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Abstract Methionine as an essential amino acid has
been attracting more attention for its important applica-
tions in food and feed additives. In this study, for efficient
production of methionine from 2-amino-4-methylthiob-
utanenitrile, a codon-optimized nitrilase gene was newly
synthesized and expressed, and the catalytic conditions for
methionine production were studied. The optimal tempera-
ture and pH for methionine synthesis were 40 °C and 7.5,
respectively. The recombinant nitrilase was thermo-stable
with half-life of 5.52 h at 40 °C. The substrate loading was
optimized in given amount of catalyst and fixed substrate/
catalyst ratio mode to achieve higher productivity. Methio-
nine was produced in 100 % conversion within 120 min
with a substrate loading of 300 mM. The production of
methionine with the immobilized resting cells in packed-
bed reactor was investigated. The immobilized nitrilase
exhibited good operation stability and retained over 80 %
of the initial activity after operating for 100 h. After separa-
tion, the purity and the total yield of methionine reached
99.1 and 97 %, respectively. This recombinant nitrilase
could be a potential candidate for application in production
of methionine.
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Introduction

Methionine is one of the amino acids containing the sulfur
with an unbranched and highly hydrophobic side chain. It
plays an important role in food and feed additives. Besides
its role in protein biosynthesis, methionine participates in
transmethylation, which improves the bioavailability of
selenium and zinc and also directly used to therapy disor-
ders like allergy and rheumatic fever [7, 9].

Due to the annual growth of global market, the produc-
tion of methionine becomes a hot issue. The bulk demand
for methionine, about 800,000 tons annually across the
globe, is met by chemical methods. The hydrolysis of
nitriles to the corresponding carboxylic acids by the chemi-
cal methods typically requires strongly acidic or basic reac-
tion conditions and high reaction temperatures, and usu-
ally produces large amounts of inorganic salts as unwanted
waste [6, 10]. There are reports about the production of
methionine by submerged cultivation, but it has not been
adopted commercially because microorganisms, either
mutated or genetically engineered, have not produced suf-
ficiently high concentrations of methionine [1, 2, 11, 16,
18]. In contrast, enzyme-catalyzed hydrolysis of nitriles to
the corresponding carboxylic acids is run at ambient tem-
perature and does not require strongly acidic or basic reac-
tion conditions. Nitrilases (EC 3.5.5.1) are a well-studied
class of hydrolases that have been used for many industrial-
scale biotransformations [4, 15, 20, 24]. The nitrilases have
been reported in biotransformation to prepare methionine
or methionine derivatives from substituted 4-methylthiobu-
tyronitriles; however, it has been reported with insufficient
cell-specific activity [3, 8, 17, 19]. Therefore, to screen
the nitrilases with high activities has become a hot issue.
With the recent development in genetic engineering and
bioinformatics, it is possible to obtain novel nitrilases by
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Fig. 1 Process for preparation of methionine from 2-amino-4-meth-
ylthiobutanenitrile by nitrilase

analysis of putative nitrilase sequences structures and activ-
ities information [13].

In the current study, a recombinant Escherichia coli
BL21 (DE3) harboring nitrilase from Acidovorax facilis
(GenBank: DQ444267) was selected for the biosynthe-
sis of methionine from 2-amino-4-methylthiobutanenitrile
(Fig. 1). The aim of this work is to demonstrate the suit-
ability and the robustness of this catalyst toward 2-amino-
4-methylthiobutanenitrile. The studies showed this recom-
binant nitrilase could be a potential candidate for the
upscale production of methionine.

Materials and methods
Strains and chemicals

The E. coli strains JM109 (Tiangen biotech Co., Ltd, Bei-
jing, China) and BL21 (DE3) (Novagen, Darmstadt, Ger-
many) were used as hosts for cloning and expression,
respectively. The plasmids pMDI18-T (TaKaRa, Otsu,
Japan) and pET-28b (4) (Novagen, Darmstadt, Germany)
were used for the cloning and expression of nitrilase,
respectively. The nitrilase gene with a length of 1121 bp
was synthesized using PCR assembly method after con-
dons optimization by software against E. coli as host using
Acidovorax facilis as references [5, 13, 14, 21]. The recom-
binant E. coli BL21 (DE3) harboring the plasmid pET-28b
(+)-Af-NIT was constructed and maintained in glycerol
frozen stock at —80 °C in our lab. All the chemicals used
were of analytical grade and commercially available.

