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For the production of enantiopure β-amino acids,
enantioselective resolution of N-acyl β-amino acids
using acylases, especially those recognizing N-acetyl-
β-amino acids, is one of the most attractive methods.
Burkholderia sp. AJ110349 had been reported to
exhibit either (R)- or (S)-enantiomer selective N-
acetyl-β-Phe amidohydrolyzing activity, and in this
study, both (R)- and (S)-enantioselective N-acetyl-β-
Phe acylases were purified to be electrophoretically
pure and determined the sequences, respectively.
They were quite different in terms of enantioselec-
tivities and in their amino acids sequences and
molecular weights. Although both the purified acy-
lases were confirmed to catalyze N-acetyl hydrolyz-
ing activities, neither of them show sequence
similarities to the N-acetyl-α-amino acid acylases
reported thus far. Both (R)- and (S)-enantioselective
N-acetyl-β-Phe acylase were expressed in Escheri-
chia coli. Using these recombinant strains, enan-
tiomerically pure (R)-β-Phe (>99% ee) and (S)-β-Phe
(>99% ee) were obtained from the racemic
substrate.

Key words: β-amino acid; N-acetyl-β-amino acid;
enantiomer selective amidohydrolyzing
activity; Burkholderia

Enantiopure β-amino acids reportedly possess
biological properties that make them useful as the
building blocks of pharmaceutically important
compounds. Therefore, the synthetic methods of
enantiopure β-amino acids are widely developed.1,2)

Various methods for synthesizing β-amino acids have
been developed, but enzymatic methods seem to be
superior to chemical methods from the viewpoint of
enantioselectivities, which are easily achieved by way
of the enzymes’ properties. Numerous enzymatic
methodologies have been devised and extensively
reviewed.3)

Among the enzymatic methods, enantioselective
resolution using enzymes has some specific merits, i.e.
easy preparation of the starting material, from racemic

β-amino acids, high enantioselectivity, high conversion
yield, generally reported in several examples. In par-
ticular, the enantioselective resolution of N-pheny-
lacetyl-β-amino acid by Penicillin G amidase has been
reported to be highly useful.4–8) With this method,
however, bulky and expensive acylation reagents are
required, if the acids are to be recognized by known N-
acyl-β-amino acid acylases. One of the most cost-effec-
tive acylation methods is acetylation, and enzymatic
resolution of N-acetyl-β-amino acids was successful in
the industrial production of β-amino acids.9,10) So enan-
tioselective acylases recognizing N-acetyl-β-amino
acids are attractive from a cost viewpoint.
In our previous report,11) we newly discovered two

microorganisms capable of enantioselectively amidohy-
drolyzing (R,S)-N-acetyl-3-amino-3-phenylpropionic
acid [(R,S)-N-acetyl β-Phe] and identified them to be
Burkholderia sp. AJ110349 and Variovorax sp.
AJ110348, respectively. β-Phe is one of the most valu-
able β-amino acids; it is a useful ingredient for the syn-
thesis of pharmaceuticals such as paclitaxel, a complex
diterpene isolated from the bark of Taxus brevifolia that
possesses strong anticancer properties.12) The enzyme
activities observed in these microorganisms were
confirmed to recognize the N-acetyl group as their
substrate; the enzymes catalyzing these activities are
therefore considered useful, for the aforementioned cost
reasons.
One microorganism we discovered, Variovorax sp.

AJ110348, was shown to possess (R)-enantioselective
N-acetyl-β-Phe acylase. The other microorganism, Bur-
kholderia sp. AJ110349, was demonstrated to possess
two different enantioselective N-acetyl-β-Phe acylases.
The presence of these two kinds of acylases was sup-
ported by the different optimal reaction temperatures of
these two enantioselective activities. Therefore, the lat-
ter microorganism, Burkholderia sp. AJ110349, is con-
sidered an attractive enzyme source of both (R)- and
(S)-enantioselective acylases. However, it is difficult to
control strictly the enantioselective production of
β-amino acids by wild-type Burkholderia sp. AJ110349
—which co-produces two different enantioselective
enzymes—even though their optimal reaction
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temperatures differ. In addition, the enzyme activity
needs to be strengthened, if it is to be used in efficient
conversion in industrial production.

To solve these problems, we sought here to purify,
clone, and characterize both N-acetyl-(R)- and (S)-β-
Phe acylases from Burkholderia sp. AJ110349. In addi-
tion, both (R)- and (S)-enantioselective N-acetyl-β-Phe
acylases were expressed in Escherichia coli. Using
these recombinant strains in the resting cell reaction,
enantiomerically pure (R)- and (S)-β-Phe were obtained
from the racemic substrate.

Materials and methods
Materials. (R,S)-3-amino-3-phenylpropionic acid

[(R,S)-β-Phe], DL-β-leucine, DL-β-homophenylalanine, L-
β-leucine hydrochloride, and L-β-homophenylalanine
hydrochloride were purchased from Sigma-Aldrich (St.
Louis, MO, USA). (R)-3-amino-3-phenylpropionic acid
and (S)-3-amino-3-phenylpropionic acid were pur-
chased from Watanabe Chemical Industries (Hiroshima,
Japan). (R,S)-3-amino-5-methyl-hexanoic acid (DL-β-ho-
moleucine) and (R)-3-amino-5-methyl-hexanoic acid (D-
β-homoleucine) were purchased from AstaTech (Bristol,
PA, USA). (R,S)-3-amino-3-(4-hydroxyphenyl)-propa-
noic acid (DL-β-tyrosine) and (R,S)-3-amino-3-(4-fluo-
rophenyl)-propanoic acid (DL-4-fluoro-β-phenylalanine)
were purchased from Bionet (Cornwall, UK). β-valine
was purchased from Apollo Scientific (Cheshire, UK).
(R)-3-amino-3-(4-hydroxyphenyl)-propanoic acid (L-β-
tyrosine) and (R)-3-amino-3-(4-fluorophenyl)-propanoic
acid (L-4-fluoro-β-phenylalanine) were purchased from
PepTech (Bedford, MA, USA).

