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Semmary. - Many studies associated specific DNA
alkylation products with specific biological effects of
alkylating agents. Studies dealing with the identification
of DNA lesions that are responsible for chromosomal
damage are reviewed in this paper. Although early
evidence suggested that alkylation of. high nucleo-
philicity centers such as N-7 of guanine was associated
with genetic effects of alkylating agents, recent studies
shifted the attention to the alkylation of oxygen atoms.
The results of studies based on the use of cells with dif-
ferent capacities to repair O%-alkylguanine (05-AlkGua)
indicate a key role for this alkylation product in the in-
duction of sister chromatid exchanges, chromosomal ab-
errations and micronuclei. Our own resulls on the in-
Jluence of exogenous thymidine on the frequency of mi-
cronuclei induced by methylating and ethylating agents
firther suggest that mispairing of 05-AlkGua with
thymine may be involved. Molecular dosimetry studies
did not reveal any correlation between individual DNA
alkylation products and the induction of chromosomal
damage, indicating that multiple lesions are probably
involved.

Riassunto (Studio delle lesioni molecolari al DNA
responsabili dell'induzione di danno cromosomico da
parte di agenti alchilanti). - Molti studi sono stati ese-
guiti nell'intento di associare specifici prodotti di alchi-
lazione del DNA a specifici effetti biologici provocati
dagli agenti alchilanti. In questo articolo vengono presi
in considerazione i tentativi di identificare i prodoti di
alchilazione responsabili del danno cromosomico. Seb-
bene precedenti lavori indicassero l'alchilazione di siti di
alta nucleofilicitd (N-7 della guanina) come maggior-
mente rilevanti, dati piil recenti hanno spostato l'atten-
zione sulla alchilazione degli atomi di ossigeno. Risul-
tati di esperimenti basati sull'uso di cellule con diversa
capacita di riparare la O8-alchilguanina hanno suggerito
che questo prodotto possa avere un ruolo nella induzione
di scambi tra cromatidi fratelli, aberrazioni Cromosomi-
che e micronuclei. Inoltre, nostri dati circa l'effetto del-

laggiunta di timidina al mezzo di coltura sulla frequenza
di micronuclei indotti da agenti metilanti ed etilanti
suggeriscono che possa essere implicato I'appaiamento
OS-alchilguanina-timina. Studi di dosimetria molecolare
non hanno permesso di correlare alcun particolare pro-
dotto di alchilazione con linduzione di danno cromo-
somico e cio indica che devono essere implicati pii
prodotti,

Biological alkylating molecular  le-

sions and genetic changes

agents:

Alkylating agents induce a wide spectrum of genetic
changes, ranging from point to genomic mutations. De-
spite our longstanding knowledge of both the biological
reactivity (1, 2] and the mutagenic properties of these
agents {3), a complete understanding of the mechanisms
by which they induce the various genetic effects remains
elusive.

While it is likely that different lesions andfor targets
arc involved in the induction of different genetic
changes, to date firm evidence is available only for the
identification of DNA lesions responsible for the in-
duction of point mutations. There is a consensus today
in designating O-alkylguanine (O6-AlkGua) [4] and O4-
alkylthymine (O4-AlkThy) [5, 6] as the principal lesions
responsible for localized heritable genetic alterations.

A lesson to be learned from the study of alkylating
agents is that the identification of pre-mutational lesions
i3 an essential step towards the understanding of muta-
tional mechanisms. Notwithstanding the paucity of
experimental data available at the time [7-10], theo-
retical considerations on the N1 deprotonation of Q8-
AlkGua led Loveless {11] to propose a simple mutatio-
nal mechanism based on the mispairing of 06-AlkGua
with thymine, The basic idea of the Loveless model has
since received overwhelming confimation in both in
vitro [12-15] and in vivo studies using bacteria [16, 17],
yeast [18], plants [19, 20], Drosophila [21, 22], cultured
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mammalian cells [23-27), and rodents [28]. Further-
more, direct evidence was provided by experiments in
which a single Of-methylguanine (06-MeGua) residue
was built into a unigue site in a viral genome and its
effect studied after transformation of Escherichia coli
cells with this vector [4, 29].

We are some steps behind as far as the induction of
other changes such as chromosomal aberrations are
concerned. It is our intention in this paper: i) to review
and discuss the available evidence on the involvement of
specific DNA lesions in chromosomal damage, and ii)
to report on work that has been done inthis area in our
laboratory during the last few years.

