APPLIED BIOCHEMISTRY AND BIOTECHNOLOGY 6, 293-308 (1981)

Production of a-Keto Acids
Part I. Immobilized Cells of Trigonopsis
variabilis Containing D-Amino Acid Oxidase

PETER BRODELIUS,* KJELL NILSSON, AND KLAUS MOSBACH

Pure and Applied Biochemistry, University of Lund, Chemical Center,
PO Box 740, §-22007 Lund, Sweden

Received June 30, 1981; Accepted August 10, 1981

Abstract

Whole cells of Trigonopsis variabilis were immobilized by entrapment in Ca® —al-
ginate and used for the production of a-keto acids from the corresponding D-amino
acids. The p-amino acid oxidase within the immobilized cells has a broad substrate
specificity. Hydrogen peroxide formed in the enzymatic reaction was efficiently hy-
drolyzed by manganese oxide co-immobilized with the cells. The amino acid oxidase
activity was assayed with a new method based on reversed-phase HPLC. Oxygen re-
quirements, bead size, concentration of cells in the beads, flow rate, and other factors
were investigated in a ‘‘trickle-bed’’ reactor.

Index Entries: Production of a-keto acids; a-keto acids, production of; immobi-
lized cells, in the production of a-keto acids; Trigonopsis variabilis, in the production
of a-keto acids; p-amino acid oxidase, in a-keto acid production; oxidase, D-amino
acid, in a-keto acid production; manganese oxide, co-immobilized with whole cells;
liquid chromatography, assay of b-amino acid oxidase activity; chromatography, liq-
uid, of D-amino acid oxidase activity.

Introduction

Patients suffering from acute uremia have a positive nitrogen balance and thus a
poisonous excess of blood nitrogen that must be reduced as much as possible. This
is done in an initial state of the disease, before dialysis is required, by administra-
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tion of a very restricted diet [low protein and high carbohydrate content (/)]. This
diet is supplemented with the essential amino acids (including histidine for these
patients).

If the essential carbon skeleton could be given in a ‘‘non-nitrogen”’ form, i.e, as
the keto- or hydroxy-analogs of the amino acids, a more efficient treatment of this
disease could be achieved, since these analogs would be transaminated in the body
to remove some of the excessive nitrogen.

At present only five of the essential carbon skeletons are, however, commer-
cially available in a ‘‘non-nitrogen’’ form (four keto acids, i.e., the analogs of
valine, leucine, isoleucine, and phenylalanine, and one hydroxy acid, i.e., the
analog of methionine) and, therefore, a more thorough investigation of this promis-
ing therapeutic approach has been hampered. The lack of suitable organic methods
of synthesis of the remaining analogs has been a problem for several years and an
alternative method for preparation is of great importance.

Many a-keto acids can be prepared from the corresponding amino acids by an
enzymatic reaction involving oxidase according to Fig. 1. During recent years the
use of immobilized biocatalysts for the preparation of pharmaceuticals has re-
ceived increasing attention (2). Such preparations have some distinct advantages
and, therefore, the utilization of an immobilized amino acid oxidase for the produc-
tion of a-keto acids appears to be suitable. Some studies have been carried out on
immobilized amino acid oxidases by various investigators (3—6). The enzyme util-
ized in these studies was isolated from hog kidney or snake venom. In a commer-
cial process, however, an enzyme of microbial origin is preferred. We have found
a suitable microbial source for b-amino acid oxidase in the yeast Trigonopsis
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Fig. 1. Reaction scheme for the conversion of amino acids to the corresponding
a-keto acids by amino acid oxidase and for various methods to assay the reactants.
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variabilis. Whole cells of this microorganism were immobilized by entrapment in
Ca2+—alginate and used for the preparation of a-keto acids. A simultaneous pro-
duction of L-amino acids is obtained when racemic mixtures of the substrates are
utilized. In this paper the basic characteristics of the immobilized cells will be dis-
cussed and some process parameters investigated. A preliminary account of this
work has been reported (7). We are at present also studying immobilized L-amino
acid oxidases of microbial origin and this work will be reported elsewhere (8).

Materials and Methods

Chemicals

All amino acids and a-keto acids, as well as peroxidase (type 11, from horseradish),
alginic acid (sodium salt, type 1V), dinitrophenyl hydrazine, and 6-amino-anti-
pyrine were supplied by Sigma Chemical Co. Nucleosile-C,g (5 wm), methanol,
manganese oxide, and calcium chloride were from Merck AG.

