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Abstract

A sensitive analytical method, HPLC-ED, was developed for the measurement of N7-(2-hydroxyethyl)guanine (N7-
HOEIG). A detection limit of 3.2 N7-HOEtG/10® nucleotides was obtained with this method, Linear dose response curves
for the formation of N7-HOEtG were obtained following treatment of either calf thymus DNA or 9L cells with
1-(2-chloroethyl)- 1-nitrosourea (CNU). Using HPLC-ED a significant increase in the level of N7-HOEG could be detected
in 9L cells following treatment with 5 pM CNU. Our study suggests that with this analytical method the formation of
N7-HOE(G in the white blood cells of patients treated with chloroethylnitrosoureas may be determined.
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1. Intreduction

N-(2-Chloroethyl)-N-nitrosourcas are a group of
clinically useful antineoplastic agents employed in
the treatment of brain tumors [1,2]. As illustrated in
Fig. 1, 1-(2-chloroethyl)-1-nitrosourea (CNU) under-
goes hydrolysis to form both chloroethylating and
hydroxyethylating species. The DNA adducts formed
by these bifunctional nitrosoureas have been exten-
sively characterized by Ludlum [3]. The products
identified include N7 and O° alkylated guanines,
intra- and interstrand cross-linked bases, ethano
derivatives and phosphotriesters [3]. The principal
base alkylation products formed by CNU treatment
of DNA are N7-(2-hydroxyethyl)deoxyguanosine
(N7-HOEwdG) and N7-(2-chloroethyl)deoxy-
guanosine (N7-CIEtdG) shown in Fig. 1.

*Corresponding author.

Studies to date have suggested that the cytotoxic
properties of CNU are related to the formation of
DNA adducts by these agents [3-5]. A variety of
procedures have been applied to measure the forma-
tion of alkylation products following treatment of
either DNA or cells with chloroethylnitrosoureas.
These methods include the use of alkaline elution to
investigate DNA interstrand cross-link formation [6],
radiolabelled CNU [7] and the application of HPLC
with fluorescence detection [8].

Recent studies have suggested that the levels of
DNA platination products in white blood cells of
patients treated with cis-platinum is correlated with
therapeutic response [9,10]. In order to determine if
similar relationships are also observed in patients
treated with chloroethylnitrosoureas, a non-radioac-
tive based method for the detection of these DNA
adducts is required. The purpose of this study was to
develop a simple and sensitive method for the
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Fig. 1. Proposed decomposition pathway of CNU leading to the
formation of the N7-HOEWG and N7-CIEtdG.

quantitative determination of N7-HOEtG formed in
DNA and 9L cells treated with CNU.

2, Experimental
2.1. Chemicals and instruments

The standards of N7-HOEtG and N7-CIEtG were
synthesized and their structures were confirmed by
UV spectroscopy and mass spectrometry [11,12].
CNU was obtained from the Drug Development
Branch of the National Cancer Institute (Bethesda,
MD, USA). All chemicals were purchased from
Aldrich (Milwaukee, WI, USA) and Sigma (St.
Louis, MO, USA). Deoxyribonuclease 1 (DNase I)
(EC 3.1.21.1), snake venom phosphodiesterase (EC
3.1.4.1) and alkaline phosphatase (EC 3.1.3.1) were
purchased  from  Worthington  Biochemicals
(Freehold, NI, USA).

The HPLC-fluorescence system consisted of a
model 250 Perkin—Elmer solvent delivery system
with an ISS 200 LC sample processor coupled to a
LC 235 UV detector and a LC 240 fluorescence
detector. UV and fluorescence responses were digit-
ized with single channel interfaces and recorded

using a Omega data system (Perkin—Elmer, Cuper-
tino, CA, USA). The HPLC-ED system consisted of
a model 250 Perkin—Elmer solvent delivery system
coupled to a Coulochem II electrochemical detector
with a ESA 5010 analytical cell (Chelmsford, MA,
USA). Electrochemical response was digitized with a
Nelson interface and analyzed using TurboChrom 4
(Perkin—-Elmer). An Alltech 5 pm C,; reversed-
phase analytical column with column dimensions of
250x4.6 mm L.D. (Alltech Associates, Deerfield, IL,
USA) was employed for the separation in both
systems.

2.2. Reaction of calf thymus DNA with CNU

The CNU-modified DNA samples were prepared
by reacting 1 mg purified calf thymus DNA in 10
mM sodium cacodylate buffer (pH 7.0) with varying
amounts of CNU dissolved in ethanol. The total
volume of the reaction mixture was 1 ml. The
reaction mixture was incubated at 37°C for 6 h. The
DNA was precipitated with ethanol and 0.4 M NaAc
and redissolved in H,O.

