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Abstract

A novel enzyme,N-acylamino acid racemase (NAAR) which catalyzes the interconversion of the enantiomers ofN-acylamino
acid, but does not act on amino acids, has been found in the actinomycetesStreptomyces atratusY-53 andAmycolatopsis
sp. TS-1-60, isolated from soil. These strains also producedl- andd-aminoacylases simultaneously. Furthermore, another 13
strains of actinomycetes with NAAR activity were observed from the type culture collection of the Institute for Fermentation,
Osaka (IFO).

ThermostableN-acylamino acid racemase fromAmycolatopsissp. TS-1-60, a rare actinomycete strain selected for its
ability to grow on agar plates incubated at 40◦C, was purified to homogeneity and characterized. The enzyme was stable at
55◦C for 30 min and catalyzed the racemization of optically activeN-acylamino acids such asN-acetyld- or l-methionine,
N-acetyl-l-valine,N-acetyl-l-tyrosine andN-chloroacetyl-l-valine. In addition, this enzyme also catalyzed the racemization
of the dipeptidel-alanyl-l-methionine. The optically active amino acids,N-alkyl-amino acids and ethyl ester derivatives
of N-acetyl-d andl-methionine, however, were not racemized. Enzyme activity was markedly enhanced by the addition of
divalent metal ions such as Co2+, Mn2+ and Fe2+ and was inhibited by the addition of EDTA and PCMB.

The NAAR gene fromAmycolatopsissp. TS-1-60, consists of an open reading frame of 1104 nucleotides, which specifies
a 368-amino acid protein with a molecular weight of 39,411. No significant sequence homology was found between the DNA
sequence or the deduced amino acid sequence of NAAR and those of known racemases and epimerases in data bases. However,
comparison of the amino acid sequences of mandelate racemase and NAAR showed that NAAR has partial homology with
the catalytic and metal ion binding sites of that enzyme. The amount of NAAR produced by anE. coli transformant hosting
a T7 expression plasmid was 1100-fold more than that produced byAmycolatopsissp. TS-1-60.

Bioreactors for the production of optically active amino acids were constructed with DEAE Toyopearl-immobilized NAAR
andd- or l-aminoacylase.d- or l-Methionine was continuously produced with a high yield fromN-acetyldl-methionine by
these bioreactors. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Almost all l-amino acids have been industrially
produced by the fermentation methods using a high-
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breeding strain. On the other hand, some of them have
been produced by enzymatic methods. For example,
l-methionine is continuously produced fromN-acetyl
dl-methionine by immobilizedl-minoacylase [1]
In this method, only N-acetyl-l-methionine is
stereospecifically deacetylated byl-aminoacylase
and converted intol-methionine. After separating
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Fig. 1. Production ofl-amino acid fromN-acyl-dl-amino acid by
l-aminoacylase.

l-methionine from the reaction mixture, the remain-
ing N-acetyl-d-methionine is racemized by chemical
methods under severe conditions [2–5] to be used as
the starting materials for the next cycle of the pro-
cess (Fig. 1). The yield of optically resolved amino
acids is less than 50% because the isomer which is
not deacylated in the starting material remains in the
reaction mixture. IfN-acylamino acid could be se-
lectively racemized by an enzyme in the presence of
an optically active amino acid under mild conditions,
N-acyl-dl-amino acid will be totally converted into
l-amino acid by the racemase in cooperation with
l-aminoacylase without any separation procedure.
In this system,d-amino acid will be produced from
the same starting material with a high yield by using
d-aminoacylse instead ofl-aminoacylase (Fig. 2).
This method using the racemase in combination with
d- or l-aminoacylase will increase the yield of optical
resolution of amino acids from less than 50 to 100%.

A number of amino acid racemases [6–12] have
been found in micro-oganisms and intensively studied.
However, there have been no reports of a racemase
which converts optically activeN-acylamino acids into
the corresponding enantiomers but does not act on

Fig. 2. Highly effective production of optically active amino
acid from N-acyl-dl-amino acid byd- or l-aminoacylase and
N-acylamino acid racemase.

optically active amino acids. Therefore, we tried to
screen for the enzyme activity in micro-organisms iso-
lated from soil and type culture collections of the
Institute for Fermentation, Osaka (IFO).