Cultivation of T. variabilis

Fermentation of the yeast T. variabilis was carried out essentially as described by
Berg and Rodden (9). The incubation was 10 days at room temperature in 5-L
flasks with stirring and aeration. Cells were collected by centrifugation and then
washed and stored frozen until used.

Immobilization of T. variabilis

Immobilization of T. variabilis cells was performed according to the procedure of
Kierstan and Bucke (/0) by entrapment in Ca® —alginate gels, according to the
following standard procedures:

1. Wet cells (2.0 g) suspended in H,O (3.0 mL) were mixed with 2% alginate
(5.0 g) and subsequently the suspension was dripped into 0.1 M CaCl, (200 mL).
After 2 h the beads were collected and washed with 50 mM Tris-HCl buffer, pH
8.0, containing SmM CaCl,.

2. Co-immobilization of cells and manganese oxide was achieved by adding the
oxide (1.0 g) to the alginate solution (5.0 g) and this mixture was then sonicated to
disintegrate larger aggregates of the oxide. The cells (2.0 g, suspended in H,O,
2.0 mL) were added and the immobilization was carried out as described above.

Relatively large beads (& = 2.4 mm) were obtained by pressing the mixture of
alginate, cells, and maganese oxide through a syringe equipped with needles of
various sizes. Smaller beads could, however, not be produced by this method ow-
ing to the high surface tension of the alginate suspension. Smaller beads (¢ < 2.4
mm) were made by mounting the syringe on a vortex mixer. By the oscillation of
the needle, the surface tension of the viscous suspension was partly overcome, re-
sulting in the formation of relatively small beads.
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Assay Methods

The standard assay for determination of the D-amino acid oxidase activity of free
and immobilized cells of T. variabilis applied in this investigation is a new method
based on reversed-phase HPLC that permits simultaneous determination of sub-
strate and product. In the case of free cells the samples were filtered (0.22 pm)
before the analysis which was carried out in the following system:

Column size 200 X 4.6 mm

Column packing material nucleoside-Cg (5 wm)
Mobile phase methanol:water (2:8), pH 6.0
Flow rate 1.5 mL/min

Pressure ~1700 psi

Detection UV, 210 nm

Standard curves were obtained by plotting the peak heights versus concentration
of acid in standards. These standard curves were used for determination of amino
and a-keto acids in the reaction mixtures.

The K, and V., values as well as the relative activity of the enzyme towards
various substrates were, however, determined by two additional assay methods
(see Fig. 1).

The activity of freely suspended cells was measured by forming the dinitro-
phenylhydrazone derivative of the keto acid produced. The sample (0.5 mL, con-
taining 0-0.5 wmol a-keto acid) was mixed with saturated dinitropheny! hydrazine
in 2M HCI (0.2 mL). After 10 min, 3M NaOH (0.7 mL) was added and after an
additional 15 min the absorbance at 550 nm was determined. Pyruvate was used as
the standard.

The activity of immobilized cells was monitored by following H,0, formation
with a coupled enzymatic assay. The entrapped cells (0.2 g wet beads) were sus-
pended by stirring in 50 mM Tris-HCl buffer, pH 8.0 (10 mL), containing 5 mM
CaCl,, 1 mM 4-amino-antipyrine, 10 mM phenol, peroxidase (approx. 10 U), and
an appropriate concentration of substrate. The reaction mixture was continuously
recirculated through a flow cuvette and the absorbance at 500 nm was recorded.

One unit of pD-amino acid oxidase activity is defined as 1.0 pmol of a-keto acid
formed per minute at 25°C and pH 8.0.

Results and Discussion

Enzyme Source

In previous studies on immobilized amino acid oxidases the source of the enzyme
has been, from a commercial point of view, not very suitable. Enzymes isolated
from hog kidney (3) or snake venom (4, 5) have been studied. The initial goal of
this study was to find a good microbial source of the enzyme. From various possi-
ble microorganisms including bacteria, yeasts, and algae, the yeast Trigonopsis
variabilis was selected as a suitable source. This yeast has previously been pointed
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out as a source of D-amino acid oxidase (9). Our choice was based on the following
findings:

1. The enzyme is specific for the D-isomer of the substrate. Thus, optically ac-
tive L-amino acids are produced simultaneously along with the keto acids from ra-
cemic mixtures of the substrate, which may increase the applicability of a process.

