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Summary. The role of Ser-308 of murine D-aspartate oxidase

(mDASPO), particularly its side chain hydroxyl group, was investigat-

ed through the use of site-specific mutational analysis of Ser-308.

Recombinant mDASPO carrying a substitution of Gly, Ala, or Tyr for

Ser-308 was generated, and fused to either His (His-mDASPO), or gluta-

thione S-transferase, His, and S (GHS-mDASPO) at its N-terminus. Wild-

type His-mDASPO or GHS-mDASPO or their mutant derivatives were

expressed in Escherichia coli and purified by affinity chromatography. All

purified recombinant proteins had functional DASPO activity. The Gly-

308 and Ala-308 mutants had significantly higher catalytic efficiency

towards D-Asp and N-methyl-D-Asp, and a higher affinity for flavin ad-

enine dinucleotide (FAD) compared to the wild-type enzyme. The Tyr-

308 mutant had lower catalytic efficiency and binding capacity. These

results suggest that the side chain hydroxyl group of a critical residue of

mDASPO, Ser-308, down-regulates enzymatic activity, substrate binding,

and FAD binding. This study provides information on the active site of

DASPO that will considerably enhance our understanding of the biological

significance of this enzyme.
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Introduction

Amino acids, with the exception of Gly, have asymmetric

a-carbon atoms, and can exist as one of two stereoiso-

mers, an L- or D-isomer. While some D-amino acids are

known to be essential components of cell wall peptido-

glycans and antibiotic peptides in bacteria, it has long

been believed that D-amino acids do not play a significant

role in the physiology of higher organisms. However, re-

cent reports have revealed that several higher organisms

contain several D-amino acids, either in their free form

or as components of proteins (for review, see Abe et al.,

2005; Fujii, 2005; Hamase et al., 2005). Free D-Ser and D-

Asp in mammals have been the subject of extensive in-

vestigation. D-Ser was found to be concentrated predomi-

nantly in the mammalian forebrain, and it has been sug-

gested that it regulates Glu-mediated activation of N-

methyl-D-Asp (NMDA) receptors by acting as a co-ago-

nist (for review see Schell, 2004; Scolari and Acosta,

2007). Free D-Asp is found in a wide variety of mamma-

lian tissues and cells, particularly in the central nervous

and endocrine systems, and several lines of evidence have

suggested that D-Asp plays an important role in regulating

developmental processes, hormone secretion, and stero-

idogenesis (for review see D’Aniello, 2007; Homma, 2007).

In mammalian tissues, two types of degradative en-

zymes that are stereospecific for D-amino acids have been

identified, D-amino acid oxidase (DAAO, also abbreviated

to DAO, EC 1.4.3.3) and D-Asp oxidase (DASPO, also

abbreviated to DDO, EC 1.4.3.1). DAAO and DASPO are

flavin adenine dinucleotide (FAD)-containing flavopro-

teins that catalyze the oxidative deamination of D-amino

acids with oxygen to generate the corresponding 2-oxo

acids, along with hydrogen peroxide and ammonium ions.

The two enzymes are similar in molecular mass, primary

structure, and catalytic specificity, but differ markedly in

their substrate specificity. DAAO displays broad substrate

specificity and acts on several neutral and basic D-amino

acids, while DASPO is highly specific for acidic D-amino

acids, such as D-Asp, NMDA, and D-Glu, none of which



are substrates of DAAO. Although DAAO and DASPO

have been found in various organisms, their physiological

roles in vivo have yet to be fully clarified. Konno and

Yasumura (1983) isolated a mouse mutant that lacks

DAAO activity (ddY=DAO�) that has higher D-Ser levels

in its central nervous system and serum than wild-type

ddY=DAOþ mice (Hashimoto et al., 1993). The location

of DAAO in rat brain was found to correlate inversely with

the presence of D-Ser (Schell et al., 1995). Similarly, the

location of DASPO in rat tissue correlates inversely with

the presence of D-Asp (Schell et al., 1997). Two groups

recently established DASPO-deficient mice independent-

ly, and it was shown that these mice have significantly

elevated levels of D-Asp in several tissues (Errico et al.,

2006; Huang et al., 2006). Thus, evidence to date suggests

that mammalian DAAO and DASPO regulate endogenous

D-Ser and D-Asp levels, respectively, by metabolizing

these D-amino acids, in addition to mediating the elimina-

tion of accumulated exogenous D-amino acids in various

organs.

