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a b s t r a c t

The demand for enantiopure substances, e.g. for pharmaceutical applications or fine chemical production,
continues to increase. This has led to the development of numerous stereoselective synthesis methods.
Nevertheless a large number of chemical syntheses still result in racemic mixtures making a subse-
quent enantioseparation step necessary and thus are restricted to a maximum yield of 50%. Our work
focuses on strategies to overcome this limitation by combining physicochemical separation processes
with enzymatic racemization of the unwanted enantiomer in order to produce enantiopure amino acids.
This paper deals with the production and characterization of a suitable amino acid racemase with broad
substrate specificity (EC 5.1.1.10) from Pseudomonas putida which we cloned into Escherichia coli. Two
enzyme lyophilizates of different purity were obtained from which the crude (CL) was sufficient for the
hiral chromatography
referential crystallization

racemization of methionine (Met) and the pure (PL) was used for asparagine (Asn). Racemization reac-
tions of D-/L-Asn in H2O and D-/L-Met in 95 vol.% 100 mM KPi-buffer, 5 vol.% methanol (MeOH) at different
pH values and temperatures were characterized. The studied range of reaction parameters was chosen in
dependency on planned enantioseparation processes. We found increasing Vmax values when tempera-
ture was risen stepwise from 20 to 40 ◦C for both systems and when pH was shifted from 6 to 8 for the
Met system. The presented results provide the basis for engineering enzyme-assisted physicochemical

es.
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enantioseparation process

. Introduction

Chirality in nature and living systems is of great impact for a
ariety of active compounds interacting with them. The molecular
uilding blocks of life, such as amino acids and sugars that form

eptides, proteins and polysaccharides exist of chiral structures.
hus, optically pure enantiomers are of great interest for the fine
hemical and pharmaceutical industry [1,2]. Despite an increasing
umber of stereoselective synthesis there are still a lot of reactions
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hat lead to racemic mixtures of the desired homochiral products.
he scientific and economic relevance of homochiral substances has
ed to the development of numerous separation techniques based
or example on chromatography [3–5], crystallization [6,7] and
tereoselective biotransformations [8,9] just to mention a few. A
ajor drawback of these resolutions is the yield which is principally

imited to a maximum of 50%. An attractive solution to overcome
his limitation is the combination of a physicochemical separation
rocess e.g. chromatography [10] or preferential crystallization (PC)
11] with an enzymatic process to reracemise the unwanted enan-
iomer [12,13]. In contrast to stereoselective biotransformations,
uch as the reduction of prochiral ketones to optically active alco-
ols [14,15] where only one enantiomer can be produced by a single

iocatalyst, here L- and D-enantiomers can be obtained according
o the chosen process route.

Since enantiopure amino acids (AA) are of great industrial rel-
vance, e.g. L-Met for infusion solutions or food additives (ca.
00 t/year), AA are an interesting substance group for this approach.
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Table 1
Bacterial strains and plasmids used for cloning of AA racemase 5.1.1.10 and transformation into competent cell line.

Strains/plasmids Genotype/phenotype Reference/source
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. coli DH5� supE44 �(lacZYA-argF)U196 (�80�lacZM
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− mB
−) gal dcm (�cIts85

ET22b T7-expression vector for E. coli, PelB signa

herefore we chose to use an already well known amino acid race-
ase with a broad specificity (EC 5.1.1.10) [16] as biocatalyst which
as cloned into E. coli BL21 (DE3). We analyzed kinetic properties
f two differently pure enzyme preparations with respect to racem-
zation of the enantiomers of methionine (Met) and asparagine
Asn). Met, which is a racemic compound forming system and thus
an be enantioseperated by PC [7], has been chosen as possible
ubstrate for the application in an integrated enzymatic racem-
zation process with chromatographic enantioseparation; Asn has
een chosen because it is a suitable substance for enantiosepa-
ation by PC. Bechtold and coworkers [17] recently presented a
etailed characterization of an amino acid racemase from Pseu-
omonas putida DSM 3263 (which is identical to the one used in
ur study) in which they concentrated on the racemization of D-
nd L-Met in organic-aqueous solutions. Our work is focusing on
wo different reaction systems: (1) racemization of D- and L-Met in
5 vol.% 100 mM KPi-buffer (pH 7.0), 5 vol.% MeOH, which has been
hosen suitable for the combination with chromatographic enan-
ioseparation of methionine. (2) Racemization of D- and L-Asn in
2O which can be separated by PC. PC can be an interesting and
ighly efficient method for the optical resolution of conglomerate

