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Abstract

N-Nitrosopyrrolidine (NPYR) is a well-established hepatocarcinogen in the rat. NPYR requires
metabolic activation by cytochrome P450-catalyzed a-hydroxylation to express its carcinogenic
activity. This produces a-hydroxyNPYR (2) which spontaneously ring opens to 4-
oxobutanediazohydroxide (4), a highly reactive intermediate which may itself modify DNA or yield
a cascade of electrophiles which react with DNA to produce adducts. Multiple dGuo adducts formed
in this reaction have been previously characterized, but there are no examples of adducts formed with
other DNA nucleobases. In this study, we used a-acetoxyNPYR (3) as a stable precursor to a-
hydroxyNPYR (2) and 4. a-AcetoxyNPYR (3) was allowed to react with DNA. The DNA was
enzymatically hydrolyzed to deoxyribonucleosides and the products were analyzed by LC-ESI-MS
and LC-ESI-MS/MS. Reactions of a-acetoxyNPYR with individual deoxyribonucleosides were also
carried out. The products were identified by their MS, UV, and NMR spectra as N6-
(tetrahydrofuran-2-yl)dAdo (16) and N*-(tetrahydrofuran-2-yl)dCyd (17) in addition to the
previously characterized N2-(tetrahydrofuran-2-yl)dGuo (13). Unstable dThd adducts were also
formed. Further characterization of the adducts was achieved by NaBH3CN reduction of the reaction
mixtures of a-acetoxyNPYR with deoxyribonucleosides or DNA. This produced N6-(4-
hydroxybut-1-yl)dAdo (21), N4-(4-hydroxybut-1-yl)dCyd (22), O2-(4-hydroxybut-1-yl)dThd (23),
0%-(4-hydroxybut-1-yl)dThd (24), and 3-(4-hydroxybut-1-yl)dThd (25). Adducts 21 and 22 were
characterized by their spectral properties while the dThd adducts 23-25 were identified by
comparison to synthetic standards. The results of this study demonstrate that a-acetoxyNPYR forms
adducts with dAdo, dCyd, and dThd in DNA, in addition to the previously characterized dGuo
adducts. These newly characterized standards can be used to investigate DNA adduct formation in
rats treated with NPYR.
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Introduction

N-Nitrosopyrrolidine [(NPYR (1), Scheme 1)] is a well-established carcinogen which induces
predominantly liver tumors in rats and respiratory tract tumors in mice and Syrian golden
hamsters (1-3). Extensive dose-response studies in rats have clearly demonstrated the robust
carcinogenic activity of this nitrosamine (4). While less carcinogenic in the rat than the related
open-chain nitrosamines N-nitrosodimethylamine and N-nitrosodiethylamine, NPYR
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nevertheless has considerable potency, readily inducing tumors in rats with TDsgq values lower
than those of 2-acetylaminofluorene and vinyl chloride, as examples (5). Furthermore, direct
comparison of NPYR and 2-amino-3-methylimidazo[4,5-flquinoline (1Q) demonstrates that
NPYR is considerably more carcinogenic in rats (6-8).

NPYR is consistently detected in mainstream and sidestream cigarette smoke, and in fried
bacon and other cured meats (9,10). It has also been identified in certain other dietary items
and in drinking water (10,11). Exogenous human exposure to NPYR has been estimated as
0.01-0.15 pg per day (12,13). However, far greater exposure could occur by endogenous
formation of NPYR. This is reasonable because pyrrolidine is a normal constituent of human
blood, gastric juice, saliva, and urine (14). Nitrosation of pyrrolidine could plausibly occur in
the stomach and elsewhere in the human body, analogous to the well-established endogenous
nitrosation of the structurally related compound proline (15,16). Indeed, NPYR has been
detected in human urine in several studies, and the reported amounts, together with data from
studies in laboratory animals which indicate that little NPYR is excreted unchanged, indicate
that daily human exposure to this carcinogen through endogenous formation may be as high
as 10 pg per day (14,17-21).

NPYR requires metabolic activation to express its mutagenic and, presumably, its carcinogenic
activity (22). Previous studies have clearly demonstrated that cytochrome P450-catalyzed a-
hydroxylation of NPYR, which produces a-hydroxyNPYR (2,Scheme 1) and 4-
oxobutanediazohydroxide (4) as key intermediates, is one mechanism by which NPYR is
metabolically activated (7,23-30). Using a-acetoxyNPYR (3) as a stable precursor to 2, we
have determined the structures of multiple dGuo adducts which are formed by this pathway,
in reactions with both dGuo itself and DNA (31). Several DNA adducts resulting from a-
hydroxylation, including adducts 5, 6, and 9 have been identified in hepatic DNA of rats treated
with NPYR (32-35). Analyses of reactions of a-acetoxyNPYR with DNA demonstrate that
N2-(tetrahydrofuran-2-yl)dGuo (N2-THF-dGuo, 13) is one of the predominant adducts which
can be produced by a-hydroxylation, but there are no data in the literature regarding the
formation of similar adducts with other DNA bases. A recent report indicates that dAdo or
dThd adducts may be important in the induction of mutations by NPYR in rat liver (6).
Therefore, in this study, we further investigated DNA adduct formation from a-acetoxyNPYR
in vitro, with a focus on deoxyribonucleosides other than dGuo. Preliminary accounts of this
research have been presented (36,37).

