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Abstract
2-chloronicotinic acid (2-CA) is a key precursor for the synthesis of a series of pesticides and pharmaceuticals. Nitrilase-
catalyzed bioprocess is a promising method for 2-CA production from 2-chloronicotinonitrile (2-CN). In this study, a mutant 
of nitrilase from Rhodococcus zopfii (RzNIT/W167G) was constitutively overexpressed with Escherichia coli as host, which 
exhibited a onefold increase in enzymatic activity compared with inducible expression. Biosynthesis of 2-CA using whole 
cells harboring nitrilase as biocatalysts were investigated and 318.5 mM 2-CA was produced, which was the highest level 
for 2-CA production catalyzed by nitrilase to date. 2-CA was recovered from the reaction mixture through a simple acidi-
fication step with a recovery yield of 90%. This study developed an efficient bioprocess for 2-CA with great potential for 
industrial application.
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Introduction

2-Chloronicotinic acid (2-CA) is a key building block for 
agrochemicals and pharmaceuticals, such as diflufenican, 
nicosulfuron, mirtazapine, and nevirapine (Jin et al. 2011; 
Quevedo et al. 2009). Considering the ever-growing demand 
for 2-CA, numerous efforts have been devoted to developing 
green and efficient synthetic routes. Currently, 2-CA is pro-
duced through chemical methods, including N-oxidation and 
chlorination of nicotinonitrile or nicotinic acid, oxidation of 
2-choloro-3-methylpyridine, and chlorination and Michael 
addition of ethyl cyanoacetate with acrylaldehyde (Wu et al. 
2019). However, these chemical methods suffered from eco-
nomic and environmental problems due to the harsh reac-
tion conditions, low specificities, and yields. For instance, 

2-chloronicotinamide was generated as by-product during 
the hydrolytic process of 2-chloronicotinonitrile (2-CN) 
under strong alkaline condition (Scheme 1) (Du et al. 2009). 
Thus, there is urgent demand to explore and establish effi-
cient synthetic process for 2-CA production.

Nitrilases (EC 3.5.5.1) are a class of industrially impor-
tant hydrolases that convert nitriles to corresponding carbox-
ylic acids and ammonia in one step (Zhang et al. 2020a, b; 
Shen et al. 2021; Lauder et al. 2020). Given the prominent 
regio-, chemo-, and stereo-selectivity under mild conditions, 
nitrilases are regarded as valuable alternatives to chemical 
catalysts (Hauer 2020; Wu et al. 2021). Extensive efforts 
have been devoted to overexpression and efficient production 
of nitrilase. For instance, increase of gene copy number and 
co-expressing of ER oxidoreductin 1 were used to enhance 
the Acidovorax facilis ZJB09122 nitrilase production (Shen 
et al. 2020). The production of nitrilase from Pseudomonas 
putida CGMCC3830 was improved using a high density 
culture strategy by 14.9-fold (Gong et al. 2018). By opti-
mization of culture conditions and glycerol feeding, the 
production of nitrilase from Alcaligenes sp. ECU0401 was 
increased by 50-fold (Liu et al. 2011). Nitrilase-mediated 
bioprocesses have attached a great deal of interests for prep-
aration of high-valued carboxylic acids, such as (S)-3-cyano-
5-methylhexanoic acid (Chen et al. 2021; Wu et al. 2020), 
(R)-3-isobutyl-4-cyanobutanoic acid (Yu et al. 2019, 2021), 
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(R)-o-chloromandelic acid (Xue et al. 2015; Zou et al. 2021) 
and nicotinic acid (Gong et al. 2017; Teepakorn et al. 2021). 
However, efficient production of 2-CA by nitrilase has not 
been reported to date (Zheng et al. 2018; Tang et al. 2018).

