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Abstract

The endonuclease 111 from Escherichia coli is a repair enzyme which exhibits both a glycosylase and an endonuclease
function. The activity of the enzyme can be assayed by measuring the released targeted bases in solution from a sample of
modified DNA. In the present study, gas chromatography—mass spectrometry was used together with an HPLC
prepurification step in order to single out the released bases. The prepurification was found to enhance the specificity and the
sensitivity of the assay. Thus, the overall method allowed us to analyze separately 5-hydroxy-5,6-dihydrothymine from the
cis and trans isomers of 6-hydroxy-5,6-dihydrothymine. Examples of application of the assay are provided with the
measurement of the E. coli endonuclease I11-mediated excision of 5-hydroxy-5,6-dihydrothymine and 5,6-dihydrothymine
from samples of y-irradiated DNA in the presence of cysteine. [0 1998 Elsevier Science BV. All rights reserved.
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1. Introduction

Cdlular DNA is subject to permanent damage and
repair processes. The repair of radiation-induced
pyrimidine and purine single DNA base lesions is
mostly accounted for by the base excision repair
(BER) pathway. Severa assays have been applied to
evaluate the enzymes acting through the BER mech-
anism. These include electrophoresis on poly-
acrylamide gels for oligonucleoctides, and the single
cell ge eectrophoresis technique, the so-called
“COMET assay’” for isolated cells. It should be
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noted that both methods reveal the strand breaks
induced by the endonuclease activity of the repair
enzymes. Another approach involves the use of
sensitive and specific analytical tools aimed at
singling out free modified bases released by the
glycosylases activity. In the latter respect, gas chro-
matography—mass  spectrometry (GC-MS) and
HPLC-electrochemical detection assays, were ap-
plied for determining the substrate specificity of the
endonuclease 11l [1,2], and formamidopyrimidine
glycosylase (Fpg) proteins [3-5]. Interestingly, the
GC-MS approach provided the requested sensitivity
to allow the measurement of low amounts of the
released modified bases.
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We report in this study, an improved GC-MS
assay which allows the measurement of 5-hydroxy-
5,6-dihydrothymine (5-OHDHT) in the presence of
the cis and the trans isomers of 6-hydroxy-5,6-
dihydrothymine (6-OHDHT): HPLC prepurification
was found to be required in order to separate the
three 5,6-dihydropyrimidine products that exhibit
similar GC-MS properties. Furthermore, by
eliminating salts and other contaminant products, the
prepurification step was found to enhance the sen-
sitivity and the selectivity of the GC-MS assay.

Examples of application of the optimized GC-MS
assay, are provided with the measurement of Es-
cherichia coli endonuclease I1l1-mediated excision of
5,6-dihydrothymine compounds. This concerns 5-
OHDHT and 5,6-dihydrothymine (DHT) which were
generated by ~y-radiolysis of oxygen-free aqueous
solutions of DNA in the presence of cysteine. It
should be noted that the release of 6-OHDHT was
not observed under the present conditions of analy-
sis.

2. Experimental
2.1. Chemicals

Thymine, cysteine, hydrogen peroxide and formic
acid were purchased from Merck (Darmstadt, Ger-
many). Tetradeutero-thymine («,o,a,6-d,) was pro-
vided by MSD Isotopes (Montreal, Canada). Hydro-
chloric acid and acetic acid were obtained from
Carlo Erba (Milan, Italy). Zinc, potassium iodide and
sodium acetate were from Prolabo (Paris, France).
Bis(trimethylsilytrifluoroacetamide (BSTFA) was
obtained from Aldrich (Steinheim, Germany). Sal-
mon testis DNA was purchased from Sigma (St
Louis, MO, USA).

