
[CANCER RESEARCH 35, 447-459, February 1975]

o-methylthio-2-fluorenylacetamide, a new adduct, o
methylsulfoxo-2-fluorenylacetamide, was isolated from the
reaction of N-acetoxy-2-fluorenylacetamide with methio
nine. Reaction of N-acetoxy-4-fluonenylacetamide gave
with methionine the o and p isomers, 3-methylthio
4-fluorenylacetamide and l-methylthio-4-fluonenylaceta
mide. N-Acetoxy-3-fluorenylacetamide did not react with
methionine. The isomenic esters exhibited a similar differen
tial reactivity toward transfer RNA from yeast on calf
liver. N-Acetoxy-4-fluorenylacetamide yielded minor
amounts of an adenosine adduct but, unlike N-acetoxy
2-fluorenylacetamide, failed to react with guanosine. N-
Acetoxy-3-fluorenylacetamide did not react with either
nucleoside. The weak electrophilicity of N-acetoxy
4-fluorenylacetamide correlated with its marginal carcino
genicity. Because of its lack of reactivity toward nucleo
philes, the carcinogen N-acetoxy-3-fluonenylacetamide
seemingly contradicted the concept that links the carcinoge
nicity of N-acetyl-N-arylamines to the electrophilic at
tack of these compounds on cellular nucleophiles. Two
alternate pathways leading to electrophilic reactants are
proposed to account for the carcinogenicity of N-acetoxy
3-fluorenylacetamide.

INTRODUCTION

Previous studies from this laboratory have indicated that
the isomenic fluorenylhydnoxamic acids, N-hydnoxy-2-
FAA,2 N-hydroxy-3-FAA, and N-hydnoxy-l-FAA, admin
istered i.p. exhibited differences in the degree of carcinoge
nicity and in tissue specificity (5). These data formed the
basis of the conclusion that the point of attachment of the
nitrogen atom to the fluorene system is a major factor in
determining the cancinogenicity of these compounds (5). As
an extension of these studies, we have investigated the
carcinogenicity of N-hydnoxy-3-FAA, a compound whose
activity appeared to be specifically directed toward the
mammary gland, by other routes of administration. We
have also tested the carcinogenicity of the remaining isomer,
N-hydroxy-4-FAA, for which a method of preparation that

2 The following abbreviations are used: FAA, fluorenylacetamide; IR,

infrared; TLC. thin-layer chromatography; DMSO, dimethyl sulfoxide.

SUMMARY

In extension of previous work indicating that the carcino
genicity of isomenic fluorenylhydroxamic acids de
pends on the point of attachment of the nitrogen atom on
the fluonene system, the carcinogenicities of N-hydroxy
3-fluorenylacetamide and of N-hydroxy-4-fluorenylaceta
mide were evaluated in male and female Sprague-Dawley
rats by several routes of administration and were compared
with the carcinogenicity of N-hydroxy-2-fluorenylaceta
mide. The earlier observation that N-hydnoxy
3-fluorenylacetamide is a specific mammary carcinogen was
confirmed. N-Hydroxy-4-fluorenylacetamide was only mar
ginally carcinogenic. Neither isomer gave tumors at the site
after i.m. administration ofthe compounds into the hind leg
of the rat. A comparison of the carcinogenicity of the

isomers indicated the following order of activity: N-
Hydroxy-2-fluorenylacetamide > N-hydroxy-3-fluonenyl
acetamide >> N-hydroxy-4-fluorenylacetamide.

Because of the current concept that arylhydroxamic acids
are further activated to electrophilic reactants capable of
interacting covalently with cellular nucleophiles and because
esters of N-hydroxy-2-fluorenylacetamide give rise to an
electrophilic reactant, the acetate esters of N-hydnoxy
3-fluorenylacetamide and N-hydroxy-4-fluorenylacetamide
were prepared and tested for their cancinogenicity in male
and female Sprague-Dawley rats by i.p. and i.m. adminis
tration. The order of carcinogenicity of the isomenic esters
followed that of the parent hydroxamic acids (N-acetoxy
2-fluorenylacetamide > N-acetoxy-3-fluorenylacetamide>>
N-acetoxy-4-fluorenylacetamide).

In order to correlate the carcinogenicity of the isomenic
esters with their reactivity toward nucleophiles, the esters
were reacted with methionine, transfer RNA, and the
nucleosides, guanosine and adenosine. Under identical
conditions, the reactivity of N-acetoxy-2-fluorenylaceta
mide towards methionine was at least tenfold greater than
that of N-acetoxy-4-fluorenylacetamide. In addition to

1 This investigation was supported by Grant CA 02571, NIH. A part of
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yields sufficient quantitites for animal tests has recently
been worked out (26).

There is now a large body of evidence indicating that
anylhydroxamic acids are only intermediates in car
cinogenesis by aromatic amines and that they are converted
to reactive metabolites capable of interacting with a variety
of cellular macromolecules ( I 5). It seems plausible and it is
generally accepted that covalent binding of one of several
activated species by critical targets is the initiating event in
carcinogenesis by these compounds. In the case of 2-FAA,
there is abundant evidence from a number of chemical
studies that esters of N-hydroxy-2-FAA interact with
cellular macromolecules (8. 16). Most importantly, direct
tests have shown that the acetate ester of N-hydnoxy-2-
FAA, N-acetoxy-2-FAA, is a highly potent local carcinogen
for the rat (16) and that it produces the malignant transfor
mation of rat fibroblasts in culture (21). These facts seemed
sufficiently convincing to regard esters of fluonenylhydrox
amic acids as ultimate carcinogenic forms. In the light of

these considerations, we have prepared the acetate esters of
N-hydroxy-3-FAA and N-hydroxy-4-FAA (N-acetoxy-3-
FAA and N-acetoxy-4-FAA) and tested their carcinogenic
ity in the rat by different routes of administration. In
addition, we have studied the interaction of these esters with
several nucleophiles that form covalent adducts with N-
acetoxy-2-FAA and compared their reactivity toward nu
cleophilic acceptors with that of N-acetoxy-2-FAA. The
results of these studies form the basis of this report.

MATERIALS AND METHODS

Melting points were taken on a Fisher-Johns melting
point apparatus and are uncorrected. IR and UV absorption
spectra were recorded with a Beckman IR-lO and Acta III
spectrophotometer, respectively. Silica Gel GF254 (20 x 20
cm plates, 0.25 mm thick for analytical TLC and 1.0 mm
thick for preparative TLC) and Polygram Cel 300 UV254
(cellulose MN 300 UV254 with fluorescent indicator, 0.1 mm
thick, on plastic sheets or glass plates) were acquired from
Bninkmann Instruments, Inc., Westbury, N. Y.

Mass spectra were taken with a Hitachi-Perkin Elmer
RMU-6 spectrometer. [l-'4C]Acetyl chloride (Lot 5-006;
specific radioactivity, 2.46 mCi/mmole) was obtained from
Mallinckrodt Chemical Works, St. Louis, Mo. L
[â€˜4CH 3]Methionine (specific radioactivity, 50 mCi/mmole)
was purchased from Amersham/Searle, Arlington Heights,
Ill. [8-'4C]Guanosine (specific radioactivity, 49 mCi!
mmole), [8-'4C]adenosine (specific radioactivity, 50 mCi!
mmole), and [8-3H]adenosine (specific radioactivity, 18.4
Ci/mmole) were obtained from Schwarz/Mann, Orange
burg, N. Y. The nadiopunity of the labeled compounds was
tested by chromatography and by scanning the developed
chromatograms with a Model LB 271 thin-layer scanner
(Berthold Laboratories, Wildbad, West Germany; distnib
uted by Bninkmann Instruments Inc., Westbury, N. Y.). All
labeled compounds gave single radioactive peaks. Tnioc
tanoin was a product of Eastman Kodak Co., Rochester, N.
Y. tRNA from yeast and calf liver was purchased from
Calbiochem, Los Angeles, Calif. Prior to use, the tRNA

was purified by chromatography on DEAE-cellulose (6, 27).
E.j@'8was 185 and 193 for yeast and calf liver tRNA,
respectively.

