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ABSTRACT

The aim of the present study is to determine the
chemical structure and conformation of DNA
adducts formed by incubation of the bioactive form
of 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
(PhIP), N-acetoxy-PhIP, with a single-stranded 11mer
oligodeoxyribonucleotide. Using conditions optimized
to give the C8-dG-PhIP adduct as the major product,
sufficient material was synthesized for NMR solution
structure determination. The NMR data indicate that
in duplex DNA this adduct exists in equilibrium
between two different conformational states. In the
main conformer, the covalently bound PhIP molecule
intercalates in the helix, whilst in the minor confor-
mation the PhIP ligand is probably solvent exposed.
In addition to the C8-dG-PhIP adduct, at least eight
polar adducts are found after reaction of N-acetoxy-
PhIP with the oligonucleotide. Three of these were
purified for further characterization and shown to
exhibit lowest energy UV absorption bands in the
range 342–347 nm, confirming the presence of PhIP
or PhIP derivative. Accurate mass determination of
two of the polar adducts by negative ion MALDI-TOF
MS revealed ions consistent with a spirobisgua-
nidino-PhIP derivative and a ring-opened adduct. The
third adduct, which has the same mass as the C8-dG-
PhIP oligonucleotide adduct, may contain PhIP bound
to the N2 position of guanine.

INTRODUCTION

The food mutagen 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP) is the most mass abundant of the hetero-
cyclic amines, a group of compounds formed during the
cooking of meat and fish (1). Administration of PhIP to rodents
results in DNA adduct formation and tumor development at
multiple sites (2,3). Consumption of heterocyclic amines has
been implicated in human cancers (4,5). Specifically, PhIP is
associated with the induction of colon (6), prostate (7) and

breast cancer (8). This association is supported by evidence
showing DNA adduct formation in colon tissue from cancer
patients undergoing surgery who received dietary relevant
doses of 14C-labeled PhIP (9). In mammalian cells, PhIP
induces primarily single base substitutions, predominantly
G→T transversions with lesser amounts of G→A transitions
(10,11). In addition, a –1 frameshift hotspot has been observed
in a 5′-GGGA-3′ sequence in the Apc gene in rat colon tumors
induced by PhIP and in the lacI gene of rat mammary glands
(12,13).

PhIP itself is not genotoxic, it must be metabolically activated,
primarily by cytochrome P450 1A2-mediated N-hydroxylation,
followed by N-acetylation or sulfation, in order to bind to DNA
(14,15). N-acetoxy-PhIP, which is ∼20-fold more reactive
towards DNA than the N-hydroxylated metabolite (16), is
thought to form DNA adducts following non-covalent groove-
binding (17) and formation of a nitrenium ion, the ultimate
electrophilic species (18,19). Although 32P-postlabeling indicates
PhIP forms at least two major and several minor adducts in vivo
(20,16), to date only the C8-dG-PhIP adduct has been identified
(16,21). It has been suggested that the additional 32P-post-
labeled products are adducted oligonucleotides, resistant to
enzymatic hydrolysis (22). However, we have previously
demonstrated, using fluorescence spectroscopy, that reaction
of N-acetoxy-PhIP with calf thymus DNA results in formation
of multiple adduct species (23). The structure of these adducts,
which could be degradation products of the C8-dG adduct or
distinct adducts containing PhIP linked to a site other than the
C8 position of guanine, needs to be determined.

The synthesis of well characterized DNA adducts is often the
limiting factor in efforts to study the relationship between
adduct structure or conformation and biological activity. For
detailed structural analysis, milligram amounts of modified
oligonucleotides are usually required and, consequently, there
are no experimentally determined solution structures available
for any of the heterocyclic amine adducts in duplex DNA.
Therefore, we have optimized the synthesis and handling of the
major PhIP adduct on an 11mer oligonucleotide to enable
production of sufficient quantities for NMR studies. We report
the existence of two conformations of the C8-dG-PhIP adduct
in duplex DNA and the spectroscopic characterization of three
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additional adducts formed from the in vitro reaction of
N-acetoxy-PhIP with the single-stranded oligonucleotide.

MATERIALS AND METHODS

Chemicals and enzymes

Solvents, chemicals and enzymes were obtained from Sigma
Chemical Co. (St Louis, MO) unless otherwise stated.
N-hydroxy-PhIP was purchased from SRI International
(Palo Alto, CA). The C8-dG-PhIP nucleoside adduct standard
was prepared according to published methods (16). The oligo-
nucleotide d(CCATCGCTACC) and complementary strand
d(GGTAGCGATGG) were synthesized on an Applied Biosystems
Model 394 DNA synthesizer using reagents acquired from PE
Biosystems and purified by reverse phase HPLC (24). Oligo-
nucleotide sequence and purity was confirmed by matrix-
assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) and NMR spectroscopy.

