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Abstract

Polycyclic aromatic hydrocarbons are a pervasive and abundant class of environmental and workplace pollutants. Formation of covalent DNA
adducts has been considered to be a useful dosimeter or molecular biomarker for assessing the exposure to such pollutants. The establishment
prospective models for the formation of DNA adducts may help to understand the mechanisms of the effects. To identify the DNA adducts in this
study, the fragmentation patterns of DNA—berapyrene diol epoxide adducts were characterized by nanoflow liquid chromatography (LC)
coupled to hybrid quadrupole orthogonal acceleration time-of-flight mass spectrometry (Q-TOF-MS). In the experiment, the DNA adducts
were synthesized by reaction of calf thymus DNA wéthti-benzo&)pyrenet-7 t-8-dihydrodiolt-9,10-epoxidet) (anti-BPDE). The ma-
jor adducts of\2-deoxyguanosine—bena)pyrene-7,8-dihydrodiol-9,10-epoxiddi-dG—BPDE) N®-deoxyadenosine—benza)pyrene-7,8-
dihydrodiol-9,10-epoxideN®-dA-BPDE), N*-deoxycytidine—benzajpyrene-7,8-epoxideN*-dC-BPDE), and\®-deoxythymidine—benzo
(a)pyrene-7,8-dihydrodiol-9,10-epoxide addusf{dT-BPDE) were identified by electrospray positive ionization with TOF-MS/MS scan
mode. The results of this study demonstrated that the approach that utilizes collision-induced dissociation leading to a characteristic frag-
mentation pattern offers a distinct advantage for identification and elucidation of molecular structural features of the DNA adducts. The
fragmentation patterns established in this study may be applied to identify DNA adducts in biological systems.
© 2003 Published by Elsevier B.V.
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1. Introduction identify individuals with susceptibility to certain threats par-
ticularly in workplaces. For these reasons, much effort has
Polycyclic aromatic hydrocarbons (PAHSs) are a class of peen directed toward the identification of DNA adducts. The
toxicants that have been found in environment and work- deve|opmeht of a h|gh|y sensitive and reliable method for
places[1-4]. Inhaled PAHs have long been suspected of in- their identifications, however, pose considerable challenges
ducing lung cancefi5,6]. It is generally believed that adduct  due to the complexities associated with the adduct molecu-
formation by the interaction of a chemical or metabolized |ar structures and chemical characteristics.
chemical with cellular DNA plays an essential role in the Several different methods such as immunoassay, radio-
initial Step of mutations and neoplastic cell transformations post|abe|ihg’ and high-performahce ||qu|d Chromatography
that can lead to chemical carcinogenesis. The adducts carfHPLC) with ultraviolet or fluorescence detection have been
thus serve as molecular biomarkers suitable for use in risk ysed to assay DNA adducksl]. Postlabeling with?2P is
assessmerfif—10]. Furthermore, the levels of DNA adducts the most widely accepted method. This method involves
can be used to document exposure to SpECiﬁC chemical haZthe enzymatic transfer of radiolabeled phosphate groups
ards, to signal the onset of adverse health effects, and/or tofrom [32P] ATP to nucleotides, separation of carcinogen-
modified nucleotides from normal nucleotides, and quan-
* Corresponding author. Tek:1-304-285-6329; fax:1-304-285-6126.  lification based on radioactivity. The detection limit of this
E-mail addressjuw9@cdc.gov (J.J. Wang). approach can be as low as one adduct pérridimal nu-
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cleotides[12]. A major deficiency of these methods is that tubes (30 ml) and glass tubes (10 ml) were purchased from
they cannot provide specific information on the chemical Fisher Scientific (Pittsburgh, PA, USA). Target DP vials
identity of the adduct(s) or the toxic progenitor(s), which (1.5 mm with 20Qul inserts) were obtained from Alltech As-

is essential to obtain a comprehensive understanding of thesociates, Inc. (Deerfield, IL, USA). Syringe filter (25 mm,
contributions of the adducts to carcinogenesis. Some of the0.2um pore size; Gelman Sciences, Ann Arbor, Ml, USA)
methods also lack sensitivity inherent in certain procedures was employed to perform the purification and filtration of

