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plants, however, cyanide is produced during the biosyn-
thesis of ethylene (Yip and Yang, 1988), and certain mi-
croorganisms also produce cyanide (Knowles, 1976). We
have studied the microbial degradation (Hashimoto et al.,
2005; Kobayashi et al., 1993; Komeda et al., 1996a; Zhou
et al., 2008) and synthesis (Konishi et al., 2006; Nomura
et al., 2013) of nitriles not only from a basic standpoint
but also from an applied point of view (Herai et al., 2004;
Kobayashi and Shimizu, 1998; Komeda et al., 1996b).

It has been reported that microorganisms and plants can
degrade cyanides to less toxic compounds through bio-
chemical reactions (Raybuck, 1992). The degradation of
cyanides is catalyzed by cyanidase, nitrilase, nitrile
hydratase, etc. Through the degradation pathway, cyanides
are converted into simple organic or inorganic molecules,
and further converted to ammonia, methane, CO2, formic
acid and carboxylic acid. On the other hand, there exist
enzymes which can assimilate cyanide as a nitrogen and
carbon source. These enzymes are produced by microor-
ganisms that utilize cyanides as substrates to synthesize
alanine, glutamic acid, a-amino-butyric acid, b-CNAla,
and so on (Gupta et al., 2010).

Although b-CNAla synthase has been investigated in
plants (Floss et al., 1965; Hendrickson and Conn, 1969;
Ikegami et al., 1988; Maruyama et al., 1998), and insects
(Meyers and Ahmad, 1991), studies on microbial enzymes
at protein and gene levels are very limited (Dunnill and
Fowden, 1965; McAdam and Knowler, 1984). This en-
zyme catalyzes the formation of b-CNAla from KCN and
O-acetyl-L-serine or L-cysteine (Fig. 1). The subsequent
enzymatic hydrolysis of b-CNAla to asparagine is the sec-
ond step in a process, which converts a highly toxic com-
pound into a common metabolite. Therefore, this enzyme
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Cyanide is known as a toxic compound for almost
all living organisms. We have searched for cyanide-
resistant bacteria from the soil and stock culture
collection of our laboratory, and have found the
existence of a lot of microorganisms grown on cul-
ture media containing 10 mM potassium cyanide.
Almost all of these cyanide-resistant bacteria were
found to show bbbbb-cyano-L-alanine (bbbbb-CNAla) syn-
thetic activity. bbbbb-CNAla synthase is known to
catalyze nitrile synthesis: the formation of bbbbb-CNAla
from potassium cyanide and O-acetyl-L-serine or
L-cysteine. We found that some microorganisms
were able to detoxify cyanide using O-methyl-DL-
serine, O-phospho-L-serine and bbbbb-chloro-DL-
alanine. In addition, we purified bbbbb-CNAla synthase
from Pseudomonas ovalis No. 111 in nine steps, and
characterized the purified enzyme. This enzyme has
a molecular mass of 60,000 and appears to consist
of two identical subunits. The purified enzyme ex-
hibits a maximum activity at pH 8.5–9.0 at an opti-
mal temperature of 40–50∞C. The enzyme is spe-
cific for O-acetyl-L-serine and bbbbb-chloro-DL-alanine.
The Km value for O-acetyl-L-serine is 10.0 mM and
Vmax value is 3.57 mmmmmmol/min/mg.
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Introduction

Cyanides (CN–) and nitrile compounds are highly toxic
compounds for almost all living organisms. In higher
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is expected to apply in the biodegradation of cyanide and
the degradation of nitrile wastes. Since cyanide toxicity
at an initial stage is a main hurdle for the biodegradation
of cyanide (Yoshikawa et al., 2000), the application of mi-
croorganisms containing this enzyme, along with other
nitrilase or cyanide hydrolase enzymes in microorganisms
can be a better option for the biodegradation process.

