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ABSTRACT

Many chemical carcinogens and their in vivo activated metabolites react readily with genomic DNA, and
form covalently bound carcinogen-DNA adducts. Clinically, carcinogen-DNA adducts have been linked to
various cancer diseases. Among the current methods for DNA adduct analysis, mass spectroscopic method
allows the direct measurement of unlabeled DNA adducts. The goal of this study is to explore the use of
matrix-assisted laser desorption/ionization tandem time-of-flight mass spectrometry (MALDI-TOF/TOF
MS) to determine the identity of carcinogen-DNA adducts. Two of the known carcinogenic DNA adducts,
namely N-(2'-deoxyguanosin-8-yl)-2-amino-1-methyl-6-phenyl-imidazo [4,5-b] pyridine (dG-C8-PhIP)
and N-(2’-deoxyguanosin-8yl)-4-aminobiphenyl (dG-C8-ABP), were selected as our models. In MALDI-
TOF MS measurements, the small matrix ion and its cluster ions did not interfere with the measurements
of both selected dG adducts. To achieve a higher accuracy for the characterization of selected dG adducts,
1keV collision energy in MALDI-TOF/TOF MS/MS was used to measure the adducts. In comparison to
other MS/MS techniques with lower collision energies, more extensive precursor ion dissociations were
observed. The detection of the corresponding fragment ions allowed the identities of guanine, PhIP or
ABP, and the position of adduction to be confirmed. Some of the fragment ions of dG-C8-PhIP have not

been reported by other MS/MS techniques.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Despite the continuous efforts in cancer research, cancer
still remains as a major health problem worldwide today. In
the US, cancer is the second leading cause of death. Chem-
icals that can potentially lead to the development of cancer
diseases are classified as carcinogens. Some carcinogens and
their in vivo activated metabolites have shown to be reactive
with deoxyribonucleic acid (DNA), and form covalently bound
carcinogen-DNA adducts. Many carcinogen-DNA adducts have
been used as toxicogenomics biomarkers to monitor the expo-
sure of individuals to specific carcinogens in our diets or living
environment [1-3]. Clinically, different carcinogen-DNA adducts
have been linked to cancer diseases. Among the carcinogen-
DNA adducts that have been isolated and characterized from
in vitro and in vivo studies, N-(2’-deoxyguanosin-8-yl)-2-amino-
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1-methyl-6-phenyl-imidazo [4,5-b] pyridine (dG-C8-PhIP) and
N-(2’-deoxyguanosin-8yl)-4-aminobiphenyl (dG-C8-ABP) repre-
sent the most abundant and potent adducts in the categories of
heterocyclic aromatic amines and aromatic amines DNA adducts,
respectively [4-6]. Both adducts have been associated with more
than one type of cancer diseases [6-8]. 2-Amino-6-phenyl-1-
methylimidzao [4,5-b] pyridine (PhIP) is found in tobacco smoke.
PhIP can also be generated from cooking meats. Following the
intake of PhIP, the compound is activated by P450 enzymes, and
reacts with DNA and other biomolecules. In the case of DNA, the
activated PhIP reacts predominantly with 2’-deoxyguanosine (dG)
and forms dG-PhIP adduct. Most, but not all, of the DNA adducts
in the genome are normally removed by the DNA repair mecha-
nisms. Any unrepaired DNA adducts can potentially lead to genetic
mutation when the genome is replicated. Hence, the accuracy on
monitoring DNA adduction is crucial to a variety of clinical and non-
clinical studies. For 4-aminobiphenyl (ABP), the chemical has been
found in tobacco smoke, hair dyes, and so on [9]. The in vivo acti-
vation and adduction of ABP are very similar to the chemistry of
PhIP.