orming substances. In contrast to racemic compounds where both
nantiomers coexist in one unit cell, a conglomerate is defined as
mechanical mixture of crystals of both enantiomers [18]. Nev-

rtheless, only a few natural amino acids do belong to the group
f conglomerates such as threonine (Thr) and asparagine [19]. PC
f Thr in aqueous solutions has already been studied in detail by
lsner et al. [11] and others [20,21]. To the best of our knowledge so
ar there is neither published data about preferential crystallization
or about racemization of Asn.

. Experimental

.1. Materials

NaCl and (NH4)2SO4 were obtained from KMF Laborchemie
andels GmbH (Lohmar, Germany), yeast extract and NaH2PO4
ere purchased from Merck (Darmstadt, Germany). Isopropyl-�-
-thiogalactopyranosid (IPTG) and carbenicillin disodium salt were
btained from Carl Roth GmbH (Karlsruhe, Germany), pyridoxal-
′-phosphate (PLP) was obtained from Serva Feinbiochemica
Heidelberg, Germany). Diethylaminoethyl (DEAE) sepharose fast
ow was purchased from Amersham Biosciences (UK). For SDS-
olyacrylamid gel electrophoresis the NuPAGE test kit from

nvitrogen (Carlsbad, CA, USA) and the Precision Plus ProteinTM

tandard Dual Color from Bio-Rad (Hercules, CA, USA) were used.
ltrapure water (Milli-Q by Millipore, Schwalbach, Germany) has
een used exclusively during all procedures. All other chemicals
ere either purchased from Sigma–Aldrich or Fluka (Munich, Ger-
any) and were of the highest available purity.

.2. Cloning and transformation
Bacterial strains and plasmids. The strains and plasmids used are
isted in Table 1. P. putida KT2440 and E. coli DH5� were used
or cloning experiments and E. coli BL21 (DE3) as a heterologous
xpression host for plasmid-encoded racemase (orf PP3722).

l
(
b
s
G

Nelson et al., 2002 [26]
sdR17 recA1 endA1 gyrA96 thi-1 relA1 Woodcock et al., 1989 [27]

Sam7 nin5 lacUV5-T7 gene1) Studier and Moffat, 1986 [28]
ence, Apr Novagen

Media and growth conditions. LB medium was routinely used
o cultivate E. coli strains. Precultures for all experiments were
repared overnight in 5 ml LB medium in glass tubes at 37 ◦C.
lasmid-carrying E. coli cells were selected with 100 �g/mL ampi-
illin.

DNA manipulation and PCR. DNA fragments were amplified
y PCR standard methods. DNA modifying enzymes (Fermentas,
t. Leon-Rot, Germany) were used according to manufacturer’s
nstructions. Plasmid DNA was prepared using the “HiSpeed Plas-

id Midi” kit (Qiagen, Hilden, Germany).
PCR amplification, cloning and expression of racemase. Genomic

NA was isolated from P. putida KT2440 by using the DNeasyTissue-
it (Qiagen). The gene was amplified by PCR. The PCR conditions
sed with Primers aaRaz NdeI up 5′-CAA CAT ATG CCC TTT CGC CGT
CC-3′ and aaRaz XhoI down 5′-TTT CTC GAG TCA GTC GAC GAG TAT
TT-3′ were as follows: initial denaturation 5 min at 98 ◦C, 35 cycles
f 98 ◦C for 45 s, 56 ◦C for 45 s, 72 ◦C for 60 s and a final elongation
0 min at 72 ◦C.

