The
presence of a zone of Inhibition around a crystal violet
soaked filter paper added to freshly plated cells, suggests
the crystal violet Is entering the cells and killing them
thereby Indicating the presence of the rfa nutation
(Claxton, et al., 1982; Haron, et al., 1983).

Whet her the test conpound I's a direct acting nutagen
Interacting vith cellular conponents, or an Indirect acting
nutagen, requiring netabolic activation prior to Interacting
vith cellular conponents, can be determned In the Ames
assay. The S9 (90e0g supernatent) [iver honogenate,
containing cytochrome P-45e mxed function oxidases and
cytosol | ¢ enzymes may al so be added to the top agar vlith the
test conpound. The liver is Induced vith a conpound simlar
to those tested to increase the specific cytochrone P-450
I sozymes that are responsible for the conpounds netabolism
Aroclor 1254, a polychlorinated biphenyl mxture, is quite
commonly used In the Induction of cytochrome P-450 m xed
function oxidases, since it induces a broad-range of P-450
| sozymes. This PAH has been shovn to increase the hepatic
cytochrone P-450 concentration 45-60 fold (Conney, 1982).
Hanster hepatic SO preparations appear to be the nost
efficient systens for activation of aromatic am nes,
nl trosant nes and many PAH (Philllpson, et al., 1989).
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The procedure for the Anes assay |s very
straightforward. The test conpound, culture, S9 and ot her
agents to be tested are added to nelted top agar pre-cool ed
at 45° C. The mxture Is quickly poured Into a petrl dish
containing solidified mniml agar. The test conpound Is
added to the top agar, since It will not readily diffuse
through solid agar. The agar contains only a trace anmount
of histlidine to Initiate cell growh. A faint background
| awn appears on the plate, and observation of this lawn is
one nethod of nonitoring bacterial integrity in the assay.
A nutation needs to occur in the hlstldlne gene, resulting
in histldlne prototrophy, in order for colonies to formon
the plate. Plates in the assay are done in duplicate and
incubated at 37° C for 48 hours. Standards used in the assay
with TA9a are 2-anthranine, as a positive control with S9
for indirect activity, and 2-nltrofluorene as the positive
control for direct acting activity (Caxton, et al., 1982).

Correlation of nutagenicity with carcinogenicity has
often been attenpted on the basis of the Ares assay.
Positive nutagenic results inply that the test conmpounds are
possi bl e ani mal or human nut agens/carcl nogens. \Wen Anes
first developed the test in the 1970's, 85-90% of the
carci nogeni ¢ conpounds tested were nutagenic (Anes, et al.,
1975). In 1983 further testing by the Ames group indicated
that 83% of the carcinogenic conpounds tested were
mutagenic.  Tennant and col | eagues (Tennant, et al., 1987)
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attenpted to determne vhlich short termtests singly or In
conbi nation would yield results nost simlar to large scale
ani mal assays. Hone of the four short termtests: Anes
assay, sister chromatid exchanges, nouse |ynphoma cell
mut agenesi s or chromosome aberration proved to be superior.
The Anes assay |s often chosen not only because It Is
I nexpensive, widely available or technically easy, but also
for the sizable literature available. The Anmes assay
results indicated that 62% of the known carci nogenic
conpounds tested (by rodent assays) were nutagenic.
Unfortunately, of the other three tests, none was found to
be conplenmentary to the Anes assay. The Anes assay was the
| east sensitive of the four tests. The inclusion of all
four assays in a battery of tests would only increase the
correlation of nmutagenicity to carcinogenicity to 67%
Al t hough a short termassay with the above advantages woul d
be hel pful in replacing the high cost, |abor intensive
animal studies, a single short termassay cannot adequately
test the many nmechani sms | nvol ved in carcinogenesis. A
battery of short termassays may be inadequate in testing
t hese mechanisns as well (Tennant, et al., 1987).
I1.F.2. Hgh Pressure Liquid Chronatography

H gh pressure liquid chromatography (HPLC) is used to
separate mxtures of less volatile conpounds between two
phases, the stationary phase and the nobile phase. The
sanple interacts with the stationary phase, the colum, and
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|s retained until a suitable nmobile phase or solvent Is run
t hrough the colum. Several types of chronatography exi st
for HPLC, reverse or normal phase are the nost common.
Rever se phase consists of a nonpolar material for the
stationary phase and a polar nobile phase, nornal phase
chromat ography I's the opposite of reverse phase. In

separating PAH m xtures reverse phase chronatography Is used

and the nore polar PAHs are eluted first fromthe col um.
Col um packing material for reverse phase columms often

consi st of octadecyl sllane, also known as ODS or Cl18, an

al kane vlith 18 carbons. However colums contai ning eight
carbons or shorter al kyl chains nmay al so be used. The
stationary phase Is chemcally bonded to silica as a
support .

HPLC can give both qualitative and quantitative
Information. The retention tine conparison between a
standard and unknown, or co-elutlon of a standard with an
unknown may be hel pful In determning structures of unknown
compounds. Calibration curves of detector response made
w th standards of known concentrations may al so be used to
determ ne the concentration of the unknown, since peak area

I's proportional to the amount of sanmple Injected (Myer, et
al ., 1988).

I1.F. 3. Mss Spectronetry
Mass spectronetry (MS) |Is used to determ ne the

mol ecul ar wei ght of a conpound, and nay al so provide useful
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mass spectrometer. Nonvolatile nolecules are often retained
in the mst. The mist droplets need to have an initial
charge vhich effects the ionization of the conpound during
rapi d vaporization. Wth thernospray injection, ionization
occurs during the volatilization of the solvent and the
sanpl e.

When the vaporized sanple enters the mass spec, it is
bonmbarded by an el ectron beam Energy fromthe electrons is
transferred to the sanple. Generally, the sanple has enough
energy to eject an electron, resulting in a residual
positive charge. This species is terned the nol ecular ion
and denoted as H* or H (Watson, 1985).

I'l.F. 4. Nuclear Magnetic Resonance Spectronetry

Nucl ear magnetic resonance is useful in determning the
structure of an unknovn conpound, for instance in metabolism
studi es, vhere oxidation may have occurred on the nol ecul e.
An ideal sanple should contain at |east a 3 nmH concentration
(Bovey, et al., 1988). However for sanples that are of very
| ow concentrations, nultiple scans are accunul ated, stored
in the conputer and conpiled to obtain the final spectrum
(Harris, 1986).

The sanmple is dissolved in a deuterated solvent such as
acet one, methanol or chloroformand then placed in the
honmogeneous part of the magnetic field, and the nol ecul es
undergo Larnor precession (Bovey, et al., 1988). The

resonance of the protons are independent of the solvent the
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structural information fromthe fragnentation pattern. This
t echni que requires only nanonol es of sanple. lonization, 70

eV, by electron inpact is one of the inportant techniques
applied in M5 anal ysis (Watson, 1985).

Sanple injection into the nass spectrometer nay be
achieved by a variety of nethods. A direct probe, where the
sanmple is placed in a glass anpul e nounted on the end of a
probe is one nmethod. The probe is then placed against the
I oni zati on chamber wall, when heated, sanple vapors travel a
short distance to the ionization chanber. The short
di stance between the probe and ionization chanber is the
primary advantage of the direct probe sanple inject.
However it is inportant that the sanple be relatively free
of contam nants to obtain a clean spectrum (\Watson, 1985).

