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Abstract: One-electron oxidation plays an important role in the metabolism of many substrates and their covalent binding
to macromolecules. This mechanism of activation can be demonstrated by elucidation of the structure of DNA adducts. In
this paper, we report the synthesis of adducts by anodic oxidation of benzo[a]}pyrene (BP) in the presence of deoxyguanosine
(dG) or guanosine (G). By using 'H and two-dimensional NMR spectroscopy as well as fast atom bombardment and collisionally
activated decomposition (CAD) mass spectrometry, adducts were identified as BP bound at C-6~C-8 of guanine (Gua), dG,
and G and to N-7 of Gua. Loss of deoxyribose from the N-7 adduct was anticipated, but it was unexpectedly found that about
30% of the C-8 adduct with dG lost the deoxyribose moiety. The C-8 adduct of G almost entirely retained the ribose moiety.
These compounds were used as markers for high-pressure liquid chromatography (HPLC) to identify adducts formed in the
horseradish peroxidase catalyzed binding of BP to DNA. By use of HPLC in two solvent systems, adducts were identified
in the supernatant fraction obtained after ethanol precipitation of the DNA and in an enzymatic digest of the DNA. The
supernatant, containing adducts lost by depurination, afforded 95% of the N-7 adduct and about half of the C-8 adduct. The
major adduct identified in the DNA digest was the C-8 of dG. The structure of the N-7 adduct in the supernatant was confirmed
by CAD mass spectrometry. These results demonstrate that horseradish peroxidase catalyzes binding of BP to DNA by one-electron

oxidation.

One fundamental concept in chemical carcinogenesis is that
covalent binding of chemicals to cellular macromolecules, DNA,
RNA, and protein, is the first critical step in the multistage process
leading to tumor formation.!? Most chemicals require metabolic
activation to electrophilic intermediates that react with cellular
nucleophiles.!? For polycyclic aromatic hydrocarbons (PAH),
metabolic activation can occur by two main pathways: one-
electron oxidation to yield reactive intermediate radical cations®>
and monooxygenation to produce bay-region diol epoxides.5’
Peroxidases, including horseradish peroxidase (HRP) and pros-
taglandin H synthase (PHS), catalyze one-electron oxidation,® 4
whereas cytochrome P-450 catalyzes both one-electron oxidation
and monooxygenation.'’

The most potent PAH, which include benzo[a]lpyrene (BP),
7,12-dimethylbenz{a}anthracene, and 3-methylcholanthrene, have
two main features in common: (1) a relatively low ionization
potential (IP), which allows metabolic removal of one electron
with formation of a radical cation, and (2) appreciable charge
localization in the PAH radical cation, which renders this in-
termediate specifically and efficiently reactive toward nucleo-
philes.*S

A correlation of IP with binding of PAH to DNA catalyzed
by HRP!6 and PHS' has been established, suggesting that a low
IP is necessary for binding to occur by one-electron oxidation.
When the PAH radical cation has a charge partially localized at
one or a few carbon atoms, specific binding to nucleophiles can
occur. This was demonstrated by studying one-electron oxidation
of various PAH with iodine/pyridine!®!® and Mn(OAc),.202!

One-electron oxidation of BP produces a radical cation with
charge localized at C-6.2%2" Experiments using *H/'4C-labeled
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BP indicate that this position is involved in the binding of BP to
DNA in vivo,?® but these adducts have not been isolated. Similar
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experiments conducted in vitro in which HRP catalyzed binding
of BP to DNA indicate that virtually all of the binding occurs
at C-6.%

Determination of the structure of adducts formed with cellular
macromolecules provides evidence on mechanisms of activation
leading to covalent binding. Because DNA may be the cellular
macromolecule critical to initiation of carcinogenesis, we have
studied the BP-DNA adducts formed in the HRP/H,0, system.
HRP was used to bind BP to DNA because the catalytic ability
of the enzyme is often predictive of activation by mammalian
peroxidases.’® This in vitro binding system also allows identi-
fication of both stable and labile DNA adducts by comparison
with synthetic adducts.

Anodic oxidation of BP in the presence of guanine (Gua) nu-
cleosides was investigated as a suitable synthetic system for ob-
taining adducts formed by one-electron oxidation. Gua nucleosides
were chosen because this base is most frequently modified by
chemical carcinogens in biological systems.’!

In this paper, we report the electrochemical synthesis of BP
adducts formed with deoxyguanosine (dG) and guanosine (G),
their structure elucidation, and their use in identification of adducts
formed in HRP-catalyzed binding of BP to DNA in vitro.

Experimental Section

General Procedures, UV absorbance spectra were recorded in meth-
anol on an Aminco DW-2C,

Proton and homonuclear two-dimensional chemical shift correlation
spectroscopy (COSY) NMR spectra were recorded on a Varian XL-300
at 299.938 MHz as solutions in DMSO-d; at temperatures of 22, 35, and
45 °C. Spectra run at temperatures above 22 °C are indicated in the
figure legends. Chemical shifts (§) are reported relative to tetra-
methylsilane, which was employed either as a primary internal reference
or as a secondary reference relative to residual DMSO at 2.50 ppm.
Typical instrument parameters used were as follows: flip angle = 45°,
SW = 4000 Hz, word length = 32 bit; data size = 32K recycle time =
3.5-4.0 s, Water supression was accomplished with presaturation at the
frequency of the water resonance for 1-2 s prior to the 45° observation
pulse. For the COSY experiments a D,~90°-1,-90° acquisition sequence
was used. A spectral width of 500-900 Hz was used with quadrature
detection to collect a 128 or 256 fid X 1K data matrix. The matrix was
zero-filled in the ¢, dimension and sine-bell weighted prior to transfor-
mation. The digital resolution of the resulting 1K X 1K matrix was 1.5
Hz per point.

