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Genotoxic carcinogens, able to damage DNA by alkylation reactions, represent a

very diverse class of agents which are capable of producing a wide range of DNA modi-
fications. The mechanisms leading to genetic changes as a result of exposure to alky-
lating agents (AAs) have been studied in male germ cells of Drosophila using a
structure-activity relationship approach (SAR). The analytical tools available concern
both genetic and molecular assays. The genetic tests enable to guantify excision re-
pair and clastogenic potency of the AA after treatment of post-meiotic male germ cells
and to determine the degree of germ-cell specificity, i.e., the mutagenic effectiveness
in post- versus premeiotic cell stages. For a selected group of alkylating agents the mo-
lecular specira have been studied in post-meiotic cell stages. On the basis of these de-
scriptors clear SAR’s between genotoxic activity in germ cells and physico-chemical
parameters (s-values and DEIN?—alhrlgunnina adducts) and carcinogenic potency in
rodents became apparent, resulting in five distinet classes of alkylating agents so far.
These classes are: 1) Sy2-type monofunctional AAs, 2) Syl-type monofunctional AAs,
3) polyfunctional AAs, 4) agents able to form etheno-DNA adducts, and 5) aflatoxin B1
(AFB1) a bulky-adduct forming agent.

The recent finding that the molecular data obtained with Drosophila and data of the
specific locus tests in male mice show remarkable similarities for most genotoxic
agents supports the view that Drosophila is a useful model system for the study of
transgenerational damage.

*Paper presented at the Conference on “Mechanisms of DNA Repair and Mutagenesis” Commemorating
the llflil'.ll"'hL Anniversary of the Discovery of Polonium and Radium, October, 1997, Warsaw, Poland.

®This work was supported by EEC programme Science and Technology for Environmental Protection
(STEP), contract CT91-0145 and the Programme “Environment” of the European Commision, contract

EV5V-CT94-0409.

“Phone: (31) 71-527 6145; fax: (31) 71-522 1615; e-mail: nivard@rullf2. MedFac.LeidenUniv.nl

Abbreviations: AAs, alkylating agents; AFB1, aflatoxin B1; CEO, chlorethylene oxide; CL, loss of ring X-
chromosome; DCE 1,2-dichloroethane; ECar, ethyl carbamate; Cl, clastogenicity index; NER, nucleotide
excision repair; TOEG, 7(2-oxoethyl}guanine; RL, recessive lethal; SAR, Structure Activity Relation-

ship; VBr, vinyl bromide; VCl, vinyl chloride; and see Table 1.




546 _ M.J.M. Nivard

1998

The risk to develop certain types of cancers
(breast and colon cancer) is related to ‘inter-
family’ differences. The reason for this ele-
vated risk in certain families to develop can-
cer is most likely related to the constitution of
their genetic material (cancer prone families:
Friend et al., 1986; Malkin et al., 1990; re-
viewed by Tomatis et al., 1992). It is therefore
important to understand not only the mecha-
nisms of DNA damage formation by genotoxic
carcinogens in somatic cells, but also the con-
ditions for their genotoxic action at distinet
cell-stages of the germline. The application of
Drosophila as a useful model system to study
germ cell mutagenesis is obvious when the fol-
lowing points are considered: (i) except for the
length of the time period, the development of
germ cells in Drosophila is quite similar to
that in higher eukaryotes including man; (ii)
studies with Drosophila are much cheaper,
faster and therefore much less limited than
studies on mammals; (iii) transgenic mutation
assays (lac I, Big Blue™ and LacZ, Muta '™
Mouse) are unable to analyse large chromoso-
mal aherrations; (iv) there is no alternative in
vitro system. Apart from the importance of
studying risk analysis of mutagenesis at vari-
ous germ cell stages, these cells are an excel-
lent tool for Structure Activity Relationship
(SAR) studies. The principle of SAR studies is
that mutagens are divided in distinct classes
based upon DNA damage profile, mutagenic
activity and carcinogenic potency. The ulti-
mate goal is to come up with a limited number
of classes of mutagens, each representing a
specific mechanism explaining the biological
activity of the chemicals belonging to the
same class and covering “all” genotoxins. The
optimal application of SAR studies should in-
clude dosimetry experiments, which would
then allow to quantify the various DNA ad-
ducts formed and to compare adduct levels
with biological effects. However, the problem
of dosimetry studies is that methods for quan-
tification are available only for a limited
number of DNA adducts. Semiquantitative
approaches in which induction of various mu-

tagenic endpoints are compared with each
other seem to be an acceptable alternative.
Studies have indicated that many chemicals
induce both gene and chromosomal muta-
tions. The essential of this approach is that
the recovery and analysis of the various muta-
genic endpoints are determined in the same
cell type, such as the postmeiotic male germ
cells of Drosophila.