I nstrunments designed to clean up sanpl es have been
interfaced with nass spectroneters, the nbost common
techni que i s gas chromat ography, GO HS. Recently |iquid
chronmat ography (LC) has been used for obtaining nass spectra
of nmore pol ar conpounds not amenable to separation by gas
chromat ography. A thernospray technique of sanple injection
has solved two nmajor problens of LOHS, the reduced pressure
in the mass spec due to the vaporized LC solvent; and the
generation of nonvolatile conpound ions (Watson, 1985).
After leaving the colum, the solyent and sanple are
partially or conpletely vaporized upon heating. The result
Is a conbination of heated vapor and m st which enters the
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sanple |Is dissolved In, the sanple concentrati on and

tenperature (Rahman, 1986). A sanple often has nuclei In

several different chem cal environnents. Different chem ca

environnents result In different frequencies of absorption
of Isotopes In solution. These differences in resonances
are referred to as chem cal shifts. Chem cal shifts are
expressed in ppmor delta with reference to a standard.

Nucl ei may be shielded fromthe external magnetic field due
to nearby electrons (Harris, 1986). For exanple, a sanple
cont ai ni ng hydroxy groups vlll shield a nearby proton from
the magnetic field resulting in the shifting of the signal

upfield to | over ppm val ues (Jackman, et al., 1969).

The positions of the signals may be dependent on the
spectroneter operating frequencies and therefore shoul d not
be used when conparing spectra. Al so these positions vary
with the solvent used. However, coupling constants,
denoted as J and neasured in Herz, reflect the splitting
bet ween adj acent protons into doublet and triplet signals,
etc. They depend on the chem cal environnment the nucleus is
in, and are not affected by the variation in spectroneter
operating frequency (Harris, 1986). As a result coupling
constants are characteristic of structural features and
useful in the structure determnation of the sanple; they
may be used when conparing spectra.

The NMR is calibrated wth a standard trinethylsilane,

SKCH )™ or TMS. The chemcal shift is usually reported as
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the difference of absorption between the peak of Interest
and the THS standard (Bovey, et al., 1988). Also the

chemcal shifts of a variety of solvents used In the NHR are
knovn, and may al so be used as an Internal reference for the

sanpl e.
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111. EXPERI MENTAL
1. A NMATERI ALS

The test conpounds, benz(Cj 3aceant hryl ene (Bj AA),

Bj AA-9, 10- oxi de, BJAA-7, 8-oxl de-9, 10-dl hydr odl ol and Bj AA-
9, 10-dl hydr odl ol (Bj AA-9, 10-dhd) used I n the Anes
mut ageni city assay, and the Bj AA-9, 10-dl hydr odl ol and
cycl opent af used benzoCel pyrene (cpBeP), used In the
nmet abol ite generati on procedure were synt hesi zed by

Dr. Rani ah Sangal ah at the University of North Carolina.

The S. typhlmurlum strain TA9a used In the Anes
mut agenicity assay was acquired from Dr. Bruce Anes,
Uni versity of California at Berkel ey. The reagents needed
in preparing the mninmal and top agar were agaz—agar, gum
from U.S Biochenical Corp. (Ceveland, OH), dextrose from
E. M Science (Cherry Hill, NJ) and hlstldlne and blotln from
Fi sher Scientific (Fair Lavn, NJ). The Vogel - Bonner
medi um E (50X) Included in the agar preparati on consisted of
| “agnesium sulfate, citric acid, pot assi um phosphate,
nmonobasi ¢, and ammoni um phosphate all purchased from Fi sher
Scientific. The overnight cultures were grown in Oxoid
Nutrient Broth #2 from Oxoid Ltd. (Basingstoke, Hants,
Engl and) . The S9 m x consisted of Aroclor 1254 induced rat

liver from Ml Tox (College Park, MD), |ot #258, protein


NEATPAGEINFO:id=A986D521-B237-4151-AF7A-67BEE76FF7FB


47

concentration 38.7 rag/m » and HADP* and fl-D- gl ucose- 6-
phosphat e from Boehr| nger - Hannhel m (West Ger many), magnesi um
chloride fromJ. T. Baker Chem cal (Philll psburg, NJ),
pot assi um chloride from Fi sher Scientific, and | X phosphate
buffered saline, pH 7.5 fromthe tissue culture facility at
t he Li neberger Cancer Research Center at the University of
Nort h Car ol i na.

Controls used in the Ares assay were 2-anthram ne from
Sigma Chemical Co. (St. Louis, MDJ) and 2-nltrofl uorene from
Al drich Chem cal Co. (M| waukee, W). The controls and test
compounds were dissolved in dinethyl sulfoxide (DHSO
purchased from Fi sher Scientific.

The Aroclor induced rat liver S9 used to generate
net abolites fromthe Bj AA-9,i1 O di hydrodi ol and cpBeP was
obt ai ned from Hoi Tox, |ot# 258, 264 and 312 with the
followi ng protein concentrations 38.7 ng/m, 39.8 ng/mM and
43.7 ng/ M, respectively. The potassi um phosphate buffer,
pH 7.5 was made from potassi um phosphate, dibasic, from
Hal | i nckrodt (Paris, KY) and potassium phosphate, nonobasi c,
from Fisher Scientific. The pH of the buffer was neasured
with an Anerican pH Il neter from Anerican Scientific
Products (McGaw Park, XL). After the incubation, sanples
were extracted with HPLC grade ethyl acetate purchased from

Baxter Health Care Corp. (Huskegon, H) and HPLC grade

acetone from Fi sher Scientific.
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Sol vents used In high pressure liquid chromatography
(HPLC) were HPLC grade net hanol purchased from Baxter
Heal t hcare Corporation, and dlstll| ed/del onized wat er
courtesy of Dr. Hark Sobsey at the University of North
Carolina. The dlstllled/delonized water was generated from
a Dacor water system (Durham NO consisting of 1 pm
mlllpore prefliter, a carbon resin, two del onlzlng resins,
a macro reticular colum to renove residual d ~ and
particulates and a 2 pmnm ||| pore postfliter.

The napht hal ene-1, 2-dl ol and the 1, 2- napht hoqul none
used for NHR anal ysis were purchased from Al drlch Chem ca

Conpany, Inc. (MIwaukee, W).

111 .B. METHODS
I11.B.1. Ames Miutagenicity Assay Procedure

Bj AA and several other netabolites thought to be
responsible for Its nutagenicity were tested In the Anmes
assay. The assay procedure Is a nodification of the EPA
HERL Report (Cl axton, et al., 1982) and |Is descri bed
briefly. The master plates were prepared fromfrozen stock
cultures that were stored at -80°C. The S. tYphinurium
strain TABS stock was renoved fromthe freezer, quickly
t hawed, and used to Inoculate nutrient broth and I ncubated
for approximately 16 hours at 37°C. Master plates were
prepared fromthis culture and incubated for 48 hours at

STAC.  Integrity of the bacterial strain was tested for
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anmpl cxl I I n resistance (presence of the R factor plasnxd),

uvrB and rfa nutations, and hlstldlne and bl otln auxotrophy
according to the EPA HERL Report (C axton, et al., 1982).

Accept abl e master plates vere securely wapped In foil and
in plastic, and stored at 4°C. Hew master plates were
prepared every 4-6 weeks.

S9 concentrations of 774 pg/ml (50%, 1548 pg/m
(100%, 2322 pg/m (150X) and 3096 pg/nm (200X) were used in
t he experiments based on prelimnary experinments perfornmed
by Ravinder Singh in O. Ball's |ab. The S9 was prepared
wth 92.4 ng of NADP* and 42.4 ng of gl ucose-6-phosphate
dissolved in 10 mM of sterile I X phosphate buffered saline
(PBS). This solution was sterilized by passage through a
0.22 p filter into a sterile flask on ice. To the sterile
solution, 600 pi of salt solution, 1.65H KO -»-0.4H HgC o, was
added followed by the appropriate S9 concentrati on C600 pi
(50X), 1.2 M (100%, 1.8 mM (150X) and 2.4 m (200%].
Sterile I X PBS was added to yield a final volunme of 30 ni.