2. The enzyme is present in relatively large amounts in the yeast.

3. The enzyme shows relatively high activities towards most of the substrates of
interest, i.e., the essential amino acids (see Table 1).

4. No side reactions are observed when whole cells are used for the oxidation,
obviating the need for elaborate and expensive isolation of the enzyme.

Since intact cells of the yeast can be utilized without substantial formation of
byproducts and since the purpose of this study was to develop a technical process,
no attempts have been made to isolate and characterize the enzyme per se. The en-
zyme has, however, previously been partly purified (9). In other applications of

TABLE 1
Relative Activity of b-Amino Acid Oxidase in Whole
Cells of T. variablis Towards Various Amino Acids

Substrate Relative activity, %
Methionine” 100
Ethionine® 78
Valine? 15
Norvaline? 55
Leucine” 40
Norleucine® 68
Isoleucine® 18
Phenylalanine® 91
Tyrosine® nd
Tryptophan 139
Histidine® 78
Lysine? 16
Arginine® 53
Citrulline® 74
Aspartic acid® 4
Aspargine® 32
Glutamic acid? 5
Serine® 7
Threonine” 2
Cephalosporin C¢ nd

“10 mM D-amino acid as substrate.

520 mM D,L-amino acid as substrate.

“Tyrosine and cephalosporin C are relatively good sub-
strates, but because of their poor solubility, no relative activ-
ity has been determined. nd = not determined.
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immobilized intact microbial cells problems with side reactions have occurred (17,
12). A selective inactivation of the enzyme responsible for the side reaction has,
however, solved these problems. Such inactivation has been achieved by heat
treatment (/1) or treatment with detergents (/2).

Enzyme Characteristics

As can be seen in Fig. 1, several methods are available for the determination of
amino acid oxidase activity. Conventional assays for determination of substrate
and products can be utilized, but the most convenient assay method is, however, a
new one, developed by us, based on reversed-phase HPLC. With this method the
amino and keto acid concentrations can be determined simultaneously. Further-
more, a measurement of the purity of the product is also obtained. The analysis is
sensitive, accurate, and relatively rapid.

The broad substrate specificity is one of the major advantages of this enzyme
and, as can be seen in Table 1, several amino acids can be converted to the corre-
sponding a-keto acids with relatively high activity by intact cells of T. variabilis.
Although the apparent K, values for various substrates can vary considerably,
from 0.5 to 2.0 mM for leucine, isoleucine, methionine, phenylalanine, tyrosine,
tryptophan, and histidine up to about 20 mM for valine, the apparent V,,,, values
for these substrates do not differ to such a great extent. Thus, some of the relative
activities given in Table 1 have been determined at substrate concentrations below
saturation and are, therefore, somewhat misleading. As can also be seen in Table
1, carboxy (aspartic and glutamic acid) and hydroxy (serine and threonine) amino
acids are poor substrates. Methionine was selected as a representative substrate and
it was used in the subsequent studies.

No significant difference in activity can be observed when D- or D,L-amino acids
are used. The pure L-form of methionine is oxidized at a rate of approximately 2%
of that observed with the pure D-form. Whether this results from the presence of
small amounts of a L-amino acid oxidase or activity of the D-amino acid oxidase
towards the L-isomer has not been investigated.

The pH optimum for the enzyme within the cells is 8.0 and the activity is in-
creased with temperature up to about 50°C, at which temperature denaturation of
the enzyme starts. The activity measurements were carried out within 15 min to
avoid any significant influence by enzyme heat denaturation on the observed activ-
ities. At room temperature, where most of the experiments have been carried out,
approximately 70% of the maximum activity is expressed. The enzyme appears to
be relatively heat labile since treatment at 60°C for only 5 min results in complete
loss of activity.

Immobilization of Whole Cells

For an industrial application of an immobilized biocatalyst a relatively simple
method for immobilization should be employed. Furthermore, the polymerlc ma-
trix used must be relatively inexpensive. We feel that entrapment in Ca® “_al-
ginate fulfills these two fundamental requirements and, therefore, we have used
this technique in these initial studies.



