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ABSTRACT

The protein O6-alkylguanine-DNA alkyltransferase
(alkyltransferase) is involved in the repair of O6-alkyl-
guanine and O4-alkylthymine in DNA and plays an
important role in most organisms in attenuating the
cytotoxic and mutagenic effects of certain classes of
alkylating agents. A genomic clone encompassing the
Drosophila  melanogaster  alkyltransferase gene
(DmAGT) was identified on the basis of sequence
homology with corresponding genes in Saccharomyces
cerevisiae  and man. The DmAGT gene is located at
position 84A on the third chromosome. The nucleotide
sequence of DmAGT cDNA revealed an open reading
frame encoding 194 amino acids. The MNNG-hyper-
sensitive phenotype of alkyltransferase-deficient
bacteria was rescued by expression of the DmAGT
cDNA. Furthermore, alkyltransferase activity was
identified in crude extracts of Escherichia coli  harbour-
ing DmAGT cDNA and this activity was inhibited by
preincubation of the extract with an oligonucleotide
containing a single O6-methylguanine lesion. Similar
to E.coli  Ogt and yeast alkyltransferase but in contrast
to the human alkyltransferase, the Drosophila  alkyl-
transferase is resistant to inactivation by O6-benzyl-
guanine. In an E.coli  lacZ reversion assay, expression
of DmAGT efficiently suppressed MNNG-induced
G:C→A:T as well as A:T →G:C transition mutations in
vivo . These results demonstrate the presence of an
alkyltransferase specific for the repair of O6-methyl-
guanine and O4-methylthymine in Drosophila .

INTRODUCTION

Alkylating agents such as N-methyl-N′-nitro-N-nitrosoguanidine
(MNNG) and methylnitrosourea (MNU) introduce methyl adducts
at various positions in DNA (1,2). Among the different methylated
bases generated, O6-methylguanine (O6-MeG) and O4-methylthy-

mine (O4-MeT) are considered to be the most mutagenic.
Mispairing of O6-MeG with thymine and O4-MeT with guanine
during replication can lead to G:C→A:T and A:T→G:C transition
mutations, respectively (3–5). The induction of such transitions can
be prevented by a specific repair enzyme, O6-alkylguanine-DNA
alkyltransferase (alkyltransferase) which transfers the methyl
group from O6-MeG or O4-MeT to a cysteine residue within the
protein. The cysteine residue is part of a stretch of four conserved
amino acids, PCHR, found in all alkyltransferases so far
identified (reviewed in 6,7).

Alkyltransferase genes have been identified in many organisms,
including Escherichia coli, Saccharomyces cerevisiae and mammals
(8–17). Escherichia coli has two alkyltransferase genes, the
inducible ada gene and the constitutively expressed ogt gene
encoding the 37 kDa Ada and the 19 kDa Ogt proteins,
respectively. The smaller Ogt protein shares homology with the
C-terminal domain of Ada, which contains the conserved PCHR
sequence. A second methyl acceptor site is present in the
N-terminal part of the Ada protein and transfer of methyl groups
from a methylphosphotriester lesion in DNA to the cysteine
residue in this active site activates Ada to up-regulate the
transcription of ada and several other repair genes (reviewed in
18). Although O6-MeG and O4-MeT are substrates for both E.coli
alkyltransferases, Ogt repairs O4-MeT more efficiently then Ada
(19,20). In contrast to E.coli, the eukaryotes studied so far
generally contain only one alkyltransferase gene (21). The
eukaryotic alkyltransferases resemble Ada in their O6-MeG
repair preference and, whilst some rodent genes are inducible
(22,23), which is a p53-mediated response (24), it appears that the
methylated gene products do not act as transcriptional regulators.
In size and constitutive expression the eukaryotic alkyltransferases
are more like the E.coli Ogt protein (8–17).

In the past, the fruitfly Drosophila melanogaster has been used
extensively to study the mechanisms of action of monofunctional
alkylating agents in a multicellular organism. Studies in germ
cells demonstrated a strong correlation between the relative
extent of alkylation at the base oxygen atoms and the induction
of mutations, measured as sex-linked recessive lethals. Thus
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N-ethyl-N-nitrosourea (ENU) and ethylmethanesulphonate
(EMS) induced primarily G:C→A:T and A:T→G:C transition
mutations in germ cells (25,26). Surprisingly, G:C→A:T changes
were almost absent after treatment with methylating agents such
as MNU and MNNG, suggesting rapid repair of O6-MeG adducts
from the DNA in Drosophila germ cells (27,28) and indicating
that these cells may repair O6-MeG much more efficiently than
O6-ethylguanine. Studies in other eukaryotes also indicate a
preference of alkyltransferase for O6-MeG moieties in DNA (29).
In the case of alkylating agents acting more extensively at the ring
nitrogen atoms in the DNA, a relatively high chromosome
breakage effect was observed (30–32).

