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Endonuclease III (endoIII; nth gene product) of Escherichia coli is known
to be a DNA repair enzyme having a relatively broad speci®city for
damaged pyrimidine bases of DNA. Here, we describe the cloning and
characterization of the cDNA and the gene for a mouse homologue
(mNthl1/mNth1) of endoIII. The cDNA was cloned from a mouse T-cell
cDNA library with a probe prepared by PCR using the library and
speci®c PCR primers synthesized based on the reported information of
partial amino acid sequences of bovine NTHL1/NTH1 and of EST Data
Bases. The cDNA is 1025 nucleotides long and encodes a protein consist-
ing of 300 amino acids with a predicted molecular mass of 33.6 kDa. The
amino acid sequence exhibits signi®cant homologies to those of endoIII
and its prokaryotic and eukaryotic homologues. The recombinant mNthl1
with a hexahistidine tag was overexpressed in a nth::cmr nei::Kmr double
mutant of E. coli, and puri®ed to apparent homogeneity. The enzyme
showed thymine glycol DNA glycosylase, urea DNA glycosylase and AP
lyase activities. Northern blot analysis indicated that mNthl1 mRNA is
about 1 kb and is expressed ubiquitously. A 15 kb DNA fragment con-
taining the mNthl1 gene was cloned from a mouse genomic library and
sequenced. The gene consists of six exons and ®ve introns spanning
6.09 kb. The sequenced 50 ¯anking region lacks a typical TATA box, but
contains a CAAT box and putative binding sites for several transcription
factors such as Ets, Sp1, AP-1 and AP-2. The mNthl1 gene was shown to
lie immediately adjacent to the tuberous sclerosis 2 (Tsc2) gene in a 50-to-
50 orientation by sequence analysis and was assigned to chromosome
17A3 by in situ hybridization.
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Introduction

Oxygen radicals and other reactive oxygen
species generated as a by-product of normal
metabolism or by external sources such as ionizing
radiation can cause extensive base damage and
strand breaks in DNA. Thymine residues of DNA
are known to be especially susceptible to oxidative
# 1998 Academic Press
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DNA damage, and the major detectable product of
this damage is thymine glycol (Cathcart et al.,
1984). Repair of the lesion is generally initiated by
DNA glycosylase activity of such enzymes as
endonuclease III (endoIII) of Escherichia coli which
is followed by the AP lyase activity of the same
enzymes (Bailly & Verly, 1987; Friedberg et al.,
1995). EndoIII can excise not only thymine glycol
but also other damaged pyrimidine derivatives
such as 5,6-dihydrothymine, 5-hydroxy dihy-
drothymine, 5-hydroxycytosine, 5-hydroxyuracil,
uracil glycol, b-ureidobutyric acid, 5-hydroxy-5-
methyl hydantoin and urea (Friedberg et al., 1995;
Rolden-Arjona et al., 1996; Krokan et al., 1997).
These lesions are cytotoxic or mutagenic, unless
they are repaired properly (Friedberg et al., 1995;
Rolden-Arjona et al., 1996; Krokan et al., 1997; Zou
et al., 1995).

Enzyme activities functionally analogous to
endoIII have been identi®ed in several prokaryotic
and eukaryotic cells through using UV-irradiated
DNA, chemically oxidized DNA, and g-irradiated
DNA as substrates (Friedberg et al., 1995; Demple
& Harrison, 1994; Bacchetti & Benne, 1975; Kim &
Linn, 1989; Nes & Nissen-Meyer, 1978; Doetsch
et al., 1986). Recently, a bovine 31 kDa enzyme
functionally homologous to endoIII was highly
puri®ed, and its partial amino acid sequences
revealed homology to the predicted amino acid
sequence of a Caenorhabditis elegans 27.8 kDa pro-
tein which, in turn, has homologies to endoIII
(Hilbert et al., 1996). While we were conducting the
present study, cDNA cloning and characterization
of a functional human homologue of endoIII were
reported by two groups (Hilbert et al., 1997;
Aspinwall et al., 1997). The gene for the human
enzyme is located on chromosome 16p13.3,
immediately adjacent to the tuberous sclerosis 2
(TSC2) gene in a 50-to-50 orientation (Hilbert et al.,
1997; Aspinwall et al., 1997).

In the present study, we cloned cDNA for a
mouse homologue (Mouse Nthl1/Nth1, abbre-
viated as mNthl1/mNth1{) of endoIII using a
probe ampli®ed by PCR based on the bovine hom-
ologue data reported by Hilbert et al. (1996) and
the data of 30-expressed sequence tags (ESTs) from
Rattus sp. PC 12 cells (accession number H33255)
and from H. sapiens brain tissue (accession number
F04657) in Data Bases. Characterization of the
recombinant mNthl1 protein expressed in E. coli,
mNthl1 gene cloning, sequencing and chromosome
mapping were also performed.
{ After the submission of this paper, the gene name,
nth (E. coli endonuclease III)-like 1 and the gene symbol,
NTHL1 have been given by the HUGO/GDB
Nomenclature Committee for the human homologue of
Escherichia coli endonuclease III. Therefore, the present
paper is adjusted using the new symbol, Nthl1
(or mNthl1) instead of the present Nth1 (or mNth1) for
the symbol of the mouse homologue of Escherichia coli
endonuclease III with some exceptions.
Results

Cloning and characterization of the
mNthl1 cDNA

A mouse homologue (designated as mNthl1/
mNth1) of E. coli endonuclease III (nth gene pro-
duct) was cloned and sequenced as described
in Materials and Methods. The transcription
initiation site was determined by the 50 RACE
technique (Hirzmann et al., 1993; Akiyama et al.,
1995). The 50 RACE product carried an extra G
residue at the 50 end which is not present in the
sequence of the genomic clone. The extra G resi-
due was believed to be derived from the terminal
cap G nucleotide (Hirzmann et al., 1993; Akiyama
et al., 1995). Therefore, the following A residue
was assigned as the transcription initiation site.
The complete mNthl1 cDNA determined was
1025 bp long with an open reading frame of
900 bp encoding 300 amino acid residues. The
cDNA terminated with a poly(A) tail, 22 nucleo-
tides downstream from an authentic polyadenyla-
tion signal, AATAAA (Proudfoot & Brownlee,
1976). The mNthl1 protein encoded by the cDNA
has a calculated molecular weight of 33,646 and
a calculated pI of 9.97. Northern blot analysis
using Mouse Multiple Tissue Northern Blot
(Clontech) with the mNthl1 cDNA as a probe
identi®ed a single 1 kb transcript in all the tis-
sues examined (Figure 1).
Figure 1. Expression of mNthl1 gene in mouse tissues.
Polyadenylated RNA obtained from the tissues indi-
cated was electrophoresed at 2 mg in each lane and
blotted on a nylon membrane (Mouse Multiple Tissue
Northern Blot). The blot was hybridized with the 32P-
labelled mNthl1 cDNA probe, and autoradiographed.
The membrane was rehybridized with a cDNA probe
for the mouse S26 ribosomal protein to correct for the
amount of mRNA loaded.
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Analysis of the deduced amino acid sequence
of mNthl1