PRODUCTION OF 0i-KETO ACIDS 299

The substrate specificity as well as the apparent X, and V,,, values (deter-
mined for methionine, leucine, and phenylalanine) are not changed to any extent
by the immobilization. Furthermore, the pH and temperature dependences are un-
affected by the entrapment. Relatively large changes in these parameters can be
observed upon immobilization of enzymes resulting from microenvironmental ef-
fects (13, 14). In the case of whole cells, the enzyme is contained within a compart-
ment and is, therefore, protected from changes in the microenvironment to some
extent.

Hydrogen Peroxide

As can be seen in Fig. 1, hydrogen peroxide is formed in the enzymatic reaction.
The requirement for the efficient degradation of this product is one of the main
problems in developing a process for the production of keto acids. The removal of
this product is important because of the following reasons:

1. Hydrogen peroxide is highly denaturating for proteins and, therefore, the
operational stability of the immobilized biocatalyst will be influenced considerably
by the presence of this compound.

2. A secondary reaction between hydrogen peroxide and a-keto acids can oc-
cur; i.e, the acid is decarboxylated, leading to decreased yield of product.

3. On the other hand, when hydrogen peroxide is degraded, oxygen is formed,
which will favorably influence the reaction rate.

Various hydrogen peroxide degrading agents have been tested in similar sys-
tems, where peroxide is formed, e.g., glucose oxidase (15). Co-immobilization of
a second enzyme, catalase, with hydrogen peroxide degrading activity has been
attempted (15—17). The utilization of metal oxide-coated polymers as support for
the immobilization of oxidases has shown promising results (5). The metal oxides
used have been those of manganese and ruthenium, which efficiently catalyze the
degradation of hydrogen peroxide. The preparation of such coated polymers is,
however, relatively complicated and, therefore, probably not of general
applicability.

We have co-entrapped manganese oxide with the cells in the polymeric network
of alginate in order to obtain an efficient degradation of the hydrogen peroxide
formed. With this bifunctional catalyst the yield of product is close to quantitative
(Fig. 2, solid symbols), while with a catalyst lacking the peroxide degrading ca-
pacity, on the other hand, the yield of product is decreased considerably owing to
decarboxylation of the product (Fig. 2, open symbols). In Fig. 3, the HPLC elution
profiles of samples from incubations with such catalysts are depicted. These pro-
files indicate that no by-products are formed when manganese oxide is co-
entrapped with the cells (Fig. 3A) and that a byproduct (R, = 2.3 min) actually can
be seen when no manganese oxide is included in the catalyst (Fig. 3B). When hy-
drogen peroxide is added to a solution of a-keto-y-methiol-butyric acid, a peak
with R, = 2.3 min, which increases in size with time, can be seen in the HPLC
elution profile. The size of the a-keto acid peak is simultaneously decreased. The
additional peak observed in the HPLC elution profile (Fig. 3B) is most likely the
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Fig. 2. Stoichiometry of p-amino acid oxidase reaction by immobilized cells of T.
variabilis. A mixture of immobilized cells (0.2 g of wet beads, open symbols) or cells co-
immobilized with manganese oxide (0.2 g of wet beads, solid symbols) and 50 mM Tris-
HCI buffer, pH 8.0 (10 mL) containing 5 mM CaCl, and 10 mM p-methionine was incu-
bated with stirring at room temperature. Samples were withdrawn and analyzed by HPLC.
0-0-0 and 0-0-O methionine, W-B-® and O-0-0 a-keto-y-methiol-butyric acid.
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Fig. 3. Effect of manganese oxide on the formation of byproducts. Elution profiles
from HPLC of samples from incubations of co-immobilized cells of T'. variabilis with man-
ganese oxide (A) or immobilized cells only (B). The incubations were carried out as de-
scribed in the legend to Fig. 2, with additional bubbling of air through the mixtures (360
mL/min). The samples analyzed were taken after 60 min.
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result of a secondary reaction between the keto acid and hydrogen peroxide, i.e.,
decarboxylation of the former as outlined above, and the byproduct formed is pre-
sumably B-methiol-propionic acid.

It can also be seen in Fig. 2 that the presence of manganese oxide considerably
increases the reaction rate that probably results from recycling of oxygen since, if
such incubations are carried out under very good aeration conditions, no signifi-
cant difference in reaction rate is observed (cf. Fig. 3). It should be pointed out that
at higher productivities the amount of byproduct, i.e., decarboxylated product, is
increased considerably unless manganese oxide is co-entrapped with the cells. Fur-
thermore, the preparation of the catalyst with hydrogen peroxide degrading capac-
ity is very simple.

