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Adduct Formation at C-8 of Guanine on in vitro Reaction of the Ultimate Form of
2-Amino-1-methyl-6-phenylimidazo[4,5-b]pyridine with 2'-Deoxyguanosine and Its

Phosphate Esters
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We examined the reactivity of the N-hydroxyamino derivative of a carcinogenic heterocyclic amine,
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), after its O-acetylation with four 2'-
deoxyribonucleoside 3'-monophosphates. **P-Postlabeling analysis demonstrated that the levels of
adducts with 2’-deoxyguanosine 3'-monophosphate were much higher than those with the other three
nucleotides. "TH-NMR, mass spectral and UV absorption spectral analyses of the major adducts
formed by N-acetoxy-PhIP with 2'-deoxyguanosine and with its phosphate esters indicated that PhIP
bound at the C-8 position of guanine, as previously demonstrated with other heterocyclic amines.
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Various mutagenic and carcinogenic heterocyclic
amines are produced during the cooking process of pro-
teinaceous foods."® Among these, 2-amino-1-methyl-6-
phenylimidazo[4,5-6] pyridine {PhIP) was first isolated
as the most abundant mutagenic compound by weight in
fried ground beef.” Later PhIP was also found in other
cooked foods at relatively high levels.” Moreover, it was
shown to induce lymphomas in CDF, mice,” small and
large intestinal carcinomas in Nagase analbuminemic
rats® and large intestinal and mammary carcinomas in
F344 rats.”)

PhIP is metabolically activated by cytochrome P450-
IA2 to 2 - hydroxyamino - 1 - methyl - 6 - phenylimidazo-
[4,5-bpyridine (N-OH-PhIP).” Then N-OH-PhIP is con-
verted to the ultimate forms, the N-sulfate and N-acetoxy
derivatives, by sulfotransferase and acetyltransferase, re-
spectively,” and reacts with DNA to form adducts. **P-
Postlabeling analysis of DNA adducts in F344 rats fed
PhIP indicated that PhIP-DNA adducts were present in
all organs tested, their levels being high in the lung,
pancreas and heart, and low in the liver."” However, the
structures of the DNA adducts formed by PhIP have not
vet been determined. Therefore, in this study, using the
Zp_postlabeling method, we first examined which nucleo-
tide(s) forms adducts with N-OH-PhIP in the presence
of acetic anhydride, then attempted to identify the struc-
ture of the major adduct.

For preparation of N-OH-PhIP, 4 y#mol of l-methyl-
2-nitro-6-phenylimidazo[4,5-b]pyridine (Nard Institute,

? Present address: Department of Food Science and Technol-
ogy, National Fisheries University of Pusan, 599-1, Daeyeon-
dong, Nam-qu, Pusan 608-737, Korea.
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Osaka) and 5 mg of 5% palladium on activated carbon
(Pd/C) in 2 ml of tetrahydrofuran were stirred for 1 h at
the ambient temperature under hydrogen. The Pd/C was
removed by filtration through a 0.2-um microfilter, and
the N-OH-PhIP (98% pure as judged by HPLC) in
tetrahydrofuran was treated with 4.4 umol of acetic
anhydride at 0°C for 2 min to give N-acetoxy-2-amino-
1 -methyl- 6 -phenylimidazo[4,5-b] pyridine (N-acetoxy-
PhIP), which could not be isolated because of its high
reactivity. Then, one-tenth (200 ul) of the reaction mix-
ture containing N-acetoxy-PhIP was added dropwise to
600 1] of degassed 20 mM Tris-HCI buffer (pH 7.4} con-
taining 0.4 zmol of each 2’-deoxyribonucleoside 3'-mono-
phosphate (3’-dGp, 3'-dAp, 3’-dCp or 3'-dTp; Sigma
Chemical Co., St. Louis, MO} and the mixtures were
incubated for 20 min at 25°C. Aliquots of the reaction
mixtures were 2P-labeled under standard conditions, and
the adducts were separated and detected on PEIL-cellulose
sheets as described previously.'” As shown in Fig. 1,
after reaction of 3’-dGp with N-acetoxy-PhIP, two spots
(1 and 2) of adducts were detected, their levels corre-
sponding to 20 and 1.2 per 10* nucleotides, respectively.
After reactions of the other three 2'-deoxyribonucleoside
3’-monophosphates (3'-dAp, 3'-dCp, and 3'-dTp) with
N-acetoxy-PhIP, two to five spots of adducts were
detected, but at much lower levels than those of the
adducts of 3’-dGp and N-acetoxy-PhIP, being 10°-fold
less than that of the major adduct (spot 1) in Fig. 1.
The structure of the material in spot 1 was determined
as follows. First, we obtained cold 2'-deoxyguanocsine
3’,5'.diphosphate (3',5"-pdGp)-PhIP adduct using the
¥p.labeled spot 1 as a marker, and converted it to
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Fig. 1. Autoradiogram of adducts formed by reaction of 3'-
dGp with N-OH-PhIP in the presence of acetic anhydride.
Adducts were *P-labeled under standard conditions, and the
X-ray film was exposed for 30 min at —80°C. Spots of
adducts are numbered.

