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A gene encoding a new thermostable D-stereospecific alanine amidase from the thermophile Brevibacillus
borstelensis BCS-1 was cloned and sequenced. The molecular mass of the purified enzyme was estimated to be
199 kDa after gel filtration chromatography and about 30 kDa on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, indicating that the enzyme could be composed of a hexamer with identical subunits. The
purified enzyme exhibited strong amidase activity towards D-amino acid-containing aromatic, aliphatic, and
branched amino acid amides yet exhibited no enzyme activity towards L-amino acid amides, D-amino acid-
containing peptides, and NH2-terminally protected amino acid amides. The optimum temperature and pH for
the enzyme activity were 85°C and 9.0, respectively. The enzyme remained stable within a broad pH range from
7.0 to 10.0. The enzyme was inhibited by dithiothreitol, 2-mercaptoethanol, and EDTA yet was strongly
activated by Co2� and Mn2�. The kcat/Km for D-alaninamide was measured as 544.4 � 5.5 mM�1 min�1 at 50°C
with 1 mM Co2�.

D-Amino acids occur in bacterial cell wall peptidoglycan
(28), mammalian cells (11), higher plants (25), and active pep-
tides (5, 13, 14, 24) and are important materials for various
pharmaceuticals, herbicides, and food additives (1). Unlike
L-amino acids, almost all D-amino acids are obtained by using
enzymatic methods; otherwise it is difficult to obtain a high
state of optical purity and productivity (1, 22). Peptides incor-
porating D-amino acids exhibit stronger antimicrobial proper-
ties than peptides with L-isomers because D-isomers appear to
be more stable against proteolytic digestion than L-isomers
(12). These facts have already been verified by various studies
on the fate of D-amino acids in peptides and proteins (21, 23).

Enzymatic biotransformations in which optically pure
D-amino acids are produced from DL-amino acid racemic mix-
tures by D-amino acid-specific enzymes have been determined
to be most feasible for the production of D-amino acids with a
high optical purity and yield (1). To apply this system, many
microbial D-amino acid-specific enzymes have already been
screened and subjected to direct enzyme methods (22).

Although the synthesis of bioactive peptides incorporating
D-amino acids instead of their L-counterparts could lead to
metabolically stable and long-acting products, this has been
hampered because of the need to use expensive processes that
suffer from low stereoselectivity, low temperature stability, and
the production of undesired by-products due to the use of an
undesirable biocatalyst (1). Accordingly, thermolabile enzymes
have been considered inappropriate for the harsh reaction
conditions required in industrial processes. However, D-amino

acid-specific enzymes have recently attracted much attention in
regard to the synthesis of useful bioactive D-peptides and en-
antioselective synthesis of D-amino acids from DL-amino acid
racemic mixtures (16, 18, 19, 22). Among these enzymes, D-
aminoacylase (9, 29), D-aminopeptidase (2), and D-amino acid
amidase (15, 22) are the most notable as potential enzyme
catalysts. However, all of these enzymes are thermolabile and
there have been no previous reports on the production of
thermostable D-amino acid-specific enzymes from thermo-
philes. It is well known that the stability of the biocatalyst is the
most important factor determining the productivity in enzy-
matic biotransformation. Generally, thermophilic bacteria are
known to produce thermostable enzymes with a high stability
relative to heat, organic solvents, pH, and chemical denatur-
ants.

Previously, we isolated and characterized a thermostable
D-stereospecific amino acid amidase named D-stereospecific
methionine amidase from Brevibacillus borstelensis BCS-1 (4)
and investigated its industrial applications. The present study
presents the molecular cloning, sequencing, and expression of
a gene encoding a new thermostable D-alanine amidase (BDA)
from B. borstelensis BCS-1. In addition, the enzymatic charac-
terization and chiral resolution of D-phenylalanine from DL-
phenylalaninamide are described.