of the identification and measurement. the sample solutions. Samples were concentrated under a ni-
The direct analysis of DNA adducts using LC com- trogen stream using a TurboVApV evaporator (Zymark).
bined with mass spectrometry is increas{ig§—16] With Liquid nitrogen, high purity helium, and argon were pur-

selected ion monitoring, the sensitivity of detection can chased from Butler Gas Products Co. (Mckees Rocks, PA,
be enhanced from 10- to 100-fold. When capillary LC or USA), and used as carrier gases for Q-TOF-MS Il (Mi-
electrophoresis is used in conjunction with MS/MS, it is cromass Inc., Beverly, MA, USA). The nanoflow LC col-
possible not only to detect target adducts, but also to gen-umn was a NAN75-15-03-@ (75umi.d., 3um, 100A; LC
erate a wealth of structural information. The application of Packings, San Francisco, CA, USA).
the LC/MS system can also obviate those problems arising
from the use of chemical derivatization that is required for 2.2. Synthesis DNA adducts
gas chromatography—mass spectrometry (GC-MS) analy-
sis. Model adducts of benzpyrene and nucleosides have Test adducts of DNA-benza)pyrene-7,8-dihydrodiol-
been studieflL7], in which a HPLC and fast atom bombard- 9,10-epoxide were synthesized by reaction of calf thy-
ment (FAB) MS/MS were used. ldentifications of the major mus DNA with anti-benzo@)pyrene-7,8-diol-9,10-epoxide
adducts formed by reaction of benajgyrene diol epoxide  (anti-BPDE) as described by Barry et §1.9]. Briefly, ap-
(BPDE) with DNA in vitro were reported with GC-MS  proximately 15mg of calf thymus DNA was dissolved in
method[18]. Detection of deoxyguanosine—BPDE utilizing 10ml of 0.05M Tris—HCI solution (pH 6.8), and 2 mg of
capillary electophoresis coupled with negative ionization transbenzog)pyrene-7,8-diol-9,10-epoxide was dissolved
MS has also been reportgd9]. However, the method in 2 ml of methanol. Then the second solution was added to
for the characterization of the DNA—PAH adducts using the calf thymus DNA solution. The resultant mixture was
advanced MS techniques have not been well established. incubated at 50C for ~48 h. Unreacted BPDE in the solu-
In our previous study, benza)pyrene was found in as- tion was extracted with ethyl acetate (6 ml) and diethyl ether
phalt fume[20], and its diol expoxide metabolite was iden- (2 ml). The DNA was precipitated with NaCl (0.2 M) in cold
tified in the urine of asphalt fume exposed m[ed]. The ethanol (10 ml). The sample solution was then centrifuged
overall goal of this study was to develop a sensitive method at —10°C for 30 min at 12,000 rpm. The DNA pellet was
to analyze the DNA adducts needed to investigate the mecha-collected and stored at20°C until enzymatic digestion.
nisms of adverse health effects associated with occupational
exposure to asphalt fume. To achieve this goal, the specific2.3. DNA adducts purification
aims of the current study were: (i) to develop a set of prac-
tical experimental procedures to utilize a nanoflow LC/Q-  To release the dioxynucleoside, the synthesized DNA
TOF-MS technology for identifying the DNA adducts, (i) adducts were digested enzymatically with DNase |, nucle-
to explore the capability of this instrumental approach in ase P1, and phosphodiester§®@]. Briefly, DNA sample
such application, and (iii) to characterize the fragmentation (2 mg) was dissolved in 2ml 5mM Tris—HCI and 10 mM
patterns of DNA-benzajpyrene diol epoxide adducts. MgCl, (pH 7.4). DNase | (10 mg/ml in 0.9% saline) was
added at 20Q.g of enzyme/ml and incubated for 1h at
37°C. Then 2Qul of nuclease P1 (1 mg/mlin 1 mM Zng)l