The deduced amino acid sequence of the mNthl1
was compared with those of endoIII and its
eukaryotic homologues (Figure 2). The amino acid
sequence of the C-terminal, 2/3 region of mNthl1
has a signi®cant homology with that of almost the
entire region of endoIII (26.5% identity/204 amino
acids). The helix-hairpin-helix (HhH) motif, which
is common in enzymes having DNA glycosylase
activity and is involved in interaction with DNA,
is preserved in mNthl1. The four cysteine residue
motif (Cys-X6-Cys-X2-Cys-X5-Cys) that constitutes
the iron/sulphur (4Fe-4S) cluster is present at the
C-terminal region of all of the reported endoIII
homologues except in that of a putative non-Fe-S
homologue (Eide et al., 1996) of Saccharomyces cere-
visiae. The potential nuclear targeting sequences
are also observed at positions 44/48 (RHPRR), 91/
94 (RSKK) and 113/119 (PKVRRYQ) (Nakai &
Kanehisa, 1992). The N-terminal 24-amino acid
region of mNthl1, which is not present in the
endoIII or in the other prokaryotic homologues,
contains putative mitochondrial targeting sequence
(rich in arginine, hydrophobic and hydroxylated
residues) and potentially sensitive sequences for
mitochondrial matrix protease at positions 10/13
(RSRS) and 17/20 (RIAS) (Nakai & Kanehisa, 1992;
Gavel & Heijne, 1990).

Purification and functional characterization of
the overexpressed mNthl1 protein

The hexahistidine-tagged mNthl1 protein was
overexpressed in the nthÿ and neiÿ double mutant
of E.coli. The overexpressed protein was puri®ed to
apparent homogeneity by a combination of phos-
phocellulose chromatography and af®nity chroma-
tography using a nickel chelate column (data not
shown). Contamination with endoIII and endoVIII
of E. coli was avoided by using the nthÿ and neiÿ

double mutant. The puri®ed enzyme had an
apparent molecular mass of 36 kDa on SDS-PAGE,
which is close to the calculated molecular mass of
35 kDa of the recombinant protein.

mNthl1-dose-dependent release of 3H-labelled
material was observed when the enzyme was incu-
bated with M13 double-stranded DNA containing
scattered 3H-labelled thymine glycol residues
([3H]Tg-DNA), but not when it was incubated with
M13 double-stranded DNA containing scattered
3H-labelled thymine residues ([3H]T-DNA;
Figure 3). The released 3H-labelled material was
shown to be thymine glycol by analysis using
reverse phase HPLC (data not shown). This result
indicates that mNthl1 exhibits thymine glycol
DNA glycosylase activity.

The enzymatic properties of mNthl1 were
further analysed using synthetic oligonucleotides
(see Material and Methods for the sequences and
abbreviations of the synthetic oligonucleotides
used). First, the site-speci®c introduction of thy-
mine glycol in the synthesized oligonucleotide,
19TG, was con®rmed as follows: the 50-labelled
19TG was treated at 90�C for 30 minutes with 10%
piperidine. After removing the piperidine by vac-
uum evaporation, the sample was analysed by
16% denatured polyacrylamide gel electrophoresis
(16% PAGE). The 19TG was annealed with the
complementary strand, 19COM, and then incu-
bated at 37�C for 30 minutes with E. coli Fapy
DNA glycosylase. The product was also analysed
by 16% PAGE. As shown in Figure 4A (see also
Figure 8), the 19TG was cleaved completely by the
treatment with piperidine and produced a single
band (lane 4), although the control, 19T, was not
cleaved (lane 2). The product cleaved by the piper-
idine-treatment was the same as that produced
from the 19TG/19COM by b,d-elimination reaction
with Fapy DNA glycosylase (Figure 4A, lane 5).
The results indicated that all the oligonucleotides
19TG had the thymine glycol residue at the same,
expected position.

Annealed, double-stranded substrates, 19T/
19COM (control), 19TG/19COM and 19UREA/
19COM were treated at 37�C for 30 minutes with
Fapy DNA glycosylase, endoIV, endoIII or
mNthl1. The reaction products were analysed by
16% PAGE (Figures 4B and 8). Although the con-
trol 19T was not cleaved by mNthl1 (Figure 4B,
lane 5), the 19TG containing a thymine glycol resi-
due and the 19UREA containing a urea residue at
the speci®c position were cleaved by mNthl1
(lanes 10 and 15, respectively), and the cleaved
products were electrophoresed at the same position
as that of the product cleaved by endoIII. Compar-
ing the mobility of the mNthl1-cleaved product
with the mobilities of the products produced by
treating the 19TG/19COM and 19UREA/19COM
with Fapy DNA glycosylase, endoIV and endoIII,
the incision mode of mNthl1 on the oligonucleotide
having the thymine glycol or urea residue is
thought to be b-elimination, similar to that of
endoIII (when treated with Fapy DNA glycosylase,
the b,d-elimination product is produced, lanes 7
and 12; based on a personal communication from
Hatahet, Wallace et al.; when treated with endoIV,
the product having a 30-OH terminus is produced,
lane 13; when treated with endoIII, the b-elimin-
ation product is produced, lanes 9 and 14). In
addition, the conversion of the thymine glycol on
the 19TG into urea by alkaline treatment at pH 12
was con®rmed by differential recognition with the
two enzymes, endoIII and endoIV (e.g. the 19TG
was incised only by endoIII, whereas the 19UREA
was incised by both enzymes, endoIII and endoIV;
Figure 4B, lanes 8,9,13,14). When AP sites are
incised by AP lyase activity of mNthl1, the nicked
sites are thought to have 50 termini bearing 50-
phosphonucleotide and 30 termini bearing the a,b-
unsaturated aldose 5-phosphate (30 tags). APEX
nuclease (a major mammalian AP endonuclease;
also called as HAP1, APE, Ref-1; Friedberg et al.,
1995) is thought to remove the 30 tags by it's DNA
30 repair diesterase activity and to restore 30
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Figure 3. Enzymatic release of radioactive material
(3H-labelled thymine glycol) by mNthl1 protein. [3H]Tg-
DNA and [3H]T-DNA (both 1.5 � 105 cpm, ca 0.1 mg)
were incubated in 10 ml of buffer C (20 mM Hepes-KOH
(pH 8.0), 50 mM KCl, 0.25 mM EDTA, 0.25 mM DTT,
0.1 mg/ml BSA) at 37�C for 30 minutes. To separate
DNA and released materials, the reaction mixture was
diluted with 90 ml of distilled water and loaded onto a
Bio-Rad AG 1-X2 (Cl-form) column (0.5 ml). The column
was washed with 1.5 ml of distilled water, and radioac-
tivity of the eluant was counted with a liquid scintil-
lation counter.