MATERIALS AND METHODS

Materials. Restriction enzymes, T4 DNA ligase, DNA polymerase, and other
DNA-modifying enzymes were purchased from Invitrogen Life Technologies,
New England Biolabs, Takara, and Promega and used as recommended by the
manufacturers. D-Amino acid amides, L-amino acid amides, D-amino acid esters,
and D-alanine-p-nitroanilide (D-AlaPNA) were all purchased from Bachem
(Bubendorf, Switzerland). D-Dipeptides and oligopeptides were purchased from
Sigma (St. Louis, Mo.). Aliphatic amides were purchased from Wako Pure
Chemicals (Osaka, Japan). o-Phthaldialdehyde (OPA) and N-acetyl-L-cysteine
(NAC) were purchased from Sigma. Resource Q, phenyl-Superose, Mono Q HR
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5/5, Mono S, and Superdex 200 HR 10/30 columns were all purchased from
Amersham Pharmacia Biotech (Uppsala, Sweden).

Bacterial strains and plasmids. Escherichia coli DH5� [F� �80dlacZ�M15
�(lacZYA-argF)U169 deoR recA1 endA1 hsdR17 (rK

� mK
�) phoA supE44 ��

thi-1 gyrA96 relA1] and BL21 [F� ompT hsdSB (rB
� mB

�) gal dcm] were used as
the hosts. The plasmids pUC118 BamHI/BAP and pHCE IIB (Bohan Biomedi-
cals Co., Seoul, Korea) were used as the DNA cloning and an expression vectors,
respectively. DNA manipulations were carried out by standard procedures (20).

Preparation of genomic library and screening. The thermophile B. borstelensis
BCS-1 was cultured in Luria-Bertani (LB) broth medium in a reciprocal shaking
incubator (180 rpm) for 24 h at 55°C. The genomic DNA was isolated from the
harvested cells by the Saito-Miura method (26) and partially digested with
Sau3AI. The resulting fragments of 2 to 10 kb in size were isolated from a 0.8%
agarose gel by using a miniprep DNA purification system (Promega). The size-
fractionated DNAs were ligated into BamHI-cleaved and dephosphorylated plas-
mid pUC118 by using T4 DNA ligase. E. coli DH5� was transformed with the
recombinant plasmid DNA by using the variation method of Cohen et al. (10),
and ampicillin-resistant transformants were selected. Visualization of the BDA
activity expressed in the transformants was done on a 5.0 mM D-AlaPNA plate
containing 0.1 M Tris-HCl (pH 8.0) and 2% (wt/vol) agar. The detection of
yellow color (color of p-nitroanilide formed by the action of amidase) around a
colony indicated a positive clone.

Construction of thermostable BDA expression plasmid pBDA. The open read-
ing frame (ORF) of the cloned BDA gene was amplified from the recombinant
plasmid pDAP by PCR (27). An upstream primer (5�-AAAGTTTATATTAGT
GCA-3�) was designed to create a blunt-end ligation with pHCE IIB after
treatment with NcoI and E. coli DNA polymerase I, while a downstream primer
(5�-GGGGATCCTTAAGTTAAA-3�) (the restriction site is underlined) con-
taining a BamHI site was designed from the terminal sequences of the proen-
zyme. Amplification of the DNA fragment by PCR produced a single product of
approximately 0.8 kb in length. This PCR product was then digested with
BamHI, and the resulting fragment was ligated onto the same restriction site of
pHCE IIB. The resulting plasmid, pBDA, was transformed into E. coli BL21.