The various biological endpoints used in the
multiple endpoint analysis are: (i) the re-
sponse in a DNA repair assay, using excision
repair deficient mutants; mus201 (Bovd et al.,
1976; 1982) or mei-9 (Graf et al., 1979); (ii) de-
termination of the clastogenic potency by esti-
mating the ratio of induced ring-X losses and
forward mutations (Zijlstra & Vogel, 1988);
(iii) the molecular spectra of mutations in-
duced in a specific locus (vermilion gene lo-
cated on the X-chromosome). Also included in
these multiple endpoint analysis is the activ-
ity of mutagens in post- versus premeiotic
stages of male germ cells. A characteristic fea-
ture of postmeiotic male germ cells is the ab-
sence of active DNA repair (Lee & Kelly, 1986:;
Smith et al., 1983). The consequence is that
Drosophila spermatozoa and spermatid
stages are susceptible to all kinds of DNA al-
kyl adducts leading to mutations, Premeiotic
cell stages are less susceptible to mutagenic
effects due to efficient repair of DNA damage.
Furthermore, germinal selection may elimi-
nate certain types of mutations (Shukla & Au-
erbach, 1980; Vogel et al., 1982). In terms of
genetic risks we have addressed the question
whether chemicals having low TDs; values are
also those producing mutagenic activities in a
wide range of germ cells.

Data on mutagenic activity in Drosophila
germ cells are evaluated against the features
of nucleophilic selectivity (Swain Scott's con-
stant s), DNA-adduct patterns and overall car-
cinogenicity data in rodents, in order to ob-
tain a risk-analysis based on genetic data ob-
tained in Drosophila. To avoid overlap with re-
cently published work the paper is rather
short. However, it contains a number of key
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references giving the reader access to our
present research on SAR concepts.

MATERIAL AND METHODS

Development of Drosophila germ cells

The adult testes of Drosophila contain germ
cells at distinct stages of development ranging
from undifferentiated spermatogonia to ma-
ture spermatozoa. It takes spermatogonia
stem cells about 5 days to pass through the
various premeiotic stages before they enter
the two meiotic divisions. The subsequent de-
velopment of postmeiotic cells into mature
spermatozoa lasts approximately 4-5 days
(Lindsley & Tokuyasu, 1980). The postmeiotic
cell stage is unique in the sense that the cells
are haploid and the later stages have no active
DNA repair (Lee & Kelley, 1986; Smith et al.,
1983).

Thus, efficient repair of premutational dam-
age induced in male germ cells takes place at
early stages of the germ cells and in the egg af-
ter fertilization; late spermatids and sper-
matozoa have lost their capability of repair.
This property is a general characteristic of
both Drosophila and mammalian systems in-
cluding man (Sega, 1990).

Exposure techniques

Adult male flies were exposed in all experi-
ments. The different properties and stabilities
of the test substances required the use of dif-
ferent application techniques. The most gen-
eral method which can be used if chemicals
are stable, is adult feeding. Males are placed
in vials containing 8 layers of glass microfiber
paper soaked with 0.9 ml of a mutagen solu-
tion containing 5% (w/v) sucrose. In the case
of highly reactive chemicals, the only possibil-
ity of treatment is injection into the abdomen.
The third class of mutagens are those which
are volatile, as for instance vinyl bromide
(VBr). The appropriate method of treatment

is then by inhalation. Flies are put in a 530 ml
bottle containing on the bottom 8 layers of
glass microfiber paper soaked with 9 ml buffer
containing 5% (w/v) sucrose. After injection
of the liquid mutagen the bottle is tightly
closed.

Genetic assays

Measurement of recessive lethal muta-
tions. The principle of the recessive lethal test
is based on the fact that genetic changes in
hemizygous and homozygous, but not in het-
erozygous, conditions are lethal for the devel-
oping fly. The changes must be induced in
genes called recessive lethal genes. Recesssive
lethal mutation induction has been deter-
mined both for the X-chromosome and chro-
mosome 2. The number of recessive lethal
genes on chromosome 2 is twice the number
of genes located on the X-chromosome, i.e.
1400 on chromosome 2 and 700 on the X-
chromosome (Abrahamson et al., 1980).
Therefore, a 2-fold higher mutation rate would
be expected for chromosome 2 compared to
the Xchromosome (Mghrom 2/Mx.chrom = 2)-

DNA repair assay for hypermutability
response. The DNA repair assay is set up in
such a way that sex-linked recessive lethal mu-
tant frequencies induced under proficient or
deficient DNA repair conditions are com-
pared, by crossing exposed males with either
nucleotide excision repair deficient (NER™) or
proficient (NER") virgins until five days after
treatment. In this way only mutations in ma-
ture sperm cells and late spermatids are meas-
ured, i.e., at cell stages which have no active
DNA repair.‘ The resulting MJJER‘ / MNEB+
hypermutability index provides information
on the efficiency of in vivo DNA repair in the
oocyte in relation to the type of inducing
agent (Vogel, 1989).

