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ABSTRACT

Trichoderma harzianum Rifai SKW-36 produced two
kinds of D-amino acid oxidizing enzymes. One enzyme
was D-aspartate oxidase acting on acidic D-amino
acids such as D-aspartate and D-glutamate and an-
other one was D-amino acid oxidase acting on neutral
D-amino acid such as D-phenylalanine and D-me-
thionine. These enzymes in the cell-free extract were
separated by DEAE-Toyopearl ion-exchange column
chromatography. Casamino acids, peptone, and yeast
extract as carbon and nitrogen sources were effective
for the production of the enzymes. No D-amino acid
tested induced the production of the enzymes. Casa-
mino acid (0.33%) as carbon and nitrogen source
gave a highest specific activity of D-aspartate oxidase
among media tested. D-Aspartate oxidase, which was
purified by four-step column chromatography in ad-
dition to ammonium sulfate precipitation, exhibited a
subunit molecular mass of 40 kDa by SDS-PAGE
analysis. D-Aspartate, D-glutamate and N-methyl-D-
aspartate were oxidized as substrates with the specific
activities of 7.80 U/mg, 4.90 U/mg, and 4.22 U/mg,
respectively. D-Asparagine, D-glutamine, D-alanine,
and D-valine were slightly oxidized. No other D-
amino acids tested were inert. The enzyme exhibited
relatively wide substrate specificity compared to D-
aspartate oxidases reported so far. The pH and tem-
perature optima were 7.5 - 8.0 and 35°C, respectively.
The enzyme was stable at pH 6.0 - 9.0. About 75% of
the enzyme activity was retained even after treating
the enzyme at 50°C for 10 min. The enzyme activity
was inhibited not by benzoate and tartrate, but 60%
and 24% by fumarate and malonate, respectively.
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1. INTRODUCTION

D-Amino acid oxidase catalyzes the stereospecific oxi-
dative deamination of D-amino acids to the correspond-
ing a-keto acids, with producing ammonia and hydrogen
peroxide in the course of the reaction. In general, the
enzyme acting on D-amino acids except acidic D-amino
acids, i.e. D-aspartate and D-glutamate, is so called
D-amino acid oxidase. The enzyme acting on acidic D-
amino acids is called D-aspartate oxidase or D-glutamate
oxidase according to substrate preference. D-Amino acid
oxidases have been reported in microorganisms such as
Cephalosporium acremonium [1], Fusarium solani [2],
Fusarium oxysporum [3), Trigonopsis variabilis [4], Rho-
dotorula gracilis [5], and Candida boidinii [6] as well as
in mammals such as pig [7], mouse [8], human [9].
D-Aspartate oxidase has been studied in human brain
[10], Cryptococcus humicolus [11], and Fusarium sac-
chri var. elongatum [12]. D-Glutamate oxidase has been
found in Octopus vulgaris [13] and Orconectes limosus
[14]. The reactions catalyzed by these enzymes are ex-
pected to be exploited in biotechnological applications,
for example, the production of a-keto acids from D-
amino acids, the resolution of the racemic mixtures of
amino acids, and the analytical detection of D-amino
acid.

We isolated Trichoderma harzianum Rifai SKW-36 as
a producer of N-acyl-D-amino acid amidohydrolase,
which catalyzes the hydrolysis of N-acyl-D-amino acid
to D-amino acid and fatty acid [15]. Further study on
D-amino acid metabolism of 7. harzianum revealed that
T. harzianum showed the activities of oxidative deami-
nation towards neutral and acidic D-amino acids. Pre-
liminary purification study showed that D-amino acid
oxidizing activities detected in the cell-free extract of 7.
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harzianum were separated into two different active por-
tions by anionic ion-exchange column chromatography.
One active portion showed D-amino acid oxidase activity
and another did D-aspartate oxidase activity.