Synthesis of N-acetoxy-PhIP

N-hydroxy-PhIP (83 mg, 0.35 mmol) was dissolved in CH2Cl2
(20 ml) containing acetic acid (760 µl). While this stirring
solution was maintained at 0°C, 1.89 ml acetic anhydride was
added dropwise over 10 min. After a further 10 min, the reaction
was quenched by addition of water (20 ml) and the organic
phase was washed (3 × 20 ml H2O), dried (Na2SO4) and
concentrated under vacuum. Addition of diethyl ether (10 ml)
gave N-acetoxy-PhIP (60 mg, 62% yield) as an orange colored
precipitate which was filtered and washed with ether. The
N-acetoxy-PhIP, which was ∼83% pure as determined by
HPLC, was stored in liquid nitrogen until required for further
reactions.

Optimization of the C8-dG-PhIP oligonucleotide adduct
synthesis

Complete structural characterization of the C8-dG-PhIP oligo-
nucleotide adduct required large quantities of material. Initial
studies were therefore undertaken to determine the reaction
conditions that would give maximum yield of this adduct.

Effect of N-acetoxy-PhIP concentration and reaction pH

The general method employed for the synthesis of PhIP oligo-
nucleotide adducts involved gradual addition of N-acetoxy-
PhIP dissolved in methanol (1 mg/ml) to a solution of
d(CCATCGCTACC) (∼0.078 µmol). To investigate the effect
of reaction pH, the oligonucleotide was dissolved in 300 µl of
10 mM sodium citrate buffer containing 1 mM EDTA and
0.1 M NaCl, at either pH 5.0 or 7.0. Methanol was added to
give a final reaction volume of 500 µl. In initial experiments,
performed at both pH 5.0 and 7.0, the amount of N-acetoxy-PhIP
added was varied to give molar ratios of N-acetoxy-
PhIP:oligonucleotide of 1:1, 2:1, 5:1, 10:1 and 20:1. Control
incubations contained N-acetoxy-PhIP or oligonucleotide only
and reactions were carried out for 60 min at 37°C. Aliquots
(200 µl) of each reaction were then subject to HPLC analysis
using the system described below.

In the series of reactions described above, excess amounts of
N-acetoxy-PhIP (>0.078 µmol) resulted in a reduced yield of
the C8-dG-PhIP oligonucleotide adduct. This suggests that
N-acetoxy-PhIP was either inhibiting C8-dG-PhIP adduct

formation or causing it to decompose. To determine whether
N-acetoxy-PhIP induced degradation of the C8-dG-PhIP oligo-
nucleotide adduct, a set of five incubations, with varying
amounts of N-acetoxy-PhIP were performed. To each sample
containing 0.009 µmol of C8-dG-PhIP oligonucleotide adduct
(in 50 µl 10 mM sodium citrate, 1 mM EDTA, 0.1 M NaCl
pH 7.0 buffer) was added 20 µl of an N-acetoxy-PhIP solution
(0.0, 0.028, 0.071, 0.14 or 0.21 µmol in methanol). After 1 h at
37°C, the samples were centrifuged and 20 µl removed for
HPLC analysis.

Effect of reaction temperature

To investigate the effect of temperature on adduct yield, equi-
molar amounts of N-acetoxy-PhIP and oligonucleotide were
reacted at temperatures ranging from 0–60°C in 10 mM
sodium citrate buffer at pH 7.0, containing 1 mM EDTA and
0.1 M NaCl.

Stability of the single-stranded C8-dG-PhIP
oligonucleotide adduct

To assess adduct stability in the buffers utilized, the C8-dG-
PhIP oligonucleotide adduct (0.010 µmol) was incubated in
10 mM sodium citrate buffer containing 1 mM EDTA and 0.1 M
NaCl, at both pH 7.0 and 5.0, and in 0.05 M ammonium
formate pH 5.4 for 4 days. Aliquots (20 µl) were analyzed by
HPLC at daily intervals and the amount of C8-dG-PhIP adduct
remaining calculated by the integrated peak area.

