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Summary. - Chinese hamster ovary (CHO) cells were
treated with two ethylating agents, N-ethyl-N-nitroso-
urea (ENU) and diethylsulfate (DES), and the kinetics of
DNA single strand break (ssb) induction and rejoining’
were determined in parallel with DNA adduct formation
and removal. In the case of DES, DNA ssb as determin-
ed by alkaline elution (AE) were repaired very slowly
with more than 50% of the lesions still present on DNA
3 h after treatment. In contrast, 45% of ENU-induced
ssh were repaired within 10 min. From the relative con-
centration of the different ethylated products and their re-
pair rates as measured by high performance liquid chro-
matography (HPLC) analysis of the ethylated DNA, a
theoretical function was constructed that describes the
number of ssb expected at each time point after exposure
to the mutagen. DES-induced ssb are explained by exci-
sion repair processes active on the ethylated purines,

mainly 3-ethyladenine (3-EtAde) and 7-ethylguanine (7-

EtGua). On the same basis, the rapidly repaired ENU-in-
duced ssb remain unexplained. These results are also dis-
cussed in relation to the sensitivity of the two tech-
niques, AE and HPLC, for detecting DNA damage.

Riassunto (Caratterizzazione delle rotture del DNA a
singolo filamento indotte da agenti alchilanti in cellule
di mammifero). - Cellde di criceto, CHO, sono state
irattate con due agenti etilanti, N-etil-N-nitrosourea
(ENU) e dietilsolfato (DES), ed é stata studiata linduzio-
ne e la riparazione delle rotture del DNA a singolo fila-
mento parallelamente alla formazione e rimozione degli
addotti al DNA. Nel caso del DES, le rotture del DNA,
determinate con la tecnica dell'eluizione alealina, vengo-
10 riparate molto lentamente con il 50% delle lesioni an-
cora presenti sul DNA dopo 3 ore dal trattamento. Mol-
to diverso ¢ quanto osservato dopo trattamento con ENU
dove il 45% delle rotture viene riparato dopo 10 minuti,
C.' onoscendo la concentrazione relativa dei diversi prodot-
i etilati determinati con analisi cromatografica (HFLC),

éstato possibile costruire una funzione teorica che descri-

ve il numero delle rotture del DNA atteso a tempi diver-
si dopo il trattamento. Le rotture del DNA indotte dal
DES sono spiegate dai processi di riparazione per escis-
sione attivi sulle purine etilate, principalmente la 3-etila-
denina (3-EtAde) e la 7-etilguanina (7-EtGua), Le rotture
del DNA indotte da ENU e riparate molto velocemente
ron trovano invece una facile spiegazione. Questi risulta-

ti saranno discussi anche in relazione alla sensibilitd del-

le due tecniche usate per determinare il danno presente
sul DNA, eluizione alcalina e cromatografia liquida ad
alta pressione.

Intreduction

DNA single strand breaks (ssb) might arise in living
cells via several different mechanisms: i) a fast chemical
reaction following the absorption of energy from a charg-
ed particle or photon; ii) after a chemical attack by reac-
tive species; iii) as transient expression of enzymatic re-
actions, in processes leading to excision of segments
with various types of induced lesions.

In the case of alkylating agents, mammalian cells re-
spond to the resulting damage either by directly remov-
ing the alkyl functionality, as is the situation with O6-
alkylguanines [1], or by excising the alkylation adducts
from the genome, filling the resulting gaps, thereby re-
storing the original nucleotide sequence. For examples
alkyl substitutions at the nitrogen atoms of purines in
DNA, such as N-7 of guanine and N-3 of adenine, are
substrates for a specific glycosylase that catalyzes the
loss of alkylated purines by cleavage of the N-glycosyd-
ic bond {2]. The contribution of excision repair process-
es o removal of adducts from the altkylated DNA of
mammalian cells is at present poorly defined, The enzy-
matic steps following the release of the alkylated base
are believed to involve the formation of DNA nicks by
apurinic/apyrimidinic (AP) endonucleases at the sites of
base loss. AP sites are characterized by their ease of hy-
drolysis of adjacent phosphodiester bonds to yield ssb in



52

DNA; the half-life for hydrolysis is nearly 200 h under
physiological conditions [3], although it is rapid in
alkali,

The alkaline elution (AE) procedure provides a facile
mean for detecting AP sites by virtue of their alkaline
lability {4). The number of DNA ssb at any given time
after treatment with an alkylating agent should mainly
reflect the chemical or enzymatic hydrolysis of the N-
glycosidic bond of alkylated purine or pyrimidine bases
to yield AP sites. Alkylation of the phosphate groups
leading to phosphate triesters also generates alkali-labile
sites, but they hydrolyze slowly at pH 12, which is com-
monly used in the AE procedure [5, 6].

