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Abstract

We screened new microorganisms having deracemization activity of�-amino acids and isolated some active strains. Whole cells of these
strains were capable of inverting the chirality of 4-chlorophenylalanine fromd- to l-configuration. In particular,Nocardia diaphanozonaria
JCM 3208 exhibits the deracemization activity towards wide variety of�-amino acids, such as phenylglycine and 2-aminoheptanoic acid.
Examination of the time course of the reaction revealed that�-keto acid was produced as the key intermediate. In addition, mechanistic studies
using cell-free extract suggested that deracemization process is realized by two enzymatic reactions;d-stereoselective oxidative deamination
reaction andl-selective transamination reaction. Finally, we could establish the reaction conditions utilizing the cell-free system to proceed
t
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he deracemization of phenylalanine, which was degraded when the whole cells were used as the biocatalyst.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The preparation of optically active compounds has been
ttracting much attention because chirality is essentially im-
ortant for the physiologically active compounds. There have
een known a variety of chemical and enzymatic methods

or this purpose. Among them, deracemization reaction is an
nique and promising biotransformation due to its novelties
nd environmental friendliness, because this process gives
ptically active compounds starting from the corresponding
acemates without changing the chemical structures. Thus,
n theory, enantiomerically pure compounds are obtained in
00% atom efficiency. Although, the term “deracemization”

s not so familiar at present, this process has become attract-
ng attention in the biotransformation filed through some pio-
eering works[1]. Recently, we reported the deracemization
eaction of�-methyl carboxylic acids using an actinomyces
ocardia diaphanozonariaJCM 3208[2]. This process has
een estimated to involve a racemization reaction of an inter-

∗

mediate, which was derived from one enantiomer. Thu
biotransformation can be said as “enantioselective racem
tion” as a whole (Scheme 1).

In this paper, we would like to report another trick, i
enantioselective inversion of configuration. In the pre
study, to widen the usefulness of deracemization techn
we have screened and isolated many kinds of novel mic
ganisms having the phenylalanine deracemization act
These strains were capable of deracemizing the wide va
of other�-amino acids. Because of the novelty of this b
conversion, we could access little information about tra
the history of�-amino acid deracemization. About 40 ye
ago, Chibata et al. reported the enantioselective isomeriz
reaction of phenylalanine[3]. In 2000, Hasegawa et al. d
scribed metabolic stereoselective chiral inversion of leu
in vivo system of rat[4]. In both reports, the authors su
gested a two-step reaction mechanism via an interme
�-keto acid, to achieve the deracemization (Scheme 2).

It is an interesting question whether the strains isolate
our study also realize the deracemization by the same
tion pathways. From the investigation using whole cells
Corresponding author. Tel.: +81 45 566 1703; fax: +81 45 566 1551.

E-mail address:hohta@bio.keio.ac.jp (H. Ohta). cell-free extract, we could clarify that the present deracem-
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Scheme 1. Enantioselective racemization to realize the deracemization
reaction.

Scheme 2. Enantioselective inversion of configuration to realize the der-
acemization reaction.

ization was also achieved via the combination of two enzy-
matic reactions, i.e.,d-selective deamination andl-selective
transamination. Moreover, we have succeeded to establish the
reaction conditions under which the deracemization reaction
of phenylalanine and phenylglycine proceeded in high effi-
ciency by the addition of artificial cofactors to the cell-free
systems.

2. Materials and methods

2.1. Materials and microorganisms

4-Chlorophenylpyruvic acid [5] and 2-oxo-3-
methylbutanoic acid [6] were prepared according to
the procedure described in literatures. All other chemicals
were commercially available and used without further
purification. l-Phenylalanine dehydrogenase (l-PheDH,
origin; Sporosarcinasp.) was purchased from Wako Pure
Chemical Industries, Ltd.