In our previous study, a mutant of nitrilase (RzNIT/
W167G) from Rhodococcus zopfii was obtained with sig-
nificantly improved reaction specificity and hydrolysis activ-
ity (Zheng et al. 2020). Herein, constitutive expression of 
the recombinant RzNIT/W167G was investigated and effi-
cient biosynthesis of 2-CA from 2-CN was developed using 
RzNIT/W167G as biocatalyst (Scheme 1). Characteristics 
of RzNIT/W167G were investigated, along with its perfor-
mance evaluation in 2-CN hydrolysis. The results suggested 
that RzNIT/W167G could serve as a promising biocatalyst 
for biosynthesis of 2-CA.

Materials and methods

Bacteria strains, plasmids, and reagents

E. coli BL21 (DE3) and pET-3a were used as the expres-
sion host and plasmid, respectively. PrimeSTAR HS DNA 
polymerase was purchased from Vazyme (Nanjing, China). 
The restriction enzyme DpnI was purchased from New Eng-
land biolabs Inc (Ipswich, MA, USA). ClonExpress® II One 
Step Cloning Kit was purchased from Vazyme biotech Co., 
Ltd (Nanjing, China). Isopropyl-β-d-thiogalactopyranoside 
(IPTG), kanamycin, and ampicillin were obtained from 
Sigma (Shanghai, China). 2-CN and 2-CA were purchased 
from J&K chemicals (Shanghai, China).

Construction of constitutive expression system

The target gene was amplified using the primer 3a1-F and 
3a1-R from the recombinant plasmid previously constructed 
in our lab (Zheng et al. 2020). The RzNIT/W167G gene 
was inserted into plasmid pET-3a linearized by 3a2-F and 
3a2-R to obtain pET-3a-RzNIT/W167G. The PCR program 
was 3 min at 95 °C followed by 30 cycles of 15 s at 95 °C, 
5 s at 60 °C, and 3.5 min at 72 °C, and a final extension 

step with 10 min at 72 °C. The amplified products were 
digested for 3 h at 37 °C using DpnI. The linearized vector 
and the corresponding amplified fragment were ligated using 
ClonExpress® II One Step Cloning Kit to obtain the consti-
tutive expression vector. The recombinant plasmids were 
transformed into E. coli BL21 (DE) cells and then confirmed 
by sequencing. The primers used in this study are listed in 
Table S1.

Fermentation of recombinant E. coli overexpressing 
RzNIT/W167G

E. coli BL21 (DE3)/pET-3a-RzNIT/W167G was grown in a 
10 mL LB medium supplemented with ampicillin (100 μg/
mL) at 37 °C, 180 rpm for 12 h. Then, the primary seed 
culture was transferred to 100 mL LB medium with ampicil-
lin (100 μg/mL) at 37 °C, 180 rpm for 12 h. Subsequently, 
100 mL of secondary seed culture was transferred to a 5 L 
fermenter containing 3 L of fermentation medium (pH 7.5), 
which was consisted of 15 g/L peptone, 10 g/L NaCl, 12 g/L 
yeast extract, 15 g/L glycerol, 2.28 g/L K2HPO4

.3H2O, 
(NH4)2SO4, 1.36 g/L KH2PO4, 5 g/L (NH4)2SO4, 0.375 g/L 
MgSO4

.7H2O, and 100 μg/mL ampicillin. The fermenta-
tion process was carried out at 28 °C with an aeration of 
1.3 vvm (air volume/culture volume/minute) and agitation 
of 500 rpm. The pH of medium was adjusted to 7.5 using 
ammonia and phosphoric acid, and the fermentation temper-
ature was maintained at 28 °C. The cells were harvested by 
centrifugation at 10,000 × g for 10 min at 4 °C and washed 
with sodium phosphate buffer (20 mM, pH 7.5).

The collected cells were resuspended in potassium phos-
phate buffer (50 mM, pH 7.0), and disrupted by sonication. 
The supernatant and cell debris were collected as the solu-
ble fraction and insoluble fraction, respectively. Same vol-
ume samples of whole-cell fraction, soluble fraction, and 
insoluble fraction were analyzed by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS-PAGE). The 
SDS-PAGE was performed using 5% stacking gel and 12% 
separating gel. Protein bands were stained by Coomassie 
Brilliant Blue R-250 dye.

