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ABSTRACT

A novel endo-exonuclease, DmGEN (Drosophila
Melanogaster XPG-like endonuclease), was identified
inD.melanogaster.DmGEN iscomposedof fiveexons
and four introns, and the open reading frame encodes
a predicted product of 726 amino acid residues with a
molecular weight of 82.5 kDa and a pI of 5.36. The gene
locus on Drosophila polytene chromosomes was
detected at 64C9 on the left arm of chromosome
3 as a single site. The encoded protein showed a
relatively high degree of sequence homology with
the RAD2 nucleases, especially XPG. Although the
XPG-N- and XPG-I-domains are highly conserved
in sequence, locations of the domains are similar to
those of FEN-1 and EXO-1, and the molecular weight
of theprotein isclose to that ofEXO-1. In vitro,DmGEN
showed endonuclease and 30–50 exonuclease activ-
ities with both single-stranded DNA (ssDNA) and
double-stranded DNA (dsDNA), but the endo-
nuclease action with dsDNA was quite specific: 50–
30 exonuclease activity was found to occur with
nicked DNA, while dsDNA was endonucleolytically
cut at 3–4 bp from the 50 end. Homologs are widely
found in mammals and higher plants. The data sug-
gest that DmGEN belongs to a new class of RAD2
nuclease.

INTRODUCTION

DNA repair has evolved to protect cells against the mutagenic
and cytotoxic effects of DNA damage. Central to most DNA
repair processes is a nucleolytic step that is required for the
removal of the damaged section. Nucleases are essential for
nucleolytic activities and act in a variety of structural frame-
works, ranging from site-specific (e.g. abasic endonuclease) to
structure-specific (e.g. members of the RAD2 nuclease family)
and non-specific (e.g. DNase I). We have concentrated on
investigating enzymes belonging to the RAD2 nuclease
family, in the past several years, and elucidating their
relationships to DNA repair (1–4).

The RAD2 family includes XPG (Class I), FEN-1 (Class II),
EXO-1 (Class III) and SEND-1 (Class IV), and the proteins
exhibit a range of substrate-specific exo- and endonuclease
activities. Many of these proteins act as nucleases that
contribute to DNA repair, replication, and recombination.
RAD2 Class I consists of XPG-like proteins that cleave at
the 30 side of the damage-containing bubble structure formed
during nucleotide excision repair (5–13). Class II comprises of
FEN-1-like proteins, structure-specific nucleases that remove
50 DNA flaps produced by polymerase strand displacement and
are also responsible for the resolution of Okazaki fragments
during DNA replication (1,2,10,14–17). Class III is made
up of the Exo-1-like proteins found in yeast, Drosophila
and mammals. Exo-1-like proteins appear to play roles in
DNA recombination, mismatch repair and DNA replication
(10,18,19). Much of the amino acid sequence conservation
among the RAD2 family is concentrated within two domains,
termed the N (N-terminal) and I (internal) nuclease domains.
Class IV is a new RAD2 category which was originally found
in higher plants (4), and knowledge about its biochemical
features is limited.

To effect a deeper comprehension of the nature of RAD2
family nucleases, we have studied their characteristics in
Drosophila melanogaster, a species for which new mutants
in the many genes known to be associated with DNA meta-
bolism and the morphogenesis (20) can be readily prepared.
The available mutant collection, coupled with a refined system
for genetic analysis, provides a valuable tool for investigation.
Since little is known about the proteins, gene expression or
in vivo functions of RAD2 family nucleases in Drosophila, it is
necessary to fill this knowledge gap.

We have found a new class of RAD2 nuclease in
D.melanogaster, and have succeeded in cloning the gene and
characterizing the enzyme. In this report, we describe the dis-
covery and biochemical characteristics of this novel enzyme.