N-acetyl-β-Ala was purchased from Watanabe
Chemical Industries. N-acetyl-DL-α-phenylalanine was
purchased from Bachem AG (Bubendorf, Switzerland).
N-acetyl-(R,S)-β-Phe, N-acetyl-DL-4-fluoro-β-phenylala-
nine, N-acetyl-DL-β-tyrosine, N-acetyl-DL-β-homoleucine,
N-acetyl-DL-β-homophenylalanine, N-acetyl-DL-β-leucine,
and N-acetyl-β-valine were acetylated with acetic
anhydride from each corresponding racemic amino acid,
as previously described.13)

Bacterial strain, culture media, and plasmid. The
isolation and characterization of Burkholderia sp.
AJ110349 has been reported previously.11) For the
purification of acylases, AJ110349 was grown in
enzyme-producing medium comprising 10 g/L D-glu-
cose, 10 g/L (NH4)2SO4, 10 g/L (R,S)-β-Phe, 2 g/L
casamino acid, 1 g/L KH2PO4, 0.4 g/L MgSO4·7H2O,
1 g/L NaCl, 19.5 g/L 2-(N-morpholino)ethanesulfonic
acid (MES), 5 mg/L nicotinamide, 0.2 mg/L thiamin,
10 mg/L FeSO4·7H2O, and 10 mg/L MnSO4·4–5H2O.
Cultivation was carried out with shaking at 120 rpm in
a 500-mL Sakaguchi flask, for 66 h at 30 °C.

E. coli JM109 was selected as the host strain for the
recombinant DNA studies. For the cloning experiments,
E. coli strains were routinely cultured at 37 °C in LB
medium supplemented with ampicillin (100 µg/mL).
For the purification and expression experiments, E. coli
JM109 was cultured at 37 °C in LB medium or terrific
broth (TB) medium composed of 4 g/L glycerol,

12 g/L peptone, 24 g/L yeast extract, 2.3 g/L KH2PO4,
and 12.5 g/L K2HPO4 with 100 µg/mL ampicillin.
pUC118 (TaKaRa Bio Inc., Shiga, Japan) was used

for most of the cloning experiments. The plasmid
ptrp4,14) an expression plasmid that contain the trypto-
phan promoter and the rrnB terminator of E. coli,
was used for the expression of (R)-enantioselective
N-acetyl-β-Phe acylase. The plasmid pSFN_Sm_Aet,15)

an expression plasmid that contain the mutated acid-
phosphatase promoter of Enterobactor aerogenes,
was used for the expression of (S)-enantioselective
N-acetyl-β-Phe acylase.

Preparation of cell-free extract. For enzyme
purification, the cells of Burkholderia sp. AJ110349
were collected through a 6800 g, 10-min centrifugation
operation, from 2000 mL of culture broth. Since precip-
itation of the bacterial cells was not adequately
observed after centrifugation, about 1600 mL of super-
natant was removed and the remainder was rendered
uniform by pipetting. The concentrated culture broth
thus prepared, without being washed with a buffer, and
was then disrupted by ultrasonication for 20 min at
200 W. The sonicate was centrifuged at 200,000 g for
30 min, and the obtained supernatant was used as a
cell-free extract.
The extract from recombinant E. coli JM109/

pSFN_BS was similarly prepared. The cells obtained
from 250 mL of culture broth were collected via
10 min of 8000 g centrifugation and re-suspended of
the buffer containing Tris–HCl (pH 7.6). The cell
suspension was ultrasonicated; the supernatant obtained
by centrifugation at 15,000 g for 10 min was used as a
cell-free extract.

Enzyme purification from Burkhordelia sp
AJ110349. Protein purification was conducted at tem-
peratures <4 °C. The cell-free extract obtained above
was a resultant supernatant applied to ammonium sul-
fate fractionation. (NH4)2SO4 was added to the cell-free
extract, to a final concentration of 40% saturation. The
mixture was stirred on ice for 1 h and centrifuged for
15 min at 9200 g. The precipitate obtained was dis-
solved in a small quantity of 25 mM Tris–HCl (pH
7.6) and dialyzed against 25 mM Tris–HCl (pH 7.6).
After dialysis, the protein solution was used as a
sample in chromatography, as further described below.

(1) Phenyl Sepharose 26/10 (GE Healthcare UK
Ltd., Buckinghamshire, England).

The ammonium sulfate fractions obtained as
described above were dialyzed against a buffer solution
comprising 25 mM Tris–HCl (pH 7.6) and 0.6 M
(NH4)2SO4; they were then placed on Phenyl Sephar-
ose 26/10 that had been equilibrated with the same buf-
fer solution. Following non-adsorptive protein elution,
the adsorptive protein was eluted by linearly varying
the (NH4)2SO4 concentration in the buffer solution,
from 0.6 to 0 M. This operation resulted in the
N-acetyl-(R)-β-Phe acylase activity being detected when
the (NH4)2SO4 concentration was about 0.2 M, and the
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N-acetyl-(S)-β-Phe acylase activity being detected when
the (NH4)2SO4 concentration was about 0.1 M. The
fractions exhibiting activity were divided into N-acetyl-
(R)-β-Phe acylase activity elution fractions and
N-acetyl-(S)-β-Phe acylase activity elution fractions,
and they were subsequently recovered. About all
purification process, each fraction of their high
stereoselectivity was also recovered separately and
purified, respectively.

(2) Q-Sepharose 16/10 (GE Healthcare UK Ltd.).

The Phenyl Sepharose fractions obtained were con-
centrated and dialyzed against 25 mM Tris–HCl (pH
7.6); they were then applied to Q-Sepharose 16/10
equilibrated with the same buffer solution. Following
non-adsorptive protein elution, the adsorptive protein
was eluted by linearly varying the NaCl concentration
in the buffer solution, from 0 to 0.5 M. This operation
resulted in N-acetyl-(R)-β-Phe acylase activity being
detected when the NaCl concentration was about
0.22 M, and the N-acetyl-(S)-β-Phe acylase activity
being detected when the NaCl concentration was about
0.3 M. The fractions exhibiting activity were collected.

(3) Superdex 200 16/60 (GE Healthcare UK Ltd.).