In an attempt to understand the nature of the alkali-
labile sites deiected by AE, Chinese hamster ovary
(CHO) cells were treated with different alkylating agents
and the kinetics of DNA ssb induction and rejoining
were determined in parallel with DNA adduct formation
by chromatographic analysis. Two ethylating agents, N-
ethyl N-nitrosourea (ENU) and diethylsulfate (DES),
which react with DNA vie different mechanisms, were
selected for this comparison, ENU interacts preferential-
ly with oxygen atoms (80% of the total alkylation),
whereas DES has a strong preference for the highly na-
cleophilic centers on DNA such as nitrogen atoms.

Resnlts

Suspension cultures of CHO cells were exposed to 3H-
labeled ENU and DES, and DNA adducts were measured
by HPLC analysis as previously described [7]. In the
same range of molar concentrations and at similar levels
of total DNA alkylation, ENU and DES produced differ-
ent relative amounts of each adduct (Fig. 1). As expected
[8] the extensive alkylation at N-atoms of DNA bases
was observed for DES, with 7-ethylguanine (7-EtGua)
and 3-ethyladenine (3-EtAde) being the main adducts.
ENU, in contrast, reacted preferentially at O-atoms [9]
giving rise to relatively high levels of Of-ethylguanine
(08-EtGua), O4-¢thylthymine (O*-EtThy), O%-ethylthymi-
dine (O%EtThy), O-ethylcytosine (O2-EtCyt) (Fig. 1)
and ethylphosphotriesters (data not shown; [10]). A lin-
ear relationship was observed between ENU and DES do-
ses and the relative levels of the different DNA adducts.

The analysis of the dose-response curves for ssb induc-
tion as measured by AE shows that at equimolar concen-
trations, DES induces a greater number of ssb than ENU
(the ratio of the linear slopes obtained for DES and ENU
is approximately 1.6) (Fig. 2). This result is not surpris-
ing in view of the proclivity of DES to induce a high
proportion of lesions such as 7-EtGua and 3-EtAde
which give rise to alkali-lIabile sites. However the rela-
tive levels of N-alkylpurines induced by DES and ENU
{e.g., 54 and 16 ethylations x 10+6 nucleotides respective-
ly, at the dose of 4 mM) do not explain the differénce in
the rate of ssb induction. ENU induces a greater num-

ber of ssb than expected even when the amounts of Q.
ethylpyrimidines, which are possibly removed via a gly-
cosylase [11], are taken into consideration. It is impor-
tant to keep in mind that ssb as detected by AE are not a
valid measure of total DNA damage, but rather are a dy-
namic measure of the DNA repair processes acting on al-
kylated bases. The number of ssb at a given time point
corresponds o approximately 1% of the actnal level of
the ethylated products. Furthermore very different kinet-
ics of ssb rejoining are observed after treatment with
DES and ENU (Fig. 3). DES-induced damage was repair-
ed very slowly with more than 50% of the lesions stil]
present in DNA 3 h after treatment, In contrast, the ki-
netics of repair of ENU-indl;ced damage show an initial
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Fig. 1. - Frequency of several ethylated products in DNA of CHO

cells as a fonction of the exposure concentration to DES and

ENU. Each point represents the mean of three independent
observations.
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Fig. 2. - Induction of ssb as determined by AE after exposure 1o

DES (open symbols) and ENU (closed symbols) for 30 min. Each

symbol represents the mean of four independent observations.

The number of ssb was determined by calibration with DNA of

CHO cells exposed to a known dose of y-rays with the assump-

tion that 1 Gy of %Co-rays induces 2.5 ssb x 10! molecular
weight of DNA.
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rapid rate of repair (45% of ssb repaired within 10 min)
with no significant changes detectable after the first 30
min. A ratio of about 10 is cbserved between the time
constants for ENU and DES exponential curves,

We therefore determined the kinetics of repair of the
different DNA adducts by HPLC analysis of ENU-ethyl-
ated CHO DNA (Fig. 4). We excluded from this analy-
sis O%-EtGua, a lesion removed via the Oé-alkylguanine
DNA alkyltransferase, which does not give rise to alkali-
labile sites, as well as to phosphotriesters [5, 6]. The ki-
netics of removal of 7-EtGua, 3-EtAde, O2-EtThy and
O2-EtCyt were described by an exponential curve (p <
0.05 or < 0.01). The N-alkylated purines were removed
from CHO DNA with a half-life of 12 and 4 h for 7-
EtGua and 3-EtAde, respectively, while almost 50% of
O-alkylpyrimidines was still present on DNA after a 20
h post-treatment incubation time,
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Fg. 3, - Rejoining of DNA ssb as measured by AE after different
Post-lreatment  incubation times following a 5 min exposure to 2
mb] DES {oper symbols) or 3 mM ENU {closed symbols). Each
symbol tepresents the mean of two independent observations.
The data are consistent with exponential functions:

Y(oEs) = 58.9 e 00t 4+ 41,1

YENuy = 75.7 e-01t 4 243

where t = min

33

- 7-Etbea
e 4
el
50 _ Lo
b
§ 107 1
2 g T T — ; r T
£
o
1004 4
% o
&
50+ J
o b
T T T T T T T T T T
S s 0 B ® [ 0 5 X

Post - treatment incubation time (k)

