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1,3-Butadiene (BD) is a high volume industrial chemical which is known as a multi-site rodent carcinogen and is
classiÐed as a probable human carcinogen. Covalent interactions of the reactive epoxy metabolites of BD with
DNA lead to the formation of DNA adducts which may cause mutations and tumor formation. In the present
work, liquid chromatography/electrospray ionization tandem mass spectrometry (LC/ESI-MS/MS) was employed
for analyses of BD-induced DNA adducts in vitro and in vivo. Selected reaction monitoring (SRM) using the
fragmentation of the [M + H ]‘ ions of the adducts to the corresponding protonated nucleobases under collision-
induced dissociation was performed. Quantitation was based on isotope dilution with 13C- and 15N-labeled internal
standards. The methods were applied in vitro [calf thymus DNA and TK6 cell cultures treated with epoxy metabo-
lites of BD, 3,4-epoxy-1-butene (EB) and diepoxybutane (DEB) ] and in vivo [DNA isolated from tissues of
BD-exposed laboratory animals ] . Two regioisomers of N-7-EB-guanine adducts, N-7-(2-hydroxy-3-buten-1-
yl)guanine (N-7-EB-Gua I) and N-7-(1-hydroxy-3-buten-2-yl)guanine (N-7-EB-Gua II) and two N-3-EB-adenine
isomers, N-3-(2-hydroxy-3-buten-1-yl)adenine and N-3-(1-hydroxy-3-buten-2-yl)adenine (N-3-EB-Ade I and II),
were found in EB-exposed samples. N-7-(2º,3º,4º-trihydroxybut-1º-yl)guanine (N-7-THB-Gua), N6-(2º,3º,4º-
trihydroxybut-1º-yl)adenine (N6-THB-Ade), and N-3-(2º,3º,4º-trihydroxybut-1º-yl)adenine (N-3-THB-Ade) were
detected in DEB-treated DNA. DNA isolated from liver and lung of rats and mice exposed to 1250 ppm BD for 2
weeks contained both regioisomers of N-7-EB-Gua and N-3-EB-Ade, as well as N-7-THB-Gua and N6-THB-Ade.
The methods developed in this work provide the means to study accumulation, repair and dose–response relation-
ships of BD–DNA adducts in vivo. Although less sensitive than gas chromatography/electron capture negative
ionization high-resolution mass spectrometry (GC/ECNI-HRMS), LC/ESI‘-MS/MS in the SRM mode is
extremely useful for analysis of BD–DNA adducts, which are not amenable to GC and derivatization owing to the
presence of several adjacent polar functional groups. Using LC/ESI-MS/MS and isotope dilution, multiple struc-
turally diverse BD–DNA adducts can be analyzed simultaneously in the same sample with minimal sample prep-
aration. 1998 John Wiley & Sons, Ltd.(
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INTRODUCTION

1,3-Butadiene (BD) is a major chemical in rubber and
plastics manufacturing1 and a common environmental
contaminant.2 Although it has been classiÐed as a prob-
able human carcinogen,3 the mechanisms of BD-
induced mutations and cancer are not well understood.
BD requires metabolic activation to reactive epoxides
for its activity. It undergoes cytochrome P450-mediated
oxidation to the major metabolite, 3,4-epoxy-1-butene
(EB).4 EB participates in further oxidation to 1,2,3,4-
diepoxybutane (DEB), hydrolysis to 1-buten-3,4-diol or
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Chapel Hill, North Carolina 27599-7400, USA.
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glutathione conjugation (Fig. 1).5,6 3,4-Epoxy-1,2-buta-
nediol (EBD) can be produced through partial hydro-
lysis of DEB and/or epoxidation of 1-butene-3,4-diol
(Fig. 1). EB, DEB and EBD are direct mutagens in the
Ames test and cause genotoxic e†ects in a number of in
vivo and in vitro systems.7,8 BD is a multi-site carcino-
gen in both rats and mice, but the tumorigenic response
in mice is induced at concentrations of BD three orders
of magnitude lower than in rats. The increased sensi-
tivity of mice to BD has been attributed to the pro-
duction of signiÐcantly higher amounts of DEB in this
species.6

Although the exact mechanisms of BD-induced muta-
genesis and carcinogenesis are unknown, chemical reac-
tions of epoxy metabolites of BD with DNA resulting in
covalently bound adducts are likely to be critical steps
in multi-stage carcinogenesis. The chemistry of the
interactions of EB and DEB with DNA nucleobases has
been extensively studied in this and other laboratories
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Figure 1. Metabolism of 1,3-butadiene.

and multiple DNA adducts have been identiÐed (Fig.
2).9h19 N-7, N1- and N2-guanine and N-3-, N6-and N-
7-adenine BD adducts have been isolated from reac-
tions of DNA nucleobases and nucleosides with the
epoxides of butadiene. Regioisomeric pairs of N-7-
guanine and N-3-adenine adducts have been found in
EB-treated calf thymus DNA (CT DNA).9,14,15 CT
DNA exposed to DEB contained N-7-THB-guanine
and N6-THB-adenine adducts.18,19 The N-7 position of
guanine was demonstrated to be the most reactive posi-
tion in DNA towards BD epoxides, followed by the N-3
and the N6 of adenine.15,18,19 However, the information
available to date on the formation of these adducts in
vivo in DNA of BD-exposed laboratory animals and
occupationally exposed humans is very limited. N-7-
THB-Gua and N-7-EB-Gua II have been detected in
liver DNA of BD-exposed mice but not rats,10 but no
quantitative analyses were performed. Very small
amounts of N-7-EB-Gua adducts (2.4 per 107 normal
nucleobases) were found in liver DNA of BD-exposed
rats (200 ppm for 5 days) using 32P-postlabeling.17 The
latter method is not very speciÐc and is extremely labor-
ious, and the low postlabeling efficiency of N-7-guanine
and N-3-adenine adducts makes it difficult to perform
accurate quantitation. No quantitative data for
BDÈDNA adducts in tissues of exposed mice are avail-
able in the literature.Quantitative analysis of BDÈDNA
adducts in vivo is required in order to improve our
understanding of the mechanisms of BD-induced carci-
nogenesis and mutagenesis, determine the BD
metabolite(s) causing DNA damage and the lesions
responsible for the observed biological e†ects. The goal
of the present work was to develop sensitive and speciÐc
mass spectral methods for identiÐcation and quantiÐca-
tion of BD-induced DNA adducts. Using liquid
chromatography/electrospray ionization tandem mass
spectrometry (LC/ESI`-MS/MS) in the selected reac-
tion monitoring (SRM) mode, we analyzed a variety of
BD-induced DNA adducts in vitro (CT DNA and TK6