With regard to the structural properties of DAAO,

extensive mutagenesis of recombinant DAAO has identi-

fied important structural amino acid residues of DAAO

(Sacchi et al., 2002; Setoyama et al., 2002, 2006; Boselli

et al., 2004; Caldinelli et al., 2006; for reviews, see

Pilone, 2000 and references cited therein). The 3-dimen-

sional (3D) structures of porcine, Rhodotorula gracilis and

human DAAO have also been determined by X-ray crys-

tallography (Mattevi et al., 1996; Mizutani et al., 1996;

Miura et al., 1997; Umhau et al., 2000; Kawazoe et al.,

2006). These studies have identified amino acid residues

in the active site of DAAO that play a significant role

in enzymatic activity (see Fig. 1A and B). In contrast,

DASPO is less well understood, as there have been few

studies that have analyzed the structural properties of

DASPO, and the 3D crystal structure of DASPO has yet

to be reported.

We recently cloned a cDNA that encodes DASPO from

mouse kidney (GenBank accession number: AB274968)

and proposed a structural model of murine DASPO

(mDASPO) based on the deduced amino acid sequence

(Katane et al., 2007a). In our proposed structure, the side

chains of Arg-216, Tyr-223, Arg-237, Arg-278, and Ser-

308 are oriented toward the predicted binding pocket of

the active site (see Fig. 1C), which implicates these resi-

dues in mDASPO catalysis. Arg-216, Tyr-223, Arg-237,

Arg-278, and Ser-308 of mDASPO are conserved in all of

the mammalian DASPOs that have been cloned to date.

Tyr-223 and Arg-278 are also conserved in all mammalian

and yeast DAAOs, whereas Arg-216, Arg-237, and Ser-

308 are not well conserved in DAAOs. Previously, we

Fig. 1. Mapping of key catalytic residues in the active site of mDASPO

using a predicted 3D structure. Experimentally determined structures of

porcine DAAO complexed with o-aminobenzoate (Protein Data Bank ID:

1AN9) (Miura et al., 1997) and R. gracilis DAAO complexed with tri-

fluoro-D-Ala (Protein Data Bank ID: 1C0L) (Umhau et al., 2000) are

shown in A and B, respectively. A proposed structural model of mDASPO

is shown in C (for details of the modeling method, see Katane et al.,

2007a). Bound ligands and side chains of amino acid residues that have

been demonstrated or are believed to be catalytically important are colored

according to the atom type: carbon, green; nitrogen, blue; oxygen, red;

fluorine, magenta; sulfur, khaki. FAD molecules are colored yellow while

dotted lines denote hydrogen bonds and electrostatic interactions
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demonstrated that Arg-216 and Arg-237 of mDASPO are

catalytically important residues, using a mutagenesis ap-

proach (Katane et al., 2007a). In the current study, using a

similar approach, we examined whether Ser-308, particu-

larly its side chain hydroxyl group, also contributed to the

enzymatic properties of mammalian DASPO. We pre-

pared several recombinant mDASPO mutants in which

Ser-308 was substituted with other amino acid residues

and examined their enzymatic and kinetic properties. We

found that Gly- and Ala-substitution mutants, which

lacked a hydroxyl group at position 308, had a significant-

ly higher catalytic efficiency and affinity for FAD than

the wild-type enzyme, while the Tyr-substitution mutant,

which contained a hydroxyl group at position 308, had

a lower catalytic efficiency and binding capacity. These

results suggest that the side chain hydroxyl group of Ser-

308 down-regulates the enzymatic activity, substrate bind-

ing and FAD binding of mDASPO, and provide novel and

useful insight into the structure-function relationship of

mammalian DASPO.

