
ORIGINAL RESEARCH PAPER

Characterization of a novel nitrilase, BGC4,
from Paraburkholderia graminis showing wide-spectrum
substrate specificity, a potential versatile biocatalyst
for the degradation of nitriles

Haiyang Fan . Lifeng Chen . Huihui Sun . Hualei Wang . Qinghai Liu .

Yuhong Ren . Dongzhi Wei

Received: 5 July 2017 / Accepted: 26 July 2017 / Published online: 31 July 2017

� Springer Science+Business Media B.V. 2017

Abstract

Objective To investigate the biodegradation of

nitriles via the nitrilase-mediated pathway.

Results A novel nitrilase, BGC4, was identified from

proteobacteria Paraburkholderia graminis CD41M

and its potential for use in biodegradation of toxic

nitriles in industrial effluents was studied. BGC4 was

overexpressed in Escherichia coli BL21 (DE3), the

recombinant protein was purified and its enzymatic

properties analysed. Maximum activity of BGC4

nitrilase was at 30 �C and pH 7.6. BGC4 has a broad

substrate activity towards aliphatic, heterocyclic, and

aromatic nitriles, as well as arylacetonitriles. Imin-

odiacetonitrile, an aliphatic nitrile, was the optimal

substrate but comparable activities were also observed

with phenylacetonitrile and indole-3-acetonitrile.

BGC4-expressing cells degraded industrial nitriles,

such as acrylonitrile, adiponitrile, benzonitrile,

mandelonitrile, and 3-cyanopyridine, showing good

tolerance and conversion rates.

Conclusion BGC4 nitrilase has wide-spectrum sub-

strate specificity and is suitable for efficient biodegra-

dation of toxic nitriles.

Keywords Biodegradation � Nitrilase �
Paraburkholderia graminis �Wide-spectrum substrate

specificity

Introduction

Nitriles are widely used as starting materials and

intermediates in the chemical and pharmaceutical

industries and are also obtained as products, by-products,

or waste products (Gong et al. 2012). Most nitriles are

highly toxic, carcinogenic and mutagenic. Their release

into the environment is a serious threat to living

organisms (Martinkova et al. 2009). Therefore, it is

essential to monitor and control their release into the

environment. Compared to chemical treatment methods,

biodegradation methods are generally considered more

acceptable owing to their environmentally friendly

nature (Banerjee et al. 2002). Nitrile-metabolizing

enzymes, such as nitrile hydratase, amidase, and nitri-

lase, can efficiently degrade most of the toxic nitriles and

thereby prevent their entry into the food chain.

Wyatt and Knowles (1995) reported the use of a

mixed bacterial culture producing nitrile hydratase,

amidase and nitrilases as an alternative method for
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treatment of industrial wastes containing various toxic

nitriles such as acrylonitrile, fumaronitrile, and succi-

nonitrile. Zhou et al. (2008) isolated two bacterial

strains from acrylic fibre production effluents and used

them for succinonitrile degradation.

Nitrilases convert nitriles to their corresponding

carboxylic acids which are useful in the production of

many important pharmaceutical intermediates and fine

chemicals (Polaina and MacCabe 2007). Thus, nitri-

lases are known for their excellent catalytic efficiency

for hydrolysis of nitriles and their environmentally

benign characteristics. Based on the substrate speci-

ficities, nitrilases are generally classified into three

types: aliphatic nitrilases, aromatic nitrilases, and

arylacetonitrilases (Martinkova et al. 2017). Gener-

ally, a mixed culture of microorganisms producing

different nitrilases should be combined for efficient

degradation of industrial waste containing various

nitriles and their compatibility should be considered

subsequently. Therefore, identifying nitrilases with

wide-spectrum substrate specificity is an attractive

approach for nitrile biodegradation.

In this work, a novel nitrilase, BGC4, with wide-

spectrum substrate specificity was discovered from

Paraburkholderia graminis CD41M. BGC4 was

cloned and overexpressed in Escherichia coli BL21

(DE3), and its biochemical properties were investi-

gated in detail. The substrate scope of the BGC4 was

tested and the nitriles degradation efficiency of the

BGC4 was also investigated.

