BIOORGANIC CHEMISTRY 10, 429-442 (1981)

A Study of Steric and Electronic Factors Governing the
Position of Biofunctionalization of the Benz(a)anthracene
Nucleus: Metabolism in Vitro of Fluoro- and
Methyl-Substituted Analogs

YouNus M. SHEIKH,* RONALD W. HART,T AND DoNALD T. WITIAK*

*Division of Medicinal Chemistry and Pharmacognosy, College of Pharmacy, and the
Comprehensive Cancer Center, The Ohio State University, Columbus, Ohio 43210; tThe National
Center for Toxicological Research, Jefferson, Arkansas 72079

Received February 5, 1981

Metabolism of selected fluoro and methyl analogs of benz(a)anthracene were studied in
induced and uninduced rat liver S-10 fractions. Examination of the various metabolites
produced from these substrates led to the conclusion that both steric and electronic factors
determine the preferential sites of bioactivation. A hypothesis is proposed to explain the
results.

Previously we described the biotransformation of 7, 12-dimethylbenz(a)an-
thracene (DMBA) in various induced and uninduced S-10 fractions in the
presence and absence of hepatic mixed function oxidase inhibitors (/, 2). The
data obtained led us to conclude that various dihydrodiols and 7- and 12-hydroxy-
methyl metabolites were formed by the action of different enzyme complexes, a
conclusion which reinforced the multiplicity of P450s relative to their structural
(3, 4) and functional differences (5-8).

Studies employing various monofluro-DMBA derivatives have provided evi-
dence that substitution of F for H on this hydrocarbon blocks metabolism at the
position of substitution (9, /0), a result in agreement with a rationale originally
proposed by Newman et al. (/1, 12). In cultured Syrian hamster embryo cells, a
cell system transformable by DMBA and other polycyclic aromatic hydrocarbons
(PAH), a positive correlation of absolute binding of H or 4C radiolabel to the
DNA with carcinogenicity was obtained using highly carcinogenic DMBA and
11F-DMBA, weakly carcinogenic SF-DMBA, and noncarcinogenic 2F-DMBA
analogs (9, 10, 13).

In this article we describe the comparative metabolism of the 2,3,4,5, and 6F-
DMBA analogs, 6F-benz(a)anthracene (6F-BA), 7-methyl-BA(7MBA), 3F-
TMBA, SF-TMBA, 12MBA, and 6F-12MBA in phenobarbital-, 8-naphthoflavone-,
and 3-methylcholanthrene (3MC)-induced male Sprague-Dawley rat liver S-10
fractions. Based upon these studies we propose a hypothesis which serves to
explain the preferential sites of biofunctionalization of these compounds relative
to the parent PAH.
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EXPERIMENTAL PROCEDURES

Materials

Hydrocarbons: DMBA was purchased from Eastman Chemical Company and
was checked for purity by high-pressure liquid chromatography (HPLC) prior to
use and when necessary purified by column chromatography over silica gel (Silica
Gel-60; E. Merck) using hexane : benzene (1: 1) as eluant. The 2 and 3F-DMBA
analogs were prepared as previously reported (/4). SF-DMBA was prepared from
1F-naphthalene via Friedel -Crafts acylation in CS; and subsequent known trans-
formation of the resulting keto-carboxylic acid (/5). 4F-DMBA, 7TMBA, 12MBA,
3F-TMBA, and 5F-7MBA were gifts of Professor M. S. Newman of The Ohio
State University. 6F-DMBA, 6F-BA, and 6F-12MBA were gifts of Professor
Wolfgang Girke, Institute for Organische Chemie der Universitat, Frankfurt M.
(16).

Methods

Generation of metabolites: Induction schedule I. Liver S-10 fractions were
obtained from pretreated male Sprague-Dawley rats weighing 150-200 g (ip dose
of phenobarbital Na salt was 100 mg/kg/day for 4 days; 3MC was 20 mg/kg/day
for 2 days; B-napthoflavone was 75 mg/kg/day for 5 days).

Induction schedule II. Other batches of rat liver S-10 preparations were ob-
tained from male Sprague-Dawley rats, 150200 g (ip dose phenobarbital Na salt
was 100 mg/kg/day for 4 days; 3IMC was 20 mg/kg/day for 4 days; B-
naphthoflavone was 75 mg/kg/day for 5 days).