Expression and purification of recombinant BDA gene. E. coli BL21 cells
transformed with pBDA were cultured for 28 h at 37°C in 200 ml of LB medium
containing 100 �g of ampicillin per ml. The cells were harvested by centrifuga-
tion, suspended in buffer A (0.1 M Tris-HCl buffer [pH 8.0] containing 0.3 mM
phenylmethylsulfonyl fluoride [PMSF]), and passed through a French press twice
at 12,000 lb/in2. The cell debris was removed by centrifugation at 10,000 	 g for
20 min, and then the cell lysate was incubated for 30 min at 55°C. The denatured
E. coli proteins were removed by centrifugation at 15,000 	 g for 20 min, and the
crude enzyme solution was dialyzed against buffer A. The dialyzed enzyme
solution was loaded onto a Resource Q column (16-mm inner diameter [i.d.] by
30 mm; Amersham Pharmacia Biotech,) equilibrated with buffer A. The proteins
were eluted with 200 ml of 0.1 M Tris-HCl (pH 8.0) by using a linear gradient of
0.0 to 1.0 M NaCl. The active fractions (20 ml) were loaded onto a phenyl-
Superose column (16 [i.d.] by 300 mm; Amersham Biosciences) equilibrated with
buffer B (0.1 M Tris-HCl [pH 8.0] containing 0.3 mM PMSF and 0.5 M ammo-
nium sulfate). The enzyme was then eluted by using a linear descending gradient
of 0.5 to 0 M ammonium sulfate. The active fractions (5 ml) were dialyzed and
loaded onto a Mono Q HR 5/5 column (5 [i.d.] by 50 mm; Amersham Bio-
sciences). The proteins were eluted by using a linear gradient of 0.0 to 1.0 M
NaCl, and the active fractions were dialyzed against buffer A. The dialyzed
enzyme solution (2 ml) was loaded onto a Mono S HR 5/5 column (5 [i.d.] by 50
mm; Amersham Biosciences), and the active fractions were eluted by using a
linear gradient of 0.0 to 1.0 M NaCl and concentrated with an Amicon PM-10
ultrafiltration membrane.

BDA assay. The enzyme activity was assayed at 55°C by measuring the pro-
duction of D-amino acids liberated from the DL-amino acid amides. The assay
mixture (total volume, 1 ml) contained 0.1 M Tris-HCl (pH 8.0), 5.0 mM DL-
amino acid amides, and 0.5 ml of the enzyme solution. The reaction was carried
out at 55°C and terminated after 20 min by boiling for 10 min.

For quantitative determination, the D-amino acids liberated from the DL-
amino acid amides were assayed by reversed-phase high-pressure liquid chro-
matography (HPLC) on a Rexchrome S5-100-ODS column (4.6 mm by 25 cm;
Regis Chemical Co.) and monitored with a fluorescence detector (excitation
wavelength of 342 nm and emission wavelength of 452 nm). The reactant was
analyzed with a 50 mM sodium acetate buffer (pH 6.8)–methanol linear gradient
HPLC system after derivatization with OPA together with NAC (30). One unit
of enzyme activity was defined as the amount of enzyme that liberated 1 �mol of
D-amino acids from the D-amino acid amides and esters per min at 55°C.

Enantiomer selectivity assay. The enantiomers of the amino acids were clearly
separated after derivatization with OPA and NAC, as described above. The

mobile phase consisted of 50 mM sodium acetate (pH 6.8) and methanol (90:10,
vol/vol). If ee (percent) is the enantiomer excess, i.e., [(D � L)/(D � L)] 	 100,
then the enantiomeric ratio E can be determined as ln [1 � c(1 � ee)]/ln [1 �
c(1 � ee)], where c represents the extent of the conversion and eep is the
enantiomeric excess of the product fraction (8).

The enantioselectivity of the purified enzyme in DL-amino acid amides was
analyzed by HPLC (Youngin, Seoul, Korea). The reaction mixture contained 0.1
M Tris-HCl (pH 8.0), 5.0 mM DL-amino acid amides, and 0.03 U of the enzyme.
The reaction mixture was incubated at 55°C with shaking, and 100-�l aliquots
were withdrawn and diluted 10-fold with a 20 mM HCl solution. After inactiva-
tion of the enzyme, the supernatant of the reaction mixture was subjected to
HPLC.