Materials and methods

Chemicals

D- and L-amino acids, bovine serum albumin, and Aspergillus niger cat-

alase were purchased from Sigma-Aldrich (St Louis, MO, USA). FAD,

isopropyl-b-D-thiogalactopyranoside, and imidazole were purchased from

Wako Pure Chemical Industries (Osaka, Japan). Other chemicals were of

the highest grade available and purchased from commercial sources.

Construction of recombinant protein expression plasmids

The expression plasmid for N-terminal His-tagged mDASPO (His-

mDASPO) (pRSET-His-mDASPO) has been described previously (Katane

et al., 2007a). To construct the expression plasmid for mDASPO fused

N-terminally with glutathione S-transferase (GST), His, and S (GHS)

(GHS-mDASPO), a 1.1-kb NcoI-HindIII fragment from pRSET-His-

mDASPO containing the entire mDASPO-coding sequence was subcloned

into pET-41a(þ) (Novagen, Madison, WI, USA) (pET-GHS-mDASPO).

Ser-308-to-Gly (S308G), Ser-308-to-Ala (S308A), and Ser-308-to-Tyr

(S308Y) substitutions were introduced into pRSET-His-mDASPO by site-

directed mutagenesis using the QuikChange II Site-Directed Mutagenesis

Kit (Stratagene, La Jolla, CA, USA) to generate expression plasmids for

N-terminal His-tagged S308G, S308A, and S308Y mutants (pRSET-

His-mDASPO-S308G, pRSET-His-mDASPO-S308A, and pRSET-His-

mDASPO-S308Y, respectively). The following mutagenic oligonucleo-

tides were used (mutated codons are underlined):

for S308G, 50-CGGCCACGGGGGTGGGGGCATCT-30 and 50-AGATG

CCCCCACCCCCGTGGCCG-30;
for S308A, 50-CGGCCACGGGGCTGGGGGCATCT-30 and 50-AGATG

CCCCCAGCCCCGTGGCCG-30;
for S308Y, 50-CGGCCACGGGTATGGGGGCATCT-30 and 50-AGATG

CCCCCATACCCGTGGCCG-30.

All mutations were confirmed by sequencing. A 1.1-kb NcoI-HindIII

fragment of pRSET-His-mDASPO-S308G, pRSET-His-mDASPO-S308A,

or pRSET-His-mDASPO-S308Y was subcloned into pET-41a(þ) to gen-

erate expression plasmids for N-terminal GHS-tagged S308G, S308A,

and S308Y mutants (pET-GHS-mDASPO-S308G, pET-GHS-mDASPO-

S308A, and pET-GHS-mDASPO-S308Y, respectively).

Expression and purification of recombinant proteins

Escherichia coli strain BL21(DE3)pLysS was transformed with expression

plasmids and grown at 37 �C with shaking in LB medium containing

ampicillin (100mg=ml). When the cultures reached an A620 of 0.5, the

temperature was decreased to 30 �C and the cells were grown for an ad-

ditional 30 min. The culture temperature was further decreased to 26 �C

and the cells were grown for an additional 30 min, then isopropyl-b-D-

thiogalactopyranoside was added to a final concentration of 0.1 mM, and

the cells were grown at 26 �C for 16 h. The cells were subjected to cen-

trifugation at 10,000� g for 10 min at 4 �C, and crude extract and insolu-

ble fraction were prepared as described previously (Katane et al., 2007b).

In some cases, Lysonase Bioprocessing Reagent (Novagen) was used to

increase protein extraction efficiency and overall protein yield (10ml of the

reagent per g of wet cell paste).

