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ABSTRACT: A solvent engineering approach and an extended fed-batch reaction mode were introduced to increase the activity
and enantioselectivity and alleviate the substrate inhibition of nitrilase BCJ2315 from Burkholderia cenocepacia J2315 toward o-
chloromandelonitrile. Among the seven water-miscible organic solvents tested, ethanol (30%, v/v) demonstrated the highest
reaction conversion (55.7%) and enantioselectivity (enantiomeric excess, 98.2% ee) compared with those of the control [which
did not contain any organic solvent (13% and 89.2%, respectively)] and was thus chosen as the suitable cosolvent. In the
extended fed-batch reaction mode, o-chloromandelonitrile (solubilized in ethanol, 5 M) was continuously fed into the reaction
mixture containing ethanol as cosolvent (20%, v/v) to ensure an optimal reaction rate by adjusting the feeding rate and
simultaneously increasing the enantioselectivity due to the increased concentration of ethanol. Finally, a maximum of 415 mM of
product was produced with an enantiomeric excess value of 97.6% ee. The hydrolysis process was easily scaled up to 2 L,
demonstrating that the described biocatalytic process was rationally designed and could be applied further on an industrial scale.

■ INTRODUCTION

Optically pure 2-hydroxycarboxylic acids, such as (R)-mandelic
acid and its derivatives, are important intermediates with broad
use in the pharmaceutical and the fine chemical industries.1

(R)-o-chloromandelic acid, one of the most important
representatives, is a key intermediate for the preparation of
clopidogrel,2 a highly market-occupied platelet aggregation
inhibitor. Considering the great importance of (R)-o-
chloromandelic acid, numerous biological methods for the
synthesis of (R)-o-chloromandelic acid and its derivatives have
been reported.1a,2 Among these described methods, the
nitrilase-mediated pathway has been proven as a simple and
practical approach for the commercial production of (R)-o-
chloromandelic acid and its derivatives due to the non-
involvement of a cofactor, the cheap starting material in the
form of o-chloromandelonitrile, and the 100% theoretical
manufacture of the target product (Scheme 1).
Although the nitrilase-mediated pathway exhibits great

potential in the production of optically pure (R)-o-chlor-
omandelic acid, the technical usage of nitrilase has still
remained limited.3 The steric hindrance effect and the
insufficient solubility of o-chloromandelonitrile impede the
substrate affinity to nitrilase, resulting in low specificity and
enantioselectivity. Thus, only very few truly enantioselective
nitrilases that could hydrolyze o-chloromandelintrile to
optically pure (R)-o-chloromandelic acid are available.1b,4

Furthermore, the high toxicity of o-chloromandelonitrile also
prevents the efficient production of (R)-o-chloromandelic acid
through the hydrolysis of o-chloromandelonitrile in high
concentrations (>50 mM).2 In recent years, solvent engineering
has been successfully used to enhance the performance of
biocatalysts, such as activity and enantioselectivity.5 Moreover,
the fed-batch mode and the biphasic system have been
successfully used to alleviate the inhibition of the highly toxic

substrate.4a,6 Therefore, a combination of these methods would
be a potential solution to achieve the production of (R)-o-
chloromandelic acid in high concentration and high enantio-
selectivity.
In our previous work, a novel nitrilase BCJ2315 from

Burkholderia cenocepacia J2315 has been discovered using
phylogeny-based enzymatic substrate-specificity prediction.7

This nitrilase is an arylacetonitrilase that could efficiently
hydrolyze mandelonitrile in high concentrations to produce
optically pure (R)-(−)-mandelic acid with high enantioselec-
tivity (98.7% ee). However, BCJ2315 exhibits a relatively low
enantiomeric excess (ee) value of 89.2% toward o-chloroman-
delonitrile due to the steric hindrance effect. In the present
study, a solvent engineering approach and an extended fed-
batch mode are introduced to improve the enantioselectivity
and activity of BCJ2315, and to achieve the efficient production
of optically pure (R)-o-chloromandelic acid in high concen-
tration and high enantioselectivity.