Enzyme activity assay

The activity of RzNIT/W167G was assayed in a 1 mL reac-
tion mixture containing an appropriate amount of resting 
cells or fermentation broth, 50 mM 2-CN, and 200 mM 
sodium phosphate buffer (pH 7.0). The reactions were car-
ried out at 30 °C with 200 rpm for 20 min, and then ter-
minated by addition of 10 µL HCl (6.0 M). The enzyme 
activity was determined by measuring the generated 
2-CA in reaction mixture using high-performance liq-
uid chromatography (HPLC) equipped with a C18 column 
(5 μm × 4.6 mm × 250 mm, Welch Materials, Inc., Shanghai, 
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Scheme 1   Chemical and nitrilase-catalyzed synthesis of 2-CA from 
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China) at a wavelength of 210 nm. The mobile phase was 
composed of 0.1% phosphoric acid and acetonitrile (75:25, 
v/v) with a flow rate of 1 mL/min at 40 °C. One unit of 
enzyme activity was defined as the amounts of the enzyme 
required to produce 1 μmol of 2-CA per minute.

Effect of temperature and pH on enzyme activity

The influence of temperature on enzyme activity was exam-
ined at various temperatures (20–65 °C) under the stand-
ard assay condition. To determine the thermal stability of 
nitrilase, the resting cells were incubated in sodium phos-
phate buffer (200 mM, pH 7.0) at 30 and 40 °C, respectively. 
The influence of pH on enzyme activity was investigated 
using the following buffers at 50 mM: sodium phosphate 
buffer (pH 5.5–8.0), Tris–HCl (pH 7.0–9.0), and Gly-NaOH 
(pH 8.5–10.0). To determine pH stability of the enzyme, 
the resting cells were incubated at pH 7.0–9.0 at 4 °C. The 
residual activities were measured after incubation at differ-
ent conditions.

Effect of cell loading and 2‑CA concentration 
on biosynthesis of 2‑CA

To examine the effect of cell loading on biosynthesis of 
2-CA, the biotransformation was carried out in a 10 mL 
reaction mixture containing 1.0–5.0  g dry cell weight 
(DCW)/L resting cells, 200 mM sodium phosphate buffer 
(pH 7.0), and 300 mM 2-CN.

In order to investigate the effect of 2-CA on biotransfor-
mation, the reaction was carried out in a 10 mL reaction 
mixture containing 200 mM sodium phosphate buffer (pH 
7.0), 4.0 g DCW/L resting cells, 50 mM 2-CN, and different 
concentrations of 2-CA (0–300 mM). The pH was adjusted 
to 7.0 with 6.0 M NaOH. The effect of temperature on bio-
transformation of 2-CN was investigated in 10 mL reaction 
mixture contained 200 mM phosphate buffer (pH 7.0), 4.0 g 
DCW/L resting cells, and 100 mM 2-CN at 25 °C and 30 °C. 
Samples were withdrawn periodically for HPLC analysis as 
described above.

Purification and recovery of 2‑CA

The biotransformation was carried out in a 1 L stirred reac-
tor containing 200 mM sodium phosphate buffer (pH 7.0), 
4.0 g dried whole cells, and 350 mM 2-CN. The reaction was 
performed at 30 °C and 180 rpm. The cells were removed by 
centrifugation (12,000 × g, 5 min) after the biotransforma-
tion and the supernatant was mixed with 6% activated carbon 
at 180 rpm for 2 h. Then, the activated carbon was removed 
by filtration. The resulting filtrate was acidified with HCl to 
pH 1.0–2.0 with stirring. The precipitated 2-CA was filtrated 
and dried at 50 °C.