Fi ve concentrations of PAH, 0.5 pg, 1.0 pg, S. 0 pg,
10.0 pg and 20.0 pg, dissolved in sterile DHSO were tested.
The nutrient broth was inoculated with strain TA98
S. typhimuriumfroma master plate, and allowed to grow
14-16 hours at 37°C. The culture was then placed on ice
prior to and during the assay. Helted top agar containing
100 pi of culture, 100 pi of test conmpound and 0.5 m of S9,

when appropriate, was mxed and added to the mninal agar
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pl ate. After the top agar had solidified, plates were
inverted and incubated at 37 C. After 48 hours the plates
iwere counted or refrigerated and counted at a later tine.

Assays for each conpound were done in duplicate or
triplicate on at | east two separate days.

Control plates for spontaneous background counts
contai ned 100 pi DHSO in lieu of the test conmpound in the
presence of 50% and 100% S9, and in the absence of S9.
Pl ate counts ranged from 20-50 col oni es/ plate. 2-Ant hram ne
in sterile DHSO, 0.5 pg/plate vith 0.5 m 100% S9, and
2-nitrofluorene in sterile DHSO, 3 pg/plate, w thout S9
served as the positive controls.

The nunber of col onies were averaged and standard
devi ati ons were cal cul ated for each dose. Dose-response
curves were generated for each conpound. Fromthe sl ope of
the linear portion of the dose-response curve, the specific

activity of the conpound was cal cul ated and recorded in

revert ant s/ nnol e.
1. B. 2. Het abol i te Generati on Procedure

To determne the oxidative netabolites formed in Bj AA-
9, 10-di hydrodi ol and cpBeP by cytochronme P-450 a nodified
procedure of Nesnow and colleagues (Nesnow, et al., 1984)

was utilized. The i ncubation m xture contai ned
5 pmol e NADP* |, 22.5 pnole B-D- gl ucose-6-phosphate, 15 pnole
HgC g, 250 pH potassium phosphate buffer, pH 7.5 and

approximately 300 nmole polycyclic aromatic hydrocarbon
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(PAH) dissolved in 100-200 pi of acetone in a 5.0 m vol une.
Arocl or 1254 i nduced rat |liver S9 was added in a
concentration of 1.0 ng/m (approxinmately 26 pi) for BjAA-
9, 10-di hydrodiol and 4.0 ng/nl (approximately 104 pi) for
cpBep. Five milliliters of incubation m xture was ali quoted
into a 25 m Erl enmeyer flask and i ncubated in a Techne SB16
Shaki ng water bath at 37°C for 15 m nutes. For the BJAA-
9, 10-di hydrodi ol | arge scal e i ncubati ons,
3.0-3.5 ng/i ncubati on of conpound was used. The snal
i ncubati ons consisted of 0.5-1.0 ng/i ncubati on. Two
i ncubati ons of approximately 3.6 ng/i ncubati on were done for
cpBeP.

The i ncubation mixtures in the 25 m Erl enneyer fl asks
wer e pool ed for each conmpound and extracted 1:1 with ethyl
acet at e: acetone (2:1), three separate tines. The organic

fracti on was concentrated by rotary evaporati on (Buchi

Rot avapor, Flawil, Switzerland) to a 1-5 m volune. The
sanpl e was then transferred to a scintillation vial. The
round bottom flask was rinsed with either nethanol, acetone

or et hyl acetate and the ri nse was added to t he
scintillation vial. The sanple was evaporated to dryness
under nitrogen.

Control incubations were done on a snaller scale, |ess
t han 250 pg of conpound, follow ng the above procedure

wi t hout the addition of the rat |liver S9. Sanples were then

anal yzed by HPLC.
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The above incubation procedure vas nodified for optinal
di hydr odi ol dehydrogenase activity to obtain a high yield of
t he Bj AA-9, 10-di hydrodi ol peak 7 for identification purposes
(Vogel, et al., 1980). This second incubation mxture
consisted of 5 pnole NADP* , Aroclor 1254 induced rat |iver
S9, 5.0 mg/m (approximately 130 pi), 100 mM gl ycine buffer,
pH 9.0, and 300 nnol es of PAH (dissolved in 50 pi acetone)
ina 1.0 mM vol une. The tubes vere placed in a shaking
water bath for 15 mnutes at 37°C.  The pHvas checked
before and after shaking, and ranged from 8.4-8.6. The
anount of conpound i ncubated at one tinme ranged from
0.5-1.5 ng. The control incubation consisted of one tube of
the sanme conmponents with the exception of the rat liver $9.

The tubes vere pooled and extracted 1:1 vith ethyl
acetate:acetone (2:1), three separate tines. The organic
fraction vas concentrated under nitrogen, and separated by
HPLC.
I11.B.3. H gh Pressure Liquid Chromatography

The HPLC system consisted of an Isco Mddel 2300 HPLC
punp vith a Model 2360 gradient programmer (Lincoln, HE) and
a six valve Rheodyne injector (Cotati, CA) vith 20 pi, 100
pi and 500 pi injection |oops. HPLC profiles vere recorded
on a Spectra Physics SP4270 integrator (San Jose, CA), 0-1V

full scale, vith an attenuation x&4, and chart speed of

0.5 cnl m n.
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A reverse phase Zorbex C8 colum, 9.4 nmx 250 mm from
DuPont Instrunents (WI mngton, DE) and a pellicular ODS
precolum, 4.6 nmm x 50 nm were used In separating and
purifying the Bj AA-S, 10-di hydr odi ol and cpBeP netabolites.
The operating pressure ranged from 1500- 3000 psi and the
flov rate was 2. O m/nin.

A Perkin-El mer spectrophotometric detector LC85B with
LC autocontrol (Norwal k, CT) nonitored colum eluate at
254 nm Stop flow capability allowed peaks of interest to
be scanned from 230-430 nmin an absorbance range of
0.8-5.1G cm This information was recorded with a PerKkin-
El mer 561 recorder, chart speed 30 mi m n.

The HPLC gradient systens used in netabolite separation

Bj AA- 9, 10- dhd SOX net hanol : 50X water 10'
gradi ent to 100% net hanol 20°
10020 mMmet hamol 10"

cpBeP 60% net hanol : 40% wat er 15°

gradi ent to 80% net hanol : 20% wat er 2'
80%0 net hanol : 20% wat er 10°

gradi ent to 100% net hanol 2'
10020 mNet hamol 10"

Al  sanples were collected manually with the aid of an Isco

Retri ever I fraction <collector, concentrated under

nitrogen and stored at -80" C.
I11.B. 4. Mass Spectronetry

Hass spectrometry was used to determne the structure
and nol ecul ar wei ght of the Bj AA-9, 10-di hydrodiol and cpBeP

met abol i tes. Wth the assistance of Quy Lanbert of
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Envi ronnental Health Research and Technol ogy (EHRT) at
Research Tri angl e Park, NC, nmass spectra for netabolite
peaks 3, 4 and 5 fromthe Bj AA-9, 10-di hydrodi ol , and peaks A
and B fromthe cpBeP i ncubati ons vere obtai ned using a HPLC
system coupled with a nass spectroneter via a thernospray
interface. A nass spectrum of Peak 7 fromthe Bj AA-9, 10-
di hydr odi ol was obtai ned by direct probe with the assi stance
of Dean Harbury at the UNC Mass Spec Lab in the School of
Publ i ¢ Heal t h.

The punp and gradi ent programmer of the HPLC system
were Series 8000 DuPont Instrunments (WImngton, DE) with a
Rheodyne injector 7125 (Cotati, CA) and 50 pi sanple | oop.
The col umms used were Beckman (San Ranon, CA) and Phenonpbnex
(Rancho Pal os Verdes, CA) C18 columms, 2.0mm x 250mm wth a
flowrate of 0.5 m/mn.