Preparation of Unlabeled Compounds

N-Hydnoxy-2-FAA (14), m.p. 149- 15 10; N-hydroxy-3-
FAA (25), m.p. 132-134Â°; N-hydnoxy-4-FAA (26), m.p.
153-154Â°; N-acetoxy-2-FAA (10), m.p. I I 10; and N-
acetoxy-3-FAA (27), m.p. 104-105Â°,were prepared by the
published procedures. N-Acetoxy-4-FAA, a new com
pound, was prepared as follows: A solution of N-hydroxy-4-
FAA (2.34 g, 9.8 mmoles) in pynidine (8 ml) and acetic
anhydnide (1.5 ml, 16 mmoles) was stirred at 25Â°for 30 mm.
The mixture was cooled in an ice bath. Cold water (40 ml)
was added and stirring of the mixture was continued until
the product had crystallized. The compound (2.63 g, 97%
yield), m.p. 104â€”107Â°,was collected and recrystallized by
solution in hot benzene ( I2 ml) and by slow addition of hot
n-heptane. The crystals, m.p. 107- 108Â°,appeared on cool
ing; A@â€•26l (@, 16,000), 303 (e, 10,000) nm; v@l793
(Oâ€”C=O) and 1693 (Nâ€”C=O) cm â€˜.

C17H15NO3
Calculated: C 72.58, H 5.37, N 4.98
Found: C 72.69, H 5.23, N 5.16

1-Methylthio-4-FAA and 3-methylthio-4-FAA (Chart 3)
were prepared as follows. N-Acetoxy-4-FAA (244 mg, 0.87
mmole) in warm ethanol (8 ml) was added at a rate of 3
drops/mm to warm distilled water (450 ml) saturated with
DL-methionine. A white precipitate was collected by filtra
tion 2 hr after addition of the ester. The precipitate and
unreacted ester adhering to the sides of the reaction flask
were suspended in hot ethanol (15 ml). The filtrate was
added slowly to the suspension and the mixture was kept at
69Â°for 2 hn, after which time it was allowed to come to
room temperature. The precipitate forming within 5 hr was
collected by filtration. The filtrate (Filtrate A) was basified.
A portion ofthe precipitate was chromatographed (prepara
tive TLC) with benzene:ethyl acetate (I : I) as the solvent.
The 1st prominent band, RF 0.30, yielded l-methylthio-4-
FAA, m.p. 235Â°;AEEOH260(@,32,000) and 292 (e, 8,700) nm;
v@@3260 (Nâ€”H), 1650 (C=O) cm'; m/e 269 (M@).

C 16H15NS0

Calculated:C 71.36,H 5.61,N 5.20,5 11.88
Found: C 71.60, H 5.79, N 5.46, 5 11.79

The 2nd prominent band, RF 0.50 gave 3-methylthio-4-
FAA, m.p. 221Â°;X@I@ 252 (e, 32,000), 292 (e, 6,100) and
308 (e,4,500)nm;@ 3258 (Nâ€”H)and 1655 (C=O)
cm'; m/e 269 (M@).

C16H 15NS0

Calculated:C 71.36,H 5.61,N 5.20,S I1.88
Found: C7l.25,H5.87,N5.ll,S 11.70

Filtrate A was extracted with ethyl acetate (3 x 50 ml).
The ethyl acetate was evaporated and the residue was
chromatographed (preparative TLC) in the same way as the
precipitate. The combined yield was 9 1 mg of p isomer
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follows: N-acetoxy-4-FAA (50 mg, 0. 18 mmole) was added
to sodium acetate (50 mg) in acetic acid (2 ml) and acetic
anhydnide (0.2 ml). The mixture was heated on a steam bath
for 5 hr. After evaporation of the solvent, the residue was
chromatographed (preparative TLC) with ethyl acetate:ben
zene (1:1) as solvent. The principal band, RF 0.40, yielded
the product as a white powder, m.p. 220â€”223Â°(35 mg, 70%
yield); XEEOH2M(@, 21,000), 284 (e, 10,000) and 294 (,
8,000) nm; v@@3270 (Nâ€”H), 1765 (Oâ€”C=O) and 1655
(Nâ€”C=O) cm'. The elemental analysis ofthe compound
is given in Table 3. The structure of l-acetoxy-4-FAA was
proven by acetylation of l-hydroxy-4-fluorenamine. This
phenolamine was obtained from l-hydnoxyfluonene (Aldrich
Chemical Co., Milwaukee, Wis.) as follows: A diazonium
solution was prepared by addition of sodium nitrite (295
mg, 4.3 mmoles) in water (3 ml) to aniline (340 mg, 3.5
mmoles) in concentrated HCI ( I .5 ml) and crushed ice (3 g).
The solution was added dropwise to a cold solution of
l-hydnoxyfluorene (600 mg, 3.3 mmoles) in 2.7 N KOH (7
ml). The mixture was stirred in an ice bath for 30 mm. It
was then acidified and the precipitate was collected. A
portion (30 mg) in tetnahydrofuran was chromatographed
on Silica Gel GF254 (preparative TLC) with benzene as
solvent. The orange band, RF 0.50, gave 4-phenylazo-l-
hydnoxyfluonene, m.p. 192 (25 mg, 83% yield); X@282 (,
13,180), 370 (e, 15,850) nm; v@@3lOO (0â€”H) cm'; m/e
286 (Mt). The yellow band, RF 0.90, gave 2-phenylazo-l-
hydnoxyfluonene, m.p. 225Â° (5 mg, 16% yield); X@@272
(inflection) (e, 5,370) and 360 (e, 35,480) nm; the IR
spectrum did not show OH absorption because the hydrogen
atom of the hydroxyl group which is located ortho to the
phenylazo group is chelated (17); m/e 286 (Mi. 4-
Phenylazo-l-hydnoxyfluorene (80 mg, 0.28 mmole) in etha
nol (5 ml) and concentrated HCI (0.5 ml) was refluxed in the
presence of powdered Zn (50 mg) for I .25 hr. HCI (0.5 ml)
was added and heating was continued until the solution was
colorless. Most of the solvent was removed and the residual
mixture was basified with dilute NH4OH. It was then
extracted with CHCI3. The extract was filtered, dried
(MgSO4), and concentrated. The concentrate was chro
matognaphed (preparative TLC) with benzene:ethyl acetate(1:I)assolvent.Theband,RF0.60,yieldedI-hydroxy
4-fluorenamine, m.p. 175Â°(35. mg, 64% yield); AEtOH25O(e,
10,000), 264 (e, I 1,000), 274 (e, 10,600) and 325 (e, 3,400)
nm; v@@3380 (Nâ€”H, 0â€”H) cm'; m/e 197 (M@). The
phenolamine in pyridine was reacted with excess acetic
anhydnide for 10 mm. Addition of water precipitated
l-acetoxy-4-FAA. Its IR spectrum matched that of the
compound described above in which the position of the
nitrogen atom was known.

To substantiate the susceptibility of carbon atom I of
N-acetoxy-4-FAA to nucleophilic attack, l-bromo-4-FAA
and l-chlono-4-FAA were synthesized. N-Acetoxy-4-FAA
(85 mg, 0.30 mmole) in hot ethanol (5 ml) was added to
NH4Bn (294 mg, 3 mmoles) in warm distilled water (2 ml).
The mixture was kept at 65Â°for 4 hr. 1-Bromo-4-FAA
precipitated and was recrystallized from ethanol:water;x@1@r235(@,16,600),266(@,18,200),286(e,9,800)and295
(e, 7,300) nm; v@j@32SO(Nâ€”H) and 1655 (C=O) cm1.

(39% yield) and 42 mg of o-isomer (18% yield). I-Methyl
thio-4-fluorenamine and 3-methylthio-4-fluorenamine, 2
isomers required for the structure proof of the correspond
ing arylamides by degradation to l-methylthiofluorene
and 3-methylthiofluorene (Chart 4), were obtained as fol
lows: A solution of l-methylthio-4-FAA (75 mg, 0.28
mmole) in ethanol (15 ml), water (1.2 ml) and concentrated
H2S04 (2 ml) was refluxed for 5 hr. The mixture was basi
fled and extracted with chloroform. The extract was dried
(MgSO4), reduced in volume, and chromatognaphed on
Silica Gel GF254 with benzene:ethyl acetate (I : I) as a sol
vent. The principal band, RF 0.80, yielded the product,
m.p. I I I â€”I I 3Â°(44 mg, 70% yield) after recrystallization
from ethanol:water; X@@229 (e, 21,400) and 326 (@,
4,400) nm; i4@; 3430, 3390, 3360, 3320 (Nâ€”H, associ
ated), 800 (2 adjacent H) cm â€˜;m/e 227 (M@). No start
ing compound was recovered.