The microorganisms which were used in this experiment
were as follows:N. diaphanozonariaJCM 3208,Sinorhizo-
biummelilotiNBRC 14782 or ATCC 51124,Mesorhizobium
loti MAFF 303099,Streptmyces roseusNBRC 12818,Strep-
tomyces coelicolorIAM 1023, Pseudomonas chlororaphis
NBRC 3521,Pseudomonas oxalaticusNBRC 13593, and
Pseudomonassp. KU 2071.Pseudomonassp. KU 2071 was
isolated from soil, which was numbered as soil isolate No. 9
(Table 1, entry 9).

2.2. Analytical

The concentration of the�-amino acid in the reaction mix-
ture was measured by TNBS method[7] or HPLC, which per-
formed with a COSMOSIL 5C18-ARII (150 mm× 4.6 mm)
c were
d ng an
i t
a tion
t and
1 s
d
B tion
r LC,
w SIL
5 ex-

Table 1
Deracemization of�-amino acids

Entry Strain ee

4-C

1 N. diaphanozonariaJCM 3208d >99
2 S. melilotiNBRC 14782d >99
3 S. melilotiATCC 51124d 98
4 M. loti MAFF 303099f 94
5 S. roseusNBRC 12818d 95
6 S. coelicolorIAM 1023d 70
7 P. chlororaphisNBRC 3521d 99
8 P. oxalaticusNBRC 13593d 99
9 Pseudomonassp. KU 2071 (soil isolate No. 9)g 95

a 4-Chlorophenylalanine.
b 2-Aminoheptanoic acid.
c Tert-leucine.
d The wet cells from 10 mL medium were resuspended in 10 mL KPB con h at 30
e The deracemization reaction did not proceed.
f The wet cells from 100 mL medium were resuspended in 10 mL KPB con h at 30

B conta at 30
g The wet cells from 10 mL medium were resuspended in 5 mL KP
olumn at room temperature, and the compounds
etected at 254 nm. Separation was achieved employi

socratic mobile phase consisting H2O/acetonitrile (20/1) a
flow rate of 0.5 mL/min. Under these conditions, reten

imes of phenylglycine and phenylalanine were 6.9
3.9 min, respectively. The concentration of�-keto acid wa
etermined by derivation to 2,4-dinitrophenylhydrozone[8].
enzoylformic acid, which was formed by the deamina

eaction of phenylglycine, was also detected on HP
hich was performed with the above-mentioned COSMO
C18-ARII column. Separation condition was the same

(%)

l-Phea Phenylglycine C7b Tert-Leuc

>99 97 75
N.P.e 28 N.P.e

>99 – –
42 – –
38 56 N.P.
N.P. – –
– – –
– – –
>99 – –

taining 1 mg/mL racemic substrate and incubated with shaking for 48◦C.

taining 1 mg/mL racemic substrate and incubated with shaking for 144◦C.
ining 1 mg/mL racemic substrate and incubated with shaking for 24 h◦C.
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cept for the mobile phase, which was H2O/acetonitrile/TFA
(2/1/0.1%). Under these conditions, phenylglycine and ben-
zoylformic acids were eluted in 6.8 and 9.5 min, respectively.
The enantiomeric excess (ee) of the product was deter-
mined by a Chiralpack WM (250 mm× 4.6 mm) column or a
Crownpack CR(+) (150 mm× 4.0 mm) column. Protein con-
centration was determined by the method of Bradford[9] with
the protein assay kit (Bio-Rad Laboratories, Inc., Hercules,
CA, USA), and bovine serum albumin (BSA) was used as the
standard.

2.3. Screening of microorganisms

Microbial strains were obtained from the glycerol stock
cells in our laboratory or isolated from soil in Japan. Soil
microorganisms were screened in minimald-phenylalanine
medium, which consisted of glycerol (0.2 g), (NH4)2HPO4
(5 g), d-phenylalanine (5 g), yeast extract (0.2 g), Na2HPO4
(10 g), K2HPO4 (2 g), MgSO4·7H2O (0.3 g), FeSO4·7H2O
(10 mg), ZnSO4·7H2O (8 mg), MnSO4·7H2O (8 mg) and
1000 mL of distilled water (pH 7.2). Soil samples were added
to this medium (10 mL) and the mixture was shaken for 7 days
at 30◦C. This broth (100�L) was added to the fresh medium
(10 mL) and cultured again for 7 days. After three times rep-
etition of this operation, the broth was spread on an agar
p rown
w tivity.
T ssay,
i tion
o Co.
L tive,
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d xidase
r wed
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n u-
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t as
P as
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d ere
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f of
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p mM
E d
c plate
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l lfate

