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Abstract

08-Methyl-2-deoxyguanosined®-mdGuo), 8-oxo-7,8-dihydro-2leoxyguanosine (8-oxodGuo), and/i-etheno-2deoxyadenosine(lAdo)
are promutagenic DNA lesions originating from both endogenous and exogenous agents and actions (methylation, hydroxylation, lipid peroxida
products). A highly sensitive quantitative method was developed to measure these DNA adducts simultaneously, using liquid chromatogra
tandem mass spectrometry with column switching. Deuter@®effHs]mdGuo was synthesized and used as internal standard. The limits of
quantification foro8-mdGuo, 8-oxodGuo, ancAdo were 24, 98, and 48 fmol on column, respectively. The method showed linearity in the range
0.24-125 pmol/ml, 0.98-125 pmol/ml, and 0.49-62.5 pmol/ml for the three adducts, respectively. The inter-day precision in the linear cancentrat
range was between 1.7 and 9.3% +mdGuo, 10.6 and 28.7% for 8-oxodGuo, and 6.2 and 10.4%dado. In DNA isolated from liver of
untreated 12-week-old female F344 ra@8;mdGuo was above the limit of detection (37 adducts pérriddmal nucleosides) but could not be
quantified. 8-oxodGuo angAdo showed background levels of 500 and 130 adducts Farditnal nucleosides, respectively. DNA analyzed 1 h
after treatment of rats with dimethylnitrosamine by oral gavage qf@Rg b.wt. did not affect the levels of 8-oxodGuo asthdo but resulted in
2000%-mdGuo adducts per ®ormal nucleosides. The method developed will be of use to study the biological significance of exogenous DNA
adducts as an increment to background DNA damage and the role of modulating factors, such as DNA repair.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (seeFig. 1for structures), since these adducts are formed both
endogenously and exogenously by DNA-methylation, direct
DNA adduct formation plays an important role in chemical oxidation of DNA, and reaction of DNA with lipid peroxida-
carcinogenesis. Some adducts are also formed as backgrounidn productd2].
from endogenous and unavoidable sourfds The biolog- For the detection of low levels of DNA adductP-
ical significance of chemically induced DNA adducts as anpostlabeling methods are commonly used due to their high
increment to background DNA damage is important for a comsensitivity. However, these methods provide low specificity, lim-
prehensive risk assessment. Therefore, appropriate analytidéd reproducibility, and with the enrichment methods available
techniques are required to provide accurate and reproducibfer the selected adducts — e.g., immunoaffinity or nuclease P1
quantification. We chos@%-mdGuo, 8-oxodGuo, anddAdo  enrichment or butanol extraction — it is difficult to achieve accu-
rate and precise measuremdgl].
An alternative approach is the use of mass spectrometry. With
* Corresponding author. Tel.: +49 931 201 48402; fax: +49 931 201 48446, @ccelerated mass spectrometry (AMS) the sensitivity can be even
E-mail address: lutz@toxi.uni-wuerzburg.de (W.K. Lutz). higher than witt??P-postlabeling5]. The disadvantage of AMS
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CH, C2H, 2. Experimental
<,N | “/)N\ é‘fi/i 2.1. Chemicals
N~ "NH, N” NH,
All chemicals for the synthesis @#®-mdGuo and the inter-
;g / nal standard®-[2Hs]JmdGuo as well as the adduct standards
OH OH OH OH 8-oxodGuo andsdAdo were obtained from Sigma-Aldrich
(Taufkirchen, Germany). Alkaline phosphatase from calf intes-
O%mdGuo O FHImdGuo tine was from Calbiochem (Darmstadt, Germany), Nuclease P1
H NI’\> was from MP Biomedicals Inc. (Aurora, Ohio). HPLC-grade
o:(" | i" (,an methanol and water for liquid chromatography were purchased
N” “NH, N/) from Roth (Karlsruhe, Germany).
P ﬁ 2.2. Synthesis of O%-methyl-2'-deoxyguanosine and the
OoH OH OH OH labeled internal standard
8-oxodGuo edAdo