10 ml of buffer A (10 mM Tris-HCl (pH 7.5), 100 mM NaCl,
100 ng of Fapy glycosylase. The reaction was stopped by ad
by 16% denatured polyacrylamide gel electrophoresis (16%
endoIII and Fapy glycosylase (Fpg), buffer B (120 mM Tris-H
the buffer C (described in the legend to Figure 3) for mNth
19COM or 19UREA/19COM) at 2 nM in 10 ml of an appro
100 ng Fpg, 20 ng endoIV, 100 ng endoIII or 10 ng mNthl1
itions b, 30-OH and d indicate the electrophoresed positions
ination product, respectively (see also Figure 8).
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hydroxyl termini. Sequential treatment of the
19TG/19COM with mNthl1 and APEX nuclease
(hAPEX) produced the expected product with 30
hydroxyl terminus, the same product as that pro-
duced from the 19UREA/19COM by endoIV
(Figure 5A, lanes 7 and 9, respectively).

AP lyase activity of mNthl1 was also tested
using the annealed oligonucleotides, 25U/25COM
and 21AP/21COM, as described in Materials and
Methods. These oligonucleotides were incised by
mNthl1 through the b-elimination reaction (AP
lyase activity) at the abasic site, which was intro-
duced by uracil DNA glycosylase on the 25U/
25COM (Figure 5B, lane 4) or was pre-existent on
the 21AP/21COM (data not shown). When the
sample was treated with endoIII in place of
mNthl1, an additional band appeared above the
b-elimination product (Figure 5B, lane 5). The
appearance of such an additional band has been
reported previously, and there is some argument
concerning its nature (Bailly & Verly, 1987, 1988;
Purmal et al., 1996; Mazumder et al., 1991; Bailly
et al., 1989a,b).

Southern blot analysis

The rough mNthl1 gene structure in the mouse
genome was studied by Southern blot analysis of
mouse liver DNA digested with restriction
enzymes using the mNthl1 cDNA as a probe.
Figure 4. Characterization of oli-
gonucleotide 19TG by treatment
with piperidine and Fapy glycosy-
lase (A), and analysis of mNthl1
action of 50-labelled oligonucleotide
substrate containing thymine glycol
or urea (B). A, Piperidine treat-
ment: 50-32P-labelled 19T and 19TG
(0.5 pmol each; see the `Preparation
of DNA and oligonucleotide sub-
strates for enzymatic analysis' sec-
tion of Materials and Methods for
the oligonucleotide sequences and
abbreviations) were incubated at
90�C for 30 minutes in 200 ml of
10% piperidine solution. After
removing piperidine under reduced
pressure, samples were washed
twice with distilled water, and then
dissolved in the gel loading buffer
(0.1% (w/v) xylene cyanol, 20 mM
EDTA, 95% formamide). Fapy gly-
cosylase-treatment: The labelled
19T or 19TG was annealed with the
complementary strand, 19COM.
The annealed substrate (2 nM) in

1 mM EDTA) was incubated at 37�C for 30 minutes with
ding the gel loading buffer. The products were analysed
PAGE). B, The reaction buffer used was the buffer A for
Cl (pH 7.5), 50 mM NaCl, 1 mM EDTA) for endoIV and
l1. The annealed duplex substrate (19T/19COM, 19TG/

priate buffer was incubated at 37�C for 30 minutes with
. The reaction product was analysed by 16% PAGE. Pos-
of the b-elimination product, 30-OH product and b,d-elim-



Figure 5. Removal of the 30-tags
produced by enzymatic reaction on
19TG/19COM by APEX nuclease
(hAPEX) (A), and AP lyase activity
of mNthl1 (B). A, The annealed
duplex substrate (19T/19COM,
19TG/19COM or 19UREA/
19COM) was incubated with
mNthl1 or endoIV under the same
conditions as described in the
legend to Figure 4. After incu-
bation, MgCl2 (3 mM at the ®nal
concentration) and 10 ng hAPEX
were added to the appropriate
tubes, and incubation at 37�C was
continued for an additional 30 min-
utes. Treatment with hAPEX alone
was conducted at 37�C for 30 min-
utes in buffer D (10 mM Tris-HCl
(pH 7.5), 3 mM MgCl2, 6 mM 2-
mercaptoethanol). B, The annealed

duplex substrate containing uracil (25U/25COM) in 10 ml of buffer E (20 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM
DTT) was treated in advance with 0.1 unit uracil N-glycosylase (Ung) to produce an abasic site by removing the ura-
cil. After the reaction, 10 ng mNthl1 or 100 ng endoIII was added to the reaction mixture, and incubation was con-
ducted at 37�C for 30 minutes. The other conditions are the same as those described in the legend to Figure 4.
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The results (fragment numbers and sizes pro-
duced by these restriction enzymes) shown in
Figure 6 correlate well with the restriction frag-
ment patterns deduced from the 15 kb genomic
sequence containing the mNthl1 gene described
later and the mNthl1 cDNA sequence described
above. These results suggest that the mNthl1
gene is present as a single copy in the haploid
genome.
Figure 6. Southern blot analysis of the mNthl1 gene.
Mouse genomic DNA was digested with the restriction
enzymes indicated at the top of the Figure. Five micro-
grams of DNA per lane were subjected to electrophor-
esis on a 0.7% agarose gel, and then transferred onto a
nylon membrane. The blots were hybridized with the
mNthl1 cDNA excised from the clone A and labelled
with 32P. Numbers on the left indicate the size marker.
Cloning and sequencing of the mNthl1 gene