Results and discussion

Constitutive expression of RzNIT/W167G

Industrial applications of nitrilases were hindered by sev-
eral limitations, such as formation of inclusion body, low 
biomass of cells, and requirement of expensive inducers 
(Gong et al. 2018; Liu et al. 2011). Constitutive expression 
for recombinant enzymes without the addition of inducers 
could simplify the fermentation process and reduce costs. 
Thus, the constitutive expression for RzNIT/W167G was 
investigated. E. coli BL21 (DE3)/pET-3a-RzNIT/W167G 
was cultured in LB medium without induction for constitu-
tive expression, while E. coli BL21 (DE3)/pET-28b-RzNIT/
W167G was induced by IPTG.

Expression of RzNIT/W167G in E. coli BL21 (DE3)/
pET-3a-RzNIT/W167G and E. coli BL21 (DE3)/pET-28b-
RzNIT/W167G was analyzed by SDS-PAGE (Fig. 1A). 
The molecular mass of RzNIT/W167G was approximately 

Fig. 1   Comparison of inducible and constitutive expression of 
nitrilase in E. coli cells. A SDS-PAGE analysis of the distribution 
of nitrilase. M: protein markers; 1: whole-cell fraction of inducible 
expression; 2: whole-cell fraction of constitutive expression; 3: solu-
ble fraction of inducible expression; 4: soluble fraction of constitutive 
expression; 5: insoluble fraction of inducible expression; 6: insoluble 
fraction of constitutive expression. B Biomass and enzyme activity of 
inducible and constitutive expression
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43 kDa, which was consistent with the molecular mass 
(41 kDa) calculated from its primary amino acid sequence. 
The expression level of RzNIT/W167G in E. coli BL21 
(DE3)/pET-3a-RzNIT/W167G was higher than that of E. coli 
BL21 (DE3)/pET-28b-RzNIT/W167G (Fig. 1A, lane 1–2), 
which was quantified using Image J software and calculated 
based on calibration with protein standards. As shown in 
Fig. 1A (lanes 3–6), no precipitation was found in the insolu-
ble fraction, indicating that the inclusion body of nitrilase 
was not formed by constitutive expression. The enzyme 
activity of constitutive expression system was determined to 
be 0.12 U/mL, which was approximately onefold higher than 
that of inducible expression (0.06 U/mL). Biomass (OD600) 
of constitutive expression (4.6) was also higher than that of 
inducible expression (3.5) (Fig. 1B), which may attribute to 
alleviated toxicity of IPTG to cells in inducible expression 
(Gong et al. 2018). The results indicated that the constitu-
tive expression system of RzNIT/W167G was successfully 
constructed and superior to inducible expression system.

Constitutive expression of RzNIT/W167G was further 
performed in a 5 L fermenter. Biomass and enzyme activity 
gradually increased during the fermentation. As shown in 
Fig. 2, the highest OD600 was 30.5 and the highest enzyme 
activity reached 1.03 U/mL after 24 h culture.

Effect of temperature on enzyme activity 
and thermostability

The nitrilase activity of whole cells was monitored at dif-
ferent temperatures (20–65 °C). The result indicated that 
the resting cells showed the maximum activity at 45 °C 
and the activity decreased when the temperature exceeded 
50 °C (Fig. 3A). To determine the thermostability, the rest-
ing cells were incubated at 30 °C and 40 °C. As shown in 
Fig. 3B, thermostability of the nitrilase at 30 °C was higher 
than that at 40 °C, which exhibited a half-life time of 21.8 h. 

Additionally, 100 mM 2-CN could be completely converted 
within 20 h at 25 °C and within 16 h at 30 °C (Fig. S1). 
Thus, 30 °C was chosen as the reaction temperature in the 
following experiments.