C14H13NS

Calculated: C 73.99, H 5.77, N 6.16, 5 14.08
Found: C 73.76, H 5.96, N 5.94, 5 13.98

3-Methylthio-4-fluorenamine was obtained by acid hy
drolysis of 3-methylthio-4-FAA for 48 hr. The compound
was isolated from the hydrolysate by TLC (RF 0.90) and
gave colorless plates, m.p. 69_7l0, (4 mg, 50% yield) after
recrystallization from ethanol:water; A@@'252 (, 19,200),
275 (e, 11,200), 296 (e, 5,600) and 325 (e, 6,000) nm;

@@@344Oand 3330 (Nâ€”H, free) cm'; m/e 227 (M@).
The band, RF 0. 15, gave starting material in 15% yield. 1-
Methylthio-2-fluonenamine and 3-methylthio-2-fluonen
amine needed for their subsequent degradation to the
reference compounds, l-methylthiofluorene and 3-methyl
thiofluorene (Chart 4), were prepared as follows. A solu
tion ofo-methylthio-2-FAA (10) (75 mg) in ethanol(l3 ml),
concentrated H@SO4 (2 ml), and water (1.2 ml) was refluxed
for 4 hr. The reaction mixture was basified and extracted
with diethyl ether. The isomenic amines were then separated
by TLC as follows: Approximately 2 mg of the residue
remaining after evaporation of the ether was chromato
graphed on Silica Gel GF254, and the chromatogram was
developed twice in succession with benzene as a solvent. The
fastest-moving band, RF 0.63, gave l-methylthio
2-fluorenamine (18), m.p. 83â€”84Â°;X@@H292(e, 17,500) nm;
v@34l0 and 3310 (Nâ€”H) cm'. The band, RF 0.60,
gave 3-methylthio-2-fluonenamine (4), m.p. I 17â€”I19Â°;
XEEOH 251 (e, 9,300), 292 (e, 19,000) and 331 (e, 7,000)

nm; v@@34l5 and 3350 (Nâ€”H, free) cm'. Both isomers
were neacetylated to the respective amides which gave UV
spectra identical to those reported (3).

Deamination of 3-methylthio-2-fluorenamine and of 3-
methylthio-4-fluorenamine (Chart 4) yielded 3-methylthio
fluorene (4). The products from both reactions were identi
cal, as shown by UV and mass spectra and by the RF values
upon TLC. Deamination of l-methylthio-2-fluorenamine
and of l-methylthio-4-fluorenamine was performed in the
same way. The identity of the l-methylthiofluonene result
ing from both reactions was demonstrated by UV and mass
spectrometry, as well as by TLC.

The preparation of l-acetoxy-4-FAA was carried out as
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The compound was hydrolyzed with acid and deaminated
(4) to l-bromofluonene, m.p. 60-61Â° (22). Its UV spectrum
matched that of 1-bromofluorene obtained in the Sand
meyer reaction of 1-fluonenamine and cuprous bromide
(23). l-Chloro-4-FAA was prepared from the reaction of
N-acetoxy-4-FAA with NH4CI as described above for
l-bromo-4-FAA. The UV and IR spectra of l-chloro-4-
FAA were virtually identical to those of the bromo deriva
tive. Other pertinent data of the 2 compounds (elemental
analysis, molecular weights, and yields) are given in Table 3.

Preparation of Labeled Compounds

[1â€˜-â€˜4C]N-Acetoxy-4-FAA.The â€œC-labeledester was
obtained by acetylation of [l'-'4C] N-hydroxy-4-FAA. The
labeled hydroxamic acid was prepared by a slight modifica
tion of the original procedure (26) adapted to the semimi
croscale. A sealed ampul of [l-'4C]acetyl chloride (158 mg,
2.0 mmoles; specific radioactivity, 2.46 mCi/mmoles) was
cooled in a Dry Ice:acetone bath. The seal was broken and
the [l-14C]acetyl chloride was mixed with ethyl acetate (2
ml). This solution was added to a suspension of 4-nitnoso
fluorene (24) (195 mg, 1.0 mmole) and 10% palladium on
carbon in ethyl acetate ( 10 ml) contained in a microshaker.
The mixture was hydrogenated until the theoretical
amount of hydrogen had been consumed ( I mmole). The
nearly colorless mixture was flushed with nitrogen, and
tniethylamine (0.32 ml) was added at once. The mixture was
stirred for 2 mm and was then filtered. The filtrate was
washed with water (6 ml) and then stirred with 8 N
NH4OH. The progress of the nyarolysis was followed by
TLC. The [ 1â€˜-â€˜4CJN-hydroxy-4-FAA,m.p. I 51- 154Â°(110
mg, 46% yield), was isolated from the organic phase by
extraction with dilute base (25) and recrystallized from
ethanol:waten. The UV spectrum was identical to that of
authentic N-hydnoxy-4-FAA and the specific radioactiv
ity was 2.2 mCi/mmole. The labeled hydnoxamic acid (24
mg) in pynidine (0.75 ml) was treated with acetic anhydnide
(0.35 ml) as described above for the unlabeled compound.
The resulting acetate (23 mg, 80% yield; specific radioac
tivity, 2.2 mCi/mmole) exhibited a single radioactive peak
on radiochromatograms developed with benzene:ethyl
acetate ( I : I) as a solvent. The [9- â€˜4C]N-acetoxy-2-FAA
(10), m.p. 109â€”111Â°(specific radioactivity, 0.22 mCi!
mmole) was prepared by acetylation of [9-'4C]N-hydroxy
2-FAA as described above for [l'-'4C]N-acetoxy-4-FAA.
The [G-3HJN-acetoxy-3-FAA, m.p. 104â€”105Â° (specific
radioactivity, 0.5 mCi/mmole) was prepared by catalytic
reduction of [G-3HJ3-nitrofluorene (25) and by the sub
sequent acetylation of [G-3H]N-hydroxy-3-FAA (27).
The [G-3H]3-nitrofluorene was obtained by oxidation
of 3-[G-3H]aminofluonene (24). The amine was
tnitiated by New England Nuclear, Boston, Mass.

Determination of the Interaction of N-Acetoxy-2-FAA,
N-Acetoxy-3.-FAA, and N-Acetoxy-4-FAA with L
[â€˜4CH3]Methionine

A mixture ofthe ester (2.0 mg, 7. 1 zmoles) in DMSO (0.3
ml) and L-['4CH3]methiOnine (0.11 mg, 0.71 @zmole;specific

radioactivity, 0.96 mCi/mmole) in distilled water (0.70 ml)
was incubated at 37Â°for 24 hr. Sodium hydroxide (0.5 N,
1.0 ml) was added and the reaction mixture was extracted
with chloroform (3 x I ml). The extract was percolated
through a layer of MgSO4 and Na2CO3 (1:1) in a 2-ml
glass-sintered funnel. Aliquots of the dried extract were
assayed for radioactivity, additional aliquots were chro
matographed (analytical TLC) with benzene:ethyl acetate
(1:I) assolventandthedevelopedchromatogramswere
scanned. The area of the gel corresponding to the radioac
tive peaks was scraped off the plate and the compound was
eluted with ethanol. The identity of the radioactive com
pounds was established by UV spectrophotometry of the
ethanolic eluates. The relative amounts of the adducts were
determined by nadioassay of the eluates and by measure
ment of the areas under the peaks on the radiochromato
grams (27). When the progress of the reaction was followed,
the reaction mixture was basified and an aliquot was
subjected to analytical TLC without prior extraction with
chloroform (Chart 3). L-['4CH3]Methionine remained at the
origin (Chant 3).