Metabolites of PAH were generated as previously described 2, /7-19). For
these studies all PAH were concurrently incubated for the same length of time
with a S-10 fraction obtained from a single induction schedule. A blank and
reference DMBA incubation always were included. We estimate our detection
limit to be approximately 1% of total metabolites based upon utilization of
radiolabeled DMBA and 2F-DMBA. Storage of S-10 fractions was as previously
described (2), but in most cases they were used within one month of their
preparation. All incubations contained considerable excess of PAH and for
DMBA and 2F-DMBA double acetone-EtOAc extractions of the incubation
medium furnished >95% of the activity in the organic phase. No tetrols were
observed in this phase.

Isolation and characterization of metabolites. Isolation and characterization of
metabolites was generally carried out under yellow light. Isolation by HPLC was
carried out as previously described (I, 2). For spectral characterization of F
analog metabolites we relied upon their characteristic uv spectra which are related
to published spectra of BA analogs (20-24). Although the ultraviolet spectra for
the various metabolites (dihydrodiols and phenols) and the order of elution of
various fluoro compounds using water—methanol HPLC chromatography are the
same as for DMBA metabolites, structures should be construed as tentative until
synthetic standards are available. DHDs which were difficult to resolve by reverse
phase Partisit HPLC were separated from the crude mixture of metabolites by
thin-layer chromatography and chromatographed using HPL.C over Laboratory
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Data Control (LDC) Spherosorb Silica. This methodology insured the homogene-
ity of the individual peak and served as a source of material for further spectral
characterization, but TLC was never empoyed as a prerequisit to quantification.
All quantifications were carried out on the incubation mixtures.

Thus, to ensure the complete resolution of DHDs the ethyl acetate extract was
spotted on silica gel thin-layer plates. The plates were developed in benzene :
hexane (1: 1) and the fluorescent band at R, = 0.82 was scraped off. This material
corresponded to unmetabolized PAH. Subsequently the plates were developed in
benzene : ethyl acetate (7:3), visualized under uv light and divided into two
fractions. Fraction A (R, = 0.7-1.0) corresponded to phenols and monohydroxy-
methyl metabolites. Fraction B (R, = 0.1-0.6) corresponded to dihydrodiols and
perhaps small amounts of hydroxymethyl phenols. After elution of each fraction
with MeOH or MeOH : EtOAc (1: 1), the eluates were subjected to HPLC over
LDC Spherosorb Silica 5 i (4.6 mm x 25 ¢m), using a guard column (4.6 mm X 7
cm; packed with Lichoprep ™RP-18, 25-45 um). The column was eluted with
methanol in dichloromethane (0%, v/v, to 5%, v/v, or 0%, v/v, to 10%, v/v, in
case of 7TMBA metabolites) at a solvent flow of 2.0 ml/min over period of 60 min
(linear gradient).

We examined the metabolism of DMBA and 2F-DMBA in phenobarbital and 8-
naphthoflavone S-10 fractions using both tritiated and cold material. Metabolites
produced were quantified using an HPLC uv detector at 254, 260, and 270 nm and
by scintillation counting. Radioactive quantification compared best with area
measurements when the uv detector was at 270 nm. For uv peak areas =30% of
total metabolites the correlation between radioactive quantification and area
measurement was 2%, whereas peaks =10% and =29% were within 5% of area
measurement and those =2% and =9% were within 10% of the area measure-
ment. Since tritiated analogs for other PAH were not available, only relative
amounts of metabolites formed could be assessed. However, based on the pre-
sumed similarity of extinction coefficients (I, 2, 10, 20-22) of F analog metabo-
lites with the metabolite of the parent hydrocarbon the amount of total metabolites
formed represent a good approximation. Contributions of phenols, including the
corresponding 7- and 12-methyl hydroxylated compounds were consistently <6%
of total metabolites (excluding phenol metabolites of 6F-BA and 6F-12ZMBA;
Tables 4 and 5) and generally represented three or more components. Since these
phenols were not rigidly characterized, they were not included in the sum of total
metabolites representing functionalization at a given site on the PAH. Therefore,
variations in DHD production <6% were not utilized in this semiquantitative
analysis of PAH site-specific biofunctionalization. Furthermore, duplicate com-
parisons of functionalization at a given position were made using the same
inducer, induction schedule, and dose and were within 2-3% of each other.