Experimental Procedures

Apparatus and Assay Conditions

HPLC analyses were carried out with Waters Associates (Waters Division, Millipore, Milford,
MA\) systems equipped with a model 991 or 996 photodiode array detector or with an Agilent
1100 Series autosampler (Agilent Technologies, Palo Alto, CA) coupled to a Waters Millipore
automated gradient controller and model 6000 A solvent delivery system and equipped with a
Gilson Model 116 UV detector (Gilson Medical Electronics, Middleton, WI). Elution systems
were as follows.

System 1 was a 4.6 mm x 25 cm 5um Supelcosil LC 18-DB column (Supelco, Bellefonte, PA)
with isocratic elution by 5% MeOH in 40 mM NH4OAc buffer, pH 6.6, for 10 min, then a
gradient from 5 to 35% MeOH in 60 min, then a gradient from 35 to 50 % MeOH over the
course of 10 min at a flow rate of 0.5 mL/min with UV detection (254 nm). System 1 was used
for analysis of adducts formed in the reaction of a-acetoxyNPYR with deoxyribonucleosides.

System 2 used the same column as System 1, with elution by a gradient from 15 to 35% MeOH
in HoO for 20 min, then from 35 to 50% MeOH over the course of 10 min at a flow rate of 0.5
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mL/min with UV detection (254 nm). This system was used for collection, desalting, and
further purification of adducts.

System 3 was a 10 mm x 25 cm 5 um Luna C18 column (Phenomenex, Torrance, CA) with
isocratic elution by 5% CH3CN in H,O for 10 min, then a gradient from 5 to 35% CH3CN in
40 min, then a gradient from 35 to 50% CH3CN over the course of 10 min at a flow rate of 3
mL/min with UV detection (220 nm). This system was used for purification of synthetic
standards of dThd adducts.

System 4 used the same HPLC column as system 3 with isocratic elution by 20% CH3CN in
H,0 for 10 min, then a gradient from 20 to 35% CH3CN over the course of 20 min, at a flow
rate of 3 mL/min with UV detection (254 nm). This system was used to purify the intermediate
O*-(4-acetoxybut-1-yl)dThd in the synthesis of 24.

System 5 used the same column as in System 1 with isocratic elution by 5% MeOH in 40 mM
ammonium acetate buffer, pH 6.6, for 10 min, then a gradient from 5 to 35% MeOH over the
course of 60 min, then from 35 to 65% MeOH in 20 min at a flow rate of 0.3 mL/min, with
UV detection (254 nm). This system was used for LC-ESI-MS (LCQ-Deca instrument) analysis
of adducts.

LC-ESI-MS analyses for identification of adducts in the reactions of a-acetoxyNPYR with
DNA or deoxyribonucleosides was carried out on a Finnigan LCQ Deca instrument
(ThermoElectron Division, San Jose, CA) interfaced with a Waters Alliance 2690 HPLC multi-
solvent delivery system and equipped with an SPD-10A UV-Vis detector (Shimadzu Scientific
Instruments, Columbia, MD). The ESI source was set as follows: voltage 2.0 kV; current 10
pA; and capillary temperature, 275 °C. MS/MS data were acquired with the following
parameters: isolation width 1.5 amu; activation amplitude, 25-30%; activation Q, 0.25; and
activation time, 30 ms.

Capillary LC-ESI-MS/MS-SIM analysis of adducts (Figure 6) was carried out with a Finnigan
Quantum Discovery MAX instrument (Thermo Electron, San Jose, CA) interfaced with an
Agilent 1100 capillary flow HPLC (Agilent Technologies, Palo Alto, CA) equipped with a 150
mm x 0.5 mm Zorbax SB C18 column (Agilent). The column was eluted as follows: 0% MeOH
in 15 mM NH4OAc buffer, pH 6.6, for 10 min, then a gradient to 25% MeOH in 29 min, then
25 to 75% MeOH in 5 min, then 75% MeOH for 5 min, then returning to 0% MeOH in 6 min,
at a flow rate of 15 uL/min. The column was operated at 25 °C. The first 10 min of eluant was
directed to waste, and the 10-40 min fractions were diverted to the ESI source. The MS
parameters were set as follows: spray voltage, 4kV; sheath gas pressure, 40; capillary
temperature, 250 °C; collision energy, 13V; scan width, 0.5 amu; scan time, 0.2 sec; Q1 peak
width, 0.7 amu; Q3 peak width, 0.7 amu; Q2 gas pressure, 1.0 mTorr; source CID, 10V; tube
lens offset, 85V. MS/MS data were acquired and processed with Xcaliber software version 1.4
(Thermo Electron).