A mouse leukocyte genomic library in EMBL-3
bacteriophage vectors was screened with ran-
domly labelled mNthl1 cDNA as a probe. Sixteen
positive clones were isolated from 1 � 106 inde-
pendent clones. Among them, two clones contain-
ing the entire region of the mNthl1 gene were
analysed. An 11 kb insert in one of two clones
was subcloned into the pBluescript KS(ÿ) plas-
mid vector, and the recombinant was designated
as mNthG-3. A 13 kb insert in the other clone
was subcloned into the pUC18 plasmid vector,
and the recombinant was designated as mNthG-
5. The inserts of both mNthG-3 and mNthG-5
clones were sequenced. By comparing the
sequence with the mNthl1 cDNA sequence, we
de®ned the exon/intron structure of the mNthl1
gene (Figure 7). The gene consists of six exons
and ®ve introns, with a total length of 6090 bp.
All exon/intron junctions follow the GT/AG rule
(Breathnach & Chambon, 1981). The translation
initiation and termination codons (ATG and
TAA) are located in exons 1 and 6, respectively
(Figure 7). The total length of all exons (1025 bp)
is consistent with the length of the mNthl1
cDNA (mRNA) described above, and the nucleo-
tide sequence of each exon is completely identical
to that of the corresponding region of the
mNthl1 cDNA. In order to tentatively assign a
base position within the gene and in the ¯anking
regions, the adenine residue in the translation
initiation codon of the mNthl1 gene was desig-
nated as position �1 and the 50 neighbouring
residue C as position ÿ1. With this as a starting
point, positive numbers are given to positions
downstream from the starting point and negative
numbers to those upstream. The mNthG-5 and
mNthG-3 clones contained a 50 ¯anking region of



Figure 7. The structure and exon-intron organization of the mouse Nthl1 gene and its ¯anking regions. In order
to assign tentatively a base position within the gene and in the ¯anking regions, the adenine residue in the trans-
lation initiation codon of the mNthl1 gene was designated as position �1 and the 50 neighbouring residue C as
position ÿ1. With this as a starting point, positive numbers are given to positions downstream from the starting
point and negative numbers to those upstream. A, From the top: scale in kilobases, a diagram of the mouse Nthl1
gene and the 50 region of the mouse tuberous sclerosis 2 gene (Tsc2). The Nthl1 gene lies adjacent to the Tsc2 gene
in a head-to-head orientation. Therefore, the sequence is complementary for the Tsc2 gene. The exons are num-
bered from the 50 end of the gene. Filled and open boxes represent translated and untranslated regions, receptively.
B, Nucleotide sequences of the exon-intron boundaries of the Nthl1 gene. Sequences of introns are given in lower-
case, and those of exons in uppercase. On both sides of the parentheses for the number and size of each exon, the
®rst and last ®ve nucleotides are shown. The nucleotide numbers of the ®rst and last residue of each exon are
shown in parentheses before and after the ®rst and last ®ve nucleotides, respectively. The size of each intron is
shown in parentheses on the right side.
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5.83 kb and a 30-¯anking region of 3.32 kb,
respectively. These regions were also sequenced,
and were found to contain several repetitive
sequences such as the GT, PuC and GAA repeats.
The sequence analysis of the 50-¯anking region
using the mouse tuberous sclerosis 2 (Tsc2)
mRNA sequence reported by Kim et al. (1995)
revealed that the mNthl1 gene lies immediately
adjacent to and in a 50-to-50 orientation with the
Tsc2 gene. The exon 1 (119 bp) of the mNthl1
gene and the exon 1 (61 bp) of the Tsc2 gene
both lie within the 317 bp sequence between pos-
itions ÿ214 and �103. In the 50-¯anking region
(5.83 kb) of the mNthl1, exons 1 through 6 of the
Tsc2 gene could be mapped in reference to the
mNthl1 gene (Figure 7). The promoters of these
genes may be overlapping or bidirectional. There
is no typical TATA box at its characteristic pos-
ition in relation to the possible transcription
initiation site(s) of the mNthl1 gene. The 50-¯ank-
ing region of the mNthl1 gene contains a CAAT
box at position ÿ293/ ÿ 296 and multiple GC
boxes that are thought to be a consensus
sequence for nuclear factor Spl-binding sites,
located in intron 1 of the Tsc2 gene. The 50 ¯ank-
ing region also contains several consensus
sequences of binding sites for transcription factors
such as Ets1 (CCGGAAGC; ÿ141/ ÿ 134), AP-1
(TGACTA; ÿ102/ ÿ 97) and AP-2 (CCCAGGGC;
ÿ154/ ÿ 147).

Chromosome mapping

A total of 20 metaphases were examined. In 12
of them, twin-spot signals (total, 36 signals) speci®c
for mNthl1 were detected on both homologous
chromosomes 17. Such speci®c signals were dis-
tributed between 17A3 and 17B1 with the highest
peak of signals (62% of all signals) over the distal
region of 17A3 (data not shown). Therefore, the
mouse Nthl1 gene was assigned to chromosome
17A3. The mNthl1 gene lies immediately adjacent
to the tuberous sclerosis 2 (Tsc2) gene in a head-to-
head orientation. The ®rst exons of these two
opposing genes are located within only 317 bp,
indicating their close linkage.
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Discussion