HPLC separation of single-stranded PhIP oligonucleotide
adducts

Reaction mixtures were separated by HPLC using a Shimadzu
LC-10A system on either an analytical (250 × 4.6 mm) or
semi-preparative (1.4 × 15 cm) Hypersil ODS column
(Keystone Scientific, Bellefonte, PA) at flow rates of 1.0 or
3.0 ml/min, respectively, with UV detection at 254 and 360 nm.
Elution was performed using a solvent gradient of either
0.05 M ammonium formate pH 5.4 or 20 mM sodium phos-
phate pH 7.0 buffer and methanol, as described in the figure
legends. Adducted oligonucleotides and other PhIP derivatives
could be distinguished from unmodified oligonucleotide by
virtue of their absorption at 360 nm. Pure adducts required for
structural characterization were obtained by repeated HPLC on
an analytical column using the sodium phosphate/methanol
mobile phase.

Enzymatic digestion

In order to confirm guanine as the site of PhIP binding for each
of the adducts, samples of oligonucleotide adduct (20–30 µg)
were digested to nucleosides using a method based on that
reported by Shibutani et al. for the digestion of 8-oxo-7,8-
dihydrodeoxyadenosine adducts (25). DNA samples were
dissolved in 500 µl sodium acetate buffer (30 mM, pH 5.3)
containing 2 mM 2-mercaptoethanol and 25 µl 20 mM zinc
sulfate and incubated at 37°C with 10 U nuclease P1 and 15 U
alkaline phosphatase type VII-S, for 2 h. After this time, the pH
was adjusted by addition of 100 µl 0.5 M Tris–HCl pH 8.5 and
the digestion continued for a further 2 h. The samples were
then immersed in boiling water for 3 min then evaporated to
dryness under a stream of N2. The residue was extracted with
methanol (2 × 500 µl) and the organic phase concentrated and
redissolved in 20 µl H2O:methanol (80:20). The digestion



Nucleic Acids Research, 2001, Vol. 29, No. 9 1953

products were analysed by HPLC on a Hypersil ODS column
using ammonium acetate (50 mM, pH 4.5) to acetonitrile
gradient of 2–10% over 18 min, 10–100% over 15 min, then
isocratic for 10 min.

Spectroscopic analysis

UV spectra were obtained using a Shimadzu UV-2101PC
spectrophotometer. MALDI-TOF MS was performed on a
PerSeptive Biosystems Voyager DE-STR equipped with a N2
laser for desorption/ionization and data was obtained in
negative ion mode using the reflectron for high resolution and
precise mass measurements. The oligonucleotide samples were
desalted prior to analysis by drop dialysis on a 0.0025 mm
Micropore filter (Millipore) for 1 h. The samples were mixed
with a 3-hydroxypicolinic acid matrix and deposited on the
sample stage. Accurate mass measurements of the
oligonucleotide PhIP adducts were determined with a two
point internal calibration using ACTH 1–17 (m/z 2091.0710)
and ACTH 7–38 (m/z 3655.9132) [M – H]– peptide ions as the
calibrants. For each sample, mass measurements were obtained
from ten spectra and the average mass calculated. The mass
measurement accuracy is consistently <5 p.p.m. error, which is
adequate to determine the elemental composition of the oligo-
nucleotide single-stranded PhIP adducts.

All NMR data sets were recorded on a Varian INOVA
600 MHz spectrometer. The duplex C8-dG-PhIP oligo-
nucleotide adduct and duplex control 11mer DNA were
prepared by annealing the modified and complementary
strands at 70°C and using NMR to monitor the integrated area
of the single proton resonances belonging to each strand.
Knowing the concentration of the complementary DNA strand
required to give a 1:1 ratio, the extinction coefficient of the
C8-dG-PhIP single-stranded 11mer adduct was calculated as
105 356 L/(mol.cm). The one-dimensional proton NMR spectra
of the C8-dG-PhIP 11mer duplex adduct (9.1 mg of duplex)
and the corresponding control 11mer duplex (9.0 mg of
duplex) were recorded in 0.1 M NaCl, 10 mM sodium phos-
phate and 1 mM EDTA, D2O buffer pH 7.0 at 25°C. The
temperature of the sample was calibrated with an external
methanol sample. Proton-carbon heteronuclear multiple
quantum coherence (HMQC) spectra were recorded in D2O
buffer at 25°C. The proton carrier frequency was set on the
water resonance at 4.76 p.p.m. with a sweep width of 10
p.p.m., while the 13C carrier frequency was set to 75 p.p.m.
with a sweep width of 150 p.p.m. The carbon spectra were
referenced relative to external 3-(trimethylsilyl)-propionate
using the method described by Bax and Subramanian (26).