Fig. 4. - Removal of DNA ethylation products from CHO cells at
increasing post-treatment incubation times after & 30 min expo-
sure to 2 mM ENU. Each symbol represents the mean of at least
two independent experiments. The data were fited with £Xpo-
nential curves:

Y(7-EiGua) = 69.77 &1t + 302

Y(3-EtAcb) =110 003t 4 1,1

Y(o Emy) = 49 17t + 51

Y(o2may) = 46 e85t 4 54

From the relative concentrations of the different ethyl-
ated products and their repair rate it was possible to de-
fine a theoretical function describing the number of ssb
as a function of post-treatment incubation time:

Yoes) = (A R, + (B) Ry )
Y@y = (A) Ry + B) R, + (C) R, + (D) R, @

where (A,B,C,D) are constants proportional to the con-
centrations of 7-EtGua, 3-EtAde, O%EtThy, O2-EiCyt,
respectively, and Ry, ¢ qy are functions describing the
repair rate of the aforementioned bases (legend Fig. 3).
The theoretical line for repair of DES-induced DNA dam-
age fitted reasonably well with the experimental line
(the two lines are not significantly different). However
when the theoretical line for repair of ENU-induced dam-
age was compared with the experimental one, a wide dis-
crepancy was observed. In particular the initial fast de-
crease in the number of ssb was unexplained while the
slow downward trend observed after 20 min was parallei
to the theoretical curve (Fig. 3).

Discussion
DNA alkaline elution assay is widely used to assess

DNA damage induced by a variety of chemicals with
cytotoxic and mutagenic effects. The assay is sensitive
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Fig. 5. - Kinetics of induction of ssb as a function of posi-

treatment incubation time. The data for the experimental curves

( ) are shown in Fig. 3; the theoretical curves (—-—-) were
calculated according to the formula shown in "Results".

enough to detect DNA lesions at relatively low doses,
and recent work has utilized this technique to investigate
the factors that determine the sensitivities of different
cell types to anti-cancer drugs [4].

It is well established that monofunctional alkylating
agents produce DNA alterations that are converted to ssb
during the exposure to the alkaline solutions used in fil-
ter elution assays, Assuming that alkali-labile sites rep-
resent AP sites arising mainly from alkylated purines,
we constructed a theoretical function that describes the re-
pair kinetics on the basis of HPLC data. In the case of
DES, the overlap between the theoretical and the experi-
mental fuction was in line with this assumption. How-
ever, in the case of ENU, DNA ssb detected by AE
showed a very fast resealing that could not be explained
on the basis of DNA adducts removal alone.

It is important to consider that ENU has a relatively
high reactivity towards DNA as compared with DES.
ENU reacts through the positively charged putative
ethyldiazonium ion, whereas DES reacts as neutral mole-

cule mainly by an SN; mechanism. The ethyldiazonium
ions in the vicinity of DNA will attack sites according
to their relative nucleophilicity and according 1o their
steric accessibilities [12]. As a result, ENU gives rise to
abundant alkylation of phosphodiester groups on the ex-
terior of DNA double helix and ethylates O2-pyrimidineg
at detectable levels. It is conceivable that repair process-
es commence as soon as the active ENU intermediate
binds to DNA. The detection of ethylated bases by
HPLC was performed after 30 min treatment time. We
cannot exclude that, as a result of rapid removal of some
alkylated products during the treatment time, we under-
estimated the actual number of lesions formed after ex-
posure 0 ENU. However, because of the relatively low
levels observed in in vitro experiments [7] of ethylated
products that showed an initial rapid rate of removal (see
Oz-ethylpyrimidines and 3-EtAde), these lesions alone
cannot account for the removal of 50% of the total dam-
age observed by AE analysis after 10 min post-treat-
ment incubation time,

Another possibility is that ENU could induce DNA le-
sions that are not revealed by HPLC under our experi-
mental conditions and that are repaired in a short time
via AP site formation. Interestingly, cells treated with
another SN;-type alkylating agent, N-ethyl-N'-nitro-N-
nitrosoguanidine (ENNG), reseal a fraction of DNA ssb
very quickly by following the same kinetics observed
after exposure to ENU [6]. Taken together, these data
suggest that DNA damage induced by chemicals that
interact preferentially with oxygen atoms in DNA is pro-
cessed very rapidly by the cellular repair machinery.

Finally, an aspect that should be mentioned when con-
sidering mutagens which alkylate DNA at oxygen atoms
is that this type of damage is not randomly distributed
[13-16]. Persistence of OS-methylguanine in the matrix
DNA and rapid repair in active chromatin has been re-
ported in different regions of rat liver chromatin DNA,
while removal of N-alkylpurines has been shown to oc-
cur at a relatively uniform rate in different chromatin
fractions [13]. A preferential repair of damage targeted at
oxigen atoms is suggestive of disturbance of essential
cellular functions because of its localization in specific
regions of genome. Therefore a rapid removal of lesions
induced by SN;-type agents, such as ENU and ENNG, is
not surprising.

Further studies on the nature of the lesions induced
by alkylating agents are needed for a better understanding
of mutagen and drug action mechanisms,
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