Finally, it can be seen in Fig. 4 that the enzyme activity is considerably stabil-
ized by the manganese oxide. With no degradation of the peroxide, the half-life of
the biocatalyst is only about 10 h. The denaturation of the enzyme by the hydrogen
peroxide formed is, however, efficiently prevented by the metal oxide present in
the beads.

Process Parameters

In the following we would like to discuss some parameters related to the design of a
process for the large-scale production of a-keto acids by immobilized amino acid
oxidase, which presents some unique problems. The requirements for high oxygen
concentration and low hydrogen peroxide concentration in the reactor are the most
important problems that have to be solved. In addition to this, the stability of the
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Fig. 4. Effect of manganese oxide on the operational stability of D-amino acid oxidase
within immobilized cells of T. variabilis. A continuous incubation of immobilized cells
(0-0-0) or co-immobilized cells with manganese oxide (®-®-®) was carried out as described
in the legend to Fig. 3, with the additional replacement of substrate solution at a flow rate of
10 mL/h.
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enzyme within the immobilized cells is a critical factor in the development of a
technical process.

Since oxygen is one of the reactants in the oxidation of amino acids to the corre-
sponding keto acids, it is necessary to design the reactor in such a way that an effi-
cient oxygen transfer from the gas phase (air) to the enzymatic catalyst within the
beads is obtained. To achieve this a number of different reactor designs are possi-
ble, such as a continuously stirred tank reactor, a packed-bed reactor, or a
fluidized-bed reactor.

In a packed-bed reactor with parallel-current flow of air and the liquid phase, a
so called ‘‘trickle-bed’’ reactor, problems with flooding can be avoided. Problems
of this kind can easily occur in a packed-bed reactor with countercurrent flow of the
substrate solution and air. In the ‘‘trickle-bed’’ reactor the liquid phase flows down
the column as a thin film over the beads leading to a minimized diffusion barrier for
oxygen from the air to the catalyst. We have used this type of reactor for further
studies of some operational parameters of a process for the production of keto
acids.

In principle other reactor types can be used. In a stirred-tank reactor, which is
relatively simple to aerate, one of the main problems is, however, the limited me-
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Fig. 5. Effect of oxygen to D-methionine molar ratio on the conversion of D,L-
methionine to a-keto-y-methiol-butyric acid. The beads (b, 1.6 mm, 5.0 g wet weight)
were packed in the reactor (16 X 100 mm) and the substrate (20 mM, p,L-methionine) was
pumped through the reactor at a constant flow rate (28.8 mL/h) at various air flow rates
until steady state was reached.
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Fig. 6A. Effect of bead size on the conversion of D-methionine to a-keto-y-methiol-
butyric acid. The beads (5.0 g wet weight) were packed in the reactor (16 X 100 mm) and
the substrate (20 mM, D,L-methionine) was pumped through the reactor (16.0 mL/h) and
air was passed through the reactor (20 ml./min).

chanical stability of the alginate beads. A fluidized-bed reactor may also be
employed.

By varying the flow rate of air through the column at a constant substrate flow
rate, the requirement for oxygen for maximum productivity can be estimated. As
can be seen in Fig. 5, maximum conversion is reached at an oxygen-to-substrate
molar ratio of 5 under the conditions used. At higher oxygen concentrations, i.¢.,
higher air flow rates, a slight decline in the conversion is observed. This decreased
conversion can be explained by the accelerated flow rate of the liquid phase arising
from the relatively high flow rate of the gaseous phase and/or by the occurrence of
small droplets of substrate in the airstream. In a ‘‘trickle-bed’’ reactor the flow of
air should thus be carefully adjusted for optimum productivity.

An increase in the effective transfer area between the gaseous phase and the cata-
lyst, obtained by decreasing the size of the beads, results in an increased conver-
sion, as shown in Fig. 6A. Furthermore, an increase in the steady state productivity
is observed with increasing surface area within the reactor, as indicated in Fig. 6B.
This is somewhat surprising, but it can be explained by assuming that a very
diffusion-limited conversion is obtained under the conditions used. In such a case
only the cells in the outer layer of the beads are effective in the catalysis and the
productivity will be proportional to the effective surface area. An oxygen transfer
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Fig. 6B. Steady-state productivity as a function of effective transfer area in the reac-
tor. Calculations based on the data shown in Fig. 6A.

rate of 3-4 wmol O,/cm?-h can be calculated for these three different reactors.
This increased productivity points out the importance of having beads that are as
small as possible, but at the same time, the risk for channeling within the reactor
rises as the bead size decreases. In addition to this, very small beads might give rise
to increased pressure drop over the column, which may cause problems with the
flow rate. Therefore, a compromise among bead size, flow properties, and produc-
tivity must be found.