■ RESULTS AND DISCUSSION

Effects of Temperature and pH on Activity and
Enantioselectivity of Escherichia coli M15/BCJ2315. The
effects of temperature and pH on nitrilase activity and
enantioselectivity were investigated in the present study, and
the results are shown in Figure 1.
The effect of temperature, ranging from 20 to 70 °C, on

nitrilase activity and enantioselectivity were investigated (Figure
1a). Nitrilase exhibited its highest activity at 50 °C. When the
temperature was raised to 70 °C, nitrilase fully lost its function
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due to protein denaturation. In the case of enantioselectivity,
temperature exhibited dramatic influence on the enantiose-
lectivity of the reaction. The ee value of the product increased
rapidly with the increase of temperature and reached the
maximum of 96.2% at 60 °C from a starting value of 86.8% at
20 °C. In higher temperature, both the racemization of
unreacted (S)-o-chloromandelonitrile and hydrolysis rate were
accelerated. When the racemization was more rapid than the
hydrolysis, redundant (R)-o-chloromandelonitrile was supplied
to the enzyme, and thus the enantioselectivity was increased.
Enthalpy and entropy were shown to play an important role in
temperature dependence of enzyme enantioselectivity.8 The
enantioselectivity is the result of differences in activation
enthalpy and entropy between the enantiomers. The
contributions of differential activation enthalpy and entropy
to enantioselectivity can be determined by determination of the
temperature dependence of the enantiomeric ratio. Ottosson et
al.8a have carefully studied the temperature dependence of the
enantioselectivity of Candida antarctica lipase B towards
secondary alcohols through a new experimental and molecular
modeling study, giving a better understanding of the role of
enthalpy and entropy on a molecular level.
Nitrilase exhibited its highest activity at pH 8.0 and

demonstrated a wide pH tolerance between pH 6.6 and pH
9.2 (Figure 1b). The activity of the nitrilase sharply dropped
when the pH was below 6.2, reflecting either significantly low
enzyme stability at those pH levels or a critical change in the
ionization status of the active site of the substrate-binding
residues. The pH of the reaction also influences the
enantioselectivity of the reaction. In contrast with the
temperature value, the ee value of the product increased slowly

with the increase in pH at neutral to alkaline pH values. The
results can also be explained by the higher bioavailability of
(R)-o-chloromandelonitrile due to the faster racemization of
the unreacted (S)-o-chloromandelonitrile at high pH levels in
combination with significant residual enzyme activities at the
said pH levels. When the reaction was carried out at either pH
5.2 or pH 5.8, the ee value of the product was only 38.7% or
39.1%, respectively. In acidic conditions, the spontaneous
racemization of the enantiomers of o-chloromandelonitrile was
significantly inhibited,9 and the hydrolysis process was also
inhibited. Both of the steps may affect the enantioselectivity of
the reaction.
Taking stability into account, the whole-cell system at 30 °C

and pH 8.0 should be optimal for the enantioselective
hydrolysis of o-chloromandelonintrile enantiomers. Higher
stability of the enzyme at 30 °C and slightly alkaline pH
provides an excellent opportunity to establish a dynamic kinetic
resolution (DKR) process for the production of (R)-o-
chloromandelic acid from readily available o-chloromandeloni-
trile.

Effects of Solvents on the Activity and Enantiose-
lectivity of E. coli M15/BCJ2315. Recently, organic solvents
have been reported to influence the enantioselectivity of
biocatalysts through the regulation of enantiomer traffic at the
active site.10 Moreover, a number of remarkable achievements
in the field of solvent engineering have been made to
successfully improve enantioselectivity of biocatalysts.11

Although the effect of an organic solvent cannot be reliably
predicted, the addition of such solvents to aqueous medium has
become a useful approach for improving enantioselectivity.
Moreover, the insolubility of the o-chloromandelonitrile in the