This review describes a strategy for screening, char-
acterization, gene cloning, and application of a new
enzymeN-acylamino acid racemase (NAAR).

2. Screening of NAAR

2.1. Screening of micro-organisms producing NAAR

The strategy for screening for NAAR is shown
in Fig. 3 [13]. If a micro-organism produces NAAR
in a culture broth containingN-acetyl-d-methionine
as a substrate, a part of the substrate will be con-
verted into the l-isomer, N-acetyl-l-methionine.
The N-acetyl l-methionine produced must be con-
verted into l-methionine byl-aminoacylase which
specifically deacetylatesN-acetyl-l-amino acids.
However, it is believed that there are three possible
pathways for the production ofl-methionine from
N-acetyl d-methionine: (1) N-acetyl d-methionine
is converted intod-methionine byd-aminoacylase,
and d-methionine is converted intol-methionine by
amino acid racemase; (2)d-methionine is converted
into the corresponding 2-keto acid byd-amino acid
oxidase ord-amino acid aminotransferase, and then
the 2-keto acid converted intol-methionine by amino
acid aminotransferase; and (3) micro-organisms them-
selves arel-methionine producers. For evaluating
these possibilities, we selected micro-organisms that
produce l-methionine fromN-acetyl-d-methionine,
but not fromd-methionine.

2.2. Distribution of micro-organisms producing
NAAR

About 49,000 strains of bacteria, actinomycetes,
yeasts, and fungi were screened through the detection
of enzyme activity. We discovered NAAR activity
in actinomycetes (Table 1). Some bacterial strains
produced a small amount ofl-methionine from
N-acetyl-d-methionine. However, NAAR was not de-
tected from these strains; they hadd-aminoacylase
and amino acid racemase activities. The results sug-
gested thatd-methionine was probably produced from
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Fig. 3. Possible pathways for production ofl-methionine fromN-acetyl-d-methionine.

N-acyl-d-methionine by d-aminoacylase and con-
verted intol-methionine by amino acid racemase. We
also found that some fungi producedl-methionine and
the corresponding 2-keto acid (2-keto-4-(methylthio)
butyric acid).d-Methionine was assumed to be pro-
duced by d-aminoacylase and converted into the
a-keto acid byd-amino acid oxidase ord-amino acid
aminotransferase. The keto acid was converted into
l-methionine by amino acid aminotransferase. Type
cultures of actinomycetes from the IFO were screened
and 13 strains were found to show the activity of
NAAR. Among these strains shown in Table 2,Strep-
tomyces atratusY-53 and Amycolatopsis sp. TS-1-60,
which were isolated from a soil sample, produce the
enzyme at high levels.

Streptomyces atratusY-53 and Amycolatopsis
sp. TS-1-60 grown in Trypticase Soy Broth without
supplementation produced NAAR. However, the ad-

Table 1
Distribution of micro-organisms producingN-acyl amino acid race-
mase

Organism Source Number tested Number of
producer

Bacteria IFO 686 0
Soil 4800 0

Actinomycetes IFO 850 13
Soil 42000 2

Fungi IFO 1067 0
Yeasts IFO 785 0

dition of 0.1%N-acetyl-dl-methionine to the medium
resulted in a two fold increase in NAAR production.
All strains that showed enzyme activity, produced
d- andl-aminoacylases simultaneously.

