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Nitrated polycyclic aromatic hydrocarbons are mutagens/carcinogens that undergo in vivo
activation by ring-oxidation and nitro-reduction pathways. We report the syntheses and
comparative conformational analyses of N-(deoxyguanosin-8-yl)-n-aminopyrene adducts (dG-
C8-n-AP, n = 1, 2, 4) derived from the three isomeric mononitropyrenes (1-, 2-, and 4-NP).
The C8-amine nitrogens of these adducts have been enriched with >N to examine the
conformation about the pyrenyl—nitrogen and guanyl—nitrogen bonds that link the guanine
and the pyrene moiety. These adducts are structurally isomeric, thus providing an interesting
opportunity for systematic probing of the isomeric adduct conformations. Spectroscopic data
indicated that the three isomeric aminopyrene adducts favor anti-glycosyl conformations, with
C2'-endo (S) sugar puckering and a nearly planar conformation at the central amine nitrogen.
The data further indicated differences in the extent of z-electron conjugations about the
pyrenyl—nitrogen bond, depending on the location of aminopyrene substitution. Thus while
the 1- and 4-isomers both have substitution adjacent to a fused aromatic ring, the 2-isomer is
highly symmetric and less sterically hindered. The 2-isomer adopts the most planar
conformation, thereby having the most efficient s-electron delocalization between the guanine
and pyrene rings. The isomeric dG-C8-AP adducts and their nitro and amino precursors display
physicochemical properties (HPLC retention time, UV pattern, *H NMR data, mass fragmenta-
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tion, etc.) distinctly dependent on their structures (1- and 4-isomers versus 2-isomer).

Introduction

Nitropyrenes are an important class of pollutants that
exist in various environmental sources, including certain
occupational environments (1). Some of these compounds
are potent bacterial mutagens and rodent carcinogens,
posing some concerns to human health (2, 3). 1-Nitro-
pyrene (1-NP; Chart 1) is among the most abundant in
the environment and has been studied extensively (2—
12). There are two additional isomers of mononitropy-
rene: i.e., 2- and 4-nitropyrene (2-NP and 4-NP; Chart
1). Unlike the ubiquitous 1-NP, 2-NP is detected only
in the atmospheric environment and is believed to be
formed by a free radical process (13). 4-NP has been
detected in both air (14) and diesel soot extracts (15), even
though its level is much lower than those of 1- and 2-NP.

Despite the structural similarity, the three isomeric
NPs differ markedly in their mutagenic and carcinogenic
activities (16—24). While the relative order of bacterial
mutagenicities in Salmonella typhimurium strains TA1538
and TA98 was 1-NP < 2-NP < 4-NP (18—20) in both the
presence and absence of rat liver supernatant, 2-NP was
found to be inactive without the supernatant in a TM677
forward mutation assay (16). 2-NP was also nonmu-
tagenic in a forward mutation assay using a metabolically
competent human cell line (MCL-5) (17). A similar order
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Chart 1. Structures of n-Nitropyrene (n-NP),
n-Aminopyrene (n-AP), and
N-(Deoxyguanosin-8-yl)-n-aminopyrene
(dG-C8-n-AP, n =1, 2, 4)
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“

R =-NO; 1-NP 2-NP 4-NP
= -NHz 1-AP 2-AP 4-AP
R = -NH-dG dG-C8-1-AP dG-C8-2-AP dG-C8-4-AP

of carcinogenicities has been observed following direct
administration of each isomer into the mammary pads
of weanling female CD rats (20). 4-NP is more tumori-
genic than 1-NP in newborn female rats (21) and in the
livers and lungs of newborn male mice (24). The biologi-
cal diversities observed for these NPs may presumably
be due to differences in their structures and metabolism.

NPs undergo in vivo activation through either nitro
reduction or ring oxidation, or a combination of both,
generating a complex array of metabolites (2—6, 10, 25—
31). Studies have shown that both 1- and 2-NP are
metabolized, via the nitro-reduction route, into N-hy-
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Scheme 1. Synthesis and Structure of
[*N](Deoxyguanosin-8-yl)-n-aminopyrene
[dG-C8-n-(135N)-AP, n = 1, 2, 4)]2

n-('N)-NP "SN-OH-n-AP
b
dG-C8-n-(°N)-AP 1SALOAC-n-AP
(o]
N/JZ\NHz

dG-C8-n-('°N)-AP

2 (@) NHoNH,*H,0, Pd/C, THF, 0 °C; (b) CHsCOCN, NEts, THF,
—45 °C; (c) dG, H,O/THF, 37 °C.

