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Abstract

A gene encoding glutamate racemase (GluRA) was found in a thermophilicBacillus strain named SK-1. The gene was
cloned and expressed inEscherichia coliWM335, ad-glutamate auxotroph. It consists of 792 bp with a start codon, TTG.
The amino acid sequence deduced from the gene indicates that the GluRA has two cysteines and their surrounding regions
are well conserved. The GluRA produced in the recombinantE. coli was purified to homogeneity by heat-treatment and
Resource Q and Phenyl sepharose column chromatographies. The enzyme, which was determined to be a monomeric protein
with a molecular weight of 29,000, did not require a cofactor such as pyridoxal 5′-phosphate, nicotinamide, or flavin for its
activity. The enzyme was stable after incubation at 55◦C and retained 60% of its original activity after incubation at 60◦C.
It was found to be stable in the region of pH 6.0–11.5. The thermostable GluRA was used as a catalyst in a multi-enzyme
system composed of four enzyme reactions for the production ofd-phenylalanine. By running the multi-enzyme system
for 35 h, 58 g l−1 of d-phenylalanine was produced with 100% of optical purity from equimolar amount of phenylpyruvate.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Glutamate racemase (GluRA, EC 5.1.1.3) catalyzes
the racemization ofl- andd-glutamate and plays an
important role in the biosynthesis ofd-glutamate,
which is an essential component of the peptidoglycan
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E-mail address:smoonhee@mail.kribb.re.kr (M.-H. Sung).

layer in a bacterial cell wall. The enzyme has been
found in various microorganisms, including lactic acid
bacteria[1–4], Escherichia coli[5–7], Staphylococ-
cus haemolyticus[8], Bacillus pumilus[9], Brevibac-
terium lactofermentum[10], and Aquifex pyrophilus
[11]. Previous studies showed that GluRA requires
neither a cofactor such as pyridoxal 5′-phosphate
(PLP) nor metal ions for its activity[3,12] but con-
tains two cysteine residues at the active site[13].
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The sequences around the cysteine residues are well
conserved[4].

Sinced-amino acids are useful raw materials in the
pharmaceutical field for the synthesis of antibiotics,
bioactive peptides, and other physiologically active
compounds, particular attention has been paid to the
enzymatic production ofd-amino acids. Recently, we
studied the production of aromaticd-amino acids in
a multi-enzyme system, which is composed of four
enzyme reactions catalyzed by GluRA,d-amino acid
amino transferase (d-AAT), formate dehydrogenase
(FDH), and glutamate dehydrogenase (GDH)[14]. As
reported previously,d-phenylalanine andd-tyrosine
with 100% optical purity were produced in the en-
zyme system at an initial production rate for 8–13 h
when the corresponding substrate, phenylpyruvate or
hydroxyphenylpyruvate, respectively, was repeatedly
fed in a low level (50 mM). However, the production
rate was gradually decreased after 8–13 h due to the
instability of GluRA. Thus, we planned to study the
occurrence of new GluRAs in microorganisms in or-
der to improve the multi-enzyme system. In series
of our study, we found that a thermophilicBacillus
sp. SK-1 isolated from a soil sample has thermostable
GluRA activity. We here report the molecular cloning,
overproduction, and application of the thermostable
GluRA for the production ofd-phenylalanine in the
multi-enzyme system.

2. Experimental

2.1. Bacterial strains and plasmid

The thermophilicBacillussp. SK-1 used as a source
of the GluRA gene in this study was isolated from a
soil sample.E. coli WM335, ad-glutamate auxotroph
[15], was used as a recipient strain for the cloning of
the GluRA gene. Plasmid pUC118 (Takara Shuzu Co.,
Japan) was used as the cloning and expression vector
for the GluRA gene.

2.2. Media and culture conditions

The medium for the culture ofBacillus sp. SK-1
consisted of 15 g polypeptone, 2 g yeast extract, 2 g
meat extract, 2 g glycerol, 2 g K2HPO4, 2 g KH2PO4,
and 0.26 g NH4Cl in 1 l of distilled water. The pH

of the medium was 7.0.Bacillus sp. SK-1 was aero-
bically cultivated at 60◦C. E. coli WM335 was aer-
obically cultivated in Luria–Bertani’s (LB) medium
containing ampicillin (100�g ml−1) andd-glutamate
(100�g ml−1) at 37◦C.