There have been many reports of amino acid
racemases [14]. Yorifugi et al. [9] reported that the
arginine racemase ofPseudomonas graveolensracem-
ized e-N-acetyllysine andd-N-acetylornithine but not
a-N-acetylated derivatives of lysine and ornithine; the
a-amino group of the substrate was required to be free
for the enzymatic racemization. Inagaki et al. [11]
reported thate-N-acetyllysine and methionine and

Table 2
N-Acylamino acid racemase producers

Micro-orgarism l-Methionine
produced
(mM)

Streptomyces atratusY-53 12.7
Amycolatopsissp. TS-1-60 17.2
Actinomadura roseoviolaceaIFO 14098 1.2
Actinomyces aureomonopodialesIFO 13020 1.6
Jensenia canicruriaIFO 13914 2.1
Amycolatopsis orientalisIFO 12806 1.4
Sebekia benihanaIFO 14309 3.9
Streptomyces coelescensIFO 13378 4.2
Streptomyces celluloflavusIFO 13780 3.2
Streptomyces alboflavusIFO 13196 2.9
Streptomyces aureocirculatusIFO 13018 2.3
Streptomyces diastatochromogenesIFO 13389 1.8
Streptomyces spectabilisIFO 13424 2.8
Streptomyces tuirusIFO 13418 3.8
Streptomyces riseoaurantiacusIFO 13381 2.7
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some other amino acids were good substrates for an
amino acid racemase purified fromAeromonas caviae
with broad substrate specificity. We have found NAAR
activity in some actinomycetes strains belonging to
the genusStreptomyces, Actinomadura, Actinomyces,
Jensenia, Amycolatopsis, andSebekia. There is great
interest in the distribution of micro-organisms with
enzyme activity and the role of the racemization in
the micro-organisms.

3. Purification and properties of thermostable
NAAR from AmycolatopsisAmycolatopsisAmycolatopsis sp. TS-1-60

3.1. Purification of NAAR

Thermostable NAAR fromAmycolatopsissp. TS-
1-60 [15], a rare actinomycete strain selected for its
ability to grow on agar plates incubated at 40◦C,
was purified to homogeneity (Table 3). The enzyme,
purified about 338-fold, was obtained with a yield
of 27.8% from the cell extract. The cell extract con-
tained 1950U ofN-acylamino acid racemase, 11,000U
of l-aminoacylase and 23,300U ofd-aminoacylase.
Heat treatment inactivated 60–70% of the ini-
tial activity of both aminoacylases and denatured
about 70% of the total protein.l-Aminoacylase and
d-aminoacylase were removed by Butyl-Toyopearl
and DEAE-Toyopearl column chromatography, re-
spectively. The purified enzyme gave a single peak
on gel filtration and a single band on SDS-PAGE.

3.2. Substrate specificity

The purified enzyme catalyzed the racemization
of variousN-acylamino acids but did not act on the

Table 3
Purification ofN-acylamino acid racemase fromAmycolatopsissp. TS-1-60a

Step Total protein (mg) Total activity (units) Specific activity (units/mg) Yield (%)

Crudeextract 134000 1950 0.015 100
Heat treatment 39900 1550 0.039 79.5
Butyl-Toyopearl 537 1140 2.12 58.5
DEAE-Toyopearl 194 781 4.03 40.1
G3000SW 107 542 5.07 27.8

a Assay mixture: 25 mMN-acetyl-methionine, 50 mM Tris–HCl buffer (pH 7.5), 2 mM CoCl2 and 2 unitsl-aminoacylase in a total
volume of 500ml. The assay mixture was incubated at 30◦C for 5 min.

corresponding amino acids (Table 4 ).N-Propionyl-d-
andl-methionine,N-chloroacetyl-l-valine,N-butyryl-
l-methionine andN-acetyl-l-methionine were ef-
fective substrates.N-Acyl-derivatives of aromatic
amino acids such asN-acety-l-tyrosine,N-acetyl-d-
phenylalanine andN-chloroacetyl-d-phenylalanine
also served as good substrates. In addition, the enzyme
also catalyzed the racemization of thel-methionine
moiety of dipeptide,l-alanyl-l-methionine. Among
N-acylated derivatives of methionine and valine,
NAAR racemizedl-isomer better thand-isomer ex-
cept N-formylated methionine. On the other hand,
NAAR acted on thed-isomer ofN-acetylated deriva-
tives of alanine, leucine and phenylalanine better than
the correspondingl-isomer. These results indicate
that the amino acid moieties ofN-acylamino acids
affect on stereoselectivity of NAAR.

