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Abstract D-Amino-acid oxidase (DAO) is known to be

associated with schizophrenia. Since the expression of

DAO gene had been reported to be very low in LEA rats,

we examined LEA/SENDAI rats in detail. These rats did

not have DAO activity, enzyme protein or mRNA encoding

this enzyme. Sequencing of the 50-upstream region of the

DAO gene revealed the deletion of one triplet in the 15

TAA repeats approximately 700-bp upstream of the

transcription start point. A 1.3-kb upstream fragment con-

taining the TAA repeats and the transcription start point

was inserted into a reporter vector and was transfected into

COS-1, NRK-52E and CCL-PK1 cells. Although the

fragments containing 15 or 14 repeats had high promoter

activity, the fragment containing 13 repeats had very weak

activity. Electrophoretic mobility-shift assays showed that

the nuclear extracts from COS-1 and COS-7 cells had

proteins that bound to the oligonucleotides containing the

TAA repeats. These results suggest that the TAA repeats

are important for expression of the DAO gene. The

LEA/SENDAI rats lacking DAO would be a useful tool for

the investigations aimed at the elucidation of the relation-

ships between this flavoenzyme and schizophrenia.
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Introduction

D-Amino-acid oxidase (DAO, EC 1.4.3.3) catalyzes the

oxidative deamination of D-amino acids, stereoisomers of

the naturally occurring L-amino acids. During the reac-

tion, the corresponding 2-oxo acids, hydrogen peroxide

and ammonia are produced (Krebs 1935). DAO is present

in a wide variety of organisms from yeasts to humans

(Meister 1965). In higher animals, it is mainly present in

the kidney, liver and brain. However, since D-amino acids

have been considered to be rare in eukaryotes, the

physiological role of DAO has been enigmatic for a

long time (Meister 1965; see Brosnan 2001). However,

improvements in analytical methods have led to the

discovery that D-amino acids are widely distributed even

in mammals. It has also been revealed that some D-amino

acids have important physiological functions. Accord-

ingly, the physiological roles of DAO have been

gradually clarified.

Hashimoto et al. (1992) and Nagata et al. (1994) found

that substantial quantities of D-serine were present in the rat

and mouse, respectively. Human brains also contain high

levels of D-serine (Hashimoto et al. 1993b; Chouinard et al.

1993). Hashimoto et al. (1993a) noticed that the distribu-

tion of D-serine was parallel to that of N-methyl-D-aspartate

(NMDA)-subtype glutamate receptors. They suggested that
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D-serine was a ligand for the strychnine-insensitive

‘‘glycine’’ site of the NMDA receptors. Using an antibody

against D-serine, Schell et al. (1995) clearly demonstrated

the distribution of D-serine in the rat brain. The cerebral

cortex, hippocampus, anterior olfactory nucleus, olfactory

tubercle, and amygdale had high levels of D-serine. This

distribution pattern was similar to that of NMDA receptors

and inversely correlated with that of DAO. D-Serine was

found to be present in protoplasmic astrocytes in the gray

matter. In glial cultures of rat cerebral cortex, D-serine was

present abundantly in type 2 astrocytes and was released

from these cells when they were stimulated by agonists for

non-NMDA receptors such as kainate. Later, Schell et al.

(1997) showed that the distribution pattern of D-serine

closely resembles that of the NR2A/B subunits of NMDA

receptors.

It is known that simultaneous binding of glutamate

and a co-agonist to the receptor is required for the full

activation of NMDA receptor. Using cloned NMDA

receptors expressed on the surface of oocytes, Matsui

et al. (1995) showed that D-serine was more potent than

glycine in the activation of these NMDA receptors. By

regulating the levels of D-serine, DAO is considered

to modulate NMDA neurotransmission (Mothet et al.

2000).

Hypofunction of NMDA receptors is recognized as one

of the most plausible causes of schizophrenia. Chumakov

et al. (2002) found that DAO was associated with

schizophrenia. DAO itself had a weak association with

schizophrenia but the combination of DAO and the product

of G72 (a novel gene associated with schizophrenia) have a

synergistic effect on this disease. Since they found the G72

product activated DAO, they consider that this combination

decreases the level of D-serine, resulting in hypofunction of

the NMDA receptors. Schumacher et al. (2004) and Liu

et al. (2004) confirmed the association of DAO with

schizophrenia.

We have established a mutant mouse strain lacking

DAO. These mice showed altered responses that were

mediated by the NMDA receptors (Wake et al. 2001;

Hashimoto et al. 2005; Maekawa et al. 2005; Almond et al.

2006). However, mouse brains are so small that detailed

studies in discrete areas of the brain were very difficult.