The Q-Sepharose fractions obtained were concen-
trated and placed on a Superdex 200 16/60 equilibrated
with 25 mM Tris–HCl (pH 7.6). This operation resulted
in the detection of N-acetyl-(R)-β-Phe acylase activity
at an elution position estimated to correspond to
a molecular weight of 206 kDa; the detection of
N-acetyl-(S)-β-Phe acylase activity was at an elution
position estimated to correspond to a molecular weight
of 101 kDa. Estimations of the molecular weights of
the enzymes were calculated from the elution positions
of standard proteins (Bio-Rad Laboratories, Carlsbad,
CA, USA) containing thyroglobulin, 670 kDa; IgG,
158 kDa; ovalbumin, 44 kDa; myoglobin, 17 kDa; and
vitamin Β-12, 1.35 kDa. The fractions exhibiting
activity were recovered.

(4) Resource phenyl (GE Healthcare UK Ltd.).

The Superdex fractions obtained were concentrated,
dialyzed against a buffer solution comprising 25 mM
Tris–HCl (pH 7.6) and 0.6 M (NH4)2SO4, and placed
on Resource phenyl equilibrated with the same buffer
solution. Following non-adsorptive protein elution, the
adsorptive protein was eluted by linearly varying the
(NH4)2SO4 concentration in the buffer solution, from
0.6 to 0 M. This operation resulted in N-acetyl-(R)-β-
Phe acylase activity being detected when the
(NH4)2SO4 concentration was about 0.35 M, and
N-acetyl-(S)-β-Phe acylase activity being detected when
the (NH4)2SO4 concentration was about 0.45 M. The
fractions exhibiting activity were recovered.

(5) Mono Q 5/5 (GE Healthcare UK Ltd.).

The Resource phenyl fractions obtained were con-
centrated, dialyzed against 25 mM Tris–HCl (pH 7.6),

and placed on Mono Q 5/5 equilibrated with the same
buffer solution. Following non-adsorptive protein elu-
tion, the adsorptive protein was eluted by linearly vary-
ing the NaCl concentration in the buffer solution, from
0 to 0.5 M. This operation resulted in the N-acetyl-(R)-
β-Phe acylase activity being detected when the NaCl
concentration was about 0.2 M, and the N-acetyl-(S)-β-
Phe acylase activity being detected when the NaCl con-
centration was about 0.28 M. The fractions exhibiting
activity were recovered and adopted as purified enzyme
solutions of N-acetyl-(R)-β-Phe acylase and N-acetyl-
(S)-β-Phe acylase, respectively.

N-terminal amino acid sequence analysis. The
purified enzymes were applied to SDS-PAGE and
transferred to a polyvinylidene difluoride membrane
(Trans-Blot; Bio-Rad Laboratories). The proteins were
stained with Coomassie blue; the positions at which
bands appeared were cut and placed on a protein
sequencer (Model 476A; Applied Biosystems,
Carlsbad, CA, USA).

Gene-cloning and nucleotide sequencing. Chromo-
somal DNA was prepared from Burkholderia sp.
AJ110349, using a Genomic-Tip and Genomic Buffer
set (QIAGEN, Hilden, Germany). The N-acetyl-(R)-β-
Phe acylase gene and N-acetyl-(S)-β-Phe acylase gene
were partially cloned using an LA PCR in vitro cloning
kit (TaKaRa Bio Inc.), as described in the manufac-
turer’s manual. The principle of the kit is as follows:
(1) Target DNA is completely digested by an appropri-
ate restriction enzyme, (2) Ligate the cassette (double-
strand synthetic oligonucleotide with the restriction site
at one end) with the restriction site, (3) Perform the
first PCR using cassette primer C1 and primer S1 of
the known region, and (4) Perform the second PCR
using primers designed for inner sequences, cassette
primer C2 and primer S2 of the known region. The pri-
mers for N-acetyl-(R)-β-Phe acylase gene-cloning were
5′-AGNACRTCSSWRTANCCNGT-3′ (first PCR) and
5′-RTANCCNGTDATNGTDATCAT-3′ (second PCR).
The primers for N-acetyl-(S)-β-Phe acylase gene-clon-
ing were 5′-CGNAARGGNCGNATHCARAC-3′, 5′-
ATSARNCCSAGNACNGTYTG-3′ (first PCR) and 5′-
CARACNGTNCTSGGNYTSAT-3′, 5′-GTYTG-
DATNCGNCCYTTNCG-3′ (second PCR) These pri-
mers were designed from the N-terminal amino acid
sequence of each protein determined in this study. The
second PCR products were sequenced with an ABI
3100 (Applied Biosystems) and labeled with a DIG
Nucleotide Detection kit (Roche Diagnostics, Basel,
Switzerland). The DIG labeling DNA was then used as
a probe for Southern hybridization. Southern hybridiza-
tion and colony hybridization were performed on posi-
tively charged nylon membranes (Roche Diagnostics).
For southern hybridization, the genomic DNA from
Burkholderia sp. AJ110349 was restricted by the use of
some kinds of restriction enzymes. The digested DNA
was ligated into pUC118. The ligation products were
used to transform E. coli JM109 for the colony
hybridization.

Production of enantioselective β-amino acid 3
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Sequence analysis was done with the ABI PRISM
SeqSpace software package, version 2.1. (Applied
Biosystems) The database searches and comparisons
were performed using Scifinder2007 (American
Chemical Society, Washington, DC, USA).

Expression of acylase genes in E. coli. For the
expression of N-acetyl-(R)-β-Phe acylase, PCR was per-
formed using the chromosomal DNA of Burkholderia
sp. AJ110349 as the template and the primers R_7F 5′-
CGAGGATCCGCAGCAGGTTCAGGTCGATATC-3′
and R_R_HindIII 5′-CCCAAGCTTTCAGTCGACCTC
GGTGTGAG-3′. The 2.3-kb amplified fragment was
treated with BamH I and HindIII and inserted into the
BamH I/HindIII site of ptrp4 to create ptrp4_3BR.
E. coli JM109 was transformed with this plasmid, and
the resultant transformant was named JM109/ptr-
p4_3BR.

