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Abstract: The electrochemical and chemical oxidation of a series of C8-arylamine adducts of 2′-
deoxyguanosine has been examined. The oxidations were found to be reversible by cyclic and square-
wave voltammetry in both aqueous buffer and aprotic organic solvent. The mechanism of the oxidation in
protic media was either one- or two-electron, depending on the aryl group. The chemical oxidation resulted
in guanidinohydantoin and spiroiminodihydantoin rearrangement products similar to those observed for
8-oxo-7,8-dihydro-2′-deoxyguanosine.

Introduction

Over 50 modified bases have been identified from the
oxidation of DNA.1-6 The most prevalent of these is 7,8-
dihydro-8-oxo-2′-deoxyguanosine (8-oxo-dG). 8-Oxo-dG gives
rise to GfT transversions when processed by replicative DNA
polymerases.7 This is likely to occur through a syn conformation
with the Hoogsteen edge of 8-oxo-dG instructing for dA.8-10

The trans-lesion polymerase polη has been shown to give a
largely error-free bypass of 8-oxo-dG.11

Guanine is the most susceptible of the DNA bases to
oxidation. However, the oxidation potential of 8-oxo-dG is∼0.5
V lower than that of guanosine. This has led to the hypothesis
that 8-oxo-dG may be sensitive to further oxidation and that its
oxidation products may play a role in the biology of oxidative
damage to DNA. Of particular interest are the spiroiminodihy-
dantoin (2) and the guanidinohydantoin (3) products (Scheme
1), which are derived from two-electron oxidation of 8-oxo-dG
and rearrangement. Numerous oxidants are able to convert dG
or 8-oxo-dG to these products including peroxynitrate,12 carbon-
ate radical,13,14singlet oxygen,15 hypochlorous acid,16 and high-

valent metal ions such as Cr(IV) and Ir(IV).17,18Two damaging
events occurring at the same site in the genome appears to be
highly unlikely. It has been proposed that 8-oxo-dG could act
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as a sink for one-electron oxidation through a long-distance
electron-transfer pathway.19 In this scenario, the oxidation of
DNA occurs at a dG residue, creating a cation radical. Because
of the large difference in redox potential between dG and 8-oxo-
dG (∼0.5 V), an electron could be transferred from 8-oxo-dG
to a guanine cation radical. The 0.5 V difference in oxidation
potential represents a driving force for electron transfer of
approximate 13 kcal/mol.

The mechanism for the oxidation of 8-oxo-dG to2 and3 is
shown in Scheme 1 and is based on the oxidation of uric acid
to 5-hydroxyisourate by urate oxidase.4,20,21 Burrows demon-
strated that this oxidation could be conveniently affected at the
nucleoside and oligonucleotide levels with Na2IrCl6.18 In
oligonucleotides, the oxidation is selective for 8-oxo-dG over
the other natural bases. It was discovered that the product
distribution between2 and3 in single-stranded oligonucleotides
could be controlled by temperature. Oxidation at 50°C gave2
while 3 was obtained at 4°C,22 providing a convenient method
for the site-specific incorporation of2 and3 into oligonucleo-
tides in order to examine their biological processing.

8-Oxo-dG and many other oxidative lesions are repaired by
base excision repair pathways (BER). Some BER glycosylases
also excise lesions2 and3.23-25 Adducts2 were observed from
the DNA of chromate-treatedEscherichia coli that were
deficient in the BER glycosylase Nei.26 The human analogue
to Nei, NEIL1 has also been shown to excise2, although the
activity of NEIL2 was low.25 In vitro and in vivo replication
studies of 2 and 3 have also been reported.6,22,27-29 The
stereoisomers of2 are strong blocks to replication. Adducts2
are highly miscoding when bypassed, giving GfC and GfT
transversions; the relative ratios of these mutations were
dependent on the stereochemistry of the spirocyclic base.29,30

Adducts3 were more efficiently bypassed than those of2 and
was also highly miscoding, giving exclusively GfC transver-
sions. When bypassed,2 and3 are absolutely mutagenic inE.
coli. Recent molecular modeling studies of the spiroiminodi-
hydantoin adducts in duplex DNA may provide insight to the
biological processing of these lesions by DNA repair and
replication proteins.31,32

C8-Deoxyguanosine adducts of simple arylamines can also
undergo oxidative rearrangement to give a spiroiminodihydan-
toin and guanidinohydantoin modified bases (4 and5, Scheme