and 1.7% agar), to which 0.5 unit ofl-PheDH was applied
before use, and incubated for 2 h at 30◦C. When the enzyme
system of the original cells convertedd-phenylalanine to its
l-isomer, then the sample turned blue due to the oxidation of
l-phenylalanine to phenylpyruvic acid.

2.4.2. HPLC assay
Each isolated strain was cultured with shaking in 10 mL

of the medium, which was used before for the growth of
N. diaphanozonaria[2] for 48 h at 30◦C. The cells were
harvested and washed with 100 mM KPB (pH 7.0). This wet
cells were resuspended in 5 mL of KPB containing 1 mg/mL
of �-amino acid. After shaking for 24 h at 30◦C, the ee of
the product was determined by HPLC.

2.5. Preparation of the cell-free extract

The microorganism was cultured with shaking in 10 mL
of the above-mentionedN. diaphanozonariamedium[2] for
48 h at 30◦C. This pre-cultured cells were then added to
90 mL of the fresh medium, and the mixture was shaken
for further 24 h. The cells were harvested and washed with
100 mM KPB (pH 7.0). These wet cells were resuspended
in 10 mL of ice-cooled 100 mM MOPS-NaOH buffer (pH
7.25) containing 1 mM DTT. The cells were disrupted by
F ation
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late consisting of the same components. The colonies g
ere picked up and assayed for the deracemization ac
he activity of each strain was measured in two-step a

.e., plate color assay followed by HPLC assay. Identifica
f soil isolate No. 9 was carried out at NCIMB Japan
td. (Shimizu, Japan). The strain No. 9 was gram-nega

ormed rods, non-spore-forming, and without flagella. It p
uces no acid and gas from glucose. Both catalase and o
eaction were found to be positive. Type of 16S rDNA sho
hat soil isolate No. 9 is closely related toPseudomona
itroreducens(99.6% homology) andPseudomonas pse
oalcaligenesspp. pseudoalcaligenes(98.1%). Based o

hese results, the soil isolate No. 9 was identified
seudomonassp. and registered to our stock culture
U 2071.

.4. Deracemization activity assay

.4.1. Plate color assay using whole cell system
Deracemization activity was detected by the genera

f l-phenylalanine fromd-isomer utilizing the enantiosele
ive deamination reaction catalyzed byl-phenylalanine dehy
rogenase (l-PheDH). Streaked cells on an agar plate w

ransferred to the Hybond-N+ membrane. After incubatio
or several hours at 30◦C, membrane was treated with 5 mL
solution of lysozyme hydrochloride (20 mg/mL) in 50 m
otassium phosphate buffer (KPB, pH 7.0) containing 1
DTA and incubated for 2 h at 37◦C. The cells were lyse
ompletely. This membrane was transferred to an assay
20 mM d-phenylalanine, 5 mM NAD+, 0.3 mg/mL nitrob
uetetrazolium chloride, 0.05 mg/mL phenazine metasu
rench press. The cell debris were removed by centrifug
15,000 rpm, 10 min), and dialyzed in MOPS-NaOH bu
vernight. This cell-free extract was used without further
ification for the mechanistic investigation of deracemiza
eaction. Protein concentration was 4.8 mg/mL (S. melilot
TCC 51124) and 3.2 mg/mL (Pseudomonassp. KU 2071)

.6. Enzymatic assay

.6.1. d-Amino acid deaminating activity assay using
he cell-free extract

The activity of d-amino acid oxidation was me
ured spectrophotometrically by the reduction of
ichlorophenolindophenol (DCIP) at 600 nm in the prese
f N-methylphenazonium methosulfate (PMS) accordin

he report by Tsuchiya et al.[10]. The assay mixture co
ained 50 mM KPB (pH 7.0), 2.4 mMd- or l-phenylalanine
.24 mM DCIP, 0.24 mM PMS and 50�L of the cell-free
xtract in a total volume of 1 mL.