Extracts of Drosophila pupae, but not early embryos, have been
reported to contain an alkyltransferase activity that acts on
O6-MeG and possibly also N7-methylguanine and N3-methyl-
adenine in DNA and two non-inducible alkyltransferase activities
of 30 and 19 kDa that transferred methyl groups from methylated
DNA in vitro were later identified (33,34). In the present study we
report the identification of the Drosophila O6-alkylguanine-DNA
alkyltransferase gene, DmAGT. Sequence analysis revealed
significant homology with alkyltransferase genes of E.coli, yeast
and mammals. Expression of DmAGT in alkyltransferase-deficient
bacteria suppresed MNNG-induced G:C→A:T and A:T→G:C
transition mutations.

MATERIALS AND METHODS

Bacterial strains and media

The E.coli strains AB1157, GWR111 (AB1157, ∆ada-
25::Camr∆ogt::Kanr), FC218 (ogt-1::Kanr∆ada-25::Camr) and
FC326 (ogt-1::Kanr∆ada-25::Camr) were kindly provided by
Dr Leona Samson. Strains FC218 and FC326 have, respectively,
an A:T→G:C and a G:C→A:T transition mutation in their lacZ
genes which make them unable to use lactose as carbon source
(35). After MNNG treatment, strains FC218 and FC326 were
grown on minimal medium plates containing 0.025% thiamine,
40 µg/ml methionine and 0.025% glucose or 0.025% lactose. For
the preparation of bacterial extracts E.coli strains BS21 (thyA, his,
sulA, ada+) (36) and UC978 (∆ada::Kanr ∆ogt::Tetr) were used
(37). Plasmid-transformed strains were grown in LC medium or
on LC agar plates, containing 50 µg/ml ampicillin and the other
appropriate antibiotics, at 37�C.

Cloning of the DmAGT cDNA

Based on the nucleotide sequence of the region of clone DS00004
(38), which encodes a putative protein with homology to the
human and S.cerevisiae alkyltransferases, primers DMT1
(5′-GAACCGACTTCCAGCTGTCC, sense) and DMT2
(5′-CATCGGCCAGAAGCAGTTGC, antisense) were designed.
Total plasmid DNA, derived from a Drosophila embryonic
cDNA library in λ ZAPII (a kind gift of Dr Akira Yasui) was used
as template for PCR reactions. Rapid amplification of 5′-ends
(5′-RACE) was performed according to the manufacturer’s
instructions (Gibco BRL). PCR products were cloned in pCR2.1
(Invitrogen) and sequenced. The primers used for the cloning of
the DmAGT coding region were DMT11E (5′-CTCGAATTC-
GATGACGATGTGGATTGGCC) and DMT12H (5′-CG-
CAAGCTTAATAGTTCTTTGACTTTTCATCGG), containing
an EcoRI and a HindIII restriction site, respectively (underlined),
to facilitate subcloning. With these primers and genomic DNA as

template the complete coding region was cloned in one step
downstream of the lacZ promotor of pUC18, resulting in plasmid
pDMT2. Other primers, used for cloning and sequencing were
DMT3 (5′-CTCTGACCGCCGTTGGACG; antisense), DMT4
(5′-GTAAGTGCAGGTCTCCCCTC, antisense) and DMT5
(5′-GAGTTGTGTCCCAAAACG, sense).

MNNG-induced survival assay

A stock solution of 1 mg/ml MNNG in 100 mM NaAc (pH 5.0)
was frozen in aliquots at –20�C. Thawed aliquots were used only
once. Overnight cultures of plasmid-transformed GWR111 or
AB1157 were diluted 1:25 in LC broth containing ampicillin
(LC/amp) and grown at 37�C to OD600 = 0.5 (±108 cells/ml).
Cells were washed and resuspended in M9 salts. Samples were
treated with different concentrations of MNNG for 10 min at
37�C. The cells were washed and resuspended again in M9 salts.
Appropriate dilutions were plated on LC/amp plates, incubated
overnight at 37�C and the next day the colonies were counted and
survival calculated.

Alkyltransferase assay

Overnight cultures of BS21 (enhanced ada expression) or
UC978, transformed with either pDMT2 (DmAGT cDNA in
pUC18) or pHAT (HsAGT cDNA in pRBS), were sonicated in
buffer I (50 mM Tris–HCl, pH 8.3, 3 mM DTT, 2 mM EDTA).
Protein extracts were assayed for alkyltransferase activity by
measuring the transfer of radioactivity from [3H]MNU-treated
calf thymus DNA to acid-resistant protein as described previously
(39). The incubation temperature of the assay was 27�C unless
indicated otherwise. To investigate methylphosphotriester repair,
the same substrate was pretreated with excess of a truncated
version of Ada (called Sx), containing only the O6-MeG repair
function, and the DNA recovered (39,40). This substrate contains
little or no O6-MeG due to repair of this lesion by the Sx protein.
The sequence of oligo 320 used in the competition assay was
5′-GGCGCCO6-MeGGCGGTGTG and the control oligo 348
contained guanine in place of O6-MeG at position 7. The oligos were
annealed to their complementary oligo 313 before preincubation.