RESULTS

Synthesis of N-acetoxy-PhIP

Published procedures for the synthesis of N-acetoxy-PhIP
involve acetylation of N-hydroxy-PhIP in water miscible
solvents such as methanol or dimethylformamide (21,23). The
crude reaction mixture, also containing acetic anhydride and
acetic acid, is then reacted directly with DNA, which could
result in non-specific acetylation. We report an improved
method for the synthesis of this compound, using dichloro-
methane as the solvent, which enables removal of excess
reagents and purification of N-acetoxy-PhIP by aqueous

extraction and crystallization from ether. In the solid state this
derivative is stable in liquid nitrogen for at least 6 months,
which facilitates large scale or repeated adduct syntheses.

Reaction of N-acetoxy-PhIP with d(CCATCGCTACC)

In order to investigate factors affecting adduct profile and
yield, two series of reactions were performed in neutral and
acidic sodium citrate buffer and the ratio of N-acetoxy-
PhIP:oligonucleotide was varied. The reaction products were
separated by HPLC and compared (Fig. 1). At both pH 5.0 and
7.0, when an equimolar concentration of N-acetoxy-PhIP was
added to the oligonucleotide, one product predominated, which
was identified as the C8-dG-PhIP adduct (see below). As the
amount of N-acetoxy-PhIP added was increased, there was a
reduction in this adduct, accompanied by the formation of
more polar adducts. At neutral pH, at least three polar adduct
peaks could be resolved following reaction with excess N-
acetoxy-PhIP, whilst only one major polar peak was observed
at acidic pH. Reaction pH did not appear to significantly affect
the yield of C8-dG-PhIP adduct, as estimated by peak area.

Addition of various amounts of N-acetoxy-PhIP to solutions
of purified C8-dG-PhIP oligonucleotide adduct caused a
concentration-dependent reduction in the C8-dG-PhIP adduct
peak area and formation of a mixture of polar products
(Fig. 2A). This confirmed that N-acetoxy-PhIP, or the reactive
species derived from this metabolite, can actually induce

Figure 1. HPLC separation of reaction products formed from the incubation of
increasing molar ratios of N-acetoxy-PhIP with d(CCATCGCTACC) at pH 5.0
(A) or pH 7.0 (B). Separations were carried out on a Hypersil C18 ODS column
(250 × 4.6 mm) with an ammonium formate to methanol gradient (0–27% over
17 min, then to 31% over a further 28 min and subsequently 100% by 55 min).
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adduct breakdown. The polar peaks all exhibited UV absorp-
tion at 360 nm, which indicates they contain PhIP or a related
derivative. Furthermore, the majority of these peaks are more
polar than the C8-dG-PhIP adduct, which suggests they are
breakdown products rather than oligonucleotide adducts
containing a second PhIP moiety, which would be predicted to
be less polar.

Optimization of reaction conditions and stability of the
single-stranded C8-dG-PhIP oligonucleotide adduct

Adduct yield was temperature-dependent, with maximum
amounts of the C8-dG-PhIP oligonucleotide adduct formed at
37°C (Fig. 2B). At both higher and lower temperatures there
was a reduction in the amount of C8-dG-PhIP formed, whilst
the polar adducts increased. It is interesting to note that at the
lower temperatures, a red precipitate was visible, possibly due
to the production of bis-azo-PhIP, formed from the dimeriz-
ation of two nitrenes (21). Incubation of the C8-dG-PhIP
adduct in sodium citrate buffer (pH 5.0 and 7.0) and ammo-
nium formate (pH 5.4) at 37°C for up to 4 days did not result in
any significant decomposition. Peak areas varied by no more
than ±1.8% over the period analyzed.

Large scale adduct synthesis requires repeated HPLC separ-
ation and concentration of adduct solutions. We find that in
order to minimize adduct decomposition during handling,
chromatography should be carried out using a sodium phos-
phate buffer rather than ammonium formate, since the latter
causes adduct degradation when concentrated. In addition,
adducts should be dried down under a stream of nitrogen and
stored in liquid nitrogen. Using optimum reaction conditions,
the yield of C8-dG-PhIP oligonucleotide adduct was consist-
ently ∼4.0%, calculated using the extinction coefficient of
105 356 L/(mol.cm), whilst the combined yield of the polar
adducts was estimated as being 3.5–4.0%.