Collisionally activated decomposition (CAD) spectra were obtained
with a Kratos MS-50 triple analyzer tandem mass spectrometer, an
MS/MS instrument that was previously described.’> This instrument
consists of a high-resolution MS-I of Nier-Johnson geometry, followed
by an electrostatic analyzer used as MS-II. Samples were dissolved in
a minimal amount of DMSO and a 1-uL aliquot was added to the matrix
(dithiothreitol /dithioerythritol). We can only estimate that quantities
in the range of 1-5 ug were used for each analysis. Fast atom bom-
bardment (FAB) by 7-keV xenon atoms was used to desorb the pre-
formed ions from the matrix, which was supported on a copper probe held
at 8 kV.

CAD spectra were obtained in an MS/MS or tandem mass spec-
trometer mode by activating the ions in the third field free region.
Collisions with helium gas (sufficient to suppress the ion beam by 50%)
were used, and CAD spectra were obtained by scanning MS-II. De-
tection was with a postacceleration detector at 15 kV with respect to
ground. Ten to thirty scans were signal averaged for each spectrum by
using software developed at the Midwest Center for Mass Spectrometry.
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B/E, linked scans were obtained by activating ions in the first field free
region and scanning both B and E, so that the ratio of B/E,| was held
constant.®

High-pressure liquid chromatography (HPLC) was conducted on a
Spectra Physics 8100 or 8700 solvent delivery system. Effluents were
monitored in series for UV absorbance (300 nm) and fluorescence, re-
cording the data on a computing integrator. Where appropriate, radio-
activity was monitored and recorded with a Ramona flow monitor
(IN/US, Fairfield, NJ). Biologically prepared adduct samples were
analyzed on an Altex Ultrasphere ODS S-um column (4.6 mm X 25 cm).
After the column was eluted for 5 min with 30% methanol in water, a
70-min linear gradient to 100% methanol was run at 0.8 mL/min. A
second solvent system for biologically prepared samples consisted of
elution for 5 min with 20% acetonitrile in water, followed by an 80-min
linear gradient to 100% acetonitrile, run at 1 mL/min. Preparative
HPLC was conducted on a Du Pont Zorbax ODS column (21.2 mm X
25 cm) with a 100-min linear gradient from 50% methanol in water to
100% methanol at a flow rate of 5§ mL/min.

Electrochemical syntheses were conducted with an apparatus (EG &
G Princeton Applied Research, Princeton, NJ) composed of a potent-
iostat/galvanostat (Model 173), digital coulometer (Model 179), and cell
system (Model 377A). The cell was equipped with a saturated calomel
reference and a platinum counter electrode. Both the reference and
counter electrodes were placed in bridge tubes separated from the bulk
of the solution by a porous glass frit. The potentiostat was connected to
a digital multimeter (Mode! 8060A, Fluke Manufacturing Co., Everett,
WA) so that the electrolysis current could be read.

The electrolysis potential for BP was selected on the basis of the anodic
peak potential measured for BP by cyclic voltammetry (Model CV27,
Bioanalytical Systems, Lafayette, IN).

Commercially available DMF was purified by vacuum distillation over
calcium hydride just prior to use and was stored under argon. KClO,
(Aldrich) was used as obtained. BP was purified by column chroma-
tography on aluminum oxide eluted with benzene/hexane (1:1). The
product was recrystallized from benzene/hexane (mp 177-178 °C). The
nucleosides (P-L Biochemicals, Milwaukee, W) were desiccated under
vacuum at 90 °C for 48 h prior to use.

Electrochemical Synthesis of BP-dG and BP-G Adducts. Coupling
between BP** and nucleophilic groups of Gua nucleosides was obtained
by selective anodic oxidation of BP. The only difference between ex-
periments with dG and G stemmed from their solubility in DMF. G
could be used in an amount up to 3-fold greater than dG, although this
resulted in longer electrolysis time and more frequent occurrences of
overcurrent, due to formation of impurities on the electrode surface.

In a typical preparation, DMF (35 mL, freshly distilled) containing
0.5 M KClO as the supporting electrolyte was preelectrolyzed at +1.450
V, while argon was bubbled into the cell, until no appreciable current
could be detected (ca. 30 min). The nucleoside (0.5 mmol of dG or 1.5
mmol of G) was added, and stirring was continued until the solution was
clear. Bubbling of argon was stopped, and a positive pressure was
maintained. BP (0.10 mmol of BP/1.0 mmol of nucleoside) was added
as a solid; when it was dissolved, the cell was switched on. The electrode
potential was gradually raised from 0 to 1.10 V, the anodic peak potential
of BP, and kept constant at this value during the whole electrolysis. Both
the output current (/) and the total charge (Q) were monitored
throughout the experiment: at the beginning of the electrolysis / was
usually 40-50 mA. The reaction was stopped when i had decreased to
ca. !/th of the initial value and a charge 3 times the theoretical charge
expected (for a two-electron transfer) had accumulated. These two
conditions were usually achieved in ca. 90 min.