TripleMaster polymerase used in PCR was purchased from
ppendorf (Hamburg, Germany). PCR was performed according to
he manufacturer’s recommendations. The size of the PCR prod-
ct was checked on a 1% agarose gel and the product was excised
rom the gel and purified with a “Perfect Gel-Cleanup-Kit” (Eppen-
orf) used according to the manufacturer’s protocol. The fragment
as digested with NdeI/XhoI and ligated in pET22b which was
ydrolyzed by the same restriction enzymes. E. coli DH5� was
ransformed with the resulting ligation.

Recombinant plasmids were identified and further character-
zed by restriction enzyme digestion. The DNA sequence of the
mplified racemase was verified by DNA sequencing (Sequiserve,
aterstetten, Germany).

E. coli BL21 (DE3) was transformed with the expression plasmid.
single colony was inoculated to LB medium containing 0.4% (w/v)

lucose and 100 �g/mL ampicillin and grown at 37 ◦C on a shaking
ncubator until an optical density at 580 nm of 0.5 was reached.
PTG was then added to a final concentration of 0.4 mM for induc-
ion of expression. The induced cells were incubated at 37 ◦C for
h and harvested by centrifugation at 14,000 rpm for 15 min. The
xpression was analyzed by SDS-PAGE.

.3. Fermentation of recombinant E. coli BL21 (DE3)

E. coli BL21 (DE3) was grown in a modified LB medium con-
aining 0.5% (w/w) trypton, 0.25% (w/w) yeast extract, 0.25% (w/w)
aCl, 0.025% (w/w) MgSO4 heptahydrate, 0.013% (w/w) NaH2PO4,
.5% (w/w) D(+)-glucose monohydrate and 50 �g/mL carbenicillin
isodium salt. A 50 mL preculture was grown for 6 h at 37 ◦C and
00 rpm in a 250-mL shaking flask after inoculation with 1 mL of
he cryoculture (stored at −80 ◦C). 5 times 200 mL of aforemen-
ioned LB medium in 1 L shaking flasks were inoculated with 10 mL
f the preculture to yield a volume of about 1 L starting culture for

arge scale fermentation. The starting culture was grown over night
18 h) at 27 ◦C and 200 rpm until it reached an OD600 of 4.7. A fed-
atch fermentation was performed in a process-controlled stainless
teel bioreactor (Chemup, Richard Stihler GmbH & Co KG, Lahr,
ermany) with a working volume of 30 L (pH 7.0, 500 rpm, 37 ◦C).
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Table 2
Specific activities and yields of crude lyophilizate, resuspended precipitate and lyophilizate of pooled active DEAE chromatography fractions. Specific activities were measured
at 35 ◦C and an initial substrate concentration of 200 mM L-Asn in H2O.

Step Mass/volume Protein concentration Specific activity [U/gprot] Total activity [U] Yield
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rude lyophilizate 10,000 mg 77%
NH4)2SO4-precipitation 27.5 mL 69.7 mg/
EAE chromatography and lyophilization 175 mg 68%

herefore 20 L of LB medium (as described above but containing 2%
w/w) D(+)-glucose monohydrate and 0.02 vol.% antifoam in addi-
ion) were fed into the reactor and inoculated with 1 L starting
ulture. The expression of the recombinant amino acid racemase
as induced with 100 �mol/L IPTG after 3 h when the fermentation
roth reached an OD600 of about 5.5. After induction D(+)-glucose
onohydrate was fed to the fermentation broth (ca. 30 g/h) and the

emperature was decreased to 27 ◦C. After 24 h 750 g cells (biowet-
ass, BWM) were harvested by centrifugation (20 min, 15,000g,
◦C) and washed with 0.85% NaCl.