For the expression of N-acetyl-(S)-β-Phe acylase,
PCR was performed using the chromosomal DNA of
Burkholderia sp. AJ110349 as the template and the
primers S_F_NdeI 5′-AACGACCCCATATGGGTTTC
TGCCAGATGAA-3′ and S_R_HindIII 5′-CCCAA
GCTTCGCTAGACGAAAGTCAGAAG-3′. The 1.1-kb
amplified fragment was treated with NdeI/HindIII.
Separately, pSFN_Sm_Aet was cleaved with NdeI/Hin-
dIII, and approximately, 3 kb of DNA was excised and
purified. A 1.1-kb PCR product that had been treated
with restriction nucleases was inserted at the NdeI/Hin-
dIII sites of pSFN to create pSFN_BS. E. coli JM109
was transformed with this plasmid, and the resultant
transformant was named JM109/pSFN_BS.

Recombinant N-acetyl-(S)-β-Phe acylase purifica-
tion. Recombinant N-acetyl-(S)-β-Phe acylase was
purified using the same methods as with the Burkhor-
delia sp AJ110349. The enzyme was purified from a
crude extract of E. coli JM109 pSFN_BS, using Phenyl
Sepharose 26/10, Q-Sepharose 16/10, Superdex 200
16/60, and Resource phenyl column.

Protein assay. Protein concentrations were
measured by the Bradford method, with bovine serum
albumin as a standard.

SDS-PAGE. SDS-PAGE was performed on a
10–20% polyacrylamide gel (Daiichi Pure Chemicals,
Tokyo, Japan) with a protein marker (Precision Protein
Marker; Bio-Rad Laboratories).

Enzyme assay. About the purification of enzyme,
the reaction solution—containing 10 mM N-acetyl-(R,
S)-β-Phe, 50 mM Tris–HCl (pH 7.6), and a suitable
amount of enzyme—was left standing from 10 min to
2 h at 30 °C; it was then processed by boiling for
5 min or by adding 1% phosphoric acid, to terminate
the reaction. The reaction solution was then cen-
trifuged, and the supernatant was analyzed by HPLC.
For the analysis of specific activity, a column Inertsil

Ph-3 (0.46 × 25 cm; GL Science) was adopted. The
other conditions were as below: mobile phase 10%
(v/v) acetonitrile and 90% (v/v) water (pH 3.0, adjusted
by phosphoric acid), flow rate 1.0 mL/min, column
temperature 40 °C, and UV detection at 210 nm.
Acylase activity equivalent to 1 µmol of (R)-β-Phe

or (S)-β-Phe produced per min was defined as 1 unit
(U).

Characterization of amidohydrolyzing activity. Un-
less otherwise noted, the experiments were carried out
as following standard assay condition. The substrate
was 5 mM N-acetyl-racemic-β-Phe in 50 mM Tris–HCl
buffer. For characterization of N-acetyl-(R)-β-Phe acy-
lase, the reaction was carried out at 50 °C, pH 7.6, with
25 mU/mL purified enzyme. For characterization of the
N-acetyl-(S)-β-Phe acylase, the reaction was carried out
at 37 °C, pH 7.6, with 25 mU/mL purified recombinant
enzyme.
Kinetic assays were performed with each enantiopure

substrate. N-acetyl-(R)-β-Phe (0.019–0.93 mM) was
used for N-acetyl-(R)-β-Phe acylase and N-acetyl-(S)-β-
Phe (0.019–0.93 mM) was used for N-acetyl-(S)-β-Phe
acylase. The Km values and Vmax values were deter-
mined from secondary Lineweaver–Burk plots.
The optimum pH was determined by measuring the

activity in buffers at various pH values. The buffers
used were 100 mM acetate (pH 3.5–5.5), 100 mM
MES (pH 5.5–7.0), Tris–HCl (pH 7.0–9.0), and borate
(pH 9.0–11.0). Temperature dependence was deter-
mined at a temperature range of 25–70 °C. Temperature
stability was determined after an incubation of 30 min
at temperature range of 30–70 °C. The effects of vari-
ous compounds (CaCl2, CoCl2, CuCl2, FeSO4, FeCl3,
MgSO4, MnCl2, ZnCl2, and EDTA) on enzyme activity
were evaluated. After pre-incubation for 60 min (pH
7.6, 4 °C) with 10 mM of each compound listed above,
the enzyme activities were determined under standard
assay conditions.
To determine the substrate specificities, various

N-acetyl-amino acids were used as the substrates, and
enzyme reactions were carried out using 12.5 mU/mL
purified enzyme under the above aforementioned stan-
dard assay conditions. The enzyme activities were
determined by the amount of acetic acid released,
which was measured using an acetic assay kit (Roche
Diagnostics) following the instructions provided in the
manual. The enantioselectivities were confirmed before-
hand by chiral analysis using HPLC.

Enantioselectivity of purified native enzyme. Enan-
tioselectivity was measured using the purified native
enzymes as enzyme sources. Reactions were conducted
under the aforementioned assay conditions for a period
of 30 min, and purified enzymes were added in the
following volumes: 4.6 μg/mL (N-acetyl-(R)-β-Phe acy-
lase) and 3.1 μg/mL (N-acetyl-(S)-β-Phe acylase).

Chiral analysis. For chiral analysis of N-acetyl-
(R)-β-Phe, N-acetyl-(S)-β-Phe, (R)-β-Phe, and (S)-β-
Phe, a Chiralpak WH column (0.46 × 25 cm; Daicel

4 Y. Imabayashi et al.
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Chemical Industries, Osaka, Japan) was utilized.
Additionally, to improve the analytical resolution,
another column (Inertsil ODS3, 0.46 × 5 cm; GL
Science, Tokyo, Japan) was tandem-added to the flow
line prior to the Chiralpak WH. The other conditions
were as below: mobile phase 0.25 mM CuSO4 and 2%
(v/v) acetonitrile, flow rate 1.5 mL/min, column tem-
perature 50 °C, and UV detection at 210 nm. For the
analysis of the resolution of DL-β-Tyr and DL-β-4-flu-
oro-Phe resolution, the same 2 columns were adapted.
The other conditions were as below: 1 mM CuSO4 and
10% (v/v) methanol, 1.0 mL/min, 50 °C, and UV
detection at 210 nm. For chiral analysis of DL-β-ho-
moLeu, an Astec Chirobiotic T column (0.46 × 25 cm,
Sigma-Aldrich) was adopted. The other conditions were
as below: 90% (v/v) methanol, 0.4 mL/min, 40 °C, and
UV 205 nm.16) Under these conditions, optical selectiv-
ity was determined by comparison with standard rac-β-
amino acids and D- or L-β-amino acids.