Previously, we reported the function of thermo-stable
bifunctional cysteine synthase/b-CNAla synthase from
Bacillus stearothermophilus (Omura et al., 2003). How-
ever, the distribution of b-CNAla synthase of bacteria has
never been studied. In this study, we have screened for
enzymes having an ability to catalyze b-CNAla synthetic
reaction from the soil and the stock culture collection of
our laboratory. We found b-CNAla synthetic activity in a
lot of microorganisms, and purified and characterized b-
CNAla synthase from Pseudomonas ovalis No. 111.

Materials and Methods

Chemicals.  b-Chloro-DL-alanine was synthesized from DL-
serine by the method of Walsh et al. (1971). O-acetyl-L-
serine and b-CNAla were purchased from Sigma Chemi-
cal Co. (St. Louis, USA). O-Methyl-DL-serine and pyri-
doxal 5¢-phospate (PLP) were purchased from Nacalai
Tesque Inc. (Kyoto, Japan). o-Phthlaldehyde (OPA) and
potassium cyanide were purchased from Wako Chemicals
(Osaka, Japan).
Isolation and cultivation of microorganisms.  Soil sam-
ples were inoculated into a test tube containing 10 ml of
medium, which consisted of 0.013–0.065% (w/v) KCN,
0.05% (w/v) glycerol, 0.05% (w/v) peptone. 0.05% (w/v)
yeast extract, 0.01% (w/v) K2HPO4, 0.01% (w/v)
MgCl2·7H2O and tap water, and was adjusted to pH 8.0
with NaOH. They were incubated at 28∞C for 12 h with
shaking.

Each of the cyanide-utilizing microorganisms isolated
from stock cultures of our laboratory, and from soil sam-
ples, was incubated into a test tube containing 4 ml of the
medium supplemented with 2 mM KCN. The grown cells
were harvested by centrifugation at 15,000 ¥ g for 5 min.
The resultant cells were washed with 10 mM potassium
phosphate buffer (pH 7.5) and suspended in 0.4 ml of 0.1
M phosphate buffer (pH 7.5).
Enzyme assay 1.  During the course of the microbial
screening, the following enzyme assay was used. The re-
action mixture containing 10 mM KCN, 80 mM PLP, 2.5
mM amino acid, 50 mM potassium phosphate buffer (pH
7.5) and an appropriate amount of cells was incubated at

30∞C for 90 min. To stop the reaction, cells were removed
by centrifugation at 15,000 ¥ g for 5 min, and by filtration
(COSMONICE 0.45 mm, Millipore, USA). One unit of
activity was defined as the amount of b-CNAla synthase
required to produce 1 mmol of b-CNAla from amino acid
per minute. The detection of the amount of b-CNAla was
carried out by using high-performance liquid chromatog-
raphy (HPLC) after modification of the reaction product
with o-phthalaldehyde (OPA). OPA-amino acids were de-
tected by using a fluorometer (Hitachi, Ltd., Tokyo, Ja-
pan). The excitation and emission wavelengths for OPA-
amino acids were 340 and 455 nm, respectively.
Enzyme assay 2.  The standard assay mixture consisted of
10 mM KCN, 80 mM PLP, 10 mM O-acetyl-L-serine, 50
mM potassium phosphate buffer (pH 7.5) and an appro-
priate amount of enzyme solution. The reaction was car-
ried out at 30∞C for 10 min and stopped by heating for 2
min in boiling water. The amount of b-CNAla was de-
tected by the method described in Subsection “Enzyme
assay 1”. One unit of activity was defined as the amount
of b-CNAla synthase required to produce 1 mmol of b-
CNAla from O-acetyl-L-serine per minute.
Purification of bbbbb-CNAla synthase from Pseudomonas
ovalis No. 111.  All procedures were carried out below
4∞C, and potassium phosphate buffer (pH 7.5), containing
10 mM PLP and 0.1 mM dithiothreitol (DTT), was used as
the buffer throughout the purification, unless otherwise
specified.

Step 1: The cells were harvested and suspended in 0.1
M buffer and disrupted by sonication for 10 min. The lysate
was centrifuged at 15,000 ¥ g for 30 min.

Step 2: The resulting supernatant (cell-free extracts) was
fractionated with ammonium sulfate (10–90% saturation),
followed by dialysis of the resultant precipitate against
0.1 M buffer.