Among the current methods for measuring carcinogen-DNA
adducts, the most common approach begins with the reduction of
the genome to its monomeric units, i.e., deoxyribonucleosides (dN).
Specific digestion of a genome can be achieved by using the enzy-
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matic activity of nucleases, e.g., DNase I, whose activities are not
usually affected by the presence of carcinogen-DNA adducts [10].
The ratio of unmodified dN to DNA adducts in the human genome
is estimated to be as high as 10° [11]. For this reason, after digesting
the genome, the removal of unmodified dN would greatly facilitate
the specific detection of DNA adducts. The separation of digested
deoxyribonucleoside mixture is often achieved by using either liq-
uid chromatography or capillary electrophoresis. To monitor the
continuous flow of eluent from a separation column, electrospray
ionization (ESI) mass spectrometers that are equipped with a trans-
mission mass analyzer, e.g., triple quadrupole and ion trap, have
been commonly used to detect DNA adducts [11,12]. With the recent
success on both off-line and on-line coupling of liquid chromatogra-
phy techniques to matrix-assisted laser desorption/ionization mass
spectrometry (MALDI MS), the use of MALDI MS has become a
viable approach for DNA adduct analysis [13-15]. In general, as little
as a few nanoliter of sample is required for MALDI MS measure-
ments [16-18]. The sampling rate of MALDI samples has recently
been improved to meet the demands in high throughput analysis
[19]. In this report, the use of MALDI tandem time-of-flight MS to
accurately determine the identity of carcinogenic DNA adducts is
explored. To demonstrate the feasibility of using MALDI-TOF/TOF
MS, two different categories of DNA adducts, namely dG-C8-
PhIP and dG-C8-ABP adducts, were used as the models in this
study.

2. Experimental
2.1. Materials

N-(2’-deoxyguanosin-8-yl)-2-amino-1-methyl-6-phenyli-
midazo [4,5-b] pyridine and N-(2’-deoxyguanosin-8yl)-4-
aminobiphenyl were obtained from Toronto Research Chemicals
Inc. (Toronto, Canada). 2’-deoxyguanosine monohydrate (dGoy)
99%, 3-hydroxypicolinic acid (3-HPA) MALDI matrix was
purchased from Sigma-Aldrich (St. Louis, MO). Anhydrous
N,N-dimethylformamide (DMF) 99.8% was purchased from Acros
Organics (Geel, Belgium). 2’,4’,6’-trihydroxyacetophenone mono-
hydrate (THAP) MALDI matrix, and ammonium citrate dibasic
>99.0% was purchased from Fluka (Buchs, Switzerland). Ace-
tonitrile HPLC grade, and methanol HPLC grade were obtained
from Fisher Scientific (Pittsburgh, PA). Non-sterile 0.22 wm
low protein binding Durapore (PVDF) syringe driven mem-
brane filter units (25 mm) were purchased from Millipore Corp.
(Bedford, MA).

2.2. MALDI matrix solution and sample preparation method

The 3-HPA matrix solution was prepared by dissolving 35.0 mg
of 3-HPA and 8.80 mg of ammonium citrate dibasic in 1.0 mL of
10% acetonitrile. The THAP matrix solution was prepared by dis-
solving 10.0 mg of THAP and 9.80 mg of ammonium citrate dibasic
in 1.0 mL of 50% acetonitrile. After vortexing the matrix solutions
for 1-2 min, any undissolved particles were removed by filtering
the matrix solutions with 0.22 wm membrane filter. The matrix
solutions were stored at —20°C.

All DNA samples were dissolved in DMF, and were freshly
diluted in DMF. The MALDI samples were prepared by the thin-
layer method. After cleaning the stainless steel MALDI sample
plate with deionized water and methanol, 0.3 pL of a matrix
solution was spotted on the MALDI sample plate. The matrix
was allowed to air dry. 0.3 pnL of 1mM DNA sample was then
spotted over the dried matrix, and the mixture was allowed to
air dry.

2.3. MALDI-TOF MS measurements

A MALDI-TOF/TOF instrument (4700 Proteomics Analyzer,
Applied Biosystems, Framingham, MA) was used for all MS and
MS/MS measurements. Each sample was measured by using the lin-
ear low mass positive mode in the 4000 Series Explorer Version 3.0
software. The Nd:YAG laser (200 Hz) was set at 4000 a.u. (maximum
setting=7900 a.u.). The focus mass was the mass of an expected
molecular ion from each sample. Molecular ions were extracted
from the ion source after 400 ns delay with the low mass gate being
turned off. The accelerating voltage was +20.0kV and grid voltage
was +18.8 kV. The instrument was equipped with a 200 Hz digi-
tizer. The sampling bin size was 0.5ns with an input bandwidth
of 500 MHz, and a vertical full scale of 500 mV. The linear detec-
tor voltage was +2.0 kV. The pressure inside the entire instrument
was maintained at the level of 10~8 Torr. Each spectrum was auto-
matically acquired by accumulating the results of 3000 shots (50
shots per sub-spectrum) with random edge-biased positioning of
each laser shot. By using the Data Explorer Version 4.6 software,
resulting mass spectrum was internally calibrated with the peak
of [3-HPA+H]" ion (140.0 Da), except the spectrum obtained from
3-HPA alone. For post-source decay (PSD) measurements, the same
parameter settings as the MS/MS measurements described below
were used, except the pressure inside the collision cell was main-
tained at 108 Torr.

