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ABSTRACT

Aziridine (ethyleneimine) reacts with DNA in vitro,
mainly at the N7 position of guanine and N3 of adenine,
then imidazole ring opening of the modified guanine
results in formation of formamidopyrimidine (FaPy)
residues. The Escherichia coli fpg gene encodes a
DNA glycosylase that removes FaPy residues from
DNA. To determine whether aziridine produces FaPy
lesions in mammalian cells we have expressed the
E.coli fog gene in CHO cells. The transfected cells,
expressing high levels of the bacterial protein, are
more resistant to the toxic and mutagenic effects of
aziridine than the control population. Less DNA damage
was measured by quantitative PCR analysis in trans-
fected than in control cells treated with equimolar
concentrations of aziridine. The results suggest that
aziridine produces in vivo FaPy residues that could
account for the deleterious effects of this compound.

INTRODUCTION

(7), which, besides its glycosylase activity, also possesses
AP-nicking 6) and dRPase activitie8)(

In order to check whether the aziridine-induced DNA damage
formed in mammalian cells could be recognized and repaired by
formamidopyrimidine-DNA glycosylase activity we have over-
expressed the bacterial Fpg protein in Chinese hamster ovary
(CHO) cells. The lethal and mutagenic effects of aziridine were
measured in CHO cells expressing or not the Fpg protein. The
number of lesions formed in a specific genomic region was
measured by quantitative PCR1(0) in control and transfected
cells. The results show that overexpression of the bacterial Fpg
protein protects the cells against the deleterious effects of aziridine
and decreases the lesion frequency produced by this coupound.

MATERIAL AND METHODS
Cell culture

CHO cells were grown in Dulbecco’s medium supplemented with
5% fetal calf serum and 5% horse serum. They were transfected by
electroporation, using a BioRad gene pulser apparatus as describec
(11). The transfected cells were grown in G418-containing medium
(750 pg/ml) until appearance of clones.

The survival of aziridine-treated cells was measured by incubating
@ ponentially growing cells for 30 min at°&7in culture medium

Sy pplemented with 2% serum and increasing concentrations of the

in mutagenesis or cell death. Aziridine (ethyleneimine) is aj : oy .

) X - . rug. They were then rinsed, trypsinized and aliquots of the
alkylating agent produced in large amounts in indusiyhis o qpengion were cultured in normal medium until appearance of
compound has been shown to be toxic and mutagenic in varig

biological systems and to produce chromosome abberations an
sister chromatid exchanges in human cells (reviewe@).in
However, there are few data in the literature concerning the nat
of the DNA damage produced by this compadandvoand, hence,
concerning the mechanisms implicated in repair of these lesion
It has been shown that aziridine reattatro with guanine and frequency.

guﬁ%‘?ts'ne to form Til:i?-zm|nog[thyl d denvatlyegg. Th||s product . To measure DNA synthesis the cells were incubated with various
exnibits an unusual tendency 1o undergo Imidazole ring openig, jjine concentrations for 30 min, rinsed and then grown for 2 h

§4) antq thef t:ﬁaction of %uaqu_in(_a dwitr; aziridine I:Ig;l;lllisl N normal medium. They were then grown for 30 min in the presence
ormation 6f two main producls. imidazole ring-ope Y- fof [3H]thymidine and the specific activity of the cellular DNA
guanosine anil1-alkylguanosine, accounting for 80 and 14% o determined as already describes)(

all adducts respectivelyl), Protonated aziridine also reacts with
the N3 nitrogen of adenine, although this site is predicted to be | . .

reactive than N7 of guaning)( In Escherichia colring-opened Pidsmid construction

guanine and ring-opened adenine, formed by alkylating agents , @fee coding sequence of tiecoli fpg gene (809 bp) was excised
repaired by a specific formamidopyrimidine-DNA glycosylase, thaith Hindlll and Pvul from plasmid fpg220§). After purification
Fpg protein §). This protein is encoded by tipg (or MutM) gene by gel electrophoresis the gene was ligated iRlithai1l site of the

can interfere with replication and transcription and, therefore, re

es.
F—Por mutagenicity determination the cells were incubated with
aziridine as described above, then grown in fresh medium for 8-11
‘HSys to allow expression of the mutant phenotype. They were then
subcultured in normal medium for survival determination or in the
S‘presence of 6-thioguanine (28/ml) to measure the mutation
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30 min with increasing aziridine concentrations, then plated for suniiyal.
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Figure 1. FaPy-DNA glycosylase activity in cells transfected with plasmid . L .
psV2-FPG. Cell extracts were incubated wiH]FaPy—poly(dG-dC) for 30 Cycler (Perkin Elmer Cetus). Amplification products were radio-