2.2. Yynthesis of model compounds and
isotopically labeled analogs

221. 5-OHDHT and DHT

The two 5,6-saturated thymine compounds were
prepared by ~y-irradiation of thymine (or thymine-d,
for the internal standards) in the presence of cysteine,
as described previously for thymidine [6]. Typically,
an agueous solution of 700 ml of 1 mM thymine and

0.5 mM cysteine was deoxygenated by bubbling a
stream of nitrogen for 15 min. The oxygen-free
aqueous solution was then exposed to the gamma
rays emitted by a °°Co source (overal dose of
irradiation=8 kGy). Radiation-induced decomposi-
tion products were subsequently purified on a
N5C18-25F Nucleosil C,¢ 5 pm (250%6.5 mm 1.D.)
column (Interchim, Montlucon, France) using water
as the eluent. 5-OHDHT (k=2.1) and DHT (k=7.2)
were obtained in 31% and 8% vyields, respectively.
The labeled standards were characterized by *H
NMR and electron impact mass spectrometry.

222 Cis and trans isomers of 6OHDHT

The cis isomer of 6-OHDHT was synthesized by
reduction of 30 mg of trans 5-bromo-6-hydroxy-5,6-
dihydrothymine [7] in 0.75 ml water by adding 78
mg of zinc together with 35 wl of acetic acid [8].
After filtration, the product was purified by reversed-
phase HPLC under the above reported conditions
(k=2.4, yield=50%).

The trans isomer of 6-OHDHT was obtained by
oxidation of cis 6-OHDHT into the corresponding
hydroperoxides, i.e.,, cis and trans isomers of 6-
hydroperoxy-5,6-dihydrothymine. Reduction of the
hydroperoxides yielded a mixture of the cis and
trans isomers of 6-OHDHT [9]: typically, 10 mg of
cis 6-OHDHT were placed for 3 h in 5 ml of 30%
hydrogen peroxide and 40 wl of 12.4 M HCI. The
solution was then evaporated to dryness. HPLC
separation of the reaction mixture gave a major peak
which contained cis 6-OHDHT together with the cis
and trans isomers of  6-hydroperoxy-5,6-
dihydrothymine. The three products were collected
and the reduction of the hydroperoxides was
achieved by adding 10 mg of Kl and 2.5 ul of acetic
acid. lodine was extracted by chloroform and the cis
and trans isomers of 6-OHDHT were separated by
HPLC using water as the eluent.

2.3. DNA irradiation

A 2 ml volume of a solution of salmon testis DNA
(500 pg/ml) and 0.5 mM cysteine were placed in a
glass tube (irradiated beforehand). The solution was
purged for oxygen by maintaining a stream of
nitrogen for 15 min. Irradiation was delivered by
four barrels of ®°Co providing y-rays at a dose rate
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of 30 Gy/min. After irradiation (5, 10 or 25 min),
DNA was precipitated and was then washed once
with ethanol.

2.4. Enzymatic assay

The standard reaction mixture (100 pl final vol-
ume) contained 50 g of DNA, 20 ng of the internal
standards of 5-OHDHT and DHT, 20 mM Tris HCI
buffer (pH 7.5), 100 mM KCIl and 2 g of endonu-
clease Ill. The enzymatic reaction was carried out at
37°C for 40 min and then stopped by DNA precipi-
tation with cold ethanol. The supernatant was then
evaporated to dryness under reduced pressure while
pellets were kept for further acid hydrolysis.

2.5. Acid hydrolysis

DNA pellets were dissolved in 1 ml 88% formic
acid with the internal standards of 5-OHDHT and
DHT (20 ng of each). Hydrolysis was carried at
130°C for 40 min and the formic acid was then
evaporated under reduced pressure.

2.6. HPLC prepurification

The prepurification was achieved using a Gilson
HPLC apparatus (Middleton, MI, USA). This con-
sisted of three pumps (model 305), a dynamic mixer
(811 C), a sampling injector (231 XL) together with
an automatic fraction collector (FC 204). The sepa-
rations were carried out on a H5C18-25F Hypersil
Ci;s 5 pm (250X4.6 mm |.D.) analytica column
(Interchim). The isocratic eluent consisted of 25 mM
ammonium formate. The column was washed with
30% acetonitrile between each run.