2. Materials and methods was added and incubated for a further 6 h at@7Alkaline
phosphatase was added at 2 units/ml, and the incubation was
2.1. Chemicals and instrumentation continued for 24 h at 37C. The enzyme-digests were then

subjected to a solid phase extraction. Theg €artridge was

Reagent grade dichloromethane (£Hb, 99.9%), hex- pre-conditioned with HO followed by 60% HO + 40%
ane (capillary GC grade), methanol, acetonitrile, and formic ACN, loaded with crude digest then washed withH The
acid were purchased from Aldrich (Milwaukee, WI, USA). DNA adducts were eluted from the cartridge with 50% (v/v)
Benzo@)pyrene-7,8-dihydrol-9,10-epoxide] was pur- ACN:H20. After filtration, the sample was concentrated
chased from NCI Chemical Carcinogen Reference Standardunder a gentle stream of nitrogen.
Repository (Kansas, MI, USA). Calf thymus DNA and
[Glu]-fibrinopeptide B were obtained from Sigma Chemical 2.4. Nanoflow LC/Q-TOF-MS
Co. (St. Louis, MO, USA).

Solid phase extraction cartridges ofg3500 mg/2.8 ml) The nanoflow (140 nl/min) LC was coupled to a hybrid
was purchased from Varian (Harbor City, CA, USA). PTFE Q-TOF-MS. The operational features of the Q-TOF-MS sys-
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tem consisted of a standard Z-spray source fitted with a 3. Results

heated nebulizer probe. The electrospray ionization com-

bined with TOF-MS/MS was used for selected precursor ion 3.1. Fragmentation pattern ofA\deoxyguanosine—benzo
detection. The collision energy was optimized to generate (a)pyrene diol epoxide adduct

characteristic fragmentation patterns. The source tempera-

ture was maintained at 9C. The instrument was calibrated The protonated precursor ian/z 570 (GoH2707N5 +
with a multi-point calibration technique using selected frag- H)* was selected to monitor adductf-deoxyguanosine—
ment ions (Vz 333, 480, 684, 813, 942, 1056, and 1285) benzoé)pyrene-7,8-dihydrodiol-9,10-epoxide. A character-
that resulted from the collision-induced decomposition of istic tandem MS fragmentation pattern was acquired by
[Glu]-fibrinopeptide B (Sigma Chemical Co.). A gradient setting a precursor-ion produced at 1amu detection win-
elution profile was generated with 0.1% acetic acid in ace- dow under scanning the first quadrupole, and a product-
tonitrile (Solvent A) and 0.1% acetic acid in methanol (Sol- ion spectrum produced by maintaining the first quadrupole
vent B). A NAN75-15-03-Gg column (75um i.d., 3um, at constantm/z while scanning the TOF-MS/MS. Adduct
100A) was used to separate target analyte from interfer- elution (140 nl/min) from the capillary column was con-
ences. Under the optimized condition, the signal to noise ducted with 0.1% acetic acid in acetonitrile—methanol (1:1
ratio from a consumption of 20 fmol of [Glu]-fibrinopeptide  v/v). The resolution of TOF-MS/MS acquisition was ad-
B was greater than 3:1 for the most intense fragment ions justed to~8000. The detection limits ranged from 30 to
of TOF-MS/MS acquisition. The linear dynamic range was 50pg based on the signal to noise ratio greater than 3:1
approximately 3 orders of magnitude (0.05—-40 pmol). In all for purified DNA adducts. The TOF-MS/MS scan mode
cases, calibration regression coefficients were between 0.95with selected precursor iom/z 570 was edited to mon-
and 0.99. The precision was determined with five replicate itor N2-dG-BPDE adduct. Following the optimization of
injection (RS.D. = 18%). Once optimized, operating pa- the system conditions, tH¢?-dG-BPDE adduct was eluted
rameters were maintained constant for the duration of the from the nanoflow @ column after 3.73 min Kig. 19.

experiments. With selected single precursor ion monitoring, separation
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Fig. 1. TOF-MS/MS scans with selected precursor ions: (a) dG-BPDE adduct (MFD), (b) dA-BPDE adduct (MH, 554), (c) dC-BPDE adduct
(MHT, 532), and (d) dT-BPDE adduct (MH 545).
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Fig. 2. A characteristic fragmentation patternNf-deoxyguanosine—bena)pyrene-7,8-dihydrodiol-9,10-epoxide adduct acquired at (a) low collision energy (8 eV), and (b) high collision energy (15 eV).
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of analytes by nanoflow column was not the major con-

sideration.
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Five major fragment ions were observed. Whereas the frag-
ment atm/z 438.31 [(GsH1903N5 + H)T, M + 1 peak,

The column was used to introduce sample into the MS and m/z 439.29] corresponded to a-cleavage, the fragnnemt
to improve the sensitivity by increasing the back pressure. 303.21 (GoH1403 + H)* corresponded to b-cleavage.