MNNG-induced mutagenesis assay

Plasmid pWX1023 (human alkyltransferase cDNA cloned in
pUC19) was kindly provided by Dr Leona Samson (41). The
MNNG-induced mutagenesis assay was performed as described
(41). In brief, FC218 or FC326 cells, transformed with either
pDMT2, pWX1023 or pUC18, were grown in LC medium to
OD600 = 0.7 (∼5 × 108 cells/ml). The cells were washed with M9
salts, treated with MNNG for 15 min at 37�C and washed again with
M9 salts. Finally, appropriate dilutions were plated on minimal
medium plates containing glucose or lactose as carbon source. The
number of colonies on the glucose plates was used to calculate the
number of surviving cells and the number of colonies on the lactose
plates was used to calculate the number of LacZ+ revertants/108

surviving cells for FC218 and revertants/109 surviving cells for
FC326.

Nucleotide accession number

The nucleotide sequence of the DmAGT cDNA is listed in the
EMBL/Genbank database under accession no. AF063906.
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RESULTS

Cloning of the DmAGT cDNA

Sequence analysis of alkyltransferases from E.coli, yeast and
mammals indicated significant conservation at the amino acid
level. This conservation is most apparent in the C-terminal part
of these proteins, which contain the cysteine acceptor site. The
human (15–17) and S.cerevisiae (9) protein sequences were used
as a query to search the Drosophila sequence database with the
TBLASTN algorithm (42), resulting in the identification of P1
clone DS00004 (38). Within the 30 kb sequence of this clone an
open reading frame (ORF) was identified, coding for a putative
protein with significant homology to the yeast and human
alkyltransferases. Based on the sequence of this ORF, primers
DMT1 and DMT2 were designed. With these primers a 134 bp
PCR product was obtained using total plasmid DNA from a
Drosophila embryonic cDNA library as template. The 3′-end of
the putative Drosophila alkyltransferase gene, DmAGT, was
amplified with a vector-specific primer (M13) and DMT1,
followed by a nested PCR with a second vector-specific primer
(T7) and DMT5. The same technique was used to amplify the
5′-end of the cDNA using the vector specific-primers Reverse
M13 and T3 and the cDNA-specific primers DMT3 and DMT4.
In addition, 5′-RACE experiments using total ovarian RNA as
template were performed, showing a 5′-untranslated region of at
least 78 nt. Based upon these analyses, a composite cDNA of 695 bp
was derived. Within this sequence a 582 bp ORF between nt 78 and
660 could be recognised, encoding a putative protein of 194 amino
acids. The alignment of the DmAGT protein and alkyltransferases
from man, S.cerevisiae and E.coli (Ogt) is shown in Figure 1. The
overall identity of DmAGT with these three proteins varies between
23 (human) and 30% (yeast). The identity in the C-terminal part is
44% with yeast and E.coli Ogt alkyltransferases and 49% with the
human protein. With the exception of the rabbit alkyltransferase,
mammalian alkyltransferases are characterised by approximately
30 amino acids following the conserved region whereas Ogt and
the alkyltransferases from yeast and Drosophila lack this tail.
Clone DS00004 has been localised by in situ hybridisation to the
region 84A1–84A2, on the third chromosome. This is a
well-characterised part of the Drosophila genome, including the
antennapedia complex and the Edg84A gene, encoding a cuticle
protein (43). The DmAGT gene is localised proximal of the
Edg84A gene. Comparison of the DmAGT cDNA sequence to the
genomic sequence of clone DS00004 did not reveal any introns.
To determine whether the Drosophila alkyltransferase is encoded
by a single copy gene located in region 84A or additional DmAGT
genes are present, low stringency Southern blot hybridisations
were performed. The results were consistent with the presence of
a single DmAGT gene per haploid genome (data not shown).
Northern blot experiments indicated that the DmAGT gene is
expressed at a very low level: hybridisation with a 0.7 kb RNA
could only be detected in early embryos and in ovaries (Kooistra
et al., preliminary results).

DmAGT complements the MNNG-sensitive phenotype of an
ada–,ogt– E.coli strain

To confirm that the isolated DmAGT cDNA encodes a protein with
alkyltransferase activity, the coding region was expressed in
alkyltransferase-deficient E.coli cells. Plasmid pDMT2, which
contains the DmAGT coding region cloned downstream of the lacZ

Figure 1. Alignment of alkyltransferase proteins. Protein sequences were
aligned using the ClustalW algorithm before shading with the Boxshade
program (61). Black and grey boxes indicate identical and similar amino acids,
respectively. HsAGT, human alkyltransferase; EcOgt, E.coli Ogt; ScAGT,
S.cerevisiae alkyltransferase; DmAGT, D.melanogaster alkyltransferase.

promotor of pUC18, was introduced into E.coli strain GWR111
(ada–,ogt–). Bacteria were treated with different doses of MNNG
and plated on LC/amp plates. The next day individual colonies were
counted for survival. GWR111 cells and wild-type AB1157 cells
both transformed with pUC18 were used as controls. Figure 2 shows
the relative survival for the indicated doses of MNNG. Almost no
cell killing took place for the wild-type AB1157/pUC18 strain at
20 µg/ml MNNG, whereas for the GWR111/pUC18 strain at this
dose <1% of the bacteria survived. Plasmid pDMT2 suppressed the
MNNG-hypersensitive phenotype of GWR111 to almost wild-type
level, demonstrating that the DmAGT cDNA encodes a protein with
alkyltransferase activity. Similar results were obtained using a
plasmid expressing the human AGT (15).