.6.2. Aminotransferase activity assay using the
ell-free extract

The activity of aminotransferase was determined by
onversion of�-keto acid to the corresponding�-amino acid
he assay mixture containing 1.2 mM�-keto acid, 6.7 mM
mino donor (for example,l-glutamic acid), 0.6 mM PLP
nd 100�L of the cell-free extract in a total volume of 1 m
f 100 mM Tris–HCl buffer (pH 8.5) was incubated for 1
t 30◦C. The�-amino acid resulting from the�-keto acid
as determined by HPLC.
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2.6.3. Microbial deracemization of�-amino acids using
the cell-free extract

The reaction conditions of deracemization of phenylala-
nine were as follows. A mixture of 1.2 mMd-phenylalanine
or dl-4-chlorophenyalanine, 0.24 mM DCIP, 0.24 mM PMS,
6.7 mMl-glutamic acid, 0.6 mM PLP, and 100�L of the cell-
free extract in a total volume of 1 mL of 100 mM Tris–HCl
buffer (pH 8.5) was incubated at 30◦C under the light-
shielded condition. After the incubation for appropriate time,
the ee of the product was determined by HPLC.

3. Results and discussion

3.1. Screening ford-phenylalanine degrading
microorganisms

Microbial strains capable of utilizingd-phenylalanine as
the source of carbon were isolated by enrichment culture in
minimal d-phenylalanine medium. The possibilities ofd-
phenylalanine deracemizing activity of these strains were
tested via two steps. First examination was a plate color as-
say. The cell lysete of microorganism was applied on a plate
containingd-phenylalanine andl-PheDH. If the enzyme cat-
alyzed the formation ofl-phenylalanine from itsd-form, the
r i-
m the
c llus-
t

cem-
i To
r d ex-
a rting
f
c raded
g ole
c ation
a vert-
i r
h ondi-

S lanine
d

tions, and thus clear results were obtained. Thus, we have
tried about 50 strains (bacteria, fungi, and actinomycetes).
Among them, nine kinds of strains were chosen for further
investigation of substrate specificity. These strains exhibited
the deracemization activity regardless to the induction byd-
phenylalanine. It may be worthy to mention that although we
have also screened microorganisms having the deracemiza-
tion activity towardl-phenylalanine via the same procedure
as in the case of aiming atd-phenylalanine, no strains were
found so far.

3.2. Substrate specificity ofd–phenylalanine degrading
bacteria

One of the most powerful deracemization activity was de-
tected in an actinomycesN. diaphanozonaria(Table 1, entry
1). We have already reported that this strain has a deracem-
ization ability toward various kinds of�-methyl carboxylic
acids, such as 2-phenylpropanoic acid, 2-aryloxypropanoic
acid, and 2-methyl-3-phenylpropanoic acid[2]. On the other
hand, a kind of fungiCordyceps militarisATCC 341634,
which is known as exhibiting the deracemization activity
for 2-methyl carboxylic acids[11], could not invert the
chirality ofd-phenylalanine and exhibited only thed-isomer-
degradation activity. To the best of our knowledge,N. di-
a ich
i s,
m la-
n
t ral
a cine
w ism,
n e
w ex-
h
a ain-
l a
b g
t e-2-
c
O
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esultingl-form is oxidized to phenylpyruvic acid with s
ultaneous formation of NADH, which is coupled with

hange of the color of the reaction mixture to blue as i
rated inScheme 3.