Materials and methods

Materials

Paraburkholderia graminis CD41M (ATCC 700544)

was used. E. coli BL21 (DE3)/pQE-30 (Qiagen,

Germany) was used for expressing recombinant

nitrilase BGC4. All the nitriles and acids were

purchased from Sigma-Aldrich Co. LLC. (USA) or

Tokyo Chemical Industry Co., Ltd. (Japan) and were

of analytical grade.

Cloning and expression of BGC4 in E. coli

The primers used for amplification of the BGC4 gene

were: forward: 50-CGGGATCCATGAAAGTTGTCA
AAGCCG-30 (BamHI) and reverse: 50-CCCAAGCTT

TCAGCGCGAACCTGCAACAG-30 (HindIIII).

BGC4-expressing strain, E. coli/BGC4, was then con-

structed according to standard protocols. The E. coli/

BGC4 cells were cultivated at 37 �C in lysogeny broth

with antibiotics. IPTG was used to induce expression.

After induction, the temperature was decreased to 20 �C
for further cultivation for another 20 h.

Sequence and phylogenetic analysis of the BGC4

gene

The BGC4 gene was cloned into the expression vector

pQE-30 and its sequence was confirmed (BGI, Shen-

zhen, China) using a BLASTN search. The phyloge-

netic analysis of BGC4 with known nitrilases from

other organisms was performed in MEGA ver. 7.0

software by the neighbour-joining method.

Purification of recombinant BGC4

The induced cells were harvested by centrifugation

(80009g, 10 min), washed twice and resuspended

with Na2HPO4/NaH2PO4 buffer (50 mM, pH 7.0) and

homogenized by sonication. The cell lysate was

centrifuged (80009g, 20 min) and the supernatant

was loaded onto Ni–NTA resin. The nitrilase BGC4

was purified from the supernatant by Ni–NTA chro-

matography with imidazole gradient elution. The

eluted BGC4 was desalted by dialysis and concen-

trated by ultrafiltration. All the purification procedures

were carried out at 4 �C.

Determination of substrate specificity for BGC4

The specific activity of the nitrilase BGC4 was studied

under standard conditions with different nitriles as

substrates, such as aromatic nitrile, arylacetonitrile,

aliphatic mono- or di-nitrile and heterocyclic nitrile.

The conversion was determined by assaying the

amount of ammonia produced in the reaction by the

Berthelot method (Weatherburn 1967). All the exper-

iments were carried out in triplicates.

Effect of temperature and pH on the activity

of purified BGC4

Reactions were performed with 25 mM benzonitrile

and 10 lg purified BGC4 for 10 min in 1 ml. The

optimal temperature for BGC4was determined from 20
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to 50 �C in sodium phosphate buffer (pH 7, 100 mM).

The optimal pH of BGC4 was determined from pH 4 to

9 at 25 �C using sodium citrate/citric acid buffer (pH

4–6, 100 mM), sodium phosphate buffer (pH 5.6–8,

100 mM), and Tris/HCl buffer (8–9, 100 mM).

To determine the thermostability of the nitrilase

BGC4, the purified nitrilase was incubated 25, 30, 37,

and 50 �C. The residual activity towards benzonitrile

was measured at intervals. The stability of the purified

nitrilase at pH 7, 7.6 and 8) was also measured in

100 mM sodium phosphate buffer.

Nitrile degradation assay

The induced E. coli/BGC4 cells were harvested by

centrifugation and the obtained wet cells were used for

nitrile degradation assay. The degradation was per-

formed in 20 ml reaction mixture containing sodium

phosphate buffer (100 mM, pH 7.6), 10% (v/v)

ethanol and 2 g wet cells at 30 �C in a shaking water

bath at 200 rpm. Substrate (acrylonitrile, adiponitrile,

benzonitrile, mandelonitrile or 3-cyanopyridine) was

added into this mixture for initiation of hydrolysis.