2), which are structurally related to those derived from 8-oxo-
dG (2 and3).33-35 The oxidation of the C8-arylamine adducts
has been reported to occur under aerobic conditions at basic
pH. No rearrangement products were observed under anaerobic
conditions or when thiols were added. The structures of the
rearrangement products were confirmed by X-ray crystal-
lography.35

Arylamines are potent bacterial mutagens and animal car-
cinogens.36,37 All arylamines require a two-stage bioactivation
before they can react with DNA. This involves an initial
N-oxidation by a cytochrome P450 followed by esterification
of the hydroxylamine byN-acetyltransferase or sulfotranserase
enzyme.38 Subsequent sovolysis of the hydroxylamine ester
gives an arylnitrenium ion, which is the DNA-modifying agent.
Most arylnitrenium ions preferentially react with DNA at the
C8-position of dG; minor C8-dA andN2-dG adducts have also
been identified in some cases. In bacterial assays, arylamines
induce one- and two-base frameshift deletions in reiterated
sequences; however, base-pair substitution is the predominant
mutation observed in mammalian systems. Given the mutagenic
properties of2 and3, related oxidative rearrangement products
of C8-arylamine adducts are likely to be highly miscoding as
well.

Exposure to simple aromatic amines can come from a variety
of sources.o-Toluidine and 4-aminobiphenyl are present in
cigarette smoke and have been shown to cause tumors in
laboratory animals.39 4-Aminobiphenyl is also present in
permanent hair dye products.40 Perhaps the most extensively
studied aromatic amines are 2-aminofluorene (AF) andN-acetyl-
2-aminofluorene (AAF), which were originally developed as
pesticides but never used as intended because they were found
to be potent animal carcinogens.36 Of particular interest is a
growing class of heteroaromatic amines derived from the
pyrolysis of amino acids and sugars and found in cooked
meats.41-43 Some of these heteroaromatic amines such as
2-amino-3-methylimidazo[4,5-f]quinoline (IQ) and 2-amino-1-
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methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), are potent in-
ducers of two-base frameshift mutations in Ames assays.44

Electrochemistry has been used to study the oxidation of DNA
and its bases. Bi et al. reported recently the electrochemical
detection of the guanosine radical cation.45 Goyal et al. have
investigated the electrochemical oxidation of guanosine-5′-
monophosphate at a graphite electrode.46 Brett et al. showed
that the oxidation of 8-oxoguanine at a glassy carbon electrode
is a diffusion-controlled quasi-reversible process.47 8-Oxo-dG
was also studied electrochemically, and Langmaier et al.
compared different electrode materials for its electrochemical
oxidation and concluded that the rate of the charge-transfer
reaction is higher at glassy carbon versus other materials (Au,
Pt, SnO2).48 Electrochemical detection of 8-oxo-dG has been
used in HPLC-ECD methods for general oxidative stress
measurements.

We and others have synthesized a variety of C8-arylamine
adducts of deoxyguanosine by utilizing a Buchwald-Hartwig
reaction as the key step.49-53 We report here an investigation
of the chemical and electrochemical oxidation of a series of
C8-arylamine adducts of deoxyguanosine. We find that the
arylamine adducts have lower oxidation potentials than 8-oxo-
dG. Interestingly, not all of the C8-arylamine adducts undergo
the expected overall two-electron oxidation at neutral pH.

Experimental Section

All commercially obtained chemicals were used as received unless
otherwise specified. Nucleosides6-10were synthesized as previously
described.50 Sodium hexachloroiridate was purchased from Alfa Aesar
and used as received. Phosphate buffer (pH 7.0) was purchased from
Fisher Scientific. All reactions were performed in oven-dried glassware
and under an argon atmosphere.1H, 13C NMR, and 2D1H-13C HMBC
(heteronuclear multiple bond connectivity) data were recorded at 300,
400, and/or 600 MHz, respectively, in DMSO unless otherwise noted.
High-resolution FAB mass spectra were obtained from the University
of Notre Dame Mass Spectrometry Center using nitrobenzyl alcohol
(NBA) as the matrix.