This reaction afforded several adducts. To collect the adducts with
BP bound to the C-8 of Gua, i.e., 8-(benzo[a]pyren-6-yl)deoxyguanosine
(C8dG), 8-(benzo[a]pyren-6-yl)guanosine (C8G), and 8-(benzo[a]py-
ren-6-yl)guanine (C8Gua), 2 volumes of triple-distilled water was added
to the dark brown solution at the end of the reaction. The resulting
precipitate was removed by centrifugation. Small aliquots of the clear
yellow supernatant were passed through two tandem C18 Sep-Paks
(Waters, Milford, MA) and eluted with 2 volumes of water followed by
2 volumes of 40% methanol in water to remove unreacted nucleoside.
The adducts were eluted in 2 volumes of 100% methanol and a final
volume of acetone. The C-8 adducts were then purified by HPLC. In
solution, these three yellow compounds showed characteristic greenish
fluorescence.

To collect the 7-(benzo[a]pyren-6-yl)guanine (N7Gua) adduct and an
adduct containing two molecules of BP (BPBPGua) a different purifi-
cation procedure was followed. The reaction mixture was dried under
vacuum, the solid material was dissolved in 0.5 mL of DMSO, and 3 mL
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of acetone was added. The solution was then applied to a preparative
silica TLC plate (Merck). DMSO was removed under vacuum. The
plate was eluted with acetone/benzene/water (70:20:10), and the fol-
lowing products were separated: BP dimer (R, 0.89), BPBPGua (R,
0.52), C-8 adducts (R, 0.46), N7Gua (R, 0.43). The bands of the
products were removed from the plate, and final purification of
BPBPGua and N7Gua was conducted on HPLC. BPBPGua eluted as
a broad peak with a retention time similar to that of BP with the meth-
anol/water gradient. N7Gua was virtually insoluble in any solvent and
sparingly soluble in DMSO. It displayed a great tendency to adhere to
glassware and HPLC packing materials. Both compounds were yellow.
N7Gua fluoresced purple, whereas BPBPGua fluoresced yellow.

Typical yields from the BP and dG reaction were 4.1% C8dG, 1.8%
C8Gua, 47% N7Gua, 5.4% BPBPGua, and <0.5% BP dimer. From the
reaction of BP and G, typical yields were 24% C8G, 1.6% C8Gua, 3.6%
N7Gua, 1.6% BPBPGua, and <0.3% BP dimer.

BP: UV, A\, (nm) 266, 274 (s), 285, 297, 349, 365, 385, 404, NMR,
7.83-7.92 (m, 2 H, 8-H, 9-H), 8.04-8.10 (m, 3 H, 2-H, 4-H, 5-H), 8.23
(d, 1 H, 3-H), 8.37-8.42 (m, 2 H, 1-H, 7-H), 8.45-8.49 (4, 1 H, 12-H),
8.72 (s, | H, 6-H), 9.22-9.28 (m, 2 H, 10-H, 11-H).

N7Gua: UV, A, (nm) 266, 277 (s), 288, 301, 357, 375, 395, 406;
NMR, 6.20 (s, 2 H, 2-NH,[Gua]), 7.38 (d, | H, 5-H), 7.58 (d, 1 H,
7-H), 7.85 (1, 1 H, 8-H), 7.96 (t, 1 H, 9-H), 8.11 (d, 1 H, 4-H), 8.14
(t, 1 H, 2-H), 8.30 (d, 1 H, 3-H), 8.34 (s, | H, 8-H[Gua]}), 8.49 (d, |
H, 1-H), 8.61 (d, 1 H, 12-H), 9.37 (d, 1 H, 10-H), 9.37 (d, 1 H, 11-H),
10.72 (s, 1 H, 1-H[NH Gual)).

C8Gua: UV, \,, (nm) 266, 277, 289, 301, 357, 375, 395, 406; NMR,
6.49 (s, 2 H, 2-NH,[Gua)), 7.75-7.78 (m, | H, 8-H), 7.85 (4, 1 H, 5-H),
7.92-8.00 (m, 2 H, 7-H, 9-H), 8.07-8.15 (m, 2 H, 2-H, 4-H), 8.28 (d,
1 H, 3-H), 8.46 (d, | H, 1-H), 8.58 (d, I H, 12-H), 9.33-9.39 (m, 2 H,
10-H, 11-H), 10.79 (br s, 1 H, 1-H[NH Gual), 13.0 (br s, 1 H, -H[NH
Gual).

C8dG: UV, A\, (nm) 267, 277 (s), 289, 301, 358, 376, 396, 406;
NMR, 1.63-1.74 (m, 1 H, 2-H), 2.83-2.92 (m, 1 H, 2’-H), 3.10-3.45
(m, 3 H, 4-H, 5-H,), 3.96-4.00 (m, 1 H, 3¥-H), 474 (s, 1 H, 3’-OH),
5.42 (t, 1 H, 1"-H), 5.58-5.85 (2 brs, 1 H, 5-OH), 6.69 (brs, 2 H,
2.NH,[Gual), 7.45 d, ~!/, H, 5-H), 7.59 (d, ~!/, H, 5-H), 7.65 (d,
~1/,H, 7-H), 7.80~7.85 (m, ~1-'/, H, 7-H, 8-H), 7.91-7.99 (m, 1 H,
9-H), 8.08-8.17 (m, 2 H, 2-H, 4-H), 8.23 (d, 1 H, 3-H), 8.50 (d, | H,
1-H), 8.62 (d, 1 H, 12-H), 9.35-9.41 (m, 2 H, 10-H, 11-H), 10.95 (s,
1 H, 1-H[NH Gua]).