2.3. Cloning of the GluRA gene of Bacillus
sp. SK-1 and sequence analysis

The chromosomal DNA fromBacillus sp. SK-1
was isolated as described by Saito and Miura[16]
and partially digested with 0.02 U ofSau3AI at
37◦C for 10 min. Fragments of 3–10 kb were isolated
by sucrose gradient (5–40%, w/v) centrifugation at
25,000 rpm for 20 h and then ligated into theBamHI
site of pUC118 at 12◦C for 12 h with T4 ligase.
E. coli WM335 was directly transformed with the lig-
ation mixture by electroporation. The transformants
were selected on LB plates containing ampicillin
(100�g ml−1) in the absence of addedd-glutamate.

The cloned nucleotides of the GluRA gene were se-
quenced by the dideoxy chain termination method of
Sanger et al.[17] with Sequenase ver.2.0 and�-32P
(Amersham, CA). The sequences obtained were ana-
lyzed by the GENETIX program (Software Develop-
ment Co., Japan).

2.4. Purification of GluRA

The recombinantE. coli WM335 cells carrying the
plasmid pGSK23, which contains the GluRA gene
of Bacillus sp. SK-1, were cultivated overnight in 3 l
of LB broth at 37◦C and harvested by centrifuga-
tion. The cells (wet weight, 10 g) were washed twice
with 0.85% NaCl, suspended in a 50 mM Tris–HCl
buffer (pH 7.5) containing 2-mercaptoethanol (0.2%,
v/v) and 0.1 mM phenylmethylsulfonyl fluoride, and
then disrupted with a Branson sonicator (Branson
Ultrasonics Co., CT). Cell debris and intact cells were
removed by centrifugation, and the clear supernatant
was used as a crude extract.

2.4.1. Heat treatment
The crude extract was kept at 55◦C for 30 min to

remove heat-labileE. coli proteins, which had been
aggregated during incubation, by centrifugation at
10,000×g for 30 min.
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2.4.2. Resource Q column-fast protein liquid
chromatography (FPLC)

The heat-treated enzyme solution was applied to a
Resource Q column with a 6 ml bed volume (Pharma-
cia, Sweden) equipped in a Pharmacia FPLC. The col-
umn was equilibrated with a 20 mM Tris–HCl buffer
(pH 8.0), and the enzyme was eluted with a linear gra-
dient of potassium chloride concentrations (0–0.5 M)
in the same buffer at a flow rate of 6 ml min−1. The
active fractions were collected and dialyzed against a
50 mM potassium phosphate buffer (pH 7.2).

2.4.3. Phenyl sepharose column-FPLC
The dialyzed enzyme solution was purified with a

Phenyl sepharose column (bed volume 20 ml, Phar-
macia, Sweden) in FPLC. The elution was done with
a linear gradient of 1.7–0.0 M ammonium sulfate in a
50 mM potassium phosphate buffer (pH 7.2) at a flow
rate of 5 ml min−1. The active fractions were collected
and concentrated by ultrafiltration.

Fig. 1. A multi-enzyme system for the production ofd-phenylalanine from phenylpyruvate.

2.5. Molecular weight determination

The molecular weight of the purified GluRA
was determined by gel filtration on a Superose
12 HR 10/30 column (Pharmacia, Sweden) with
a 0.5 M potassium phosphate buffer (pH 7.5) as
the mobile phase. The molecular weight was also
determined by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) with 12%
polyacrylamide.