The production of D-phenylalanine from DL-phenylalaninamide by the enzy-
matic conversion reaction was analyzed by HPLC or chiral thin-layer chroma-
tography (TLC) (Merck, Darmstadt, Germany), and the TLC was developed
with methanol-H2O-acetonitrile (5:5:20 [vol/vol/vol]). The plate was sprayed with
a 2% (wt/vol) ninhydrin solution (in absolute ethanol), and the separated D-
phenylalanine spots were visualized by drying in an oven on a control of authen-
tic DL-phenylalanine.

Determination of molecular mass. The molecular mass of the native enzyme
was determined by gel permeation chromatography. A small amount of the
purified enzyme solution (100 �l) was applied to a Superdex 200 preparative-
grade column (HR 10/30; Pharmacia) and eluted with 0.1 M Tris-HCl (pH 8.0)
containing 0.1 M KCl at a flow rate of 0.7 ml/min. Only a single protein peak was
observed, and the corresponding fractions contained the BDA activity. To de-
termine the molecular mass of the BDA, the column was calibrated with bovine
thyroglobulin (Mr, 669,000), catalase (Mr, 232,000), aldolase (Mr, 158,000), bo-
vine serum albumin (Mr, 67,000), chymotrypsinogen A (Mr, 25,000), and RNase
A (Mr, 13,700) as reference proteins (gel filtration calibration kit; Pharmacia).
The subunit molecular mass was examined by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) under denaturing conditions as de-
scribed by Laemmli (17), using reference proteins (LMW electrophoresis cali-
bration kit; Pharmacia).

Protein determination. The protein concentrations were determined by the
method of Bradford (6), using bovine serum albumin as the standard.

Effect of metal ions and inhibitors. The enzyme solution was preincubated
with a 1.0 mM concentration of metal ions and various concentrations of enzyme
inhibitors for 20 min in 0.1 M Tris-HCl (pH 8.0). Twenty microliters of the
incubation mixture was withdrawn, and the enzyme activity was determined as
described above. The inhibitor concentrations were as follows: EDTA, 1.0 and
100 mM; 2-mercaptoethanol, 1.0 and 10.0 mM; dithiothreitol (DTT), 1.0 and
10.0 mM; and PMSF, 0.1 and 10.0 mM.

Determination of kinetic constants, pH, temperature optima, and thermosta-
bility. The enzyme activity versus the pH was determined over a pH range of 5.5
to 11.0. A reaction buffer containing 50.0 mM 2-(N-morpholino)ethanesulfonic
acid (MES) (pH 5.5 to 6.5), bis-Tris (pH 6.5 to 7.5), Tris-HCl (pH 7.5 to 9.0), and
3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) (pH 9.0 to 11.0) was used
for the enzyme assay. The optimum temperature of the BDA reaction was
determined in pH 8.0 buffers within a range of 40 to 100°C. The thermostability
was determined after heat treatment of 0.1 ml of the enzyme solution (containing
1.0 mg of protein per ml) for 20 min at various temperatures between 30 and
100°C. The apparent Km values were determined at various concentrations of
D-amino acid amides (1.0 to 12.0 mM), while kcat and Km were determined from
the Michaelis-Menten equation. For all experiments to characterize the enzyme,
preincubated enzyme solution with 1 mM Co2� was used.

Kinetic resolution of DL-phenylalaninamide. The kinetic resolution of DL-
phenylalaninamide was performed at 50°C in a 50-ml reactor with agitation (300
rpm) and nitrogen flushing. The reaction mixture consisted of 0.2 M DL-pheny-
lalaninamide (pH 8.0) and 70 mg of a cell extract of recombinant BDA. The pH
of the reaction mixture was not controlled during the reaction.

Nucleotide sequence accession number. The nucleotide sequence of the ther-
mostable BDA was deposited in the GenBank nucleotide sequence database
under accession no. AF441121.