As can be seen in Fig. 7, the conversion (productivity) is highly dependent on
the cell content of the beads at low cell densities ( < 10%). At higher cell densi-
ties, on the other hand, the productivity appears to be almost independent of the
cell content of the beads. Obviously, the conversion is highly diffusion-restricted
at these high cell densities. These diffusion limitations can to some extent be over-
come by increasing the flow rate. As can be calculated from Fig. 7, the productiv-
ity is increased from 27.4 to 38.6 wmol/g beads/h when the flow rate is doubled
(from 13.7 to 24.4 mL/h). Furthermore, the productivity with two volumes of
beads containing 20% cells (77.2 wmol/g beads/h) is 170% of that obtained with
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Fig. 7. Effect of cell content of the beads on the conversion of D-methionine to a-keto-
y-methiol-butyric acid. The beads (¢, 1.6 mm, 5.0 g wet weight) were packed in the reac-
tor (16 X 100 mm) and the substrate (20 mM, D,L-methionine) was pumped through at the
flow rates indicated with air passing the reactor (20 mL/min).

one volume of beads containing 40% cells (44.9 wmol/g beads /h). Thus, a com-
promise between cell content of the beads and reactor volume also has to be made
for optimum productivity.

The conversion shown in Fig. 8 is also highly dependent on the flow rate of sub-
strate through the reactor. Depending on the aim of the process, i.e., simultaneous
production of keto acid and L-amino acid or production of keto acid alone, different
flow rates should be applied. In the former case a complete conversion of the
D-isomer is required in order to simplify the separation of the two products that can
be achieved by extraction or ion exchange chromatography. In the latter case the
flow rate should be set at as high a rate as possible for maximum productivity. At a
high productivity the conversion is, however, relatively low and, therefore, an effi-
cient recycling system for the amino acid is required.

From the relatively limited data of these model studies it is possibie to make
some extrapolations. With a reactor of 200 L volume a monthly production of ei-
ther 1300 kg of keto acid (calculated at 40% conversion) or 540 kg of keto acid and
470 kg of L-amino acid could be achieved assuming constant activity of the biocat-
alyst over this period of time.

The operational stability observed for the p-amino acid oxidase within the im-
mobilized cells of 7. variabilis (about 7 days), is, however, not fully satisfactory
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Fig. 8. Effectof flow rate of substrate on the conversion of D-methionine to a-keto-+y-
methiol-butyric acid. The beads (b, 1.6 mm, 1.5 g wet weight) were packed in the reactor
(16 x 100 mm) and the substrate (20 mM, D,L-methionine) was pumped through the reac-
tor at various flow rates with air passing the reactor (2.8 mL/min).

for a large-scale operation. This is in any event a considerable improvement com-
pared to previous attempts to produce keto acids with immobilized amino acid oxi-
dases where a half-life of only 2 h was found with D-amino acid oxidase from hog
kidney immobilized on porous glass (4). The half-life could be increased to 32 h by
including FAD in the substrate stream. Furthermore, only low substrate concentra-
tions were tested (<1 mM), but still only a small part was converted to the corre-
sponding keto acid. We are now attempting to stabilize the enzyme within the im-
mobilized cells in order to increase the operational stability.

Conclusions

The data presented here show that immobilized whole cells of T. variabilis may be
utilized for the production of a-keto acids. Some of the advantages of the system
are the following.

1. A microbial source for the enzyme.
2. A relatively broad substrate specificity of the enzyme.

3. Whole cells can be used without side reactions. No need for elaborate and
expensive isolation of the enzyme.
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4. Inexpensive and stable hydrogen peroxide-degrading agent can be used.

5. Complete conversion of D-amino acids is possible even at high substrate con-
centrations, which makes it feasible to produce optically active L-amino acids si-
multaneously with the a-keto acids.

6. Air can be used as oxygen supply.
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