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SUMMARY 

When added alone, the arylamine procarcinogens N-acetyl-aminofluorene, 
4-acetyl-aminobiphenyl or their N-hydroxy derivatives failed to alter partially 
purified soluble guanylate cyclase from rat liver or particulate guanylate 
cyclase activity from colonic mucosa. However, addition of linoleic acid 
hydroperoxide to the enzyme preparation in the presence N-OH-acetyl-aminofluorene 
or N-OH-acetyl-aminobiphenyl significantly increased guanylate cyclase activity. 
With linoleic acid hydroperoxide plus N-OH-acetyl-aminofluorene, both the acti- 
vation of hepatic guanylate cyclase and the formation of the carcinogen oxidation 
product 2-nitrosofluorene required hematin but not molecular 02. Both processes 
were inhibited by ascorbic acid. These data strongly imply that guanylate 
cyclase activation was dependent upon hematin catalyzed oxidation of N-OH-acetyl- 
aminofluorene by the lipid peroxide. The results provide the first evidence 
that guanylate cyclase activation can occur during the conversion of a procar- 
cinogen to a more reactive chemical species, and thereby emphasize the importance 
of examining carcinogen interaction with the GC system under conditions which 
permit such chemical conversion. 

INTRODUCTION 

Mammalian guanylate cyclases are stimulated by a number of chemical car- 

cinogens (l-10). Current evidence indicates that enzyme activation by both 

carcinogenic and non-carcinogenic compounds is mediated through free radical 

or redox reactions (l-5,11-23). N-nitroso carcinogens such as MNNG', which 

undergo rapid spontaneous decomposition to reactive intermediates (5,21), are 

the most potent activators of guanylate cyclase in broken cell preparations (l-5). 

Specifically, in the case of MNNG and related agonists of guanylate cyclase, the 

t To whom reprint requests should be addressed at the VA Hospital, University 
Drive C, Pittsburgh, PA, 15240. 

1 Abbreviations used are MNNG, N-methyl-N'-nitro-N-nitrosoguanidine; AAF, 
N-acetyl-aminofluorene; AABP, 4-acetylaminobiphenyl (AABP); LAHP, linoleic acid 
hydroperoxide; NOF, 2-nitrosofluorene. 
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generation of nitric oxide and the paramagnetic nitrosyl heme complex have been 

implicated in enzyme activation (20,21,23). These reactions occur in cell free 

systems (21,23). By contrast, several chemical carcinogens that are known to 

require enzymatic conversion to a reactive chemical form have failed to stimu- 

late guanylate cyclase in subcellular preparations (6,9,10). In the present 

study, the response of guanylate cyclase to two arylamine procarcinogens was 

examined under in vitro conditions that result in oxidation of these agents -- 

to more reactive chemical forms. Thestudydemonstrates that guanylate cyclase 

is activated during the oxidation of the N-hydroxy derivatives of AX?' and AABPl, 

and thus provides the first evidence of stimulation of this enzyme system by 

reactive derivatives of procarcinogens. 

MATERIALS AND METHODS 

Guanylate cyclase was partially purified (approximately 250-fold) from the 
rat (200 g male Sprague-Dawley, Zivic Miller, Pittsburgh, PA) hepatic 100,000 
x g soluble fraction by (NH4)2SO4 precipitation, DEAE cellulose and agarose 
column chromatography as previously described in detail (20). The 100,000 xg 
particulate fraction of colonic mucosa was prepared from whole homogenates of 
full thickness scrapings of rat mucosa (100 mg/ml of 10 mM Tris, pH 7.4) as pre- 
viously described (3). The particulate fraction was washed twice and resuspended 
in five volumes of Tris buffer for assay. The soluble form of the enzyme pre- 
dominates in liver (70 to 80% of total hepatic activity), whereas the partic- 
ulate form accounts for 90 to 95% of total activity in colonic mucosa (3). These 
sources of enzyme were also chosen for study because of the established carcin- 
ogenic activity of AAF in liver (24,25) and of aminobiphenyl derivatives in 
colon (26). 

Guanylate cyclase activity was determined from the conversion of [a-32P]- 
GTP to cGMP. The composition of standard assay mixtures (4 mM MnC12, 1 mM 
[a-32P]GTP) and the modified procedure for isolation of cGMP from the final 
assay mixture has been previously described in detail (27,283). Reaction rates 
were linear with time for at least 10 min and with protein (0.3-3 ug for the 
soluble enzyme and 25-250 ug for the colon particulate fraction) under all 
conditions studied. 