Determination of the Interaction of [9-'4C]N-Acetoxy-2-
FAA, [G-3H]N-Acetoxy-3-FAA and [1'-'4C]N-Acetoxy-4
FAA withtRNA

The labeled ester (68 pig, 0.24 zmole) in 2-methoxy
ethanol (0. 10 ml) was added to purified (6, 27) yeast or calf
liver tRNA (7.0 mg) in 0.05 M Tnis-HC1 buffer (2.0 ml), pH
7.4. The mixture was incubated for 3 hr at 37Â°.It was then
extracted with ether (4 x 2 ml) and the tRNA was
precipitated with 2% potassium acetate in 95% ethanol (6
ml). The precipitate was centrifuged, washed with cold 2%
potassium acetate in 95% ethanol, and dried in a vacuum.
The tRNA was dissolved in distilled water and its specific
radioactivity (dpm/mg tRNA) was determined (27). The
tRNA was then reprecipitated with 3 volumes of 2%
potassium acetate in 95% ethanol, nedissolved in distilled
water, and the specific radioactivity was redetermined.
Reprecipitation and resolution of the tRNA was repeated
until the specific radioactivity had attained a constant value.
The amounts of labeled compound bound per mg tRNA
were calculated from the final specific radioactivity of the
tRNA and the specific radioactivity of the ester.

Reaction of N-Acetoxy-2-FAA, N-Acetoxy-3-FAA, and
N-Acetoxy-4.FAA with [8-'4C]Guanosine or [8-'4C]Ade
nosine

The ester (I . I mg, 4.0 @moles)in ethanol (0.4 ml) was
added to [8-'4C]guanosine (1 .0 @zmole;specific radioactivity,
49 mCi/mmole) or [8-'4C]adenosine (1.0 zmole; specific
radioactivity, 50 mCi/mmole) in distilled water ( I .6 ml) and
the mixture was kept for 3 hr at 37Â°.Aliquots (0.05 to 0.10
ml) of the reaction mixture were then chromatographed on
MN 300 cellulose, with water:acetone (7:3) as a solvent, and
the developed radiochromatograms were scanned. The
yields of adduct(s) were calculated from the areas under the
peaks corresponding to the adduct(s) and the nucleoside(s)
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(Chart 5). In addition, the radioactive zones corresponding
to adduct(s) and nucleoside(s) were assayed by liquid
scintillationspectrometry.

Reaction of [1â€˜-â€˜4C]N-Acetoxy-4-FAAwith Adenosine

The [ Iâ€˜-14C]N-acetoxy-4-FAA (0.55 mg, 2.0 zmole; spe
cific radioactivity, 2.2 mCi/mmole) in acetone (0.40 ml)
was incubated with adenosine (2.2 mg, 8.2 zmoles) in
distilled water ( I .6 ml), as described above. The reaction
mixture was extracted with chloroform (3 x 2 ml). Aliquots
(0. 10 ml) of the aqueous phase were chromatographed on
cellulose and the nadiochromatograms were scanned, as
above.

Radioactivity Measurements

The radioactivity of all samples was determined in
Scintisol-Complete ( 10 ml) (Isolab, Inc., Akron, Ohio) with
a Packard Model 3375 liquid scintillation spectrometer. All
samples were counted with an error not exceeding 5%, and
the counts were corrected for quenching by the channel ratio
procedure (2). The counting efficiencies were 30 to 35% and
75 to 80% for 3H and â€˜4C,respectively.

Animals and Maintenance of Animals

The Sprague-Dawley rats used in the carcinogenicity tests
were purchased from the Holtzman Company, Madison,
Wis. They were caged individually in an air-conditioned
(26Â°)room. The rats receiving the test compounds i.p. and
P.O. were maintained throughout the experimental period on
the 20% casein diet previously described (7). The rats that
were given the compounds by i.m. injection were fed a
standard diet (Purina chow pellets). All rats were allowed
water ad !ibitum. The initial average weights of the male
and female rats that were given i.p. injections were 95 and
85 g, respectively. The male and female rats that were fed

N-hydroxy-3-FAA in the diet weighed initially 140 and 120
g, respectively. The male rats receiving N-hydroxy-3-FAA
and N-acetoxy-3-FAA by i.m. injection weighed, on the
average, 83 and 80 g, respectively, at the start of the tests.
Those given i.m. injections of N-hydroxy-4-FAA and
N-acetoxy-4-FAA had average initial weights of 154 and
116 g, respectively. The tests were terminated at the end of
12 months. Animals with large or ulcerated tumors were
sacrificed prior to this time. All animals were autopsied and
tumors, lungs, liver, kidneys and, in several instances, the
gastrointestinal tract were fixed in buffered formalin and
sectioned for histological examination. The sections (5 to 6
@tmthick) were stained routinely with hematoxylin and

eosin.

Administration of Compounds

The compounds administered i.p. were dispersed in 0.9%
NaCI solution:7% gum acacia ( 1.0 mg compound:0. I ml

vehicle) (12) by homogenization in a glass homogenizer
fitted with a Teflon pestle. The dosages for each compound
are listed in the footnotes to Table 1. The compounds
administered i.m. were injected into the left hind leg. Each
compound (0. 15 mmole) was dissolved in the minimum
amount of warm DMSO (0.15 ml), and tnioctanoin (1.35
ml) was added. One-tenth ml of this solution was injected
into each rat once weekly for 8 weeks. The semisynthetic
diet containing 0.03% N-hydroxy-3-FAA that was fed to
male and female rats for 5 months was prepared in batches
of 1 kg by grinding 0.3 g of compound with 200 g of casein
in a mortar. The mixture was added to 800 g of the other
ingredients of the diet (7). Thorough mixing was accom
plished by stirring the diet, following the addition of a
solution (200 ml) of 1 part of agar in 10 parts of water. The
diet was then spread in a well-ventilated hood so as to allow
evaporation of the water. The diet was stored at 4Â°and
made up fresh every month. The food intake ofeach rat was
recorded daily and the total intake of compound (Table 1)
was calculated from these data.

RESULTS

A comparison of the carcinogenicity of the isomenic
fluorenylhydroxamic acids and of the corresponding ace
tates is presented in Table 1. N-Hydroxy-2-FAA, which
has been thoroughly investigated (5, 14, 21), served as a
reference. This carcinogen acts at sites distant from the site
of administration (5) as well as at the site of administration
in that it produced, in the male rat, a 100% incidence of i.p.

sarcomas following i.p. injection (5) and 56% incidence of
fibrosarcomas upon s.c. injection (16). N-Hydroxy-3-FAA
has previously been recognized as a potent carcinogen (5).
However, its activity in the rat appeared to be restricted to
the mammary gland (5). The present experiments confirmed
the selective activity of N-hydroxy-3-FAA in that it caused
exclusively mammary tumors in the female rat on p.o.
feeding, whereas N-hydroxy-2-FAA administered in the
diet at a similar level produced, in addition to mammary
neoplasms, tumors of the liver, the ear duct, and the small
intestine (14). However, N-hydroxy-3-FAA showed no local
activity when it was administered by i.m. injection (Table 1).
Because of its restricted tissue specificity, we consider
N-hydroxy-3-FAA a weaker carcinogen than N-hydroxy-2-
FAA. Another isomer of N-hydroxy-2-FAA, N-hydroxy-4-
FAA, which had not been tested heretofore, was not
carcinogenic by i.p. and i.m. administration. These tests
indicated that isomenic fluorenylhydroxamic acids exhibit
the following order of carcinogenicity: N-hydroxy-2-FAA
> N-hydroxy-3-FAA >>N-hydroxy-4-FAA. The results are
in keeping with the view that a major factor determining the
carcinogenicity of isomenic fluorenylhydroxamic acids is the
point of attachment of the nitrogen atom on the fluorene
system.

Because current concepts of aromatic amine carcinogene
sis envision a 2-step activation in which an ultimately active
metabolite is generated by estenification of an arylhydrox
amic acid (3, 15), we prepared the acetates of N-hydroxy-3-
FAA (N-acetoxy-3-FAA) and of N-hydroxy-4-FAA (N-
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Compound
administeredSex of ratRoute

of
administrationTotal

dose
(mmoles/rat)No.

of rats with tumors!
total no. of ratsTumor incidence(%)@@@Ct1;
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Y. Yost et a!.

Table I

Carcinogenicities ofisomericfluorenylhydroxamic acids and N-acetoxy-N-fluorenylacetamidesfor the Sprague-Dawley rat

a Data reported (5).