MATERIALS AND METHODS

Identification of XPG-like endonuclease (GEN) in
D.melanogaster

The Drosophila expressed sequence tag (EST) database was
searched using the BLAST program to identify cDNA clones
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with homology to RAD2 family proteins. Drosophila EST
clone RE33588 was found to be one example. Its insert
DNA size was �2.1 kb and it contained a full-length cDNA.
The clone showed significant homology with all of the known
RAD2 family proteins, but was not thought to be homologous
to any member of the RAD2/FEN-1 family. Therefore, it
was designated as D.melanogaster XPG-like endonuclease
(DmGEN) in this report. The nucleotide sequence data
reported in this article have been registered under the acces-
sion number AB103508.

Overexpression and purification of DmGEN protein

PCR was carried out using the EST clone RE33588, containing
the entire Drosophila GEN (DmGEN) coding sequence. The
primers synthesized chemically were 50-CAT ATG GGC GTC
AAG GAA TTA TG-30 and 50-GGA TCC CTT AAT CAC
TAA TCA CCA CCA-30. The resultant 2181 bp NdeI/BamHI
DNA fragment was cloned into the pET28a expression vector
(Novagen). Protein expression was performed by transforming
pET28a-DmGEN into BL21(DE3) (Novagen) and growing the
bacteria in 1000 ml of Luria–Bertani medium. Cells were
grown to an OD of 0.7 and isopropyl-b-D-thiogalactopyrano-
side (IPTG) was added to a final concentration of 1 mM. After
3 h incubation at 30�C, cells were harvested by centrifugation
at 6000 g for 10 min. Cell pellets were resuspended in 130 ml
of ice-cold binding buffer (20 mM Tris–HCl, pH 7.9, 0.5 M
NaCl, 5 mM imidazole and 0.1% NP-40) and sonicated with
thirty 10 s bursts. Cell lysates were centrifuged at 15 000 g for
30 min and the soluble protein fraction was collected as the
crude extract. This was then loaded onto 4 ml of His-Bind
Resin (Novagen). The column was washed with 40 ml of
binding buffer, and then the bound protein was eluted with
30 ml of elution buffer (20 mM Tris–HCl, pH 7.9, 0.5 M NaCl,
1 M imidazole and 0.1% NP-40) and dialyzed against TEMG
(50 mM Tris–HCl, pH 7.5, 1 mM EDTA, 5 mM 2-mercap-
toethanol and 15% glycerol) two times. The dialysate was
loaded onto a Hitrap-Heparin column (Amersham Pharmacia
Biotech) equilibrated with TEMG and washed. Fractions were
collected with 30 ml of a linear gradient of 0–1.5 M NaCl in
TEMG. Then, the nuclease analyses described below were
performed for each fraction. The activated fractions eluted
at 0.7–0.8 M NaCl were collected, dialyzed against TEMG
and loaded onto a SP Sepharose Fast Flow column (Amersham
Pharmacia Biotech) equilibrated with TEMG. After washing,
the fraction was collected with 20 ml of a linear gradient of
0–2.0 M NaCl in TEMG. The active fractions were detected by
nuclease analysis and then, dialyzed against TEMG. Those
fractions were used in the subsequent experiments.

Preparation of substrates for nuclease assays

The nucleotide sequences of the oligonucleotides used in these
studies as DNA substrate are shown in Table 1. According
to the manufacturer’s protocol, T4 polynucleotide kinase
was used to 50 phosphorylate specified oligonucleotides with
[g-32P]ATP (Amersham Biosciences). For 30 labeling, the
oligonucleotides were incubated with terminal deoxy-
nucleotidyl transferase and [a-32P]ddATP (Amersham
Biosciences). Excess ATP was removed using a Microspin
G-25 column. Annealing reactions were carried out by mixing
the oligonucleotides in an annealing buffer (20 mM Tris–HCl,
pH 7.4 and 150 mM NaCl) and the labeled strand was annealed

to an equal molar concentration of the complementary oligo-
nucleotide by heating to 95�C for 2.5 min, followed by gradual
cooling to 4�C. A schematic diagram of the DNA structures
generated is shown in Table 2.

