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Abstract

The cell free extract from the nitrile-hydrolyzing strain Aspergillus niger K10 (0.25 mg of protein) was adsorped onto a 1 mL HiTrap Butyl
Sepharose column. The benzonitrile-hydrolyzing activity of the immobilized enzyme (about 1.6 U/mg of protein) was stable at pH 8 and 35 ◦C
within the examined period (4 h). The enzyme load on the above column was increased 18 times in order to achieve high nitrile conversion. This
enzyme preparation was used for the conversion of 3-cyanopyridine and 4-cyanopyridine under the above conditions. The initial substrate conversion
was nearly quantitative. The activity was fairly stable; the conversion of 3-cyanopyridine decreased to 70% after 15 h, while the conversion of
4-cyanopyridine was 60% of the initial value after 39 h. The former substrate was converted into nicotinic acid and nicotinamide (molar ratio
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pproximately 16:1) and the latter one into isonicotinic acid and isonicotinamide (molar ratio approximately 3:1).
2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently, there is considerable interest in the immobilization
f nitrile-converting biocatalysts. Most of the reported methods
onsisted in the entrapment of whole cells in various hydrogels
uch as alginate, pectate, carrageenan, polyvinyl alcohol and
olyacrylamide (see Ref. [1] for a review). The whole cells were
lso immobilized by adsorption onto Dowex 1 [2], by entrapment
nto porous dimethyl silicone rings [3] and sol–gel silica hybrids
4] or by chemical binding on polysulphone membranes [4].

On the other hand, the immobilized nitrile-transforming bio-
atalysts were rarely based on cell extracts or (partially) purified
nzymes. The immobilization of nitrile hydratases seems to be
ifficult due to the instability of these enzymes [1]. The immo-
ilization of nitrilases appears to be more promising. Recently,
wo different nitrilases (a cell free extract from Pseudomonas
uorescens and Nitrilase 1004 from Biocatalytics) were immo-
ilized using precipitation with dimethoxyethane and subse-
uent cross-linking using a macromolecular cross-linker, dex-
ran polyaldehyde [5].

Immobilization of enzymes by ionic and hydrophobic adsorp-
ion or by covalent binding onto solid carriers find a broad use

in biocatalysis. For example, all these methods were examined
for the immobilization of epoxide hydrolases. Ionic adsorp-
tion on DEAE cellulose increased the specific activity and
the stability of the immobilized enzyme, while other methods
were unsuitable [6]. Hydrophobic adsorption on Octadecyl-
Sepabeads was useful in the case of lipases, which were adsorped
in the form of the “open structure”; the enzymes were highly
active and preserved 100% of their activity after 200 h incubation
[7].

Herein, we report the immobilization of a nitrilase from
Aspergillus niger K10 by hydrophobic adsorption. The fungal
enzyme has been selected because of its activity towards het-
eroaromatic nitriles of industrial interest (cyanopyridines) [8]
as well as its good thermostability [9]. The extracts from cells
induced by 2-cyanopyridine and valeronitrile exhibited a high
specific nitrilase activity [10] and, therefore, represented a suit-
able starting material for the immobilization.

2. Experimental

2.1. Nitrilase preparation and immobilization
∗ Corresponding author. Tel.: +420 296 442 569; fax: +420 296 442 509.
E-mail address: martinko@biomed.cas.cz (L. Martı́nková).

A. niger K10 [8] is deposited in the Culture Collection
of Fungi (Charles University Prague, Czech Republic). The
microorganism was cultivated in shaken flasks with a modified
381-1177/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2006.01.027



56 V. Vejvoda et al. / Journal of Molecular Catalysis B: Enzymatic 39 (2006) 55–58

Czapek-Dox medium [8] in which sodium nitrate was replaced
by 2-cyanopyridine (20 mM) and valeronitrile (7.5 mM) as
nitrilase inducers [10]. The mycelium was ground to pow-
der in a mortar, extracted with Tris–HCl buffer (50 mM, pH
8) and centrifuged at 13,000 × g and 4 ◦C for 30 min. The
cell extract exhibiting nitrilase activity (0.25 mg of protein;
approximately 0.4 U with benzonitrile at pH 8 and 35 ◦C)
in Tris–HCl buffer (50 mM, pH 8) containing 0.8 M ammo-
nium sulfate was applied onto a 1 mL HiTrap Butyl FF col-
umn (Amersham Biosciences) at a flow rate of 0.25 mL min−1.
Tris–HCl buffer (50 mM, pH 8) with 0.8 M ammonium sul-
fate was passed through the column at a flow rate of
0.5 mL min−1 for 20 min and the eluate was checked for nitrilase
activity.

2.2. Assay of the nitrilase activity

The initial activity of the immobilized enzyme was deter-
mined at 35 ◦C. Tris–HCl buffer (50 mM, pH 8) with 0.8 M
ammonium sulfate and 5 mM of benzonitrile was passed through
the column with the immobilized nitrilase at a flow rate
of 0.5 mL min−1. After the dead volume had been eluted,
1 mL fractions were collected for 10 min. The concentra-
tion of benzonitrile, benzoic acid and benzamide in the elu-
ate was determined by HPLC as described previously [8].
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with benzonitrile). The hydrolysis of 3-cyanopyridine and 4-
cyanopyridine (10 mM each) was carried out at pH 8 and 35 ◦C
for 15 and 39 h, respectively. The flow rate was 0.25 mL min−1.
Fractions (7.5 mL) were collected and analyzed by HPLC as
described previously [8].

2.6. Protein assay

Protein was determined according to Bradford [11] using
bovine serum albumin as the standard.

3. Results and discussion

3.1. Adsorption of nitrilase onto Butyl Sepharose

Nitrilases were reported to be prone to deactivation under
the conditions of some immobilization procedures. No nitrilase
activity was recovered in cross-linked enzyme aggregates pre-
pared with glutaraldehyde. It was postulated that the nitrilase
sensitivity was due to a reactive lysine residue in the active site.
Using an alternative cross-linker, dextran polyaldehyde, that did
not penetrate the enzyme active center, 50–60% of the activity
was recovered [5].

In this work, hydrophobic adsorption was tested as a milder
immobilization technique. The fungal nitrilases are hydropho-
bic proteins as obvious from the late elution of the enzyme from
P
t
A
t
v
o
[
i
a
n
c
T
9
t
l
p
b
t
t
t
e

n
t
S
S
p
b
e
o
fi

he total product was the sum of benzoic acid and ben-
amide. The specific activity was calculated according to
q. (1).

pecific activity (U/mg protein)

= [product concentration (mM) × flow rate (mL min−1)]

immobilized protein (mg)
(1)

The activity of the free enzyme was determined batchwise
nder the same conditions at shaking. The substrates were ben-
onitrile, 3-cyanopyridine and 4-cyanopyridine.

.3. Assay of the storage stability of the nitrilase

The immobilized nitrilase was stored at 4 ◦C. At inter-
als, the enzyme preparation was checked for its benzonitrile-
ydrolyzing activity as described above.

.4. Assay of the operational stability of the nitrilase

The conversion of benzonitrile by the immobilized nitrilase
as performed at 20, 35 and 45 ◦C for 30 min. The operational

tability at 35 ◦C was also examined within 4 h. Other conditions
ere as described for the nitrilase activity assay.

.5. Hydrolysis of 3-cyanopyridine and 4-cyanopyridine by
he immobilized nitrilase

The nitrilase was immobilized as described above but the
nzyme load on the column was increased to 7.2 U (assayed
henyl Sepharose columns. This phenomenon was observed for
he nitrilases from Fusarium oxysporum f. sp. melonis [12] and
. niger (unpublished data). Therefore an efficient binding of

he protein on the hydrophobic carrier could be expected. Pre-
iously, such expectation was not proved by experimental data
btained for another lipophilic protein, an epoxide hydrolase
6]. In this case, the hydrophobic carriers had a low bind-
ng capacity or inactivated the enzyme. Contrary, hydrophobic
dsorption proved to be viable for the immobilization of the
itrilase from A. niger. The nitrilase applied in the form of a
ell extract remained active after binding onto Butyl Sepharose.
he ratio of the activity recovered after immobilization was
0%. About 20% of the applied protein was not adsorped on
he column, but this protein did not contain any active nitri-
ase. Partial purification was thus achieved. The immobilization
rocedure can be further improved. First, the enzyme load can
e increased. The method can be also optimized by decreasing
he concentration of ammonium sulfate in the elution buffer. In
his way, more contaminating protein may be removed, so that
he binding capacity of the column becomes available for the
nzyme.

Examination of the suitability of other carriers for the
itrilase immobilization is ongoing. Preliminary data suggest
hat hydrophobic adsorption onto Phenyl Sepharose and Octyl
epharose gives comparable results as immobilization on Butyl
epharose. Ionic binding of the enzyme onto Q Sepharose
roved to be feasible as well. The hydrophobic and ionic immo-
ilization will be also applied to other nitrilases such as the
nzymes of the genus Fusarium which are similar to the enzyme
f A. niger K10 in terms of their inducibility and substrate speci-
city [9].
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3.2. Storage and operational stability of the immobilized
nitrilase

The storage stability of the immobilized nitrilase was satis-
factory, 80 and 70% of the initial activity being retained after 3
and 7 days at 4 ◦C. The immobilized nitrilase was operated at
pH 8 – the activity optimum of the enzyme – at different temper-
atures for 30 min. At 20 and 35 ◦C, the activity was stable within
this period. However, the lower temperature was not beneficial
because the activity of the nitrilase was relatively low (about
one-third of that at 35 ◦C). At 45 ◦C (activity optimum), the
initial activity increased by approximately one-third compared
to that at 35 ◦C but the activity drop within 30 min was about
15%. Therefore, the temperature of 35 ◦C was applied to the
prolonged experiment (see Fig. 1) in which the nitrilase activity
was monitored for 4 h. The concentration of benzonitrile eluted
in the beginning of the run was lower than predicted from the
substrate/product balance. This was probably caused by retar-
dation of benzonitrile which was bound onto Butyl Sepharose
through hydrophobic interaction.

The major product of the enzyme reaction was benzoic acid
but minor amounts of benzamide were also detected. The con-
centrations of benzoic acid and benzamide in the eluate were
stable within the examined period. Thus the ratio of benzoic
acid and benzamide was also constant (about 11:1, i.e. similar
as for the free enzyme). Production of both carboxylic acids
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Fig. 2. Conversion of 10 mM 3-cyanopyridine (�) into nicotinic acid (�)
and nicotinamide (�) by the immobilized nitrilase (7.2 U per 1 mL of Butyl
Sepharose). The column was operated at 35 ◦C at a flow rate of 0.25 mL min−1.
See Section 2 for details.

cyanopyridine (10 mM each). Previously, it was reported that
3-cyanopyridine was transformed by the whole cells of the fun-
gus at a lower rate than benzonitrile [8]. This was confirmed
by an experiment using a cell free extract whose specific activ-
ity for 3-cyanopyridine was about half of that for benzonitrile.
The enzyme load on the column was increased approximately
18 times to achieve total conversion and to outweigh the differ-
ence between the specific activities towards 3-cyanopyridine and
benzonitrile. At the same time, the elution rate was decreased.

Nicotinic acid was the major product of the reaction, while
nicotinamide formed about 6% of the total product. Up to 3 h
of the column operation, a nearly quantitative conversion of
3-cyanopyridine was achieved. At later stages the unreacted sub-
strate began to elute but the conversion rate did not decrease
below 80% up to 9.5 h and it was still about 70% after 15 h (see
Fig. 2).

4-Cyanopyridine was a superior substrate of the nitrilase,
being transformed by about 250% more rapidly than benzoni-
trile. The conversion of 4-cyanopyridine was carried out under
the same conditions as that of 3-cyanopyridine but the opera-
tion time was prolonged. Due to the high activity of the nitrilase
for 4-cyanopyridine, no unreacted substrate was eluted up to
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nd amides by nitrilases has been reported [12–14]. This ability
f the nitrilase to produce amides as by-products is especially
ronounced for the enzyme from A. niger K10 [8]. Though the
roduction of amides from nitriles might support the assump-
ion that the fungus produces a nitrile hydratase [4], other results
ontradict this hypothesis. These data involve the constant acid:
mide ratio during the operation of the immobilized enzyme (see
lso below) and under different pH and temperatures (unpub-
ished data).

.3. Conversion of heterocyclic nitriles by the immobilized
itrilase

The immobilized nitrilase was used for the conversion
f substrates with industrial impact, 3-cyanopyridine and 4-

ig. 1. Conversion of 5 mM benzonitrile (�) into benzoic acid (�) and benza-
ide (�) by the immobilized nitrilase (0.4 U per 1 mL of Butyl Sepharose). The

olumn was operated at 35 ◦C at a flow rate of 0.5 mL min−1. See Section 2 for
etails.
ig. 3. Conversion of 10 mM 4-cyanopyridine (�) into isonicotinic acid (�)
nd isonicotinamide (�) by the immobilized nitrilase (7.2 U per 1 mL of Butyl
epharose). The column was operated at 35 ◦C at a flow rate of 0.25 mL min−1.
ee Section 2 for details.
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22 h. However, at later stages the conversion rate decreased (to
approximately 60% after 39 h, see Fig. 3). The products of the
reaction were isonicotinic acid and isonicotinamide. The amide
formed a larger ratio (about one-fourth) of the total product than
in the case 3-cyanopyridine.

Small deviations from the sum of substrates and products
(theoretically 10 mM) may be explained by the partial consump-
tion of the products by enzymes present in the cell free extract.
This phenomenon was reported for the whole cells of A. niger
K10 which partially metabolized the products of nitrile hydrol-
ysis, benzoic and nicotinic acid [8].

4. Conclusions

A mild immobilization method, adsorption on a hydropho-
bic carrier (Butyl Sepharose) was applied to a fungal nitrilase.
The high specific activity of the enzyme, which was induced by
2-cyanopyridine and valeronitrile, was recovered in the immo-
bilized preparation. Due to its good operational stability, the
immobilized nitrilase appears to be suitable for the continuous
hydrolysis of (hetero)aromatic nitriles.
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Technol. 38 (2006) 260.

[10] O. Kaplan, V. Vejvoda, A. Pišvejcová, L. Martı́nková, J. Ind. Microbiol.
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ABSTRACT.  High levels of an aromatic nitrilase (about 37 �kat/L culture) were induced in Fusarium  
solani O1 after transfer of the mycelium from a rich medium into a medium with 20 mmol/L picolinonitrile. 
The mycelium was entrapped in lense-shaped particles consisting of a polyvinyl alcohol/polyethylene glycol 
copolymer (LentiKats®). The cell-free extract was immobilized by hydrophobic binding onto a Butyl Sepha-
rose column. The enzyme was useful for the mild hydrolysis of nicotinonitrile, isonicotinonitrile and benzo-
nitrile.    

Enzymes that catalyze the synthesis of carboxylic acids from nitriles became popular tools in orga-
nic chemistry. To date, prokaryotic nitrile-converting enzymes have been used for most of the synthetic tasks. 
The recombinant nitrilase (EC 3.5.5.1) from the plant Arabidopsis thaliana, which has been applied to a num-
ber of preparative nitrile biotransformations (Effenberger and Oßwald 2001a–c), is an exception. 

 

 
 

 
 R2 R3 R4 R2 R3 R4 
 picolinonitrile CN H H picolinic acid COOH H H 
 nicotinonitrile H CN H nicotinic acid H COOH H 
 isonicotinonitrile H H CN isonicotinic acid H H COOH 
 

It has been known since the 1960s (Thimann and Mahadevan 1964) that filamentous fungi are an 
alternative source of nitrilases. Recently it has been demonstrated that the occurrence of nitrilases in fila-
mentous fungi is quite frequent (Kato et al. 2000; Kaplan et al. 2006a). However, only two fungal nitrilases 
– from Fusarium solani (Harper 1977) and F. oxysporum f.sp. melonis (Goldlust and Bohak 1989) – were 
purified and characterized. Recently we reported on the substrate specificities and optimum reaction conditions 
of nitrilases from another strain of F. solani, from Penicillium multicolor (Kaplan et al. 2006a) and Asper-
gillus niger (Šnajdrová et al. 2004). Nevertheless, the synthetic utility of most nitrile-converting fungi was 
limited due to the low nitrilase activity in whole cells or cell-free extracts (Harper 1977; Šnajdrová et al. 
2004; Kaplan et al. 2006a). F. oxysporum produced higher nitrilase levels but the lability of this enzyme at 
temperatures >40 °C was a drawback (Goldlust and Bohak 1989). Recently, we improved the production of 
nitrilases in several species of filamentous fungi by using picolinonitrile and valeronitrile as inducers (Kap-
lan et al. 2006b). The nitrilases from A. niger K10 and F. solani O1 were fairly thermostable. These findings 
make the use of fungal nitrilases for mild nitrile hydrolysis possible. In the present work, the nitrilase pro-
duction was further improved by using a two-stage cultivation. The biocatalytic utility of this enzyme, which 
has been used in various formulations, is demonstrated. 

                                                           
*Corresponding author. 
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MATERIALS  AND  METHODS 

Microorganism and cultivation. Fusarium solani O1 (Kaplan et al. 2006a,b) is deposited in the 
Culture Collection of Fungi, Charles University, Prague (Czechia). The nitrilase was produced by using 
a two-stage cultivation. In the first stage, the fungus was grown in shaken 500-mL Erlenmeyer flasks with 
200 mL of a rich medium (in g/L): sucrose 30, malt extract 5, yeast extract 5, NaNO3 2; pH 7.3. After a 43-h 
cultivation at 28 °C, the mycelium was harvested, washed with a modified Czapek–Dox medium (in mg/L): 
K2HPO4 1000, MgSO4·7H2O 500, KCl 500, FeSO4·7H2O 10, CoCl2·6H2O 1, ZnSO4·7H2O 6.7) and resus-
pended in the same medium (100 mL per 500-mL Erlenmeyer flasks). The suspension was shaken for 1 h 
(67 Hz, 28°C), picolinonitrile (20 mmol/L) was added as the sole C and N source and the incubation procee-
ded for another day under the same conditions. Afterwards the mycelium was harvested, washed with Tris-
HCl buffer (100 mmol/L, pH 8.0) and used as described below. 

Cell lyophilization. The cells were frozen at –70 °C , lyophilized overnight and stored at –20 °C. 
Preparation of cell-free extracts. The lyophilized cells were ground to powder with a pestle in 

a mortar, suspended in Tris-HCl buffer (50 mmol/L, pH 8.0; �3 mL/g of wet mycelium) and stirred for 
20 min in an ice bath. The pellet was removed by centrifugation (13 000 g, 30 min, 4 °C). The cell-free 
extracts were stored at 4 °C. 

Immobilization of whole cells in LentiKats®. The procedure introduced by GeniaLab Bio Technolo-
gie (Jekel et al. 1998) was used with a slight modification (omitting the final re-swelling of gel particles). 
Briefly, polyethylene glycol (6 g) was dissolved in water (79 mL) and polyvinyl alcohol (10 g) was added 
under stirring and heating to 90 °C until polyvinyl alcohol particles were completely dissolved. After cool-
ing to 25 °C, lyophilized cells (�2 g) were added. The suspension was dropped on a smooth polystyrene 
plate. Gelation of the particles was complete when the mass of the dropped polymer was reduced to �25 % 
by evaporating water at room temperature. The particles were stored at –20 °C. 

Nitrilase adsorption on Butyl Sepharose was performed as described for the nitrilase from A. niger 
(Vejvoda et al. 2006). Briefly, the cell extract (0.2–0.3 �kat of nitrilase) in Tris-HCl buffer (50 mmol/L, 
pH 8) containing 0.8 mol/L diammonium sulfate was applied onto a 1-mL HiTrap Butyl FF column (Amer-
sham Biosciences) at a flow rate of 0.25 mL/min. 

Enzyme assay. The reaction mixture (1 mL) consisting of Tris-HCl buffer (50 mmol/L, pH 8.0), 
25 mmol/L benzonitrile and the lyophilized cells (�3 mg) was incubated at 45 °C and under shaking for 
10 min. Alternatively, cell-free extracts (30–60 �g of protein) were used in a total volume of 0.1 mL under 
the same conditions. The reaction was stopped by the addition of 0.1 mL of 1 mol/L HCl per mL of the reac-
tion mixture and the precipitated protein was removed by centrifugation. The supernatant was analyzed for 
benzonitrile, benzoic acid and benzamide by HPLC. The activity is expressed in μkat (1 μkat of the nitrilase 
activity is expressed as the amount of enzyme that forms 1 �mol of total product – benzoic acid plus benz-
amide – from benzonitrile in 1 s under the assay conditions). The assay of the immobilized cells was done in 
an analogous way but the reaction mixture (total volume of 1 mL) contained  �15 mg of gel particles. The 
assay of the enzyme immobilized on Butyl Sepharose was carried out according to Vejvoda et al. (2006). 

Nitrilase thermostability was determined by monitoring the activity of the whole cells or the cell-
free extract maintained at 28 or 45 °C in Tris-HCl buffer (50 mmol/L, pH 8). 

The pH optimum of the enzyme was determined as described above but 50 mmol/L phenylacetic 
acid, boric acid, phosphoric acid, and NaOH buffers (pH 4–12.5) were used. 

The temperature optimum of the enzyme was determined as described above but the reactions pro-
ceeded at 20–60 °C. 

Batch biotransformations. The reaction mixtures (total volume 100 mL) consisted of 50 mmol/L 
Tris-HCl buffer (pH 8.0), 10 mmol of substrate and an appropriate amount of immobilized whole cells (150 
and 370 mg for the hydrolysis of isonicotinonitrile and nicotinonitrile, respectively). The reactions procee-
ded at 28 °C and shaking. Samples (0.2 mL) were withdrawn at time intervals, acidified with 20 �L 1 mol/L 
HCl, centrifuged and analyzed by HPLC. 

Continuous biotransformations. The substrate (10 mmol/L) dissolved in Tris-HCl buffer (50 mmol/L, 
pH 8) containing 0.8 mol/L diammonium sulfate was passed through the 1-mL HiTrap Butyl FF column 
with the immobilized nitrilase at pH 8, 35 °C and a flow rate of 0.25 mL/min. Fractions (12 mL) were col-
lected for 3 d and analyzed by HPLC. 

Analytical HPLC. The substrates and products were analyzed by HPLC (Šnajdrová et al. 2004). 
Protein was determined according to Bradford (1976) using bovine serum albumin as standard. 
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RESULTS  AND  DISCUSSION 

Production of an aromatic nitrilase using a two-stage cultivation. Previously (Kaplan et al. 2006b), 
the production of an aromatic nitrilase in F. solani O1 was induced by inoculating the fungus into a Czapek–
Dox medium with picolinonitrile as inducer and growing it in this medium for 42 h. A maximum specific 
and total activity of about �83 nkat/mg protein and 1.5 μkat/L, respectively, was achieved by varying the 
inducer and sucrose concentrations. In order to increase the total enzyme production, which was negatively 
affected by the inferior growth of the fungus in the above medium, an alternative process was examined. The 
biomass was obtained in sufficient quantity (4.8 g of dry cell mass per L) by cultivation in a rich medium 
and transferred into a Czapek–Dox medium containing the above inducer. This resulted in a remarkable 
increase of the total activity (up to 37 μkat/L of culture), while the specific activity was still high (Table I). 
Therefore, this way of cultivation was used further. 

 
Table I.  Nitrilase activity and storage stability of whole cells and cell-free extract from  
Fusarium solani O1 

Half time, h 
 

Biocatalyst Activitya 
nkat/mg 28 °C 45 °C  

Free lyophilized cells 8c –f 4.5  
Lyophilized cellsb 6c,e 178 4.4  
Cell-free extract 65d 90 4.0  

aAssayed with benzonitrile. dPer mg of protein. 
bEntrapped in LentiKats®. e0.45 nkat/g of dry LentiKats®. 
cPer mg of dry cell mass. fNo activity loss within 3 d. 

 
A nitrilase was purified from a strain of F. solani (Harper 1977) but the enzyme investigated by us 

seemed to be different. While the specific activity of the previous enzyme was 28 nkat/mg after its puri-
fication to homogeneity, we assessed the activity of the cell-free extract from F. solani O1 at �65 nkat/mg 
protein. The nitrilase induction in the previous strain was achieved by a single-stage cultivation in a medium 
which contained benzonitrile as the sole C and N source. The total and specific nitrilase activities of this 
culture were very low. Thus, despite large culture volumes (15 L), a typical purification protocol started with 
only 1 �kat of nitrilase, which exhibited a specific activity of 1.5 nkat/mg protein. 

A two-stage cultivation was previously used to produce sufficient quantities of a different (thermo-
labile) nitrilase in F. oxysporum f.sp. melonis (Goldlust and Bohak 1989), as this microorganism showed 
only a negligible growth when inoculated into media with nitriles as the sole C and N source. When a star-
ved mycelium was transferred to the induction medium with different aliphatic nitriles or benzonitrile as sole 
C and N sources, the nitrilase activity reached �2.3–13.8 �kat/L. Herein, a medium containing a novel indu-
cer (picolinonitrile) was used for the second cultivation stage. The total production of the nitrilase was �2.7× 
higher than that described for F. oxysporum f.sp. melonis. 

Immobilized nitrile-hydrolyzing biocatalysts. The immobilization of whole cells made use of the 
LentiKats® technology (Jekel et al. 1998), which recently proved useful for the entrapment of bacterial cells 
catalyzing the bienzymic hydrolysis of nitriles (Kubá� et al. 2006). The nitrilase activity of the immobilized 
cells was �75 % of that of the free cells (Table I). 

The immobilization of the cell-free extract was done by adsorption on Butyl Sepharose which pro-
ved viable for the immobilization of a nitrilase from Aspergillus niger K10 (Vejvoda et al. 2006). The ratio 
of the retained activity was 70 % at an enzyme load of 0.42 �kat per a 1-mL column, the rest of the activity 
being eluted. 

Both methods seemed to be promising for nitrilase immobilization because of their mildness; this is 
a crucial factor, as these enzymes are in general known as relatively unstable and sensitive to harsh immo-
bilization procedures. For both immobilized preparations, an increase of the enzyme load is desirable in 
order to achieve higher specific activity. The application of partially purified enzymes appears as a viable solu-
tion to this problem. The removal of the contaminating protein would make it possible to bind more nitrilase 
onto the chromatographic columns. The partially purified nitrilase can be also immobilized in LentiKats® 
after its cross-linking (Wilson et al. 2004) or coupling to polyelectrolytes (Czichocki et al. 2001) as demon-
strated with other enzymes. In this respect, the use of a mild cross-linking agent, i.e. dextran polyaldehyde, 
may be useful (Mateo et al. 2004). 
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Reaction optima and thermostability of the nitrilase. The free cells were active at pH 5–10 (Fig. 1 
left). The effect of pH on the activity of a nitrilase induced in this strain by nicotinonitrile was nearly the 
same (Kaplan et al. 2006a). The effect of temperature (Fig. 1 right) was also very similar for both cultures, 
maximum activity being observed at 45–50 °C. Small differences could be attributed to different conditions 
of the assays (buffer, reaction time, etc.). Therefore, with some caution it can be suggested that the enzymes 
induced by both picolinonitrile and nicotinonitrile are identical. 

 

 
 

Fig. 1.  Effects of pH (left) and of temperature (°C; right) on the benzonitrile-hydrolyzing activity (%) of Fusarium 
solani whole cells – free (circles) and immobilized in LentiKats® (triangles). 

 
The pH operation range of the immobilized cells was shifted towards higher pH values. The immo-

bilized biocatalyst showed a remarkable activity at pH 11 and a minor activity was still observed at pH 12. 
This probably reflects differences in pH values of the bulk medium and the microenvironment of the cells. 
The dependence of activity on temperature was not significantly affected by cell immobilization. 

To assess the biocatalytic potential of the enzyme, its thermostability was monitored using different 
biocatalyst formulations (Table I). The enzyme was relatively thermostable as indicated by the half time 
of �4.5 h at 45 °C. Nevertheless, the enzyme stability here did not meet the demands of prolonged bio-
transformations. Therefore, the reaction temperature was decreased to 28 °C, at which the activity was �½ 
of the maximum. At this temperature, the usability of the biocatalyst was prolonged 22× in case of the cell-
free extract and �40× in case of the immobilized cells. 

Enzymic hydrolysis of (hetero)aromatic nitriles. Substrates of the following biotransformations were 
chosen according to the substrate specificity of the nitrilase induced in F. solani by nicotinonitrile (Kaplan et 
al. 2006a). Isonicotinonitrile and nicotinonitrile belonged to the best substrates of this enzyme, being con-
verted at relative rates of 90 and 30 % of that for benzonitrile, respectively (Kaplan et al. 2006a). In the 
previous experiments, nicotinonitrile and isonicotinonitrile were used at a concentration of 10 mmol/L (Kap-
lan et al. 2006a). Herein, the feasibility of using the nitrilase for the hydrolysis of 100 mmol/L substrates 
was examined using immobilized whole cells. Isonicotinonitrile was fully hydrolyzed within 40 h, using  
an enzyme load of 0.67 nkat/mL. Despite prolonged reaction time (75 h) and an increased biocatalyst load 
(1.67 nkat/mL), the conversion of nicotinonitrile was lower (74 %). The major products from both substrates 
were carboxylic acids. The byproducts (amides) were detected in low amounts (2–3 % of the total product). 
In contrast, no amides were found in the corresponding reaction products, when using the nicotinonitrile-indu-
ced nitrilase (Kaplan et al. 2006a). This was probably due to the fact that the overall amount of the product 
was lower in this case and the concentrations of amides were thus under the detection limit. The formation 
of amides during nitrile hydrolysis was also reported for the nitrilases from Arabidopsis thaliana (Effen-
berger and Oßwald 2001), Fusarium oxysporum f.sp. melonis (Goldlust and Bohak 1989), Rhodococcus sp. 
(Stevenson et al. 1992), Pseudomonas fluorescens (Kiziak et al. 2005) and Aspergillus niger K10 (Šnaj-
drová et al. 2004) and is probably caused by an atypical cleavage of the tetrahedral intermediate (Stevenson 
et al. 1992). 

