
A 7-Hydroxymethyl Sulfate Ester as an Active Metabolite of 
7,12-Dimethylbenz[a]anthracene 

Abstract. 7-Hydroxymethyl-12-methylbenz[a]anthracene (7-HMBA), a carcino- 
genic major metabolite of 7,12-dimethylbenz[a]anthracene (DMBA) in liver, was 
transformed by liver cytosolic sulfotransferase to reactive 7-HMBA sulfate, which is 
mutagenic toward Salmonella typhimurium strain TA98. The mutagenicity of 7- 
HMBA in the presence of hepatic sulfotransferase was much higher than that of 
DMBA or 7-HMBA in the presence of hepatic monooxygenase. 

The great increase in carcinogenicity 
of benz[a]anthracene (BA) on the intro- 
duction of methyl groups in the 7 and 12 
positions ("L region") (I) has remained 
unexplained. 7,12-Dimethylbenz[a]an- 
thracene (DMBA) is considered to be a 
procarcinogen, like many other polycy- 
clic aromatic hydrocarbons, and to exert 
its carcinogenic activity after being me- 
tabolized in the animal body (2). Epox- 
ides and diol epoxides have been consid- 
ered the ultimate reactive forms of the 
carcinogenic hydrocarbons, including 
DMBA, since they are all metabolically 
activated by microsomal monooxygen- 
ase and epoxide hydrolase (1-3). Recent 
studies of the covalent bonding of 
DMBA metabolites to DNA in mouse 
skin in vivo (4) and mouse embryo cells 
in vitro (9, as well as of their carcino- 
genic (6) or mutagenic (7) activity, 
strongly suggested that DMBA-3,4-diol- 
1,Zepoxide is the most likely ultimate 
carcinogen. However, it is of interest 
that DMBA, specifically labeled with 3H 
in the 7-methyl group, loses some of the 
radioactive label on binding to DNA in 
an in vivo system (8). On this basis it was 
suggested that DMBA is metabolized to 
7-hydroxymethyl-12-methylbenz[a]anth- 
racene (7-HMBA) before biotransforma- 
tion to the ultimate form (which was still 
considered to be related to its diol epox- 
ides) (9). 7-HMBA, a potent carcinogen 
(10) with no intrinsic mutagenicity to 
Salmonella typhimurium (11), is the ma- 
jor metabolite of DMBA in rat liver (12). 
In this report we provide evidence for 
the metabolic activation of 7-HMBA to 
the intrinsic mutagen 7-HMBA sulfate 
in rat liver cytosol in the presence of a 
3'-phosphoadenosine-5'-phosphosulfate 
(PAPS) generating system. The mutage- 
nicity of 7-HMBA toward S,  typhimur- 
ium strain TA98 was greater in the pres- 
ence of the hepatic sulfotransferase- 
PAPS system than that of DMBA or of 
7-HMBA in the presence of rat liver 
microsomes and an NADPH-generating 
system. 

7-HMBA was incubated at p H  7.4 for 
20 minutes with a dialyzed soluble super- 
natant fraction of a male Wistar rat liver 
homogenate in the presence of adenosine 
triphosphate (ATP), sodium sulfate, 
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magnesium chloride (hepatic sulfotrans- 
ferase-PAPS system), and a suspension 
of S, typhimurium TA98 or TAlOO in 
0. lM phosphate buffer, pH 7.4. Then the 
mixture was diluted with soft agar and 
reincubated on hard agar plates, pre- 
pared by the method of Ames et al. (13), 
at 37°C for 48 hours. His+ reverse muta- 
tions were observed to a significant ex- 
tent in the TA98 strain (Table 1) but to a 
very small extent in TA100. The reverse 
mutation induced by 7-HMBA in TA98 
was not observed when only 7-HMBA, 
the hepatic subcellular fraction, ATP, or 
sodium sulfate was omitted from the 
bacterial assay system or when the he- 
patic fraction was inactivated by heating 
at 100°C for 10 minutes. The addition of a 
Helix pomatia sulfatase preparation to 
the mixture decreased the number of 
His' revertant colonies remarkably. 