The nmass spectroneter was an Extrel ELQ 400, with an
el ectron i npact source and ioni zi ng voltage of 70 eV,
|l ocated at EHRT in Research Triangle Park, HC. The source
tenperature was 225°C and the nebulizer tenperature ranged
from 120" -125°C. The Extrel ELQ was cali brated with
perchl orotri butyl am ne.

The nass spectroneter in the UNC Mass Spec Lab in the
School of Public Heal t h was a VG 70-250- SEQ used with an
el ectron i npact source and an ionizing voltage of 70 eV.
The source tenperature was 275Pc and the probe tenperature

was increased from 3(aP-300 "C at approximately 50" per
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m nut e. The VG 70- 250- SEQ vas cal i br at ed with
per fl uor oker osene.
I11.B.5. Nucl ear Magneti ¢ Resonance Spectronetry

The sanpl es proton nunber and their positions were
det ermi ned by nucl ear nmagneti c resonance. NHR spectral
analysis of the isolated netabolite fractions were perforned
by Or. Dave Harris at the Chem stry Departnent, University
of North Carolina. Metabolite peaks 3, 4, 5 and 7 fromthe
Bj AA- 9, 10-dl hydrodi ol and peak A fromthe cpBeP i ncubati ons
wer e di ssol ved in deuterated acetone, 99.5 atom % (Al drich
Cheni cal Co., M I waukee, W and Si gma Cheni cal Co.,
St. Louis, MD. Spectra were recorded on a Varian XL 400 at
400 MHz operated under the follow ng conditions: spectral

w dth 5299 Hz, ACQ Tine 2.832 sec, pulse width 29-30° spin
rate 20 Hz. The nunber of transients vari ed bet wveen 18000-

20000.
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1 V. RESULTS
I V. A Mut agenicity of Benz(C | aceant hryl ene Metabolites

In the Anes mut ageni city assay, the spont aneous
background counts for strain TA98 in this study averaged
33 rev/plate in the absence of S9 and 43 rev/plate in the
presence of 100% S9. The conpound 2-nitrofl uorene at
3 pg/plate was used as a positive control in the absence of
S9, with an average of 299 rev/pl ate. 2- Ant hr am ne at
0.5 pg/plate served as the positive control with S9 (0.5 m
of 100% S9) and averaged 592 rev/pl ate.

The Bj AA-9, 10-oxide (a 1:1 m xture of 9, 10-oxi de and
10- phenol) and its netabolites, the 9, 10-di hydrodi ol and the
9, 10-di hydr odi ol -7, 8-oxi de were tested along with the parent
conpound, Bj AA at concentrations of 0.5, 1.0, 5.0, 10.0 and
20.0 pg/plate with S9 concentrations of 0, 774, 1548, 2322,
and 3096 pg/nl at each dose. Dose-response curves are shown
in figure 10 and 11 (100% S9 shown).

The parent conpound, the 9, 10-oxi de and the
9, 10- di hydr odi ol are i ndi rect mut agens with specific
activities of 0.1 rev/nnole, 0.2 rev/nnole and
0.7 rev/nnol e, respectively. The 9, 10-di hydr odi ol -7, 8- oxi de
was a direct acting nutagen with a specific activity of 10

rev/nnole. The 9, 10-di hydrodi ol -7, 8-oxi de exhi bited
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O Benz(j)aceant hryl ene
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A 9, 10- di hydr odi ol
A 9, 10-dhd- 7, 8- oxi de
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150 r= 1.000
100
r =0. 899
A r=0. 023 4 r=00976
L a o a =

Conmpound Dose(// g/ pl ate)

FI GURE 10: Mutagenicity of benz( | aceanthryl ene and
several netabolites in’g, typhimiriumstrain TA98 in

t he absence of S9. Revertants/nnole were cal cul at ed
fromthe linear portion of the dose-response curve.
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FIGQURE 11: Mutagenicity of benzCJl aceant hryl ene and
several netabolites in S. typhinmurlumetraln TA98 in

t he presence of S9, 0.8 ng/plate. Revertants/nnole were
calculated fromthe linear portion of the dose-response

cur ve.
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toxicity to the cells at concentrations above 5 "g/plate,
table 1.

Upon addition of S9, all +the conpounds exhibited
mut ageni city. The 9, 10-oxi de shoved noderate activity at
5.6 rev/nnole, the 9, 10-di hydrodi ol was active at
9.4 rev/nnol e and the parent conpound and the
9, 10-di hydrodi ol -7, a-oxi de had simlar activity at
12.9 rev/nnole. The 9, 10-di hydrodiol -7, 8-oxide, again,
exhibited toxicity to the cells at concentrations above 5
pg/ pl at e.

The specific activity of the conpounds were al so
cal cul ated at the other S9 concentrations, 0.7, 2.3 and
3.1 ng/mM, table 2. The conmpound was fifty-percent as
active at 0.7 ng/ml as conpared with 1.6 ng/m S9
concentrati on. Conparison of the nean revertants/nnole at
the 1.6, 2.3 and 3.1 ng/mM SS9 concentrati ons showed no
significant difference for a=0.01. Indicating that the
specific activity of the conpounds did not increase with the

addition of S9 above the 1.6 ng/m concentration.

| V.B. Metabolismof the BenzCJl aceant hryl ene-9, 10-
di hydr odi ol

The BJAA-9, 10-di hydrodi ol was i ncubated with Arocl or
1254 induced rat liver S9 following a nodified procedure of
Nesnow and col | eagues (1984). The organic fractions were
separated by HPLC using the Bj AA-9, 10-dhd gradi ent program

as described in the nethods section. For conparison, a
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DOSE BENZ M) ACEANTHRYLENE 9, | O ~yi DE 9. 10- DI HYDRODI OL 91 O- DHD- #8- OXI DE
-S9

ug/ pl at e +S9 - S9 +S9 - S9 +S9 -39 +S9
35( 8) 76(16) 28(5) 58(15) 36(18) 67(33) 37(7) 51(13)
39(8) 103(28) 26(3) 71(4) 40(29) 100(35) 53(10) 86( 4)

38(6) 429(65) 34(3) 176(14) 43(23) 335(89) 186(12) 283(16)
32(11) 694(111) 39(12) 272(22) 45(26) 469(98) 172(20) 287(65)
38(11) 915(148) 46(9) 350(47) 75(45) 543(111) 93(6) 148(49)

REV/ NMOL 0.1 +0.1 12.9(2) 0.2(0.02) 5.6(1.5) 0.7(0.4) 9.4(3) 10.0(1.1) 12.9(5, 9)
r 0. 023 0. 995 0. 97 0. 997 0. 899 . 981 1. 000 0. 890

TABLE 1: Mutagenicity of benz(]aceanthrylene netabolites

in S typhiwriua strain TA98 in the presence of S9,
0. 8 ng/plate.
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() Only 1 point at this dose.
Results of 1 Aaes assay.

TABLE 2: Mutagenicity of benz( | aceanthrylene netabolites in
S. typhimuriua strain TASS in the presence of S9 at the

Lgldl gyanggﬁ:gpgsgtgggb%ng, 0.4 ag/plate (50X), 1.15 ng/plate (150X),
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control incubation consisting of the sane conponents except
S9 is shovn in figure 12. As expected, the major peak in
this profile is the unraetabolized 9, 10-di hydrodi ol .

In the presence of S9, seven peaks vere observed in the
HPLC profile, figure 13. Peaks 1 and 2, retention timnes
6.9" and 7.4', respectively, elute shortly after the solvent
peak. Based upon the WV spectra and nmass spectra (data not
shovn) it did not appear that these peaks vere associ ated
vith the 9, 10-di hydrodi ol ; and vere probably other
components extracted fromthe incubation.