As the 1-mL Butyl Sepharose column showed a limited cell-free extract loading capacity, this en-
zyme formulation was used for the conversion of a lower substrate concentration (10 mmol/L) in order to 
achieve high conversion. The experiments were carried out at 35 °C in order to compare their results with 
those obtained with the A. niger nitrilase (Vejvoda et al. 2006). The conversion rate of nicotinonitrile, which 



2006 HYDROLYSIS  OF  NITRILES  BY  F. solani    255 

 

was nearly quantitative within the initial 24 h, declined during further operation. Nevertheless, after 66 h the 
enzyme still hydrolyzed 67 % of the substrate (Fig. 2). 

 

 
 

Fig. 2.  Conversion (concentration c, mmol/L) of 10 mmol/L nicotinonitrile (dia-
monds) into nicotinic acid (triangles) and nicotinamide (squares) by a Fusarium 
solani nitrilase immobilized on Butyl Sepharose. The column was operated at 
35 °C at a flow rate of 0.25 mL/min. 

 
The hydrolysis of isonicotinonitrile was even more effective, the conversion being nearly quantita-

tive (>99 %) within 72 h (not shown). Thus, this biocatalyst exhibited a higher stability than the immobilized 
nitrilase from A. niger, which lost 30 % of its activity for nicotinonitrile within 15 h (Vejvoda et al. 2006). 
Another benefit of the F. solani enzyme was the limited production of isonicotinamide (�1 %), which for-
med �25 % of the total product in case of the A. niger nitrilase (Vejvoda et al. 2006). The conversion of 
nicotinonitrile (10 mmol/L) afforded more byproduct – nicotinamide (�5 % of the total product) than the 
above conversion of the same substrate (100 mmol/L) by LentiKats®. Reaction conditions (substrate con-
centration, temperature and/or biocatalyst type) appeared to affect the acid-to-amide rate to some extent. 

A drawback of the nitrilase from F. solani is its sensitivity to steric hindrances and therefore no 
activity for 2-substituted benzonitriles. Nor could the enzyme be used for the biotransformation of picolino-
nitrile, which was hydrolyzed at a very low relative rate (�3 % of that for benzonitrile; Kaplan et al. 2006a). 
For the hydrolysis of picolinonitrile the nitrilase from A. niger K10 seems to be more suitable because of its 
higher relative activity towards this compound (�10 % of that for benzonitrile; Kaplan et al. 2006b). On the 
other hand, a drawback of the nitrilase from A. niger K10 is the production of significant amounts of the by-
product, picolinamide (�15 % of the total product), from picolinonitrile. 

Benzonitriles substituted at 3- and 4-position are also transformed at much lower rates than benzo-
nitrile by the nitrilase from F. solani O1. However, this enzyme may be also useful for the hydrolysis of  
3-tolunitrile, 3-hydroxybenzonitrile, 3-chlorobenzonitrile and 1,4-benzenedicarbonitrile (tereftalonitrile) that 
proved to be hydrolyzed at satisfactory rates (9–19 % as compared to benzonitrile; Kaplan et al. 2006a). 
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Abstract 2-Cyanopyridine proved to act as a power-
ful nitrilase inducer in Aspergillus niger K10, Fusarium
solani O1, Fusarium oxysporum CCF 1414, Fusarium
oxysporum CCF 483 and Penicillium multicolor CCF
2244. Valeronitrile also enhanced the nitrilase activity
in most of the strains. The highest nitrilase activities
were produced by fungi cultivated in a Czapek-Dox
medium with both 2-cyanopyridine and valeronitrile.
The speciWc nitrilase activities of these cultures were
two to three orders of magnitude higher than those of
cultures grown on other nitriles such as 3-cyanopyri-
dine or 4-cyanopyridine.

Keywords Nitrilase · Hyperinduction · Aspergillus · 
Fusarium · Penicillium

Introduction

Bacterial nitrilases, acknowledged as useful biocata-
lysts for the mild hydrolysis of nitriles, have been thor-
oughly described [1]. On the other hand, there are few
publications on nitrilases from Wlamentous fungi [1].
Two nitrilases have been puriWed from fungi belonging
to the genus Fusarium [2, 3]. The nitrilases of Wlamen-
tous fungi seem to be worth an intensive study, as they
represent useful tools for the preparation of valuable
(hetero) aromatic carboxylic acids from nitriles. A study

monitoring the occurrence of aldoxime dehydratases in
microorganisms revealed that these enzymes were
accompanied by nitrilases in all examined strains
belonging to 17 genera of Wlamentous fungi [4]. A
screening of about one hundred strains of Wlamentous
fungi performed by us also suggested a broad distribu-
tion of nitrilases in these organisms. However, these
strains belonging to Aspergillus, Fusarium and Penicil-
lium produced low levels of nitrilases [5], which could
not compete with the production of these enzymes in
bacteria. This encouraged us to perform a screening for
more powerful inducers of the nitrilase activity in these
Wlamentous fungi. Herein, we report on the hyperin-
duction of this enzyme in various Wlamentous fungi by
2-cyanopyridine and valeronitrile.

Materials and methods

Chemicals

The following nitriles were examined as inducers of the
nitrilase activity: acetonitrile (>99.9%) from Merck,
Darmstadt, Germany; butyronitrile (>99%), benzonit-
rile (99%), 2-cyanopyridine (99%), 3-cyanopyridine
(98%), picolinamide (98%), all from Sigma-Aldrich,
Steinheim, Germany; 4-cyanopyridine (>98%), isobuty-
ronitrile (>98%), propionitrile (>99%) and valeronitrile
(>98%), all from Merck-Schuchardt, Hohenbrunn,
Germany.

Microorganisms and cultivation

Aspergillus niger K10 and Fusarium solani O1 were as
described previously [5, 6]. The strains are deposited in
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the culture collection of fungi (CCF), Charles Univer-
sity Prague, Czech Republic. Fusarium oxysporum CCF
1414, Fusarium oxysporum CCF 483 and Penicillium
multicolor CCF 2244 originated from the same culture
collection. All microorganisms were maintained on a
modiWed Czapek-Dox medium (in g/l: sucrose 30,
K2HPO4 1.0, MgSO4·7H2O 0.5, KCl 0.5, FeSO4·7H2O
0.01, CoCl2·6H2O 0.001, ZnSO4·7H2O 0.0067) supple-
mented with 3-cyanopyridine (20 mM) as the sole
nitrogen source and agar (15 g/l). Submerged cultiva-
tion proceeded in modiWed Czapek-Dox medium
supplemented with diVerent sources of nitrogen: (i)
NaNO3 (2 g/l) and acetonitrile, propionitrile, butyronit-
rile, isobutyronitrile, valeronitrile, 2-cyanopyridine,
3-cyanopyridine, 4-cyanopyridine or picolinamide
(20 mM each), (ii) NaNO3 (2 g/l) and 3-cyanopyridine
(15 mM), (iii) NaNO3 (2 g/l) and 2-cyanopyridine
(15 mM), (iv) 2-cyanopyridine (15–20 mM) and (v)
2-cyanopyridine (15–20 mM) and valeronitrile (2.5–
7.5 mM). Variations in sucrose concentration (10, 15
and 20 g/l) were examined using the medium with
2-cyanopyridine (20 mM) and valeronitrile (2.5 mM).
Media (100 ml per 500 ml Erlenmeyer Xask) were inoc-
ulated with fungal spores or mycelial suspensions and
incubated at 28°C in an orbital shaker for 40–72 h.

Preparation of cell extracts

The mycelium was Wltered oV, washed with Tris/HCl
(50 mM, pH 8) and ground to powder in a mortar. The
mycelium powder was suspended in the above buVer
(approx. 3 ml of buVer per 1 g of wet mycelium) and
stirred for 20 min in an ice bath. The pellet was
removed by centrifugation at 13,000g for 30 min at 4°C.
The supernatant was used for the nitrilase assay (see
below).

Enzyme assay

The reaction mixture (total volume of 0.1 ml) consist-
ing of Tris/HCl (50 mM, pH 8), 25 mM benzonitrile
and the cell extract (approx. 20–100 �g of protein) was
shaken at 850 rpm and 30°C (for F. oxysporum and
P. multicolor) or 45°C (for A. niger and F. solani) in Ther-
momixer Compact Eppendorf for 10 min. The reaction
was stopped by the addition of 1M HCl (0.01 ml) and
the precipitated protein was removed by centrifuga-
tion. The supernatant was analyzed for benzonitrile,
benzoic acid and benzamide by HPLC as described
previously [6]. One unit of the nitrilase was expressed
as the amount of enzyme that forms 1 �mol of total
product (benzoic acid plus benzamide) from benzonit-
rile per 1 min under the above conditions. The relative

activities of the cell extracts for 2-, 3- and 4-cyanopyri-
dine (25 mM each) were assayed under the same con-
ditions.

Analysis of culture media

The Wltrates of culture media were acidiWed with 1 M
HCl (0.1 ml per 1 ml of sample) and centrifuged to
remove extracellular proteins. The supernatant was
analyzed for 2-cyanopyridine, 3-cyanopyridine and the
corresponding biotransformation products by reversed-
phase HPLC as described previously [6]. Valeric acid
was determined by ion exchange HPLC using a
Polymer IEX-H+ column (250 £ 8 mm, 8 �m; Watrex
Prague, Czech Republic) and a mobile phase consisting
of 9 mM sulfuric acid at a Xow rate of 0.5 ml/min.

Protein assay

Protein was determined according to Bradford [7]
using bovine serum albumin as the standard.

Results

Comparison of the ability of diVerent nitriles to induce 
a nitrilase in Aspergillus niger

Previously, we reported on a nitrilase activity of Asper-
gillus niger K10 grown on 3-cyanopyridine. According
to Kobayashi and Shimizu [8], the enzyme was classi-
Wed as an aromatic nitrilase. Whole cells and cell
extracts of this fungus were used for mild nitrile hydro-
lysis [6]. Nevertheless, their nitrilase activity was sig-
niWcantly lower than that of bacteria [9, 10]. Therefore,
other nitriles were tested as potential inducers of the
nitrilase activity in A. niger. The activity assay was per-
formed with the cell extract to ensure an accurate
enzyme dosage in each reaction mixture.

No nitrile supported fungal growth when used as the
sole source of nitrogen. Therefore, both sodium nitrate
and diVerent nitriles (20 mM each) were added to the
modiWed Czapek-Dox medium in all experiments sum-
marized in Table 1.

The low nitrilase activity induced by 3-cyanopyri-
dine was consistent with the previous observation [6].
All aliphatic nitriles except acetonitrile were better
inducers than 3-cyanopyridine. In particular, valeronit-
rile induced a remarkable activity increase (by about
34-fold). Further, the induction eVect of 3-cyanopyri-
dine was compared to that of its isomers. 4-Cyanopyri-
dine was a very poor nitrilase inducer. On the other
hand, 2-cyanopyridine was a nitrilase inducer of choice,
123
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increasing the speciWc activity by about 400-fold. The
total activity induced by 2-cyanopyridine was also the
best, though the fungal growth was reduced by this
compound.

Most 2-cyanopyridine (14.4 mM) remained uncon-
sumed after 65-h cultivation. The rest of the compound
was converted into picolinic acid (1.5 mM) and picoli-
namide (3.3 mM).

3-Cyanopyridine was converted to a similar extent
(by about 30%), the only product being nicotinic acid
(5.5 mM). The observation that diVerent types of prod-
ucts (amide plus acid vs only acid) were produced from
the superior and inferior inducers, respectively, sug-
gested that picolinamide might act as the actual
inducer. However, picolinamide (20 mM) did not
induce any nitrilase activity when added to the culture
medium instead of 2-cyanopyridine.

An even higher nitrilase activity was produced by
A. niger grown in the presence of both 2-cyanopyridine
(15 mM) and valeronitrile (7.5 mM) (see Table 2). The
speciWc activity reached its maximum after 48 h and
decreased slowly at later cultivation stages. However,
the total activity increased up to 65 h due to the con-
stant increase of extractable protein (see Fig. 1). In this
medium, 2-cyanopyridine was also transformed into
picolinic acid (0.1 mM) and picolinamide (0.4 mM). No
biotransformation products of valeronitrile were found.

Nitrilase induction in strains belonging to the genera 
Fusarium and Penicillium

Four other nitrile-hydrolyzing strains of Wlamentous
fungi were grown in the same way. The nitrilase activi-
ties of Aspergillus niger and Fusarium solani were
determined at 45°C, as this temperature was previously
found to be close to the enzyme optimum [5]. How-
ever, the nitrilases from both strains of F. oxysporum
and P. multicolor were inactivated at this temperature.
Therefore, the assays were performed at 30°C. The rel-
ative activities of all strains belonging to the genus
Fusarium were similar as those of A. niger K10 (see
Table 2): both speciWc and total activities were the

lowest in the cells grown on 3-cyanopyridine and
sodium nitrate and the highest in the cells grown on
2-cyanopyridine and valeronitrile. P. multicolor exhib-
ited the highest activity (both speciWc and total) when
cultivated on 2-cyanopyridine and sodium nitrate.
F. oxysporum CCF 1414 gave the best activities of all
the tested fungi: 11.4 U/mg protein and 120 U/l of the
culture.

Most of the fungal nitrilases produced benzamide as
a by-product from benzonitrile. Benzamide formation
was especially pronounced for the enzyme from
A. niger K10. This might suggest that this fungus pro-
duced a nitrile hydratase and an amidase. However,
this hypothesis was negated by observations that the
ratio of benzoic acid and benzamide were very similar
under diVerent reaction conditions (pH, temperature)
and during partial puriWcation of the enzyme [11].

In F. oxysporum strains, the nitrilases induced by
2-cyanopyridine produced some benzamide. However,
this compound could be hardly detected, when using
extracts from the same strains grown on 3-cyanopyridine.

Table 1 Protein and nitrilase
production by Aspergillus niger
grown with diVerent nitriles

Nitrile 
(20 mM each)

Protein 
(mg/l culture)

SpeciWc activitya 
(U/mg protein)

Total activity 
(U/l culture)

Acetonitrile 113 0 0
Propionitrile 134 0.05 6.7
Butyronitrile 125 0.02 2.5
Isobutyronitrile 90 0.01 0.9
Valeronitrile 83 0.24 19.9
2-Cyanopyridine 25 2.83 71.8
3-Cyanopyridine 129 0.007 0.9
4-Cyanopyridine 150 0.002 0.3

Note: A. niger was cultivated 
in a modiWed Czapek-Dox 
medium with NaNO3 (2 g/l) 
and various nitriles (20 mM 
each) for 65 h. See Materials 
and methods for details
a  Benzonitrile

Fig. 1 SpeciWc (Wlled square) and total activity (Wlled triangle) of
nitrilase and extractable protein (Wlled diamond) in Aspergillus
niger K10 grown in a Czapek-Dox medium containing 15 mM 2-
cyanopyridine and 7.5 mM valeronitrile. The enzyme assay was
performed with benzonitrile. See Materials and methods for de-
tails
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This may indicate that diVerent isoenzymes were
induced under diVerent conditions. However, an exact
determination of the minor product was diYcult due to
the low activity of these extracts.

The products of 2-cyanopyridine biotransformation
in the culture medium were the same as with A. niger.
The strain with the highest nitrilase activity (F. oxyspo-
rum CCF 1414) produced also the highest concentra-
tions of picolinic acid (1.5 mM) and particularly
picolinamide (6 mM). This culture, as well as F. oxy-
sporum CCF 483, also produced valeric acid (0.9 and
1.4 mM, respectively) from valeronitrile.

EVect of culture medium on the nitrilase production by 
F. solani O1

The nitrilase activity of F. solani was more thermostable
than that of both strains of F. oxysporum. In addition,
this enzyme did not produce by-products (amides) as
that from A. niger [5, 6]. However, the speciWc activity of
the extract was lower than that of F. oxysporum and
A. niger. Therefore, attempts at increasing the nitrilase
activity in F. solani were made by varying the concentra-
tion of inducers (2-cyanopyridine, valeronitrile) and
sucrose (see Table 3). The initial medium contained
15 mM of 2-cyanopyridine as the sole source of nitrogen.
Contrary to A. niger K10, F. solani was able to grow on
this medium. An overall improvement of the speciWc
activity by more than 100% (up to 5.3 U/mg) was
achieved within this optimization procedure, the opti-
mum medium containing 15 g/l of sucrose, 20 mM of

2-cyanopyridine and 2.5 mM of valeronitrile. Neverthe-
less, the total activity was not substantially increased in
this medium. The highest total activity (91 U/l) has been
obtained when using a medium with 20 mM 2-cyano-
pyridine and 5 mM valeronitrile.

Substrate speciWcity of fungal nitrilases

Cell extracts from strains belonging to Aspergillus and
Fusarium were examined for their activity towards
cyanopyridines, which were previously reported as sub-
strates of fungal nitrilases [2, 3, 5, 6]. The strains of
F. oxysporum hydrolyzed 3-cyanopyridine and 4-cyano-
pyridine with relative activities of approx. 40 and 60%,
respectively, as compared with benzonitrile. 2-Cyano-
pyridine was an inferior substrate of these strains, being
transformed at relative activities <5%. Neither was this
compound accepted by the enzyme from F. solani, as
also observed for whole cells [5]. The highest relative
activity for this compound (10% of that for benzonitrile)
was found for the enzyme from A. niger. High relative
activities towards 4-cyanopyridine were typical for the
enzymes from F. solani and A. niger (approx. 250 and
350% of those for benzonitrile). The relative activities of
the extracts obtained from the medium with 2-cyano-
pyridine and valeronitrile and that with 2-cyanopyridine
and sodium nitrate exhibited no signiWcant diVerences.
On the other hand, the relative activities of the enzymes
induced by 3-cyanopyridine could not be calculated
exactly due to very low conversion rates of some sub-
strates, especially 2-cyanopyridine.

Table 2 Protein and nitrilase production by Wlamentous fungi grown in diVerent media

Note: Each fungus was cultivated in a modiWed Czapek-Dox medium with (A) 2-Cyanopyridine (15 mM) and NaNO3 (2 g/l), (B) 2-Cy-
anopyridine (15 mM) and valeronitrile (7.5 mM) and (C) 3-Cyanopyridine (15 mM) and NaNO3 (2 g/l) for 40-45 h. See Materials and
methods for details
a  Benzonitrile

Microorganism Medium Protein 
(mg/l culture)

SpeciWc activitya 

(U/mg protein)
Total activitya 

(U/l culture)
Benzamide 
(% of total 
product)

Aspergillus 
niger K10

A 26.0 0.17 4.4 7.4
B 5.0 6.8 34.2 7.4
C 66.7 0.003 0.2 9.7

Fusarium 
oxysporum CCF 1414

A 49.0 2.1 103.9 4.3
B 10.5 11.4 119.7 4.5
C 65.0 0.02 1.3 0

Fusarium 
oxysporum CCF 483

A 24.4 0.27 6.6 4.0
B 2.8 6.2 17.6 4.0
C 45.0 0.04 1.8 0

Fusarium solani O1 A 40.0 0.08 3.2 0
B 10.5 3.2 34.0 0.3
C 45.0 0.02 0.9 0

Penicillium 
multicolor CCF 2244

A 19.4 0.48 9.3 2.1
B 17.9 0.14 2.5 1.8
C 60.0 0.01 0.6 5.6
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Discussion

Aromatic nitrilases were eYciently induced in several
species of Wlamentous fungi. These enzymes could be
roughly divided into two distinct types. The enzyme
from F. oxysporum was inactivated at 45°C, while the
enzymes from F. solani and A. niger showed optimum
activities at these temperatures. In addition, remark-
able diVerences were found between both types in their
relative activities towards benzonitrile and 4-cyano-
pyridine. Thus the enzyme from F. solani O1 showed
similar properties as the nitrilase puriWed from
F. solani by Harper [3]. Nevertheless, there is a striking
diVerence between the speciWc activities of these two
enzymes. While the puriWed enzyme showed a speciWc
activity of 1.66 U/mg, the speciWc activity of the cell
extract obtained in this work was three times higher.
With regard to the remarkable activities of cell
extracts, we can expect high speciWc activities for the
puriWed nitrilases. This is in accordance with the data
reported for the puriWed nitrilase from F. oxysporum
f. sp. melonis (143 U/mg protein) [2], as well as with
our Wndings that the speciWc activity of A. niger K10
was increased to about 92 U/mg by partial puriWcation
[11]. It is possible that the activity of the enzyme from
F. oxysporum CCF 1414 could be even higher than that
of the nitrilase from the same species [2]. The very high
activity of the cell extract from this strain (11.4 U/mg
protein) supports this expectation.

Hyperinduction of an aromatic nitrilase has been
demonstrated in Rhodococcus rhodochrous J1 [12].
The superior inducer of the nitrilase in this bacterium
was isovaleronitrile. The same inducer was highly
eYcient for the induction of an aliphatic nitrilase in
Rhodococcus rhodochrous K22 [13]. In both bacteria,
the nitrilase activities of the cultures were remarkably
aVected by the type of the nitrile added to the culture
medium. Depending on the inducer, the range of

nitrilase activity was 0.1–2.1 and 0.02–12.3 U/mg of dry
cell weight for the former and latter strain, respec-
tively. In Fusarium oxysporum f. sp. melonis [2], the
diVerences between the nitrilase activities of cells
induced by diVerent nitriles [acetonitrile, propionitrile,
(iso) butyronitrile, benzonitrile] were not so striking
(0.1–0.53 U/mg of dry cell weight). No comparison of
diVerent inducers has been provided for Fusarium
solani, which was grown on benzonitrile as the sole
source of carbon and nitrogen [3].

Valeronitrile, which proved to act as a good inducer
of nitrilases in Wlamentous fungi examined in this work,
has not been tested in the above works dealing with fun-
gal nitrilases. In R. rhodochrous J1, it did not induce any
nitrilase activity (similarly as other aliphatic nitriles),
while branched nitriles (isovaleronitrile and also isobu-
tyronitrile and isocapronitrile) were very good inducers
[12]. 2-Cyanopyridine, which was selected in the present
work as the best inducer of nitrilase activity, has not
been tested for the above fungal nitrilases. Though a
nitrilase activity has been induced by 2-cyanopyridine in
Nocardia rhodochrous LL100–21, no signiWcant diVer-
ence was observed between the inducing eVect of this
compound and that of 3-cyanopyridine [9]. In the pres-
ent work, the diVerence in the nitrilase activity between
3-cyanopyridine- and 2-cyanopyridine-induced cultures
of A. niger was striking (0.007 and 2.83 U/mg of protein).

In conclusion, a new powerful inducer of aromatic
nitrilases has been found. The hyperinduction of nitri-
lases by this nitrile makes nitrile-converting fungi com-
petitive with bacterial nitrile-hydrolyzing biocatalysts.
The induction of nitrilases in diVerent species of Wla-
mentous fungi seems to follow a similar pattern and
thus it appears to be of wide potential use.
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Table 3 Nitrilase production by Fusarium solani O1 grown in media with diVerent concentrations of nitriles and sucrose

Note: The fungus was cultivated in a modiWed Czapek-Dox medium for 42 h. See Materials and methods for details
a  The speciWc activity of 2.5 U/mg protein was taken as 100%
b  The total activity of 52.8 U/l culture was taken as 100%

Sucrose 
(g/l)

2-Cyanopyridine
(mM)

Valeronitrile 
(mM)

SpeciWc activitya 

(%)
Total activityb 

(%)

30 15 0 100 100
30 20 0 119 65
30 20 7.5 118 84
30 20 5 114 173
30 20 2.5 154 123
20 20 2.5 170 100
15 20 2.5 213 113
10 20 2.5 211 113
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Immobilization of fungal nitrilase and bacterial amidase � two enzymes
working in accord
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Centre of Biocatalysis and Biotransformation, Institute of Microbiology, Academy of Sciences of the Czech Republic, Vı́deňská
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Abstract
A nitrilase from Aspergillus niger and an amidase from Rhodococcus erythropolis co-immobilized on a 1-mL Butyl Sepharose
column were used for the hydrolysis of 4-cyanopyridine into isonicotinic acid. The former enzyme converted the nitrile into
the acid:amide mixture (molar ratio ca. 3:1), while the latter enzyme hydrolyzed the amide by-product. Therefore, the ratio
of amide in the total product decreased to about 5%. Sodium sulfate was used as a component of the elution buffer, as the
commonly used ammonium sulfate (0.8 M) acted as an amidase inhibitor. The hydrolysis of 4-cyanopyridine by a nitrilase
from F. solani gave isonicotinic acid and isonicotinamide at a molar ratio of about 98:2. When using this enzyme and the
amidase immobilized on two columns operated in tandem, the percentage of isonicotinamide in total product decreased to
B/0.2%.

Keywords: amidase, 4-cyanopyridine, isonicotinic acid, isonicotinamide, nitrilase

Introduction

Nitrilase-catalyzed hydrolysis is a mild method for

the preparation of valuable heterocyclic carboxylic

acids, such as isonicotinic acid, which can be used as

a precursor of the widely used tuberculostatic agent

isoniazid (isonicotinic acid hydrazide). The conven-

tional chemical process which uses 4-cyanopyridine

and hydrazine hydrate as reactants is hazardous,

energy demanding and expensive (Yadav et al.

2005). Recently, a chemoenzymatic process based

on lipase-catalyzed acyl transfer from ethyl isonico-

tinate (prepared from isonicotinic acid by conven-

tional esterification) onto hydrazine hydrate was

proposed (Yadav et al. 2005).

The intermediate of this process, isonicotinic acid,

is available from the nitrilase-catalyzed hydrolysis

of 4-cyanopyridine. The aromatic nitrilases from

Aspergillus niger and Fusarium solani showed very

high specific activities for 4-cyanopyridine (Kaplan

et al. 2006a; Vejvoda et al. 2006a,b). However, a

drawback of this procedure is the production of

isonicotinamide as a by-product. Amide formation

was much more pronounced for the enzyme from

A. niger . Therefore, in this work we propose a

bacterial amidase as a tool for the removal of the

unwanted amide. Previously, the nitrilases from

A. niger (Vejvoda et al. 2006a) and F. solani (Vejvoda

et al. 2006b) were immobilized as cell-free extracts

by adsorption onto a hydrophobic carrier (Butyl

Sepharose) and used for the continuous hydrolysis of

3- and 4-cyanopyridine. Herein, we used this

method to co-immobilize a fungal nitrilase and a

bacterial amidase. We also compared the utility of

this enzyme preparation and two immobilized en-

zymes (nitrilase�amidase) operated in tandem.

Materials and methods

Microorganisms and cultivation

Aspergillus niger K10 (deposited in the Culture

Collection of Fungi, Charles University Prague,

Czech Republic, under accession no. CCF 3411)
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Czech Republic, Vı́deňská 1083, CZ-142 20 Prague. Tel: �/420 296 442 569. Fax: �/420 296 442 509. E-mail: martinko@biomed.cas.cz

Biocatalysis and Biotransformation, November�December 2006; 24(6): 414�418

ISSN 1024-2422 print/ISSN 1029-2446 online # 2006 Informa UK Ltd

DOI: 10.1080/10242420601033910



and Fusarium solani O1 (deposited in the same

culture collection under accession no. CCF 3635)

were grown as described by Kaplan et al. (2006a)

and Vejvoda et al. (2006b), respectively. Rhodococcus

erythropolis A4 (formerly Rhodococcus equi A4 ac-

cording to biochemical tests, re-classified according

to 16S rRNA sequencing; deposited in the Culture

Collection of Microorganisms, Masaryk University,

Brno, Czech Republic) was grown as described by

Martı́nková et al. (1998).

Immobilization of cell-free extracts

Mycelia of A. niger K10 or F. solani were ground to a

powder with a pestle in a mortar, resuspended in

50 mM Tris/HCl buffer pH 8.0 and stirred for

20 min at 48C. Whole cells of R. erythropolis A4

were disintegrated with glass beads in a Retsch MM-

200 oscillation mill at 35 Hz for 30 min and then at

20 Hz for 20 min in 50 mM Tris/HCl buffer

pH 8. After removal of cell debris by centrifugation

(13 000 g , 48C), the cell-free extracts were diluted

approx. 10 times with 50 mM Tris/HCl buffer pH 8

containing 0.8 M ammonium sulfate or 1 M sodium

sulfate and centrifuged (10 000 g , 20 min, 48C). The

supernatant was applied onto a 1-mL HiTrap Butyl

Sepharose FF column (Amersham Biosciences) at a

flow rate of 0.25 mL min�1. In this way, nitrilase

from A. niger (2 U) was co-immobilized with ami-

dase (19 U) and nitrile hydratase (68 U) from

R. erythropolis A4. Similarly, nitrilase from F. solani

(5.5 U) was co-immobilized with amidase (5 U) and

nitrile hydratase (17.5 U). The same amounts of

nitrilase from F. solani and amidase/nitrile hydratase

were also immobilized on two separate 1-mL HiTrap

Butyl Sepharose FF columns.