Here, we have cloned and characterized a mouse
homologue (mNthl1) of E. coli endoIII. The mNthl1
cDNA is 1025 nucleotides long, and encodes a pro-
tein consisting of 300 amino acid residues.
Recently, cloning of cDNA for the human homol-
ogue was reported by two groups (Hilbert et al.,
1997; Aspinwall et al., 1997). Two other groups
deposited human cDNA sequence data in Data
Bases (Rognes et al., accession number: Y09687;
and Ikeda et al., a member of our group (1997),
accession number AB001575). cDNA sequence data
for the mouse homologue was also deposited in
Data Bases by two groups (ours, accession number:
AB006812; and Rognes, accession number:
Y09688). The amino acid sequence of mNthl1
showed 81.0% identity in 300 residues to the
human homologue (hNTHL1 or hNTH1; nth (E. coli
endonuclease III)-like 1; accession number:
AB001575), 51.4% identity in 208 residues to the
homologue of Caenorhabditis elegans (accession
number: Z50874; Wilson et al., 1994), 48.2% identity
in 226 residues to the homologue of Schizosaccharo-
myces pombe (Roldan-Arjona et al., 1996), and
also exhibited signi®cant homologies with the
sequences of the other eukaryotic and prokaryotic
homologues (Augeri et al., 1997; Eide et al., 1996;
Asahara et al., 1989; Piersen et al., 1995; Bruand
et al., 1995; Figure 2). The helix-hairpin-helix motif
and four-cysteine-residue motif (Cys-X6-Cys-X2-
Cys-X5-Cys) are well preserved in the mNthl1 pro-
Figure 8. Schematic representation of substrates and prod
analysis using repair enzymes with known enzymatic prop
tein similar to those of the other homologues.
These two motifs are thought to form a pocket,
and are implicated in the recognition of speci®c
DNA damage and in DNA binding (Thayer et al.,
1995). The e-amino group of the Lys120 in endoIII,
which corresponds to Lys208 in mNthl1 and
Lys212 in hNTHL1, is thought to be critical for the
formation of enzyme-substrate intermediates
(Thayer et al., 1995). Asp227 in mNthl1 corre-
sponds to Asp138 in endoIII, which is also known
to be involved in catalytic functions (Thayer et al.,
1995). The fact that these critical motifs and resi-
dues are all preserved in the core region of these
homologues suggests that the mNthl1 protein has,
overall, a similar three-dimensional structure to
that of endoIII, whose structure was recently estab-
lished (Thayer et al., 1995), and similar functions to
those of endoIII.

The hexahistidine-tagged mNthl1 protein was
overexpressed in nthÿ, neiÿ E. coli mutant cells, and
puri®ed to apparent homogeneity. When tested on
M13 double-stranded DNA containing thymine
glycol and synthetic oligonucleotide containing
thymine glycol, urea or an abasic site at a de®ne
position, the recombinant mNthl1 showed almost
the same activities as those of endoIII. These
results indicate that mNthl1 has thymine glycol
DNA glycosylase, urea DNA glycosylase and AP
lyase activities, similar to endoIII. Figure 8 shows
schematically the key structure of the substrates
used for the enzyme-assisted functional analysis
and the results.
ucts of mNthl1/mNth1 and the result of enzyme-assisted
erties.
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The result of northern blot analysis indicate ubi-
quitous expression of mNthl1 mRNA, although the
level of the expression is variable from tissue to tis-
sue. Further analysis, in the form of well-controlled
experiments, is necessary to better understand
these tissue-to-tissue variations in expression.

As a ®rst step toward understanding the regu-
lation of the gene expression and to analyse its
in vivo function, the mNthl1 gene was cloned and
analysed here. The mNthl1 gene consists of six
exons and ®ve introns spanning 6.09 kb. The
results of Southern blot analysis suggest a single
mNthl1 gene in a haploid genome. We determined
the transcription initiation site by the 50RACE tech-
nique. After we deposited the mNthl1/mNth1
cDNA sequence in Data Bases, Rognes deposited a
mouse Nth1/Nthl1 cDNA sequence in Data Bases
(accession number: Y09688). Both sequences are
almost identical, except that his sequence is 26
bases (gggatcgcggggctgctcggaggagt) longer at the
50 end than ours, and has one base change in the
middle region. Considering the fact that the
mNthl1 gene has no typical TATA box, the above
result may indicate that the transcription initiation
sites of the mNthl1 gene are multiple.

Analysis of the 50 ¯anking region of the mNthl1
gene revealed that the gene lies adjacent to the
Tsc2 gene in the head-to-head orientation. This
®nding is consistent with the results reported by
Aspinwall et al. (1997). They reported that the
human NTH1/NTHL1 gene (OCTS3 gene) lies
adjacent to the TSC2 gene on chromosome 16
(16p13.3) in a head-to-head orientation, although
the complete sequence of the human NTHL1 gene
has not yet been reported. The 50 ¯anking, 5.8 kb
region of the mouse Nthl1 gene reported here was
analysed using the mouse Tsc2 cDNA sequence
reported by Kim et al. (1995). The results indicated
that the 50 ¯anking region contains exons 1
through 6 of the Tsc2 gene. The two oppositely
oriented ®rst exons of the mouse Nthl1 and Tsc2
are located within 317 bp. The mouse Tsc2-exon 1
here corresponds to the exon 1a of rat Tsc2 which
was reported recently (Kobayashi et al., 1997). The
mouse Tsc2-exon 2 here corresponds to the mouse,
rat or human tuberous sclerosis-exon 1 previously
mapped (Kim et al., 1995; Kobayashi et al., 1995;
Maheshwar et al., 1996). The difference might be
due to the fact that the cDNA used for the analysis
of the TSC2 gene structure was not large enough
to show the present exon 1 or rat Tsc2-exon 1a, or
that the transcription of TSC2 gene initiates at mul-
tiple sites. The ®nding of the novel leader exon at
the 50 end of Tsc2 (or TSC2) is thought to be
important for studying transcriptional regulation
of both Tsc2 (or TSC2) and Nthl1 (or NTHL1)
genes.

We determined the position of the mNthl1 gene
on chromosome 17A3 by in situ hybridization. It is
known that the mouse Tsc2 and the polycystic kid-
ney disease 1 (Pkd1) genes are oriented in a tail-to-
tail orientation with a distance of only 63 bp
between the polyadenylation signals of these
genes, and that the Tsc2 and Pkd1 genes are
mapped on chromosome 17 at 10.3 and 10.4 map
units from the centromere, respectively (Olsson
et al., 1995, 1996; Pilz et al., 1995). Based on this
information and the present results, the mNthl1
gene is thought to be located proximal (centromere
side) to the Tsc2 gene, opposite the Pkd1 gene on
mouse chromosome 17.