A fragmentation pattern characteristic of tN&-dG-BPDE
adduct is presented iRig. 2 To increase the selectivity

Collision-induced dissociations can also cause dehydration
to occur; the fragment aitVz 303.21 (GoH1403 + H)* had

of an assay for a given adduct, the collision energy was lost one RO to form fragmentn/z285.20. The fragmemtyz

varied for each specific run. A TOF-MS/MS spectrum with
the low collision energy (8eV) is presented kig. 2a A
singly-chargedN?-dG-BPDE adduct molecular iorm(z

252.19 (GgH1303Ns + H)T corresponded to b-cleavage.
The fourth fragment/z 136.13 [(GHsNs + H)*, M + 1
peak,m/z137.10] corresponded to the sum of both a- and b-

570.58) was the only major ion to be observed with this cleavages.

experimental condition. However, when the collision en-

ergy was increased to 15 eV, appreciable fragmentation was3.3. Fragmentation pattern ofNdeoxycytidine-benzo

observed Fig. 2b. Meanwhile, it was noticed that when

the collision energy was increased, the total ion counts in-

(a)pyrene diol epoxide adduct

creased, but the precursor ion counts decreased. A strong The protonated precursor iomz532 (GgHgO7N3+-H) ™

singly-charged adduct td?-dG—-BPDE was observed @iz
570.58 (GoH2707N5 + H)* with M + 1 peak Wz 571.53).

was selected to monitor the addiN-deoxycytidine—benzo
(a)pyrene-7,8-dihydrodiol-9,10-epoxide. Following opti-

A proposed fragmentation pathway for this molecular ion is mization of the system conditions, tNé-dC—BPDE adduct

summarized irFig. 2 Two main cleavages (a- and b-) were
predicted to occur. Four major fragment ions withH#l peak

was eluted from the nanoflow1g column after 3.77 min
(Fig. 19. A characteristic fragmentation pattern bF-

were observed in the MS/MS spectrum. The spectrum indi- dC—BPDE adduct is presented fiig. 4 The TOF-MS/MS

cated that the fragmemtvz 454.32 [(GsH1904Ns + H)T,

spectrum at low collision energy (8eV) is recorded in

M + 1 peak,m'z 455.3217] corresponded to a-cleavage and Fig. 4a The intense singly-charge*-dC—BPDE adduct

it was the primary fragment at this experimental setting.

The fragment/z 303.21 (GoH1403 + H)* corresponded
to b-cleavage. The fragmemtz 250.16 (GoHgO4N4+H)™
had lost —NH from guanine and -Hrom the sugar moiety
corresponded to b-cleavage. The fourth fragmenmét
152.21 (GHsONs + H)*, corresponded to both a- and

(m/z 532.33) was the only major ion to be observed at
this condition. When the collision energy was increased to
20 eV, appreciable fragmentation was induced as presented
in Fig. 4b The singly-chargedN*-dC—BPDE adduct was
observed atn/z 532.33 (GgH29N307 + H)™. A proposed
fragmentation pathway is summarizedRig. 4. Two main

b-cleavages. The results indicated that the characteristiccleavages (a- and b-) were predicted to occur. Three ma-
tandem MS/MS fragmentation pattern of the molecular jor fragments were observed in TOF-MS/MS spectrum.
ion presented distinct features for DNA adduct identi- Whereas the fragmentiVz 416.28 (G4H21N304 + H)™,

fication.