2.6. Production ofd-phenylalanine in a
multi-enzyme system

The production of d-phenylalanine was exam-
ined in a multi-enzyme system composed of four
enzyme reactions, which are catalyzed by GluRA,
d-AAT, GDH, and FDH (Fig. 1). d-Phenylalanine
was produced from phenylpyruvate by ad-AAT re-
action with the consumption ofd-glutamate, which is
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continuously generated by the coupled reaction of
GDH and GluRA from phenylpyruvate, NADH and
ammonia. NADH is also generated by the FDH reac-
tion from formate. Unless stated otherwise, the stan-
dard reaction mixture contained 10 mMl-glutamate,
1 mM NAD+, 50�M pyridoxyal 5′-phosphate (PLP),
100 mM Tris–HCl buffer (pH 8.5), 1 mM ammo-
nium formate, an appropriate amount of phenylpyru-
vate, and four enzymes, GluRA,d-AAT, GDH, and
FDH. The ratio for four enzyme was adjusted as
follows: GluRA:d-AAT:GDH:FDH=1:5:10:1 in units
each enzyme activity. The reaction was started
by the addition of phenylpyruvate. One hundred
microliters aliquot of the reaction mixture was
sampled after the appropriate period of incubation,
and then supplemented with 5�l of 12N HCl to stop
the reaction.

2.7. Enzyme and protein assay

Crude, partially purified, and purified enzyme solu-
tions were prepared as described. The GluRA activity
was assayed by measuringl-glutamate formed from
the d-counterpart by HPLC with a C18 column and
a fluorescence detector (excitation at 342 nm and
emission at 452 nm). A mixture solution of an ac-
etate buffer (50 mM, pH 6.8) and methanol (90:10
(v:v)) was used as a running buffer for HPLC analy-
sis at the flow rate of 1 ml min−1. The assay mixture
(1 ml) containing 10�mol d-glutamate, a 100�mol
Tris–HCl buffer (pH 8.5), and enzyme was incu-
bated at 55◦C. The enzyme reaction was terminated
by adding 5�l 6 N HCl and centrifuged to obtain
a clear supernatant. The supernatant solution was
incubated with 10 volumes of ano-phthalaldehyde
solution containing 10 mMo-phthalaldehyde and
20 mMN-acetyl-l-cysteine in a borate buffer (pH 9.5)
at room temperature for 2–5 min. Ten microliters of
an o-phthalaldehyde-tagging sample was loaded to
HPLC to assayl- and d-glutamate in the reaction
mixture.

One unit of enzyme was defined as the amount
of enzyme catalyzing the formation of 1�mol of
product per min under the conditions used. Specific
activity was expressed as units per mg of protein.
Protein was determined by the method of Brad-
ford [18] with bovine serum albumin as a standard
protein.

3. Results and discussion

3.1. Cloning of the GluRA gene of Bacillus sp. SK-1

The chromosomal DNA ofBacillus sp. SK-1 was
partially digested withSau3AI and ligated into a
BamHI site of pUC118.E. coliWM335, ad-glutamate
auxotroph [15], was transformed by the ligation
mixture, and the transformants that grew on an LB
medium containing ampicillin (100�g ml−1) in the
absence of addedd-glutamate were selected. A total
of 35 d-glutamate-independent, ampicillin-resistant
colonies were obtained. GluRA andd-AAT activities
were assayed in the crude extracts of the colonies.
Of the colonies, 30 exhibited GluRA activity, and an-
other five exhibitedd-AAT activity. From one of the
colonies with GluRA activity, a plasmid containing a
3-kb insert was isolated, which was named pGSK23
(Fig. 2). The size of the recombinant plasmid pGSK23
was reduced to 1.8 kb withHind III, and the resulting
plasmid was named pGSK231 (Fig. 2).

It is notable that the activities of both GluRA
andd-AAT were detected in the transformedE. coli
WM335 cells. The results indicate thatBacillus
sp. SK-1 contains both GluRA andd-AAT genes. Ear-
lier studies have indicated thatBacillus strains syn-
thesized-glutamate byd-AAT [19,20]and lactic acid
bacteria by GluRA[3,21,22]. Thus, it is interesting to
note thatBacillus sp. SK-1 contains both of the dis-
tinct genes in the same manner asS. haemolyticus[8].