Nuclease assay (with circular DNA as the substrate)

Reactions (20 ml) were carried out in buffer (25 mM HEPES–
KOH, pH 6.8, 2 mM MgCl2, 1 mM DTT, 50 mg/ml BSA,
20 mM KCl, 10% glycerol and 0.1% NP-40) plus 100 ng of
single-stranded M13mp18DNA and DmGEN protein. After
incubation at 37�C for 60 min, the reaction was stopped
with 1 ml of 0.5 M EDTA. Samples were analyzed by electro-
phoresis on 0.7% agarose gels containing 0.5 mg/ml ethidium
bromide.

Nuclease assay (with linear DNA as the substrate)

DmGEN protein (16.2 ng) was incubated with 100 fmol of
32P-labeled DNA substrate in a 20 ml reaction mixture con-
taining 50 mM Tris–HCl, pH 7.5, 5 mM MgCl2 and 1 mM
DTT at 37�C. The reaction was stopped by adding 10 ml of gel
loading buffer (90% deionized formamide, 5 mM EDTA,
0.1% bromophenol blue and 0.1% xylenecyanol), the sample
was heated for 5 min at 95�C, and a fraction was loaded onto a
20% polyacrylamide gel containing 7 mM urea in TBE buffer.
Electrophoresis was carried out for 2.5 h and reaction products
were visualized by autoradiography.

Effects of biotin adducts and streptavidin on nucleolytic
activity

In an attempt to avoid the influence of the exonuclease
activity of DmGEN protein, substrates with primers having

Table 1. Nucleotide sequences for substrate oligonucleotides

DNA Nucleotide sequence

A-1, 30mer 50-GTC GAC CTG CAG CCC AAG CTT GCG TTG CTG-30

A-2, 30mer 50-CAG CAA CGC AAG CTT GGG CTG CAG GTC GAC-30

B-1, 40mer 50-ATG CGG ATC CGG AAT CGA AGG TCG TCA TAT
GGA ATT CAT A-30

B-2, 40mer 50-TAT GAA TTC CAT ATG ACG ACC TTC GAT TCC
GGA TCC GCA T-30

C-1, 60mer 50-ACG CTG CCG AAT TCT ACC AGT GCC TTG CTA
GGA CAT CT T TGC CCA CCT GCA GGT TCA CCC-30

C-2, 60mer 50-GGG TGA ACC TGC AGG TGG GCA AAG ATG TCC
TAG CAA GGC ACT GGT AGA ATT CGG CAG CGT-30

D-1, 90mer 50-CCA GTG ATC ACA TAC GCT TTG CTA GGA CAT
CCC CCC CCC CCC CCC CCC CCC CCC CCC CCC CAG
TGC CAC GTT GTA TGC CCA CGT TGA CCG-30

D-2, 90mer 50-CGG TCA ACG TGG GCA TAC AAC GTG GCA CTG
GGG GGG GGG GGG GGG GGG GGG GGG GGG GGG
ATG TCC TAG CAA AGC GTA TGT GAT CAC TGG-30

D-3, 90mer 50-CGG TCA ACG TGG GCA TAC AAC GTG GCA CTG
GGG GGG GGG GGG GGG GGG GGG GGG GGG GGG
ATG TCC TAG CAA AGC GTA TGT GAT CAC TGG-30

E-1, 33mer 50-ATG TGG AAA ATC TCT AGC AGG CTG CAG GTC
GAC-30

E-2, 16mer 50-CAG CAA CGC AAG CTT G-30

F-1, 21mer 50-TAG AGG ATC CCC GCT AGC GGG-30

F-2, 21mer 50-TAC CGA GCT CGA ATT CAC TGG-30

F-3, 42mer 50-CCA GTG AAT TCG AGC TCG GTA CCC GCT AGC
GGG GAT CCT CTA-30

F-4, 20mer 50-ACC GAG CTC GAA TTC ACT GG-30

F-5, 20mer 50-TAG AGG ATC CCC GCT AGC GG-30

F-6, 18mer 50-TAG AGG ATC CCC GCT AGC-30
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a biotinylated base at the 30 end (Sigma) were used. Substrates
were incubated with streptavidin (Promega), a 60 kDa protein
that recognizes and tightly binds biotin (21), in 25-fold molar
excess. Then, nuclease analyses were performed with the
above-described procedure. The Klenow flagment used as a
positive control was purchased from Toyobo.