As we have hypothesized earlier, mispairing of Q6-
AlkGua with thymine may be invoked to explain the
induction of chromosomal damage, in addition to that of
gene mutation. Our evidence for this hypothesis was -
and still is - indirect, but whether or not the mispair
hypothesis is correct, evidence is now accumulating in
favour of O5-AlkGua being at least one of the lesions
responsible for chromosomal damage.

The molecular lesions responsible for c¢hro-
mosome aberrations

Possible involvement of DNA N-alkylation

Early evidence indicated a direct correlation between
alkylation of centers of high nucleophilicity, such as N-
7 of guanine in DNA and various amino acid residues on
proteins, and the induction of chromosomal aberrations.
Such a correlation was first indicated in higher plants by
Osterman-Golkar ef al. [19] and Veleminsky et al. [20].
In Drosophila, Vogel and Natarajan [21, 22) showed that
the induction of sex-linked recessive lethal mutations
was inversely correlated, and that of 2-3 ranslocations
and ring-X loss was directly correlated with the Swain-
Scott [30] constant 5 of a group of monofunctional al-
kylating agents. These results, while confirming the
role of O-alkylation in the induction of point mutation,
pointed to alkylation of high nucleophilicity sites as
more critical for the process leading to chromosome
breakage.

Two hypotheses [19] were proposed to explain the
high chromosome-breaking activity of alkylating agents
with high s values, "a relatively high number of protein
alkylations, e.g. provoking an inhibition of repair

enzymes, along with not too low a number of DNA -

alkylations, or that a direct alkylation of base nitrogens,
especially guanine N-7, is required for efficient induction
of chromosome aberrations”. In this respect, it is note-
worthy that the repair of 7-methylguanine (7-MeGua)
and other N-alkylpurines involves the action of glyco-
sylases and apurinic site endonucleases [31]. During
repair, therefore, breakage of phosphodiester bonds oc-
curs, thus fulfilling one necessary requirement for chro-

mosomal breakage. Repair of O6-MeGua by 05-MeGua-
DNA-methyliransferase (MT) on the other hand occurs
without strand breakage [31].

It should be stressed that no evidence is available to

-date that 7-MeGua is a pre-clastogenic lesion. Indeed,

molecular dosimetry studies performed with cultured
Chinese hamster {27] or Syrian hamster embryo [32]
cells merely indicated that the lesions causing chromo-
some breaks are different from those causing gene
mutations. From these studies, Of-ethylguanine (OS-
EtGua) was confirmed as the most probable lesion in
DNA leading to point mutation, but the lesion(s) re-
sponsible for the induction of chromosome breaks
remained elusive,

Possible involvement of DNA O-alkylation

Different conclusions on the relevance of O-alkyla-
tion or N-alkylation to chromosomal damage were
reached when the persistence of pre-clastogenic lesions
in non-proliferating cells, rather than the ability of
agents to produce chromosomal aberrations in proliferat-
ing cells, was studied. It has been shown that only those
alkylating agents that give rise 1o substantial DNA O-
alkylation are able to induce long-lived preclastogenic
damage in rat liver cells in vive [33-36). The amount of
7-EtGua detected after treatment of rats with various
ethylating agents [37] did not correlate with persistent
preclastogenic damage [33]. Moreover methyl methane-
sulfonate (MMS), which induced substantial amount of
7-MeGua, did not induce persistent preclastogenic dama-
ge [36). As pointed out by the authors of these studies,
the formation and persistence of secondary pre-clas-
togenic lesions could be an important factor. However,
neither primary nor secondary specific DNA modifica-
tions responsible for the induction of chromosomal
damage in the rat liver system could be identified [36].

DNA synthesis inhibition is known to play a role in
the induction of chromosomal aberrations [38]. In this
respect, it is interesting to note that in vitro DNA
synthesis by E. coli DNA polymerase I is inhibited by
the presence of -O6-MeGua on template DNA {39].
Moreover, arrest of DNA synthesis can also be caused in
vitro by incorporation of 08-medGTP into the growing
strand [26]. These data suggest that alkylation: of
guanine at the Of positon in mammalian cells may
have a role in chromosomal breakage through inhibition
of DNA replication. Further ¢lements suggesting a pre-
clastogenic role of O5-AlkGua are given in the next
sections,

The "thymidine effect"”
The results reported in the previous sections were

mainly based on attempts to establish correlations
between the pattern of DNA alkylation and the induction




of genetic effects. We tried a different approach unbal-
ancing the nucleotide pools to modify quantitatively the
induction of micronuclei, here used as an end point for
chromosome-breaking activity [40, 41].