In order to determine the retention times of the
products under the conditions described above, low
amounts (to avoid contamination) of targeted prod-
ucts were injected. Typicaly, 150 pmol of each
product was injected and blind collection was made
with fractions of 30 s. After lyophilisation, deri-
vatization and GC-MS analysis, the collection time
intervals for the blind prepurification of each product
were determined: 5.3 to 7.6 min for 5-OHDHT, 7.7
to 10.2 min for the cis and trans isomers of 6-
OHDHT, and 13.2 to 155 min for DHT. The
fractions to be prepurified (supernatants and hydro-

lyzed pellets) were dissolved in 150 wl 25 mM
ammonium formate aqueous solution and sub-
sequently analyzed as described above.

2.7. GC-MS analyses

Prior to GC-MS injection, each dried sample was
derivatized in a 50:50 (v/v) mixture of acetonitrile
and BSTFA for 20 min at 120°C in order to form the
volatile trimethylsilyl (TMS) derivatives. GC-MS
analyses were performed on a HP 5890 Series Il gas
chromatograph (Hewlett—Packard, Les Ulis, France)
equipped with a capillary column (0.25 mm, 30 m)
coated with a 0.25 pm film of methylsiloxane
substituted by 5% phenylsiloxane (HP5-MS; Hew-
lett—Packard). Helium was used as the carrier gas.
Injections (injection volume=1 ul) were performed
in the splitless mode with the temperature of the
injection port set a 210°C. The temperature of the
GC oven was maintained at 70°C for 1 min and
raised from 70°C to 300°C at a rate of 20°C/min.
Detection of positive ions was provided by an HP
5972 mass detector (Hewlett—Packard) using elec-
tron impact ionization. MS analysis were carried out
in the single ion monitoring mode. The retention
times of the compounds and the recorded ions were
respectively the following:

DHT-TMS: 6.82min; m/z257.1[M + 2TMS —
CH,], 271.1[M + 2TMS]

DHT-d,—~TMS: 6.81 min, m/z 261.1[M + 2TMS —
CH,], 275.1[M + 2TMS].

5-OHDHT-TMS, cis and trans 6—OHDHT—
TMS: 7.76 min; m/z 345.1 [M+3TMS — CH,],
360.1[M + 3TMS]

5-OHDHT-d,~TMS: 7.75 min, m/z 349.1[M +
3TMS— CH.], 364.1[M + 3TMS].

3. Results and discussion

E. coli endonuclease Ill is a repar enzyme
involved in the BER pathway [10]. It has been
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shown to possess both DNA N-glycosylase and
abasic site nicking activities [11]. The corresponding
gene is the nth gene which has been cloned [12], and
the crystallographic structure of the protein is now
available [13]. Numerous studies aimed at delineat-
ing the substrate specificity of the enzyme have been
performed [1,2,14-16]. It was found that endonu-
clease Ill is able to excise severa thymine and
cytosine derived lesions. This particularly applied to
modified residues which have lost their aromaticity.
DHT is one of the lesions that are included in the
substrate specificity spectrum of the enzyme. How-
ever, the situation remains confusing for 5-OHDHT
and 6-OHDHT, since no structural assignment of the
latter compounds was achieved using the earlier
GC-MS analysis [17]. Our aim was to determine if
the cis and trans isomers of 6-OHDHT were other
modified thymine residues that could be recognized
by endonuclease Ill. For this purpose, it was a
requisite to develop an assay capable of singling out
the 6-OHDHT isomers and 5-OHDHT.