C8G: UV Ay, (nm) 267, 277, 290, 303, 359, 377, 398, 407; NMR,
3.46-3.79 (m, 7 H, 3-H, 4’-H, 5’-H,, 2’-0OH, 3’-OH, 5-OH), 4.79 (q,
1 H, 2-H), 4.96 (d, ~'/, H, 1"-H), 5.03 (d, ~'/, H, 1’-H), 6.61-6.67
(2 br s, 2 H, 2-NH,[Gual), 7.49 (d, ~!/, H, 5-H), 7.57 (d, ~'/, H,
5-H), 7.69-7.81 (m, 2 H, 7-H, 8-H), 7.85-7.90 (m, | H, 9-H), 7.98 (d,
~1/, H, 4-H) 8.04-8.11 (m, ~1-/, H, 2-H, 4-H), 8.23-8.27 (m, 1 H,
3-H), 8.41-8.45 (m, 1 H, 1-H), 8.56 (d, 1 H, 12-H), 9.26-9.35 (m, 2 H,
10-H, 11-H).

BPBPGua: UV )\, (nm) 266, 291, 303, 363 (s), 380, 403; NMR,
6.48 (s, 2 H, 2-NH,[Gua}), 7.57-7.68 (m, 4 H, 5-H, 7-H), 7.86-8.26
(m, 13 H, 12 ar, 8-H[Gua}), 8.39-8.44 (m, 1 H, ar), 8.81-8.92 (m, 4
H, 10-H, 11-H), 10.99 (s, 1 H, 1-H[NH Gua}).

HRP-Catalyzed Synthesis of BP-DNA Adducts. [*H]BP (100 uM,
15 Ci/mmol, Amersham Corp., Arlington Heights, IL) was bound to 6
mM calf thymus DNA (P-L Biochemicals, Milwaukee, WI) in the
presence of 0.5 mM H,0, and 0.1 mg/mL HRP (type II, Sigma Chem-
ical Co., St. Louis, MO) in 0.067 M sodium potassium phosphate, pH
7.0.2 Following the reaction period of 1 h at 37 °C, the DNA was
precipitated by addition of 2 volumes of ethanol and wound out on a glass
rod. The supernatant was saved, and the DNA was redissolved in 0.05
M Tris/0.005 M MgCl,, pH 7.1, and extracted twice with an equal
volume of CHCl;. The supernatant and CHC], extracts were combined,
evaporated, lyophilized, redissolved in methanol/DMSO (1:1), and an-
alyzed by HPLC. The DNA was digested to deoxyribonucleosides by
using the method of Baird and Brookes.** In this procedure, DNA was
digested first with deoxyribonuclease I, followed by snake venom phos-
phodiesterase and alkaline phosphatase. Adducts were recovered from
the digest by six extractions with an equal volume of CHCl, and analyzed
by HPLC. A number of preparations were analyzed, and reproducible
chromatograms were routinely obtained. To collect N7Gua for MS
analysis, six 40-mL reactions were incubated as described above and the
supernatants combined. A total of 10 ug of N7Gua was obtained after
purification by HPLC and was analyzed by CAD/MS.

Results

Electrochemically Synthesized Adducts. Electrochemical syn-
thesis of adducts from BP and dG or G consistently yielded three
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Figure 1. '"H NMR spectra of (A) BP, (B) C8Gua, and (C) N7Gua (45
°C).

major isolated adducts, C8dG or C8G, C8Gua, and N7Gua, plus
BPBPGua. Coupling of BP with dG afforded predominantly the
N7Gua adduct (80% of isolated products), whereas reaction of
BP with G gave predominantly C8G (70% of isolated products).
A second feature distinguishing the two reactions was the relative
stability of C8G vs C8dG. Approximately 30% of the C8dG
formed lost the deoxyribose moiety to yield C8Gua, whereas only
6% of C8G lost the ribose moiety.

With the standard methanol/water HPLC gradient, C8dG
eluted at 55 min, C8Gua at 57 min, and N7Gua at 59.5 min. In
the acetonitrile/water gradient, C8dG eluted at 32 min, C8Gua
at 37 min, and N7Gua at 39 min. These two gradients provided
different conditions under which small quantities of adducts from
biological samples could be separated to prove identity with the
electrochemically synthesized adducts.