Comparison of mutagenic activity in
post- and premeiotic cell stages. To study
mutagenic activity at post and premeiotic cell
stages, the exposed males are mated every
three or four days with a new set of virgins.
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The progeny of the first two or three broods
(postmeiotic male germ cells) and of broods 5
and 6 (premeiotic male germ cells) were
tested for increased mutation frequencies.

Induction of loss of a ring-shaped X-
chromosome. The assay is based on the fact
that loss of a ringshaped X-chromosome in
the progeny of treated males gives flies with a
distinct phenotype. Use of flies carrying a
ring-shaped instead of a rod-shaped X-chro-
mosome strongly enhances both the spontane-
ous and mutagen induced frequencies of X-
chromosome loss. The events leading to loss
of the ring X-chromosome are generally be-
lieved to result from chromosome breakage or
sister chromatid exchanges, although the lat-
ter events are rare in Drosophila (Gatti,
1982).

Clastogenic efficiency. This analysis com-
pares the induction of loss of ring X-
chromosome (CL) with the induction of for-
ward mutations (RL), after exposure of post-
meiotic male germ cells to a mutagen. The
CL/RL ratio or clastogenicity index Ipp gy,
obtained by this procedure has a prognostic
value in terms of the number of functional
groups of genotoxic chemicals. It was shown
that the assay discriminates between mono-
functional agents (ratios < 1) and agents capa-
ble of cross-linking DNA (ratios > 2) (Zijlstra
& Vogel, 1988),

Molecular analysis: the vermilion locus

Mutations are induced in the vermilion locus
which is a recessive gene located on the X-
chromosome of Drosophila. Mutant flies can
be selected by a phenotypic change in the eye
colour of the mutant. The size of the gene is
only 2 kb. Using PCR techniques and se
quence analysis, point mutations, frame shift
mutations, small intra-locus deletions and in-
sertions can be analysed. Furthermore, the lo-
cation of the vermilion gene is such that proxi-
mal to the gene is located a haplo-insufficient
fertility gene, and distal to it a recessive lethal
gene. Vermilion mutants that are either het-

erozygous sterile or hemizygous lethal may
carry a multilocus deletion covering the ver-
milion gene and one of the relevant proximal
or distal genes. Molecular and cytogenetic
techniques are available to analyse also these
type of mutations.

RESULTS AND DISCUSSION

For more than 20 years germ cells of Droso-
phila have been used to study SAR concepts.
At the beginning mainly methylating and eth-
ylating agents were investigated, but this re-
search has been expanded to a large variety of
mutagens. Table 1 lists those mutagens stud-
ied in postmeiotic male germ cells of Droso-
phila for which both genetic and molecular
data are available. The mutagens are divided
in distinct classes based on their DNA adduct
formation profile, carcinogenic potency and
the outcome of the multiple endpoint analysis
in Drosophila germ cells. The genetic studies
include two assays. The first assay quantifies
mutation induction under repair deficient and
proficient conditions [M R ! M +), in
order to determine mfnrmatmn on Lge effi-
ciency of the DNA repair system against in-
duced DNA damage (Vogel, 1989). The second
assay determines the clastogenic potency of
mutagens, by comparing the induction of
chromosomal loss events with the induction
of forward mutations (Igr/gy). The Io,/gy, in-
dex has been measured for more than 45 mu-
tagens (Vogel et al., 1993). The outcome of this
evaluation was that the Igp, gy, index had a
prognostic value, i.e.,, the index indicates
whether mutagens have either monofunc-
tional or polyfunctional properties. Molecular
data are obtained from a specific locus test in
which mutations were induced in the vermil-
ion gene located on the X-chromosome. DNA
of the vermilion mutants were isolated and the
mutations analysed.

In the next section the results of the three
different endpoints measured in Drosophila
germ cells will be discussed for each class of
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mutagens and evaluated against, if available,

s-values or DNA adduct patterns and TDg val-
ues from rodents (see Table 1).

Methylating and ethylating agents with high
and low s values

The Swain-Scott s value is a measure for the
nucleophilie selectivity of the alkylating agent
(Swain & Scott, 1953). This means that alky-
lating agents with high s values have a strong
preference for reacting with centres of high
nucleophilicity. In DNA, nitrogens are the
stronger nucleophilic positions compared to
the oxygens. Quantitative adduct measure-
ments showed for several alkylating agents a
clear correlation between N7/ Oﬁ—alkylgu—
anine ratios and s values (Beranek, 1990). The
overall DNA adduct pattern determines not
only the mutagenic activity of these agents
but also the magnitude of the mutational re-
sponse seen in germ cells with a defective
DNA excision repair mechanism. A clear rela-
tion exists between s values, or NTIUG-aJk}.r-
lguanine ratios, and enhanced mutagenic ac-
tivity in NER™ compared to repair proficient
conditions. This hypermutability effect is
more pronounced for methylating agents than
for the ethyl structural analogues.