To examine the relationship between enzyme
activity and the carbon chain length of acyl residues
in N-acylated amino acids,N-formyl-, N-acetyl-,
N-propionyl- andN-butylyl-methionine were used as
substrates. As shown in Table 4,N-propionyl-methio-
nine was the best substrate for activity followed by
N-acetyl-, N-butylyl- and N-formyl-methionine. The
enzyme did not catalyze the racemization of methyl
or ethyl esters ofN-acetyl-methionine orN-methyl
derivatives of phenylalanine and leucine. These re-
sults indicate that NAAR requires anN-acyl residue
and free carboxylic acid linked to a chiral-carbon in
the substrate for enzyme activity.N-Acetyl derivatives
of glutamic acid, glutamine, aspartic acid, asparagine,
lysine, histidine and proline were not racemized. The
apparentKm values calculated from Hanes–Woolf
plots were 18.5 mM forN-acetyl-l-methionine and
11.3 mM forN-acetyl-d-methionine. TheVmax values
for the racemization ofN-acetyl-l-methionine and
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Table 4
Substrate specificity ofN-acylamino acid racemase fromAmycolatopsissp. TS-1-60a

Substrate Relative activity (%)b Substrate Relative activity (%)

d-Met 0 l-Met 0
Fr-d-Met 20 Fr-l-met 20
Ac-d-Met 100 Ac-l-Met 150
Pr-d-Met 138 Pr-l-Met 196
Bu-d-Met 85 Bu-l-Met 112
Ac-d-Ala 28 Ac-l-Ala 5
Bz-d-Ala 5 Bz-l-Ala –
Ac-d-Leu 23 Ac-l-Leu 14
CA-d-Leu – CA-l-Leu 41
Ac-d-Phe 69 Ac-l-Phe 28
CA-d-Phe 53 CA-l-Phe 14
Ac-d-Trp 14 Ac-l-Trp 14
Ac-d-Tyr – Ac-l-Tyr 92
Ac-d-Val 27 Ac-l-Val 83
CA-d-Val 63 CA-l-Val 179
N-Carbamoyl-d-Met 2 l-Ala-l-Met 12
Ac-d-Met methylester 0 Ac-l-Met methylester 0
N-Methyl-d-Phe 0 N-Methyl-l-Phe 0
N-Methyl-d-Ieu – N-Methyl-l-Leu 0
d-Val 0 l-Val 0

a Abbreviation: Ac:N-Acetyl; Fr: N-Formyl; Pr: N-Propionyl; Bu:N-Butyryl; Bz: N-Benzoyl; CA: N-Chloroacetyl; –: not determined.
Assay mixture: 25 mM substrate, 50 mM Tris–HCl buffer (pH 7.5), 2 mM CoCl2 and 50 ml enzyme solution in a total volume of 500 ml.
The reaction mixture was incubated at 30◦C for 5 min.

b Activity for Ac-d-Met was taken as 100.

N-acetyl-d-methionine were 1.51 and 0.98 mM/mm,
respectively.

3.3. Effect of metal ions and inhibitors

NAAR was significantly activated by the addition
of Co2+ and Mn2+ while the addition of Pb2+, Al3+
and Cu2+ noticeably inhibited activity (Table 5). En-
zyme activity was strongly inhibited by the addition of
sulfhydryl reagents such asp-chloromercuribenzoic
acid (PCMB). The addition of hydroxylamine and
l-penicillamine, which are known as inhibitors of
pyridoxal 5′-phosphate dependent enzymes, did not
affect enzyme activity. The addition of an excess of
EDTA, a metal-chelating reagent, strongly inhibited
enzyme activity, suggesting that this racemase is a
metalloenzyme.