cell cultures treated with EB and DEB) and in vivo
(tissues of rats and mice exposed to 1250 ppm BD by
inhalation). Highly efficient chromatographic separation
combined with the excellent selectivity of tandem mass
spectrometry allowed the sensitive and accurate quanti-
tation of BD-induced DNA adducts in animal tissues.

EXPERIMENTAL

Materials

HPLC-grade water and methanol were purchased
from Fisher ScientiÐc (Fair Lawn, NJ, USA) and Mal-
linckrodt (Paris, KY, USA), respectively. EB and DEB
were obtained from Aldrich (Milwaukee, WI, USA).
Calf thymus DNA, nucleobases, nucleosides, Ribonu-
clease T1, Ribonuclease A and Proteinase K were
acquired from Sigma Chemical (St Louis, MO, USA).
Solid-phase extraction columns (ODS-AQ, 500 mg, 3
ml) were obtained from YMC (Wilmington, NC, USA).
Other chemicals were purchased from Fisher ScientiÐc.
Guanine and adenine adducts of EB and DEB were
prepared by the reactions of purine nucleobases or
nucleosides with EB or DEB as described
elsewhere14,15,18,19 (Fig. 2). Isotopically labeled analogs
of the adducts for use as internal standards in mass
spectral studies were prepared analogously starting with

or[13C4]-guanosine, [15N5]-adenine [15N5]-adenosine
(Fig. 3). was kindly provided by Dr[13C4]-Guanosine
R. Sangaiah at the Department of Environmental Sci-
ences and Engineering of the University of North
Carolina at Chapel Hill. was[15N5]-Adenosine
obtained from Cambridge Isotope Laboratories
(Cambridge, MA, USA). was prepared[15N5]-Adenine
from by heating in 0.2 M HCl for 5 h.[15N5]-adenosine
We determined that the residues of unlabeled adducts in
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Figure 2. DNA adducts induced by 1,3-butadiene and its metabolites.14h17

standard solutions of and[13C4]- [15N5]-labeled
adducts were \0.5% by conducting LC/ESI`-MS/MS
analysis in which both compounds were monitored.

Stock solutions of analytes and internal standards
(20È50 lM) were prepared in water and stored at
[20 ¡C. The concentrations were periodically checked
by UV spectrophotometry. Standard solutions were
prepared from stock solutions by serial dilutions with
water and stored at [20 ¡C.

Reactions of EB and DEB with calf thymus DNA
(CT DNA)

CT DNA solutions (6 mg in 2 ml of 5 mM Tris bu†er,
pH 7) were treated with 38 ll EB or 36 ll DEB (neat) at

37 ¡C for 18 h (environmental shaker). At the end of the
incubations, the mixtures were extracted with 3 ] 2 ml
of diethyl ether to remove the unreacted epoxides. Ali-
quots of 100 ll of the resulting solution were spiked
with 8È10 pmol of internal standards.

CT DNA hydrolysis and puriÐcation of adducts by
solid-phase extraction

The DNA samples were hydrolyzed at 95 ¡C for 30 min
in water (neutral thermal hydrolysis) or at 75 ¡C for 30
min in 0.1 M HCl (mild acid hydrolysis) with mixing.
The acid hydrolyzates were neutralized with KOH and
all hydrolyzates were Ðltered through Centricon-3 Ðlters
(Amicon, Lexington, MA, USA) and desalted using

( 1998 John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY, VOL. 33, 363È376 (1998)
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Figure 3. Internal standards for quantitation of BD-induced DNA adducts.

ODS-AQ solid-phase extraction columns (500 mg, 3 ml,
YMC). The cartridges were primed with 6 ml of meth-
anol and 10 ml of water and the samples were loaded
using gravity. The columns were washed with either 4
ml of water (neutral thermal hydrolyzates) or 8 ml of
water (mild acid hydrolyzates) and the samples were
eluted with 6 ml of methanol. The resulting solutions
were evaporated under reduced pressure and re-
dissolved in 50 ll of bu†er. A 1È2 ll volume of this

solution was injected into the LC system for LC/ESI`-
MS/MS analyses (Fig. 4).

TK6 cell cultures

TK6 human lymphoblastoid cell cultures were grown in
cytidineÈhypoxanthineÈaminopterinÈthymidine medium
for 3 days prior to treatment in order to reduce the level

Figure 4. Experimental scheme for analysis of BD–DNA adducts by LC/ESI½-MS/MS.