Expression and purification of the nitrilase

Recombinant strain harboring the plasmid pET-28b
(+)-Af-NIT having histidine tag at the carboxyl terminus
was grown in Luria—Bertani (LB) (Yeast extract 5 g/L,
Tryptone 10 g/L and NaCl 5 g/L) liquid medium contain-
ing 50 pg/ml kanamycin at 150 rpm and 37 °C. Nitrilase
expression was induced with addition of isopropyl pB-p-I-
thiogalactopyranoside (IPTG) to a final concentration of
0.1 mM when the optical density was approximately 0.6
and then incubated at 28 °C for 10 h. After centrifugation
at 9,000 rpm for 20 min, the cells were harvested and pre-
served for further experiments.
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All purification steps were carried out at 4 °C. The wet
cell was disrupted by sonication in buffer (20 mM NaH,PO,,
pH 8.0; 300 mM NaCl). The cell debris was subsequently
removed by centrifugation at 12,000 rpm for 20 min. The
soluble fraction was loaded onto a Nickel-NTA superflow
column (10 ml, Applied Biosystems, Foster, CA, USA)
equilibrated with a binding buffer (20 mM NaH,PO,, pH
8.0; 300 mM NaCl). The column was eluted with two vol-
umes of washing buffer (20 mM NaH,PO,, pH 8.0; 300 mM
NaCl; 50 mM imidazole) and unbounded proteins were
washed out from the column. Later, the expected protein
was eluted from the column with an elution buffer (20 mM
NaH,PO,, pH 8.0; 300 mM NaCl; 500 mM imidazole). The
fractions containing nitrilase were pooled, dialyzed and ana-
lyzed by SDS-PAGE. Protein concentration was determined
by the BCA protein assay kit (KeyGEN Biotech, China).

Effects of factors on the methionine production

The effects of pH, temperature and chemicals on the cata-
lytic activities were investigated. The optimal pH for the
reaction was determined in 10 ml reaction system at 30 °C,
with a pH range of 4.0-9.0 using 50 mM citric acid-sodium
citrate buffer (pH 4.0-6.0), K,HPO,—KH,PO, buffer (pH
6.0-7.0) and Tris—HCI buffer (pH 7.0-8.5). The pH stabil-
ity of nitrilase was carried out by pre-incubating the cells
at 25 °C in the aforementioned buffers at pH values range
from 4.0-8.5 for 6 h. The residual enzyme activities were
determined under the standard assay conditions.

The optimal temperature for the reaction was deter-
mined at temperatures ranging from 25 to 50 °C. Thermal
stability was investigated by incubating cells at different
temperatures from 30-50 °C in water bath and the residual
activities were assayed under the standard assay condi-
tions at certain interval of time within 20 h. The half-life of
nitrilase at each temperature was determined by plotting the
natural logarithm of residual activity (InRA) versus time at
each test temperature. The effects of different chemicals on
the biotransformation were assessed with metal ions and
EDTA (final concentration of 5 mM). The optimal substrate
concentration was investigated in a concentration ranging
from 50 to 300 mM.

Analytical methods

The standard reaction was performed in 10 ml Tris—HCI
buffer (50 mM, pH 7.5) containing 0.1 g resting cells and
50 mM 2-amino-4-methylthiobutylnitrile at 37 °C, 150 rpm
for 30 min on a rotary shaker. Samples were withdrawn at
regular intervals and the reaction was quenched by add-
ing 100 nl of 6 M HCI. After centrifugation, substrate and
product were determined by HPLC (LC-10AS, Shimadzu,
Japan), equipped with a C18 (250 mm x 4.6 mm, 5 pm)
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column and a SPD-2A prominence UV/VIS detector (Shi-
madzu, Japan) set at 210 nm. The mobile phase was com-
posed of methanol and water at a ratio of 25:75 (V/V). One
unit (U) of the nitrilase activity is defined as the amount
of enzyme that produces 1 pwmol of methionine per minute
under the assay conditions. All activity measurements were
performed in triplicate.

