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Role of sulfotransferase from rat liver in the mutagenicity of 
N-hydroxy-2-acetylaminofluorene in Salmonella typhimurium 

(Received 26 August 1976; accepted 19 November 1976) 

Studies on the metabolism of 2-acetylaminofluorene (2- 
AAF) have provided the basis for much of our current 
understanding of aromatic amine and amide carcinogenesis 
[l-3]. This compound, 2-AAF, is readily N-hydroxylated, 
both in uiuo and in vitro, by liver enzymes of most rodents 
to the more potent carcinogen N-hydroxy-2-acetylamino- 
fluorene (N-hydroxy-2-AAF) [4-73. Several findings indi- 
cate that the ultimate carcinogen(s) is one or more of the 
metabolites of N-hydroxy-2-AAF, rather than the com- 
pound itself [S, 93. Metabolism of N-hydroxy-2-AAF 
occurs principally in the liver, where it is converted to 
various reactive electrophiles. The enzyme systems impli- 
cated include sulfotransferase(s), deactylase(s), trans-acetyl- 
ase(s) and UDP-glucuronyl transferase(s) [l-3,9-13]. The 
relative importance of each of these processes in the con- 
version of N-hydroxy-2-AAF to the ultimate carcinogenic 
species is not clear. 

The sulfate ester of N-hydroxy-2-AAF, a strongly elec- 
trophilic species, appears to be a metabolite of major im- 
portance in the induction of hepatic tumors [9]. Analysis 
of the hepatic macromolecular bqund fluorene derivatives 
after administration of 2-AAF or N-hydroxy-2-AAF in uiuo 
indicates, however, that other enzymes in addition to sulfo- 
traniferase may contribute to the initiation of liver cancer 
by these chemicals. For example, after administration of 
2-AAF or N-hydroxy-2-AAF to rats, l- and 3-methionyl-2- 
AAF are the fluorene derivatives covalently bound to liver 
protein [9]. The major product liberated after hydrolysis 
of rat liver RNA is N-(guanosin-8-yl)-2-acetylaminofluor- 
ene and smaller amounts of the 2-aminofluorene analog [4, 
14,151. In contrast, the major adduct of DNA is N-(de- 
oxyguanosin-8-yl)-2-aminofluorene, with smaller amounts 
of the acetylated form N-(deoxyguanosin-8-yI)-2-acetyl- 
aminofluorene [14-161. These data suggest that the acetyl 
groip is lost from 2-AAF and N-hydroxy-2-AAF before 
or during arylation of DNA. Moreover, N-hydroxy-2-AAF 
can cause cancer in some tissues which lack sulfation 
activity toward this N-hydroxy derivative [9,17]. 

Recently Ames et al. Cl83 developed a simple bacterial 
assay for detecting mutagenicity of chemicals. In this assay, 

approximately 90 per cent of the carcinogens tested were 
mutagens. When examining the mutagenicity of potential 
metabolites of 2-AAF in this system, Durston and Ames 
[ 191 found that 2-nitrosofluorene and N-hydroxy-2-amino- 
fluorene were 20&300 times more mutagenic than N-hy- 
droxy-2-AAF. When the 90009 supzrnatant fraction (S-9) 
from rat liver was included in the assay, the mutagenicity 
of N-hydroxy-2-AAF increased almost lOO-fold, whereas 
mutagenicity of 2-nitrosofluorene and N-hydroxy-2-amino- 
fluorene either decreased or remained the same. Felton et 
al. [20] have shown that both microsomes and the post- 
microsomal fraction (105,000 g supernatant) of the liver can 
convert N-hydroxy-2-AAF into a more mutagenic species. 
Since the sulfate ester of N-hydroxy-2-AAF has been 
postulated to be .the ultimate carcinogen of 2-AAF and 
N-hydroxy-2-AAF, and there is a high correlation between 
mutagenicity and carcinogenicity, we examined its poten- 
tial mutagenicity in the Salmonella test system. 