Since rats are also widely used animals for these studies

owing to their suitable size, we searched for mutant rats

having disorders in DAO. We noticed that the expression

of the DAO gene was considerably lower in wild-type

Long–Evans agouti (LEA) rats than the Long–Evans

cinnamon (LEC) rats, an animal model for Wilson disease

characterized by a disorder in copper metabolism (Klein

et al. 2003). Therefore, we examined LEA/SENDAI rats in

detail, a subline of the LEA strain, to determine whether

they had a DAO disorder.

Materials and methods

Assay for DAO activity

Male F344, Wistar and Sprague–Dawley (SD) rats were

purchased from Charles River Japan (Yokohama, Japan).

LEA/SENDAI rats were maintained at the Institute for

Animal Experimentation, Tohoku University Graduate

School of Medicine. Animal experiments were conducted

in accordance with the Guide for the Care and Use of

Laboratory Animals of Dokkyo Medical University, Mibu,

Tochigi, Japan.

D-Amino-acid oxidase activity in kidney homogenates

was determined using D-alanine as a substrate by the

method of Watanabe et al. (1978) as described before

(Konno et al. 1997).

Western blot analysis

Western blot analysis was carried out as described (Konno

et al. 1997). Briefly, rat kidney homogenates were sepa-

rated by electrophoresis on 10% SDS-polyacrylamide gels.

Hog kidney DAO (Boehringer Mannheim, Germany) was

used as a control. Precision protein standards (Bio-Rad

Laboratories, Hercules, CA, USA) were used as a molec-

ular size marker. The proteins were transferred to a

polyvinylidene fluoride (PVDF) membrane (Immobilon-P,

Millipore, Bedford, MA, USA). The membrane was incu-

bated in a solution containing rabbit anti-hog kidney DAO

IgG. The membrane was further treated with donkey

antibodies against rabbit IgG linked to horseradish perox-

idase (Amersham Biosciences, Buckinghamshire, UK).

The immune complex was detected using ECL Western

blotting reagents (Amersham). This system was able to

detect at least 0.5 lg of hog kidney DAO.

Determination of specific mRNAs

Total RNA was extracted from the kidneys of SD and

LEA/SENDAI rats using an RNA extraction reagent

(Isogen, Nippon Gene, Tokyo, Japan). The first strand of

cDNA was synthesized using the total RNA (2 lg), an

oligo(dT) primer and reverse transcriptase (Superscript

Preamplification System, Invitrogen, Carlsbad, CA, USA).

These cDNAs were used as templates to amplify a DAO

cDNA fragment and a serine racemase cDNA fragment. A

primer pair (50-CCCCCAGGCCATTTTTCTCTA-30 and

50-CCCATCACTCCATCACTACAA-30) and a pair (50-CT

GTCTACAGCCCTCTGCAT-30 and 50-CCAAAGTTATG

GATGACCTCTG-30) were used to amplify a 1,327-bp and

a 890-bp fragment of DAO cDNA, respectively. A primer

pair (50-GATAGCGGGACAAGGGACAAT-30 and 50-AG

GAAGATGGAAAACAAAACT-30) was used to amplify a
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583-bp fragment of serine racemase cDNA. These primers

were designed from the cDNA sequence of rat DAO

(Konno 1998) and rat serine racemase (Konno 2003). The

PCR conditions were denaturation at 95�C for 9 min, fol-

lowed by 40 cycles of denaturation at 95�C for 30 s,

annealing at 55�C for 30 s, and extension at 72�C for 80 s,

and a final extension at 72�C for 5 min. AmpliTaq Gold

(PE Applied Biosystems, Foster City, CA, USA) was used

for this reaction. The PCR products were separated by

electrophoresis on 1% agarose gels and visualized with

ethidium bromide staining.

Genome walking

Genomic DNA was extracted from the kidneys of LEA and

SD rats using a DNeasy Tissue Kit (Qiagen, Hilden,

Germany). To amplify the 50-upstream region of the DAO

gene, DNA Walking SpeedUp Kit (Seegene, Seoul, South

Korea) was used. Nested PCR using an ACP-4 primer

supplied by the manufacturer and a DAO-specific primer

(50-CATCTCTCAGGGGGACATTTC-30), followed by a

pair of an ACP-N primer supplied by the manufacturer and

a DAO-specific primer (50-TAGACCTCTAACTGGGAC

ACG-30) amplified an approximately 1-kb fragment. It was

ligated to a TA vector (pCR2.1-TOPO, Invitrogen)

and cloned in Escherichia coli. The plasmid was amplified

and purified with a Plasmid Mini Kit (Qiagen). The

nucleotide sequence of the insert was determined using

a DNA sequencing kit (BigDye Terminator Cycle

Sequencing Ready Reaction; Applied Biosystems, Fos-

ter City, CA, USA) and a DNA sequencer (ABI PRISM

310 Genetic Analyzer, Applied Biosystems). Using

the sequence information obtained, further upstream

sequences were determined until approximately 1.8-kb

sequences upstream of the transcription start point were

determined.