( 1998 John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY, VOL. 33, 363È376 (1998)
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of spontaneous mutants. Cultures (180 ml) at a density
of 4 ] 105 cells ml~1 (three replicates) were exposed to
5È25 lM DEB or 5È500 lM EB administered as
aqueous solutions for 24 h. At the end of treatment,
cells were collected for DNA adduct studies or re-
suspended in fresh medium and grown for a period of 8
days. The cells were then plated in microwell plates in
the media containing 2 lg ml~1 triÑuorothymidine
(TFT) and incubated for 10È11 days prior to scoring
fast-growing tk colonies. The plates were re-fed with
TFT and scored for slow-growing tk mutants after incu-
bating for a further 10È11 days as described by Coch-
rane and Skopek.8

Animal exposures

B6C3F1 mice and F344 rats were subjected to whole-
body exposure to 1250 ppm of 1,3-butadiene for 2
weeks (6 h per day, 5 days per week) as described pre-
viously.18 Control animals were exposed to chamber
supply air alone. After the exposure period, rats and
mice were immediately killed by exsanguination.
Organs were collected, packed in foil, frozen and stored
at [70 ¡C until analysis. See Ref. 18 for further details.

DNA isolation from animal tissues and TK6 cell cultures

DNA was isolated from tissues either manually or using
a Model 340 Nucleic Acid Extractor (Applied Biosys-
tems, Foster City, CA, USA). An amount of 1È2 g of
tissue was homogenized in 10 ml of PBS solution and
the resulting suspensions were centrifuged to separate
nuclei. The nuclear pellets were suspended in lysis bu†er
and incubated with Ribonucleases A and T1 at 37 ¡C
for 1È1.5 h. The samples were treated with Proteinase K
for 4 h followed by an automated phenolÈchloroform
extraction. The DNA was rehydrated in 3 ml of water
and frozen at [70 ¡C until needed. The amounts and
purity of DNA in the extracts were determined by UV
spectrophotometry (20 mg ml~1 DNA). TheA260\ 1

ratios were found to be between 1.6 and 1.9,A260/A280ensuring minimal protein contamination. Guanine and
adenine contents were determined by HPLC analyses.
The HPLC system employed consisted of a Rheodyne
injector (Baxter, Charlotte, NC, USA) equipped with a 2
ml injection loop, two Waters Model 510 HPLC pumps
(Waters, Milford, MA, USA) and an Applied Biosys-
tems (Ramsey, NJ, USA) Model 757 absorbance detec-
tor. A Partisil 10 SCX strong cation-exchange column
(250] 4.6 mm i.d., Whatman, Hillsboro, OR, USA) was
eluted isocratically with 100 mM ammonium formate,
pH 2.8, containing 10% methanol, at a Ñow rate of 1.8
ml min~1. Guanine and adenine concentrations were
determined by measuring the UV absorbance at 254 nm
and comparing the peak areas with calibration graphs
constructed with standard compounds. DNA concen-
trations were calculated from the guanine content. The
DNA from TK6 cells was isolated and quantitated in
the same way but omitting the homogenization step.

TK6 and rodent DNA hydrolysis and sample clean-up

For the analyses of N-3-Ade and N-7-Gua adducts in
DNA isolated from cell cultures and animal tissues,
0.2È1 mg of DNA was spiked with 1.73 pmol of [13C4]-N-7-EB-Gua I, 1.67 pmol of II,[13C4]-N-7-EB-Gua
0.15 pmol of I, 0.16 pmol of[15N5]-N-3-EB-Ade

II, and 1.75 pmol of[15N5]-N-3-EB-Ade [13C4]-N-7-
THB-Gua. The samples were diluted to 1 ml with puri-
Ðed water and subjected to neutral thermal hydrolysis,
Centricon-30 Ðltration and desalting on solid-phase
extraction columns as described above for CT DNA.
For the determination of N6-THB-Ade, partially depu-
rinated DNA remaining after neutral thermal hydrolysis
was dissolved in 1 ml of 0.1 M HCl, spiked with 2.26
pmol of standard, and subjected[15N5]-N6-THB-Ade
to mild acid conditions Ðltered and desalted as
described above for CT DNA. The desalted samples
were evaporated under vacuum and the residues were
dissolved in 50 ll of bu†er. Volumes of 10È15 ll of
these solutions were injected into the LC system for LC/
ESI`-MS/MS analysis (Fig. 4).

LC/ESI‘-MS/MS analyses

LC/ESI`-MS/MS studies were conducted using a VG
Quatro II LC/ESI`-MS/MS triple quadrupole system
interfaced with a Hewlett-Packard Model 1050 liquid
chromatograph. For analyses of EB adducts, a narrow-
bore BDS Hypersil reversed-phase column (50 ] 2.1C8mm i.d., 3 lm; Phenomenex, Torrance, CA, USA) was
eluted at a Ñow rate of 150 ll min~1. The solvent system
was 25% acetonitrileÈ5 mM ammonium formate, pH
3.5 (A) and 5 mM ammonium formate, pH 3.5 (B), with
a linear gradient from 20 to 60% A in 10 min. For THB
adduct analysis, a BDS Hypersil reversed-phaseC8column (100] 2.1 mm i.d., 3 lm; Phenomenex) was
eluted isocratically with 25% acetonitrileÈ5 mM
ammonium formate, pH 3.5, at a Ñow rate of 100 ll
min~1. Nitrogen (90È95 psi) was used as a nebulizing
and drying gas and the ion source temperature was held
at 120 ¡C. The mass spectrometer was operated in the
positive ion mode with a potential of 2.5È2.84 kV
applied to the ESI needle. Selected reaction monitoring
(SRM) scanning was performed by setting the param-
eters in the Ðrst quadrupole (Q1) to select the proto-
nated molecules of the adducts and the internal
standards. Collision-induced dissociation (CID) was
performed using argon at 2 ] 10~3È5 ] 10~3 mbar in
the second quadrupole (Q2). The third quadrupole (Q3)
was set to the masses of protonated adenine for Ade
adducts and protonated guanine for Gua adducts or the
corresponding fragment ions of the internal standards.
The cone energy and collision o†set energy were opti-
mized to allow maximum sensitivity for each adduct
(see Table 2). Quantitative analyses were based on the
ratio of the area under the peak in the selected ion chro-
matogram corresponding to the analyte to the peak
area of the internal standard (relative response factors).
The linearity was checked using calibration graphs con-
structed by spiking internal standards with known
amounts of analytes (e.g. see Fig. 5). The mass spectro-
meter parameters were optimized for maximum
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Figure 5. Calibration curve for LC/ESI½-MS/MS analysis ofN-7-THB-Gua.

