
D�Amino acid oxidase (DAAO; EC 1.4.3.3) is a

flavoenzyme that catalyzes the oxidative deamination of

D�amino acids to the corresponding α�keto acids, ammo�

nia, and hydrogen peroxide [1]. It is one of the most stud�

ied enzymes discovered more than 60 years ago in pig kid�

ney [2, 3]. Since that time, proteins and coding sequences

for DAAOs have been variously reported from different

tissues and organs in human and animals [4�10]. DAAO

genes have also been identified from different microorgan�

isms including alga, fungi, and bacteria [11�16].

The physiological and biological roles of the enzyme

D�amino acid oxidase are diverse and not fully clarified.

So far, it has been known to play a role in utilizing exoge�

nous D�amino acids as carbon and nitrogen source in

microbial metabolism, acting as regulatory agents in

aging mammals, maintaining the critical level of D�serine

in the animal nervous system [17�20]. Due to the strict

stereoselectivity of DAAO catalysis, its reaction is of con�

siderable importance in research, biotechnology, and

industrial fields [21, 22]. The main interests are mainly

due to prospects of its use in the production of several

cephem antibiotics from the natural antibiotic

cephalosporin C and in biosensors [23, 24].

Although DAAO is almost ubiquitous in a wide vari�

ety of organisms including human, animals, and microor�

ganisms, the ability of DAAO has remained to be clarified

in plant kingdom thus far.

Although plants have been found to take up different

D�amino acids from their root system, how plants are

able to metabolize such compounds remains as a puzzle.

The majority of studies within the field of D�amino acid

metabolism in plant system were carried out during the

1970s, suggesting different metabolic pathways for D�

amino acid metabolism in plants [25].

Recently, on the bases of different responses of plants

to different D�amino acids, Erickson’s group introduced

the daao1 gene into Arabidopsis thaliana to develop a novel

positive and negative selectable marker system in plants

based on D�amino acid metabolism [25]. Their achieve�

ment suggested that the substrate specificity of D�amino

acid oxidase enzyme varies towards different D�enantio�

mers of amino acids in A. thaliana plants. This specificity

indicated the possibility of DAAO activity in a plant system.
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We predicted the existence of DAAO activity in plant

systems after finding two mRNA structures containing a

DAAO domain in GenBank databases, using different

bioinformatic tools on expressed sequences. The corre�

sponding sequences belong to A. thaliana (GenBank

accession No. NM_126129) and Oryza sativa (GenBank

accession No. BAD31345.1), respectively. This could help

us to conduct our research in this field on Zea mays after

finding a number of maize ESTs (express sequence tags)

containing a DAAO domain in GenBank databases too.

The catalytic activity of DAAO and its effectiveness

have mostly been achieved using recombinant DNA tech�

nology. D�Amino acid oxidase enzymes from different

sources were expressed in prokaryotic and eukaryotic cells

of an active recombinant or fused proteins. The most

popular and efficient approach to produce DAAO recom�

binant proteins was their expression in an Escherichia coli

system [26�28]. We looked for similar recombinant exper�

imental evidence for the presence of DAAO activity in a

plant system in this work.

Here we describe the molecular cloning and expres�

sion procedures of a cDNA encoding DAAO from Z.

mays for the first time and hope plant DAAOs will be used

as a good biotechnological tool in the future. Such ability

has already been proved and used in the case of microbial

and animal systems.

MATERIALS AND METHODS

Materials. Zea mays L. seeds were prepared by the

Department of Plant Breeding and Biotechnology,

University of Tabriz, Iran. Escherichia coli strains DH5α
and TB1 were used in molecular cloning experiments.

Plasmid vectors of pGEM�T easy (Promega, USA) and

pMALc2X (New England Biolabs, USA) were used for

PCR product cloning and expression studies, respectively.

Trizol reagent (CinnaGen, China) was used for total RNA

isolation. AcessQuickTM RT�PCR System was purchased

from Promega. Restriction enzymes EcoRI and BamHI

were provided by CinnaGen. Fermentas (Lithuania) DNA

Extraction Kit was used for the purification of the PCR

product from the agarose gel. All the other chemicals used

in this research work were of molecular biology grades.

Cultivating maize plants on D�alanine containing
media. Seeds of Z. mays L. were surface sterilized using 20%

NaOCl, germinated up to seedling stage, and then trans�

ferred to experimental tubes each containing 16 ml of

Hoagland solution. Four treatments of D�alanine at the

concentrations of 0, 100, 1000, and 10,000 ppm were taken,

and for each treatment three repetitions were included.