6. i i - (ﬂﬁa
Fig. 1. Chemical structures of the three DNA addue@§-methyl-2- 2HO rz((j;Guo and Itststapledlsbotopde labeled bal'.nilod thod
deoxyguanosined®-mdGuo), 8-oxo-2deoxyguanosine (8-oxodGuo),NF; [*Hs]mdGuo were synthesize ased on a published metho

etheno-2deoxyadenosinesfAdo) and the isotope-labeled internal standard [22]. First sodium methoxide solution was generated by adding
0°-[2H3]mdGuo. peaces of sodium (310 mg) to 50 ml of cold &bH (for the
synthesis 0f0%-mdGuo) or CfH3]OH (for the synthesis of
0%-[2H3]mdGuo). Second’Zeoxyguanosine (dGuo) (94 mg,
is the need fot*C-radiolabeled chemicals, the lack of structural g 33 mmol) was dissolved in 1.7 ml of dry pyridine with 0.4 ml
information, and the problem of biosynthetic incorporation of (2.8 mmol) trifluoroacetic anhydride under dry nitrogen atmo-
14C into DNA. GC-MS methods are available for 8-0xodGuosphere on ice. To this solution 50 ml of the respective methox-
andedAdo. These methods generally offer high specificity andde solution was added drop wise. The reaction was stopped
allow for accurate and precise quantification by using stablegfter 48 h with pyridine hydrochloride (3ml of pyridine/1 ml
isotope labeled internal standar@s7]. However, oxidation of  of HC| 30%). Then 0.4g of NaHC®was added. The solu-
2'-deoxyguanosine (dGuo) to 8-oxodGuo during derivatizationjon was evaporated to dryness using a rotary evaporator.
and evaporation in the injector system is a problem for quantifiThe residue was dissolved in 3mb@8 and injected in frac-
cation[7,8]. 8-oxodGuo has also been analyzed by HPLC-ECDtions of 100ul into a preparative HPLC column (Nucled3il
and by the comet assay using the formamidopyrimidine DNA100-7 C18, 250 mnx 10 mm, Machery-Nagel, @ren, Ger-
N-glycosylase repair enzyni8]. Both assays cannot be used many) using a gradient of 2-30% acetonitrile in water in
for the quantification 0©°-mdGuo oredAdo. 30min at a flow rate of 2ml/min. The appropriate frac-
HPLC-MS/MS is another alternative to analyze DNA- tions were collected, combined, and evaporated to dryness.
adducts either as'2leoxyribonucleosidefs,9—11] or as base 08-[2H3]mdGuo and0®-mdGuo were identified by MS/MS
adductg12]. Analyzing 2-deoxyribonucleosides has the advan-and quantified by UV-spectroscopy (extinction coefficients

tage of excluding potential contamination of DNA by RNA. For ¢(278 nm) = 8.51 cffmmol ands(274 nm) = 8.13 crfmmol).
0%-mdGuo, 8-oxodGuo, anddAdo, adduct-specific methods

have been describgti3—15] The use of tandem mass spectrom-2 3. Liquid chromatography
eters with multiple reaction monitoring (MRM) mode offered
high sensitivity paired with high selectivity. Application of most  The configuration of the on-line extraction LC-MS/MS sys-
published methods is limited by the sample preparation necesem is shown irFig. 2 The center element of the system was
sary to quantify DNA adducts in samples isolated from tissuean electrical valve (Valco Valve), which controlled the flow of
This step is considered to be critidél16] because a complex the solvents from two pumps into two different columns. In
and time-consuming off-line sample preparation can contributénhe loading positionKig. 2A) the autosampler (Agilent Series
toloss of analyte and, in the case of 8-oxodGuo, to the formation 100, Waldbronn, Germany) introduced the sample into the sys-
of artifacts by oxidation of dGupt]. tem and pump 1 (Agilent Series 1100, Waldbronn, Germany)
On-line sample preparation clean-up techniques coupled witBarried the aqueous mobile phase (5% methanol in 10 mM
mass spectrometry have proven to be efficient tools in samgmmonium acetate, pH 4.3) at 1.5ml/min to load the sam-
ple preparation from biological matricgkr]. The effectiveness  ple on the trap column (Oa$isHBL 25 um 20 mmx 2.1 mm,
of column switching methods for the analysis of adducts wasyaters, Milford, Massachusetts). Sample loading and elimina-
recently confirmed for DNA in vitr§10,18] nucleosidesinurine  tion of matrix components were completed after 1.5 min. Then
[19] and for DNA in tissug20,21] Therefore, aHPLC-MS/MS  the valve switched to the elution positioRig. 2B). Pump 2
method using an on-line column switching technique was develagilent Series 1100) supplied a gradient (8 min from 10 to
ODEd and validated for the simultaneous analysis of the promur00% methano|) to back flush the trapped ana|ytes from the
tagenic DNA adduct®®-mdGuo, 8-oxodGuo, anedAdo. trap column and to transfer them onto an analytical column
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Fig. 2. Schematic configuration and valve positions of the on-line extraction LC—-MS/MS system: (A) sample loading position; (B) sample back fliginand e
position.