.4. Purification of racemase

The overproduced racemase was released from the cytosol of
. coli BL21 (DE3) by ultrasonic cell-disruption in a continuous
ow-cell sonifier (Branson W250, Danbury, CT, USA) from a 20%
w/w) cell suspension in 10 mM KPi-buffer, pH 7.0 (containing
0 �M PLP and lysozyme from hen egg white) at 4 ◦C. Cell debris
ere removed by centrifugation (20 min, 20,000g, 4 ◦C), the super-
atant was frozen portion wise at −20 ◦C, lyophilized for about 48 h
nd stored at 4 ◦C until it was used. A total mass of 93 g of crude
yophilizate (CL) could be obtained.

For further purification 10 g of CL were dissolved in 1000 mL of
0 mM KPi, pH 7.0, and 176.0 g of (NH4)2SO4 (30% saturation) were
dded to the solution. After 30 min the precipitate was removed
y centrifugation (20 min, 10,000g, 4 ◦C) and additional 163.3 g
f (NH4)2SO4 (55% saturation) were added to the supernatant
1008 mL). The now forming precipitate was again removed by cen-
rifugation; the pellet was resuspended in 100 mL of 10 mM KPi,
H 7.0, and filtrated (pore size 0.8 �m). 111 mL of filtrate were
ashed with two volumes of H2O in an Amicon-cell (membrane:

all Omega 10 kDa, A: 41.8 cm2) and afterwards concentrated to
0 mL (all steps were done in an ice bath for cooling).

The concentrate was then applied with a flow of 5 mL/min to a
EAE-sepharose column (5 × 25 cm, operated by ÄKTApurifier from
mersham Biosciences, Uppsala, Sweden) which had been equi-

ibrated with 5 column volumes of 10 mM KPi, pH 7.0. After the
olumn had been washed (10 mL/min) with 2 volumes of the same
uffer but containing 50 mM NaCl, the enzyme was eluted with
he buffer supplemented with 100 mM NaCl. The active fractions,
hich have a specific absorption maximum at 420 nm, emerged

t the beginning of elution and were pooled. The pooled fractions
ere washed with 3 × 90 mL of 10 mM KPi, pH 7.0, in an Amicon-

ell (membrane: Pall Omega 10 kDa, A: 41.8 cm2) and concentrated
o 10 mL. The enzyme solution was then frozen in liquid nitrogen
nd lyophilized. 175 mg of pure lyophilizate (PL) (light yellow pow-
er) were obtained. To prevent a loss of the cofactor PLP during
urification all buffers contained 20 �M of PLP.

.5. Analytics
Enzyme assays were done at 650 rpm in 1.5 mL Eppendorf
eaction vials which were placed in an Eppendorf Thermomixer.
alibrations were performed under assay conditions in the range
f estimated analyte concentrations.

s
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381 2940 100%
560 1074 37%

3703 441 15%

Methionine. Activities for racemization of Met solutions were
easured by following the enantiomeric composition of the reac-

ion medium via HPLC (Crownpak CR(+) column (0.4 cm × 15 cm),
aicel Chem. Ind.; HClO4, pH 2; T = 25 ◦C; 0.6 mL/min, Vinj = 5 �L;
abs = 200 nm). For kinetic studies activities of CL were measured
s follows: 0.1 mg/mL of CL were added to 95 vol.% 100 mM KPi-
uffer, 5 vol.% MeOH, containing L- and D-Met ranging from about
to 200 mM. Initial reaction rates were determined by taking

amples at three points of time. Therefore 100 mg reaction solu-
ion were diluted with 900 mg of HClO4, pH 1.0, to stop the
eaction and analyzed by HPLC to determine their enantiomeric
omposition. The slope of product formation, which was calcu-
ated by linear regression using Microsoft Excel, represents the
nitial reaction rates for the particular substrate concentration.
All samples were taken in duplicate, results represent mean val-
es.)