Experiments were conducted in nitrate�free as well as

nitrate�containing solutions in the same growth conditions

for the period of 36 days. The growth of the plants was rel�

atively analyzed by comparing their heights and weights at

days 14 and 36. Data are presented as mean values.

The same experiment was repeated under sterile

growth conditions inside a laminar flow apparatus for a

period of 10 days. All the materials were sterilized. For

leaf disc assay, leaf discs of maize plants with the same size

and vigor were prepared and placed into Petri plates in

three repetitions. Three different treatments of D�alanine

(0, 1000, and 10,000 ppm) were taken in 8 ml of nitrate�

free Hoagland solution and poured into each Petri plate.

Petri plates were then kept under similar growth condi�

tion as for the whole plants. Treated leaf discs were then

observed for their morphological changes every day.

Molecular cloning of maize DAAO. Poly(A+) RNA was

purified from total RNA using Qiagen (USA) mRNA

purification kit. DAAO was cloned by RT�PCR using

sequence�specific primers (Fw, 5′CCTACGAATTCTG�

CACGGCCTACTTCCTC3′; Rv, 5′ATTAGGATCCT�

CAACGCCTGCTCCTTCTC3′) designed based on 5′ and

3′ ends of the predicted maize DAAO. To do the direction�

al cloning of the PCR�amplified cDNA in an E. coli

expression vector, EcoRI and BamHI restriction sites were

included at the 5′ ends of the primers. RT�PCR reaction

was performed using the one�step AcessQuickTM RT�PCR

System (Promega). About 0.5 µg of mRNA was mixed with

25 µl Master Mix (2×) and 1 µl of each primer. The mix�

ture was adjusted to a final volume of 50 µl using nuclease�

free water. The reaction mixture was incubated at 45°C for

45 min and processed with PCR cycling. The PCR was

carried out after a pre�denaturation stage at 95°C for 3 min

in 25 cycles of 1�min denaturation at 95°C, 1�min anneal�

ing at 60°C, and 1.5�min extension at 72°C. The reaction

was finally extended at 72°C for 10 min. Amplified PCR

product was extracted from the agarose gel using a

Fermentas DNA Extraction Kit, cloned in pGEM�T easy

cloning vector, and processed for sequencing in

“Microsynth” DNA sequencing center in Switzerland.

Expression of DAAO in E. coli. The cDNA insert in

pGEM�T easy vector was restricted by restriction enzymes

EcoRI and BamHI and the fragment of our interest was

purified from the 0.8% agarose gel and was subcloned in

pMALc2X E. coli expression vector as a fusion protein.

Escherichia coli cells (strain TB1) were transformed

according to the recommendations by the kit suppliers

(protein fusion and purification system kit; New England

Biolabs). The transformed cells were grown in rich broth

containing glucose and ampicillin at 37°C under un�

inducible/inducible condition with isopropyl�1�thio�β�D�

galactoside at a final concentration of 0.3 mM. When A600

of the culture reached 0.5, the E. coli cells were harvested

after 2.5 h of incubation and disrupted by sonication as

described by the manufacturer. Total soluble protein was

extracted from the bacterial lysate in extraction buffer con�

taining 20 mM Tris�HCl, pH 8.0, 200 mM NaCl, 1 mM

EDTA, 1 mM azide, and 10 mM β�mercaptoethanol.

Total protein fractions were subjected to SDS�polyacryl�

amide gel electrophoresis (SDS�PAGE) on a 10% running

gel [29]. Since maltose�binding protein forms a part of the
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fusion protein, the approximate size of the recombinant

product was expected to be about 86 kDa on the gel.

Purification of recombinant protein. The fusion pro�

tein was purified from the crude extract of induced bacte�

rial culture by maltose�affinity column chromatography

according to the recommendations of the kit suppliers

(protocol in protein fusion and purification system kit;

New England Biolabs). The purification was carried out

in a 2.5 × 10 cm column packed with amylose resin spe�

cific for the maltose�binding protein, which forms a part

of the fusion protein. The recombinant protein was elut�

ed from the column with protein extraction buffer con�

taining 10 mM maltose. The purified product was sub�

jected to SDS�PAGE on a 10% running gel [29].

DAAO activity assay. DAAO activity of the isolated

fusion protein was estimated using a peroxidase�coupled

system by measuring the increase in A435 resulting from

the oxidation of D�amino acids. To carry out this assay,

3 ml blank solution was prepared with 2.8 ml of 0.05 M

D�amino acids (prepared in 20 mM Tris�HCl extraction

buffer), 0.0065% o�dianisidine, and 1 µM FAD mixture,

0.1 ml of 1% peroxidase enzyme, and 0.1 ml of fusion

protein free buffer. Three test samples were prepared by

the addition of purified fusion product at the concentra�

tions 0.05, 0.1, and 0.2 mg/ml. The increase in the A435

was recorded spectrophotometrically at 37°C after 10 min

for samples as well as blank. Three repetitions were taken

for each sample and the data were analyzed using

ANOVA at the significance level of P < 0.01. The pre�

sented data correspond to mean values.