RESULTS

Cloning and nucleotide sequencing of the BDA gene. A B.
borstelensis BCS-1 total DNA library was constructed with
pUC118 in E. coli DH5�, and the transformants were screened
for BDA activity based on the development of a yellow color,
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as described in Materials and Methods. Among approximately
20,000 clones, one clone developed a yellow color, indicating
the functional expression of the BDA gene, and a 2.2-kb insert
was sequenced. The plasmid (5.3 kb) with the 2.2-kb insert was
designated pDAP and used for further characterization. Sub-
cloning of a 792-bp BamHI fragment of pDAP in pHCE IIB

resulted in plasmid pBDA, which still expressed D-AlaPNA-
hydrolyzing activity. One complete 792-bp ORF (ATG initia-
tion codon at nucleotide 948 and TAA termination codon at
nucleotide 1742) was identified in the sequence, and this ORF
could encode a polypeptide of 264 amino acids with a deduced
molecular mass of 29,045 Da.

FIG. 1. Multiple sequence alignment of B. borstelensis BCS-1 BDA and other related proteins. Highly conserved residues are in black (100%
identity), and less strongly conserved residues are in gray (90% identity). Proteins: BDA, D-stereospecific alanine amidase from B. borstelensis
BCS-1 (GenBank accession number AF441121); Bs-ZnDAP, Zn-dependent D-aminopeptidase DppA from B. subtilis (GenBank accession number
15825746); Bs-dciAA, dipeptide transport system from B. subtilis (GenBank accession number CAA40002); Bm-DPPA, dipeptide transport protein
from Bacillus methanolicus (GenBank accession number AAB39857); Lin-ABC, dipeptide ABC transporter from Listeria innocua (GenBank
accession number NP469546); Mloti-ABC, dipeptide ABC transporter from M. loti (GenBank accession number BAB52911); Drad-ABC, putative
dipeptide ABC transporter from Deinococcus radiodurans (GenBank accession number NP295566); Sco-PTP, putative transport-associated protein
from Streptomyces coelicolor A3 (GenBank accession number CAA22734); Pho-DPPA, hypothetical dipeptide transport protein dppA from
Pyrococcus horikoshii (GenBank accession number BAA30694).
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Sequence comparison and phylogenetic analysis. Alignment
by using the GenBank database and the BLAST program
showed that the deduced amino acid sequence exhibited a
strong similarity to that of ABC transport proteins from vari-
ous organisms and showed the highest similarity with dipeptide
ABC transporter from Mesorhizobium loti (44% identical over
265 amino acids). It showed low or no sequence similarity with
other D-amino acid-specific enzymes, except for the D-amino-
peptidase DppA from Bacillus subtilis (7), with which it showed
a relatively low sequence similarity. The linear alignment of the
BDA from B. borstelensis BCS-1 and related proteins from
various organisms exhibited several homologous regions (Fig.
1). A consensus maximum-parsimony tree was established
from the amino acid sequences of the ABC transport proteins
and D-amino acid-specific enzymes from various microorgan-
isms (Fig. 2).

Overproduction and purification of BDA in E. coli BL21.
The amplified BDA products (792 bp in length) were ligated
into pHCE IIB after treatment with NcoI, followed by Klenow
and BamHI. The constructed recombinant expression vector
was designated pBDA and transformed into E. coli BL21, and
thereafter the BDA gene was expressed under the control of
the high-level constitutive expression (HCE) promoter. When
E. coli BL21 cells harboring pBDA were cultured in LB broth
at 37°C without any inducer, the transformant exhibited potent
BDA activity (23.5 U/mg), and its enzyme activity increased
about 160-fold compared with that of the wild-type B. bor-
stelensis BCS-1. The molecular mass of the expressed protein
matched the value (29,045 Da) calculated from the amino acid
sequence deduced from the gene sequence. The BDA from B.
borstelensis BCS-1 remained in the soluble fraction after incu-
bation at 55°C for 30 min. The BDA protein was purified to

greater than 90% purity by using ion-exchange and hydropho-
bic interaction chromatographies (Table 1).