RESULTS

Production of 7- and 12-Methyl Hydroxylated Metabolites

Metabolism of all F-DMBA analogs in phenobarbital-induced S-10 fractions
invariably furnished monohydroxy alcohols less polar than the corresponding
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TABLE 1

RELATIVE RETENTION TIMES (min) OF METABOLITES OBTAINED FROM FLUORO AND METHYL
ANALOGS ON WHATMAN PARTISIL PXS 10/25 ODS COLUMN

DMBA analogs BA analogs
Metabolite DMBA 2F IF 4F SF 6F ™ 3F-TM SF-TM  12-M 6F-12M
JOHM 50.6 503 50.6 509 S51.5 509 49.0 49.4 4.5 — -
120HM 51.5 509 515 537 538 538 — — — 49.0 52.3
7,12-Bis-OHM ND® ND 406 420 419 438 — — - — —
3,4DHD 47.4 ND ND ND ND 478 470 ND ND 46.3 46.8
70HM-3,4DHD 35.8 ND ND ND ND 1371 ND ND ND — —
5,6DHD 34.8 3.3 344 331 ND ND 319 325 ND 4.0 ND
TOHM-5,6DHD 29.1 ND ND 281 ND ND ND ND ND - -
8,9-DHD 37.8 383 384 400 400 400 356 36.5 38.5 44.4 46.0
70HM-8,9-DHD 31.2 31.2 331 338 338 322 ND 30.5 ND —_ _
10,11-DHD 38.8 ND ND ND 406 403 330 33.8 35.6 35.0 39.0
70HM-10,11-DHD 28.1 294 27 309 313 290 290 30.0 ND — -

¢ —Not detected or expected.
* Not detected.

7OHM analogs (Table 1). Since the uv (Table 2) and fluorescence spectra for these
metabolites were identical to those of 7TOHM, 12MBA, we assigned the 120HM,
TMBA structure to the fluoro analogs. No detectable amounts of 120HM metabo-
lites were produced in g-napthoflavone- and 3MC-induced S-10 fractions. 7MBA
and its 3F and SF analogs also furnished the corresponding 7M-hydroxylated
metabolites in both induced and uninduced S-10 fraction (Table 3). Conversely
12MBA and 6F-12MBA furnished the corresponding 120HMBA aad 6F-
120HMBA on&y in phenobarbital-induced S-10 fraction (Tables 1 and 3).

These results are consistent with our earlier hypothesis (2) that in DMBA, 7M-
and 12M-hydroxylations proceed predominantly by independent enzyme systems.
Using both induction schedules I and II, metabolism of DMBA and its 2, 5, and 6F
analogs in phenobarbital-induced S-10 fractions furnished virtually equal amounts
of 70HM and 120HM metabolites. However, 3F-DMBA yielded approximately
50% more 120HM than 70HM metabolites, and 4F-DMBA furnished approxi-
mately 33% more 70HM than 120HM compound. Additionally, the correspond-
ing 7,12-bishydroxymethylbenzanthracenes were produced in relatively small
amounts (<5%) from 3- and SF-DMBA in phenobarbital-induced S-10 fractions
(Table 2). Introduction of F at positions 4, 5, and 6 in DMBA generaliy caused a
marked reduction in 7M-hydroxylation in both B-naphthoflavone- and 3MC-in-
duced S-10 fractions (Table 3). Since these studies were carried out in the
presence of excess substrate, results cannot be interpreted only on the basis of
increased ring oxidation at the expense of methyl hydroxylation. Rather, it would
appear that insertion of F not only blocks metabolism at the site of halogen
substitution, but either owing to electronic or steric effects (25, 26) also inhibits
metabolism of the methyl functions.