droxylamines, which after further enzymatic activation,
produce C8-substituted (deoxyguanosinyl)aminopyrene
(dG-C8-AP) derivatives as major adducts (4, 10, 26, 27).
Some minor adducts, in which the pyrene ring is attached
to either the N?-position of dG (10) or the C8-position of
dA (26, 27), have also been isolated. Upadhyaya et al.
(28) have shown that ring oxidation is the major meta-
bolic route for the strong carcinogen 4-NP in rat liver
microsomes (28). In vivo, however, 4-NP is metabolized
by both ring oxidation and nitro reduction. They have
also shown that excretion of 1- and 2-NP and their
metabolites in rats occurs mainly via the intestinal tract,
while the major portion (40%) of the 4-NP dose was found
in the urine. While the patterns of fecal and urinary
excretion and metabolism of the three NPs are similar,
4-NP exhibits a higher level of DNA binding affinity in
mammary tissues in vivo than 1- or 2-NP (30, 31). These
results may account for the higher carcinogenic activity
of 4-NP. While no dG-C8-4-AP adduct has yet been
isolated (30, 31), the possible existence of deoxyinosine-
based adducts in rats treated with 4-NP has been
suggested (30).

We report here the syntheses and comparative confor-
mation analyses of three C8-deoxyguanosinyl adducts
derived from the isomeric NPs (Scheme 1). The three
dG-C8-AP adducts are structurally identical, except for
the position (1, 2, and 4) of substitution in the pyrene
ring, providing a unique opportunity for the systematic
probing of isomeric adduct conformations. The C8-amine
nitrogens of these adducts have been enriched with >N
to facilitate the study of the conformation about the
central nitrogen that links the guanine base and the
pyrene moiety. Spectroscopic data (UV, *H NMR, mass)
have been collected and analyzed in order to understand
the conformational basis for their diverse mutagenic and
carcinogenic activities.
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Experimental Procedures

Warning: Mononitropyrenes (NP) and their amino deriva-
tives are potential carcinogens and therefore should be handled
with care.

Chemicals. 1-Nitropyrene, l-aminopyrene, 1,2,3,6,7,8-
hexahydropyrene, and pyrene were purchased from Aldrich
Chemical Co. (Milwaukee, WI). 2'-Deoxyguanosine was ob-
tained from Sigma Chemical Co. (St. Louis, MO). Na®NO; was
obtained from Cambridge Isotope Laboratories, Inc. (Andover,
MA). HPLC grade solvents and other reagent grade solvents
were purchased from Fisher Scientific, Inc. (Pittsburgh, PA).

Instrumentation. Thin-layer chromatography (TLC) was
performed on precoated silica gel 60 Fys4 plastic plates (E.
Merck, Darmstadt, Germany). Unless otherwise indicated, a
1:9 mixture of ethyl acetate and hexanes was used as a TLC
eluent system. HPLC data were obtained on a Waters Associ-
ates system equipped with two 501 pumps, a U6K injector, a
680 automated gradient controller, and a Hitachi L-3000
photodiode array detector. HPLC separations were conducted
using one of the following systems: system 1—isocratic 90%
methanol/10% water (1 mL/min), Ultrasphere 5-um C;3 ODS
analytical column (4.6 x 250 mm) (Beckman Instruments, Inc.,
San Ramon, CA); system 2—20-min linear gradient of 25—60%
acetonitrile/0.1 M ammonium acetate (pH 7.0) (2 mL/min),
Ultrasphere 5-um C15 ODS semipreparative column (10.0 x 250
mm); system 3—20-min linear gradient of 60—90% methanol/
water (2 mL/min), same semipreparative column. A model SK-
14D Stir-Kool apparatus (Thermoelectrics Unlimited Inc., Wilm-
ington, DE) was used as a cooling bath.

1H and >N NMR spectra were recorded on a Bruker DPX400
NMR spectrometer, operating at 400.1 and 40.6 MHz, respec-
tively. The H chemical shifts are reported in ppm downfield
from internal tetramethylsilane (TMS). The 15N chemical shifts
are reported in ppm downfield from anhydrous ammonia, by
assigning the external Na'®NOj; reference to 376.53 ppm.
Electron impact mass spectra (EI-MS) were measured on a 70-
VSE instrument at the Mass Spectrometry Laboratory, Uni-
versity of lllinois (Urbana—Champaign, IL). Electrospray mass
spectra of the adducts were obtained on a Micromass VG
Quattro triple quadrupole mass spectrometer equipped with a
VG electrospray source (Department of Chemistry, Northeastern
University, Boston, MA). UV spectra were recorded on a Hitachi
U-2000 spectrophotometer. The IR spectrum was recorded on
a Perkin-Elmer 1600 series FTIR instrument. Elemental
analyses were performed by M-H-W Laboratories (Phoenix, AZ).