The sulfate ester of N-hydroxy-2-AAF (a generous gift 
from Dr. E. Weisburger, National Cancer Institute) was 
generated in situ according to the method used for phenolic 
compounds by Gregory and Lipmann [21]. p-Nitrophenyl- 
sulfate (pNPS) was used as the sulfate donor for 3’,5’- 
adenosinediphosphate (PAP) in the synthesis of 3’-phospho- 
adenosine-5’-phosphosulfate (PAPS), the cofactor required 
for sulfation. This reaction is catalyzed presumably by 
phenolsulfotransferase [22] in the rat liver postmicrosomal 
fraction which is prepared by running the 100,000 g super- 
natant over a Sephadex G12 column [23]. N-hydroxy-2- 
AAF is readily sulfated in this, system, and this reaction 
is dependent on the presence of PAP [23]. p-Nitrophenyl- 
sulfate and PAP were obtained from Sigma Chemical Co. 
(St. Louis, MO), and other chemicals used were of the 
best available commercial grade. 

Table I shows that, m the presence 01 cofactors Ior sulta- 
tion and postmicrosomal fraction from rat liver, covalent 
binding of N-hydroxy-2-AAF to proteins was much greater 
than in the absence of the cofactor p-nitrophenylsulfate. 
When the postmicrosomal fraction was replaced by bovine 
serum albumin, little covalent binding occurred. When 

Table 1. Effects of sulfation and p-nitrophenol on covalent binding of N-hydroxy-2-acetylamino- 
fluorene to protein* 

Incubation p-Nitrophenol added 

N-hydroxy-2-AAF 
(pmoles bound mg-’ min-‘) 

14C-label 3H-label 

Complete system 

Minus cofactors for sulfation 
(pNPS + PAP) 

Bovine serum albumin in place 
of supernatant fraction 

No 408 448 
Yes 78 153 
No 18 98 
Yes 20 93 
No 18 38 

* The complete system for incubation contained 0.5 mM N-hydroxy-2-AAF (‘*C-acetyl or gener- 
ally labeled with 3H; sp. act. 10 mCi/m-mole and 6 Ci/m-mole, respectively), 4 mg/ml of postmicroso- 
mal supernatant protein, 10 mM p-nitrophenylsulfate and 0.02 mM PAP. The concentration of added 
p-nitrophenol was 0.2 mM and of added bovine serum albumin was 4 mg/ml. The time of incubation 
was 5min at 37”. 
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Table 2. Mutagenic effect of N-hydroxy-2-AAF in the 
presence of postmicrosomal fraction from rat liver* 

Additions on plate 
Revertant/ 

plate 

Postmicrosomal fraction (PF) 1270 
PF + a-nitroohensvlsulfate + PAP 518 
PF + b-nitrophenyisulfate 

+ PAP + p-nitrophenol 
PF + p-nitrophenol 
Phosphate buffer 0.90% NaCl in 

place of PF 

902 
1428 

90 

*The mutagenicity test was carried out according to 
Ames et al. [18) with strain TA 1538, using 3 mg of post- 
microsomal fraction/plate, instead of the supernatant frac- 
tion after centrifugation of liver homogenate at 9000 9 for 
10 min. In addition, each plate contained 1 pg N-hydroxy- 
2-AAF. The concentrations of other agents, when added, 
were: 10mM p-nitrophenylsulfate, 20/1M PAP and 0.2 
mM p-nitrophenol as indicated. 

p-nitrophenol, presumably a competitive inhibitor for the 
sulfation of N-hydroxy-2-AAF, was included in the reac- 
tion mixture. the covalent binding of N-hydroxy-2-AAF 
was decreased. These results are in agreement with those 
of DeBaun et al. [9], who also found that p-nitrophenol 
inhibits sulfation of N-hydroxy-2-AAF. 