Identification of the C8-dG-PhIP oligonucleotide adduct

UV analysis of the major adduct peak revealed an absorption
band at 367 nm, slightly red shifted relative to the C8-dG-PhIP
nucleoside adduct standard (361 nm) (Fig. 3). This may be
attributed to interaction of the PhIP ligand with aromatic rings
of the DNA bases. The theoretical monoisotopic mass of the
single-stranded C8-dG-PhIP oligonucleotide adduct (C117 N41
O64 P10 H145) is 3457.6727 with the [M – H]– ion having a
theoretical monoisotopic mass of 3456.6649. The experimental
mass of the [M – H]– ion determined by MALDI-TOF MS is
3456.6638 with an absolute error of –0.0011 Da or 0.33 p.p.m.
(Fig. 4). Upon enzymatic digestion of the adducted oligo-
nucleotide, unmodified deoxyguanosine was not detected, but
several peaks eluting between 26 and 30 min, including one
with a retention time identical to that of the C8-dG-PhIP
nucleoside standard, were observed (Fig. 5). The additional
peaks are probably degradation products of the C8-dG-PhIP
adduct formed during enzymatic hydrolysis, since extra peaks

Figure 2. (A) N-acetoxy-PhIP induced decomposition of the C8-dG-PhIP
oligonucleotide adduct. Various amounts of N-acetoxy-PhIP were added to
adduct samples and the amount of adduct remaining determined by HPLC.
(B) Effect of reaction temperature on C8-dG-PhIP oligonucleotide adduct yield.
Incubations were performed in triplicate at each temperature.

Figure 3. Comparison of the UV spectra of C8-dG-PhIP nucleoside adduct
with the major oligonucleotide adduct peak. Spectra were recorded in 70%
0.05 M ammonium formate pH 5.4, 30% methanol.

Figure 4. Accurate mass determination of the single-stranded C8-dG-PhIP
oligonucleotide adduct by negative ion MALDI MS. Internal calibration was
performed using the two ACTH peptide ions. Unmodified 11mer oligonucleotide
was added to the sample for comparison and a third peptide (marked X), was
also included but not used for calibration.
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were also observed when the nucleoside standard was
subjected to the same incubation conditions (data not shown).
All these data taken together confirm the structure of the major
oligonucleotide adduct as the C8-dG-PhIP adduct.

NMR spectral characteristics of the C8-dG-PhIP 11mer
duplex adduct.

While detailed accounts of the NMR spectra and solution
conformation of the C8-dG-PhIP 11mer duplex adduct will be
published elsewhere (K.Brown, B.E.Hingerty, E.A.Guenther,
V.V.Krishnan, S.Broyde, K.W.Turteltaub and M.Cosman,
manuscript submitted), we report here some relevant aspects of
the NMR characteristics that will not be emphasized in that
manuscript. In particular, we present a comparison of the
proton and carbon chemical shifts of the PhIP ligand in the
nucleoside adduct recorded in DMSO (21), with those in the
11mer duplex adduct in aqueous buffer. The numbering
schemes of the PhIP protons and nucleotide residues in the
duplex are shown in Figure 6.

The full, one-dimensional proton NMR spectra in D2O buffer of
the C8-dG-PhIP 11mer duplex adduct and the corresponding
11mer unmodified duplex (Fig. 6) exhibit narrow and well
resolved resonances. The dG6(H8) resonance at 7.86 p.p.m. in
the unmodified control duplex (Fig. 6B), is not present, as
expected, in the PhIP-modified duplex as determined by analyses
of two-dimensional NMR experiments (data not shown). The
PhIP ligand and the central d(C5-G6PhIP-C7).d(G16-C17-G18)
segment undergo an equilibrium between two different confor-
mations, as evidenced by the presence of exchange crosspeaks
in the NMR data. The ratio of major to minor conformer
present in solution was approximately 90:10. The few DNA
resonances that could be observed for the minor conformer
exhibit 1H DNA chemical shift values similar to those found
for the unmodified control DNA. This result suggests that the
modified DNA conformation remains predominantly B-DNA
and relatively unperturbed despite the presence of the
covalently linked PhIP ligand. In addition, the chemical shift
perturbations for the PhIP proton resonances in the minor

conformation are closer to their values in the nucleoside
adduct, suggesting that the ligand is solvent exposed (Table 1).