The structures of the synthesized adducts were elucidated by
a combination of UV, NMR, and MS, which included both FAB
and CAD spectra. FAB* and FAB coupled with CAD? have
been used in the structure determination of modified nucleosides
and nucleotides. Above 300 nm, UV spectra of the adducts showed
maxima red-shifted by 8-10 nm, which is characteristic of sub-
stitution at C-6 of BP.*” Evidence for structure determination

(35) (a) Slowikowski, D. L., Schram, K. H.
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Gross, M. L.; Deinzer, M. L. Anal. Chem. 1986, 58, 2527-2534. (c) Gross,
M. L,; Tomer, K. B.; Cerny, R. L.; Giblin, D. E. In Mass Spectrometry in
the Analysis of Large Molecules; McNeal, C. J., Ed.; Wiley: Chichester, UK,
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Figure 2. CAD spectra of (A) C8Gua, (B) C8dG, (C) C8G, (D) N7Gua
(2-ug sample), and (E) N7Gua (10 ug) isolated from the HRP-catalyzed
reaction.

by NMR and MS is discussed below.

N7Gua. Determination of the structure was accomplished by
using NMR and FAB coupled with tandem mass spectrometry.
The NMR spectrum (Figure 1C) shows the absence of the singlet
praton at C-6 of the BP moiety, indicating that BP is substituted
at position 6. This observation is further substantiated by the
shielding effect of the protons 5-H and 7-H due to the peri effect
of Gua substituted at C-6. The remaining protons of BP were
assigned by comparing the chemical shifts with those of the parent
compound BP. The presence of the sharp singlet of the proton
at C-8 of Gua (8.34 ppm) indicates that Gua was not substituted
at C-8. In addition, the two protons that give a resonance at 6.20
ppm demonstrate that no substitution occurred at the amino group.
Thus, it appears that substitution of the Gua moiety occurred at
N-7. Loss of deoxyribose provides further evidence for an N-7
adduct, because substitution at this position destabilizes the
glycosidic bond.

The mass spectrum of ions desorbed by FAB shows an (M +
H)* ion of m/z 402 (observed 402.1360, theoretical 402.1355,
error 1.2 ppm). Upon collisional activation (Figure 2D), the (M
+ H)* ion decomposes to produce a most abundant ion of m/z
251 (probably C,,H,,* of the BP moiety). The m/z 251 ion is
abundant because protonation probably occurs readily at N-7,
followed by loss of neutral Gua. A second major fragment ion
of m/z 277 is probably BP-NC**. A third fragment ion of m/z
385 is assigned as (M + H - NH,)*. Ions of intervening masses
constitute the series formed by losses of C,H,.,, although losses
of C,H,s and C,H,_; also occur. Similar series of ions are found
in the CAD spectra of unsubstituted PAH.%®

C8Gua. Elucidation of the structure of the C8Gua adduct by
NMR rests on the absence of both the C-6 proton in the BP moiety
and the sharp singlet of C-8 in Gua (Figure 1B). Assignment
of the other protons was obtained by comparison of the chemical
shifts with those of the parent compound and by COSY.

An (M + H)* ion of m/z 402 (observed 402.1336, theoretical
402.1353, error 4.9 ppm) is again desorbed by FAB, and collisional
activation yields the same three major fragments as N7Gua
(Figure 2A), although the (M + H)* ion of this isomer has a
significantly different CAD spectrum from that of N7Gua. The
most abundant fragment is likety BP-CN**, at m/z 277. The
greater abundance of the fragment of m/z 277 in the spectrum
of C8Gua as compared with N7Gua is attributed to the greater
stability of BP-CN** vs BP-NC"*. The relative abundances of
the m/z 251 and 277 ions are reproducible under the conditions

(38) Pachuta, S. J; Kenttimaa, H. I.; Sack, T. M.: Cerny, R. L.; Tomer
K. B.; Gross, M. L Pachuta, R. R.; Cooks. R, G RIS
110, 657-665.
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Figure 3. 'H NMR spectra of (A) dG, (B) C8dG (35 °C), and (C)
C8dG with water suppression (35 °C).

of high-energy collisional activation used here and provide a
criterion for rapidly distinguishing the N-7 and C-8 adducts at
the microgram level.

A second isomer of the C8Gua adduct cochromatographed with
the C8dG adduct under the conditions of both gradients. For-
mation of the two isomers arises from hindered rotation of the
Gua moiety bound at C-6 due to the peri effect of 5-H and 7-H
of the BP moiety. To demonstrate that this was indeed a C8Gua
adduct, the “C8dG” peak was isolated from an electrochemical
preparation and dissolved in methanol/water (1:1). The mixture
was hydrolyzed in 1 M HCl for 1 h at 37 °C, neutralized, and
chromatographed to give two peaks, one with a retention time of
C8Gua and the other with a retention time of C8dG. The ap-
parent C8dG was analyzed by FAB mass spectrometry, and the
highest mass ion observed was of m/z 402, indicating the presence
of a BP adduct without any sugar moiety. The C8Gua peak at
57 min in the methanol/water gradient HPLC contains only one
isomer. This is corroborated by its NMR spectrum (Figure 1B),
in which the proton at C-5 of the BP moiety shows only one
chemical shift, in contrast to the same proton of C8dG (Figure
3B), which exhibits two chemical shifts arising from two unsep-
arated isomers.

