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Abstract A novel aliphatic nitrilase, REH16, was found in
Ralstonia eutropha H16 and overexpressed in Escherichia
coli BL21(DE3), and its enzymatic properties were studied.
The temperature and pH optima were 37 °C and 6.6,
respectively, and the best thermostability of the nitrilase
was observed at 25 °C, which preserved 95% of activity
after 120 h of incubation. REH16 has a broad hydrolytic
activity toward aliphatic and heterocyclic nitriles and
showed high tolerance of 3-cyanopyridine; this enzyme
could hydrolyze as high as 100 mM 3-cyanopyridine
completely. To improve the 3-cyanopyridine conversion
efficiency in an aqueous reaction system, water-miscible
organic solvents were tested, and ethanol (10% v/v) was
chosen as the optimal co-solvent. Finally, under optimized
conditions, using the fed-batch reaction mode, total of
1050 mM 3-cyanopyridine was hydrolyzed completely in
20.8 h with eight substrate feedings, yielding 129.2 g/L
production of nicotinic acid and thus showing a potential
for industrial application.
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Introduction

Nicotinic acid (vitamin Bj3) has a strong demand among
manufacturers of foodstuffs and feed additives and is used
as an intermediate for the synthesis of isoniazid, inositol
hexanicotinate, and N,N-diethylnicotinamide in the phar-
maceutical industry. As a vitamin supplement, nicotinic
acid can help to lower the risk of cardiovascular diseases,
pellagra, and arthritis [1]. The mainstream process of
chemical production of nicotinic acid involves high energy
consumption due to the reaction temperature [2]. Based on
the advantages of biotransformation in green production,
several biotransformation processes such as the amidase
pathway and nitrilase pathway have been reported as an
alternative to the chemical process of production of nico-
tinic acid [3-8]. According to some reports, the process of
3-cyanopyridine hydrolysis by nitrilases holds great pro-
mise for industrial applications [9].

Nitrilases (EC 3.5.5.1) have been recognized as high-
commercial-value biocatalysts for hydrolysis of various
nitriles for formation of the corresponding carboxylic acids
[10]. In recent years, many nitrilases were discovered in
bacteria, fungi, and plants and studied in terms of the
substrate specificity, enantioselectivity, and amide forma-
tion [11], and some of these nitrilases have been success-
fully applied to commercial production of carboxylic acids,
such as 4-cyanopentanoic acid [12] and (R)-(—)-mandelic
acid [13]. On the basis of the great synthetic possibilities
related to nitrilases and carboxylic acids, screening of
nitrilases for nicotinic acid production has a great potential.
In the last decades, several nitrilases have been used to
produce nicotinic acid [3-7, 14-19]. Among them, several
nitrilase producing strains have been isolated and utilized
as whole-cell catalysts on 3-cyanopyridine hydrolysis,
including Bacillus pallidus Dac521 [5], Rhodococcus sp.
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NDB 1165 [7], Nocardia globerula NHB-2 [3, 4], Fusar-
ium proliferatum ZJB-09150 [14] and Stenotrophomonas
maltophilia AC21 [15]. By the use of the strains
Rhodococcus sp. NDB 1165, as high as 1.6 M of nicotinic
acid was obtained in fed-batch reaction mode. However,
the biochemical properties of the corresponding nitrilases
remain unclear. On the other hand, several nitrilases with
potential on 3-cyanopyridine hydrolysis were cloned and
purified, and their biochemical properties were studied in
details, including Gibberella intermedia GA3-1 [16],
Rhodobacter sphaeroides 1LHS-305 [17], Pseudomonas
putida CGMCC3830 [18], Acidovorax facilis 72W [19]
and Alcaligenes faecalis MTCC 126 [6]. Among them, the
highest specific activity toward 3-cyanopyridine was
obtained as 71.8 U/mg with the purified nitrilase from P.
putida CGMCC3830 [18].