Chemical Oxidation of Nucleosides 6a and 7a. Spiroiminodihy-
dantoin 12. To a stirred solution of6a (10 mg, 0.022 mmol) in 50:50
pH 7 phosphate buffer and methanol (2 mL) was added sodium
hexachloroiridate (24 mg, 0.044 mmol). The reaction was stirred at 10
°C for 15 min, then allowed to warm to room temperature. The
spiroiminodihydantoin was purified by HPLC using water (solvent 1)
and acetonitrile (solvent 2) on a C-18 reversed-phase column with UV
detection. The solvent gradient was as follows: initially 99% solvent
1, then 40 min linear gradient to 50% solvent 1, 5 min isochratic at
50% solvent 1, then a 5 min linear gradient to the initial conditions.
The yield was 1 mg.1H NMR (DMSO-d6) δ 9.05 (dd,J ) 4.2, 1.7,
1H), 8.81 (d,J ) 8.3, 1H), 7.93 (d,J ) 8.9, 1H), 7.78 (d,J ) 8.9,
1H), 7.55 (dd,J ) 8.4, 4.2, 1H), 6.12-6.15 (m, 1H), 4.12 (m, 1H),
3.83 (s, 3H), 3.65 (m, 1H), 2.12-2.05 (m, 1H), 1.88-1.84 (m, 1H);

13C NMR (DMSO-d6) δ 181.02, 171.61, 148.00, 145.10, 134.09, 130.04,
129.21, 122.21, 120.70, 119.92, 113.83, 101.30, 87.61, 86.00, 84.06,
82.00, 81.11, 78.56, 70.72, 62.28, 34.99, 29.02; HRMS (FAB, NBA)
m/z calcd for C21H21N9O5 (M + H) 480.166, found 480.124.

Spiroiminodihydantoin 14. To a stirred solution of7a (10 mg, 0.023
mmol) in 50:50 pH 7 phosphate buffer and methanol (2 mL) was added
sodium hexachloroiridate (26 mg, 0.046 mmol). The reaction was stirred
at 10°C for 15 min, then allowed to warm to room temperature. The
spirominodihydantoin was purified by HPLC using water (solvent 1)
and acetonitrile (solvent 2) on a C-18 reversed-phase column with UV
detection. The solvent gradient was as follows: initially 99% solvent
1, then 40 min linear gradient to 50% solvent 1, 5 min isochratic at
50% solvent 1, then a 5 min linear gradient to the initial conditions.
The yield was 3 mg.1H NMR (DMSO-d6) δ 8.69 (br s, 1H), 7.64 (m,
9H), 5.25 (br s, 2H), 4.99 (m, 1H), 4.25 (m, 2H), 3.80 (m, 2H), 3.49
(m, 4H), 2.37 (m, 1H), 2.18 (m, 1H);13C NMR (DMSO-d6) δ 181.08,
172.78, 166.15, 139.50, 128.92, 126.73, 123.01, 122.98, 86.559, 84.676,
83.98, 82.143, 71.59, 61.57, 38.01; HRMS (FAB, NBA)m/z calcd for
C22H22N6O5 (M + H) 451.165, found 451.193.

Electrochemistry. Electrochemical measurements (cyclic voltam-
metry, CV, and square-wave voltammetry, SWV) were conducted with
a CHI660A electrochemical workstation from CH Instruments equipped
with a Faraday cage. The electrochemistry of the adducted nucleosides
was investigated in both protic (phosphate buffer) and aprotic (aceto-
nitrile) environments. The electrochemical cell was in a typical three-
electrode configuration: working electrode which was either a 3-mm
glassy carbon electrode (CHI104) or a 12-µm carbon fiber ultramicro-
electrode (CF-UME), Pt mesh counter electrode, Ag/AgCl, 3 M KCl
reference electrode for aqueous solutions (CHI111). In acetonitrile we
employed a reference electrode based on an acrylic copolymer that was
very stable over time and gave a lower background capacitance signal
than the more conventional Ag/Ag+ reference.54 This is especially
important when the reversibility of the studied compound is not
obvious: if the non-Faradaic current is large, there is the risk for the
electrochemical signal to get lost in the background. Glassy, carbon-
disk working electrodes were polished with 0.25-µm diamond paste
from Buehler, sonicated in ethanol and water, dried in N2. CF-UMEs
electrodes were polished with 0.05-µm alumina from Buehler, sonicated
in ethanol and water, dried in N2. For the aqueous studies the working
electrode was the CF-UME since the glassy carbon electrode used in
acetonitrile was not sensitive enough, due to the large non-Faradaic
current. All nucleoside solutions were 0.01-1 mM in 500 mM pH 7.0
phosphate buffer or 20 mM potassium hexafluorophosphate (KPF6) in
acetonitrile. For all SWV measurements we used a frequency of 50
Hz and an amplitude of 50 mV.