C8dG. The NMR spectrum of C8dG is shown in Figure 3B,
and the spectrum with water suppression is shown in Figure 3C.
Both spectra are compared with that of dG (Figure 3A). The
C8dG NMR spectrum shows the absence of the characteristic
singlet of the proton at C-6 of BP. The remaining aromatic proton
resonances were assigned by using COSY and by comparing their
chemical shifts with those of the parent BP. In this case, the two
shielded protons 5-H and 7-H each exhibit two different chemical
shifts, as evidenced by COSY, suggesting the presence of the two
isomers generated by hindered rotation of dG at the C-6 bond
of BP. COSY spectroscopy of the aliphatic region allows us to
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assign unequivocally the 1’-H and the two 2’-H protons, as well
as the 3-H and 3-OH. The 3’-OH signal almost disappears with
water suppression (Figure 3C). The broad signal at 5.7 ppm,
which totally disappears with water suppression, has been ten-
tatively assigned as the 5-OH of dG. The remaining protons,
4'-H and 5-H,, are thought to be under the broad signal of water
(Figure 3B). With water suppression, they are tentatively des-
ignated as shown in Figure 3C. With the exception of one of the
2’-H protons and the tentatively assigned 5’-OH, all protons of
the deoxyribose moiety are shifted upfield compared with the
corresponding protons of dG (Figure 3A), presumably due to the
anisotropic shielding effect of the = electrons of BP.

The FAB mass spectrum of C8dG contains two major ions of
m/z 518 (M + H)* and of m/z 402. Accurate mass determination
by peak matching yields a value of 518.1830; the correct value
for C;H,,N;5O, is 518.1828, indicating an error of 0.2 ppm. The
m/z 402 ion arises by H transfer from the sugar moiety to the
base followed by loss of CsHgO,. Also present in the spectrum
are ions of m/z 540 (M + Na)* and of m/z 424 (M + Na -
C;H0;)*. Collisional activation of the two ions of m/z 540 and
518 causes production of fragments of m/z 424 (BP — Gua + Na)*
and 402 (BP — Gua + H)*, respectively. Collisional activation
of the ion of m/z 424 produces three major fragments in de-
creasing abundance: ions of m/z 385, 277, and 251. More
importantly, the CAD spectrum of the ion of m/z 402 (Figure
2B) once again shows that the BP is bound at C-8 and not at N-7.

C8G. The same criteria adopted for elucidation of the structure
of C8dG were used to determine the structure of C8G. The FAB
mass spectrum of C8G contains major ions of m/z 556 (M +
Na)*, 534 (M + H)* (observed 534.1787, theoretical 534.1777,
error 1.8 ppm), 424 (BP — Gua + Na)*, and 402 (BP - Gua +
H)*. The latter two ions result from losses of CsHgO4 moieties.
Collisional activation of the ion of m/z 424 again produces ions
of m/z 385, 277, and 251. The collisionally activated decom-
positions of the ion of m/z 402 show conclusively that the BP is
bound to C-8 and not N-7 (Figure 2C).

The site of binding is corroborated by the lack of the sharp
singlet of the proton at C-8 in Gua and the singlet at C-6 of BP
in the NMR spectrum of C8G (Figure 4B). The aromatic protons
were assigned following the same procedure as for the other
adducts. In this case, the compound contained two isomers, as
evidenced by the characteristic two shielded doublets of 5-H and
the two coupled doublets of 4-H, as assigned by COSY. The
presence of two isomers is further corroborated by the two doublets
at 4.96 and 5.03 ppm corresponding to 1’-H. All chemical shifts
of the ribose moiety are shifted upfield compared with G (Figure
4A), with the exception of the proton 2’-H. The deshielded 2’-H
proton was tentatively designated on the basis that the same proton
is shifted downfield in the NMR spectrum of C8dG (Figure 3B).
The conclusive assignment of the 2’-H proton has been obtained
by COSY, which shows that this proton is coupled with the two
1’-H doublets. The broad multiplet at 3.46—3.79 ppm contains
six protons, three of which correspond to the hydroxylic groups,
as determined by exchange with D,0O (Figure 4C).

BPBPGua. The presence of two BP moieties in this adduct is
demonstrated by the (M + H)* ion at m/z 652 obtained by FAB
(see below) and by the characteristic NH, signal at 6.48 ppm of
the Gua moiety, which by integration relative to the other aromatic
protons shows that the latter are twice that of a single BP moiety.

The NMR spectrum of this adduct shows no singlet in the
region of 8.7 ppm, corresponding to the proton 6-H of the BP
moiety. This suggests that both C-6’s of the two BPs are involved
in chemical bonds. Other recognizable features in this spectrum
are the exchangeable proton at 10.99 ppm, corresponding to 1-H
of Gua, and multiplets at 8.81-8.92 ppm, corresponding to four
protons, namely the angular 10-H and 11-H. Furthermore, a
multiplet in the high field at 7.57-7.68 ppm corresponding to four
protons has been tentatively designated as the protons 5-H and
7-H due to the peri effect of substitution at C-6.

The MS data below suggest that this adduct contains two BPs
linked to one another. Thus, it can be formed by electrochemical
oxidation of BP, which reacts at C-6 with the BP moiety of
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Figure 4. 'H NMR spectra of (A) G, (B) C8G (35 °C), and (C) C8G
after exchange with D,0O (35 °C).

N7Gua, or, alternatively, by electrochemical oxidation of BP
dimer, which reacts with dG or G. Incidentally, BP dimer, which
is produced by anodic oxidation of BP with dG or G and when
BP alone is electrochemically oxidized in DMF, was identified
by chromatographic analysis, HPLC, and TLC with an authentic
sample of BP dimer obtained as a byproduct in the synthesis of
the radical cation perchlorate of BP*® (and unpublished results).
This BP dimer is a mixture of isomers tentatively designated as
linked at 6-6¢’, 61/, and 6-3".