In the present study, a novel nitrilase, REH16, with high
3-cyanopyridine hydrolytic activity was found in Ralstonia
eutropha H16. Then, REH16 was cloned and overex-
pressed in Escherichia coli BL21(DE3). The biochemical
properties and substrate specificity of REH16 were inves-
tigated. Furthermore, for development of a nicotinic acid
production process, the bioprocess parameters of
3-cyanopyridine hydrolysis were optimized. Finally, bench
scale conversion of 3-cyanopyridine to nicotinic acid using
REHI16 in substrate fed-batch mode was performed.

Materials and methods
Materials

All the recombinant nitrilases introduced into E. coli
BL21(DE3) were obtained from our previous studies
[20, 21]. Nicotinic acid and 3-cyanopyridine were pur-
chased from Sigma-Aldrich Co., LLC. (USA). All other
nitriles and acids were purchased from Sigma-Aldrich Co.,
LLC (USA) and Tokyo Chemical Industry Co., Ltd. (Ja-
pan) and of analytical grade.

Preparing the resting cells

The E. coli strains harboring nitrilases were cultivated in
Luria—Bertani (LB) broth in a flask at 37 °C. Isopropyl-j-
p-thiogalactoside (IPTG) was used for the gene expression
induction at a final concentration of 0.1 mM. The incuba-
tion temperature after the induction was decreased to
20 °C. The induced cultures were harvested after 20 h of
incubation and centrifuged at 8000x g, 4 °C, for 10 min.
The wet cells were collected and washed twice with
physiological saline and then stored at —20 °C. The wet
cells were used as resting cells for the hydrolysis of
3-cyanopyridine.
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The screening procedure

The resting cells (~20 mg) were resuspended in 1 mL of
sodium phosphate buffer (pH 7.0, 100 mM) with 5% (v/v)
ethanol, and then the reaction was initiated by addition of
5.2 mg 3-cyanopyridine powder with a final concentration
of 50 mM. The reaction proceeded at 30 °C for 12 h, and
then the resting cells were removed from the mixture by
centrifugation. The formation of ammonia in the mixture
was determined by the Berthelot method [22].

Sequence analysis of the REH16 gene

The nucleotide sequence of the nitrilase inserted into the
vector pET-28a(+) was determined (BGI, Shenzhen,
China) and then used in a BLASTN search (https://blast.
ncbi.nlm.nih.gov/Blast.cgi?PROGRAM-=blastn&PAGE _
TYPE=BlastSearch&LINK_LOC=blasthome). The nitri-
lase REH16 was most active towards 3-cyanopyridine
and it was chosen for further investigation. Multiple
sequence alignments of nitrilase REH16 with the repor-
ted nitrilases were carried out using the ClustalX 2.0
software and then modified by means of ESPript 3.0
(http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). The
phylogenetic tree analysis of REH16 was performed in
the MEGA 7.0 software by the neighbor-joining method.

Protein purification

The obtained E. coli resting cells overexpressing recom-
binant REH16 were resuspended in sodium phosphate
buffer (pH 7.0, 50 mM). The cell lysis was performed by a
sonication method in an ice-water bath. The lysate was
centrifuged at 12,000x g for 15 min, and then the collected
supernatant was loaded onto the Ni-NTA resin. The nitri-
lase was purified from the supernatant by Ni-NTA chro-
matography with separation by imidazole gradient elution.
The elution profile of the nitrilase was recorded by a UV
detector at 280 nm. The eluted nitrilase was desalted by
dialysis using a Biotech Cellulose Ester Dialysis Mem-
brane with a molecular weight cutoff of 1 kDa (Spectrum
Chemical, USA) and concentrated by ultrafiltration using a
50 mL Amicon Ultra Centrifugal Filter Device with a
molecular weight cutoff of 10 kDa (Millipore, USA).
Protein concentration was determined by the Bradford
method. All the purification procedures were carried out at
4 °C.