UV spectra, figure 14, vere nonitored betveen 230 and
430 nn, and are shovn for peaks 3, 4, 5, 6 and 7. Peak 6 is
t he unnet abol i zed 9, 10-di hydrodi ol and elutes at 31.7'.
When the sanple is concentrated and di ssolved in nmethanol it
appears dark orange in color. This peak vas identified from
the UV spectrumand LCHS, figure 15. The HS gives a strong
nol ecul ar ion at mz 286 vith | osses of 18 and 16,
i ndi cative of vater and oxygen (HcLafferty, 1980), vhich
appears to be characteristic of dihydrodiols in this system

The NHR data, of an authentic sanple of the 9, 10-
di hydr odi ol (Sangai ah, et al., 1984), along vith data
obtai ned for the 9, 10-di hydrodi ol netabolites in this report
are shovn in table 3. Signals for the protons in the 9 and
10 positions vere |located upfield, not in the aromatic

regi on of the spectrum (>6ppn), those corresponding to the
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FI GURE 12: HPLC profil e of the benzEJl aceant hryl ene-
9, 10-di hydrodi ol control Incubation. The control
| ncubati on consi sted of the conpound and cof actors

wi t hout S9.
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FIGURE 13: HPLC profile of the benzCJ]aceant hryl ene-
9, 10-di hydrodi ol incubated with rat |iver S9.

Peaks 3, 4, 5 and 7 were identified as netabolites

of the 9, 10-di hydrodi ol (Peak 6).
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FI GURE 15: Mass Spectrumof the benzt|laceanthryl ene-
9, 10- di hydrodi ol , nv. 286.
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Bj AA-9, 10- DLhydr odi ol

HI

H

«5

H6

K7

H8

HO

H O
H11/ H12

d 7-75
d 7.2
d 7.9
t 7.7
d 8.1*
3 9.0
dd 7-5
dd 6.35
d it-SS
d 4005

d, d 8.15/8. 05

_ B AA-1,2,9,10- Tetrol ( Peak 3B)
Si gnal PPM Si gnal

d

© o ~ a

dd

d

B AA-7,8,9,10-Tetrol ( Peak 1A

PPM J signal PFM J

7"+ 6. 76
7.5 8. 30
7.92 8.1*5
8.75

7.1*5 10. 16
6. 25 9. 90

8.1*5/7.9 9. 06

TABLE 3:

91

10- dI hydr odi ol

w a -~ a a a

d

NVR data for

Bj AA-9, 10- Dihy(i rodi ol - 2- On8( Peak 5)

signal PPM J Signal

7.72 5.25
7.15 5-00
7.89 6.1*7 d
7.65 t
8. 35 8.08 d
9.0 3
dd
dd
d
d
d 8.1/7.91 8.72/8.41 d, d

and sever al

net abol i tes.

7.9 6.
7.8 8.
8.1 8.
8. 95

7.5 10
6.3 10
4.55 11
i*.95  11.

8.05/8.0 9.06/8. 99

benz[j] aceant hryl er ap-

79
32
23

06
08
07
65

Bj AA-g.10-Diol t peak 7)
F)

Qa * o a Q

0

d.

m

PM J
7.82 5-39
7.28 5.18
8.0
7.65 5.50
8.2 8.1*1
9.6
8.0

8.65/8.0 8.85/

cn
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et heno bridge protons H and H2 are proninent at 7.75 and
7.2 ppm and a vlnyllc resonance at 6. 35 ppm correspondi ng
to HB. This Information will be helpful In Identifying the
net abolites present In this section.

Peak 3 vas resolved Into two peaks, A and B vith
retention tines 10.8 and 11.5', respectively. Both sanpl es
when concentrated were col orl ess. Not enough of
peak 3A could be Isolated for M5 and NHR anal ysis. However
peak 3B was coll ected and anal yzed by M5 and NHR A
nol ecul ar 1 on of 320, figure 16, and nmjor fragnents wth
mz ratios of 302, 284, 268 and 252, corresponding to two
|l osses of 18 and 16, suggest that the nol ecul e has two
dl hydrodl ol s functionalities.

The NHR spectrum of peak 3B, figure 17 was conpar ed
with peak 6, the unnetaboll zed 9, 10-dl hydrodl ol . The nunber
of protons In the spectrum was based on the i ntegration of
H6, I n the peak 3B spectrum as one proton. An inpurity in
t he sanpl e nay be responsi ble for the apparent singlet, Xx,
seen at 8.5 ppm An inpurity in the sol vent, probably
CHO ", is seen at 7.35 ppmin spectrum peak 3B and all the
NHR spectra presented in this report. Protons in the 9 and
10 positions did not appear in the aronatic regi on of the
spectrum as expected. Signals corresponding to protons at
the 1 and 2 positions were al so not di scernable. Fromthe
given data it was concl uded that peak 3B was the 1, 2,9, 10-

tetrahydro-1, 2,9, 10-t et rahydr oxy- Bj AA.
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FI GURE 16: Mass spectrum of peak 3b, the

1,2,9,10-tetrahydro-1,2,9, 10-tetrahydr oxy-
benz[j 3 aceant hryl ene.
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FIGRE 17 NVR spectrua of peak 3b, the 1, 2,9, 10-tetrahydro-
1,2, 9, 10-t et rahydr oxy- ben2[1]aceanthry| ene.


NEATPAGEINFO:id=89141494-2160-4F05-9782-C6B648A04E98


71
Peak 4 elutes at 22.6' and is col orl ess when di ssol ved
i n met hanol. Upon subsequent cleanup, this peak separated
into tvo peaks. Only peak 4A could be isolated in a high
enough concentration to obtain LCHS, figure 18, and NHR
figure 19, information. Like peak 3B, the nolecular ion for
peak 4A was al so 320. Losses of 16 and 18 resulted in mz
rati os of 304, 286, 268 and 252 suggest that this nol ecule
is also a tetrol. Conparison of the NHR profile, of peak 4A
with the 9, 10-di hydrodi ol indicated that protons 7, 8, 9 and
10 were not present in the aromatic region. From both HS
and NHR results it was concluded that this sanple was the
7,8,9,10-tetrahydro-7,8, 9, 10-tetrahydroxy-Bj AA
Peak 5 eluted at 27.6'; and when concentrated and
di ssol ved in nmethanol was a | enon yellow color. Fromthe
LC/ HS anal ysis, figure 20, the nolecular ion was 302 with
mz ratios of 284, 268, 256 and 239 corresponding to | osses
of 18 (HJO, 34 (Hpg), 46 iHO') and 63 (CH3MB). The NHR
spectra for peak 5, figure 21, indicated that the signals
for the etheno protons, 1 and 2, were not present in the
aromati c regi on, however a singlet integrating to two

protons was apparent upfield at 4.2 ppm This suggests that
t he cycl opentafused ring is saturated. Also in this

spectrum wel | resol ved resonances corresponding to the 9 and
10 protons, and their respective hydroxyl protons, can be

di scerned clearly between 4.5 and 5.0 ppm Fromthe HS

data, three oxygens are present in the nolecule. Therefore
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FI GURE 18: Mass spectrum of peak 4a, the
7,8,9,10-tetrahydro-7, 8,9, 10-t et r ahydr oxy-

benz t J]aceant hryl ene-
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FIGURE 19: HWR spectrumof peak 4a, the 7, 8, 9, 10-tetrahydro-
7, 8,9, 10-t et rahydr oxy- benz[ | ] aceant hryl ene.
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FIGURE 21: MR spectrumof peak 5,  the benzEj [ aceanthrylene-
9, 10- dl hydr Qdi ol - 2- one.
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one oxygen |Is present at the 1 or 2 position. HZ ratios of