LC-ESI-MS of synthetic standards was performed on an Agilent 1100 LC/MSD trap instrument
(Agilent Technologies, Inc., Wilmington, DE). Acquisition parameters were: skimmer 40.0 V;
dry temp, 200 °C; HV capillary, 3500V; nebulizer, 15 psi; drying gas (N»), 5 L/min; scan range,
m/z 100 — m/z 700.

1H-NMR spectra were obtained onVarian Inova 500 or 600 MHz instruments (Varian, Inc.,
Palo Alto, CA). Assignments were confirmed by COSY.
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Chemicals and Enzymes

a-AcetoxyNPYR and dThd-5"-toluenesulfonate were prepared as described (38,39). Ethanol
was procured from AAPER Alcohol and Chemical Co (Shelbyvill, KY). 2-Propanol was
purchased from Acros Organics (Morris Plains, NJ). Puregene DNA purification solutions
were obtained from Gentra Systems (Minneapolis, MN). Alkaline phosphatase (from calf
intestine) was obtained from Roche Diagnostics Corporation (Indianapolis, IN). Calf thymus
DNA, DNase I, phosphodiesterase I, porcine liver esterase, dGuo, dAdo, dCyd and dThd were
purchased from Sigma-Aldrich Co. (St. Louis, MO). All other chemicals were obtained from
Sigma-Aldrich or Fisher Scientific (Fairlawn, NJ).

Adduct Standards

N2-THF-dGuo (13) and N2-(4-hydroxybut-1-yl)dGuo [N2-(4-HOB)-dGuo, 15] were prepared
as described (40). The remaining adducts fall into two groups. The first group comprises those
that were characterized directly: N°-(tetrahydrofuran-2-yl)dAdo [N8-THF-dAdo, 16] and N4-
(tetrahydrofuran-2-yl)dCyd [N4-THF-dCyd, 17] which were obtained from reactions of a-
acetoxyNPYR with dAdo or dCyd, as described under “Reactions” and N6-(4-hydroxybut-1-
yl)dAdo [N6-(4-HOB)-dAdo, 21] and N*-(4-(hydroxybut-1-yl)dCyd [N4-(4-HOB)-dCyd, 22]
which were similarly obtained from these reactions after treatment with NaBH3CN. They were
purified using HPLC system 2. The second group comprises those that were synthesized: O2-
(4-hydroxybut-1-yl)dThd [0%-(4-HOB)-dThd, 23], O*-(4-hydroxybut-1-yl)dThd [O*-(4-
HOB)dThd, 24], and 3-(4-hydroxybut-1-yl)dThd [3-(4-HOB-dThd, 25]. The syntheses are
described below.

02-(4-Hydroxybut-1-yl)dThd [02-(4-HOB)-d Thd, 23]—The synthesis was based on the
method developed for preparation of O2-[4-(3-pyridyl)-4-oxobut-1-yl]dThd (39). dThd-5'-
toluenesulfonate (26)(66.4 mg, 0.17 mmol) was allowed to react with 1,4-butanediol (27, 500
mg, 5.56 mmol)in the presence of 1,8-diazobicyclo[5.4.0]undec-7-ene (DBU, 332 mg, 2.18
mmol). The reaction mixture was stirred at room temperature overnight, followed by partial
purification on a Sep-Pak® C18 cartridge (5 g, 20 cc, Waters). The cartridge was eluted by
H,0 (20 mL), 5% MeOH (20 mL), 10% MeOH (20 mL), and 50% MeOH (20 mL) sequentially.
HPLC purification (system 3) of the 50% MeOH fraction gave 23 (169 pg, 0.54 umol,
0.3%). IH-NMR (DMSO-dg) & 7.81 (s, 1H, H6), 6.08 (t, J=6.6 Hz, 1H, H1"), 5.28 (d, J=4.2
Hz, 1H, 3'-OH), 5.06 (t, J=4.2 Hz, 1H, 5’-OH), 4.46 (t, J=4.8Hz, 1H, D-OH), 4.29 (t, J=6.6Hz,
2H, CH,0), 4.23 (m, 1H, H3"), 3.79 (m, 1H, H4"), 3.60 (m, 1H, H5'a), 3.56 (m, 1H, H5'b), 3.43
(dd, J=6.6, 12 Hz, 2H, CH,0H), 2.15 (m, 2H, H2’), 1.78 (s, 3H, 5-CH3), 1.72 (m, 2H,
CH,CH,0), 1.51 (m, 2H, CH,CH,0H); UV (CH3CN/H»0): Amax (nm) 230, 256; positive
ESI-MS m/z 315 [M + H]*, MS/MS of m/z 315: m/z 199 [BH]*, m/z 127 [thymine + H]*.