3.4. Physicochemical properties

Table 6 shows the properties of the NAAR from
Amycolatopsissp. TS-1-60 and that fromStreptomyces

Table 5
Effect of metal ions on the actitivity ofN-acylamino acid racemase
from Amycolatopsissp. TS-1-60a

Metal Concentration (mM) Relative activity (%)

None 100
MgSO4·7H2O 1 139
MnSO4·6H20 1 386
FeSO4·7H2O 1 104

10 382
CoCl2·6H20 1 496
NiSO4·6H20 1 157
CuSO4·5H2O 1 150

10 0
ZnSO4·7H2O 1 154
Al2(SO4)3·16H20 1 71

10 0
PbCl2 1 7
SnSO4 1 71
BaCl2·2H20 1 75
CaCl2·2H2O 1 25
NaCl 1 104
KCl 1 82

a The reaction was carried out under standard assay conditions
except for the substitution of various metal salts for CoCl2.
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Table 6
Comparison ofN-acylamino acid racemase fromAmycolatopsissp. TS-1-60 with that fromStreptomycesatratus Y-53

Amycolatopsissp. TS-1-60 Streptomyces atratusY-53

Molecular weight: native enzyme subunit 300 K 244 K
40 K 41 K

Isoelectric point 4.2 4.8
Optimamum pH 7.5 6.5–8.0
Optimum temperature 50◦C 40◦C
Thermostability (30 min) 55◦C 40◦C
Inhibitor PCMB, EDTA PCMB, EDTA,N-Ethylmaleimide
Stimulator Co2+, Mn2+, Fe2+ Co2+, Mn2+, Fe2+, Mg2+, Zn2+

atratus Y-53 [16]. The thermostability of the race-
mase fromAmycolatopsissp. TS-1-60 was greater
than that of the racemase fromStreptomyces atratus
Y-53 (Fig. 4). TheMr values of the native enzyme
and the subunit fromAmycolatopsissp. TS-1-60 were
estimated to be 300,000 by gel filtration and 40,000
by SDS-PAGE, respectively. These results suggest that
the enzyme is composed of eight identical subunits. On
the other hand, the enzyme fromStreptomyces atratas
Y-53 is considered to be composed of six identical
subunits. Both the subunits seem to be composed of a
very similar protein judging from theMr values and the
analyses of the NH2-terminal amino acid sequences in
which 20 of 24 amino acid residues are identical.

Fig. 4. Effect of temperature on stability ofN-acylamino acid
racemase NAAR in 50 mM Tris–HCl buffer (pH 7.5), was in-
cubated for 30 min at the temperature indicated. The remaining
activity was measured under standard assay conditions. Symbols:
s, Amycolatopsissp. TS-1-60;d, Streptomyces atratusY-53.

Amino acid racemases are generally stimulated
by the addition of PLP or FDA, while some en-
zymes such as glutamate racemase [17,18], aspartate
racemase [19,20], proline racemase [21] and di-
aminopimelate epimerase [22] do not need a cofactor
for activity. Mandelate racemase [23], on the other
hand, requires metal cations such as Mg2+, Co2+
and Ni2+ for activity, and NAAR also requires Co2+,
Mn2+ and Fe2+. It is possible that the mechanism of
racemization catalyzed by NAAR resembles that of
mandelate racemase, due to the metal-ion requirement
for enzyme activity.

3.5. Change in optical rotation

Fig. 5 shows changes in the optical rotation of
N-acetyl-d- andl-methionine incubated in a reaction
mixture with the racemase for 2 h. Equal amounts of
l- andd-methionine from the each incubation mixture
were detected by HPLC in each reaction mixture.

4. Cloning and expression of the NAAR gene

4.1. Cloning of the NAAR gene

The amino acid sequences of peptide fragments
P1 and P2 obtained from digestion of NAAR by
lysyl-endpeptidase were determined to be as follows:

P1; Val–Trp–Ile–Gly–Ser
P2; Gly–Ala–Val–Gln–Ile–Val–Asn–Ile–Lys–Pro–

Gly–Arg–Val–Gly–Gly–Tyr–Leu–Glu–Ala–Arg–Arg
–Val–His–Asp–Val–Cys–Ala–Ala–His–Gly–Ile–Pro

The following oligonucleotide deduced from the un-
derlined portion of peptide fragment P2 were synthe-
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Fig. 5. Changes in optical rotation ofN-Acetyl-D or l-Methionine
during incubation withN-acylamino acid racemase fromAmyco-
latopsissp. TS-1-60. Symbols:s, d-isomer;d, l-isomer.