Asparagine. Kinetic studies of PL were performed in aqueous
- and D-Asn solutions containing approximately between 20 and
50 mM Asn (depending on solubility at certain temperature) with
oncentrations of 0.1 mg PL per mL. Activity assays were done
s described above but analyzed under different HPLC conditions
HClO4, pH 1; T = 0 ◦C; 0.4 mL/min).

A control showed that neither methionine nor asparagine
acemize spontaneously after dilution with HClO4, pH 1 (done by
PLC analysis after 1 h incubation time).

Protein determination. Protein concentrations of both enzyme
reparations were determined at 30 ◦C by a standard Bradford assay
22] using a Shimadzu UV-1601 photometer.

SDS-PAGE. Gel electrophoresis was performed according to the
anufacturer’s instructions using the NuPAGE test kit by Invitro-

en. A total protein loading of about 1 �g for CL and about 0.1 �g for
L each were applied to a gel pocket. A protein standard solution
as applied to a nearby pocket and electrophoresis was performed

t 200 V for 45 min. After developing and incubating the gel, it was
canned with a desktop scanner.

. Results and discussion

.1. Enzyme purification

The recombinant amino acid racemase was purified from E. coli
L21 (DE3) in two independent steps leading to two differently pure
nzyme preparations. Lyophilization of the cell-free protein extract
from 750 g BWM) gave 93 g of crude lyophilizate (CL) with a pro-
ein concentration of 77 wt%. While CL showed no other reactions
n Met than racemization (constant mass balance over several days
etermined by HPLC) it exhibited a so far unidentified side reaction
n Asn that lead to a degradation of the L-enantiomer. Therefore
0 g of CL were further purified as described resulting in 175 mg
f pure lyophilizate (PL) with a protein concentration of 68 wt%.
able 2 summarizes specific activities and yields of the purification

teps. The purified enzyme preparation did not show the aforemen-
ioned side reaction on L-Asn anymore. Fig. 1 shows the SDS-PAGE
rotein band patterns of both preparations. While CL is a mixture
f all proteins present in the cytoplasm of E. coli BL21 (DE3), the
and pattern for PL shows only one sharp band below 50 kDa which



K. Würges et al. / Journal of Molecular Catalysis B: Enzymatic 58 (2009) 10–16 13

Fig. 1. SDS-PAGE of crude lyophilizate (CL), pure lyophilizate (PL) and protein stan-
dard (PS, molecular weights are given in kDa). The protein loading was about 1 �g
f
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Vmax values increase for D- and L-Met racemization with rising
or CL and 0.1 �g for PL. PL exhibits only one sharp band below 50 kDa, while CL
hows a composition of all intracellular proteins. The right lane (-) represents an
mpty lane without any protein loading.

atches the MW of the cloned amino acid racemase (homodimer
f 2× ca. 45 kDa).

.2. Enzyme kinetics

The amino acid racemase which has been used for this work
ollows a reversible three-step Michaelis–Menten mechanism and
ses PLP as cofactor. While no substrate is present, PLP is bound
o a lysine residue in the active site via an internal Schiff-base.

hen a substrate molecule enters the active site, PLP is transferred
rom Lys to the �-amino group of the substrate to form an external
chiff-base. Racemization proceeds then via abstraction of the �-
ydrogen atom to form a quinoid-type carbanion intermediate and
ubsequent reprotonation on the opposite or the original side. A

ore detailed description of the catalytic mechanism can be found

lsewhere [12,23,24].
The racemization can be described by a reversible three-step

echanism where the conversion of the L- to the D-substrate

t
v
h
a

ig. 2. Experimental data for D-methionine racemization with CL shown by symbols.
ines show data calculated by non-linear fitting for racemization of D-Met using Km

nd Vmax shown in Table 3 Solvent: 95 vol.% 100 mM KPi-buffer (pH 7.0), 5 vol.%
eOH.

nzyme complex is pooled into one step:

+ L-AA
k1�

k−1

E(L-AA)
k2�

k−2

E(D-AA)
k3�

k−3

E + D-AA (scheme 1)

ith

m,L = k−1k−2 + k−1k3 + k2k3

k1(k−2 + k2 + k3)
; Km,D = k−1k−2 + k−1k3 + k2k3

k−3(k−1 + k−2 + k2)

here E is the racemase, ki are the reaction rate constants for the
ingle reactions and Km,L/D are the dissociation constants for the
ubstrate/product binding to the enzyme for forward and backward
eactions (under assumption that complex formation is not the rate
imiting step).