the dephosphorylated derivative, the 2’-deoxyguanosine
(dG)-PhIP adduct, by treatment with alkaline phos-
phatase. With this dG-PhIP adduct as an authentic com-
pound, a large amount of the dG-PhIP was prepared for
measurement of its mass and 'H-NMR spectra, because
spectroanalysis of nucleosides is much easier than that of
nucleotides. The experimental procedures and results
were as described below.

Spot 1 on the thin-layer chromatography (TLC) was
cut off and extracted with 0.5 ml of 2-propanol-ammonia
water (1:1, v/v) solution three times with shaking for 30
min. The extract was evaporated and the residue was
dissolved in 200 gl of 509 methanol. In addition, cold
3",5’-pdGp-PhIP adduct was prepared by treating 2.0
£mol of 3°,5'-pdGp in 3 ml of a degassed aqueous solu-
tion with 2.0 gmol of N-OH-PhIP and 2.2 zmol of acetic
anhydride in 1 ml of tetrahydrofuran for 20 min at 25°C.
A sample of 200 ul of this reaction solution containing
cold 3',5"-pdGp-PhlIP adduct was then mixed with 20 u1
(20,000 cpm) of the extract of the **P-labeled spot 1, and
subjected to high-performance liguid chromatography
{(HPLC) on a TSKgel ODS-80Ts column (5 zm particle
size, 4.6 X250 mm, Tosoh Corp., Tokyo). Almost 75%
of the radioactivity was recovered in fractions with reten-
tion times of 34-38 min (Fig. 2). These fractions were
collected and evaporated, and the residue was dissolved
in 400 ¢l of 50% methanol. A sample of 30 ul of the
solution was purified further on a TSKgel CN-80Ts
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Fig. 2. HPLC chromatogram of compounds formed from
3,5'-pdGp with N-OH-PRIP in the presence of acetic anhy-
dride on a TSKgel ODS-80Ts column. Materials were eluted
with the following solvent system at a flow rate of 1 ml/min
at the ambient temperature with monitoring of UV absorbance
at 260 nm: 0—10 min, 18% CH,CN in 25 mM phosphate buffer
(pH 2.0); 10-70 min, a linear gradient of 18 to 50% CH,;CN
in 25 mM phosphate buffer (pH 2.0). The radioactivity of an
aliquot of each fraction collected at 2 min intervals was mea-
sured in a Beckman LS8100 liquid scintillation counter.

column (5 ym particle size, 4.6 X 150 mm, Tosoh Corp.).
As shown in Fig. 3, on HPLC, this sample gave a single
peak with a retention time of 18 min and 90% of the
radioactivity was recovered in the peak fraction. More-
over, on a PEI-cellulose sheet, this peak fraction gave a
single spot, detected by autoradiography, in the same
position as spot 1 in Fig, 1.