To some of the incubations 250 wCi of [’HJCNU
7.14 Ci/mmol (Moravek Biochemicals, Brea, CA,
USA) was added instead of the unlabelled CNU. The
reactions were incubated as described above for 6 h.
The samples were repeatedly precipitated with etha-
nol and 0.4 M NaAc until a constant specific activity
(’H cpm/mg DNA) was obtained.

2.3. Treatment of 9L cells with CNU

9L cells were grown in 175 cm® flasks containing
50 ml of Eagle’s minimum essential medium sup-
plemented with 10% newborn calf serum and gen-
tamicin (50 pg/ml) [13]. The cells were maintained
and treated at 37°C in a humidified 5% CO,/95% air
atmosphere. Various amounts of CNU dissolved in
ethanol were added to the cells. After 6 h the cells
were treated with a trypsin cocktail and collected by
centrifugation. The cells were washed once with
phosphate buffered saline and collected by centrifu-
gation. The cells were quick frozen and stored at
—70°C until the DNA was isolated. The DNA was
isolated using a modified Marmur procedure as
previously described [14]. The concentration of
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DNA in the samples were determined by UV analy-
sis.

2.4. DNA hydrolysis methods

2.4.1. (a) Enzymatic

Approximately 4.5 wg of ["HJCNU-DNA was
digested overnight at 37°C with a mixture of pan-
creatic Deoxyribonuclease [, snake venom phospho-
diesterase and alkaline phosphatase as previously
described [7].

24.2. (b) Acid

4.5 pg of [’HJICNU-DNA was added to 300 pl of
0.1 M HCI and incubated at 100°C for 1 h. After
cooling, the hydrolysate was adjusted to pH 6 with
the addition of 4 M NaAc, pH 6.4.

2.4.3. (c) Thermal

4.5 g of ['HICNU-DNA in 100 ul of H,0 was
heated at 100°C for 30 min. The sample was
subsequently plunged into an ice bath and 100 i of
cold 1 M HCI added. The sample was centrifuged at
1300 g at 0°C for 10 min to collect the DNA. The
pellet was washed once with 100 ul of cold 1 M HCI
and centrifuged as described above. Both super-
natants were combined and adjusted to pH 6 with the
addition of 4 M NaAc, pH 6.4,

Each of the hydrolysates were filtered with 0.2 wm
centrifugal microfilters at 1300 g, 4°C for 5 min. Ten
pl of each filtrate was mixed with 2 ml of liquid
scintillation cocktail and their radioactivity deter-
mined by scintillation counting. The remaining fil-
trate was separated by reversed-phase HPLC-UV
with a mobile phase of 10 mdf NH,H,PO,, pH 5.1,
and varying amounts of methanol. UV absorption at
254 and 280 nm were monitored simultaneously.
Thirty-second fractions were collected for 85 min.
Ten pmol of N7-HOEtG was spiked into the sample
to identify the position of elution of the radiolabelled
N7-HOEtG peak. Comparison of the amount of
radioactivity in the sample with the amount of
radioactivity collected from the HPLC fractions was
nsed to determine recovery of radioactivity for each
of the methods.

2.5. Detection of N7-HOEtG with HPLC-
fluorescence

In duplicate, various amounts (0.8, 1, 3, 5, 8
pmol) of N7-HOEtG were introduced to the HPLC
with an isocratic program of 90% 0.05 M sodium
acetate buffer, pH 5.4, and 10% MeOH at a flow-rate
of 1 ml/min. The fluorescence intensity was mea-
sured with excitation at 295 nm and emission at 370
nm.

2.6. Voltagram analysis of N7-HOEtG and N7-
CIE«G

One pmol N7-HOE!G and 50 pmol N7-CIEtG
were chromatographed on a reversed-phase column
using a isocratic program of 90% 0.05 M sodium
acetate buffer, pH 5.4, and 10% McOH at a flow-rate
of 1 ml/min. The relative responses to each of these
compounds were measured with electrode 1 set at
+100 mV and electrode 2 varied from 0 to +800 mV.

2.7. Detection of N7-HOEtG and N7-CIEtG with
HPLC-ED

Varying amounts of N7-HOEtG (0.003 to 0.35
pmol) and N7-CIEtG (3 to 10 pmol) were analyzed
in duplicate by HPLC-ED. The isocratic system
described above was used for chromatography. For
these studies electrodes 1 and 2 were set at +400
and +750 mV, respectively.