response during infusion of standard solutions of the
adducts.

Analyses of EB-Gua adducts by gas
chromatography/electron capture negative chemical
ionization mass spectrometry

DNA (50È100 lg) was spiked with 1.7 and 3.1 pmol of
I and II, respectively, and subjected to[13C4]-EB-Gua

neutral thermal hydrolysis as described above. The
DNA backbone was removed by cold acid precipitation
21 and the adducts were derivatized with pentaÑuoro-
benzyl bromide (PFBBr) using the methods described
by Fedtke et al.22 and Rios-Blanco et al.23. GC/HRMS
was carried out on an HP 5890 gas chromatograph
interfaced to a VG 70 250SEQ mass spectrometer (VG,
Manchester, UK) operated in the negative ion chemical
ionization mode. The mass resolving power was 10K.
Direct injections using a press-Ðt liner were made on a
DB-5MS (J&W ScientiÐc, Folsom, CA, USA) fused-
silica capillary column (15 m] 0.32 mm i.d.) and the
temperature gradient was as follows : 70 ¡C (1 min),
20 ¡C min~1 to 290 ¡C (1 min), 15 ¡C min~1 to 300 ¡C (3
min). The helium head pressure was 10 psi and the
injector temperature was 290 ¡C. The GC retention
times of derivatized EB-Gua I and II at these conditions
were 10.38 and 10.42 min, respectively. The ion source
temperature was 250 ¡C. Methane (3 ] 10~5 mbar) was
used as a reagent gas. The electron emission current was
0.5 mA. Quantitation of N-7-EB-Gua was performed by
isotope dilution mass spectrometry. Selected ion moni-
toring of the [M [ PFB]~ fragment of EB-Gua (m/z
581.0671) and the corresponding fragment of [13C4]-N-

internal standard (m/z 585.0807) were per-7-EB-Gua
formed and the amounts were calculated from the peak

area ratios using calibration curves. The calibration
curves were linear with r2\ 0.999 from 0.2 to 10 pmol
of N-7-EB-Gua I and II.

RESULTS

LC/ESI‘-MS/MS method development

Early in these studies we attempted to develop a
method based on GC/ECNI-HRMS for detecting BD-
induced adducts after electrophore labeling with penta-
Ñuorobenzyl bromide (PFBBr). This technique has been
widely applied in our laboratory for analyses of other
N-7-alkylguanines, such as N-7-(2-hydroxyethyl)
guanine22 and N-7-(2-hydroxypropyl)guanine.23
Although N-7-EB-Gua adducts were successfully deri-
vatized with PFBBr using the same methods,22h23
major difficulties were encountered in the case of THB
adducts. The latter compounds contain a tri-
hydroxybutyl group (Fig. 2), of which at least two of the
hydroxyls have to be modiÐed in order to make them
amenable to separation by GC. Although a PFB deriv-
ative was obtained for N-7-THB-Gua, the derivatiza-
tion yields were extremely low, probably owing to the
steric hindrance created by the Ðrst PFB group that
enters the molecule. Moreover, the molecular mass of
the derivative with two PFB groups on the side-chain of
N-7-THB-Gua was 976 Da (the major MS peak under
ECNCI conditions was at m/z 955), making GC separa-
tion and mass calibration of the instrument challenging.
Similar difficulties were expected for THB-Ade adducts.
Therefore, it was decided to analyze the BD-induced
DNA adducts directly, without derivatization, using
liquid chromatography combined with electrospray ion-
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ization mass spectrometry (LC/ESI`-MS). Tandem
mass spectrometry is a particularly useful method for
the analysis of complex mixtures of compounds in bio-
logical matrices which has been applied previously to
alkylated nucleobases and nucleosides in urine24 and
animal tissues. 25h28

Up-front CID mass spectra of EB-and THB-induced
adducts with adenine and guanine are summarized in
Table 1. The ESI` CID mass spectra of all BD adducts
were dominated by two major peaks. The peak at a
higher mass corresponded to [M ] H]` ions of each
adduct (m/z 226 for N-7-EB-Gua, m/z 256 for N-7-
THB-Gua, m/z 206 for N-3-EB-Ade and m/z 240 for
N6-THB-Ade, Table 1). The second most abundant
peak in each case was a fragment peak due to the char-
acteristic loss of the alkyl side-chain to give the ions of
protonated nucleobases (m/z 136 for adenine adducts
and m/z 152 for guanine adducts, Table 1). N6-THB-
Ade was an exception since it had a signiÐcant peak at
m/z 148, corresponding to the cleavage of the C-1@wC-
2@ bond of the substituent (Table 1). These di†erences
are probably due to the fact that N6-THB-Ade is the
only adduct in this set which is substituted at an exo-
cyclic nitrogen. McLa†erty-type rearrangement of the
[M ] H]` ions of N6-THB-Ade leads to aromatic ions
at m/z 148, whereas the (Ade] H)` ions at m/z 136 are
non-aromatic (Fig. 6(a)). The situation is the opposite
for the adducts substituted at endocyclic nitrogens,

which produce abundant [Ade] H]` ions at m/z 136
and do not have signiÐcant peaks at m/z 148 (Fig. 6(b)
and Table 1). The same mass spectra, with a ]4 mass
shift for and a ]5 mass shift for were[13C4] [15N5],observed for the stable isotope-labeled standards (Table
1).