Syntheses. 1-®NO,-pyrene. Sodium nitrate (Na'>NOj)
(0.172 g, 2 mmol) was added slowly over the period of 30 min to
a solution of pyrene (0.404 g, 2 mmol) in trifluoroacetic acid
(TFA; 15 mL) and acetic anhydride (25 mL) (32). The resulting
dark-green solution was stirred at ambient temperature for 1.5
h. The reaction mixture was treated with crushed ice and 2
mL of H,SO, and stirred overnight to destroy excess acetic
anhydride. The crude product was filtered, washed with water,
and air-dried. Column chromatography on silica gel using ethyl
acetate/hexanes as eluent afforded the pure product as a yellow
solid (0.18 g, 36%): TLC R;0.33; HPLC tg 6.59 min (system 1);
UV Amax 235, 290 nm; EI-MS m/z 248 (M*, 99), 201 (Py*, 100),
189 (43), 100 (33); 'H NMR (CDCls) ¢ 8.97 (d, Jg,10 = 9.5 Hz,
1H, H10), 8.72 (dd, J,3 = 8.5 Hz, 35, = 2.0 Hz, 1H, H2),
8.38 (m, 3H, H6,8,9), 8.30 (d, J45 = 8.9 Hz, 1H, H5), 8.23 (d,
1H, H4), 8.17 (m, 2H, H3,7).

2-15NOz-pyrene. This was prepared by the general literature
procedure (32—34). 4,5,9,10-Tetrahydropyrene was obtained by
catalytic hydrogenation of pyrene with 10% Pd/C in ethyl acetate
(34). The hydrogenation was repeated until 1H NMR of the
mixture indicated the presence of <5% 4,5-dihydropyrene
(=CH2CH3—, 3.35 ppm). Column chromatography on silica gel
using a mixture of hexanes as eluent yielded the pure product
as a white solid (yield ~50%): 'H NMR ¢ 2.90 (s, 8H, H4,5,9,10),
7.05—7.15 (m, 6H, H1,2,3,6,7,8); TLC (hexane) Rf 0.39; HPLC
(methanol, isocratic) tg 5.41 min (tetrahydropyrene), 5.58 min
(dihydropyrene), 6.44 min (pyrene); UV Amax (tetrahydro)
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280 nm, (dihydro) 300 nm. The nitration of 4,5,9,10-tetrahy-
dropyrene with Nal®>NO3/TFA—acetic anhydride was complete
in 3 h with stirring at room temperature. The excess acetic
anhydride in the reaction mixture was hydrolyzed by stirring
overnight with crushed ice and H;SO,. The product was
extracted with dichloromethane. The combined organic extracts
were sequentially washed with 1 N NaOH, saturated NaHCOs3,
and brine and dried over anhydrous MgSOy4: TLC Rf0.44. The
crude 2-nitro-4,5,9,10-tetrahydropyrene was refluxed with 4
equiv of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in dry
benzene for 20 h. The hot mixture was poured onto a neutral
aluminum oxide column, which, after recrystallization from
dichloromethane and hexanes, afforded pure 2-15NO,-pyrene as
yellow needles (59%): TLC R 0.37; HPLC (system 1) tg 8.01
min; UV Amax 293 nm; EI-MS m/z 248 (M*, 80), 201 (Py™*, 100),
189 (13), 100 (25); *H NMR (CDCl3) 6 9.01 (d, 3%\ 1 = I 13
= 2.0 Hz, 2H, H1,3), 8.31 (d, Js7 = J75 = 7.6 Hz, 2H, H6,8),
8.20 (m, 5H, H4,5,7,9,10). Anal. Calcd for Ci;sHo®>NO,: C,
77.41; H, 3.65; 15N, 6.04. Found: C, 77.20; H, 4.00; **N, 5.89.
4-15NOz-pyrene. This was synthesized by nitration of
1,2,3,6,7,8-hexahydropyrene with Nal>NOz/TFA—acetic anhy-
dride followed by DDQ aromatization (33). Recrystallization
from dichloromethane and hexanes gave the product as yellow
crystals (40%): TLC R;0.24; HPLC tg 6.95 min (system 1); UV
Amax 235, 313 nm; EI-MS m/z 248 (M*, 93), 201 (Py*, 100), 189
(54), 100 (31); *H NMR (CDCl3) 6 8.94 (d, J23 = 8.43 Hz, 1H,
H3), 8.93 (d, J*®\ns = 2.8 Hz, 1H, H5), 8.39 (d, Js7 = J7s =
~7.8 Hz, 2H, H6,8), 8.35 (d, J1» =7.6 Hz, 1H, H1), 8.19 (d, 1H,
H2), 8.14 (m, 3H, H7,9,10). Anal. Calcd for C16Ho®NO,: C,
77.41; H, 3.65; >N, 6.04. Found C, 77.60; H, 4.00; **N, 5.84.