Production of 3,4-Dihydrodiols. Of all DMBA analogs examined only DMBA
(2) and 6F-DMBA (Tables 1 and 2) yielded detectable amounts of the correspond-
ing 3,4-DHDs in phenobarbital-induced S- 10 fractions. In addition, 6F-BA and 6F-
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TABLE 2

UV MAXIMA OF METABOLITES DERIVED FROM FLUORO DMBA ANALOGS

Compounds uv Maxima(nm)
6F-DMBA-trans-3,4DHD 273, 387(w), 407(w), 432(w)
6F-70HM, 12MBA -trans-3,4DHD 271, 380-440(w)
2F-DMBA-trans-5,6-DHD 320-280(b), 268, 258
3F-DMBA-trans-5,6-DHD 320-280(b), 267, 258.5
4F-DMBA-trans-5,6-DHD 320-280(b), 267.5, 259
4F-70HM, 12MBA-trans-5,6-DHD 320-280(b), 266, 259
3F-DMBA-trans-8,9-DHD 330.5, 316, 284, 268
6F-DMBA-frans-10,11-DHD 308, 295(sh), 266
2F-70HM, 12MBA-trans-10,11-DHD 304(sh), 290(sh), 276
3F-70HM, 12MBA-trans-10,11-DHD 305, 291(sh), 277
4F-70HM, 12MBA-trans-10,11-DHD 308, 292, 275
SF-70HM, 12MBA-trans-10,11-DHD 306,288(sh), 278
6F-70HM,12MBA-trans-10,11-DHD 309, 294(sh), 281
2F-70HM, 12MBA-trans-8,9-DHD 328, 313, 269
3F-70HM, I12MBA-trans-8,9-DHD 330, 316, 280(sh), 267
4F-70HM, 12MBA-trans-8,9-DHD 332.5, 318, 306(sh), 282(sh), 267
SF-7TO0HM, 12MBA-trans-8,9-DHD 328, 316, 281, 268
6F-70HM, 12MBA-trans-8,9-DHD 332, 319, 283(sh), 267.5
2F-120HM,7MBA 294, 283, 272, 263
3F-120HM,7MBA 304(sh), 294.5, 284, 273, 263, 238
4F-120HM,7MBA 305(sh), 296, 285.5(sh), 276, 263
5F-120HM,7’MBA 295.4, 284.7, 275(sh), 263
6F-120HM,7MBA 305(sh), 293, 284.5, 275, 263
3F-7,12-Bis-OHM-BA 302(sh), 292.5, 282, 271, 261
5F-7,12-Bis-OHM-BA 295.5, 284, 273, 264

12MBA furnished substantial amounts of the corresponding 4-phenols in 8-
napthoflavone-induced (6F-BA 32 vs 6F-12MBA 16%) and 3MC-induced (6F-BA
31 vs 6F-12MBA 19%) S-10 fractions (Tables 4 and 5). Introduction of a methyl
group at position 12 of BA markedly enhanced the production of the 3,4-DHD
metabolite when compared to BA and 7MBA [induction schedule II: in the
phenobarbital-induced S- 10 fraction, BA = 3% (23), TMBA = 3%, 12MBA = 14%
(Table 1)]. The influence of 6F substitution on 3,4DHD production is readily
explained on electronic grounds (see below). The influence of the 12-methyl group
is less easily explained but may reflect strain due to noncoplanarity of the mole-
cule (25).

Production of 5,6-Dihydrodiols. Introduction of F in DMBA at position 4
substantially decreases production of 5,6-DHDs (induction schedule I: in 3MC-
induced S-10 fraction, 3F-DMBA = 14%, 4F-DMBA = 8%) or completely elimi-
nates their formation (induction schedule II: in 3MC-induced S-10 fraction, 3F-
DMBA = 6%, 4F-DMBA = 1%; induction schedules I and II: in 8-napthoflavone-
induced S-10 fraction, 3F-DMBA = 6%, 4F-DMBA = not detected). In contrast
to BA metabolism, which is reported to yield large quantities of 5,6-DHD (20, 23),
introduction of a 7-methyl group afforded BA analogs (7MBA, DMBA) where 5,6-
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TABLE 3

PRODUCTION OF 7- AND 12-METHYL HYDROXYLATED METABOLITES FROM METHYL AND FLUORO
BA ANALOGS IN INDUCED MALE SPRAGUE-DAWLEY RAT LiveR S-10 FUNCTIONS

Percentage of total metabolites

Phenobarbital-induced

S-10 3-MC-induced B-Napthoflavone-
S-10, induced S-10,

Compounds TO0HM 120HM 70BM TJO0HM
DMBA 18 18 20 18
2F-DMBA 19 17 14 24
3F-DMBA 19 29 17 19
4F-DMBA 33 25 2 3
SF-DMBA 26 30 8 6
6F-DMBA 33¢ 35¢ 8 16*
TMBA 38 - 17 20
3F-TMBA 53 — 29 33
SF-TMBA 59 — 16 8
12MBA — 29 —_ —
6F-12MBA — - 64 — —

% Induction schedule I. All others are induction schedule II.
b _Not detected or expected.