Step 3: After dialysis, one liter of DEAE-Sephacel equili-
brated with 10 mM buffer was applied to the dialyzed pro-
tein solution. After gentle stirring for 3 h, resins were sepa-
rated from the supernatant through filtration. The resins
were then washed with 10 mM buffer followed by elution
with 10 mM buffer containing 0.2 M KCl. The eluted en-
zyme solution was dialyzed against 10 mM buffer for 24
h.

Step 4: The resulting enzyme solution was applied to a
DEAE-Sephacel column and was eluted with increasing
concentrations of KCl (0 M to 0.3 M) in 10 mM buffer
after washing the column with 10 mM buffer. The enzyme
solution was concentrated to 50 ml by ultrafiltration with
the Amicon YM-10 membrane (Amicon Corp., Danvers,
USA).

Step 5: After dialysis against 10 mM buffer containing
4.5 M NaCl, the enzyme solution was applied to an Octyl-
Sepharose CL-4B column equilibrated with 10 mM buffer
containing 4.5 M NaCl. The enzyme was eluted by de-
creasing the concentration of NaCl (4.5 to 0 M) in 10 mM
buffer, followed by dialysis against 10 mM buffer.

Step 6: After concentration by ultrafiltration with
Amicon YM-10 membrane, the concentrated solution was
applied to a Sephacryl S-300 HR column (1.3 by 88 cm),
and eluted with 10 mM buffer containing 0.2 M NaCl at a
flow rate of 60 ml/h.

Fig. 1. Enzymatic reaction of b-CNAla synthase.
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Step 7: After dialysis against 10 mM buffer containing
4.5 M NaCl, the resultant enzyme solution was applied to
a Phenyl-Superose column equilibrated with 10 mM buffer
containing 4.5 M NaCl. After washing the column with
the same buffer containing 4.5 M NaCl, the enzyme was
eluted by decreasing the concentration of NaCl (4.5 to 0
M) in 10 mM buffer.

Step 8: After dialysis against 1 mM buffer, the enzyme
solution was applied to an Econo-Pac column and eluted
with increasing concentrations of potassium phosphate (1
mM to 0.1 M) in the buffer.

Step 9: After dialysis against 10 mM buffer, the enzyme
solution was applied to a Mono-Q column and eluted with
increasing concentrations of KCl (0 to 0.5 M). The active
fractions were collected and dialyzed against 10 mM
buffer. The enzyme was preserved and used for its char-
acterization.
Determination of the molecular mass of bbbbb-CNAla syn-
thase.  Gel permeation HPLC was carried out for the de-
termination of the molecular mass of b-CNAla synthase.
The purified sample was applied to a TSK G-3000SW
column. The conditions for the analysis were as follows:
flow rate, 0.3 ml min–1; and buffer, 10 mM potassium phos-
phate buffer (pH 7.5) containing 0.1 M DTT, 10% glyc-

erol and 0.2 M KCl. The standard proteins, i.e., glutamate
dehydrogenase (290 kDa), lactate dehydrogenase (140
kDa), enolase (67 kDa), myokinase (32 kDa), and cyto-
chrome c (12.4 kDa) (MW-Marker [HPLC], Oriental Yeast
Co., Ltd., Ohtsu, Japan), were applied before and after
sample injection. The molecular mass of the enzyme was
calculated from the mobilities of the standard proteins.
N-Terminal amino acid sequence analysis.  The purified
enzyme blotted on a PVDF protein sequencing membrane
(Applied Biosystems, USA) was subjected to the auto-
mated Edman degradation with an Applied Biosystems 477
A protein sequencer.
Kinetic properties.  Michaelis constants (Km) and maxi-
mum reaction velocities (Vmax) for O-acetyl-L-serine were
determined from the Lineweaver-Burk plot. Since the de-
gree of sigmoidicity was greater at a lower initial KCN
concentration, the maximum slope and S0.5 value were
determined by a Hill plot.