2.4. MALDI-TOF/TOF MS/MS measurements

Each sample was measured by using the MS-MS 1KV positive
mode in the 4000 Series Explorer Version 3.0 software. Higher
laser intensity at 6000 a.u. was used. The precursor mass was the
molecular mass of selected DNA adducts, and the mass window
was —1.00 Da and +5.00 Da of precursor mass. Molecular ions were
extracted from the ion source after 460 ns delay. The suppressor
for metastable ion was turned off. The accelerating voltage at the
ion source was at +8.0kV, and grid voltage at +6.85KkV. The col-
lision cell was at +7.0kV. Fragment ions were extracted from the
collision cell after 27.3 ms delay. The accelerating voltage from the
collision cell was at +15.0kV. The sampling bin size was 0.5ns
with an input bandwidth of 500 MHz, and a vertical full scale of
200 mV. The reflector detector voltage was +2.1 kV. The pressure
inside the collision cell was adjusted with atmospheric gas to the
level of 10~6 Torr before the measurements were carried out. Each
spectrum was automatically acquired by accumulating the results
of 5000 shots (125 shots per sub-spectrum) with random edge-
biased positioning of each laser shot. By using the Data Explorer
Version 4.6 software, resulting mass spectrum was internally cal-
ibrated with the most abundant isotopic peaks of precursor ion
and a known fragment ion. ChemSketch version 8.17 software was
used for drawing the molecular structures, and Mass Spec Calcula-
tor Professional demo version 4.09 software was used to assist the
identification of the fragment ions.

3. Results and discussion

For MALDI mass spectrometry of DNA, 3-HPA is one of the most
commonly used MALDI matrices. In an initial experiment, 3-HPA
matrix was measured by using the linear positive mode in MALDI-
TOF MS. The peak corresponded to [3-HPA+H]* (140.0 m/z) was
detected as shown in Fig. 1(a). Many MALDI matrices, including
3-HPA, are known to form multiple matrix cluster ions during
the MALDI process. In Fig. 1(a), some of the positively charged 3-
HPA matrix cluster ions were detected. Normally, the matrix ion
together with its cluster ions is removed by using a low mass ion
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Fig. 1. MALDI-TOF MS spectra of (a) 3-HPA alone, (b) dG-C8-PhIP with 3-HPA matrix, and (c) dG-C8-ABP with 3-HPA matrix. G-PhIP and G-ABP correspond to fragment ions
without the 2’-deoxyribose in dG-C8-PhIP and dG-C8-ABP, respectively. All measurements were carried out in the linear positive ion mode.

gate in the MALDI-TOF instrument. As shown in Fig. 1(a), most of the
3-HPA matrix cluster ions were less than 300 m/z. For this reason,
both 3-HPA matrix ion and its cluster ions did not interfere with the
MALDI-TOF MS measurements of both selected 2’-deoxyguanosine
adducts as demonstrated in Fig. 1, thus allowing the correct selec-
tion of dG adduct precursor ions for MS/MS measurements. In both
Fig. 1(b) and (c), a less intense peak next to the dG adduct ion
peak with a mass difference of 1Da is identified as the loss of a
hydrogen radical from the dG adduct ion. The loss of hydrogen
radical could be the result of using relatively high concentration
(1 mM) of dG adducts, and/or laser-induced fragmentation of dG
adducts during the MALDI process. An alternative MALDI matrix
for DNA measurements, namely THAP, was used separately to pre-
pare both dG adduct samples. Despite less THAP matrix cluster ions
were observed, more aglycon ions were produced (data not shown).
To facilitate the subsequent MS/MS measurements of dG adducts,
the in-source fragmentation of dG adduct ions ought to be mini-
mized. Hence, 3-HPA matrix was chosen for the rest of this study.
In Fig. 1(b) and (c), the peak that corresponds to the aglycon ion
of each dG adduct is detected. The same aglycon ions have been
reported when electrospray ionization MS was used to measure
dG adducts [20,21]. In the case of MALDI-TOF MS, the N-glycosidic
bond between guanine and 2’-deoxyribose was broken by an exces-
sive transfer of laser energy to dG adduct during the MALDI process
[22]. Also, the preparation of MALDI samples required mixing each
adduct with acidic 3-HPA matrix (pH 3), which could hydrolyze
some of the dG adducts [23]. Despite the mass accuracy that can be
achieved by MALDI-TOF MS, the identities of guanine, and PhIP or
ABP in the dG adducts remain uncertain. Furthermore, it is impor-
tant to ensure the selected carcinogens have specifically reacted
with guanine at the C8 position. This is because different dG adduct
isomers have been identified, and shown to have different effects
on the mechanisms of DNA repair and/or transcription.