Tuberous sclerosis in humans is a dominantly
inherited hamartomatous disorder characterized
by seizures, mental retardation, skin lesions, eye
lesions and widespread development of growths
(hamartoma and neoplasm; European Chromo-
some 16 TSC Consortium, 1993). Tuberous sclerosis
is extremely variable in its manifestations and
severity, and linkage studies have shown locus
heterogeneity with the TSC1 gene mapped on
chromosome 9q34.3 and with the TSC2 gene
mapped on chromosome 16p13.3. It is also
reported that the TSC2 gene functions as a tumour
suppressor gene, in accordance with Knudson's
hypothesis (Green et al., 1994; Yeung et al., 1994).
Previous reports have shown that the size of TSC2-
associated deletions on chromosome 16p13.3 are
fairly large, and deletion of the TSC2 gene in tuber-
ous sclerosis patients is frequently associated with
deletion of the OCTS3 gene (The European
Chromosome 16 TSC Consortium, 1993; Green
et al., 1994). The OCTS3 gene has been designated
as the NTHL1 gene here, because the gene product
is a homologue of endonuclease III (nth (E. coli
endonuclease III)-like 1). Considering the frequent
occurrence of NTHL1 gene deletion in TSC
patients, structural and/or functional changes in
the NTHL1 gene may be involved in some in a
wide variety of the signs, symptoms, and compli-
cations of tuberous sclerosis. Some mutation in the
NTHL1 gene may possibly become a mutator phe-
notype. The nature of the relationship between
gene regulation in the TSC2 and NTHL1 genes
may also be important for understanding the role
each gene plays in the phenotypic expression of
tuberous sclerosis, considering the fact that the
TSC2 gene lies immediately adjacent to the NTHL1
gene in a head-to-head orientation (Aspinwall et al.,
1997; and our unpublished result). Our present
results indicate that the orientation of the mouse
Tsc2 and Nthl1 genes in the genome is the same as
that of the corresponding human genes. We have
determined the complete sequence of the mouse
Nthl1 gene and its 50- and 30-¯anking regions.
These data will be valuable for genetic approaches
to tuberous sclerosis as well as for analysis of the
in vivo functions of the Nthl1 (or NTHL1) gene.

Materials and Methods

Enzymes and chemicals

E. coli formamidopyrimidine DNA glycosylase (Fapy
DNA glycosylase) and endonuclease III were gifts from
Drs Z. Hatahet and S. S. Wallace of the University of
Vermont. Uracil DNA glycosylase of E. coli was pur-
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chased from USB, and polynucleotide kinase and restric-
tion enzymes from Toyobo Biochem., Japan. Recombi-
nant human class II AP endonuclease (APEX nuclease,
hAPEX) was puri®ed as described previously (Seki et al.,
1991, 1992). Osmium tetroxide was purchased from
Nacalai Tesque, Japan, [g-32P]ATP (7000 Ci/mmol)
from ICN and [a-32P]dCTP (3000 Ci/mmol) and
[methyl-3H]TTP (49 Ci/mmol) from Amersham. A plas-
mid containing cDNA for the mouse S26 ribosomal pro-
tein was kindly provided by Professor J. Fujita of Kyoto
University, Kyoto, Japan (Kaneko et al., 1995). A nth::Cmr

nei::Kmr double mutant of E. coli was prepared as
described previously (Saito et al., 1997). The other
materials used were obtained or prepared as described
previously (Sarker et al., 1995).

Cloning of the mNthl1 cDNA

Oligonucleotide primers (rF0-sense strand,
50TGCACAGAATAGCCAACAGA-30; rR0-antisense
strand, 50-AGACCCTGGGCAGCAGGACA-30) for PCR
were prepared based on the rat 30-EST sequence (acces-
sion number: H33255). Using a mouse T-cell cDNA
library in Uni-Zap XR vector (Stratagene) and the PCR
primers, 211 bp cDNA fragments of the size expected
from the EST sequence were ampli®ed with hotstart
under the following PCR conditions: 1 cycle of 95�C for
®ve minutes and 40 cycles of 94�C for one minute, 60�C
for one minute, 72�C for two minutes, followed by a
®nal cycle of seven minutes at 72�C. The PCR product of
the expected size (211 bp) was subcloned into a pGEM-T
vector (Promega Biotec, WI), and sequenced for confor-
mation. The 211 bp cDNA fragments were ampli®ed and
labelled with [a-32P]dCTP using a random primer DNA
labelling system (Amersham). The mNthl1 cDNA was
obtained by recloning using the same DNA library and
the 32P-labelled probe. The inserts in the Lambda ZAP-II
vectors in the isolated bacteriophage clone were excised
with helper phage infection and recircularized to gener-
ate a subclone in the pBluescript SK(ÿ) phagemid vector
(Short et al., 1988). The nucleotide sequence of the insert
of the subclone (designated as clone A) was determined
by the dideoxy chain termination method (Sanger et al.,
1977) using either M13 universal primers or oligonucleo-
tide primers synthesized according to the sequences
determined using AmpliTaq FS Ready Mix (Perkin-
Elmer) by an Applied Biosystem Model 373A DNA
sequencer. The insert of clone A was an incomplete
cDNA containing a 717 bp sequence which corresponds
to the cDNA region from position 309 to the 30 end of
the full size mNthl1/mNth1 cDNA deposited in Data
Bases (accession number: AB006812).

50 RACE and construction of the full size
mNthl1 cDNA

The transcription initiation site and the 50 region of the
mNthl1 cDNA were determined by the 50 RACE (rapid
ampli®cation of the 50 ends) technique (Hirzmann et al.,
1993). Brie¯y, poly(A)� RNA isolated from SR-C3H/He
(mouse ascites sarcoma) cells was heated at 65�C for
three minutes and cooled on ice. The reverse transcrip-
tion reaction was performed at 37�C for two hours in a
10 ml reaction mixture containing 600 ng of the 65�C-
treated RNA, 50 mM Tris-HCl (pH 8.3), 75 mM KCl.
3 mM MgCl2, 5 mM DTT, 1 mM of each dNTP, 0.5 unit/
ml RNasin (Promega Biotec), 10 unit/ml Moloney murine
leukemia virus reverse transcriptase and the 1 mM oligo-
nucleotide primer (R0: 50-AGATCCTGGGCAGGGCA-30,
complementary to the nucleotide sequence from position
896 to position 915 in the mNthl1/mNth1 cDNA-acces-
sion number AB006812). Excess primer molecules and
substrate were removed by washing the product using a
Micron-30 membrane (Amicon Corp., MA). For dG tail-
ing, an aliquot of the reaction product (equivalent to
100 ng of mRNA) was incubated at 37�C for 20 minutes
in a 20 ml reaction mixture containing 100 mM cacody-
late buffer (pH 6.8), 1 mM CoCl2, 0.1 mM DTT, 100 mg/
ml BSA, 0.2 mM dGTP and 10 units terminal deoxynu-
cleotidyl transferase (Promega Biotec). The reaction was
stopped by heating to 75�C for ten minutes. An aliquot
of the dG-tailed product was used for PCR ampli®cation
with an EcoRI-BamHI-(dC)12-oligonucleotide primer
(50TTCTAGAATTCGGATC12-3), and the R2 primer (50-
GTCTGGCTGGAGAGCATCAG-30, complementary to
the nucleotide sequence from position 386 to position
405 in the mNthl1 cDNA). The PCR product was cloned
into a PGEM-T vector and sequenced. The full-length
mNthl1 cDNA was constructed from the 717 bp cDNA
fragment in the clone A and the 50-RACE product.
Brie¯y, the PGEM-T vector containing the 50-RACE pro-
duct was digested with EcoRI and NarI, and the frag-
ments were gel-puri®ed. The recombinant plasmid
(designated as pBlue/mNthl1) containing the full length
cDNA was constructed by replacing the gel-puri®ed 50-
RACE fragment with the EcoRI and NarI fragment in the
pBluescript SK(ÿ) containing the 717 bp cDNA frag-
ment.