Activity of DmAGT protein in vitro

Crude extracts of E.coli UC978 (ada–,ogt–) cells containing
pDMT2 were used to assay alkyltransferase activity in vitro.
Increasing amounts of protein extracts were tested at different
temperatures and the specific activities were calculated (Table 1).
UC978 cells transformed with plasmid pHAT, containing the
human methyltranferase cDNA (37), were assayed in parallel.
The temperature optimum for DmAGT extract appeared to be
∼27�C. The specific activity of ∼1500 fmol/mg protein is
∼10-fold lower than observed for the human alkyltransferase
protein at 27�C, even though its optimum temperature is 37�C.

Table 1. Specific activity (fmol/mg protein) at various temperatures of
extracts from bacteria expressing human and Drosophila alkyltransferases

Incubation temperature (�C)
22 27 32 37

Drosophila 1030 ± 240 1380 ± 360 1250 ± 150 730 ± 170
melanogaster

Human ND 16 × 103 ND 20 × 103

ND, not determined.
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Figure 2. DmAGT rescues the MNNG-hypersensitive phenotype of ada–,ogt–

E.coli cells. Bacterial cultures were treated with the indicated doses of MNNG for
10 min at 37�C and grown overnight on LC/Amp plates. ▲, AB1157/pUC18; ■ ,
GWR111(ada–,ogt–)/pUC18;  ● GWR111(ada–,ogt–)/pDMT2.

Figure 3. Time course of in vitro [3H]methyl group transfer under protein
limiting conditions. Escherichia coli protein extracts were assayed for
alkyltransferase activity as described in Materials and Methods. ▲,
UC978(ada–,ogt–)/pDMT2; ● , UC978(ada–,ogt–)/pHAT.

The kinetics of the alkyltransferase reaction were determined
in a time course experiment under protein limiting conditions.
Crude extracts of UC978/pHAT were diluted 1:104 and assayed
for alkyltransferase activity with increasing incubation times.
Extracts of UC978/pDMT2 were diluted only 1:10. The results of
this time course experiment are shown in Figure 3. Rapid transfer
of methyl groups was observed for the human and the Drosophila
alkyltransferases. After 10–15 min the activity of both proteins
starts to level off, but a plateau is still not reached after 2 h,
indicating that after this period the alkyltransferase protein in the
extracts is still accepting methyl groups from the DNA substrate.

To confirm that the DmAGT protein did not act on methylphos-
photriester lesions in the substrate DNA, BS21 (Ada),
UC978/pDMT2 and UC978/pHAT protein extracts were assayed
using a modified substrate DNA containing methylphosphotriesters
but little or no O6-MeG. In contrast to the BS21 extract, the

Figure 4. DmAGT does not repair methylphosphotriesters. (A) Protein extracts
of E.coli BS21 (▲; enhanced ada expression) or UC978(ada–,ogt–) transformed
with either pDMT2 (■ ; DmAGT cDNA) or pHAT (● ; HsAGT cDNA) were
assayed for alkyltransferase activity using a modified substrate, which contains
methylphosphotriesters and only small amounts of O6-MeG. (B) Inhibition of
alkyltransferase activity by oligonucleotide 320, containing a single O6-MeG.
The same extracts as used in (A) were preincubated for 1 h with the indicated
oligonucleotides and assayed for alkyltransferase activity, using normal
substrate. The control 15mer oligonucleotide 348 contains a guanine at position
7, where oligonucleotide 320 contains O6-MeG. Control activity was taken as
100% after 1 h preincubation of the extracts without oligonucleotide.

extracts of UC978 expressing DmAGT or HsAGT showed very
little activity (Fig. 4A). In addition, the same extracts were
preincubated for 1 h with a 15mer oligonucleotide containing a
single O6-MeG lesion at position 7 and subsequently assayed for
residual alkyltransferase activity, using the normal substrate. The
activity of the human alkyltransferase was almost completely
inhibited by this preincubation and the DmAGT activity was
inhibited by ∼80%, as shown in Figure 4B. However, the Ada
protein still showed considerable activity after preincubation with
the O6-MeG-containing oligonucleotide, because the oligonucleo-
tide did not inactivate the phosphotriester alkyltransferase
activity. The residual activity seen in the case of the DmAGT
protein could be explained by less efficient repair of O6-MeG
present in oligonucleotides in comparison to genomic DNA.
Preincubation with the same oligonucleotide without the
O6-MeG lesion had no effect on the activity of either alkyltrans-
ferase. Together these experiments indicate that DmAGT is not
active on methylphosphotriesters in methylated DNA.