2.8. Prepurification of N7-HOEtG for HPLC-ED
detection

Fifty to 100 pg of DNA from individual samples
was thermally hydrolyzed. N7-HOEtG was initially
purified on HPLC-UV system with a gradient pro-
gram as follows: 100% A to 94% A, 6% B in 20
min; 94% A, 6% B to 70% A, 30% B in 20 min and
70% A, 30% B for 5 min (solvent A: 0.05 M sodium
acetate buffer, pH 5.4; solvent B: MeOH). Under
these conditions N7-HOE(G had a retention time of
15.4 min. We collected the products eluting from
14-18 min. The sample volumes were reduced to
about 400 ml by a speed vacuum and subsequently
analyzed on HPLC-ED using the isocratic solvent
described above. For quantitation of N7-HOEtG
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electrodes 1 and 2 were set at +400 and +750 mV,
respectively.

3. Results

The hydrodynamic voltammograms of N7-HOEtG
and N7-CIEtG were investigated. For this, the elec-
trochemical response of N7-HOEtG and N7-CIEtG
were detected over a range of oxidation potentials.
Neither N7-HOEtG or N7-CIEtG showed significant
electrochemical response below 700 mV. Above 700
mV, the electrochemical response of N7-HOEtG
increased significantly, while that of N7-CIEtG in-
creased only slightly. Based on these results oxida-
tion potentials of +400 and +750 mV were selected
for electrodes 1 and 2, respectively. Under these
conditions, a instrument detection limit of 5.0 fmol
for N7-HOEtG and 5.0 pmol for N7-CIEtG was
achieved. Attempts to increase the sensitivity de-
tection of N7-CIEtG by derivatization with a more
electrochemically active compound were not suc-
cessful (results not shown). Fig. 2 demonstrates that
the EC response of N7-HOEtG standard was linear
between 0.05 and 0.35 pmol.

The detection of N7-HOEtG requires its release
from DNA. Three methods, namely enzymatic diges-
tion, acid hydrolysis and thermal depurination, were
compared for their efficient release of radiolabelled
N7-HOE(G from DNA reacted with ['HICNU. As a
percentage of total radioactivity, the levels of N7-
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Fig. 2. Electrochemical response to varying amounts of N7-
HOEG.

HOE!(G in the hydrolysates from enzymatic, acid and
thermal hydrolysis were 35.7%0.7, 34.8*+0.3 and
34.2+0.8%, respectively. Therefore the release of
N7-HOEtG from DNA by each of these procedures
was similar.

Since neutral thermal hydrolysis was expected to
be the most selective in the release of N7-HOEtG
adducts from DNA, it was chosen for the remaining
studies. However even with this procedure, other
modified and unmodified bases which are electro-
chemically active at +750 mV may also be released
from CNU modified DNA. In order to circumvent
this problem, we developed a two step chromatog-
raphy procedure for the electrochemical-detection of
N7-HOEtG. After neutral thermal hydrolysis, the
hydrolysate was separated on a reversed-phase col-
umn and fractions corresponding to the retention
time of N7-HOEtG were collected. These samples
were reduced in volume and subsequently analyzed
by HPLC-ED.

One hundred wg of purified calf thymus DNA was
spiked with N7-HOEtG standard over a range of
0.010, 0.030, 0.050, 0.10 and 0.20 pmol in duplicate.
The recovery of N7-HOEtG from these DNA sam-
ples are shown in Table 1. The recovery of N7-
HOEIG was not significantly dependent upon its
concentration. Using this method of analysis a
detection limit of 3.2 N7-HOE(G/10° nucleotides
(0.01 pmol N7-HOEtG/100 pg DNA) was obtained.

Purified calf thymus DNA was reacted with
varying amounts of CNU. HPLC-ED chromato-
grams of control DNA and calf thymus DNA reacted
with 1 uM CNU are shown in Fig. 3A and Fig. 3B.

Table 1
Recovery of N7-HOEtG from spiked DNA samples

pmol N7-HOEtG/100 pg DNA

Recovery+S.D, (%)"°

0.010 81.5%£5.7
0.030 82.2*6.3
0.050 87.0+3.8
0.10 92.7+6.6
0.20 96.2+5.1

* Recovery was based on the amount of N7-HOEtG added to the
DNA. Each concentration was analyzed in duplicate three times.
" The relative electrochemical responses were measured with
electrode 1 set at +400 mV and electrode 2 set at +750 mV. HPLC
was performed using an isocratic program of 90% 0.05 M sodium
acetate buffer, pH 5.4, and 10% MeOH at a flow-rate 1 ml/min.
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Fig. 3. HPLC-ED chromatograms of (A) control calf thymus
DNA, (B) calf thymus DNA treated with | pM CNU. Response
of electrode 2 set at +750 mV is shown. For HPLC-ED
conditions, see Table 1.