In order to determine whether its sul- 
fate ester was formed as an active metab- 
olite in the bioassay system, 7-HMBA 
was incubated under the conditions men- 
tioned above in the absence of bacteria. 
After 20 minutes the mixture was shaken 
with ether to remove the substrate, and 
then the aqueous phase was filtered to 
remove precipitated protein. The filtrate 
was poured onto an Amberlite XAD-2 
column (1 by 5 cm). The column was 

washed with water and eluted with meth- 
anol. The residue obtained on evapora- 
tion of the solvent from the methanolic 
fraction was highly mutagenic toward S. 
typhimurium TA98 in the absence of the 
hepatic sulfotransferase-PAPS system 
and weakly active toward the TAlOO 
strain. The direct mutagenicity of the 
water-soluble metabolite was lost after 
treatment with sulfatase or 1N NaOH. 
The mutagenic metabolite that was iso- 
lated had the same absorption maxima 
with the same relative absorbances as 7- 
HMBA in ethanol. It produced a single 
spot with an intense, bluish violet fluo- 
rescence at Rf0.56 on a thin-layer chro- 
matogram with Merck cellulose in 
n-butanol, acetic acid, and water (4: 2: 1). 
Under these conditions 7-HMBA pro- 
duced a fluorescent spot at the solvent 
front. The metabolite was not formed 
from 7-HMBA when only one of the 
components of the sulfotransferase- 
PAPS system was omitted from the incu- 
bation mixture or when the hepatic frac- 
tion was heated at 100°C for 10 minutes. 
Treatment of the metabolite with H .  po- 
matia sulfatase or 1N NaOH quantita- 
tively formed an ether-extractable mate- 
rial that was identical with 7-HMBA by 
ultraviolet and mass spectroscopy, thin- 
layer chromatography, and gas-liquid 
chromatography. 

To obtain further verification that the 
water-soluble metabolite was 7-HMBA 
sulfate, the eluate from the XAD-2 col- 
umn was methylated with an ethereal 
diazomethane solution (14). The methyl- 
ated product was soluble in n-hexane 
and had a simple mass spectrum with a 
molecular ion peak at mass-to-charge 
ratio (mle) 366 and fragment ions at mle 
351 (M' - CH3), 255 (M+- OS03CH3), 
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Fig. 1. Hepatic biotransformation of DMBA into the mutagenic 7-HMBA sulfate through 7- 
HMBA; HS-R represents ethyl rnercaptan and glutathione. 
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Fig. 2. Intrinsic mutagenicity of arylmethyl sulfates toward Salmonella typhimurium TA98 and 
TA100. Mutagenicity tests were carried out by the method of Ames et a / .  (13) in the absence of 
the hepatic preparation and fortifying agents. 

and 228 (base) when analyzed on a gas- 
liquid chromatograph-mass spectrome- 
ter (Hitachi model RMU-7L). Under the 
conditions used, the methyl ester of 7- 
HMBA sulfate eluted at 8.9 minutes 
from a column packed with 1 percent 
OV-1 coated on Chromosorb W (60 to 80 
mesh, 3 mm by 1 m), kept at 270°C, and 
developed with He at 30 mlimin. 7- 
HMBA sulfate (15) was synthesized and 
isolated as a sodium salt by treatment of 
7-HMBA with chlorosulfonic acid in dry 
pyridine at room temperature, followed 
by neutralization with an aqueous NaOH 
solution. The synthetic specimen was 
spectroscopically and chromatographi- 
cally identical with the mutagenic water- 
soluble metabolite in all respects. The 
rate of formation of 7-HMBA sulfate 
from 7-HMBA by the hepatic sulfotrans- 
ferase-PAPS system was 0.50 nmole per 
milligram of protein per minute. 7- 
HMBA sulfate was also isolated and 
identified after DMBA was incubated 
with a 9000g supernatant fraction in the 
presence of both PAPS- and NADPH- 
generating systems. Thus a new mecha- 
nism for the metabolic activation of 
DMBA has been established, as depicted 
in Fig. 1. 

The bacterial mutagenicity of 7- 
HMBA in the pfesence of the hepatic 
sulfotransferase-PAPS system was high- 
er than that of DMBA or 7-HMBA in the 
presence of an NADPH-generating sys- 
tem and microsomes equivalent to the 
amount in the rat liver from which the 
soluble supernatant fraction was isolat- 
ed. Thus DMBA and 7-HMBA (1.0 
 mole per plate each in the 20-minute 
incubation media) induced 450 and 59 
  is' revertant colonies per plate in the 
TA98 strain, respectively. This suggests 
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that the sulfate ester of 7-HMBA plays a 
much greater role in mutation than do 
the epoxides formed from DMBA or 7- 
HMBA by microsomes. 