Enzyme assays

The nitrilase activity was determined with benzoni-

trile as substrate (Kaplan et al. 2006a). To determine

amidase activity, the reaction mixture (0.5 mL)

containing 2.5 mM benzamide and the cell-free

extract (30�70 mg of protein) in 50 mM Tris/HCl

buffer pH 8 was shaken at 850 rpm and 458C in a

Thermomixer Compact Eppendorf for 15 min.

The reaction was stopped by the addition of

0.1 mL 1 M HCl. The effect of various additives

(NH4)2SO4, NH4Cl, CH3COONH4, KCl,

NaCl, Na2SO4, urea; 1 M each) on the amidase

activity was tested using the same procedure.

The nitrile hydratase was determined in an analo-

gous way to the amidase but using 25 mM benzoni-

trile as substrate at 308C. Substrates and reaction

products were determined by HPLC as described

below.

General procedure for continuous biotransformations

catalyzed by the nitrilase and amidase immobilized

on Butyl Sepharose

A solution of 40 mM 4-cyanopyridine in 50 mM

Tris/HCl buffer pH 8 containing 1 M sodium sulfate

or 0.8 M ammonium sulfate was passed through a

column with co-immobilized nitrilase and amidase.

Alternatively, 40 mM 4-cyanopyridine in 50 mM

Tris/HCl buffer pH 8 with 1 M sodium sulfate was

passed through separate columns with immobilized

nitrilase and immobilized amidase, which were

connected in tandem. The columns were operated

at 358C and a flow rate of 0.3 mL min�1. Fractions

of 7.5 mL were collected.

Analytical HPLC

After sample acidification and centrifugation of the

precipitated protein, the supernatants were analyzed

by HPLC. Benzonitrile, benzamide and benzoic acid

were analyzed as described by Šnajdrová et al.

(2004). 4-Cyanopyridine, isonicotinamide and iso-

nicotinic acid were analyzed using an ACE column

(5 mm, 4.0�/250 mm, Advanced Chromatography

Technologies) and a mobile phase consisting of

5 mM Na2HPO4/H3PO4 buffer pH 7 and acetoni-

trile (8:2). The compounds were detected at their

local spectral maxima (274.7 nm, 262.8 nm and

260.5 nm for 4-cyanopyridine, isonicotinamide and

isonicotinic acid, respectively).

Results and discussion

Amide-forming activity of nitrilases

In microorganisms, nitrile assimilation proceeds

either via a two-step pathway involving hydrat-

ion (RCN�/H2O0/RCONH2) and hydrolysis

(RCONH2�/H2O0/RCOO��/NH4
�), catalyzed by

nitrile hydratase and amidase, respectively, or via

direct hydrolysis (RCN�/2 H2O0/RCOO��/NH4
�)

catalyzed by nitrilase. However, the latter enzyme

often gives rise to non-negligible amounts of amides

as by-products. This side activity seems to be

characteristic for some representatives of this en-

zyme, for example nitrilases from Arabidopsis thali-

ana (Effenberger & Oßwald 2001), Fusarium

oxysporum f. sp. melonis (Goldlust & Bohak 1989),

Rhodococcus sp. (Stevenson et al. 1992), Pseudomonas

fluorescens (Kiziak et al. 2005) and Aspergillus niger

(Kaplan et al. 2006a). The enzyme from A. niger

produced large amounts of amides as by-products

from some nitriles (up to 85% in case of 2-

cyanopyridine; Šnajdrová et al. 2004). The presence

of a nitrile hydratase activity in A. niger seems to be

highly improbable due to the observation that the
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nitrilase gave acids and amides in similar ratios from

whole cells, cell-free extracts and after purification to

near homogeneity (Kaplan et al. 2006a). The side

activity of nitrilases was postulated to be due to

atypical cleavage of the tetrahedral intermediate

(Stevenson et al. 1992). Large amounts of amides

are formed from nitriles bearing electron-withdraw-

ing groups (Effenberger & Oßwald 2001; Oßwald

et al. 2002; Kiziak et al. 2005; Kaplan et al. 2006a).

The production of isonicotinamide (�/1/4 of the

total product) and picolinamide (see above) by the

nitrilase from A. niger is in accordance with this

observation, as the heteroatom exerts an electron-

withdrawing effect. Notably, it has been demon-

strated that the stereochemical configuration of the

substrate is also important, more amide being

produced from (S)-mandelonitrile than from (R)-

mandelonitrile (Mateo et al. 2006).

Rationale for the simultaneous action of nitrilase

and amidase

The side activity may be a potential drawback for the

practical use of nitrilases. Several solutions to this

problem are possible. Screening for appropriate

nitrilases seems to be the most straightforward one.

Nevertheless, this might also exclude enzymes with

beneficial properties such as good thermostability or

high specific activity towards the substrate of inter-

est. This is the case with fungal nitrilases examined

by us. The enzyme from A. niger appeared to be a

good tool for the conversion of 4-cyanopyridine,

which was the best substrate from 35 nitriles

examined (Kaplan et al. 2006a), its reaction rate

being ca. 4 times higher than that of the standard

substrate, benzonitrile. Although no amide produc-

tion was reported for many nitrilases, it is not clear if

this was due to the lack of side activities of these

enzymes or if small amounts of amides were

produced but not detected. The presence of con-

taminating amidases could also mean that minor

amounts of amides have often gone unnoticed

(Mateo et al. 2006).

Variation in reaction conditions is a possible alter-

native approach. However, we were not able to

demonstrate any significant effect of different condi-

tions on amide production by the above fungal

nitrilases. Therefore, we tested the possibility of

producing a virtually pure carboxylic acid by a

bienzymatic (nitrilase�amidase) cascade. The reac-

tion conditions of both enzymes, which are members

of the nitrilase superfamily (Pace &Brenner 2001), are

similar (Banerjee et al. 2002). In some microorgan-

isms such as Rhodococcus sp. (Cohen et al. 1990) and

Rhodococcus rhodochrous J1 (Kobayashi et al. 1993;

Nagasawa et al. 2000) the coexistence of both

enzymes was reported. A. niger and F. solani also

produce both nitrilase and amidase activities (Kaplan

et al. 2006b). However, the amidase levels may not be

sufficient for amide removal or the substrate specifi-

city of the enzyme may not be suitable. Therefore,

combination of appropriate enzymes from different

microbial strains is preferable.

Availability and properties of the amidase

An amidase active towards isonicotinamide was

available from a bacterial strain Rhodococcus erythro-

polis A4, which has been previously described as an

efficient nitrile hydratase/amidase producer by us

(e.g. Přepechalová et al. 2001; Martı́nková & Myler-

ová 2003). The reaction optima of the amidase

(about pH 8 and 458C; unpublished) were compa-

tible with those of the nitrilases. The cell-free extract

also contained a nitrile hydratase, which could form

additional isonicotinamide. On the other hand, this

enzyme was unstable at the temperature used

(358C). The bacterial and fungal cell-free extracts

were co-immobilized on a 1-mL Butyl Sepharose

column in the presence of 0.8 M ammonium sulfate,

both amidase and nitrilase being retained on the

column under these conditions (B/5% of initial

activity eluted). Nevertheless, the initial experiments

using an elution buffer supplemented with 0.8 M

ammonium sulfate did not result in any increase of

the acid:amide ratio (data not shown).

Therefore, we examined the possibility that am-

monium sulfate inhibited the amidase activity. The

comparison of different salts (1 M each) proved this

hypothesis (see Table I). Ammonium salts were

detrimental to the amidase activity, while sodium

salts proved to be acceptable.

Previously, the amidase activity in whole cells of

Rhodococcus rhodochrous IFO 15564 was shown to be

about 50% inhibited by 1 M ammonium chloride

(Kashiwagi et al. 2004) but the amidase preparation

used by us was much more sensitive towards

ammonium salts. It remains to be examined if this

difference was due to different enzyme preparations

Table I. Effect of different compounds on the amidase activity of

Rhodococcus erythropolis (cell-free extract). See Materials and

methods for experimental details.

Compound (1M) Residual activity [%]

None 100

Ammonium sulfate 5

Ammonium chloride 7

Ammonium acetate 41

Urea 9

Potassium chloride 90

Sodium chloride 97

Sodium sulfate 98
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(whole cells vs. cell-free extract) or to different

properties of the amidases. On the other hand, the

nitrile hydratase of the same microorganism retained

most of its activity in 0.8 M ammonium sulfate

(unpublished). The different sensitivity of the nitrile

hydratase and amidase towards this salt may be

utilized in the control of product type.

Utility of the nitrilase�amidase cascade for the

production of isonicotinic acid from 4-cyanopyridine

When sodium sulfate was used as a buffer compo-

nent, both amidase and nitrile hydratase activity was

observed during the use of the co-immobilized

enzyme preparation (see Figure 1). In the initial

stage of the run, the nitrile hydratase produced

isonicotinamide as expected. Nevertheless, most of

this activity was lost after an initial period (7 h).

From this time on, the co-immobilized enzyme

system produced isonicotinic acid:isonicotinamide

at molar ratios of 97:3 to 91:9. This suggested some

inactivation of the amidase during the run. In order

to achieve this composition of the product, the ratio

of amidase (19 U) and nitrilase (2 U) applied on the

column was very high. The space�time yield of

the reactor was about 19 mg mL�1 h�1. Due to the

capacity of the column, immobilization of larger

protein amounts was not possible. Therefore, com-

plete substrate conversion of the substrate could not

be achieved. Nevertheless, the co-immobilization

proved to be a viable approach for removal of

the unwanted amide and its conversion into the

desired acid.

Another nitrilase, which was previously found by

us in a soil isolate of F. solani (Vejvoda et al. 2006b),

also showed a high specific activity towards 4-

cyanopyridine (about 2.6 times higher than for

benzonitrile as determined for a partially purified

enzyme; unpublished). This enzyme differed from

that of A. niger by producing less amide (Vejvoda

et al. 2006b). Different immobilized preparations

formed about 2�3% of isonicotinamide in the total

product. We examined if the co-immobilization

approach described above could be also applied to

this enzyme, in order to produce highly pure

isonicotinic acid. Indeed the method was also

utilizable in this case (see Figure 2). Less immobi-

lized amidase (5 U) was required, as amide produc-

tion by the nitrilase was much lower than in the

previous experiment. This method decreased the

amide percentage in the total product to about

0.7%. Moreover, total conversion of 4-cyanopyri-

dine (40 mM) was achieved due to the higher

amount of immobilized nitrilase (5.5 U) and, as a

result, the space�time yield increased to

88 mg mL�1 h�1. Nevertheless, initially some ni-

trile hydratase activity was evident, although only to

a limited extent. To decrease the amide concentra-

tion further, we used two columns (the first one

with the immobilized nitrilase, the second one with

the immobilized amidase) operated in tandem. The

rationale behind this approach was to avoid the

nitrile hydratase�amidase competition for 4-cyano-

pyridine as substrate. Indeed, the purity of the

isonicotinic acid produced from 4-cyanopyridine

(40 mM) increased to �/99.8%, while no residual

substrate was found in the eluent. The space�time

yield was similar to the previous case. This reactor

could be operated for the total period examined

(33 h) without significant activity decrease (data not

shown). Another advantage of the two-column

reactor is its larger capacity for protein binding. It

is also possible to reload one of the columns with

fresh enzyme, if the activity of this enzyme decreases

while that of the other enzyme remains high.

Enzymes from different sources (e.g. different nitri-

lases) can be also combined with an amidase

preparation in a simple way. This reactor configura-

tion will be further examined as the most promising

of those tested herein.
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Conclusions

We have demonstrated that co-immobilization of

fungal nitrilases and a bacterial amidase is possible.

Using this approach, the purity of acids produced

from nitriles can be improved, even if the nitrilase

produced large amount of by-product amide. How-

ever, it is even more efficient to immobilize each

enzyme on a separate column as the nitrile hydratase

(present in our amidase preparation) and nitrilase do

not compete for the substrate, provided the nitrilase-

catalyzed conversion is complete. Also, immobiliza-

tion of more enzyme is possible, the column capacity

being the limiting factor. Third, the stability of the

enzymes can be improved, when they are immobi-

lized in the absence of another enzyme preparation

(crude extract), which might contain proteolytic

activities.

Using the latter method, we produced isonicotinic

acid at a quantitative yield and �/99.8% purity (as

determined by HPLC) from 40 mM 4-cyanopyri-

dine. It would be possible to increase the space�time

yield of the reactor by the use of purified enzymes.
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Abstract Aspergillus niger K10 cultivated on 2-cyanopyr-
idine produced high levels of an intracellular nitrilase,
which was partially purified (18.6-fold) with a 24% yield.
The N-terminal amino acid sequence of the enzyme was
highly homologous with that of a putative nitrilase from
Aspergillus fumigatus Af293. The enzyme was copurified
with two proteins, the N-terminal amino acid sequences of
which revealed high homology with those of hsp60 and an
ubiquitin-conjugating enzyme. The nitrilase exhibited max-
imum activity (91.6 U mg-1) at 45°C and pH 8.0. Its
preferred substrates, in the descending order, were

4-cyanopyridine, benzonitrile, 1,4-dicyanobenzene, thio-
phen-2-acetonitrile, 3-chlorobenzonitrile, 3-cyanopyridine,
and 4-chlorobenzonitrile. Formation of amides as by-
products was most intensive, in the descending order, for
2-cyanopyridine, 4-chlorobenzonitrile, 4-cyanopyridine,
and 1,4-dicyanobenzene. The enzyme stability was mark-
edly improved in the presence of D-sorbitol or xylitol (20%
w/v each). p-Hydroxymercuribenzoate and heavy metal
ions were the most powerful inhibitors of the enzyme.

Keywords Nitrilase .Aspergillus niger . Enzymatic nitrile
hydrolysis

Introduction

Nitrilases gain an increasing popularity as biocatalysts for
the mild and selective hydrolysis of nitriles. Nitrilases with
diverse substrate specificities were purified from bacteria
(for review, see O’Reilly and Turner 2003). Though
nitrilases occur widely in filamentous fungi (Kato et al.
2000; Kaplan et al. 2006a), purification and characteriza-
tion of only two such enzymes—from Fusarium solani
(Harper 1977) and Fusarium oxysporum f. sp. melonis
(Goldlust and Bohak 1989)—were reported to date. Low
levels of nitrilase activities produced by filamentous fungi
(Kato et al. 2000; Kaplan et al. 2006a) made purification of
these enzymes difficult. However, the potential of highly
efficient inducers (2-cyanopyridine and valeronitrile) to
enhance the nitrilase activity in some fungal strains was
recently demonstrated (Kaplan et al. 2006b, in press). These
findings enabled us in the partial purification and the
characterization of a novel nitrilase from Aspergillus niger
K10.
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Materials and methods

Chemicals

Cyanobenzamides, cyanobenzoic acids, and 2-methyleneni-
triles were as described previously (Šnajdrová et al. 2004).
Chemicals for protein sequencing were purchased from
Applied Biosystems. All other chemicals were from
standard commercial sources.

Microorganism and cultivation

A. niger K10 (deposited in the Culture Collection of Fungi,
Charles University Prague, Czech Republic; accession no.
CCF 3411) was grown as described previously (Kaplan et
al. 2006b, in press) but the Czapek–Dox medium was
modified by using 20 mM 2-cyanopyridine as the sole
nitrogen source.

Enzyme purification

The mycelium grown for 66 h was filtered off, washed with
Tris/HCl (50 mM, pH 8.0), ground with a pestle in a
mortar, suspended in the same buffer (approximately 3 ml
per 1 g of mycelium), stirred in an ice bath for 20 min, and
centrifuged (13,000×g, 4°C, 30 min). Ammonium sulfate
was added to the supernatant to 40% saturation, and the
precipitate was removed by centrifugation (13,000×g, 4°C,
30 min). The supernatant was brought to 50% saturation of
ammonium sulfate, and the precipitate was collected by
further centrifugation and resuspended in Tris/HCl buffer
(50 mM, pH 7.6). After centrifugation (15,000×g, 4°C,
60 min), the proteins of the supernatant (10 ml) were
separated in two runs on a 16/60 Hi-Prep Sephacryl S-200
column (bed volume 120 ml; Amersham Biosciences)
preequilibrated with Tris/HCl buffer (50 mM, pH 7.6;
150 mM NaCl) and calibrated with protein standards (Blue
Dextran, thyroglobulin, ferritin, catalase, lactate dehydro-
genase, and bovine serum albumin). The active fractions
(5 ml each) eluted with the same buffer at a flow rate of
0.6 ml min−1 were pooled (total volume 28 ml) and applied
to a Hi-Prep 16/10 Q FF column (bed volume 20 ml;
Amersham Biosciences) preequilibrated with Tris/HCl
buffer (50 mM, pH 7.6; 150 mM NaCl). The proteins were
eluted with a linear gradient of NaCl (0.15–1 M) in Tris/
HCl buffer (50 mM, pH 7.6) at a flow rate of 2 ml min−1.
The active fractions (5 ml each) were pooled, concentrated
to a total volume of 6 ml using a concentration unit
Centriprep YM-30 (Amicon), supplemented with D-sorbitol
(2%, w/v) and ammonium sulfate (1%, w/v), and stored at
−70°C.

Enzyme lyophilization

The solution (0.4 ml) of the enzyme (0.5 U) and the tested
compound [sucrose, D-sorbitol, and xylitol (2% w/v each)
either with or without ammonium sulfate (2.6%, w/v)] in
50 mM Tris/HCl buffer, pH 8, were frozen at −70°C and
lyophilized overnight.

Protein assay

Protein was determined according to Bradford (1976) using
bovine serum albumin as the standard.

Gel filtration on Superdex 200

The partially purified enzyme (0.5 ml, 0.047 mg protein)
was applied to a Superdex 200 HR 10/300 GL column (bed
volume 24 ml, Amersham Biosciences) preequilibrated and
eluted with Tris/HCl buffer (50 mM, pH 7.6 with 150 mM
of NaCl) at a flow rate of 0.6 ml min−1. Fractions of 2 ml
were collected. The column was calibrated with the same
protein standards as Sephacryl S-200 (see above).

SDS-PAGE

SDS polyacrylamide gel electrophoresis was performed
according to Laemmli (1970) in 12% polyacrylamide slab
gels. The marker proteins were protein molecular weight
standards in the range of 6.5−205 kDa (Amersham
Biosciences).

Mass spectrometry analysis

The purified protein was cut out of the SDS polyacrylamide
gel. After destaining and washing (acetonitrile and water),
the dried gel pieces were treated with trypsin (50 μg ml−1)
in 50 mM 4-ethylmorpholine acetate buffer (pH 8.1) at 37°C
overnight. The peptide mixture was analyzed by Bruker
BIFLEX II reflectron time-of-flight mass spectrometer
(Bruker–Franzen) and identified by comparison with pep-
tide maps using the programs ProFound (ProteoMetrics) and
Mascot (Matrix Science).

Alternatively, peptide samples were applied to a reverse
phase column (Magic C18, 0.2×150 mm, 200 Å pore size,
5 μm; Michrom Bioresources) and separated using a gradient
elution (0−12% B for 10 min and 12−45% B for 90 min at a
flow rate of 2 μl/min). Solvent A was 5% acetonitrile and
0.5% acetic acid in water, while solvent B was 95%
acetonitrile and 0.4% acetic acid in water. The column was
interfaced with an ion trap mass spectrometer (LCQDECA,
ThermoFinnigan) equipped with a nanoelectrospray ion
source. The instrument was set to acquire a full MS scan
between 300 and 1,800 m/z followed by full MS/MS scan of
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the most intense ion from the preceding MS scan. The
dynamic exclusion was enabled with two repeated counts.

Determination of the N-terminal amino acid sequence

The N-terminal sequence was analyzed by a protein
sequencer Procise 491 (Applied Biosystems). Programs
“PVDF Pulsed Liquid” and “Pulsed Liquid” were used for
samples blotted onto PVDF membrane and for the soluble
protein, respectively. The latter sample was purified using
Protein Microtrap (Michrom Bioresources) and applied
onto a polybrene-coated filter before analysis. Eight and
16 cycles of automated Edman degradation were performed
with PVDF transferred samples (approximately 20 pmol)
and soluble protein samples (approximately 250 pmol),
respectively. The PTH-amino acids in individual cycles
were analyzed using an online high-performance liquid
chromatography (HPLC) system. Finally, the sequence for
the soluble sample was called at three different levels: >20,
10−20, and 5−10 pmol of PTH-amino acids using the
software provided by the manufacturer. Sequences having
<5 pmol of PTH-amino acids were omitted.

Nitrilase assay

The nitrilase activity was assayed in a reaction mixture
(0.1 ml) containing 25 mM benzonitrile (from 500 mM stock
solution in methanol) and the enzyme (approximately
0.05 U) in Tris/HCl buffer (50 mM, pH 8.0). The reaction
was carried out at 45°C, shaking (850 rpm; Thermomixer
Eppendorf Compact) for 10 min after 5-min preincubation,
and stopped by the addition of 1 M HCl (0.01 mL). After
centrifugation, the supernatant was analyzed by HPLC as
described below. One micromole of the nitrilase activity was
defined as the amount of enzyme that formed 1 μmol of total
product (benzoic acid plus benzamide) from benzonitrile per
1 min. The specific activity of the enzyme was expressed as
the amount of enzyme per milligram of protein.

The assays of pH and temperature optima were carried
out as described above but using 50 mM Britton–Robinson
buffers (acetic acid/boric acid/phosphoric acid/NaOH),
pH 4.8−12.2, or different temperatures (25–60°C).

The substrate specificity was assayed as described above
but using 25 mM nitriles (see Table 2). The substrates and
products were analyzed by HPLC as specified below.

Kinetic values were determined as described above but
using benzonitrile, thiophen-2-acetonitrile, 4-cyanopyri-
dine, 3-cyanopyridine, or 2-cyanopyridine within the
concentration 1–25 mM; the reaction time was 5 min.

The effect of different ions and inhibitors (see Table 3)
or cosolvents (5% v/v of methanol, ethanol, 2-propanol,
acetonitrile, toluene, dimethylsulfoxide, and ethyl acetate)
was determined with benzonitrile as described above.

The enzyme stability at different pH values was
determined as described above after preincubation of the
nitrilase in Britton–Robinson buffers (50 mM, pH 4.2−12.2),
at different temperatures (25–60°C), after preincubation of
the enzyme with different compounds at pH 8.0 and 45°C
(see Table 4), or after five freeze–thaw cycles and
subsequent storage of the enzyme at −70°C.

To determine the stereoselectivity of the enzyme toward
(R,S)-2-phenylpropionitrile, reactions of 5 mM substrate
were carried out for 3 days at 21°C and the reaction
mixtures were analyzed by chiral HPLC as described
below.

Analytical HPLC

The analysis of (hetero)aromatic substrates and products
was done as described previously. Aliphatic carboxylic
acids were determined using a Polymer IEX-H+ column
(250×8 mm, 8 μm; Watrex Prague, Czech Republic). The
mobile phase consisting of 9 mM sulfuric acid was
employed at a flow rate of 0.5 ml min−1. The chiral
resolution of (R,S)-2-phenylpropionitrile and (R,S)-2-phe-
nylpropionic acid was as described by Bauer et al. (1994).

Results

Induction and purification of the nitrilase

Previously, A. niger K10 was grown in a medium with 2-
cyanopyridine (15 mM) and valeronitrile (7.5 mM) to
induce the maximum nitrilase activity (approximately
160 U l−1 culture and 6 U mg−1 protein; Kaplan et al.
2006b, in press). Nevertheless, to avoid the use of the toxic
valeronitrile for cultivations performed on the scale of
approximately 6 l (60 flasks), the suitability of a medium
containing the relatively nontoxic 2-cyanopyridine, as a
single inducer, was examined. The culture grown in this
medium achieved a very good enzyme yield (100 U l−1)
and specific activity (up to 5 U mg−1). No extracellular
nitrilase was detected.

By using a three-step purification process consisting of
fractional precipitation, gel filtration, and ion exchange
chromatography, the enzyme was purified 18.6 times at a
yield of 24% (see Table 1). The fractions precipitating at 0–
40, 40–50, and 50–60% saturation contained 13, 69, and
17%, respectively, of the total activity. Therefore, the
precipitate from the second step was used for further
purification. By gel filtration, the enzyme was separated
from most other proteins, which showed lower molecular
weights (see Fig. 1a). In anion exchange chromatography,
the enzyme was strongly adsorbed and eluted later than
most other proteins (see Fig. 1b). From both columns, the
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nitrilase eluted as a single peak. The resulting sample gave
one band of about 38.5 kDa on SDS gel electrophoreo-
grams stained with Coomassie Brilliant Blue R-250.
Staining with silver nitrate revealed another band at about
60 kDa (see Fig. 2).

The 38.5-kDa protein band was excised and digested
with trypsin, and the generated peptides were analyzed by
peptide mass fingerprinting using MALDI MS. It is

surprising that, although a spectrum of a good quality was
recorded, its analysis using ProFound and Mascot programs
failed to provide masses corresponding to the peptides of
any already sequenced nitrilase. Furthermore, the peptide
mass search did not reveal any hit for other Aspergillus
proteins or even proteins from any other organisms.
Therefore, we analyzed the tryptic or Asp-N peptides,
obtained from both soluble and digested gel samples, by
micro-LC-MS/MS in a ion trap as well as by Fourier
transform ion cyclotron resonance mass spectrometry.
Again, none of these methods was able to identify matching
sequences in the peptide fragments obtained from the above
samples despite a large sequence-oriented search for all
known nitrilases and proteins.

To resolve the above controversy, we attempted to
analyze the nitrilase sample using automated N-terminal
sequencing. When we analyzed the major band in a PVDF

A

0

100

200

300

400

500

600

0 50 100 150

Elution volume (ml)

A
b

so
rb

an
ce

 a
t 

28
0 

n
m

 (
m

A
u

) 
  

N
it

ri
la

se

B

0

5

10

15

20

25

30

35

40

45

50

0 50 100 150 200 250
Elution volume (ml)

A
b

so
rb

an
ce

 a
t 

28
0 

n
m

 (
m

A
u

) 
  

0

10

20

30

40

50

60

70

80

90

100

%
 B

N
it

ri
la

se

Fig. 1 Protein (−) and nitrilase (—) elution from a 16/60 Hi-Prep
Sephacryl S-200 column (a) and a Hi-Prep 16/10 Q FF column (b)

Fig. 2 SDS-PAGE of nitrilase samples. a Stained with silver—lane 1:
marker (transferrin 80 kDa, bovine serum albumin 66 kDa, ovalbumin
45 kDa, carbonic anhydrase 30 kDa, trypsin inhibitor 21 kDa); lane 2:
crude extract; lane 3: after gel filtration; lane 4: after anion exchange.
b Stained with Coomassie Brilliant Blue R-250—lane 1: marker
(bovine serum albumin 66 kDa, ovalbumin 45 kDa, trypsinogen
24 kDa); lane 2: after anion exchange

Table 1 Purification of a nitrilase from A. niger K10

Step Total protein (mg) Specific activity
(U mg−1)

Total activity (U) Yield (%) Purification (fold)

Crude extract 115.7 4.9 570.0 100 1
(NH4)2SO4 precipitation (40–50% sat.) 23.4 11.3 263.8 46.3 2.3
Gel filtration on Sephacryl S-200 6.2 38.9 241.7 42.2 7.9
Anion exchange on Q-Sepharose 1.5 91.6 138.5 24.3 18.7

The enzyme activity was assayed with benzonitrile (25 mM) at pH 8.0 and 45°C
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blotted sample, a limited sequence of five amino acids
could be called (XPKDA). To obtain more extensive
sequencing information, we loaded the Microtrap purified
sample (250 pmol) into the protein sequencer and
performed 16 cycles of automated Edman degradation.
The very complex sequence pattern obtained was inter-
preted by the quantitative approach. Eventually, three
different sequences could be called at >20, 10−20, and
5−10 pmol levels. The least abundant sequence, when
searched through BLAST program, revealed three similar
sequences with a score higher than 30. These sequences
corresponded to the N-termini of three nitrilases from
Aspergillus species, one of which was a putative nitrilase,
and two of which were assessed as unknown proteins
(Fig. 3a). The minor sequence called at 10–20 pmol level is
homologous to heat shock proteins hsp60 from both
Aspergillus and Paracoccidioides species (Fig. 3b). It is
interesting to note that the most abundant sequence called at
>20 pmol level, and also seen in the blotted sample, belongs
to the Aspergillus ubiquitin-conjugating enzymes (Fig. 3c).

To correlate the three proteins identified using Edman
degradation of the purified nitrilase preparation (Fig. 3) with
the SDS electrophoresis profile (Fig. 2), we used the
literature data describing the molecular size of the respective
identified proteins. From these results, it was possible to
tentatively assign the minor 60-kDa band to hsp60 protein,
while the major protein band around 38.5 kDa has been
interpreted as a mixture of ubiquitin-conjugating enzyme
(which proved to be present in this particular band by Edman

analysis of the blotted sample) and nitrilase from A. niger.
Edman sequencing did not confirm the presence of nitrilase
in the 38.5-kDa protein band but the recent amplification and
sequencing of the nitrilase gene from A. niger K10
(unpublished data) strongly supported the hypothesis that
this band contained the nitrilase. The size of the DNA
fragment coding for the entire open reading frame of nitrilase
had 1,071 bp, thus coding a protein having 357 amino acids.
Moreover, the N-terminal amino acid sequence within this
open reading frame was in a complete agreement with the
Edman sequencing data. The length of the identified open
reading frame would provide a predicted protein size
(excluding any posttranslational modifications) of 38,556 Da
(assuming an average molecular mass for an amino acid of
108 mass units), which is in absolute agreement with the
result seen on our SDS electrophoreograms.