From (scheme 1) the reaction rate can be derived as

L = CE · (Vmax /D/Km,D) · CD − (Vmax /L/Km,L) · CL

1 + (CL/Km,L) + (CD/Km,D)
, rD = −rL, (1)

here rD and rL are the reaction rates for the formation of
-AA and L-AA respectively, CE is the enzyme concentration
nd Vmax,L/D are the maximum mass specific reaction rates (in
mol min−1 g−1

enzyme preparation) for the racemization of either L- or
-AA. With approaching the equilibrium condition (racemic com-
osition) the driving force of the reaction (numerator in Eq. (1))
ecomes 0. The Haldane relationship (Eq. (2)) describes the rela-
ion between the equilibrium constant Keq of a reaction and the
orward and backward kinetic constants of the catalyzed reaction.
nder equilibrium conditions Keq must be 1:

eq = CL

CD
= Vmax,D

Km,D
:

Vmax,L

Km,L
= 1 (2)

.2.1. Methionine
Km and Vmax values were determined for the racemization of

- and L-Met solutions with CL in 95 vol.% 100 mM KPi-buffer (pH
.0), 5 vol.% MeOH at T = 20–40 ◦C (with step of 5 ◦C) as well as at
H 6, 7 and 8 at 25 ◦C. Figs. 2–4 show the results of the kinetic
tudies for D- and L-Met racemization. Initial rates were measured
s described above. In all cases less than 5% of the initial enantiomer
oncentration was isomerized to allow for initial rate conditions.
emperature (about 1.5-fold for L-Met from 20 to 40 ◦C) and pH
alues (about 2.5-fold for L-Met from pH 6 to pH 8). Noticeable
ere is the switch of Vmax values for D- and L-Met at pH 8. While
t pH 6 and 7 Vmax(L-Met) is slightly higher than Vmax(D-Met), at pH
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Fig. 3. Experimental data for L-methionine racemization with CL shown by symbols.
Lines show data calculated by non-linear fitting for racemization of L-Met using Km

and Vmax shown in Table 3 Solvent: 95 vol.% 100 mM KPi-buffer (pH 7.0), 5 vol.%
MeOH.
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Fig. 5. Experimental data for D-asparagine racemization with PL shown by symbols.
Lines show data calculated by non-linear fitting for racemization of D-Asn using Km

and Vmax shown in Table 4. Solvent: 100% H2O.
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ig. 4. Experimental data for L- (circles) and D-(squares) methionine racemization
ith CL. Lines show data calculated by non-linear fitting for racemization of L-Met

dotted) and D-Met (full) using Km and Vmax shown in Table 3. Solvent: 95 vol.%
00 mM KPi-buffer, 5 vol.% MeOH, T = 25 ◦C.

Vmax(D-Met) is significantly higher (23%) than Vmax(L-Met) (Table 3).
m values increase only slightly when rising the temperature from
0 to 40 ◦C (follow van’t Hoff relation, [25]) and fell with risen pH
alues.
.2.2. Asparagine
Kinetic parameters were determined for the racemization of

- and L-Asn with PL in H2O at T = 20–40 ◦C (with step of 5 ◦C).
igs. 5 and 6 show the results of the kinetic studies for D- and L-Asn
acemization which were determined as described for methion-
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able 3
inetic data for racemization of D- and L-methionine with CL at different temperatures and
00 mM KPi-buffer, 5 vol.% MeOH.