Molecular analyses of mutants induced at
postmeiotic cell stages showed that ethylating
agents induce mainly base pair substitutions
generated by DNA adducts on oxygen posi-
tions: Oﬁ-ethy]guanin{: causing GC—+AT tran-
sitions and O4ﬁthy]thymme causing AT-=GC
transitions. Ethyl methanesulfonate (EMS)

Legend to Table 1

1998

and diethyl sulphate (DES), high s mutagens,
induced more frequent GC—=AT transitions,
76% and 73%, respectively, than the lower s
agents N-nitroso-N-ethylurea (ENU) (61%)
and N-nitrosodiethylamine (DEN) (39%) (for
references see Table 1). These last two chemi-
cals, in contrast to EMS and DES, ethylate
oxygen positions of pyrimidines in a measur-
able amount (Beranek, 1990). The spectra of
methylating agents including those with low s
values showed high percentages of deletions
and only few GC—=AT transitions. Obviously
alkyltransferases, which are present in Droso-
phila, remove methyl groups more efficiently
than ethyl groups. The molecular spectra of
low s methylating agents, like N-nitroso-N-
methylurea (MNLU), N-nitrosodimethylamine
(DMN) and N-methyl-N'-nitro-N-nitrosogu-
anidine (MNNG), contained also significant
numbers of AT—=GC transitions suggesting
that 04—methy]ﬂ1mnine is an important muta-
genic lesion and that the alkyltransferase re-
pairs this lesion less efficiently than 0% meth-
ylguanine (Fig. 1).

The initial damage responsible for the for-
mation of deletions and most transversions
are probably nitrogen DNA adducts which are
substrates for the excision repair mechanism.
The relative contribution of deletions to the
spectra can be predicted from the Igy /gy, ra-
tios which are for methylating agents higher
than for ethylating agents.

A most interesting phenomenon in Droso-
phila is that the relative inerease in mutation
induction seen under repair deficient condi-
tions increases with the time interval between

" g values are categorized by Vogel et al. 1990, “"Mutagenic activity of DBE only after metabolic activation; ® Barbin & Bartsch,
1989; Vogel et al. 1990. Values in parentheses are inaccurate or a preliminary estimate; © Ballering et al,, 1993, 1996; Vogel,
1889; Vogel & Nivard, 1997, Values in parentheses are preliminary, experiments are currently being repeated (own data);  Bal
lering et al., 1996; Zijlstra & Vogel 1988, Vogel ef al,, 199(0; 1993, Values in parentheses are preliminary, experiments are cur-
rently being repeated (own data). “The molecular dala are from Fy complete mutants obtained in a repair proficient background.
Dats from Fy mosaic mutants are in the references. *Sterile mutants were not analyzed which may have resulted in an underesti-
mation of mult.:-lncu.s deletions. Specific locus mutant frequency under repair proficient conditions leas than 10 times the spon-

taneous induction. (1) Nivard ef al., 1992; (2)Sierra et al., 1993; (3) Pastink et al.,

1981; (4) Nivard et al., 1996; (5) Sierra,

unpublished; (6) Pastink et al., 1989; (7) Nivard, unpublished; (8} Wijen (preliminary data); (9) Cizeau f al., 1994; (10) Aquir-
rezabalaga et al., 1995a; (11) Aquirrezabalaga et al., 1995b; (12) Ballering ef al., 1994; (13) Ballering et al., 1997, NT, not tested.
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T0

Mutations (%)

GC=AT AT=GC AT=TA AT=CG GC>TA GC>CG delfins

Figure 1. Percentages of dis-
tinet mutations analysed from
l fertile F) complete and mosaic

mutants induced by ENU
(Pastink et al., 1989) and MNU
(Nivard et al., 1998) in Droso-
phila post-meiotic male germ

cells.
i ENU El wnu Del/ins means intralocus deletion
28 fertile mutants analysed 26 fertile mutants analysed and/or insertion,

adduct formation at postmeiotic cell stages
and repair of DNA damage in the oocyte. In
other words, the hypermutability effect for
mutagenized late spermatids is higher than
for spermatozoa (Vogel, 1989). This suggests
that chemically unstable DNA adducts, like
N3- and N7-alkylpurines forming apurinic
sites, are responsible for the increased muta-
genicity under NER™ condition. In fact the
spectra of mutations induced by methyl
methanesulfonate (MMS), MNU, DMN and
EMS under repair deficient conditions

100

showed a clear increase in the formation of
transversions (Fig. 2), both AT-=TA and
GC—-TA transversions, which confirmed the
role of AP-sites for the increased mutability in
the NER™ genotype (references see Table 1;
Nivard et al., 1993).