Determination of transcriptional start point

A Cap Site cDNA library (rat kidney) was purchased from

Nippon Gene (Tokyo, Japan). The cap site region of the

DAO cDNA was amplified by nested PCR following the

procedures specified by the supplier. Briefly, the first PCR

was carried out using a 1RC primer supplied by the man-

ufacturer and the DAO-specific primer (50-CCCACACC

CCGGTGCAGTTGA-30) and the second PCR was per-

formed using a 2RC primer supplied by the manufacturer

and the DAO-specific primer (50-TTCCAGAAAGGGTC

CGGGACT-30). AmpliTaq Gold was used for this ampli-

fication. The amplified fragment (approximately 450 bp)

was ligated to the pCR2.1-TOPO vector and cloned in

E. coli. The insert was sequenced.

Construction of reporter vectors

The 50-upstream region of the DAO gene was amplified by

nested PCR. The first PCR was done using a primer pair

(50-GACCAGGTTTACAGCATCAGG-30 and 50-CAAAC

CCATCAATAGCATAAT-30) and the genomic DNAs

from SD and LEA/SENDAI rats as a template. The second

PCR was performed using a primer pair (50-TAAATTT

CAACCTCGCTGCTC-30 and 50-CATCTCTCAGGGGGA

CATTTC-30). Z-Taq DNA polymerase (Takara, Ohtsu,

Japan) was used for these reactions. This nested PCR

amplified a 1,561-bp fragment (nucleotides -1,332 to

+229).

The amplified fragment was ligated to a pCR2.1-TOPO

vector and cloned in E. coli. The plasmid was amplified

and purified using a QIAprep Spin Miniprep Kit (Qiagen).

The inserted 50-upstream region of the DAO gene was

excised from the plasmid with SacI and XhoI (Nippon

Gene). It was gel-purified using a Sephaglas BandPrep Kit

(Amersham Pharmacia Biotech) and was ligated to the

SacI/XhoI sites of a pGL3-Basic vector (Promega, Madi-

son, WI, USA) upstream of the firefly luciferase gene. The

construct was cloned in E. coli and purified using a Plasmid

Midi Kit (Qiagen).

Reporter assay

COS-1 cells were obtained from Dr. J. Yanagisawa

(University of Tsukuba). A rat kidney epithelial-like cell

line (NRK-52E) and a pig kidney epithelial-like cell line

(CCL-PK1) were obtained from Health Science Research

Resources Bank (Resource Nos. IF050480 and JCRB0060,

respectively; http://www.jhsf.or.jp).

The cells were propagated in Dulbecco’s modified

Eagle’s medium (GIBCO, Invitrogen) supplemented with

5% newborn calf serum (GIBCO) and antibiotics (peni-

cillin, 100 U/ml, and streptomycin, 100 lg/ml, GIBCO).

They were seeded at 1.8 9 105 cells/35-mm dish and were

incubated at 37�C under an atmosphere of 5% CO2 and

95% air. The following day, the pGL3-DAO construct

(1.5 lg) and pRL-TK (Renilla luciferase expression plas-

mid, 0.05 lg, Promega) were co-transfected into the cells

using the PolyFect Transfection Reagent (Qiagen)

according the procedures specified by the manufacturer.

After 2 days, the cells were washed with phosphate-buf-

fered saline (pH 7.4) and lysed with Passive Lysis Buffer

(Promega). The lysate was collected and stored at -80�C

until the luciferase assay.

The cell lysates were assayed for firefly luciferase activity

and then Renilla luciferase activity according to the proce-

dures specified by the manufacturer (Dual-Luciferase

Reporter Assay System, Promega). A luminometer (Lumat
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LB 9501, EG & G Berthold, Bad Wildbad, Germany) was

used to measure the luminescence. The ratio (firefly lucif-

erase activity/Renilla luciferase activity) was calculated and

used for comparison. A Student’s t test was used to calculate

the statistical significance.

Electrophoresis mobility-shift assay

Complementary oligonucleotides, 50-GGTGTATTAATAA

TAATAATAATAGAAAAGGCT-30 (5 TAA repeats) and

50-AGCCTTTTCTATTATTATTATTATTAATACACC-30,
were synthesized at Sigma Genosis (Ishikari, Japan). 1–3

Biotinylated ribonucleotides were incorporated onto the

30-ends of these oligonucleotides using a Biotin 30-End DNA

Labeling Kit (Pierce, Rockford, IL, USA). Equal amounts of

the biotinylated oligonucleotides were annealed to form

double-stranded target oligonucleotides.

For the electrophoresis mobility-shift assay, a LightShift

Chemiluminescent EMSA Kit (Pierce) was used. The

annealed, biotin-labeled oligonucleotides (25 fmol) were

incubated with a nuclear protein extract from COS-7 cells

(10 lg, Active Motif, Carlsbad, CA, USA) in a 20 ll of

binding reaction containing 1 lg poly(dI�dC) and the

binding buffer. When necessary, unlabeled oligonucleo-

tides (4 pmol) were added as a competitor. The binding

reactions were incubated at room temperature for 20 min.