04-(4-Hydroxybut-1-yl)dThd [0%-(4-HOB)d Thd, 24]—The synthesis was based on the
method used for preparation of O%isopropyl dThd (41). dThd (50 mg, 0.21 mmol) was mixed
with Ag,0 (95 mg, 0.41 mmol) in 2 mL of 1,4-butanediol (27). 4-Bromobutyl acetate (28) (80
mg, 0.41 mmol) was added and the mixture was stirred at 45 °C overnight, followed by heating
at 60 °C for 5 days. The reaction mixture was filtered and loaded onto a Sep-Pak® C18 cartridge
(54, 20 cc). The cartridge was eluted with H,O (20 mL), 5% MeOH (20 mL), 10% MeOH (20
mL), and 50% MeOH (20mL) sequentially. HPLC purification (system 4) of the 50% fraction
gave O%-(4-acetoxybut-1-yl)dThd. UV (acetonitrile/H,0): Amax (NM) 280, 208; positive ESI-
MS: m/z 357 [M + H]*, MS/MS of m/z 357: m/z 241 [BH]*. The collected O*-(4-acetoxybut-1-
yl)dThd was dissolved in 5 mL of 10 mM phosphate buffer (pH 7.0), and 200 pL of porcine
liver esterase was added. The reaction mixture was incubated at 37 °C overnight. HPLC
purification (system 3) gave O%-(4-hydroxybut-1-yl)dThd (24) (1.76 mg, 5.62 pmol, 3%). 1H-
NMR (DMSO-dg): 6 7.99 (s, 1H, H6), 6.12 (t, J=6.0 Hz, 1H, H1"), 5.25 (br, 1H, 3'-OH), 5.09
(br, 1H, 5’-OH), 4.48 (br, 1H, D-OH), 4.25 (t, J=6.6Hz, 2H, CH,0), 4.21 (m, 1H, H3’), 3.79
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(m, 1H, H4"), 3.61 (dd, J=3.6, 12Hz, 1H, H5'a), 3.55 (dd, J=3.6, 12Hz, 1H, H5'), 3.42 (m,
2H, CH,0H), 2.16 (m, 1H, H2'a), 1.99 (m, 1H, H2'b), 1.87 (s, 3H, 5-CH3), 1.70 (m, 2H,
CH2CH20), 1.50 (M, 2H, CH,CH,0H); UV (CH3CN/H20): Amax (Nm) 208, 282; positive
ESI-MS m/z 315 [M + H]*, MS/MS of m/z 315: m/z 199 [BH]*, m/z 127 [thymine + H]*.

3-(4-Hydroxybut-1-y)dThd [3-(4-HOB-dThd, 25]—The method was based on that used
for preparation of 3- hydroxyethyldeoxyuridine (42). dThd (250 mg, 1.03 mmol) was mixed
with K,CO3 (285 mg, 2.06 mmol) ina 100 mL round bottom flask containing 4 mL anhydrous
DMSO. The mixture was stirred at room temperature for 30 min. 4-Bromobutyl acetate (28,
242 mg, 1.24 mmol) was added, and the mixture was stirred at room temperature for 3 days.
Water (20 mL) was added, followed by neutralization with 0.1 M acetic acid, and concentration
to dryness. The residue was dissolved in MeOH and purified on a silica gel column. 3-(4-
Acetoxybut-1-y1)dThd (267 mg, 0.75 mmol, 72%) was purified by flash chromatography with
elution by CHCI3/MeOH (10:1). 1H-NMR (DMSO-dg): 6 7.75 (s, 1H, H6), 6.20 (t, J=6.6 Hz,
1H, H1"), 5.23 (br, 1H, 3'-OH), 5.02 (br, 1H, 5-OH), 4.23 (br s, 1H, H3"), 3.80 (m, 2H,
NCHy), 3.76 (m, 1H, H4"), 3.58 (m, 1H, H5'a), 3.55 (m, 1H, H5'b), 3.98 (m, 2H, CH,0), 2.09
(m, 2H, H2),1.98 (s, 3H, Ac-CH3), 1.81 (s, 3H, 5-CH3), 1.54 (m, 4H, CH2CHZ2); UV (CH3CN/
H20): Amax (NM) 267, 209; positive ESI-MS m/z 357 (M + H)*, MS/MS of m/z 357: m/z 241
(BH)*, m/z 181 (BH-AcOH) *, m/z 127 (Thy + H)*.