The study most similar to our approach is that of
Meuth {24], who had shown previously that pool imbal-
ance caused by exogenous thymidine in Chinese hamster
ovary (CHO) cells results in an increased induction of
mutants at three genetic loci by ethyl methanesulfonate
(EMS). The proposed explanation was that the addition
of thymidine led to an increased dTTP/dCTP ratio and
this, in turn, increased the incorrect incorporation of
thyrine opposite 05-MeGua residues in DNA.

In our experiments, the induction of micronuclei by
three alkylating agents with low or intermediate s
values, namely N-ethylnitrosourea (ENU), N-methylni-
trosourea (MINU) and EMS, in V79 Chinese hamster
cells was increased by incubation of cells in medium
containing a pool unbalancing conceniration of thymi-
dine. This effect was not observed when micronuclei
were induced by MMS, an agent with a relatively high s
value (Fig. 1),
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Fig. 1. - The influence of thymidine (8.2 x 1076 M) on the
induction of micronuclei in V79 Chiness hamster cells by
ethylnitrosourea (ENU), methylnitrosourea (MNU), ethylmethane-
sulfonate  (EMS) and melhyl methanesulfonate (MMS). Cells
incubated after treatment in medinm with (squaree) or without
(circles) thymidine., Experimental points represent the average of
at least two independent determinations (4,000-6,000 nuclei per
experimental point), (After ref. [41]).
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Having excluded some alternative explanations [40,
41], we considered the hypothesis that the effect of
thymidine on micronucleus induction could be due to
increased mispairing at Of-AlkGua residues. Although
not so obvions as for point mutation fixation, a role of
mispairing in the induction of chromosomal damage is
not unreasonable. As suggested by Ledda et al. [42], 7
mispairing might cause local denaturation and this
might be the signal for endonucleolytic cleavage of the
DNA strand, eventually resulting in chromosome
breakage.

If our hypothesis to explain the thymidine effect were
true, then thymidine should have a different influence
not only on the effect of agents with different ability to
alkylate oxygens, but also, and more specifically, on the
effect of any given agent on cells with different ability
to repair O8-AlkGua. Indeed we found that thymidine had
no influence on the induction of micronuclei by the low
s agent, ENU in Hela cells (Fig. 2). Similar results
were obtained using a 10-fold higher concentration of
thymidine. HeLa cells contain an active methyl-
transferase, while Chinese hamster V79 cells are unable
to remove either O6-MeGua [43] or OS-EtGua [44].
Since the mammalian methyliransferase, unlike the bac-
terial repair protein, is specific for O6-AlkGua [45-47],
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Fig. 2. - The influence of thymidine (82 x 106 M) on the

induction of micronuclei in Hela cells by ethylnitroscurea

(ENU). Cells incubated after treatment in medium with (triangles)

or without (squares) thymidine. Experimental points represent

the average of at least two independent determinations (4,000-
6,000 nuclei per experimental point). (After ref. [40D).
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this result suggests that O5-AlkGua is the lesion
responsible for the thymidine-induced increase in micro-
nuclei. It is possible that both substantial production of
O8-AlkGua residucs (by low s alkylating agents) and
their accumulation in repair-deficient cells are needed for
the thymidine effect to be observed.

The conciusion of Meuth [24] that the thymidine
effect on mutation induction was due to increased
mispairing at O5-AlkGua sites was based 1o a large
extent on the apparent specificity of the phenomenon for
alkylating agents. Sensiiivity to UV radiation was not
affected by exogenous thymidine. This point has been
subsequently re-evaluated by Newman and Miller {48]
on the grounds that UV irradiation itself might provoke
a dTTP/ACTP pool imbalance great enough to mask any
further imbalance caused by the presence of exogenous
thymidine in the medium. It has then been proposed that
the thymidine-dependent increase in mutation induction
by alkylating agents could be due to pool imbalance
disturbing DNA synthesis [48]. '

Being aware that irhibition of DNA synthesis may
lead to chromosomal damage [38], we studied the effect
of thymidine on DNA synthesis under our experimental
conditions. Thymidine did not noticeably influence the
rate of DNA synthesis in cells treated with either ENU
or MMS [40, 41]. In any case, DNA synthesis inhibi-
tion by itself would not have explained the dependency
of the thymidine effect on the pattern of alkylation of
the agents .and on the O6-AlkGua repair capacity of the
cells.