N->NHz-pyrene (n = 1, 2, 4). The three isomeric aminopy-
renes were prepared by hydrazine reduction of the correspond-
ing n-15NO,-pyrene (n = 1, 2, 4) in average yields of 80—90%:
n-Nitropyrene (40 mg) was dissolved in 15 mL of 95% ethanol
containing hydrazine hydrate (50 uL) and 10% Pd/C (30 mg)
and refluxed for 1 h. The reaction mixture was filtered through
a Celite bed and evaporated to dryness. The residue was
suspended in water and extracted with ether. The combined
ether extracts were washed with water and dried over anhy-
drous MgSQ,. Silica gel column chromatography (ethyl acetate/
hexanes) afforded the pure product: HPLC (system 1) tg 4.29
min (1-AP), 3.80 min (2-AP), 4.29 min (4-AP); UV Amax 243, 283
nm (1-AP), 263 nm (2-AP), 240, 285 nm (4-AP). The three APs
exhibited essentially the same EI-MS fragmentation: m/z 218
(M*, 100), 189, 109.

Synthesis of the N-(Deoxyguanosin-8-yl)-n-aminopy-
rene (dG-C8-n-AP, n = 1, 2, 4) Adducts. n-NP — N-OH-n-
AP. [**N]Hydroxylaminopyrenes were prepared by the general
procedure of Westra et al. (35): Typically, n-nitropyrene (50 mg)
in 25 mL of dry THF was cooled to 0 °C under argon atmosphere,
and 30 mg of 10% Pd/C was added with stirring. Hydrazine
monohydrate (98%) (50 uL) was added in a dropwise fashion
and the mixture stirred for 2—4 h at the same temperature. It
was necessary to add additional amounts of hydrazine mono-
hydrate (10—30 uL) to complete the reduction. When the
reduction was complete as judged by HPLC, the reaction
mixture was filtered through a Celite bed under argon atmo-
sphere and the solvent evaporated in a rotary evaporator while
maintaining the bath temperature below 30 °C. The residue
was then partitioned between water and ether. The ether layer
was washed with cold water and dried over anhydrous MgSO,.
While [**N]hydroxy-2-aminopyrene could be isolated via a
regular aqueous workup procedure, its 1- and 4-isomers were
too unstable to be isolated under the same conditions. There-
fore, the filtered THF solutions of the 1- and 4-isomers were
used without isolation for the subsequent adduction step.

N-OH-n-AP — N-OAc-n-AP. The [*SN]hydroxylaminopy-
renes were converted to their O-acetyl derivatives by the general
method of Lobo et al. (36): A 1.1 equiv of acetyl cyanide was
added via a syringe to a dry THF solution containing [*°N]-
hydroxy-n-aminopyrene and 1.1 equiv of triethylamine at —45
°C. The reaction was complete within 15—30 min as indicated
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by HPLC. The unstable O-acetyl derivatives were kept in
solution at —45 °C and used immediately for the adduct
syntheses. The 2-isomer, however, was stable enough to be
isolated and revealed a carbonyl stretching at 1796 cm~1 in the
IR spectrum, which is evidence for the O-acetyl structure.

N-OAc-n-AP — dG-C8-n-AP. A solution of dG (40 mg) in 5
mL of water was added to a THF solution of N-acetoxy-n-
aminopyrene, prepared as described above, at —45 °C under
argon atmosphere. The reaction mixture was stirred at 37 °C
for 15—20 h. After evaporation to dryness, the residue was
partitioned between water and ether. The aqueous layer was
extracted with ether several times. The aqueous layer contained
only unreacted dG, while the adduct and other pyrene deriva-
tives were found in the ether layer. The pure dG-C8-n-AP
adducts were isolated from reversed-phase HPLC using system
2 followed by system 3. The average overall yields from the
corresponding NP were 1—-3%. The structures of the adducts
were established on the basis of their HPLC, UV, mass, and
NMR spectra (see Results and Discussion: Characterization of
the dG-C8-AP Adducts). dG-C8-(*®*N)-n-AP: HPLC tr (system
2) 16.80 min (n = 1), 18.61 min (n = 2), 16.87 min (n = 4); UV
Amax 240, 273 nm (n = 1), 300 nm (n = 2), 240, 273 nm (n = 4);
electrospray MS m/z 484 ([M + H]*), 368 (BH2"), 201 (Py*). See
Figures 1 and 2c for representative 'H NMR and UV spectra,
respectively. See Table 1 for the detailed 'H NMR data.

Nonlabeled dG-C8-n-AP adducts were prepared similarly
starting from the corresponding NPs and characterized on the
basis of HPLC, UV, mass, and NMR spectral data.