GHS- or His-tagged recombinant proteins were purified by affinity

chromatography using a chelating column. Crude extracts prepared as de-

scribed above were applied to a His GraviTrap column (GE Healthcare

Bio-Sciences, Piscataway, NJ, USA) equilibrated with 20 mM sodium

phosphate buffer (pH 7.4) that contained 0.5 M NaCl and 10 mM imidaz-

ole. The column was washed with the same buffer and the bound proteins

were eluted in a step-wise gradient of 50–500 mM imidazole. The fraction

(2 ml) that eluted at 400 mM imidazole and contained recombinant protein

was mixed with 50ml of 2 mM FAD and dialyzed for 3 h twice against 1 l

of 10 mM sodium pyrophosphate buffer (pH 8.3) containing 2 mM EDTA,

5 mM 2-mercaptoethanol, and 10% glycerol. The dialyzed fraction con-

taining purified enzyme was recovered and used immediately for enzyme

assays or stored frozen at �80 �C until use. From 2 and 3 g of wet cell

paste, 0.8 and 0.2 mg of purified GHS- and His-tagged recombinant pro-

teins, respectively, were obtained. To prepare apoenzyme, FAD was omit-

ted from all the procedures described above. The apoenzyme preparation

exhibited no residual activity in the absence of FAD.

Detection of recombinant proteins

The concentration of protein in crude extracts, insoluble fractions, and

purified preparations was determined by the method of Bradford (1976)

(Bio-Rad Protein Assay, Bio-Rad Laboratories, Hercules, CA, USA) using

bovine serum albumin as a standard. Crude extracts (20mg), insoluble

fractions (20mg), and purified enzyme preparations (0.5mg) were subject-

ed to SDS-PAGE (10% gel) and Western blot using a rabbit anti-His-tag

antibody (His-probe, Santa Cruz Biotechnology, Santa Cruz, CA, USA)

(1:1,000 dilution) or a mouse anti-GST antibody (Anti-GST Mouse IgG2a-

k, Nacalai Tesque, Kyoto, Japan) (1:1,000 dilution) as the primary anti-

body, and horseradish peroxidase-conjugated anti-rabbit IgG (Jackson

ImmunoResearch Laboratories, West Grove, PA, USA) (1:5,000 dilution)

or horseradish peroxidase-conjugated anti-mouse IgG (Jackson Immuno-

Research Laboratories) (1:5,000 dilution) as the secondary antibody. To

determine protein purity, purified enzyme preparations (0.5 or 1.0mg) were

separated on a 10 or 12% SDS-polyacrylamide gel and visualized using

Coomassie Brilliant Blue R-250. The purity of all of the mutants examined

in this study was equivalent to that of the wild-type enzyme.

Assays of enzymatic activity

Oxidase activities were determined using a colorimetric assay for the pro-

duction of 2-oxo acid, as previously described in detail (Katane et al.,

2007b). Briefly, purified enzyme (0.1–5.0mg) was mixed in a reaction

mixture consisting of 40 mM sodium pyrophosphate buffer (pH 8.3), 23

units of A. niger catalase, 50mM FAD, and 20 mM amino acid in a final

volume of 150ml, and incubated at 37 �C. Preliminary experiments showed

that the production of 2-oxo acids was linear for a period of 20 min under

these assay conditions for all of the recombinant purified enzymes and
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amino acids examined in this study. Thus, the reaction time was set at