RESULTS AND DISCUSSION

Effect of D�alanine on maize growth. The growth of

maize plants in four different concentrations of D�ala�

nine (0, 100, 1000, and 10,000 ppm) in nitrate�free and

nitrate�containing media were relatively assayed by com�

paring their shoot and root heights and weights at two dif�

ferent time intervals (Fig. 1, a and b). As shown in the

diagram, there is a significant difference between the

growth (heights and weights) of plants grown in D�ala�

nine free (0 ppm), D�alanine excess (10,000 ppm), and in

the media containing D�alanine at the concentrations of

100 and 1000 ppm. Plants grown in the media containing

100 and 1000 ppm D�alanine showed normal growth,

while the growth of the plants in D�alanine free and D�

alanine excess media were stunted after 10 days.

This experiment was similarly repeated under sterile

conditions and the same results were observed as for non�

sterile conditions. The relative growth of 10�day�old

plants grown in three different concentrations of D�ala�

nine (0, 1000, and 10,000 ppm) under sterile conditions is

shown in the photograph Fig. 1c.

Comparison of the growth of plants in different

media revealed that maize plants can uptake, utilize, and

accumulate D�alanine up to toxic levels. Utilization of

D�alanine as a nitrogen source by maize plants confirmed

the in vivo activity of D�amino acid metabolizing enzyme

in this plant.

The effect of D�alanine on maize cells was further

confirmed by leaf disc assay experiment results in nitrate�

free solution media (Fig. 1, d�h). Leaf discs placed in

solution containing 1000 ppm D�alanine (Petri plate No.

2) remained green, while the leaf discs in solutions con�

taining 0 and 10,000 ppm of D�alanine (Petri plates Nos.

1 and 3, respectively) started to become brownish, look�

ing like necrotic tissues in cell death phenomenon, after

24 h. Closer views of the leaf discs from solutions 1, 2, and

3 are presented in Figs. 1e, 1f, and 1g, respectively. Figure

1h shows an interesting photograph of leaf discs in solu�

tions containing 1000 and 0 ppm D�alanine after 36 days

of treatment time, indicating the functioning of D�ala�

nine metabolizing enzyme in maize cell leaf tissues.

Based on the presence in plant systems of D�amino

acids [30�35] and due to the different responses of plants

to different D�amino acids [35, 36], it had already been

accepted as a fact that plants contain D�amino acid�

metabolizing enzyme. But if this enzyme a D�amino acid

oxidase or not still remains to be determined.

Prediction of maize DAAO. Since the discovery of

DAAO enzyme in pig kidney and its wide characterization

in different animal species and microorganisms, the pres�

ence of a DAAO gene and its activity in plant systems has

not been investigated in detail. Recently, the use of D�

amino acids as negative and positive selective agents for

developing transgenic plants showed the substrate speci�

ficity of D�amino acid oxidase enzyme in A. thaliana. The

experiment had been designed according to the fact that

there have been some exogenously tested D�amino acids

acting as less toxic or non�toxic compounds in plants [25].

Later on, finding two mRNA sequences containing a

DAAO domain in A. thaliana and O. sativa from

GenBank database helped us to conduct our experiments

towards identification of DAAO ability in a plant system.

We planned to search for DAAO activity in maize plants

as a rich source in FAD�dependent redox system. The

sequence data survey for this system by bioinformatic

tools revealed the presence of candidate ESTs for DAAO.

The complementarity of 3′ overlapping plus� and minus�

strands of the DAAO gene was observed using 3′ and 5′
ESTs. This could bring about a putative coding region for

maize DAAO named predicted ZmDAAO. The character�

istics of the nucleotide and deduced amino acid

sequences of this coding region are shown in Fig. 2. This

region spans 1158 bp in size, starts from ATG start codon

and ends by TGA termination codon.