Results and Discussion

Electrochemical Oxidation.The compounds included in this
study (6-10) are shown in Figure 1 and were synthesized as
previously described.50 This was accomplished via a Buchwald-
Hartwig palladium-catalyzed cross-coupling reaction of a suit-
ably protected 8-bromo-dG derivative with the desired aryl-
amine. To improve the solubility of the substrates in acetonitrile,
the ribose-protected nucleosides (6b-10b) were used. The half-
wave potentials (E1/2) for the C8-arylamine-modified nucleosides
are listed in Table 1 and have not been previously reported.
The half-wave potential that we obtained for 8-oxo-dG (1)
correlated very well with a recently reported value.48

Although amines generally undergo irreversible oxidation due
to facile side reactions and decomposition pathways of the
aminyl radical cation, we found that all C8-arylamine adducts
of deoxyguanosine exhibited quasi-reversible behavior in both
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aqueous buffer (500 mM, pH 7.0 phosphate) and aprotic organic
solvent (acetonitrile). It was possible to observe both the
oxidation and the reduction peaks for the adducted nucleosides
using cyclic voltammetry (CV). The more sensitive square-wave
voltammetry (SWV) technique was required for 8-oxo-dG in
order to distinguish the reduction current. Since the signal
recorded with the SWV is a combination of both the anodic
and the cathodic currents, it was possible to plot the cathodic
peak current and its components. We observed a distinct
reduction component for 8-oxo-dG similar to the results of Brett
and co-workers (see Figure S1 in the Supporting Information).47

The square-wave voltammogram for 8-oxo-dG in acetonitrile
(Figure 2) showed that the process is still quasi-reversible in
an aprotic medium.

Cyclic voltammograms for the IQ and aminofluorene adducts
(6 and7) in both phosphate buffer and acetonitrile are shown
in Figure 3 and are typical for the C8-arylamine adducts that
we studied (see Figures S2-S4 in the Supporting Information

for the other CVs). The amine oxidation is not completely
electrochemically reversible for any of the compounds, indicat-
ing either slow electron-transfer kinetics or that the oxidation
products undergo side reactions or decomposition pathways at
a rate competitive with the CV experiment. The irreversibility
was more pronounced in the aprotic environment, where the
ratios between the cathodic reduction and anodic oxidation peaks
were even lower. The separations between the anodic and
cathodic peaks for the naphthylamine (8a), p-toluidine (9a), and
aminofluorene (10a) adducted nucleosides in phosphate buffer
are greater than 60 mV (Table 1), the expected value for an
ideally reversible one-electron process of a freely diffusing
species, indicating that the redox reaction of the ArNH-dG/
ArNH-dG•+ couple is only quasi-reversible in this medium.
Interestingly, the peak separations were much less than 60 mV
for the IQ (6a, 38 mV) and biphenyl adducts (7a, 48 mV),
suggesting that their oxidations are based on a quasi-reversible
two-electron oxidation (30 mV is expected for an ideally
reversible two-electron process).

The peak separation of C8-naphthylamine-adducted nucleo-
side (8) was 72 mV, which is very close to the ideal value for
a reversible one-electron oxidation and represents the point in
our series where the oxidation mechanism goes from an overall
two-electron process to a one-electron process. The electro-
chemistry of this substrate was examined by chronoamperometry
in order to firmly establish that substrates8-10 (Epa - Epc )
72-89 mV) are indeed one-electron oxidations rather than non-
ideal two-electron oxidations. Denuault et al. have developed a
method to determine the diffusion coefficient (D) for redox
species without knowing the number of electrons (n) that are
involved in the redox process or the concentration (c*) of the
electrochemically active species (8).55 According to this method,
when a microdisk electrode is used, both the expression of the
current at the microdisk (id(t)) and the steady-state current (iss)
are a function ofn andc*; thus, id(t)/iss is not dependent onn
or c*; when id(t)/iss vs t-1/2 is plotted in a chronoamperometry
experiment, the expression ofD is dependent only on the size
of the ultramicroelectrode and the slopeSof the plot (D ) πa2/
16S2, where a is the UME radius; see Figure S5 in the
Supporting Information). The diffusion coefficient (D) of 8 was
determined to be 3.8× 10-6 cm2 s-1, and by using the steady-
state current value (iss ) 4nFDc*a ) 30 pA) and the

(55) Denuault, G.; Mirkin, M. V.; Bard, A. J.J. Electroanal. Chem. Interfac.
Electrochem.1991, 308, 27-38.