RESULTS AND DISCUSSION

Identification of a novel RAD2 family endonuclease
from D.melanogaster

A search of the Drosophila EST database for RAD2 family
proteins generated a clone, RE33588, with significant homol-
ogy to Drosophila mus201 (XPG homolog). Therefore, we
named the new RAD2 family gene D.melanogaster XPG-
like endonuclease (DmGEN).

DmGEN consists of a 2181 bp open reading frame encoding
a protein of 726 amino acids with a calculated molecular
weight of 82.5 kDa. Its genome sequence is composed of
5 exons in a region of 2503 bp. The predicted length of the
DmGEN protein is between those of XPG (Class I) and FEN-1
(Class II), and similar to those of Exonuclease-1 (Class III) and
OsSEND-1 (Class IV) proteins (Figure 1).

A phylogenetic tree was drawn based on the neighbor-
joining method. The deduced amino acid sequence could be
shown to share a high degree of homology with RAD2 nucle-
ase family proteins, with highly conserved N- and I-domains

that are characteristic of the RAD2 family (data not shown).
The results indicated the DmGEN protein to differ from the
proteins in any of the known RAD2 classes. DmGEN, regis-
tered under accession number AB103508 in the DDBJ/EMBL/
GenBank nucleotide sequence data bases, was mapped onto
the left arm of chromosome 3, and the location of cDNA of
DmGEN on the physical map of D.melanogaster was found to
be 3L:5,109,154.-5,111,656. The genomic gene contains five
exons and four introns.

Figure 1 shows a comparison of the predicted amino acid
sequence of DmGEN with the sequences of other RAD2
family proteins. DmGEN is relatively independent from
the Class I, II, III or IV proteins, and closer to XPG/
RAD2 (Class I), implying that it belongs to a new RAD2
category. In Drosophila, mus201 protein (Class I), FEN-1
homolog protein (Class II) and tosca protein (Class III)
are the reported RAD2 family proteins, all differing from
DmGEN. Although in size DmGEN is closest to the Class
III proteins, its N- and I-domains are more homologous
with Class I domains. Therefore, the DmGEN protein was
concluded to be a novel endonuclease belonging to a new
class of RAD2 family proteins present in D.melanogaster.
This conclusion was also supported by the data on the
biochemical properties described below. Actually, DmGEN
homologs exist in other species such as Homo sapiens, Mus
musculus and Arabidopsis, composing class V. According to
the genome database of D.melanogaster (FlyBase), the only
RAD2 family protein other than the Classes I, II and III

Table 2. DNAs employed for DmGEN protein substrate-specificity studies

50-labeled single-stranded A-1, A-2, B-1, C-1, D-1 Gapped double-stranded 1 (F-1, F-3, F-4)

50-labeled double-stranded (A-1, A-2), (B-1, B-2),
(C-1, C-2), (D-1, D-2)

Nicked double-stranded 1 (F-1, F-2, F-3)

30-labeled single-stranded A-1 Gapped double-stranded 2 (F-1, F-3, F-4)

30-labeled double-stranded (A-1, A-2) Nicked double-stranded 2 (F-1, F-2, F-3)

50 bubble (D-1, D-3) Gapped double-stranded 3 (F-1, F-3, F-4)

50 flap (A-1, E-1, E-2) Nicked double-stranded 3 (F-1, F-2, F-3)

50 pseudo flap (A-1, E-1) Gapped double-stranded 4 (F-3, F-4, F-5)

Gapped double-stranded 5 (F-3, F-4, F-6)

All substrates were generated as described in Materials and Methods. The asterisk indicates the position of the 32P label. Oligonucleotide that was labeled in the
experiment is underlined, and the nucleotide sequences are shown in Table 1.
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Figure 1. The dendrogram on the left depicts relationships among FEN-1/RAD2 family members. On the right are depicted the protein structures with highly
conserved domains (XPG-N domain and XPG-I domain) indicated.