8 Six rats had mammary adenocarcinomas and 3 rats had 3 mammary adenomas: 12 female rats that were fed the
semisynthetic diet without compound for 12 months developed no tumors.

P. The compound was administered once weekly over a period of 8 weeks in doses of 2.4 mg/O. I ml of trioctanoin.

d The compound suspended in 0.9% NaCI solution-7% acacia was administered 3 times weekly over a period of I month in

doses of 2.3 mg compound/lOO g body weight.
e Twelve to 14 injections of 2 to 7 mg compound/l00 g body weight were given over a period of 7 to 8 weeks.

I The compound was administered 3 times weekly for I month in doses of 2.7 mg/ 100 g body weight.

gOnerathadI mammaryadenocarcinoma;eachof3ratshadI mammaryadenoma,andI ratdeveloped3mammary
tumors (2 adenofibromas and I adenoma) and I retroperitoneal sarcoma. Five of 12 rats died without tumors 2 months after
initiation of the test.

â€˜ITwelve controls receiving 0.45 ml 0.9% NaCl solution-7% acacia twice weekly for 6 weeks developed no tumors.

P The compound was injecied once weekly for 8 weeks in doses of 2.8 mg/0. I ml trioctanoin.

) Each of 2 rats developed I s.c. pleomorphic sarcoma at the site of the injection.

8 Twelve controls given weekly i.m. injections of 0. 1 to 0.2 ml trioctanoin for I 7 weeks developed no tumors.

I The compound was injected 3 times weekly for l month in doses of 2.7 mg/lOO g body weight.

in Large retroperitoneal malignant neoplasm exhibiting features of a Wilms tumor.
â€˜IOne rat developed I mammary adenofibroma and I rat a malignant lymphoma: 3 lymph nodes exhibited histological

features of a reticulum cell sarcoma.

acetoxy-4-FAA) and tested@their carcinogenicity (Table I).
When injected i.p., N-acetoxy-3-FAA produced mammary
tumors in the female rat at an incidence slightly less than
N-hydroxy-3-FAA. However, the ester gave no tumors in
the male rat by i.p. administration, while N-hydroxy-3-
FAA caused a 58% incidence (5). On the basis ofthese data
it appeared as if N-acetoxy-3-FAA were less carcinogenic
than N-hydroxy-3-FAA. However, when given by i.m.
injection into the leg, the ester yielded pleomorphic san
comas at the site of injection. Although the local tumor
incidence( I 7%) was considerably lessthan that reported for
N-acetoxy-2-FAA (92%) ( I6), the activity of N-acetoxy-3-
FAA was considered significant, since an equal number of

controls receiving only the vehicle gave no tumors. It is
reasonable to assume that tumor formation at the site of
application of a s.c.- or i.m.-administered compound is due
to the administered compound. Accordingly, carcinogenic
ity at the site of application is a more reliable criterion for
the recognition of proximate or ultimate carcinogens than
tumor induction occurring at distant sites following sys
temic administration. Since N-hydroxy-3-FAA was com
pletely inactive at the site of administration, while N-
acetoxy-3-FAA exhibited activity under the same condi
tions, it would appear that N-hydroxy-3-FAA was activated
by estenification.

N-acetoxy-4-FAA was only marginally carcinogenic; in
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Correlation of Carcinogenicity and E!ectrophiicity

particular, it yielded no local tumors after i.m. injection.
These results showed that the carcinogenicity of the acetate
esters of isomeric fluorenylhydroxamic acids follows a

similar order as that of the parent hydroxamic acids
(N-acetoxy-2- FAA >> N-acetoxy-3-FAA > N-acetoxy-4-
FAA).

A currently widely accepted theory of carcinogenicity of
aromatic amines postulatesthat the molecular event initiat
ing neoplasia is the electrophilic attack, on cellular nucleo
philes, of an arylamidonium ion arising from an estenified
arylhydroxamic acid (15). Thus, the reactivity of N-
acetoxy-2-FAA toward several nucleophiles paralleled its
local carcinogenicity (16). In order to test whether the
correlation between carcinogenicity and electrophilicity
established with N-acetoxy-2-FAA applies to N-acetoxy-3-
FAA and N-acetoxy-4-FAA as well, we reacted these
isomeric model esters with methionine, tRNA, and the

nucleosides, guanosine and adenosine, and compared the
extent ofadduct formation with that of N-acetoxy-2-FAA.

It had been shown previously that reaction of L
[â€˜4CH3}methionine with a 6-fold excess of N-acetoxy-2-
FAA at neutral pH gave rise to benzene-extractable radio
activity that was principally associated with o-methylthio
2-FAA (27). A minor fraction of the extractable radioac
tivity (â€˜@-.@15%) was associated with an unknown substance
which moved slower than o-methylthio-2-FAA (27). In
the present study, the yield of this material was increased
by increasing the ratio of N-acetoxy-2-FAA to i-['4CH3]-
methionine (Chart I). The labeled substance was identified
as o-methylsulfoxo-2-FAA as follows: DL-methionine (40
mg, 0.27 mmole) in water (55 ml) was added dropwise to
N-acetoxy-2-FAA (28 1 mg, I mmole) in acetone (40 ml).

5 %o IS

Distance from origin , cm

Chart 1. Radiochromatograms showing the products of the reaction of
N-acetoxy-2-FAA and L-[â€•'CH3]methionine, o-methylthio-2-FAA (I) and
o-methylsulfoxo-2-FAA (II). L-[â€•'CH3jmethionine (specific radioactivity,
I MCi/@mole) (0.71 zmole) in water (0.7 ml) and N-acetoxy-2-FAA in
DMSO (0.3 ml) in varying mole ratios were incubated for 14hr at4OÂ°.The
mixtures were basified with 0.5@ NaOH (0.5 ml). Aliquots were then
chromatographed on Silica Gel GF254. The chromatograms were developed
in petroleum ether:chloroform:methanol (55:45:5) (27).

The mixture was kept under nitrogen at 45Â°for 8 hr. It was
then basified and extracted with chloroform (3 x 3 ml).
The extract was chromatographed (preparative TLC)
on Silka Gel GF254 with benzene:ethyl acetate ( I : I) as a
solvent. 3-Methylsulfoxo-2-FAA, RF . 0.20, was eluted
from the gel with ethanol and recrystallized from ethanol:
water; m.p. 201Â°; AEtOH276 (e, 19,600) nm; v@@3350
(Nâ€”H), 1682 (C==O), 1000 (5=0) cm â€˜;m/e 285 (M@).

C16H1SNO2S

Calculated: C 67.36, H 5.30, N 4.91, S I 1.22
Found: C67.22, H 5.33, N 5.09, 5 11.08

A UV spectrum of 3-methylsulfoxo-2-FAA contrasting
the sulfoxo derivative with o-methylthio-2-FAA is given in
Chart 2. The position of the methylsulfoxo group was
established by deoxygenation of the compound with aque
ous (48%) HBr in acetic acid (4) to 3-methylthio-2-FAA (4).
The UV spectrum of the labeled adduct from the reaction of
L-['4CH3]methionine with N-acetoxy-2-FAA, which has a
lower RF than o-methylthio-2-FAA on radiochnomato
grams (Chant 1), was identical with that of 3-methylsulfoxo
2-FAA. However, since the presence of l-['4CH3]methyl
sulfoxo-2-FAA was not excluded, the labeled adduct was
designated as o-methylsulfoxo-2-FAA. The sulfoxo deriva
tive was the product of the oxidation of o-methylthio-2-
FAA by N-acetoxy-2-FAA as shown by the following
experiment: N-acetoxy-2-FAA (30 mg, 0. 11 mmole) and
o-methylthio-2-FAA (5 mg, 0.019 mmole) in a mixture of
acetone (4 ml) and distilled water (I 2 ml) were incubated at
42Â° for 16 hr under nitrogen. 3-Methylsulfoxo-2-FAA,
representing 70% of the recovered material, was isolated by
solvent extraction and purified by chromatography as
described above. Its UV spectrum was identical to that of
the authentic compound. No 3-methylsulfoxo-2-FAA was
obtained when N-acetoxy-2-FAA was omitted or when
o-methylthio-2-FAA was reacted with N-hydroxy-2-FAA.
It is evident that the reaction of N-acetoxy-2-FAA with

