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Abstract

Nitrogen mustard (HN2) is a bifunctional alkylating agent which is thought to cause cytotoxicity by covalently binding to
DNA. Most studies to date have looked at qualitatively determining the presence of DNA–HN2 adducts from reactions with
native DNA. The adduct which is predominately formed in these reactions is N-[2-(hydroxyethyl)-N-(2-(7-
guaninyl)ethyl]methylamine (N7G). A simple and sensitive reversed-phase high-performance liquid chromatographic
(HPLC) method for the determination of N7G from DNA using ultraviolet detection is described. DNA samples having been
exposed to HN2 treatment were hydrolyzed and preseparated from high-molecular-mass material by filtration using a
molecular mass cut-off of 3000. The mobile phase consisted of methanol–26 mM ammonium formate, pH 6.5 (24:76, v /v).
N7G, as well as the internal standard, methoxyphenol, were separated within 30 min. The recovery of N7G after hydrolysis
of the DNA reaction product was quantitative and limits of detection and quantification of 10 and 20 ng/ml, respectively,
were calculated. The method was validated in DNA–HN2 dose response experiments. The N7G reaction product appears to
be the first reaction product formed at lower ratios of HN2/DNA but its production plateaus at higher ratios of HN2/DNA
probably due to increased formation of hitherto unknown adducts. The method is simple and sensitive and for this reason,
may be suited for the determination of DNA/HN2 reaction products.  1998 Elsevier Science B.V. All rights reserved.
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1. Introduction and native DNA, principally guanine and adenine
[2]. The monofunctional adduct N-[2-(hydroxy-

Nitrogen mustard (HN2) is one of the oldest ethyl)-N-(2-(7-guaninyl)ethyl)]methylamine (N7G)
anticancer agents in clinical use [1]. It is thought to has been shown to be the predominant reaction
exert its cytotoxic effect via reactions between HN2 product from reactions of HN2 with native DNA [3].

For this reason, the availability of a method to
*Corresponding author. quantitate this adduct could provide a means to
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assess the effect of nitrogen mustard on both normal M potassium phosphate buffer (pH 7.4) and
and malignant tissue in vitro and in vivo experi- homogenizing the DNA strands using a standard
ments. It could also serve as a marker for the clinical tissue grinder. HN2 solutions were prepared by
use of HN2. Nitrogen mustard is also a potent dissolving weighed amounts of HN2 in ethanol.
vesicating agent in man [1].

N7G has been synthesized as an external standard 2.2. Apparatus
for the quantitative determination of the N7G–DNA
reaction product. The described method uses stan- Thermospray mass spectrometry was performed
dard techniques for extraction of the N7G DNA– on an HP Model 5989 operated in positive ion mode
HN2 reaction product from intact DNA for the use in with the filament on. The MS source block tempera-
subsequent quantification experiments. Previously ture was set at 2208C and the MS quadrapole region
published papers reported isolation but no quantifica- was maintained at 1008C. The stem temperature was
tion of the adducts. In this paper, a two-step pro- set at 1148C to maintain a tip temperature of 2268C.
cedure involving hydrolytic cleavage of the HN2– The HPLC analysis system consisted of a Waters
DNA adducts and separation of the released N7G Model 600A pump, Model 712 upgrade autosampler
using high-performance liquid chromatography and and an Applied Biosystems Model 783A program-
ultraviolet detection is described. mable absorbance detector set at 285 nm. The

analytical process was controlled by Waters MAXIMA

820 program. Verification of peak identity was car-
2. Experimental ried out using a Hewlett-Packard 1070 series HPLC

system with a diode-array detector (284 nm) with
2.1. Chemicals peak spectral analysis capabilities. Thermospray MS

identification was carried out on an HP 5989 mass
All solvents and reagents were of HPLC grade. spectrometer interfaced to the 1090 HPLC.