Figure 2. (A) Purification of DmGEN protein. DmGEN protein overexpressed in E.coli was separated by 7.5% SDS–PAGE and stained with Coomassie brilliant
blue. (B) Endonuclease activity of each fraction from (A). The substrate was single-strand circular DNA. Incubation was at 37�C for 30 min. (C) Nuclease activity on
double-stranded DNA (dsDNA) to confirm expression of the DmGEN protein. The total reaction volume was 20 ml. 50 end-labeled dsDNA (100 fmol) was incubated
with the protein (16.2 ng) extracted from E.coli. Time course experiments were performed. Schematic representations of the substrates are shown. The asterisk
indicates the position of the radiolabel. Substrate and cleavage product sizes were as indicated. Lanes 1–3 included extracts from E.coli carrying the pET28a+ vector
with the DmGEN gene. Lanes 4–6 included extracts from E.coli with the pET28a+ vector alone. Reaction products were resolved on 20% polyacrylamide/8 M urea
gels and visualized using autoradiography.
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members is DmGEN. The Drosophila genome is relatively
simple and almost all genes exist as single copies, and
Drosophila is an early multicellular organism in
evolution. Therefore, Class V may be a major class of the
RAD2 family.

Overexpression and purification of the DmGEN protein

The DmGEN coding region was amplified by PCR, cloned
into the pET28a expression vector and transformed into
Escherichia coli for protein induction. Extracts prepared
from cells induced for 3 h were shown to contain a 6-histidine
C-terminal-tagged DmGEN fusion protein. This was obtained
in a soluble state and purified to near homogeneity by His-Bind
resin column chromatography, followed by passage through
Hitrap-Heparin and SP Sepharose Fast Flow columns. The
final product was DmGEN as shown by SDS–PAGE analysis
of the SP Sepharose Fast Flow column fractions (Figure 2A).
The DmGEN-rich fraction demonstrated endonuclease
activity in assays using circular DNA (M13mp18 DNA)
as the substrate (Figure 2B), and was used in subsequent
experiments.

We next performed nuclease assays with 50 radiolabeled
double-stranded DNA as the substrate. The mixture was
run, along with radiolabeled DNA size markers, on a 20%
polyacrylamide gel containing 7 M urea to prevent rehybri-
dization of the DNA strandsduring electrophoresis. The
presence of DNA size markers in the polyacrylamide gel
enabled us to determine the size of the cleavage products
precisely. There were products resulting from two different
nuclease activities of DmGEN (Figure 2C), endonuclease and
exonuclease.

Basic biochemical characteristics of the DmGEN protein

At first, we used circular single-stranded DNA (M13mp18
ssDNA) and circular double-stranded DNA (M13mp18
RF-DNA) as substrates to clarify the basic biochemical
features. The fraction of intact substrate decreased with
an increase in the amount of DmGEN. The mode of degra-
dation was endonucleolytic rather than exonucleolytic and
the endonucleolytic activity toward M13mp18 RF-DNA
rose sharply when the concentration of DmGEN protein
increased. On the other hand, when the substrate was
M13mp18 ssDNA, only a slight increase was evident,
indicating some specificity of the DmGEN protein for
double-stranded DNA. Monovalent (KCl) ions affected
the nuclease activity using M13mp18 ssDNA and
M13mp18 RF-DNA as the substrates (Figure 3A and B).
DmGEN was optimally active at 75–100 mM KCl
for degrading M13mp18 ssDNA, and at 150–300 mM
KCl for degrading M13mp18 RF-DNA. The nuclease activ-
ity of DmGEN was also greatly influenced by the presence
of divalent metal ions (Figure 3C). Mg2+, Mn2+, Zn2+ and
Ca2+ ions all enhanced the activity for cleaving double-
stranded DNA. DmGEN prefered Mn2+ ions when the sub-
strate was M13mp18 RF-DNA. When the substrate was
ssDNA, the enhancement of nuclease activity by the diva-
lent cations was relatively weak. The optimal temperature
for DmGEN endonuclease activity was 42�C.

