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SUMMARY
The synthetic ultimate carcinogen, N-sulfonoxy-2-acetylaminoflu-
orene (K� salt, N-0503K-2-AAF), undergoes several solvolytic
and metabolic reactions that have not been reported heretofore.
In aqueous media, 45-50% of N-0503K-2-AAF is converted to
4-hydroxy-2-acetylaminofluorene, presumably by the ionic mech-
anism proposed previously for the formation of the m-amidoflu-
orenol from N-acetoxy-2-acetylaminofluorene. 4-Hydroxy-2-ace-
tylaminofluorene was not mutagenic and did not react with the
nucleophile, guanosine. In aqueous media, rearrangement of N-
0503K-2-AAF to the biologically inactive o-amidofluorenols, 1-
and 3-hydroxy-2-acetylaminofiuorene, or to the respective sul-
fates, were only minor reactions (-�-3% and �-6-8%, respectively).
In the presence of bovine serum albumin, N-0503K-2-AAF was
converted nearly quantitatively to the sulfates of 1 - and 3-

hydroxy-2-acetylaminofluorene. The rearrangement was abol-
ished by heat denaturation of the bovine serum albumin. In the
presence of rat liver homogenate or of hepatic cytosol of the rat,
30-40% of N-0503K-2-AAF was reduced to the procarcinogen,
2-acetylaminofluorene, at the expense of 4-hydroxy-2-acetyl-
aminofluorene. The reduction appears to be catalyzed by a low
molecular weight compound in the cytosol of rat liver since
denaturation of cytosolic proteins by heat had no effect on the
extent of the reduction. Cytosolic reduction of N-0503K-2-AAF
to 2-acetylaminofluorene was markedly inhibited by the nucleo-
phile, N-acetyl-L-methionine. This observation indicates that co-
valent interaction of N-0503K-2-AAF with nucleophiles and re-
duction of N-OSO3K-2-AAF are competing reactions.

Activation of the hepatocarcinogen, 2-AAF, involves a two-
step reaction sequence. In the first step, 2-AAF is oxidized by

microsomal cytochrome P-450 to the arylhydroxamic acid, N-

OH-2-AAF (1-3). In the second step, N-OH-2-AAF is activated

by several intracellular enzymes to reactive species (ultimate

carcinogens) that form covalent adducts with cellular acceptors
(2, 3). Enzymatic sulfation of N-OH-2-AAF by hepatic sulfo-

transferase generates an electrophile that interacts with cellular

macromolecules (1-4), including DNA (1, 2), and is considered

to be an ultimate hepatocarcinogen (1). This view was sup-

ported by experiments showing that synthetic N-OSO3K-2-

AAF reacts through a bimolecular mechanism with cellular

receptors of high and low molecular weight (5). Similarly, N-

acetoxy-2-acetylaminofluorene N-OAc-2-AAF, a model ulti-

mate carcinogen, interacted with the same nucleophiles by the
same mechanism, although to a lesser extent (5, 6). Although
instability of N-0503K-2-AAF in aqueous media has been

established (7), the products of its degradation, either by sol-
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volysis or by cellular metabolism, have not been identified.

Studies of the reactivity of the potassium salt of N-acetyl-2-

naphthylhydroxylamine-O-sulfate in aqueous media at pH 7

demonstrated an 0-rearrangement to the sulfate ester of 2-

acetamido-1-naphthol as well as formation of 2-acetamido-1-

naphthol (8). A similar rearrangement has been shown to occur

in the solvolysis, at neutral pH, of N-OAc-2-AAF (9, 10). In

the case of N-OAc-2-AAF minor amounts (6%) of 2-AAF were
also detected (10). It has been speculated that rearrangement

of N-sulfonoxy-2-AAF proceeds more readily than that of N-

OAc-2-AAF and may be a pathway for detoxification of this

ultimate carcinogen (9, 11). The availability of synthetic N-

OSO3K-2-AAF made it possible to initiate studies of the reac-

tivity of this ultimate carcinogen (5). A major objective of the

present study was to determine whether, analogous to N-OAc-

2-AAF, rearrangement of N-OSO3K-2-AAF to the sulfates of

the o-amidofluorenols, solvolysis to the o-amidofluorenols, and
reduction to 2-AM’ accounted for the rapid disappearance of

N-OSO3K-2-AAF from aqueous media at neutral pH. A second
objective was the identification of the products of the disposi-

ABBREVIATiONS: 2-AAF, 2-acetylaminofluorene; N-OSO3K-2-AAF, N-sulfonoxy-2-acetylaminofluorene (K� salt); N-OH-2-AAF, N-hydroxy-2-acetyl-

aminofluorene; N-OAc-2-AAF, N-acetoxy-2-acetylaminofluorene; N-Ac-L-Met, N-acetyl-L-methionine; Guo, guanosine; MBE, methyl-tert-butyl ether;
1-OH-2-AAF, 1-hydroxy-2-acetylaminofiuorene; 3-OH-2-AAF, 3-hydroxy-2-acetylaminofluorene; 1-CH3S-2-AAF, 1-methyfthio-2-acetylaminofluorene;
3-CH3S-2-AAF, 3-methylthio-2-acetylaminofiuorene; Guo-2-AAF, N-(guanosin-8-yl)-2-acetylaminofluorene; 1-OSO3K-2-AAF, 1-sulfonoxy-2-acetyl-
aminofluorene (K� salt); 3-OSO3K-2-AAF, 3-sulfonoxy-2-acetylaminofiuorene (K� salt); MeOH, methanol; HPLC, high performance liquid chromatog-
raphy; 4-OH-2-AAF, 4-hydroxy-2-acetylaminofiuorene; BSA, bovine serum albumin.
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8.97. Founth C, 50.60; H, 3.59; N, 3.59; S, 8.74. 1- and 3-OSO3K-2-AAF
gave single peaks by reverse phase HPLC [column: 10-tim particle size,

C-18 (RP1O), 250 x 4.6 mm (Alitech Associates, Deerfield, IL); eluent,
40% methanol; retention time = 4 mm]. Analytical thin layer chro-

matography (silica gel HLF Uniplates; Analtech, Inc., Newark, DE) of
1- and 3-OSO3K-2-AAF, with chloroform/ethanol (65:35) as solvent,
gave single spots, R, = 0.25. There was no evidence for the presence of
1- or 3-OH-2-AAF in 1- or 3-OSO3K-2-AAF, respectively. UV absorp-

tion spectra of 1- and 3-OSO3K-2-AAF are shown in Fig. 1.