Preparation of expression construct

The open reading frame of the pBlue/mNth1 was
ampli®ed by PCR using the following primers: F1 (50-
CATGACGAATTCAACTCAGGGGTGCGGA-30) and R1

(50-TACTAGGATCCAGAGGAAGCCCTATGGC-30) both
of which have unique sequences and EcoRI or BamHI site
(underlined). The ampli®ed fragments were introduced
into the EcoRI and BamHI sites of a PEK318 expression
vector (containing Trc and T7 promoter sites and six his-
tidine codons close to the EcoRI site). The resulting con-
struct designated as PEK/mNthl1 was introduced into
the nthÿ (nth::Cmr) and neiÿ (nei::Kmr) double mutant of
E. coli for transformation. The plasmid, PEK/mNthl1,
was isolated from the recombinant cells using the Qiagen
plasmid isolation kit and the insert was sequenced to
con®rm the correctness of the construct.

Overexpression and purification of
recombinant protein

The recombinant cells in 5 ml of the overnight culture
were cultured at 37�C in 500 ml of LB broth sup-
plemented with 200 mg ampicillin/ml, 50 mg chloram-
phenicol/ml, 30 mg kanamycin/ml, and 15 mg
tetracycline/ml until the absorbance at 600 nm of the
culture reached 0.6 (�®ve hours). Expression of the
recombinant protein was induced by incubating the cul-
ture at 37�C for two hours with 0.5 mM isopropyl b-D-
thiogalactoside (IPTG), the cells were collected by cen-
trifugation at 4000 g for 20 minutes, and the pellet was
stored at ÿ70�C until use. Protein puri®cation was con-
ducted as described by Roldan-Arjona et al. (1996) with
some modi®cations. Brie¯y, after thawing, the pellet was
resuspended in 5 ml of a sonication buffer (50 mM
Hepes-KOH (pH 8.0), 50 mM NaCl, 0.1 mM EDTA,
1 mM PMSF). The cells were disrupted by sonication
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using a Branson Soni®er Model 250D, the sonicate was
centrifuged at 10,000 g for 30 minutes, and the super-
natant was transferred into a clean tube. It was then
loaded on a phosphocellulose column previously equili-
brated with the sonication buffer. The column was
washed with ®ve column volumes of the buffer. The
adsorbed protein was eluted stepwise with the soni-
cation buffer supplemented with 100, 200, 500, 700 and
1000 mM NaCl. An aliquot of each fraction was analysed
by 12% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Fractions containing the mNthl1 protein, which
was largely eluted between 200 mM and 500 mM NaCl,
were pooled, and mixed with 1 ml of 50% slurry of
Ni2�-NTA agarose (Qiagen) previously equilibrated with
the sonication buffer. The mixture was gently stirred for
one hour, and the resin was packed into a Poly-Prep
Chromatography Column (Bio-Rad). The column was
washed twice with 10 ml of the sonication buffer and
once with 5 ml of washing buffer (50 mM Hepes-KOH
(pH 8.0), 10% glycerol, 100 mM NaCl, 0.1 mM EDTA)
containing 40 mM imidazole. Proteins were eluted step-
wise with 3 ml each of the washing buffer supplemented
with 100, 200, 400 and 500 mM imidazole, and collected
in fraction tubes (1 ml each). An aliquot of each fraction
was analysed by 12% SDS-PAGE. Fractions (eluted
between 200 and 400 mM imidazole) containing the pur-
i®ed, recombinant mNthl1 protein were pooled, and dia-
lysed against a dialysis buffer (50 mM Tris-HCl (pH 7.5),
1 mM EDTA, 50% glycerol, 30 mM NaCl) overnight.
Then, the dialysed sample was distributed into Eppen-
dorf tubes and stored at ÿ70�C until use. An apparent
homogeneous recombinant mNthl1 preparation was also
obtained by direct af®nity puri®cation using the Ni2�-
NTA agarose column without the step of the phospho-
cellulose column chromatography, although the recovery
was low. All puri®cation procedures on the recombinant
protein were carried out at 4�C or on ice.

Preparation of DNA and oligonucleotide substrates
for enzymatic analysis

M13 double-stranded DNA containing scattered 3H-
labelled thymine glycol residues ([3H]Tg-DNA) was pre-
pared, essentially as described previously (Ide et al.,
1991). Brie¯y, M13 mp18 single-stranded DNA (10 mg, ca
4 pmol), primed with synthetic 20-mer (50-CCATTCGC-
CATTCAGGCTGA-30, 20 pmol), was incubated at 25�C
for one hour with the Klenow fragment (132 units) of
E. coli DNA polymerase I in a mixture (®nal volume,
100 ml) containing 66 mM Tris-HCl (pH 7.5), 1.5 mM 2-
mercaptoethanol, 6.6 mM MgCl2, and 50 mM each of
dATP, dGTP, dCTP and [methyl-3H]dTTP at 3600 cpm/
pmol) to prepare [3H]dTMP-labelled, double-stranded
M13 DNA ([3H]T-DNA). [3H]T-DNA was extracted with
phenol from the reaction mixture, precipitated with etha-
nol, and dissolved in 100 ml of distilled water. DNA was
gel-®ltered with a Sephadex G-25 column (3 ml) to
remove the remaining substrate. [3H]T-DNA thus
obtained was treated with 0.1% osmium tetroxide at
70�C for 30 minutes, and [3H]Tg-DNA was obtained
from the reaction mixture after removing the osmium
tetroxide by gel ®ltration as described above.