Concerning analysis of potential risk result-
ing from exposure to methylating and ethy-
lating agents, there is an intriguing positive
correlation between relative potency ranking
of carcinogens (Bartsch et al., 1983; Barbin &
Bartsch, 1986; 1989), and relative efficiency

Transversions (%)

EMS MMS MNU

[ y——

B cr-deficent

Figure 2. Percentages of trans-
versions in the spectra of muta-
tions obtained by EMS, MMS,
MNU and DMN under repair
proficient (NER") and deficient
(NER") conditions.

Mutations were analysed from fer-
tile F; complete mutants. Data are
from literature: EMS (Pastink et al.,
1991); MMS (Nivard et al., 199%;
1993), MNU and DMN (Nivard et
al., 1998),

DMN
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Table 2. Mutant frequencies and ratios of mutant frequencies at post- and at pre-meiotic male germ

cell stages of Drosophila

Mutsgen  Xehromosomes”  chromesonn g8 Ratio Myoy Moo miatic Retio Mosrama/Mtchrom
post-meiotic pre-meiotic post-meiotic pre-meiotic Xchrom  Chrom 2 post-meiotic pre-meiotic

High s-alkylating agent

MMS! 6.25% 0.30% 24.85%  1.40% 30 21 4.0 8.0

EMs? 9.8% 0.53% 16.8% 4.9% 22 35 1.7 124

Low s-alkylating agent

DEN® 2.3% 5.9% 5.6% 18.4% 0.4 0.3 2.5 3.2

ENU! 29,.25% 8.37% 41.70% 19.59% 35 2.1 1.4 2.4

Poly-functional alkylating agent

dﬁ'ﬁ';“n W 1126%  2.16%  2317%  1889% 5.4 12 2.1 9.3

MEC! 2.06% 0.77% 5.5% 3.9% 2.7 1.8 2.2 > 9]

BCNU®  9.5% 1.3% ND ND 8.1 =

Ethenc-adduct forming agent

VCar® 6.3% 0.22% 2.6% 2.8% as" 11* i .

vcr® 2.6% 0.89% ND ND 2.9 -

ECar’ 5.5% 1.23% ND ND 45 .

Bulky-adduct forming agent

AFB1° 2.6% 0.35% 2.2% 21% 12° ) % by o ¥

V-:-.g'el & Nivard, 1’99'? z‘fngel et al., 1982; *Shukla & Auerbach, 1980; ‘Wijen, unpublished; *Nivard, unpublished; *Ver-
burgt & Vogel, 1977; 'Nomura, 1979; “different exposure doses used in the experiments on mutation induction on X- and
chromosome 2. “spontaneous mutant frequencies between 0.15 (Xchromosome) and 0.4 % (chromosome 2). ND: not deter-

mined.

ranking with respect to hypermutability in
NER™ strains in Drosophila. Furthermore,
data on germ cells of Drosophila and the
mouse (reviewed by Vogel & Natarajan, 1995)
show that low s alkylaling agents are strongly
mutagenic at all stages of the spermatogene-
sis, including the DNA repair active premei-
otic cell stages, whereas for the high s chemi-
cals MMS and EMS the mutagenic activity is
strongly reduced at premeiotic stages of Dro-
sophila (Table 2). In the mouse they are only
genotoxic at germ cell stages that have passed
the meiotic divisions. Molecular data on ENU
induced mutations in both Drosophila and
mouse premeiotic cells showed that, in both
organisms, mainly basepair changes on AT
sites were induced whereas only few GC=AT
transitions were found (Marker et al., 1997;
Vogel et al., 1996).

In conclusion, the ecarcinogenic and muta-
genic potency of monofunctional alkylating
agents correlates with damage on oxygen posi-
tions in DNA, especially 0% and 0*alkyl-

thymine adducts which are apparently poorly
repaired. Damage on nitrogen positions in
DNA is efficiently repaired and therefore
weakly mutagenic. Formation of DNA adducts
on nitrogens is also considered to be relevant
for clastogenic effects.