The effect of sulfation of N-hydroxy-2-AAF by the post- 
microsomai fraction on its mutagenicity in the Salmonella 
test system is shown in Table 2. The postmicrosomal frac- 
tion, the cofactors and p-nitrophenol were not mutagenic 
by themselves (data not shown). N-hydroxy-2-AAF gave 
rise to relatively few revertants in the absence of the post- 
microsomal fraction. In the presence of the postmicroso- 
ma1 fraction, however. there was a marked increase in the 

irg N-Hyuroxy-2-AAF per plate 

Fig. 1. Effect of sulfotransferase activity in rat liver post- 
microsomal fraction on N-hydroxy-bAAF mutagenicity. 
Key: (A--A) postmicrosomal fraction without cofactors 
for sulfotransferase; (A-A) ~stmicrosomal fraction 
with cofactors for sulfotransferase; and (o----+) N-hyd- 
roxy-2-AAF without the postmicrosomal fraction. Three 

mg of postmicrosomal protein/plate was used. 

mutagenicity of N-hydroxy-2-AAF. This increase may be 
due to deacetylation of N-hydroxy-2-AAF, since N- 
hydroxy-2aminogluorene is highly mutagenic in the test 
system [20,24]. 

Addition of the cofactors for sulfatioh in the presence 
of the postmicrosomal fraction and N-hydroxy-2-AAF 
caused a sharp decrease in mutagenicity (from 1270 to 518 
revertants). This decrease is mutagenicity was largely 
reversed by p-nitrophenol, which did not decrease the 
number of revertants when the cofactors for sulfation had 
been omitted (Table 2). Figure 1 shows the effect of the 
sulfotransferase activity on the mutagenicity of N-hydroxy- 
2-AAF. We obser,ved no toxicity (i.e. killing of bacteria) 
in the presence or absence of the .active sulfotransferase 
at the concentrations of N-hydroxy-2-AAF tested. 

These results show that, under conditions where the sul- 
fate ester of N-hydroxy-2-AAF is formed, the mutagenicity 
of N-hydroxy-2-AAF is greatly decreased in the bacterial 
test system. A simple explanation of the data would be 
that the sulfate ester of N-hydroxy-2-AAF is not as muta- 
genic as other metabolites of N-hydroxy-2-AAF produced 
by the postmicrosomal fraction. Thus, when the PAPS- 
generating system is absent, other metabolites, possibly 
N-hydroxy-mninofluorene, which is very mutagenic [24], 
would be produced at a maximal rate. However, when a 
PAPS-generating system is included, the formation of this 
mutagenic metabolite(s) would be decreased with simul- 
taneous formation of the sulfate ester of N-hydroxy-2- 
AAF. This finding that the nresence of a PAPS-aeneratine 
system in the pos?microsomal fraction decreases the muta- 
genicity of N-hydroxy-2-AAF in the Salmonella test system 
is unexpected since Maher et al. [25) showed that the sul- 
fate ester was very mutagenic when DNA, isolated from 
Bacillus suhtilis strain SE 19, was reacted with the sulfate 
ester of N-hydroxy-2-AAF and incorporated into strain T3 
which was blocked in tryptophan synthesis. In the case 
of the Salmonella test system, however, the sulfate ester 
of N-hydroxy-2-AAF may have reacted with protein or 
other macromolecules before arylation of. bacterial DNA 
could occur. Supporting this interpretation is the observa- 
tion that the sulfate ester of N-hydroxy-2-AAF is not car- 
cinogenic when injected subcutaneously [Z, 91.. Another 
explanation for the lack of mutagenic activity of the sulfate 
ester of N-hydroxy-ZAAF could be that ionized com- 
pounds do not pass through the cell wall as easily as non- 
ionized. The sulfate ester of N-hydroxy-2-AAF, in addition 
to being a highly unstable compound, is ionized at pH 
7.4, and this may contribute to its lack of mutagenic 
activity in the Salmonella test system. 