(Reprosil 3.5.m, 150 mmx 4.6 mm, Dr. Maisch, Ammerbuch, limitof quantification (LOQ: S/N> 7.5). Each injection (10Ql)

Germany). contained 320 nmol of blank matrix (equivalent to JGPDNA),
the internal standard (1 pmol), and the respective working stan-
2.4. Mass spectrometry dards at 11 concentrations in the range from 0.12 pmol/ml to

0.125 nmol/ml. To assess inter-day precision and accuracy mea-

A triple-stage quadrupole mass spectrometer (API 3000surements were carried out with independently prepared stan-
Applied Biosystems, Darmstadt, Germany) equipped with ardards on five different days.
electrospray ionization source was used. The ionspray voltage
was 5500V, the source temperature 4G0nitrogenwas used as 2.6. Animals and administration of dimethylnitrosamine
curtain and collision gas. Positive ions were analyzed by multi-
ple reaction monitoring with a dwell time of 0.100s for each  All work conducted with animals was performed in compli-
transition. The compound specific parameters were obtainegince with the policies set forth in the Guide for the Care and Use
by infusion of the standards using the quantitative optimiza-of Laboratory Animals. Female Fischer F344 rats, 12-week-old
tion function of the Analyst 1.4.1 software. Details are given(about 200 g) were held on sawdust for 1 week for acclimatiza-
in Table 1 Two transitions per adduct were monitored. Peaktion. They were fed ad libitum with standard diet and had free
areas of the most sensitive transitions were used for quantifica&ccess to tap water. The rats were dosed with DMNAu(&(&g
tion. Standard curves were generated vifh[?HzlmdGuo as  b.wt.) in water by oral gavage after 6 h without access to food.

internal standard. After 60 min the rats were killed by G{asphyxiation and livers
were removed. The livers were shock frozen in liquid nitrogen
2.5. Method validation and stored at-80°C until analysis.

To compensate for matrix effects method validation was2.7. DNA isolation and DNA hydrolysis
conducted in an artificial matrix consisting of the four nornial 2
deoxyribonucleosides (21% each dGuo and dCyd and 29% each DNA was isolated from rat liver using a DNA isolation kit
dAdo and dThd), similar to a hydrolysate of mammalian DNA. (Nucleobon® AX, Macherey-Nagel, Dren, Germany). Briefly,
The method was characterized for dynamic range, limit of detec250 mg of rat liver was homogenized mechanically (Ultra Tur-
tion (LOD: defined by a signal-to-noise ratio (S/NB), and rax). The homogenate was treated with RNase A and proteinase
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Table 1
Multiple reaction monitoring parameters for the analysi©bfmethyl-2-deoxyguanosined®-mdGuo), 8-oxo-7,8-dihydro‘aleoxyguanosine (8-oxodGuo), and
1,N8-etheno-2deoxyadenosine:(iAdo) and the deuterated internal stand@Pd[2Hz]mdGuo

Analyte Precursor ion (Q1) Product ion (Q3) Retention time (min) DP FP CE CXP
05-[2H3]mdGuo (internal std.) 285 169 9.2 26 160 21 10
08-mdGuo 282 168 9.2 26 160 21 10

149 47 12
8-oxodGuo 284 168 8.3 26 130 19 14

140 45 10
edAdo 276 166 7.5 31 180 23 14

106* 69 8

DP: declustering potential (V); FP: focusing potential (V); CE: collision energy (V); CXP: collision cell exit potential (V).
2 Transitions used for quantification.