3-(4-Acetoxybut-1-yl)dThd (52 mg, 0.146 mmol) was dissolved in concentrated NH4OH (2
mL), heated at 70 °C for 30 min, and the mixture was concentrated under reduced pressure to
remove most NH3. The pH was adjusted to 7.0 with 20% acetic acid, and the mixture was
evaporated to dryness. The residue was dissolved in MeOH and loaded onto a silica gel column.
3-(4-Hydroxybut-1-yl)dThd (25, 45.7 mg, 0.145 mmol, 99%) was eluted with CHCl3/MeOH
(5:1). 'H-NMR (DMSO-dg): 6 7.75 (s, 1H, H6), 6.20 (t, J=6.6 Hz, 1H, H1"), 5.24 (br, 1H, 3'-
OH), 5.04 (br, 1H, 5’-OH), 4.37 (br, 1H, D-OH), 4.23 (br s, 1H, H3"), 3.80 (m, 2H, NCHy>),
3.77 (m, 1H, H4"), 3.58 (dd, J=4.2, 12Hz, 1H, H5'a), 3.55 (dd, J=4.2, 12Hz, 1H, H5'b), 3.37
(m, 2H, CH,0), 2.10 (m, 2H, H2"), 1.81 (s, 3H, 5-CH3), 1.51 (m, 2H, CH2CH3N), 1.38 (m,
2H, CH,CH,0); UV (CH3CN/H50): Anax (nm) 267, 209; positive ESI-MS: m/z 315 [M +
H]*, MS/MS of m/z 315: m/z 199 [BH]*, m/z 181[BH - H,0] *, m/z 127 [thymine + H]*.

a-AcetoxyNPYR (3) (16 mg, 0.1 mmol) was allowed to react with the appropriate
deoxyribonucleoside (0.025 mmol) in 2.5 mL of 0.1 M phosphate buffer (pH 7) at 37 °C for
24 h. The reaction mixture was extracted with an equal volume of CHCI3 and the aqueous
phase was analyzed for adducts. Some of the above reaction mixtures (2.5 mL) were treated
with 40 mg of NaBH3CN at 37 °C for 1 h and washed with an equal volume of CHCI3 The
aqueous layer was removed, neutralized and analyzed for adducts.

a-AcetoxyNPYR (6 g, 38 mmol) was allowed to react with calf thymus DNA (5 g) in 300 mL
of 0.1 M phosphate buffer (pH 7) at 37 °C for 20 h, as described previously (43). Treatment
of the DNA with NaBH3CN, neutral thermal hydrolysis (NTH), and enzymatic hydrolysis were
carried out as described (44).

Our strategy for the identification of adducts with dAdo, dThd, and dCyd was based on our
knowledge of the chemistry of N2-THF-dGuo (13, Scheme 1). This adduct, which has been
characterized previously (40), can be detected by LC-ESI-MS-SIM at m/z 338 (M + H)* and
decomposes upon neutral thermal hydrolysis (NTH, 100 °C, 1 h, pH 7.0). Since N2-THF-dGuo
(13) is in equilibrium with Schiff base 14, it is readily reduced by NaBH3CN to N2-(4-HOB)-
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dGuo (15) (Scheme 1). If similar adducts were formed with dAdo, dThd, and dCyd, they should
be detectable by LC-ESI-MS-SIM at m/z 322, m/z 313, and m/z 298, respectively, after
enzymatic hydrolysis, and they should be unstable to NTH. Furthermore, they should be
reduced by NaBH3CN treatment.

As shown in Figure 1A, B, and D, peaks corresponding to N2-THF-dGuo (13), N6-THF-dAdo
(16), and N*-THF-dCyd (17) were observed in LC-ESI-MS-SIM analyses of enzymatic
hydrolysates of DNA that had been reacted with a-acetoxyNPYR. Figure 1E, F, and H
demonstrate that these peaks disappeared upon NTH. Adducts 13, 16 and 17 were directly
identified by the spectral data described below. Similarly, Figure 1C shows a peak
corresponding to (M + H)* of dThd adduct(s) (18, 19, and/or 20), which also disappeared upon
NTH (Figure 1G). We could not obtain NMR data on this dThd adduct(s). Further structural
information on all adducts was obtained by treating the DNA with NaBH3CN, followed by
enzymatic hydrolysis. This produced the reduced adducts N6-(4-HOB)-dAdo (21), N-(4-
HOB)-dCyd (22), 02-(4-HOB)-dThd (23), 0%-(4-HOB)-dThd (24), and 3-(4-HOB)-dThd
(25), which were identified by their spectral properties and by comparison to synthetic
standards. The details of each structural characterization and synthesis are presented below.
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dR = 2"-deoxyribose

N2-THF-dGuo (13) (Figure 1A) was identified by comparison of its LC-ESI-MS retention time,
MS, MS/MS, and UV spectra to those of a standard. NTH of this DNA produced the
chromatogram illustrated in Figure 1E. The two peaks at 54.7 and 57.1 min, which can also be
seen eluting just before and just after adduct 13 in Figure 1A, are (6S-CHs3,8S-OH)-9 and (6R-
CH3,8R-0OH)-9, respectively, (Scheme 1), which are the major products formed from the
reaction with DNA of crotonaldehyde (8), a solvolysis product of a-acetoxyNPYR (27).

