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 (R)-o-Chloromandelic acid [(R)-o-Cl-MA] is widely used in pharmaceutical 
production, fine chemical products, asymmetric synthesis, optical resolution and 
other fields. (R)-o-Cl-MA can be employed to synthesize the (S)-clopidogrel, a 
thienopyridine-class antiplatelet agent used to inhibit blood clots. Chiral 
synthesis of (R)-o-Cl-MA proved to be a crucial step since (R)-o-Cl-MA is a direct 
impact on optical purity of (S)-clopidogrel during the synthetic procedure. In this 
research, whole cells of Escherichia coli expressing the Alcaligenes faecalis 
ZJUTB10 nitrilase (AFZN) were explored as catalyst to resolve racemic 
o-Chloromandelonitrile [(R, S)-o-Cl-MN] into (R)-o-Cl-MA. The optimum 
temperature of recombinant E. coli expressing AFZN was 45°C and the optimum 
pH was pH 7.5. The conversion rate of racemic o-Cl-MN reached 99%, and the 
enantiomer excess against (R)-o-Cl-MA was > 98% within 60 min. The apparent 
substrate (o-Cl-MN) concentration in reaction system has reached 540 mM (based 
on the total volume of reaction). Finally, the yield and enantiomer excess against 
(R)-o-Cl-MA were 96.1 and 99.2% after recrystallization in toluene, and the 
space-time yield against (R)-o-Cl-MA reached 6.81 g•L

-1
•h

-1
. 
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INTRODUCTION 

 
(R)-o-Cl-MA serves as a key role in pharmaceutical 
production, fine chemical products, asymmetric synthesis, 
optical resolution, and other fields (Qian et al., 2011). 
(R)-o-Cl-MA can be used to synthesize the clopidogrel 
safely and efficiently. Clopidogrel is a thienopyridine-class 
antiplatelet agent used to inhibit blood clots in coronary 
artery disease, peripheral vascular disease, 
cerebrovascular disease, and to prevent myocardial 
infarction (heart attack) and stroke which show enormous 
application and commercial value (Joob and Wiwanitkit, 
2016; Karlsson et al., 2016; Jarrar et al.,  2016).  Since  
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o-Cl-MA is a direct impact on optical purity of clopidogrel, 
chiral synthesis of (R)-o-Cl-MA proved to be a crucial 
steps (Scheme 1) (Bousquet et al., 2003; Li et al., 2004). 
In the past decades, several routes have been developed 
to produce optically pure (R)-o-Cl-MA, including 
asymmetric hydroxylation of o-chlorobenzaladehyde 
(Glieder et al., 2003; van Langen et al., 2005), asymmetric 
hydrogenation of methyl o-chloro-benzoylformate (Ema et 
al., 2007; Sun et al., 2005) and enantioselective hydrolysis 
of α-acetoxy-o-chlorophenyl acetic acid (Ju et al., 2010). 
However, limitation of these strategies include low 
selectivity of non-enzymatic reactions, low substrate/ 
product and organic solvent tolerance (Zhang et al., 2014), 
necessary regeneration of cofactor in bio-reductions or 
50% theoretical yield associated with conventional 
bio-resolutions. In contrast, nitrilases may convert racemic 
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Scheme 1. Process for the synthesis of Clopidogrel Hydrogen Sulfate from (R)-o-chloromandelic acid. 

 
 
 

  
 

Scheme 2. Schematic diagram of dynamic kinetic resolution of (R, S)-o-chloromandelonitrile to (R)-o-chloromandelic acid via nitrilase 
(Grace et al., 2004). 

 
 
 
o-Cl-MN to (R)-o-Cl-MA under mild conditions with high 
stereoselectivity and without cofactor regeneration 
(Brenner, 2002; Wang, 2005), and they can also provide 
theoretically 100% yield of the product due to the efficient 
in situ racemization of unreacted (S)-o-Cl-MN at slightly 
alkaline pH (Scheme 2) (DeSantis et al., 2004; Zhang et al., 
2012). Thus, enantioselective hydrolysis of racemic 
o-Cl-MN via cofactor-independent nitrilase is the most 
promising ways for preparation of (R)-o-Cl-MA.  

Nitrilases (nitrile amino-hydrolase; EC 3.5.5.1) belong to 
nitrile hydrolase family which can decompose variety of 
aromatic nitriles without producing intermediate amides. 
Nitrilases could be found in plants, animals, fungi and 
certain prokaryotes (Pace et al., 2001). Nitrilases have 
greatly attracted our attention because of their application 
in nitrile degradation as prominent biocatalysts (Gong et 
al., 2012). Varieties of optically pure carboxylic acids 
resolved by nitrilases  play  the  key  roles  in  chiral  



 

 

Han et al.          77 
 
 
 

Table 1. Primers used for amplificating AFZN gene. 
 