DHD formation was reduced (Fig. 1). Similar to 3,4 DHD formation, introduction
of a 12-methyl group had a stimulatory effect on 5,6-DHD yield (Tables 4 and 5).
Influence of the 7-methyl group on 5,6-DHD production was similar in all induced
fractions. Thus, biofunctionalization of the 5 and 6 positions is highly sensitive to
substitution at neighboring position 4 and relatively less sensitive to substitution
at position 7.

Production of 8,9-Dihydrodiols. Introduction of F at positions 4 or 5 of DMBA
markedly enhanced production of 8,9-DHDs (Fig. 2, Tables 4 and 5) and inhibited
biotransformation of rings A and B in B-napthoflavone- and 3MC-induced S-10
fraction. In the B-napthoflavone S-10 fraction either 7- or 12-methyl functions in
BA provided a moderate decrease in 8,9-DHD formation (Tables 4 and 5). The
presence of a 6F group in 12MBA and DMBA did not significantly affect the
production of these DHDs in B-napthoflavone- and 3MC-induced S-10 fractions
(Tables 4 and 5). However, introduction of F at position 3 of BA considerably
inhibited the functionalization of the 8,9 double bond [induction schedule II: in 8-
napthoflavone-induced S-10 fraction, 8,9-DHDs in DMBA vs 3F-DMBA (50 vs
38%); in TMBA vs 3F-TMBA (50 vs 32%)]. Unlike 5,6-DHD formation, 8,9-DHD
yields seem to be relatively less sensitive to steric constraints, but are markedly
influenced by electronic effects (see below).

Production of 10,11-Dihydrodiols. Of all DMBA analogs studied only the 3 and
6F compounds yielded relatively larger quantities of total 10,11-DHDs in g-
naphthoflavone- and 3MC-induced S-10 fractions (Tables 4 and 5, Figs. 3A and
3B). Similarly, 3F-7MBA yielded 21-25% of 10,11-DHD, whereas 7MBA af-
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T T T
BAa 7-MBA  12-MBA DMBA

SUM OF 5,6 DHD's
% OF TOTAL METABOLITES

[¢]

BA  T-MBA 12-MBA DMBA
FiG. 1. Production of 5,6-DHDs in induced and uninduced Sprague-Dawley rat liver S-10 fractions.

(A) Induction schedule I. (B) Induction schedule II. (X) 3MC induced; (®) B-naphthoflavone induced;
(O) phenobarbital induced.

forded 12-14% of this metabolite in B-naphthoflavone-induced and 3MC-induced
S-10 fractions (Tables 4 and 5). Similar results were obtained in 3MC-induced S-10
fractions (Table 5). Whereas introduction of a 7-methyl group in BA stimulated
the production of the corresponding 10,11-DHD (Table 4), insertion of a 12-methyl
function afforded an even greater increase in this D ring metabolism (Figs. 3A and
B). In the case of 6F-12MBA, influence of the halogen was again noted; a two-fold
increase in 10,11-DHD formation was observed relative to 12MBA.

DISCUSSION

Boyland et al. (27) concluded that the relative quantities of total metabolites in
BA vary with the chemical reactivity of their respective bonds (28). This early
correlative work has been corroborated using iterative extended Hiickel theory
(29a, b) by Loew et al. (30a, ¢, d), and Memory (30b).