The two peaks eluting near 68 min in Figure 1B each had a base peak of m/z 322 (M + H)* in
their ESI-MS, and m/z 206 (BH)* and m/z 136 (Ade + H)" in their MS/MS. The same results
were obtained when a-acetoxyNPY R was allowed to react with dAdo. These peaks disappeared
upon NTH (Figure 1F). A chromatogram obtained upon HPLC-UV analysis of the a-
acetoxyNPYR-dAdo reaction mixture is shown in Figure 2 and the UV spectra of peaks 1 and
2, which were shown to be identical to the LC-ESI-MS peaks, are presented in Figure 3A,B.
The UV spectra are similar to that of N6-ethyladenosine (45). Peak 3 in Figure 2, which is also
a dAdo adduct [(M + H)* m/z 322, Amax 260], was not further characterized. Peaks 1 and 2
were interconvertible. When Peak 1 was collected, and re-injected on HPLC, a mixture of
Peaks 1 and 2 was observed. The same results were obtained when Peak 2 was collected and
reinjected. The IH-NMR spectra of peaks 1 and 2 are summarized in Table 1, and are consistent
with the assigned structures as diastereomers of N6-THF-dAdo (16). The 2" proton of the
tetrahydrofuryl ring appeared at 6.14 ppm as a broadened peak, due to averaging of the
resonances of H, and Hy, in 16a and 16b at 25 °C during acquisition of the spectrum. When
the TH-NMR was acquired at 15 °C, sharper peaks appeared at 6.12 ppm and 6.68 ppm, assigned
to Ha and Hy, respectively. At 60 °C, a single sharper peak was observed at 6.25 ppm, attributed
to faster exchange between 16a and 16b.
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Further evidence for the structures of the dAdo adducts was obtained by treatment with
NaBH3CN of the DNA or dAdo that had been reacted with a-acetoxyNPYR. This caused
disappearance of the peaks shown in Figure 1B with appearance of a new peak with a base
peak at m/z 324, (M + H)* of N6-(4-HOB)-dAdo (21), and an MS/MS daughter ion of m/z 208
(BH)*. The UV spectrum was similar to that of N-THF-dAdo (16). The 'H-NMR data
summarized in Table 2 confirm the structural assignment as N6-(4-HOB)-dAdo (21).

The peak eluting near 46 min in Figure 1D had a base peak of m/z 298 (M + H)* in its ESI-
MS, and m/z 182 (BH)* and m/z 112 (Cyt + H)* in its MS/MS. The same results were obtained
when a-acetoxyNPYR was allowed to react with dCyd, and the peak disappeared upon NTH
(Figure 1H). A chromatogram obtained upon HPLC-UV analysis of the a-acetoxyNPYR-dCyd
reaction mixture is shown in Figure 4 and the UV spectrum of the main adduct peak is presented
in Figure 3C. The UV spectrum has a maximum at 273.3 nm which matches that of N4-
ethylcytidine (45). The 1H-NMR spectrum of the adduct is summarized in Table 1, and supports
the structural assignment as N*-THF-dCyd (17).

NaBH3CN reduction of adduct 17, in DNA or from dCyd reacted with a-acetoxyNPYR, cleanly
converted it to a new product with an MS base peak at m/z 300 (M + H)*. MS/MS of m/z 300
gave a base peak of m/z 184 (BH)* and a peak at m/z 112 (Cyt + H)*. The UV spectrum, similar
to that shown in Figure 3C, and 1H-NMR spectrum (Table 2) of the product established its
structure as N*-(4-HOB)-dCyd (22).

As shown in Figure 1C, LC-ESI-MS-SIM analysis at m/z 313 produced a peak corresponding
to a dThd adduct(s). As this material was unstable, co-eluted with N2-THF-dGuo and was
produced in relatively low quantities, it was difficult to obtain spectral data. Larger amounts
of this adduct(s) were obtained by HPLC collections from reactions of a-acetoxyNPYR with
dThd. LC-ESI-MS of this material, which had the same retention time as that produced in the
DNA reaction, gave peaks at m/z 313 (M + H)*, m/z 197 (BH)*, and m/z 127 (Thy + H)",
demonstrating the presence of a dThd adduct(s).