Nitrilase assay
The standard nitrilase assay was conducted in a 1-mL

reaction system containing sodium phosphate buffer
(100 mM, pH 7.0), 50 mM 3-cyanopyridine, and an
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appropriate amount of nitrilase at 30 °C for 10 min.
Samples (100 pL) were taken at various intervals and
quenched by adding 10% (v/v) 2 M HCI. The production
was determined by high-performance liquid chromatogra-
phy (HPLC). One unit of the nitrilase activity was defined
as the amount of the nitrilase that produced 1 pmol of
nicotinic acid per minute under the standard assay condi-
tions. All the experiments were performed in triplicate.

Effects of temperature and pH on the activity
of purified REH16

To determine the optimal temperature and pH for the nitrilase
activity of REH16 toward 3-cyanopyridine, the reaction was
conducted with 10 pg of purified REH16 and 50 mM
3-cyanopyridine in a 1-mL reaction system for 10 min at
different temperatures or at different pH levels (various buf-
fers). The optimal temperature for REH16 was determined by
measuring the nitrilase activity during 3-cyanopyridine
hydrolysis carried out at different temperatures (10-70 °C) in
100 mM sodium phosphate buffer (pH 7.0). The optimal pH
of REH16 was determined by measuring the nitrilase activity
during 3-cyanopyridine hydrolysis carried out at different pH
levels (5.0-9.0) and 25 °C. Sodium citrate/citric acid buffer
(pH 5.0-6.0, 100 mM), sodium phosphate buffer (pH 6.0-8.0,
100 mM), and Tris-HCI buffer (8.0-9.0, 100 mM) were used
in these experiments.

To determine thermostability of the nitrilase activity of
REHI16, the purified nitrilase was incubated at different
temperatures (20, 30, 37, and 50 °C). Samples were with-
drawn at various intervals and then the residual activity
toward 3-cyanopyridine was determined under standard
assay conditions. The purified nitrilase was dissolved in
100 mM sodium phosphate buffer at different pH levels
(6.0, 6.6, and 7.0) and incubated at 20 °C. Samples were
taken at various intervals for determination of the residual
activity.

Effects of metal ions on REH16 activity

The effects of metal ions and ethylenediaminetetraacetic
acid (EDTA) on the nitrilase REH16 activity were deter-
mined at a final concentration of 1 mM. The nitrilase
activity was determined under the standard assay condi-
tions. The control reaction did not contain any additive.

Substrate specificity of REH16

The specific activities of REH16 were studied under stan-
dard conditions with a total of 28 nitriles (separately). The
conversion was determined by assaying the ammonia
amount produced in the reaction by the Berthelot method.
All the experiments were carried out in triplicate.

Effects of co-solvents on REH16 activity

To determine the effects of organic solvents on the E. coli
cells expressing REH16, various solvents in a final con-
centration range of 5-25% (v/v) were added (individually)
into the reaction mixture containing sodium phosphate
buffer (pH 6.6, 100 mM), 100 mM 3-cyanopyridine, and
resting cells at 100 mg/mL. The mixture was incubated at
30 °C with shaking at 200 rpm for 60 min and then the
conversion was determined by HPLC.

To identify an optimal co-solvent for the 3-cyanopy-
ridine bioconversion, the mixture containing 100 mg/mL
resting cells, sodium phosphate buffer (pH 6.6, 100 mM),
and 10% (v/v) of various solvents was incubated at 30 °C
for different periods, and then the reaction was initiated by
adding 100 mM 3-cyanopyridine. The conversion was
determined after 60 min of incubation with shaking at
200 rpm.

The effect of 3-cyanopyridine concentration
on nitrilase activity

To determine the effect of substrate concentration on
nitrilase activity, the reaction was performed at various
substrate concentrations (50-200 mM) in a 10-mL reaction
system, which contained sodium phosphate buffer (pH 6.6,
100 mM), 100 mg/mL resting cells, and ethanol (10%,
v/v). Samples were taken at various intervals and quenched
with 2 M HC1 (10%, v/v). The formation of nicotinic acid
was determined by HPLC.