The reaction was terminated by the addition of 5 ll of

59 loading buffer.

The 20 ll binding reactions were separated by electro-

phoresis on 6% polyacrylamide gels (Tefco, Tokyo, Japan)

at 100 V about 1.2 h. The nucleotides were electro-

phoretically transferred to a membrane (Hybond-N+,

Amersham Pharmacia Biotech) at 380 mA for 30 min. The

nucleotides were cross-linked at an optimal cross-link

condition in a UV-linker (FS-800, Funakoshi, Tokyo,

Japan).

The membrane was treated with streptavidin–horserad-

ish peroxidase conjugate, followed by the luminol/peroxide

solution. The membrane was exposed to a Polaroid film in

an ECL mini-camera (Amersham Pharmacia Biotech).

Results

DAO activity

When Klein et al. (2003) compared gene expression

between the LEA and LEC rats using DNA microarrays,

they found that the expression of DAO was much lower in

the LEA rats than in the LEC rats. Therefore, we examined

DAO activity in the LEA/SENDAI rats. Since this enzyme

is most abundant in the kidney, kidney homogenates were

used. The enzyme assays indicated that SD and F344 rats

had DAO activity whereas LEA/SENDAI rats did not

(Table 1).

DAO proteins

It was examined whether DAO proteins were present in the

kidneys of the LEA/SENDAI rats. Western blot analysis

using anti-hog DAO IgG showed that DAO proteins were

present in the kidney homogenate of a SD rat but not in that

of a LEA/SENDAI rat (Fig. 1). It is not likely that the

LEA/SENDAI rat had an altered structure of DAO mole-

cules which did not react with the primary antibody

because the employed antibody could recognize DAO

molecules of other species such as the mouse and hog.

DAO mRNA

Then we examined whether mRNA for DAO was present

in the kidney of LEA/SENDAI rats. Total RNA extracted

from the kidneys of LEA/SENDAI rats and SD rats was

Table 1 DAO activity in the rat kidney

Strain Activity (nmol/min mg protein)

SD 10.6 ± 1.7 (5)

F344 8.2 ± 1.5 (5)

LEA/SENDAI \0.1 (5)

The enzyme activity of the LEA/SENDAI rats was below the

detection limit of our assay. The values represent the mean ± SE.

The numbers in the parentheses indicate the number of rats used
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Fig. 1 The absence of DAO proteins in LEA/SENDAI rat. Kidney

homogenates from a LEA/SENDAI and a SD rat and of a mouse

together with purified hog kidney DAO were separated by electro-

phoresis. After the proteins were transferred to a membrane, it was

treated with rabbit anti-hog DAO IgG, followed by a horseradish

peroxidase-linked donkey antibody against rabbit IgG. The immune

complex was detected by a chemiluminescence production. Hog DAO

(2.5 ng), and kidney homogenates of a mouse (14.8 lg), a SD rat

(1.3 lg) and a LEA rat (4.9 lg) were loaded. Precision protein

standards were used as a molecular size marker. The molecular

weight of hog DAO is 39,335 Da
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reverse transcribed. PCR amplified a DAO cDNA fragment

of 1.327 bp in SD rats but not in LEA/SENDAI rats

(Fig. 2). This was not due to a defect in the reverse-tran-

scription or PCR amplification because a serine racemase

cDNA fragment of the expected size was amplified in both

LEA/SENDAI and SD rats (Fig. 2). PCR using a different

pair of primers also amplified an expected 890-bp fragment

of DAO cDNA in the SD rats but not in the LEA/SENDAI

rats (data not shown). Therefore, it was concluded that

DAO mRNA was not present in the LEA/SENDAI rats.

Genome walking

The results suggested that transcription of the DAO gene

did not occur in the LEA/SENDAI rats. Then, the

50-upstream sequence of the DAO gene was examined.

Genome walking was performed until a 1.8 kb-upstream

region of the DAO gene was sequenced in the LEA/

SENDAI and SD rats.

TAA triplet repeats were present approximately 700-bp

upstream from the transcription start point (Fig. 3). It was

found that the TAA triplets were repeated 15 times in the

SD rats whereas they were repeated 14 times in the

LEA/SENDAI rats. No other difference was detected in

the sequence up to 1.8 kb from the transcription start point

between these strains of rats.