Production of enantioselective β-Phe using whole-
cell biocatalyst. The reactions using E.coli were per-
formed as follows. E. coli JM109/ptrp4_3BR and
E. coli JM109/pSFN_BS cells were cultured in TB
medium with ampicillin (100 µg/mL) at 37 °C for 16 h.
For reactions with whole cells, after washing the cells
with 5 mL of each culture, the mixtures (final volume
2.5 mL) contained 242 mM N-acetyl-(R,S)-β-Phe and
100 mM Tris–HCl (pH 7.6). The mixtures were incu-
bated at 37 °C for 24 h. The consumption of substrates
and the production of β-Phe were analyzed by HPLC.
The final products were analyzed by chiral analysis
using HPLC.

Results
Purification, molecular mass, and subunit structure

of the enantioselective acylase
As a result of the first chromatography procedure

using Phenyl Sepharose, N-acetyl-β-Phe amidohy-
drolyzing activity was detected in some of the frac-
tions, shaping two peaks (Fig. 1). The first peak mainly

consisted of (R)-enantioselective activity, while the sec-
ond peak mainly consisted of (S)-enantioselective activ-
ity, indicating that either (R)- or (S)-enantioselective
N-acetyl-β-Phe amidohydrolyzing enzyme had indepen-
dently occurred in Burkholderia sp. AJ 110349. The
specific activities of both (R)- and (S)-enantioselective
N-acetyl-β-Phe acylase were increased through the use
of the following purification procedures using Q-
Sepharose and Superdex; the enantioselectivities of
both enzymes were also increased by more than 95%
ee (data not shown). However, the purity of both the
resulting proteins, as assessed by SDS-PAGE, remained
low. Because of the difficulties encountered in the
aforementioned purification procedure, an additional
two chromatographic purification steps using Resource
phenyl and Mono Q were adopted; as a result of these
steps, either of the acylases consequently generated a
single band on SDS-PAGE (Fig. 2).
By SDS-PAGE analysis, the purified N-acetyl-(R)-β-

Phe acylase was found to have a molecular mass of
~81 kDa, while that of the N-acetyl-(S)-β-Phe acylase
was ~39 kDa. With gel-filtration chromatography (data
not shown), both the enzyme activities were eluted at
positions corresponding to the estimated molecular
masses of 206 kDa (N-acetyl-(R)-β-Phe acylase) and
101 kDa (N-acetyl-(S)-β-Phe acylase), so both the
enzymes were thought to have homodimer or homotri-
mer structures.
After all purification steps had been executed, the

specific activity of the purified N-acetyl-(R)-β-Phe
acylase was found to have increased to 12 U/mg—a
262-fold increase compared to the extract. The
N-acetyl-(S)-β-Phe acylase had been purified about
809-fold, providing a specific activity of 13 U/mg. The
overall purification results are summarized in Table 1.

Fig. 1. Separation of N-Ac-(R)- and (S)-β-Phe acylase activities
using a Phenyl Sepharose column.

Notes: The protein solution obtained by ammonium sulfate precip-
itation was loaded onto a Phenyl Sepharose column. The N-Ac-β-Phe
acylase activity of the eluted fractions was measured and expressed
as N-Ac-(R)-(closed circles) or (S)-β-Phe (open circles) acylase
activity in the panel.

(A) (B)

Fig. 2. SDS-PAGE analysis of the purified (A) N-Ac-(R)-β-Phe
acylase and (B) N-Ac-(S)-β-Phe acylase.

Notes: In the left lanes (denoted with M), standard proteins were
applied; their molecular masses are indicated. The purified acylases
were loaded to the right lanes.
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Enantioselectivity of the purified acylase from
Burkholderia sp. AJ110349

The enantioselectivities of the purified acylases were
determined. As a result, only the production of (R)-β-
Phe was observed when N-acetyl-(R)-β-Phe acylase
was used as an enzyme source, and only the production
of (S)-β-Phe was observed when N-acetyl-(S)-β-Phe
acylase was so used (Fig. 3). Judging from the products
after 30 min of reaction, the ee value was estimated to
be >95%, using either purified enzyme.

Determination of the N-terminal amino acid
sequences

The N-terminal amino acid sequence of the purified
enzyme was determined by automated Edman degrada-
tion. As a result, the 20 residues of the N-terminal
amino acid sequence of N-acetyl-(R)-β-Phe acylase
were determined to be MITITGYSDVLSAGPGETVE,
and the 26 residues of N-acetyl-(S)-β-Phe acylase were
determined to be NDLASRKGRIQTVLGLIDPHELG-
PAL. As the sequence of N-acetyl-(S)-β-Phe acylase
was initiated from Asn and not from Met, the occur-
rence of some sort of post-translational modification is
suspected.

Neither sequence showed any significant sequence
similarity to other acylase sequences reported thus far.

Cloning and sequencing of acylase genes. Based
on the N-terminal amino acid sequences of the purified
proteins, a 8.0-kb fragment containing the gene encod-
ing N-acetyl-(R)-β-Phe acylase and a 6.1-kb fragment
containing the gene encoding N-acetyl-(S)-β-Phe
acylase were cloned and sequenced.