Results and Discussion

Identification of bbbbb-CNAla synthetic bacteria
Soil samples were inoculated into a test tube containing

10 ml medium with 2 mM KCN. After a 12 h cultivation,

Strain Specific activity (¥10-3 U/mg dry cell mass)

L-Ser O-Methyl-DL-Ser L-Cys O-Phosho-L-Ser b-Cl-DL-Ala O-Acetyl-L-Ser

B-76 0 5.32 7.79 8.59 30.7 49.3
B-80 0 4.80 0 10.7 0 36.6
B-86 0 2.45 3.21 7.43 0 45.6
J-2 0 0 0 0 0 0
J-3 0 25.3 24.2 1.74 0 10.4
J-4 0 0 0 0 5.93 5.20
J-5 0 0 0 0 0 0
J-6 0 0 0 0 15.6 10.0
J-9 0 0.650 0 0.819 21.3 19.7
J-10 0 0.944 0 0 14.4 15.7
J-11 0 0 0 0 0 0
J-12 0 0 0 0 0 13.9
J-14 0 0 0 1.01 4.98 6.04
J-15 0 0 0 0 7.59 24.2
J-16 0 1.72 0 0 0 10.0
J-17 0 0 0.579 0.749 6.65 5.48
J-18 0 0 1.08 0 0 0
J-22 0 2.92 1.40 6.44 27.4 36.3
J-27 0 0 0 0 24.2 35.3
J-28 0 0 0 0 13.1 26.2
J-29 0 0 0 0 16.5 12.0
J-30 0 0 0 0 29.6 47.7
J-33 0 1.48 1.24 0 3.04 5.07
J-35 0 1.26 0 0 0 0
J-37 0 1.35 0 0 0 0
J-38 0 5.93 9.28 0 16.0 17.1
J-39 0 1.45 1.64 0 20.5 17.9
J-40 0 3.51 0 0 43.0 27.2
J-41 0 6.23 10.4 4.60 17.5 17.1
J-42 0 0 1.20 0 2.78 0
J-44 0 1.99 1.46 204 24.1 17.7
J-47 0 1.83 1.29 7.27 5.58 16.6
J-50 0 0 1.32 0 6.95 5.97
J-51 0 0 0 0 10.1 0
J-56 0 0 0 0 8.65 10.6
J-57 0 2.10 0 21.5 4.42 22.5
J-58 0 3.11 5.63 8.20 21.0 65.8

Table 1. Microorganisms synthesizing b-CNAla from soil.
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Table 2. Microorganisms synthesizing b-CNAla from stock culture.

10% (v/v) of the cultivated medium was added to the fresh
medium containing 10 mM KCN, followed by incubation
at 28∞C for 12 h. After the enrichment culture, the result-
ant culture was spread on agar plates containing 10 mM
KCN, and cyanide-utilizing bacteria were isolated.

After testing the b-CNAla synthetic activity of these
bacteria, a lot of cyanide-utilizing bacteria were isolated
(Table 1). We measured the KCN metabolizing activity,
using L-serine, O-methyl-DL-serine, L-cysteine, O-
phospho-L-serine, b-chloro-DL-alanine, or O-acetyl-L-ser-
ine, as the amino acid substrates. Surprisingly, there were
a lot of bacteria, which showed the activity not only for
O-acetyl-L-serine, and L-cysteine, but also for other amino
acids. J-35 and J-37 showed activity only for O-methyl-
DL-serine. J-51 showed activity only for b-chloro-DL-

alanine.
Next, we cultured the strains of our stock culture col-

lection in a medium containing 2 mM KCN, in order to
select microorganisms that use KCN as a substrate, and
we tested the b-CNAla synthetic activity of the cell-free
extract of microorganisms growing in the medium. We also
isolated a lot of cyanide-resistant microorganisms (Table
2).