Since the nucleophilic character of a given bond is a reflection of bond order
(31), it is not surprising that 1- and 2F-naphthalene undergo Friedel-Crafts acyla-
tion at positions 4 and 6 (or 8), respectively (/4). Furthermore, a number of PAH
undergo ozonization (32) or reaction with OsO, (33, 34) preferentially at those
positions rich in electrons. Our results provide evidence for both electronic and
steric influences on BA analog metabolism. Steric effects seem to be important in



438 SHEIKH, HART, AND WITIAK

so -
60 -
40 1
20 4
"
w
wE
28 o r - r . .
] E DMBA 2 3 4 s 6
QW POSITION OF F IN DMBA
o F
L
od
L
]
&
® 607 B
40
e ye
N o
20 - \\r”

[s] T T T
T7-MBA  3F-TMBA 35F-TMBA

FIG. 2. Production of 8,9-DHDs in induced S-10 fractions (induction schedule II) as a function of F
substitution in DMBA (A) and 7MBA (B). (X) 3MC induced; (@) B-naphthoflavone induced.

the production of 5,6-DHDs, since their yield is reduced when positions 4 and 7
are occupied by F or methyl, respectively.

In most discussions of F effects on reactivity attention is paid to the electron-
attracting effects of the atom. For example, F-substituted acetic acids are appre-
ciably stronger acids than acetic acid (35). However, p-fluorophenol has nearly
the same acidity as phenol (36). This disparity must be a result of donation of
electrons from the flourine to the para position by a resonance effect. Undoubt-
edly, introduction of F alters the electron density at various positions in polycy-
clic aromatic hydrocarbons, but no quantitative studies of such effects have been
made (37). Furthermore, charge density on the o carbon of naphthalene is stabi-
lized relative to that on the 8 positions (38).

Since the transfer of oxygen from cytochrome P-450 (39, 40) to a C=C is an
electrophilic process (oxenoid mechanism) (4/, 42), less aromatic rings (43, 44) or
electron-rich bonds (28) in PAH should be more susceptible to oxygen transfer
reactions. Intermediate epoxides are predicted to form at positions other than
those involving ring junctions, since reaction at the latter positions would resuit in
a greater loss of resonance stabilization in the product. There is considerable
evidence to indicate that epoxides are discrete intermediates leading to formation
of DHDs upon epoxide hydratase-catalyzed hydration 45, 46). Therefore, the
resonance contribution of the F electron lone pair to the BA PAH should increase
the electron density at that position in the resonance structure which hag the

greatest possible number of alternating single and double bonds between F=C
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F1G. 3. Production of 10,11-DHDs in induced S-10 fractions as a function of F substitution in DMBA
{(A) and TMBA (B). (A) Induction schedule I. (B) Induction schedule IL (X) 3MC induced; (@)
B-naphthoflavone induced.
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and —('3—, wherein —(03— is a carbon « in a naphthalene system. Thus, for 6F-
BAs (1), resonance structure 1a rather than 1b correctly predicts enhanced epoxi-
dation and subsequent conversion to phenols and dihydrodiols at the 3,4 position
relative to the parent PAH. Resonance structure 1c rather than id correctly
predicts increased formation of the 10,11-DHD metabolite relative to the parent
PAH. ’

Similarly, structures 2, 3, and 4 correctly predict high electron density at position
8; and the 8,9-DHD metabolite is preferentially formed from 2F, 4F, and SF-BA
analogs, respectively, relative to parent HCs. Alternatively, 3F-BA analogs (5)
afford substantially enhanced production of 10,11-DHD relative to the parent HC.

Fe&

@ -»|

Excluding steric factors this hypothesis serves to explain qualitatively the
modulating influence of F substitution on the biofunctionalization of specific
double bonds relative of those in the parent PAH. Based on results utilizing the
parent PAH and 2- or 3F analogs, electronic effects seem to have little or no effect
on Kregion (5,6 position) dihydrodiol formation. Interestingly, 6F-7MBA (47) and
6F-DMBA are potent carcinogens, and in these studies 6F-DMBA yielded en-
hanced bay-region, 3,4-dihydrodiol production relative to the parent PAH, in the
phenobarbital-induced S-10 fraction. In addition to differential biofunctionaliza-
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tion of DMBA (2) and its F analogs (/) in the presence of P-450 inhibitors,
metabolism studies using reconstituted systems employing purified cytochrome P-
448 and P-450 (23, 48) emphasize the complexity of such processes and thus
preclude further analysis of the precise events in aryl-HC metabolism. Corrobora-
tion of these interpretations, which are based on classical resonance theory, with
more sophisticated molecular orbital calculations also is desirable. Nonetheless,
we are hopeful that these and similar studies will serve as a basis for predictable

alteration of metabolic processes leading to safer biologically significant mole-
cules.
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