The participation of sulfate esters as 
ultimate forms in the metabolic activa- 
tion of carcinogenic aromatic amines by 
rat liver was proposed and extensively 
studied by Miller et al. (16, 17) and 
Weisburger et al. (18). The proposed 
activation mechanism is that N-mono- 
substituted aromatic amines such as 2- 

Table 1. Mutagenicity of 7-HMBA toward 
Salmonella typhimurium TA98 in the pres- 
ence of a rat liver cytosolic fraction fortified 
with a PAPS-generating system. 

His+ 
revertant 

Testing system colonies 
Per 

plate* 

Control 39 (-1 
Complete+ 921 (882) 

Minus Na2S04 41 (2) 
Minus ATP 42 (3) 
Minus hepatic cytosol 39 (0) 

Complete (boiled 39 (0) 
hepatic cytosol) 

Complete plus Helix poma- 46 (7) 
tia sulfatase (100 units)$ 

*Values in parentheses were obtained by subtracting 
the mean number (39) o f  His+ revertant colonies on 
three control plates from those on the other plates. 
The bacteria were kindly donated by B. N .  
Ames. :The complete system consisted of  the 
following in a final volume o f  1 ml o f  0.1M 
Na,HP04-KH2P04 buffer, pH 7.4: 7-HMBA ( 1  mM) 
dissolved in dimethyl sulfoxide (0.1 ml),  bacterial 
cells ( lo9) ,  dialyzed hepatic cytosol fraction (0.48 mg 
o f  protein, equivalent to 50 mg o f  liver, wet weight), 
Na2S04 (5 mM), ATP (5 mM), MgCI2 (3 mM), and 
EDTA (0.1 mM). The hepatlc fractlon was prepared 
by centrifugation (105,00Og, 60 mmutes) o f  the post- 
mitochondria1 fraction from a three-volume homoge- 
nate o f  rat liver (90 to 110 g o f  body weight), 
followed by dialysis o f  the separated soluble super- 
natant fraction at 1°C for 20 hours against 2500 
volumes o f  the phosphate buffer. %A Sigma type 
H-1 preparation was used. 

acetylaminofluorene (AAF) and N-meth- 
yl-4-aminoazobenzene (MAB) are oxi- 
dized by hepatic microsomal cyto- 
chrome P-450 to the corresponding N- 
hydroxy derivatives, which are then 
converted to sulfates by liver cytosolic 
sulfotransferase in the presence of PAPS 
(17). No direct evidence, however, has 
been obtained for the biological forma- 
tion of sulfate esters of N-hydroxy aro- 
matic amines as active metabolites. Thus 
the results reported here are, to our 
knowledge, the first direct evidence not 
only for the participation of the metaboli- 
cally formed sulfate ester of a carcinogen 
in cell mutation, but also for the isolation 
and identification of a direct-acting mu- 
tagenic metabolite other than epoxides 
of carcinogenic hydrocarbons. 

7-HMBA sulfate reacted at pH 7.4 
with glutathione and ethyl mercaptan to 
produce the corresponding sulfides, and 
the reactions were accelerated by in- 
creasing the pH. This suggests that the 
sulfate may react with bacterial DNA 
bases as a 7-methylene carbonium ion of 
DMBA with loss of a sulfate anion (Fig. 
1). The presumed role of the 7-methylene 
carbonium ion as ultimate reactant with 
DNA would be analogous to the mecha- 
nism of covalent binding of the carcino- 
gens 7-bromomethyl-BA and 7-bromo- 
methyl-12-methyl-BA to DNA (19). 

Some other synthetic sulfate esters 
(20) of arylmethanols such as benzyl 
alcohol, 1- and 2-hydroxymethylnaph- 
thalene, and 1-hydroxymethylpyrene 
were mutagenic toward S. typhimurium 
TA98 in increasing order (Fig. 2). Alkyl 
sulfates such as methyl, ethyl, n-propyl, 
and n-butyl sulfates were nonmutagenic 
under the same conditions. 
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Nonimmunoglobulin Protein in Plasma from Infected Cattle 

Abstract. Plasma of cattle infected with bovine leukemia virus contains a soluble 
factor that blocks the expression of the viral genome in cultured lymphocytes. The 
blocking factor is not present in plasma of bovine leukemia virus-free cattle or of 
cattle infected with common bovine viruses. Blocking of bovine leukemia virus 
expression by the plasma factor is reversible, and seems to be mediated by a 
nonimmunoglobulin protein molecule. 