Primers Oligonucleotide Sequences (5'→3') 

AFZN -1 caccatcatcatcatcatcaaactagaaagattgttagagctgctgct 

AFZN-2 ctcgagaattgtgagcgctttaagatggttcctgaaccaacaaagtatc 
 

Note: The underlined AFZN -1 and AFZN-2 sequences represent the homologous region 
between target gene and pet-23agvector. 

 
 
 
synthesis, such as the production of rare pharmaceuticals 
and fine chemicals (Groger, 2001).  

The existing studies demonstrated that Alcaligenes 
faecalis (Liu et al., 2011; Zhang et al., 2010), 
pseudomonas putida (Banerjee et al., 2009), and other 
bacteria (Kobayashi et al., 1994) can generate 
stereo-selective nitrilases, however, few of the nitrilase 
have high stereo-selectivity and high catalytic activity 
simultaneously (Nigam et al., 2012; Liu et al., 2011; 
Zhang et al., 2010; Banerjee et al., 2009; Kobayashi et al., 
1994). The nitrilase from A. faecalis ZJUTB10 (AFZN, GI: 
347954842) (Appendix 1) belongs to the category of 
arylacetonitrilase, which can hydrolyze a wide range of 
aromatic nitriles into the corresponding arylacetic acids 
(Liu et al., 2011). The AFZN was employed to 
enantioselective hydrolysis of (R, S)-mandelonitrile for 
production of (R)-(-)-mandelic acid by Liu Lab (Liu et al., 
2011).  

In this present study, whole cells of Escherichia coli 
expressing A. faecalis ZJUTB10 nitrilase (AFZN, GI: 
347954842) (Appendix 1.) were explored as catalysts to 
enantioselective hydrolysis of (R, S)-o-Chloromandelo 
nitrile for production of (R)-o-Chloromandelic acid. The 
(R)-o-Chloromandelic acid contains greater application 
and commercial potential compared to (R)-(-)-mandelic 
acid. The expression plasmid (pET-23ag-AFZN) was 
constructed and stored in the lab. The recombinant E. coli 
expressing AFZN was harvested and employed for 
practical application after its catalytic properties been 
studied. Furthermore, a “fed-batch reaction process in 
biphasic system” has been applied to improve space 
utilization of the reaction system. 
 
 
MATERIALS AND METHODS 
 
Strains, vectors, media and reagents 
 
All the chemicals used in this study were analytical grade 
unless otherwise stated. All solvents were high 
performance liquid chromatography (HPLC) grade. E. coli 
DH5α was obtained from Thermo Scientific (USA) and E. 
coli Rosetta Blue (DE3) pLysS was from Novagen/Merck 
(DEU). The pET-23ag plasmid was stored in our 
laboratory (Zhu et al., 2010). Luria-Bertani (LB) medium 
was prepared for the cultivation of E. coli as described  in 

the Manual of Molecular Cloning. Pfu DNA polymerase 
was from Thermo Scientific (USA). The recombinant 
pUC19 plasmid contains target gene was synthesized by 
Gene Create Biological Engineering Co., Ltd. (Wuhan, 
China). All primers were synthesized by Sangon biotech 
(Shang Hai, China). (R,S)-o-Cl-MN with purity 99% were 
obtained from Wuhan Wuyao Pharmaceutical Co., Ltd. 
(Wuhan, China). Reference standards of (R,S)-o-Cl-MA 
with purity 99% were from Jiangxi Keyuan Biopharm Co., 
Ltd. (Jiangxi, China). His-bind buffer kit (Novagen, 
Madison, WI, USA), Micro-BCA Protein Assay Reagent 
(Pierce, USA). 
 
 
Constructing expression plasmid for the recombinant 
expression of A. faecalis ZJUTB10 nitrilase gene 
 
The DNA coding sequence of AFZN was optimized to 
match the codon usage preference of E. coli. The gene 
synthesis procedure was carried out by Gene Create 
Biological Engineering Co., Ltd. (Wuhan, China). The 
target gene was amplified from the recombinant pUC19 
plasmid using the primers AFZN-1 and AFZN-2 (Table 1). 
The resulting polymerase chain reaction (PCR) products 
was cloned into pET-23ag vector (Zhu et al., 2010), and 
transformed into E. coli DH5α. Proper construction of 
expression plasmid (pET-23ag-AFZN) was confirmed by 
DNA sequencing (Sangon, China). 
 