Recently, Debrauwer and co-workers have reported the sequen-
tial MS® measurement of dG-C8-PhIP by using the latest
collision-induced dissociation (CID) technology of an ion trap [24].
With sub-ppm mass accuracy, all the fragment ions from the MS3

spectrum of dG-C8-PhIP were identified. Multiple fragment ions
were originated from the guanine moiety of dG-C8-PhIP, thus con-
firming the identity of the nucleobase. The identity of the dG adduct
C8 isomer was also confirmed by other fragment ions. None of the
fragment ions, however, corresponded to the dissociation of the
PhIP moiety. For the purpose of distinguishing dG-C8-PhIP adduct
from other possible dG adducts, it is important to obtain MS/MS
data from the dissociation of the PhIP moiety. Independently, by
using the same MS/MS technique, Turesky and co-workers have
also reported the sequential MS® measurement of dG-C8-PhIP [25].
The results have shown an identical pattern of fragment ions in
the MS3 spectrum of dG-C8-PhIP as reported by Debrauwer and
co-workers. Turesky’s report has also included a MS* spectrum of
the most abundant fragment ion (357 m/z) obtained from the MS3
measurement, which was identified as G-PhIP ion without the pri-
mary amine group at the C2 position of guanine. No fragment ion
corresponded to the dissociation of the PhIP moiety was identi-
fied in the MS* spectrum of dG-C8-PhIP. Shields and co-workers
have analyzed dG-C8-PhIP 5-monophosphate that has been enzy-
matically released from a modified oligodeoxynucleotide by using
the post-source decay in MALDI-TOF MS [26]. A unique fragment
ion (167 m/z) that corresponded to PhIP ion without the primary
amine group at the C2 position of PhIP was identified in their PSD
spectrum. In comparison to the CID experiments described above,
the metastable ion of dG-C8-PhIP 5'-monophosphate generated by
the MALDI ion source did not yield sufficient fragmentation, thus
limited the accuracy on identifying the dG adduct.

In comparison to the conventional MALDI-TOF instruments that
are equipped with reflectron for performing PSD measurements,
the instrumental design in a MALDI-TOF/TOF instrument allows
PSD measurements to be carried out in a slightly different approach.
In brief, metastable ions from the MALDI ion source are channeled
through the first time-of-flight (TOF) analyzer and entered a vir-
tually empty collision cell at 108 Torr, which is co-axially located
in between the first and second TOF analyzer. After allowing the
ions to undergo fragmentation within the collision cell, the frag-
ment ions are extracted into the second TOF analyzer where the
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ions are separated. As part of a preliminary study in this report,
the selected dG adducts were characterized separately by using
PSD in the MALDI-TOF/TOF instrument. With higher laser inten-
sity than the threshold value for MALDI-TOF MS measurements,
no fragment ions were observed from the PSD measurements,
except the corresponding aglyconion from each dG adduct (data not
shown).

To achieve a higher accuracy, the rest of this study focuses
on using the high energy CID in MALDI-TOF/TOF to characterize
the selected DNA adducts. Similar to the PSD measurements, the
MS/MS measurements in MALDI-TOF/TOF required the use of opti-
mal DNA adduct concentration in the sample and laser intensity
to generate sufficient precursor ions. The key, however, was the
air pressure within the collision cell. When the CID pressure was
increased to 10~6 Torr, extensive and reproducible fragmentation
of dG-C8-PhIP precursor ion was observed (Fig. 2). To ensure ade-
quate mass accuracy was attained, the dG-C8-PhIP precursor ion
(490.2m/z) and a known fragment ion (250.1 m/z) of dG-C8-PhIP
were chosen as internal calibrants. For both internal calibrants, the
highest isotopic peak was selected as the most abundant carbon-12
isotope. In the case of the internal calibrant at 250.1 m/z, the iden-
tities of the peaks that correspond to various isotopes of fragment
ion, D, are confirmed by their expected signal intensities as shown
in Fig. 2. For identifying the precursor ion peak at 490.2 m/z, the
unlabeled peaks on the left hand side immediately next to the high-
est isotopic peak all have a mass difference of —1 Da. These smaller
unlabeled peaks could correspond to the loss of one and more than
one hydrogen radicals from the precursor ion as a result of using
high energy (1 keV) collision-induced dissociation to fragment the
precursor ion [27]. The hypothesis on the loss of hydrogen radi-
cals from the dG-C8-PhIP precursor ion is supported by the results
of measuring 2’-deoxyguanosine monohydrate (dGoy) under the
same conditions of high energy collision-induced dissociation.