Bovine leukemia virus (BLV) is re- 
garded as the causative agent of the adult 
or enzootic form of bovine leukemia, 
which is the most common neoplasia of 
cattle (1). In naturally infected cattle, 
BLV has been detected only in the lym- 
phocytes (2). However, regardless of 
whether the BLV-infected lymphocytes 
are neoplastic or not, they produce virus 
particles and express the major i~lternal 
(p25) and glycoprotein (gp51) virion anti- 
gens only after cultivation in vitro for a 
few hours (2-4). Molecular hybridization 

neutralizing antibodies, which are pres- 
ent in virtually all BLV-infected cattle 
(5, 6) ,  interfere with virus production in 
the infected lymphocytes. However, it is 
less clear how viral antibodies block the 
expression of the BLV genome. The 
present study indicates that expression 
of the BLV genome is blocked by a 
protein factor present in the plasma of 
BLV-infected cattle. 

The amount of p25 produced by BLV- 
infected lymphocytes during short-term 
cultivation in vitro is ten times higher 

studies in which a BLV complementary than that of other virion proteins (7). 
DNA probe was used failed to detect Therefore, in this study the synthesis of 
BLV-specific RNA in infected lympho- p25 was used as the indicator of BLV 
cytes before cultivation in vitro. In con- 
trast, significant amounts of viral RNA 
were detected in the same cells after 
cultivation (2). 

These results suggest that, in vivo, the 
BLV genome is repressed at the tran- 
scriptional level. BLV is the only known 
virus responsible for spontaneous leuke- 
mia, which is present in the infected cells 

genome expression. 
Lymphocytes were obtained without 

hypotonic shock from the buffy coat of 
the blood of BLV-infected cattle, cul- 
tured for 24 hours under a variety of 
conditions, and tested for the presence 
of BLV p25 by competitive radio- 
immunoassay (8). As shown in Table 1, 
no BLV p25 was detected in infected 

in a repressed state. It is likely that virus- lymphocytes cultured with 100 percent 

Table 1. Expression of BLV p25 antigen in 
cultured lymphocytes from a BLV-infected 
cow. Lymphocytes were isolated (without 
hypotonic shock) from the buffy coat of hepa- 
rinized peripheral blood and cultured at 37OC 
for 24 hours at a density of 3 x lo6 cells per 
milliliter in 20 ml of 100 percent plasma or 
serum. Following incubation, the cells were 
harvested, washed twice, disrupted, and test- 
ed by competitive radioimmunoassay for 
BLV p25 (8). 

Additions to BLV p25 in 

BLV-infected lymphocytes 
(nanograms lymphocytes 

in culture per milliliter 
of cell 

extract) 

100 percent autologous < 0.3 
plasma 

100 percent autologous 7 
serum 

100 percent BLV-negative 6 
plasma 

100 percent BLV-negative 7 
serum 

100 percent BLV-negative 6 
plasma mixed with 
gamma globulin* from 
BLV-infected cow 

*The titer of the gamma globulin at a concentration 
of 1 mgiml was 1:1000 in the radioimmunoassay. 

autologous plasma. In contrast, p25 was 
readily detected when these cells were 
cultured in 100 percent autologous serum 
or in 100 percent plasma or serum from a 
BLV-free cow. Recovery of viable cells 
was greater than 70 percent in all cul- 
tures. The absence of a detectable block- 
ing effect in the serum of BLV-infected 
cattle indicates that the blocking factor is 
not an antibody. Further evidence sup- 
porting this conclusion was obtained in 
an experiment in which BLV-infected 
lymphocytes were cultured in the pres- 
ence of BLV-negative bovine plasma 
supplemented with serum gamma globu- 
lin (30 mglml) from a BLV-infected ani- 
mal. Even though this concentration of 
gamma globulin is equivalent to that nor- 
mally present in cattle serum, no block- 
ing of p25 expression was observed (Ta- 
ble 1). 

The blocking factor was found in the 
plasma of nine of ten BLV-infected cat- 
tle. Expression was blocked by either 
autologous or homologous plasma from 
BLV-infected cattle. The blocking effect 
was also observed when the infected 
lymphocytes were cultured for 48 hours 
rather than 24 hours. No blocking was 
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