Figure 1. C8-Arylamine-adducted deoxyguanosines investigated; in
acetonitrile the 3′,5′-deoxyribose protecting group was retained for solubility
purposes.

Table 1. Oxidation and Reduction Potentials for Deoxyguanosine
and C8-Modified Analogues

E [V] vs Ag/AgCl in
500 mM, pH 7.0 phosphate

(3 M KCl)b
E [V] vs E°Fc+/0 in

acetonitrile (20 mM KPF6)c

substratea E1/2 Epa Epc Epa − Epc E1/2 Epa Epc Epa − Epc

dG 0.968 1.056 - - 0.832 0.880 - -
1 0.400 0.439 - - 0.549 0.590 - -
6 0.400 0.419 0.381 0.038 0.162 0.255 0.069 0.186
7 0.316 0.340 0.292 0.048 0.149 0.257 0.041 0.216
8 0.326 0.362 0.290 0.072 0.175 0.298 0.051 0.247
9 0.310 0.351 0.269 0.082 0.147 0.278 0.015 0.263
10 0.333 0.381 0.285 0.096 0.166 0.277 0.054 0.223

a The E1/2 of 1 was obtained from SWV; CVs yieldedEpa, but noEpc,
since the reduction peak was not visible with this technique. For all other
substrates the potential values presented are from CVs recorded at a scan
rate of 0.25 V‚s-1. Reduction peaks were not observed for deoxyguanosine
(dG) and1 by CV. b Conditions: working electrode: 12-µm carbon fiber
ultramicroelectrodec Working electrode: 3-mm glassy carbon.

Figure 2. Square-wave voltammogram of 8-oxo-dG in anhydrous aceto-
nitrile, 3-mm glassy carbon working electrode: reduction current (solid line,
difference current) and its components, the anodic oxidation (dotted line,
forward current sample), and the cathodic reduction (dashed line, reverse
current sample) currents.
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known concentration of the solution (c* ) 0.41 mM), the
number of electrons (n) involved in the oxidation of8 in buffer
was calculated to be one. This finding reinforces the CV data
that the quasi-reversible oxidation of the series of C8-arylamine-
adducted nucleosides6-10 can occur by either a one- or two-
electron process.

For our CV experiments in acetonitrile, the perfectly revers-
ible couple ferrocenium/ferrocene (Fc+/0) displayed a peak
separation of 100 mV. The deviation of this value from the
theoretical value of 60 mV is due to two main reasons: (i) the
theory has been developed for perfect conductors (metals such
as Au or Pt), and the peak separation is always larger at
electrodes manufactured from materials that present slower
kinetics (e.g., glassy carbon);56 and (ii) the measurements are
performed in an organic solution (acetonitrile) that presents
higher resistance than aqueous solutions and consequently causes
the peak separation to increase.57 The peak separation values
for all substrates in acetonitrile (Table 1) are greater than 150
mV and suggest that the redox reaction is a quasi-reversible
one-electron process.

Chemical Oxidation. While the electrochemical oxidation
gives valuable information regarding the mechanism of the redox
process, it does not provide an opportunity for the structural
analysis of products derived from the oxidation reaction. We
therefore examined the chemical oxidation of the C8-arylamine-
modified nucleosides in order to identify oxidation products.
Since there is wide human exposure to IQ through diet, we were
particularly interested in the C8-IQ adduct (6) that undergoes a

two-electron oxidation and whoseE1/2 is the same as that of
8-oxo-dG. The chemical oxidation was carried out under
conditions similar to those developed by Burrows using Na2-
IrCl6 as the oxidant at 4°C. Due to solubility limitation of6a,
we used a 1:1 mixture of phosphate buffer (50 mM, pH 7) and
methanol as the solvent. The oxidation of6a initially gave one
major product, which was unstable, and several minor products.
The major product had a longer retention time than the starting
material6awhen analyzed by reversed-phase HPLC; the initial
two-electron oxidation product was assigned as the 5-methoxy
derivative11 (Scheme 3) based on LC-ESI-MS analysis, which
gave anm/z [M + H] of 494. When the reaction was warmed
to room temperature, the initially formed product assigned as
11was converted to two new rearrangement products; the major
product possessed a mass consistent with that of the spiroimi-
nodihydantoin12 observed as a near equal mixture of two
diastereomers, and the minor product was consistent with the
guanidinohydantoin13 (Scheme 3). The rearrangement products
(12 and13) are similar to those previously characterized from

(56) Orwa, J. O.; Prawer, S.; Jamieson, D. N.; Peng, J. L.; McCallum, J. C.;
Nugent, K. W.; Li, Y. J.; Bursill, L. A.; Withrow, S. P.J. Appl. Phys.
2001, 90, 3007-3018.