The effect of concentration of resting cells on the
3-cyanopyridine conversion

To determine the optimal resting cell concentration for
hydrolysis of 100 mM 3-cyanopyridine, the conversion
was conducted with resting cells at 50, 75, 100, 150, or
200 mg/mL, at 30 °C for 60 min, and then the formation of
nicotinic acid was determined.

The fed-batch reaction for nicotinic acid production

A 500 mL three-necked round-bottom flask was used for a
200 mL fed-batch reaction. The reaction mixture contained
sodium phosphate buffer (100 mM, pH 6.6), 10% (v/v)
ethanol, 20 g of the resting cells, and 100 mM
3-cyanopyridine. The initial parameters were set up as
follows: 30 °C, pH 6.60-6.65, and agitation speed of
300 rpm. The temperature was maintained by means of a
water bath. The pH was maintained by the ammonia
addition controlled by a pH auto controller; 100 mM
3-cyanopyridine per batch was mixed into the reaction after
the current batch converted completely. Samples were
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taken at various intervals and quenched by addition of 10%
(v/v) 2 M HCI. The product was analyzed by HPLC.

Analytical methods

Nicotinic acid and 3-cyanopyridine were quantified by
HPLC using a Zorbax SB-Aq column (4.6 mm x 250 mm,
5 pm; Agilent Technologies, Ltd., USA) eluted with 0.1%
phosphate solution versus acetonitrile (75:25 v/v) at a flow
rate of 0.8 mL/min. The elution was monitored at 210 nm.

Results and discussion

Screening of recombinant nitrilases for
3-cyanopyridine hydrolysis

For identification of novel nitrilases, a data-mining
approach based on NCBI BLAST was adopted in our
previous works [20, 21]. Thirteen nitrilases were cloned
and overexpressed in E. coli BL21(DE3) in soluble form.
Each E. coli strain harboring a nitrilase was cultivated in
LB broth and harvested as resting cells to be screened for
activity toward 3-cyanopyridine hydrolysis. However,
using whole-cell as catalyst, the catalysis efficiency was
determined not only by the specific activity of the enzyme
but also the expression level of the nitrilase. Therefore, we
search the optimal biocatalyst based on the specific activity
of the cells irrespective of the nitrilase expression level
during this screening process. Among these enzymes, a
new nitrilase, REH16 from R. eutropha H16 (GenBank
accession number: AM260479.1), showed the highest
specific activity (6.9 U/mg dcw) toward 3-cyanopyridine

Table 1 Screening of nitrilases for 3-cyanopyridine hydrolysis

Fig. 1 Bioinformatic analysis of REH16. a Phylogenetic analysis of
REH16 with closely related nitrilases. The scale bar represents 0.1
changes per amino acid. b Multiple sequence alignment of conserved
regions of nitrilases. The conserved sequences are indicated with
boxes. The nitrilase catalytic triads are indicated as triangles

(Table 1). After that,
experiments.

REH16 was used for further

Phylogenetic relations of REH16

For the phylogenetic analysis of nitrilase REH16, 19
nitrilases with different substrate specificity from bacteria,
fungi, and plants (that have been reported before) were
selected. As shown in Fig. la, the nitrilases could be
grouped into three clusters. The arylacetonitrilases that use
arylacetonitriles as optimal substrates could be grouped
exactly into cluster I in the phylogenetic tree and all these
arylacetonitrilases are from bacteria. The aliphatic nitri-
lases could be grouped into cluster II of the phylogenetic
tree, and most of them are from bacteria except for F.
proliferatum and F. oxysporum f. sp. cubense (fungal
nitrilases). Most nitrilases in cluster III are from fungi and
plants. The approximate position of REH16 in the phylo-
genetic tree indicated that REH16 may be an aliphatic
nitrilase and has more sequence similarity with eukaryotic
nitrilases. Furthermore, multiple sequence alignments of
conserved regions to REH16 with closely related nitrilases
were performed, and the results are shown in Fig. 1b. The
results revealed that REH16 contains the typical nitrilase
conserved catalytic triad E47-K129-C163.