Fig. 6. Restriction maps of the inserted fragments in recombinant phagesl-8, l-9 and l-44. Open box: the DNA fragment from
Amycolatopsissp. TS-l-60 genomic DNA. Shadowed box: theN-acylamino acid racemase gene.↔: the DNA fragment used as a probe
for Southern hybridization.

sized and used as a probe for Southern hybridization.
5′-CAGATCGTRAACATCAAGCC-3′ (R: G or C).

A clone having the NAAR gene was screened
for with an antibody probe against NAAR. Thirteen
positive plaques were obtained from among approxi-
mately 200,000 plaques. The inserted DNA fragments
of two recombinant phages,l-8 andl-9, were hybri-
dized with the oligonucleotide probe deduced from the
amino acid sequence of the peptide fragment P2. The
restriction maps ofl-8 andl-9 are shown in Fig. 6. An
oligonucleotide sequence corresponding to the amino
acid sequence of peptide fragment P2 was found in
these inserted DNAs, but sequence corresponding to
the NH2-terminal portion of NAAR was not found. For
cloning of the complete NAAR gene, about 40,000
plaques from the DNA library were screened by
plaque hybridization using theEcoRI–KpnI fragment
(0.56 kb), which is a part of the inserted DNA inl-9,
as a probe. After screening, four positive plaques were
obtained. The recombinant phagel-44 had the 1.2 kb
EcoRI fragment which hybridized with the probe.
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4.2. DNA sequence of the NAAR gene

Various deletion mutants of the 1.2 kb insert were
generated and sequenced [24]. We found an open
reading frame (ORF) encoding 368 amino acids
which contained the same NH2-terminal amino acid
sequence, except for the first methionine, as that of
NAAR from Amycolatopsissp. TS-1-60. The amino

Fig. 7. Nucleotide and deduced amino acid sequences of theN-acylamino acid racemase gene fromAmycolatopsissp. TS-1-60. The
underlined amino acid sequences were determined from theN-acylamino acid racemase purified fromAmycolatopsissp. TS-1-60. SD
indicates a possible ribosome-binding sequence. This nucleotide sequence has been submitted to the GSDE, DDBJ, EMBL, and NCBI
nucleotide sequence databases under accesstion number D30738.

acid sequences of peptide fragments P1 and P2 were
found in the C-terminal and the internal amino acid
sequences deduced from the DNA sequence, respec-
tively (underlined in Fig. 7). The ORF started with an
unusual initiation codon, GTG, and the overall aver-
age of the guanine plus cytosine content of the coding
region was 69.7%. The molecular weight of the en-
coded protein (39,411) determined from the deduced
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amino acid sequence was in good agreement with that
of NAAR from Amycolatopsissp. TS-1-60 (40,000)
is determined by SDS-PAGE. The amino acid compo-
sition of NAAR [15] is also in good agreement with
that deduced from the sequence data. Consequently,
we concluded that this ORF must code the NAAR
gene. The upstream sequence reveals the presence
of a putative ribosome binding site, AGGAGG, ap-
propriately located in front of the initiation codon.
The DNA sequence encoding NAAR was compared
with data bases. Although the amino acid sequence of
NAAR was compared with those of alanine racemase
[25–27], aspartate racemase [28], glutamate racemase
[29] and hydantoin racemase [30], no significant sim-
ilarities were observed. NAAR is a unique racemase
that requires divalent metal ions for enzyme activity
but not pyridoxal-5′-phosphate. Mandelate racemase
from Pseudomonas putidais also activated by divalent

Fig. 8. Comparison of amino acid sequence among mandelate racemase andN-acylamino acid racemase. The asterisks represent
matched amino acid residues between mandelate racemase fromPseudomonas putidaandN-acylamino acid racemase fromAmicolatopsis
sp.TS-l-60.