Some Trichoderma species are of industrial impor-
tance because they produce various enzymes useful in
industry [16-18]. In particular, S-glucanases and chiti-
nases from 7. reesei have been well studies and widely
used in pulp and food industries. However, no studies on
D-amino acid metabolism and D-amino acid metaboliz-
ing enzyme of Trichoderma sp. have been studied.
Moreover, there have been no reports describing the oc-
currence of two different kinds of D-amino acid oxidiz-
ing enzymes in fungi. The present paper describes the
production condition and some properties of D-aspartate
oxidase from 7. harzianum Rifai SKW-36.

2. MATERIALS AND METHODS
2.1. Chemicals

2,4-Dinitrophenylhydrazine (DNPH), 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS), catalase from
bovine liver, and peroxidase from horse radish were
purchased from Wako Pure Chemicals (Japan). D-Amino
acids used were from Sigma (USA). The purity of all
D-amino acid used in this study was more than 98%.
DEAE-Toyopearl was purchased from Toso (Japan).
EAH Sepharose 4B, HiTrap Q FF (5 cm X 1 cm) and Hi-
Trap Butyl FF (5 cm % 1 cm) were purchased from GE
Healthcare (UK). Immobilization of D-phenylalanine to
Sepharose 4B was performed according to the manufac-
turer’s instruction. All other chemicals used were of
analytical grade and commercially available.

2.2. Cultivation of T. harzianum Rifai SKW-36

T. harzianum SKW-36 was grown on a medium con-
taining carbon source (~1.0%) and nitrogen source (~1.0%),
0.1 % K,HPO,, 0.1% KH,PO,, 0.05% MgSO,4-7H,0,
0.1% yeast extract, and 0.075% streptomycin (pH 5.0).
The culture was grown at 30°C for 24 - 72 h with shak-
ing in a 0.5 - 1 Sakaguchi flask containing 100 ml of me-
dium or in 2 - 1 Sakaguchi flask containing 500 ml of
medium.

2.3. Enzyme Assay

D-Amino acid oxidizing activities were assayed by
measuring the formation of a-keto acids or hydrogen
peroxide. Assay methods were as follows. a-Keto acid
was determined by DNPH method. The standard reaction
mixture for DNPH method contained 100 mM N-2-hy-
droxyethypiperazine-N’-2-ethane sufonic acid (HEPES)
buffer (pH 8.0), 20 mM D-amino acid, 2 units of catalase,
and the enzyme in a final volume of 0.5 ml. After 10-min
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incubation at 30°C, 0.25 ml of 0.1% DNPH solution (in 2
M HCI) was added to the reaction mixture. After stand-
ing at room temperature for 3 min, 0.5 ml of 4 M NaOH
solution was added to the mixture. The absorbance of
dinitrophenylhydrazone formed was measured at 470 nm
[19]. The amount of a-keto acid formed was calculated
on the basis of calibration curve of each a-keto acid. Hy-
drogen peroxide was estimated by peroxidase-coupling
method with ABTS. The standard reaction mixture for
ABTS method contained 100 mM HEPES buffer (pH
8.0), 5 mM D-amino acid, 3 units of peroxidase, 1 mM
ABTS, and the enzyme in a final volume of 1.0 ml. After
10-min incubation at 30°C, the absorbance of ABTS oxi-
dized form was measured at 470 nm [20].

2.4. Protein Determination

Protein concentration was determined by the method of
Lowry et al. [21], using bovine serum albumin as a stan-
dard. It was also estimated by its absorbance at 280 nm
in the fractionation of enzyme with column chromatog-
raphy.