4-OH-2-AAF was prepared by solvolysis of N-OSO3K-2-AAF as

follows: N-OSO3K-2-AAF (149 mg, 0.42 mmol) in dimethylformamide
(0.5 ml) was added to the aqueous phase of a mixture of 0.05 M Tris-
HC1 buffer, pH 7.0 (50 ml) and ethyl acetate (200 ml). The mixture

was stirred at room temperature for 2 hr. The ethyl acetate layer was
separated and washed with 0.01 M sodium chloride. The ethyl acetate

was then evaporated at reduced pressure. The residue solidified on
standing at room temperature. A portion (35 mg) of the crude product

(106 mg) was dissolved in ethyl acetate and purified by chromatography
on a silica gel (100-200 mesh, 60A; Mallinckrodt, Inc., Paris, KY)

column (11 x 1.1 cm) using ethyl acetate/n-hexane (2:1) as eluent. The
second of two bands was collected and yielded 4-OH-2-AAF, m.p. 270-
274#{176}[reported: 270-272.5#{176} (21)], after solvent evaporation. UV absorp-

tion spectrum: X,,,,.� (MeOH) 280 (e, 19,842), 293 (e, 18,423) nm. The
Uv spectrum of the isolated material was identical with that of a

sample of authentic 4-OH-2-AAF (21) donated by Dr. T. L. Fletcher

(Hutchinson Cancer Research Center, Seattle, WA) to Dr. D. Malejka-
Giganti (Veterans Administration Medical Center, Minneapolis) and

made available to us. HPLC of the purified compound on Corasil II
(22) (Waters Associates, Milford, MA), with ethyl acetate/n-hexane

(4:6) as eluent gave a single peak (retention time = 28 mm). Small

amounts (10-25 mg) of crude 4-OH-2-AAF were also purified by

preparative thin layer chromatography on silica gel plates (thickness,
1000 �zm; Analtech) with chloroform/methanol (10:1) as solvent. 4-OH-

2-AAF, isolated from the lower of two major bands, exhibited a UV

absorption spectrum identical with that described above for the pure

compound. To provide further evidence for the identity of 4-OH-2-
AAF prepared by solvolysis of N-0503K-2-AAF, 4-OH-2-AAF in pyr-
idine was acetylated with acetic anhydride. After 1 hr the reaction

0.8

tion ofN-0503K-2-AAF by homogenates and cellular fractions

of rat liver, a major target of the carcinogenic action of 2-AAF.

Finally, the mutagenic potential and adduct formation of the

newly identified products of the solvolytic and metabolic deg-

radation of N-OSO3K-2-AAF were assayed to determine

whether the carcinogenic action of 2-AAF is attributable exclu-

sively to N-0503K-2-AAF or whether compounds formed dur-

ing the degradation of N-OSO3K-2-AAF contribute to its bio-

logical action.

Experimental Procedures

Materials

N-Ac-L-Met and Guo were purchased from Sigma Chemical Co. (St.
Louis, MO). 2-Nitrofluorene, MBE, and dicyclohexylcarbodiimide were

purchased from Aldrich Chemical Co. (Milwaukee, WI). [5’-3H]Guo
(24 Ci/mmol) was obtained from Amersham Corp. (Arlington Heights,
IL).

Preparation of Cell Fractions of Rat Liver

Male Sprague-Dawley rats (225-250 g, Bio-Lab Corp., St. Paul, MN)

were sacrificed by decapitation. For each experiment, the livers from

three rats were pooled and a 25% homogenate in 0.05 M Tris-HC1

buffer, pH 7.0, was prepared (6). Cytosol and microsomal fractions

were obtained as described (12). Prior to use, each fraction was diluted

with the buffer to give the protein concentrations listed in Tables 1, 5,

6, and 7. Protein concentrations were determined according to the

method of Lowry et al. (13).

Preparation of Compounds

2-AAF (14), 2-nitrosofluorene (15), N-OH-2-AAF (16), N-0503K-
2-AAF (5), N-0503K-2-[ring-3HJ-AAF (5), 1- and 3-OH-2-AAF (17),
1- and 3-CH3S-2-AAF (18), Guo-2-AAF (19), and N-acetyl-L-[methyl-

3Hjmethionine (5) were prepared by the published procedures. Melting

points and spectral (UV, IR) properties were in agreement with those

reported. The potassium salts of the 0-sulfates of 1- and 3-OH-2-AAF
(1- and 3-OSO3K-2-AAF), which have not been prepared and charac-

terized heretofore, were synthesized by the modification of the proce-
dure of Beland et al. (20) that was used for the synthesis of N-0503K-
2-AM’ (5). To 1-OH-2-AAF (199 mg, 0.83 mmol) and dicyclohexylcar-

bodiimide (870 mg, 4.2 mmol) in dimethylformamide (40 ml) was added
concentrated sulfuric acid (0.05 ml, 0.90 mmol). The mixture was

stirred under nitrogen (1.5 hr), filtered, and the filtrate was purged

with ammonia (3 mm). The filtrate was then concentrated by solvent

evaporation at reduced pressure and the residue was stirred in ammo-

nia-saturated methanol (2-3 ml) containing potassium acetate (83 mg,

0.84 mmol). Following filtration of the mixture, the solvent was evap-
orated at reduced pressure. The residue was washed with dry diethyl
ether and taken up in methanol (8 ml). 1-OSO3K-2-AAF (62 mg)

crystallized on cooling in ice. Additional compound (62 mg) was ob-

tamed on evaporation of the methanol and crystallization of the re-

maiming solid from ethanol. The total yield was 42%. IR absorption

spectrum: v (KBr) 1,660 (C=’O), 1,250 (5=0) cm’. UV absorption

spectra: Amai (MeOH) 287 (�, 25,500), 278 (e, 25,000) nm; X,,,,� (H20)