Determination of transcription start point

Since 700-bp upstream seemed a little far from the ordinary

transcription start point to be recognized as the promoter

region, we suspected that the real transcription start point

might be present further upstream of the initially reported

transcriptional start point, which had been previously

determined with rapid amplification of the 50-cDNA end

(50-RACE) (Konno 1998). Then, a Cap Site cDNA library

made from the rat kidney, which was advertised to be

enriched in transcription start points of genes, was pur-

chased. Nested PCR using anchor primers and DAO-

specific primers amplified the fragments containing the

expected cap site of the DAO gene. The fragments were

sequenced. The real transcription start point was found to

be only five nucleotides upstream of the initially reported

transcription start point (Fig. 3). Then, the first nucleotide

G was numbered +1 and the other nucleotides were

numbered accordingly. Consequently, the TAA repeats

were determined to be located at -721 to -677.

Reporter assay

Since no difference was detected in the 50-upstream

sequence between the LEA/SENDAI and SD rats except

for the deletion of one TAA triplet in the 15 TAA repeats,

this deletion was suspected to be associated with the defect

in the transcription of the DAO gene in the LEA/SENDAI

rats. To examine this possibility, an approximately 1.3-kb

fragment containing the TAA repeats and the transcription

start point (-1,087 to +229) was amplified from the

LEA/SENDAI and SD rats by nested PCR. It was inserted

upstream of the firefly luciferase gene in the reporter vec-

tor. The constructed reporter vectors were transfected into

COS-1 cells together with a control vector containing

Renilla luciferase. After 2 days, luciferase activity in the

transfected cells was determined.

The 1.3-kb fragment containing the normal 15 TAA

repeats which was prepared from a SD rat had a high

promoter activity (Fig. 4a). Against the expectation, the

fragment containing 14 TAA repeats prepared from a

LEA/SENDAI rat also had a high promoter activity.

However, a fragment containing 13 TAA repeats, which

was accidentally produced during the process of the PCR

amplification and the construction of the reporter vector,

was found to have very weak promoter activity (Fig. 4a).

The fragment containing 14 TAA repeats which derived

from the LEA/SENDAI rat had promoter activity. We

suspected that this might be due to species difference

because the DNA fragment was derived from the rat while

the COS-1 cells were from the African green monkey.

Then, the reporter vectors were transfected to NRK-52E

cells which were derived from the rat kidney. However, the
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Fig. 2 The absence of DAO mRNA in LEA/SENDAI rats. The first

strand of cDNA was synthesized using total RNA extracted from the

kidneys of a SD rat and two individuals of LEA/SENDAI rats. These

cDNAs were used as templates for PCR-amplification of DAO and

serine racemase cDNAs. A 1,327-bp fragment and a 583-bp fragment

were expected for the DAO cDNA and serine racemase cDNA,

respectively. DAO mRNA was not present in two LEA/SENDAI rats

although serine racemase mRNA was present. Both mRNAs were

present in a SD rat
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results were basically the same, though there was a slight

difference (Fig. 4b). The vector containing 14 TAA repeats

as well as that containing 15 repeats conferred the lucif-

erase activity on the NRK-52E cells, whereas the vector

containing 13 TAA repeats did not. Strangely, the basic

pGL3 vector without the promoter sequence conferred high

luciferase activity on the NRK-52E cells. The reason was

not clear. These reporter vectors were further tested on

CCL-PK1 cells which were derived from the pig kidney.

However, the results were quite similar to those observed

in the COS-1 cells, though the baseline was higher in the

CCL-PK1 cells (Fig. 4c). Therefore, it was certain that the

fragment containing 14 TAA repeats had promoter activity

whereas that containing 13 repeats did not.

Electrophoretic mobility-shift assay

Using electrophoretic mobility-shift assays, we examined

whether there were any proteins in the nuclei that bound to

the TAA repeat region. An oligonucleotide in which 5 TAA

repeats was connected to 7 nucleotides of the 50-flanking and

11 nucleotides of the 30-flanking sequences (50-GGTGT

ATTAATAATAATAATAATAGAAAAGGCT-30) and its

complementary oligonucleotide were synthesized. They

Fig. 3 Nucleotide sequence of

the 50-upstream region of the

DAO gene. The sequence was

determined by DNA walking.

The first untranslated exon is

boxed. The transcriptional start

point was revealed by the

CapSite Hunting and is

numbered +1. The other

nucleotides are numbered

accordingly. The TAA repeats

located at -721 to -677 are

also boxed. The TAA sequence

was repeated 15 times in the SD

rat whereas it was repeated 14

times in the LEA/SENDAI rat
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were biotin-labeled at their 30-ends and annealed. They were

incubated with a nuclear extract premade from COS-7 cells

and were separated by electrophoresis. Their mobility was

retarded compared with the unbound oligonucleotides

(Fig. 5, the left lane and the middle lane). The retardation

was prevented with an excess amount of non-labeled oli-

gonucleotides (Fig. 5, the right lane). The same results were

obtained when a nuclear extract, which was prepared from

COS-1 cells in our laboratory, was employed (data not

shown). Therefore, it was clear that there were some proteins

in the nuclei that bound to the TAA repeat region.