Results and Discussion

Synthesis of the dG-C8-AP Adducts. The C8-
substituted dG adducts (dG-C8-1-AP and dG-C8-2-AP;
Scheme 1) from 1- and 2-NP have previously been
prepared by reaction of calf thymus DNA with the
corresponding N-hydroxylamine followed by enzymatic
hydrolysis of the modified DNA and subsequent HPLC
purification (4, 26, 27). The synthesis of the 4-isomer
(dG-C8-4-AP), which has not been reported, is described
below.

Although several synthetic approaches are available
in the literature, the strategies involving the reaction of
dG with N-acetoxy-N-(trifluoroacetyl) (37) or N-acetoxy
derivatives of arylamines (36) have been used most
extensively for the preparation of dG-C8-arylamine ad-
ducts (36—45). Examples include those derived from the
strong carcinogens 4-aminobiphenyl (ABP) (37, 38, 40)
and 2-aminofluorene (AF) (38, 41) at both the monomer
and oligomer levels. We concentrated on the N-acetoxy
procedure, in view of a report by Vyas et al. (46) that the
N-acetoxy-N-(trifluoroacetyl) derivative of 1-aminopyrene
is too unstable to be employed in the adduction step. The
N-acetoxy procedure (36) entails a reduction of the nitro
precursor to the hydroxylamine followed by a selective
O-acetylation and reaction with dG (Scheme 1). We
prepared [*N]hydroxy-4-AP by reduction of 4-(*>N)NP
with hydrazine and converted it to [*®N]acetoxy-4-AP by
the addition of 1.1 equiv of acetyl cyanide in the presence
of triethylamine in THF at —45 °C (Scheme 1). This
conversion took place smoothly within 20 min, as moni-
tored by HPLC. Due to its instability, the freshly
prepared N-acetoxy-4-AP was reacted immediately with
dG. After partitioning between water and ether, the
desired adduct was found mostly in the ether phase,
along with solvolysis products of N-acetoxy-4-AP, which
reflects the hydrophobic nature of the adduct. Pure dG-
C8-4-AP was obtained after extensive purification on
reversed-phase HPLC.
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Figure 1. 'H NMR spectrum (400.1 MHz) of dG-C8-4-AP in methanol-ds,. The HOD resonance at 4.9 ppm was presaturated with
a weak 1-s pulse during the recycle delay. P, pyrene; G, 2'-deoxyguanosine.

The ®N-enriched 1- and 2-isomer adducts were pre-
pared similarly, starting from the corresponding nitro
precursors (Scheme 1). After HPLC, the overall average
yields of dG-C8-AP via the N-acetoxy procedure after
HPLC purification were in the range of 1-3%. The use
of pivaloyl cyanide (45) or acetylsalicylic acid (47) as
selective O-acetylation reagents did not improve the
yields.

Characterization of the dG-C8-AP Adducts. The
structure of dG-C8-4-AP was established on the basis of
the chromatographic, NMR, UV, and MS data. The
HPLC retention time (system 2, see Experimental Pro-
cedures) observed for dG-C8-4-AP (16.87 min) was very
similar to that of the 1l-isomer (16.80 min) but is
significantly different from that of the 2-isomer (18.61
min). These results reflect a structural similarity be-
tween the 4- and 1-isomers (vide infra). The *H NMR
spectrum of dG-C8-4-AP, recorded in methanol-d, (Figure
1), showed seven proton signals at 2.3—6.5 ppm which is
characteristic of the deoxyribose ring. All the aromatic
resonances of the 4-substituted pyrene moiety were
accounted for, while the guanine H8 was missing, thus
indicating a C8-substitution (Table 1). The pyrene H5
proton was shifted downfield considerably (0.84 ppm)
relative to that of 4-aminopyrene, which is in good
agreement with the position (C4) of amino attachment.
Upon similar conversions, deshieldings of comparable
magnitude (0.70 and 1.09 ppm) were noted for the H2
and H1,3 protons of the 1- and 2-isomers, respectively
(Table 1). The UV spectral pattern of dG-C8-4-AP
resembled closely that of the 1-isomer but differed
considerably from that of the 2-isomer (Figure 2c),
reflecting differences in their w-electronic structure (vide
infra). The structural identities of the corresponding 1-
and 2-isomers (dG-C8-1-AP and dG-C8-2-AP) were con-
firmed by matching their UV and *H NMR data with
those of the nonlabeled analogues reported previously
(Table 1) (4, 26).