15 min. After 15 min, 10ml of 100% (w=v) trichloroacetic acid was added

to stop the reaction. The 2-oxo acid product was then reacted with 2,4-

dinitrophenylhydrazine and quantified by measuring the absorbance at

445 nm. Reaction mixtures that lacked amino acids served as the negative

controls (blanks). One unit of enzyme activity was defined as the produc-

tion of 1mmol of 2-oxo acid per min. To determine the Vmax (maximal

velocity) and Km (Michaelis constant) values for D-Asp and NMDA,

different final concentrations (0, 1, 2, 5, 10, 20, and 40 mM) of amino

acids were used as substrates. To determine the Kd (dissociation constant)

value for FAD binding (Kd, FAD), 0.7–4.2mg of purified apoenzyme were

mixed in a reaction mixture consisting of 50 mM sodium pyrophosphate

buffer (pH 8.3), 23 units of A. niger catalase, and varying final concentra-

tions (0, 0.125, 0.25, 0.625, 1.25, 2.5, 6.25, and 12.5mM) of FAD in a final

volume of 120ml. After a 20 min preincubation period at 4 �C, 30ml of

100 mM D-Asp were added, followed by incubation at 37 �C for 15 min.

Enzymatic activity was then determined as described above. In some

cases, the enzymatic reaction was performed with air-saturated 40 mM

sodium pyrophosphate buffer (pH 8.3) ([O2]¼ 0.24–0.26 mM).

Results and discussion

Purification of the recombinant mutant proteins

We first constructed an expression plasmid for GHS-

mDASPO, in which the GST-tag as well as a His- and

S-tag were fused to the N-terminus of mDASPO. GHS-

mDASPO is a 620 amino acid protein with a calculated

molecular mass of 69,256 Da. E. coli strain BL21(DE3)-

pLysS cells were transformed with the GHS-mDASPO

expression plasmid, and the crude extract and insolu-

ble fraction were subjected to Western blot analysis.

Recombinant GHS-mDASPO was detected in the crude

extract (data not shown) at an apparent molecular mass

that corresponded to the theoretical mass deduced from its

amino acid sequence. The insoluble fraction also exhibit-

ed an intensely positive band with the same mobility (data

not shown). Thus, recombinant GHS-mDASPO, similar to

recombinant His-mDASPO (Katane et al., 2007a), was

expressed in both a soluble and insoluble form.

We purified recombinant GHS-mDASPO as described

in Materials and methods. The purified preparation

consisted primarily of recombinant full-length GHS-

mDASPO, although a protein band with a lower molecu-

lar mass (approximately 27 kDa) was also observed when

examined by SDS-PAGE (data not shown). This low mo-

lecular weight protein likely represented a degradation

product of GHS-mDASPO that retained the GHS-tag,

rather than a contaminating endogenous E. coli protein,

since the 27 kDa protein reacted with antibodies against

His and GST (data not shown).

To examine the role of Ser-308 in mDASPO catalysis,

we constructed three mutant GHS-mDASPO derivatives

in which the Ser-308 codon was mutated to a Gly, Ala, or

Tyr codon. While Gly lacks a side chain hydroxyl group,

when the amino acid sequences of porcine DAAO and

mDASPO are aligned, Ser-308 of mDASPO corresponds

to Gly-313 of porcine DAAO, and Gly-313 appears to be

conserved in all mammalian and yeast DAAOs, with the

exception of R. gracilis (data not shown). The alignment

of Ser-308 of mDASPO and Gly-313 of DAAO was also

observed when we compared the 3D structure of porcine

DAAO and the structural model of mDASPO (Fig. 1A

and C). We constructed the S308G mutant to determine

whether Gly could substitute for Ser at position 308 of

mDASPO. As a control for steric hindrance, we generated

S308A, which inserted a non-polar residue that also

lacked a hydroxyl group at position 308. Finally, S308Y

served as a non-conservative substitution mutant of Ser-

308, but nevertheless retained the side chain hydroxyl

group at this position. The mutant proteins were purified

as described in Materials and methods.

Characterization of the enzymatic and kinetic

properties of the purified proteins

We examined the enzymatic activity of the purified re-

combinant proteins against several different amino acids.