274 (e, 21,918) nm. Anal. Calculated for C15H12N05K5: C, 50.40; H,

3.39; N, 3.92; 5, 8.97. Founth C, 50.43; H, 3.53; N, 3.64; 5, 8.92. The

preparation of3-OSO3K-2-AAF from 3-OH-2-AAF (203 mg, 0.85 mmol)

was essentially the same as that described above for 1-OSO3K-2-AAF

with the following minor changes. After addition of potassium acetate
and filtration of the mixture, evaporation of the solvent yielded an oil
which solidified on addition of dry diethyl ether. The crude product

was recrystallized from ethanol to give 3-OSO3K-2-AAF (220 mg, 72%

yield). IR absorption spectrum: v (KBr) 1,674 (C=O), 1,245 (5=0)

cm’. UV absorption spectra: X,,,� (MeOH) 278 (e, 21,200), 306-314

(broad peak, e, 14,500) nm; A,,,� (H20) 272 (e, 19,975), 302 (, 13,393)

nm. Anal. Calculated for C15H12N05SK: C, 50.40; H, 3.39; N, 3.92; 5,

0
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Fig. 1. UV spectra of 1- and 3-OSO3K-2-AAF. A. 1-OSO3K-2-AAF (in
MeOH), 2.7 x 10-� M; B. 3-OSO3K-2-AAF (in MeOH), 3.7 x 10� M; C.
1-OSO3K-2-AAF (in H20), 3.3 x 10� M; D. 3-OSO3K-2-AAF (in H20), 3.9
x 105M.
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mixture was diluted with water and extracted with ethyl acetate. The

ethyl acetate extract was washed with water. Evaporation of the ethyl
acetate yielded crystalline 4-acetoxy-2-acetylaminofluorene, m.p. 234-
236#{176}[reported: 231-232#{176} (21)]. UV absorption spectrum: X,,,� (MeOH)

281 (, 36,500), 287 (, 39,286), 301 (e, 31,746) nm. Reverse phase HPLC

with 58% methanol gave a single peak (retention time = 21 mm).

Conditions for Solvolysis and Metabolic Degradation of N-

OSO3K-2-AAF

Isolation and quantitation of products. In the experiments in
which solvolysis of N-OSO3K-2-AAF was investigated, N-OSO3K-2-

[ring-3H1-AAF (50 nmol) in 0.02 ml of dimethyl sulfoxide was added to

0.05 M Tris-HC1 buffer, pH 7.0 (1.0 ml). In metabolic experiments

(Tables 1, 2, 5, 6, and 7) the incubation mixtures contained, in addition
to labeled N-OSO3K-2-AAF, homogenate of rat liver or the designated

cellular fraction. The protein concentration of homogenates or cellular

fractions was 5 mg/ml (see Tables 1, 2, and 5) or 2 mg/ml (see Tables

6 and 7). In some experiments (see Table 7), cupric acetate monohy-

drate was added to incubation mixtures, at a concentration of 0.15 mM.

The mixtures were incubated at 37#{176}for 30 mm. At the end of the
incubations the appropriate carrier compounds were added. Proteins
were precipitated by addition of ethanol (2 ml) and removed by cen-

trifugation. To quantify the amounts of 1- and 3-OH-2-AAF, 4-OH-2-

AAF, and 2-AAF, the protein-free mixtures were extracted three times
with MBE (1 ml). After evaporation of MBE under nitrogen, the

residues were dissolved in methanol (0.05 ml) and the compounds were

isolated by reverse phase HPLC (Fig. 2a). When incubation mixtures

contained major amounts of 4-OH-2-AAF in addition to the o-amido-

fluorenols, 3-OH-2-AAF was rechromatographed on Corasil II (Fig.

2b). Since 1- and 3-OSO3K-2-AAF were not separated by reverse phase
HPLC (Fig. 2a), the amounts of the isomeric sulfate esters were
estimated as follows. After removal of phenols and non-polar com-

pounds from the incubation mixture by extraction with MBE, the

aqueous phase, which contained the sulfates, was taken to dryness.

The residues were taken up in methanol and subjected to reverse phase

HPLC. The peak which contained the unresolved sulfates (Fig. 2a) was
collected. After evaporation of the eluent the sulfates were converted
to the respective o-amidofluorenols by acid hydrolysis with 0.25 N

H2S04. The o-amidofluorenols were extracted twice with MBE (1 ml)
and the ether was washed twice with water (1 ml). After evaporation

of the MBE the o-amidofluorenols were separated by HPLC as de-
scribed above. In all experiments in which N-OSO3K-2-[ring-3H]-AAF

2

0 � 20 40 60 80 0 � 20 � 40

Minutes

Fig. 2. A. Separation of o-0S03K-2-AAF (peak 1), 4-OH-2-AAF (peak 2),
3-OH-2-AAF (peak 3), 1-OH-2-AAF (peak 4), and 2-AAF (peak 5) by
reverse phase HPLC [C-i 8, 10 �m, 250 x 4.6 mm (Alltech Associates);
eluent, 55% MeOH; flow rate, 0.5 mI/mm]. B. Separation of 3-OH-2-AAF
(peak 1) from 4-OH-2-AAF (peak 2) by HPLC [Corasil II (Waters Asso-
dates) eluent, ethyl acetate/n-hexane (35:65); 100 psij.

was the substrate the quantities of solvolytic or metabolic products

were determined by the method of inverse isotope dilution.
To test whether 1- and 3-OH-2-AAF could arise from 1- and 3-

OSO3K-2-AAF (see Table 2), the quantities of the o-amidofluorenols
were estimated by peak height analysis of the elution profile after

reverse phase HPLC of the compounds. The lower limit of detection of
1- and 3-OH-2-AAF by this method was 0.2 nmol. The amounts of 1-
and 3-OH-2-AAF, produced by acid hydrolysis of 1- and 3-0503K-2-
AAF (see Table 2), were measured by the UV absorbance of the

respective peaks of the HPLC elution profile. In these experiments,

correction was made for loss of compound on the column (-25%).