DmAGT is resistant to O6-benzylguanine

The E.coli Ada and yeast alkyltransferase proteins are resistant to
inhibition by O6-benzylguanine (O6-BeG) whereas mammalian
alkyltransferases lose their activity when preincubated with this
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Figure 5. DmAGT is resistant to O6-BeG. Protein extracts of E.coli
UC978(ada–,ogt–) were preincubated for 30 min with the indicated concentrations
of O6-BeG. ▲, UC978/pDMT2; ● , UC978/pHAT. Control activity is 100%
after 30 min preincubation without O6-BeG.

alkylated base (44,45). To test the sensitivity of DmAGT to
O6-BeG, protein extracts were preincubated for 1 h at 27�C with
different concentrations of O6-BeG. Figure 5 shows that con-
centrations up to 5 µM O6-BeG have no effect on the DmAGT
activity whereas with the human protein a concentration of
0.08 µM decreases alkyltransferase activity by 50% and the
activity is almost completely lost at 0.5 µM O6-BeG.

DmAGT repairs O6-MeG and O4-MeT in vivo

It has been shown that alkyltransferases from E.coli, yeast and
mammals repair O6-MeG and O4-MeT in vitro (9,19,20,46–48).
In previous experiments we have shown that the Drosophila
alkyltransferase also repairs O6-MeG adducts in vitro. In order to
test whether DmAGT can also repair O6-MeG and O4-MeT in
vivo, pDMT2 was introduced into the alkyltransferase-deficient
E.coli strains FC218 and FC326. These strains have mutations in
their lacZ genes that can be reverted to LacZ+ via a G:C→A:T
transition and an A:T→G:C transition, respectively. The LacZ
reversions were measured as colonies that were able to grow on
minimal medium plates containing lactose. Treatment of
FC218/pUC18 and FC326/pUC18 with MNNG resulted in a
dose-dependent increase in the frequency of G:C→A:T and
A:T→G:C mutations, respectively (Fig. 6). The induction of
transition mutations is extensively suppressed by expression of
DmAGT, indicating that O6-MeG and O4-MeT adducts, respect-
ively, are repaired by the Drosophila protein in vivo (Fig. 6A and
C). Expression of the human alkyltransferase conferred full
protection against MNNG-induced G:C→A:T transitions
(Fig. 6B). In the FC326 strain, a significant protection against
A:T→G:C transitions by the human protein was observed
(Fig. 6D). Similar results have been reported for mouse alkyl-
transferase (49) but protection against A:T→G:C mutations by
the human alkyltransferase was not seen by Samson et al. (41).
The fact that A:T→G:C mutations are induced at a relatively low
level may be an explanation for this discrepancy.

DISCUSSION

Alkylating agents introduce toxic, mutagenic and carcinogenic
lesions into DNA. To counter the biological effects of O6-MeG
and O4-MeT, most organisms employ the DNA repair protein
O6-alkylguanine-DNA alkyltransferase (AGT) which transfers the
methyl groups from the lesions to a cysteine residue in the protein.
There is a significant degree of homology between alkyltransferases
from bacteria, yeast and mammals: in particular, the C-terminal
regions of the proteins contain several stretches of highly conserved
amino acids. On the basis of such conserved sequences we identified
the alkyltransferase gene from D.melanogaster by database screen-
ing using the human and yeast alkyltransferase sequences as
queries. To confirm that the isolated cDNA encoded an active
alkyltransferase, the DmAGT cDNA was introduced in ada–,ogt–

E.coli strains. Expression in these cells resulted in almost
complete rescue of these bacteria from the killing effects of
MNNG. More direct evidence that DmAGT repairs O6-MeG was
the in vitro transfer of methyl groups from methylated DNA to
protein by extracts of ada–,ogt– E.coli cells expressing DmAGT.
A rapid transfer was observed in the first minutes with a slower,
continuing transfer for up to 2 h. This transfer was inhibited by
preincubation of the extracts with an oligonucleotide that
contained a single O6-MeG residue. Similar to other eukaryotic
AGTs, DmAGT appears not to repair methylphosphotriesters
(Fig. 4A and B).

A LacZ reversion assay was used to study the in vivo repair of
O6-MeG and O4-MeT in DNA. Expression of DmAGT efficiently
suppressed the formation of methylation-induced G:C→A:T and
A:T→G:C transition mutations, indicating efficient in vivo repair
of O6-MeG and O4-MeT by the Drosophila alkyltransferase.
Similar results based on in vivo studies have been reported for
prokaryotic and eukaryotic alkyltransferases (41,49). In vitro
studies using purified protein also demonstrated the removal of
O6-MeG and O4-MeT lesions from DNA (46–48).