(A)

(B)

(C)

Figure 3. The basic biochemical properties of the DmGEN protein. (A) Effects
of salt concentration on the endonuclease activity of DmGEN protein (32.4 ng)
toward ssDNA substrate. Incubation was conducted at 37�C for 60 min with or
without DmGEN proteins. (B) Effects of salt concentration on the endonuclease
activity of DmGEN protein (32.4 ng) toward dsDNA substrate. Incubation was
conducted at 37�C for 10 min with or without DmGEN proteins. (C) Effects of
divalent cations on the endonuclease activity of the DmGEN protein (32.4 ng)
toward ssDNA and dsDNA substrates. Incubation was conducted at 37�C for
30 min with DmGEN proteins. Samples were analyzed by electrophoresis on
0.7% agarose gels. Amounts of nuclease products were calculated with the aid
of a luminescent image analyzer (Fujifilm).
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Endonuclease and exonuclease activity of the DmGEN
protein

First, we determined the optimal concentration of DmGEN for
the nuclease assay to be 16.2 mg/ml (Figure 4). We then
measured the nuclease activity of DmGEN against various
radiolabeled DNA substrates in more detail. In this assay,
terminally labeled substrate was incubated with the enzyme
and activity was monitored by the appearance of bands.
DmGEN cleaved single- and double-stranded linear DNA sub-
strates to generate a ladder of labeled products resulting from
30–50 exonuclease digestion (Figures 5 and 6). One 32P-labeled
nucleotide was added to the 30 end using TdT and
[a-32P]ddATP (Table 1). Based on the release of mononucleo-
tides, these products were generated by the 30–50 exonuclease
activity of DmGEN (Figure 6).

There were also some bands of 3 and 4 bp considered to be
generated by endonuclease activity when the substrates were
double-stranded DNA (Figures 4B and 5B). To determine
their nature more precisely, we attempted to inhibit the exo-
nuclease activity by using a substrate with a primer having a
biotinylated base at the 30 end. Quantitative biotinylation
of the substrate is evident because the biotinylation changes
the gel mobility of the substrate. Streptavidin is a 60 kDa

protein that recognizes and tightly binds biotin (21). Sub-
strates were incubated with streptavidin in 25-fold molar
excess, resulting in quantitative gel shifts of the biotinylated
substrates. This demonstrated that the protein was bound to
all of the biotinylated oligonucleotides. Then, we conducted
this experiment for DmGEN on single- and double-stranded
DNA substrates with biotin and streptavidin (Figure 7). As a
result, the 30–50 exonuclease activity of DmGEN was com-
pletely inhibited and there were only endonucleolytic pro-
ducts. DmGEN was confirmed to cleave double-stranded
DNA 3 or 4 bases from the 50 end by endonuclease activity
(Figure 7B). The cleavage was not sequence-specific, because
the results were relatively similar among nuclease assays
using substrates with the same length but different sequences
(Tables 1 and 2).

Based on previous studies, RAD2 family proteins have
structure-specific endonuclease activity. For example, XPG
(Class I) incises the target strand 30 to the bubble-like,
damage-containing structure. FEN-1 (Class II) exhibits a
flap endonuclease activity for bifurcated DNA structures.
Exo-1 (Class III) operates as a 50-nuclease (i.e. either a
50-flap endonuclease or a 50–30 exonuclease). However,

Figure 4. Incubation of different amounts of DmGEN protein in nuclease
assays. Ramps indicate increasing amounts of DmGEN in 20 ml of reaction
mixture (0, 1.0, 2.0, 4.1, 8.1, 16.2 ng). DmGEN protein was incubated with
100 fmol of ssDNA (A) or dsDNA (B) for 30 min at 37�C.