Scheme 1. Nitrilase-mediated pathway for producing (R)-o-chloromandelic acid through the hydrolysis of o-
chloromandelonitrile

Figure 1. Effects of temperature (a) and pH (b) on the activity and enantioselectivity of E. coli M15/BCJ2315 toward o-chloromandelonitrile.
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aqueous reaction mixture could escalate the mass-transfer
problem, thereby decreasing the enzymatic reaction rate, which
presents a challenge to enzymatic hydrolysis and hampers the

production of (R)-o-chloromandelic acid in high concentra-
tions. Water-miscible organic solvents in the reaction medium
can enhance the availability of insoluble nitrile substrate to the

Figure 2. Effects of solvents on the activity and enantioselectivity of E. coli M15/BCJ2315 towards o-chloromandelonitrile.
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nitrilase active site, thereby increasing the catalytic effi-
ciency.10,12 Accordingly, seven different water-miscible solvents
[methanol, ethanol, isopropyl alcohol (IPA), dimethyl acet-
amide (DMA), dimethyl formamide (DMF), dimethyl
sulphoxide (DMSO), and tetrahydrofuran (THF)] were used
to test the effects of organic solvents on the reaction conversion
and enantioselectivity in E. coli M15/BCJ2315-mediated
hydrolysis of o-chloromandelonitrile by the addition of the
organic solvents to the aqueous reaction at different
concentrations. The obtained results are shown in Figure 2.
The addition of an organic solvent up to a critical

concentration could enhance the reaction conversion by
increasing the availability of the substrate. However, further
increase in concentration beyond the critical concentration
leads to the decrease in catalytic efficiency of the enzyme,
signifying the occurrence of protein denaturation. Among the
seven tested solvents, methanol and ethanol both exhibited
significant enhancement of reaction conversion below the
critical concentration compared with the control, which did not
contain any organic solvent. The incorporation of either 25%
methanol or 30% ethanol to the reaction mixture enhanced
reaction conversion to 47.3% and 55.7%, respectively,
compared with 13% for the control. While the presence of
other organic solvents increased the activity slightly, the
enhancement of reaction conversion was not that significant.
Below the critical concentration (30%), ethanol demonstrated
the highest reaction conversion among the seven tested
solvents added in the same final concentration.
In the case of enantioselectivity, each of the seven organic

solvents significantly improved the enantioselectivity of nitrilase
within a certain range of concentration added to the reaction
medium. Three of the solvents, namely, methanol, ethanol, and
THF, had a critical concentration below which the
enantioselectivity was improved with the increase of concen-
tration. The critical concentrations were 30%, 30%, and 25% for
methanol, ethanol, and THF, respectively. The enantioselec-
tivity increased with the increase in the concentration of IPA,
DMSO, DMA, and DMF. A critical concentration has not been
observed in the tested concentrations for these four solvents.
The highest enantioselectivity observed are 94.8% (IPA), 95.9%
(DMSO), 96.7% (DMA), and 97.5% (DMF) in the highest
concentration (40%) tested, compared with 89.2% in the
control, which did not contain any organic solvent. Among the
tested solvents, methanol and ethanol demonstrated significant
enhancement of the enantioselectivity in a relatively low
concentration. The highest enantioselectivity observed was
97.8% in 30% methanol and 98.2% in 30% ethanol. With 20%
(v/v) concentration, the enantioselectivity was decreased to
97.1% and 97.6% for methanol and ethanol, respectively. DMF
also showed relatively high influence on enantioselectivity,
whereas the last four solvents exhibited relativity low
enhancement of enantioselectivity compared with methanol
and ethanol, especially at low concentrations (5−10%).
Therefore, with the obtained results, the addition of either
methanol or ethanol was very beneficial to the enhancement of
enantioselecitivity. Ethanol is considered as the more suitable
solvent candidate for the improvement of the enantioselectivity
of the biocatalysts because it exhibited a slightly higher
enhancement than methanol.
Changes in solvent type and concentration were shown to