Wild-type GHS-mDASPO exhibited similar levels of ac-

tivity towards D-Asp and NMDA, and relatively low ac-

tivity towards D-Glu (Table 1). Activity was very low or

undetectable when the enantiomers L-Asp, N-methyl-L-

Asp, and L-Glu, and all neutral (D-Asn, D-Ala and D-

Phe) and basic (D-Arg and D-Lys) D-amino acids were

used in the reaction mixture. These results were consistent

with our previous report of the substrate specificity

of recombinant mDASPO and His-mDASPO (Katane

et al., 2007a), and confirmed that mDASPO is highly

specific for D-Asp and NMDA. Similar to wild-type

GHS-mDASPO, all of the mutants exhibited activity to-

wards acidic D-amino acids. The activities of the S308G

Table 1. Oxidase activities of purified recombinant GHS-mDASPO and

its mutant derivatives against acidic D-amino acids

Substrates Specific activity (U=mg protein)

Wild-type S308G

mutant

S308A

mutant

S308Y

mutant

D-Asp 4.31 � 0.14 9.24 � 0.61 5.55 � 0.55 2.37 � 0.09

NMDA 4.32 � 0.17 13.1 � 0.63 5.92 � 0.03 2.54 � 0.35

D-Glu 0.10 � 0.01 0.55 � 0.04 0.24 � 0.04 0.11 � 0.01

Enzymatic activities were assayed at 37 �C in 40 mM sodium pyrophos-

phate buffer (pH 8.3). Data represent the means � standard deviation of

three independent assays. 1U 1mmol substrate oxidized per min
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and S308A mutants, however, were reproducibly higher

than that of the wild-type enzyme. In contrast, the activity

of the S308Y mutant towards D-Asp and NMDA was

lower than the wild-type enzyme, while its activity to-

wards D-Glu was similar to wild-type. All of the mutants

had very low or undetectable activity with substrates other

than acidic D-amino acids. Thus, the S308G, S308A, and

S308Y mutants retained the ability of the wild-type en-

zyme to catalyze the deamination of acidic D-amino acids,

although the relative activity levels of each differed sig-

nificantly. These results indicated that while Ser-308 of

mDASPO does not function as a catalytic site residue that

is directly involved in deprotonation of substrates, it ap-

pears to play a critical role in the activity of the enzyme.

We next generated plots of [S]=v versus [S] (data not

shown) to determine the apparent kinetic parameters of

deamination of D-Asp and NMDA by the purified recom-

binant proteins (Table 2). It has been reported that bovine,

porcine and octopus DASPO do not follow classic

Michaelis-Menten kinetics, as they exhibit substrate acti-

vation or inhibition (Negri et al., 1988; Tedeschi et al.,

1994; Yamamoto et al., 2007). We determined the kinetic

parameters of mDASPO in air-saturated buffer ([O2]¼
0.24–0.26 mM) at substrate concentrations in the range

of 1.0–40 mM, in which Michaelis-Menten behavior was

observed and a linear relationship of [S]=v versus [S]

was obtained. The Vmax values of the S308G and S308A

mutants towards D-Asp and NMDA were markedly higher

than those of the wild-type enzyme, and the Km values

against D-Asp and NMDA were reproducibly lower than

wild-type. Therefore, the catalytic efficiency (expressed

as Vmax=Km) of the S308G mutant in the presence of D-

Asp and NMDA was approximately 7.3 and 8.8 times

higher, respectively, than the wild-type enzyme (Fig. 2A).

Similarly, the S308A mutant was approximately 3.1 and

2.0 times more efficient in the presence of D-Asp and

NMDA, respectively, compared to the wild-type enzyme.