Comparison ofthe interaction ofN-OSO3K-2-AAF, 1- and 3-
OSO3K-2-AAF, and 4-OH-2-AAF with nucleophiles. If 1- and 3-

OSO3K-2-AAF, in aqueous media, were to undergo dissociation to
positively charged carbonium ions capable of interacting with nucleo-
philes or to react by a bimolecular mechanism similar to that shown

for N-0503K-2-AAF (5), the adducts formed by nucleophilic attack of

sulfur atom of methionine on carbon’ atom 1 and 3 of the fluorene

moiety would be 1- and 3-CH2S-2-AAF. The same adducts were previ-

ously isolated and characterized as the result of the interaction of N-

OSO3K-2-AAF with methionine (23) or N-Ac-L-Met (5). In the present

study, we have used the conditions established (5) for incubation of

potential electrophiles with N-acetyl-L-[methyl-3H]methionine, isola-

tion of the labeled adducts, and assessment of adduct formation by

inverse isotope dilution.

The electrophilic reactivity of 4-OH-2-AAF was examined by incu-
bation of the m-amidofluorenol with the nucleophile, [5’-3H]Guo. Guo
was selected because of its demonstrated strong nucleophilicity in

reactions with synthetic ultimate carcinogens (5, 6). Although the
hypothetical adduct, 4-(guanosin-8-yl)-2-AAF, arising from the inter-

action of 4-OH-2-AAF with Guo, has not been synthesized, it is

reasonable to assume that the solubility characteristics of 4-(guanosin-

8-yl)-2-AAF would be sufficiently similar to those of N-(guanosin-8-
yl)-2-AAF to permit detection by reverse phase HPLC (5, 6). 4-OH-2-
AAF and [5’-3H]Guo were incubated under conditions previously es-

tablished for the formation in vitro of N-(guanosin-8-yl)-2-AAF from
N-OSO3K-2-AAF and Guo (5). Following extraction of the incubation
mixture with MBE and evaporation of the solvent under nitrogen, the
residue was dissolved in methanol and subjected to reverse phase

HPLC. The following eluents were used in sequence: 1) 55% methanol,
which elutes N-(guanosin-8-yl)-2-AAF, for 20 mm; 2) a gradient of 55-

100% methanol, over a period of 20 mm; and 3) 100% methanol for 10
mm. A total of 45 fractions containing 1 or 2 ml of eluate was collected,

and the radioactivity of each fraction was measured following solvent

evaporation.

Mutagenicity ofthe rearrangement products ofN-0503K-2-AAF (1-
and 3-OSO3K-2-AAF) and of 4-OH-2-AAF was measured with the use
of the Ames Salmonella test (24), as described previously (5, 6). Trip-

licate plates were incubated at 37#{176}for 48-60 hr and the number of

histidine prototrophs was scored (5, 6).

Results

Instability of N-OSO3K-2-AAF in Mixtures of Methanol/Water
as Shown by UV Spectroscopy

Initial observations on the degradation of synthetic N-

OSO3K-2-AAF in methanol containing increasing amounts of

water are shown in Fig. 3. In these experiments, which led us

to pursue the subsequent identification of several degradation
products of N-OSO3K-2-AAF, decomposition of the ultimate

carcinogen was followed by the decrease of the maximal ab-
sorbance of N-OSO3K-2-AAF (M276) as a function of time and
concentration of water in the medium. Whereas N-OSO3K-2-
AAF in dry methanol appears to be stable for at least 40 mm,

degradation of N-OSO3K-2-AAF was markedly accelerated by
increasing the content of water in the medium from 10% to
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a Protein concentration was5 mg/mI.

b Values are the averages (±SD) of two experiments. Reaction conditions and

methods for determining amounts of metabolites formed are described in the text.

a Concentrations of test compounds N-OSO3K-2-AAF, 1- and 3-OSO,K-2-AAI�

and 4-OH-2-AAF, were 20-400 �M. The values shown are the average number of
reverants/nmol of compound. The average number of revertants produced by 2-
nftrosofluorene (2 �M, 4 g�M) and 2-nitrofluorene (20 �M, 40 SM), used as standards,
were 446 and 39/nmol, respectively. �

b Fifty nmol of N-OSO,K-2-AAF, 1-OSO�K-2-AAF, � 3-OSO,K-2-AAF were
incubated with 2500 nmol of N-Ac-L-(methyl-’H]Met (170,000 dpm) in Tns-HCI

buffer, pH 7.0 (1 ml) at 37#{176}.After 30 mm, 1- and 3-CH�,S-2-MF were added as
carrier compounds. Isolation, separation of 1- and 3-CH,S-2-AAF by HPLC. and
estimation of the amounts of adducts formed were carded out as described (5).

C Fifty nmol of N-OSO,K-2-AAF or 4-OH-2-AAF were incubated with 2500 nmol
of [5’-�HJGuo (132,000 dpm) in Tns-HCI buffer, pH 7.0 (1 ml), at 37#{176}.After 30 mm
Guo-2-AAF was added as carrier. Analysis of adduct formation is described in the
text.

d RadioaCtivIty of the 1- and 3-CH�S-2-AAF peaks was <2 x background.
. RadiOaCtiVity detected during elubon of column with 55% and 100% methanol

was �z2 x background.

Fig. 3. Instability of N-0S03K-2-AAF in mixtures of methanol:water by
uv spectroscopy. Since N-0S03K-2-AAF in MeOH absorbs maximally
at 276 nm, �A276 was used as a measure of the instability of N-OSO3K-
2-AAF at ricreasing concentratons of water in the incubafion system.
N-0S03K-2-AAF in dry MeOH was added to the sample cuvette contain-
iog the amounts of water indicated and the UV spectrum was recorded
immediately. The spectrophotometer (ACTA VI; Beckman Instruments,
Inc., Irvine, CA) was placed in the Time Drive mode 1 mm after addition
of N-OSO3K-2-AAF to the solvent and A276 was recorded for 40 mm.