yield different effects on enzyme enantioselectivity. Various
hypotheses have been proposed to rationalize this phenomen-
on.13 Solvent physicochemical properties, such as polarity,

could influence the enantioselectivity through altering the
molecular recognition process between substrate and enzyme
by modifying the enzyme conformation. In another hypothesis,
solvent could bind within the enzyme active site and interfere
with the association or transformation of one enantiomer more
than that of the other, thus influencing the enantioselectivity.
Moreover, solvent effects on enzyme enantioselectivity could
also contribute to the changes of both differential activation
enthalpy and entropy.14 However, it is likely that the solvent
influences enzyme enantioselectivity through more than one
mechanism.
Stability is another critical factor that must be considered in

choosing the optimal solvent. The stability of the biocatalysts is
dependent on the extent of its exposure to the solvent. In this
regard, the recombinant E. coli M15/BCJ2315 (5 mg of wet
cells) resuspended in sodium phosphate buffer (100 mM, pH
8.0) was mixed with each if the seven different organic solvents
(20%, v/v). The resulting mixtures (5 mL) were shaken at 200
rpm and 30 °C. At different time intervals (2, 4, 6, and 8 h), an
aliquot of each mixture (500 μL) was withdrawn and
centrifuged. The obtained cells were washed with physiological
saline (NaCl solution, 0.9% w/v), diluted 10-fold, and
subsequently used to assay the residual activity toward o-
chloromandelonitrile. The results are shown in Figure 3. The

whole cell demonstrated high tolerance toward the majority of
the tested organic solvents. Moreover, the whole cell showed
the highest tolerance toward DMSO. After 8 h of incubation,
the residual activity was 88.1% compared with the control.
Ethanol demonstrated the second best biocompatibility toward
the whole cell, with a residual activity of 85.1% after 8 h of
incubation. THF and DMA were highly detrimental and
resulted in the immediate deactivation of the biocatalysts.
Particularly, THF resulted in the full deactivation of nitrilase
after 2 h of incubation. Methanol, IPA, and DMF showed
moderate biocompatibility toward the whole cell. Thus, the
“nontoxicity” of ethanol was also an advantage as compared to
that of methanol. Accordingly, taking enantioselectivity, activity,
and stability into account, ethanol was chosen as the most
suitable cosolvent to significantly enhance the properties of E.
coli M15/BCJ2315, especially its enantioselectivity.

Effect of o-Chloromandelonitrile Concentration on
(R)-o-Chloromandelic Acid Production. o-Chloromandelo-
nitrile is highly detrimental to nitrilases, only allowing
transformation to occur in low concentrations (below 50

Figure 3. Organic solvent tolerance of the recombinant E. coli M15/
BCJ2315.
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mM).2 To study the tolerance of E. coli M15/BCJ2315 toward
o-chloromandelonitrile, the transformation reaction was
performed with the use of different concentrations of the
substrate (30−200 mM) in an aqueous system containing 20%
ethanol as cosolvent. The results are shown in Table 1. The

whole-cell system converted up to 50 mM o-chloromandeloni-
trile within 30 min, with 96.3% ee of the product. Increasing the
concentration would result in low conversion due to the
inhibition of the substrate. When 100 mM of the substrate was
used, the concentration of the product reached to 42.3 mM at 6
h of hydrolysis, after which no product was produced. The ee
value of the product decreased to 89.7%. Increasing the amount
of the biocatalyst resulted in the complete hydrolysis of 100
mM of substrate, although with a low ee of 74.3% (data not
shown). When the substrate concentrations were increased to
150 mM and 200 mM, only 17.4 mM and 12.5 mM of the
product were produced in 6 h. Therefore, to obtain a
substantial amount of product, the reaction mode must be
considered.
Extended Fed-Batch Reaction for (R)-o-Chloroman-