In contrast, the Vmax values of the S308Y mutant towards

D-Asp and NMDA were lower than that of the wild-type

enzyme, and the Km values were higher (Table 2). This

Fig. 2. Comparison of the catalytic effi-

ciency of the purified recombinant proteins

towards D-Asp and NMDA. Enzymatic ac-

tivities were assayed using the indicated

purified enzymes. Vmax=Km values for D-

Asp (white bars) and NMDA (grey bars)

were calculated from the Vmax and Km va-

lues listed in Tables 2 and 3 in A and B,

respectively. Data represent the means �
standard deviation of three independent

assays. ��p<0.01 (Student’s t-test) versus

wild-type GHS-mDASPO. ���p<0.001

(Student’s t-test) versus wild-type GHS-

mDASPO or His-mDASPO

Table 2. Apparent steady-state kinetic parameters of purified recombinant GHS-mDASPO and its mutant derivatives

Enzymes Vmax (U=mg protein) Km (mM) Kd, FAD (mM)

D-Asp NMDA D-Asp NMDA

Wild-type 5.34 � 0.13 5.44 � 0.13 4.87 � 0.37 6.59 � 0.47 1.06 � 0.06

S308G mutant 9.61 � 0.33 13.9 � 0.73 1.20 � 0.12 1.95 � 0.36 0.50 � 0.10

S308A mutant 5.86 � 0.27 7.07 � 0.32 1.78 � 0.30 4.23 � 0.39 0.57 � 0.04

S308Y mutant 3.25 � 0.16 3.59 � 0.56 7.63 � 0.26 7.81 � 0.38 5.72 � 0.90

Steady-state reactions were performed at 37 �C in air-saturated 40 mM sodium pyrophosphate buffer (pH 8.3)

([O2]¼ 0.24–0.26 mM). Data represent the means � standard deviation of three independent assays. 1U 1 mmol substrate

oxidized per min
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resulted in a catalytic efficiency of the S308Y mutant in

the presence of D-Asp and NMDA that was approximately

2.6 and 1.8 times lower than that of the wild-type enzyme,

respectively (Fig. 2A). These results indicated that the

side chain hydroxyl group of Ser-308 of mDASPO

down-regulates the enzymatic activity and substrate bind-

ing of mDASPO.

Ser-308 is thought to lie proximal to the flavin ring of

FAD (Fig. 1C). To determine whether substitution of Ser-

308 affected its affinity for FAD, we obtained plots of

[FAD]=v versus [FAD] (data not shown) and determined

the Kd, FAD values of purified apoenzymes. The Kd, FAD

value of the wild-type enzyme was [1.06 � 0.06]�
10�6 M (means � standard deviation of three independent

assays). This value was relatively higher than the reported

Kd, FAD values of bovine and Cryptococcus humicola

DASPOs (5.0� 10�8 and 8.2� 10�12 M, respectively)

(Negri et al., 1987; Iwazaki et al., 2000). In addition, the

reported Kd, FAD values of mammalian and yeast DAAOs

are on the order of 10�6–10�8 M (Massey and Ganther,

1965; Casalin et al., 1991; Molla et al., 2006). Thus, the

FAD-binding affinity of mDASPO appeared to be rather

weak. The Kd, FAD values of the S308G and S308A

mutants were slightly but reproducibly lower than that

of the wild-type enzyme (Table 2). Thus, the introduction

of a S308G or S308A mutation into GHS-mDASPO in-

creased its catalytic efficiency in the presence of D-Asp

and NMDA, and increased its ability to bind to FAD. The

Kd, FAD value of the S308Y mutant was approximately 5.4

times higher than that of the wild-type enzyme. These

results suggested that the conformation of the region in-

volving residue 308 in the S308G and S308A mutants is

more suitable for catalysis and FAD binding than the

wild-type enzyme or the S308Y mutant.

Hyperactivity of the His-tagged recombinant S308G

substitution mutant

To improve the recovery of recombinant mDASPO and

confirm the hyperactivity of the S308G mutant, we exam-

ined the expression, purity, and activity of recombinant

His-mDASPO, since this protein can be purified to homo-

geneity. Although the purification yield was lower than

that of GHS-mDASPO, SDS-PAGE analysis revealed that

recombinant His-mDASPO was purified to near-homoge-

neity (data not shown). Subsequently, we constructed a

mutant derivative of His-mDASPO in which the codon

for Ser-308 was mutated to a Gly codon, and the S308G

mutant was purified to near-homogeneity, similar to the

wild-type enzyme.