IAHP' was prepared by incubation of 1 ml of a 500 uM solution of linoleic 
acid in 10 mM Tris, pH 7.4 at O°C with 150 pg/ml of soy bean lipoxidase as pre- 
viously described (29). The mixture was diluted 10 x in 10 mM Tris, pH 7.4 
and the concentration of LAHP formed determined at 233 mu (E = 25.25 ma-1 cm-l) 
(29). Approximately 40% of the linoleic acid was converted by LAHP under these 
conditions. The concentration of NOF 'formed from reaction of LAHP with N-OH- 
AAF in the presence of hematin was determined spectrophotometrically by absorp- 
tion at 362 mu (E = 2.4 mM-' cm-l (30). Protein was determined by the method 
of Lowry (31). 

Results shown are means 2 SE of duplicate (guanylate cyclase) or single 
(LAHP and NOF) determinations pooled from three separate experiments. Signifi- 
cance of differences between mean values was determined by Student's t test. 
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For purposes of statistical analysis the average of duplicates from each experi- 
ment was entered as a single number (n = 4, comparing data from 2 conditions by 
t test for unpaired data). 

N-OH--P was a gift from Dr. James Miller, McArdle Laboratory, Madison, 
Wisconsin. N-OH-AAF, ?+AF and AAHP were obtained from Dr. James Keith, 
Carcinogen Clearing House, IITRI, Chicago, Illinois. Linoleic acid (grade III) 
and soy bean lipoxidase (type I) were obtained from Sigma Chemical Co., 
St. Louis, MO. The sources of all other chemicals have previously been described 
(5) - AAF, AABP and their N-hydroxy derivatives were added to the enzyme prepa- 
rations as acetone solutions. The final concentration of acetone employed (1%) 
did not alter guanylate cyclase activities. 

RESULTS AND DISCUSSION 

Under conditions which support the action of MNNG on the enzymes, AAF, AAHP 

or their N-hydroxy derivatives failed to activate 100,000 x 3 soluble guanylate 

cyclase partially purified from rat liver or 100,000 x q particulate activity - 

prepared from colonic mucosal homogenates (Table I). Results with only a single 

concentration (50 PM) of AAF, AAE3P or their N-hydroxy derivatives are shown in 

Table I. However, these agents were without effect on quanylate cyclase when 

tested over a concentration range of 1 UM to 250 PM. By contrast, addition of 

N-OH-A?@ or N-OH--P in combination with the LAHP generating system, which 

yielded a concentration of 50 HIM pre-formed lipid peroxide in the cyclase mixture, 

stimulated partially purified hepatic soluble guanylate cyclase 3-fold. com- 

bined addition of AAF or AABP plus the preformed lipid peroxide was without 

effect on quanylate cyclase (Table I). Guanylate cyclase stimulation was 

not further enhanced by exposure of the enzyme to the concentration of 

N-OH-W up to 250 nM plus pre-formed LAHP up to 100 bM. Moreover, direct 

incubation of soluble hepatic guanylate cyclase (+ 5 PM hematin) with the lipid perox 

generating system, which resulted in exposure of the enzyme to 200 PM or more 

LAHP, or incubation of this enzyme with 500 ~.IM linoleic acid or 150 rig/ml 

of lipoxidase did not alter activity. By contrast, the IAHP generating 

system containing 50 UM pre-formed lipid peroxide increased the activity of 

particulate quanylate cyclase of colonic mucosa. However, as shown in Table I, 

the activation of the colonic particulate enzyme system observed in the presence 

of the LAHP generating system was significantly potentiated by the presence of 

N-OH-AAF or N-OH-AABP, whereas enzyme activity was not further increased by 
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exposure to 200 PM LAHP, 500 PM linoleic acid or 150 uy/ml of lipoxidase in 

the absence of an N-OH-arylamine. Thus, the results with both the partially 

purified hepatic soluble and colonic particulate enzyme systems imply that 

yuanylate lcyclase activation is mediated by products of the reaction between 

the N-OH-arylamine carcinogens and the lipid peroxide generating system. 