2.5. Purification of D-Aspartate Oxidase from T.
harzianum

Cell growth and D-Asp oxidase activity of 7. harzianum
were examined at 24, 48, and 72 h in the casamino acid
based medium. Maximum growth and enzyme activity
were obtained after 48 h cultivation. 7. harzianum SKW-
36 was cultivated aerobically at 30°C for 48 h in a me-
dium containing 0.33% casamino acids, 0.1% KH,PO,,
0.1% K,HPO,, 0.05% MgSO,-7H,0, 0.1% yeast extract,
and 0.075% streptomycin (pH5.0). All subsequent puri-
fication steps were performed at 0°C - 8°C. The buffer,
10 mM potassium phosphate buffer, pH 7.0 was used
throughout the purification unless otherwise stated. A 5 -
1 culture of T. harzianum SKW-36 was harvested by fil-
tration with paper filter and washed twice in the buffer.
After suspension containing about 50 g mycelium in 250
ml of the buffer, the cells were disrupted with ultrasonic
oscillator (Nihonseiki Co., Japan) at 20 kHz for 40 min
at 4°C. The cell debris was removed by centrifugation
(14,000x g) at 4°C for 20 min. Crude extract was sub-
jected to ammonium sulfate precipitation, and the active
precipitate at a salt saturation between 30% and 60% was
dissolved in the buffer and dialyzed against the buffer.
The dialyzed enzyme solution was applied to an anion-
exchange column of DEAE-Toyopearl 650 M (¢ 3 x 50
cm), equilibrated with the buffer. Following an extensive
wash with the buffer, the enzyme was eluted with 100
mM NaCl. The active fractions were applied to a D-
phenylalanine-Sepharose affinity column (1.0 cm x 4.0
cm) equilibrated with the same buffer. Non-adsorbed
protein was washed off thoroughly, and the enzyme was
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eluted with a liner gradient of NaCl from 0 to 130 mmol
1" in the buffer. The active fractions were collected and
dialyzed against the buffer. The enzyme solution was
placed onto an ion-exchange column chromatography on
HiTrap Q FF (§ cm X 1 cm), equilibrated with the buffer,
and eluted with a linear gradient of NaCl from 0 to 220
mmol-1"" in the buffer. The active fractions were col-
lected and dialyzed against the buffer. Ammonium sul-
fate was added to the enzyme to 25% saturation. The
enzyme solution was placed onto an hydrophobic inter-
action column chromatography on HiTrap Butyl FF (5
cm % 1 cm), equilibrated with the buffer containing 25%
saturated ammonium sulfate. Following an extensive
washing with 25% saturated ammonium sulfate, the elu-
tion of the enzyme was carried out with a linear gradient
of ammonium sulfate from 25% to 0% saturation in the
buffer. Subsequently, the active fractions were dialyzed
against the buffer and concentrated with ultrafiltration
system (Amicon, YM-10). The resulting enzyme prepa-
ration was stored at 4°C.

2.6. SDS-PAGE for Purity and Molecular
Weight Determination

Purity and molecular weight of purified D-aspartate oxi-
dase were analyzed by SDS-PAGE according to the
method of Laemmli [22]. The proteins were visualized
by staining with Coomassie Brilliant Blue (R-250).

3. RESULTS AND DISCUSSIONS

3.1. Occurrence of Two Different Types of
D-Amino Acid Oxidizing Enzymes

The cell-free extract prepared from T. harzianum SKW-
36, which was cultured in the medium containing casa-
mino acids as a sole carbon and nitrogen source, exhib-
ited the oxidase activity toward the wide range of D-
amino acids including acidic D-amino acid (D-aspartate
and D-glutamate) and basic D-amino acid (D-arginine
and D-lysine) as well as neutral ones (D-phenylalanine
and D-methionine). To date, no reports have been ap-
peared concerning D-amino acid oxidases having such
wide substrate specificity except for the mutant of D-
amino acid oxidase from R. gracilis [23]. These indi-
cated that 7. harzianum SKW-36 might produce at least
two kinds of D-amino acid oxidases different from each
other in substrate specificity. In ammonium sulfate frac-
tionation, the activity toward acidic D-amino acids,
D-aspartate and D-glutamate, was only found in the frac-
tion precipitated at 30% - 60% saturation and the activity
toward D-phenylalanine and D-arginine was found in
precipitates at both 30% - 60% and 60% - 90% saturation
(data not shown). Moreover, when the cell-free extract
was subjected to DEAE-Toyopearl column chromatog-
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raphy, the activity toward acidic D-amino acids was de-
tected in the fractions eluted by 100 mM NaCl and the
activity toward neutral and basic D-amino acids was de-
tected in the fractions eluted in the NaCl concentration
between 100 and 150 mM (data not shown). These re-
sults suggested that 7. harzianum SKW-36 produced at
least two kinds of D-amino acid oxidizing enzymes,
D-aspartate oxidase and D-amino acid oxidase, in the
cells.