(57) Davis, J. J.; Hill, H. A. O.; Bond, A. M.Coord. Chem. ReV. 2000, 200-
202, 411-442.

Figure 3. Cyclic voltammograms of (a) dG-C8-IQ in phosphate buffer; (b) dG-C8-IQ in acetonitrile; (c) AF-dG in phosphate buffer; (d) AF-dG in acetonitrile.
The scan rate is in all cases 0.25 V‚s-1; the working electrode was a 12-µm carbon fiber ultramicroelectrode (CF-UME) in phosphate buffer and a 3-mm
glassy carbon in acetonitrile.

Scheme 3
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the chemical oxidation of 8-oxo-dG.18,58The chemical oxidation
of the C8-(4-aminobiphenyl) adduct7a gave similar results,
except the analogous spiroiminodihydantoin was the only
product observed.

The diastereomers of the spiroiminodihydantoin (14)-derived
4-aminobiphenyl adduct were examined by one- and two-
dimensional NMR spectroscopy. The ribose and aromatic
protons were assigned via COSY spectrum. The proton assign-
ments greatly aided in the assignments of the carbon resonances,
which was done by1H-13C heteronuclear correlation (HMBC).
McCallum and Foote have assigned the HMBC spectra of a
spiroiminodihydantoin product derived from the oxidation of
8-oxo-dG (2) and observed a three-bond1H-13C correlation
between the anomeric proton (H1′) and the quarternary spiro
carbon at 80 ppm and the urea carbonyl carbon at 154 ppm.15

The HMBC spectrum of14 (Figure 4) showed a clear three-
bond coupling between the anomeric proton (H1′, 5.01 ppm)
and the quaternary spiro center at 82 ppm. Our spectral
assignments are in good agreement with those reported for2.

A possible mechanism for the oxidation of the C8-arylamine-
modified deoxyguanosines is shown in Scheme 4 and is similar
to that proposed for 8-oxo-dG oxidation.20,21 Oxidation gives
the corresponding C8-arylamine-adducted guanosine radical
cation, which upon deprotonation leads to the radical. Oxidation
of the radical provides the guanosine cation, which can be
stabilized by the C8-amino group; this intermediate can revers-
ibly add hydroxide to the C5 position. Rearrangement of this
intermediate then follows the same course as in Scheme 1 for
8-oxo-dG and gives the arylamine analogues of the spiroimi-
nodihydantoin (4) and guanidinohydantoin (5) products (Scheme
2). Johnson observed that the oxidative rearrangement of the
C8-aminofluorene adduct in air proceeds slowly at neutral pH
but is accelerated under alkaline conditions. To account for the

pH dependence it was proposed that deprotonation occurs to
the C8-modified guanosine anion, which is then oxidized to the
corresponding radical by molecular oxygen.34 The guanosine
radical can undergo radical recombination with superoxide to
give the C5-hydroperoxide after protonation, which can then
exchange with water to give the rearrangement precursor.

We found that the chemical oxidation of the C8-naphthyl-
amine adduct (8a) with Na2IrCl6 was sluggish even with excess
oxidant and warming the reaction to room temperature; similar
behavior was observed for the aminofluorene adduct (10a). This
is in contrast to the chemical oxidation of6a, which has an
electrochemical oxidation potential higher than8aand10a. The
difference in reactivity of8a and 10a probably lies in the
mechanism of the redox as gleaned from the electrochemical
oxidations. The mechanism of the C8-arylamine adducts that
gave rearrangement products upon treatment with Na2IrCl6 (6a,
7a) involved a two-electron oxidation. The aminofluorene and
naphthylamine adducts undergo a one-electron oxidation, and
rearrangement products were not readily produced upon chemi-
cal oxidation with Na2IrCl6. Electrochemical oxidations often
parallel chemical oxidations with agents that work by an outer-
sphere electron-transfer mechanism. With regard to the mech-
anism in Scheme 4, it would appear that the deprotonation of
the radical cation or further oxidation of the radical is slow for
substrates8a and10a, while being fast compared to the initial
one-electron oxidation for6aor 7a. It is difficult to rationalize,
on the basis of the nature of the aryl group, such a dramatic
difference. When the electrochemical oxidations of8a and10a
were measured at pH 9.0, the oxidation potentials shifted-160
and-180 mV, respectively; however, the anodic and cathodic
peak separations did not change, indicating that the mechanism
still involved a one-electron oxidation.