Nitrilase Organism GenBank accession number Specific activity (U/mg dcw)
IFM Nocardia farcinica IFM 10152 YP_119480.1 ND
Pf-5 Pseudomonas protegens Pf-5 YP_260015.1 24
TCl1 Arthrobacter aurescens TCI YP_946154.1 2.5
700345 Shewanella pealeana ATCC 700345 YP_001502716.1 2.5
STMS15 Burkholderia phymatum STM815 YP_001861308.1 5.6
28 Microscilla marina WP_002695609.1 1.6
32 Betaproteobacteria bacterium OGA17639.1 4.2
101 Roseobacter sp. GAI101 WP_008225401.1 55
278 Bradyrhizobium sp. ORS 278 YP_001206496.1 1.7
REH16 Ralstonia eutropha H16 YP_726425.1 6.9
PM1 Methylibium petroleiphilum PM1 YP_001022666.1 1.4
CCS1 Jannaschia sp. CCS1 YP_511677.1 2.6
DC3000 Pseudomonas syringae pv. tomato str. DC3000 NP_790047.1 2.1

ND not detected
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Expression and purification of REH16

Nitrilase REH16 with a hydrolytic activity toward
3-cyanopyridine was overexpressed in soluble form in E. coli
and purified. In SDS-PAGE analysis, the purified nitrilase
yielded a single band with a size of approximately 40 kDa
(Fig. 2), which was in agreement with the predicted size.

Effects of temperature and pH on nitrilase activity

The optimal pH and temperature of the purified REH16
were determined. The optimal temperature was found to be
37 °C (as shown in Fig. 3a), and more than 80% of max-
imal activity was retained between 30 and 50 °C. When the
temperature was above 50 °C, the activity of REHI16

M 1 2

Fig. 2 SDS-PAGE analysis of REH16. Lane M molecular mass
marker, lane I soluble crude extract, lane 2 purified REH16
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decreased sharply. REH16 exerted a higher activity (>80%
of maximal activity, as shown in Fig. 3b) between pH 6
and 7, and the highest activity was observed at pH 6.6. This
behavior is different from that of other nitrilases reported
before. To the best of our knowledge, nitrilases have the
highest activity in a weakly basic environment generally.
The thermostability of REH16 was determined by ana-
lyzing the residual activity of the purified nitrilase after
incubation at different temperatures for various periods.
REH16 showed the best stability during storage at 25 °C:
only 5% of activity was lost after 120-h incubation
(Fig. 3c). Although the optimal temperature of REH16 is
37 °C, the half-life of activity was only 5 h at this tem-
perature. Compared to the results at 37 °C, the half-life of
the activity at 30 °C was more than 120 h. Additionally,
the half-life of the activity at 50 °C was less than 20 min
(data not shown). Therefore, 30 °C was chosen as the
optimal temperature for nitrile hydrolysis by REH16. The
results on pH stability of REH16 are shown in Fig. 3d.
REH16 has excellent stability in the pH range of 6.0-7.0,
an activity loss was barely detectable after 120 h of incu-
bation. According to the results above, nitrilase REH16 is
suitable for biotransformation at 30 °C and pH 6.6.

Effects of metal ions and EDTA

The effects of various metal ions and ethylenediaminete-
traacetic acid (EDTA) on nitrilase REH16 were assessed
(Table 2). The metal-chelating agent EDTA had little or no
effect on REH16 activity, suggesting that metal-binding
sites do not exist in the structure of REH16 (or are not
important). The nitrilase activity was inhibited by thiol-
binding metal ions (Ag", Cu®", and Zn>"), indicating that
the thiol group is indispensable for the nitrilase activity.
Most of the metal ions caused obvious inhibition of the
REH16 activity, thus showing that the nitrilase activity of
REHI16 does not require the presence of metal ions.