In this assay system, however, strains having the ra
zation activity for phenylalanine were also picked up.
emove these strains, we have carried out the secon
mination to measure the ee of the product directly sta

rom enantiomerically pured- or l-phenylalanine anddl-4-
hlorophenylalanine. Because, phenylalanine was deg
radually when it is subjected to the reaction with wh
ells, we measured the ee at the early stage of the incub
nd screened the strains, which have the ability of con

ng the chirality ofd-phenylalanine tol-form. On the othe
and, 4-chlorophenylalanine was stable under these c

cheme 3. Concept of plate color assay for the screening of phenyla
eracemizing microorganisms.
phanozonariais the first example of a microorganism, wh
s capable of deracemizing the two types of substrate�-

ethyl carboxylic acids and�-amino acids. When phenyla
ine was subjected to the whole cells ofN. diaphanozonaria,

hey were rapidly degraded. On the other hand, non-natu�-
mino acid such as 4-chlorophenylalanine and phenylgly
ere added to the whole cell system of this microorgan
o degradation was observed andl-enantiomers of high e
ere recovered in almost quantitative yield. This strain
ibits the deracemization activity for wide variety of�-amino
cids, not only 2-aminoheptanoic acid with a medium ch

ength alkyl substituent, but alsotert-leucine, which has
ulky tert-butyl substituent at�-position. It is interestin
hat cyclic amino acids, such as proline and indolin
arboxylic acid, were not affected byN. diaphanozonaria.
ther microorganisms could also deracemize�-amino
cids as shown inTable 1. Although, previously reporte
henylalanine deracemizing microorganisms were a kin
acterium and actinomycetes, such asPseudomonassp.[3],
e have discovered new types of microorganismsS. melilot

entries 2, 3) andM. loti (entry 4). These strains were a gro
f the nitrogen-fixing symbiotic bacteria and exhibited
igh deracemization activities toward phenylalanine de

ives as well. It is interesting that while the strain AT
1124 (entry 3) had the deracemization activity towardd- or
l-phenylglycine, the strain NBRC 14782 (entry 2) dose
ccept this compound. Moreover, almost all the soil str
ave deracemization activity only toward phenylalan
erivatives,Pseudomonassp. (entry 9) alone could acce
ot only phenylalanine but also phenylglycine as
ubstrate.
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3.3. Mechanistic investigation using the whole cell
system

From the early studies, it is supposed that microbial
deracemization of�-amino acid was realized by the combi-
nation of two enzymatic reactions,d-selective deamination
followed by l-selective amination[3,4]. If this supposition
is true,�-keto acid will be formed as the key intermediate.
Thus, we tried to detect this intermediate using the whole
cell system of three kinds of strains,N. diaphanozonaria,
S. meliloti, andPseudomonassp. First, the time courses of
the change of concentrations of compounds in the reaction
mixture were measured. However, when the starting material
is dl-phenylalanine, the rapid degradation proceeded and
no phenylpyruvic acid was detected. On the other hand, in
case of 4-chlorophenylalanine, smart results were obtained
and the chiral inversion process fromd- to l-configuration
was clearly visualized (Fig. 1). Moreover, the corresponding
�-keto acid was detected in the whole cell system ofS.
meliloti andPseudomonassp., although we failed to detect
the same intermediate in the case ofN. diaphanozonaria.
In the case that the substrate wasdl-phenylglycine, the
reaction profile forN. diaphanozonariaandPseudomonas

sp. were similar to those of 4-chlorophenylalanine (Fig. 2).
On the other hand,S. meliloti showed no activity to this
compound (data are not shown).

Next, to clarify the reaction mechanism, 4-chlorop-
henylpyruvic acid was added to the whole cell systems.
All three strains have demonstrated the ability of convert-
ing the �-keto acid tol-4-chlorophenylalanine, and nod-
4-chlorophenylalanine was detected in the reaction mixture
(Fig. 3). Among these three strains,N. diaphanozonariahave
the highest ability for the amino acid production. Although
the corresponding�-keto acid was not detected in the re-
action mixture in the case ofN. diaphanozonaria, probably
because of this high amination activity, it is clear that the cor-
responding�-keto acid is the important intermediate of chiral
inversion process. Thus the deracemization reaction is con-
sidered to be realized by the combination of two enzymatic
reactions.