268 and 256 Indicate a | oss of an H'Q"" and CH'Ox-*
respectively. This fragmentation pattern suggests that a
ketone exists at either the 1 or 2 position. The presence

of a ketone at the 1 or 2 positions should effect the
| ocation of signals of protons adjacent (positions 12 or 3)
and opposite (positions 6 or 5) the substltuent. Yang and
col | eagues (1990) have reported that the 3-MC-9, 10-
dl hydrodl ol - 2- one conformation has been observed In higher
concentrations than the 3-MC9, 10-dl hydrodl ol -1-one In rat
| i ver m crosomal metabolism Pending additional NHR
anal ysis and conparison with suitable nodel conponents, we
have tentatively ldentified this peak as Bj AA-9, 10-
dl hydrodi ol - 2-one by anal ogy with the metabolismof 3-MC
Peak 7 eluted after the 9,10-dl hydrodiol, at 34'. \hen
concentrated this sanple was a yellowbrown color. The W
spectrum is shown in figure 14. Several attenpts were made
to obtain HS data for this peak using both LC/HS and direct
probe. Contamnation from the 9,10-dlhydrodlol and
phthalates nmade it difficult to obtain a clear spectrum
However, a mz of 284 is present in both HS nethods.
Results of the direct probe nmethod are shown in figure 22.
Peaks at mz ratios 266 and 255 were observed suggesting

losses of 18, H', and 29, CHO. Due to the difficulty of

separating peak 7 from the parent conpound, the nolecul ar
lon, 286, of the parent conpound is also observed in this
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FI GURE 22: Masa epectrum of peak 7,
9, 10-di hydr oxy-benz[j 3aceant hryl ene.
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spectrum Analysis of single ion chromatograns from ot her
MS sanples indicate that mz ratios of 293 and 275 appear to
be a result of phthalate contamnation. It is thought that
mz ratio at 263 is also due to this contani nant as wel |

The NHR spectrum for peak 7 is shown in figure 23. As
expected, signals corresponding to HO and H10 are not

obvious. In addition, the vinylic resonance at 6.35 ppm

characteristic of H3 is not apparent.

The HPLC profile indicates that this sanple is |ess
pol ar than the parent conpound, therefore peak 7 would
contain only 1 or 2 oxygens. The possibility of a phenol in
the 9 or 10 position was ruled out by conparison to W
spectra and NVMR data of authentic 9-hydroxy-Bj AA and 10-
hydr oxy- Bjf AA. Therefore the possibility of reduction of the

di hydodi ol functionality to a diol or an ortho-guinone was

i nvesti gat ed.

An  HHR spectrum of the BjAA-9,10-quinone fromthe
synt hesis of the 9, 10-di hydrodiol was available from
Dr. Sangaiah. The proton resonances are given in table 4,
and do not match those of peak "7. Notably, the vinylic
resonance corresponding to H8 is apparent at G 65 ppm

To obtain additional conpound for conparison and
further analysis, another incubation procedure was initiated
whi ch optim zed conditions for the enzynme di hydrodi ol

dehydrogenase. Several reports on conpounds incubated with
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TABLE 4.

Hi O
Hi i
H12

H\R data for Bj AA-9, 10- qui none in CD3COCDS.

Bj AA-9, 10- QUi none
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dl hydrodl ol dehydrogenase have Indicated that both dlols
(Vogel, et al., 1980) and qul nones (Penning, et al., 1990)

nay be generated fromthis procedure. The HPLC profile and
W spectra are shovn In figure 24 and 25, respectively. The
W spectrumand the colum retention time of the nev peak,

mat ched that of peak 7 fromthe original nmetabolite
generation procedure. Attenpts to obtain M5 and NHR data
were foiled due to the rapid degradation (hours) of this
sanple.' @ - A "'

Since the second Incubation procedure was unsuccessful
due to the Instability of the compound. It was decided to
| ook at NVR spectra of qulnones and dlols of other PAH By
conparing NHR spectra of dlols and qul nones, variation In
signal position of adjacent protons to the dlol and qui none
coul d be observed. The naphthal ene-1, 2-dl ol and 1, 2-
napht hoqul none were both commercially avail able. Upon
obt ai ni ng these conmpounds, NHR anal ysis was performed.
Results are shown in table 5. The position of H3 adjacent
to the dlol and quinone did vary between the spectra. The
position of H3 In the dlol spectrumwas 7.25 ppm whereas
the position In the quinone spectrumwas 6.4e ppm In the
presence of the dlol, H3 shifted approximately 0.9 ppm

downf | el d.

Conparing the BdAA-9, 10- qui none NHR spectrumto the

peak 7 spectrum a signal for H8 I's not observed for the
latter. However two undefined peaks are present In the
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FI GURE 25 WV spectra, 230- 430 nm of the

A benzCH]aceanthr | ene-9, 10- d+ hyd rodl ol and
B) unknown épeak fromthe Incubation that
favored di hydrodi ol dehydrogenase activity.
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Hapht hal ene-1, 2--D ol

PPM

2
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.22
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TABLE S;
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61
74
. 57
57
.01

8. 16
8. 48

®NNNNO

Conpari son of NHR spectra of

1, 2- Napht hoqul none

JL

10. 1
10. 1
7. 44

napht hal ene- 1, 2-dl one and 1, 2- napht hoqul none.
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peak 7 spectrumat 7.45 and 7.75 ppm Fromthe
1, 2- napht hal ene-dl ol and 1, 2- napht hoqul none spectra, a dl ol
formed at the 9 and 10 position of Bj AA could shift H8
dovnfleld about 0. S ppminto proximty of t,he tvo undefined
signals. Fromthe HS and HHR data conparison. It was
proposed that peak 7 Is the 9,10-dl hydroxy-BJAA.

| V.C. Metabolismof cyclopentafused benzoCel pyrene

CpBeP was I ncubated according to the same procedure as
used for the Bj AA-9, 10-dl hydrodl ol . The control sanple
contained all conponents, except S9. The HPLC profile Is
shovn In figure 26. As expected only one nmjor peak vas
seen, the unnetabollzed cpBeP.

The HPLC profile of cpBeP In the presence of S9,
figure 27, contained several peaks, vith only one major
peak. A In addition to the parent conpound, B. Peaks at
11.9', 12.4', 16", 18.2' and 22' vere collected, hovever not
enough sanple vas available for HS and HHR anal ysis. W
spectra of the mnor netabolites (data not shovn) suggested
that oxidation had occurred at positions other than the
cycl opent af used bond.

Peak B, the unnetabollzed parent conpound, cpBeP,
eluted at 39.6' in the cpBep HPLC gradi ent program When
concentrated this conpound is red-orange In color. This
peak vas ldentified by its UV spectra, figure 28, and Its
LG HS, figure 29. The MS Indicated a strong nol ecular ion
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FI GURE 26: The HPLC profile of the cycl opent af used
benzoCeJdpyrene control i ncubation. The contr ol

i ncubati on consi sted of the conpound and cof actors
wi t hout S9.
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FI GURE 27:

of -*

The HPLC profile of cycl opentafused

benzoCel pyrene | ncubated vith rat |iver S9.
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FIGURE 28: UV spectra, 230-430 nm of the
(1) cyclopentafused benzoCel pyrene and the
maj or metabolite, the (2) cycl opentafused
benzo[ e3pyr ene- 3, 4- dthydr odi ol .
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at mz ratio 276. Little fragnentation is seen in this
spectrum characteristic of unsubstituted PAH. NHR anal ysis
vas perfornmed using a 500 HHz instrunent. The sanple vas
dissolved in CDgC g and the results are shown in table 6.
This information will be useful in determ ning proton
positions of other cpBeP netabolites.