3.2. DNA sequence and primary structure
of Bacillus GluRA

The DNA sequence of the GluRA gene in the plas-
mid pGSK231 was analyzed (Fig. 3). The sequences
show the predicted start codon, TTG, the SD sequence
(GAGG) in 12 bases up-stream from the start codon,
and typical promoter sites such as−10 (AAAACT)
and−35 (TTGTCT). The open reading frame (ORF)
consists of 792 bases encoding a protein of 264
amino acids. To confirm the start codon, the first 20
N-terminal amino acid sequence of the recombinant
GluRA gene was determined by automated Edman
degradation. The analyzed amino acid sequences are
very consistent with those deduced from the DNA
sequence and indicate that the first TTG codon serves
as a start codon of GluRA.
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Fig. 2. Cloning of the glutamate racemase gene from a thermophilicBacillus sp. SK-1. The closed bars indicate the structural gene of the
thermostable glutamate racemase.

The amino acid sequence deduced from the SK-1
GluRA gene was compared with those found in other
bacteria (Fig. 4). SK-1 GluRA shows 59.6% homology
to that ofB. pumilis[9], 50.8% to that ofS. haemolyti-
cus [8], 43.0% to that ofA. pyrophilus[11], 37.0%
to that ofLactobacillus fermentum[3], and 31.8% to
that ofE. coli [7]. The homologous regions were clus-
tered, and two cysteine residues (Cys72 and Cys183)

were found in these clusters, which is a common fea-
ture reported in other studies[4].

3.3. Expression and purification of glura
in recombinant Escherichia coli

The recombinantE. coli cells containing pGSK23
revealed 0.025 U mg−1 of GluRA activity in crude
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Fig. 3. Nucleotide sequence of the gene encodingBacillussp. SK-1 glutamate racemase. The nucleotide numbering begins at the start codon,
TTG. The deduced amino acid sequence is shown beneath the corresponding codons. The underlined amino acid sequence was determined.

extract (Table 1). Addition of isopropyl-�-d-thiogalac-
topyranoside (IPTG) to the culture did not affect the
activity level of this enzyme, indicating that the en-
zyme was produced constitutively in the recombinant
cells due to the functional promoter driven fromBacil-
lussp. SK-1. The production of GluRA in the recombi-
nantE. coli cells was also indicated by the appearance
of a thick protein band at the position corresponding to
molecular weight 29,000 on SDS-PAGE (Fig. 5). In-
terestingly, neither GluRA activity nor a notable pro-
tein band at molecular weight 29,000 on SDS-PAGE

was detected in the crude extract ofBacillussp. SK-1,
indicating that GluRA is not at all expressed or ex-
pressed at an extremely low level. In contrast, the crude
extract ofBacillus sp. SK-1 showed 0.02 U mg−1 of
d-AAT activity throughout the growth stages, suggest-
ing that strain SK-1 would obtaind-glutamate via a
route involvingd-AAT activity.

GluRA expressed in the recombinantE. coli was
purified from crude extract in three steps that included
a heat treatment and two chromatographic procedures
(Table 1 and Fig. 5). The heat treatment increased
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Fig. 4. Comparison of deduced amino acid sequences ofBacillus sp. SK-1 glutamate racemase with those of glutamate racemases fromA.
aerolicus, B. pumilus, E. coli, L. fermentumandS. haemolyticus. Identical regions containing the essential cysteine residues were indicated
in the boxes. Other identical amino acid sequences were indicated by asterisks.

Table 1
Purification of thermostable glutamate racemase fromE. coli WM335 carrying pGSK23

Step Total protein (mg) Total activity (unit) Specific activity (U mg−1) Yield (%)

Cell extract 1200 30.0 0.025 100
Heat treatment 252 25.0 0.100 83
Resource Q 37 13.7 0.370 46
Phenyl sepharose 29 12.2 0.420 41