Our hypothesis on the mole of O5-AlkGua in the
induction of chromosomal aberrations is not at variance
with the previously reported data (second section) show-
ing correlation of this genetic effect with alkylation of
high nucleophilicity centers. Also in our hands, micro-
nuclei were induced in V79 cells more efficiently by
MMS than by EMS or ENU. We think that, in com-
parison to other lesions (7-AlkGua?), O6-AtkGua may
be a negligible source of chromosomal damage in cells
that are able to remove it efficiently (see also next
section). On the other hand, in cells that are deficient for
the repair of O8-AlkGua, the contribution of this lesion
to the total yield of chromosomal damage may become
significant, as suggested by the thymidine effect. That
both N- and O-alkylation may be involved in the
production of micronuclei and chromatid aberrations has
also been proposed by De Kok et al. [32].

Micronnclei as indicators of chromosomal da-
mage

The use of micronuclei as an end point for
chromosomal damage deserves some explanation, It is
well known that micronuclei may arise not only from
chromosome or chromatid fragments that lack a func-
tonal centromere, but also from whole chromosomes

that lag behind at anaphase [49, 50]. Micronuclei,
therefore are not specific indicators of chromosomal
breakage.

In collaboration with Dr M. Niisse (Frankfurt, Ger-
many), we have recently used the scleroderma CREST
antibodies anti-kinetochore to detect centromere-contain-
ing chromosomes in micronuclei. In particular, we have
studied the kinetics of induction of micronuclei contain-
ing acentromeric fragments (i.e., micronuclei negative
for CREST antibody-Reacting Kinetochores, or CRK-)
or whole chromosomes (i.e., positive for the reaction,
or CRK+} after weatment of V79 cells with diethyl-
sulfate (DES) (manuscript in preparation). CREK- and
CRK+ micronuclei were present in equal amounts
immediately after treatment, when DES-induced micro-
nuclei were not yet expressed. During post-treatment
time, 10-fold and 50-fold increases were found in CRK+
and CRK- micronuclei, respectively, so that, at full ex-
pression, CRK- micronuclei accounted for 80% of total
micronuclei.

In the experiments reported above [40, 41], micro-
nucleus frequencies were measured at full expression.
Therefore, provided that data with DES are representative
of those with alkylating agents in general, the majority
of micronuclei scored in the experiments on the influ-
ence of thymidine should be indicative of chromosomal
breakage events rather than of chromosome loss.

The use of cells with different capacities to
repair Os-alkylguanine

A traditional approach to the problem of defining the
biological role of a specific DNA lesion is that of using
cells that have different capacities to repair that lesion.
Both V79 [43] and CHO [51] cells are unable to repair
06-MeGua significantly, but this function can be re-
established by the integration of exogenous DNA of
either bacterial or mammalian origin.

As shown by White et al. [52], V79 cells harbouring
an E, coli MT gene that expresses the O5-AlkGua MT
function (but not the phosphotriester MT function) were
less susceptible to induction of chromatid aberrations
and micronuclei by MNU. Moreover, induction of SCE
was drastically reduced in these cells as compared to the
parental, MT-deficient cells [52]. Bignami et al. [53]
studied the effect of MNU, N-methyl-N'-nitro-N-nitro-
soguanidine (MNNG) and 4-nitroquinoline-1-oxide (4-
NQO) in CHO cells expressing a mammalian MT func-
tion [54]. As expected, expression of the MT function
protected the cells against the mutagenic action of meth-
ylating agents but not of 4-NQO. In addition, cytotox-
icity and SCE induction were also reduced. These results
strongly suggest a role of O5-MeGua in the induction of
chromosomal damage.

We have mentioned in the previous section that the
thymidine-dependent increase in micronucieus frequency
was observed in the MT-deficient V79 cells but not in
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the MT-proficient HeLa cells. A weak point in that
experiment was the use of cells that have other differ-
ences, in addition to that concerning the presence or
absence of MT. For this reason, we have recently repeat-
ed the experiment using the same CHO cell lines as
Bignami er al. [53), which have a different capacity to
repair O5-MeGua but otherwise, presumably, an identi-
cal genelic background.

Both the repair deficient (MT-) and the repair pro-
ficient (MT+) cells were treated with MNU and incubated
in medium with or without thymidine, On the basis of
our hypothesis (see previous section), we expected both
a higher induction of micronuclei in MT- cells and the
absence of thymidine effect in MT+ cells. As shown in
Fig. 3, both predictions were fulfilled.