Agents forming substituted ethyl-DNA adducts

Chemicals belonging to this group are ethyl-
ene oxide (EQO), vinyl halides such as 1,2-
dibromoethane (DBE) and the half-mustard 2-
chloroethylamine (CEA). EO and CEA are di-
rect acting monofunctional alkylating agents
forming hydroxyethyl and aminoethyl DNA
adducts, respectively. DBE is an indirect act-
ing mutagen. Although both cytochrome P450
and glutathione may induce active metabo-
lites (Dekant & Vamvakas, 1993), the general
concept is that, for mutagenicity, conjugation
with gluthatione is the most important route
of metabolic conversion (Laib, 1986; Ballering
et al., 1993). All three agents showed a strong
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increase in mutation induction in a NER™
genotype. TDj5q values for both DBE and EQ
are high. These biological effects are consis-
tent with the model that these agents react
mainly on nitrogen positions in DNA, damage
which is efficiently repaired by the excision re-
pair mechanism. In vitro reactions of DNA
with DBE and 1,2-dichloroethane (DCE) have
shown that the major DNA adduct formed fol-
lowing glutathione activation is S[2{N7-
guanyl)ethyllglutathione (Koga et al., 1986).
The molecular spectra obtained after expo-
sure of postmeiotic male germ cells to DBE
contained only deletions when F1 complete
mutants were studied, whereas F1 mosaic mu-
tants and mutants isolated under NER ™ condi-
tions contained mainly base substitutions.
Thirteen of these fourteen base pair changes
were on GC positions suggesting a large con-
tribution of S-{2{N7-guanyl)ethyl]-glutathione
adducts to the mutagenic activity of DBE, an
adduct which is apparently efficiently re-
moved by the NER system.

The nature of mutations induced by EO and
CEA could be studied only with mutants de-
rived from NER™ conditions due to the low in-
duction level by these agents in wild-type flies.
The EO spectrum contained 27% deletions.
The base substitutions were both on AT and
GC positions including transitions and trans-
versions, which confirms literature data re-
porting that N7-hydroxyethylguanine and N3
hydroxyethyladenine, the two major adducts
formed, are possibly involved in EQ induced
mutagenesis (Segerbick, 1990).

In conclusion, agents giving substituted
ethyl-DNA adducts behave like methylating
and ethylating agents. The mutagens studied,
EO, DBE and CEA, like high s alkylating
agents, have a preference to react with the ni-
trogens in DNA. They are weak carcinogens
due to efficient repair of the major DNA ad-
ducts formed. Agents of this type have been
predicted to be very weakly active or even in-
active at premeiotic male germ cell stages of
Drosophila, as has also been found for EO in

mouse spermatogonial stem-cells (Russell et
al., 1984).

Polyfunctional alkylating agents

The characteristic property of polyfunc-
tional alkylating agents is that, apart from for-
mation of mono-adducts with DNA, they may
form intra- and interstrand DNA crosslinks.
Thus the question is which of these DNA ad-
ducts cause mutagenic and carcinogenic activ-
ity. Estimates of hypermutability indexes in-
dicated that in general the DNA modifications
responsible for mutagenic activity of cross-
linking agents are not efficiently removed by
the NER system (see also Vogel, 1989). With
HMPA even a hypomutability was observed.
This absence of a DNA repair effect for most
polyfunctional agents, independent of their s-
values, suggested that the most effective mu-
tagenic lesions are not mono-adducts but
rather DNA crosslinks, thus a damage not
well repaired by the NER system. Molecular
analysis of mutations induced by five differ-
ent polyfunctional agents, obtained from both
complete as well as from mosaic mutants,
showed almost exclusively intra- and multi-
locus deletions. Similar results have been ob-
tained from mutants induced by either chlo-
rambucil or melphalan in postspermato-
gonial mice germ cells: 24 of the 29 mutations
were large deletions (Russell & Rinchik,
1993). Such a dominance of rearrangement
mutations has not been found for any mono-
functional agent. These data provide strong
evidence that DNA crosslinks are responsible
for the mutagenic activity of these agents. In
this respect, mechlorethamine (MEC) is an in-
teresting case because it showed a clear hyper-
mutability effect (M R- /™ ER* " 3.5) and
produced the highest contrigutmn of point
mutations to the molecular spectra. This sug-
gests that in MEC-induced mutagenesis also
mono-adducts are relevant for the mutagenic
activity, especially if the NER system is not
optimally functioning. We therefore antici-
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pate that under repair deficient conditions the
contribution of base pair changes to the mo-
lecular spectra will be more pronounced com-
pared to the proficient conditions. This hy-
pothesis is currently under investigation in
our Institute. For hexamethylphosphoramide
(HMPA) such a comparison has already been
made but, as expected on basis of the
MNER‘ MMR* ratio of ahF-ut 1, the spectra
from deficient conditions did not show an in-
crease in base pair changes (Aquirrezabalaga
et al., 1995h).

The high contribution of chromosomal aber-
rations to the molecular spectra of polyfune-
tional alkylating agents was also reflected in
their high Igr, /1, indexes, which were for all
cross-linking agents higher than two. Such
high ratios were not yet found for any mono-
functional agent (Vogel et al., 1993).

Some agents have been studied at premei-
otic cell stages of Drosophila (Table 2). A pre-
liminary outcome of these studies is that, al-
though the mutagenic activity on the X-
chromosome is strongly reduced compared to
postmeiotic cell stages, autosomes seem to be
highly mutable at premeiotic cell stages.