min at 37C. For details see Materials and Methads.control cells; A, actively labeled by incorporation Cﬁzf’]dCTP 0_6) during the
transfected cells. (Inset) Analysis by HPLC of th_e reaction p_rqducts fromexponential increase in the PCR products (betvveen 26 and 30
gzgtgéo )r;gﬂqté?:geaed cell@. The arows indicate the position of the .y and were analyzed by electrophoresis in 1.8% agarose gels.
Y ' Quantitation of the PCR products was performed by TCA

) ) ) ~ precipitation and scintillation counting as describ&d).(The
psV2-neo vector. The plasmid carrying the insert was designatggmber of lesions per strand was calculated asyAgj, wheref
psV2-fpg. A psV2-neo vector carryild®DGcDNA (encoding rat js c.p.m. incorporated in damaged DNA aAg is c.p.m.
N3-methyladenine-DNA glycosylase)3) was constructed and incorporated in non-damaged DNA templaté) (
designated psV2-APDG.

RESULTS

Determination of formamidopyrimidine-DNA
glycosylase activity

Cells were suspended Eigelis/ml) in a buffer containing 70 mM Among the different G 418-resistant clones obtained after trans-
HEPES, 100 mM KCI, 2 mM EDTA, 1 mM DTT and 10% glycerol.fection of CHO cells with plasmid psV2-fpg some expressed a high
They were disrupted by sonication &tQ0in the presence of level of FaPy-DNA glycosylase activity, which wal0 times
proteases inhibitors (leupeptin, aprotinin and antipaig/r@l each).  higher than the endogenous level for CHO cells @ighnalysis

Cell debris was removed by centrifugation (10 @®min, £C).  of the reaction products by HPLC showed removal of FaPy residues
Increasing amounts of cell extracts were incubated (final volun{€ig. 1, insert). Inhibition of the activity in cell extracts incubated
100 pl) for 30 min at 37C with [PH]Jformamidopyrimidine  with specific antibodies raised against the bacterial Fpg protein
(FaPy)—poly(dG-dC) prepared as previously describedThe confirmed that the increased activity was due to expression of the
radioactivity present in the ethanol-soluble fraction was quantitatéecterial genel@).

by scintillation spectroscopy. Characterization of the two rotamer'E . - -

forms of FaPy residue&4) in the ethanol fraction was by HPLC =1ect of fpg gene expression on aziridine toxicity and

analysis after addition of authentic markers, using ajBtBida- ~ Mutagenicity

pack column eluted with 50 mM ammonium phosphate containinghe survival of CHO cells was measured after exposure to
5% methanol. increasing aziridine concentrations. The survival curves showed that
the transfected cells (Fig) were more resistant than the controls to
the lethal effect of this compound. It should be noted that the growth
Cells were lysed in 0.5 M NaCl, 0.05 M EDTA, 0.05 M Tris, pH 7.5rate was identical in the two cell populations and that no significant
by addition of SDS (2% final concentration). The lysate was treatedodification of cell survival was observed in cells transfected with
for 2 h at 58C with proteinase K (20Qg/ml; Boehringer, the control psV2-neo vector (Taldle To check that the enhanced
Mannheim), then the DNA purified as describ8il Exon 9  resistance was specifically related to expression of the Fpg protein
(723 bp) or exons 2-3 (3 kb) of HBERTgene were amplified using CHO cells were transfected with psV2 vector carnAiRpPG

the primers described by Rossigeral (15) and a DNA Thermal cDNA. This cDNA was used because it expressas3anethyl-

FaPy-DNA glycosylase activity in transfected cells

Quantitative PCR analysis
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Figure 4. DNA synthesis in aziridine-treated cells. CHO cells were incubated
for 30 min in the presence of aziridine, rinsed and grown for 2 h in normal
Figure 3. Mutation frequency in aziridine-treated cells. The cells were treated medium. They were then incubated for 30 min in the presendgl]diymi-

with aziridine for 30 min, then grown for 10 days in normal medium before dine. For details see Materials and MethadsControl cells;a, transfected
selection for 6-thioguanine resistanCg. Control cells;®, cells transfected cells.

with thefpg genef], cells transfected withADPGcDNA. Results are the mean
value + SD of three separate experiments.