Figure 5. Nuclease activity of DmGEN protein (16.2 ng) on linear DNA
substrates. Time course experiments were performed. The substrates are
depicted schematically in each panel. The asterisk indicates the position of
the radiolabel. Substrate and cleavage product sizes were as indicated. (A) The
substrate was single-strand labeled at the 50 end. (B) The substrate was double-
strand labeled at the 50 end.
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DmGEN did not have such structure-specific endonuclease
activity as a flap endonuclease (data not shown). In addition,
DmGEN could not cleave a ‘bubble’ structure consisting of a
30-nucleotide unpaired region flanked by duplex regions of
30 bp (data not shown). These results provide further evidence
that DmGEN belongs to a new class of RAD2 family
nucleases.

DmGEN exhibits 50–30 exonuclease activity on gapped
or nicked double-stranded substrates

To determine the substrate specificity of DmGEN, we pro-
duced gapped and nicked double-stranded DNA substrates.
DmGEN was found to exhibit 50–30 exonuclease activity
on both, as determined by the release of mononucleotides
(Figure 8). Moreover, the 50–30 exonuclease activity gradually
rose as the gap narrowed. This is a novel characteristic,
because no other RAD2 family proteins have such a nuclease
function except FEN-1, which has been demonstrated to act
(i) as a flap endonuclease and (ii) as a nick-specific 50–30

exonuclease.
To determine the activity of DmGEN for gapped and nicked

substrates in more detail, we produced substrates radiolabeled

at the other side of the gap and nick. It is shown that both 30–50

exonuclease activity and endonuclease cleavage 3 or 4 bp from
the 50 end were still exhibited (data not shown). This suggests
that DmGEN cleaves in both directions, 50–30 and 30–50, from
gapped and nicked positions.

Function of the DmGEN protein

Based on the data from this study, the cleavage sites on various
substrates of DmGEN are summarized in Figure 9. DmGEN
has several nuclease functions, acting as an endonuclease and a
50–30 or 30–50 exonuclease, and these activities vary depending
on the substrate, contrasting with the findings from previous
nuclease studies. For example, with single-stranded breaks as
occur in vivo, DmGEN exhibits nick- or gap-dependent 50–30

and 30–50 endonuclease activity for excising damaged or
mismatch regions. With double-stranded breaks, DmGEN
exhibits specfic 50–30 endonuclease activity 3 or 4 bases
from the 50 end, and modifies the break point. This modifica-
tion may give signals to the monitors of repair pathways, or
for other biological functions such as recombination and

Figure 6. Nuclease activity of DmGEN protein (16.2 ng) on linear DNA
substrates. Time course experiments were performed. The substrates are
depicted schematically in each panel. The asterisk indicates the position of
the radiolabel. Substrate and cleavage product sizes were as indicated. (A) The
substrate was single-strand labeled at the 30 end. (B) The substrate was double-
strand labeled at the 30 end.

Figure 7. Effects of biotin adducts and streptavidin binding to single- and
double-stranded substrates on the exonuclease activity of DmGEN protein
(16.2 ng). Time course experiments were performed. The substrates are
depicted schematically in each panel. The asterisk indicates the position of
the radiolabel. Substrate and cleavage product sizes were as indicated. (A) The
substrate was single-strand labeled at the 50 end. (B) The substrate was double-
strand labeled at the 50 end.
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apoptosis. Double-stranded breaks in recombination are well
known to occur (22–24), and apoptosis and nucleases are also
closely related (25,26). It is seen from the present findings on
the biochemical properties of this novel RAD2 family endo-
nuclease that DmGEN may play specific roles in repair pro-
cesses.
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