We developed SRM methods for analyzing BD
adducts on the triple quadrupole system, taking advan-
tage of the fact that one major fragmentation process
was observed for all the adducts under CID conditions
(Table 2). Protonated molecules of the adducts were
selected and focused on the Ðrst quadrupole, Q1, their
fragmentation was achieved by CID in Q2 and the
selected product ions were detected on Q3. The colli-
sion energy and cone energy were optimized individ-
ually for each adduct to obtain the highest response and
the instrument was tuned using standard solutions of
the analytes introduced by infusion. We found that the
sensitivity of this method for N-3-adenine adducts was
generally higher than for the N-7-guanine adducts. This
di†erence could be due to more efficient protonation of
the N-3-adenine adducts in solution, since they have
higher pK values than N-7-alkylguanines. N-3-
Alkyladenines have been reported previously to give a
higher response than N-7-substituted guanines under
ESI` conditions.29

The LC conditions signiÐcantly a†ected our ability to
detect and separate cleanly the regioisomers of the EB-

Table 1. ESI‘ up-front CID spectra of BD-induced DNA
adducts

Adduct Major peaks (% of the main peak)

EB-Ade I 206 (100), 136 (70), 149 (5)

EB-Ade II 206 (100), 136 (90), 228 (5)

EB-Gua I 222 (100), 152 (40), 175 (5)

EB-Gua II 222 (100), 152 (25), 202 (5)

N6-THB-Ade 240 (100), 148 (50), 136 (50),

162 (30)

N-7-THB-Gua 256 (100), 152 (60), 278 (15)

Í15N
5
Ë-EB-Ade I 211 (100), 141 (65)

Í15N
5
Ë-EB-Ade II 211 (100), 141 (65)

Í13C
4
Ë-EB-Gua I 226 (100), 156 (45)

Í13C
4
Ë-EB-Gua II 226 (100), 156 (45)

Í13C
4
Ë-THB-Gua 260 (100), 156 (50)

Í15N
5
Ë-THB-Ade 245 (100), 141 (45)

Table 2. Selected reaction monitoring of BD-induced DNA adducts and internal standards

Cone Collision

energy energy

Adduct SRM transition (V) (eV)

N-3-EB-Ade m /z 206 ÍM½HË½ ]m /z 136 ÍAde ½HË½ 25 20

Í15N
5
Ë-N-3-EB-Ade m /z 211 ÍM½HË½ ]m /z 141 Í15N

5
-Ade ½HË½ 25 20

N-7-EB-Gua m /z 222 ÍM½HË½ ]m /z 152 ÍGua ½HË½ 16 20

Í13C
4
Ë-N-7-EB-Gua m /z 226 ÍM½HË½ ]m /z 156 Í13C

4
-Gua ½HË½ 16 20

N6-THB-Ade m /z 240 ÍM½HË½ ]m /z 136 ÍAde ½HË½ 23 25

Í15N
5
Ë-N6-THB-Ade m /z 245 ÍM½HË½ ]m /z 141 Í15N

5
-Ade ½HË½ 23 25

N-7-THB-Gua m /z 256 ÍM½HË½ ]m /z 152 ÍGua ½HË½ 16 20

Í13C
4
Ë-N-7-THB-Gua m /z 260 ÍM½HË½ ]m /z 156 Í13C

4
-Gua ½HË½ 16 20
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Figure 6. Fragmentation of (a)N6-THB-Ade and (b)N-3-EB-Ade under CID.

induced adducts. We found that N-3-Ade adducts were
best analyzed using columns. Application ofC8 C18columns caused a major deterioration of the peak
shape. The bu†er pH and the nature of the organic
solvent were also important owing to their e†ect on LC
separation and the electrospray response of the modi-
Ðed nucleobases. It has been observed previously29 that
acidiÐcation of the solvent with weak acid increased the
ESI` ion signal of certain DNA adducts owing to
increased protonation. The values for the DNA ad-pKaducts used in this study fall into the range 3.7È6.5 and
the sensitivity increased when the pH of the bu†er was
decreased to 4 or below. However, the retention times
of the adducts became very short when the pH was
below 3.5. Hence the pH range 3.5È4.5 was optimal for
the LC separation of the BD-induced DNA adducts.

Calibration curves for each of the adducts were con-
structed using the described SRM parameters. Fixed
amounts of internal standards were spiked with various
amounts of the corresponding analytes and the relative
response of the analyte to the internal standard was
plotted against the concentration of the analyte (for an
example, see Fig. 5). The responses of BD adducts to the
corresponding or isotopically labeled inter-13C4 15N5nal standards were linear (r2\ 0.995È0.999) and repro-
ducible from 0.1 to 10 pmol injected on-column. The
limits of quantitation for the BD adducts were 20È100
fmol depending on the nature of the adduct, with
N-3-Ade being most sensitive.