3.4. Cofactor requirement in the cell-free systems

From the mechanistic investigation using the whole cell
systems,�-keto acid is supposed to be an important inter-
mediate in the course of the chiral inversion process. Thus

F
P
(
(

ig. 1. The change of 4-chlorophenylalanine concentration in the reaction
seudomonassp. KU 2071. The cells harvested from 100 mL medium were re

1 mg/mL) in a 500 mL shaking culture (Sakaguchi) flask. The flask was shake
�) 4-chlorophenylpyruvic acid; (�) total concentration of above three compou
mixture. (a)N. diaphanozonariaJCM 3208; (b)S. melilotiNBRC 14782; (c)
suspended in 100 mL of 100 mM potassium phosphate buffer with the substrate
n at 30◦C. Symbols: (©) d-4-chlorophenylalanine; (�) l-4-chlorophenylalanine;
nds.
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Fig. 2. The change of phenylglycine concentration in the reaction mixture. (a)N. diaphanozonariaJCM 3208; (b)Pseudomonassp. KU 2071. The cells
harvested from 100 mL medium were resuspended in 100 mL of 100 mM potassium phosphate buffer with the substrate (1 mg/mL) in a 500 mL shaking culture
(Sakaguchi) flask. The flask was shaken at 30◦C. Symbols: (©) d-phenylglycine; (�) l-phenylglycine; (�) 4-benzoylformic acid; (�) total concentration of
above three compounds.

the deracemization is considered to proceed via two enzy-
matic reactions and the most probable possible pathway is
the combination of amino acid oxidation and transamination
or reductive amination. To elucidate this biotransformation
system more clearly, we have examined the two enzymatic
activities separately using cell-free extract. In the case ofN.

diaphanozonaria, however, no deracemization activity could
be detected in the cell-free extract probably because of the
instability of the enzyme system. On the other hand, cell-
free extract ofS. melilotiandPseudomonassp. kept the der-
acemization activity after centrifugation of cell disruption by
French press. When this crude mixture was dialyzed, how-

F
N
w
l

ig. 3. Formation of 4-chlorophenylalanine from 4-chlorophenylpyruvic acid
BRC 14782; (c)Pseudomonassp. KU 2071. The cells harvested from 100 mL
ith the substrate (1 mg/mL) in a 500 mL shaking culture (Sakaguchi) flas
-4-chlorophenylalanine; (�) 4-chlorophenylpyruvic acid; (�) total concentration
using the whole cell system. (a)N. diaphanozonariaJCM 3208; (b)S. meliloti
medium were resuspended in 100 mL of 100 mM potassium phosphate buffer

k. The flask was shaken at 30◦C. Symbols: (©) d-4-chlorophenylalanine; (�)
of above three compounds.
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Fig. 4. The amino acid oxidizing activity of the cell-free systems measured by DCIP method. (a)S. melilotiATCC 51124; (b)Pseudomonassp. KU 2071.
Symbols: (©) d-phenylalanine; (�) l-phenylalanine.

ever, deracemization activity decreased dramatically, which
suggests that this deracemization process needs some cofac-
tors at least for either one step of the two.

3.5. Phenylalanine oxidation activity

To investigate the cofactor requirement of the oxidizing
enzyme system, we studied the effect of the reaction atmo-
sphere using the resting cell system. Even when the reaction
was performed under argon, deracemization reaction pro-
ceeded smoothly and ee of the product exhibited almost the
same value with those obtained under the aerobic conditions
(Table 2). The same results were obtained using the cell-free
system ofS.meliloti. Thus the oxidizing system was revealed
to be O2 independent.