3.2. Fragmentation pattern of\Ndeoxyadenosine—benzo
(a)pyrene diol epoxide adduct

The protonated precursor ionz554 (GoH270sN5+H) ™
was selected to monitor adduct ®#-deoxyadenosine—
benzog)pyrene-7,8-dihydrodiol-9,10-epoxide. A TOF-MS/
MS scan mode was edited to monitd?-dA-BPDE adduct.
Following the optimization of the system conditions, the
N6-dA-BPDE adduct was eluted from the nanoflowsC
column after 3.89 minKig. 1b). A characteristic fragmen-
tation pattern ofN®-dA-BPDE adduct is summarized in
Fig. 3. Under low collision energy (8eV), a TOF-MS/MS
spectrum is recorded ffig. 3a A strong singly-chargehl6-
dA-BPDE adductrtyz 554.39) was the only major ion to be

corresponded to a-cleavage, the fragmenimé 303.20
(CooH1403 + H)T corresponded to b-cleavage, that lost
a further three RO to form fragmentm/z 249.20. The
fragmentm/z 230.28 (GH15N304 + H)™ was the other
fragment that resulted from b-cleavage.

3.4. Fragmentation pattern of d\deoxythymidine—benzo
(a)pyrene diol epoxide adduct

The protonated precursor ioniz545 (GoH2g0gN2+H) ™
was selected to monitor adducti-deoxythymidine—benzo
(a)pyrene-7,8-dihydrodiol-9,10-epoxide. A TOF-MS/MS
scan mode was edited to monitd>-dT-BPDE adduct.
Following the optimization of the system conditions, the
N3-dT-BPDE adduct was eluted from the nanofloyg €ol-
umn after 3.87 minKig. 1d. A characteristic fragmentation

observed at this condition. When the collision energy was pattern of\N®-dT-BPDE adduct was presentedFiig. 5. The
increased to 25 eV, appreciable fragmentation was observedTOF-MS/MS spectrum that resulted from low collision en-

(presented irFig. 3b. The singly-charged\®-dA—-BPDE
adduct was observed at'z 554.39 (GgoH270sN5 + H)*
with M + 1 peak, m/z 555.39. Proposed fragmentation
schemes have been includedrig. 3. Two principle cleav-

ergy (8eV) is presented iRig. 5a A strong singly-charged
N3-dT-BPDE adduct ionnz 545.35) was the only major
ion to be observed at this condition. When the collision en-
ergy was increased to 15 eV, appreciable fragmentation was

ages were anticipated corresponding to a- and b-cleavagesobserved Fig. 5b). A singly-charged\®-dT-BPDE adduct
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was observed ainz 545.31 (GgH28N20g + H)™. A pro- in the TOF-MS/MS spectrum. The fragmeniz 429.07
posed fragmentation pathway is illustratedFig. 5 Two corresponded to a-cleavage. The fragmeniz 303.04
main cleavages were predicted to occur corresponding to(C20H1403 4+ H)™ corresponded to b-cleavage, and when it
a- and b-cleavages. Three major fragments were observedost three HO, fragmentm/z 249.11 was formed.