The HPLC procedure was repeated and the com-
pound, 3’,5'-pdGp-PhIP adduct, in the peak fraction was
collected. Fig. 4 shows the UV absorption spectrum of
the compound on a TSKgel CN-80Ts column, recorded
with an SPD-M6A photodiode array UV-VIS detector
(Shimadzu Corp., Kyoto). The yield of the 3’,5'-pdGp-
PhIP adduct from 3',5"-pdGp was about 0.2% as esti-
mated from the UV absorption at 260 nm. For removal
of inorganic salts in the fraction collected, 4 ml of the
solution was passed through an ODS cartridge. The
cartridge was washed with 2 ml of water, and then the
adsorbed compound was eluted with 1 ml of methanol-
ammonia water (1:1, v/v). To obtain the authentic dG-
PhIP adduct, we incubated ~35 g of the compound with
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Fig. 3. HPLC chromatogram of the 3',5'-pdGp-PhIP adduct
on a TSKgel CN-80Ts column. The mobile phase of 10%
CH;CN in 25 mM phosphate buffer (pH 2.0) was pumped in at
a flow rate of 1 ml/min at the ambient temperature. The UV
absorbance at 260 nm and radicactivity are indicated in the
upper and lower plots, respectively.

0.2 unit of alkaline phosphatase (type III, Sigma Chem-
ical Co.) in the presence of 1.0 mM MgCl, in a total
volume of 200 ¢1 of 10 m M Tris-HCI buffer (pH 7.6) for
3 h at 37°C, and then analyzed an aliquot by HPLC on a
TSKgel CN-80Ts column under the same conditions as
shown for Fig. 3. The peak corresponding to the 3°,5'-
pdGp-PhIP adduct had almost disappeared, and instead,
a single peak with a retention time of 12 min was
detected. The UV absorption pattern of the compound
(dG-PhIP adduct) in this fraction was identical to that
of the 3',5'-pdGp-PhIP adduct.

Next we prepared a large quantity of dG-PhIP adduct,
by treating 60 gmol of dG (Sigma Chemical Co.) in 90
ml of a degassed aqueous solution with 60 gmol of
N-OH-PhIP in the presence of 66 ymol of acetic anhy-
dride in 30 ml of tetrahydrofuran for 20 min at 25°C.
The reaction mixture was evaporated to dryness and the
residue was dissolved in 4 ml of 509% methanol, The dG-
PhIP adduct was purified by the following HPLC proce-
dures with monitoring of the UV absorbance of eluted
materials at 260 nm at the ambient temperature. One-
tenth of the 309 methanol solution was injected into a
semi-preparative TSKgel ODS-120T column (10 gm
particle size, 7.8 X300 mm, Tosoh Corp.), and material
was eluted at a flow rate of 1 ml/min with the following
concentration of CH,CN in 25 mM phosphate buffer
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Fig. 4. UV absorption spectrum of the 3',5-pdGp-PhIP
adduct. A sample of a fraction containing ~200 ng of the
adduct was examined with a photodiode array detector on a
TSKgel CN-80Ts column. The mobile phase of 10% CH,CN
in 25 mM phosphate buffer (pH 2.0) was pumped in at a flow
rate of 1 ml/min.

(pH 2.0): 0-10 min, 18%; 10-70 min, a linear gradient
of 18 to 50%. The fractions with retention times of 4044
min contained a compound showing the same elution
position on HPLC and the same UV absorption spectrum
as those of the authentic dG-PhIP adduct. The above
HPLC procedure was repeated and the fractions contain-
ing this compound were collected. Inorganic salts were
removed in the QDS cartridge, and the dG-PhIP adduct
obtained (430 yg) was used for spectral analyses.