emperature [◦C] pH Km(D-Met) [mM] V

0 7 25 (±13.0%) 16
5 7 22 (±11.5%) 18
0 7 23 (±10.6%) 2
5 7 30 (±8.9%) 2
0 7 32 (±8.4%) 2
5 6 42 (±14.6%) 11
5 8 28 (±4.5%) 3
ig. 6. Experimental data for L-asparagine racemization with PL shown by symbols.
ines show data calculated by non-linear fitting for racemization of L-Asn using Km

nd Vmax shown in Table 4. Solvent: 100% H2O.

ne. Similar to methionine racemization Vmax values increase with
igher temperatures (about 3.5-fold for L-Asn from 20 to 35 ◦C
nd 5.2-fold for D-Asn from 20 to 40 ◦C). Km values also increase
ignificantly with rising temperatures which indicates a reduced
ubstrate affinity (follow van’t Hoff relation). Values for Vmax(L-Asn)

nd Vmax(D-Asn) strongly differ from each other. This apparent imbal-
nce should be adjusted by a consistent difference of Km values
Eq. (2)). Here this requirement can only be met (excluding val-
es determined at 30 ◦C) when considering the broad error ranges
Table 4). A reasonable explanation for this might be the relatively

pH values. Km and Vmax were calculated by non-linear regression. Solvent: 95 vol.%

max(D-Met) [U/gCL] Km(L-Met) [mM] Vmax(L-Met) [U/gCL]

96 (±3.1%) 31 (±17.0%) 1889 (±4.5%)
92 (±2.6%) 23 (±14.7%) 2150 (±3.3%)

075 (±2.4%) 30 (±15.7%) 2296 (±4.0%)
512 (±3.9%) 39 (±11.6%) 2833 (±3.5%)
668 (±2.3%) 35 (±11.4%) 2847 (±3.2%)
60 (±4.5%) 30 (±22.3%) 1174 (±5.9%)

627 (±1.1%) 20 (±8.7%) 2951 (±1.9%)
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Table 4
Kinetic data for racemization of D- and L-asparagine with PL at different temperatures. Km and Vmax were calculated by non-linear regression. Solvent: 100% H2O.

Temperature [◦C] Km(D-Asn) [mM] Vmax(D-Asn) [U/gPL] Km(L-Asn) [mM] Vmax(L-Asn) [U/gPL]

20 18 (±26.1%) 770 (±4.8%) 30 (±19.3%) 1626 (±5.6%)
25 50 (±33.3%) 1299 (±11.4%) 47 (±19.6%) 2427 (±6.3%)
30 62 (±8.9%) 1881 (±3.1%) 76 (±10.0%) 3930 (±3.9%)
35 66 (±8.2%) 2585 (±2.8%) 101 (±17.5%) 5683 (±7.1%)
40 103 (±8.8%) 4032 (±3.3%) a a

a Due to the high racemization activity for L-Asn at 40 ◦C it was not possible to detect an activity at a substrate concentration where it is close to the expected Vmax (at least
70%) and therefore was not determinable with a tolerable error.
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ig. 7. Relative activity of CL in 95 vol.% 100 mM KPi-buffer (pH 7.0), 5 vol.% MeOH
t 35 ◦C over a period of 24 h.

oor solubility of D-/L-Asn (ca. 290 mM each at 35 ◦C). Due to this,
inetic measurements could not be carried out under substrate sat-
ration conditions (Vmax region) which lead to wide error ranges.
ue to the very high racemization activity for L-Asn at 40 ◦C (about
000 �mol/(min gPL) at initial substrate concentration of 260 mM)

t was not possible to perform a measurement at a substrate con-
entration where the activity is even close to the expected V (at
max

east 70% of Vmax). In this case determined data was afflicted with an
ntolerable error and therefore is not included in the data analysis.
nother reason for aforementioned broad error ranges, namely side
eactions that might have led to an enantiospecific degradation of

M
K
t

ig. 9. Combination of a physicochemical separation process with enzymatic racemiza
nantiomers (right side) can be obtained from this process. A cyclic operation enables a t
ig. 8. Relative activity of PL in 500 mM DL-Asn solution at 35 ◦C over a period of 7
ays.

ne enantiomer, could be ruled out due to constant mass balances.
herefore the calculated kinetic parameters can only be considered
s approximate values. All kinetic parameters are summarized in
able 4.