Electrochemical oxidation of BP (12 mg) in the presence of
N7Gua (1 mg) in 25 mL of DMF did not yield any BPBPGua.
Therefore, we suggest that this adduct is formed by electrochemical
oxidation of BP dimer, which reacts with dG or G.

FAB of the BPBPGua adduct leads to desorption of an (M +
H)* of m/z 652 (observed 652.2162, theoretical 652.2137, error
3.7 ppm), suggesting that the adduct contains two molecules of
BP and one of Gua. The mass spectrum of the desorbed ions shows
a peak at nearly every m/z value in the mass region m/z 350-700.
The m/z 652 ion is seen with a signal-to-background ratio of 7:1.
No obvious fragment ions can be assigned on the basis of the full
mass spectrum.

The (M + H)* ion was submitted to CAD in the MS/MS
experiment (Figure 5). The most abundant fragment ion is of
m/z 400. A linked B/E, scan of the m/z 652 ion yields higher
mass resolution than in the spectrum presented in Figure 5 and
shows that the peak at m/z 400 is principally a singlet. This
fragment originates by hydrogen transfer and expulsion of a
neutral BP moiety. The two predominant fragment ions in the
lower mass region are of m/z 251 and 277 and are probably BP*

(39) Cremonesi, P.; Warner, C.; Cavalieri, E.; Rogan, E. Abstracts of
Papers, 193rd National Meeting of the American Chemical Society, Denver,
CO; American Chemical Society: Washington, DC, 1987, ORGN 167.
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Figure 5. CAD spectrum of BPBPGua.

(CyH,;)* and BP-NC**. These ions are also seen in the CAD
spectra of the BP-Gua adducts and in the BP-dG or BP-G
adducts (Figure 2). A comparison of the mass region m/z
300-400 in Figure 5 and in Figure 2 reveals that the more
abundant fragments are formed from BPBPGua with m/z values
in this mass region. These fragments are tentatively assigned as
arising from disruption of a BP ring linked to an intact BP ring
system (e.g., the ion m/z 302 is likely BP-C,H;**. Thus, formation
of these fragments is consistent with two BPs attached to one
another. There is also a complex pattern of fragment ions in the
mass region 450-600. The ions that give rise to these and ad-
joining peaks are formed by extensive disruption of one of the BP
moieties. For example, the ions of m/z 498 and 524 may be
produced by losses of C,oHy and C,oH,,, respectively, and are
similar to fragmentation of simpler polycyclic aromatic com-
pounds.®

HRP/H,0,-Catalyzed Binding of BP to DNA. When BP was
bound to DNA in the HRP/H,0, system, the level of binding
ranged between 60 and 90 pmol/mol DNA-P. Adducts were
analyzed in the ethanol/water supernatant obtained by precipi-
tation of the DNA and in the DNA itself, digested enzymatically
to deoxyribonucleosides. A number of preparations were analyzed,
and reproducible chromatograms were obtained. With the ace-
tonitrile/water gradient (Figure 6A), the supernatant, which
contains adducts lost from DNA by depurination (C8Gua,
N7Gua), exhibits a small amount of material chromatographing
with the C-8 markers and a larger peak with N7Gua. The pre-
dominance of the N7Gua peak is expected from the destabilization
of the glycosidic bond by substitution at N-7. The material
chromatographing with the C8dG marker is presumably the
second identified C8Gua isomer (see above).

When the supernatant was chromatographed in the metha-
nol/water gradient (Figure 6B), unknown material with the same
retention time as C8dG was detected, producing an artefactual
profile. This peak was collected and analyzed by UV spectroscopy
and FAB/MS. The UV spectrum showed no absorption corre-
sponding to BP or another polycyclic aromatic moiety. No
identifiable adduct peaks were observed by FAB/MS. This ra-
diocactive peak presumably corresponded to a compound obtained
by tritium exchange from the [*H]BP.

Proof of the structure of the N7Gua formed in the HRP/
H,0,-catalyzed reaction was obtained by collecting the adduct
from the supernatants of several large incubations and analyzing
it by CAD/MS. The fragmentation pattern of the m/z 402
(Figure 2E) is identical with that of authentic N7Gua (Figure
2D). This method of analysis is sensitive enough to require only
2 pg of adduct (Figure 2D).

The profile of adducts in the DNA digest was the same in both
gradient systems (Figure 7). CB8dG is the largest peak observed,
with small amounts of the depurinated adducts C8Gua and
N7Gua. The aqueous fraction remaining after CHCI, extraction
of the DNA digest was also analyzed by HPLC. Aside from a
small peak eluting with the solvent front and a peak for BP, no
other peaks were ever observed in the chromatography of this
fraction.

By use of the peak areas observed in Figures 6A (supernatant)
and 7A (DNA digest), the approximate amounts of the three
adducts are compared in Table I.  About 80% of the total
identified adducts were found in the supernatant. The major
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adduct formed was N7Gua, which was almost entirely lost by
depurination, as expected because substitution at N-7 is known
to destabilize the glycosidic bond.

Discussion

The structures of DNA adducts of chemical carcinogens provide
evidence on the mechanism by which a procarcinogen is activated.