Methyl-bis(ß- dichloroethyl)amine (nitrogen mus-
tard, mechlorethamine?HCl, HN2) and calf thymus

2.3. Liquid chromatographic procedures
DNA were procured from Sigma (St. Louis, MO,
USA). The synthetic guanine adduct, N7G, was

The mobile phase consisted of 26 mM ammonium
provided by contract synthesis carried out by Starks

formate (pH 6.50)–methanol (76:26, v /v) at a flow-
Associates, (Buffalo, NY, USA) [4] (Fig. 1).

rate of 0.8 ml /min. Separation was achieved with a
Centricon-3 concentrator filters with a molecular

Keystone Scientific Betasil C column, 25034.68mass cut-off of 3000 were purchased from Amicon
mm. Run time for each 50-ml injected sample was 15

(Beverly, MA, USA). Adduct solutions were pre-
min.

pared by dissolving weighed amounts of standard in
deionized, distilled water. DNA solutions were pre-

2.4. Extractionpared by dissolving weighed amounts of DNA in 0.1

N7G was extracted from samples by heating for
30 min at 1008C to hydrolyze the modified bases.
The heated sample was filtered using Centricon-3
concentrators. The filtrate was lyophilized and
brought up to 100 ml with mobile phase.

2.5. Standard curve

For calibration curves, N7G serial dilutions of 10,
50, 100, 250, 500, 1000, 2500 and 10000 ng/mlFig. 1. Structures of guanine and N-[2-(hydroxyethyl)-N-(2-(7-

guainyl)ethyl)]methylamine. were made in a DNA stock solution (1 mg/ml).
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Samples were spiked with a constant amount of I.S. 3. Results
after thermal hydrolysis, prior to filtration. Samples
were then processed under standard HPLC condi- 3.1. Retention times
tions. The peak-area ratios (N7G/I.S.) were calcu-
lated, graphed and used to calculate the concen- N7G standard and the corresponding sample peaks
trations of three controls made from the standard coeluted at 4.8 min. Retention time of the I.S. was
curve dilutions. Linear nonweighted regression was 27.5 min (Fig. 2).
used to calculate the standard curves. Curves were fit
to the equation y5mx1b, where y is the known 3.2. Extraction efficiency
concentration and x is the peak area ratio of N7G.

Extraction efficiency with the Centricon-3 filters
was 100% (n512). No adduct was lost through the

2.6. In vitro experiment filtration process and interfering substances were
cleared out of the sample.

Formation of N7G from calf thymus DNA was
accomplished by addition of weighted amounts of 3.3. Method validation
HN2 to 1 mg calf thymus DNA in solution (1
mg/ml). Experiments of increasing molar ratios of The standard curves (n54) were analyzed using a
NM:DNA were performed to determine the percent least squares method of calculating a best fit line
formation of the N7G adduct and its dependence on y5mx1b. Each standard curve was fitted with one
the NM:DNA ratio. The reaction was incubated for 1 equation for the lower ranges (10–500 ng/ml) and
h at 378C and extracted as previously described. one for the higher ranges (500 ng/ml–10 mg/ml).

Fig. 2. Chromatograms of N7G standard (bottom) unexposed extracted from DNA reacted with HN2 in a 40:1 molar ratio and extracted as
outlined (top).
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The low limit of detection was 10 ng/ml and the low ing nitrogen mustard appeared to produce other
level of quantification was 20 ng/ml. The precision adducts. The N7G adduct appears to be the first
and accuracy of the method are outlined in Table 1. adduct formed and as such would be the most

sensitive marker of adduct formation from nitrogen
3.4. In vitro experiment mustard (Table 2).