3.1 GC-MS analyses of 5-OHDHT and cis and
trans isomers of 6-OHDHT

5-OHDHT and the cis and trans isomers of 6-
OHDHT were synthesized in order to determine their
chromatographic properties. In addition, the isotopi-
cally labeled analogs of 5-OHDHT and DHT were
synthesized for GC—MS quantitation using the iso-
tope dilution technique [18]. The isotopically labeled
analogs of the cis and trans isomers of 6-OHDHT
were not synthesized due to their instability as they
readily decompose into thymine through a dehydra-
tion process.

Tentative electron impact mass spectra of 5-
OHDHT-TMS, cis and trans 6-OHDHT-TMS have
been previoudly reported through the GC-MS analy-
sis of a mixture of radiation-induced decomposition
products of thymine [17]. However, the presently
used GC-MS analytical system was found to be
ineffective in separating the TMS derivatives of the
three radiation-induced decomposition products that
coduted in a single peak. As the ion fragmentation
of the three DHT derivatives is similar (Fig. 1), it
was not possible to carry out individual measurement
of the products using the GC-MS analysis. Similar
results were obtained irrespective of the conditions

of derivatization which were applied, including the
use of either BSTFA or MtBSTFA.

It should be noted here that the GC—MS analysis
of the cis and trans isomers of 6-OHDHT induced a
partial decomposition of these products into thymine.
This is likely to happen during either the silylation
reaction or during the injection. In order to minimize
the thermal decomposition of the latter compounds,
the temperature of the injection port was lowered by
50°C with respect to usual conditions of analysis.

3.2, HPLC prepurification of DHT compounds

The necessity to prepurify targeted oxidized DNA
bases has recently been highlighted in order to avoid
artifactual oxidation of the overwhelming normal
DNA bases during the silylation step [19-21]. In the
present experiments, the latter side reaction is not
expected to occur, since 5-OHDHT, 6-OHDHT and
DHT are not oxidation products of thymine. Never-
theless, prepurification was found to be necessary in
order to separate 5-OHDHT from the cis and trans
isomers of 6-OHDHT. The HPLC separation of the
latter compounds and thymine on an Hypersil ODS
column is illustrated in Fig. 2. The mixture of the
four compounds is well resolved using 25 mM
ammonium formate aqueous solution as the isocratic
eluent. However, the two isomers of 6-OHDHT
exhibit very close retention times [22].

Furthermore, the prepurification step was shown to
induce a significant gain in the sensitivity of the
GC-MS analysis: HPLC prepurification of 5-
OHDHT and DHT provided GC-MS elution profiles
with lower background levels. Therefore, integration
of peaks was more accurate in the case of small
amounts of analyzed products.

The advantages of applying the prepurification and
isotope dilution techniques for GC-MS analysis of
modified DNA bases are summarized in Table 1.

3.3. Application of the optimized GC-MS assay to
the E. coli endonuclease I11-mediated release of
DHT derivatives from y-irradiated DNA

Cysteine is a radiation modifier which enhances
the formation of 5-OHDHT, DHT and cis and trans
6-OHDHT upon exposure of thymine to y-irradiation
in oxygen-free agueous solutions [6]. A similar
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Fig. 1. Electron impact ionization mode mass spectra of the TMS derivatives of the 5,6-dihydrothymine compounds: 5-OHDHT-TMS, cis
6-OHDHT-TMS and trans 6-OHDHT-TMS.
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Fig. 2. HPLC elution profile of 5-OHDHT, cis and trans isomers
of 6-OHDHT and thymine. Eluent: 25 mM ammonium formate,
flow-rate: 1.0 ml/min, column: Hypersil C,; 5 wm. Detection by
UV absorbance at A=230 nm.

approach was used to generate the four latter DHT
derivatives within isolated DNA. It should be added
that cysteine protects the DNA backbone against
strand break formation through the H-donation
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mechanism. This is expected to favor the enzymatic
activity of E. coli endonuclease 111 which requires a
double-stranded DNA structure [23].