 
Expression and purification of nitrilase 
 
The expression plasmid (pET-23ag-AFZN) was 
transformed into E. coli Rosetta Blue (DE3) pLysS. A 
mono-clone was cultivated in 100 ml of LB medium 
(containing 50 µg/ml kanamycin) at 200 rpm, 37°C. And 
50 µl of isopropyl-β-D-thiogalactopyranoside (IPTG, 1M) 
was added when the OD600 ≈ 0.6 [Ultraviolet-Visible 
spectrophotometer (UV-1800, Shimadzu Co., Kyoto, 
Japan)], then the cultivation was continued at 16°C for 
extra 24 h. For purification, the cells were harvested by 
centrifugation at 4°C, 10,000×g for 20 min and the pellet 
was re-suspended in 4 ml of binding buffer (137 mM NaCl, 
2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4, 
and 5 mM imidazole). The cells were disrupted by 
sonication [Ultrasonic oscillator (JY92-II, Scientz Biotech. 



 

 

 
 
 
 
Co.)], and the insoluble debris was removed by 
centrifugation at 12,000×g, 4°C for 20 min. His-bind resin 
and His-bind buffer kit (Novagen, Madison, WI, USA) 
were used to purify the His-tagged protein according to 
Novagen’s instructions. The protein was eluted from the 
resin in 1 ml of elution buffer (137 mM NaCl, 2.7 mM KCl, 
10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4, 100 mM 
imidazole). The purified protein was analyzed by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) (Laemmli et al., 1970), the protein 
concentration was measured using the Micro-BCA Protein 
Assay Reagent (Pierce, USA). 
 

 
Analytical methods and activity assay 

 
The amounts of o-Cl-MA, o-Chlorobenzaldehyde, 
o-Cl-MN and the enantiomeric excess (e.e.%) of 
(R)-o-Cl-MA were determined by HPLC assay (Ultimate

TM
 

3000 RSLC nano system, Thermo Scientific™ Dionex™, 
Sunnyvale, CA) with a chiral column (Ultimate® Cellu-J 
HPLC Chiral Column, 4.6*250mm*5μm, Welch Materials, 
Inc., USA) which was eluted with hexane, ethanol, 
methanol and tri-fluoroacetic acid (90:8:2:0.9, v/v/v/v, 1.5 
mL/min) and detected at 230 nm. The enantiomers 
excess (e.e.) of (R)-o-Cl-MA was calculated by the 
equation:  
 
ee = [(R-S)/(R+S)]×100% ..................................................i 
 
where, [R] and [S] represent the concentration of 

(R)-o-Cl-MA and (S)-o-Cl-MA, respectively (Appendix 2). 
All the experiments were performed in triplicates and 

the experimental error was less than 5%.  
The standard assays were carried out by mixing 2 mM 

o-Cl-MN (from 40 mM stock solution in methanol) with an 
appropriate amount of nitrilase in sodium phosphate 
buffer (100 mM, pH 8.0), the reaction mixtures (10 mL 
final volume) were then incubated at 30°C, 200 rpm in a 
rotary shaker. Aliquots (500 μl) were taken and then 
quenched by adding 500 μl 2 M HCl; centrifuged at 
12,000×g for 10 min; thereafter 500 μl of ethyl acetate 
was added. The supernatant containing o-Cl-MA was 
preserved for HPLC assay. One unit of the enzyme 
activity was defined as the amount of enzyme that 
produced 1 µmol of o-Cl-MA per minute under the 
standard assay conditions. The o-Cl-MA crystals obtained 
was confirmed by Liquid Chromatography Mass 
Spectrometer (LC-MS) (Shimadzu, LCMS-2020) assay. 
 
 
Activity and characteristic of recombinant E. coli cells 
expressing nitrilase 

 
The effects of temperature on enzymatic activity were 
tested by assaying enzyme activities at  a  temperature  
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range of 25 to 70°C. The reaction mixtures containing 
sodium phosphate buffer (100 mM, pH 8.0), 
(R,S)-o-Cl-MN (2 mM), and appropriate amount of 
recombinant E. coli cells expressing nitrilase were 
incubated at 30°C, 200 rpm in a rotary shaker for 10 min. 
Thermal stabilities of recombinant cells were examined by 
assaying their residual activities under the standard assay 
conditions after being incubated at different temperatures 
for a required period of time.  

The optimal pH of recombinant E. coli cells were 
determined by assaying enzyme activities with a pH range 
of 4.5-9.5 using NaAc-HAc buffer (pH 4.5-6.0), 
K2HPO4-KH2PO4 buffer (pH 6.0-8.0) and Tris-HCl buffer 
(pH 8.0-9.5). The pH stabilities of recombinant cells were 
examined by assaying their residual activities under the 
standard assay conditions after being incubated at 
different pH for a required period of time.  