The early elution of the enzyme from Sephacryl S-200
and Superdex 200 suggested its multimeric structure. The
fact that the enzyme eluted close to the void volumes made
the exact assessment of the molecular weight of the
holoenzyme (>650 kDa) difficult. This was further compli-
cated by possible association of the enzyme with other
proteins as suggested by N-terminal amino acid sequencing.

Effects of temperature and pH on enzyme activity
and stability

The optimum temperature of the nitrilase was 45°C. The
enzyme was still highly active at 48°C (with 92% of the

A

N-terminal, 5-10 pmol XAPVLKKYKAAXVNXE  16
Hypothetical nitrilase, Aspergillus fumigatus Af293 MAPVLKKYKAAAVNAE  16
Unnamed protein, Aspergillus oryzae MAPVLKKYKAAAVNAE..16
Hypothetical protein, Aspergillus nidulans FGSC A4 MAPVLKKYKAAAVNAE..16

B

N-terminal, 10-20 pmol XQRAI-SSRXSVLSAAS..16
Hsp60, Aspergillus nidulans FGSC A4 XQRAL-SSRTSVLSAAS..16
Hsp60, mitochondrial, Aspergillus fumigatus Af293 XQRAL-SSRTSVLSAAS..16
Unnamed protein, Aspergillus oryzae XQRAL-SSRTSVLSAAS..16
Hsp60 (Cpn60), Paracoccidioides brasiliensis XQRAFTSSRTSVLSAAS..17

C

N-terminal, > 20 pmol XPQDAEVATMLXRRPK..16
Ubiquiting conjugating 
Enzyme, Aspergillus fumigatus AF293 XPQDAEVATMLLRRPK..16
Unnamed protein, Aspergillus oryzae XPQDAEVATMLLRKPK..16
Hypothetical protein, Aspergillus nidulans AN2212.2 XPQDAEVATMLLRNPK..16

Fig. 3 Summary of the N-
terminal sequencing of the
partially purified nitrilase.
Quantitative evaluation of the
data from 16 cycles of
automated Edman degradation
was performed as described
under “Materials and methods”
section, and three N-terminal
sequences were called at 5−10,
10−20, and >20 pmol levels
(panels a, b, and c, respective-
ly). The related sequences were
searched by BLASTP program,
and those having score higher
than 30 are indicated
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maximum activity), but its activity declined sharply at
higher temperatures (to 53 and 19% at 50 and 55°C,
respectively). The enzyme was highly active at pH 7.2–8.5
with an optimum around pH 8.0. A sharp activity decrease
was observed at slightly acidic pH values, only a trace
activity being observed at pH 5.5. An increase in the pH of
the reaction medium was less detrimental to the enzyme, 70
and 17% of the activity being retained at pH 9 and 10,
respectively. The enzyme was fairly stable at 30°C and
pH 7.2–9.0, at which the enzyme half-life was about 11 h.
At 35 and 40°C, the half-life decreased to 6.2 and 2.8 h,
respectively.

Substrate specificity, chemoselectivity, and stereoselectivity

The high activity of the enzyme for 4-cyanopyridine (see
Table 2) was likely to be due to the electron-withdrawing
effect of the heteroatom, which increased the reactivity of
the cyano group by making it more prone to the
nucleophilic attack. 3-Cyanopyridine and 2-cyanopyridine

were also hydrolyzed at acceptable rates. The differences
between the relative reaction rates of cyanopyridine isomers
probably reflected both steric hindrances (in the case of
2-cyanopyridine) and electronic effects (higher electron
density at the meta-position and hence a lower reactivity of
3-cyanopyridine compared to 4-cyanopyridine).

Substitution of the benzene ring decreased the reaction
rate significantly. Only 3-chlorobenzonitrile, 4-chloroben-
zonitrile, and 1,4-dicyanobenzene were good substrates,
probably due to the presence of electron-withdrawing
groups in their molecules. Some derivatives with electron-
donating groups (3-hydroxybenzonitrile, 3-tolunitrile, and
4-tolunitrile) were also hydrolyzed but at low relative rates.
Differences between the reactivities of meta- and para-
isomers seemed to reflect the electron densities in the cyano
group. For example, for chlorobenzonitriles, a lower
electron density may be expected in the cyano group of
the meta-isomer. In the contrary, for dicyanobenzenes, the
para-position would be favored for the nucleophilic attack.
Aminobenzonitriles bearing the most strongly donating
substituents were not substrates. None of the 2-substituted
benzonitriles tested was accepted by the enzyme, probably
due to the steric hindrance as the main reason.

Among the (aryl)aliphatic nitriles examined, only thio-
phen-2-acetonitrile, 2-phenylacetonitrile, butyronitrile, and
valeronitrile were hydrolyzed at acceptable rates. (R,S)-
2-Phenylpropionitrile reacted very slowly. To assess the
stereoselectivity of the nitrilase for this substrate, reactions
were carried out for prolonged times and the composition of
the substrate/product mixture was analyzed by chiral
HPLC. The enzyme showed a slight enantiopreference
(E≅4) toward (R)-2-phenylpropionitrile.

The purified enzyme showed no activity toward some
substrates that were slowly transformed by whole cells,
such as 3-indolylacetonitrile and 2-methylenenitriles
(Šnajdrová et al. 2004). This could be explained by short
reaction times which did not allow the formation of a
detectable amount of product from these inferior substrates.
Besides, the substrate specificity of the partially purified
enzyme was assayed with 25 mM substrates, while lower
substrate concentrations were used with whole cells
(1−10 mM).

Previously, A. niger K10 cells were found to form large
amounts of amides from some nitriles in addition to
carboxylic acids (Šnajdrová et al. 2004). This phenomenon
was also observed with the partially purified enzyme. The
nitrilase gave the highest amide/acid ratios for, in the
descending order, 2-cyanopyridine, 4-chlorobenzonitrile,
4-cyanopyridine, and 1,4-dicyanobenzene (see Table 2). In
general, the amide/acid ratios were higher for the
partially purified enzyme than for whole cells. This could
be explained by the presence of an amidase activity
in A. niger K10 whole cells (Kaplan et al. 2006a).

Table 2 Substrate specificity of the purified nitrilase

Substrate Relative
activity
(%)

KM

(mM)
Amide
(molar
percentage
of total
product)

Benzonitrile 100 1.0 9.1
3-Hydroxybenzonitrile 5.8 5.0
1,3-Dicyanobenzenea 8.4 nd
1,4-Dicyanobenzenea 79.5 27.9
3-Tolunitrile 5.5 nd
4-Tolunitrile 3.4 8.6
3-Chlorobenzonitrile 41.0 nd
4-Chlorobenzonitrile 29.8 51.6
2-Cyanopyridine 14.2 0.6 84.0
3-Cyanopyridine 32.4 2.1 8.9
4-Cyanopyridine 410.7 4.7 33.8
2-Phenylacetonitrile 10.8 nd
2-Phenylpropionitrile 1.0 nd
Thiophen-2-acetonitrile 56.1 0.6 nd
Propionitrile 6.9 nd
Butyronitrile 17.6 nd
Valeronitrile 19.6 nd

The enzyme activity was assayed with 25 mM substrates at pH 8.0
and 45°C. The specific activity for benzonitrile (91.6 U mg−1 )
was taken as 100%. 2-, 3-, and 4-Aminobenzonitrile, 2- and
4-hydroxybenzonitrile, 1,2-dicyanobenzene, 2-tolunitrile,
2-chlorobenzonitrile, 3-indolylacetonitrile, 2-chloromandelonitrile,
acetonitrile, isobutyronitrile, 2-methylbutyronitrile, octanenitrile,
2-phenylbutyronitrile, 3-hydroxy-2-methylenebutyronitrile,
3-hydroxy-2-methylene-3-phenylpropionitrile, and 4-hydroxy-2-
methylenepentenenitrile were not hydrolyzed to a detectable extent

aNot totally soluble at 25 mM
nd Not detected
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Effect of inhibitors

The spectrum of inhibitors of the purified nitrilase is shown
in Table 3. The sensitivity of the enzyme toward the thiol
reagent, p-hydroxymercuribenzoate, suggested the essential
role of (a) thiol group(s). Metal salts, HgCl2, CuCl2, and
AgNO3, showed the highest inhibitory effects most likely
for the same reason.

Effect of cosolvents

Screening for the most suitable cosolvents was required due
to the low solubility of most nitriles. In the presence of
cosolvents (5%, v/v), the enzyme activity decreased in the
following order: dimethylsulfoxide, toluene, methanol,
ethyl acetate, ethanol, acetonitrile, and 2-propanol (90, 64,
58, 45, 34, 27 and 10% of the control with no cosolvent,
respectively).

Stabilization of the purified nitrilase

The enzyme lost about 62% of its initial activity on 3-h
incubation at 45°C and pH 8.0. After five freeze–thaw
cycles and subsequent storage for 5 days at −70°C, the
activity of the enzyme decreased to about one-fifth of the
original activity. Therefore, the potential of various addi-
tives to stabilize the activity was examined (see Table 4).
The loss of enzyme activity at 45°C was partially prevented
by D-sorbitol (20%, w/v) and myo-inositol (10%, w/v).
D-Sorbitol acted as a good nitrilase stabilizer also during
repeated freezing and thawing. In these operations, other
compounds such as sucrose (30%, w/v) and xylitol (20%,
w/v) also proved to be highly effective.

Lyophilization without any protectant was detrimental to
the enzyme. However, the preservation of the enzyme
activity during lyophilization was enabled by the addition
of mixtures of ammonium sulfate and D-sorbitol, sucrose or
xylitol, which preserved 32, 28, and 25% of the original
activity, respectively. The individual compounds showed a
very low stabilizing effect.

The compounds, which proved to be efficient stabilizers
in the above tests (D-sorbitol and ammonium sulfate),
proved also useful for long-term storage of the enzyme at
−70°C. This enzyme preparation proved to be highly stable
for at least 2 months.

Discussion

A new nitrilase was purified from A. niger K10, a strain
previously used for citric acid production. According to the
classification by Kobayashi and Shimizu (1994), the
enzyme from A. niger is an aromatic nitrilase like both
enzymes from the Fusarium genus. However, some
properties of the enzyme are different. The nitrilase from
A. niger is more thermostable than the F. oxysporum
nitrilase, which was slightly active at temperatures above
40°C. The new enzyme rather resembles the nitrilase from
F. solani due to its thermostability. However, clear differ-
ences could be observed between the substrate specificities
of these two enzymes. The enzyme from F. solani showed
no activity for 2-phenylacetonitrile but hydrolyzed some
ortho-substituted benzonitriles. Relative activities toward
various meta- and para-substituted benzonitriles were also
different from those of the A. niger nitrilase. On the other
hand, the enzymes from A. niger and F. oxysporum showed
similar substrate specificities, though some differences
could be also traced down. For example, the relative
activity of the F. oxysporum enzyme toward 2-cyanopyr-
idine was only 0.4% in comparison with benzonitrile
(contrary to the new enzyme that transformed this substrate
at a 14% relative rate). Formation of amides as by-products,

Table 3 Effect of different ions and potential inhibitors on nitrilase
activity

Compound (concentration) Residual activity (%)

None 100
EDTA (15 mM) 93
Phenylhydrazine (1 mM) 43
Dithiothreitol (1 mM) 58
DL-Cysteine (1%) 97
Iodoacetamide (1 mM) 67
p-Hydroxymercuribenzoate
(1 mM)

0

Benzamide (25 mM) 66
NaN3 (5 mM) 88
H2O2 (5 mM) 4
Urea (1%, w/v) 119
Ammonium sulfate (800 mM) 75
AgNO3 (0.1 mM) 0
Al2(SO4)3 (5 mM) 0
CaCl2 (5 mM) 96
CoCl2 (5 mM) 62
CuCl2 (0.1 mM) 1
Cr2(SO4)3 (5 mM) 7
FeSO4 (5 mM) 60
FeCl3 (5 mM) 71
HgCl2 (0.1 mM) 0
MgSO4 (5 mM) 91
NiSO4 (5 mM) 44
Pb(NO3)2 (0.1 mM) 52
ZnSO4 (5 mM) 0

The reaction mixtures (0.1 ml) containing different inhibitors or metal
ions and the purified nitrilase (0.05 U) were preincubated for 5
min at pH 8.0±0.3 and 45°C. The reaction was started by the addition
of benzonitrile (25 mM) and carried out under the same conditions.
The original activity of the enzyme (91.6 U mg−1 ) was taken as
100%
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very pronounced with the new enzyme, was also observed
for the F. oxysporum enzyme, however, at a much lower
intensity (amides forming only 4−6% of the total product).
It was postulated that this phenomenon was caused by an
atypical cleavage of the tetrahedral intermediate formed
during the nitrilase-catalyzed reaction (Stevenson et al.
1992). Large amounts of amides were formed from
3-substituted acrylonitriles (Osswald et al. 2002) and from
2-substituted arylacetonitriles (Effenberger and Osswald
2001; Osswald et al. 2002; Kiziak et al. 2005) bearing
electron-withdrawing substituents at C-3 and C-2, respec-
tively. Using the nitrilase from A. niger K10, high levels of
amides were formed from some heteroaromatic nitriles, in
particular from those in which the electron densities in the
cyano group decreased due to the presence of substituents
or a nitrogen heteroatom.

There is a striking difference between the specific
activities of the purified nitrilases from A. niger and F.
oxysporum on the one hand (91.6 and 143 U mg−1 protein,
respectively) and the enzyme from F. solani on the other
hand (1.66 U mg−1 protein). Moreover, it has to be stressed
that the activity of the nitrilase from A. niger is probably
underestimated as the enzyme was copurified with other
proteins.

The new enzyme is a multimer like most other nitrilases
(both fungal and bacterial). The enzyme from A. niger
(>650 kDa) appeared to be one of the largest nitrilases

reported (see Banerjee et al. 2003 for review). The enzyme
from F. oxysporum was also a large multimer (550-kDa
holoenzyme consisting of 37-kDa subunits), while the
enzyme from F. solani (Harper 1977) was an octamer
consisting of 76-kDa subunits. However, it is possible that
the apparent molecular weight of the nitrilase from A. niger
was influenced by association of the enzyme with other
proteins, as copurification of the nitrilase with a heat shock
protein (hsp60) and an ubiquitin-conjugating enzyme was
demonstrated. Copurification of nitrilases with chaperon
proteins was reported for enzymes from Pseudomonas
fluorescens DSM 7155 (Layh et al. 1998) and Bacillus
pallidus Dac521 (Almatawah et al. 1999). The molecular
weights of these chaperons (57 and 58 kDa, respectively,
according to SDS-PAGE) were similar to that of the minor
protein band, as observed on the electrophoreogram of the
partially purified nitrilase from A. niger K10. This protein
could be an eukaryotic counterpart of the chaperons of
bacterial nitrilases (Cpn60 and GroEL in the case of P.
fluorescens and B. pallidus enzymes, respectively). In
accordance with the above findings, the enzyme isolated
from A. niger K10 also seems to be a protein complex
containing other polypeptides in addition to nitrilase. The
Edman N-terminal sequencing data were able to identify at
least three principal components of this enzyme complex.
In addition to nitrilase itself, it also contained the hsp60
chaperonin polypeptide, which is in agreement with the
above-mentioned studies. According to both of our identi-
fications, our N-terminal sequences completely correspond
to the expected ones.

However, we could also identify the third protein,
abundantly present in the nitrilase enzyme complex: UbcA,
an ubiquitin-conjugating enzyme. Ubc domains are com-
monly occurring sequence motifs of approximately 45
amino acid residues that are found in diverse proteins
involved in the ubiquitin/proteasome degradation pathway.
Protein ubiquitination usually involves an enzyme cascade
beginning with the ubiquitin-activating enzyme E1, which
becomes covalently attached to ubiquitin and subsequently
transfers it onto E2, the ubiquitin-carrier protein. With the
help of the ubiquitin-conjugating enzyme (ubiquitin–pro-
tein ligase), the ubiquitin is then linked to the target protein
by an isopeptide bond between the C-terminal carboxy
group of ubiquitin and the ɛ-amino group of lysine side
chains in the target protein (Hofmann and Bucher 1996).
Ubiquitination is a reversible process because several
specific ubiquitin C-terminal hydrolases can remove ubiq-
uitin from proteins. Together with the observation of stable
ubiquitinated proteins, this suggests that ubiquitination
might play a regulatory role in addition to tagging proteins
for destruction (Wu et al. 1981).

The molecular masses reported for fungal ubiquitin-
conjugating enzymes vary considerably because they may

Table 4 Effect of potential stabilizers on nitrilase activity

Compound (%, w/v) Residual activity (%)

Method A Method B

None 38 21
Sucrose (30) 39 75
D-Glucose (20) 16 56
Trehalose (20) 0 53
D-Sorbitol (20) 53 78
Xylitol (20) 40 76
myo-Inositol (10) 63 28
Glycerol (30) 6 53
Polyethylene glycol M.W. 3400 (3) 36 61
Polyvinyl alcohol (1) 39 49
Glycine (1) 33 30
Bovine serum albumin (0.1) 44 55
Bovine serum albumin (1) 39 69

The reaction mixtures (0.1 ml) containing potential stabilizers and
the purified nitrilase (0.05 U) were preincubated for 3 h at pH 8.0±
0.3 and 45°C (method A). Alternatively (in method B),
the incubation mixture (0.1 ml, pH 8.0±0.3) containing the enzyme
(0.03 U) and the tested compound was submitted to five
freeze–thaw cycles and then stored for 5 days at −70°C. The activity
was assayed with benzonitrile (25 mM) for 10 min at 45°C
and pH 8.0 after 5-min preincubation. The original activity of the
enzyme (91.6 U mg−1 ) was taken as 100%
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be influenced by the amount of attached ubiquitin moieties.
Nevertheless, most of these proteins have a polypeptide
chain between 20 and 45 kDa. Because we could not
observe the third band on SDS-PAGE of the purified
enzyme, we have to conclude that it completely overlapped
with that of the nitrilase protein. This interpretation would
be compatible both with the quantitative data from our
N-terminal sequencing and with the findings concerning the
molecular sizes of the ubiquitin-conjugating enzymes
involved in the mitotic cyclin degradation (Yu et al. 1996).

Notably, there have been other reports on the complexes
of E3 ubiquitin ligase with chaperons and target proteins
(Zhang et al. 2005). Therefore, we may assume that the
association of nitrilase with both chaperonins and ubiquitin
ligase described in this study is a part of the complex
cellular response of fungi to different stress and growth
conditions (Noventa-Jardao et al. 2000).
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Abstract 2,6-Pyridinedicarbonitrile (1a) and 2,4-

pyridinedicarbonitrile (2a) were hydrated by Rhodo-

coccus erythropolis A4 to 6-cyanopyridine-2-carbox-

amide (1b; 83% yield) and 2-cyanopyridine-4-

carboxamide (2b; 97% yield), respectively, after

10 min. After 118 h, the intermediates 1b or 2b were

transformed into 2,6-pyridinedicarboxamide (1c; 35%

yield) and 2,6-pyridinedicarboxylic acid (1d; 60%

yield) or 2-cyanopyridine-4-carboxylic acid (2c; 64%

yield), respectively. The nitrilase from Fusarium solani

afforded cyanocarboxylic acids 1e and 2c after 118 h

(yields 95 and 62%, respectively). 3,4-Pyridinedicar-

bonitrile (3a) and 2,3-pyrazinedicarbonitrile (4a) were

inferior substrates of nitrile hydratase and nitrilase.

Keywords Amidase � Aspergillus niger �
Fusarium solani � Heterocyclic dinitriles �
Nitrilase � Nitrile hydratase � Rhodococcus

erythropolis

Introduction

Previously, we reported on biocatalysts suitable

for the mild hydrolysis of heterocyclic nitriles.

A nitrilase from Aspergillus niger exhibited high

activities for 3- and 4-cyanopyridine (Kaplan et al.

2006a). The latter compound was hydrolyzed at the

highest rate of all substrates tested, probably due to an

electron withdrawing effect of the heteroatom. Dif-

ferent immobilized formulations of the nitrilase from

Fusarium solani were also highly active towards the

above nitriles (Vejvoda et al. 2006a). In addition, a

nitrile hydratase from Rhodococcus erythropolis A4

(formerly R. equi A4) was useful for the preparation

of amides from heterocyclic nitriles like cyanopyri-

dines (Přepechalová et al. 2001).

Considering the potential of these enzymes for the

production of heterocyclic acids or amides, we

became interested in their activity towards heterocy-

clic dinitriles. Transformation of aliphatic and aro-

matic dinitriles attracted much attention due to its

utility for the preparation of useful compounds

bearing diverse functional groups (for reviews see

Sugai et al. 1997 and Martı́nková and Mylerová

2003). In this work, we examined the feasibility of

using nitrilase and nitrile hydratase for the transfor-

mations of 2,6-, 2,4- and 3,4-pyridinedicarbonitrile

and 2,3-pyrazinedicarbonitrile.

Materials and methods

Chemicals

The substrates (see Fig. 1) were 2,6-pyridinedicarbo-

nitrile (1a), 2,4-pyridinedicarbonitrile (2a),
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3,4-pyridinedicarbonitrile (3a), 2,3-pyrazinedicarbo-

nitrile (4a) and benzonitrile. The authentic standards

(see Fig. 2) were 2,6-pyridinedicarboxamide (1c) and

2,6-pyridinedicarboxylic acid (1d). All substrates and

standards were purchased from Aldrich.

HPLC

Nitriles, amides and acids were analyzed by HPLC

with a Novapak C18 column (4 mm, 150 · 3.9 mm;

Waters). Benzonitrile, benzamide and benzoic acid

were separated using a mobile phase composed of

acetonitrile:water:phosporic acid (30:69.9:0.1) at a

flow rate of 0.9 mol min�1 and 358C. For separation

conditions, retention times and spectral maxima of

compounds 1a–1e, 2a–2c, 3a and 4a see Table 1.

Preparative HPLC was performed with a Nucleosil

120–5 C18 column (5 mm, 250 · 8 mm; Macherey-

Nagel) at of 0.5 ml min�1 and ambient temperature.

The mobile phase was composed of acetoni-

trile:water:acetic acid (10:89:1, by vol.).

16S rDNA sequencing

A fragment of 16S rDNA (881 bp) was amplified by

PCR using the total genome DNA of the Rhodococ-

cus strain A4 as a template and oligonucleotides

16SREF and 16SRER (Čejková et al. 2005) as

primers. The sequence of the fragment was

determined with ABI Prism 2100 sequencer (Perkin-

Elmer). The sequence was found identical (100%)

with the respective part of the homologous sequence

of R. erythropolis 16S rDNA stored in the GenBank

while there was only 96% identity with R. rhodoch-

rous 16S rDNA and 95% identity with R. equi 16S

rDNA. The strain A4, originally classified as R. equi

according to biochemical tests, was thus reclassified

as R. erythropolis on the basis of the similarity

searches of 16S rDNA sequences.

Biocatalysts

Whole cells of Rhodococcus erythropolis A4 (depos-

ited in the Culture Collection of Microorganisms,

Masaryk University Brno) were grown as described

by Martı́nková et al. (1998). The nitrile hydratase was

partially purified as described by Přepechalová et al.

(2001). The nitrilases from Aspergillus niger CCF

3411 (Culture Collection of Fungi, Charles Univer-

sity Prague, Czech Republic) and Fusarium solani

CCF 3635 were used as a semi-purified enzyme

(Kaplan et al. 2006a) and a cell-free extract (Vejvoda
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N CN
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N

CN
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Fig. 1 Heterocyclic dinitriles used as substrates of nitrilases

and nitrile hydratase/amidase
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Fig. 2 Products formed from 2,6-pyridinedicarbonitrile (1a)

by whole cells of Rhodococcus erythropolis (nitrile hydratase/

amidase; i) and cell-free extract from Fusarium solani
(nitrilase; ii)
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et al. 2006a), respectively. The enzyme assays are

described below. The general procedure for prepara-

tive-scale biotransformations is described in Table 3.

Enzyme assays

Nitrile hydratase and nitrilase activities were

assayed in 2 ml reaction mixtures composed 20 mmol

benzonitrile in 50 mM Na2HPO4/KH2PO4 buffer,

pH 8, and 5% (v/v) methanol as co-solvent. The

reactions were started by the addition of an appro-

priate amount of the enzyme (approx. 0.2 U as

assayed for benzonitrile). The nitrile hydratase- and

nitrilase-catalyzed reactions proceeded at 328C and

458C, respectively, with shaking (850 rpm). After

10 min, the reactions were stopped by the addition

of 20% (v/v) of 1 M HCl and the precipitated

protein was removed by centrifugation. Benzamide

and benzoic acid were determined by HPLC.

Activities of the enzymes towards substrates 1a–4a

were assayed in the same way and substrate

consumption was determined by HPLC. The product

formation and substrate consumption was linear

within the reaction time.

Product identification

Using authentic standards, products 1c and 1d were

identified by HPLC and by UV spectra recorded by

the PDA detector. Other products (1b, 1e, 2b and 2c)

were identified by NMR spectra recorded on a

400 MHz spectrometer (Varian unity Inova-400) in

Table 1 Analytical HPLCa of heterocyclic dinitriles and products of their enzymatic conversion

Compound Retention time [min] Local spectral maximum [nm]

2,6-Pyridinedicarbonitrile (1a) 10.5 221.6–273.5

6-Cyanopyridine-2-carboxamide (1b) 4.9 221.6–272.3

2,6-Pyridinedicarboxamide (1c) 3.1 272.3

2,6-Pyridinedicarboxylic acid (1d) 3.3 271.1

6-Cyanopyridine-2-carboxylic acid (1e) 3.9 221.6–271.1

2,4-Pyridinedicarbonitrile (2a) 6.9 281.8

2-Cyanopyridine-4-carboxamide (2b) 3.5 214.6–275.8

2-Cyanopyridine-4-carboxylic acid (2c) 5.7 279.4

3,4-Pyridinedicarbonitrile (3a) 6.6 222.8–284.1

2,3-Pyrazinedicarbonitrile (4a) 7.9 229.9–272.3

a The compounds were separated by using a Novapak C18 column (4 mm, 150 · 3.9 mm; Waters) and a mobile phase consisting of

acetonitrile:water:phosphoric acid (8:91.9:0.1 by vol.) at 0.9 ml min�1 and 358C

Table 2 Substrate specificity of nitrilases from Aspergillus niger and Fusarium solani

Substrate Relative activity (%)

Nitrile hydratase Nitrilase from F. solani Nitrilase from A. niger

Benzonitrile 100a 100b 100 c

2,6-Pyridinedicarbonitrile 48 ± 1 5 ± 0.9 30 ± 0.8

2,4-Pyridinedicarbonitrile 154 ± 7 7 ± 0.3 12 ± 0.2

3,4-Pyridinedicarbonitrile 23 ± 4 0 0.5 ± 0.1

2,3-Pyrazinedicarbonitriled 22 ± 3 0 1 ± 0.7

a The specific activity of semi-purified enzyme for benzonitrile (32.5 U mg�1 protein) was taken as 100%
b The specific activity of the cell-free extract (9.8 U mg�1protein) for benzonitrile was taken as 100%
c The specific activity of the semi-purified enzyme for benzonitrile (66 U mg�1 protein) was taken as 100%
d A minor part of the substrate decomposed spontaneously under the conditions used

Biotechnol Lett (2007) 29:1119–1124 1121

123



DMSO-d6 at 308C. The assignment was based on

COSY, HMQC and HMBC experiments performed

using the manufacturer’s software. Residual solvent

signals (DMSO: dH 2.50 ppm, dC 39.60 ppm) were

used as internal standards.

Results and discussion

Substrate specificity of nitrile-converting enzymes

towards heterocyclic dinitriles

Pyridine derivatives with cyano groups in meta-

position (1a, 2a) were good substrates of the nitrile

hydratase from R. erythropolis (see Table 2). Steric

hindrance by heteroatom probably decreased the

reactivity of compound 1a, which was transformed

at approx. 3 times lower rate than compound 2a. Not

suprisingly, the activities of the nitrile hydratase

towards dinitriles with cyano groups in ortho-position

(3a, 4a) were even lower. This enzyme was previ-

ously shown to be influenced by steric effects of

ortho-substituents (Přepechalová et al. 2001).

The nitrilase from F. solani is more susceptible

towards steric hindrances than that from A. niger

(Kaplan et al. 2006b) and this observation is in

accordance with lower activities of the former

enzyme towards compounds 1a and 2a (see Table 2).

This nitrilase showed no activity towards ortho-

substituted compounds 3a and 4a, while the nitrilase

from A. niger was able to hydrolyze them at a very

low rate.