Molecular dosimetry data:
volved?

more lesions in-

If O5-EtGua is involved in the induction of chromo-
somal damage, why this is not revealed by molecular
dosimetry studies? As already mentioned, no specific
alkyl adduct, including 06-AlkGua, correlates with the
induction of chromosome aberrations [32]; This was
also our experience, as illustrated below. We have
measured the amount of 7-ethylguanine (7-EtGua) and
06-EtGua induced by ENU and diethylsulfate (DES) in
V79 cells DNA, under the same conditions used for the
induction of micronuclei. As shown in Fig, 4, micro-
nucleus induction did not coirelate with either lesion.

For sake of discussion, let us assume that both 7-
EtGua and O8-EtGua are responsible for the induction of
micronuclei in V79 cells. In this case, the excess
micronuclei induced by ENU at equal OS-EtGua content
(lower panel) might be caused by O6-EtGua, which was

Yeo Micronuclei

MNU (pg/ml)

Fig. 3. - The influence of thymidine (8.2 x 10°6 M) c¢n the
induction of micronuclei by methylitroscurea (MNU) in CHO
cells deficient (MT-, solid symbols) or competent (MT*, open
symbols) for the repair of Of-methylguanine. Cells incubated in
meditm with (triangles) or without (circles) thymidine. Means
from two (no standard deviations) or three independent

determinations. )
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formed more efficiently by ENU (14.8% of total DNA
alkylation) than by DES (1.7%). Conversely, the excess
micronuclei induced by DES at equal O5-EtGua content
(upper panel) might be caused by 7-EiGua, which was
formed more efficiently by DES (49.6%) than by ENU
(9.2%). The relative efficiencies by which 7-EtGua and
O5-EtGua cause the formation of micronuclei can then .
be calculated from the molecular dosimetry data, as fol-
lows. At doses inducing 50%e micronuclei, 15.6 x 105
7-EtGua and 0.54 x 10-5 O¢-EtGua residues were formed
by DES, while 8.3 x 10-5 7-EtGua and 5.2 x 105 O¢-
EtGua residues were formed by ENU.

To account for an equal number (i.e., 50%0) of micro-
nuclei, relative efficiencies of 3.0 and 4.8 have to be
assumed for 7-EtGua and O5-EtGua, respectively, This
calculation, therefore, would suggest that O6-EtGua is a
more powerful clastogenic lesion than 7-EtGua.

The above estimates were based on the hypothesis
that 7-EtGua and O5-EtGua are both and the only pre-
clastogenic lesions formed by the two ethylating agents,
an assumption for which there is no firm evidence.
These estimates in fact simply serve to show that the
absence of correlation of a genetic effect with any
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induction of micronuclei in V79 Chinese hamster cells by 3H-
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guanine (7-EiGua) and Of-ethylguanine (OS-FiGua) were measured
by conventional methods based on HPLC of hydmolysed DNA.
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single, specific lesion is not sufficient to rule out a mle
for that lesion, unless the effect is known to be caused
by a single lesion. Where two or more lesions are
causing the same effect, the absence of correlation is
exactly what we should expect. In fact, O8-EtGua, which
resulted from the calculation to be more effective than 7-
EtGua, showed a looser correlation with micronuclei

(Fig. 4).

Concluding remarks

At least 14 alkylation products are known to be
formed in DNA after exposure to alkylating agents [55];
among them, 08-AlkGua has received particular atten-
tion because of its role in mutagenesis and carcino-
genesis.

In E. coli, mutagenesis and cytotoxicity are thought
to be caused by separate lesions that are removed by
different enzymes [31, 56]. In mammalian cells, the
long debated question of whether O5-AlkGua is a lethal
lesion seems to be approaching its conclusion, with the
weight of evidence supporting a role of this lesion in
cytotoxicity [52, 53, 57].

We have reported in this paper on studies on the
identification of DNA primary lesions that are relevant
for chromosomal damage, with special emphasis to

micronuclei. SCE have been mentioned on occasion,
but the reader is referred to more pertinent papers [58]
for a comprehensive discussion on DNA alkylation
products and SCE. Our conclusion is that multiple
lesions are probably involved in the induction of chro-
mosomal damage, one of them being O5-AlkGua. The
picture that emerges indicates O5-AlkGua as a pleio-
tropic lesion in mammalian cells.
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