The *H NMR spectra of the three dG-C8-AP adducts
in DMSO-dg revealed the splitting (*Jn-n = —90.3 to
—92.3 Hz) of the N®H proton, expected from **N-enrich-
ment at the central nitrogen (Table 1). Figure 3 shows
a typical example of such coupling, measured from both

Table 1. 'H NMR Data: Chemical Shifts (ppm) and
Coupling Constants (Hz) for the dG-C8-n-AP Adducts and
the Corresponding n-APs?

dG-C8- dG-C8- dG-C8-
assignment 1-APP 1-AP¢ 2-APb® 2-AP¢ 4-AP® 4-AP¢ dGP
Gl 6.56 6.55 6.53 6.27
G2 3.02 2.82 3.07 2.69
G2" 2.29 2.21 2.29 2.35
G3' 4.59 4.65 4.60 4.52
G4' 4.09 4.07 4.06 4.00
G5'd 3.95 4.06 3.96 3.80
G5"d 3.81 3.98 3.82 3.72
J1 9.1 9.2 9.1
J1 o 59 6.0 5.9
Jo o —13.4 —13.2 —13.5
Joy 6.1 6.2 6.3
Jorg 2.0 1.7 1.8
g 2.4 3.1 2.4
o s 2.8 2.8 2.6
Ja s 2.1 1.7 1.9
Js 5 —11.6 —11.8 —-11.7
P1 8.54 7.43 8.27 8.26
P2 8.05 7.35 8.06 8.03
P3 8.17 7.71 8.54 7.43 8.44 8.48
P4 8.04 7.89 8.04 7.98
P5 8.00 7.89 8.04 7.88 8.05 7.21
P6 8.15 7.97 8.15 8.10 8.15 8.09
P7 7.99 7.89 7.92 7.82 7.99 7.88
P8 8.17 7.97 8.15 8.10 8.13 8.09
P9 8.07 7.97 8.04 7.88 8.12 7.90
P10 8.25 8.25 8.04 7.98 8.12 7.90
Jiz 7.9
Jas 8.1 7.9
Jis 2.0
Jas 8.9 9.0
Je,7 7.7 7.6 7.7
J7s 7.7 7.6 7.7
Jo10 9.3 0. 7.6
ISN—H¢ 8.97 6.33 9.17 5.70 8.88 6.07
LIn-H® —-90.8 —-853 -—-923 -—-83.8 -—-90.3 -—-83.6

aThe IH NMR spectra data for dG-C8-1-AP and dG-C8-2-AP
in methanol-d; were in accord with published data (4, 26). P In
methanol-ds. ¢ In DMSO-ds. 9 Assignments may be reversed.

IH and *N NMR spectra of dG-C8-(*°N)-2-AP. Electro-
spray mass spectral data (48) were also in agreement
with the assigned structures. Briefly, the spectra exhib-
ited fragmentation at m/z 484 and 368, which is consis-
tent with [M + H]* and loss of the deoxyribose moiety,
respectively. The nonlabeled analogues displayed es-
sentially the same fragmentations, except that they were
1 mass unit lower, again confirming the >N-enrichment
at the central nitrogen (48).
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Figure 2. UV spectra of (a) n-['*>N]nitropyrene (n-NP), (b)
n-[**N]aminopyrene (n-AP), and (c) [*°*N](deoxyguanosin-8-yl)-
n-aminopyrene (dG-C8-n-AP, n = 1, 2, 4) measured in methanol
(—, 1-isomer; -+, 2-isomer; — —, 4-isomer).

Conformational Analysis. 1. Glycosyl Confor-
mation. Among the NMR approaches for determining
the dynamic anti—syn-glycosyl conformation of C8-
substituted purine nucleosides or nucleotides, the chemi-
cal shift of the sugar H2' is regarded as a simple indicator
(49, 50). In general, deshielding of the H2' resonance
relative to dG is considered as stemming from an
increased population of syn conformers. The close prox-
imity of the H2' sugar proton to the guanine N3 atom in
the syn conformation is believed to be responsible for the
downfield shift.

Compared to dG, the H2' resonances of the AP adducts
were generally deshielded in both methanol (0.13—0.38
ppm) (Table 1) and DMSO (0.06—0.37 ppm) solutions.
Downfield shifts of similar magnitude have been observed
in DMSO solutions of the N-(deoxyguanosin-8-yl)-2-
(acetylamino)fluorene adduct (dG-C8-AAF; 0.47 ppm) (51)
and other dG-C8-arylamine adducts and associated with
a higher syn population (44, 45, 52). This observation
suggests that the AP adducts may favor syn conforma-
tions. However, it has been shown that dG-C8-AF, a
structural analogue of dG-C8-AP, adopts an anti confor-
mation by forming an intramolecular hydrogen bond
involving N8H and O5’ (51). The occurrence of a similar
intramolecular interaction has been noted in a number
of this type of dG-C8-arylamine adducts (44, 45, 52).
Since both the AF and AP adducts have the free amine
proton function (N8H), the possibility of an anti confor-
mation for the AP adducts should be sought. Inspection
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of the dG-C8-AP adducts in an anti arrangement (Figure
4) indicated that their H2' sugar protons may reside in
a deshielding region of the strongly anisotropic pyrene
ring. Curiously, the H2' resonances of the 1- and
4-isomers were deshielded considerably more (0.33 and
0.38 ppm, respectively) than that of the 2-isomer (0.13
ppm). This observation is consistent with the position
of substitution on the pyrene ring, i.e., the 1- and
4-isomers both have amino substitution adjacent to a
fused aromatic ring, whereas the 2-isomer does not. As
a result, the pyrene ring of dG-C8-2-AP is shifted upward,
away from the sugar moiety, such that its H2' proton
becomes less susceptible to the ring current effects.
Nolan et al. (12) have shown that the CD spectral
transition profiles of dG-C8-1-AP from dG are quite
similar to those of 8-(methylamino)guanosine, which
adopts a higher anti conformation (53). Taken together,
the available data are consistent with high anti confor-
mations for the dG-C8-AP adducts.