The bioinformatic studies showed the presence of the

N�terminal amino acid residues GXGXXG located

between amino acid residues 13 and 20 (Fig. 2). It is the

characteristic feature for nucleotide binding domain and

is conserved in all D�amino acid oxidases (known in



140 GHOLIZADEH, KOHNEHROUZ

BIOCHEMISTRY  (Moscow)   Vol.  74   No.  2   2009

Fig. 1. a) Relationship between shoot height of plants and D�alanine concentration in the growth media after 36 days. b) Relationship between

shoot and root fresh weights of plants and D�alanine concentration in the growth media. c) Relative growth of plants in media containing 0,

1000, and 10,000 ppm D�alanine (tubes No. 1, 2, and 3, respectively) under sterile growth conditions. d) Morphological color changes in

plants leaf discs placed in D�alanine�free and D�alanine�excess media. Petri plates No. 1, 2, and 3 containing 0, 1000, and 10,000 ppm D�

alanine, respectively. e) Closer view of a leaf disc taken from D�alanine�free medium. f) Closer view of a leaf disc taken from D�alanine�con�

taining medium at the concentration of 1000 ppm. g) Closer view of a leaf disc taken from the medium containing 10,000 ppm D�alanine. h)

An interesting photograph of leaf discs in the media containing 1000 and 0 ppm D�alanine.
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FAD�dependent oxidoreductases) identified so far [37].

Also, different clusters of internal and C�terminal con�

served amino acid sequences have been found to act as the

catalytic sites of the active center. Presence and location

of these catalytic regions, presented as regions (2), (3),

and (4), are shown in ZmDAAO compared to those of

already characterized DAAOs from different origins (Fig.

2). No conserved peptide has been observed for substrate�

binding domains in DAAO primary structures, reflecting

the wide variation in the substrate specificity for the

enzymes of different origins [37].

The comparative studies among predicted ZmDAAO

and those of known D�amino acid oxidases from different

sources revealed about 20% homology with microbial

sources and about 14% with those of animal species.

However, this score for predicted DAAO mRNAs from O.

sativa and A. thaliana was found to be 88 and 62%,

respectively (Fig. 3).

Fig. 2. Prediction of D�amino acid oxidase coding sequence from Zea mays L. by a search on various 5′ ends overlapping DAAO ESTs that

have been already presented in GenBank databases; the complete coding region has been predicted in maize plants too. Comparison of pre�

dicted amino acid sequences of ZmDAAO with those of already characterized DAAOs from bacterial and mammalian kingdoms. Zea mays L.

(Ac. No. AM407717); Agrobacterium tumefaciens (Ac. No. AGRC4235); Xanthomonas campestris (Ac. No. XCC2414); Candida boidinii (Ac.

No. AB042032); Rhdotorula gracilis (Ac. No. RGU60066); Trigonopsis variabilis (Ac. No. AY514426); Nectria haematococca (Ac. No.

P24552); Homo sapiens (Ac. No. BC029057); Canis familiaris (Ac. No. 486317); Bos taurus (Ac. No. 615334); Caenorhabditis elegans (Ac. No.

C47A10.5); Mycobacterium leprae (Ac. No. MLCOSL672). The highly conserved sequences including nucleotide�binding domain and three

catalytic regions (2), (3), and (4) are shaded in gray and underlined.

Fig. 3. Amino acid sequence alignment between ZmDAAO and those of plant counterparts including Oryza sativa (Ac. No. NM_126129) and

Arabidopsis thaliana (Ac. No. BAD31345.1) DAAO sequences. The identity levels are 88 and 62% for O. sativa and A. thaliana, respectively.
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Cloning of DAAO gene under induced conditions. The

gene of ZmDAAO was not obtained by RT�PCR method

as described in “Materials and Methods”. Therefore, we

supposed that Zmdaao like other DAAO genes might be

induced in response to inducing compounds.

As a general rule, the expression of D�amino acid

oxidase genes is mostly regulated in eukaryotic and

prokaryotic cells. They are usually induced by D�enan�

tiomers of amino acids [38, 39]. D�Alanine is a common�

ly used DAAO inducer.

We grew maize plants in D�alanine containing media

with four different concentrations, i.e. 0, 100, 1000, and

10,000 ppm. The youngest leaves of plants of all treat�

ments at age 36 days were harvested for RNA extraction.

Total RNA and mRNA isolations were carried out using a

single protocol for all samples, and their equality was test�

ed spectrophotometrically. At the end of the experiment,

5 µl of each RT�PCR end product was run on the 1%

agarose gel and photographed. As shown in Fig. 4, in D�

Ala�free and D�Ala�excess media grown plants no

expressed end products are detectable on the gel.

However, sharply visible bands are observed for treat�

ments 100 and 1000 ppm of D�alanine. The amplified

fragments were cloned in pGEM�T easy vector and

sequenced partially for further confirmation.

We assume that the absence of DAAO pattern in the

plant grown under D�Ala excess media may be related to

the degradation of its mRNA due to cell death phenome�

non induced by the accumulation of excess D�Ala in

plant cells. However, this idea needs to be investigated in

detail.