Samples were taken at various intervals and centrifu-

gated to remove the wet cells. The supernatant was

used for the residual substrate analysis by high

performance liquid chromatography (HPLC).

Analytical methods

Nitriles were quantified by HPLC using a Zorbax

XDB-C18 column (4.6 mm 9 250 mm, 5 lm; Agi-

lent Technologies, Ltd., USA) at 1 ml/min. For

acrylonitrile and 3-cyanopyridine the eluting solvent

system was phosphoric acid (0.1%, v/v) and acetoni-

trile (75/25, v/v). For adiponitrile, benzonitrile and

mandelonitrile the eluting solvent systems were

phosphoric acid (0.1%, v/v) and methanol (90/10,

v/v), (60/40, v/v) and (80/20, v/v), respectively. The

eluate was monitored at 210 nm.

Results and discussion

Phylogenetic analysis of BGC4 reveals it is

an aliphatic nitrilase

For identification of the novel nitrilase BGC4

(GenBank accession number: WP_006050412), phy-

logenetic analysis of BGC4 was performed using

sequences of 19 other nitrilases that have been

reported earlier. The selected nitrilases were from

bacteria, fungi, and plants and have different substrate

specificity. The nitrilases were grouped into three

clusters in the phylogenetic tree (Fig. 1). All the

Fig. 1 Phylogenetic

analysis of BGC4 with

closely related nitrilases

from other organisms. The

phylogenetic tree was

constructed by neighbour

joining method and it is

subdivided into three

clusters, namely I, II and III.

The scale bar represents 0.2

changes per amino acid
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nitrilases in cluster I are typical arylacetonitrilases,

that use arylacetonitriles as optimal substrates. Most of

the nitrilases in cluster II are from bacteria and have

been reported as aliphatic nitrilases, except the two

fungal nitrilases (from Fusarium oxysporum and

Fusarium proliferatum). Most of the nitrilases in

cluster III are eukaryotic nitrilases (from fungi and

plants). The position of BGC4 in cluster II of the

phylogenetic tree revealed that BGC4 may be an

aliphatic nitrilase that also has some similarity with

eukaryotic nitrilases.

Expression and purification of BGC4

The recombinant nitrilase BGC4was overexpressed in

E. coli in soluble form and purified by Ni–NTA

chromatography. The purified BGC4 protein gave a

single band at *37 kDa in SDS-PAGE analysis

(Fig. 2), which was in agreement with its predicted

size. This purified BGC4 protein was then used to

analyse its specific activity against various nitriles and

to determine the optimal pH and temperature at which

it shows maximum degradation against nitriles,

specifically benzonitrile.

BGC4 exhibits wide-spectrum substrate specificity

for nitriles

The specific activity of the recombinant BGC4

towards a total of 29 nitriles (aliphatic, heterocyclic,

aromatic, and arylacetonitriles) is presented in

Table 1. BGC4 showed a broad hydrolytic activity

towards all the tested nitriles. Furthermore, its activity

towards all the examined nitriles was almost of

Fig. 2 SDS-PAGE analysis of the purified nitrilase BGC4.

Lane M: molecular mass marker, lane 1: soluble crude extract,

lane 2: purified BGC4

Table 1 Substrate specificity of the purified BGC4

Entry Substrate Relative

activity (%)