lesions were recognized by Fpg protein. When DNA synthesis was

adenine-DNA glycosylase, which specifically remoigsalkyl- ~ Measured in CHO cells treated with different aziridine concentra-
adenine andN7-alkylguanine residues from DNA1Z): the tions a dose-dependent decrease was observed and synthesis wz
transfected cells had an APDG activiliO times higher than the almost totally abolished in control cells treated with 1 mM aziridine.
control value (Tabl&), but this enhanced activity did not modify cell However, higher aziridine concentrations were required to decrease
sensitivity to the lethal effect of aziridine (Fjand Tablel). It  DNA synthesis irfpg-expressing cells (Fid), suggesting that the
should be recalled that expressioMBDG cDNA could increase €Xpressed protein removes an aziridine-induced blocking lesion.
cell resistance to the toxic effect of MMS or EMS)( This arrest of DNA replication by the drug-induced lesions was

Results presented in FiguBeshow that aziridine is a potent confirmed by PCR amplification of genomic DNA. The same
mutagenic compound in mammalian cells. To check whether tR&0uUnts of DNA (500 ng), isolated from control or transfected cells
mutagenic lesion(s) produced by this compound were repaired §P0sed to increasing aziridine concentrations, were amplified.
Fpg protein the number of mutations in #HERT locus was Amplification of theHPRT gene (exon 9) decreased in aziridine-
measured in control and transfected cells. The results showed ffagted cells in a dose-dependent manner, becoming undetectable
the aziridine-induced mutation frequency was reducedpgn Under our experimental conditions (Fig). It has been shown that
gene_expressing cells (F@_ However, when control experiments measurem.ent of InCOI’porated I’adloe_lcthIt.y In ampllfled DNA allows
were performed with cells transfected with the psV2-APDG vectéfetermination of the number of lesions in a DNA fragment under
no decrease in aziridine-induced mutation frequency was obsenfégperimental conditions where ampilification is proportional to the

(Fig. 3). template DNA concentration and to the number of cyg&s) We
used such conditions to calculate the lesion frequencys{igt
Frequency of aziridine-induced DNA damage increased linearly with the aziridine dose, but was lower in the case

of transfected compared with control cells. Based on the slope of the
It has been shown that the lethal effects of alkylating agents are dh&st fit line, the lesion frequencies were 0.68 and 0.21 lesions/723
to the formation of DNA base maodifications which block DNAbp oligonucleotide/2 mM aziridine in control and transfected cells
replication, e.gN3-methyladenine residuekdj. Therefore, experi- respectively. Similar results were obtained using the 3 kb fragment,
ments were designed to check whether the lethal effect of aziridiag in this fragment 2.75 and 0.72 lesions were calculated in control
was related to formation of DNA blocking lesions and whether thesadfpg-expressing cells treated with 2 mM aziridine respectively.

Table 1.FaPy-DNA and APDG-DNA glycosylase activities and aziridine sensitivity in control and transfected cells

Cells FaPy-DNA glycosylase APDG-DNA glycosylase Djodose (mMM§
activity? activity®

CHO (control) 0.21 0.50 0.90

CHO + pSV2-neo 0.22 0.48 0.92

CHO + pSV2-APDG 0.21 5.25 0.85

CHO + pSV2-FPG 7.88 0.51 1.30

8mol FaPy residues removed/mg protein/30 min 4€37
bpmol N3-methyladenine residues removed/mg protein/30 min €37
CAziridine concentration reducing the cell survival to 10% of the control value.
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ial the biological effect of Fpg protein in the cells is due neither to its
Akl B AP-nicking activity nor to its dRPase activity. Furthermore, the
::m v g 1 A damage produced by aziridine is not recognized bBy3ratethyl-

adenine-DNA glycosylase, as expression of this protein does not
modify cell sensitivity to aziridine. As already described for HelLa
CHO calls -—- cells 0), aziridine decreases DNA synthesis, suggesting formation
of DNA lesions which are a block to DNA replication. The aziridine
concentration which blocks DNA synthesis (1 mM) 2 h after
treatment is not highly toxic to the cells. This suggests that even
CHO-Fpg m control cells can sustain a level of aziridine-induced DNA damage
calla and this result is expected, because CHO cells possess a FaPy-DN/
glycosylase activity. We have used the quantitative PCR technique
to measure the number of replication blocking lesions in DNA of
. i aziridine-treated cells, as it has been shown that PCR could be usec
to quantify damage induced in DNA by various agents, e.g.
st (b) 1 cisplatinum and UV lightg), even in a small gene segmetii)(