A plausible explanation for the different mechanisms may
involve the conformation of the C8-arylamine group relative
to that of the guanosine ring. The C8-arylamine substituent
would have the greatest influence on the redox behavior of the
modified guanosine when they are coplanar. Rotation about the
C8-N8 bond would greatly reduce the electronic interaction
between the arylamine adduct and the guanosine ring. In such
a case, the oxidation may occur on the arylamine moiety. Since
the potentially acidic proton resides on the guanosine ring, the
aminyl radical cation resulting from the twisted conformation

(58) Luo, W.; Muller, J. G.; Rachlin, E. M.; Burrows, C. J.Org. Lett.2000, 2,
613-616.

Figure 4. HMBC spectrum of the spiroiminodihydantoin (14) derived from
the chemical oxidation of7a.

Scheme 4
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(15, Figure 5) cannot undergo deprotonation and further
oxidation. In the coplanar conformation, this radical cation is
an alternative resonance form of radical cation16, which leads
to the oxidative rearrangement products. Depending on the
stability and reactivity of the aminyl radical cation16, it can
undergo decomposition and side reactions or undergo one-
electron reduction back to the original closed-shell species,
giving a quasi-reversible redox couple observed in the cyclic
voltammograms.

The adducted deoxyguanosines that exhibit a two-electron
redox couple (6a and 7a) either undergo initial oxidation on
the guanine ring or exist in a coplanar conformation so that the
oxidation product is delocalized. In such a case, the radical
cation can undergo deprotonation and a second one-electron
oxidation, eventually leading to the oxidative rearrangement
products12, 13, and 14. This mechanistic proposal suggests
that further oxidation of C8-arylamine adducts and subsequent
rearrangement to potentially more mutagenic products will be
highly dependent upon the adduct conformation. This scenario
is particularly intriguing for the C8-IQ adduct given our previous
results that suggest the specific conformation of the adduct in
DNA is highly dependent on local sequence context.50,59Because
of widespread exposure, arylamine adducts are likely to play
an important role in human cancers. Oxidation products derived
from C8-arylamine adducts could contribute to the overall
tumorigenic properties of arylamine, and it is therefore important
to understand the chemistry of this process.

Potential Biological Implications. The oxidation potential
of the C8-arylamine adducts indicate that they can support
electron transfer to a guanine cation radical by long-distance
electron transfer.19 In the case of the C8-IQ and aminobiphenyl
adducts, the resulting arylamine-dG cation radical is susceptible
to further oxidation and subsequent rearrangement to the
corresponding spiroiminodihydantoin and guanidinohydantoin
species. These rearrangement products are likely to be highly
mutagenic. C8-Arylamine adducts are potent inducers of one-
and two-base frameshift deletions. The mechanism of the
frameshift involves a syn conformation of the modified guanine
with the C8-arylamine group intercalated into the DNA helical
stack.37 This places the modified dG into an extrahelical loop;
this conformation leads to misalignment of the template and
primer strands which leads to frameshift mutations. Upon
oxidative rearrangement, the dramatic change in geometry of
the modified base from a two-dimensional planar guanine to a
three-dimensional spiroiminodihydantoin ring system will strongly
favor the base-displaced intercalated conformation and, conse-
quently, may lead to a greater proportion of frameshift muta-
tions. The other C8-arylamine adducts we examined (2-
aminofluorene, 2-naphthylamine, andp-toluidine) will also
support electron transfer to a guanine cation radical; however,
the further oxidation of the resulting C8-arylamine cation radical

is significantly less favorable. As a result, these species could
be reduced by glutathione or related reductants back to the
original closed-shell C8-arylamine adduct. In this regard, such
adducts may be protective of further oxidative damage to DNA
in the vicinity of the C8-arylamine adduct.