1 Benzonitrile 100 ± 7.4*

2 Phenylacetonitrile 346 ± 12.9

3 Mandelonitrile 211 ± 9.2

4 2-Chloromandelonitrile 145 ± 6.4

5 4-Chlorobenzyl cyanide 101 ± 2.9

6 Alpha-methylphenylacetonitrile 238 ± 5.8

7 1,2-Phenylenediacetonitrile 315 ± 14.2

8 3-Phenylpropionitrile 129 ± 1.6

9 2-Phenylbutyronitrile 104 ± 2.8

10 Cinnamonitrile 38 ± 0.6

11 3-phenyl-3-hydroxypropanenitrile 69 ± 1.1

12 Acrylonitrile 17 ± 0.7

13 Iminodiacetonitrile 394 ± 13.8

14 Succinonitrile 261 ± 6.1

15 Fumaronitrile 248 ± 18.2

16 2-Methylglutaronitrile 192 ± 3.8

17 3-Hydroxyglutaronitrile 135 ± 8.1

18 Adiponitrile 207 ± 2.2

19 Pimelonitrile 239 ± 7.2

20 Octanedinitrile 175 ± 6.4

21 Sebaconitrile 75 ± 5.8

22 3-Hydroxypropionitrile 53 ± 1.4

23 4-Chlorobutyronitrile 151 ± 8.2

24 Valeronitrile 205 ± 10.7

25 Dodecanenitrile 122 ± 1.2

26 Indole-3-acetonitrile 310 ± 23.1

27 2-Cyanopyridine 225 ± 4.1

28 3-Cyanopyridine 71 ± 6.5

29 4-Cyanopyridine 69 ± 3.8

* The activity towards benzonitrile was set to 100%
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identical grade with no obvious substrate preference.

Although BGC4 showed the highest activity towards

iminodiacetonitrile, an aliphatic di-nitrile, comparable

high hydrolytic activities were also observed on

phenylacetonitrile (aromatic nitrile) and indole-3-

acetonitrile (heterocyclic nitrile).

Generally, nitrilases are classified as aliphatic

nitrilases, aromatic nitrilases and arylacetonitrilases

according to their substrate specificities. As expected

from the classification, aromatic nitrilases degrade

aromatic nitriles and exhibit no or very low relative

activity for aliphatic nitriles and vice versa. However,

the nitrilase BGC4, which is indicated as an aliphatic

nitrilase in our phylogenetic analysis, also shows high

activity towards aromatic and arylacetonitriles in

addition to aliphatic nitriles. Therefore, the BGC4 is

a nitrilase with wide-spectrum substrate specificity

and the revealed property could be a potential

advantage for nitriles bioremediation and

biodegradation.

Effects of temperature and pH on BGC4 activity

Purified BGC4 had maximum activity at 30 �C
(Fig. 3a), and at pH 7.6 (Fig. 3b). More than 70% of

maximal activity was retained between 20 and 45 �C

Fig. 3 Effects of temperature and pH on nitrilase activity and

stability. aOptimal temperature. bOptimal pH; Squares sodium

citrate/citric acid buffer, circles sodium phosphate buffer,

triangles Tris/HCl buffer. c Thermal stability of BGC4; Circles

25 �C, squares 30 �C, triangles 37 �C, diamonds 50 �C. d pH

stability of BGC4; Circles pH 7.0, squares pH 7.6, triangles pH

7.0
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and above 50 �C, 60% of the maximal activity was

retained. Over 80% of maximal activity was main-

tained between pH 7 and 8.

BGC4 at 25 and 30 �C retained activities of 73 and

68% after 48 h incubation, respectively. Additionally,

the half-life of the activity at 50 �C is less than 2 h

(Fig. 3c). There was little loss of activity when the

enzyme was held at pH 7–8 over 48 h (Fig. 3d).

Bioremediation of nitriles by BGC4-expressing

bacterial cells

To explore the potential application of BGC4 in the

biodegradation of various nitriles, wet cells of E. coli/

BGC4 were used as biocatalyst for the degradation of

acrylonitrile, adiponitrile, benzonitrile, mandeloni-

trile, and 3-cyanopyridine at high substrate concen-

trations (Fig. 4). The two typical aliphatic nitriles,

acrylonitrile and adiponitrile, are widely used in the

synthesis of fibre, rubber, and resin industries and thus

widespread in industrial effluents. On the other hand,

the nitriles benzonitrile and mandelonitrile, represen-

tative of aromatic nitriles and arylacetonitriles respec-

tively, are important materials in organic synthesis and

pharmaceuticals industries (Martinkova et al. 2009;

Suwanvaipattana et al. 2017). For the degradation of

both adiponitrile and mandelonitrile, 200 mM the

substrate could be completely hydrolysed in less than

1.5 h. Moreover, 200 mM benzonitrile and 100 mM

3-cyanopyridine were also completely hydrolysed in

less than 3 h. Although BGC4 revealed a relatively

low activity towards acrylonitrile, 50 mM acryloni-

trile was completely hydrolysed in less than 3 h.