The quantitation was performed using stable isotope
analogs of the adducts as internal standards, which
were added to samples early in the analyses to account
for losses during sample work-up (Fig. 4). During
sample analyses, the analytes and the corresponding
internal standards were monitored simultaneously by
switching between the m/z ratios characteristic for each
compound during the MS/MS scan. This allowed spe-

ciÐc detection of the analytes of interest based on the
correct molecular mass, fragmentation to the parent
nucleobases and co-elution with the corresponding
internal standards.

CT DNA reactions with epoxybutene

A representative LC/ESI`-MS/MS ion chromatogram
of a neutral thermal hydrolyzate of EB-exposed CT
DNA is shown in Fig. 7. Two major peaks of equal size
at 3.6 and 5.1 min were seen in the ion chromatogram
corresponding to EB-Gua adducts (m/z 222 ] m/z 152).
These two compounds co-eluted with the 13C4-labeled
internal standards for N-7-(2-hydroxy-3-buten-1-yl)
guanine (N-7-EB-Gua I) and N-7-(1-hydroxy-3-buten-2-
yl)guanine (N-7-EB-Gua II), which allowed their identi-
Ðcation as N-7-EB-Gua I and II (Fig. 2). In addition,
two minor EB-Gua adducts with shorter retention times
were observed, but their identities have not been estab-
lished owing to the lack of the corresponding standard
compounds. MS/MS selected ion chromatograms for
EB-Ade adducts (m/z 206 ] m/z 136) contained four
peaks at 2.23, 3.06, 3.68 and 4.09 min (Fig. 7). Since the
compounds at 3.06 and 4.09 min co-eluted with the

standards for N-3-(2-hydroxy-3-buten-1-15N5-labeled
yl)adenine (N-3-EB-Ade I) and N-3-(1-hydroxy-3-buten-
2-yl)adenine (N-3-EB-Ade II), they were identiÐed as the
two regioisomers of N-3-EB-Ade adducts I and II (Fig.
2). These assignments were further conÐrmed by com-
parison of the full spectra of the adducts with those of
the standard compounds. The amounts of N-3-EB-Ade
adducts in EB-exposed CT DNA (2.1 and 7.6 nmol
lmol Ade for I and II, respectively, Table 3) were D1/7
of the EB-Gua adducts (26.9 and 36.2 nmol lmol Gua).
The formation of regioisomeric pairs of EB adducts in
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Figure 7. LC/ESI½-MS/MS analysis of a neutral thermal hydrolyzate of calf thymus DNA treated with 3,4-epoxy-1-butene.

CT DNA is a result of a nucleophilic attack of the base
at either the C-4 terminal carbon of EB (N-3-EB-Ade I
and N-7-EB-Gua I) or at the C-3 of EB (N-3-EB-Ade II
and N-7-EB-Gua II).9,15 Interestingly, whereas the

amounts of N-7-EB-Gua I and II were similar, EB-Ade
II was more abundant than EB-Ade I, in accordance
with our earlier Ðndings from HPLC/UV analysis of
EB-exposed CT DNA.15

Table 3. Guanine and adenine adducts in calf thymus DNA exposed to equimolar amounts of 3,4-
epoxy-1-butene or diepoxybutane (nmol lmol—1 normal nucleobase)

N-7-EB-Gua I N-7-EB-Gua II N-3-EB-Ade I N-3-EB-Ade II N-7-THB-Gua N-3-THB-Ade

Exp. 1 23.2 35.0 2.1 7.9 57.4 6.2

Exp. 2 24.8 38.7 1.8 7.3 59.4 6.0

Exp. 3 32.8 35.1 2.5 7.5 59.2 6.2

Mean ÀSD 26.9 À5.4 36.2 À2.1 2.1 À0.3 7.6 À0.3 58.7 À1.1 6.2 À0.2
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CT DNA reactions with diepoxybutane

LC/ESI`-MS/MS analysis of the hydrolyzates of DEB-
exposed CT DNA showed one major peak in the
MS/MS ion chromatogram for THB-Gua adducts (m/z
256 ] m/z 152, Fig. 8). This peak co-eluted with the
internal standard signal in [13C4]-N-7-(2@,3@,4@-

ion channel, supporting itstrihydroxybut-1@-yl)guanine
identiÐcation as N-7-THB-Gua. Adenine and guanine
have been reported to react at the terminal carbon of
DEB producing single regioisomers of the
adducts.10,18,19 The amount of N-7-THB-Gua in
exposed DNA was 58.7^ 1.1 adducts per 103 normal
Gua (Table 3). This quantity is comparable to the sum

of the amounts of the two regioisomers for N-7-EB-Gua
in DNA exposed to the same molar amounts of EB
(63.7 per 103 Gua, Table 3), suggesting that EB and
DEB are equally reactive towards the N-7 position of
guanine in DNA under these conditions.

THB-Ade MS/MS ion chromatogram (m/z 240 ]
m/z 136) contained a major peak at 6.0 min which was
identiÐed as N6-THB-Ade since it co-eluted with the

internal standard (Fig. 8). The amount[15N5]-labeled
of this adduct (6.02^ 0.2 per 103 normal Ade) was
about 1/10 of the N-7-THB-Gua adduct, suggesting
that the N6-adenine position is signiÐcantly less reactive
towards DEB than the N-7-guanine in DNA. The
minor peaks at 2.03 and 3.46 min were tentatively iden-

Figure 8. LC/ESI½-MS/MS analysis of trihydroxybutyl adducts of (a) guanine and (b) adenine in an acid hydrolyzate of CT DNA treated
with diepoxybutane.
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Table 4. DNA adducts in TK6 cell cultures exposed to the mono- and diepoxide of 1,3-butadiene