Benzofa] Pyrene-Guanine Nucleoside Adducts

Table I. Adducts Identified in HRP-Catalyzed Binding of BP to
DNA

adducts, pmol

fraction? C8dG + C8Gua N7Gua total
supernatant 14 (54)* 43 (96) 57 (81)
DNA digest 12 (46) 2(4) 14 (19)

2The aliquot of supernatant chromatographed was 2% of the total
sample, whereas the aliquot of DNA digest was 9% of the total sample.
b Percentage of adduct in each fraction.

Although the presence of particular adducts indicates that a
mechanism of activation occurs, this is not sufficient to imply its
role in carcinogenesis.

BP diol epoxide was found to form a DNA adduct at the
exocyclic 2-amino group of dG after treatment of the target tissue
mouse skin with BP.*>*? This adduct has been interpreted as
a major piece of evidence in proposing the diol epoxide as the
ultimate carcinogenic form of BP. This hypothesis has been
extended to include formation of bay-region diol epoxides as the
ultimate carcinogenic forms of other PAH.%” Further studies on
the formation of adducts between diol epoxides and DNA in vitro
have led to the discovery of labile adducts that are lost by de-
purination and depyrimidination.’!#?

Several lines of evidence suggest that covalent binding of PAH
to nucleophiles can be obtained by one-electron oxidation of the
hydrocarbon.** According to this mechanism, binding of BP
occurs at position 6,227 Evidence for binding of BP to DNA at
C-6 in mouse skin in vivo® and in several in vitro systems in which
BP is activated by cytochrome P-450% and HRP/H,0,% was
obtained by specific loss of tritium from C-6, although the
structures of the adducts were not determined.

Identification of such adducts requires preparation of model
adducts with BP bound at C-6. Anodic oxidation of BP with dG
leads to binding at N-7 and C-8 of Gua. Although the N-7 adduct
was anticipated to be recovered without the deoxyribose moiety,
the C-8 adduct also shows some unexpected loss of the sugar. This
indicates that substitution at C-8 leads to some instability of the
glycosidic link. In contrast, the reaction of BP and G produces
the anticipated N-7 adduct without the ribose, and the C-8 adduct
is isolated almost entirely as the nucleoside. Furthermore, the
N-7 and C-8 adducts can now be distinguished by the different
ratios of the two fragments of m/z 277 and 251, as seen in CAD
spectra (Figure 2).

BP-DNA adducts formed in the HRP-catalyzed reaction have
been identified as containing BP bound at C-6 to the N-7 or C-8
position of Gua, and they are mostly lost from DNA by depu-
rination (Table I). These adducts confirm previous results in-
dicating binding of BP to DNA at C-6*° and demonstrate that
HRP activates BP by one-electron oxidation.

Cytochrome P-450 also catalyzes one-electron oxidation of a
variety of compounds. This mechanism has been demonstrated
in the metabolism of sulfides and sulfoxides, which are oxygenated
to sulfoxides and sulfones, respectively, via an initial formation

(40) Koreeda, M.; Moore, P. D.; Wislocki, P. G.; Levin, W.; Conney, A.
H.; Yagi, H.; Jerina, D. M. Science (Washington, D.C.) 1978, 199, 778-781.

(41) Ashurst, S. W.; Cohen, G. M. 1981, 27, 357-364.

(42) Alexandrov, K.; Rojas, M.; Bourgeois, Y.; Chouroulinkov, I. Carci-
nogenesis (London) 1983, 4, 1655-1657.

(43) Osborne, M.; Merrifield, K. [ 1985, 53, 183-195.
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of a sulfinium radical intermediate.** Similarly, quadricyclane
is metabolized by initial formation of a radical cation. We have
demonstrated that the BP quinone metabolites are obtained from
BP radical cation.#®  Dihydropyridine* and cyclopropyl-
amine’®%! induce suicide inactivation of cytochrome P-450 via
one-electron oxidation of the substrate. The same mechanism is
thought to play a significant role in the hepatotoxicity of acet-
aminophen.’233

When BP is bound to DNA by HRP? or cytochrome P-450,%
loss of tritium from C-6 suggests activation of BP by one-electron
oxidation. The results of this paper confirm the initial evidence
that HRP catalyzes binding of BP to DNA by one-electron ox-
idation. We have recently obtained N7Gua from the supernatant
fraction when BP and DNA are incubated with uninduced or
3-methylcholanthrene-induced rat liver microsomes (manuscript
in preparation).

Identification of DNA adducts in target tissues of experimental
animals treated with a carcinogen can disclose only adducts that
remain as part of the DNA during the treatment and isolation
procedures. Because a large portion of the BP~-DNA adducts
formed by one-electron oxidation is depurinated, they are very
difficult to identify in the DNA of target tissues by the method
of DNA isolation, digestion to nucleosides, and HPLC analysis.
This method can be used in vitro because both stable and labile
adducts can be recovered. Identification of labile, such as N7Gua,
and moderately stable, such as C8dG, adducts formed in vivo
requires other techniques, which are very sensitive and/or involve
less manipulation of the DNA. For example, preparation of
monoclonal antibodies reactive with specific adducts can be used
to identify carcinogen-DNA adducts. For aromatic hydrocarbons,
use of fluorescene line-narrowing spectrometry also represents a
very specific, sensitive method of analysis’** (manuscript in
preparation).
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