Most of them showed b-CNAla synthetic activity, and
some microorganisms, viz.  Escherichia coli  K10
(AKU13), Erwinia herbicola (AKU44), Hafnia alvei
(AKU700), and Pseudomonas ovalis No. 111 (AKU820)
showed a high enzymatic activity. Some microorganisms
had a novel substrate specificity. E. herbicola (AKU44)
and Bacillus thuringiensis (AKU238) used only O-



Nitrile-synthesizing enzyme: Screening, purification and characterization 171

phospho-L-serine as a substrate. Serratia plymuthicum
(AKU62) and Arthrobacter sp. (AKU630) used only b-
chloro-DL-alanine and O-methyl-DL-serine as a substrate,
respectively. These findings demonstrate that the KCN
metabolism utilizing L-serine, O-methyl-DL-serine, O-
phospho-L-serine, or b-chloro-DL-alanine exists in micro-
organisms.

Pseudomonas ovalis No. 111, which showed a high ac-
tivity of b-CNAla synthase, was selected for the follow-
ing experiments.

Optimization of the culture condition
In order to enhance the cell growth of P. ovalis No. 111

Fig. 2. SDS-PAGE of b-CNAla synthase.

Lanes 1 and 3 are marker proteins. Lane 2 is the purified b-CNAla synthase from P. ovalis No. 111. The
relative molecular mass of the enzyme was calculated from the mobilities of the marker proteins, phosphory-
lase b (97 kDa), bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic anhydrase (30 kDa), soybean
trypsin inhibitor (20.1 kDa), and a-lactalbumin (14.4 kDa).

and to increase the b-CNAla synthase activity, we
optimized the culture condition. P. ovalis No. 111 was in-
oculated into a 500-ml shaking flask containing 90-ml of
medium, then cultured for 24 h at 28∞C with shaking. We
investigated the effects of the addition of various amino
acids to the culture medium on the enzyme activity. When
1% L-serine was added into the medium, the specific ac-
tivity showed the highest value (Table S1). The culture
was transferred to a 50-L jar fermenter, which contains 35
L of medium supplemented with 0.1% adecanol LG-109
(Asahi Denki Kagaku Co., Tokyo, Japan). Cultivation was
carried out at 28∞C with aeration at 1 vol/min and agita-
tion at 300 rpm. The microorganism cultured for 23 h

Fig. 3. Effects of pH and temperature on the enzyme activity.

a, pH stability; b, temperature stability; c, pH dependency; d, temperature depend-
ency. Error bars denote the standard error for three independent experiments. The
buffers used for the reactions were: acetate-acetate·Na (�); Tris-HCl (�); potas-
sium phosphate (�); glycine-NaOH (�); glycine-NaCl-NaOH (�); Borate-NaOH
(�); MaHCO3-Na2CO3 (�).
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showed the highest specific activity (Fig. S1). These opti-
mal culture conditions were used for the following ex-
periments.

Purification of bbbbb-CNAla synthetase from Pseudomonas
ovalis No. 111

Through the purification procedures described in Sec-
tion “Materials and Methods”, the enzyme was purified
1040-fold with a yield of 3.61% from the cell-free extract
(Table S2). The purified enzyme showed two bands on
SDS-PAGE (Fig. 2), and had a specific activity of 7.6 U/
mg. The molecular mass corresponding to each band was
estimated to be 35,000 and 35,500 based on mobility com-
pared with the protein marker. The N-terminal partial
amino acid sequence of each band was determined to be
SRIFADNAHSIGNTPLVQINRIAPRGVTIL, suggesting
that a carboxyl terminal region of a 35.5 kDa enzyme
would be digested to yield 35 kDa enzyme, or that a 35
kDa enzyme would be subjected to some modification.
The molecular mass of the enzyme was estimated to be
60,000 by high-performance liquid chromatography
(HPLC) on a TSK G-3000SW column. The enzyme prob-
ably consists of two identical subunits in molecular mass.

Effects of pH and temperature on the enzyme activity
The pH stability of the enzyme was examined (Fig. 3a).

The enzyme was incubated at 30∞C for 30 min in various
buffers at a concentration of 0.2 M. Then, 1 M of potas-
sium phosphate buffer (pH 7.5) was added to the enzyme;
through this procedure, every pH buffer became 16.7 mM
in final concentration. The treated enzyme was incubated
at 30∞C for 10 min to measure their activities.