As described above, the enzyme activity of deracemiz-
ing phenylalanine reduced dramatically, when the dialyzed
cell-free extract was used and the electron acceptor of the
oxidation step was not O2. Thus there should be some elec-
tron acceptor in the cell-free extract. In many cases, artificial
electron acceptors could be used for the regeneration of the
cofactor coupled with oxidizing enzymes such as dehydroge-
nase. We tried PMS as an electron acceptor and detected the
reduction of this artificial cofactor by coupling with DCIP
at 600 nm. As shown inFig. 4, d-selective oxidation was
o
P . In
t d.

T
E
c

E

r

1
2
3

T ining
1 r 24 h
a

3.6. Phenylalanine-forming activity from phenylpyruvic
acid

The activity of oxidizingd-phenylalanine was confirmed
by the above experiments. Next, the formation of phenylala-
nine from phenylpyruvic acid was examined. There are two
major possibilities for the formation of phenylalanine from
phenylpyruvic acid, i.e., transamination reaction and reduc-
tive amination reaction. Actually, thel-phenylalanine pro-
duction activity was detected in the cell-free extract ofS.
meliloti andPseudomonassp. in the presence of PLP andl-
glutamic acid. Moreover,l-selective transamination reaction
of phenylalanine to phenylpyruvic acid was observed on the
addition of PLP and�-ketoglutaric acid to the cell-free ex-
tract. In the case ofPseudomonassp., we examined transami-
nation reaction using benzoylformic acid as the acceptor. The
transamination activity increased or at least showed the same
level as that ofl-glutamic acid by the addition of hydrophobic
amino acids, such asl-valine (167%),l-leucine (135%),l-
methionine (81%),l-tryptophan (79%), andl-phenylalanine
(78%). On the other hand, in the reductive amination system
using NH4Cl or urea with NADH or NADPH, no formation
of phenylalanine was observed. Thus, it can be concluded that
the second step of deracemization process is transamination
reaction to�-keto acids.

T
D

E

1
2
3
4
5
6
7
8
9

bserved in the dialyzed cell-free extract ofS. melilotiand
seudomonassp., the former having the stronger activity

he absence of PMS, no reduction of DCIP was observe

able 2
ffect of reaction atmosphere on the deracemization ofdl-4-
hlorophenylalanine

ntry Strain ee (%)

Under aerobic Under A

N. diaphanozonariaJCM 3208 98 >99
S. melilotiNBRC 14782 87 87
Pseudomonassp. KU 2071 91 90

he wet cells from 10 mL broth were resuspended in 10 mL KPB conta
mg/mL racemic 4-chlorophenylalanine and incubated with shaking fo
t 30◦C under Ar or aerobic conditions.
able 3
eracemization reaction using cell-free system ofS. melilotiATCC 51124

ntry Substrate Time (h) pH EAa ee (%)

d-Phe 11 7.0 DCIP, PMS 77 (d)
d-Phe 66 7.0 DCIP, PMS 60 (d)
d-Phe 38 8.5 DCIP, PMS 95 (l)
d-Phe 38 8.5 PMS 95 (l)
dl-4-Cl-Phe 38 8.5 DCIP, PMS 99 (l)
dl-4-Cl-Phe 38 8.5 PMS 99 (l)
d-phenylglycine 23 8.5 PMS, DCIP 29 (l)
d-Phenylglycine 54 8.5 PMS, DCIP 71 (l)
d-Phenylglycine 95 8.5 PMS, DCIP 81 (l)

a Artificial electron acceptor.
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Table 4
The cofactor requirement experiment using the cell-free system ofS. melilotiATCC 51124

Entry Cofactors d-Phe dl-4-Cl-Phe d-phenylglycine

Yield (%) Ee (%) Yield (%) ee (%) Yield (%) ee (%)

1 All a 100 96 (l) 100 >99 (l) 100 29 (l)
2 For transaminaseb 100 7 (d) 98 76 (l) 100 21 (d)
3 For oxidasec 14 72 (l) 51 >99 (l) 45 42 (d)
4 Noned 75 82 (d) 72 56 (l) 81 79 (d)

a DCIP, PMS, PLP,l-Glu.
b PLP,l-Glu.
c DCIP, PMS.
d No cofactors added.