Products of enzymatic hydrolysis of heterocyclic

dinitriles

The above experiments suggested the feasibility of

preparative biotransformations of dinitriles 1a and 2a

by both nitrile hydratase and nitrilase. Previously, we

observed that both enzymes hydrolyzed a single cyano

group in dicyanobenzenes (Přepechalová et al. 2001,

Kaplan et al. 2006a, b). Therefore, we studied the

mode of action of these enzymes towards pyridined-

icarbonitriles. Whole cells of R. erythropolis were

used as the source of nitrile hydratase in preparative

biotransformations. This strain also exhibited amidase

activity. A cell-free extract from F. solani was used

for the preparative nitrilase-catalyzed biotransforma-

tions despite its lower specific activity for 1a and 2a,

as this enzyme was available in large quantities from

hyperinduced cultures (Vejvoda et al. 2006a). In

addition, the nitrilase from A. niger often produced

Table 3 Yields of products (see Figs. 2 and 3) obtained from 2,6-pyridinedicarbonitrile (1a) and 2,4-pyridinedicarbonitrile (2a) by

nitrile hydratase/amidase from Rhodococcus erythropolis and nitrilase from Fusarium solani

Substrate Enzyme Product Yield [%]a after reaction time of

10 min 2 h 118 h

1a Nitrile hydratase/amidaseb 1b 83 12 1

1c 16 85 35

1d 0 0 60

Nitrilasec 1e 12 73 95

2a Nitrile hydratase/amidaseb 2b 97 78 32

2c 1 7 64

Nitrilasec 2c 1 12 62

a determined by HPLC (see Materials and methods and Table 1)
b The reaction mixtures (total volume 50 ml) consisted of 0.5 mmol substrate in 50 mM Na2HPO4/KH2PO4 buffer, pH 8, with 5%

(v/v) methanol as co-solvent and whole cells of R. erythropolis (approx. 100 U nitrile hydratase). Reactions proceeded in 100 ml

Erlenmeyer flasks at shaking (200 rpm) and 288C. At intervals samples (0.2 ml) were withdrawn, acidified with 0.04 ml 1 M HCl,

centrifuged and analyzed by HPLC (see Table 1). The reaction mixtures were centrifuged and products extracted from the

supernatants with ethyl acetate (at pH 8.5–9 or 2–2.5 for amides or carboxylic acids, respectively). Alternatively, the supernatants

were lyophilized overnight and the residues extracted with dry methanol. The products were purified by preparative HPLC (see

Materials and methods)
c The reactions proceeded as described for nitrile hydratase/amidase but the enzyme was a cell-free preparation from F. solani
(approx. 50 U nitrilase)
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large amounts of by-products-amides (Kaplan et al.

2006a) and, therefore, seemed to be less suitable for

preparative biotransformation than the enzyme from

F. solani, which gave nearly pure carboxylic acids

(Vejvoda et al. 2006a).

The biotransformations of 1a and 2a were mon-

itored by HPLC within 0–5 days. Compound 1a was

transformed into three major products by whole cells

of R. erythropolis, while compound 2a gave only two

major products on incubation with this biocatalyst.

The nitrilase from F. solani gave one major product

from each substrate. The products were isolated and

identified during the reaction (see Table 3). In

general, purification by preparative HPLC was nec-

essary due to cross-contamination of the products and

unreacted nitriles. The isolated yields were not

optimized in this procedure, the aim of which was

to obtain pure biotransformation products for struc-

ture elucidation. Commercial authentic standards

were available only for diamide 1c and diacid 1d.

The reaction patterns for substrates 1a and 2a are

shown in Figs. 2 and 3, respectively. Analytical

yields of the products at different reaction times are

given in Table 3.

The biotransformation of substrate 1a catalyzed

by nitrile hydratase gave cyano amide 1b after

10 min. This intermediate was then hydrated into

diamide 1c within approx. 2 h. The following

amidase-catalyzed reaction was slow. The end

product of this reaction was dicarboxylic acid 1d,

which was the major product after 118 h. On the

other hand, the reaction of 2a showed a different

course. The corresponding cyano amide 2b was also

rapidly formed at the initial stage (10 min) but

afterwards slowly transformed into cyano carboxylic

acid 2c as the major product by the amidase (after

118 h).

The products of nitrilase-catalyzed reactions were

identified as cyanocarboxylic acids 1e and 2c. The

reactions of 2a catalyzed by both nitrile hydratase

and nitrilase were regioselective, only the nitrile

group distant from the heteroatom being susceptible

to hydration or hydrolysis.

Formation of amides as by-products by nitrilases

The production of amides by nitrilases is probably

caused by an atypical cleavage of the reaction

intermediate (Stevenson et al. 1992). It was

especially pronounced for some substrates with

electron-withdrawing groups (Effenberger and Oss-

wald 2001, Kiziak et al. 2005). Nevertheless, this

phenomenon is also strongly strain-dependent. The

nitrilase from F. solani (Vejvoda et al. 2006a) formed

no or only low amounts of amides from nitriles, as

also observed in the present work. On the other hand,

the nitrilase from A. niger (Kaplan et al. 2006a)

formed high amounts of amides, especially from

substrates with an electron-withdrawing heteroatom

(2-cyanopyridine, 4-cyanopyridine). The substrates

examined herein also contained electron withdrawing

moieties (nitrogen heteroatom, cyano groups). There-

fore, we examined the products formed by A. niger

nitrilase from compounds 1a and 2a. Indeed, the

corresponding amide was formed in both cases. The

molar acid:amide ratio (1c:1b––9:1, 2c:2b––7:3) was

constant during the reaction. This side reaction may

complicate the biocatalytical use of nitrilase from

A. niger. On the other hand, the benefit of this

enzyme is its higher specific activity towards steri-

cally hindered substituted nitriles like 1a and 2a.

Recently, we proposed to use a bienzymatic (nitri-

lase-amidase) reaction to remove the by-product

amide (Vejvoda et al. 2006b).
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i slow
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   whole cells 
   (nitrile hydratase/amidase),
   pH 8, 28 °C

ii) Fusarium solani nitrilase, 
   pH 8, 28 °C
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i

Fig. 3 Products formed from 2,4-pyridinedicarbonitrile (2a)

by whole cells of Rhodococcus erythropolis (nitrile hydratase/

amidase; i) and cell-free extract from Fusarium solani
(nitrilase; ii)
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Conclusion

The enzymatic hydration or hydrolysis of 2,6-pyrid-

inedicarbonitrile and 2,4-pyridinedicarbonitrile

provided access to heterocyclic compounds bearing

multiple functional groups in their molecules. These

compounds can serve as useful intermediates for

chemical synthesis. The product type (cyano amide,

cyano acid) could be controlled by the choice of an

appropriate enzyme and by the reaction time.
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Appendix

6-Cyanopyridine-2-carboxamide (1b) 1H NMR

(399.87 MHz, DMSO-d6, 308C): 7.830 (1 H, br s,

NH2-u), 8.211 (1H, dd, J = 7.6, 2.2 Hz, H-5), 8.22

(1H, br s, NH2-d), 8.238 (1 H, dd, J = 7.6, 7.0 Hz,

H-4), 8.294 (1H, dd, J = 7.0, 2.2 Hz, H-3). 13C NMR

(100.55 MHz, DMSO-d6, 308C): 117.09 (6-CN),

125.88 (C-3), 131.31 (C-5), 131.46 (C-6), 139.75

(C-4), 151.91 (C-2), 164.49 (2-CO).

6-Cyanopyridine-2-carboxylic acid (1e) 1H NMR

(399.87 MHz, DMSO-d6, 308C): 8.231 (2 H, m, H-4,

H-5), 8.296 (1 H, m, H-3). 13C NMR (100.55 MHz,

DMSO-d6, 308C): 117.01 (6-CN), 128.21 (C-3),

131.64 (C-5), 132.57 (C-6), 139.63 (C-4), 150.23

(C-2), 164.77 (2-CO).

2-Cyanopyridine-4-carboxamide (2b) 1H NMR

(399.87 MHz, DMSO-d6, 308C): 7.948 (1 H, br s,

NH), 8.078 (1 H, dd, J = 5.1, 1.7 Hz, H-5), 8.347

(1 H, dd, J = 1.7, 0.9 Hz, H-3), 8.370 (1 H, br s, NH),

8.904 (1 H, dd, J = 5.1, 0.9 Hz, H-6). 13C NMR

(100.55 MHz, DMSO-d6, 308C): 117.29 (2-CN),

125.49 (C-5), 126.69 (C-3), 133.26 (C-2), 142.92

(C-4), 152.11 (C-6), 164.55 (4-CO).

2-Cyanopyridine-4-carboxylic acid (2c) 1H NMR

(399.87 MHz, DMSO-d6, 308C): 8.079 (1 H, dd,

J = 4.9, 1.3 Hz, H-5), 8.296 (1 H, s, H-3), 8.872 (1 H,

d, J = 4.9 Hz, H-6). 13C NMR (100.55 MHz, DMSO-

d6, 308C): 117.37 (2-CN), 126.85 (C-5), 128.05

(C-3), 133.25 (C-2), 143.11 (C-4), 152.07 (C-6),

164.82 (4-CO).
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bstract

An intracellular nitrilase was purified from a Fusarium solani O1 culture, in which the enzyme (up to 3000 U L−1) was induced by 2-cyanopyridine.
DS-PAGE revealed one major band corresponding to a molecular weight of approximately 40 kDa. Peptide mass fingerprinting suggested a
igh similarity of the protein with the putative nitrilase from Gibberella moniliformis. Electron microscopy revealed that the enzyme molecules
ssociated into extended rods. The enzyme showed high specific activities towards benzonitrile (156 U mg−1) and 4-cyanopyridine (203 U mg−1).
ther aromatic nitriles (3-chlorobenzonitrile, 3-hydroxybenzonitrile) also served as good substrates for the enzyme. The rates of hydrolysis of

liphatic nitriles (methacrylonitrile, propionitrile, butyronitrile, valeronitrile) were 14–26% of that of benzonitrile. The nitrilase was active within
H 5–10 and at up to 50 ◦C with optima at pH 8.0 and 40–45 ◦C. Its activity was strongly inhibited by Hg2+ and Ag+ ions. More than half of the

nzyme activity was preserved at up to 50% of n-hexane or n-heptane or at up to 15% of xylene or ethanol. Operational stability of the enzyme
as examined by the conversion of 45 mM 4-cyanopyridine in a continuous and stirred ultrafiltration-membrane reactor. The nitrilase half-life was
77 and 10.5 h at 35 and 45 ◦C, respectively.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nitrilases became widely acknowledged as mild and
nvironment-friendly biocatalysts for nitrile hydrolysis. A num-
er of bacterial nitrilases with different substrate specificities
ere characterized within the past 20 years (see Ref. [1] for

eview). Recently, we became interested in filamentous fungi as
n alternative source of nitrilases with potential use in biocatal-
sis. Previous works suggested occurrence of these enzymes

n the genera of Fusarium, Gibberella, Aspergillus and Peni-
illium [2–5]. In addition, genes encoding putative nitrilases in
spergillus fumigatus, Aspergillus nidulans, Gibberella monil-
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matic properties

formis, Gibberella zeae, Neosartorya fischeri etc. were pub-
ished in sequence databases (see http://www.ncbi.nlm.nih.gov).
evertheless, only two nitrilases (from Fusarium solani IMI
96840 [6] and Fusarium oxysporum f. sp. melonis [7]) were
haracterized in some detail. However, no data were published
egarding the amino acid sequences of these enzymes.

The scarceness of data on fungal nitrilases inspired us to
xamine the occurrence and properties of these enzymes. A
creening for isolates utilizing 3-cyanopyridine as sole nitrogen
ource resulted in identification of Aspergillus niger, F. solani
nd Penicillium multicolor as perspective nitrilase producers [8].
yperinduction by 2-cyanopyridine increased the nitrilase pro-

uction by up to three orders of magnitude in comparison with
-cyanopyridine [9] and a nitrilase was partially purified from
yperinduced cells of A. niger [10]. The nitrilases from filamen-
ous fungi [6–8,10] seem to share common enzymatic properties
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dx.doi.org/10.1016/j.molcatb.2007.09.006
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ike high specific activities for aromatic and heterocyclic nitriles
nd a good thermal stability. These qualities make them per-
pective biocatalysts for the mild hydrolysis of (hetero)aromatic
itriles.

In the present work, we focused on enzymatic properties of a
ew F. solani nitrilase. Examination of this enzyme using whole
ells and cell-free extracts demonstrated its biocatalytic utility
8,9,11,12]. This encouraged us to purify and characterize the
nzyme, which proved to be different from a previously reported
itrilase produced by the same species [6] in terms of subunit
olecular weight, substrate specificity and specific activity.

. Experimental

.1. Materials

Substrates and authentic standards of reaction products were
urchased from Sigma–Aldrich or Merck. Chemicals for protein
equencing were purchased from Applied BioSystems. Columns
or protein purification were supplied by GE Healthcare.

.2. Microorganism and cultivation

F. solani O1 (deposited in the Culture Collection of Fungi,
harles University Prague, Czech Republic; accession num-
er CCF 3635) was grown in a two-stage culture as described
reviously [11] with slight modifications (increased medium
olume – 200 mL/500 mL Erlenmeyer flask – and increased
-cyanopyridine concentration: 3 g L−1).

.3. Cell lyophilization

The cells were frozen at −80 ◦C, lyophilized overnight and
tored at −20 ◦C until further use.

.4. Enzyme purification

The enzyme was purified from a cell-free extract, which was
btained by grinding the lyophilized mycelium with a pestle in
mortar, resuspending 1 g of the homogenate in 15–20 mL of

xtraction buffer (50 mM Tris/HCl, pH 8.0; 0.8 M ammonium
ulfate) and sonication in an ultrasonic bath (2 min × 5 min,
5 kHz, ELMA, Germany). After each sonication the suspen-
ion was stirred at 4 ◦C for 10 min. Cell debris was removed by
entrifugation (13,000 × g, 4 ◦C, 30 min). The extract was twice
iluted with the extraction buffer and applied to a Hi-Prep 16/10
henyl FF column (low sub) pre-equilibrated with the same
uffer. Proteins were eluted with a linear gradient of ammonium
ulfate (0.8–0 M, 60 mL) in Tris/HCl buffer (50 mM, pH 8) at a
ow rate of 2 mL min−1. Nitrilase eluted at 520–200 mM ammo-
ium sulfate. Active fractions were pooled, concentrated using
n Amicon Ultra-4 unit (Millipore), applied to a 16/60 Hi-Prep
ephacryl S-200 column pre-equilibrated with Tris/HCl buffer

50 mM, pH 8.0; 150 mM NaCl) and eluted with the same buffer
t a flow rate of 0.5 mL min−1. The active fractions were pooled,
oncentrated, 5 times diluted with 50 mM Tris/HCl buffer, pH
.0, and applied to a Hi-Prep 16/10 Q FF column. Proteins were

m
a
5
t
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luted with a linear gradient of NaCl (0–1 M) in Tris/HCl buffer
50 mM, pH 8.0) at a flow rate of 2 mL min−1. Nitrilase eluted at
00–450 mM NaCl. Active fractions were pooled, concentrated
nd sucrose was added to a concentration of 2%. The purified
nzyme was stored at −80 ◦C.

.5. Protein assay

Protein was determined according to Bradford [13] using
ovine serum albumin as the standard.

.6. Gel filtration on Superdex 200

The purified enzyme was applied to a Superdex 200
R 10/300 GL column pre-equilibrated with Tris/HCl buffer

50 mM, pH 8.0; 150 mM NaCl). Protein was eluted with the
ame buffer at a flow rate of 0.5 mL min−1. The column was
alibrated in the range of 158–669 kDa using a high molecular
eight calibration kit (GE Healthcare).

.7. SDS-PAGE

SDS polyacrylamide gel electrophoresis was performed
ccording to Laemmli [14] in 12% polyacrylamide slab gels.
he marker proteins were protein molecular weight standards

n the range of 14.4–97 kDa (GE Healthcare).

.8. Determination of the N-terminal amino acid sequence

The N-terminal sequence was analyzed as described for the
itrilase from A. niger K10 [10].

.9. Mass spectrometry analysis

Peptide mass fingerprinting of fragments obtained by tryp-
ic digestion of the enzyme was carried out as described
or the nitrilase from A. niger K10 [10]. Alternatively, pep-
ide fragments were obtained by Asp-N protease digestion
nd analyzed in the same way. Homologous proteins were
earched in the NCBI database using the BLAST program
http://www.ncbi.nlm.nih.gov/BLAST/).

.10. Assay for nitrilase activity

The nitrilase activity was assayed with 25 mM benzonitrile
from 500 mM stock solution in methanol) in 50 mM Tris/HCl
pH 8.0) at 45 ◦C. The reaction was started by the addition
f substrate after 5-min preincubation at 45 ◦C and quenched
fter 10 min with 1 M HCl (0.01 mL/0.1 mL of the reaction
ixture). The substrate specificity was assayed with 25 mM

itriles under the same conditions. Kinetic values for benzoni-
rile, 3-cyanopyridine and 4-cyanopyridine were determined
ithin the substrate concentration range of 1–25 mM. Opti-

um pH was determined using 50 mM Britton-Robinson (acetic

cid/boric acid/phosphoric acid/NaOH) buffers (pH 4–12) or
0 mM Tris/HCl buffers (pH 7–9) at 45 ◦C. Optimum tempera-
ure was determined with reactions performed at pH 8.0 (50 mM

http://www.ncbi.nlm.nih.gov/BLAST/
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ris/HCl buffer) and different temperatures (35–60 ◦C). Concen-
rations of substrates and products were determined by HPLC
s described below.

Alternatively, rapid semiquantitative detection of the nitri-
ase activity in fractions after purification steps was performed
y continuously monitoring the absorption of benzoic acid at
38 nm with ε = 3.3 L mmol−1 cm−1 on Shimadzu PharmaSpec
V-1700. The reaction proceeded in Suprasil Quartz cuvettes

volume 700 �L, optical length 10 mm, Hellma) containing
90 �L of 0.5 mM benzonitrile in Tris/HCl (50 mM, pH 8) and
0 �L of the enzyme solution at 45 ◦C. A reaction mixture with-
ut enzyme was used as the blank.

.11. Effect of inhibitors and cosolvents

The activity of the enzyme was assayed at standard conditions
see above) in reaction mixtures containing different metal ions,
osolvents or other additives.

.12. Electron microscopy

Enzyme complexes in 50 mM Tris/HCl buffer, pH 8 (∼87 �g
f protein mL−1) were let to adsorb onto glow-discharge acti-
ated thin carbon support film [15] on 400 mesh copper grids
or 30 s. Then the rest of the solution remaining on the grids was
ucked out with filter paper and the grids were negatively stained
ith 2% uranyl acetate in double distilled water for 30 s. Excess

taining solution was blotted off with filter paper. The grids were
ir-dried and examined in a Philips CM100 electron microscope
FEI, formerly Philips EO, The Netherlands) equipped with

egaViewII (Soft Imaging Systems, GmbH) slow scan digi-
al camera. The images were digitally recorded at 80 kV and at
rimary magnification of 92,000×, which gives 0.7 nm of pixel
ize.

.13. Biotransformations in an ultrafiltration membrane
eactor

An ultrafiltration cell (UF-cell), Amicon model 8050
Millipore, USA) with 72-mL fluid volume was equipped
ith polyethersulfone ultrafiltration membrane (molecular
eight cut-off 30 kDa) from Amicon. The volumetric flow

7.3 ± 0.1 mL h−1) was controlled using a peristaltic pump

-1 (GE Healthcare). The system was continuously stirred
t 150 rpm. The reactor was submerged in a thermostated
ater bath, the temperature of which (35 or 45 ◦C) was con-

rolled within 0.1 ◦C. The feed stream contained 45 mM of

2
t
b

able 1
urification of a nitrilase from Fusarium solani O1

tep Total protein (mg) Specifi

rude extract 199.2 15.7
ydrophobic chromatography on Phenyl Sepharose 36.0 28.5
el filtration on Sephacryl S-200 14.7 67.0
nion exchange on Q-Sepharose 5.2 156.0

ote: the enzyme activity was assayed with 25 mM benzonitrile (see Section 2 for de
lysis B: Enzymatic 50 (2008) 99–106 101

-cyanopyridine dissolved in Tris/HCl buffer (50 mM, pH 8.0).
he effluent stream containing substrate and products was col-

ected in a fraction collector and analyzed by HPLC as described
elow. The operational deactivation constant (h−1) and ini-
ial reaction rate (�mol min−1 mgprotein

−1) were calculated as
escribed previously [16].

.14. Analytical HPLC

Nitriles, amides and acids were analyzed by HPLC with
Novapak C18 column (4 �m, 150 mm × 3.9 mm; Waters).

-Cyanopyridine, 4-cyanopyridine and the corresponding car-
oxylic acids and amides were separated using a mobile phase
onsisting of 4% (v/v) acetonitrile in 5 mM Na2HPO4/H3PO4
uffer, pH 7.2, at a flow rate of 0.9 mL min−1 and 35 ◦C.
ther compounds were separated as described previously

10,17].

. Results and discussion

.1. Purification and structure of the nitrilase from F.
olani O1

The soil isolate F. solani O1 formed an intracellular nitrilase
t levels of ≥3000 U L−1 of culture. Minor modifications of the
wo-stage cultivation protocol [11] (increase of medium volume
nd 2-cyanopyridine concentration) enhanced the total enzyme
roduction by about one third. The nitrilase production/L of F.
xysporum f. sp. melonis culture was considerably lower (830 U
t maximum) [7]. In case of F. solani IMI 196840 [6], the nitrilase
ield was only 59 U from 15 L of culture. Strain O1 also yielded
uch higher nitrilase levels than A. niger K10 (approximately

60 U L−1 of culture). Therefore, strain O1 appeared to be the
ost efficient nitrilase producer reported among filamentous

ungi to date.
Up to 90% of the whole-cell activity was recovered in the

ell-free extract, indicating a good stability of the enzyme dur-
ng the disintegration procedure. It is notable that the specific
ctivity of the nitrilase in cell-free extract increased from 3.9
11] up to 15.7 U mgprotein

−1. This was mainly due to the use of
n extraction buffer supplemented with 0.8 M ammonium sul-
ate. In this way, a large ratio of contaminating cellular protein
as removed, while the nitrilase was left in solution.

The enzyme was purified nearly 10 times. Approximately

6% of the original activity was recovered, which corresponded
o 5.2 mgprotein (see Table 1). SDS-PAGE revealed one major
and with a molecular mass of approximately 40 kDa (see

c activity (U mg−1) Total activity (U) Yield (%) Purification (fold)

3125 100 1
1026 32.8 1.8
985 31.5 4.3
811 25.9 9.9

tails).
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Fig. 1. SDS-PAGE of nitrilase samples stained with Coomassie Brilliant Blue
R-250, lane 1: cell-free extract, lane 2: after Phenyl Sepharose, lane 3: after
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ephacryl S-200, lane 4: purified enzyme (concentrated after Q Sepharose),
ane 5: markers (bovine serum albumin 66 kDa, ovalbumin 45 kDa, carbonic
nhydrase 30 kDa, trypsin inhibitor 20.1 kDa), lane 6: bovine serum albumin.

ig. 1). N-terminal sequencing and mass spectrometry analysis
howed that four peptide fragments (including the N-terminus)
f this protein were identical with the corresponding amino
cid sequences of a putative nitrilase from G. moniliformis (see
ig. 2). The apparent molecular weight of the new nitrilase is

n accordance with those of other nitrilases from bacteria and
. oxysporum f. sp. melonis having subunits of 32–45 kDa (see
ef. [1] for review). On the other hand, the nitrilase from F.

olani with a subunit of 76 kDa seems to be exceptional [6].

ccording to gel filtration the molecular weight of the holoen-

yme was about 580 kDa. This indicates its multimeric structure,
hich was also reported for most other nitrilases (see Ref. [1]

or review).

o
3
d
f

ig. 2. Mass spectrometry analysis of nitrilase from Fusarium solani. (A and B)
eparated by SDS polyacrylamide gel electrophoresis using trypsin and Asp-N prote
btained after post-source decay fragmentation could be recorded, are indicated. (C
lotted nitrilase (underlined), or by mass spectrometry of digests after trypsin (underl
equences obtained by translation of the gene for the putative nitrilase from Gibbere
sing BLAST algoritm (accession number DQ534528.1). Note the poor cleavage of t
lysis B: Enzymatic 50 (2008) 99–106

The purified enzyme (1.65 mgprotein mL−1) was very stable
hen stored at −80 ◦C in presence of 2% (w/v) sucrose as a

tabilizer. No significant activity loss was observed during 2
onths under these conditions. After five freeze-thaw cycles

one cycle per day), the same nitrilase sample stored at −18 ◦C
ith sucrose (2%, w/v) lost only 8% of its initial activity.

.2. Electron microscopic study of enzyme structure

Examination of the purified nitrilase by electron microscopy
evealed formation of extended complex rods, up to 500 nm
n length and approximately 24 nm thick, or aggregates (see
ig. 3A and B). The negative staining was done accord-

ng to standard procedure, however, we cannot exclude
hat rod formation and their aggregation could occur dur-
ng the sample preparation. The high activity yield in
el filtration (see Table 1), where the enzyme was eluted
s a single peak corresponding to 580 kDa, suggests that
ggregation could take place after enzyme purification or
uring negative staining procedure. Similar structures were
reviously reported for the cyanide dihydratase from B. pumilus
18]. The resemblance in quaternary structure of both enzymes
s in contradiction to the significant difference in amino acid
equences of the nitrilase of G. moniliformis, which appears to
e highly homologous to the enzyme from F. solani, and cyanide
ihydratases from B. pumilus (only 30% homology). Therefore,
e became interested in the quarternary structure of another

ungal nitrilase, which was recently semi-purified from A. niger
10 [10]. As judged from its N-terminal amino acid sequence

10], this enzyme is highly homologous with a putative nitrilase

f A. fumigatus, which, in turn, exhibits a low homology (about
0%) both to the nitrilase of G. moniliformis and the cyanide
ihydratases from B. pumilus. The nitrilase from A. niger also
ormed long rods 12 ± 1 nm in thickness reaching up to 250 nm,

MALDI mass spectra of peptides extracted after in-gel digestion of nitrilase
ase, respectively. Only those peptides, for which the complete sequence ladder
) The peptide sequences obtained by automated Edman degradation of PVDF
ined and bold) or Asp-N (underlined and italics) matched exactly three peptide
lla moniliformis (anamorph: Fusarium verticillioides) found in the GeneBank
he Lys-Pro bond in the shorter tryptic sequence IKPTHVER.
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ig. 3. Electron micrographs of negatively stained purified nitrilases from F. sol
for details.

hich, however, were distinct in structure from those of F. solani
itrilase (see Fig. 3C and D). The formation of aggregates in
amples of nitrilase from A. niger was not observed.

.3. Effect of inhibitors

Nitrilases, as enzymes that are supposed to harbor a catalyt-
cally active cystein [1], are expected to be sensitive towards
rganic sulfhydryl reagents and heavy metal ions reacting with
ulfhydryl groups. The present results were consistent with this
xpectation (see Table 2). From metal ions, the enzyme was
ost severely inhibited by Hg2+ and Ag+ (at 1 mM), but Cu2+

at 1 mM), Al3+, Fe3+, Zn2+, Pb2+ and Ni2+ (all at 5 mM) also
roved to be very effective inhibitors. Inhibition by silver, cupric
nd mercuric ions and trivalent ions was in compliance with
he results obtained for the nitrilase from F. oxysporum f. sp.

elonis [7]. However, a difference was observed in the effect
f divalent ions, which stabilized the enzyme from F. oxyspo-
um f. sp. melonis [7] but partially inhibited the enzyme from
train O1 (e.g., Ni2+, Co2+). In general the effect of metal ions

3

w

and B) and A. niger K10 (C and D). Scale bar represents 100 nm. See Section

n the new enzyme was similar as in case of nitrilase from
. niger with a few exceptions (more pronounced inhibition
f the new enzyme by Ni2+ and Fe3+). In general nitrilases
ere more severely inhibited by p-hydroxymercuribenzoate
r p-chloromercuribenzoate than by iodoacetamide. Possible
xplanation suggested by Goldlust and Bohak [7] was the poor
ccessibility of the catalytically active cystein for the reaction
ith iodoacetamide and other sulfhydryl reagents like iodoac-

tate and N-ethylmaleinimide. Destabilizing or inhibitory effect
f dithiothreitol on nitrilases from, e.g., Pseudomonas fluo-
escens [19], A. niger K10 [10] or F. solani O1 is not uncommon
nd may be related to the potential of this compound to cleave
isulfide bonds in proteins. Metal ion chelators like EDTA
howed no pronounced inhibitory effect on nitrilases (enzymes
acking metal cofactors) as also observed for the new enzyme.
.4. Substrate specificity

The specific activity of the purified nitrilase for benzonitrile
as approximately 156 U mgprotein

−1. This is a 94-times higher
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Table 2
Effect of different ions and other reagents on nitrilase activity

Compound (mM) Residual activity (%)

None 100
AgNO3 (1) 1.5
Al2(SO4)3 (5) 0.3
CoCl2 (5) 46.3
CuSO4 (1) 13.4
Cr2(SO4)3 (1) 104
FeCl3 (5) 5
HgCl2 (1) 0
MgSO4 (5) 46
NiSO4 (5) 7
Pb(NO3)2 (1) 6
ZnSO4 (5) 6
EDTA (1) 87
Dithiothreitol (1) 55
Iodoacetamide (4.6) 5
p-Hydroxymercuribenzoate (1) 12
NaN3 (5) 38
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ote: the nitrilase activity was assayed with 25 mM benzonitrile (see Section
for details). The activity of the enzyme in absence of additives (156 U mg−1)
as taken as 100%.

ctivity than reported for the nitrilase from another strain of F.
olani [6] but comparable with the specific activity of the purified
itrilase from F. oxysporum f. sp. melonis (143 U mgprotein

−1)
7].