delic Acid Production. To obtain higher yields of (R)-o-
chloromandelic acid, an extended fed-batch mode was designed
to alleviate the substrate inhibition. In this mode, o-
chloromandelonitrile was continuously fed into the reaction
mixture, and the feeding rate was adjusted to guarantee the
reaction conversion above 90% and avoid the inhibition of the
substrate at high concentrations. Ethanol (20%, v/v) was used
as cosolvent to provide relatively high reaction conversion and
ee value of the product. With the feeding of o-chloromande-
lonitrile solubilized in ethanol (5 M), the concentration of
ethanol in the reaction increased steadily, and the enantiose-
lectivity of the product and the reaction conversion increased
simultaneously. The obtained results are shown in Figure 4.
The substrate-feeding rate was initially set as 22.6 g/L/h.

Using this feeding rate, the reaction rate was kept at a high
level, and a total of 180 mM (R)-o-chloromandelic acid was
produced within 1.5 h. Subsequently, the feeding rate was
adjusted to 11.3 g/L/h due to the decreased reaction
conversion, probably mainly caused by the inhibition of the
product. The concentration of the product increased to 315
mM within 4 h of reaction time. Finally, the substrate-feeding
rate was decreased to 5.5 g/L/h, and substrate feeding was
stopped after 7.5 h of reaction time. The reaction was allowed
to proceed for another 30 min to achieve complete o-
chloromandelonitrile conversion. Ultimately, 494 mM of o-
chloromandelonitrile was completely hydrolyzed, and a total of
415 mM (R)-o-chloromandelic acid was produced in the final
reaction mixture due to the effect of dilution caused by
substrate feeding (9.34 mL) and pH control (11 mL) for 8 h.
To our knowledge, this value is the highest reported
concentration of (R)-o-chloromandelic acid produced by
nitrilase. The ee value of the product was determined to be

96.9% by high performance liquid chromatography (HPLC)
analysis at 30 min of reaction time. With the increase of ethanol
in the reaction mixture, the enantioselectivity increased
concurrently. The ee value of the final product also increased
to 97.6%. After recrystallization in toluene, the optical purity of
the product further improved to 99.5%. The product was
further characterized as follows: [α]25D = −152.2 (c = 0.5,
ethanol) (literature, [α]25D = −154.5; c = 0.52, ethanol);15 1H
NMR (400 MHz, D2O) δ/(ppm): 5.65 (s, 1H), 7.39−7.43 (m,
2H), 7.45−7.49 (m, 1H), and 7.51−7.54 (m, 1H).
Through the extended fed-batch method, substrate inhibition

was alleviated, and high product concentration with high
enantioselectivity was obtained. Compared with the traditional
fed-batch mode that fed the substrate intermittently, the
extended fed-batch mode ensured optimal reaction rate and
avoided substrate inhibition by adjusting the substrate
concentration and enhanced the enantioselectivity and reaction
conversion by increasing the concentration of ethanol through
the feeding of substrate solubilized in ethanol. Ultimately, the
use of the extended fed-batch method led to the production of
(R)-o-chloromandelic acid in high concentration and high
enantioselectivity in a short period, which is particularly
important in large-scale experiments.

Scale-Up of Extended Fed-Batch Reaction to 2 L. On
the basis of the observations above, the reaction was scaled up
to 2 L. Figure 5 shows the concentration and ee value of the
product at various time intervals. About 100% of the feeding
substrate was converted into the product within 8 h. A
productivity of 27.7 g of (R)-o-chloromandelic acid per day was
obtained in the presence of 1 g of the biocatalyst (wet cells).
The process was very stable during scale-up. The ease of the
scale-up process makes the extended fed-batch method a
favorite route for the industrial production of (R)-o-
chloromandelic acid.