metal ions [31]. Both enzymes, NAAR and mande-
late racemase, consist of eight identical subunits, the
molecular weight of which has been determined to be
39,411 and 38,570 [32] from the DNA sequence, re-
spectively. The sequence of NAAR was 9 amino acids
longer than that of mandelate racemase which com-
prises 359 amino acids. Comparison of the amino acid
sequences of the two enzymes showed that NAAR
has partial homology with the catalytic and metal ion
binding sites of mandelate racemace (Fig. 8). Mande-
late racemase has an active site containing two distinct
general acid/base catalysts, Lys 166 and His 297,
and three metal ion binding sites, Asp 195, Glu221
and Glu 247 [33]. We found amino acid sequences
similar to those containing the catalytic or metal ion
binding sites in mandelate racemase, except for the
sequence around His 297 of mandelate racemase, in
NAAR (Fig. 8, underlined). Therefore, Lys 163 may
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Table 7
Purification ofN-acyl amino acid racemase fromE. coli transformant containing pET3cNa

Step Total protein (mg) Total activity (units) Specific activity (units/mg) Yield (%)

Crude extract 29820 117 3.92 100
Heat treatment 15222 100 6.58 86
Butyl-Toyopearl 3230 75.7 23.4 65

a Assay mixture: 25 mMN-acetyl-methionine, 50 mM Tris–HCl buffer (pH 7.5), 2 mM COCl2 and 2 unitsl-aminoacylase in a total
volume of 500ml. The assay mixture was incubated at 30◦C for 5 min.

be a part of catalytic sites in NAAR and Asp 189, Glu
214 and Glu 247 may be metal ion binding sites in
NAAR, respectively.

4.3. Overproduction of NAAR

In order to overexpress the NAAR gene inE. coli,
the translation initiation codon of the gene was intro-
duced into theNdeI site in the translation initiation
codon of the T7φ gene fragment within the T7 ex-
pression plasmid pET3c [34]. AnNdeI–BglII fragment
containing the NAAR gene was inserted into plasmid
pET3c between theNdeI site andBamHI site, and thus
expression the plasmid pET3cN for the NAAR gene
was constructed.

An E. coli MM294 transformant containing
pET3cN was cultured in a 50 l fermentor for the over-
production of NAAR. The enzyme productivity was
22,300 units/l culture broth which is about 1100-fold
higher than that withAmycolatopsissp. TS-1-60.
NAAR in soluble form accounted for about 17% of
the soluble protein in theE. coli transformant.

Table 7 summarizes the purification of NAAR from
296 g (wet cells) ofE. coli transformant containing
pET3cN. The purified NAAR exhibited approxi-
mately a sixfold increase in specific activity with a
65% yield from the crude extract of the transformant
after two steps: heat treatment and Butyl-Toyopearl
column chromatography. The heat treatment dena-
tured about 50% of the soluble protein in the crude
extract. The enzyme eluted from the Butyl-Toyopearl
column was homogeneous by SDS-PAGE. Although
NAAR was purified to homogeneity from the DNA
donor strain,Amycolatopsissp. TS-1-60, in four steps,
the cloned NAAR could be purified from the trans-
formant by a two-step procedure due to the high-level
expression of the NAAR gene. This simple procedure
for purification of the cloned enzyme from the trans-

formant is advantageous for industrial purposes. The
NH2-terminal amino acid sequence and the amino
acid composition of the cloned NAAR were in good
agreement with those of the NAAR from the original
strain.

5. Continuous production of optically active
methionine by a bioreactor

5.1. Preparation of bioreactor

NAAR and l-aminoacylase fromStreptomyces
atratusY-53 or d-aminoacylase fromAmycolatopsis
sp. TS-1-60 were immobilized with DEAE-Toyopearl
650M in 50 mM Tris–HCl buffer (pH 7.5) contain-
ing 2 mM CoCl2 [34] (Fig. 9). The DEAE-Toyopearl
adsorbed to the enzymes was packed into a column
(13 mm×76 mm) with an outer jacket for maintaining
the desired temperature.