The preferred anti conformation of dG-C8-AP is in good
agreement with other structurally related dG-C8-ary-
lamine adducts, such as those derived from 2-aminofluo-
rene (51), 4-aminobiphenyl (52), and methylated anilines
(44, 45). Our NMR measurements were made in polar
organic solvents (DMSO and methanol); therefore, the
relative anti/syn population can change in aqueous
solution where the hydrogen-bonding patterns may be
quite different. Mao et al. (11) have shown that the dG-
C8-1-AP adduct opposite dC in an 11-mer DNA duplex
adopts a syn conformation with the aminopyrene ring
intercalated into the helix. This base displacement
structure appears to be accommodated by a strong
pyrene—base stacking at the duplex level. It is also
worth mentioning that the H2' proton of syn-dG-C8-1-
AP:dC of the above-mentioned duplex is unusually
deshielded (3.51 ppm) relative to the analogous reso-
nances (2.1—2.6 ppm) of the unsubstituted dGs in aque-
ous solution (11). Downfield shifts of similar magnitude
have also been detected at the H2' protons (3.11—3.68
ppm) of the AF-modified dG adducts, regardless of the
glycosyl conformation: syn-dG-C8-AF opposite dA (54),
dl (55), dG (55), and —1 (56) and —2 (57) deletion sites
or anti-dG-C8-AF opposite dC (58). In this regard, it
should also be noted that the DNA-containing dG-C8-
arylamine adducts [i.e., dG-C8-ABP (59), dG-C8-AF (58,
60)] adopt both anti and syn conformations and that their
populations are modulated by the nature of the carcino-
gen (61) as well as the local DNA sequence surrounding
the adduct site.

2. Sugar Conformation. Analysis of the Karplus
dependence of the Jy» (9.1-9.2 Hz) and Jz 4+ (2.4-3.1
Hz) coupling constants observed for the three isomeric
AP adducts (Table 1) indicated a strong preference for
the C2'-endo (S) sugar puckering (49, 62). A similar
analysis of Jy5 and Js s (48, 50) showed a preference
(81—-85%) of gauche—gauche populations (gg) of the
exocyclic C4'—C5' bond. A slightly higher gg population
(>90%) has been observed for the low-energy conformer
of dG-C8-AF, whose N&H forms a hydrogen bond with
O5' (51).

3. Conformation about the N8-C,, Bond. The
nature of the carcinogen in dG-C8-arylamine adducts has
been shown to be a key factor for determining the
orientations of the guanine and aromatic rings with
respect to the pyrenyl—nitrogen bond that connects the
two ring systems (44, 45, 63). Three general conforma-
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Figure 3. (a) 'H (400.1 MHz) and (b) **N (40.6 MHz) NMR spectra of [*>N](deoxyguanosin-8-yl)-2-aminopyrene (dG-C8-2-AP) in
DMSO-dg, showing the one-bond N—H splitting (*Jn-n = —92.3 Hz). The >N NMR spectrum was acquired using refocused-INEPT

pulse sequence. See Table 1 for details.

tions are possible, depending on the dihedral torsion
angle g [-C8ys—N&—Cl,,,—C24y)]: a perpendicular con-
formation (8 = 90° or 270°), a planar conformation (8 =
0° or 180°), and a helical conformation in which the g
values are between the two extremes. The dG-C8-
arylamine adducts derived from 2-aminofluorene and
substituted aniline derivatives have been shown to adopt
a helical conformation with a wide range of g values (20°
< [ < 90°) (44, 45, 63).