■ CONCLUSIONS
In summary, a combination of solvent engineering and an
extended fed-batch method was successfully used to produce
(R)-o-chloromandelic acid in high concentration and high
enantioselectivity by deracemization of o-chloromandelonitrile.
Ultimately, the recombinant E. coliM15/BCJ2315 harboring an
arylacetonitrilase from B. cenocepacia J2315 produced a
maximum of 415 mM (R)-o-chloromandelic acid in 8 h, with

Table 1. Effect of o-chloromandelonitrile concentration on
(R)-o-chloromandelic acid production

substrate concn (mM) rxn time (min) product concn (mM) acid ee (%)

30 15 30 96.9
50 30 50 96.3
100 360 42.3 89.7
150 360 17.4 72.5
200 360 12.5 61.5

Figure 4. Concentration and ee value of (R)-o-chloromandelic acid
during extended fed-batch reaction (100 mL scale).
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an ee value of 97.6%. The hydrolysis process was easily scaled
up, indicating a great potential for the industrial production of
optically pure (R)-o-chloromandelic acid in high concentra-
tions.

■ EXPERIMENTAL SECTION
Materials. B. cenocepacia J2315 was ordered from American

Type Culture Collection (ATCC). E. coli M15 and the plasmid
pQE30 were used for the expression of nitrilase. o-
Chloromandelonitrile was ordered from Trademax Pharma-
ceuticals and Chemicals Co., Ltd. (Shanghai, China). All other
chemicals used were of analytical grade and purchased from
standard companies.
Effects of Temperature and pH on Activity and

Enantioselectivity of E. coli M15/BCJ2315. The effects of
temperature and pH were determined by incubating the
recombinant E. coli M15/BCJ2315 with o-chloromandelonitrile
(10 mM) at different temperatures (20−70 °C) or in buffers
with different pH levels (pH 5.2−10.8). To determine the
optimum temperature, the reaction was performed with M15/
BCJ2315 (1 mg of wet cells) in 1 mL of sodium phosphate
buffer (100 mM, pH 7.0) with o-chloromandelonitrile (10 mM)
at 20−70 °C. To determine the optimum pH, sodium citrate/
citric acid buffer (pH 5.2−6.6, 0.1 M), sodium phosphate buffer
(pH 7.0−8.0, 0.1 M), Tris-HCl buffer (pH 8.5, 0.1 M), and
glycine/sodium hydroxide buffer (pH 9.1−10.8, 0.1 M) were
used in the experiment. The recombinant E. coliM15/BCJ2315
(1 mg of wet cells) was incubated in 1 mL of each respective
buffer with o-chloromandelonitrile (10 mM) at 30 °C. The
conversion was determined using RP-HPLC after 10 min of
reaction. The enantioselectivity was determined using chiral
HPLC (see Analytical Methods).
Effects of Solvents on Activity and Enantioselectivity

of the E. coliM15/BCJ2315. The reaction was performed in a
reaction mixture (5 mL) containing sodium phosphate buffer
(100 mM, pH 8.0), recombinant E. coli M15/BCJ2315 (5 mg
of wet cells), and the appropriate amount of organic solvent
(0−40%, v/v). After incubation for 20 min at 30 °C, o-
chloromandelonitrile (5 M, solubilized in organic solvent) was
added to a final concentration of 10 mM to initiate the reaction.
The conversion was determined using RP-HPLC after 10 min
of reaction. The enantioselectivity was determined using chiral
HPLC (see Analytical Methods).

Effect of o-Chloromandelonitrile Concentration on
(R)-o-Chloromandelic Acid Production. To study the
tolerance of E. coli M15/BCJ2315 toward o-chloromandeloni-
trile, the concentration of the substrate (30−200 mM) was
varied in a 5 mL reaction mixture containing sodium phosphate
buffer (100 mM, pH 8.0), ethanol (20%, v/v), and the
recombinant E. coli M15/BCJ2315 (50 mg of wet cells). The
concentration and ee value of the (R)-o-chloromandelic acid
formed in the reaction were determined by HPLC (see
Analytical Methods).