5.2. Continuous production of optically active
methionine

Fig. 10 shows the time course of optically active
methionine production fromN-acetyl-dl-methionine
using bioreactors in which NAAR andd- or l-amino-
acylase were immobilized. In the reactor withl-
aminoacylase,l-methionine was continuously produ-
ced with a yield of more than 99% fromN-acetyl-dl-
methionine for more than 25 h, and nod-methionine
was detected in the effluent by HPLC (Fig. 10A).
Although a very small amount ofN-acetyl-dl-
methionine was present in the effluent, it was easily
separated froml-methionine by recrystallization.
The half-life of the bioreactor was 30 days at 30◦C
(data not shown). In the case ofl-methionine produc-
tion using onlyl-aminoacylase, the yield of optical
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Fig. 9. Bioreactor for the production of optically active amino
acids.N-Acylamino acid racemase andl- aminoacylase fromStrep-
tomyces atratusY-53 [16] or d-aminoacylase fromAmycolatopsis
sp. TS-1-60 [15] were immobilized with DEAE-Toyopearl 650M
(Tosoh) in 50 mM Tris-HCl buffer (pH 7.5) containing 2 mM
COCl2.

Fig. 10. Continuous production of optically active methion-
ine from N-acetyl-dl-methionine by a bioreactor. A solution
of 25 mM N-acetyl-dl-methionine in 50 mM Tris–HCl buffer
(pH 7.5) containing 2 mM COCl2 was applied to a column
(13 mm×76 mm) packed with 10 ml of DEAE-Toyopearl adsorbed
with N-acylamino acid racemase (30 U) andl-aminoacylase (30
U, A) or d-aminoacylase (30 U, B) at the flow rate of 10 ml/h
(sv = 1.0) at 30◦C. Symbols:s, l-Methionine;d, d-Methionine;
m, N Acetyl-dl-methionine.

resolution is less than 50% because of the stereo-
specificity ofl-aminoacylase.

For d-amino acid production,d-aminoacylase was
immobilized on DEAE-Toyopaerl, instead ofl-amino-
acylase, with NAAR. The yield ofd-methionine from
N-acetyl-dl-methionine was more than 90% and some
amont ofN-acetyl-dl-methionine remained in the re-
action mixture (Fig. 10B). However,l-methionine was
not detected in the effluent by HPLC. It seemed that the
yield of d-methionine production was lower than that
of l-methionine production becaused-aminoacylase
from Amycolatopsissp. TS-1-60 was not as stable
asl-aminoacylase fromStreptomyces atratusY-53 at
30◦C.

6. Discussion

Most l-amino acids are produced by fermentation
methods using high breeding strains, butd-amino
acids are rarely produced by fermentation, with a few
exceptions.d-Alanine fermentation byBrevibacterium
lactofermentumwas reported [35]. Ad-cycloserine
resistant mutant of this strain secretedd-alanine stere-
oselectively. On the other hand, there have been many
enzymatic methods for the production ofd-amino
acids. Hydantoinase hydrolyzed thed-isomers of
various 5-substituted hydantoins to produce the cor-
respondingN-carbamyl-d-amino acids which were
converted intod-amino acids by decarbamylation
[36–44]. Asymmetric hydrolysis ofdl-amino acid
amides producedd-amino acids by amino acid amido
hydrolase [45–48]. Also, stereoselective hydrolysis
of N-acyl-dl-amino acids withd-aminoacylase was
reported for the production ofd-amino acids [49–55].
The theoretical yield ofd-amino acids from race-
mates is less than 50% whether the starting material
are synthetic compounds or fermentation products.
The bioreactor system with a new enzyme, NAAR in
combination withd-aminoacylase has been a great
advantage in converting whole racemic substrate to
d-amino acid with high yield. It is possible in this
way to obtain 100% yield ofd-amino acid from
racemate.

Therefore, a bioreactor using appropriate NAAR
andd-aminoacylase appears to be applicable to effec-
tive production ofd-amino acids from the correspond-
ing N-acylamino acids.
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