Discussion

The LEA/SENDAI rats did not have DAO activity and the

DAO proteins. This was because DAO mRNA was not

present in these rats. These results were in accordance with

the finding that the expression of the DAO gene was

extremely low in the LEA rats compared with LEC rats in

the DNA microarray experiments (Klein et al. 2003).

Consequently, LEA/SENDAI rats were suspected to have a

defect in the transcription of the DAO gene. Sequencing of

the 50-upstream region of the DAO gene revealed that the

LEA/SENDAI rats had 14 repeats of TAA triplet whereas

the normal SD rats had 15 repeats located at -721 to -677

from the transcription start point. Since no other difference

was detected between the LEA/SENDAI and SD rats in the

50-upstream sequences up to 1.8-kb from the transcription

initiation site, we considered that the deletion of one repeat

unit would be responsible for the defect in the transcription

of the DAO gene in the LEA/SENDAI rats.

The 50-upstream sequence containing 14 TAA repeats

was expected to lack promoter activity. However, the

reporter assay indicated that the 50-upstream fragment con-

taining 14 repeats did have promoter activity as high as that

containing 15 repeats (Fig. 4a). These unexpected results

were thought to be a reflection of incompatibility due to the

species difference because the fragment was derived from

the rat genome while the transfected COS-1 cells were from

the monkey. However, it was not the case. The fragment

containing the 14 repeats had the promoter activity in the

NRK-52E cells as well (Fig. 4b), a cell line derived from the

rat kidney. The same results were obtained in CCL-PK1

Fig. 4 Promoter activity of the 50-upstream region of the DAO gene.

The 1.3-kb fragment containing the TAA repeats and the transcription

start point of the DAO gene from a SD rat (nucleotides -1,087 to

+229) and LEA rats (nucleotides -1,084 to +229 and -1,081 to

+229) were inserted into the upstream of the firefly luciferase gene of

a pGL3 vector. The construct was transfected into COS-1 cells (a)

NRK-52E cells (b) and CCL-PK1 cells (c) with the control pRL-TK

vector carrying the Renilla luciferase gene. Two days after the

transfection, the cells were harvested and examined for luciferase

activity. For normalization, a ratio (firefly luciferase activity/Renilla
luciferase activity) was calculated. pGL3 is a basic vector without a

promoter sequence. pGL3-SD (15) indicates the construct that had the

upstream sequence of the DAO gene derived from the SD rat. It had

15 TAA repeats. pGL3-LEA (14) indicates the construct that had the

upstream sequence of the DAO gene derived from the LEA rat. It had

14 TAA repeats. pGL3-LEA (13) indicates the construct that had the

upstream sequence of the DAO gene derived from the LEA rat. It has

13 TAA repeats. The reporter assays were independently carried out

five times. The promoter activity of pGL3-LEA (13) was significantly

lower than that of pGL3-SD (15) and pGL3-LEA (14)

b
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cells (a cell line derived from the pig kidney). Therefore, it is

not necessarily clear that the 50-upstream region containing

14 TAA repeats is the cause of the defect in the transcription

of the DAO gene in the LEA/SENDAI rats. Following

explanations may be considered: (1) The reason may be

ascribed to the difference between the in vivo and in vitro

experiments. The transcriptional control in the rat kidney

may be different from the cells in culture. (2) In addition to

the 50-upstream sequence, other genome sequence may be

necessary for the correct transcription. (3) COS-1, NRK-52E

and CCL-PK1 cells may not be the pertinent cells for the

expression of DAO because this enzyme is expressed only in

the cells localized in the proximal tubules of the kidney

(Usuda et al. 1986; Perotti et al. 1987). In any case, it is clear

that the TAA repeats are associated with the regulation of the

transcription of the DAO gene because the lack of one unit

from 14 TAA repeats drastically reduced the promoter

activity in any of the cells tested (COS-1, NRK-52E and

CCL-PK1) (Figs. 4a–c).

Alterations in triplet repeats are known to cause dis-

eases, such as Huntington chorea (The Huntington’s

disease collaborative research group 1993), spinocerebellar

atrophy (Orr et al. 1993) and the fragile X syndrome

(Verkerk et al. 1991). These triplet repeats are present in

the exons or 50-untranslated region of the genes. In the

present case, the TAA triplet repeats were present in the

promoter region of the DAO gene. In this context, the

present results may be similar to those reported by Itokawa

et al. (2003). They found that the length of GT repeats in

the promoter region affected the transcriptional activity of

the N-methyl-D-aspartate receptor 2A subunit gene. They

found that the longer repeats have the weaker promoter

activity.