Many nitrilases-mediated nitriles hydrolysis have

been reported. Among them, seven of these reported

nitrilases with noteworthy catalytic performance

Fig. 4 Time course of the degradation of various nitriles at

different substrate concentration by BGC4-expressing bacterial

cells

Table 2 Comparison of data for the nitriles degradation mediated by nitrilases from different sources

Substrate Nitrilase source Catalyst

loading

(mg/ml)

Substrate

concentration

(mM)

Reaction

time

(min)

Conversion

rate (%)

Reference

Acrylonitrile Rhodococcus rhodochrous BX2a NA 7.54 2520 100 Fang et al. (2015)

Alcaligenes faecalis MTCC 10757a 100c 3 2880 100 Nageshwar

et al. (2011)

Rhodococcus ruber AKSH-84a 200c 200 120 63 Ahmed et al. (2011)

Paraburkholderia graminis CD41Mb 100c 50 180 100 This study

Mandelonitrile Burkholderia cencepacia J2315b 100c 100 60 100 Wang et al. (2013)

Paraburkholderia graminis CD41Mb 100c 200 90 100 This study

3-Cyanopyridine Rhodococcus sp. NDB 1165a 2d 50 20 100 Prasad et al. (2007)

Nocardia globerula NHB-2a 1.5d 100 20 100 Sharma et al. (2011)

Paraburkholderia graminis CD41Mb 100c 100 180 100 This study

NA data not available
a The wild strain was used as biocatalyst
b Recombinant E. coli strains containing the respective nitrilase were used as biocatalyst
c Wet cells were used
d Dry cells were used
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towards acrylonitrile, mandelonitrile or 3-cyanopy-

ridine are compared in Table 2. Only the nitrilase from

Rhodococcus ruber AKSH-84 could hydrolyze acry-

lonitrile efficiently in a high substrate concentration.

When 200 mM acrylonitrile was used, the conversion

rate reached 63% with wet cells (200 mg/ml) in

120 min. In the current study, 100% conversion rate

was achieved in 180 min with less biocatalysts

(100 mg/ml) with substrates at 50 mM. In addition,

the nitrilase BCJ2315 from Burkholderia cenocepacia

J2315 has shown the highest activity towards mande-

lonitrile to date. Compared to the nitrilase BCJ2315,

BGC4 also showed high catalytic efficiency towards

mandelonitrile and could hydrolyze 200 mM mande-

lonitrile completely in 90 min. For the 3-cyanopy-

ridine hydrolysis, although the top rank of the

biocatalysts were Rhodococcus sp. NDB 1165 and

Nocardia globerula NHB-2, BGC4 showed a 100%

conversion rate on a comparable high substrate

concentration (100 mM). Therefore, BGC4 demon-

strated great potential for the application of various

nitriles degradation.

In the last decade, several studies on nitriles

degradation through nitrilase-mediated pathway have

been reported (Fang et al. 2015; Liu et al. 2017;

Mukram et al. 2016). However, most of these studies

report nitrilases that are effective in degrading a few

substrates. In the present study, we report a promising

nitrilase BGC4 that can degrade a wide range of

nitriles and thus has considerable application

potential.

Conclusion

A novel nitrilase, BGC4, with wide-spectrum sub-

strate specificity has been identified from

Paraburkholderia graminis. The use of BGC4 nitri-

lase is not only environmentally friendly but also

highly effective in degrading a wide range of nitriles.

These outstanding characteristics of BGC4 make it a

potential candidate for efficient degradation of toxic

nitriles in effluents.
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