Determination of the substrate specificity showed that the
ew enzyme was an aromatic nitrilase (see Table 3), as already
ndicated by whole-cell experiments [8,9,11]. From the sub-
trates tested, the enzyme exhibited the highest specific activity
or 4-cyanopyridine (203 U mgprotein

−1) as the nitrilase from
. niger [10]. The enzyme was also useful for hydrolysis of
-cyanopyridine, m- and p-substituted aromatic nitriles and

nbranched aliphatic nitriles. The poorly soluble 1,3- and 1,4-
icyanobenzene also served as acceptable substrates (data not
hown).

able 3
ubstrate specificity of the purified nitrilase

ubstrate Relative activity [%] KM (mM)

enzonitrile 100 1.5
-Hydroxybenzonitrile 80
-Hydroxybenzonitrile 3
-Aminobenzonitrile 7
-Tolunitrile 33
-Tolunitrile 16
-Chlorobenzonitrile 87
-Chlorobenzonitrile 40
-Cyanopyridine 28 3.2
-Cyanopyridine 130 1.4
ropionitrile 18
utyronitrile 20

sobutyronitrile 4
aleronitrile 26
ethacrylonitrile 14

actonitrile 4

ote: the nitrilase activity was assayed with 25 mM substrates (see Section 2 for
etails). The specific activity for benzonitrile (156 U mg−1) was taken as 100%.
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The nitrilases from F. solani O1 and F. solani IMI 196840 [6]
iffered markedly in relative activities towards aromatic nitriles
e.g., 40 and 85.6% for 4-chlorobenzonitrile, 87 and 40.4% for
-chlorobenzonitrile, 80 and 21% for 3-hydroxybenzonitrile,
espectively, if reaction rates of both enzymes for benzoni-
rile (Vmax in case of the latter strain) were taken as 100%).
ctivity towards aliphatic nitriles was not reported for the latter

nzyme. The relative activities towards aliphatic nitriles were
imilar for the new nitrilase and the nitrilase from F. oxysporum
. sp. melonis [7]. This enzyme, however, showed no activity
or 3-hydroxybenzonitrile (a good substrate of F. solani O1
itrilase). Detailed comparison was not possible, as activities
f the enzyme from F. oxysporum were reported neither for
ost of the substituted aromatic nitriles examined by us, nor

or 4-cyanopyridine.
Branched nitriles (lactonitrile, isobutyronitrile) were poor

ubstrates of the nitrilase, being hydrolyzed at a 4% relative
ate in comparison with benzonitrile (see Table 3). How-
ver, considerable amount of products could be obtained from
hese and other branched nitriles (2-chloropropionitrile, 2-
henylpropionitrile, 2-methyl-3-butenenitrile) after extended
eaction times (1–3 days at room temperature; data not shown).
xamination of the enantiomeric purity of products obtained

rom the above nitriles (racemates) is in progress.

.5. Chemoselectivity

At optimum reaction conditions, the product formed by
he new nitrilase consisted of <1% of amide in case of ben-
onitrile conversion and 1–3% of amide in case of 3- and
-cyanopyridine conversion. At suboptimal conditions (e.g., pH
.0), the ratio of benzamide in the total product of benzoni-
rile hydrolysis increased slightly (to ≤2%). Thus it is evident
hat the new nitrilase produced much less by-products, amides,
han the enzymes from A. niger K10 [10], P. fluorescens EBC
91 [19,20] or Arabidopsis thaliana [21], which formed amides
s prevailing products from some nitriles, but also less than the
itrilase from F. oxysporum [7], which formed 4–6% benzamide
rom benzonitrile. Therefore, the high chemoselectivity of the
ew enzyme appears to be a significant advantage whenever
ydrolysis of nitriles into pure carboxylic acids is desired. The
urity of the carboxylic acids can be further increased by sup-
lementing the reaction mixture with an amidase of suitable
ubstrate specificity, as demonstrated by us recently [12].

It is evident from a recent study on a recombinant nitrilase
rom P. fluorescens EBC 191 [20] that the acid: amide ratio is
argely influenced by electron effects as well as by the absolute
onfiguration of substituents at the �-position. A mechanism for
he amide formation was hypothesized, proposing destabiliza-
ion of the positive charge on the nitrogen atom of the CN-group,
his charge being essential for interaction with the Glu residue of
he Glu-Lys-Cys catalytic triad. It is also obvious from the com-
arison of different nitrilases that not only the substrate structure,

ut the structure of the enzyme too is crucial for the mechanism
f nitrile conversion by nitrilases. In this respect there is a great
ifference between the nitrilase from F. solani O1, F. oxysporum
7] and a number of bacterial nitrilases, on one hand, and the
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bility was monitored during the conversion of 4-cyanopyridine,
which is superior substrate of this enzyme. Due to the high
specific activity of the nitrilase, a very low protein amount
(<0.05 mg/reactor) was sufficient to load the 72-mL biore-
V. Vejvoda et al. / Journal of Molecula

itrilases from A. niger [10], A. thaliana [21] and P. fluorescens
19,20], on the other hand. Molecular modelling of nitrilases
ay be helpful for elucidation of this phenomenon which may

e related to different ability in different enzymes to stabilize
he positively charged N-atom in the product intermediate.

.6. Effects of temperature and pH on enzyme activity

The nitrilase from strain O1 exhibited the highest activities
t a temperature range between 40 and 45 ◦C. The activities
t 35 and 50 ◦C were 60 and 26% of the maximum activity,
espectively. The enzyme showed only traces of activity at 55 ◦C.
he activity of the enzyme from F. oxysporum f. sp. melonis was

he highest at 40 ◦C but decreased sharply at 45 ◦C [6]. However,
irect comparison of the temperature optima was not possible
ue to different reaction times used. On the other hand, the pH
ptimum of the new enzyme (7–9) was not as broad as that
hown for the enzyme from F. oxysporum f. sp. melonis, which
xhibited comparable activities in the range of pH 6–11. The
nzyme from strain O1 showed 5, 39 and 29% of the maximum
ctivity at pH 5, 6 and 10, respectively, and it was nearly inactive
t pH 11.

.7. Effect of cosolvents

Since most nitriles are poorly soluble in aqueous media,
itrilases operating in the presence of organic cosolvents are
f practical impact. For instance, the recombinant nitrilase
rom Synechocystis sp. PCC6803 showed fair activities in
uffer—organic solvent monophasic or biphasic mixtures (par-
icularly in 40% dimethylsulfoxide, 20% methanol or 40%
-heptane) [22]. Nitrilase in cell-free extracts from Pseu-
omonas DSM 11397 retained an even higher ratio of its initial
ctivity in the presence of hydrocarbons (95% in 75% n-octane,
06% in 95% n-hexadecane and 25–58% in buffer-saturated

rimary alcohols) [23]. The results of benzonitrile biotransfor-
ation catalyzed by the nitrilase from strain O1 (see Fig. 4)

uggested that this enzyme is also suitable for use in selected
rgano-aqueous media. More than half of its initial activity was

ig. 4. Effect of organic cosolvents on activity of the purified nitrilase. The
itrilase activity was assayed with 25 mM benzonitrile (see Section 2 for details).
he activity of the enzyme in presence of 5% (v/v) methanol (156 U mg−1) was

aken as 100%.
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etained in the presence of 5–50% of n-hexane or n-heptane or
–15% of xylene or ethanol. In addition, the enzyme showed
ore than 30% of the control activity with 5–10% of toluene,

ylene, dimethylsulfoxide or methanol and at 5% acetonitrile,
ichloromethan, 2-propanol, aceton or ethyl acetate. The reac-
ion rate seemed to be also influenced by the distribution of
ubstrate (benzonitrile) between the organic and the aqueous
hase (>9: 1 for toluene or xylene, <8: 2 for n-hexane or n-
eptane).

.8. Application of the nitrilase in ultrafiltration membrane
ioreactor

The ultrafiltration membrane reactor was shown to be a use-
ul tool for the investigation of enzyme operational stability and
or the laboratory-scale studies of continuous biocatalytical pro-
esses [16,24]. Using this reactor configuration, bioprocesses
or the conversions of, e.g., acrylonitrile or benzonitrile by
acterial cells were proposed (ibid.). In this work, nitrilase sta-
ig. 5. Conversion of 4-cyanopyridine (45 mM) by the purified nitrilase in an
ltrafiltration-membrane reactor at 35 ◦C (A) and 45 ◦C (B). (�) Isonicotinic
cid, (�) isonicotinamide, (�) 4-cyanopyridine. See Section 2 for details.
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ig. 6. Effect of temperature on the operational stability of nitrilase in biocon-
ersion of 45 mM 4-cyanopyridine at 35 ◦C (�) and (�) 45 ◦C.

ctor. Total conversion was not desired in this experiment,
s we aimed at monitoring the changes in the system pro-
uctivity depending on the reaction conditions (see Fig. 5).
sing the above enzyme load, partial conversion of 45 mM
-cyanopyridine (29–46%) was achieved at 35 ◦C. Despite
he high protein dilution, the enzyme showed a very good
tability at this temperature. Under these conditions, the oper-
tional deactivation constant and the enzyme half-life was
.0025 h−1 and 277 h, respectively. The linear response in a
emilogarithmic plot of reaction rate against process time (see
ig. 6), once the reactor reaches the steady-state, indicates
first-order enzyme deactivation kinetics and the slope of

he straight line is the operational deactivation constant. By
ncreasing the operation temperature from 35 to 45 ◦C, the
nitial reaction rate, evaluated as ordinate intercept, increased
rom 65.8 (regression coefficient = 0.97) to 152 (regression
oefficient = 0.92) �mol min−1 mgprotein

−1. However, the deac-
ivation constant increased up to 0.066 h−1 and the enzyme
alf-life decreased to 10.5 h. Nevertheless, operation of the reac-
or at 45 ◦C should be practicable as the activity loss can be
alanced by increasing the enzyme load, which was very low in
he present experiment.

. Conclusion

The new nitrilase from a soil isolate F. solani O1 is avail-
ble at high levels by cultivation of the strain at hyperinduction
onditions. The specific activity of the enzyme exceeds those
f the most nitrilases reported to date. The enzyme is highly
ctive towards heterocyclic nitriles important as intermediates

f pharmaceuticals (3-cyanopyridine—precursor of nicotinic
cid, vitamin; 4-cyanopyridine—precursor of isonicotinic acid
ydrazide, tuberculostatic). Chemoselectivity of the enzyme
uarantees a high product purity, which, however, can be
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urther increased by using a bienzymatic nitrilase—amidase
atalyzed process. These properties, together with the good sta-
ility make this enzyme a promising biocatalyst for mild nitrile
ydrolysis.
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Appl. Microbiol. Biotechnol. 73 (2006) 567.

11] V. Vejvoda, O. Kaplan, J. Klozová, J. Masák, A. Čejková, V. Jirků, R.
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bstract

This work critically reviews the assays of nitrile-converting and nitrile-forming enzymes (nitrilases, nitrile hydratases, amidases, aldoxime
ehydratases). Most of the strains producing such enzymes were obtained by selection on media with nitriles, amides or aldoximes as nitrogen
ources. Activity and enantioselectivity of the enzymes was usually assayed by time-consuming chromatographic analysis of substrates and
he corresponding reaction products. Attempts at introducing faster assays resulted in several spectrophotometric methods for reaction product
ammonia, hydroxamate, methacrylamide, benzamide, etc.) determination. Recently, new methods for colorimetric and fluorimetric determination
f ammonia have been developed, which appear promising for high-throughput assays. Alternatively, methods consisting in determination of

ADH consumed in a coupled amination reaction or pH-responsive methods are promising for this purpose. All the above selection and screening
ethods establish fundamental conditions for the design of hierarchical screening projects. However, the potential of these principles, in particular

pectrophotometric and fluorimetric methods, will be probably further exploited and adapted to multiwell plate and robotic systems.
2007 Elsevier B.V. All rights reserved.
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1

i
h
w

168-1656/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jbiotec.2007.10.011
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325

. Introduction
The metabolism of compounds containing CN-group
nvolves a broad spectrum of reactions, including enzymatic
ydrolysis (see below), oxygenase/oxynitrilase-catalyzed path-
ays (Jallageas et al., 1980) and cyanide reduction by
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ig. 1. Nitrile biotransformations catalyzed by enzymes reviewed in this work.

itrogenase (EC 1.18.6.1) (Liu et al., 1997). The present review
f screening and selection methods is primarily focused on
itrile hydrolysis, which proceeds by two distinct mechanisms,
ither a nitrile hydratase (EC 4.2.1.84)–amidase (EC 3.5.1.4)
equential reaction or a single-step process catalyzed by nitri-
ase (EC 3.5.5.1). The assays of aldoxime dehydratases (EC
.99.1.5), which synthesize nitriles from aldoximes, are also dis-
ussed. Together with oxynitrilases (EC 4.1.2.10) (for instance,
ohnson et al., 2000), all the enzymes involved in cascade con-
ersions of aldoximes to carboxylic acids (see Fig. 1) gain
rowing interest as useful alternatives of conventional catalysts.

Moreover, their chemo-, stereo- and regioselectivity open a
traightforward way to a broad variety of amides, carboxylic
cids, amines and other intermediates of fine and pharmaceuti-
al chemicals (for review see Sugai et al., 1997; Martı́nková and
řen, 2002). The past two decades have witnessed an intensive

esearch into this field of biocatalysis, as illustrated by the grow-
ng number of articles dealing with enzymatic nitrile hydrolysis
see Fig. 2). The patent literature exhibits the same trend (see
ugai et al., 1997; Martı́nková and Křen, 2002), patents cov-
ring not only process design, but also enzyme improvement.
he search for new enzymes with improved biocatalytic proper-

ies posed growing demands on the development of appropriate
ethods.
In general, assaying a large number of enzyme sources can

e based on either screening or selection (Demirjan et al., 2000).
creening methods are largely readily available and quantitative,
ut every single colony must be analyzed for enzyme activ-

ty. Selection methods are based on using a selective medium,
hich allows only the colonies with the desired enzyme to grow.
herefore, they are more difficult to develop and provide only
ualitative results, but have a very high throughput.

ig. 2. Number of publications on enzymatic nitrile hydrolysis (according to
ww.scopus.com; nitrile hydratase or nitrilase or aldoxime dehydratase): grey,

rticles; white, patents.

n
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F
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ig. 3. Determination of products formed in a nitrilase-catalyzed reaction.

Selection has been routinely used to obtain nitrile- or amide-
tilizing microorganisms (see Section 2). A broad spectrum of
ethods is applicable to assays of their enzymatic activities, but

evelopment of the corresponding high-throughput screens is a
omplex task. Different reaction products of a nitrilase-catalyzed
eaction and possible methods of their quantitation are illustrated
n Fig. 3.

Direct measurement of nitriles, amides and acids is not gener-
lly possible but methods based on UV spectrometry and NMR
r IR spectroscopy have been applied to some specific cases
see Section 3.1.1.1). Therefore, reaction products have been
ost often separated by chromatographic methods prior to spec-

rophotometric quantitation (organic compounds) or determined
n coupled reactions (ammonia). The frequency of use of these
nd other methods in a set of 111 articles is shown in Fig. 4.

Liquid or gas chromatography is useful for accurate analy-
is of the reaction products and especially for enantioselectivity
ssays, but unsuitable for high-throughput screens. Colorimetric
r fluorimetric determination of ammonia as a common prod-
ct of nitrilases and amidases forms a promising fundament for
evelopment of faster screening methods (see Section 3.2.2.1).
owever, these methods are not utilizable for nitrile hydratases

nd aldoxime dehydratases, unless another enzyme (amidase
r nitrilase) able to release ammonia from the product (amide,

itrile) is added to the reaction mixture. Furthermore, numerous
eactions catalyzed by crude enzymes can interfere with ammo-
ia formation. Another significant drawback of these methods
s their unsuitability for continuous assays. Therefore, in situ

ig. 4. Type of nitrilase and nitrile hydratase assays used in 111 arti-
les published between January 2000 and February 2007 (according to
ww.scopus.com).

http://www.scopus.com/
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20 L. Martı́nková et al. / Journal o

etermination of protons as another common nitrilase/amidase
roduct is an attractive alternative (see Section 3.1.2.1), but
uantitative assays based on this principle remain to be devel-
ped. Conductivity assay is another promising candidate to use
s a direct nitrilase/amidase assay (see Section 3.1.1.2), the
otential of which, however, is still to be fully exploited.

. Selection

Selection is a method of choice for isolation of nitrile-
ydrolyzing microorganisms, as nitrilase and amidase convert
heir substrates into ammonia, which are utilized as the N source.
herefore, microorganisms producing the enzymes of interest
re often able to grow in presence of nitriles or amides as sole
sources. In some cases, the carboxylates resulting from nitrile

r amide hydrolysis are also utilized by the microorganism and,
herefore, the corresponding substrate can serve as sole C and N
ource.

Most nitrile-converting microorganisms were obtained by
sing a selection technique designed as an enrichment culture,
hich consists in repeated subcultivations of mixed micro-
ial populations with the target compound. Microorganisms
rowing faster than other species become dominant in the cul-
ure (for review see Asano, 2002). Different microbial strains
re usually selected, when using different nitrile or amide
ompounds. For example, gram-negative bacteria with nitri-
ase and sometimes also amidase activity were obtained when
sing 2-phenylpropionitrile as sole N source, while the use of
ther 2-arylpropionitriles gave mainly rhodococci with nitrile
ydratase and S-specific amidase activities (Layh et al., 1997).
he strains usually showed high-relative activities for substrates,
hich were used during the selection procedure. In order to

solate nitrilase-producing strains of fungi, enrichment on 3-
yanopyridine as sole N source was carried out in presence of
ose Bengal, an inhibitor of bacterial growth (Kaplan et al.,
006).

Selection criteria such as temperature or pH can be also varied
ccording to the desired properties of the enzyme. For example,
nrichment culture performed at pH 3 with 2-phenylacetonitrile
s sole N source afforded an acidotolerant nitrile-hydrolyzing
train of Exophiala mesophila (Rustler and Stolz, 2007). Such
icroorganisms are promising for the hydrolysis of cyanohy-

rins, which are unstable at pH above 5.
However, the enrichment technique is not generally applica-

le, as some nitriles and amides may inhibit growth. Structurally
imilar substrates can be sometimes used in that case. For
nstance, microorganisms catalyzing the hydration of acryloni-
rile were isolated by enrichment cultures with acetonitrile or
sobutyronitrile (for review see Asano, 2002). This approach
as also used for labile substrates such as mandelonitrile that

s prone to decomposition into benzaldehyde and HCN, and
-acetylmandelonitrile that is cleaved into mandelonitrile due

o the action of ubiquitous bacterial esterases. Therefore, 2-

henylacetonitrile and its substituted derivatives were used as
ubstrates for the selection of bacteria with nitrilase activities
owards mandelonitrile (Kaul et al., 2004; Layh et al., 1992) and
-acetylmandelonitrile (Layh et al., 1992).
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chnology 133 (2008) 318–326

Alternatively, a modified selection technique designed as
cclimation culture can be applied when the desired microor-
anisms cannot be easily obtained by an enrichment culture due
o toxicity or unnatural character of the substrate. In that case a
ong-term adaptation of a microorganism to a synthetic medium
ith the target compound allowed for genetic changes in the
icroorganism (for review see Asano, 2002). This approach

roved successful, for instance, in the isolation of microorgan-
sms harbouring the novel enzyme aldoxime dehydratase (Kato
t al., 1998).

. Screening for activity

.1. Continuous methods

In general, continuous assays are preferable for enzyme activ-
ty determination, as they are fast and simplify the study of
nzyme kinetics. For the enzymes in question, however, only
ew assays of this type have been developed. Uncoupled meth-
ds consisted in on-line product monitoring by spectral methods
r conductivity measurement. Coupled assays were based on
pectrophotometric detection of protons or enzymatic reaction
f ammonia with concurrent NADH consumption.

.1.1. Uncoupled methods

.1.1.1. Spectral methods. Monitoring of product formation
y UV spectrometry is not generally applicable to nitrile-
ransforming enzymes because the absorbance of chromophores
ike cyano, amido and carboxy groups is low and the spectra
f substrates and products are similar in most cases. However,
pectrometric assays can be used for nitriles bearing other chro-
ophores, if the absorption of the chromophore is shifted due

o substrate conversion (see Fig. 5).
Direct monitoring of the amide formation by UV spectrome-

ry was employed to determine the activity of nitrile hydratases
for instance, Brennan et al., 1996; Murakami et al., 2000). The
onversion of methacrylonitrile was continuously monitored
y measuring the absorption of the product methacrylamide at
24 nm. Methacrylonitrile is a good substrate of most nitrile
ydratases and, therefore, this method seems to be widely appli-
able, but presence of proteins in crude enzyme samples may
nterfere with the assay.

A spectrometric assay was also developed for a ricinine-
pecific nitrilase (Hook and Robinson, 1964). This method
s based on the difference in the absorption of ricinine
N-methyl-3-cyano-4-methoxy-2-pyridone) and its product N-
ethyl-3-carboxy-4-methoxy-2-pyridone at 315 nm. It seems

o be of limited use, as ricinine was not reported as substrate
f other nitrilases.

A new method applicable to both nitrilase and nitrile
ydratase consists in spectrophotometric monitoring of the prod-
cts of benzonitrile conversion (benzamide or benzoic acid) at

38 nm as a wavelength, at which the substrate shows no signif-
cant UV absorption (Vejvoda et al., 2008). Analogous methods
or other (hetero)aromatic nitriles are currently being developed
y our group.
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Fig. 5. Spectrophotometric assays of nitrilases an

1H NMR spectroscopy proved to be applicable to kinetic
tudies of enzymatic hydrolysis of nitriles, which could be dif-
erentiated from their products on the basis of distinct chemical
hifts (at least 2 ppm) of equivalent protons (Jallageas et al.,
979). It can be expected that application of higher magnetic
elds would extend the utility of this method, which was devel-
ped using a 100 MHz instrument. However, this approach will
ot probably find broad application due to instrumentation costs.

Mid-infrared spectroscopy was used for on-line monitoring
f carboxylic acids formed by nitrilase-catalyzed biotransfor-
ation of acetonitrile and benzonitrile (Dadd et al., 2000) and

rovided quantitative and qualitative real-time data as the above
ethods.

.1.1.2. Conductivity assay. Continuous measurement of the
onductivity change was used for monitoring of amidase-
atalyzed hydrolysis of acetamide (Reisinger et al., 2004). This
ethod is convenient for a quick quantitative determination of

he amidase activity, which was calculated using calibration for
mmonium acetate, and can be also used for other substrates, as

ell as for nitrilase assays.

.1.2. Coupled methods

.1.2.1. pH-shift detection. A simple colorimetric assay
Banerjee et al., 2003b) is based on monitoring the colour change

o
b
n
a

ile hydratases (black, substrates; grey, products).

f a pH indicator. This change is directly proportional to the
mount of acid (protons) released in a nitrilase-catalyzed reac-
ion. Bromothymol blue meets the demands of the assay, as its
Ka (7.3) is close to that of the buffer used (10 mM phosphate
uffer, pH 7.2) and its colour change (green-yellow, pH 6–7.6)
alls into the pH range of enzyme activity. Moreover, the nitrilase
s not inhibited by this compound. This system is compatible
ith the activity profile of most nitrile-hydrolyzing enzymes.
n the other hand, phenol red-tris buffer systems appear to be

uitable for enzymes operating at a slightly higher pH (around
.0).

This method could be only used for qualitative screening as
he absorbance of cells present in the reaction mixtures interfered
ith the spectrophotometric readings. Cell lysis would solve this
roblem but add a further time-consuming step. Therefore, the
uthors concluded that this method is suitable for application to
he earliest steps in hierarchical screens.

.1.2.2. Coupling with NAD-forming reaction. Recently, a
ethod based on monitoring the fluorescence of NADH formed
r consumed during coupled reactions was shown to be applica-
le to assays of various enzymes including nitrile hydratase,
itrilase and amidase (Reisinger et al., 2006). For nitrilase
nd amidase activity determination, the hydrolysis of benzoni-
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rile and acetamide, respectively, was coupled to the glutamate
ehydrogenase-catalyzed reaction, which gave glutamate from
mmonia and 2-ketoglutarate at concomitant NADH consump-
ion. The same principle was used for the nitrile hydratase assay
ith methacrylonitrile as the substrate, but amidase was added

o liberate ammonia from methacrylamide. Upon UV (360 nm)
xcitation, the NADH fluorescence at 450 nm was recorded
sing a digital still camera. This procedure could be used for
oth continuous and end-point method, while the latter one
as more sensitive. The possibility to detect enzyme activity
irectly in recombinant cells makes this method promising for
he fast elimination of negative clones. On the other hand, the
on-specific NADH oxidation by crude enzyme preparation is
significant drawback.

.2. Stopped methods

.2.1. Reaction and stopping conditions
Contrary to continuous methods, the choice of reaction con-

itions for stopped methods is not restricted (Scopes, 1994).
ost of the enzymes in question are active at neutral or slightly

lkaline pH (for review see Banerjee et al., 2002). The opti-
um temperatures of the enzymes, which are largely produced

y mesophilic bacteria, are in general moderate, while nitrile
ydratases and aldoxime dehydratases require lower tempera-
ures (≤40 and ≤45 ◦C, respectively) than nitrilases (≤55 ◦C)
nd amidases (≤60 ◦C) (for reviews see Banerjee et al., 2002;
ato and Asano, 2005). However, a few nitrile hydratases and
itrilases with pH optima of 60 and 65 ◦C, respectively, exist in
oderate thermophiles (for review see Banerjee et al., 2002) and,

n addition, the first highly thermostable nitrilase was reported
ecently (Müller et al., 2006).

Due to a low solubility of nitriles and amides in aqueous
edia, organic cosolvents are usually added to the reaction
ixtures. Appropriate cosolvent type and concentration (mostly
10%, v/v) are different for different enzymes (for review

ee Martı́nková and Mylerová, 2003). The low solubility of
ydrophobic substrates often prevents to run the reaction at
ptimal substrate concentrations (10 × Km; Scopes, 1994).

The enzymatic reactions of nitriles and amides are commonly
topped by enzyme denaturation (acidification or addition of a
arge dose of an organic solvent like 2-propanol). The com-
ounds of interest are usually stable under the routine stopping
onditions.

.2.2. Product analysis

.2.2.1. Determination of ammonia. Nitrilase and amidase
ssays are often based on the determination of ammonia.
he parameters (detection and quantitation limits, selectivity,
afety, costs, etc.) of several analytical methods, i.e. colorimet-
ic Nessler, indophenol and indothymol methods, fluorimetric
odified Roth’s method, chemiluminiscent methods and ion

elective electrode (ISE), were reviewed recently (Molins-Legua

t al., 2006). For the indophenol method commercial kits are
vailable (for instance, from Merck). Some variations of this
ethod are used in other works (Heald et al., 2001; Vorwerk et

l., 2001). A commercial kit from R-Biopharm (Darmstadt, DE)

e
r
t
c
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s also available for a discontinuous enzymatic assay based on
mination of 2-ketoglutarate catalyzed by glutamate dehydro-
enase.

Recently, methods promising for high-throughput screens
ere introduced. A fluorescent assay based on formation
f an isoindole derivative from ammonia and a buffered o-
hthaldialdehyde-2-mercaptoethanol solution (Banerjee et al.,
003a) is similar to the above modified Roth’s method using o-
hthaldialdehyde/N-acetylcysteine reagent (Meseguer-Lloret et
l., 2005), but the former method has a broader linearity range
up to 17 mg NH3 L−1).

A new colorimetric assay is based on the formation of a com-
lex of ammonia with Co2+ ions (Yazbeck et al., 2006). A benefit
f this method is a very short-development time. On the other
and, the ratio of signal to noise (signal resulting from cells
ith no nitrilase activity) is much higher than in the fluorimetric
ethod.
Ammonia determination may not always provide a true esti-

ation of the enzyme activity for several reasons: first, ammonia
ay be formed or utilized by side reactions in cell lysates or
hole cells. Second, determination of ammonia by indophenol
r indothymol methods and ISE interferes with some amines
Molins-Legua et al., 2006). Third, the enzyme activity leading
o the formation of amide (for review see O’Reilly and Turner,
003), which often makes up a considerable part of the nitrilase
roduct, will not be reflected.

.2.2.2. Chromatographic analysis of carboxylic acids, amides,
itriles and aldoximes. Enzymes involved in nitrile metabolism
argely differ in substrate specificity. Nitrilases can be roughly
ivided into three subgroups according to substrate specificity:
romatic, aliphatic and arylaliphatic nitrilases (for review see
obayashi and Shimizu, 1994). Among amidases active towards
rimary amides, subgroups with distinct substrate specifici-
ies can be also traced as “aromatic amidases”, “short chain
midases”, “enantioselective amidases” (active towards aryl-
ropionamides) and l-aminoacid amidases. Nitrile hydratases
ere formerly considered to be specific for aliphatic nitriles but

ctivities of these enzymes towards plethora of (hetero)aromatic
itriles were reported later (for review see Sugai et al., 1997
nd Martı́nková and Mylerová, 2003). With respect to differ-
nt substrate specificities of nitrile-degrading enzymes, it is not
urprising that aldoxime dehydratases co-existing with them in
he same organism also differ in substrate preferences (Kato et
l., 2000, 2004). Therefore, a broad spectrum of substrates was
sed for activity assays in each of the above enzyme groups. This
ecessitated elaboration of a great variety of chromatographic
ethods. They provide a true picture of the reaction mixture

omposition at a given time and this is the main reason of their
referential use. The activity of aldoxime dehydratases has been
o far determined almost only by these methods.