Substrate specificity

The results on the specific activities of REH16 toward 28
nitriles are presented in Table 3. REH16 showed a broad
hydrolytic activity toward aliphatic and heterocyclic
nitriles. The highest activity among these aliphatic nitriles
(entries 16-28) was observed toward fumaronitrile, which
was 36-fold higher than that toward 3-cyanopyridine. No
hydrolytic activities toward malononitrile and dodecanen-
itrile were detected. These results indicated that the carbon
chain length of the substrate has a strong influence on the
nitrilase activity of REH16. For most of the aromatic
nitriles (entries 5—15), the hydrolytic activities of nitrilase
REH16 were not detected except for 3-phenylpropionitrile,
2-phenylbutyronitrile, and cinnamonitrile. Compared to
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Fig. 3 Effects of temperature and pH on enzymatic activity and
stability. a Optimal temperature: enzymatic activity was measured at
various temperatures (20—70 °C) in 100 mM sodium phosphate buffer
(pH 7.0). b Optimal pH: enzymatic activity was measured in different
buffers: sodium citrate/citric acid buffer (pH 5.0-6.0, 100 mM,
triangles), sodium phosphate buffer (pH 6.0-8.0, 100 mM, squares),
Tris/HCI buffer (pH 8.0-9.0, 100 mM, circles). ¢ Thermal stability:

Table 2 Effects of metal ions and EDTA on REH16 activity

Reagent Relative activity (%)
1 mM 5 mM

Control 100.0 + 2.1 100.0 + 0.8
EDTA 98.3 4+ 2.9 96.3 + 1.1
Co** 93.6 + 3.8 852 + 24
Fe?* 64.5 + 1.4 48.5 + 3.6
Mg** 72.5 + 0.9 69.1 + 0.8
Mn>* 517+ 18 38.8 + 1.0
cu*t 477+ 238 302 + 3.6
Ca*t 107 £ 2.3 34+08
Zn** 70.6 + 3.5 534+28
Lit 759 + 43 632+ 1.0
Nit 69.6 + 3.5 533+ 12
Agt 13.1 +3.6 56+22

The activity of the purified nitrilase was assayed under the standard
conditions. Control was assayed in the absence of any metal ions

the purified enzyme was incubated at various temperatures for a given
period, and the activity was measured at 25 °C. Squares 25 °C,
triangles 30 °C, circles 37 °C. d pH stability: the purified enzyme
was incubated in sodium phosphate buffers (different pH levels) at
4 °C for a given period, and the activity was measured at 25 °C.
Circles pH 6.0, squares pH 6.6, triangles pH 7.0

these three aromatic nitriles, REH16 exerted strong action
on cinnamonitrile. These results probably suggest that the
hydrolytic activity toward these aromatic nitriles may be
due to the fact that the cyano group is far enough from the
benzene ring.

Kinetic parameters of the purified REH16 were deter-
mined using 3-cyanopyridine as a substrate. The K, and
Vmax values were 0.40 mM and 36.0 umol min~! mg_l,
respectively. Compared the K, values with other purified
nitrilases from G. intermedia CA3-1 (12.11 mM) [16], R.
sphaeroides LHS-305 (45 mM) [17], P. putida
CGMCC3830 (279 mM) [18], and A. facilis T2W
(28 mM) [19]. REH16 presented the lowest K;,, value and
demonstrated the highest affinity toward 3-cyanopyridine
among these nitrilases.