In crude extracts of E.coli, the specific activity of Drosophila
alkyltransferase is extremely low in comparison with the human
alkyltransferase. Whilst this difference may be a consequence of
the reduced expression level of the DmAGT construct in
comparison with the human alkyltransferase cDNA plasmid, it
might also be due to reduced stability of the Drosophila
alkyltransferase, as has been observed for the yeast protein (9). In
undiluted UC978/pDMT2 protein extracts, no alkyltransferase
activity could be measured after 24 h incubation on ice, whereas
1:100 diluted UC978/pHAT extracts only showed minimal loss
of activity after this period (data not shown). Furthermore, in
contrast to the human alkyltransferase there was a 50% loss of
DmAGT activity following a 1 h preincubation at 27�C (data not
shown). It should be noted that this had no effect on the results of
the inhibition experiment because all control levels were also
measured after a 1 h preincubation. These observations suggest
a greatly reduced stability of the Drosophila alkyltransferase in
comparison with the human protein (Table 1).

Extracts prepared from different stages of Drosophila develop-
ment and from adult flies have been tested for the transfer of
radioactivity from [3H]methylated substrate DNA to protein.
Surprisingly, transferase activity could only be detected in pupal
extracts and not in protein extracts prepared from early embryos
(34). Since northern blot hybridisations indicated the presence of
DmAGT transcripts in early embryos the possible absence of
alkyltransferase activity does not seem very likely. Furthermore, the
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Figure 6. Biological evidence that DmAGT and human alkyltransferase repair O6-MeG and O4-MeT adducts. LacZ reversions in E.coli strain FC218 or FC326 were
induced by the indicated doses of MNNG. Cells were plated on minimal medium plates containing either glucose, to estimate the number of surviving cells, or lactose,
to estimate the number of revertants. Note that the MNNG concentration for measuring A:T→G:C transitions is 10-fold higher than for G:C→A:T transitions while
the revertant induction is ∼100-fold lower. (A) ∆, FC218/pUC18; ▲, FC218/pDMT2. (B) �, FC218/pUC18; ● , FC218/pWX1023. (C) ∆, FC326/pUC18; ▲,
FC218/pDMT2. (D) �, FC326/pUC18; ● , FC326/pWX1023.

data presented in Figure 4 can also refute the suggested repair of
N7-methylguanine and N3-methyladenine by DmAGT (33,34).

There is considerable current interest in the inhibition of
alkyltransferase activity in mammalian cells, in order to improve
the therapeutic use of certain alkylating agents in cancer
treatment. One of the most potent inhibitors so far described is
O6-BeG and all wild-type mammalian alkyltransferases are very
sensitive to inhibition by this compound: the E.coli Ogt protein
is sensitive, although much higher doses are necessary for
inhibition (45). The DmAGT protein is, like E.coli Ada and the
yeast methyltranferase proteins, resistant to inactivation by
O6-BeG. Studies with site-directed mutant alkyltransferase
proteins have revealed several amino acid residues that could play
a role in the reaction with O6-BeG. Residue G160 of the human
alkyltransferase (corresponding to W161 of E.coli Ada and to
W177 of DmAGT) when mutated to W increases O6-BeG
sensitivity by 3- to 5-fold whereas G160R mutation decreases the
sensitivity by ∼20-fold (50,51). Furthermore, P138K, P140A and
G156A mutations all resulted in increased resistance to O6-BeG

(52). The amino acids at these positions are not conserved in
alkyltransferases from bacteria, yeast and Drosophila. The only
exception is P132 from E.coli Ogt (corresponding to P138 of the
human alkyltransferase) which is conserved in all O6-BeG-sensitive
proteins, suggesting a key role for this proline in the O6-BeG-
mediated inactivation of alkyltransferase.

Animal models have been generated to further elucidate the
biological function of the alkyltransferase protein (53–56).
Transgenic mice overexpressing the E.coli ada or the human
alkyltransferase gene show a reduced induction of thymic
lymphomas by MNU (57). Furthermore, alkyltransferase null
mutant mouse strains are very sensitive to killing by MNU and
show an increase in MNU-induced thymic lymphomas and lung
adenomas compared to alkyltransferase-proficient mice (58,59).
In Drosophila, several third chromosome mutagen-sensitive
(mus) mutants have been identified but none of these mus
mutations have been genetically mapped to region 84A, where
DmAGT is localised (60). Therefore, classical fly techniques are
currently being used to isolate an alkyltransferase-deficient
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Drosophila strain. Such a strain could be very useful to study the
mutagenic properties of specific chemotherapeutic drugs in a
multicellular organism.

ACKNOWLEDGEMENTS

We thank Dr Jan Eeken for critically reading the manuscript. The
work described in this paper was supported by the Dutch Cancer
Foundation (project RUL94-774), the J. A. Cohen Institute, the
Interuniversity Research Institute for Radiopathology and Radiation
Protection (IRS project 4.4.12) and The Cancer Research
Campaign (UK).