K. Then the lysate was transferred to a NucleoBbAX car-  as reproducible quantification. Siné¥-mdGuo exhibited the
tridge for adsorption of the DNA. After washing, elution, precip- lowest background levels in biological samp[23] experimen-
itation with isopropanol, and centrifugation a DNA pellet wastal parameters were optimized for this adduct, while keeping
obtained. After dissolving the pellet in water to a concentratioracceptable conditions for the quantification of 8-oxodGuo and
of approximately j.g/ul, the exact concentration and purity edAdo in the same analytical run.

were determined by UV spectroscopy by measuring the OD at

260 and 280 nm. Ratios between 1.8 and 2.0 were considerea. Merhod validation

as clean. To digest the DNA to thé-@eoxyribonucleosides,

2.5ul of a 1M NHsAc (pH 5.1) buffer containing 45mM Method validation was done with an injection volume of
ZnClp was added per 100 sample. Internal standard (1 pmol) 100pl containing normal nucleosides as matrix, equivalent to
was added and the sample was incubated with Nuclease Rldigest of 10@ug of DNA (320 nmol total nucleosides). The
(0.1 units perg DNA) for 60min at 40C. Then 1Qul of a  matrixwas analyzed and contained no measurable levels of DNA
1.5M NH4HCGO; (pH 8) buffer was added prior to incubation adducts. Only upon storage of the matrix solution for more than
with alkaline phosphatase (0.02 unitg/DNA) for 60 min. The 2 months in the refrigerator did oxidative reactions occur, which
sample was centrifuged in a 5000 NMWL cut-off filter tube resulted in the formation of low amounts of about 100 fmol 8-
(Ultrafree, Millipore, Eschborn, Germany) to remove protein.oxodGuo.

To control whether the digest was complete dGuo was quanti- The LOQs for 0®-mdGuo, 8-oxodGuo, anddAdo were

fied by LC-MS/MS. 24, 98, and 48fmol on column, respectively. For a sample of
100p.g of DNA this corresponds to 75, 300 and 150 adducts per

3. Results and discussion 10° normal nucleosides, respectively. The LOQ é-mdGuo
was about four-fold better compared to a previously published

3.1. Column switching LC-MS/MS method LC-MS/MS method[13]. The sensitivity of our method for

edAdo was comparable to other repdtt5]. As our method was

Sample clean-up and chromatography of analytes were peoptimized for0®-mdGuo, the settings were not the best possible
formed on-line by a column-switching set-up of two HPLC for 8-oxodGuo. Therefore, our LOQ for 8-oxodGuo was about
columns and included change in flow directiéiig. 2). It started  two- to five-fold higher compared to published LC-MS/MS
with sample loading, trapping of the analytes on the trap colmethodg14,24] However, our LOQ was satisfactory because
umn while simultaneously washing matrix components to thehe lowest value published for 8-oxodGuo in DNA from rat liver
waste[17]. Due to similar molecular weights, polarities, and is approximately 500 adducts per®16ucleoside$1,25], thus
chromatographic properties of the DNA-adducts and the unmodabout twice our LOQ.
ified (“normal”) nucleosides, it was necessary to optimize the Table 2summarizes the assay characteristics for 10 differ-
time for loading/washing the trap column and the concentraent adduct concentrations monitored on five different days. The
tion of organic solvent in the mobile phase. Using 1.5 min formatrix-matched calibration curves were linear &f-mdGuo,
loading/washing and 5% methanol in the solveiftmdGuo, 8-  8-oxodGuo, andsdAdo in the range of 0.24-125pmol/ml,
oxodGuo, angdAdo could be quantitatively and reproducibly 0.98—-125 pmol/ml, and 0.49-62.5 pmol/ml, respectively. Within
retained on the trap column. After switching the valve, the comthe dynamic range linear correlation coefficientsere better
pounds were back flushed with a higher organic solvent conterthan 0.98 for all analytes. The inter-day precision varied in the
onto the analytical column. Preliminary evaluation of the method-ange of 1.7-9.3%, 10.6—28.7% and 6.2—10.4%%mdGuo,
showed that the normal nucleosides had not been complete8roxodGuo, anddAdo, respectively. The inter-day precision of
washed from the trap column due to their high concentration8-oxodGuo was not as high as for the two other adducts. The
However, the reduction was sufficient to allow for adequateformation of 8-oxodGuo from dGuo requires only one oxidation
chromatographic peaks for all DNA adductsd. 3), as well  step and the artifact formation of 8-oxodGuo has been discussed
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Fig. 3. Multiple reaction monitoring (MRM) chromatograms for the three analy®smethyl-2-deoxyguanosine q¢-mdGuo), 8-oxo-7,8-dihydro’2
deoxyguanosine (8-oxodGuo), and/i-etheno-2deoxyadenosine:Ado) (all 8 pmol/ml), and the internal standard.