In the major conformation, several significant 1H chemical
shift differences between the control and modified DNA major
groove base protons located in the central 5 bp segment are
evident (e.g. the H6/H8 base protons shown in Fig. 7). In
particular, dC5(H6), dG18(H8) and dG16(H8) protons exhibit

Figure 5. HPLC separation of digested oligonucleotides. (A) Unmodified oligo-
nucleotide. (B) C8-dG-PhIP oligonucleotide adduct. The mercaptoethanol is
contained in the sodium acetate reaction buffer.

Figure 6. Proton one-dimensional NMR spectra of the C8-dG-PhIP 11mer
duplex adduct (A) and control 11mer duplex (B). The residual H2O signal is
shown and resonances due to the presence of acetate from DNA purification are
indicated with an X. The positions of the G6(H8) proton in the spectrum of the
control 11mer duplex (A) and the PhIP(N-CH3) group in the spectrum of the
11mer duplex adduct are also indicated.

Table 1. Comparison of the 1H-13C chemical shifts pairs in C8-dG-PhIP in the
nucleoside adduct in DMSO versus the 11mer duplex adduct in aqueous
buffer

aValues reported by Frandsen et al. (21).
bNot detected.

Nucleosidea 11mer duplex
(major)

11mer duplex
(minor)

N-CH3 3.65–28.11 3.04–29.47 3.74–31.38

H7 8.01–113.42 7.09–114.73 7.99–ndb

H5 8.41–139.48 7.04–138.07 8.40–138.31

H6′/H2′ 7.76–126.79 7.29–130.40 7.84–ndb

H5′/H3′ 7.49–128.97 7.06–128.21 7.81–129.81

H4′ 7.38–127.34 7.29–131.28 7.29–131.28
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upfield chemical shifts, while the dC7(H6) and dC17(H6)
protons display downfield shifts (Fig. 7) relative to their values
in the unmodified 11mer duplex. In addition, the PhIP proton
resonances are shifted upfield relative to their values in the
nucleoside adduct (Table 1). These unusually shifted proton
resonances can be readily accounted for by the ring current
contributions of the aromatic guanine purine and PhIP rings.
Based on these chemical shift differences between the control
and modified DNA, the covalently attached PhIP appears to
intercalate between the flanking d(C5-G18) and d(C7-G16)
base pairs by displacing the modified G6 base into the major
groove for the major adduct conformation (27).

Characterization of polar adducts

Following large scale synthesis of the C8-dG-PhIP oligo-
nucleotide adduct, the polar adduct peaks collected from these
reactions were pooled and separated by HPLC into at least
eight products (Fig. 8). The three most polar adducts,
numbered 1, 2 and 3, were purified by repeated chromato-
graphy on an analytical column for further analysis. All three
adducts exhibited lowest energy absorption bands in the range
342–347 nm, confirming the presence of PhIP or PhIP derivative.
However, these peak maxima correspond to a substantial shift
to lower wavelengths compared to the C8-dG-PhIP adduct.
Hydrolysis to nucleosides confirmed guanine as the adducted
base for each peak, since unmodified deoxyguanosine was

absent upon HPLC analysis of the digests (Fig. 9). Further-
more, for each adduct, a major peak was observed eluting at a
retention time similar to the C8-dG-PhIP nucleoside adduct
(Fig. 5). These peaks, which all absorb at 360 nm (data not
shown) are presumably nucleoside forms of the oligonucleo-
tide adducts. Accurate mass data obtained by MALDI-TOF
MS determines the elemental composition of oligonucleotide
adducts 1, 2 and 3 and potential structures consistent with this
experimental data are shown in Figure 10. Analysis of peak 1
revealed the major [M – H]– ion at m/z 3472.6567 (1.10 p.p.m.
error), 16 Da higher than the C8-dG-PhIP adduct and equivalent
to the addition of an oxygen atom to this adduct. The proposed
structure is that of a spirobisguanidino-PhIP derivative, analogous
to the spirodiasteroisomers formed from oxidative degradation
of the C8-dG-aminofluorene adduct reported by Shibutani et al.
(28). The predominant [M – H]– ion in the spectrum of peak 2
has a m/z of 3446.6855 (1.4 p.p.m. error), ∼10 Da less than the
C8-dG-PhIP adduct. Similarly, the proposed structure of this
adduct is based on a ring-opened deoxyguanosine-amino-
fluorene adduct previously described by Shibutani et al. (28).
Peak 3 has the same molecular mass as the C8-dG-PhIP oligo-
nucleotide adduct, exhibiting a [M – H]– ion at m/z 3456.6682
(0.97 p.p.m. error). This suggests that adduct 3 contains PhIP
linked to an intact guanine via a site other than the C8 carbon,
possibly the exocyclic amino group. A potential structure is
shown in Figure 10. This adduct was the most difficult to
purify since it was not completely resolved from the adjacent
peaks by HPLC. Consequently, also present in the mass spectrum