N-acetyl-(R)-β-Phe acylase, as the deduced protein of
the cloned gene (Genbank accession number
FB701603), consisted of 760 amino acid residues
(Genbank accession number CAS03316). The initial 20
amino acid residues of the protein completely coincided
with those determined from the purified authentic
N-acetyl-(R)-β-Phe acylase. The molecular mass of the
N-acetyl-(R)-β-Phe acylase deduced from the sequence

was calculated to be 81 kDa. As a result of a homology
search using the overall amino acid sequence of
N-acetyl-(R)-β-Phe acylase, a sequence similarity (i.e.,
32% identical) was observed with N,N-dimethylfor-
mamidase from Alcaligenes sp. KUFA-1 (Genbank
accession number BAA90664).17)

On the other hand, N-acetyl-(S)-β-Phe acylase, as the
deduced protein of the cloned gene(Genbank accession
number FB701605), consisted of 352 amino acid resi-
dues(Genbank accession number CAS03317). The
N-terminal amino acid sequence of the deduced protein
was initiated from MDFCQMNDLASRKGRIQTVL-
GLIDPHELGPAL, and the N-terminal amino acid
sequence determined from the authentic enzyme was
observed in the region from seventh residues. The
molecular mass of the deduced protein assumed to be
initiated from authentic N-terminal was calculated to be
39 kDa. The protein found to be most similar to
N-acetyl-(S)-β-Phe acylase, as found with a BLAST
search, was a phosphotriesterase-related protein from
Homo sapiens (Genbank accession number
AAH03793),18) with a 40% sequence identity.
Some kinds of putative open reading frames (ORFs)

were found in both the cloned fragments. Around the
gene encoding N-acetyl-(R)-β-Phe acylase, there existed
the genes encoding transcriptional regulators (ORF 1
and 2), amino transferase (ORF 4), and major facilitator
superfamily metabolite (ORF 5). On the other hand,
the genes encoding aldehyde dehydrogenase (ORF 6),
histidinol-phosphate aminotransferase (ORF 7), and
transcriptional regulator (ORF 9) were observed around
the gene encoding N-acetyl-(S)-β-Phe acylase. The
structures of the genes are illustrated in Fig. 4, and
their properties are summarized in Table 2.
The gene expression plasmid ptrp4_3BR having

N-acetyl-(R)-β-Phe acylase gene and pSFN_BS having
N-acetyl-(S)-β-Phe acylase gene were introduced into
E. coli. A level of enzyme activity of 0.094 and
0.88 U/mg was detected in a cell extract prepared from
the cell cultured in TB medium with ampicillin
(100 µg/mL). No activity was detected in E. coli
JM109 cells.

Table 1. Purification of N-Ac-(R)-β-Phe acylase and N-Ac-(S)-β-Phe acylase.

Step Protein (mg) Activity (U) Yield (%) Specific activity (U/mg) Purification (fold)

(A) Purification of N-Ac-(R)-β-Phe acylase
Sonicate 1438 68 100 0.047 1.0
(NH4)2SO4 precipitation 1074 66 97 0.061 1.3
Phenyl Sepharose 36 50 74 1.4 29
Q-Sepharose 10 49 72 5.1 107
Superdex 200 4.3 31 46 7.2 152
Resource phenyl 0.81 7.6 11 9.4 198
Mono Q 0.29 3.6 5.3 12.4 262

(B) Purification of N-Ac-(S)-β-Phe acylase
Sonicate 1438 23 100 0.016 1.0
(NH4)2SO4 precipitation 1074 19 83 0.016 1.0
Phenyl Sepharose 47 11 48 0.23 14
Q-Sepharose 6.5 6.2 27 0.95 59
Superdex 200 1.4 3.4 15 2.4 150
Resource phenyl 0.039 0.21 0.90 5.4 333
Mono Q 0.013 0.17 0.73 13.1 809
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Characterization of N-acetyl-(R)-β-Phe acylase and
N-acetyl-(S)-β-Phe acylase

It was not sufficient to characterize the expression
level of N-acetyl-(R)-β-Phe acylase using E. coli
JM109/ptrp4_3BR. Therefore, we used N-acetyl-(R)-β-
Phe acylase from the wild-type strain. As the volume
of purified N-acetyl-(S)-β-Phe acylase from the wild-
type strain was insufficient, N-acetyl-(S)-β-Phe acylase
from the recombinant strain was used for the character-
ization. After the purification was complete, the specific
activity of the purified recombinant N-acetyl-(S)-β-Phe

acylase was found to have increased to 13 U/mg, was
70-fold higher than that in the extract of the recombi-
nant E. coli, and was as high as that obtained from
wild-type enzyme (13 U/mg, Table 1).
With purified N-acetyl-(R)-β-Phe acylase, the Km and

Vmax values for N-acetyl-(R)-β-Phe were 0.35 mM and
245 U/mg (pH 7.6, 50 °C). With purified recombinant
N-acetyl-(S)-β-Phe acylase, the Km and Vmax values for
N-acetyl-(S)-β-Phe were 0.14 mM and 14 U/mg (pH
7.6, 37 °C). The optimal amidohydrolyzing activities of
N-acetyl-(R)-β-Phe acylase and recombinant N-acetyl-
(S)-β-Phe acylase were observed at pH 8.0, 60 °C, and
pH 7.6–8.5, 50 °C, respectively (Fig. 5). These
enzymes showed no loss of activity after treatment at
50 and 40 °C for 30 min at pH 7.6. For N-acetyl-(R)-β-
Phe acylase activity, Cu2+ and Zn2+ addition caused an
inhibition of 61 and 6.0%, respectively. In contrast,
Fe2+ and Fe3+ addition caused an activation of 187 and
169%, respectively. Similarly, for N-acetyl-(S)-β-Phe
acylase activity, Fe3+ and Cu2+ addition caused an
inhibition of 63 and 39%, respectively, while Zn2+

addition caused an activation of 139% (Table 3). N-
acetyl-(R)-β-Phe acylase showed relative activities on
N-acetyl-(R,S)-β-Phe, N-acetyl-DL-β-4-fluoro-phenylala-
nine, N-acetyl-DL-β-tyrosine, and N-acetyl-DL-β-ho-
moleucine were 100, 52, 36, and 11% with N-acetyl-
(R,S)-β-Phe (N-acetyl-DL-β-Phe). By chiral analysis of
HPLC, it was confirmed that each L-form was used
preferentially. N-acetyl-(S)-β-Phe acylase showed rela-
tive activities on N-acetyl-(R,S)-β-Phe, N-acetyl-DL-β-4-
fluoro-phenylalanine, N-acetyl-DL-β-tyrosine, and N-
acetyl-DL-β-homoleucine. Each relative activity was
100, 185, 76, and 4% with N-acetyl-(R,S)-β-Phe (N-
acetyl-DL-β-Phe). By chiral analysis, each D-form was
confirmed (Table 4). It was confirmed that N-acetyl-
(R)-β-Phe acylase amidohydrolyzed N-acetyl-L-β-amino
acid and N-acetyl-(S)-β-Phe acylase amidohydrolyzed
N-acetyl-D-β-amino acid, and both enzymes were
identical in the D,L enantiospecificity for N-acetyl-β-
Phe. In the R,S notation of β-amino acids, it is

Fig. 3. Enantioselectivity of purified acylases.
Notes: N-Ac-(R,S)-β-Phe was incubated with either purified N-Ac-

(R)- or (S)-β-Phe acylase. The reaction products were analyzed by
HPLC. (A) N-Ac-(R,S)-β-Phe standard; (B) (R)-β-Phe standard; (C)
(S)-β-Phe standard; (D) reaction products using N-Ac-(R)-β-Phe acy-
lase as the enzyme source; (E) reaction products using N-Ac-(S)-β-
Phe acylase as the enzyme source.