Cells immobilization

25 ml cell suspension (containing 1.5 g wet cells and 2.5 g
PEG6000) was added into 75 ml of 2.5 % sodium alginate
(SA) solution, and mixed thoroughly to give homogeneous
cell/PEG-SA suspension. By using a peristaltic pump, cell/
PEG-SA solution was extruded through silicone tubing and
dripped into 500 ml of 2.5 % CaCl, solution to give the
entrapped beads. The entrapped beads obtained were main-
tained in the 2.5 % CaCl, solution at 4 °C for 6 h. Finally,
PEG-SA cell gel beads were subsequently washed three
times with sterile distilled water.

Table 1 Substrate specificity of the recombinant nitrilase

Semi-continuous production of methionine in packed-bed
reactor

Immobilized cells were packed into a glass column with a
water jacket for temperature control. The temperature was
maintained at 40 °C using circulator. Long-term stability
of the immobilized cell was evaluated for 100 h under the
optimal conditions with 50 g of immobilized cells (contain-
ing 3 g wet cells), 40 mM of substrate and a feeding rate of
4 ml/min.

Isolation and identification of methionine

Reaction mixture containing methionine was centrifuged
at 12,000 g for 10 min. The solution was concentrated.
Methionine was crystallized from alcohol at 4 °C. The
crystals were separated off on a vacuum filter, washed with
water pre-cooled to 4 °C, and then dried in a vacuum dry-
ing oven. The crystals of methionine obtained were further
investigated.

Substrates Products Activity (U/mg)
Acetonitrile Acetic Acid
;o
Hexanedinitrile Hexanedioic acid

N

\2
\

(0]
HO\[(\/\)J\OH 27.89
N (0]
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N

\

2,2-dimethylcyclopropyl cyanide
=N
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The >C and 'H nuclear magnetic resonance (NMR)
spectra of methionine were obtained on an NMR spectrom-
eter (AVANCE 500 MHz, Bruker, Falanden, Switzerland)
with D,O as the solvent, using 500 and 125 MHz for car-
bon and proton determinations, respectively. The molecular
weight of the product was confirmed by ESI-MS.

Results
Purification of the recombinant nitrilase

After expression, the enzyme was purified to electro-
phoretic homogeneity by Ni-NTA affinity chromatog-
raphy. The SDS-PAGE analysis showed a band with the
apparent molecular weight of 43 kDa, which is in agree-
ment with the molecular weight deduced from the gene
sequence and previous reports [5, 14]. The purified nitrilase
was found to have high activity of 980 U/mg toward
2-amino-4-methylthiobutylnitrile.

Substrate specificity demonstrated that the enzyme
preferred to hydrolyzing aliphatic nitrile compounds. As
shown in Table 1, the nitrilase displayed excellent activ-
ity to 2-amino-4-methylthiobutylnitrile, higher than that of
acetonitrile, hexanedinitrile, butyronitrile and 2-amino-2,
3-dimethylbutanenitrile, however, no activity was observed
for acrylonitrile. It also exhibited that activity toward 2,
2-dimethylcyclopropyl cyanide. For aromatic and heterocy-
clic nitriles such as phenylacetonitrile, mandelonitrile and
2-chloro-3-cyanopyridine, no hydrolysis was found, which
is similar to the report of Liu [14]. These results further
confirmed that this nitrilase belongs to the family of ali-
phatic nitrilases [12, 14, 23].

Effect of pH on the biosynthesis of methionine

The effect of pH on the synthesis of methionine from 2-amino-
4-methylthiobutylnitrile with the recombinant nitrilase was
determined. The specific pH was controlled by different
buffer systems. As demonstrated in Fig. 2a, it revealed that
the catalytic activity increased with pH from 4.0 to 7.5 and the
maximum activity was observed under pH 7.5 with Tris—HCI
buffer. The pH stability showed the recombinant nitrilase was
stable between pH 7.0 and 7.5 (Fig. 2b). However, the activity
decreased rapidly below 7.0 or above 7.5.

Effect of temperature on the biosynthesis of methionine

To evaluate the effects of temperature on methionine forma-
tion, the reaction was carried out at various temperatures. As
depicted in Fig. 3a, the enzyme activity gradually increased
with the temperature from 25 to 50 °C, and the optimum
temperature was around 40 °C. However, the activity
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Fig. 2 Effect of pH on the biosynthesis of methionine. a pH depend-
ence. The nitrilase activity was measured at different pH values (4.0
8.5). b pH stability. The nitrilase was preincubated at 25 °C in different
pH values for 6 h and the residual activity was tested. The activity of
nitrilase that assayed under the standard reaction was taken as 100 %

decreased sharply above 50 °C. The nitrilase thermostabil-
ity was investigated by analyzing the residual activities after
incubation at different temperatures. The enzyme was rela-
tively stable at 30 °C with a half-life of 16.82 h (Fig. 3b). At
40 and 50 °C, the half-lives decreased to 5.52 and 0.58 h,
respectively. It demonstrated that the nitrilase obtained
in this study was more thermostable than that of nitrilases
from A. facilis ZJUTB10 with half-lives of 57 min at 40 °C
and 22 min at 50 °C, and P. putida with half-lives of 76 min
at 40 °C and 9 min at 50 °C, respectively [12].