The effects of ethylenediaminetetraacetic acid (EDTA) 
and different metal ions (Ca

2+
, Mg

2+
, Ba

2+
, Zn

2+
, Cu

2+
, Fe

3+
, 

Ni
2+

, Mn
2+

, Cd
2+

 and Co
2+

) on the recombinant E. coli cells 
were tested. The activity determined in the absence of 
both metal ions and EDTA was considered as the control.  

In the previous report, o-Cl-MN showed a strong 
inhibition toward nitrilase activity (Zhang et al., 2012). 
Thus, the effects of different substrate concentrations on 
nitrilase activity have been studied according to standard 
assays under the gradient concentrations of substrate. 
 
 
Preparation of (R)-o-Cl-MA via whole cells of E. coli 
expressing nitrilase 
 

(R, S)-o-Cl-MN is a high-toxic chemical on 
bio-components, the purified enzyme will be inactivated 
soon in reaction system with high concentration of 
o-Cl-MN (>10 mM) (Zhang et al., 2012). Thus, the whole 
cells of E. coli expressing AFZN were employed as the 
catalysts in practical preparation of (R)-o-Cl-MA. Take 
enantiomer excess of (R)-o-Cl-MA into consideration, the 
bio-transformation reactions were carried out at 30°C, pH 
8.0, neither of them is the optimal parameter of nitrilase, 
though. As the o-Cl-MN is slightly soluble in water, 5% (v/v) 
methanol was mixed into the phosphate buffer (100 mM, 
pH 8.0). Thus, a 10 ml reaction mixture consisting of 100 
mM phosphate buffer (pH 8.0), OD600=35 of recombinant 
cells, and 20 mM (final concentration) o-Cl-MN was stirred 
by magnetic agitation in a 50 ml reactor with water jacket 
thermostated at 30°C. 

 
 
Preparation of the whole-cell biocatalystat large scale 
 
Fed-batch fermentation was applied to prepare the 
recombinant cells at large scale. For preparing seed 
cultures, the recombinant cells were cultivated in super 
optimal broth (SOB) medium (Tryptone  20  g/L,  Yeast  
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extract 5 g/L, NaCl 0.5 g/L, KCl 0.186 g/L) containing 30 
mM glycerol and 50 µg/ml kanamycin at 200 rpm and 
37°C. The seed cultures (1%, v/v) were then inoculated 
into SOB medium in a 5 L bioreactor (5BG-4, Shanghai 
BaoXin Bio-engineering equipment Co., Ltd, Shanghai, 
China) with a working volume of 2 L. Fed-batch 
cultivations in bioreactor were performed at 37°C, pH 7.0, 
at the agitation rate of 500 rpm and aeration rate of 1 vvm 
(volume per volume per minute). One liter of SOB 
containing 30 mM glycerol was inoculated with 30 ml of 
the seed. Solutions of 2 M NaOH and 2 M HCl were used 
to maintain the pH.  

Continuous feeding strategy was applied here in which 
yeast extract (200 g/L), glycerol (67 g/L) and lactose (5 
g/L) was fed at the flow rate of 23 ml/h after 8 h of growth 
(Sohoni et al., 2015). After 44 h of fermentation, the cells 
were harvested via centrifugation at 10,000×g for 10 min 
at 4°C, the pellets were washed twice with phosphate 
buffer saline (PBS) (137 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, 2 mM KH2PO4, pH 7.4) and then stored at 4°C 
for further studies.  
 
 
Preparative-scale production of (R)-o-Cl-MA via whole 
cells of E. coli expressing nitrilase 
 
The “fed-batch reaction process in biphasic system” was 
applied to improve space utilization of the reaction system. 
The reaction process was monitored by thin layer 
chromatography (TLC), with an eluent consisting of 
benzene/ethyl acetate/formic acid (5:1:1, v/v/v). An equal 
sample has been treated according to the standard 
operation (see “activity assay”) for HPLC analysis. When 
the substrate (20 mM) was exhausted in preceding batch 
reaction as judged by TLC, another batch of o-Cl-MN 
(equal amount with initial loading) was replenished. The 
circulation continues till the substrate could not be 
transformed completely.  

Typically, a 100 ml reaction mixture consisting of 100 
mM phosphate buffer (pH 8.0), OD600=35 of recombinant 
cells, and 20 mM (final concentration) o-Cl-MN was 
performed in a 250 ml reactor according to “fed-batch 
reaction process in biphasic system”. The reaction was 
quenched by adding 100 ml 2 M HCl, centrifuged at 
12,000×g for 10 min after add 500 ml of ethyl acetate. The 
supernatant containing o-Cl-MA was treated with 
vacuum-rotary evaporation till the crude crystals came 
out. 
 