Thin-layer chromatography (TLC) has been often employed
or a fast, qualitative or semi-quantitative determination of

nzyme activity towards various nitriles and amides. For accu-
ate activity measurement liquid and gas chromatography are
he methods of choice. Reversed-phase high-performance liquid
hromatography (HPLC) coupled with UV detection has been
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Fig. 6. Separation of benzamide, benzoic acid and benzonitrile (eluted in
this order) on monolithic and classical reversed-phase columns (30% ace-
tonitrile, 0.1% H3PO4, flow 0.9 ml min−1, 228 nm; A: RP C18 NovaPak
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mandelonitrile were compared, since only this enantiomer was
Waters), 150 mm × 3.9 mm i.d., 4 �m; B: Chromolith Flash RP-18 (Merck),
5 mm × 4.6 mm i.d.; unpublished data).

sed whenever possible, i.e. for most of the aromatic and ary-
aliphatic compounds. Because of the low absorbance of cyano,
mido and carboxy groups, this method is not suitable for satu-
ated aliphatic nitriles, which have been mostly analyzed by gas
hromatography (GC) coupled with flame ionization detector.
C or HPLC with mass spectrometric detection is invaluable

or identification of unknown products.
New materials and systems, such as monolithic columns

Brady et al., 2006) or ultra performance liquid chromatog-
aphy (UPLC), are now available but they have not yet been
sed so widely as classical HPLC. However, these new prod-
cts are highly relevant for fast enzyme screening. For instance,

he analysis on monolithic columns can be several times faster
han that on classical HPLC columns, while the same separation
fficiency can be achieved (see Fig. 6).

c
d
c

Fig. 7. Spectrophometric assay of amidase-ca
chnology 133 (2008) 318–326 323

Enzyme assays based on determination of substrates or reac-
ion products may be sometimes inaccurate. Small aliphatic
itriles and those substituted with hydroxy and amino groups can
e metabolized via different pathways by the whole cells (Meth-
ohn and Wang, 1997). Other side reactions may also occur,

uch as the recently reported conversion of nitriles into amides by
he commonly used nitrilase stabilizer, dithiothreitol (Winkler et
l., 2006). This finding suggests that plausible abiotic transfor-
ation of the substrate has always to be considered. Evaporation

f volatile nitriles must be taken into account as well.

.2.2.3. Spectrophotometric determination of hydroxamates. A
pectrophotometric amidase assay is based on acyl transfer onto
ydroxylamine and subsequent colorimetric estimation of the
esulting hydroxamate using Fe3+ salts (Brammar and Clarke,
964; Brown et al., 1969; Hirrlinger and Stolz, 1997; Reisinger
t al., 2004; see Fig. 7). The colour reaction with Fe3+ salts
s very fast and selective for hydroxamates. This enables sim-
le recognition of active vs. inactive cells (Hirrlinger and Stolz,
997). The product can be also quantified spectrophotometri-
ally at 500–520 nm. The method was applied to various amides
ike acetamide (Hirrlinger and Stolz, 1997, Reisinger et al.,
004), butyramide (Brown et al., 1969), phenylacetamide and
-phenylpropionamide (Hirrlinger and Stolz, 1997). It is notable
hat the specific activity for the formation of hydroxamates from
mides was in general higher than that for amide hydrolysis
Hirrlinger and Stolz, 1997).

. Screening for enantioselectivity

Many enantioselective enzymes have been identified among
itrilases, nitrile hydratases and particularly amidases but this
nantioselectivity is often still not sufficient to meet the demands
f industrial processes. Broad screening for enantioselectivity is
ikely to afford desired enzymes. Chiral chromatographic meth-
ds employed in most previous works are not suitable for fast
creening. However, most of the above colorimetric and fluo-
imetric methods are also applicable to rapid enantioselectivity
ssays, provided at least one of the enantiomers is available in
n optically pure form.

The above pH-responsive method (see Section 3.1.2.1)
as used for screening of (R, S)-mandelonitrile-hydrolyzing

ctivity in about 60 microbial strains (Banerjee et al., 2003b).
he positive candidates were examined for enantioselectivity.
he rates of hydrolysis of racemic mandelonitrile and (R)-
ommercially available. The interpretation of the results was
ifficult, when the reaction of both racemate and R-enantiomer
aused colour change, as the corresponding enzymes could be

talyzed acyl transfer on hydroxylamine.
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Table 1
Some characteristics of assays of nitrile-, amide- and aldoxime-converting enzymes

Method Preferential substrate Enzyme Pros Cons

TLC Non-volatile All Fast Semi-quantitative
GC Volatile All Separation and quantitation of

reaction components,
automation

Instrumentation costs,
time-consuming

HPLC (Hetero)Aromatic All
Spectrophotometric ammonia

determination
No preference Amidase, nitrilasea Fast, cheap Reaction mixture

interference
Spectrophotometric analysis of

organic products
Unsaturated,
(hetero)aromaticb

All Fast, cheap, continuous Reaction mixture
interference

pH shift No preference Amidase, nitrilasea ndc

Conductivity assay No preference Amidase, nitrilasea ndc

Coupling with NADH detection No preference Amidase, nitrilasea Fast, continuous Material costs
NMR spectroscopy No preferenced All Identification of unknown

products, quantitative
Instrumentation costs

IR spectroscopy Water soluble All

a For other enzymes coupling with nitrilase or amidase required.
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b Different spectral maxima of substrates and products required.
c No detailed evaluation available.
d Sufficient chemical shift for equivalent protons required.

ither non-selective or R-selective. Therefore, it was proposed
o run the screens with pure enantiomers. However, a microbe
hat was selective for (S)-mandelonitrile was identified by this

ethod. Nevertheless, it is to be considered that the ratio of
eaction rates for separate enantiomers does not truly reflect the
nantiomeric preference of the enzyme acting on a racemate.
oreover, racemization of mandelonitrile must be considered

t pH above 5 (Rustler et al., 2007).
An alternative method is based on the identification of

trains, which convert about 50% of a racemic substrate as
onitored by a semi-quantitative TLC method. This approach

roved successful in the search of amidases specific for
S)-piperidine-2-carboxamide and (S)- or (R)-piperazine-2-
arboxamide (Eichhorn et al., 1997).

The last steps of hierarchical screens require accurate deter-
ination of enantiomeric purity of the products. A large number

f chiral chromatographic methods are available from previous
tudies. HPLC methods have been used for chiral separation of
andelic acid (for instance, Kaul et al., 2004), �-amino nitriles,
-amino amides and �-amino acids (Winkler et al., 2005),
-arylpropanenitriles, 2-arylpropanamides and 2-arylpropanoic
cids (Bauer et al., 1994), 3-aryl-4-cyanobutanenitriles
nd 3-aryl-4-cyanobutanamides (Martı́nková et al., 2001),
-aryl-4-pentenenitriles, 2-aryl-4-pentenamides and 2-aryl-4-
entenoic acids (Wang and Zhao, 2002), Baylis–Hilman
mides and acids (Wang and Wu, 2003), etc. Chiral GC
as applied, for instance, to the determination of enan-

iomers of �-hydroxyacids and �-hydroxyamides (Osprian
t al., 2003), 2-hydroxy-2-(trifluoromethyl)propionamide, 2-
ydroxy-2-(trifluoromethyl)propionic acid (Shaw et al., 2002)
nd 2-methylbutanoic acid methyl ester (Gradley et al., 1994).
. Conclusions and outlook

Available assays of nitrile-hydrolyzing and nitrile-forming
nzymes provide the background for the design of hierarchi-

l
O
i
M

al screening programmes. The selection of strains or clones
tilizing nitriles or amides (substrates of interest or struc-
urally similar compounds) as sources of N is suitable for
he initial step. For early and intermediate screens, spectro-

etric assays based on determination of ammonia, protons
r NADH formed in a coupled reaction were introduced
ecently. Assays based on direct spectrophotometric measure-
ent of the amide or acid product are promising, but so

ar limited to a few substrates. For the most specific final
creens, a large choice of (a)chiral HPLC and GC methods
or structurally distinct biotransformation products is provided.
he pros and cons of different methods are summarized in
able 1.

The reaction conditions and product detection or quantitation
ust be optimized for each screening project. The rapidity vs.

ccuracy of the method can be strengthened by varying the num-
er of operations (use of whole cells vs. cell lysis, qualitative
isual detection vs. removal of whole cells prior to quantitative
pectrophotometric reading).

The probability of improvement of nitrile-metabolizing
nzymes will increase, if suitable high-throughput methods
re available. Due to growing interest in this group of
nzymes, which, however, often require an improvement of
heir properties (stability, enantioselectivity) prior to indus-
rial application, an intensive effort towards development of
ast and effective screening and selection approaches must be
ndertaken.
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L. Martı́nková et al. / Journal o

eferences

sano, Y., 2002. Overview of screening for new microbial catalysts and their
uses in organic synthesis—selection and optimization of biocatalysts. J.
Biotechnol. 94, 65–72.

anerjee, A., Sharma, R., Banerjee, U.C., 2002. The nitrile-degrading enzymes:
current status and future prospects. Appl. Microbiol. Biotechnol. 60, 33–44.

anerjee, A., Sharma, R., Banerjee, U.C., 2003a. A rapid and sensitive fluoro-
metric assay method for the determination of nitrilase activity. Biotechnol.
Appl. Biochem. 37, 289–293.

anerjee, A., Kaul, P., Sharma, R., Banerjee, U.C., 2003b. A high-throughput
amenable colorimetric assay for enantioselective screening of nitrilase-
producing microorganisms using pH sensitive indicators. J. Biomol. Screen.
8, 559–565.

auer, R., Hirrlinger, B., Layh, N., Stolz, A., Knackmuss, H.-J., 1994. Enan-
tioselective hydrolysis of racemic 2-phenylpropionitrile and other (R, S)-2
arylpropionitriles by a new bacterial isolate, Agrobacterium tumefaciens
strain d3. Appl. Microbiol. Biotechnol. 42, 1–7.

rady, D., Dube, N., Petersen, R., 2006. Green chemistry: highly selective
biocatalytic hydrolysis of nitrile compounds. S. Afr. J. Sci. 102, 339–344.

rammar, W.J., Clarke, P.H., 1964. Induction and repression of Pseudomonas
aeruginosa amidase. J. Gen. Microbiol. 37, 307–319.

rennan, B.A., Cummings, J.G., Chase, D.B., Turner, I.M., Nelson, M.J., 1996.
Resonance Raman spectroscopy of nitrile hydratase, a novel iron-sulfur
enzyme. Biochemistry 35, 10068–10077.

rown, J.E., Brown, P.R., Clarke, P.H., 1969. Butyramide-utilizing mutants
of Pseudomonas aeruginosa 8602 which produce an amidase with altered
substrate specificity. J. Gen. Microbiol. 57, 273–285.

add, M.R., Sharp, D.C.A., Pettman, A.J., Knowles, C.J., 2000. Real-time
monitoring of nitrile biotransformations by mid-infrared spectroscopy. J.
Microbiol. Meth. 41, 69–75.

emirjan, D.C., Shah, P.C., Morı́s-Varas, F., 2000. Screening for novel enzymes.
In: Fessner, W.-D. (Ed.), Biocatalysis. From Discovery to Application.
Springer-Verlag, Berlin, pp. 1–29.

ichhorn, E., Roduit, J.-P., Shaw, N., Heinzmann, K., Kiener, A., 1997. Prepara-
tion of (S)-piperazine-2-carboxylic acid, (R)-piperazine-2-carboxylic acid,
and (S)-piperidine-2-carboxylic acid by kinetic resolution of the correspond-
ing racemic carboxamides with stereoselective amidases in whole bacterial
cells. Tetrahedron: Asymmetry 8, 2533–2536.

radley, M.L., Deverson, C.J.F., Knowles, C.J., 1994. Asymmetric hydrolysis
of R-(−), S(+)-2-methylbutyronitrile by Rhodococcus rhodochrous NCIMB
11216. Arch. Microbiol. 161, 246–251.

eald, S.C., Brandão, P.F.B., Hardicre, R., Bull, A.T., 2001. Antonie van
Leeuwenhoek 80, 169–183.

irrlinger, B., Stolz, A., 1997. Formation of a chiral hydroxamic acid with
an amidase from Rhodococcus erythropolis MP50 and subsequent chemi-
cal Lossen rearrangement to a chiral amine. Appl. Environ. Microbiol. 63,
3390–3393.

ook, R.H., Robinson, W.G., 1964. Ricinine nitrilase. II. Purification and prop-
erties. J. Biol. Chem. 239, 4263–4267.

allageas, J.C., Arnaud, A., Galzy, P., 1979. Nitrilases and amidases: determina-
tion of activity by proton magnetic resonance spectrometry. Anal. Biochem.
95, 436–443.

allageas, J.C., Arnaud, A., Galzy, P., 1980. Bioconversions of nitriles and their
applications. Adv. Biochem. Eng., 1–32.

ohnson, D.V., Zabelinskaja-Mackova, A.A., Griengl, H., 2000. Oxynitrilases
for asymmetric C–C bond formation. Curr. Opin. Chem. Biol. 4, 103–109.
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a b s t r a c t

The nitrilases from Fusarium solani O1 and Aspergillus niger K10 showed a broad substrate specificity for
carbocyclic and nonaromatic heterocyclic amino nitriles, the preferred substrates being five-membered
�-amino nitrile (±)-1a, six-membered �-amino nitriles (±)-3a, (±)-5a and (±)-6a, pyrrolidine-3-
carbonitriles (±)-9a and (±)-10a as well as piperidine-4-carbonitriles 14a and 15a. Both enzymes showed
vailable online 24 June 2008

eywords:
mino nitriles
itrilase

a strong diastereopreference for cis- vs. trans-�-amino nitriles. The electronic and steric effects of N-
protecting groups affected the reactivity of the nitriles. Amides as by-products of the nitrilase-catalyzed
reaction were produced from heterocyclic amino nitriles (±)-9a, (±)-10a, 14a and 15a by the A. niger
enzyme but only from nitrile (±)-9a by the F. solani enzyme.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Since their discovery in 1964 [1,2] nitrilases have been reported
n many organisms: bacteria, fungi and plants (for a review see Ref.
3]). The biocatalytic impact of nitrilases resides in their ability to
ydrolyze a broad spectrum of synthetic nitriles. These enzymes
an be divided into three types according to their substrate speci-
city, that is aromatic, aliphatic and arylaliphatic nitrilases [4].

The importance of filamentous fungi as a source of new nitrilases
as been fully acknowledged just recently, when new informa-
ion on this group of enzymes was presented in several studies
5–10]. In general, the purified and characterized nitrilases from
usarium solani [9,11], Fusarium oxysporum f. sp. melonis [12] and
spergillus niger [5] belong to aromatic nitrilases and they largely
how high specific activites for the corresponding substrates (ben-
onitrile, its analogues and cyanopyridines). These enzymes are in
ost cases chemoselective, that is they produce little of the nitrilase

y-product amide [9–12], and regioselective, e. g., for benzenedi-
arbonitriles [5] and pyridinedicarbonitriles [8].

The aim of the present work was to get new information on the

iocatalytic potential of the recently purified nitrilases from F. solani
1 [9] and A. niger K10 [5], namely on the ability of these enzymes to

ransform branched and substituted nitriles. Therefore, we carried
ut screening of their activities as well as stereo- and chemoselec-

∗ Corresponding author. Tel.: +420 296 442 569; fax: +420 296 442 509.
E-mail address: martinko@biomed.cas.cz (L. Martínková).

a

2

p

381-1177/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2008.06.012
ivities towards a series of carbocyclic and nonaromatic heterocyclic
mino nitriles. Recently, these nitriles were synthesized and their
ydrolysis was catalyzed by the commercial nitrilases from Biocat-
lytics, Inc. [13,14]. This enabled to compare the catalytic properties
f the new fungal nitrilases with a set of commercial nitrilases with
idely varying specificities and selectivities.

. Experimental

.1. Microorganisms

A. niger K10 and F. solani O1 are deposited in the Culture Col-
ection of Fungi, Charles University Prague, Czech Republic (under
ccession numbers CCF 3411 and CCF 3635, respectively). The
ycelia were grown in submerged cultures with 2-cyanopyridine

nitrilase inducer) as described previously [5,9]. After being har-
ested, the mycelium of F. solani was frozen at −70 ◦C and
yophilized overnight.

.2. Enzyme purification

The nitrilases were purified from mycelia of F. solani and A. niger
s described previously [5,9].
.3. Substrates

The substrates were prepared and characterized as described
reviously [13,14].

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:martinko@biomed.cas.cz
dx.doi.org/10.1016/j.molcatb.2008.06.012
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.4. Typical biotransformation experiment

For screening experiments the purified enzymes from F. solani
approx. 4 �g of protein) and A. niger (approx. 6 �g of protein),
.e. 0.6 U as determined with benzonitrile, were diluted to 99.5 �L

ith phosphate buffer (50 mM, pH 8.0, 1 mM EDTA). The solu-
ion of the substrate in DMSO (40 mM, 0.5 �L) was added to
ive a final concentration of 0.2 mM. The reactions proceeded at
0 ◦C in a Thermomixer at 1100 rpm. After 18 h, 100 �L of acetone
as added. The reaction vessels were centrifuged at room tem-
erature and 13,000 rpm for 5 min to remove the biomass. The
upernatants were analyzed by RP-18 HPLC as described below. For
e-determination the products were extracted using ethyl acetate.
he solvent was removed and the residue dissolved in MeOH prior
o chiral HPLC analysis.

For screening experiments with lyophilized mycelium of F.
olani, 2.0 mg of the latter (0.9 U, determined with benzonitrile) was
uspended in 497.5 �L of phosphate buffer (50 mM, pH 8.0, 1 mM
DTA). The solution of the substrate in DMSO (40 mM, 2.5 �L) was
dded to give a final concentration of 0.2 mM. The reactions pro-
eeded at 30 ◦C in a Thermomixer at 1100 rpm. After 18 h, 500 �L
f acetone was added and samples were prepared and analyzed as
hose from experiments with purified enzymes.

.5. Analytical HPLC

Analytical HPLC was conducted with an Agilent Series 1100
PLC using a G1315A diode array detector. For determination of

he conversions a LiChrospher 100 RP18e column (5 �m) was used
t ambient temperature. The compounds were separated with a
radient of 0.1% H3PO4 (phase A) and acetonitrile (phase B) that
tarted with 20% phase B (5 min), increased linearly to 70% phase

over 15 min and was held at 70% phase B for 2 min. The flow
ate was 0.8 ml min−1. Enantiomeric excesses were determined
n a Daicel Chiralpak AD-H (5 �m) column using n-heptane/i-
ropanol 1:1 at 0.5 ml min−1 and 20 ◦C (1a), n-heptane/EtOH 1:1
t 0.5 ml min−1 and 20 ◦C (9a, 10a) and n-heptane/EtOH 4:1 at
.8 ml min−1 and 20 ◦C (5a).

. Results and discussion
.1. Substrate specificity

The substrate specificity of the nitrilases from F. solani and A.
iger was examined with a series of trans- and cis-configured car-

s
N
o
i
s

able 1
nzymatic hydrolysis of amino nitriles to non-proteinogenic amino acids

ubstrate Time (h) Fusarium solani O1

% nitrile ee% nitrile % acid

±)-1a 18 73 20 27
±)-3a 18 64 n.d.a 36
±)-4a 18 90 – 10
±)-5a 18 0 100
±)-5a 2 17 53 83
±)-6a 18 29 n.d.a 71
±)-7a 18 91 – 9
±)-9a 18 1b 3 96b

±)-10a 18 16 >99 84
±)-10a 2 60 37 40
±)-12a 18 97 – 3
±)-13a 18 97 – 3
4a 18 3 97
5a 18 4 96

a Due to overlaid peaks ee determination was not possible.
b The respective amides were detected in the amount of the complementing percentag
c ee of amide: 91%.
ysis B: Enzymatic 59 (2009) 243–247

ocyclic nitriles, as well as nonaromatic heterocyclic nitriles. The
ormer enzyme was used as both the purified protein and the
yophilized mycelium, but the latter one only as a partially purified
nzyme due to instability of the nitrilase activity in the lyophilized
ells of A. niger. Both enzymes were previously characterized as
romatic nitrilases but they also showed moderate activities on
traight chain aliphatic nitriles (the best substrate of this type being
aleronitrile transformed at 20–26% of the reference rate for ben-
onitrile). Only few publications suggested that substrates other
han (hetero)aromatic nitriles could be hydrolyzed by some aro-

atic nitrilases, e.g., aliphatic nitriles and dinitriles by enzymes of
hodococcus rhodochrous NCIMB 11216 [16–18] and Fusarium oxys-
orum f. sp. melonis [12]. However, efficient hydrolysis of branched
itriles by aromatic nitrilases has been rarely demonstrated,
.g., for 2-methylbutyronitrile [16,18], 2-chlorobutyronitrile, 2-
romobutyronitrile and 2-methylhexanenitrile [18]. The enzyme
rom F. solani O1 also showed low activities for branched and
ubstituted aliphatic nitriles such as lactonitrile, isobutyronitrile, 2-
hloropropionitrile and 2-phenylpropionitrile [9]. The A. niger nitri-
ase hydrolyzed such nitriles (albeit at very low rates) as well, e.g.,
-phenylpropionitrile [5], 2-(2′-methoxyphenyl)-propionitrile, 2-
3′-methoxyphenyl)-propionitrile [15] and 2-chloropropionitrile.

The data in Table 1 reflect the ability of the purified nitrilase from
. solani to hydrolyze branched aliphatic nitriles such as carbocyclic
itriles (±)-1a, (±)-3a, (±)-5a and (±)-6a and nonaromatic hetero-
yclic nitriles (±)-9a, (±)-10a, 14a and 15a effectively. In addition,
arbocyclic nitriles (±)-4a and (±)-7a as well as heterocyclic nitriles
±)-12a and (±)-13a were also transformed by this enzyme, albeit
t low rates. The same substrates were hydrolyzed by the purified
itrilase from A. niger except for two of the poor substrates, (±)-
a and (±)-12a (see Table 1). Thus, the fungal nitrilases exhibited
ery close substrate specificities with respect to the nitriles shown
n Fig. 1. The previous screening for (hetero)aromatic substrates of
hese nitrilases also gave similar results for both enzymes except
or a few benzonitrile analogues [5,9].

From the set of nitrilases available from Biocatalytics only a
ew enzymes, especially NIT-104, NIT-106 and NIT-107, were able
o transform these nitriles efficiently [13,14]. Using the fungal
nzymes (6 U ml−1), comparable conversions were often achieved
fter 18 h reaction compared to commercial nitrilases applied at

imilar or higher enzyme loads (in U ml−1 of the reaction mixture
IT-104; 7.4, NIT-106; 170, NIT-107; 5.6). The substrate specificities
f the two fungal enzymes and selected enzymes from Biocatalyt-
cs are compared in Table 2. These data suggest that in terms of
ubstrate specificity both nitrilases examined herein are different

Aspergillus niger K10

ee% acid % nitrile ee% nitrile % acid ee% acid

56 64 10 36 14
n.d.a 93 – 7 –
– 100 0

0 100
11 14 57 86 9
n.d.a 47 n.d.a 53 n.d.a

– 98 – 2 –
1 0 86b,c 15
19 0 98b –
55 43b 4 52b 3
– 100 0
– 93 – 7 –

2b 93b

1b 98b

e to 100%.
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ig. 1. Amino nitrile substrates for enzymatic preparation of amino acids
only one enantiomer is depicted); Ts = toluenesulfonyl; Cbz = benzyloxycarbonyl;
z = benzoyl.

rom all the tested commercial nitrilases available from Biocat-
lytics, though some similar tendencies in relative activities were
ound (preference for cis- vs. trans-isomers of carbocyclic nitriles,
ve-membered and achiral six-membered heterocyclic nitriles, N-
rotecting group effect; see below).

The mycelium of F. solani gave lower yields of the above
mino acids than the purified enzyme from the same organism
ue to lower enzyme load. Thus, non-negligible conversions were
chieved only for those nitriles that were identified as the best sub-
trates of the corresponding purified nitrilase, i.e. (±)-5a, (±)-9a,
±)-10a, 14a and 15a (60, 43, 16, 9 and 14%, respectively).

The reaction rate was strongly dependent on the N-

rotecting group in carbocyclic nitriles (±)-3a–(±)-7a, decreasing

n order benzyloxycarbonyl > toluenesulfonyl > benzoyl and the N-
enzoylated nitrile (±)-8a being not a substrate. These effects,
hich can be also recognized for some of the commercial nitrilases,
ay be caused by steric hindrance.

t
s
a
s
g

able 2
omparison of the substrate specificity of two fungal nitrilases and the commercial nitrila

ubstrate Conversiona

Fusarium solani O1 Aspergillus niger K10

±)-1a + +
±)-2a
±)-3a +
±)-4a +
±)-5a ++ ++
±)-6a ++ ++
±)-7a
±)-9a ++ ++
±)-10a ++ ++
±)-11a
±)-12a
±)-13a
4a ++ ++
5a ++ ++

a Conversion after 18 h reaction: ++ >40%, +10–40%, not shown <10%; other nitrilases fr
xamined (data from [13,14]—supporting materials).
b Specific for alkylnitriles.
c Specific for arylnitriles.
d Broad range nitrilase.
e Broad range nitrilase from Acidovorax sp. (http://www.nagase.co.jp/shiyaku/BC Enzym
ysis B: Enzymatic 59 (2009) 243–247 245

Nonaromatic heterocyclic five-membered nitriles (±)-9a, (±)-
0a were hydrolyzed smoothly, but the structurally related
ix-membered nitrile (±)-13a was transformed at a very low rate.
imilarly, (±)-11a and (±)-12a were poor substrates probably due
o steric hindrance. Thus, the substrate specificity of the fungal
itrilases for nonaromatic heterocyclic nitriles was narrower than

n case of some commercial nitrilases (see Table 2), which also
ccepted (±)-11a (only NIT-107) and (±)-13a (NIT-104 and NIT-
07). Achiral nitriles 14a and 15a were both excellent substrates
f the fungal enzymes as well as nearly all investigated commercial
itrilases.

.2. Diastereoselectivity

The ability to recognize the configuration of cis- and trans-
somers of some nitriles (1,4-dicyanocyclohexane, cycloaliphatic
-hydroxy nitriles, 4-benzoyloxynitriles and 3-amino nitriles) has
een already disclosed for other nitrile-converting enzymes (nitrile
ydratase/amidase; [19–21]). In this study, the most noticeable
ifference in diastereoselectivity was found in the transforma-
ion of �-substituted cyclopentane nitriles (±)-1a and (±)-2a.
he former compound (cis-isomer) was hydrolyzed at a satisfac-
ory rate but the latter one (trans-isomer) was not a substrate of
ither fungal enzyme. This surprisingly pronounced difference in
pecificity depending on the relative nitrile configuration could
ot be observed for commercially available nitrilases. Smaller
ifferences in the reaction rates were found also in the pairs
f trans- and cis-isomers (±)-3a and (±)-4a as well as (±)-5a
nd (±)-6a, in which the cis-nitriles (±)-3a and (±)-5a reacted
aster. In the case of these substrates, a similar tendency has
een also reported for some of the commercial enzymes [14].
n effect of substituent configuration was also observed for N-
enzoylated nitriles (±)-7a and (±)-8a, in which the benzoyl
ubstituent hampered the nitrile hydrolysis (see above). Thus,
±)-8a was substrate of none of the enzymes examined herein
r previously [14] but nitrile (±)-7a was accepted by some of

hem (both fungal enzymes included), albeit at low rates. In N-
ubstituted heterocyclic nitriles, such an effect is not relevant,
s the N-protecting group, which is considered to mimic a sub-
tituent in the ring, has no fixed conformation relative to the nitrile
roup.

ses from Biocatalytics, Inc.

NIT-104b NIT-105c NIT-106d NIT-107e

++ ++ ++
++ ++ ++
+ ++ ++
+ +
++ ++
+ ++
+ +
++ ++ ++ ++
++ ++ ++ ++

++
+

+ ++
++ ++ ++ ++
++ ++ ++ ++

om the Biocatalytics set exhibited no or minor activities for most of the substrates

e.htm).

http://www.nagase.co.jp/shiyaku/BC_Enzyme.htm
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Table 3
Comparison of the enantioselectivities of two fungal nitrilases and the commercial
nitrilases from Biocatalytics, Inc.

Substratea Enantiomeric ratiob

Fusarium solani
O1

Aspergillus
niger K10

Biocatalytics nitrilasesc

(±)-1a 4 <2 34 (NIT-106)
(±)-3a n.d.d No enantiose-

lectivity
>200 (NIT-106)

(±)-4a No enantiose-
lectivity

No substrate >200 (NIT-107)

(±)-5a <2 <2 37 (NIT-105)
(±)-6a n.d.d n.d.d 18 (NIT-107)
(±)-7a No enantiose-

lectivity
No enantiose-
lectivity

>200 (NIT-104)

(±)-9a 7e n.d.f 11 (NIT-105)
(±)-10a 5–7 No enantiose-

lectivity
3 (NIT-105)

(±)-13a Poor substrate Poor substrate 39 (NIT-107)

a No highly enantioselective enzymes found for nitriles (±)-2a, (±)-11a and
(±)-12a.

b For Biocatalytics enzymes the E-values were calculated using the data from
[13,14]—supporting materials.

c Only the enzymes with the highest enantioselectivity are shown.
d Due to overlaid peaks the ee determination was not possible.
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e ee determined for whole-cell experiment.
f Not calculated (total substrate conversion into amide (ee 91%): acid (ee 15%), 14:

6).