(A)

(B)

1kb

BRACY_a3

BSACY_PH

ORF3  ORF1  ORF2  ORF4  ORF5  

Sal I BamH I Hind III 

ORF6  ORF7  ORF8  ORF9  

Sph I Sph I Pst I EcoR I  

Hind III 

Fig. 4. Genetic organizations around the gene encoding (A) N-Ac-
(R)-β-Phe acylase and (B) N-Ac-(S)-β-Phe acylase.

Notes: The extents and directions of the ORFs are indicated by
thick arrows. Genes encoding N-Ac-β-Phe acylases are illustrated
with solid arrows.
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determined by the order of –NH3, –CCOOH, –R (side
chain), –H. In the case of β-amino acids, it is change
of the order of –CCOOH and –R by the amino acid. D,L
notation is fixed the position of functional group
(–NH3, –CCOOH). So it is suitable of the notation of
the enantioselectivity of β-amino acid.

Production of enantioselective β-Phe using the
whole-cell biocatalyst

Using JM109/ptrp4_3BR, 242 mM N-acetyl-racemic-
β-Phe was converted to (R)-β-Phe with a 25% yield

(58 mM) and 99% ee (enantiomer excess) for 24 h.
Using JM109/pSFN_BS, N-acetyl-racemic-β-Phe was
converted to (S)-β-Phe with a 45% yield (108 mM) and
99% ee for 24 h.

Discussion

In our previous report,11) we discovered two
microorganisms that enantioselectively amidohydrolyze
N-acetyl-(R,S)-β-Phe. In one of the microorganisms,
Burkholderia sp. AJ110349, we found either enantiose-
lective N-acetyl-(R)- or (S)-β-Phe acylase activity. In
aiming to achieve effective β-amino acid production,
it seemed necessary to clone the genes encoding the
N-acetyl-(R) and (S)-β-Phe acylases. For this purpose,
we sought to purify the authentic enzymes from wild-
type Burkholderia sp. AJ110349 and consequently
obtained electrophoretically pure N-acetyl-(R)- and (S)-
β-Phe acylases (Fig. 2). The separation of both the acy-
lases from one another proceeded well, for example, on
a Phenyl Sepharose column (as described in Fig. 1),
but the achievement of electrophoretical purity required
five kinds of chromatography (Table 1). Difficulties in
achieving this purity were thought to be rooted in the
contamination of the culture broth elements to the
crude extract. The contamination was inevitable, due to
the poor sedimentation performance of the cells of Bur-
kholderia sp. AJ110349; multiple washings of the cells
had to be abandoned, to secure a sufficient amount of
cells for study.

Table 2. Location and properties of sequenced genes and proteins predicted to be encoded by those genes.

ORF Nucleotide position Probable function Source
Percentage
identity

Accession no. of
homologous protein

1 2291–1366 Transcriptional regulator, LysR family Azoarcus sp. BH72 38 CAL95092
2 3142–2289 Transcriptional regulator, LysR family Azoarcus sp. BH72 38 CAL95092
3 3353–5632 N-Ac-(R)-β-Phe acylase Alcaligenes sp. KUFA-1 32 BAA90664
4 5694–7037 Aminotransferase, class III Silicibacter pomeroyi DSS-3 47 AAV95280
5 7405- Major facilitator superfamily (MFS)

metabolite/H+ symporter
Burkholderia xenovorans LB400 61 ABE29005

6 843–2330 Aldehyde dehydrogenase Bordetella bronchiseptica strain RB50 54 BX640439
7 2326–3435 Histidinol-phosphate aminotransferase Azoarcus sp. BH72 52 AM406670
8 3707–4762 N-Ac-(S)-β-Phe acylase Homo sapiens 40 AAH03793
9 5682–4777 Transcriptional regulator Burkholderia graminis C4D1M 90 ZP_02885264
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Fig. 5. Optimum pH (A) and temperature (B) of N-Ac-(R)-β-Phe
acylase and N-Ac-(S)-β-Phe acylase.

Notes: (A) N-Ac-(R)-β-Phe acylase (open symbols) and N-Ac-(S)-
β-Phe acylase (closed symbols). The buffers used were 100 mM acet-
ate (pH 3.5–5.5, ○●), 100 mM MES (pH 5.5–7.0, △▲), 100 mM
Tris (pH 7.0–9.0, □■) and 100 mM borate (pH 9.0–11.0, ◊♦) (B)
N-Ac-(R)-β-Phe acylase (open symbols) and N-Ac-(S)-β-Phe acylase
(closed symbols).

Table 3. Influences of different metal ions on acylase activity.

Metal ion

Relative activity (%)

N-acetyl-(R)-β-Phe acylase N-acetyl-(S)-β-Phe acylase

D.W 100 100
CaCl2 85 98
CoCl2 78 89
CuCl2 61 39
FeSO4 187 122
FeCl3 169 63
MgSO4 89 102
MnCl2 80 88
ZnCl2 6 139
EDTA 107 107

Note: Purified acylase (25 mU/mL) was pre-incubated with additives at 4 °C
for 1 h and then assayed under standard conditions.
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Although N-acetyl-(R)- and (S)-β-Phe acylase cat-
alyzed similar reactions, the obtained properties of both
the enzymes were all quite different. The elution posi-
tions of the enzymes on hydrophobic interaction chro-
matographies (Phenyl Sepharose and Resource phenyl),
anion-exchange chromatographies (Q-Sepharose and
Mono Q), and gel filtration were all different, indicat-
ing their differences in terms of hydrophobicity, elec-
trostaticity, and native molecular masses. The
differences were confirmed by sequence analysis. The
amino acid sequences of both the acylases were so
different, they could not be aligned at all.