As seen in Fig. 5, the fast atom bombardment (FAB)
mass spectrum of the compound (~30 ¢g) showed ion
peaks at m/z 490 (M+H)" and 374 (M-sugar+2H)".
The 'H-NMR spectrum of the compound in dimethyl
sulfoxide-d;, measured in a JEOL INM-GSX FTNMR
apparatus operated at 270 MHz, indicated the presence
of the following protons; ¢ (ppm) 2.05 (m, 1H), 3.25
{m, 1H), 3.54 (dd, 1H, J=11.5, 5.5 Hz), 3.66 (s, 3H),
3.71 {(dd, 1H, J=11.5, 5.4 Hz), 3.81 (m, 1H), 4.50 (m,
1H), 6.39 (s, 2H), 6.51 (t, 1H, J=7.4 Hz), 7.39 (1, 1H,
J=17.2 Hz), 7.50 (dd, 2H, J=17.2, 8.1 Hz), 7.77 (d, 2H,
J=28.1 Hz), 8.01 (d, 1H, J=2.0 Hz) and 8.42 (d, 1H,
J=2.0 Hz). Of these protons, the three at 3.66 ppm
were assigned to the N-methyl group of PhIP, the two at
6.39 to the N-2 amino group of guanine, and the seven
at 7.39-8.42 ppm to aromatic protons of PhIP. The
following seven 2'-deoxyribose carben-bound protons
were also observed: C-1 at 6.51 ppm, C-2 at 2.05 and
31.25 ppm, C-3 at 4.50 ppm, C-4 at 3.81 ppm and C-5 at
3.54 and 3.71 ppm. Moreover, the NMR data revealed
the absence of a C-8 proton of guanine and protons of
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Fig. 5.

FAB mass spectrumn. of dG-C8-PhIP. 3-Nitrobenzyl alcohol was used as a matrix. The

ion peaks at m/z 154, 176, 289, 307, 329 and 460 were derived from 3-nitrobenzyl alcohol.

the N-2 amino group of PhIP. From the above results,
the structutre of the dG-PhIP adduct was concluded to
be N-(deoxyguanosin-8-yl}-2-amino-1-methyl-6-phenyl-
imidazo[4,3-b]pyridine (dG-C8-PLIP).

In the present study, we found that an ultimate form of
PhIP reacted with 2'-deoxyguanosine or its phosphate
esters to form adducts at the C-8 position of guanine.
These results are in accordance with the data which were
only recently published by Frandsen et al'” We previ-
ously obtained several spots of adducts from the organs
of rats fed PhIP by *P-postlabeling analysis under stan-
dard conditions.' The position of one of these spots on
TLC coincided with that of the 3’,5-pdGp-C8-PhIP
adduct. However, the problem of whether the other spots
are those of different mononucleotide adducts from 3’,5'-
pdGp-C8-PhIP or are undigested dinucleotides and
oligonucleotides including this adduct remains to be
solved. In addition, no data on the nature of the
compound in spot 2 (Fig. 1) are presently available,
Other heterocyclic amines, such as 3-amino-1-methyl-

REFERENCES

1) Sugimura, T. Studies on environmental chemical carcino-
genesis in Japan. Science, 233, 312-318 (1986).

2) Sugimura, T. New environmental carcinogens in daily life.
Trends Pharmacol. Sci,, 9, 205-209 (1988).

3) Felton, J. 8., Knize, M. G., Shen, N. H., Lewis, P. R,,
Andresen, B, D., Happe, J. and Hatch, F. T. The isolation
and identification of a new mutagen from fried ground
beef: 2-amino- 1-methyl-6-phenylimidazo[4,5-b] pyridine

1028

5H-pyrido[4,3-b]indole (Trp-P-2), 2-amino-6-methyl-
dipyrido[1,2-a:3",2"-d]imidazole (Glu-P-1) and 2-amino-
3-methylimidazo[4,5-f]quinoline (IQ), have been shown
to react with DNA after O-acylation of their N-hydroxy
derivatives and to produce adducts at the C-8 position of
guanine.””™ It will be very interesting to determine
whether the biological effects, including induction of
DNA conformational changes and mutagenic activity,
caused by these four heterocyclic amines through forma-
tion of DNA adducts at the C-8 position of guanine are
similar or not.

This study was supported by Grants-in-Aid for Cancer Re-
search from the Ministry of Health and Welfare and the
Ministry of Education, Science and Culture of Japan, and a
grant from Takeda Science Foundation. Seon-Bong Kim and
In-Soo Kim are recipients of Foreign Research Fellowships
from the Foundation for Promotion of Cancer Research of
Japan.