Analysis of the reaction products of calf thymus
DNA and HN2 showed coelution of the unknown 4. Discussion
sample peak with the N7G standard. The ultraviolet
spectrum of the corresponding peaks were identical The formation of DNA adducts of nitrogen mus-
(Fig. 3a and c). This verification confirmed the tard has been known for some time but only recently
identity of the in vitro sample product. Mass spectra has the identification of the major adducts been
results of the standard and DNA samples further accomplished [3]. There have been no reports to date
confirmed the identity of the sample peaks (Fig. 3b quantifying the amount of adduct formed. A method
and d). The production of the N7G adduct had for quantifying adducts could be useful in in vitro
minimal efficiency at low molar ratios of nitrogen dosimetry studies and in in vivo studies as a bio-
mustard to DNA in that only 3% of the nitrogen marker of alkylating agent exposure. Our methodolo-
mustard was used in the production of the N7G gy can detect down to 20 ng/ml or 79 ppm (1 ng or
adduct. As the molar ratio of HN2 to DNA was 4 ppm on column) using standard reversed-phase
increased, the efficiency of production of the N7G HPLC and UV detection. This would theoretically

7adduct increased to a maximum of 30%. The remain- detect 1 adduct /10 bases from a 50 mg DNA

Table 1
aPrecision and accuracy of the assay of N7G

bConcentration S.D. Error C.V. (%)

Known Predicted (ng/ml)

Day 1 20 ng/ml 30.12 3.50 0.51 11.60
577 ng/ml 604.81 32.93 0.05 5.45
7.5 mg/ml 7508.04 278.44 0.00 3.71

Day 2 20 ng/ml 16.23 1.23 20.19 7.56
577 ng/ml 539.70 23.33 20.06 4.32
7.5 mg/ml 7507.85 484.49 0.00 6.45

Day 3 20 ng/ml 24.45 2.45 0.22 10.01
577 ng/ml 530.92 21.58 20.08 4.06
7.5 mg/ml 7866.08 102.20 0.05 1.30

Day 4 20 ng/ml 24.50 3.78 0.23 15.43
577 ng/ml 552.59 9.83 20.04 1.78
7.5 mg/ml 7256.27 654.06 20.03 9.01

Day 5 20 ng/ml 19.79 2.72 20.01 13.72
577 ng/ml 538.94 25.25 20.07 4.68
7.5 mg/ml 7089.14 314.11 20.05 4.43

cBetween-day C.V.
Theoretical concentration (ng/ml) C.V. (%)
20 23
577 5.4
7500 4.0
a Known and predicted concentrations with their S.D., error and C.V. values for days 1–5.
b Error is defined as (measured concentration2theoretical concentration)3100/ theoretical concentration.
c Between-day C.V. values for each measured concentration over the 5-day period.
S.D.5standard deviation; C.V.5coefficient of variation.
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Fig. 3. (a) UV spectra of N7G (b) mass spectra of N7G (c) UV spectra of N7G extracted from DNA reacted with HN2 (d) mass spectra of
N7G extracted from DNA reacted with HN2.

sample. While this may be sensitive enough to Other DNA adducts can be detected both in vitro
measure adducts from in vitro experiments, its and in vivo [5,6]. The measurement of adducts has
usefulness in detecting adducts from in vivo experi- been used to document exposure to carcinogens and
ments will need to be validated. has been proposed as a way to optimize chemo-
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Fig. 3. (continued)
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Table 2
N7G formation from HN2 exposed DNA

a b cNM:DNA N7G conc. Moles N7G HN2 used for N7G formation n
b(ng /ml) formed (%)
2101–100 48.26 3.83?10 1.216.94 3
291–10 420.97 3.34?10 1.056.05 3
281–2 1958.25 1.55?10 2.076.30 2
281–1 4021.69 3.19?10 4.256.52 3
282–1 6726.92 5.33?10 7.116.81 3
2710–1 16850.69 1.34?10 17.816.19 3
2720–1 21289.12 1.69?10 22.50 6.66 2
2740–1 27441.16 2.18?10 29.0163.46 2

a Molar ratio of HN2 to DNA.
b Mean amounts measured.
c Mean6standard deviation.
n5Number of experiments.
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