Effects of co-solvent on REH16 activity

Organic solvents are generally used as a co-solvent to
increase catalytic efficiency by enhancing the solubility of
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Table 3 Substrate specificity of the purified REH16

Entry Substrate Relative activity® (%)
1 2-Cyanopyridine 335 £ 23
2 3-Cyanopyridine 100 + 8

3 4-Cyanopyridine 301 + 17
4 Indole-3-acetonitrile 48 £ 6

5 Benzonitrile ND

6 Phenylacetonitrile ND

7 4-Chlorobenzyl cyanide ND

8 Mandelonitrile ND

9 2-Chloromandelonitrile ND

10 Alpha-methylphenylacetonitrile ND

11 1,2-Phenylenediacetonitrile ND

12 3-Phenylpropionitrile 61 £5

13 2-Phenylbutyronitrile 11 +2

14 Cinnamonitrile 802 +£ 36
15 Iminodiacetonitrile 39 + 1

16 Malononitrile ND

17 Succinonitrile 197 £ 8
18 Fumaronitrile 3602 £ 54
19 2-Methylglutaronitrile 10+ 1

20 3-Hydroxyglutaronitrile 38+ 1

21 Adiponitrile 114 £ 3
22 Pimelonitrile 85 +2

23 Sebaconitrile 166 + 13
24 Glycolonitrile 1591 £ 15
25 3-Hydroxypropionitrile 152 £6
26 4-Chlorobutyronitrile 149 £ 5
27 Valeronitrile 99 + 2

28 Dodecanenitrile ND

ND not detected

 Nitrilase activity of REH16 toward various nitriles was measured
under standard assay conditions. The activity toward 3-cyanopyridine
was set to 100%

a nitrile substrate in an aqueous reaction system. Therefore,
six organic solvents were tested to study the effects of
organic solvents on the bioconversion of 3-cyanopyridine
mediated by the recombinant REH16 overexpressed in
E. coli (Fig. 4). Dimethyl sulfoxide (DMSO), acetone, and
tetrahydrofuran (THF) caused significant inhibition of the
3-cyanopyridine hydrolysis, signifying denaturation of the
nitrilase in these organic solvents. An enhancement of the
hydrolysis was observed after the addition of methanol,
ethanol, or isopropanol as a co-solvent. Especially in the
presence of 5-10% (v/v) of methanol or ethanol, 100%
conversion of 3-cyanopyridine was achieved.

The nitrilase stability was another consideration in the
co-solvent-mediated biocatalysis. On the basis of the
results above, methanol, ethanol, and isopropanol were

@ Springer

chosen for the nitrilase stability experiments. The resting
E. coli cells were incubated with 10% (v/v) of one of the
co-solvents for various periods and then the conversion of
3-cyanopyridine was performed to assay the residual
nitrilase activity. The results are shown in Fig. 5. The
resting cells showed high tolerance toward methanol and
ethanol. Because there was not much difference between
methanol and ethanol in the effects on the nitrilase activity,
ethanol was chosen as the optimal co-solvent for the
3-cyanopyridine hydrolysis after we compared environ-
mental effects and toxicity.

The effect of 3-cyanopyridine concentration
on REH16 activity

3-Cyanopyridine is detrimental to a nitrilase, necessitating
a low substrate concentration during the biotransformation.
To alleviate the activity decrease, an optimal substrate
concentration in the reaction needs to be determined
exactly. To study the effect of 3-cyanopyridine concen-
tration on the activity of recombinant REH16 overex-
pressed in E. coli, the hydrolysis at various
3-cyanopyridine concentrations (25-150 mM) was per-
formed in a 10-mL reaction mixture.

Nitrilase REH16 could tolerate as much as 100 mM
3-cyanopyridine (Fig. 6a). At 150 mM substrate, obvious
inhibition of the conversion was observed: the conversion
was not completed after 90 min. Therefore, 100 mM
3-cyanopyridine in the reaction mixture may be the optimal
concentration for the bioconversion.