Peak A eluted at 27.7'. Wen concentrated this sanple
was a | enon yellow color. WV spectra were recorded from 230
to 430 nm figure 28. The LCOMsS, figure 30, indicated a
mol ecul ar weight at 310 with the follow ng |osses 18 (H'O),
34 (Hy q), 47 (CH Dg) and 58 (CgH'g) yielding mz ratios of
292, 276, 263 and 252, respectively. This data indicates
t he conpound contains two oxygens. The | osses of 18 and 16
i ndi cate that the nol ecule may be a di hydrodiol. The
addi tional | oss of carbon suggests di hydrodiol is on the
cycl opentafused ring. The NHR spectrum for peak A,
figure 31, was conpared with the parent conpound. The
proton assignnents are shown in table 6. Signals
corresponding to the etheno bridge protons 3 and 4 were not
present in the aromatic region of the NVR spectrum This
evi dence supports the specul ation made fromthe MS data. It
was concluded that this conpound was the cpBeP- 3, 4-

di hydr odi ol .
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FI GURE 30: , Mass spect.rumof peak A the
cycl opent af used be%zol[ e] pyreneq 3, 4-di hy(fr odiol .


NEATPAGEINFO:id=801A2844-F133-48AE-B116-85E87876D275


8,9,12,1

10,11

172. 5

FI GURE 31: NWR spectrum of peak A, the cycl opent afused
benzoCe] pyr ene- 3, 4- dxhydr odi ol .
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Cycl opent af used Benzo[ e] pyr ene

Si gnal PPM

Hi d 8. 75
H2 d 8. 15
H3 d 7.43
HA4 d 7. 26
HS 8 8. 35
H6 d 8. 40
H7 t 8. 05
H8 d 8. 95
HO t 8. 89
Hi O/ HI i a 7.75
Hi 2 t 8. 80

93

cpBeP- 3, 4- Di hydr odi ol

Si gnal EEI I

©N©oO®®®

TABLE 6: HHR data of cycl opent af used benzoCel pyrene
in CDJZI g at 500 HHz, and the cycl opent af used

benzoCel pyrene- 3, 4- di hydrodi ol i'n

COCD3 at 400 HHz.
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V. DI sCuUssl OH

PAHs are activated through nonooxygenati on by
cytochrome P-450 and may undergo further reactions with
cel lular macronol ecul es such as DVA, RNA and proteins (Cold,
et al., 1988). Structure-activity relationships are useful
i n determ ni ng whet her nutagenic/carcinogenic effects my
result fromthe nmetabolismof a conpound.

The bay-region theory predicts chem cal reactivity as
wel | as biological activity of conmpounds containing bay-
regi ons, based on carboniumion formation (Jerina, 1977).
As previously discussed these ions are readily formed on the
saturated benzo-rings in the bay-region (Jerina, 1977).
However the addition of other structural features on the
nol ecul e, such as the cycl opentafused ring, may effect the
stability, hence reactivity of the carboniumion formed in
the bay-region. Qur study denonstrates this point. The
cycl opentafused ring of both Bj AA and the cpBeP is oxidized
by Aroclor treated rat liver SO preferentially to other
sites. Therefore activation via this netabolic pathway will
predom nate in any assay system containing this exogenous
met abolic activtion system

Research has shown that the ease of carboniumion
formation is related to the carcinogenic activity of the
conpound, however this relationship is not linear (Fu, et
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al., 1980). A threshold for carcinogenic activity has been
suggested by Gold and colleagues (1988) as a result of

conparing del ocalization energies and biological activity.
This threshold was indicated to be AE., /fl > 0.7.

V. A Mitagenicity of Benztjlaceanthrylene Metabolites

BJAA is unique in that it contains a bay-region,
K-region and cycl opentafused ring, offering several sites of
attack for cytochrome P-450. In our study, Anmes assay
results wth £ _ typhimurium strain TA%9a indicate the
specific activity of BjAAto be 12.9 rev/nnol at
0.75 ng/plate of S9. Mutagenic activity of BaA in TA100
I nduced with Aroclor 1254 S9 is 11 rev/nnole (HcCann, et
al., 1975). This conpound was al so shown to be nutagenic in
TA98 as veil, although the specific activity was not given.
The addition of the cyclopentafused ring in a non-bay-region
of the conpound may result in a slight increase in
bi ol ogi cal activity.

The ease of carboniumion formation has been predicted
for potential netabolites of BaA and BJAA, and bi ol ogi cal
activities have been neasured and shown in table 7. The
BaA-3, 4-dihydrodiol-I, 2-oxide appears to be the netabolite
responsi ble for the nutagenic activity of the parent
conpound as discussed previously. The Ajgioc"® cal cul at ed,
correctly predicted this result. Oxides formed on the
cycl opentafused ring of Bj AA were predicted to be nore


NEATPAGEINFO:id=94A93B13-C486-47BC-B27C-2C21C196757C


96

COHPARI SON OF MUTAGEHI C ACTI VI TY AHD DELCCALI ZATI OH
EHERA ES OF BaA AHD BJAA

TABLE 7
BaA METABOLI TES® A o !B MUTAGEHI C ACTI VI TY REFEREHCES
3. 4-dhd-1 . 2-oxi de 0. 766 1650 rev/ ni Rol Lehr, 1978
1, 2-dhd-3, 4- oxi de 0. 628 ha2 Lehr, 1978
10,11 -dhd-8, 9-oxide 0.572 55 rev/ nmoX Jerina, 1978
a, 9-dhd-10, 11- oxxde 0. 526 50 rev/nnol Conney, 1982

Bj AA METABCLI TES® A Erfieipe, /fI  MIJTAGEH C ACTIVITY  REFEREHCES

1, 2-oxi de 0.879 245 r ev/ n«ol Sangatah» 1985;
Bartczak, 1987
9, 10- dhd- 7, 8- ox+de 0.734 10 rev/nnoX Gold, 1988
i Lhl B si i udy
results from S -typhinmuriure at.rain TAL00

not avai |l abl e
results from S typhiraurium  strain TA98
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mut ageni ¢ then the bay-region oxide. Anes assay results
show that the 1* 2-oxide is nore than 40 times as nutagenic
as the 9,10-oxide. These results suggest that the Bj AA-1, 2-
di hydrodi ol would be the nmetabolite responsible jEor the
mut ageni ¢ activity of Bj AA. Nesnow and col | eagues (in
press) have confirmed that both Bj AA-1,2-oxide and the diol-
epoxi de interact with DHA form ng adducts with

2' - deoxyguanosi ne and 2' - deoxyadenosi ne.

V.B. Metabolismof 9,10-dihydrodiol Benz[j]aceanthrylene
Al though this netabolite has been shown to be a m nor

route of nmetabolic activation with rat |iver S9 netabolism

studies and S. typhinurium nmutagenicity assays, it has been

shown to be the major route of netabolic activation for
C3H10TKCLa cells. Therefore it was of interest to | ook at

t he netabolic pathway of this conpound.

Four nmetabolites were identified fromthe Bj AA-9, 10-
di hydrodiol incubation with rat liver S9 as described in the
met hods section. HVR and M5 anal ysis confirned that three
of the metabolites, the 1,2,9,10-tetrahydro-I, 2,9, 10-
tetrahydroxy-Bj AA, the 7,8, 9,10-tetrahydro-7,8,9, 10-
tetrahydroxy-BJAA and the 9, 10-di hydrodi ol - B3AA-2-one, were
the result of oxidation by cytochrome P-450 of the Bj AA-

9, 10-di hydrodi ol . As suggested by the specific activity of

the 9, 10-di hydrodiol -7, 8-oxide incubated with S9 further
oxidation at the 1,2 position of the nolecule would result
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in greater activity. The formation of the tetrol epoxides,
the BjAA-1,2,9,10-tetrol -7, a-oxide and the Bj AA-7,8,9, 10-
tetrol -1, 2-oxide, as the ultinate carcinogenic netabolites
was suggested by Nesnov and col |l eagues (in press). The
9, 10-di hydrodi ol -2-one formng a 7,8-oxide could also be an
ul ti mate carci nogenic netabolite as suggested fromthe
nmet abol i sm st udi es by Shou and col | eagues (1990) vith 3-HC
2-one.