Mutational Amounts of adduct per 106 normal nucleobases

Exposure frequencya N-7-EB-Gua I N-7-EB-Gua II N-3-EB-Ade III N-3-EB-Ade IV N-7-THB-Gua N-3-THB-Ade

5 lM EB 8.5 0.53 0.48 0.19 NDc –d –

100 lM EB 11.3 3.8 3.0 ND ND – –

500 lM EB 38.3 14.0 10.1 1.2 0.5 – –

5 lM DEB 43.3 – – – – Ä0.1 ND

25 lM DEBb – – – – – 4.0 Ä1

Control 7.9 NDe ND ND ND ND ND

a Per 106 surviving cells.
b The mutation frequency for these cells could not be measured owing to excessive cytotoxicity.
c ND¼not detected.
d – ¼Not determined.

tiÐed as N-3-THB-Ade and N-7-THB-Ade (results not
shown), based on their retention times and fragmenta-
tion under CID, which were compared with those of the
authentic standards.

DNA adducts of EB-and DEB-exposed TK6 cell cultures

DNA isolated from EB- and DEB-treated TK6 cell
culture contained the same types of adducts as observed
in exposed CT DNA (Table 4). The amounts of EB-
guanine adducts increased proportionally with an
increase of exposure concentration. The extent of alkyl-
ation at the N-3 of adenine was signiÐcantly lower those
at the N-7-guanine of DNA. LC/ESI`-MS/MS analyses
of DNA from cell cultures exposed to DEB indicated
the presence of N-7-guanine and N6-adenine adducts,
although the latter was below the limit of quantitation
of this method (Table 4).

In order to validate the LC/ESI`-MS/MS method,
parallel analyses of the DNA samples isolated from
TK6 cells exposed to 500 lM EB was performed by
LC/ESI`-MS/MS and GC/ECNCI-HRMS. The latter
method required derivatization of the adducts with
PFBBr in order to increase their volatility and to
increase the response under NCI conditions. The major
peak in the NCI mass spectrum of the PFB derivative
of EB-Gua (m/z 581) corresponded to the loss of one
PFB group from the molecular ion (Fig. 9). Selected ion

Table 5. Comparison of GC/MS and LC/ESI‘-MS/MS for
quantitation of DNA adducts with BDa

Amount of adducts per 106 normal bases

Analyte GC/NICI-HRMS LC/ESI½-MS/MS

EB-Gua I 29.7 27.8

EB-Gua II 63.1 32.6

a Sample :DNA from EB-exposed TK6 cell culture (500 lM, 24 h).

Figure 9. (a) GC/ECNI total ion current mass chromatogram of PFBBR-derivatized N-7-EB-guanine and (b) full mass spectrum of the
major derivative.
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Table 6. BD adducts in tissues of rats and mice exposed to 1250 ppm BD for
10 days by inhalation

Amount of adduct per 106 normal bases (mean ÀSD)

Animal Tissue EB-Gua I EB-Gua II EB-Ade I THB-Gua

Control rat Liver ND6 ND ND ND

Exposed rat Liver 1.4 À0.11 1.4 À0.02 ND 4.1 À1.5

Control mouse ND ND ND ND

Exposed mouse Liver 3.0 À0.05 2.7 À0.1 0.07 7.6 À1.5

Exposed mouse Lung 2.4 2.1 0.06 –b

a – ¼Not determined.
b ND¼not detected.

monitoring of the (M [ PFB)~ ions of the derivatized
adducts and the corresponding internal standards was
performed at 10K resolution. The other half of the
DNA hydrolyzate was analyzed by LC/ESI`-MS/MS
as described above. The results of both analyses are pre-
sented in Table 5. Excellent agreement between the
results of the two methods was observed for EB-Gua I.
The amounts of EB-Gua II from GC/ECNI-HRMS
appeared higher than that from LC/ESI-MS/MS. The
reasons for this di†erence are not clear but could reÑect
an impurity co-eluting either with the analyte in selec-
ted ion monitoring GC/HRMS or with the internal
standard in LC/ESI`-MS/MS analysis.

BD-induced DNA adducts in tissues of rats and mice
exposed to 1250 ppm BD

Since the LC/ESI`-MS/MS methods developed in this
work were successfully applied to analyses of BD-

induced adducts in vitro in samples exposed to the reac-
tive epoxides of BD, the work was extended to an
evaluation of the in vivo formation of these adducts in
tissues of animals exposed to BD itself. The results of
LC/ESI`-MS/MS analyses of the DNA samples from
tissues of several rats and mice exposed to 1250 ppm
BD for 2 weeks by inhalation are presented in Table 6
and typical ion chromatograms obtained from D1 mg
of mouse liver DNA are given in Figs 10 and 11. Simi-
larly to the results of in vitro experiments (see above),
the amounts of the two regioisomers of N-7-EB-Gua
were comparable (see Table 6 and Fig. 10(a)). No
EB-Gua peaks were observed in control liver (Fig.
10(b)). The amounts of N-7-EB-Gua adducts in livers of
BD-exposed mice (5.7 per 106 Gua) were D2-fold
higher than in livers of rats exposed under the same
conditions (2.8 per 106 Gua).

