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Abstract

2-Amino-3-methylimidazo[4,5-flquinoline (1Q) and 2-amino-3,8-dimethylimidazo[4,5-f]
quinoxaline (MelQx) are heterocyclic amines (HCA) derived from high temperature cooking of meat
and thought to cause colon cancer in humans. Reactive nitrogen oxygen species, which are mediators
of the inflammatory response, can convert these amines to the corresponding N-nitrosamines, N-NO-
IQ and N-NO-MelQx. This study was designed to evaluate whether these N-nitrosamines are
genotoxic and could be responsible, in part, for the high incidence of colon cancer in individuals with
colitis. Such an association would counsel reduced intake of well-done red meat by colitis patients.
Mutagenicity was evaluated by reversion of a lacZ frameshift allele in three different E. coli strains.
Strains DJ701 and DJ702 express recombinant (S. typhimurium) aromatic amine N-acetyltransferase;
DJ702 also expresses recombinant human cytochrome P450 1A2 and NADPH-P450 reductase; and
DJ2002 served as an N-acetyltransferase-negative control. In strain DJ701, N-NO-1Q and N-NO-
MelQx elicited dose-dependent mutagenicity, which was not further increased in DJ702. Neither
nitrosamine was mutagenic in strain DJ2002. While both N-nitrosamines are stable for >4 hours (pH
7.4, 37°C), they react with DNA or 2’-deoxyguanosine 3'-monophosphate at lower pH (5.5) to form
adducts. HOCI, a component of the inflammatory response, increased adduct formation, as measured
by 32P-postlabeling. Following treatment with nuclease P1 and separation by two-dimensional thin-
layer chromatography and then HPLC, N-NO-1Q and N-NO-MelQx were shown to form the same
adducts as those formed by N-OH-MelQx or N-OH-1Q, namely N-(deoxyguanosin-8-yl) adducts. In
summary, these N-nitrosamines are genotoxic and might be alternatives to their hydroxylamine
analogues as activated intermediates leading to initiation of colon cancer in individuals with colitis.
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1. Introduction

Nitrosation is recognized as a chemical process with wide biological significance [1]. Both
endogenous [2] and exogenous [3] compounds may be chemically modified by nitrosation.
Particular attention has been given to the formation of S-nitrosation products (nitrosothiols or
thionitrites), such as nitrosoglutathione and S-nitrosylated proteins [4], but N-nitrosation of
amines and nitrosylation of heme also occur [5]. When the latter reaction is elicited by nitric
oxide (NO), soluble guanylate cyclase is activated, with increased synthesis of cyclic GMP
[6]. Cyclic GMP signaling occurs at low concentrations of NO and is important in regulating
blood pressure, along with other diverse physiological functions [7]. NO, at much higher
concentrations produced by inflammation, can react with superoxide to form peroxynitrite, or
with oxygen to form reactive nitrogen oxygen species [8]. These reactive agents are thought
to mediate pathologic pathways related to inflammation. Certain types of cancer, such as
colitis-associated colon cancer [9,10], are associated with a high level of inflammation and NO
production. The cited studies suggested that nitrosation by reactive nitrogen oxygen species
causes genotoxic lesions observed in patients with colitis and colon cancer.

The best-known role of nitrosation in toxicology and carcinogenesis is the formation of
nitrosamines, including tobacco-specific nitrosamines [11], by the interaction of nitrite (or
other nitrosating agents) with secondary or tertiary amines [12,13], particularly under mildly
acidic conditions [14,15]. However, aromatic and heterocyclic primary amine carcinogens may
also be susceptible to nitrosation reactions that generate reactive intermediates.

Primary aromatic amines (aniline derivatives) are rapidly diazotized and hydrolyzed by
treatment with nitrous acid. Nitrosation of aromatic amides, however, yields isolable
nitrosoacyl-arylamines, such as nitrosoacetanilide [16]. N-Nitrosoacetanilide decomposes by
migration of the acetyl group (Fig. 1) and gives reactive species, including the diazonium ion
and benzyne [17-19]. In the toxicological context, Lin and colleagues examined the nitrosation
of the model aromatic amide carcinogen, N-2-fluorenylacetamide (2-acetylaminofluorene)
[20-22]. The product, N-nitroso-N-2-fluorenylacetamide (Fig. 2), was isolated and
characterized as an electrophilic compound that forms adducts with DNA.