Peak 7 appeared to be the 9,1 O di hydroxy-Bj AA from HWR
conpari son. Di hydrodi ol dehydrogenase present in nouse,
guinea pig, rat and human liver is another enzyne invol ved
in the metabolismof xenobiotics (Penning, et al., 1990).
Honooxygenati on of PAHs by cytochrone P-4S0 results in
epoxi des that are normally detoxified by epoxi de hydrol ase.
However in situations where epoxi de hydrol ase may not
I nactivate the epoxide, such as epoxides forned in the bay-
regi on opposite a di hydrodiol or when the dihydrodiol is
present in |arge concentrations, dihydrodiol dehydrogenase
may be involved in detoxification. Experinents performed by
G att and col | eagues (1979) indicate a decrease in mutagenic
activity of BaP when pure dihydrodi ol dehydrogenase was
added to 3-MC induced rat liver mcrosones in the Anes
assay. In strain TA98, the nutagenic activity of BaP
decreased 30-60% confirm ng that di hydrodi ol dehydrogenase

was i nvolved in detoxification of BaP.
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Pr evi ous studi es have denonstrated that
benzenedi hydr odi ol incubated vith pure dl hydrodl ol
dehydrogenase resulted in the benzenediol (G att, et al.
1979). Qther studies by Penning and col | eagues (1990)
suggest that pure dl hydrodl ol dehydrogenase incubated vith
several trans-dihydrodiols such as chrysene-1, 2-di hydrodiol,
BaP- 7, a- di hydrodi ol and BaA- 3, 4-di hydrodi ol result in the
formati on ox ortho-quinones. The series of reactions
postulated for this oxidation is shovn in figure 32. The
qui nones that are formed may bind vith gl utathione, thereby
resulting in detoxification of the PAH

Therefore peak 7 fromthe Bj AA incubation is not a
cytochrome P-450 metabolite, but results from oxidation by
anot her enzyne, such as dl hydrodl ol dehydrogenase present in
the rat liver S9 fraction. The 9, 10-di hydr oxy- Bj AA
i nternedi ate may be nonenzymatically converted to the
qui none or other detoxification products in the isolation
aad purification process, explaining the difficulty

experienced in identifying this conpound.

V.C. Mitagenicity of Cyclopentafused Benzote3pyrene

The nutagenicity of cpBeP was determned by Ball and
col  eagues (1991) and conpared vith BePin S tvphinurium
strain TA98 and TA100. The delocalization energies and

mutagenicity results for cpBeP and BeP are shovn in table 8.
As mentioned earlier, BeP does not follov the bay-region
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FI GURE 32: Pathvay of detoxification of the trans-di hydrodi ol
by di hydrodi ol dehydrogenase resulting in a diol internediate
(Penning, et al., 1990).
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COMPARI SON OF MUTAGENI C ACTIVITY AND DELCCALI ZATI ON
ENERG ES OF BeP, CPP AND cpBeP

TABLE a
COMPOUND Mdel ocMi MUTAGENI C ACTI VI TY REFERENCES
Benzol[ e] pyr ene( C12) 0.714 0.6 rev/nniol Jerlna, 1977;
4.4 rev/nnol' Ball, 1991
Cycl openta E c,dlpyrene 0. 794 174 rev/nnol’ Sangal ah, 1988
(cD
Cycl opent af used _
BenzoCel pyrene(Cl) 0. 736 22.8 rev/nniol Fu, 1980
Ball, 1991

reported for S. typhinuriuw strain TA98
reported for S. typhinmuriuiii strain TA100
reported for S. typhiwurlumstrain TA1537
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theory. Even though the nol ecul e contains two bay-regions,

and the del ocalization energy of carbon 12 is above the
"carcinogenic threshold level", the predom nant netabolite
occurs in the K-region. Only small amounts of the ultinate
carcinogen is fornmed, the BeP-9, 10-di hydrodi ol -7, S- oxi de,

and this conpound exhibits veak nutagenic activity in strain
TA98 and noderate activity in TA eO.

The effects of a cyclopentafused ring on a conpound
not containing a bay-region, with a simlar structure as BeP
and cpBeP, may be observed for cyclopentaCc, dl pyrene. The
del ocal i zation energy of carbon 1 on this nmolecule is 0.794,
vei |l above the threshold for genotoxic activity. The
ulti mate carcinogenic netabolite, 3,4-dihydrodiol-I, 2-
epoxide is readily formed, and is shovn to be highly
nmutagenic vith a specific activity of 1440 rev/nnole in
S. tvphinurium strai n TA100.

These results suggest addition of a cycl opentafused
ring on BeP vould increase the nutagenic activity of the
compound. CpBeP is nutagenic in TA9a, table 8, hovever it
Is ten fold |l ess active than CPP. The difference in
mut ageni c activity nmay be explained in the netabolite
profile of cpBeP incubated vith rat |iver $9.

V.D. Metabolismof Cyclopentafused Benzo[ e3pyrene

CpBep vas incubated with Aroclor 1254 induced rat |iver
S9 as described in the nethods section. Since the K-region
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of the nol ecule is blocked due to the addition of the
cycl opentafused ring, netabolismwould be directed to either
the cycl opentafused ring or the bay-regions. The HPLC
profile indicated one major netabolite. lIdentified as the
cpBeP- 3, 4-di hydrodi ol by Ms and MVR anal ysis. Sever al
addi ti onal m nor netabolites vere isol ated, however, not
enough sanple was available for M5 and NHR anal ysi s.

The | ocalization of electron density at the carbon-
car bon doubl e bond of the cyclopentafused ring directs
nmet abolism providing an alternative site for netabolic
activation for cpBeP. The use of quantum mechani cal
calculations to correctly identify the chemcally reactive
and biologically active portion of the nol ecul e has been
successful. Therefore cpBeP is an exception to the bay-
regi on theory.

Determining the ultinmate carcinogenic netabolites of
PAHs is unlikely to be acconplished by a single theory. The
use of del ocalization energies in the bay-region theory has
been successful in predicting nutagenic netabolites,
al t hough exceptions do exist. Continuing research with
conpounds containing several structural regions, as studied
here, with the assistance of quantum mechanical calcul ations
may help in understanding the routes of netabolic activation

of PAHSs.
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V. E. Recommendat i ons

V.E. 1 Benz(]aceanthryl ene-9, 1| e-dl hydrodi ol

Addi ti onal work on the Bj AA-9, 10-dl hydrodl ol peak 5
needs to be done to determine if the ketone is | ocated on
the 1 or 2 position of the nolecule. The |ocation of the
signal in the NHR wll vary for adjacent and opposite
protons to the oxo- substituent. Conparing NHR spectra of
simlar conmpounds such as BJAA-1-one and BJAA-2-one, or
aceant hryl ene- 1-one and aceant hryl ene-2-one, may be hel pful
in determning the identity of this netabolite.

The hi ghly mutageni c netabolite BJAA-1, 2-oxi de
generated by rat liver S9, warrants further study. The
specific activity of this conpound is over ten fold greater
than the parent conmpound. It is likely that tetrol-epoxldes
are forned in this pathway as suggested for the bay-region
dl ol - epoxi de by Nesnow and col | eagues (in press). A
metabolite profile of BJAA-1,2-oxide incubated with rat

l'iver S9 could confirmthe formation of tetrol-epoxides.
V.E. 2 Cycl opentafused BenzoCe] pyrene

Several mnor netabolites were Isolated fromthe
i ncubation of cpBeP with rat liver S9. Determning the
i dentity of these conmpounds, whether they resulted from
oxi dations in Just the bay-region, or both the bay-region
and on the cycl opentafused ring would be of interest.
Possible nutagenicity and nmetabolism studies wth


NEATPAGEINFO:id=D57FD722-C812-469F-BDBC-0EFA7FDEB159


105

synt hesi zed cpBeP- 3, 4-dl hydrodl ol may be nore helpful in

the latter case, since netabolite yields may be increased.
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