LC/ESI`-MS/MS using selected reaction monitoring
of the transitions corresponding to THB adducts indi-
cated the presence of N-7-THB-Gua and N6-THB-Ade

Figure 10. LC/ESI½-MS/MS analysis of EB–DNA adducts in neutral thermal hydrolyzates of liver DNA from (a) a mouse exposed to 1250
ppm BD for 2 weeks and (b) a control mouse.
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Figure 11. LC/ESI½-MS/MS analysis of N-7-THB-Gua in neutral thermal hydrolyzates of liver DNA from (a) a mouse exposed to 1250
ppm BD for 2 weeks and (b) a control mouse.

in DNA of exposed rodents (Fig. 11). N-7-THB-Gua
was somewhat more abundant than the corresponding
EB-induced lesions (Table 6). Although the peak area
ratios suggested that the amounts of N6-THB-Ade in
these samples were comparable to those of N-7-EB-Gua
adducts (results not shown), the presence of an inter-
ferent co-eluting with the analyte peak prevented us
from quantitating this adduct in vivo. Interestingly,
control animals exposed to air only contained small
peaks that may be THB adducts, but no similar peaks
for EB adducts (e.g. Figs 10(b) and 11(b)), suggesting
that THB adducts may be produced endogenously.

DISCUSSION

Covalent DNA modiÐcation with carcinogens or their
metabolites can be the initial step in chemical carcino-
genesis. If not repaired before DNA replication, DNA
adducts can cause mispairing resulting in mutations and
chromosomal alterations.30 DNA adducts thus provide
a “biological doseÏ of a chemical which integrates its dis-
tribution and biotransformation and is related to the
biological e†ects that follow. Analysis of DNA adducts
in vivo is a challenge since the speciÐcity and sensitivity
of the method must be sufficient to allow identiÐcation
and quantitation of modiÐed nucleobases in the pres-
ence of a 106È107 excess of normal nucleobases. 32P-
postlabeling is currently the most popular method of
analysis of DNA adducts.11h13,17,31 32P-postlabeling is
sensitive enough to detect one adduct per 108 normal
bases and lower. Unfortunately, 32P-postlabeling pro-
vides no structural information on the analytes which
are detected as “spotsÏ on a TLC plate and quantitated
from radioactive counts. Furthermore, some of the the
most common types of DNA adducts (N-7-alkyl-
guanine, N-3-alkyladenine) have poor labeling yields

owing to the facile cleavage of their glycosyl bonds.31
Methods based on gas chromatography/mass spectrom-
etry are more speciÐc than 32P-postlabeling, since the
adducts are identiÐed by their molecular masses and
GC retention times. Since DNA nucleobases are polar,
some kind of chemical derivatization is usually required.
This step represents a challenge for certain types of
DNA adducts due to poor derivatization yields (e.g.
THB adducts), production of artifacts during the deriva-
tization step and sample to sample variability.28 In
addition, derivatization methods are usually analyte-
speciÐc and cannot be applied to analyze simulta-
neously chemically diverse compounds in the same
sample.

LC/ESI`-MS makes it possible to analyze DNA
adducts directly, without derivatization, since volatility
is not necessary. Sample preparation is based on the
separation of the adducts from normal nucleobases and
desalting, since the presence of large amounts of electro-
lytes can result in ion suppression and loss of sensi-
tivity.29,32 Tandem mass spectrometry adds further
speciÐcity to the detection of DNA adducts in complex
biological mixtures since adduct identiÐcation is based
on three parameters : LC retention time, molecular mass
and characteristic MS fragmentation of the analyte.
Several di†erent analytes can be analyzed in the same
sample. Unfortunately, the sensitivity of LC-ESI` MS
methods is typically 10-fold lower than that of GC/
ECNI-HRMS,26 which is in turn less sensitive than
32P-postlabeling.

In the present work, LC/ESI`-MS/MS was used to
analyze multiple BD-induced adducts in DNA hydro-
lyzates. The developed methods were applied to samples
of treated CT DNA, TK6 cell cultures and tissues of
laboratory animals exposed to BD by inhalation. The
methods were validated by comparing the results of LC/
ESI`-MS/MS analyses with the data obtained indepen-
dently by GC/NCI-HRMS. Whereas N-7-Gua adducts
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could be accurately quantitated in 0.3È1 mg DNA
samples extracted from animal tissues, larger DNA
samples (P2 mg) are needed for in vivo quantitation of
the less abundant N-3-EB-Ade and N6-THB-Ade
adducts. Although the amount of DNA alkylation was
higher in mice than in rats (D2-fold, Table 6), this dif-
ference is not sufficient to explain the markedly
increased sensitivity of mice to BD carcinogenesis. The
overall level of DNA adduction in BD-exposed animals
(\10 per 106 normal nucleobase) appears to be low
compared with other simple alkylating agents (ethylene
oxide),22 suggesting that mechanisms other than point
mutations resulting from mono-adducts may be
involved in BD carcinogenesis. For example,
DNAÈDNA and/or DNAÈprotein cross-linking by
DEB may play a role.33 Interestingly, the tri-
hydroxybutyl adducts were observed in both species in
amounts comparable to or higher than that of the EB
adducts (Table 6). Since trihydroxybutyl adducts can
result from reactions of either DEB or EBD with DNA
and rats do not produce DEB in any signiÐcant
amount, EBD may be an important metabolite in this
species.34 A study is under way to determine the reacti-
vity and adduct types from EBD reactions with DNA
nucleobases.

The presence of small amounts of THB but not EB
adducts in tissues of control animals is consistent with

the presence of THB hemoglobin adducts in red blood
cells of unexposed rodents and humans obtained in this
laboratory.35 Further studies are required to conÐrm
the presence of THBÈDNA adducts and to establish the
source of these endogenous adducts. The methods
described in this paper provide a foundation for future
studies of doseÈresponse relationships, accumulation
and repair of various BD-induced DNA adducts.
Although less sensitive than GC/ECNI-HRMS, LC/
ESI`-MS/MS in selected reaction monitoring mode is a
useful method in analyses of BDÈDNA adducts which
are not amenable to GC and derivatization owing to
the presence of several adjacent polar functional groups
in the molecule.
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