Heterocyclic amine (HCA) nitrosation has been little explored. Simonov and co-workers
(Rostov State University) examined the chemistry of N-nitrosobenzimidazoles in a series of
publications, beginning in 1974. Kolodyazhnaya et al. noted that stable N-nitroso products
could not be obtained from unsubstituted 2-aminoimidazole or 2-amino-benzimidazole, but
success was achieved with 2-amino-1-alkyl-benzimidazoles and 2-amino-1-aralkyl-
benzimidazoles [23,24]. The N-nitroso products were found to be “yellow crystalline
substances ... stable on prolonged storage in the dark at 20°C.” They suggested that the
compounds exist primarily as nitrosoimino tautomers (Fig. 3) [25]. 2-Amino-1-
methylbenzimidazole, studied by the Rostov group, is structurally equivalent to 1Q, except that
the terminal aromatic ring is absent (i.e., benzene rather than quinoline).

Carcinogenic HCA such as 2-amino-3-methylimidazo[4,5-f]quinoline (IQ) and 2-amino-3,8-
dimethylimidazo[4,5-flquinoxaline (MelQx), which possess aminoimidazole groups, are
relatively resistant to nitrosation with nitrite under acidic conditions [26]. 2-Nitrosoamino-3-
methylimidazo[4,5-flquinoline (N-NO-1Q) and 2-nitrosoamino-3,8-dimethylimidazo[4,5-]
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quinoxaline (N-NO-MelQx) (Fig. 4) are formed by reaction of the amines with NO in aqueous
solution at pH 7.4 [27,28] and are stable under these conditions for > 4 h at 37°C. Under acidic
conditions, N-NO-MelQx decomposes to products in which the nitrosoamino group is replaced
by —OH or —H [29]. N-NO-1Q has a longer half-life than N-NO-MelQx, and gives rise to the
deamination product but not to the corresponding alcohol [29]. N-NO-IQ activation by
simulated inflame-matory conditions generates the azo compound 2,2'-azo-3,3'-
dimethylimidazo[4,5-f]quinoline [30], which suggests that a nitrenium ion may be formed as
a reactive intermediate. The N-nitroso compounds formed from 1Q and MelQx react with
nucleophiles such as azide (although not appreciably with glutathione) and form covalent
adducts with DNA [29,31]. Enzymatic nitrosation has also been observed. Several mammalian
peroxidases, such as myeloperoxidase, use NO as a physiological substrate [32] and can
nitrosate 1Q and MelQx [27,28]. In the presence of a constant flux of NO, stimulated human
neutrophils produce N-NO-IQ by a myeloperoxidase-mediated reaction [28].

In this report, we show that N-NO-1Q and N-NO-MelQx are converted to reactive species that
form covalent nucleotide adducts, and are mutagens in a biological assay that measures
reversion of a lacZ frameshift allele in E. coli.

2. Materials and methods

2.1. Mutagenicity assays

Mutagenicity of heterocyclic amine derivatives was assessed with the E. coli lacZ reversion
assay, following published protocols [33]. The E. coli strains used in this study incorporate a
laczZ frameshift reversion mutation target with a GCGCGC repeat that is sensitive to aromatic
amine-induced mutations [33]. The strains also express recombinant enzymes of xenobiotic
metabolism. Many nitroaromatic compounds and heterocyclic amines are metabolically
activated by cytochrome P450 (P450)-catalyzed N-oxidation to hydroxylamines [34]. The
acetyl CoA-dependent O-acetylation of hydroxylamines yields reactive N-acetoxy esters. This
esterification reaction is catalyzed by O-acetyltransferases, which usually also have arylamine
N-acetyltransferase (NAT) activity [35,36].

Strain DJ2002 [37] was constructed by PCR-mediated deletion of the nhoA gene, which
encodes the endogenous E. coli NAT, and serves as a NAT™ control. Strains DJ701 and DJ702
[38] bear plasmid pNM12 [39] and express the Salmonella typhimurium NAT enzyme at high
levels. Strain DJ702 also bears a plasmid for expression of recombinant human P450 1A2 and
NADPH-P450 reductase, the flavoenzyme accessory protein which transfers reducing
equivalents to P450 [40].

N-Nitroso derivatives of 1Q and MelQx were prepared as previously described [27,28]. Nitro
derivatives of 1Q and MelQx were purchased from Toronto Research Chemicals, North York,
Canada. Mutagens were dissolved in DMSO.