Effect of metal ions on the biosynthesis of methionine

The effects of different metal ions on the synthesis of
methionine by the recombinant nitrilase were tested by
incubating the resting cells in the presence of reagents at
40 °C for 30 min. The residual catalytic activities were
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Fig. 3 Effect of temperature on the biosynthesis of methionine. a
Temperature dependence. Reactions were performed at pH 7.5 for
30 min at various temperatures (25-50 °C). b Thermostability. The
residual activities were assayed by incubating the enzyme at tempera-
ture 30-50 °C for the indicated time intervals

assayed according to the standard method. The results
(Fig. 4) showed that the majority of metal ions did not sig-
nificantly affect the reaction except Agt and Hg?", which
severely inhibited the synthesis of methionine. Fe**, AI**,
Li**, Cu®*, Fe** and Co** could partially inhibit the cata-
Iytic activity. The metal-chelating agent EDTA also did not
inhibit the catalytic activity, indicating that this enzyme has
no metal ion requirement, which is similar to the reported
nitrilase from A. facilis ZJUTB10 [12].

Effect of substrate concentration on the synthesis
of methionine

As shown in Fig. 5a, the specific activity increased from
1278 to 2892 U/mg when the concentration of substrate
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Fig. 4 Effect of metal ions on the biosynthesis of methionine. Reac-
tions were performed with the addition of various metal ions under
standard conditions. The activity of nitrilase that assayed under the
standard reaction was taken as 100 %

increased up to 200 mM. Complete conversion of 2-amino-
4-methylthiobutylnitrile to methionine was attained when
the concentration of substrate was below 250 mM. The
study indicated that raising substrate concentration, how-
ever, decreased the conversion. To enhance the volumetric
productivity of the biocatalytic process and to avoid the
complicated and costly downstream process, substrate con-
centration was further increased at a fixed ratio of substrate
to catalysts (S/C). As depicted in Fig. Sb, methionine for-
mation was increased from 250 to 300 mM with conversion
up to 100 % after reaction time of 120 min when the con-
centration of 2-amino-4-methylthiobutylnitrile increased
from 250 to 300 mM. This is the highest productivity of
enzymatic preparation of methionine ever reported [8].
However, the conversion was decreased to 92 % when the
substrate concentration was further increased to 350 mM.

Production of methionine in packed-bed reactor
with immobilized cells

Immobilized cells are preferred since they could be recy-
cled and potentially reduce production costs. Among
the conventional approaches of microcapsule, crosslink-
ing, adsorption and entrapment for cell immobiliza-
tion, entrapment seemed to be a better choice because
it is cost-effective, easy to handle and manipulate. Here
the E. coli BL21 (DE3)/pET-28b (+)-Af-NIT cells were
immobilized in PEG-SA beads for the hydrolysis of
2-amino-4-methylthiobutylnitrile to methionine. Immo-
bilized cells were packed into a glass column and the
H/D ratio of the packed-bed reactor was 11.4. The eco-
nomics of an immobilized cell process depends largely
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Fig. 5 Time course of methionine synthesis from 2-amino-4-methyl-
thiobutylnitrile. a The concentration of methionine formed at differ-
ent substrate concentrations. b Time courses of methionine formation
at different substrate concentrations. Reaction was carried out at pH
7.5 and 40 °C

on the lifetime of the enzyme. The operation stability
of an immobilized biocatalyst is an important issue for
practical application.