230 H.-S. Bae et al. / Journal of Molecular Catalysis B: Enzymatic 17 (2002) 223–233

Fig. 5. SDS-PAGE analysis ofBacillus sp. SK-1 glutamate race-
mase at different stages of purification. Lane M, molecular weight
markers; lane 1, crude extract ofE. coli WM335 harboring
plasmid pGSK23; lane 2, soluble fraction of crude extract af-
ter heat treatment at 55◦C for 30 min; lane 3, the partial puri-
fied enzyme after Resource Q column chromatography; lane 4,
the purified glutamate racemase after phenyl sepharose column
chromatography.

the purity by four-fold by removing the thermolabile
E. coli proteins (Table 1). The homogeneous enzyme
was obtained by further purifying the heat-treated en-
zyme solution with a resource Q column chromatogra-
phy and a phenyl sepharose column chromatography.
From 10 g of wetE. coli cells, we obtained 29 mg of
a homogeneous enzyme with an overall yield of 41%
(Table 1). The specific activity of the purified GluRA
was 0.42 U mg−1. On the basis of the specific activity
of the purified GluRA compared with the activity in
a crude cell extract, GluRA produced in the recom-
binant E. coli was calculated to be 10% of the total
soluble cell protein.

3.4. Physicochemical properties of GluRA

As shown inFig. 5(lane 4), the homogeneously pu-
rified GluRA revealed a molecular weight of 29,000
on SDS-PAGE, which is quite consistent with the
value calculated from the deduced amino acid se-
quence (29,386). On a gel filtration chromatography in
the absence of denaturants, the enzyme also showed a
molecular weight of 29,900 indicating that the GluRA
is a monomeric protein.

The GluRA did not lose its activity after dialysis
against a 50 mM potassium phosphate buffer (pH 7.2).

The addition of pyridoxal 5′-phosphate (PLP), nicoti-
namides, or flavins up to 1 mM did not affect the en-
zyme activity. The spectrophotometric analysis of the
purified enzyme did not show a characteristic absorp-
tion between 330 and 420 nm. These results suggest
that the enzyme does not require PLP or other cofac-
tors for its activity.

The catalytic constants of the enzyme were mea-
sured at 55◦C using d-glutamate orl-glutamate
as a substrate. In the conversion ofd-glutamate to
l-glutamate, theKm, Vmax, andkcat values were de-
termined as 1.07 mM, 0.13 mM min−1, and 0.36 s−1,
respectively. In the conversion ofl-glutamate to
d-glutamate, theKm, Vmax, andkcat values were de-
termined as 0.59 mM, 0.59 mM min−1, and 1.50 s−1,
respectively.

3.5. Effects of pH and temperature on stability

To determine the thermostability ofBacillus
sp. SK-1 GluRA, the purified enzyme was incubated
at various temperatures for 30 min, and the remain-
ing activity was measured. As shown inFig. 6A, the
enzyme was fully stable after incubation at 30–55◦C
and maintained 60% of its original activity after in-
cubation at 60◦C. However, more than 90% of the
original activity was lost after incubation at 65–70◦C.
The stability of the enzyme against pH was also
determined by measuring the residual activity after
incubation of the enzyme at pH 4.0–11.5 and 55◦C
for 60 min. The enzyme maintained above 95% of
its original activity after incubation at pH 6.0–11.5
(Fig. 6B). When the enzyme was incubated at pH
4 and 5, it lost 30 and 12% of the original activity,
respectively.

Recently, a thermostable GluRA from a hyperther-
mophilic bacterium,Aquifex pyrophilus, was studied
[11]. TheA. pyrophilusGluRA was stable after incu-
bation at 60◦C and retained 50% of the original ac-
tivity after incubation at 85◦C in the presence of 1 M
sodium phosphate. The thermostability of the enzyme
is higher than that ofBacillus SK-1. On the other
hand,A. pyrophilusGluRA has a 0.25 s−1 conversion
rate (kcat) from l-glutamate tod-glutamate or from
d- to l-glutamate. Thekcat value is lower than those
of BacillusSK-1 GluRA (0.36 s−1 for the conversion
from d- to l-glutamate, and 1.5 s−1 for the conversion
from d- to l-glutamate).
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Fig. 6. Effect of temperature (A) and pH (B) on the stability ofBacillus sp. SK-1 glutamate racemase. The enzyme was incubated at a
different temperature in a 50 mM Tris–HCl buffer (pH 7.5) for 30 min. The enzyme was also incubated at 55◦C for 60 min in buffers
(50 mM) with a different pH, an acetate buffer (�), a Tris–HCl buffer (�), and a borate buffer (�).