In summary, direct-acting polyfunctional
agents are strong carcinogens, their TDg val-
ues are all within one order of magnitude and
do not correlate with s-values. These data, to-
gether with the outcome of the Drosophila ex-
periments, provide evidence thai not mono-
adducts but rather DNA crosslinks are re-
sponsible for the mutagenic and carcinogenic
activity of polyfunctional agents.

Other alkylating agents
Agents forming etheno-DNA adducts

Vinyl halides and related compounds such as
ethyl carbamate (ECar) and vinyl carbamate
{VCar), after conversion into their ultimate
metabolites, give ethenoadducts with DNA. In
vivo and in vitro reactions of DNA and RNA
with several of these agents, including chlo-
rethylene oxide (CEQ), showed five DNA ad-

ducts: the major adduct being 7(2-oxoethyl)}
guanine (70EG) and 4 minor ethenoadducts:
l,Nﬁ-ethEnundeni_ue (cA), 3,N4-et]:|enncyt-
osine (gC), N"Z,?r-ethenngunnine (eG), and
I,NEfthennguanine (1,N%£G). The latter ad-
duct has not been detected in vivo so far. Data
on the persistence of the various DNA adducts
in vivo showed that TOEG had a half life of 62
h whereas all three ethenoadducts were highly
persistent (Bartsch et al., 1994; Fedtke et al.,
1990).

Etheno DNA-adduct forming chemicals are
bifunctional by definition, and thus may also
form DNA crosslinks. The Igy /gy, ratios of
these agents were all above two (see Ballering
et al., 1996), pointing to their polyfunctional
properties. But, in contrast to the class of
polyfunctional agents, clear hypermutability
effects under NER deficient conditions have
not only been measured for vinyl bromide
(VBr) and VCar (Table 1) but also for vinyl
chloride (VCl), ECar (Ballering et al, 1996)
and vinylcarbamate-epoxide (not published).
CEOQO, however, the assumed ultimate metabo-
lite of VCI, did not show a hypermutability ef-
fect (Vogel, 1989). This unexpected finding
suggested that CEQ is not the only metabolite
of VCL

The molecular spectrum of VCar mutations
induced in a repair proficient background
showed, in addition to deletions, also base
pair changes at both AT and GC positions. The
percentage of base pair changes in the VCar
spectrum was much higher than in the spectra
of crosslinking agents. This suggested that
ethenoadducts are involved in the mutagenic
activity of VCar. Under repair deficient condi-
tions the contribution of base pair changes
was further increased (50% point mutations).
For VBr only mutants induced under repair
deficient conditions could be studied, due to
its low mutagenic effectiveness in the wild-
type. The VBr spectrum contained 11 point
mutations among the 14 mutations analysed.

In conclusion, although etheno-DNA adduct
forming chemicals are bifunctional, it is un-
likely that DNA crosslinks are relevant for
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their mutagenic activity. They form a separate
class on their own because the combination of
a high hypermutability index and a high clas-
togenic potency has not been observed for any
other monofunctional or polyfunctional alky-
lating agent. This strongly suggests the in-
volvement of etheno-adducts in their muta-
genicity.

The mutagenic activity of ECar, VCar and
VCl has been studied also at premeiotic germ
cell stages. ECar and VCl were clearly muta-
genic on the X-chromosome, although the ac-
tivity was reduced compared to postmeiotic
stages. In premeiotic cells of mutagenized
males, mutagenicity of VCar was, like that ob-
served for polyfunctional agents, clearly
higher for chromosome 2 compared to the X-
chromosome. The activity of etheno-DNA ad-
duct forming mutagens at premeiotic stages
was unexpected for two reasons. (i) The high
hypermutability indexes suggested that DNA
damage induced in premeiotic cells under con-
ditions of active DNA repair would efficiently
be repaired (like with MMS). (ii) We assume
that carcinogenic potency is related with mu-
tagenic activity displayed at all germ cell
stages including premeiotic cell stages, but
the TD5g values of these mutagens are not
particularly low. However, it should be kept in
mind that TDsq values are estimated from ex-
posure doses with no correction for differ-
ences in metabolic activation processes. An
explanation for the mutagenic activity in pre-
meiotic cells may be that, in addition to DNA
lesions which are efficiently repaired, they in-
duce, although in minor amounts, some pre-
mutagenic lesions which are not or are only
inefficiently repaired. The persistent etheno-
adducts may be good candidates for this activ-
ity.