(Received June 25, 1992/Accepied July 28, 1992)

(PhIP). Carcinogenesis, 7, 1081-1086 (1986).

4) Wakabayashi, K., Nagao, M., Esumi, H. and Sugimura, T.
Food-derived mutagens and carcinogens. Cancer Res.
(Suppl.), 52, 20925-2098s (1992).

5) Esumi, H., Ohgaki, H., Kohzen, E., Takayama, S. and
Sugimura, T. Induction of lymphoma in CDF, mice by the
food mutagen, 2-amino-1-methyl-6-phenylimidazo[4,5-b]-
pyridine. Jpn. J. Cancer Res., 80, 1176-1178 (1989).



6)

7)

8)

)

10)

Ochiai, M., Ogawa, K., Wakabayashi, K., Sugimura, T.,
Nagase, S., Esumi, H. and Nagao, M. Induction of in-
testinal adenocarcinomas by 2-amino-1-methyl-6-phenyl-
imidazo[4,5-b]pyridine in Nagase analbuminemic rats.
Jpn. J. Cancer Res., 82, 363-366 (1991).

Ito, N., Hasegawa, R., Sano, M., Tamano, 8., Esumi, H.,
Takayama, S. and Sugimura, T. A new colon and mam-
mary carcinogen in cooked food, 2-amino-1-methyl-6-
prhenylimidazo[4,5-b]pyridine (PhIP). Carcinogenesis, 12,
1503-1506 (1991).

Wallin, H., Mikalsen, A., Guengerich, F. P., Ingelman-
Sundberg, M., Solberg, K. E., Rossland, O. J. and
Alexander, J. Differential rates of metabolic activation
and detoxication of the food mutagen 2-amino-1-methyl-
6-phenylimidazof4,5-b]pyridine by different cytochrome
P450 enzymes. Carcinogenesis, 11, 489-492 (1990).
Buonarati, M. H., Turteltaub, K. W,, Shen, N. H. and
Felton, J. S. Role of sulfation and acetylation in the
activation of 2-hydroxyamino-1-methyl-6-phenylimidazo-
[4,5-b]pyridine to intermediates which bind DNA. Mutat.
Res., 245, 185-190 (1990).

Takayama, K., Yamashita, K., Wakabayashi, K.,
Sugimura, T. and Nagao, M. DNA modification by
2-amino-1-methyl-6-phenylimidazo[4,5-b] pyridine in rats.

11)

12)

13)

14)

Adduct Formation of dG-C8-PhIP

Jpn. J. Cancer Res., 80, 1145-1148 (1989).

Frandsen, H., Grivas, S., Andersson, R., Dragsted, L. and
Larsen, J. C. Reaction of the A-acetoxy derivative of 2-
amino- 1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)
with 2’-deoxyguanosine and DNA. Synthesis and identifi-
cation of N*-(2’-deoxyguanosin-8-yl)-PhIP. Carcinogenesis,
13, 629-635 (1992).

Hashimoto, Y., Shudo, K, and Okamoto, T. Activation
of a mutagen, 3-amino-1-methyl-5H-pyrido[4,3-b]indole.
Identification of 3-hydroxyamino-1-methyl-5 H-pyrido[4,3-
blindole and its reaction with DNA. Biochem. Biophys.
Res. Commun., 96, 355-362 (1980).

Hashimoto, Y., Shudo, K. and Okamoto, T. Modification
of DNA with potent mutacarcinogenic 2-amino-6-methyl-
dipyrido[1,2-a:3',2"-d]imidazole isolated from a glutamic
acid pyrolysate: structure of the modified nucleic acid base
and initial chemical event caused by the mutagen. J. Am.
Chem. Soc., 104, 7636-7640 (1982).

Snyderwine, E. G., Roller, P. P., Adamson, R. H., Sato, S.
and Thorgeirsson, S. S. Reaction of MN-hydroxylamine
and N-acetoxy derivatives of 2-amino-3-methylimidazolo-
[4,5-f1quinoline with DNA. Synthesis and identification of
N-(deoxyguanosin-8-y1)-1Q. Carcinogenesis, 9, 1061-1065
(1988).

1029