Further structural information was obtained from reactions in which NaBH3CN reduction was
used. To facilitate this, O2-(4-HOB)-dThd (23), 0%-(4-HOB)-dThd (24), and 3-(4-HOB)-dThd
(25) were synthesized as summarized in Scheme 2. Adduct 23 was prepared by reaction of 1,4-
butanediol (27) with tosylate 26, using known methodology for preparation of O2-substituted
dThd derivatives (39). Adduct 24 was synthesized by reaction of dThd with 4-bromobutyl
acetate (28), followed by esterase hydrolysis. Adduct 25 was obtained by reaction of dThd and
28 inthe presence of Ko,CO3, followed by base hydrolysis. These reactions also follow literature
precedent (41,42). The UV spectra of 23-25 are shown in Figure 3D-F; they are similar to
those of O2-, O%-, and 3-ethylthymidine, respectively (45). Then, dThd was allowed to react
with a-acetoxyNPYR, followed by NaBH3CN reduction, and the products were compared to
23-25. The resulting mixture was analyzed by LC-ESI-MS-SIM at m/z 315, (M + H)* of
adducts 23-25, and LC-ESI-MS/MS-SRM at m/z 315 — 199, producing the chromatograms
illustrated in Figure 5. The indicated peaks had the same retention times as standard adducts
23-25, and each displayed peaks at m/z 315 in their MS, and m/z 199 (BH)* and m/z 127 (Thy
+ H)* in their MS/MS, as seen in standards. In addition, the MS/MS of isolated and standard
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adduct 25 had a peak at m/z 181, which was not observed in the oxygen substituted adducts
23 and 24. UV spectra matched those of the standards. DNA was allowed to react with a-
acetoxyNPYR, and then treated with NaBH3CN. Analysis by LC-ESI-MS/MS-SRM (m/z 315
— m/z 199) of an enzyme hydrolysate of this DNA produced the chromatogram illustrated in
Figure 6, demonstrating that adducts 23-25 were present in this DNA and that their retention
times matched those of the standards.

Further analysis of the dThd adducts indicated that there were 2 isomers of adduct 25, with the
same MS characteristics, including the m/z 181 peak in the MS/MS, and identical UV spectra.
Only one isomer matched the retention time of synthetic 25. The second isomer eluted slightly
earlier than 25, indicated by the asterisk in Figure 5. While the structure of the second isomer
was not pursued, since the amount of the 3-substituted dThd adducts was far less than those
of the O2- and O%-substituted adducts, the data suggest that the second isomer may be branched,
e.g. 30, which could result from NaBH3CN reduction of 29, a possible product of the reaction
of dThd with crotonaldehyde (8).

CHj; CHj;

0 o)
04\)\“)]]’%3 HO/\)\ NJJ]/CH3
OJ\N a"M

4R 4R

o]

29 30

While these data definitively demonstrated the presence of dThd adducts 23-25 in hydrolysates
of a-acetoxyNPYR-treated DNA that had been reduced by NaBH3CN, they did not establish
conclusively the structures of their unreduced precursors 18-20, in which R could be either
THF-2-yl or 4-oxobutyl-, both of which could be reduced to 23-25.

Discussion

The results of this study provide the first evidence for DNA adducts of the cyclic nitrosamine
NPYR with nucleobases other than dGuo. The dAdo and dCyd adducts 16 and 17 were fully
characterized based on their spectral properties and by conversion to their reduced analogues
21 and 22. The dThd adducts 18-20 were unstable in our hands but their stable reduced forms
23-25 were definitively identified by comparison to synthetic standards. These results are
potentially important for understanding mechanisms of NPYR carcinogenesis, particularly in
view of the study by Kanki et al which indicates that NPYR causes mutations at A: T base pairs
in DNA of rat liver, its target tissue (6). In the accompanying paper, we demonstrate the
presence of the dThd and dAdo adducts, as well as dGuo adduct 13, in the liver DNA of NPYR-
treated rats (46).

The metabolic activation of NPYR, a representative cyclic nitrosamine, leads to intermediate
4, which has two electrophilic centers — an aldehyde and a diazohydroxide - in the same
molecule. This is in contrast to acyclic nitrosamines such as N-nitrosodiethylamine which
produce separate aldehyde and diazohydroxide products upon a-hydroxylation. The presence
of two electrophilic centers in a molecule such as 4 results in a more complex pattern of DNA
adduct formation than observed with acyclic nitrosamines, and is reminiscent of the bident
carcinogens described by Loeppky, although in that case adduct formation results from two
separate electrophiles generated from the same molecule (47). Thirteen dGuo adducts of a-
acetoxyNPYR have been previously identified, and some of these result, directly or indirectly,
from reactions at both electrophilic centers (31). The cyclic oxonium ion 12, or its derivatives,
play a significant role in adduct formation from a-hydroxyNPYR, leading to tetrahydrofuranyl
adducts of dGuo, dAdo and dCyd. Tetrahydrofuranyl adducts are likely also formed in the
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dThd reactions, but we could not confirm this due to the instability of the products at the
deoxyribonucleoside level. Some of the adducts of NPYR previously reported result from
reactions with dGuo of crotonaldehyde and related aldehydes generated from a-hydroxyNPYR
(31,48).