Cyclic agents

1,3-Propane sultone (PS) and fS-propiola-
ctone (-PL) are two mutagens which also may
form cyclic adducts with bases in the DNA.
Again these agents are bi-functional by defini-

tion, but are probably different from the
group of agents exerting their mutagenic ac-
tivity through the formation of DNA cross-
links. The I, /gy, index for both PS and S-PL
is smaller than 1, indicating that they are
weak clastogens clearly distinct from poly-
functional and etheno-adduct forming muta-
gens. This observation, together with the
clearly enhanced mutation induction in NER
deficient conditions, the contribution of both
point mutations and deletions in their spec-
tra, suggested that the genotoxicity of PS and
PB-PL follows similar mechanisms as that of
small, monofunctional alkylating agents.

Agents forming bulky adducts with the DNA

Aflatoxin B1 is a potent liver carcinogen
(TARC, 1976; Wogan, 1973). In the SLRL for-
ward mutation test AFB1 expresses its activ-
ity in the early spermatids rather than in ma-
ture sperm cells, implicating that AFB1 must
be metabolized and that the active metabolite
is not or is only ineffectively transported to
mature sperm cells. A striking observation
was that induction of mutations calculated
per mmol exposure was decreasing over a
wide dose range from 0.001 mM to 0.3 mM
(until now the lowest effective dose has not yet
been reached, and experiments are still run-
ning). This suggests that the metabolism of
AFB1 to its ultimate metabolite is a rate limit-
ing step. Nevertheless, the high mutagenic ac-
tivity based on exposition dose seems in
agreement with strong carcinogenic potency
of AFB1.

Lamb and Lilly (1971) also reported for chro-
mosome Il a weak mutagenic activity of AFB1
in mature sperm cells, but this activity clearly
increased at earlier germ cell stages including
premeiotic cells. Preliminary data on premei-
otic activity on the X-chromosome have shown
indeed positive results; again the activity
seems to be higher for chromosome 2 than for
the X-chromosome.

The spectrum of AFB1 mutations derived
from postmeiotic cell stages contained 50%
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point mutations which all except one were on
GC positions: mainly GC-»TA which is in
agreement with the general idea that the N7-
guanine adduct, 8,9-dihydro-8{NT7-guanyl)}9-
hydroxy-AFB1, is the adduct responsible for
mutagenic activity. The other 50% were dele-
tions, mainly multi-locus deletions.

CONCLUSIONS

# Alkylating agents (AAs) are a most inter-
esting class of compounds to investigate
mutagenic action principles in germ cells.
Genetic and molecular data obtained from
studies on post-meiotic Drosophila male
germ cells in combination with mutagenic
activity at pre-meiotic cell stages, data on
nucleophilic selectivity and carcinogenic
potency in rodents, revealed so far five dis-
tinet classes of alkylating agents:

®1. Sy2type monofunctional AAs are
agents with high Swain Scott s values
which predominantly react with ring nitro-
gens in DNA, These agents are weak muta-
gens and carcinogens probably because
the nitrogen DNA adducts are well re-
paired. In agreement with efficient repair
of DNA damage induction, the mutagenic
activily at premeiotic cell stages is
strongly reduced. Representatives of this
class are MMS (methyl methanesulfonate)
and EO (ethylene oxide).

®2. Syltype monofunctional AAs are
agents with low s values. Alkylation of oxy-
gen positions in DNA, especially 0. and
Oz-a]]quthymine, determines their high
mutagenic and carcinogenic potency. This
group of agents are mutagenic at all germ
cell stages. Examples are ENU (N-ethyl-N-
nitrosourea), MNU (N-methyl-N-nitroso-
urea) and DMN (N-nitrosodimethy-
lamine).

3. Polyfunctional AAs are able to form
crosslinks with DNA. Examples are
mechloroethamine (MEC), chlorambucil
(CAB) and 1,3-bis{2-chloroethyl)}1-nitro-

sourea (BCNU). Their results obtained
suggest that the formation of DNA
crosslinks is responsible for their high car-
cinogenic and mutagenic potency. They all
induce mainly deletions in postmeiotic
male germ cells, which is in accordance
with their strong clastogenic activity at
these stages. For yet unknown reason this
activity at premeiotic stages is much
higher for autosomes than for the X-
chromosome.
®4. Agents able to form etheno DNA-
adducts. The combination of increased mu-
tagenic activity under excision repair defi-
cient conditions and strong clastogenic po-
tency was not found for any other chemical
of the foregoing three groups. Mutagens
belonging to this group are vinyl bromide
(Vbr) and vinyl carbamate (VCar).

#5. Aflatoxin B1 (AFB1) forms a group by
itself. Although the predominant lesion is
a NT-guanine adduct, excision repair
doesn’t seem to be involved in repair of the
adduct. AFB1 is a potent carcinogen and
also in Drosophila germ cells it is a very
slrong mutagen,

Several mutagens belonging to either class
1, 2 or 3 have been studied also in germ cells
of mice. Comparisons of Drosophila data with
genetic results from specific locus tests in
male mice revealed very close similarities; a
most unexpected but exciting outcome.
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