extensively in the literaturg8,25,26] In general published 8- 3.3. Analysis of adducts in rat liver
oxodGuo levels have to be seen critically since the formation
of 8-oxodGuo in the presence of large concentrations of dGuo The validated method was applied to DNA samples from
is difficult to control. In comparison to other methods based orfemale F344 rats. Analysis af®-mdGuo, 8-oxodGuo, and
LC-MS/MS our method appeared to produce low levels of artiedAdo in hydrolysate of liver DNA isolated from an untreated
fact 8-oxodGuo probably due to reduced sample work-up byat is shown inFig. 4 (top panels)0%-mdGuo was below the

on-line sample preparation using the column switching unit.

Table 2

LOQ but above the LOD of 37 adducts peI@rmal nucleo-

Analytical performance for the determination@%-methyl-2-deoxyguanosined®-mdGuo), 8-oxo-7,8-dihydro‘aleoxyguanosine (8-oxodGuo), and/i-etheno-

2'-deoxyadenosines(Ado)

Expected concentration  08-mdGuo 8-oxodGuo edAdo
Mean concentration S.D. %CV Accy Mean S.D. %CV Accy Mean S.D. %CV Accy
0.24 0.23 0.02 9.3 94 a - & - -
0.49 0.47 0.03 6.1 97 a - 0.47 0.05 10.4 95
0.98 0.91 0.07 7.4 93 0.91 0.31 28.7 85 1.06 0.07 6.7 108
1.95 1.95 0.09 8.4 100 1.77 0.20 11.5 91 1.95 0.18 9.0 100
3.91 3.96 0.21 5.2 101 3.58 0.56 15.6 92 3.81 0.24 6.2 97
7.81 7.77 0.28 3.6 99 8.53 1.55 18.2 109 7.47 0.54 7.2 96
15.6 14.86 0.43 2.9 95 14.60 1.96 11.8 94 15.6 11 7.2 100
31.3 29.85 0.91 3.0 96 34.8 3.7 10.6 112 31.7 2.4 7.7 102
62.5 61.12 1.03 17 98 74.3 13.2 17.8 119 65.2 6.3 9.7 105
125 130.8 6.0 4.6 105 137.0 24.2 17.6 110 @& - - -

Mean and standard deviation (S.B= 5), inter-day precision (coefficient of variation, CV), and accuracy (Accy). Concentrations in pmol/ml.

a Qutside dynamic range.
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Fig. 4. LC-MS/MS analysis of 0%-methyl-2-deoxyguanosine df-mdGuo), 8-oxo-7,8-dihydro’&leoxyguanosine (8-oxodGuo), andNi-etheno-2
deoxyadenosineslAdo) in DNA isolated from liver of an untreated rat (top three panels) and of a rat 1 h after treatment wdtk§®.wt. dimethylnitrosamine
(bottom three panels).

sides. Literature values range from 0.3 adducts pémb@mal  and levels determined in liver of untreated rats show big vari-
nucleosides determined by immunochemical analysis with &bility [8]. The lowest published values for 8-oxodGuo were
monoclonal antibody27] and 13000%-mdGuo per 18 nor-  on the order of 500 adducts per®l8ucleoside$1,25], which
mal nucleosides determined by a LC—-MS/MS metfi®&]. For ~ corresponds to the level observed here. &hdo, we found
8-oxodGuo we measured a background level of 520 adducts paB0 adducts per Ponucleosides. This value is close to the
10° normal nucleosides. A large database on 8-oxodGuo exisigvel of 90 adducts per 20nucleosides measured previously
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