TABLE 1

Conversion ofN-OSO�K-2-[ring-�H]-AAF to 1- and 3-OSO�K
�HJ-AAF and to 1- and 3-OH-2-[rIng-�H]-AAF, by rat liver

-2-[ring-

homogenates

Metabolite �

Ilomogenatee %of
1- + 3.0S0�K-2-AAF sutstrate 1- + 3.OH-2-AAF %ot

sutstrate

nrnof flinch

- 2.9 ± 0.3 5.8 1 .4 ± 0.3 2.8
+ 0.8 ± 0.1 1 .6 0.6 ± 0.2 1.2

50%. This observation confirms a previous report concerning

the instability of N-OSO3K-2-AAF in aqueous media (7).

Formation of 1- and 3-OSO3K-2-AAF and of 1- and 3-OH-2-
AAF from N-OSO3K-2-AAF

The next part of this study was concerned with the identifi-
cation of the degradation products of N-0503K-2-AAF that
might account for its disappearance from aqueous media. The
first reaction examined was the rearrangement of N-0503K-2-

[ring-3H]-AAF to the sulfate esters, 1- and 3-OSO3K-2-AAF,
in Tris-HC1 buffer (pH 7.0) alone and in the presence of rat

liver homogenate (Table 1). Occurrence of this reaction seemed
likely since N-OAc-2-AAF had been shown to undergo rear-

rangement to 1- and 3-OAc-2-AAF in 40% acetone (10) and

since N-OSO3K-2-AAF was presumed to rearrange more readily
than N-OAc-2-AAF (9). However, only 5.8% of N-OSO3K-2-
AAF rearranged to 1- and 3-OSO3K-2-AAF in Tris-HC1 buffer

and even less (1.6%) was converted to the isomeric sulfate
esters in the presence of rat liver homogenate (Table 1). A
possible explanation for the minor amounts of the isomeric

sulfates was that they were further cleaved to 1- and 3-OH-2-
AAF. This explanation was ruled out by the small amounts of

the o-amidofluorenols (1.2 and 2.8%, respectively) that were

detected following incubation of N-OSO3K-2-AAF in Tris
buffer or in the presence of rat liver homogenate (Table 1).
Moreover, neither 1-0503K-2-AAF nor 3-OSO3K-2-AAF was

hydrolyzed to the o-amidofluorenols in the presence or absence
of rat liver homogenate. Hydrolysis of the o-sulfate esters
proceeded only in acidic media (0.25 N H2S04) and required

elevated temperatures (Table 2).
1- And 3-OSO3K-2-AAF showed insignificant mutagenicity

in the Ames test (24) (Table 3) compared to the standard test

compounds, 2-nitroso- and 2-nitrofluorene. Even N-0503K-2-

AAF, which, for reasons previously discussed (5), exhibited low
mutagenicity, was measurably more active in the Ames test
than 1- or 3-OSO3K-2-AAF. Neither of the isomeric sulfate

esters formed detectable amounts of adduct with the nucleo-

phile N-Ac-L-Met. In contrast, N-OSO3K-2-AAF reacted with
N-Ac-L-Met to give o-methylthio-2-AAF as previously de-
scribed (Ref. 5; Table 3).

Stimulation of the Rearrangement of N-0503K-2-AAF to 1-
and 3-0S03K-2-AAF by BSA.

The data on the rearrangement of N-OSO3K-2-AAF to 1-

and 3-OSO3K-2-AAF (Table 1) indicated that the extent of the
reaction appeared to be significantly less in the presence of rat

liver homogenate. We concluded that homogenates inhibit the

conversion of N-OSO3K-2-AAF, possibly by substrate binding

to protein. To test this assumption, the proteins in rat liver

TABLE 2
Formation of 1- and 3-OH-2-AAF from 1- and
liver homogenate and by acid hydrolysis

3-OSO�K-2-AAF by rat

Compound Tested H2S04 Homogenate

rind of o.An*iolluoreid

�

1OFI-2-MF 3-OH-2-AAF

N

1-OSO3K-2-AAF 250 - -

- +

0.25b

<0.2
<0.2

147±7

3-OSO3K-2-AAF 250 - -

- +

0.25b

<0.2
<0.2

147±4

a The limit of detection of the O-amidOflUOrenOlS by HPLC peak height analysis
was 0.2 nmol. The vthies are the averages of du�ate determinations.

b Incubations were carried out at 90#{176}fc)�, 1 hr.

TABLE 3
Comparison of the mutagenicity and chemical reactivfty ofN-
OSO3K-2-AAF, 1- and 3-0S03K-2-AAF, and 4-OH-2-AAF

Compound
tested

Revertants
� rsnio�

rind ofAdduct formed

���2Wb G�.2�wC

N-OSO3K-2-AAF 0.9 8.6 ± 0.3 36.0 ± 0.1
1-OSO3K-2-AAF <0.1 d
3-OSO3K-2-AAF <0.1 d
4-OH-2-AAF <0.1 e
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homogenates (5 mg) were replaced by equal amounts of the

homogeneous protein, BSA. Unexpectedly, conversion of N-

OSO,K-2-AAF to the isomeric sulfate esters was nearly quan-

titative (96%) under these conditions (Table 4). The catalytic

effect of BSA on the rearrangement of N-OSO3K-2-AAF de-

pended on the intactness of the three-dimensional structure of
BSA and was abolished by heat denaturation (Table 4). The
implications of these observations on detoxification of ultimate

carcinogens will be discussed below.

Identification of 4-OH-2-AAF and 2-AAF as Major Products
of the Solvolysis and Metabolic Degradation of N-0503K-2-
AAF

Mechanism of formation of the two compounds. Con-
version of N-OSO3K-2-AAF to the isomeric sulfate esters or

o-amidofluorenols accounted for less than 10% of degradable
N-OSO,K-2-AAF (Table 1). Examination of ether-soluble com-

pounds showed 4-OH-2-AAF and 2-AAF, identified spectro-

photometrically and quantified by inverse isotope dilution after

separation by HPLC, to be major products of the solvolytic and
metabolic degradation of N-OSO3K-2-AAF (Table 5). In Tris-
HC1 buffer, 4-OH-2-AAF, which exhibited no significant mu-
tagenicity or detectable chemical reactivity with guanosine

(Table 3), accounted for 46% of degradable N-OSO3K-2-AAF.
The mechanism of formation of 4-OH-2-AAF from N-OSO3K-

2-AAF in aqueous media is presumably the same as that pos-
tulated for formation of the m-amidofluorenol from N-OAc-2-
AAF (25). Essentially, it consists of the successive nucleophilic

attack of hydroxide ions on carbon atoms 4a and 4 of the
fluorene moiety of the nitrenium ion, formed from N-0503K-

2-AAF in aqueous media. Subsequent elimination of the by-

droxide ion and a proton from positions 4a and 4, respectively,

yields the stable m-amidofluorenol (25).