2.2. Nucleotide adduct analysis

Hydroxylamino or N-nitroso derivatives of the HCA 1Q or MelQx (60 uM) were incubated
for 30 min at 37°C with 2'-deoxyguanosine 3'-monophosphate (dGp), 3 mM, and
diethylenetriamine pentaacetic acid, a chelator, 0.1 mM, in 100 mM potassium phosphate
buffer. Hydroxylamines were incubated at pH 7.4, while N-nitroso compounds were incubated
at pH 5.5 in the presence of HOCI (0.1 mM). Following incubation, samples were placed on
ice and immediately applied to Sep-Pak columns. dGp adducts were analyzed by 32P-
postlabeling [41], using standard (ATP-saturating) conditions. dGp adducts were labeled with
[y-32P]ATP to form 3,5"-bisphosphate nucleotides, using T4 polynucleotide kinase. Adducts
were separated by thin-layer chromatography on PEI-cellulose plates. Samples were then
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scraped from the plates and treated with nuclease P1 (0.2 mg/ml), which catalyzes hydrolysis
of the 3'-phosphate group of the d(32P)pGp adduct to give the d(32P)pG adduct. Samples were
analyzed by HPLC, with eluent radioactivity measured using a FLO-ONE detector, as
previously described [31].

3.1. Mutagenicity assays

The N-nitroso derivatives of 1Q and MelQx are potent mutagens in strain DJ701, which
overexpresses NAT enzyme (Fig. 5, upper panels). In strain DJ702, which also expresses a
complete P450 1A2 system capable of activating HCA [40], no further increases in
mutagenicity were observed. In fact, mutagenicity was somewhat lower in the P450-expressing
strain. In contrast, no mutagenicity whatsoever was detectable in strain DJ2002, a strain which
is devoid of NAT activity (Fig. 5).

For comparison, we examined the mutagenicity of the nitro derivatives of 1Q and MelQx. As
expected, these compounds were also NAT-dependent, P450-independent mutagens (Fig. 5,
lower panels). In strain DJ2002, mutagenicity was far weaker, although some response was
observed with each compound at extremely high doses (three or more orders of magnitude
greater than in the NAT-producing strains). The NAT-dependence of the mutagenicity of nitro
derivatives of heterocyclic amines such as 1Q is well known [42,43]. The nitro compounds are
activated by nitroreductase-catalyzed reduction [44] to the corresponding hydroxylamines,
which are then esterified to N-acetoxy esters by acetyltransferase. However, the NAT
dependence of the mutagenicity of the N-nitroso derivatives was unexpected, since there is not
an obvious role for acetylation in their activation (see Discussion).

3.2. Deoxyguanosine adducts

The reactions of the N-nitrosoamine derivatives of MelQx and 1Q with a deoxyguanosine
nucleotide, dGp, to give covalent adducts were assessed and compared to the reactions of the
hydroxylamino derivatives. The monomer dGp serves as a surrogate for dG residues in dsDNA,
which are a major target for adduction by aromatic amines and HCA [45]. The N-nitrosoamines
or hydroxylamines were incubated with dGp and adduct formation was analyzed

following 32P-postlabeling. Adduct separation was first achieved by two-dimensional thin-
layer chromatography. Adducts were then scraped off the TLC plates, treated with nuclease
P1, and analyzed by HPLC (Fig. 6). Addition of the HPLC analysis step provides a greater
resolving power than in our previous study [29], which relied on TLC separation alone.

2-Hydroxyamino-3-methylimidazo[4,5-f]quinoline (N-OH-1Q) and 2-hydroxyamino-3,8-
dimethylimidazo[4,5-flquinoxaline (N-OH-MelQx) incubations each produced a single adduct
peak, eluting at 21 or 19 min, respectively (Fig. 6). N-Nitroso (N-NO-MelQx or N-NO-I1Q)
incubations produced major peaks eluting at the same times, consistent with identity of the
products formed by the two classes of compounds. For N-NO-MelQx and N-OH-MelQx, the
peak eluting at 13 min was present in non-nuclease P1-treated samples and likely represents a
product of incomplete hydrolysis (Fig. 6). These results represent analyses of samples in series
on two different chromatographic systems (two-dimensional thin-layer chromatography then
HPLC) and following two distinct treatments (product formation by reaction with dGp and
then enzymatic treatment of the reaction product).