3.7. The estimation of reaction mechanism

So far, the reaction mechanism can be summarized as fol-
lows. These strains formed�-keto acid as the intermediate
during the chiral inversion process via oxidative deamination
reaction. This step is enantioselective, only thed-form be-
ing converted to the corresponding�-keto acid. In addition,
deamination reaction was catalyzed by O2-independent oxi-
dizing enzyme, which accepted PMS as an electron acceptor.
Second step of the chiral inversion process was catalyzed by
aminotransferase. This enzyme worked in the presence of
PLP andl-glutamic acid, and transformed the�-keto acid to
the correspondingl-amino acid. By the combination of these
two enzymatic reactions, deracemization of�-amino acids is
realized as a whole.

3.8. The optimal conditions for deracemization reaction
by the cell-free extract of S. meliloti

Finally, we examined the optimal reaction conditions to
proceed the deracemization reaction in the cell-free systems
of S. meliloti. As expected, under the light-shielded condi-
tion,d-phenylalanine anddl-4-chlorophenylalanine were in-
verted to thel-form in the cell-free extract ofS.melilotiin the
presence of PMS, DCIP, PLP, andl-glutamic acid (Table 3,
e

ded
w due
t ac-
t was
o ased
u not
n tions
w agen
( n of
p itions
a e rate
o nine,
a after
9

t the
d h co-
f

When the cofactors were not added in the assay system, the
deracemizing activity could be detected only slightly (entry
4). On the other hand, in the presence of PLP and glutamic
acid (cofactors for transaminase), the deracemization reac-
tion proceeded more efficiently as shown in entry 2. In the
case thatdl-4-chlorophenylalanine was employed as the sub-
strate, the ee of the resultingl-form was reduced to 70%. The
effect of the absence of cofactors for transaminase was clear
as shown in entry 3. In this case, the yield of�-amino acid
was lower than the case of other. This is because of the ac-
cumulation of�-keto acids due to the inhibition of reductive
amination process owing to the lack of the cofactors for this
step.

4. Conclusion

We have screened and isolated some microorganisms hav-
ing the activity of phenylalanine deracemization. All strains
have the ability to invert the chirality ofd- to l-configuration
and no microorganism was isolated having the opposite se-
lectivity. Among them,N. diaphanozonariaJCM 3208 ex-
hibited the most strong deracemization activity and accepted
wide variety of�-amino acids as substrates. Other strains
also exhibited the deracemization activity for various kinds
o sing
t that
c n of
t
a -free
s cond
s e
a ed
t reac-
t by
t s.

A

arch
F Sci-
e s for
ntries 3 and 5).
In this system, however, no chiral inversion procee

hen the reaction was conducted under light, probably
o the instability of PMS toward light. The pH of the re
ion medium was also important, and the highest activity
bserved at pH 8.5. The rate of reaction greatly decre
nder pH 7.0 (entries 1 and 2). The addition of DCIP is
ecessarily required for the reaction, as the rate of reac
as not affected by the presence or absence of the re

entries 3 and 4, 5 and 6). The deracemization reactio
henylglycine was also realized under the same cond
s those for phenylalanine deracemization, although, th
f reaction was slower compared to the case of phenylala
nd the complete deracemization was not achieved even
5 h incubation (entries 7–9).

As to the cofactor requirement, it became clear tha
eracemization proceeded only in the presence of bot

actors for deamination and transamination (Table 4, entry 1).
t

f �-amino acids. From the mechanistic investigation u
he whole cells and cell-free extract, we have clarified
hiral inversion process was achieved by the combinatio
wo enzymatic reactions. First step is catalyzed byd-amino
cid deaminating enzyme, which worked under the cell
ystems in the presence of artificial electron acceptor. Se
tep is transaminase catalyzedl-amino acid production by th
id of PLP andl-glutamic acid. Finally, we have establish

he reaction conditions to proceed the deracemization
ion of phenylalanine and phenylglycine in high efficiency
he addition of artificial cofactors in the cell-free system
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