REFERENCES

1 Singer,B. and Grunberger,D. (1983) Molecular Biology of Mutagens and
Carcinogens. Plenum Press, New York, NY, pp. 55–78.

2 Margison,G.P. and O’Connor,P.J. (1990) In Grover, P.L. and Philips,D.H.
(eds), Handbook of Experimental Pharmacology, Vol. 94/1. Springer,
Heidelberg, Germany, pp. 547–571.

3 Preston,B.D., Singer,B. and Loeb,L.A. (1986) Proc. Natl Acad. Sci. USA,
83, 8501–8505.

4 Loechler,E.L., Green,C.L. and Essigmann,J.M. (1984) Proc. Natl Acad.
Sci. USA, 81, 6271–6275.

5 Bhanot,O.S. and Ray,A. (1986) Proc. Natl Acad. Sci. USA, 83, 7348–7352.
6 Pegg,A.E., Dolan,M.E. and Moschel,R.C. (1995) Prog. Nucleic Acid Res.

Mol. Biol., 51, 167–223.
7 Mitra,S. and Kaina,B. (1993) Prog. Nucleic Acid Res. Mol. Biol., 44,

109–142.
8 Potter,P.M., Wilkinson,M.C., Fitton,J., Carr,F.J., Brennand,J., Cooper,D.P.

and Margison,G.P. (1987) Nucleic Acids Res., 15, 9177–9193.
9 Xiao,W., Derfler,B., Chen,J. and Samson,L. (1991) EMBO J., 10, 2179–2186.

10 Potter,P.M., Rafferty,J.A., Cawkwell,L., Wilkinson,M.C., Cooper,D.P.,
O’Connor,P.J. and Margison,G.P. (1991) Carcinogenesis, 12, 727–733.

11 Rahden-Staron,I. and Laval,F. (1991) Biochem. Biophys. Res. Commun.,
177, 597–602.

12 Rafferty,J.A., Elder,R.H., Watson,A.J., Cawkwell,L., Potter,P.M. and
Margison,G.P. (1992) Nucleic Acids Res., 20, 1891–1895.

13 Santibanez-Koref,M., Elder,R.H., Fan,C.Y., Cawkwell,L., McKie,J.H.,
Douglas,K.T., Margison,G.P. and Rafferty,J.A. (1992) Mol. Carcinog., 5,
161–169.

14 Shiraishi,A., Sakumi,K., Nakatsu,Y., Hayakawa,H. and Sekiguchi,M.
(1992) Carcinogenesis, 13, 289–296.

15 Rydberg,B., Spurr,N. and Karran,P. (1990) J. Biol. Chem., 265, 9563–9569.
16 Hayakawa,H., Koike,G. and Sekiguchi,M. (1990) J. Mol. Biol., 213,

739–747.
17 Tano,K., Shiota,S., Collier,J., Foote,R.S. and Mitra,S. (1990) Proc. Natl

Acad. Sci. USA, 87, 686–690.
18 Lindahl,T., Sedgwick,B., Sekiguchi,M. and Nakabeppu,Y. (1988) Annu.

Rev. Biochem., 57, 133–157.
19 Graves,R.J., Li,B.F. and Swann,P.F. (1989) Carcinogenesis, 10, 661–666.
20 Wilkinson,M.C., Potter,P.M., Cawkwell,L., Georgiadis,P., Patel,D.,

Swann,P.F. and Margison,G.P. (1989) Nucleic Acids Res., 17, 8475–8484.
21 Baker,S.M., Margison,G.P. and Strike,P. (1992) Nucleic Acids Res., 20,

645–651.
22 Margison,G.P., Butler,J. and Hoey,B. (1985) Carcinogenesis, 6, 1699–1702.
23 Wilson,R., Hoey,B. and Margison,G.P. (1993) Carcinogenesis, 14, 679–683.
24 Rafferty,J.A., Sellapan,D., Santibanez-Koref,M., Frayling,I.M., Clark,A.

and Margison,G.P. (1996) Oncogene, 12, 693–697.
25 Pastink,A., Vreeken,C., Nivard,M.J., Searles,L.L. and Vogel,E.W. (1989)

Genetics, 123, 123–129.
26 Pastink,A., Heemskerk,E., Nivard,M.J., van Vliet,C.J. and Vogel,E.W.

(1991) Mol. Gen. Genet., 229, 213–218.

27 Nivard,M.J. (1991) PhD dissertation, Leiden University, Leiden,
The Netherlands.

28 Nivard,M.J., Pastink,A. and Vogel,E.W. (1992) Genetics, 131, 673–682.
29 Liem,L.K., Lim,A. and Li,B.F. (1994) Nucleic Acids Res., 22, 1613–1619.
30 Vogel,E.W. and Natarajan,A.T. (1979) Mutat. Res., 62, 101–123.
31 Vogel,E.W. and Natarajan,A.T. (1982) In de Serres,F.J. and Hollander,A.