The following oligonucleotides were prepared and
puri®ed essentially as described previously (Ide et al.,
1991; Kao et al., 1995); 50-ACAGACGCCATCAAC-
CAGG-30 (abbreviated as 19T), 50-ACAGACGCCAX-
CAACCAGG-30 (X � thymine glycol; abbreviated as
19TG), 50-ACAGACGCCAYCAACCAGG-30 (Y � urea;
abbreviated as 19UREA), 30-TGTCTGCGGTAGTTGGT-
CC-50 (abbreviated as 19COM), 50CATCGATAGCAT-
CCGUCACAGGCAG-30 (U, uracil; abbreviated as 25U),
and 30-GTAGCTATCGTAGGCAGTGTCCGTC-50 (abbre-
viated as 25COM). Brie¯y, the 19TG was prepared by
speci®cally oxidizing the thymine of the 19T into TG
with KMnO4, and puri®ed by HPLC (Kao et al., 1993).
The 19UREA was prepared from the 19TG by alkaline
treatment at pH 12 (Ide et al., 1991). The oligonucleotide
containing an AP site (50-CCTGCCCTGOGCAGCTGT-
GGG-30 where O is the position of AP site; abbreviated
as 21AP) and the complementary oligonucleotide (50-
CCCACAGCTGCACAGGGCAGG-30; abbreviated as
21COM) were purchased from Trevigen Inc. Oligonu-
cleotides with an abnormal base or an abasic site were
labelled at the 50 end with [g-32P]ATP and polynucleotide
kinase, and puri®ed as described (Ide et al., 1993).

Assay of DNA glycosylase/AP lyase activity

To measure thymine glycol DNA glycosylase activity
of mNthl1, [3H]Tg-DNA and [3H]T-DNA (both 1.5 � 105

cpm, ca 0.1 mg) were treated with mNthl1 or endoIII.
The material released by DNA glycosylase activity was
separated from DNA using an anion exchange column,
Bio-Rad AG 1-X2 (Clÿ form). Released 3H radioactivity
was measured by a liquid scintillation counter. To con-
®rm the release of thymine glycol, the released material
was concentrated by a vacuum centrifugal evaporator,
and then analysed by reverse phase HPLC using a
Wakosil DNA C18 column (4.6 mm � 1590 mm, Wako,
Japan), using authentic thymine, hydroxymethyluracil
and thymine glycol (Tg) as a standard. The column was
eluted with distilled water. Fractions were collected
every 20 seconds and assayed for radioactivity. DNA
glycosylase/AP lyase activity of mNthl1 was assayed
using 32P-labelled oligonucleotides. Each procedure is
described in the corresponding Figure legend.

Southern blot analysis of mNthl1 genomic DNA

High molecular weight genomic DNA was isolated
from mouse liver as described (Sambrook et al., 1989).
Five micrograms of the DNA digested with restriction
enzymes were electrophoresed on a 0.7% agarose gel at
7 V for 16 hours, and transferred onto a positively
charged nylon membrane (Hybond N�; Boehringer Man-
nheim Biochem.) as described (Sambrook et al., 1989).
The mNthl1 cDNA fragment was excised from the plas-
mid, clone A, by treatment with EcoRI and XhoI, gel-pur-
i®ed, and labelled with [a-32P]dCTP (3000 Ci/mmol)
using the random priming method. The blotted mem-
brane was hybridized with the 32P-labelled probe.
Hybridization was carried out at 68�C for 12 hours in
6 � SSC (1 � SSC is 150 mM NaCl, 15 mM sodium
citrate, pH 7.0), 5 � Denhardt's solution, 0.5% SDS,
denatured salmon testis DNA at 100 mg/ml and the
labelled cDNA probe at 3 � 105 cpm/ml. After washing
at room temperature for ten minutes in 2 � SSC and
0.1% SDS and then twice at 68�C for one hour in
1 � SSC and 0.1% SDS, the membrane was air-dried, and
exposed on Kodak X-ray ®lm for autoradiography.

Northern blot analysis

The ``Mouse Multiple Tissue Northern Blot'' (MTN)
purchased from Clontech Laboratories contained polya-
denylated RNA (2 mg per lane) from mouse heart, brain,
spleen, lung, liver, skeletal muscle, kidney and testis.
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The blot was hybridized with the same probe as used in
the Southern blot analysis. Hybridization and washing
were conducted according to the manufacturer's instruc-
tions. Brie¯y, the membrane was incubated at 68�C for
one hour in the ExpressHyb2 solution (supplied by
Clontech) for hybridization with the labelled mNthl1
cDNA probe (8 � 105 cpm/ml). The membrane was then
washed at room temperature for 40 minutes in 2 � SSC,
0.05% SDS, washed again at 50�C for 40 minutes in
0.1 � SSC, 0.1% SDS, and processed for autoradiography.

Cloning of the mNthl1 gene

The genomic library constructed using BALB/c adult
mouse leukocyte DNA and cloning vector EMBL-3 SP6/
T7 (Clontech Laboratories, CA) was screened using the
same DNA probe as that used for the Southern blot anal-
ysis. Among the 16 positive clones obtained, inserts of
two clones (clones 3 and 5 designated as mNth1G-3 and
mNth1G-5, respectively) were subcloned in plasmid
pBluescript KS(ÿ), and sequenced. The nucleotide
sequence data were deposited in the GSDB, DDBJ,
EMBL and NCBI nucleotide sequence data bases under
the accession no. AB009371.

Chromosome mapping by fluorescence in situ
hybridization (FISH)

Metaphase chromosome preparations were made
from ®broblasts derived from primary cultures of a DBA
strain mouse. In situ hybridization was performed using
a biotin-labelled, 8 kb genomic fragment which con-
tained the entire region of the mNthl1 gene. The biotin
label was detected with an anti-biotin Fab0-alkaline
phosphatase conjugate, and ¯uorescent signals were
ampli®ed by 3-hydroxy-N-20-biphenyl-2-naphthalebcar-
boxamide phosphate ester (HNPP) an Fast red TR
(Kondoh et al., 1995). Chromosomes were counter-
stained with Hoechst 33258 and quinacrine mustard for
precise localization of the signals by Q-banding (Yoshida
et al., 1975).
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