3.6. Production ofd-phenylalanine in a
multi-enzyme system

The Bacillus SK-1 GluRA was employed into the
multi-enzyme system composed of four enzyme reac-
tions (Fig. 1) for the production ofd-phenylalanine.

Fig. 7. Production of D-phenylalanine (�, �) by successive feeding of phenylpyruvate (�, �) in the multi-enzyme system withBacillus
SK-1 GluRA (�, �) or E. coli GluRA (�, �). The result from the multi-enzyme system withE. coli GluRA was adopted from[14].
The initial ammonium formate concentration was 1.0 M and the phenylpyruvate was intermittently added as described in text.

Fig. 7 shows the conversion of phenylpyruvate
to d-phenylalanine in the multi-enzyme system.
Phenylpyruvate was intermittently fed into 10 ml
standard reaction mixture in order to keep its concen-
tration below 50 mM at 37◦C. The d-phenylalanine
production was compared with the result obtained
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previously from the multi-enzyme system with
E. coli GluRA [14]. By running the multi-enzyme
system for 35 h, 58 g l−1 of d-phenylalanine was
produced from the equimolar amount of phenylpyru-
vate supplemented. This productivity is higher than
that in the multi-enzyme system withE. coli GluRA
(48 g l−1), which is due to an increased enzyme
amount as indicated by the more rapid initial con-
version rate. It is notable that the initial production
rate of d-phenylalanine gradually decreased as the
incubation time increased, which suggests that an en-
zyme(s) was inactivated during the operation of the
multi-enzyme system. To determine the stability of
four enzymes used at 37◦C, each enzyme was incu-
bated at 37◦C for 10 h and the remaining activity was
determined. GDH lost its activity more than 50% after
10 h incubation at 37◦C whereas other three enzymes,
GluRA, d-AAT, and FDH retained their activities
more than 85%. The result indicates that the de-
crease ofd-phenylalanine production rate found in the
multi-enzyme system is attributable to the instability
of GDH.

4. Conclusion

We found a GluRA gene in a thermophilicBacil-
lus species SK-1. The gene was over-expressed in
recombinantE. coli up to 10% of the total solu-
ble protein of the cells although its expression was
not demonstrated in stain SK-1. The gene product,
GluRA, has thermostability after incubation at 55◦C
and pH stability in the range of 6.0–11.5 (Fig. 6).
Thermostability makes it possible to obtain highly
purified GluRA fromE. coli proteins with a simple
heat-treatment procedure. TheBacillus SK-1 GluRA
was employed in the multi-enzyme system for the
production of d-phenylalanine at 37◦C. After run-
ning the multi-enzyme system for 35 h, 58 g l−1 of
d-phenylalanine was produced from an equimolar
amount of phenylpyruvate. During the operation of
the multi-enzyme system,d-phenylalanine production
rate gradually decreased because of the inactivation of
GDH. Of four enzymes used in the multi-enzyme sys-
tem, three enzymes, the thermostableBacillus SK-1
GluRA, the thermostabled-AAT from a thermophilic
Bacillus sp. YM-1 [23] and FDH fromCandida boi-
dinii (Boehringer Mannheim, Germany), showed a

high stability at 37◦C while GDH from bovine liver
(Boehringer Mannheim, Germany) showed a rela-
tively low stability. Thus, instability of GDH is a
critical point for the production ofd-amino acids such
asd-phenylalanine in the multi-enzyme system. Our
next strategy for improving the multi-enzyme system
is to replace GDH with a new thermostable GDH.
Recently, we have found a gene encoding GDH in
a commensal thermophile,Symbiobacterium toebii,
which was isolated from a soil sample[24]. Stud-
ies on the production of the thermostable GDH and
its application in the multi-enzyme system will be
carried out.
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