By the use of a combination of techniques, including mass spectrometry, proton NMR,
and 32P-postlabeling, the hydroxylamine derivatives of 1Q and MelQx were shown to form N-
(3’ mono-phosphodeoxyguanosin-8-yl)-1Q [46—48] or N-(3' monophosphodeoxyguanosin-8-
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yl)-MelQx [46-48] adducts, respectively, and co-chromatography indicates that the
corresponding N-nitrosamines produce the same adducts.

4. Discussion

This is the first study to demonstrate the mutagenicity of N-nitroso derivatives of HCA. Both
N-NO-1Q and N-NO-MelQx elicited dose-dependent increases in mutagenicity, which are
NAT-dependent and P450-independent. Our results are consistent with these N-nitrosamines
being direct-acting mutagens, although less potent than their corresponding nitro compounds
(Fig. 5). The amines, MelQx and 1Q, are inactive unless activated by P450-dependent
hydroxylation [49,50]. Mutagenic HCA are also carcinogens [51], and the fact that these N-
nitrosamines are mutagenic suggests that they may also cause tumor formation in vivo.

Mutagenic activation of MelQx and IQ catalyzed by P450 1A2 [49] is consistent with formation
of an N-hydroxylamino product. Binding of this reactive intermediate to DNA is facilitated by
NAT, which catalyzes formation of the N-acetoxy derivative that hydrolyzes to form a
nitrenium ion that binds to DNA. Both N-OH-I1Q and N-OH-MelQx have been shown to form
C-8 deoxyguanosine adducts and these adducts are present in vivo [47,48,52]. A previous study
has demonstrated N-NO-1Q formation of the same adduct as N-OH-1Q, N-(3’
monophosphodeoxy-guanosin-8-yl)-1Q [31]. This observation was reproduced in our study
and extended to N-NO-MelQx. Both N-nitrosamines form the corresponding deoxyguanosine
C-8 adducts.

The NAT-dependent mutagenicity of the N-nitroso compounds is surprising, and the
mechanism by which acetylation contributes to their activation is not known. One possibility
is that the N-nitroso compounds undergo cleavage of the N-N bond and are converted, at least
in part, into hydroxylamines (perhaps via nitro or C-nitroso compounds). Another possibility
is that the N-nitroso compounds themselves are substrates for NAT-catalyzed acetylation,
yielding N-nitrosamines (Fig. 7). An attractive feature of this hypothesis is that N-nitroso-N-2-
fluorenyl-acetamide (see Introduction) provides a precedent for the potent mutagenicity of
aromatic N-nitrosamines. However, the electrophilic species generated by such a pathway
would presumably be diazonium (or perhaps alkyl) cations, rather than the single-nitrogen
electrophiles (nitrenium ions) formed by the hydroxylamine route. This appears to be
inconsistent with our adduct formation studies, which suggest that the same DNA-reactive
species is formed from the hydroxylamines and the N-nitroso compounds. This discrepancy
remains to be resolved.

The N-nitrosamine adducts were derived from incubations performed at pH 5.5 and in the
presence of HOCI, conditions which simulate those generated in vivo by the inflammatory
response [53-55]. For both N-NO-1Q and N-NO-MelQx, the presence of HOCI increased C8
adduct formation more than 20-fold [29,31]. As many as five to eight different adducts are
formed by the reactions of N-NO-1Q or N-NO-MelQx with dGp. Both N-nitrosamines
demonstrate increased binding to DNA and/or adduct formation under acidic conditions. Under
strongly acidic conditions, pH 2.0, increased formation of a nonpolar N-NO-1Q adduct is seen.
Formation of this nonpolar adduct is blocked by azide, which reacts to form 2-azido-1Q. 2-
Azido-MelQx is formed in a similar manner from N-NO-MelQx. This finding is consistent
with a reaction sequence involving a diazonium ion and alkyl cation leading to formation of a
deaminated adduct.

While the reactions of the N-nitrosamine and hydroxylamino derivatives of MelQx/IQ will be
distinct, some common adducts might be produced by the two types of activated metabolites.
N-OH-1Q forms decreasing amounts of adduct as the pH is decreased, and the major
deoxyguanosine adduct formed is the C8 adduct [31]. N-NO-IQ activation by inflammatory
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conditions yields 2,2'-azo-3,3"-dimethylimidazo[4,5-f]quinoline [30], suggesting that a
nitrenium ion reactive intermediate could be formed from the N-nitrosamine. Thus, N-NO-1Q
may form a nitrenium ion-like intermediate by a different mechanism than N-OH-IQ.
Alternatively, radical combination reactions could be responsible for formation of the C-8
adducts by these N-nitrosamines.