 
2-L-scale preparation of (R)-o-Cl-MA via whole cells of 
E. coli expressing nitrilase 
 
The 2-litre-scale preparation of (R)-o-Cl-MA were carried 
out in a 5-litre reactor on the basis of “Preparative-scale 
production of (R)-o-Cl-MA” described before. 

 
 
 
 
RESULTS 
 
Optimization and synthesis of the AFZN gene for the 
expression in E. coli 
 
The schematic diagram of constructing the expression 
plasmid of pET-23ag-AFZN is shown in Scheme 3. Proper 
construction of expression plasmid (pET-23ag-AFZN) was 
screened by PCR in advance (Figure 1) and then 
confirmed by DNA sequencing (Sangon, China). The DNA 
sequencing result show consistent with the sequence of 
Genbank. 
 
 
Expression, purification and identification of the 
recombinant AFZN 
 
Positive colonies were selected randomly to assess the 
expression of AFZN. For crude extracts, an equal amount 
of each sample was loaded onto two 12% (w/v) 
oligosaccharide gels.  

After SDS-PAGE, one gel was stained with Coomassie 
Brilliant Blue G-250 (Figure 2a), the other one was used 
for western-blot analysis (Figure 2b). The results show 
that AFZN was soluble with expressed integrality. For 
purification, the purified enzyme migrated as a single 
band with a size of about 39 kDa on SDS-PAGE (Figure 
2c), which is in agreement with that predicted from the 
gene sequence. 
 
 
The calibration curve for o-Cl-MA 
 
Solutions with various concentrations of o-Cl-MA were 
determined by HPLC according to the standard assays 
cited before (see “analytical methods”). The calibration 
curve foro-Cl-MA was shown in Figure 3. 
 
 
Effect of temperature on recombinant E. coli cells 
expressing nitrilase 
 
The optimal temperature of purified recombinant E. coli 
expressing AFZN was determined by assaying enzyme 
activities at a temperature range of 25 to 70°C. The 
optimal temperature of recombinant E. coli expressing 
AFZN was 45°C. The enzyme was deactivated sharply 
when the temperature was shifted to 60°C (Figure 4a). 
And the e.e. value show a decreasing trend with the 
increasing temperature. Thermal stabilities of 
recombinant E. coli expressing AFZN was examined by 
assaying their residual activities under the standard assay 
conditions after being incubated at 20, 30, 40, 50 and 
60°C in phosphate buffer (pH 8.0) for a required period of 
time. The results indicated that the nitrilase was relatively 
stable at 20 and 30°C (Figure 4b). 
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Scheme 3. Schematic diagram of constructing the expression plasmid of pET23ag-AFZN. 
Note: DNA and primers lengths are schematic only and are not drawn to scale. 

 
 
 

 

 

 
 

Figure 1. PCR to identify the recombinant plasmid bearing AFZN ORF. M, DNA molecular weight 
markers (the size of each band was indicated on the left); Lane 1-4, PCR using colony of E. coli 
DH 5α as the templates; Lane 5, PCR with pET-23ag plasmid as the template (negative control); 
Lane 6, PCR using pET-23ag-AFZN plasmid as the template (positive control). 
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Figure 2. Expression, purification and identification of the recombinant AFZN. (a) SDS-PAGE 
analysis of crude extracts of recombinant AFZN. M, Protein molecular weight marker (the size 
of each band was indicated on the left); Lane 1, whole-cell lysates of E. coli pET-23ag-AFZN; 
Lane 2, insoluble fractions of the whole-cell lysates of E. coli pET-23ag-AFZN; Lane 3, soluble 
fractions of the whole-cell lysates of E. coli pET-23ag-AFZN; (b) Western blot analysis of the 
crude extracts of recombinant AFZN of the shake flasks. M, protein molecular weight marker 
(the size of each band was indicated on the left); Lane 1, whole-cell lysates of E. coli 
pET-23ag-AFZN; Lane 2, soluble fractions of the whole-cell lysates of E. coli pET-23ag-AFZN; 
Lane 3, whole-cell lysates of E. coli pET-23ag (negative control). Note: Anti-His-tag antibodies 
were used for western-blots. (c) SDS-PAGE analysis of the purified AFZN. M, protein 
molecular weight marker (the size of each band was indicated on the left); Lane 1, crude 
extract of E. coli pET-23ag-AFZN; lane 2, purified protein (AFZN). 

 
 
 

 
 

Figure 3. Calibration curve for o-Chloromandelic acid. Various 
concentrations of o-Chloromandelic acid were prepared for HPLC assay. 
All the experiments were performed in triplicates and the experimental 
error was less than 5%. 
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Figure 4. Effect of temperature on nitrilase activity. (a) Temperature dependence, reactions were performed at pH 8.0 for 10 min at various 
temperatures (25-70°C); (b) Thermal stability, reactions were examined by assaying the residual activities under the standard assay 
conditions after being incubated at different temperatures for a required period of time. 