{M-Acetoxy-2 FAA]

(Lâ€”MtthiOnint]

2

0

3:

[N Acttosqâ€”2â€”FAA]m

0

â€œP
U
C

0

.4

(fl@)

Chart 2. Spectra of 3-methylsulfoxo-2-FAA (â€”) and o-meth
ylthio-2-FAA (- - - -) in 95% ethanol.
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ExperimentEster reactedAdduct isolatedâ€œ'Cbound
in adduct
(dpm)â€•%of

methylthio groups
incorporatedlaN-Acetoxy-2-FAAo-methylthio-2-FAA

o-methylsulfoxo-2-FAA2.1
x 10â€•

8.2 x 10â€•13.654.5lbN-Acetoxy-2-FAAo-methylthio-2-FAA

o-methylsulfoxo-2-FAA2.2
x l0@

8.7 x 10â€•14.457.72aN-Acetoxy-4-FAAl-methylthio-4-FAA

3-methylthio-4-FAA5.7
x lO@

3.7 x lO@4.12.72bN-Acetoxy-4-FAAl-methylthio-4-FAA

3-methylthio-4-FAA6.7
x 10â€•

4.3 x 10â€•4.42.93N-Acetoxy-3-FAA8C<0.01

Y. Yost et a!.

methionine yields at least 2 products, i.e., o-methyl
thio-2-FAA and o-methylsulfoxo-2-FAA. Accordingly,
the estimation of o-methylthio-2-FAA is only a partial
measure of the reactivity of N-acetoxy-2-FAA with methio
nine, and the amounts of o-methylthio-2-FAA formed
depend mainly on the ratio of ester to the amino acid.

The yields of chloroform-extractable adducts formed by
the interaction of N-acetoxy-2-FAA, N-acetoxy-3-FAA,
and N-acetoxy-4-FAA with L-['4CH3]methionine are listed
in Table 2. The relative amounts of each adduct were
obtained by multiplying the chloroform-extractable radio
activity by the fraction of the respective adduct on radio
chromatograms, as determined by measurements of the
areas under the radioactive peaks and by radioassay of the
peaks. In the case of N-acetoxy-2-FAA, 80% of the
chloroform-extractable radioactivity was associated with
o-methylsulfoxo-2-FAA and 20% with o-methylthio-2-
FAA. In agreement with previous results (27), reaction of
N-acetoxy-3-FAA with L-[14CH3]methionine gave no chlo
roform-extnactable radioactivity. Consequently, meth
ylthio-3-FAA was not formed. Formation of homocystein
S-yl-3-FAA, an analog of 3-homocystein-S-yl-4-
methylaminoazobenzene ( 16), was excluded because
[14CH3]methanol would be generated in the reaction and the
labeled alcohol would have been partially extracted into
chloroform, as shown by control experiments with
[14CH 3]methanol.

Reaction of N-acetoxy-4-FAA with L-['4CH3}methionine
yielded 2 adducts separable by chromatography on Silica

Gel GF254 and present in a ratio of 3:2 (Chart 3). However,
the amounts of adduct formed by N-acetoxy-4-FAA were
only one-tenth of the quantities formed by N-acetoxy-2-
FAA, which indicated that N-acetoxy-4-FAA was a less
reactive electrophile than N-acetoxy-2-FAA. The adducts
resulting from the reaction of N-acetoxy-4-FAA with
methionine were subsequently identified as l-methylthio-4-
FAA and 3-methylthio-4-FAA (Chart 4). The 2 isomers (o
and p) are predictable from a consideration of the possible
resonance forms of a hypothetical arylamidonium ion that
would arise by dissociation of the acetoxy group from the
ester. The structures of the 2 isomers were established by
degradation of l-methylthio-4-FAA and 3-methylthio-4-
FAA, whose structures had been inferred from spectral
evidence, and of l-methylthio-2-FAA and 3-methylthio-2-
FAA to the common derivatives, l-methylthiofluorene and
3-methylthiofluorene, respectively (Chart 4). The p isomer
provides evidence that the initial attack of the sulfur atom is
not on the nitrogen atom of N-acetoxy-4-FAA, a mecha
nism suggested for N-acetoxy-2-FAA (13), but on carbon
atom 1 of the fluorene moiety.

The isolation of l-methylthio-4-FAA from the reaction of
N-acetoxy-4-FAA with methionine appeared to be the first
instance indicating that nucleophilic attack on an anylami
donium ion may occur in a position pana to the nitro
gen atom. This prompted us to explore the reactivity
of carbon atom I of N-acetoxy-4-FAA toward other
nucleophiles. Reaction of N-acetoxy-4-FAA with NH4Br,
NH4CI, and acetate gave l-bromo-4-FAA, l-chloro-4-

Table 2

Adduct formation of N-acetoxy-2-FA A , N-acetoxv-3-FA A and N-acetoxy-4-FA A with
L-I'4CH3]methionine

Each ester (7.1 smoles) dissolved in DMSO (0.3 ml) was added to L-['4CH,]methiOnine
(0.71 imole; specific radioactivity, 2.12 x 10' dpm/@.@mole) in distilled water (0.7 ml). The
solutions were incubated at 37Â°for 24 hr and then assayed for adduct formation, as described
in â€œMaterials and Methods.â€•

a The amounts of adduct were calculated by multiplying the radioactivity of the chloroform

extract by the relative amounts of the respective adduct in the extract. The latter value was
obtained (a) from measurements of the areas of the peaks corresponding to the isomers on
radiochromatograms and (b) from radioassay of the peaks.

b No radioactive peak was detected on radiochromatograms of the chloroform extracts.

C The chloroform-soluble radioactivity was the same as that of controls in which a solution of

i-[â€•'CH3]methionine (0.71 @zmole,1.51 x 10â€•dpm) in 1.0 ml distilled water was extracted with
chloroform.
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Correlation of Carcinogenicity and Electrophilicity

FAA, and l-acetoxy-4-FAA, respectively, in good yield
(Table 3). The preparation of these compounds is described
in â€œMaterials and Methods.â€• The reactivity of carbon
atom I toward the weak nucleophile H2O was shown by the
isolation of l-hydroxy-4-FAA as a by-product in the

CR3@ @f@1::1'@@'-@
@-o1;-c#3 N-H

o@c 0
CR., C83

-â€˜4CIj@-S-4-FAAtj) 3-'4CH3â€”S-4-FAA(t1)

reaction of N-acetoxy-4-FAA with adenosine in 20% aque
ous ethanol (Table 3). The compound was extracted from
the reaction mixture with chloroform. The extract was
shaken with I N NaOH, and the alkaline extract was
acidified. The precipitate was chromatographed on Silica
Gel GF354with benzene:ethyl acetate ( I : 1) as a solvent. The
band, RF 0.50, yielded l-hydroxy-4-FAA upon elution with
ethanol. The structure of the phenolamide was established
by conversion to l-acetoxy-4-FAA, a compound described
under â€œMaterials and Methods.â€• In another experiment,
l-ethoxy-4-FAA (Table 3) was isolated from a reaction
mixture of N-acetoxy-4-FAA and DL-cysteine in 25%
aqueous ethanol. The amide precipitated from the reaction
mixture after 3 hr at 45Â° and was recrystallized from
ethanol:waten; AEEOH265(, 17,500) nm; v@3250 (Nâ€”
H) and 1645 (C=O) cm â€˜.Acid hydrolysis of the amide
gave the free base, l-ethoxy-4-fluorenamine, with an IR
spectrum exhibiting the associated Nâ€”H frequencies
characteristic of an unhindered amino group (Ref. 17, p.

I; 38). This eliminated attachment of the ethoxy group on

carbon atom 3. Attachment at carbon atom 2 was excluded
because the IR spectrum showed absorption due to 2 and
4 adjacent hydrogen atoms (Ref. 17, p. 27).