In addition to cooked red meat intake, there is also a strong association of chronic infection/
inflammation, i.e., colitis, with colon cancer [56,57]. Significant down-regulation of P450
enzymes occurs during infection/inflammation [58] and NO inhibits P450s [59], so P450-
catalyzed biotransformations are unlikely to be relevant. For these reasons, we have evaluated
the ability of reactive nitrogen oxygen species, components of the inflammatory response [8],
to transform HCAs to genotoxic products. N-NO-IQ and N-NO-MelQx are products of this
reaction. Components in the inflammation milieu (pH 5.5 and neutrophils producing HOCI
[51-53]) increase DNA binding and adduct formation by these N-nitrosamines [29,31]. We
envision nitrosation of HCAs at sites of inflammation within the colon, along with concomitant
DNA adduct formation and mutagenicity (Fig. 8). This is consistent with the observation that
both non-cancerous colon tissue from ulcerative colitis patients and primary colon tumor
samples exhibit a statistically significant positive correlation between iNOS activity and
frequency of G:C to A:T transitions at CpG sites in the p53 tumor suppressor gene [9,10]. The
present study extends our results by demonstrating that HCA-derived nitrosamines are
genotoxic compounds and are potential carcinogens. In addition, preliminary data, based on a
mouse model of colitis [60] have demonstrated increased colon tumors due to 1Q exposure
[61]. These results are consistent with our hypothesis that HCA N-nitrosamines might be
alternatives to their hydroxylamine analogues as initiating agents for cancer associated with a
high level of inflammation and NO production. Additional studies are needed to determine
whether these nitrosamines are formed in vivo.
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P450 cytochrome P450
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Figure 1.

N-Nitrosoacetanilide: structure and decomposition pathway.
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Figure 2.
N-Nitroso-N-2-fluorenylacetamide: structure.
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Figure 3.
Tautomeric equilibrium of N-nitrosobenzimidazoles.
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Figure 4.
2-Nitrosoamino-3-methylimidazo[4,5-f]quinoline (N-NO-IQ) and 2-nitrosoamino-3,8-
dimethylimidazo[4,5-flquinoxaline (N-NO-MelQx): structures.
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Figure 5.
Mutagenicity of N-NO-1Q and N-NO-MelQx in the E. coli lacZ reversion assay. Each data
point represents the mean + standard error of at least two independent triplicate experiments
(at least six plates per point). The E. coli strains used were DJ2002 (NAT-minus; diamonds),
DJ701 (expressing human NAT?2; filled circles), and DJ702 (expressing human NAT2 and
P450 1A2; open squares).
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Figure 6.

32p_postlabeling of adducts. N-OH and N-NO heterocyclic amines were incubated with 2
deoxyguanosine 3’ monophosphate (dGp). Adducts were 32P-postlabeled and initially
separated by thin-layer chromatography on PEI-cellulose plates. For analysis, samples were
scraped off PEI-cellulose plates, treated with nuclease P1, and, as illustrated here, analyzed by
HPLC.
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Figure 7.

Hypothetical mechanism for NAT2-catalyzed bioactivation of N-NO-MelQx (shown) and N-
NO-1Q. N-Acetylation of the amino N of the N-nitroso group generates a nitrosoacyl

heterocyclic amine. Migration of the acetyl group from the amino N to the O atom of the nitroso
group generates a reactive intermediate which decomposes by loss of acetate anion to give a

diazonium ion.
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Figure 8.

Model of the postulated relationships among chronic inflammation/infection/injury, well-done
red meat in the diet, and development of colon cancer. The inflammatory process leads to
expression of inducible nitric oxide synthase (iNOS), which converts arginine (L-arg) to nitric
oxide. NO and other factors generated during inflammation, such as peroxidases, hydrogen
peroxide, hypochlorite, reactive nitrogen-oxygen species (RNOS), and acid pH (pH 5.5),
facilitate this process in a temporal and spatial manner [8,53-55]. Well-done red meat in the
diet is a source of exposure to heterocyclic amines (HCA). The RNOS species nitrosate HCA
to produce N-nitroso derivatives (N-NO-HCA). These N-nitroso compounds, which may be
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further activated by acetylation or oxidation, bind to DNA and cause damage that contributes
to somatic mutation and carcinogenesis.
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