As an interesting result, our molecular pattern is con�

sistent with those of morphological results shown in Fig.

1. Significant differences between the growth of plants in

D�Ala�free (0 ppm), D�Ala�excess (10,000 ppm), and in

the media containing D�Ala at the concentrations of 100

and 1000 ppm, strongly correlate with significant differ�

ences shown in the expression pattern of the DAAO

gene in the experimental plants. This indicates that the

D�Ala metabolizing enzyme might be a DAAO in maize

plants.

Expression of ZmDAAO in E. coli cells. For stronger

verification of DAAO ability in maize plants, a recombi�

nant plasmid was produced by the insertion of the puta�

tive D�amino acid oxidase cDNA of Z. mays into the

multiple cloning site of pMALc2X E. coli expression vec�

tor, downstream of the maltose�binding protein coding

sequence. The fused malE–daao gene contains eight

additional codons located between the malE and maize

daao genes (Fig. 5).

The pMALc2X�DAAO vector was transformed into

TB1 strain of E. coli cells. The expression of the fused

product was analyzed by SDS�PAGE on a 10% gel and a

detectable expressed band was observed with a molecular

weight of about 78 kDa, which is 8 kDa smaller than the

calculated size (Fig. 5).

The fused protein was purified from the total

expressed proteins using maltose�affinity chromatogra�

phy at the yield of about 5 mg/liter of cell culture (Fig. 5).

Although the reasons for such a result could already be

argued by the cytotoxicity of the end product of DAAO�

catalyzed reactions, the drastic reduction of intracellular

pool of D�alanine (as an essential component of the bac�

terial cell wall) could be due to DAAO action [37].

The purified fusion protein was subjected to in vitro

DAAO activity assay towards D�alanine, D�aspartate, D�

leucine, D�isoleucine, and D�serine using a sensitive

Fig. 4. Expression analysis of ZmDAAO under induced condi�

tions. Comparison of RT�PCR end product in plants grown at dif�

ferent concentrations of D�alanine showed that the maize daao

gene could be induced when plants use D�Ala as the nitrogen

source. RT�PCR products in lanes 1�4 are related to the control

plant (plant grown in D�Ala�free media) and plants grown in the

media containing 100, 1000, and 10,000 ppm D�Ala, respectively.

1                     2                    3                      4

Fig. 5. Presentation of fused malE–daao gene in pMALc2X E. coli

expression vector. Cloned maize DAAO cDNA was inserted

downstream of the malE gene of E. coli, which encodes maltose�

binding protein (MBP), resulting in the expression of

MBP–DAAO fused protein. SDS�PAGE analysis of the expressed

and purified fused protein. The fused product was expressed with

a size of about 78 kDa, which is 8 kDa smaller than the calculated

size. The gel was stained with Coomassie blue. Lanes: 1) crude

protein extract of TB1 E. coli cells containing recombinant plas�

mid; FP stands for fused protein; 2) crude extract of TB1 bacteri�

al cells containing non�recombinant plasmid; 3) protein molecu�

lar weight marker; 4) purified maltose�binding protein fused prod�

uct.
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spectrophotometric method based on peroxidase activity

assay. The concentrations of purified fused product in test

samples were of 0.05, 0.1, and 0.2 mg/ml as described in

materials and methods. A linear increase in optical densi�

ty was observed as the concentration of the fused protein

was increased from 0 to 0.2 mg/ml in the test samples

containing D�alanine and D�aspartate. Our results

showed no increase in optical density for D�leucine�, D�

isoleucine�, and D�serine�containing samples. The rela�

tive DAAO activity for each sample was calculated based

on the absorbance data obtained and graphed as in Fig. 6.

A parallel time course experiment with three replica�

tions was also carried out in 10�min time intervals for an

hour, at concentration of 0.1 mg/ml of purified recombi�

nant protein. A constant increase in A435 was detected as

the time of reaction was increased up to 40 min, and then

it remained constant at 0.38 in the case of D�alanine and

0.21 for D�aspartate (Fig. 6). These results strongly

revealed the in vitro activity of expressed D�amino acid

oxidase as a fused protein in E. coli cells and furthermore

the strongest possibility for DAAO activity in the plant

system as well.

Generally, the catalytic activity of DAAO and its

effectiveness have been demonstrated using recombinant

DNA technology. We also believe our recombinant exper�

imental results suggest the existence of DAAO activity in

the plant system.

DAAO activity has already been proved and used in

the case of microbial and animal systems. Our suggestion

is that plant DAAOs will also be used as a good biotech�

nological tool in the future.
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