Characteristics of BDA from E. coli BL21. The BDA gene
was cloned and expressed, and, based on its enzyme charac-
teristics, the protein was found to be a new BDA. In addition,
since B. borstelensis BCS-1 is a thermophilic bacterium, it also
exhibited thermostability, as expected. A crude extract of re-
combinant E. coli was treated at 55°C for 30 min to denature
most of the E. coli proteins. The supernatant was then sub-
jected to purification by chromatography on Resource Q, phe-
nyl-Superose, and Mono Q columns. Table 1 shows a summary
of the purification of the recombinant BDA. Approximately 22
mg of thermostable BDA was purified from 1 liter of culture.
As shown in Fig. 3, the molecular mass of the enzyme was
estimated to be 30 kDa by SDS-PAGE. This value was com-
parable to the theoretical value (29,045 Da) calculated from
the predicted amino acid sequence of the BDA.

The purified enzyme remained stable between pH 7.0 and
10.0 at 55°C during 30 min of incubation and exhibited about

FIG. 2. Phenogram of consensus maximum-parsimony tree of BDA and related proteins obtained by using the PHYLIP package. Protein DAA
is a D-stereospecific amino acid amidase from O. anthropi (GenBank accession number BAA94704), and others are the same as in Fig. 1.

FIG. 3. SDS-PAGE of BDA from B. borstelensis BCS-1 at different
stages of purification. The proteins were analyzed by SDS–12%
PAGE. Lane M, molecular mass markers; lane 1, crude extract of E.
coli BL21; lane 2, soluble fraction of the crude extract after heat
treatment for 30 min at 55°C; lane 3, after Resource Q column chro-
matography; lane 4, after phenyl-Superose column chromatography.

TABLE 1. Summary of purification of BDA

Step

Total
protein
(mg �
ml�1)

Total
activity
(U �
ml�1)

Sp act
(U �
mg�1)

Yield
(%)

Purification
(fold)

Crude 288.0 5,652.0 19.6 100.0 1.0
Heat treatment 166.7 4,295.8 25.8 76.0 1.3
Resouce Q 44.7 3,734.3 83.5 66.1 4.3
Phenyl Superose 13.3 1,433.8 108.1 25.4 5.5
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50% of its original activity at pH 10.0. The pH optimum was
determined to be 9.0 (Tris-HCl buffer) under the same buffer
conditions (Fig. 4A). When the BDA was tested at various
temperatures, it exhibited maximum activity at 85°C (Fig. 4B)
and thermostability at 70°C. None of these characteristics has
been detected in any other microbial D-amino acid-specific
enzymes. The enzyme retained approximately 80% of its ac-

tivity when it was incubated at 90°C for 30 min and about 10%
of its original activity after being heated for 30 min at 100°C.
The enzyme was inhibited by DTT, EDTA, and mercaptoetha-
nol. When the reactivation of the EDTA-inactivated enzyme
was carried out with several divalent metal ions, Co2� and
Mn2� reactivated the enzyme activity most strongly. When
Co2� was added to the reaction mixture at a final concentra-
tion of 1.0 mM, the specific activity increased about sevenfold
compared with the control samples (data not shown). To in-
vestigate the substrate preference, the purified enzyme was
used to hydrolyze D-amino acid amides, esters, and L-amino
acid amides, and then the enzyme activity was assayed. The
enzyme was highly active towards D-alaninamide, D-leuci-
namide, D-norleucinamide, D-norvalinamide, D-phenylalanin-
amide, D-phenylglycinamide, D-tyrosinamide, D-valinamide, D-

FIG. 4. Effects of temperature and pH on BDA activity of B. bor-
stelensis BCS-1. (A) Optimum pH (thick lines) and stability (thin
lines); (B) optimum temperature and thermostability. Symbols: �,
MES; ■ , bis-Tris; E, Tris-HCl; F, CAPS buffer. The maximum relative
activity is indicated as 100%. Each experiment was performed in du-
plicate.