The oxidation potentials of the C8-arylamine adducts are
likely to be different in DNA than in nucleosides. Solvation,
electrostatics, base-stacking, and other local sequence effects
can play significant roles in tuning the oxidation potential of
the C8-modified guanine.60,61 We have proposed that the
conformation of the C8-arylamine adduct controls the oxidation
mechanism (one- versus two-electron oxidation). The high-
resolution NMR structures of oligonucleotide duplexes contain-
ing the C8-dG adducts of IQ, PhIP, 1-aminopyrene (AP),
4-aminobiphenyl, and 2-aminofluorene (AF) have been re-
ported.59,62-67 NMR analysis has shown that the C8-IQ, PhIP,
and AP adducts adopt a base-displaced intercalated conformation
in a 5′-CGC-3′ (G is the C8-modified guanine) local sequence.
By using the coordinates from these structures, the angles
between the best-fit plane through the ring atoms of the modified
guanine and the best-fit plane comprising the arylamine ring
atoms were calculated with the CrystalMaker software package
(v. 6.3.10). In the case of the PhIP-, AF-, and AP-modified
duplexes, the angle between the modified guanine and the
arylamine was calculated to be∼36°,62,64,65while the same angle
for the IQ adduct was considerably greater, 52°.59 The inter-
calated C8-AF adduct opposite a two-base deletion was also
examined, and this angle between the guanine and AF ring
system was∼21°.68 The angle between the modified guanine
and the AF group for the major groove-bound conformation
was∼49°.66 This analysis indicates that the specific conforma-
tion of the adducts depending on the local sequence may
influence the susceptibility of the C8-arylamine adducts toward
oxidation. The base-displaced intercalated conformation has a
relatively modest twisting of the C8-N8 bond for the AF, AP,
and PhIP adducts and may be easier to oxidize than the groove-
bound conformation, which has a larger degree of nonplanarity.

Conclusions

The C8-arylamine adducts of dG undergo either a two-
electron (6 and7) or a one-electron (8, 9, 10) electrochemical
oxidation. Their half-wave potentials situate them in an ener-
getically favorable position to transfer an electron to a guanosine
cation radical.19 The chemical oxidation of C8-arylamine adducts
correlates with the electrochemical oxidations. The nucleosides
that undergo a two-electron oxidation (6 and 7) rearrange to
give mainly a spiroiminodihydantoin. This oxidative rearrange-

(59) Wang, F.; DeMuro, N. E.; Elmquist, C. E.; Stover, J. S.; Rizzo, C. J.; Stone,
M. P. J. Am. Chem. Soc.2006, 128, 10085-10095.

(60) Saito, I.; Nakamura, T.; Nakatani, K.; Yoshioka, Y.; Yamaguchi, K.;
Sugiyama, H.J. Am. Chem. Soc.1998, 120, 12686-12687.

(61) Margolin, Y.; Cloutier, J. F.; Shafirovich, V.; Geacintov, N. E.; Dedon, P.
C. Nat. Chem. Biol.2006, 2, 365-366.

(62) Brown, K.; Hingerty, B. E.; Guenther, E. A.; Krishnan, V. V.; Broyde, S.;
Turteltaub, K. W.; Cosman, M.Proc. Natl. Acad. Sci. U.S.A.2001, 98,
8507-8512.

(63) Cho, B., P.; Beland, F. A.; Marques, M. M.Biochemistry1992, 31, 9587-
9602.

(64) Gu, Z.; Gorin, A. A.; Krishnasamy, R.; Hingerty, B. E.; Basu, A. K.; Broyde,
S.; Patel, D. J.Biochemistry1999, 38, 10843-10854.

(65) Mao, B.; Hingerty, B. E.; Broyde, S.; Patel, D. J.Biochemistry1998, 37,
81-94.

(66) Mao, B.; Hingerty, B. E.; Broyde, S.; Patel, D. J.Biochemistry1998, 37,
95-106.

(67) Patel, D. J.; Mao, B.; Gu, Z.; Hingerty, B. E.; Gorin, A.; Basu, A. K.;
Broyde, S.Chem. Res. Toxicol.1998, 11, 391-407.

(68) Mao, B.; Gorin, A.; Gu, Z.; Hingerty, B. E.; Broyde, S. Patel, D. J.
Biochemistry1997, 36, 14479-14490.

Figure 5. One-electron oxidation products.
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ment chemistry observed for the 8-arylamine adducts parallels
that of 8-oxo-dG, which has been well characterized.
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