Figure 7. Expanded contour plots of the aromatic regions of the 1H-13C-HMQC
spectra of the C8-dG-PhIP 11mer duplex adduct (A) and control 11mer duplex
(B). The relative positions of the base H6/H8 proton in the control and modified
11mer duplex are shown by dashed lines. The position for the PhIP 1H-13C
resonances are also shown. Note that the phenyl (H3′ and H5′) and (H2′ and
H6′) proton pairs resonate at equivalent positions due to symmetry.

Figure 8. (A) HPLC separation of the polar oligonucleotide adducts. Following
large scale synthesis and isolation of the C8-dG-PhIP adduct, fractions containing
the polar adducts were combined and separated on a semi-preparative column
using a sodium phosphate to methanol gradient (0–27% over 17 min, isocratic
for 13 min then to 100% over 5 min). Peaks 1, 2 and 3 were collected and purified
by repeated HPLC. (B) Comparison of the UV spectra of oligonucleotide adduct
peaks 1, 2 and 3 with the C8-dG-PhIP oligonucleotide adduct. Spectra were
recorded in sodium phosphate (20 mM, pH 7.0).
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are two additional ions of low intensity, due to trace amounts
of peak 2 and a product of higher mass, probably derived from
adduct peak 4.

DISCUSSION

In this study, we investigated factors influencing formation of
PhIP DNA adducts and optimized our methods to enable
production of sufficient quantities of the C8-dG-PhIP oligo-
nucleotide adduct (∼5 mg) for determination of the NMR solution
structure. Initial studies demonstrated the major influence that
the N-acetoxy-PhIP:oligonucleotide ratio has on adduct profile
and yield. Addition of excess N-acetoxy-PhIP to the oligonucleo-
tide induces decomposition of the C8-dG-PhIP adduct at both
neutral and acidic pH. This reduction in C8-dG-PhIP adduct
levels was associated with the appearance of increasing
amounts of polar products. These early eluting peaks appear to
be pH sensitive, with fewer resolvable peaks detectable at
pH 5.0 compared to pH 7.0. The maximum amount of adduct
was generated by gradual addition of an equimolar concentration
of N-acetoxy-PhIP to the oligonucleotide at 37°C. Even under
these optimal conditions, the yield of C8-dG-PhIP oligo-
nucleotide was still relatively low, requiring adduct synthesis
to be repeated many times to obtain the amounts necessary for
NMR analysis. This was made possible by the development of
an improved method for the synthesis of N-acetoxy-PhIP,
which affords the reactive intermediate as a stable solid.

The single-stranded C8-dG-PhIP oligonucleotide adduct
was stable for at least 4 days in neutral and weakly acidic
buffer, but decomposed when concentrated under vacuum in
the presence of air. Fortunately, concentration of adduct
solutions under a stream of nitrogen minimized degradation

during the large scale synthesis of the single-stranded C8-dG-
PhIP 11mer adduct. Under our digestion conditions, the C8-
dG-PhIP adduct partially decomposed to yield several products
in addition to the expected nucleoside adduct, which is
consistent with reports that the C8-dG-PhIP nucleoside adduct
breaks down to various polar derivatives during digestion or
hydrolysis of adducted DNA (16). This instability suggests
that some of the unidentified adducts detected by 32P-post-
labeling of in vitro or in vivo PhIP modified DNA may be
derived from degradation of the C8-dG adduct during DNA
isolation and processing. Studies are continuing to fully under-
stand the mechanisms involved in decomposition of the C8-
dG-PhIP adduct and to elucidate the structures of the resulting
products.

Determination of the conformation of the C8-dG-PhIP
adduct in duplex DNA by NMR spectroscopy has previously
been precluded by the requirement for milligram quantities of
highly pure material. In this study, the C8-dG-PhIP oligo-
nucleotide adduct positioned opposite dC in a DNA duplex

Figure 9. HPLC separation of digested oligonucleotide polar adduct peaks 1, 2
and 3.

Figure 10. Accurate mass determination of the single-stranded oligonucleotide
adduct peaks 1, 2 and 3 by negative ion MALDI MS. Potential structures and
values for the theoretical [M – H]– ions are shown.