We then examined the enzymatic activity of the puri-

fied recombinant proteins towards acidic D-amino acids.

Based on the results of three independent assays, the spe-

cific activity of wild-type His-mDASPO towards D-Asp,

NMDA and D-Glu was 9.91 � 0.47, 11.4 � 0.64 and

0.26 � 0.07 U=mg protein, respectively. The specific ac-

tivity of the S308G mutant towards D-Asp, NMDA and D-

Glu was 35.3 � 1.45, 47.2 � 1.89 and 2.06 � 0.13 U=mg

protein, respectively, which was approximately 3.6–7.8

times higher than that of the wild-type enzyme. The plots

of [S]=v versus [S] for the deamination of D-Asp and

NMDA revealed that the Vmax value of the S308G mutant

in the presence of D-Asp and NMDA was markedly higher

than the wild-type enzyme (Table 3). In addition, the Km

values of the S308G mutant were reproducibly lower than

wild-type His-mDASPO. Thus, the catalytic efficiency of

the S308G mutant in the presence of D-Asp and NMDA

was approximately 9.0 and 10 times higher than that of

the wild-type enzyme, respectively (Fig. 2B). These

observations confirmed that the introduction of a S308G

mutation into mDASPO significantly increases its cata-

lytic efficiency. The differences in the Vmax and Km

values of the wild-type and S308G mutant enzymes be-

tween Tables 2 and 3 may reflect a distinctive steric

hindrance caused by their N-terminal tag, since the cal-

culated molecular masses of the GHS- and His-tag are

considerably different.

In conclusion, we demonstrated that Ser-308 is a criti-

cal residue in catalysis by mDASPO, and that the side

chain hydroxyl group of this residue unexpectedly down-

regulates enzymatic activity, substrate binding and FAD

binding of mDASPO. Previously, it was shown that mu-

tation of the spatially equivalent residue in R. gracilis

DAAO (Ser-335) lowered catalytic activity compared to

wild-type DAAO (Boselli et al., 2004). The authors pro-

posed that the side chain hydroxyl group of Ser-335 of

R. gracilis DAAO functions in transferring a proton from

Table 3. Apparent steady-state kinetic parameters of purified recombi-

nant His-mDASPO and the S308G mutant

Enzymes Vmax (U=mg protein) Km (mM)

D-Asp NMDA D-Asp NMDA

Wild-type 13.3 � 0.94 15.6 � 1.42 7.30 � 0.38 8.02 � 0.68

S308G mutant 39.0 � 2.39 53.0 � 2.60 2.37 � 0.12 2.67 � 0.45

Steady-state reactions were performed at 37 �C in air-saturated 40 mM

sodium pyrophosphate buffer (pH 8.3) ([O2]¼ 0.24–0.26 mM). Data rep-

resent the means � standard deviation of three independent assays. 1U

1mmol substrate oxidized per min
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the substrate to the solvent. In contrast to the R. gracilis

DAAO mutant, the S308G and S308A mutants of

mDASPO are catalytically more efficient towards D-Asp

and NMDA than the wild-type enzyme (Fig. 2). Moreover,

even though the S308Y mutant had a side chain hydroxyl

group at position 308, its catalytic efficiency towards

D-Asp and NMDA was lower than that of the wild-type

enzyme. Thus, it is possible that the role of Ser-308 in

mDASPO catalysis differs from that of Ser-335 in R. gra-

cilis DAAO catalysis. The side chain hydroxyl group of

Ser-308 apparently down-regulates the catalytic efficiency

of mDASPO, although the mechanism of regulation of

enzymatic activity by the side chain is unclear, as is the

mechanism by which S308G and S308A substitutions re-

sult in mDASPO hyperactivity. Additional studies to elu-

cidate the crystal structures of wild-type and mutant

mDASPO are certainly needed.
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