The 50-upstream sequence of the rat DAO gene was

determined by genome walking. When we searched the

database for similar nucleotide sequences, an identical

sequence was present in two bacterial artificial chromo-

some clones (AC114218 and AC097543) in GenBank. In

these clones, the TAA triplet is repeated 15 times as seen in

the SD rats. We also sequenced the 50-upstream region of

the DAO gene of Fisher 344 and Wistar rats and confirmed

that they had 15 TAA repeats (data not shown).

In the 50-upstream region of the DAO gene, the typical

TATA, CCAAT or GC boxes were not present. This was

the same in the human DAO gene (Fukui and Miyake

1992). This may be the reason for that DAO is a non-

inducible enzyme. It is known that DAO activity was not

significantly changed by various stimuli (see Konno and

Yasumura 1992). It is not clear whether the 50-upstream

region of the DAO gene has the specific sequences

responsible for the expression of this gene in the cells, such

as the proximal-tubular cells in the kidney, the hepatocytes

in the liver and the glial cells in the hindbrain.

Schizophrenia is one of the most frequent and devas-

tating mental diseases of humans. Hypofunction of

NMDA receptors is recognized as one of the most plau-

sible causes of this disease. Since DAO metabolizes

D-serine which stimulates glutamatergic neurotransmission

via the binding to the NMDA receptor, it causes hypo-

function of NMDA receptors. Indeed, a polymorphism in

the DAO gene is shown to be one of the risk factors for

schizophrenia (Chumakov et al. 2002; Schumacher et al.

2004; Liu et al. 2004). However, this hypothesis has to be

rigorously verified. The LEA/SENDAI rats that do not

have DAO would be useful for this study although the

gene for the inferred DAO activator pLG72 is only present

in mammals.
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Fig. 5 Electrophoresis mobility-shift assay. Biotin-labeled double-

stranded oligonucleotides (50-GGTGTATTAATAATAATAATAA

TAGAAAAGGCT-30) were incubated with a nuclear protein extract

from COS-7 cells. The mixture was separated by electrophoresis and

transferred to a nylon membrane. The membrane was treated with

streptavidin–horseradish peroxidase conjugates. The positions of the

oligonucleotides were detected by the production of chemilumines-

cence. Left lane: the nuclear protein extract was not added to the

binding reaction. Middle lane: the nuclear protein extract was added

to the binding reaction. Right lane: an excess amount of the non-

labeled oligonucleotides in addition to the nuclear protein extract was

added to the binding reaction as a competitor

374 R. Konno et al.

123



References

Almond SL, Fradley RL, Armstrong EJ, Heavens RB, Rutter AR,

Newman RJ, Chiu CS, Konno R, Hutson PH, Brandon NJ (2006)

Behavioral and biochemical characterization of a mutant mouse

strain lacking D-amino acid oxidase activity and its implications

for schizophrenia. Mol Cell Neurosci 32:324–334

Brosnan JT (2001) Amino acids, then and now—a reflection on Sir

Hans Krebs’ contribution to nitrogen metabolism. IUBMB Life

52:265–270

Chouinard ML, Gaitan D, Wood P (1993) Presence of the N-methyl-

D-aspartate associated glycine receptor agonist, D-serine, in

human temporal cortex: comparison of normal, Parkinson, and

Alzheimer tissues. J Neurochem 61:1561–1564

Chumakov I, Blumenfeld M, Guerassimenko O, Cavarec L, Palicio

M, Abderrahim H, Bougueleret L, Barry C, Tanaka H, La Rosa

P, Puech A, Tahri N, Cohen-Akenine A, Delabrosse S,

Lissarrague S, Picard FP, Maurice K, Essioux L, Millasseau P,

Grel P, Debailleul V, Simon AM, Caterina D, Dufaure I,

Malekzadeh K, Belova M, Luan JJ, Bouillot M, Sambucy JL,

Primas G, Saumier M, Boubkiri N, Martin-Saumier S, Nasroune

M, Peixoto H, Delaye A, Pinchot V, Bastucci M, Guillou S,

Chevillon M, Sainz-Fuertes R, Meguenni S, Aurich-Costa J,

Cherif D, Gimalac A, Van Duijn C, Gauvreau D, Ouellette G,

Fortier I, Raelson J, Sherbatich T, Riazanskaia N, Rogaev E,

Raeymaekers P, Aerssens J, Konings F, Luyten W, Macciardi F,

Sham PC, Straub RE, Weinberger DR, Cohen N, Cohen D

(2002) Genetic and physiological data implicating the new

human gene G72 and the gene for D-amino acid oxidase in

schizophrenia. Proc Natl Acad Sci USA 99:13675–13680

Fukui K, Miyake Y (1992) Molecular cloning and chromosomal

localization of a human gene encoding D-amino-acid oxidase.

J Biol Chem 267:18631–18638

Hashimoto A, Nishikawa T, Hayashi T, Fujii N, Harada K, Oka T,

Takahashi K (1992) The presence of free D-serine in rat brain.