1958 Nucleic Acids Research, 2001, Vol. 29, No. 9

provides NMR data of sufficient quality to enable us to pursue
full structural characterization. However, comparison of the
one-dimensional proton spectrum of the adduct duplex with
that of the control unmodified duplex shows the presence of a
number of minor peaks in addition to the expected number of
sharp resonances. Further characterization of the C8-dG-PhIP
adduct duplex by two-dimensional homonuclear and hetero-
nuclear NMR spectroscopy revealed the minor peaks were not
due to the presence of impurities or decomposition products,
but rather to an equilibrium between two conformations
(K.Brown, B.E.Hingerty, E.A.Guenther, V.V.Krishnan,
S.Broyde, K.W.Turteltaub and M.Cosman, manuscript
submitted). Indeed, the adduct remained stable as evidenced by
the integrity and high quality of the NMR spectra collected
over a 3 week period. The full structural characterization of the
major conformer will be published as a separate manuscript.
Conformational exchange has previously been observed for
several bulky DNA adducts derived from benzo[a]pyrene,
acetylaminofluorene and aminofluorene (reviewed in 27,29).
Since a site-specific C8-dG-PhIP adduct in a CGC sequence
has been shown to generate a variety of point mutations,
predominantly G→T transversions with minor amounts of
G→A transitions and G→C transversions (30), the presence of
two conformers may, in part, explain this variability. The ratio
of minor to major conformer for the aminofluorene adducts has
also been found to be highly dependent on DNA sequence
context (29). Similarly, the identity of neighboring bases near
the PhIP modified guanine may also influence the proportion
of each conformation that is present, and thus affect the
mutational spectra for this adduct.

The reaction of N-acetoxy-PhIP with DNA is known to result
in formation of a number of other products in addition to the C8-
dG-PhIP adduct, which have not yet been fully characterized
(23,31). At the nucleoside level, N-acetoxy-PhIP readily binds
to deoxyguanosine but not other bases (16,21), although very
low levels of adducts have been detected following incubation
with either adenine or cytosine containing polynucleotides
(32). Under our optimized reaction conditions, at least eight
additional products, more polar than the C8-dG-PhIP adduct
were detected. Of these, the first three peaks were sufficiently
well resolved to enable purification and further analyses.
Whilst enzymatic hydrolysis of peaks 1, 2 and 3 revealed
guanine as the modified base for all three adducts, it is feasible
that some of the remaining unidentified peaks contain PhIP
bound to an alternative nucleoside. The increased polarity of
peaks 1, 2 and 3 along with the blue shift of the UV spectra
relative to the C8-dG-PhIP oligonucleotide adduct suggests
structures with a less conjugated π-electron system, as
would result from a decrease in aromaticity of the guanine,
such as ring opening. Other aromatic amines including
2-amino-fluorene, 2-amino-3-methylimidiazo[4,5-f]quinoline
fluorene (IQ) and 2-amino-3,8-dimethylimidiazo[4,5-f]quinoxaline
(MeIQx) bind to the exocyclic amino group of guanine in
addition to the C8 carbon (33,34). The N2-dG adducts of these
compounds are formed in vitro at lower levels and are typically
more polar than C8-dG adducts (33,35). Furthermore, Rindgen
et al. (31) have previously detected two isomers of the C8-dG
adduct formed from the in vitro reaction of N-acetoxy-PhIP
with calf thymus DNA, one of which was described as a poten-
tial N2-guanine adduct (31). It is therefore likely that peak 3,

which has the same mass as the C8-dG-PhIP oligonucleotide
adduct, contains PhIP bound to the N2 position of guanine.

The C8-dG adduct arising from 2-aminofluorene is known to
undergo aerial oxidation under alkaline conditions resulting in
two spirodiasteroisomers and a ring-opened product (28,36). It
is probable that these degradation pathways also occur with
other C8-dG substituted carcinogenic amines including PhIP.
Accordingly, the accurate mass of polar adduct 1 is consistent
with a spiro structure whilst the mass of peak 2 is consistent
with the ring-opened structure. In support of these assignments
is the identification by Rindgen et al. (31) of a breakdown
product of the C8-dG-PhIP adduct, which is believed to arise
via decomposition of a ring-opened adduct similar to the
structure we have proposed for peak 2. This study represents
the first identification of these ring-opened PhIP adducts and
provides further evidence for the formation of an N2 adduct.
Work is ongoing to complete the characterization of the polar
PhIP adducts and to elucidate the pathways involved in their
formation.
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