3.2. Effects of Carbon and Nitrogen Sources on
Enzyme Activities

The effects of carbon and nitrogen sources on the active-
ties of these D-amino acid oxidases were tested (Table
1). The media containing casamino acids or peptone as
carbon and nitrogen (C-N) sources provided relatively
high activities of D-aspartate oxidase and D-amino acid
oxidase. While glucose as a carbon source had a ten-
dency to increase the growth, the addition of glucose
resulted in the lower activities of both the enzymes. In-
organic nitrogen compounds such as ammonium sulfate
and ammonium chloride were not good nitrogen source.
For the production of D-aspartate oxidase, casamino ac-
ids was found to be an most effective C-N source, and
the highest specific activity of the enzyme was obtained
under the cultivation with 0.33% casamino acids. For the
production of D-amino acid oxidase, peptone (0.5%) and
yeast extract (0.5%) were determined as most effective
C-N sources. Effect of D-amino acids on activities of the
enzymes was examined, but no inducible effect of D-
amino acids and their acetyl derivatives on the produc-
tion of both the enzymes was observed in 7. harzianum
(data not shown). The D-amino acid oxidases from F.
oxysporum [3] and R. gracilis [5], and D-aspartate oxi-
dase from C. humicolus [11] have been reported to be
induced effectively by D-amino acids such as D-Ala and
D-Asp, respectively. The result indicates that the produc-
tion of D-aspartate oxidase and D-amino acid oxidase
from T. harzianum could be regulated by the different
type of expression mechanism from F. oxysporum, R.
gracilis, and C. humicolus.

3.3. Purification of D-Aspartate Oxidase

Enzyme purification started with about 2.4 g of soluble
proteins, exhibiting a specific activity of 1.61 x 107
U-mg . D-Asp oxidase was enriched 2.35-fold by am-
monium sulfate precipitation. After consecutive purifica-
tion steps using anion exchange chromatography, D-
phenylalanine-Sepharose affinity chromatography, and
hydrophobic interaction chromatography, the purified
enzyme was obtained with a specific activity of 4.61
U-mg ', with a final recovery of 0.78 mg protein and a
total yield of 9.2% (Table 2). SDS-PAGE revealed it
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Table 1. Effect of carbon and nitrogen sources on the activity of D-aspartate oxidase and D-amino acid oxidase from 7. harzianum.

Total Activity (U) Specific Activity (x10~ U/mg)
Carbon and Nitrogen Sources Total Protein (mg)

D-Asp D-Phe D-Asp D-Phe
Glc (0.5%) + PP (0.5%) 3345 2.59 9.68 7.76 28.95
Glc (1%) + NH4Cl1 (1%) 251.2 1.26 1.76 5.03 7.01
Glc (1%) + (NH4),SO4 (1%) 242.9 1.17 1.32 4.83 5.43
PP (1%) 3983 1.77 17.31 4.44 43.45
PP (0.5%) + YE (0.5%) 221.2 2.07 17.25 9.37 78.01
CA (1%) 2339 3.05 13.03 13.1 55.71
CA (0.33%) 126.2 2.08 4.95 16.5 39.24
CA (0.5%) + YE (0.5%) 368.4 2.81 14.61 7.63 39.66
Glc (0.5%) + CA (0.5%) 262.9 1.23 4.71 4.68 17.92