FIG. 5. Chiral resolution of DL-phenylalanine. Direct enantiomeric
resolution of D-phenylalanine from DL-phenylalaninamide was
achieved by HPLC (A) and TLC (B). (A) Determination of the DL-
amino acids by HPLC was monitored with a fluorescence detector
(excitation at 342 nm and emission at 452 nm). The reactant was
resolve with a 50 mM sodium acetate (pH 6.8)–methanol linear gra-
dient system after derivatization with OPA. (B) DL-Isomers were de-
veloped with methanol-H2O-acetonitrile (5:5:20 [vol/vol/vol]). The
amino acid spots were detected with ninhydrin (0.2% in ethanol).
Reactant samples were withdrawn at various times. Lanes 1 and 2,
authentic DL-Phe and D-Phe, respectively; lane 3, after 0 min; lane 4,
after 5 min; lane 5, after 3 h; lane 6, after 6 h; lane 7, after 9 h; lane 8,
after 12 h; lane 9, after 24 h.
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lysinamide, and D-tryptophanamide, whereas most L-amino
acid-containing amides, N-terminally protected amides, and
esters were not hydrolyzed by the enzyme. Besides these L-
amino acid amides, aliphatic amino acid amides, such as acet-
amide, n-butylamide, propionamide, and benzamide, were also
determined to be inert substrates (data not shown). The ste-
reoselectivity of the purified enzyme was examined by studying
the hydrolysis of DL-phenylalaninamide. The enzyme exhibited
the optical purity of D-phenylalanine, while the EEp (enantio-
meric excess of the product) [(D � L)/(D � L) 	 100] and E
(enantiomeric ratio) [(kcat/Km)D/(kcat/Km)L] were 99.0 and 592,
respectively. The kcat and Km for D-alaninamide were deter-
mined to be 7,946 
 217 min�1 and 14.5 
 0.2 mM, respec-
tively, and the catalytic efficiency (kcat/Km) of the enzyme for
D-alaninamide was determined to be 544.4 
 5.5 min�1 mM�1

in the presence of Co2�.
Kinetic resolution of DL-phenylalaninamide. To study the

enantioselective synthesis of D-amino acids, the kinetic resolu-
tion of DL-phenylalaninamide by the thermostable BDA was
confirmed under high-temperature reaction conditions. As
shown in Fig. 5, the BDA from B. borstelensis BCS-1 exhibited
only BDA activity even though the reaction exceeded several
hours. After 11 h, the conversion yield of D-phenylalanine from
DL-phenylalaninamide reached 86%, while 97% of the sub-
strate was converted after 26 h and only L-phenylalaninamide
remained in the reaction mixture. In these experiments, only
D-phenylalanine was produced, as detected by HPLC (Fig. 5A)
and chiral TLC (Fig. 5B), and its optical purity was more than
99.0% enantiomeric excess.

DISCUSSION

In the present study the gene encoding the thermostable
BDA from B. borstelensis BCS-1 was cloned and its nucleotide

sequence was determined. The purification and characteriza-
tion of the recombinant BDA and kinetic studies were also
performed. Thus, this is the first report on the gene cloning of
a new thermostable BDA from the thermophilic bacterium B.
borstelensis BCS-1. The deduced amino acid sequence exhib-
ited no significant similarity with sequences of other D-amino
acid-specific enzymes or related proteins yet exhibited rela-
tively high sequence similarities with many bacterial dipeptide
ABC transport proteins, and the highest sequence identity
(44%) was with the dipeptide ABC transporter from M. loti.
The characteristics of the enzyme, such as its molecular mass
and subunit structure, were generally similar to those of the
D-methionine amidase (4) purified from the parental strain, B.
borstelensis BCS-1, except for the optimum pH, thermostabil-
ity, and substrate preference. In the parent strain, the D-me-
thionine amidase remained stable for 20 min at 65°C yet the
recombinant BDA showed a higher temperature stability (Fig.
4B). A comparison of the substrate preferences of the parent
D-methionine amidase and the recombinant D-alanine amidase
revealed different substrate specificities. As shown in Table 2,
the recombinant BDA exhibited the highest amidase activity
with D-alaninamide, whereas the parent D-methionine amidase
showed the maximum substrate preference with D-methionin-
amide, although no amidase activity was detected in aliphatic
amino acid amides.