In a further comparison of the electrophilicity of N-
acetoxy-2-FAA, N-acetoxy-3-FAA, and N-acetoxy-4-
FAA, we studied the interaction of the 3 isomers with
tRNA, a macromolecular receptor that has been used
frequently to demonstrate electrophilicity of esters of N-
hydroxy-2-FAA (3, 8, 27). The N-acetoxy-FAA's labeled
with â€˜4Cor 3H were incubated with purified tRNA from
yeast or calf liver, and the covalent binding of the labeled
compound by tRNA was measured as described under
â€œMaterials and Methods.â€• Interaction of the esters with
tRNA followed the order observed for methionine (N-
acetoxy-2-FAA >> N-acetoxy-4-FAA > N-acetoxy-3-
FAA) (Table 4). Binding of a cationic speciesderived from
N-acetoxy-4-FAA by yeast and calf liver tRNA was only
one-twentieth and one-eighth, respectively, of the binding
due to the arylamidonium derived from N-acetoxy-2-FAA;

+ t@â€”J:1::r@ 11 P$@0

N-H S-CR3 NP1@S-CR3

Ac

H@4O

N-Il S
0=@ â€˜@CM3

013

I',

Is

L['4C83] methionine

8

Chart 3. Radiochromatogram (TLC) showing the products of the
reaction of N-acetoxy-4-FAA with L-[14CH3]methionine. The upper sec
tion of the graph is a radiochromatogram of an aliquot of a chloroform
solution obtained by extracting a reaction mixture ( I .0 ml) of N-acetoxy-4-
FAA (7.1 Mmoles)and L-[â€•'CH3]methionine(0.71 @mole,specific radioac
tivity = 2.12 x 106 dpm/@mole) that had stood at 37Â°for 24 hr. The
chromatogram was developed with ethyl acetate:benzene ( l : 1) as a solvent.
The area of the silica gel corresponding to the peaks was scraped off and
counted as described in the text. The counts as well as the areas under the
peaks were used to calculate the relative amounts of the isomeric
methylthiofluorenylacetamides. Peak I, RF = 0.42, corresponded to
l-[â€•CH3]-S-4-FAAand Peak II, RF = 0.56, to 3-[â€•'CH3)-S-4-FAA.The
authentic unlabeled compounds which were run concurrently had the same
RF values. The lowersection ofthe graph is a radiochromatogram in which
an aliquot of the reaction mixture was applied directly to the plate before
chloroform extraction.

ccp@ cc:@:cc*l3
N-OAc j N-H

@c / Ac

/// H',1120

S-CM S-CH3

@5@@02 K5@i

883

Distance from Oriqin , cm

t-Methqlthioftuortfle

I it
@ 2111080

S-CR3

@ ill-met c@:::@:@@Ac +
0-Ac

S-CR3

3-Msthsjlthiofluorsne

@ MONO
@ 113P02

cc@@-k-@---@5@NH@
S-CM3 S-Gil3

Chart 4. Flowsheet for the identification of l-methylthio-4-FAA and 3-methylthio-4-FAA as products of the reaction of N-acetoxy-4-FAA and
dl-methionine (dI-met). The details of the reactions are given in the text,
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ReactionCompound isolatedPhysical

constantsYield

(%)m.p.CHNCl.Brm/e(M@)N-acetoxy-4-FAA

+ NH4Brl-Bromo-4-FAA245Â°59.41
(59.63y4.20 (4.00)4.79 (4.64)26.64(26.45)71N-acetoxy-4-FAA

+ NH4CIl-Chloro-4-FAA236Â°69.90
(69.90)4.51 (4.69)5.66 (5.43)13.50 (13.75)257(257)65N-acetoxy-4-FAA

+ sodium
acetatel-Acetoxy-4-FAA223Â°72.79 (72.58)5.29 (5.37)5.12(4.98)70N-acetoxy-4-FAA

+ DL-cysteine
FAA EtOH:H20in

l-Ethoxy-4-234Â°76.29
(76.37)6.41 (6.41)5.20(5.24)267(267)35N-acetoxy-4-FAA

+ adenosine
FAA EtOH:H20in

l-Hydroxy-4-265Â°75.08
(75.29)5.77 (5.48)5.96 (5.85)239 (239)15

Exper
imentEster reactednmoles

labeledofcompound/mgtRNAYeastCalf

liver1

a[ Iâ€˜-â€˜4C]N-acetoxy-2-FAA'18.47.1lb[l'-'4C]N-acetoxy-2-FAAâ€•19.09.72a[l'-14C]N-acetoxy-4-FAAâ€•0.841.112b[l'-â€•CJN-acetoxy-4-FAA50.840.963a[G-3H]N-acetoxy-3-FAA'@0.030.223b[G@3H]N@acetoxy@3@FAAc0.030.13

Y. Yost et a!.

Table 3

Evidence for the susceptibility of carbon atom 1 of N-acetoxv-4-FA A to attack by various nucleophiles

The isolation of the products and their characterization are described in the text.

a Numbers in parentheses, theoretical values for the elemental composition of the compounds.

dpm/@imole.
b [l'-14CJN-acetoxy-4-FAA, specific

The present results, in conjunction with the earlier data,
lead us to conclude that esters of N-hydnoxy-3-FAA
apparently do not give rise to an electrophilic reactant
similar to an arylamidonium ion that would react covalently
with cellular nucleophiles.

Kniek et a!. (9) showed that N-acetoxy-2-FAA forms an
adduct with guanosine in which the nitrogen atom of the
ester is joined to carbon atom 8 of the punine moiety of the
nucleoside. It has been suggested that this interaction with
guanosine in DNA or RNA may have a bearing on the
oncogenicity of 2-FAA and its carcinogenic metabolites (9).
However, it has been stated recently that the interaction of a
cationic species derived from N-acetoxy-N-arylacetamides
with adenosine correlates better with the carcinogenicity of
these compounds than does the reaction with guanosine
(20). Accordingly, we reacted the 3 isomenic esters with
[8-14C@guanosine and [8-'4C]adenosine under identical con
ditions, as described under â€œMaterials and Methods.â€•
Radiochromatograms of aliquots of the reaction mixtures
(Chant 5) showed that N-acetoxy-2-FAA formed an adduct,
RF 0.31, with guanosine as described by Kniek et a!. (9).
Nearly one-half (42%) of the applied radioactivity was
recovered as the guanosine adduct of N-acetoxy-2-FAA. No
radioactive peak corresponding to an adenosine adduct of
N-acetoxy-2-FAA was detected, although it has been re
ported that adenosine reacts to a minor extent (0.5 and
1.5%, respectively) with N-acetoxy-2-FAA (16, 20). By
contrast, N-acetoxy-4-FAA did not react with guanosine. It
did, however, form an adduct, RF 0.24, with [8-'4C]adeno
sine shown in the center section of Chant 5. The adduct
corresponded to 3% of the applied radioactivity. An adduct
with identical chromatographic properties was observed
when unlabeled adenosine was reacted with [l'-'4C]N-
acetoxy-4-FAA, as shown on the lower section of Chart 5.
This proved unequivocally that N-acetoxy-4-FAA had
furnished a pant of the adduct. A 3H-labeled adduct, RF
0.24, was also isolated by TLC when N-acetoxy-4-FAA was
incubated with [8-3H]adenosine under the same conditions

Table 4

Adductformation oflabeled N-acetoxv-2-FAA , N-acetoxy-3-FAA , and
N-acetoxv-4-FAA with tRNA ofyeast and calf-liver

Each incubation mixture contained tRNA (7.1 mg) in 0.05 M
Tris-HC1 buffer, (2.0 ml, pH 7.4) and the labeled ester (0.24 zmole)
which was added in redistilled 2-methoxyethanol (0. 1 ml). The
incubations werecarried out for 3 hr at 37Â°in flasks open to air. Adduct
formation was assayed as described under â€œMaterials and Methods.â€•
As a control, each labeled compound was added to a solution of tRNA
as described above. The tRNA was isolated immediately and assayed
for binding of 14C or 3H, respectively. The binding of â€œCor 3H to tRNA
at 0 time was 0.03 nmole/mg tRNA.

a [l'-'4CJN-acetoxy-2-FAA, specific radioactivity = 4.92 x lO@

radioactivity = 5.34 x l0@
dpm/@tmole.

C [G-31-l]N-acetoxy-3-FAA, specific radioactivity =

Mmole.
1.28 x 10' dpm/

N-acetoxy-3-FAA did not react with yeast tRNA. The
extent of the covalent interaction of N-acetoxy-3-FAA with
calf liver tRNA was very low and considered negligible in
comparison with adduct formation by the 2 other position
isomers.