In the presence of rat liver homogenate, the major ether-

extractable metabolite was 2-AAF, which accounted for 32% of
degradable N-OSO3K-2-AAF (Table 5), whereas formation of
4-OH-2-AAF was decreased by 95% (Table 5). It appears that,

in the presence of rat liver cytosol, reduction of N-0503K-2-

AAF by a cellular factor(s), rather than hydroxylation of the

nitrenium ion, derived from N-0503K-2-AAF, to 4-OH-2-AAF,

is the predominant reaction. Two independent metabolic path-

ways may account for the formation of 2-AAF from N-OSO3K-

2-AAF by rat liver. One is the direct reduction of N-OSO3K-2-

AAF, involving a single step. Alternatively, formation of 2-AAF

from N-OSO3K-2-AAF may involve a two-step sequence. In the
first step, N-OSO3K-2-AAF is hydrolyzed to N-OH-2-AAF.

Hydrolysis ofN-OSO,K-2-AAF to N-OH-2-AAF would be anal-

ogous to the pH-dependent hydrolysis of N-OAc-2-AAF and

other N,O-acetylarylamides to the respective N-arylhydrox-

amic acids (10). In the second step, the intermediate, N-OH-2-

TABLE 4

AAF, is reduced to 2-AAF. Reduction of N-OH-2-AAF to 2-

AAF by a cytosolic reductase in rat liver has been demonstrated

(6, 12, 15) and was confirmed in the present study (Table 6).

However, when reduction of N-OH-2-AAF was blocked either

by heat denaturation of the cytosolic reductase or by formation
of a copper chelate (26, 27), formation of 2-AM’ from N-

OSO3K-2-AAF remained unchanged (Table 6). We conclude

that conversion of N-OSO3K-2-AAF to 2-AAF occurs through

a direct, one-step reduction, which does not involve hydrolysis

of N-OSO3K-2-AAF to N-OH-2-AAF. This conclusion is in
agreement with findings of van den Goorbergh et al (28).

Intracellular localization of the factor which reduces

N-OSO3K-2-AAF. Additional experiments addressed the

question whether the activity in rat liver, that reduced N-

OSO3K-2-AAF to 2-AAF, was identical with the cytosolic re-

ductase that has been shown to convert N-OH-2-AAF to 2-

AAF (12). Subcellular fractionation by the method previously

used to concentrate the reductase of N-OH-2-AAF (12) showed

that the activity that reduces N-OSO3K-2-AAF was likewise

associated with the cytosol (Table 7). However, whereas the

reduction of N-OH-2-AAF was shown to be due to a cytosolic

enzyme (12), heat denaturation of cytosol had no effect on the

formation of 2-AM’ from N-OSO3K-2-AAF (Table 7). This

strongly suggests that the reduction of N-OSO,K-2-AAF, al-

though catalyzed by cytosol, is a nonenzymatic reaction.

Cytosolic reduction to 2-AAF, the first step of the
proposed metabolic recycling of the ultimate carcinogen,
N-OSO3K-2-AAF. The conversion of the ultimate carcino-

gen, N-OSO3K-2-AAF, to the procarcinogen, 2-AAF, demon-
strated in this study, raises the possibility that reduction of N-

OSO3K-2-AAF is the initiating step of a metabolic cycle in

which N-OSO3K-2-AAF may be regenerated through micro-

somal oxidation of 2-AAF to N-OH-2-AAF (1) and subsequent

activation of N-OH-2-AAF, by cytosolic sulfation, to N-OH-2-
AAF (1) (Fig. 4). A major factor controlling the amounts of N-

0503K-2-AAF available for a recycling process appears to be

the withdrawal of N-OSO3K-2-AAF by competitive interaction

with cellular nucleophiles. This was demonstrated experimen-

tally by measuring simultaneously the cytosolic reduction of
N-OSO3K-2-AAF and the formation of o-CH3S-2-AAF in the

presence of increasing amounts of the model nucleophile, N-

Ac-L-Met (Fig. 5). In absence of N-Ac-L-Met, --40% of N-

0503K-2-AAF was reduced to 2-AAF. Formation of 2-AAF

declined rapidly as increasing amounts of N-OSO3K-2-AAF
reacted with N-Ac-L-Met to yield o-CH3S-2-AAF. Even at low

concentrations of nucleophile (2-5 mM), interaction of N-

OSO3K-2-AAF with N-Ac-L-Met was clearly the predominant

reaction. At the final concentration of N-Ac-L-Met (20 mM),
<5% of N-OSO3K-2-AAF was reduced to 2-AAF. It appears

Rearrangement of N-O S03K-2-[ring -�HJ-AAF to1- and 3-OSO3K-2-[rin g-�H]-AAF in the pros ence and a bsence of B5A

N.OSO,K-2-AAF BSA

Sulfateformed’

1-OSO.,K-2-AAF
sutstrate

3OSO,K-2-W
0/ of

Substrate o.0S0�K-2-AAF

0/ of

Substrate

finch!

50
50
50

mg/mi

5.0
5.0�

finch!

1.8 ± 0.1
14.0 ± 0.2

1 .7 ± 0.1

3.6
28.0

3.4

nmol

2.6 ± 0.2
33.8 ± 0.9

2.8 ± 0.1

5.2
67.6

5.6

finch!

4.4 ± 0.3 8.8
47.8±1.1 95.6
4.5 ± 0.2 9.0

a Values are the averages (±SD) of two experiments. Reaction conditions and methods for measunng the formation of sulfates are described in the text.
b BSA was denatured by heating at 95#{176}for 10 mm prior to incubation.
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TABLE 5

Microsomal f���N-C-CH3(2)

OH Cyt. P-450 \�=2f � �
N-OH-2-AAF 2-AAF

(3)\
C ytosoic\

Sulfot ronsferase\�

/(I)
I Cytosolic

Il//f Reduction

a The proteln concentration was 5 mg/mI. Conditions for the reactions and

methods for quantifying the formation of metabolites are given in the text.

b Values are the averages (±SD) of two experiments.