N-acetyl-(R)-β-Phe acylase showed sequence homol-
ogy with a N,N-dimethylformamidase large subunit
from Alcaligenes sp. KUFA-1.17) In the strain, N,N-
dimethylformamidase reportedly required not only a
large subunit but also a small subunit for the expres-
sion of enzyme activity.17,19) However, there was no
sequence encoding the N,N-dimethylformamidase small
subunit-like protein in the region upstream of the gene
encoding N-acetyl-(R)-β-Phe acylase. In addition,
heterologously produced N-acetyl-(R)-β-Phe acylase in
E. coli JM109/ ptrp4_3BR surely showed enzyme
activity. Therefore, N-acetyl-(R)-β-Phe acylase had dif-
ferent quaternary structure from the N,N-dimethylfor-
mamidase.

The overall amino acid sequence of N-acetyl-(S)-β-
Phe acylase was also determined as a result of gene-
cloning. The N-terminal amino acid sequence of the
predicted gene product had an additional six residues
compared to that determined with authentic purified
protein. In the extra sequence MDFCQM, there are two
possible translation initiation positions. A native initia-
tion position will be determined via further studies into
gene expression, but at the present time, it is unknown.
The difference between authentic and predicted N-
terminal amino acid sequences suggests the occurrence
of some sort of post-translational modification. On the
other hand, it cannot be said that there is no possibility
of the artificial digestion during the purification pro-
cesses. The sequence was found to have similarities
with that of a phosphotriesterase-related protein from
Homo sapiens. A well-known phosphotriesterase from
Pseudomonas has been reported to be an enzyme
releasing phosphate from paraoxon, dursban, and
parathion.20)

The characterization data for N-acetyl-(R)-β-Phe acy-
lase were compared with data for the corresponding
wild-type strain-derived activity.11) The pH and thermal

profiles showed an almost identical trend; there was no
activity under pH 5 and high activity at 60 °C. About
the effects of metal ions, the addition of Fe ions
increased the enzyme activities but EDTA showed no
effect. About N,N-dimethylformamidase which is high
similarity, it was reported an iron-containing amidohy-
drolase and the addition of 1 mM EDTA showed no
effect but the addition of 20 mM EDTA showed inhibi-
tion.19) In the process of 10 mM EDTA, Fe ions might
not have been completely removed. N-acetyl-(R)-β-Phe
acylase recognized N-acetyl-β-amino acids with bulky
side chains, but not short alkyl side chains and recog-
nized N-acetyl-β-amino acids of L-form, the corre-
sponding positions of hydrogen, carboxyl groups,
amino groups, and side chains. N-acetyl-(R)-β-Phe
acylase did not recognize N-acetyl-DL-α-phenylalanine.
The characterization data for N-acetyl-(S)-β-Phe acy-

lase were compared with data for the corresponding
wild-type strain-derived activity.11) The pH profile and
thermal stability showed the same trend, but the ther-
mal profile was slightly different. This could be attribu-
ted to the reaction conditions or the enzyme source
with not purified. N-acetyl-(S)-β-Phe acylase recognized
N-acetyl-β-amino acids with bulky side chains and D-
form but not with short alkyl side chains. Additionally,
N-acetyl-(S)-β-Phe acylase did not recognize N-acetyl-
DL-α-phenylalanine.
The results of the characterization showed that both

acylases were similar in terms of substrate specificity,
although the amino acid sequences were very different.
The structural analysis of the active site produced inter-
esting results. Two acylases did not show activity
toward N-acetyl-α-phenylalanine. This result could be
due to the fact that the activity of microorganism 130F
(Burkhordelia sp. AJ110349) is induced by N-acetyl-
(R,S)-β-Phe and (R,S)-β-Phe, but not induced by
N-acetyl-(R)-α-phenylalanine and N-acetyl-(S)-α-pheny-
lalanine.11)

Productions of enantiopure β-Phe from JM109/ptr-
p4_3BR and JM109/pSFN_BS showed high preferential
enantioselectivity. These findings may be potentially
useful with respect to industrial application. The produc-
tion of (S)-β-Phe by JM109/pSFN_BS was a higher
molar conversion. However, the production of (R)-β-Phe
by JM109/ptrp4_3BR was less than the production of
(S)-β-Phe, because the expression level of N-acetyl-(R)-
β-Phe acylase in JM109/ptrp4_3BR was lower. Although
some plasmids were constructed for the expression of
N-acetyl-(R)-β-Phe acylase, the expression levels were

Table 4. Substrate specificities of the purified acylase (12.5 mU/mL).

Substrate

Relative activity (%)

N-acetyl-(R)-β-Phe acylase DL-form N-acetyl-(S)-β-Phe acylase DL-form

N-Ac-DL-β-Phe 100 L 100 D

N-Ac-DL-β-4-F-Phe 52 L 185 D

N-Ac-DL-β-Tyr 36 L 76 D

N-Ac-DL-β-homoLeu 11 L 4 D

N-Ac-DL-β-homoPhe N.D. N.D.
N-Ac-β-Ala N.D. N.D.
N-Ac-β-Val N.D. N.D.
N-Ac-DL-β-Leu N.D. N.D.
N-Ac-DL-Asp N.D. N.D.
N-Ac-DL-α-Phe N.D. N.D.
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too low (data not shown). In our previous report,11)

N-acetyl-(R)-β-Phe acylase was discovered from Vari-
ovorax sp. AJ110348. With further study of N-acetyl-
(R)-β-Phe acylase from Variovorax sp., the efficiency of
the (R)-β-Phe production is expected to improve.

While the potential for their use in industrial applica-
tions is clearly anticipated due to their high enantioselec-
tivity, the physiological roles of both N-acetyl-(R)- and
(S)-β-Phe acylases remain to be clarified. A more
detailed analysis to resolve the structures should provide
a better understanding of the reaction mechanisms. Fur-
ther investigations may help to determine the physiologi-
cal role(s) of these enzymes.
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