 
 
 

   
 

Figure 5. Effect of pH on nitrilase activity. (a) pH dependence, the nitrilase activity was measured at different pH values (4.5–9.5). The purified 
enzyme was incubated in different buffers at pH ranging from 6.0 to 10.0 for 1 h, and the residual activity was tested. (b) pH stability, 
reactions were examined by assaying the residual activities under the standard assay conditions after being incubated at different buffers of pH 
7.0, 8.0 and 9.0 for a required period of time. 

 
 
 
Effect of pH on recombinant E. coli cells expressing 
nitrilase 
 
The optimal pH of recombinant E. coli expressing AFZN 
was determined by assaying enzyme activities with a pH 
range of 4.5-9.5 using NaAc-HAc  buffer  (pH  4.5-6.0), 

K2HPO4-KH2PO4 buffer (pH 6.0-8.0) and Tris-HCl buffer 
(pH 8.0-9.5). As shown in (Figure 5a), the nitrilase activity 
is higher at the pH of 7.5 compared with others. The 
activity of nitrilase decreased both elevated or reduce the 
pH of the reaction buffer. The enzyme activity reduced 
sharply  when  the pH value over 8.5 or below 7.0. The
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Figure 6. Effect of metal ions on nitrilase activity. Reactions were performed with the addition 
of various metal ions under standard conditions. The activity of nitrilase that was assayed 
under the standard reaction was taken as 100%. 

 
 
 
enzyme maintain high enantiomeric excess at pH 5.5-8.5 
and decrease sharply when the pH value was out of 
range.  

The pH stabilities of recombinant E. coli expressing 
AFZN were examined by assaying their residual activities 
under the standard assay conditions after being incubated 
at different pH for a required period of time. The nitrilase 
was more stable at pH 7.0. The residual activity of resting 
cells reduced to approximately 14% of the maximum 
activity after 2 h at pH 9.0. At the meanwhile, the residual 
activities of resting cells decreased to 42% and to 62% at 
pH 8.0 and pH 7.0 (Figure 5b).  
 
 
Effect of EDTA and metal ions on recombinant E. coli 
cells expressing nitrilase 
 
The effects of various metal ions and EDTA on nitrilase 
activity were tested by incubating the enzyme in the 
presence of the reagents. The activity assayed in the 
absence of metal ions and EDTA was considered as the 
control. The information shown in Figure 6 indicate that 
activity of resting cells were affected by most tested metal 
ions and was especially strongly inhibited by Cu

2+
, Co

2+
, 

Ni
2+

. In addition, the results of metal ions analysis showed 

that the Mg
2+

, Ba
2+ 

could slightly activate the activity of 
nitrilase. However, no inhibition was observed in the 
presence of chelating agent EDTA, indicating that this 
nitrilase had no metal ion requirements. Moreover, Cd

2+
, 

Fe
3+

 could partially inhibit the catalytic activity.  
 
 
Effect of concentrations of o-Cl-MN on recombinant E. 
coli cells expressing nitrilase 
 
In exploratory experiments at the very beginning, o-Cl-MN 
showed a strong inhibition toward nitrilase activity. Thus, 
the effects of different substrate concentrations on 
nitrilase activity have been studied according to standard 
assays under the gradient concentrations of o-Cl-MN. The 
results demonstrated that the nitrilase activity was 
remarkably inhibited at high substrate concentrations 
(over 20 mM) (Figure 7). The optimum substrate 
concentration for the purified enzyme is 5 mM. 
 
 
Preparation of (R)-o-Cl-MA via whole cells of E.coli 
expressing nitrilase 
 
A 10 ml reaction mixture consisting of 100 mM phosphate
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Figure 7. Effect of different substrate concentrations on nitrilase activity. Tests performed 
according to standard assays under the gradient concentrations of o-Cl-MN. Square, Enzyme 
activity; Star, enantiomeric excess. 

 
 
 
buffer (pH 8.0), OD600=35 of recombinant cells, and 20 
mM (final concentration) o-Cl-MN was stirred by magnetic 
agitation in a 50 ml reactor with water jacket thermostated 
at 30°C. The conversion rate of o-Cl-MN can be reach 
99%, and the enantiomer excess against (R)-o-Cl-MA 
was > 93% within 60 min. 
 