Effect of pH on enzyme activity and stability

The effect of pH on the hydrolysis of 2-CN was investigated. 
As shown in Fig. 4A, RzNIT/W167G exhibited higher activi-
ties at pH between 7.0 and 9.0, and the highest activity was 
achieved at pH 8.0. However, the nitrilase exhibited better 
stability at pH 7.0 (Fig. 4B). In addition, it was noteworthy 
that generation of 2-CA would acidify the reaction mixture, 
resulting in a decrease in pH value. Thus, 200 mM sodium Fig. 2   Constitutive expression of nitrilase in 5 L fermenter
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Fig. 3   Effects of temperature on enzyme activity and thermostabil-
ity of nitrilase. A Effect of temperature on enzyme activity of RzNIT/
W167G. The highest activity was considered as 100%. B Thermosta-
bility of RzNIT/W167G at different temperatures. The initial activity 
of RzNIT/W167G was considered as 100%
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phosphate buffer (pH 7.0) was selected to maintain pH of 
the reaction mixture.

Effect of cell loading on biotransformation of 2‑CN

The effect of cell loading on enzymatic hydrolysis of 2-CN 
was investigated at a substrate concentration of 300 mM. As 
shown in Fig. 5, the concentration of 2-CA increased with 
the increase of cell loading. High concentration of 2-CN 
(300 mM) could be completely converted into 2-CA at cell 
loadings of 4.0 and 5.0 g DCW/L. Insufficient amounts of 
biocatalysts may lead to long reaction time, while excess 
biocatalysts were unfavorable for the downstream separa-
tion. Thus, 4.0 g DCW/L of resting cells was selected for 
the biotransformation.

Effect of 2‑CA concentration 
on the biotransformation of 2‑CN

Low product tolerance was a common barrier in the enzy-
matic conversion of nitriles to acids (Sharma et al. 2011; 
Zhu et al. 2014). For example, 300 mM nicotinic acid caused 
44% inhibition of the activity of 3-cyanopyridinase from 
Nocardia rhodochrous LL100-21 (Vaughan et al. 1989). 
Thus, the effect of 2-CA concentration on RzNIT/W167G 
was investigated. Different concentrations of 2-CA were 
added at the initial of biotransformation. The production 
of 2-CA was not obviously affected when the added 2-CA 
concentration increased from 0 to 300 mM, indicating that 
the product was not an inhibitor for the nitrilase (Fig. S2). 
These results suggested that RzNIT/W167G is suitable to 
achieve a high product concentration for efficient industrial 
production of 2-CA.

Biosynthesis of 2‑CA using whole E. coli cells

To further explore the performance of RzNIT/W167G in 
production of 2-CA, the biotransformation was carried out 
using whole-cell biocatalyst in a 1 L stirred bioreactor. The 
biotransformation was performed at 30 °C in the reaction 
mixture containing 200 mM sodium phosphate buffer (pH 
7.0), 4.0 g DCW/L whole cells, and 350 mM 2-CN. The 
product accumulation reached 318.5 mM with a yield of 
91% within 50 h (Fig. 6), which is the highest level for 2-CA 
production catalyzed by nitrilase to date. The cells were then 
removed by centrifugation and the impurities were absorbed 
by activated carbon, in which 2-CA was crystalized by acidi-
fication from the supernatant (Fig. 6). The solid 2-CA was 
obtained by filtration and dried at 50 °C. The yield of 2-CA 
separated from the reaction mixture was 90% with a purity 
of 99%.
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Conclusions

An efficient bioprocess for 2-CA production was developed 
using recombinant nitrilase RzNIT/W167G as biocatalyst. 
The constitutive expression system was established and 
employed to enhance the biomass and nitrilase production. 
Under the optimized reaction condition, the final 2-CA 
concentration reached 318.5 mM using whole cells as bio-
catalyst. To the best of our knowledge, this is the highest 
concentration reported for nitrilase-catalyzed synthesis of 
2-CA from 2-CN to date. 2-CA was crystalized by a simple 
acidification step and the recovery yield reached 90%. The 
obtained results demonstrated the potential of industrial 
production of 2-CA by the established bioprocess.
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