The effect of resting-cell concentration
on conversion of 3-cyanopyridine

Hydrolysis of 100 mM 3-cyanopyridine was catalyzed by
50, 75, 100, 150, and 200 mg/mL resting cells (Fig. 6b).
The conversion rate of 3-cyanopyridine was increased by
the increase in the resting-cell concentration. At 100 mg/
mL resting cells in the reaction mixture, 3-cyanopyridine
was hydrolyzed completely in 60 min. Therefore, 100 mg/
mL resting cells was chosen as the optimal biocatalyst
concentration for conversion of 100 mM 3-cyanopyridine.

Fed-batch production of nicotinic acid

To achieve a high nicotinic acid concentration (gproduct/L),
a fed-batch mode was designed for 3-cyanopyridine bio-
conversion (Fig. 7). At the first stage, 100 mM
3-cyanopyridine was fed into the reaction system when the
substrate was hydrolyzed completely in each batch. The
first stage was run for eight cycles, and a total of 800 mM
3-cyanopyridine was hydrolyzed completely in 10.3 h.
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Fig. 4 Effects of solvents on
the nitrilase activity of REH16 100 100
toward 3-cyanopyridine
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During the first four feedings, no nitrilase activity decrease
was observed (hydrolysis rate did not decrease). Then the
rate of hydrolysis of 3-cyanopyridine decreased slightly
between the 4th and 7th feeding. The hydrolysis rate of
3-cyanopyridine decreased sharply after the 8th feeding:
2.4 h was needed for complete conversion of 100 mM
substrate. Thus, on the second stage, the substrate feeding
rate was adjusted to 50 mM per batch after the 8th feeding.
And the reaction lasted for another five cycles in 10.5 h.
Considering the bioconversion efficiency, the substrate
feeding was terminated after the 13th feeding. Finally, a
total of 1050 mM 3-cyanopyridine was hydrolyzed com-
pletely in 20.8 h, leading to 129.2 g/L. production of
nicotinic acid.

THF (%, VIV)

Several potential nitrilases from N. globerula NHB-2
[3, 4] and Rhodococcus sp. NDB 1165 [7] have been
reported as biocatalysts in the form of whole cells for
3-cyanopyridine hydrolysis in fed-batch reaction mode.
Using N. globerula NHB-2, a total concentration of nico-
tinic acid of 800 mM was formed in 18 h after 25 substrate
feedings (40 mM at 20-min intervals) in a fed-batch reac-
tion. The highest production of nicotinic acid was 1.6 M in
a fed-batch reaction with 32 substrate feedings (50 mM at
20-min intervals) in 11 h using Rhodococcus sp. NDB
1165. The lower tolerance to the substrate concentration
necessitated the high frequency of substrate feeding during
the hydrolysis process. Compared to the feeding rate of 40
and 50 mM with the corresponding feeding intervals,

@ Springer
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Fig. 5 Solvent tolerance of the E. coli BL21 cells expressing REH16.
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Fig. 7 Time course of 3-cyanopyridine conversion in fed-batch mode
(200-mL  scale). Squares nicotinic acid concentration, circles
3-cyanopyridine concentration

Fig. 6 a The effect of
3-cyanopyridine concentration
on nicotinic acid production.
Triangles 25 mM, squares

50 mM, circles 100 mM,
diamonds 150 mM. b The
influence of the concentration of
E. coli BL21(DE3) (resting
cells) expressing REH16 on
nicotinic acid production
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100 mM feedings were performed in the present work,
suggesting that REH16 has better substrate tolerance.

Conclusions

A new aliphatic nitrilase, REH16 from R. eutropha H16,
was identified. REH16 has high activity toward aliphatic
and heterocyclic nitriles. By means of resting cells of
E. coli overexpressing nitrilase REH16, a total of
1050 mM 3-cyanopyridine was hydrolyzed completely in
20.8 h in periodical fed-batch reaction mode, yielding
129.2 g/ production of nicotinic acid and pointing to a
good potential for industrial application.
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