TABLE 6
Formation of2-AAF by cytosolic reduction ofN-OH-2-AAF and of N-
0S03K-2-AAF
N-OH-2-[ririg-3HJAAF or N-OSO,K-2-[ring-3HJAAF (50 nrnol) was incubated in the
presence or absence of cupric acetate monohydrate (1 50 nmol). In assays contain-
ing rat livercytosol, the amount of protein was 2 mg. Conditions for the incubations
and methods for determining the amounts of 2-AAF formed are outhned in the text.

I-OH-2-AAF
3-OH-2-AAF
4�OLI�2�AAF

�0
a, 20
E
0

LA�
�0
C

0

E
0

0

0
U)
a)
0
E

2a vaiues are the averages (±SD) of two experiments. Reaction conditions and

methods for quantifying formation of 2-AAF are described under Experimental
Procedures.

b Cytosolic protein was denatured by heating at 95#{176}for 1 0 mm prior to incuba-
tion. 5 10 15

443

Formation of4-OH-2-[rlng-3H]-AAF and of 2-[rIng-�HJ-AAF from N-
OSO�K-2-[ring-�H]-AAF in the presence and absence ofratliver
homogenate

Compound fonned4

N.OSO,K-2-AAF Homogenate’ % of % of
4-OH-2-AAF Substrate 2-AAF Substrate

finch! nmo!

50 - 23.2 ± 1 .5 46.4 0.8 ± 0.1 1.6
50 + 1.2 ± 0.2 2.4 15.8 ± 0.4 31.6

�2+ Cytosol
2-AAFformed(nmol) from

N-OH-2-AAF N-OSQ,K-2-W

0
0
0

150
150
150

-

+
�a

-

+
�a

0.1 ± 0.0
7.4 ± 0.2
0.2 ± 0.0

0.1 ±0.0
0.3 ± 0.0
0.4 ± 0.0

1 .2 ± 0.2
18.3 ± 0.2
16.5 ± 1.9

1.2± 0.3
17.6 ± 2.2
16.9 ± 1.0

a Proteins were denatured by he ating at 95#{176}for 10 mm.

TABLE 7
Reduction ofN-OSO3K-2-[rIng-�H]-AAF (0.05 mM)
by homogenate and cell fractions of rat liver

to 2-[rlng-3HJ-AAF

Cel Protein 2-AAF
pra�on �

N-0S0,K-2-W
reduced

mg/rn! finch

1.0±0.1
Homogenate 2.0 10.1 ± 0.6
Microsomes 2.0 1 .6 ± 0.1
Cytosol 2.0 19.6 ± 0.4
Cytosol1’ 2.0 20.0 ± 0.9

%

2.0
20.2

3.2
39.2
40.0

that adduct formation of N-OSO,K-2-AAF with cellular nu-

cleophiles will effectively compete with cellular reduction of N-

OSO3K-2-AAF.

Discussion

Although there are observations on the identity of the prod-

ucts of the decay of the model carcinogen, N-OAc-2-AAF, in

40% acetone (10), there is no information on the products of
the solvolytic and metabolic degradation of the ultimate carcin-

ogen, N-OSO3K-2-AAF. This study identifies and quantifies
the major products of the solvolysis and metabolism of N-

OSO3K-2-AAF in aqueous media. Several of these compounds

are structural analogues of the products isolated from the

solvolysis of N-OAc-2-AAF (10). Similar to N-OAc-2-AAF, N-

OSO3K-2-AAF undergoes 0-rearrangement to minor (<10%)

amounts of 1- and 3-OSO3K-2-AAF as well as to the o-amido-
fluorenols. Cellular proteins of rat liver homogenates inhibited

N-OSO3H-2-AAF o=�=o

NUdaOlhII/5)m! �orranQement

Adducts I-OSO3H-2-AAF

3-OSO3H -2-AAF

Fig. 4. Proposed scheme for the metabolic regeneration of the ultimate
carcinogen, N-OSO3K-2-AAF.

N-Ac-L-met (mM)

Fig. 5. Competition of the interaction of N-0S03K-2-AAF with N-Ac-L-
Met and of reduction of N-OSO3K-2-AAF to 2-MF at increasing concen-
trations of N-Ac-L-Met. Reactions were carried out in Tns-HCI buffer, pH
7.0 (1 ml), at 37#{176}for 30 mm. Each incubation mixture contained N-
0S03K-2-AAF (50 nmol/ml) and cytosolic protein (2 mg/mI).

the o-rearrangement. However, the reaction was nearly quan-

titative (>96%) in the presence of the model protein, BSA.

Although several reports ascribe enzyme-like properties to BSA

(29-32), this study provides, to our knowledge, the first exper-

imental evidence that BSA has a catalytic effect on the detox-

ification of an activated aryihydroxamic acid to products that

are chemically unreactive and biologically inactive. A role of

serum albumin in the metabolism and/or detoxification of

carcinogens is compatible with data indicating that mammalian

serum albumin contains specific binding sites for carcinogens.

In the case of aromatic amines, a specific binding site on rat
serum albumin for 4-aminobiphenyl has been identified (33,
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34). Recent data also suggest a specific binding site, on rat
serum albumin, for N-OSO3K-2-AAF (34). It has been postu-

lated that site-specific interactions of N-sulfates of carcino-

genic arylhydroxamic acids or arylhydroxylamines with serum
albumin are related to the detoxification of these carcinogens
(34). The greater susceptibility of analbuminemic rats, in com-

parison to normal rats, for induction of bladder tumors by

carcinogens, such as 4-aminobiphenyl, benzidine, and 2-na-
phthylamine (35), also suggests a possible association of serum

albumin with detoxification of carcinogenic aromatic amides

and amines. Although the data of this study indicate a catalytic

effect of BSA in the o-rearrangement of N-OSO3K-2-AAF, the

mechanism underlying the catalytic effect is presently un-
known.