The results presented in Table 1 indicate that without 
the sulfation system being present in the postmicrosomal 
fraction there is more covalent binding of generally labeled 
[‘H]N-hydroxy-2-AAF than of acetyl-%-labeled com- 
pound. This result could be explained by the loss of the 
%-label during deacetylation or tram-acetylation reac- 
tions. Thus, in the absence of sulfation, [acetyl-‘*C]labeled 
N-hydroxy-2-AAF does not bind covalently to postmicro- 
somal pro ein to a greater extent than it does to bovine 
serum t alb min (Table I). Covalent binding of the 3H- 
labeled compound to protein of the #ostmicrosomal frac- 
tion in the absence of sulfation cofactors is much higher 
than that to bovine serum albumin. This finding suggest 
that arylating metabolites are formed without activation 
of the sulfotransferase system. 

In summary. our results indicate that metabolic acti- 
vation of N-hydroxy-2-AAF by a process(es) other than 
the one catalyzed by sulfotransferase is more important 
in mutagenesis in salmonella ~yphirnur~~rn than activation 
by sulfotransferase. It may be that the Salmonella test sys- 
tem is unable to detect a short-lived highly reactive poten- 
tial mutagen such as the sulfate ester of N-hydroxy-2-AAF 
because this species arylates other more readily available 
macromolecules before reaching bacterial DNA. 
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In view of the strong correlation between chemically in- 
duced cancer and mutagenicity by the corresponding com- 
pounds in the Salmonella test system, metabolites of N- 
hydroxy-2-AAF other than the sulfate ester may play a 
significant role in the carcinogenesis of N-hydroxy-2-AAF. 
At present, however, no conclusion about the relative car- 
cinogenicity of these metabolites can be drawn. 
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Effect of Levamisole on phytohemagglutinin-stimulated 
human lymphocytes* 

(Received 20 September 1976; accepted 12 November 1976) 

Levamisolet (1-tetramizole), a potent anthelminthic, has 
been shown to have immuno-stimulatory activity in ani- 
mals and man [l]. It is currently being investigated clini- 
cally in the treatment of neoplastic disease [2], rheumaloid 
arthritis [3], systemic lupus [4], and other disorders pre- 
sumed to be associated with impaired cellular immunity. 
Previous studies on the effect of Lcvamisole on lymphocyte 
transformation in uitro have produced conflicting results. 
Copeland et al. [S] found no stimulation of resting human 
lymphocytes in vitro by the drug, nor could they demon- 
strate either enhancement or inhibition of lymphocyte 
transformation by specific or non-specific mitogens; Pabst 
and Crawford [6] showed significantly greater responses 
in human lymphocytes to Candida afbicans, measles virus 
and purified protein derivative of Tubercle batik in the 

*This work was supported by the New York Chapter 
of the Arthritis Foundation. 

? Janssen Pharmaceutics, Beerse, Belgium. 

presence of Levamisole. Wachi et al. [7] found suppression 
of RNA synthesis of human lymphocytes cultured with 
phytohem&glutinin (PI-IA) and Ldvamisole in 3-day cul- 
tures. but little or no effect on DNA synthesis. When these 
cultures were continued for 4 days, however, they reported 
a stimulatory effect on DNA synthesis. In order to further 
clarify the effects of Levamisole on human lymphocytes, 
studies were undertaken with both resting and phyto- 
hemagglutinin-stimulated normal and anergic lympho- 
cytes, and a normal cell line which has been maintained 
in continuous culture. 

Lymph~ytes were obtained from normal healthy volun- 
teers and a selected group of patients with diseases associ- 
ated with anergy, after consent was obtained. One of these 
patients was a 53-year-old male with severe rheumatoid 
arthritis, who had not received cytotoxic drugs or cortico- 
steroids, and from whom aspirin was withheld for 1 week 
prior to obtaining the cells [S]. There were two patients 
with Hodgkin’s disease, one was a 42-year-old male with 