} Using this analysis we could detect damage in aziridine-treated CHO
cells and show that expression of Eheoli fpg gene decreased the
number of lesions present in cellular DNA. However, it is possible
1o A that a low number of lesions are by-passetidoypolymerase and
therefore are not detected in our assay, lowering the number of
E lesions measured in the DNA of the treated cdfis.vitro

ring-opened\7-guanine residues on the template strand of a DNA
03¢ / I 1 molecule prevent movement of the replication fork and block DNA
/ synthesis one base before the lesidl). (As Fapy residues are
formed by aziridine4) and repaired by the Fpg protei) they are
. . good candidates to be one form of lethal damage produced by
2 4 aziridinein vivo.
Aziridine  {mM) The presence of Fapy residues in M13 phage DNA correlates with
a decrease in transfection efficiency and in mutagenicity when
Figure 5. PCR amplification of thélPRT gene from aziridine-treated cells. tr.anSfeCted into SOS_InduFECtOH cells €2). In phage treated Wlth
Cells were incubated for 1 h with increasing aziridine concentrations, then thg|mEthyl Su_lfate and alkali, treatment that pro_duces FaPy reS|dU(_as,
DNA was immediately isolated. PCR reactions were performed as described ifn0St mutations were found not at G, suggesting that FaPy—guanine
Materials and Methodsa) The PCR products corresponding toli®RTgene i not mutagenic, but at A, yielding-AG transitions Z2). These
(exon 9) from CHO or CHO-FPG cells were analyzed in 1.8% agarose gelsresylts suggest the formation of a mutagenic adenine derivative. As

(b) The radioactivity associated with the amplified DNA was determined and : Py : :
used to calculate the number of lesions in the DNA fragment. Results are th e mutagenic effect of aziridine decreases in CHO cells expressing

mean value of two separate experimeht<Control cells;a, CHO-FPG cells. P9 prqtein, a modified ad?nine COL!ld be one _form of damage
responsible for the mutagenic properties of aziridine.

In conclusion, the Fpg protein removes two types of lesions from
the DNA of aziridine-treated cells. (i) Lesions which are a block to
DNA replication and are probably responsible for the lethal effect of

As aziridine has been shown to be a toxic and mutagenic compodilg compound. Due to the specificity of the Fpg protein and the
(reviewed in2), it was of interest to look for the mechanismProPerties of FaPy—guanine residues, these residues are a goox

implicated in repair of aziridine-induced damage in mammaliaﬁandidate for this lethal lesion. (ii) Lesions which are mutagenic and

cells. This compound produces mainly ring-opdigguanineq) ¢ also recognized by the Fpg protein. It has been suggested tha
and reacts with the N3 of adenine in DNtAvitro (5). These aPy—adenine residues could occur and be mutagenic in phage
ring-opened bases are repaired.ioliby Fpg proteind). Since the  reated with alkylating agents and alkali’ This damage is
mammalian counterpart of thag gene has not yet been cloned, it'€Paired by the Fpg protein and could, therefore, be responsible for
is difficult to assess the role of aziridine-induced DNA damage i€ Mutagenic effect of aziridine in mammalian cells.
mammalian cells. The mechanisms by which a humber of diverse
types of DNA damage are repaired are closely similacoliand ~ACKNOWLEDGEMENTS
mammalian cells. This implies that the biological consequences of o
a particular unrepaired lesion, mutation or cell death, will b&his work was supported by grants from INSERM, ARC (Villejuif)
similar in both cell types. Therefore, we have studied repair @hd EEC (contract EV5V-CT94-0396).
aziridine-nduced damage in CHO cells by expressing italifpg
gene.

Expression of the bacterial Fpg protein increases the resistanc&®&fFERENCES
CHO C-e"S 0 the toxic and mu-ta-‘g-eni(-; effects of aziridine, suggestin IARC (1975)IARC Monographs on the Evaluation of the Carcinogenic
that this protein remove$ amndmg-mducgd damage from cellula Risk of Chemicals to Maiol. 9. International Agency for Research on
DNA. However, expression of this protein does not change cell cancer, Lyon, France.
sensitivity to MMS (Laval, unpublished results). This suggests that Verschaeve,L. and Kirsch-Volders,M. (198@)tat. Res 238 39-55.

Number of Lesions
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