The D-stereospecific amino acid amidase (DaaA) from
Ochrobactrum anthropi is composed of 363 amino acid residues
(molecular mass, 40,082 Da) with a monomeric structure, and
its deduced amino acid sequence showed homology to the
alkaline D-peptidase and DD-peptidase (3). DaaA exhibited
maximal activity at 45°C and pH 9.0, while the enzyme activity
was completely inactivated in the presence of Zn2�.

In contrast, as shown in Table 2, the recombinant BDA had
a molecular mass of 30 kDa, and its most favorable substrate
was determined to be D-alaninamide. The optimum tempera-
ture and pH of the BDA were 85°C and 9.0, respectively. The
BDA activity was strongly inhibited by EDTA, DTT, and
2-mercaptoethanol yet was restored and strongly activated by
the addition of Co2� and Mn2� after chelation. This suggests
that cysteine is an important amino acid residue for the enzyme
activity, while conformational changes in the BDA due to sulf-
hydryl reducing agents resulted in the deactivation of the en-
zyme.

Cheggour et al. (7) reported that the DppA of B. subtilis
exhibited D-aminopeptidase activity towards D-Ala–D-Ala and
D-Ala–Gly–Gly and behaved as an octamer composed of iden-
tical 30 kDa subunits. They also proposed that the N-terminal
conserved region of the amino acid residues (X-D-X-E-X) was
involved in the interaction with Zn2� ions; however, the BDA
had no metal ion effect on Zn2�. In particular, DppA showed
no amidase activity and was further characterized to be a
Zn2�-dependent enzyme, which exhibited a broad pH opti-
mum extending from 9.0 to 11.0.

The characteristics of the BDA, including its sensitivity to
EDTA, optimal pH, high temperature optimum, high thermo-
stability, and activity against various substrates containing N-
terminal D-amino acids, identify it as a new thermostable enzyme.
Studies on the kinetic resolution of DL-phenylalaninamide by
the BDA from B. borstelensis BCS-1 clearly demonstrated that
this strain is suitable for the enzymatic production of D-phe-

TABLE 2. Substrate preference of purified BDA on D-amino
acid amides

Substrate Relative
activity (%)a

D-Alaninamide ...............................................................................100
D-Leucinamide............................................................................... 38
D-Norleucinamide.......................................................................... 22
D-Norvalinamide............................................................................ 19
D-Phenylalaninamide .................................................................... 17.2
D-Phenylglycinamide ..................................................................... 17
D-Tyrosinamide.............................................................................. 16
D-Valinamide ................................................................................. 15.2
D-Lysinamide ................................................................................. 15
D-Tryptophanamide ...................................................................... 13
D-Glutaminamide .......................................................................... 10
D-Asparaginamide ......................................................................... 7.3
D-Methioninamide......................................................................... 6.3
D-Prolinamide ................................................................................ 0.4
D-Aspartic acid amide .................................................................. 0.2
Z-D-alanine amideb ....................................................................... 0.0
Z-D-alanine ester........................................................................... 0.0
L-Phenylalaninamide ..................................................................... 0.0
L-Leucinamide ............................................................................... 0.0
L-Alaninamide ............................................................................... 0.0
L-Aspartic acid amide ................................................................... 0.0

a The activity for D-alaninamide, corresponding 166.7 U/mg, was taken as
100%.

b Z, benzyloxycarbonyl.
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nylalanine from DL-phenylalaninamide. The production yield
of D-phenylalanine was very high and efficient. Furthermore,
the optical purity of the D-phenylalanine was also satisfactory
for an industrial manufacturing process for D-phenylalanine
without any other racemase activity. Accordingly, the BDA
from B. borstelensis BCS-1 appears to be a new thermostable
D-stereospecific amino acid amidase that may be a useful en-
zyme biocatalyst for the production of various D-amino acids
from DL-amino acid amides, esters, and arylamides under high-
temperature reaction conditions.
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