THF-dGuo adduct 13, THF-dAdo adduct 16, and THF dCyd adduct 17 have recently been
identified by Hermida et al in reactions of “oxidized THF” with deoxyribonucleosides (49).
Oxidized THF contains hydroperoxides and 2-hydroxy THF (11). They observed, as we have,
that these adducts are somewhat unstable and characterized them after reduction with
NaBHy,, yielding adducts 15, 21, and 22. The spectral properties of these adducts reported by
Hermida et al were identical to those reported here for 21 and 22, and reported previously by
us for 15 (50). Evidence for the formation of these adducts in DNA reacted with oxidized THF
was also presented. These results are consistent with ours. We previously showed that 2-
hydroxyTHF (11) reacts with dGuo to produce THF-dGuo adduct 13, although we did not
observe this in the reaction of 11 with DNA (50,51). Their data indicate that, in addition to the
reaction of oxonium ion 12 with DNA, as indicated in Scheme 1, 2-hydroxyTHF (11) can also
react with DNA producing adducts 13, 16, and 17. THF produces liver tumors in female mice
upon exposure by inhalation (1800 ppm/6h per day/5 days per week for 2 years) (52). Although
NPYR has not been tested by inhalation, it is most likely a far stronger carcinogen than THF.
Nevertheless, these two compounds may have common carcinogenic pathways through
formation of the DNA adducts discussed here.

In summary, we have identified new DNA adducts formed in the a-hydroxylation of the
hepatocarcinogen NPYR. These are the first examples of NPYR adducts produced with
nucleobases other than dGuo, and provide new leads for a better understanding of mechanisms
of carcinogenesis by this prototypic cyclic nitrosamine.
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NPYR
N-nitrosopyrrolidine

N6-(4-HOB)-dAdo
N6-(4-hydroxybut-1-yl)dAdo

N4-(4-HOB)-dCyd
N4-(4-(hydroxybut-1-yl)dCyd

N2-(4-HOB)-dGuo
N2-(4-hydroxybut-1-yl)dGuo

02-(4-HOB)-dThd
02-(4-hydroxybut-1-yl)dThd

3-(4-HOB)-dThd
3-(4-hydroxybut-1-yl)dThd

0%-(4-HOB)-dThd
0%-(4-hydroxybut-1-yl)dThd
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N6-THF-dAdo

NS6-(tetrahydrofuran-2-yl)dAdo

N4-THF-dCyd

N4-(tetrahydrofuran-2-yl)dCyd

N2-THF-dGuo

N2-(tetrahydrofuran-2-yl)dGuo

NTH
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Figure 1.

Chromatograms obtained upon LC-ESI-MS-SIM (System 5) analysis of enzymatic
hydrolysates of DNA that had been allowed to react with a-acetoxyNPYR: Panels A-D, SIM
at m/z 338 (N2-THF-dGuo), m/z 322 (N6-THF-dAdo), m/z 313 (THF-dThd adducts), and m/z
298 (N*-THF-dCyd); Panels E-H, the same analysis after the hydrolysates had been heated at
100 °C, pH 7.0, for 1h
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Figure 3.
UV spectra of: A and B, diastereomers of N6-THF-dAdo (16); C, N*-THF-dCyd (17); D, O2-
(4-HOB)-dThd (23); E, 0%-(4-HOB)-dThd (24); F, 3-(4-HOB)-dThd (25).
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Figure 4.
Chromatogram obtained upon HPLC analysis (System 1) of the reaction of a-acetoxyNPYR
with dCyd.
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Figure 5.

Chromatograms obtained upon analysis (System 5) of the reaction of a-acetoxyNPYR with
dThd, after treatment with NaBH3CN: A, LC-ESI-MS-SIM, m/z 315; B, LC-ESI-MS/MS-
SRM, m/z 315— m/z 199.
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Figure 6.

Chromatograms obtained upon analysis by capillary LC-ESI-MS/MS-SRM, m/z 315— m/z
199, (System 5) of an enzymatic hydrolysate of DNA that had been allowed to react with a-
acetoxyNPYR, then treated with NaBH3CN: A, products formed in the reaction with DNA; B,

standards.
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Scheme 1.

Overview of Adduct Formation from NPYR (1) and a-AcetoxyNPYR (3)
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