 
Preparation of the whole-cell biocatalyst at large 
scale 
 
Fed-batch fermentation was applied to prepare the 
recombinant cells at large scale. After 44 h of 
fermentation, the cells were harvested via centrifugation 
at 10,000×g for 10 min at 4°C, and the pellets were then 
stored at 4°C for further studies after washed twice with 
PBS. During the process of fermentation, the biomass 
concentrations were measured spectrophotometrically 
(UV-1800, Shimadzu Co., Kyoto, Japan) at OD600 in the 
process of fermentation and the enzyme activity of 
recombinant cells on o-Cl-MN were determined according 
to the standard assays (see “activity assay”). The growth 
and nitrilase production profile were shown in Figure 8. 
Finally, the nitrilase activity on o-Cl-MN obtained in this 
study was 3590 U/L fermentation broth.  Moreover,  the 

stability of recombinant cells has been investigated. As 
shown in Figure 9, the residual activity of recombinant 
cells maintain 49.2% of the maximum after stored at 4°C 
for 336 h. 
 
 
Preparative-scale production of (R)-o-Cl-MA via whole 
cells of E. coli expressing nitrilase 
 
The “fed-batch reaction process in biphasic system” has 
been applied to improve space utilization of the reaction 
system. We achieved a 26-time-cycle reactions in 33 h 
and made it reproducible. The yield against (R)-o-Cl-MA 
was defined as equation: 
 
([R]/[MN])×100% ..............................................................ii 
 
where, [R] and [MN] represent the concentration of 
(R)-o-Cl-MA and (R, S)-o-Cl-MN, respectively (Appendix 
3).  

For 100 ml reaction mixture, the crude crystals became 
colorless and transparent after recrystallized in toluene. 
The o-Cl-MA crystals we obtained was confirmed by 
Liquid Chromatography Mass Spectrometer (LC-MS) 
(Shimadzu,  LCMS-2020)  assay.   The   cases   on
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Figure 8. Growth and nitrilase production profile. Square, OD600; Star, nitrilase production. Square, 
Enzyme activity; Star, enantiomeric excess 

 
 
 

 

 
 

Figure 9. Stability of whole cells of E.coli expressing AFZN at 4°C for a certain period. 
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Table 2. Preparative-scale production of (R)-o-Cl-MA via whole cells of E.coli expressing nitrilase. 
 

Volume of reaction 
system (ml) 

Reaction time 
(h) 

Concentration of 
o-Cl-MN (mM) 

Concentration of 
(R)-o-Cl-MA (mM) 

Yield (%) e.e. (%) 

100 32.5 20×25 461 92.2 98.2 

100 32.0 20×26 487 93.7 98.2 

100 33.0 20×25 467 93.3 98.1 

100 32.0 20×26 486 93.5 98.3 

100 33.5 20×26 484 93.1 98.2 

100 32.0 20×26 487 93.7 98.5 

 
 
 

Table 3. Industrial-scale preparation of (R)-o-Cl-MA via whole cells of E.coli expressing nitrilase. 
 

Volume of reaction 
system (ml) 

Reaction time 
(h) 

Concentration of 
o-Cl-MN (mM) 

Concentration of 
(R)-o-Cl-MA (mM) 

Yield (%) e.e. (%) 

2000 33.0 20×26 495 95.2 99.2 

2000 32.0 20×27 519 96.1 99.0 

2000 32.5 20×27 516 95.5 99.3 

2000 32.0 20×27 517 95.7 99.1 

2000 32.0 20×27 519 96.1 99.2 

2000 32.0 20×27 518 95.9 99.1 

 
 
 
preparative-scale production of (R)-o-Cl-MA were shown 
in Table 2. The whole-cell catalyst could tolerate with as 
high as 520 mM o-Cl-MN (apparent concentration, based 
on the total volume), producing (R)-o-Cl-MA in 
93.7±0.56% yield and 98.5±0.14% e.e. 
 
 
2-L-scale preparation of (R)-o-Cl-MA via whole cells of 
E. coli expressing nitrilase 
 
For a 2-litre-scale preparation of (R)-o-Cl-MA, the cases 
were shown in Table 3. After systematic optimization, the 
whole-cell catalyst could tolerate with as high as 540 mM 
o-Cl-MN (apparent concentration, based on the total 
volume), producing (R)-o-Cl-MA in 96.1±0.36% yield and 
99.2±0.10% e.e. The space-time-yield against 
(R)-o-Cl-MA reached 6.81 g•L

-1
•h

-1
. 