Several lines of spectroscopic evidence support a nearly
planar conformation of the dG-C8-AP adducts. The one-
bond N—H coupling constants (*Jy-n = —90.8 to —92.3
Hz, Table 1) observed for the AP adducts are similar to
that (—90.4 Hz) of diphenylamine but are significantly
larger than those of the amino precursors (—83.1 to —85.3
Hz) (Table 1). These results strongly indicate a nonpy-
ramidal configuration at the central amino nitrogen (63).
The slightly larger 1Jy_p value (—92.3 Hz) observed for
the 2-isomer (Figure 3) is an indication of an additional
flattening of the central nitrogen, possibly leading to
more efficient z-electron delocalization. Support for this
interpretation is also obtained from the comparison of
chemical shift changes of the N®H protons relative to
those of the corresponding aminopyrene precursors.
Such chemical shift changes can be regarded as an
indicator for the relative extent of z-conjugation between
the two aryl systems of the adducts. The 2-isomer
exhibited an unusually large (A3.47 ppm) deshielding of
the NB®H proton as compared to the 1- and 4-isomers
(A2.64 and A2.81 ppm, respectively). This can be inter-
preted as indicating that the s-electron conjugation in

the 2-isomer is the most efficient. In line with this
argument, electrospray mass spectral studies showed
that dG-C8-1-AP is the most susceptible to fragmentation
followed by dG-C8-4-AP (48). dG-C8-2-AP was the most
difficult adduct to be fragmented. It appears that the
efficient m-electron interaction between the two ring
systems is responsible for the relative resistance of the
2-isomer toward mass fragmentation.

The planar conformation [’ = ~180° = OC8yc—N&—
Clyy)—C10A(y] about the N8—-Cl,, bond of the mono-
meric dG-C8-1-AP adduct is not consistent with the
analogous torsion angle angle (3’ = 141°) observed in the
same adduct opposite dC embedded in an 11-mer DNA
duplex (11). This apparent discrepancy is probably due
to a base displacement structure at the duplex, in which
the aminopyrene ring is intercalated into the double
helix.

4. Structural Consequences of the Physicochem-
ical Properties. As mentioned in the previous section,
the conformational characteristics of the dG-C8-AP ad-
ducts are in good agreement with their structural dif-
ferences, namely, the existence of substituents adjacent
to a fused aromatic ring in the 1- and 4-isomers and the
highly symmetric and lower steric hindrance of the
2-isomer. The physicochemical properties of the dG-C8-
AP adducts and their nitro, amino, and hydroxylamino
precursors can also be grouped along the same way (i.e.,
1- and 4-isomers versus 2-isomer). For example, 2-NP
was shown to be unusually stable toward light as
compared to 1- and 4-NP (64). While the [*®*N]hydroxy-
2-AP could be isolated and purified using regular aqueous
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Figure 4. Stereoviews of the N-(deoxyguanosin-8-yl)-n-ami-
nopyrene adducts: (a) dG-C8-1-AP, (b) dG-C8-2-AP, and (c) dG-
C8-4-AP, shown in anti conformations.

workup conditions, the corresponding 1- (2) and 4-isomers
were too unstable to be treated by the same procedure
and had to be used immediately for the subsequent
adduction step. Similarly, by contrast with other iso-
mers, [*®N]acetoxy-2-AP was stable enough to allow
recording of an IR spectrum, which provided a charac-
teristic O-acetyl carbonyl stretching band at 1796 cm™1.
Other physicochemical properties that fit into this clas-
sification include the HPLC retention times (see Experi-
mental Procedures), the patterns of UV spectra (Figure
2), and the electrospray mass fragmentation (vide supra)
(48).

Conclusions

Spectroscopic data showed that the three isomeric AP
adducts favor high anti-glycosyl conformations, with C2'-
endo (S) sugar puckering and a nearly planar conforma-
tion at the central amine nitrogen. Among the three AP
adducts, the 2-isomer exhibited the most efficient z-elec-
tron delocalization between the guanine and pyrene
rings. The data further indicate that both the confor-
mational and physicochemical properties of the AP
adducts are consistent with their structural difference;
i.e., while the 1- and 4-isomers both have substitution
adjacent to a fused aromatic ring, the 2-isomer is highly
symmetric and less sterically hindered (Figure 4).

The present study indicates that the nucleoside adduct
structure per se cannot account for the diverse mu-
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tagenic/carcinogenic activities of the three isomeric NPs.
This is analogous to what has been observed with 1-NP
and 1,6- and 1,8-dinitropyrene; the extreme mutagenicity
(and carcinogenicity) of the dinitropyrenes does not
appear to be due to their electron structure (65) or to
unique properties of their adducts (2, 3) but rather to the
very efficient activation of hydroxyamino intermediates
to reactive electrophiles (i.e., acetylation by O-acetylases)
(29, 66). Other possible factors for the difference in their
carcinogenic potential include the modes of administra-
tion, excretion, metabolism, tissue susceptibility, and
DNA binding affinities.
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