(eds), Chemical Mutagens. Plenum Press, New York, NY, pp. 295–551.
32 Natarajan,A.T., Simons,J.W., Vogel,E.W. and van Zeeland,A.A. (1984)

Mutat. Res., 128, 31–40.
33 Green,D.A. and Deutsch,W.A. (1983) Mol. Gen. Genet., 192, 322–325.
34 Guzder,S.N., Kelly,M.R. and Deutsch,W.A. (1991) Mutat. Res., 255,

143–153.
35 Mackay,W.J., Han,S. and Samson,L.D. (1994) J. Bacteriol., 176,

3224–3230 [erratum J. Bacteriol. (1994), 176, 5193].
36 Kleibl,K., Cawkwell,L. And Margison,G.P. (1989) Nucleic Acids Res., 20,

8047–8060.
37 Abril,N., Prieto-Alamo,M.-J., Ferrezuelo,F., Rafferty,J.A., Margison,G.P.

and Pueyo,C. (1996) Carcinogenesis, 17, 1609–1614.
38 Hartl,D.L., Nurminsky,D.I., Jones,R.W. and Lozovskaya,E.R. (1994)

Proc. Natl Acad. Sci. USA, 91, 6824–6829.
39 Morten,J.E. and Margison,G.P. (1988) Carcinogenesis, 9, 45–49.
40 Brennand,J. and Margison,G.P. (1986) Carcinogenesis, 7, 2081–2084.
41 Samson,L., Han,S., Marquis,J.C. and Rasmussen,L.J. (1997) Carcinogenesis,

18, 919–924.
42 Altschul,S.F., Boguski,M.S., Gish,W. and Wootton,J.C. (1994) Nature

Genet., 6, 119–129.
43 Lindsley,D.L. and Zimm,G.G. (1992) The Genome of Drosophila

melanogaster. Academic Press, San Diego, CA.
44 Dolan,M.E., Moschel,R.C. and Pegg,A.E. (1990) Proc. Natl Acad. Sci.

USA, 87, 5368–5372.
45 Elder,R.H., Margison,G.P. and Rafferty,J.A. (1994) Biochem. J., 298,

231–235.
46 Koike,G., Maki,H., Takeya,H., Hayakawa,H. and Sekiguchi,M. (1990) J.

Biol. Chem., 265, 14754–14762.
47 Zak,P., Kleibl,K. and Laval,F. (1994) J. Biol. Chem., 269, 730–733.
48 Sassanfar,M., Dosanjh,M.K., Essigmann,J.M. and Samson,L. (1991)

J. Biol. Chem., 266, 2767–2771.
49 Kawate,H., Ihara,K., Kohda,K., Sakumi,K. and Sekiguchi,M. (1995)

Carcinogenesis, 16, 1595–1602.
50 Edara,S., Kanugula,S., Goodtzova,K. and Pegg,A.E. (1996) Cancer Res.,

56, 5571–5575.
51 Rafferty,J.A., Wibley,J.E., Speers,P., Hickson,I., Margison,G.P., Moody,P.C.

and Douglas,K.T. (1997) Biochim. Biophys. Acta, 1342, 90–102.
52 Crone,T.M., Goodtzova,K., Edara,S. and Pegg,A.E. (1994) Cancer Res.,

54, 6221–6227.
53 Lim,I.K., Dumenco,L.L., Yun,J., Donovan,C., Warman,B., Gorodetz-

kaya,N., Wagner,T.E., Clapp,D.W., Hanson,R.W. and Gerson,S.L. (1990)
Cancer Res., 50, 1701–1708.

54 Fan,C.Y., Potter,P.M., Rafferty,J., Watson,A.J., Cawkwell,L., Searle,P.F.,
O’Connor,P.J. and Margison,G.P. (1990) Nucleic Acids Res., 18,
5723–5727.

55 Dumenco,L.L., Arce,C., Norton,K., Yun,J., Wagner,T. and Gerson,S.L.
(1991) Cancer Res., 51, 3391–3398.

56 Sekiguchi,M. and Sakumi,K. (1997) Jpn J. Hum. Genet., 389–399.
57 Dumenco,L.L., Allay,E., Norton,K. and Gerson,S.L. (1993) Science, 259,

219–222.
58 Tsuzuki,T., Sakumi,K., Shiraishi,A., Kawate,H., Igarashi,H., Iwakuma,T.,

Tominaga,Y., Zhang,S., Shimizu,S. and Ishikawa,T. (1996) Carcinogenesis,
17, 1215–1220.

59 Sakumi,K., Shiraishi,A., Shimizu,S., Tsuzuki,T., Ishikawa,T. and
Sekiguchi,M. (1997) Cancer Res., 57, 2415–2418.

60 Boyd,J.B., Golino,M.D., Shaw,K.E., Osgood,C.J. and Green,M.M. (1981)
Genetics, 97, 607–623.

61 Corpet,F. (1988) Nucleic Acids Res., 16, 10881–10890.