.3. Enzyme stability
To investigate the enzyme stability in the presence of 5 vol.%
eOH, 5 mg CL were incubated at 35 ◦C in 1 mL 95 vol.% 100 mM

Pi-buffer (pH 7), 5 vol.% MeOH over a period of 24 h. At defined
imes 100 �L of this solution were added to 100 �L of 300 mM L-

tion of the unwanted counterenantiomer. Either L-enantiomers (left side) or D-
heoretical yield of 100% of the target enantiomer (grey).
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et in 95 vol.% 100 mM KPi-buffer (pH 7), 5 vol.% MeOH and initial
eaction rates were determined by HPLC. Fig. 7 shows the relative
ctivities fitted by non-linear regression using Eq. (3) where rrel is
he relative reaction rate giving an inactivation constant ktime of
.0614 h−1 (±8%) and a half-life time t1/2 of 11.3 h (Eq. (4)).

rel(t) = rrel(0) · e(−ktime ·t) (3)

1/2 = ln(0.5)
−ktime

(4)

To investigate the influence of highly concentrated Asn solutions
n the enzyme activity 1 mg PL was incubated at 35 ◦C in 1.5 mL
queous 500 mM DL-Asn solution over a period of 7 days. Initial
eaction rates were determined as described above but with 100 �L
f 200 mM aqueous D-Asn solution as substrate (Fig. 8). Non-linear
egression gave a ktime of 0.0115 h−1 (±5%) and a half-life time of
0.3 h.

The medium composition and temperature of both stability
xperiments were chosen in accordance to the planned reaction
esign for each enzyme preparation. Since CL will be applied in
process which implies chromatography for enantioseparation of
ethionine we determined the stability in the mobile phase (which

lso has to serve as reaction medium). An according experiment
as performed with PL. In this case the reaction medium will be
highly concentrated asparagine solution with only a very small

nantiomeric excess. We simulated this by storing the racemase in
n aqueous 500 mM DL-Asn solution.

. Conclusions

A plasmid containing an amino acid racemase gene was cloned
nto E. coli BL21 (DE3) and overexpressed during a 20-L fed-batch
ermentation. The produced protein shall be used as biocatalyst
n an integrated physicochemical separation process with enzy-

atic racemization. Two differently pure enzyme preparations
ere prepared from cell extract of which one was sufficient for
ethionine racemization but still had impurities which led to

nzymatic asparagine degradation. Further purification yielded in
pure racemase lyophilizate with no side reactions concerning

sparagine as substrate. We have investigated the kinetic param-
ters Km and Vmax for the racemization reactions of methionine
n 95 vol.% 100 mM KPi-buffer, 5 vol.% MeOH and of asparagine
n H2O at different temperatures and pH values with these two
reparations. We showed that Vmax and Km values for both reac-
ion systems increased with temperature. During stability studies

e have determined half-life times of crude lyophilizate in 95 vol.%

00 mM KPi-buffer (pH 7), 5 vol.% MeOH and of pure lyophilizate in
00 mM DL-Asn (each at 35 ◦C). These reaction media and temper-
ture were chosen for prospective reactor design. Further studies
ill concentrate on the reactor design for a combined enzymatic

[
[

[

lysis B: Enzymatic 58 (2009) 10–16

acemization and physicochemical enantioseparation process as
epicted in Fig. 9. One major benefit will be the theoretical possible
ield of 100% of one enantiomer out of a racemic mixture.
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