It has previously been inferred that the sulfate ester of
N-hydroxy-3-FAA (N-sulfoxy-3-FAA) did not react with
tRNA (27), on the basis of the observation that [9-3HJN
hydroxy-3-FAA failed to react with tRNA in an enzymatic
system containing arylsulfotransferase and the cofactors
that are required for sulfation of the hydroxamic acid (27).
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current theory, are models of ultimate carcinogens that are
obtainable in pure form by synthetic methods, display the
same order of carcinogenicity as the parent hydroxamic
acids. There is direct and indirect evidence that esters of
arylhydroxamic acids are electrophilic reactants and are
carcinogenic by virtue of their interaction with cellular
nucleophiles (3, 16). Therefore it seems contradictory, at
first glance, that N-acetoxy-4-FAA which reacts to a
measurable extent with methionine, tRNA, and the nucleo
side adenosine exhibited only weak carcinogenicity. How
ever, the data show that when N-acetoxy-2-FAA and

â€˜@ N-acetoxy-4-FAA were reacted with cellular nucleophiles

under identical conditions, the reactivity of N-acetoxy-2-
;@ FAA exceeded that of the 4-isomer at least by a factor of 10.

j.__. The reason that N-acetoxy-2-FAA is a more reactive (and

thus more carcinogenic) electrophile than N-acetoxy-4-
FAA may be that the cation resulting from the 2-isomer has
a greater degree of resonance stabilization than the 4-iso
men. This follows from the consideration that resonance of
the 4-isomer involving the biphenyl system may be inhibited
stenically because coplanarity of the N-acetyl group of the
4-isomer is restricted. In any event, the weak interaction of
N-acetoxy-4-FAA appears to be insufficient to produce the
molecular change(s) required for the initiation of neoplasia.
This implies that a lower limit of interaction of the
carcinogen with the nucleophilic target must be exceeded if
a compound is to display carcinogenic activity. Another
factor that may play a role in the lack of carcinogenicity of
N-acetoxy-4-FAA may be the interaction of the ester with
noncritical nucleophiles, such as chloride, acetate, and
water, demonstrated here.

The interaction of N-acetoxy-4-FAA with adenosine
deserves comment because Scnibner and Naimy (20) have
recently expressed the view that the interaction of N-
acetoxy-N-arylacetamides with adenosine, rather than with
guanosine, is important in carcinogenesis by this class of
compounds. If reaction with adenosine were crucial for
carcinogenesis, the local carcinogenicity of N-acetoxy-4-
FAA should be as great as that of N-acetoxy-2-FAA and its
phenanthrene analog, both of which react with adenosine to
about the same extent as does N-acetoxy-4-FAA (20).
These considerations lead us to conclude that, if attack on
these nucleosides in DNA or RNA plays a role in car
cinogenesis by aromatic amines, interaction with guanosine
and not with adenosine would appear to be the critical
reaction.

N-Acetoxy-3-FAA, the other model ester examined in
this study, also does not seem to fit a unified theory of
carcinogenesis by aromatic amines based upon reaction of
an electrophilic reactant with cellular nucleophiles. Al
though this compound is a carcinogen, no reaction of
N-acetoxy-3-FAA with nucleophiles has been detected in
this study. In a previous study, we submitted indirect
evidence that the sulfate ester of N-hydroxy-3-FAA did not
react with methionine or yeast tRNA (27). The available
evidence does not support the view therefore that esters of
N-hydroxy-3-FAA give rise to a N-acyl-N-arylnitrenium
ion capable of reaction with nucleophiles in the same way as
N-acetoxy-2-FAA or N-acetoxy-4-FAA. Nevertheless, co

N-Acetosy- 4-FAA+[8-@C]odsnosine
0

E

adenosine

N-Aceton9â€”4-FAAâ€”l'â€”'4c+@dtnosjnt

8.0'
4.0' @odduc@t
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4 NACCt +[@4c]

3 (, 9 1z i_s

Distancefromorigin, cm

Chart 5. Radiochromatograms of adducts of N-acetoxy-2-FAA and of
N-acetoxy-4-FAA with guanosine and adenosine, respectively. The upper
section of the Chart is a radiochromatogram of an aliquot of a reaction
mixture of N-acetoxy-2-FAA (4.0 zmole) in ethanol (0.4 ml) with
[8-'4C]guanosine (1.0 @mole.specific radioactivity = 1.10 x 10' dpm/
@imole)in distilled water (1.6 ml). The 2ndsection is a radiochromatogram
of an aliquot of a reaction mixture of N-acetoxy-4-FAA (4.0 Mmole) in
ethanol (0.4 ml) with [8-'4Cladenosine (I .0 @.emole,specific radioactivity =
1.08 x 10' dpm/Mmole) in distilled water (1.6 ml). Aliquots were taken
after the mixtures stood at 38Â°for 3 hr. The lowersection ofthe Chart is a
radiochromatogram of an aliquot of a reaction mixture of [l'-'4CJN
acetoxy-4-FAA (2.0 zmoles, specific radioactivity = 4.9 x 10' dpm/
@imole) in acetone (0.4 ml) with adenosine (8.0 j.emole) in 1.6 ml of dis

tilled water. The aliquot was chromatographed after the mixture stood at
38Â°for 24 hr. The conditions for the development of the chromatograms
are described in the text.

that yielded an adduct with [8-'4C]adenosine. If the linkage
of the N-acetoxy-4-FAA to adenosine had involved carbon
atom 8 of the purine moiety, as is the case in the adduct
formed by the interaction of N-acetoxy-2-FAA with guano
sine, 3H would have been lost and no adduct could have been
detected. A comparison of the extent of the covalent
interaction of the 2 isomers with the respectivenucleosides
showed that N-acetoxy-2-FAA was approximately I5-fold
more reactive than N-acetoxy-4-FAA. The low level of
interaction of N-acetoxy-4-FAA was in line therefore with
its low reactivity toward methionine and tRNA. No adduct
was detected upon reaction of N-acetoxy-3-FAA with
[8-'4C]guanosine or [8-'4C]ade@osine. The lack of reactivity
of this ester with nucleosides was in accord with its failure to

react with other nucleophiles.

DISCUSSION

This study provides additional evidence that the structure
of isomenic fluorenylhydroxamic acids and, specifically, the
point of attachment of the nitrogen atom on the aromatic
moiety is a major determinant of the carcinogenicity of
these compounds (5). It also shows that acetate esters of
isomenic fluorenylhydroxamic acids which, according to
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Chart 6. Alternative pathways for the interaction of N-acetoxy-3-FAA
with macromolecules.

valent binding of activated carcinogens to cellular receptors
through electrophilic attack remains the most plausible
rationale underlying chemical carcinogenesis. There are,
however, 2 alternate pathways, not involving a N-acyl-N
arylnitrenium ion but yielding electrophilic species, which
we are proposing tentatively in order to rationalize the
carcinogenicity of N-acetoxy-3-FAA (Chart 6). One of
these consists of the nonenzymatic transfer of the acetyl
group to cellular acceptors. Thus, it has been shown that the
acetyl group of N-acetoxy-2-FAA is transferred to the
i-amino group of lysine and, to a lessen extent, to the
hydroxyl group of senine or threonine of RNase, of calf
thymus histones, and of nuclear proteins of rat liver (1).
Recent work on the interaction of N-acetoxy-3-FAA with
RNase indicates that N-acetoxy-3-FAA is an even better
acetyl donor than N-acetoxy-2-FAA and that RNase is
extensively modified by reaction with the 3-isomer (E. J.
Barry and H. R. Gutmann, unpublished experiments). The
probable effects of the acetylation of nuclear proteins by
N-acetoxy-N-anylamides on the function of these proteins
have been discussed ( 1). The other pathway, which is
hypothetical at this time, results in the formation of a free
radical by homolytic cleavage of N-acetoxy-3-FAA, as
indicated in Chart 6. Addition of free radicals to bases in
DNA has been demonstrated (19) and would presumably
lead to alterations in the transcription of the genetic code
and, possibly, to mutations as described for derivatives of
the carcinogens 2-FAA and N-methyl-4-aminoazobenzene
(11).Experimentsare neededto provideevidenceforthe
formation of a free radical from N-acetoxy-3-FAA.
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