The thermal stability of the enzyme was estimated (Fig.
3b). The reaction mixture was incubated at various tem-
peratures for 30 min.

The enzyme was relatively stable in the pH range 5.5 to
9.5, and no loss of activity was observed when the en-
zyme was incubated in a temperature range below 50∞C.

The effects of temperature and pH on the enzyme activ-

ity were examined. The enzyme exhibited a maximum
activity at pH 8.5–9.0 in a borate-NaOH buffer (Fig. 3c).
The optimal reaction temperature appeared to be 40 to
45∞C (Fig. 3d).

Effects of various compounds and metal ions on the en-
zyme activity

The effects of various compounds and metal ions listed
in Tables 3 and 4 were tested as to their inhibitory effects
on the enzyme activity. Each of the compounds and metal
ions was added at a final concentration of 1 mM to the
reaction mixture.

Various compounds did not show any remarkable inhi-
bition. On the other hand, the enzyme was strongly inhib-
ited by metal ions such as Ni2+, Co2+, Ag2+ and Hg2+. The
enzyme also showed a sensitivity to Cd2+, Fe2+, Fe3+ and
Zn2+.

Substrate specificity
To determine the substrate specificity of the b-CNAla

synthase, we used several amino acids as substrates. The
activities were measured under the standard conditions of
enzyme assay.

Compared with the activity towards O-acetyl-L-serine
(100%), that towards b-chloro-DL-alanine was 8.7%. L-
Serine, O-methyl-DL-serine, L-cysteine, O-phospho-L-ser-
ine and L-asparagine could not be the substrates of this
enzyme. Although the cell-free extracts showed signifi-
cant activity toward L-serine as shown Table 2, the data of
which were obtained during the microbial screening, the
purified b-CNAla synthase did not act on this amino acid.
There may be a different enzyme that uses L-serine as a
substrate in P. ovalis No. 111.

Kinetic parameters of bbbbb-CNAla synthetase
Kinetic studies on the enzyme reaction were performed.

The Michaelis constant (Km) and the maximum reaction
velocities (Vmax) for O-acetyl-L-serine, that can serve as
the substrate, were determined from the Lineweaver-Burk

Table 4. Effect of metal ions on the enzyme activity.

Compound (1 mM) Relative activity (%)

None 100
Iodoacetic acid-Na 99.2
N-Ethylmaleimide 103
p-Chloromercuribenzoic acid 94.8
5,5¢-Dithiobis (2-nitrobenzoic acid) 110

Hydroxylamine 99.0
Phenylhydrazine 97.7
DL-Penicillamine 106
D-Mercaptoethylamine 101
2-Mercaptoethylamine 102
Semicarbazide 102
Aminoguanidine sulfate 100
3-Methyl-2-Benzothiazolinonehydrazone 84.2
8-Hydroxyquinoline 100
o-Phenanthroline 96.0
a,a-Dipyridyl 101

Ethylenediaminetetraacetic acid (EDTA) 106
Diethyldithiocarbamic acid 79.6
2,2¢-Dithiodipyridine 101

Compound (1 mM) Relative activity (%)

None 100
NaN3 77.7
CuCl2 65.9
MgCl2 77.6
MnCl2 60.6
FeSO4 64.3
ZnCl2 58.1
CaCl2 77.1
CdCl2 48.9
NaCl 68.5
NiCl2 3.79
CoCl2 2.81
BaCl2 78.3
FeCl3 51.3
AlCl3 60.7
LiCl 82.4
PbCl3 90.2
AgNO3 13.3
HgCl2 9.61

Table 3. Effect of compounds on enzyme activity.
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plot (Fig. S2a). The Km value for O-acetyl-L-serine was
10.0 mM, and Vmax value was 3.57 mmol/min/mg.

The degree of sigmoidicity was greater at a lower initial
KCN concentration. The maximum slope determined by a
Hill plot was 5.28. An S0.5 value for KCN was 16.4 mM
(Fig. S2b).
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