Glc: glucose, PP: peptone, CA: casamino acids, YE: yeast extract; The culture was grown in a 0.5 - 1 Sakaguchi flask with 100 ml of medium containing carbon
and nitrogen sources described above, 0.1% K;HPO4, 0.1% KH,PO4, 0.05% MgSO4-7TH,0, 0.1% yeast extract, and 0.075% streptomycin (pH 5.0) at 30°C with
shaking. The activities of cell-free extract were measured using D-Asp and D-Phe as substrates. Values of the enzyme assay represent means of duplicate ex-
periments.

Table 2. Purification of D-aspartate oxidase from 7. harzianum.

Step Total Protein (mg) Total Activity (U) Specific Activity (U/mg) Yield (%) Purification (fold)
Cell free extract 2429 39.1 1.16 x 1072 100 1
(NH4),SO;4 treatment 778.7 29.5 3.79 x 102 75.6 2.4
DEAE-Toyopearl 204.8 26.0 1.27x 10" 66.5 79
Affinity column 82.1 17.6 2.14x10" 44.9 13.3
HiTrap Q FF 6.99 53 7.59 x10™! 13.6 47.1
HiTrap Butyl FF 0.78 3.6 4.61 9.21 286.3
had a subunit molecular mass of 40 kDa (Figure 1). The 1 2
monomer subunits of both human brain D-aspartate oxi- kDa
dase and C. humicolus D-aspartate oxidase have been 116

reported to be the molecular masses of 37 and 40 kDa,

respectively [10,11]. These are almost the same values 7
with that of 7. harzianum D-aspartate oxidase. 66
3.4. Characterization of D-Aspartate Oxidase 45
#

3.4.1. Effects of pH and Temperature on Enzyme

Activity 36
The optimal pH and temperature for D-aspartate oxidase
from T. harzianum were determined to be pH 7.5 - 8.0
and 35°C, respectively (Figures 2(a) and (c)). The opti- 29

mal pH and temperature of D-aspartate oxidase from T.

harziaum were similar with those of D-aspartate oxidase

from C. humicola [11]. At relatively wide range of pH [

between 6.0 and 9.0, the enzyme was stable, but by treat- K

ing at 50°C for 10 min at pH 5.5, 80% of the activity was Figure 1. SDS-PAGE analysis of D-
lost, but at pH 10, 70% of the optimal enzyme activeity aspartate oxidase from T. harzianum.
was still retained after 10 min. The enzyme was stable up lane 1: purified enzyme; lane 2: pro-
to 30°C, and by treatment at 50°C for 10 min, only 25% tein markers.
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Figure 2. Effects of pH and temperature on enzyme activity and stability. (a) Enzyme activity was measured at various pH values
with the following buffers: acetate buffer (pH 4.5 - 5.5; -0-), potassium phosphate buffer (pH 6 - 7.5; -m-), Tris-HCI (pH 7.5 - 8.5;
-x-), HEPES buffer (pH 7.0 - 9.0; -¢-), and CHES buffer (pH 9 - 10; - A-) and (b) Enzyme stability was evaluated after its incubation at
various pHs at 50°C for 10 min; (c) Enzyme activity was assayed at various temperatures under the standard reaction mixture and (d)
Enzyme stability was evaluated after its incubation at various temperatures for 10 min. Error bars indicate standard deviations (n = 3).

of the optimal activity was lost (Figures 2(b) and (d)).