 
 
DISCUSSION 
 
Bio-transformation is an efficient, sustainable, and 
economical method for the preparation of optically pure 
α-hydroxylcarboxylic acids under mild conditions. To the 
best of our knowledge, various bio-transformation 
processes on preparing optically pure α-hydroxyl 
carboxylic acids have been reported yet (He et al., 2010; 
Jin et al., 2014; Osprian et al., 2003; Zhang et al., 2011), 
few of them could fulfill both high productivity  and  high 

optical purity. For preparing (R)-o-Cl-MA, a key precursor 
for the synthesis of Clopidogrel, nitrilase-catalyzing 
deracemization of (R, S)-o-Cl-MN show momentous 
advantages compared with other enzymatic routes. The 
racemic o-Cl-MN is a kind of high-toxic chemical on 
bio-components, and the inhibitory effect of o-Cl-MN on 
nitrilase cannot be ignored when the substrate 
concentration was increased (He et al., 2010; Zhang et al., 
2012). The inhibitory effect is considered as the main 
hurdle in the industrialization of (R)-o-Cl-MA production 
(He et al., 2010; Zhang et al., 2012). Hence, the effects of 
different substrate concentrations on nitrilase activity was 
figured out. The results demonstrated that the nitrilase 
activity was remarkably inhibited at high substrate 
concentrations (over 20 mM). The enzyme activity (62.2% 
of the maximum) and enantiomer excess value (98.2%) at 
the concentration of 20 mM were acceptable for 
bio-transformation processes (Figure 7). To relieve the 
substrate inhibition and to improve the productivity of 
recombinant AFZN, a “fed-batch reaction progress in 
biphasic system” has been established for preparing 
(R)-o-Cl-MA. Considered the slight solubility in water of 
the o-Cl-MN, 5% (v/v) methanol was mixed into the 
reaction system.  

In summary, a thermostable biocatalyst of recombinant 
A. faecalis ZJUTB10 nitrilase (AFZN) has been 
constructed and expressed. We finally gained a 
production of 3590 U/L fermentation broth through fed 
batch fermentation, which is 1.3-fold higher than that has  
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been reported (Zhang et al., 2012). The residual activity of 
recombinant cells maintain 49.2% of the maximum after 
storage at 4°C for 336 h (Figure 9), that is to say, the 
whole-cell catalyst could storage more economically 
compare to preserve as dry-cell after lyophilization (Zhang 
et al. 2012). After systematic optimization, the maximum 
o-Cl-MN concentration that the whole-cell catalyst could 
tolerated was as high as 540 mM (apparent concentration, 
based on the total volume of two phases), which is 
1.8-fold (Zhang et al., 2012), 10.8-fold (DeSantis et al., 
2002) and 54-fold (Schreiner et al., 2010) higher than 
those previously reported. We finally conducted a 2-L 
reaction system which is far exceed the so-called 
“preparative-scale (100 mL) reaction system” (Zhang et 
al., 2012). The total yield against (R)-o-Cl-MA were 96.1% 
with 99.2% enantiomer excess, which is sufficient for 
industrial application (He et al., 2010; Zhang et al., 2011; 
DeSantis et al., 2002; Schreiner et al., 2010). The 
space-time-yield against (R)-o-Cl-MA reached 6.81 
g•L

-1
•h

-1
 profit to the high total yield and high optical purity, 

which is higher than previously published (DeSantis et al., 
2002; Schreiner et al., 2010; Zhang et al., 2012). The high 
space-time-yield could reduce the cost of product isolation 
to a large extent (Chen et al., 2004). At the present time, a 
larger-scale reaction system is carried out according to 
the experimental verdicts above. All results show that the 
recombinant AFZN expressed in E. coli cells is a 
promising biocatalyst for practical production of 
(R)-o-Cl-MA through dynamic kinetic resolution of racemic 
o-Cl-MN. 
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APPENDIX 
 
 
 
Appendix 1. Protein sequence of AFZN (356aa): 
 
MQTRKIVRAAAVQAASPNYDLATGVDKTIELARQARDEGCDLIVFGETWLPGYPFHVWLGAPAWSLKYSARYYANSLSL
DSAEFQRIAQAARTLGIFIALGYSERSGGSLYLGQCLIDDKGEMLWSRRKLKPTHVERTVFGEGYARDLIVSDTELGRVG
ALCCWEHLSPLSKYALYSQHEAIHIAAWPSFSLYSEQAHALSAKVNMAASQIYSVEGQCFTIAASSVVTQETLDMLEVGE
HNAPLLKVGGGSSMIFAPDGRTLAPYLPHDAEGLIIADLNMEEIAFAKAINDPVGHYSKPEATRLVLDLGHRDPMTRVHSK
SVTREEAPEQGVQSKIASVAISHPQDSDTLLVQEPS 
 
 
 
Appendix 2. The computational formula of the enantiomers excess (e.e.) against (R)-o-Cl-MA: 
 

 

 
[R]: the concentration of (R)-o-Cl-MA  
[S]: the concentration of (S)-o-Cl-MA 
 
 
 
Appendix 3. The computational formula of the yield (y) against (R)-o-Cl-MA: 
 

 
 
[R]: the concentration of (R)-o-Cl-MA  
[MN]: the concentration of (R, S)-o-Cl-MN 
 
 