100 dG-C8-PhIP

Comparatively, the fragmentation pattern of dGgy ion in Fig. 3 is
similar to the one obtained from dG-C8-PhlIP. Next to the dGoy pre-
cursor peak in Fig. 3, there are also multiple less intense peaks with
mass differences of —1 Da that correspond to the loss of hydrogen
radicals. In Fig. 2, by using the two-point internal calibration and
identify the labeled fragment ions (A-F) with the highest isotopic
peaks as their corresponding carbon-12 isotopes, <24 ppm average
mass accuracy was achieved. The mass accuracy of each fragment
ion was determined by comparing the measured molecular mass
to its theoretical molecular mass. The identities for some of the
fragment ions (A, B, and D) and their relative abundance in Fig. 2
comply with the results of earlier reports, in which different tan-
dem MS techniques were used to fragment the same dG-C8-PhIP
ion [24,25]. To the best of our knowledge, the fragment ions (C, E,
and F) of dG-C8-PhIP in Fig. 2 were never observed by using other
tandem MS techniques. Based on the results in Fig. 2, it indicates
both guanine and PhIP moieties of dG-C8-PhIP are dissociated at
multiple positions. Thus, the detection of the fragment ions (A-F)
allows us to confirm the identities of guanine and PhIP and, the
position of PhIP adduction at the C8 position of guanine. Together
with the results from the MS measurement shown in Fig. 1(b), the
accuracy on identifying the dG-C8-PhIP is improved by using the
MALDI-TOF/TOF tandem MS technique.

To demonstrate the applicability of MALDI-TOF/TOF tandem MS
technique for DNA adduct analysis, the same method was used
to characterize dG-C8-ABP adduct. The results showed the same
level of accuracy could be achieved (Fig. 4). Both guanine and ABP
moieties were dissociated at multiple positions, thus allowing the
identification of guanine, ABP, and the position of ABP adduction to
be accomplished. Similarly, a two-point mass calibration was pre-
formed with the data obtained from the MS/MS measurement of
dG-C8-ABP. The average mass accuracy of the identified fragment
ions in Fig. 4 was also below 24 ppm.
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Fig. 2. MS/MS spectrum of dG-C8-PhIP in the positive ion mode. The precursor ion of 490.2 m/z was selected for the MS/MS measurement. A two-point internal mass
calibration was performed by using the highest isotopic peak of the precursor ion (490.2 m/z) and a known dG-C8-PhIP fragment ion (250.1 m/z) as shown in the inserted
spectrum. Peaks A-F correspond to fragment ions of dG-C8-PhIP, whose identities are shown in the inserted molecular structure of dG-C8-PhIP. The dotted lines in the
molecular structure of dG-C8-PhIP represent the positions of dissociation that would produce the corresponding fragment ions. All the other labeled peaks correspond to
fragment ions that were previously reported in Refs. [24,25]. All the measured molecular masses were determined with their highest isotopic peaks.
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4. Conclusions

As far as we are concerned, this report is the first attempt on
using MALDI-TOF/TOF MS/MS to perform the qualitative analysis
of carcinogenic DNA adducts. In both cases of dG-C8-PhIP and dG-
C8-ABP adduct, the use of higher collision energy has led to more
extensive precursor ion dissociations. Three of the fragment ions
obtained from dG-C8-PhIP have not been reported by other MS/MS
techniques. The results have accurately confirmed the identities
of guanine, PhIP or ABP moiety, and the position of adduction by
more than one of their corresponding fragment ions. Together with
the signals that corresponded to the molecular dG adduct ions,
the accuracy on using MALDI tandem time-of-flight mass spec-
trometry to characterize the selected carcinogenic DNA adducts
should meet the highest analytical standard for both clinical and
non-clinical studies on DNA adduction. Equally important, with the
high repetitive UV laser (=200 Hz), the rate of sample throughput of
MALDI-TOF/TOF is expected to meet the requirements of large-scale
studies in the future.
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