3.4.2. Kinetic Properties and Inhibitors

Table 3 shows the kinetic properties of D-aspartate oxi-
dase from T. harzianum. D-Aspartate, D-glutamate, and
N-methyl-D-aspartate (NMDA) were the preferred sub-
strates and oxidized at the V,,,, values of 7.80, 4.90, and
4.22 U/mg with K, values of 2.29, 3.48, and 0.62 mM,
respectively. The K, value of D-aspartate oxidase from 7.
harzianum was similar with those of human brain and C.
humicolus D-aspartate oxidases, 2.70 and 3.65 mM, re-
spectively [10,11]. But the K, value for NMDA was
rather different from those of human brain and C. humi-
colus D-aspartate oxidases, 6.80 and 28.0 mM, respec
tively. In addition to these acidic D-amino acids, D-as-
paragine, D-glutamine, D-alanine, and D-valine were
also slightly oxidized as low-reactive substrates at 12%,
8.8%, 9.3%, and 7.6% of the activity toward D-aspartate,
respectively. It has been reported that the mutant M213R
of D-amino acid oxidase from R. gracilis acted on
D-aspartate and D-glutamate in addition to its original
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Table 3. Kinetic properties of D-aspartate oxidase from 7.
harzianum.

Substrate  Relative Activity (%) K, (mM) Vinax (U/mg)
D-Asp 100 229+0.11 7.80 +0.27
D-Glu 63 3.48+£0.16 4.90+0.17

NMDA 54 0.62 £0.06 422 +0.23

Activity was measured by DNPH method as described in the text; Activity
is given relative to that measured for D-Asp; Data are expressed as means +
SD (n = 3).

substrates [23], but no acidic D-amino acid oxidase cata-
lyzing oxidative deamination of D-asparagine, D-gluta-
mine, and D-alanine has been reported. D-Aspartate
oxidase from 7. harzianum showed no catalytic activity
towards both L-aspartate and L-glutamate. It might be a
new type of enzyme in substrate specificity, which acts
on more wide rage of substrates than the other D-Asp
oxidases reported previously. Inhibitory effects of car-
boxylic acids and metals were investigated (Table 4).
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Table 4. Inhibition of D-aspartate oxidase from T. harzianum
by carboxylic acids and metals.

Chemicals Concentration (mM) Inhibition (%)
Fumarate 20 59.7
Malonate 20 239
Tartrate 20 9.0
Benzoate 20 2.9
KCl 5 16.9
CaCl, 5 17.6
MgCl, 5 43.1
NiCl, 5 94.1
CuCl, 5 98.8

NiCl, and MgCl, produced 94% and 43% inhibition at 5
mM, respectively, whereas CuCl, inhibited the enzyme
activity completely at 5 mM. Benzoate which is known
as an effective inhibitor for mammalian D-amino acid
oxidase was not effective for inhibition to D-aspartate
oxidase from 7. harzianum. Fumarate was the effective
inhibitor followed by malonate. On the other hand, D-
aspartate oxidase from C. humicolus was inhibited by
malonate but not fumarate [11].

4. CONCLUSIONS

This is the first paper describing the occurrence of the
two different types of D-amino acid oxidizing enzymes
in fungi. D-Aspartate oxidase, one of them, was purified
from T. harzianum Rifai SKW-36 and characterized. In
fungi, a little study on D-amino acid metabolism-related
enzymes including D-amino acid oxidizing enzyme have
been reported. 7. harzianum produces N-acyl-D-amino
acid amidohydrolase which acts on N-acyl derivatives of
neutral D-amino acids [15]. This suggests that D-amino
acid oxidase might be involved in the degradation of
D-amino acids produced from N-acyl-D-amino acids by
the action of N-acyl-D-amino acid amidohydrolase in 7.
harzianum. But N-acyl-D-amino acid amidohydrolase
acting on N-acyl derivatives of acidic D-amino acid has
not been reported in 7. harzianum. Physiological role of
D-aspartate oxidase in 7. harzianum is interesting. To
construct high expression system of D-aspartate oxidase
in E. coli and yeast and D-aspartate oxidase defective
mutant of 7. harzianum, molecular cloning of the gene is
under planning. Further studies will provide us more
information and insight on fungal D-amino acid oxidiz-
ing enzymes and D-amino acid metabolism.
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