Extended Fed-Batch Reaction for (R)-o-Chloroman-
delic Acid Production (100-mL scale). To obtain a
significant amount of (R)-o-chloromandelic acid with high
enantioselectivity, the biotransformation of o-chloromandeloni-
trile was conducted in an extended fed-batch mode through the
continuous feeding of the substrate solubilized in ethanol (5
M). The reaction was performed in a 250-mL, three-necked,
round-bottom flask equipped with two bladed turbine impellers
driven by a speed-variable motor in its middle neck. A glass
electrode was inserted into the flask through one of the side
necks to detect the pH of the reaction mixture using a pH/
ORP controller. The glass electrode was secured with a rubber
stopper, which also had two pipes that were respectively used
to supply the substrate and to add NaOH (2 M) for pH
adjustment. The left-side neck was used for obtaining samples.
The reaction temperature was maintained at 30 °C by a
thermostatted water bath. The pH was maintained at 7.5−8.0
by a pH/ORP controller. About 80 mL of sodium phosphate
buffer (100 mM, pH 8.0) containing the recombinant E. coli
M15/BCJ2315 (1 g of wet cells) was added to the flask and
stirred for 30 min to equilibrate at 30 °C. Twenty milliliters of
substrate (solubilized in ethanol, 150 mM) was then added to
initiate the reaction. After 10 min of hydrolysis, o-
chloromandelonitrile (solubilized in ethanol, 5 M) was fed
into the reactor using a peristaltic pump at a feeding rate of 22.6
g/L/h. Samples were periodically withdrawn by syringe and
analyzed by HPLC to determine the conversion of o-
chloromandelonitrile and the ee value of (R)-o-chloromandelic
acid. The feeding rate was adjusted on the basis of HPLC
analysis to guarantee a conversion above 90%. When the
feeding was stopped, the reaction was allowed to proceed for
another 30 min to achieve complete o-chloromandelonitrile
conversion. Samples were periodically withdrawn by syringe
and analyzed by HPLC to determine the conversion and
enantioselectivity.

Scale-Up of Extended Fed-Batch Reaction to 2 L. The
conversion of o-chloromandelonitrile to (R)-o-chloromandelic
acid was scaled up to 2 L in a 5-L double jacket glass reactor
(ShenSheng, Shanghai, China) equipped with four-bladed
turbine impellers driven by a speed-variable motor (200
rpm). The temperature of the jacketed glass vessel was
maintained at 30 °C with the use of water circulating from a
heated water bath. In the reaction mixture, 400 mL of substrate
(solubilized in ethanol, 150 mM) was added to 1600 mL of
sodium phosphate buffer (100 mM, pH 8.0) containing the
recombinant E. coli M15/BCJ2315 (20 g of wet cells). After 10
min of hydrolysis, o-chloromandelonitrile was fed into the
reactor using a peristaltic pump at the feeding rate of 22.6 g/L/
h. The substrate-feeding rate was adjusted on the basis of the
above result.

Analytical Methods. The formation of o-chloromandelic
acid was analyzed by HPLC using a Zorbax SB-Aq column (4.6
mm × 250 mm, 5 μm) (Agilent Technologies, Ltd., U.S.A.) at a

Figure 5. Concentration and ee value of (R)-o-chloromandelic acid
during extended fed-batch reaction (2-L scale).
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flow rate of 1 mL/min with an eluting solvent system of
phosphoric acid (0.1%, v/v) and methanol (40:60, v/v). The
retention times for o-chloromandelic acid and o-chloroman-
delonitrile were 8.9 and 12.3 min, respectively. Absorbance was
measured at 210 nm.
The optical purity of o-chloromandelic acid was determined

through the analysis of the enantiomers on a CHIRALEL-OZ-
RH column (4.6 mm × 150 mm, 5 μm) (Daicel Corporation,
Japan) at a flow rate of 0.5 mL/min with an eluting solvent
system of trifluoroacetic acid (0.05%) and isopropanol (10:90,
v/v). The retention times for the (S)-(+)-isomer and the (R)-
(−)-isomer were 21.5 and 25.3 min, respectively. Absorbance
was measured at 210 nm.
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