FEBS Lett 296:33–36

Hashimoto T, Nishikawa T, Oka T, Takahashi K (1993a) Endogenous

D-serine in rat brain: N-methyl-D-aspartate receptor-related

distribution and aging. J Neurochem 60:783–786

Hashimoto A, Kumashiro S, Nishikawa T, Oka T, Takahashi K, Mito

T, Takashima S, Doi N, Mizutani Y, Yamazaki T, Kaneko T,

Ootomo E (1993b) Embryonic development and postnatal

changes in free D-aspartate and D-serine in the human prefrontal

cortex. J Neurochem 61:348–351

Hashimoto A, Yoshikawa M, Niwa A, Konno R (2005) Mice lacking

D-amino acid oxidase activity display marked attenuation of

stereotypy and ataxia induced by MK-801. Brain Res 1033:210–215

Itokawa T, Yamada K, Yoshitsugu K, Toyota T, Suga T, Ohba H,

Watanabe A, Hattori E, Shimizu H, Kumakura T, Ebihara M,

Meerabux JM, Toru M, Yoshikawa T (2003) A microsatellite

repeat in the promoter of the N-methyl-D-aspartate receptor 2A

subunit (GR/N2A) gene suppress transcriptional activity and

correlates with chronic outcome in schizophrenia. Pharmacoge-

netics 13:271–278

Klein D, Lichtmannegger J, Finckh M, Summer KH (2003) Gene

expression in the liver of Long–Evans cinnamon rats during the

development of hepatitis. Arch Toxicol 77:568–575

Konno R (1998) Rat D-amino-acid oxidase cDNA: rat D-amino-acid

oxidase as an intermediate form between mouse and other

mammalian D-amino-acid oxidases. Biochim Biophys Acta

1395:165–170

Konno R (2003) Rat cerebral serine racemase: amino acid deletion

and truncation at carboxy terminus. Neurosci Lett 349:111–114

Konno R, Yasumura Y (1992) D-Amino-acid oxidase and its

physiological function. Int J Biochem 24:519–524

Konno R, Sasaki M, Asakura S, Fukui K, Enami J, Niwa A (1997)

D-Amino-acid oxidase is not present in the mouse liver. Biochim

Biophys Acta 1335:173–181

Krebs HA (1935) CXCVII. Metabolism of amino-acids. III. Deam-

ination of amino-acids. Biochem J 29:1620–1644

Liu X, He G, Wang X, Chen Q, Qian X, Lin W, Li D, Gu N, Feng G,

He L (2004) Association of DAAO with schizophrenia in the

Chinese population. Neurosci Lett 369:228–233

Maekawa M, Watanabe M, Yamaguchi S, Konno R, Hori Y (2005)

Spatial learning and long-term potentiation of mutant mice

lacking D-amino-acid oxidase. Neurosci Res 53:34–38

Matsui T, Sekiguchi M, Hashimoto A, Tomita U, Nishikawa T, Wada

K (1995) Functional comparison of D-serine and glycine in

rodents: the effect on cloned NMDA receptors and the extracel-

lular concentration. J Neurochem 65:454–458

Meister A (1965) Biochemistry of the amino acids, vol 1. Academic

Press, New York, pp 297–304

Mothet J-P, Parent AT, Wolosker H, Brady RO Jr, Linden DJ, Ferris

CD, Rogawski MA, Snyder SH (2000) D-Serine is an endoge-

nous ligand for the glycine site of the N-methyl-D-aspartate

receptor. Proc Natl Acad Sci USA 97:4926–4931

Nagata Y, Horiike K, Maeda T (1994) Distribution of free D-serine in

vertebrate brains. Brain Res 634:291–295

Orr HT, Chung M-Y, Banifi S, Kwiatkowski TJ Jr, Servadio A,

Beaudet AL, McCall AE, Duvick LA, Ranum LP, Zoghbi HY

(1993) Expansion of an unstable trinucleotide CAG repeat in

spinocerebellar ataxia type 1. Nat Genet 4:221–226

Perotti ME, Gavazzi E, Trussardo L, Malgaretti N, Curti B (1987)

Immunoelectron microscopic localization of D-amino acid oxi-

dase in rat kidney and liver. Histochem J 19:157–169

Schell MJ, Molliver ME, Snyder SH (1995) D-Serine, an endogenous

synaptic modulator: localization to astrocytes and glutamate-

stimulated release. Proc Natl Acad Sci USA 92:3948–3952

Schell MJ, Brady RO Jr, Molliver ME, Snyder SH (1997) D-Serine as

a neuromodulator: regional and developmental localizations in

rat brain glia resemble NMDA receptors. J Neurosci 17:1604–

1615

Schumacher J, Jamra RA, Freudenberg J, Becker T, Ohlraun S, Otte

ACJ, Tullius M, Kovalenko S, Bogaert AV, Maier W, Rietschel
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