Reactions were carried out at 40 °C for 100 h with a
feeding rate of 4 ml/min at an initial substrate concentra-
tion of 40 mM. Fig. 6 shows the plot of conversion at dif-
ferent times. The conversion still remained above 80 %
after operating for 100 h in packed-bed reactor, demon-
strating a good reusability of the immobilized biocatalyst
for methionine production (Fig. 6). The average produc-
tivity of the methionine in packed-bed reactor was calcu-
lated to be 1.7 g/(h gDCW), which was much higher than
the reported yield of 0.09 g/(h gDCW) [16, 18]. There-
fore, it showed that the immobilized cells have better
operational stability. These results demonstrated that both
the frequency of catalyst replacement and the operation
cost of enzymatic synthesis of methionine from 2-amino-
4-methylthiobutylnitrile could be reduced in practical
application.
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Fig. 6 Operational stability of immobilized cell in packed-bed reac-
tor for methionine production

Isolation and identification of methionine

After isolation and purification according to the method
described in methods, methionine with 99.1 % of purity and
97 % of total yield was obtained. The product was further
identified by '>*C-NMR [8 (100 MHz; D,0) 13.97 (CH,),
29.70 (CH,), 28.87 (CH,), 53.94 (CH), 174.19 (CO)], 'H-
NMR [3y (500 MHz; D,0) 3.77-3.74 (m, 1H), 2.55-2.52
(m, 2H), 2.10-1.99 (m, 2H), 2.03 (s, 3H)]. The molecular
weight of the product was confirmed by ESI-MS, which
revealed the following result: 172 (m/z) (M + Na)™, calcu-
lated value for CsH;O,NS, 149. All of these results were
identical to the spectra obtained by standard sample of
methionine, which indicated that the isolated product was
methionine. It is revealed that the biosynthesized methio-
nine could be easily separated with good purity and yield.

Discussion

Biotransformation of nitriles has attracted much attention
due to the powerful function of nitrile-converting enzymes,
which has been extensively explored for the industrial pro-
duction of some valuable compounds. As far as methionine
is concerned, it is found that only very few biocatalysts
were described to produce, and usually with low enzyme
activity [17, 18]. So, obtaining of a new nitrilase with high
activity is an important prerequisite for its practical utiliza-
tion. In this study, a nitrilase gene from Acidovorax facilis
was synthesized and expressed in E. coli. Characterization
of the recombinant enzyme showed that this nitrilase has
excellent activity toward 2-amino-4-methlthiobutaneni-
trile. Although the Acidovorax facilis nitrilase had been
reported to hydrolyze a wide variety of nitriles, the protein
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engineering was used to increase this nitrilase activity in
E. coli [5, 22]. As far as we know, this is the first time to
report the nitrilase gene from Acidovorax facilis was over-
expressed in E. coli to convert 2-amino-4-methlthiobu-
tanenitrile to methionine with such a high yield.

There are several factors that influence the function of
the recombinant enzyme. From this study, we found that
this nitrilase was more stable to heat compared to other
nitrilases, and pH 7.5 favored its activity [12]. Just like
the reported nitrilase from A. facilis ZJUTB10 [12], this
nitrilase had no metal ion requirements. The specific activ-
ity increased as the substrate concentration increased to
200 mM, however, the enzyme of nitrilase was inhibited
by higher substrate concentration. The time course showed
that it is effective to synthesis methionine in 100 % con-
version with the substrate loading below 250 mM. At a
fixed ratio of substrate to catalyst, 300 mM methionine was
produced in a conversion of 100 % after reaction time of
120 min. Moreover, methionine with the purity of 99.1 %
and total yield of 97 % was obtained, higher than the
reported literatures [17].

Due to the low solubility of methionine, it is particularly
important to timely separate the methionine in the reaction
system to improve the methionine production. Packed-bed
reactor is a kind of practical and efficient reactor, show-
ing high conversion efficiency and long reaction time [24].
The major advantage of a packed-bed reactor is the reduc-
tion of liquid shearing on the immobilized biocatalyst com-
pared to a stirred tank reactor. In this work, the immobilized
nitrilase-catalyzed production of methionine in packed-bed
reactor was investigated for the first time. The immobilized
enzyme exhibited good operation stability and retained
over 80 % of the initial activity after operating for 100 h in
reactor.

In summary, it is shown that the novely synthesized
nitrilase from A. faecalis is a useful catalyst for the prep-
aration of methionine under mild conditions. The cata-
lytic conditions for methionine production were studied.
To our knowledge, the biotransformation preparation of
methionine achieved in this study is the highest level ever
reported. The biocatalytic route for the production of
methionine is greener and more atom-efficient.
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