The data of this study indicate that about 55% of N-OSO3K-
2-AM’ is transformed in aqueous media to 1- and 3-OSO3K-2-

AAF, 1- and 3-OH-2-AAF, 2-AAF, and 4-OH-2-AAF, which

appears to be the major (46%) solvolysis product. 4-OH-2-AAF
was previously isolated, in low (10%) yield, as a product of the
decomposition of N-OAc-2-AAF in aqueous media (25). The

m-amidofluorenol is presumed to arise from a nucleophilic
attack of a hydroxyl ion on the nitrenium ion that results from

the dissociation of N-OAc-2-AAF or N-OSO3K-2-AAF, respec-
tively (25). On the basis of yield, it would appear that N-

OSO3K-2-AAF dissociates in aqueous media more readily than

N-OAc-2-AAF. This conclusion agrees with the demonstrated

greater electrophilicity of N-OSO3K-2-AAF in comparison to
that ofN-OAc-2-AAF (5). In addition to the above compounds,
the dimer, 1-(N-2’-fluorenylacetamido)-2-acetylaminofluo-
rene, has been reported as a solvolysis product of N-OH-2-AAF

that was sulfated enzymatically to N-OSO3K-2-AAF (36). For-

mation of the dimer accounted for 22% of N-OH-2-AAF sub-
jected to enzymatic sulfation (36). A dimer, tentatively desig-

nated as ‘ -fluorenylacetamido)-2-acetylaminofluorene,
was obtained in 25% yield from the solvolysis of N-OAc-2-AAF

(10). A compound exhibiting a UV absorption spectrum iden-
tical to that of 1-(N-2’-fluorenylacetamido)-2-acetylaminoflu-

orene (36) was also observed in the present study. However, a
quantitative estimate of its formation from N-OSO3K-2-AAF
was not obtained. Assuming a 25% yield of dimer (10, 36), the
major portion (--80%) of the products of the solvolysis of N-

OSO3K-2-AAF appears to be identified. 1-(N-2’-Fluorenylace-
tamido)-2-acetylaminofluorene exhibited extremely low muta-

genicity (36) and, on the basis of structural considerations, is
unlikely to react with nucleophils. The present evidence mdi-

cates that the solvolysis products of N-OSO3K-2-AAF, identi-
fled thus far, are non-mutagenic and chemically unreactive. It
seems likely that carcinogenic potential is associated exclu-

sively with N-OSO3K-2-AAF and not with the compounds

formed during its solvolysis.
An unexpected finding of this study was that reduction of N-

OSO3K-2-AAF to 2-AAF, which is negligible (2%) in aqueous
media, was the predominant reaction (46%) in the presence of
rat liver cytosol, replacing hydrolysis of N-OSO3K-2-AAF to 4-

OH-2-AAF as the major reaction. Reduction of N-OSO3K-2-

AAF may be the result of the nucleophilic attack of a hydride

ion on the nitrenium ion arising from dissociation of N-OSO3K-
2-AAF in aqueous solvents. Mechanistically, it may be similar

to the cytosolic reduction of N-OH-2-AAF which was postu-

lated to involve attack of a hydride ion on a nitrenium ion (12).
The major difference between the cytosolic reduction of N-

OSO3K-2-AAF and that of N-OH-2-AAF appears to be the

nature of the catalyst. The reduction of N-OH-2-AAF was
shown to be an enzymatic reaction catalyzed by a group of
acidic proteins separable by ion exchange chromatography on
DEAE-cellulose (12). The enzymatic reduction of N-OH-2-AAF

was confirmed in the present study by heat denaturation of
cytosolic proteins which abolished formation of 2-AAF. In

contrast, reduction of N-OSO3K-2-AAF, which is not affected
by denaturation of cytosolic proteins, appears to be a nonen-

zymatic reaction that may be carried out by a low molecular
weight compound in cytosol. In support of this view are data

which indicate that an electrophilic species, presumed to arise
from N-OH-2-AAF by enzymatic sulfation, was reduced to 2-

AAF by ascorbic acid (37, 38). It has also been shown that

reduction ofN-OSO3K-2-AAF, in the presence ofRNA or DNA,
may be increased by glutathione or cysteine (39). Identification

of the factor(s) in the rat liver cell which will reduce synthetic
N-OSO3K-2-AAF to 2-AAF, and which may include thiol com-

pounds, ascorbic acid, and cofactors of oxidation-reduction
reactions (NADH, NADPH), will be the subject of further
investigation.

As mentioned above, cytosolic reduction of N-OSO3K-2-AAF

to 2-AAF may be the first step of a metabolic cycle by which
N-OSO3K-2-AAF is regenerated through N-hydroxylation of

2-AAF and subsequent enzymatic sulfation of the arylhydrox-
amic acid. Metabolic recycling of an ultimate carcinogen would

enhance the chances for interaction of the ultimate carcinogen
with acceptors, a step critical for the initiation of transforma-
tion. Although recycling of an ultimate carcinogen has, to our
knowledge, not been suggested or reported, there are, in addi-

tion to N-OSO3K-2-AAF and other activated aryihydroxamic

acids, a number of aromatic nitrogen-containing carcinogens

that may be subject to such a process (40). The present infor-
mation does not permit an estimate of the amounts of N-

OSO3K-2-AAF that are recycled. Additional experiments are

required to determine the quantities of N-OSO3K-2-AAF that
complete the proposed regenerative cycle following reduction
to 2-AAF.

One factor affecting reduction of N-OSO3K-2-AAF is the
scavenging of N-OSO3K-2-AAF by cellular nucleophiles. Com-
petition between adduct formation and reduction was demon-
strated in this study. However, the amounts of nucleophiic

acceptor, that were selected for the purpose of demonstrating
a clear-cut effect, were 10- to 400-fold greater than the quan-
tities of N-OSO3K-2-AAF in the incubation systems. The ques-
tion whether the hepatic cell, and specifically the hepatic

cytosol, contains the excess of reactive nucleophiles required to
shift reduction of N-OSO3K-2-AAF to covalent adduct forma-

tion remains open for further investigation.
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