Table 1
Potential of benz&)pyrene diol epoxide adducts formation in DNA
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4. Discussion Monitoring a metastable decomposition reaction by
MS/MS provides a means of increasing the selectivity of
In the current study, a set of experimental procedures wasan assay for a given analyte. The singly-charged precur-
developed to characterize DNA adducts based on a nanoflowsor ion atm/z 570 Fig. 2) was selected to characterize
LC/Q-TOF-MS technique. With the experimental conditions N?-dG-BPDE. To further enhance the specificity of the
as described, the greatest ion intensities were observed undeassay for a given adduct, the collision energy was varied
proton transfer conditions. for each specific run. In comparison spectra acquired with
Although the retention times for DNA adducts from the low (8eV) and high (15eV) collision energy, it was ob-
capillary column without performing gradient elution were served that the singly-charged adduct was the only major
poorly resolvedFig. 1), it was still possible to characterize ion at low collision energy Kig. 29. When the collision
the target adducts of dG-BPDE, dA-BPDE, dC-BPDE, and energy was increased to 15e¥iq. 2b), four prominent
dT-BPDE with specifically selected precursor ion within fragments were observed that corresponded to the antic-
the TOF-MS/MS scan. This is a unique advantage of the ipated cleavages. The results indicated that variations in
current instrumental approach. Specifically, it was possible the collision-induced dissociation energies present advan-
to deconvolute the complex mixture. The resolving power tages for the identification of selected adducts. The similar
of nanoflow LC coupled with the sensitivity of hybrid Q- fragmentation pathways were observed f-dA-BPDE
TOF-MS with electrospray ionization permits detection of (Fig. 3). The results indicate that botk’>-dG-BPDE and
fmol quantities of DNA adducts. This makes it possible to N6-dA-BPDE are stable adducts. By interpretation of
quantify DNA adducts in biological models. Compared with the spectra ofN*-dC-BPDE Fig. 4) and N3-dT-BPDE
immunoassays and radio-postlabeling methods, the methodFig. 5), the fragments of a-cleavage from both adducts
developed in this study provides appreciable supplementalwere observed at low abundance. This suggested that
information. there might be certain differences such as electrophilic-
The use of DNA adducts as molecular biomarker has ity and steric constraints among these two adducts. Other
generated considerable interest in study of mechanismsfactors contributing to low abundance fragments may in-
associated with the onset of several diseases as well aglude the relative instability of the various DNA adducts.
assessments of risks associated with occupational exposurdhe observed differences, however, do not change the
to chemical toxicants. It has been generally accepted thatfundamental characteristic fragmentation patterns. The
covalent binding of chemicals to DNA resulting in DNA major fragments from the collision-induced dissociation
adducts is a common characteristic of many carcinogensmatched the postulated cleavages of the corresponding
and genotoxicants. The formation of certain types of DNA DNA adduct. Overall, the results obtained from the study
adducts is a crucial step in the induction of cancer and aprovide a wealth of information to probe the molecular
primary stage in mutagenesis. Based on the adduct for-structures of these DNA adducts. To our knowledge, the
mation principle[22], 15 potential BPDE adducts can be DNA adducts formed with four kinds of nucleic acid and
formed with the four nucleic acid bases and they are postu- characterized with their specific fragmentation patterns
lated in our study. These include five adducts of dG-BPDE by nanoflow LC/Q-TOF-MS has not been reported previ-
with two chemical formulae (§H27N507, CagH29N507); ously.
four dA-BPDE adducts with two chemical formulae
(C3oH27N506, CzoH29Ns50g); three dC-BPDE adducts

with two chemical formulae (&€§H29N307, CogH31N307); 5. Summary
and three dT-BPDE adducts with two chemical formulae
(C30H28N20sg, CzoH30N20g) (Table 1. The tendency of A mass spectrometric method was developed to char-

the addition reactions to proceed at the various sites wasacterize DNA adducts in biological matrices. The spe-
anticipated to depend on the identity of the reactive species,cific fragmentation patterns of benzyfyrene-7,8-dihyd-
the nucleophilicity of the reactive sites and steric factors. rodiol-9,10-epoxideN2-deoxyguanosine,Né-deoxyadeno-
The nucleophilicity of the nitrogenN?) in deoxyguano- sine, N*-deoxycytidine, and N3-deoxythymidine were
sine was anticipated to create an active center that canquantified based on nanoflow LC coupled to Q-TOF-MS.
serve as a nucleophile to fori¥-deoxyguanosine—-BPDE  The results of this study demonstrated that the method
adduct[23]. The structurally similarNé-deoxyadenosine is sensitive. The approach, utilizing a collision-induced
site was anticipated to form a second dominant adduct dissociation leading to a characteristic fragmentation pat-
with  BPDE. Thus, N>-dG-BPDE, N6-dA-BPDE, N*- tern, provides increased selectivity for the identification of
dC-BPDE, and\3-dT-BPDE were anticipated to be the DNA adducts. A distinct advantage of the method is that
primary adducts and were characterized in this study, it permits unambiguous chemical identification of DNA
although other adducts might also exist. However, the adducts and molecular structure information. The char-
various isoforms of the DNA adducts were not investi- acteristic fragmentation patterns established in this study
gated in this study because of the limitation of the tech- can be applied to identify DNA adducts in biological sys-
nigue. tems.
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