In the presence of hematin, LAHP has been shown to convert N-OH-AAP via 

a nitroxyl free radical intermediate to NOF and N-acetoxy-N-acetyl-2 aminofluorene 

(32) - Conversion of linoleic acid to LAHP by lipoxidase requires molecular 02, 

whereas oxidation of N-OH-AAF by pre-formed lipid peroxide is an 02-independent 

reaction inhibited by reducing agents (32,33). As shown in Table II, when 

linoleic acid, lipoxidase, hematin and N-OH-AAF were first combined in the 

presence of hepatic soluble guanylate cyclase, the activation of the cyclase 

required molecular 02. This was correlated with 02-dependent formation of both 

LAHP and NOF (Table II). The concentrations of linoleic acid (120 PM) and 

lipoxidase (40 uy/ml) to which the cyclase preparation was exposed under these 

conditions of incubation approximated those resulting from transfer of the 

LAHP generating system containing pre-formed lipid peroxide. However, when 

LAHP was first generated from linoleic acid in air and the pre-formed peroxide 

then incubated with N-OH-AK? and yuanylate cyclase the activation of yuanylate 

cyclase and the formation of NOF both occurred under anaerobic conditions. 

Sodium ascorbate (10 mM), but not NaCl, inhibited the action of pre-formed LAHP 

to convert N-OH-AAP to NOF, and also prevented guanylate cyclase activation 

(Table II). Similar inhibition was observed with 10 mM dithiothreitol. These 

results provide support for the suggestion that yuanylate cyclase stimulation 

is linked to the oxidation of N-OH-AAP by the lipid peroxide. 

Legend to Table II, continued. 

* p at least < 0.01 compared to corresponding value in the absence of additions. 

.t P at least < 0.01 compared to corresponding value observed in room air and without ascorbate 

' p at least < 0.01 comparing value obtained with addition of preformed I&fP to that with 

sequential addition of linoleic acid and lipoxidase to the cyclase preparation. 

n.d., not detectable. 
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As shown in Table III, hematin was required for activation of guanylate 

cyclase mediated by the N-OH-AAF - LAHP system and by MNNG, but was not required 

for stimulation of enzyme activity observed when Mn2+ is present in excess of 

substrate (1 mM MnGTP). Hematin and hemoglobin are known to catalyze the oxi- 

dation of N-OH-AAF' by lipid peroxide (32). This action may explain the require- 

ment for hematin in the expression of the action of the N-OH-AAF - LAHP system 

on guanylate cyclase. Consistent with this possibility, NOF formation was not 

detectable in the absence of exogenous hematin orhemoglobin (not shown). Of 

interest, earlier studies of the heme-dependent action of MNNG on guanylate 

cyclase have indicated that formation of the paramagnetic nitrosyl-heme is an 

obligate step in enzyme stimulation mediated by N-nitroso compounds, nitric 

oxide and related nitrogenous activators (20,21,23). Since this pathway is not 

excluded by the current data, it is possible that the presence of heme subserves 

more than one essential function in the process by which the N-OH-AAF-lipid 

peroxide system activates guanylate cyclase. The requirement for heme in the 

expression of the actions of both the N-nitroso and arylamine carcinogens on 

guanylate cyclase clearly differs from the heme-independent stimulation of the 

enzyme by excess Mn2', and accordingly suggests the existence of more than one 

mechanism of cyclase activation. 

The specific chemical moiety generated from hematin-catalyzed IAHP oxi- 

dation of N-hydroxy arylamine carcinogens (NOF, nitroxyl free radical, etc) which 

mediates guanylate cyclase activation is not identified in this study. Nevertheless, 

the present observations provide the first evidence that guanylate cyclase may be 

stimulated during the metabolic conversion of a procarcinogen to more reactive 

chemical forms. The extent to which the guanylate cyclase system may be a target 

for activation by reactive derivatives of other classes of procarcinogens, and 

the rolerif any, of stimulation of this enzyme system in the expression of the 

oncogenic action of arylamines remain to be defined. Several observations 

suggest that the ultimate carcinogenic metabolite of N-OH-AAF is the sulfate 

ester (34). However, AAF is also carcinogenic in tissues which are not capable 
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of enzymatic conversion of AAF to the sulfate ester form (35). Therefore, the 

reactive moieties generated from N-OH-AAF oxidation by lipid peroxides and 

implicated here as agonists of guanylate cyclase have been proposed as possible 

mediators of the oncogenic actions of arylamines (36-38). There is evidence that 

at least two of these reactive derivatives, NOF and nitrosyl free radicals, are 

formed during the microsomal metabolism of AAF (39-41). 

In summary, the current results strongly emphasize the importance of 

examining the potential interaction of procarcinogens with guanylate cyclase 

systems under conditions which lead to the conversion of these agents to more 

chemically reactive forms. They also suggest that stimulation of guanylate 

cyclase by chemical carcinogens may be a more common event than previously 

recognized. 
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