The peaks were quantified by comparison with the
electrochemical-response  obtained with known
amounts of N7-HOEtG. The amount of N7-HOEtG
in control DNA was 4.2£0.5%10™ and 1.0£0.2X
107 pmol/ pg DNA in calf thymus DNA treated
with 1 wM CNU. The levels of N7-HOEtG in DNA
after treatment with 1 to 25 pM of CNU were
linearly related to treatment dose (Fig. 4).

In subsequent experiments, 9L cells were treated
with varying amounts of CNU. HPLC-ED chro-
matograms of control 9L cells and 9L cells treated
with 5 uM CNU are shown in Fig. 5A and Fig. 5B.
The amount of N7-HOE(G in untreated 9L cells and
9L cells treated with 5 WM CNU was 8.7+7.0x10°
and 4.3+1.9X10 * pmol/pug DNA, respectively. A
dose-dependent increase in the levels of N7-HOEtG
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Fig. 4. Dose—response curve for the formation of N7-HOE(G in
calf thymus DNA treated with varing concentrations of CNU. For
HPLC-ED conditions, see Table 1.
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Fig. 5. HPLC-ED chromatograms of DNA from (A) control 9L
cells, (B) 9L cells treated with 5 uM CNU. Response of electrode
2 set at +750 mV is shown. For HPLC~ED conditions, see Table
1.

in 9L cells treated with varying amounts of CNU
was found (Fig. 6).

4. Discussion

We have developed a method for the detection of
N7-HOE!(G in DNA. This procedure employs neutral
thermal hydrolysis for release of the modified base.
Initial separation of the product by reversed-phase
HPLC with UV detection followed by HPLC with
electrochemical detection provided a simple but
sensitive method for the quantitation of this DNA
adduct.

Previous studies have reported that HPLC-ED can
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Fig. 6. Dose—response curve for the formation of N7-HOEtG in
9L cells treated with varying concentrations of CNU. For HPLC-
ED conditions, see Table 1.
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be used for the detection of N7-alkylguanines [15—
17]. In our study, the sensitivity of detection of
N7-HOEtG by HPLC-ED was increased, after N7-
HOEtG was pre-purified by HPLC-UV (result not
shown). Using this approach a sensitivity of 3.2
N7-HOEtG/10® nucleotides was obtained. In addi-
tion, the EC response was linear from 0.05 to 0.35
pmol of N7-HOE(G.

With the method developed, the formation of N7-
HOE!G in either purified DNA or 9L cells treated
with CNU was readily detectable. The amount of
N7-HOE(G in calf thymus DNA treated with 1 pM
CNU was 2.4-fold higher than that in control calf
thymus DNA. The levels of N7-HOEtG formed in
calf thymus DNA treated with CNU were linear with
dose, with a slope of 5.3X10™* pmol/ug DNA per
pM CNU (0.17 pmol/mol DNA per pM CNU). The
amount of N7-HOEtG in DNA of 9L cells treated
with 5 pM CNU was 4.9-fold higher than that in
DNA of control 9L cells. Treatment of 9L cells with
CNU also gave a linear dose response with a slope of
9.1x107° pmol/pg DNA per pM CNU (0.029
pmol/mol DNA per pM CNU). The results with
HPLC-ED detection of N7-HOEtG in 9L cells
treated with CNU are similar to those we have
previously reported for the formation of N7-HOEtG
formed in 9L cells treated with ["HJCNU [5].

When HPLC-fluorescence was used in this study,
an instrument detection limit of 1 pmol N7-HOEtG
standard was obtained (unpublished result Q. Ye).
Using 1 mg of DNA, 2 pmol of N7-HOEtG/mg
DNA (64 N7-HOEtG/10" nucleotides) have been
detected with HPLC-fluorescence after ethylene
oxide treatment of rats [18]. With immunoassays,
adduct levels of 1 N7-HOEtG/10" nucleotides have
been determined [19-21]. Using GC-electron cap-
ture mass spectrometry, 1.6 N7-HOEtG/10° nucleo-
tides was measured in spiked DNA after N7-HOEtG
was derivatized with pentafluorobenzyl bromide
[22]. With HPLC-ED, 2 N7-HOEtG/10" nucleotides
[15] and 3 N7-ethylguanines/107 nucleotides [16]
have been detected. In our study we have obtained a
sensitivity of 3.2 N7-HOEtG/ 10* nucleotides. Com-
parison of these results with those previously re-
ported for the detection of N7-HOE(G indicate that
this method is about one order of magnitude more
sensitive than previously reported methods. Our
study suggests that with this analytical method the

formation of N7-HOE(G in the white blood cells of
patients treated with chloroethylnitrosoureas may be
determined.
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