DNA was exposed to y-rays for different periods
and then was incubated with E. coli endonuclease
I11. After precipitation, the DNA was hydrolyzed in
order to determine the level of radiation-induced
5-OHDHT and DHT (Fig. 3). Experiments have
been made to confirm that 5-OHDHT and DHT are
sufficiently stable upon formic acid treatment (un-
published results). In contrast, the cis and trans
isomers of 6-OHDHT were found to quantatively
decompose into thymine under acidic hydrolysis
conditions.

The present results confirmed that 5-OHDHT and
DHT are substrates for endonuclease |11, as shown in
Fig. 4. Our results are in agreement with others [1]
showing that endonuclease Il is an enzyme with a
specific activity rather low for DHT and 5-OHDHT
by comparison with other repair enzymes, i.e., the
specific activity of Fpg for substrates such as 8-oxo-

Table 1

Requested analytical conditions for an accurate GC-MS measurement of DNA base lesions

Step of the assay Possible problem Solution

Acid hydrolysis Stahility of the lesion Internal standard

Prepurification Loss of product during blind collection Internal standard

Derivatization Stability of the lesion Internal standard
Autoxidation® Prepurification

GC-MS analysis GC separation Prepurification
Contamination by other products Prepurification

@ This would apply to the search of oxidative thymine lesions such as 5,6-dihydroxy-5,6-dihydrothymine.

Enzymatic assay applied
to modified DNA

— N

addition of
internal standards

DNA supernatant

HPLC

hydrolysis —————— prepurification

addition of
internal standards

— Derivatization — GC-MS

Fig. 3. Scheme of the enzymatic assay.



C. D’Ham et al. / J. Chromatogr. B 710 (1998) 67-74 73

25
g
':E 20 +
g 15 5-OHDHT
g2
e2 10
‘s v
P
3 5 |
£
2 0

0 150 300 750
Irradiation dose (Gy)

9
- 8 +
g 74
-
T o 61
0§ 5.
= ®©
o a 41
g9
22 3+
£ 24
z 11

(VIR

0 150 300 750
Irradiation dose (Gy)

Fig. 4. Excision of 5-OHDHT and DHT from -irradiated DNA
by Escherichia coli endonuclease |11 (37°C, 40 min) as determined
by HPLC-GC-MS measurement. (black bars) Supernatant after
endonuclease Il treatment. (white bars) Hydrolysis of DNA
without endonuclease Il treatment. (grey bars) Hydrolysis of
DNA after endonuclease 111 treatment.

7,8-dihydroguanine [5]. Excision of each of the
modified bases is dependent on the substrate con-
centration (irradiation dose) in a linear way. This
suggests that our reaction conditions are situated in
the linear part of the Michaglis—Menten kinetic
curve. It may be added that the concentrations of
DHT and 5-OHDHT (between 50 nM and 350 nM)
are lower than the K, values of endonuclease 11 for
these substrates.

It is adso likely that 6-OHDHT should be a
substrate for endonuclease |11 since it was shown that
a related modified base, 6-hydroxy-5,6-
dihydrocytosine, is released from UV-irradiated
DNA upon incubation with E. coli endonuclease 111
[24]. However, the presence of either isomer of cis
and trans 6-OHDHT was not detected in the super-
natants of the endonuclease |11-mediated digestion of
v-irradiated DNA. This may be due to lower rates of
radiation-induced formation of the latter products

whose limit of detection by the GC-MS analysis is
higher than for DHT and 5-OHDHT.

4, Conclusion

Prepurification and the use of isotopically labeled
internal standards, provide significant improvements
in the GC-MS method in terms of selectivity and
quantitative measurement. Interesting application of
the assay deals with the measurement of the repair of
5-OHDHT and DHT by endonuclease Il in a sample
of modified DNA. In particular, the enzymatic
release of 5-OHDHT was specifically measured
without any contribution of 6-OHDHT. It should be
added that the optimized HPLC—GC—MS assay may
be applied to the evaluation of other DNA repair
glycosylases activities and other potential DNA
substrates for the latter enzymes.
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