.3. Enantioselectivity

Enantioselectivity of the enzymes examined herein was rather
ow for all acids as well as their remaining nitriles (see Table 1), the
alues of enantiomeric ratios not exceeding 5–7 (determined for the
ranformation of nitriles (±)-9a and (±)-10a by F. solani nitrilase).
he low enantioselectivities were also confirmed by determination
f the optical purity of acids and the unreacted nitriles resulting
rom biotransformations catalyzed by the F. solani mycelium (data
ot shown). The only exception in this context was found in the
igh ee (91%) of the amide, which was formed (at 14% conver-
ion) in addition to the acid from nitrile (±)-9a by A. niger nitrilase.
he optical purity of the corresponding acid has to be examined
urther, stopping the reaction at moderate substrate conversion.
he whole-cell experiment gave a moderately enantioenriched acid
ee 47%) at 43% conversion. Previous results also suggested a low
nantioselectivity of these nitrilases. Thus 2-phenylpropionitrile
nd its analogues substituted on the benzene ring were converted
y the A. niger enzyme into acids of moderate ees [5,15] and a
imilar result was obtained for the F. solani enzyme acting on 2-
henylpropionitrile (unpublished).

The enantioselectivities of the enzymes examined previously
nd herein are summarized in Table 3. Contrary to aromatic nitri-
ases from filamentous fungi, enantioselective enzymes were found
mong the tested commercial nitrilases, especially for nitriles (±)-
a, (±)-4a and (±)-7a, which gave the corresponding acids at >99%
e. However, for some of the nitriles, i.e. (±)-2a, (±)-9a, (±)-10a,
±)-11a and (±)-12a no enzyme with sufficient enantioselectiv-
ty was discovered to date. The enantioselectivities of the nitrilase
rom F. solani for the heterocyclic nitriles (±)-9a and (±)-10a were
nly moderate and it would be useful to examine if they might be
ncreased, for instance, by variations of the reaction medium.
.4. Chemoselectivity

The nitrilases from F. solani formed some amide from nitrile
±)-9a as did the enzyme from A. niger but at lower conversion
ca. 3%). In addition, some amides were produced within the other

t
t
n
l
t

ysis B: Enzymatic 59 (2009) 243–247

itrile transformations, namely from substrates (±)-10a, 14a and
5a (at ≤5% conversion) by the nitrilase from A. niger. This find-
ng is in agreement with the previous observation on the tendency
f this nitrilase to form amides as by-products from nitriles [5].
hough participation of a nitrile hydratase in such amide forma-
ion might be anticipated, it seemed highly improbable in A. niger
10 because firstly no or negligible variations were observed in
mide/acid ratio at a broad range of different temperatures, pH-
alues and during the course of the reaction and secondly no
lausible nitrile hydratase was detected in the partially purified
itrilase sample by either SDS-PAGE or Edman sequencing (only
wo contaminating proteins being detected by the latter—putative
sp60 and ubiquiting-conjugating enzyme; [5]). The amide for-
ation associated with nitrilase-catalyzed reactions has already

een addressed several times [22–25] but is still not completely
nderstood. However, it is anticipated that, according to a generally
ccepted scheme, the catalytic mechanism of the nitrilase involves
nucleophilic attack on the cyano carbon by the sulfhydryl group
f the conserved cystein, leading to a covalent enzyme-thioimidate
omplex, and, subsequently, to a tetrahedral intermediate. Two
athways of the decomposition of this intermediate involve either
mmonia or enzyme as the leaving group, thus releasing acylen-
yme or amide, respectively. The former pathway represents the
sual reaction mechanism, as ammonia is a better leaving group
han the enzyme’s cystein residue, but destabilization of the pos-
tive charge on the nitrogen atom in the tetrahedral intermediate
y electronic or steric effects of the reactant leads to elimination of
mide [24]. Experimental data support the importance of the sub-
trate structure, amides being preferably formed from nitriles with
ighly electron-withdrawing or sterically demanding substituents
22–24], and also �-hydroxy nitriles, in which ammonia release
s disfavoured by stabilization of the tetrahedral intermediate due
o hydrogen bonding between the hydroxyl group and nitrogen of
he cyano group [25]. The present results support the opinion on
he importance of the substrate structure, as amide formation was
bserved for heterocyclic substrates with an electron-withdrawing
itrogen atom in the cycloaliphatic ring, and the percentage of
mide also increased with increasing electronegativity of the sub-
tituent (tosyl > benzyloxycarbonyl) in the case of both pairs of
itriles (±)-9a, (±)-10a (14 and 2–5% amide, respectively) and
4a–15a (5 and 1% amide, respectively). However, the amide pro-
uction was much more pronounced for heteroaromatic nitriles,
specially 2- and 4-cyanopyridine [5]. Regarding the commercial
itrilases, significant amounts of amides were also formed by some
f them from nonaromatic heterocyclic nitriles, for instance from
±)-9a (by NIT-103; 13% of the total product), (±)-10a (NIT-104,
1% of the total product), 14a–15a (12 and 14% of the total product,
espectively; both with NIT-104). On the other hand, nitrilases NIT-
06 and NIT-107, which were selected for their high activity for the
itriles of interest, were largely also chemoselective, the percent-
ge of amides in their reaction products not exceeding 5%. In this
espect, the enzyme from F. solani was similar to these nitrilases.

. Conclusions

The enzymes classified as aromatic nitrilases have been hardly
ver shown to transform substrates other than benzonitrile deriva-
ives, heteroaromatic nitriles and unbranched aliphatic nitriles, the
atter ones, however, at low relative rates. As demonstrated in this

ork for two novel fungal enzymes, at least some representatives of

he aromatic nitrilases are also able to accept branched and substi-
uted nitriles as substrates. In terms of substrate specificities, both
itrilases examined herein are different from the commercial nitri-

ases available from Biocatalytics, Inc., which are well documented
o act on cycloaliphatic, aliphatic and arylaliphatic nitriles.
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The fungal nitrilases showed a pronounced ability to discrim-
nate between cis- and trans-isomers of �-amino nitriles. This
henomenon may be utilized for separation of the respective iso-
er mixtures.
Arylaliphatic nitrilases are well known to exhibit significant

nantioselectivities towards some of their substrates but the poten-
ial of aromatic nitrilases has remained largely unexamined in this
ontext. The present work provided data on the enantioselectiv-
ty of the two aromatic nitrilases towards the above substrates.
n general, the enantioselectivities were rather low for practical
pplications, contrary to selected nitrilases from the Biocatalytics
creening set. However, the enantioselective biotransformation of
he pyrrolidine-3-carbonitrile (±)-9a by A. niger K10 nitrilase seems
o merit a further study.

The present results provide further evidence for the similar cat-
lytic properties of nitrilases from A. niger K10 and F. solani O1
xcept for chemoselectivity (formation of the side product amide).
he biotransformations described herein gave further examples of
he amide formation by nitrilases (A. niger nitrilase in this case) and
upported the assumption that electronic effects of the reactant
lay a role in an atypical reaction intermediate cleavage releasing
mide instead of carboxylic acid.

In summary, this work highlighted several nitriles, whose bio-
ransformations by aromatic nitrilases are worth further study, the
im of which will be to optimize the reactions and describe their
iastereo-, chemo- and enantioselectivity in more detail.
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Křen, Can. J. Chem. 80 (2002) 724–727.
21] M. Winkler, L. Martínková, A.C. Knall, S. Krahulec, N. Klempier, Tetrahedron 61

(2005) 4249–4260.
22] C. Kiziak, D. Conradt, A. Stolz, R. Mattes, J. Klein, Microbiology 151 (2005)
3639–3648.
23] F. Effenberger, S. Osswald, Tetrahedron Asymmetry 12 (2001) 279–285.
24] B.C.M. Fernandes, C. Mateo, C. Kiziak, A. Chmura, J. Wacker, F. van Rantwijk, A.

Stolz, R.A. Sheldon, Adv. Synth. Catal. 348 (2006) 2597–2603.
25] C. Mukherjee, D. Zhu, E.R. Biehl, R.R. Parmar, L. Hua, Tetrahedron 62 (2006)

6150–6154.



Biotechnology Advances 27 (2009) 661–670

Contents lists available at ScienceDirect

Biotechnology Advances

j ourna l homepage: www.e lsev ie r.com/ locate /b iotechadv
Research review paper

Fungal nitrilases as biocatalysts: Recent developments

Ludmila Martínková a,⁎, Vojtěch Vejvoda a, Ondřej Kaplan a, David Kubáč a, Anna Malandra a,b,
Maria Cantarella b, Karel Bezouška c, Vladimír Křen a

a Centre of Biocatalysis and Biotransformation, Institute of Microbiology, Academy of Sciences of the Czech Republic, Vídeňská 1083, CZ-142 20 Prague, Czech Republic
b Department of Chemistry, Chemical Engineering and Materials, University of L´Aquila, Monteluco di Roio, I-67040 L´Aquila, Italy
c Department of Biochemistry, Faculty of Science, Charles University Prague, Hlavova 8, CZ-128 40 Prague, Czech Republic
⁎ Corresponding author. Tel.: +420 296 442 569; fax
E-mail address: martinko@biomed.cas.cz (L. Martínk

0734-9750/$ – see front matter © 2009 Elsevier Inc. Al
doi:10.1016/j.biotechadv.2009.04.027
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 December 2008
Received in revised form 14 April 2009
Accepted 19 April 2009
Available online 7 May 2009

Keywords:
Nitrilase
Filamentous fungi
Aspergillus
Fusarium
Nitrile biotransformation
Nitrile pollutant biodegradation
Immobilized biocatalysts
Of the numerous putative fungal nitrilases available from protein databases only a few enzymes were
purified and characterized. The purified nitrilases from Fusarium solani, Fusarium oxysporum f. sp. melonis
and Aspergillus niger share a preference for (hetero)aromatic nitriles, temperature optima between 40 and
50 °C and pH optima in the slightly alkaline region. On the other hand, they differ in their chemoselectivity,
i.e. their tendency to produce amides as by-products. The production of fungal nitrilases is increased by up to
three orders of magnitude on the addition of 2-cyanopyridine to the culture media. The whole-cell and
subcellular biocatalysts were immobilized by various methods (LentiKats®; adsorption on hydrophobic or
ion exchange resins; cross-linked enzyme aggregates). Operational stability was examined using continuous
stirred membrane bioreactors. Fungal nitrilases appear promising for biocatalytic applications and
biodegradation of nitrile environmental contaminants.

© 2009 Elsevier Inc. All rights reserved.
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1. Historical outline

Nitrilases (EC 3.5.5.1) constitute branch 1 of the nitrilase super-
family, which is comprised of enzymes acting on non-peptide C\N
bonds (Brenner, 2002). The biotechnological impact of nitrilases lies
in their potential to hydrolyze nitriles under mild conditions, with
: +420 296 442 509.
ová).

l rights reserved.
excellent regio- and enantioselectivities in some cases (Martínková
and Mylerová, 2003; Singh et al., 2006).

The first studies on nitrilases were published in the 1960s. One of
these early works reported the ability of a number of fungi from
genera Aspergillus, Penicillium, Gibberella and Fusarium to convert 3-
indoleacetonitrile into 3-indoleacetic acid (Thimann and Mahadevan,
1964). However, the nitrile-hydrolyzing enzymes of these organisms
were not studied any further at that time. The enzyme(s) hydrolyzing
2-aminopropionitrile (Strobel, 1966) and 4-amino-4-cyanobutyric

mailto:martinko@biomed.cas.cz
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http://www.sciencedirect.com/science/journal/07349750


Table 1
Some filamentous fungi harbouring nitrilases or cyanide hydratases.

Organism Sequence
accession no.

Percent identitya,b Enzymatic properties Reference(s)

Predicted Experimental

Alternaria brassicicola AAP88966 68 Cyanide hydratase Cramer and Lawrence, 2004
Aspergillus clavatus NRRL 1 XP_001268492 86 Nitrilasec

XP_001276027 41 Nitrilaseb

Aspergillus flavus NRRL3357 EED56451 94 Nitrilasec

EED46365 37 Nitrilaseb

Aspergillus fumigatus A1163 EDP55254 94 Nitrilasec Fedorova et al., 2008
EDP49032 40 Nitrilaseb

Aspergillus fumigatus Af293 XP_756085 93 Nitrilasec Nierman et al., 2005
XP_747028 40 Nitrilaseb

Aspergillus niger K10 (CCF 3411) ABX75546 100 Nitrilased Kaplan et al., 2006a
Aspergillus niger CBS 513.88 XP_001389844 99 Nitrilasec Pel et al., 2007

XP_001398633 38
XP_001397369 37

Aspergillus nidulans FGSC A4 XP_682042 85 Nitrilasec Galagan et al., 2005
Aspergillus oryzae RIB40 XP_001824712 36 Machida et al., 2005

XP_001824866 37
Aspergillus terreus NIH2624 XP_001212390 90 Nitrilasec

XP_001209938 38
Botryotinia fuckeliana B05.10 XP_001551197 68 Cyanide hydrataseb

XP_001547063 39
XP_001559766 38

Chaetomium globosum CBS 148.51 XP_001227864 36
Fusarium lateritium P32963 53 Cyanide hydratased Cluness et al., 1993
Fusarium oxysporum f. sp. melonis Nitrilased Goldlust and Bohak, 1989
Fusarium oxysporum CCF 1414 Nitrilase Kaplan et al., 2006b
Fusarium oxysporum CCF 483 Nitrilase Kaplan et al., 2006b
Fusarium solani CAC69666 66 Cyanide hydrataseb Barclay et al., 2002
Fusarium solani O1 (CCF 3635)e Nitrilased Vejvoda et al., 2008
Fusarium solani IMI 196840 CAM82815 66 Cyanide hydratase Harnedy, 2004

Nitrilased Harper, 1977
Gibberella moniliformis ABF83489 36 Nitrilaseb

Gibberella zeae PH-1 XP_385981 66 Cyanide hydrataseb

XP_380227 40
XP_386656 37
XP_391533 37

Gloeocercospora sorghi P32964 64 Cyanide hydratased Wang and van Etten, 1992,
Wang et al., 1992

Leptosphaeria maculans AAF66098 69 Cyanide hydrataseb Sexton and Howlett, 2000
Magnaporthe grisea 70-15 XP_367084 62 Dean et al., 2005
Metarhizium anisopliae ABD49722 56 Cyanide hydrataseb

Neosartorya fischeri NRRL 181 XP_001261227 94 Nitrilasec

XP_001261815 39
Neurospora crassa OR74A XP_960160 68 Cyanide hydrataseb Galagan et al., 2003

CAD70472 38 Nitrilaseb

Penicillium chrysogenum Wisconsin 54-1255 CAP94486 89 Nitrilasec van den Berg et al., 2008
CAP80963 41
CAP99221 36 Nitrilaseb

Penicillium marneffei ATCC 18224 XP_002144951 38 Nitrilaseb

Pyrenophora tritici-repentis Pt-1C-BFP XP_001930992 66 Cyanide hydrataseb

Sclerotinia sclerotiorum 1980 XP_001585186 70
XP_001597458 39
XP_001588627 36

Talaromyces stipitatus EED23054 39 Nitrilaseb

Note: Accession numbers according to www.ncbi.nlm.nih.gov.
No entry indicates no data available.

a Amino acid sequence compared with that of the nitrilase from A. niger K10.
b According to http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi. The proteins with amino acid identity of ≥36% compared to nitrilase from A. niger K10 are shown.
c According to high similarity with A. niger K10 nitrilase amino acid sequence.
d The enzymes were purified and characterized.
e According to sequencing of the N-terminus and internal peptides, this purified enzyme is highly homologous with that from Gibberella moniliformis.
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acid (Strobel, 1967) in an unidentified psychrophilic basidiomycete
had not been examined in more detail either. The first two purified
and partially characterized nitrilases were the enzymes from Pseu-
domonas sp. (Hook and Robinson, 1964; Robinson and Hook, 1964)
and barley leaves (Mahadevan and Thimann, 1964; Thimann and
Mahadevan, 1964). Research into nitrilases was intensified in the late
1970s in the context of increasing interest in the biotechnological
applications of enzymes. New nitrilases were purified and character-
ized from both prokaryotic and eukaryotic organisms, namely Nocar-
dia (Rhodococcus) (Harper, 1976) and Fusarium solani IMI 196840
(Harper, 1977).

Later, the genus Rhodococcuswas found to be a promising source of
diverse nitrilases with various substrate specificities towards aromatic
and aliphatic nitriles (for a review see Kobayashi and Shimizu, 1994).
Since then, nitrilases have also been purified and characterized from
strains belonging to other bacterial genera (Alcaligenes, Bacillus,
Pseudomonas etc.; for a review see O'Reilly and Turner, 2003). On
the other hand, the nitrilase from F. solani IMI196840 (Harper, 1977)

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi


Fig. 1. Likelihood tree of characterized and putative nitrilases/cyanide hydratases from filamentous fungi (according to http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi). Forty proteins
with the highest likelihood to the Aspergillus niger K10 nitrilase, which was both sequenced and characterized biochemically, are shown.
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remained, for more than a decade, the only characterized fungal
nitrilase until a study on that from Fusarium oxysporum f. sp. melonis
was published (Goldlust and Bohak, 1989).

While knowledge of the structure and function of bacterial
nitrilases has substantially improved in the last two decades (for
reviews, see e.g. Banerjee et al., 2002; O'Reilly and Turner, 2003; Singh
et al., 2006), almost no further work has been devoted to nitrilases
from filamentous fungi until recently. The unsatisfactory level of
knowledge of fungal nitrilases prompted our group to screen for these
enzymes, optimize their production and describe their biochemical
and biocatalytic properties. Hence, within the last few years we have
accumulated a considerable amount of data which, together with
previous work by other groups, provides insight into the biocatalytic
potential of fungal nitrilases. Nevertheless, further work is needed for
a detailed description of their utility and limitations.

This reviewaims to summarize current knowledgeof these enzymes,
thus complementing and integrating in this way the recent reviews of
nitrilases (Banerjee et al., 2002;MartínkováandKřen, 2002;O'Reillyand
Turner, 2003; Martínková and Mylerová, 2003; Zhou et al., 2005; Singh
et al., 2006). Its focuswill bemainly on the practical aspects of this topic,
i.e. enzyme screening, production, purification and immobilization and
prospective applications in the field of biocatalysis. The pros and cons of
these enzymes as biocatalysts will be compared with those of well
described bacterial nitrilases. This work will concentrate on enzymes
that accept organic cyanides as substrates, those specific for metal
cyanides (cyanide hydratases, cyanide dihydratases) having been
described in a previous review (O'Reilly and Turner, 2003).

2. Screening for nitrilases in filamentous fungi

2.1. Fungal taxons harbouring nitrilases

Both activity screens and genome sequencing suggested that C\N
hydrolases can be found in a number of fungal taxons, first of all in the
genera Aspergillus and the anamorph–teleomorph pair Fusarium–

Gibberella (Table 1). However, the catalytic properties are unknown
for themajority of the sequenced enzymes. Neither can the function of
the putative enzyme (nitrilase or cyanide hydratase) be unequivocally
predicted in all cases.

The enrichment of eukaryotic nitrile-hydrolyzing strains from soil
resulted in the isolation of a strain belonging to F. solani (Kaplan et al.,
2006a). Three nitrilases from this genus have been purified and
characterized (Harper, 1977; Goldlust and Bohak, 1989; Vejvoda et al.,
2008) but a partial amino acid sequence is available for only one of

http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi


Table 2
Induction of nitrilases in filamentous fungi — comparison with selected bacteria.

Organism Inducer Specific activity
(U mg−1 protein)a

Specific activity
(U mg−1 DCW)b

Total activity
(U L−1) a

Reference

Aspergillus niger K10 3-cyanopyridine 0.003 0.2 Kaplan et al., 2006b
2-cyanopyridine+valeronitrile 7.5 170

Fusarium oxysporum CCF 1414 3-cyanopyridine 0.02 1.3
2-cyanopyridine+valeronitrile 11.4 119.7

Penicillium multicolor CCF 2244 3-cyanopyridine 0.01 0.6
2-cyanopyridine 0.48 9.3

Fusarium solani O1 3-cyanopyridine 0.02 0.9
2-cyanopyridine+valeronitrile 3.2 34.0
2-cyanopyridine c 3.9 0.48 ≥3000 Vejvoda et al., 2006a; Vejvoda et al., 2008

Fusarium solani IMI196840 Benzonitrile 0.088 58.7 Harper, 1977
Fusarium solani f. sp. melonis Acetonitrileb 3.6 0.53 830 Goldlust and Bohak, 1989

Isobutyronitrileb 0.20 320
Butyronitrileb 0.12 170
Benzonitrileb 0.12 160
Propionitrile 0.10 140

Rhodococcus rhodochrous J1 Isovaleronitrile 5.14 2.99 9 750 Kobayashi et al., 1989; Nagasawa et al., 1990
e-caprolactam 3.54 16000

Rhodococcus rhodochrous K22 Isovaleronitrile 0.089 1.70 1630 Kobayashi et al., 1990, 1991
Rhodococcus sp. NDB 1165 Propionitrile 1.41 2298 Prasad et al., 2007
Rhodococcus rhodochrous LL100-21 Benzonitrile 0.054 Mustacchi et al., 2005
Streptomyces sp. MTCC 7546 Benzonitrile 0.028 Khandelwal et al., 2007

Note: No entry indicates no data available.
a Activity of the cell-free extract determined with crotononitrile (R. rhodochrous K22), or benzonitrile (other organisms).
b Activity of intact cells determined with crotononitrile (R. rhodochrous K22), acrylonitrile (R. rhodochrous J1, Streptomyces sp.) or benzonitrile (other organisms).
c Two-stage cultivation.
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them (from F. solani O11; Vejvoda et al., 2008). The sequencing of its
N-terminal and internal peptides indicated its high similarity with the
putative nitrilase from Gibberella moniliformis.

Nitrilase activities have been also found in several strains of As-
pergilli (Kato et al., 2000; Kaplan et al., 2006a) but only the enzyme
from Aspergillus niger K102 has been purified and characterized
(Kaplan et al., 2006c). This enzyme is also the only fungal nitrilase to
date for which both the catalytic properties and the gene sequence
have been determined. It belongs to a group of nitrilases that show a
high sequence similarity to cyanide hydratases (Fig. 1).

Some strains of Aspergilli and Gibberella zeae, Botryotinia fuckeliana,
Penicillium chrysogenum or Sclerotinia sclerotiorum harbour genes
encoding two or three nitrilases, which are often evolutionarily
distant. In some of the strains, such as F. solani or Neurospora crassa,
genes coding for both nitrilase and cyanide hydratase were found.

Nitrile-hydrolyzing activities were also found along with aldoxime
dehydratases in a number of other fungal genera (Kato et al., 2000).
The nature of the nitrile-converting enzymes (nitrilases vs. nitrile
hydratases) remained largely unclear. Nevertheless, the occurrence of
nitrilases may be assumed in strains belonging to taxons in which
nitrilase genes were found (e.g., Neosartorya fischeri, the genera As-
pergillus and Gibberella) or in which nitrilase activities have been
unambiguously demonstrated in other works (F. solani, F. oxysporum).
In most cases, these strains did not accumulate amide during nitrile
hydrolysis, which is in accordance with the assumed presence of
nitrilase. On the other hand, some strains belonging to the genera
Schizophyllum, Rhizopus, Talaromyces, Mortierella, Mucor, Flammulina
etc. formed amide during phenylacetonitrile hydrolysis. However, this
observation does not exclude that these strains may produce
nitrilases, amides being common side products of these enzymes
(Fernandes et al., 2006). The nitrile-hydrolyzing activities did not
exceed 8 U L−1 of culture, the highest ones being found for
phenylacetonitrile in F. oxysporum (Kato et al., 2000).
1 Deposited in the Culture Collection of Fungi of the Charles University Prague
(accession number CCF3635).

2 Deposited in the Culture Collection of Fungi of the Charles University Prague
(accession number CCF3411).
2.2. Selection and screening methods

Assays of nitrile-converting enzymes were discussed in a previous
review(Martínkováet al., 2008).Here, themethodsused for the selection
and screening of nitrilases in filamentous fungi will be summarized.

Selection on media with nitrile as the sole source of nitrogen is a
straightforward method for the isolation of nitrile-hydrolyzing organ-
isms. 3-Cyanopyridine appeared to be an appropriate substrate for the
screening of nitrile-hydrolyzing filamentous fungi, as it was readily
utilized by these organisms. Hence, the desired strains were easily
distinguished from a set of filamentous fungi in a culture collection
(about 100 strains in total) according to their fast growth on Czapek–
Dox agar supplemented with 3-cyanopyridine as the sole source of
nitrogen. The same medium was used to isolate nitrilase-producing
strains of fungi fromenvironmental samples, but RoseBengalwas added
as an inhibitor of unwanted prokaryotic nitrile-hydrolyzing organisms
(Kaplanet al., 2006a).On theotherhand, benzonitrile as the sole carbon,
nitrogen and energy sourcewas used to isolate F. solani IMI196840 from
the soil of a bromoxynil-treated field (Harper, 1977).

In the following quantitative step of the screening, A. niger K10, F.
oxysporum CCF 483 and CCF 1414, Penicillium multicolor CCF 2244 and
the environmental isolate F. solani O1, which were selected according
to 3-cyanopyridine utilization, were cultivated in the presence of
inferior substrates (2-cyanopyridine, valeronitrile). These compounds
were more efficient nitrilase inducers than 3-cyanopyridine. After-
wards the intracellular nitrilase activity was assayed by HPLC (Kaplan
et al., 2006b). The use of monolithic columns can accelerate this step
significantly (Martínková et al., 2008). Nevertheless, for faster
semiquantitative nitrilase assays, spectrophotometric methods can
be beneficial. To this end, we have developed nitrilase assays based on
the differing UV absorption of nitriles and their reaction products —

amides or carboxylic acids (ibid.). Because of the low absorption of
functional groups (cyano, amido, carboxy group), these methods are
preferentially suitable for aromatic nitriles, amides and acids, inwhich
the major absorption results from the benzene ring. Thus the
benzonitrile or benzamide conversion could be monitored at
238 nm. These methods can be also adapted for continuous
measurements and their capacity can be increased by using 96-well
plates.
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3. Enzyme hyperinduction and purification

In filamentous fungi all known nitrilases are inducible, similarly to
most bacterial nitrilases, the constitutive production of the enzyme in
Bacillus subtilis (Zheng et al., 2008) being rare. The molecular
mechanism of nitrilase induction has not yet been elucidated in
filamentous fungi in contrast to Rhodococcus rhodochrous J1, in which
transcriptional regulation of the nitrilase gene has been described
(Komeda et al., 1996).

2-Cyanopyridine, which is a poor substrate of fungal nitrilases, was
found to be an excellent inducerof these enzymes (Table 2). The effect of
2-cyanopyridine on nitrilase productionwas similar in all fungal genera
examined (Aspergillus, Fusarium, Penicillium; Kaplan et al., 2006b). The
maximum increase in specific activities was by two to three orders of
magnitude compared to the activities of control cultures grown on 3-
cyanopyridine. 2-Cyanopyridine can probably serve as a universal
inducer of aromatic nitrilases in filamentous fungi. It is one of the
mostpotent nitrilase inducers reported so far, alongwith isovaleronitrile
and ε-caprolactam in Rhodococci strains (Kobayashi et al., 1991;
Nagasawa et al., 1990). Nitrilase activity in the genera Streptomyces
(Khandelwal et al., 2007) and Rhodococcus (Mustacchi et al., 2005) was
induced by benzonitrile as in the fungus F. solani (Harper, 1977). Some
aliphatic nitriles were also used for nitrilase activity induction, these
were propionitrile in Rhodococcus sp. (Prasad et al., 2007) and
valeronitrile in some filamentous fungi. The addition of the latter
compound together with 2-cyanopyridine enhanced total activity of A.
niger, F. solani and F. oxysporum in comparison with cultures grown on
media with 2-cyanopyridine only (Table 2; Kaplan et al., 2006b).

Among the filamentous fungi examined, the highest total activity has
been reported for F. solaniO1, providing≥3000UL−1 of culture (Vejvoda
et al., 2008). This high yield of the nitrilase was due to both its high
specific activity and its considerable proportion of the total soluble
protein. However, this ratiowas still lower (b10%) in F. solaniO1 (Vejvoda
et al., 2008) than in R. rhodochrous J1 or K22 (20–30%); (Kobayashi et al.,
1991; Nagasawa et al., 1990). This was partly outweighed by the specific
activity, which was significantly higher in purified fungal nitrilases
comparedwithmost of the corresponding bacterial enzymes (Kobayashi
et al.,1989,1990, Bhalla et al.,1992). Remarkable levels of nitrilase activity
for benzonitrile have been found in R. rhodochrous J1 (with the highest
production of 16000 U L−1), followed by F. solani O1, R. rhodochrous NDB
1165 and F. oxysporum f. sp. melonis in descending order (Table 2). The
high nitrilase production by F. solani O1 was achieved by using a two-
stage cultivation,which increased the total activity by a factor of about 25
(Vejvoda et al., 2006a).

Despite efficient nitrilase production by wild-type fungal strains,
expression of the enzymes in a heterologous host is required for their
extensive biotechnological application. To this end, preliminary
experiments have been recently pursued by ourselves (unpublished).
The nitrilase gene from A. niger K10 was expressed in E. coli with a
total activity of about 230 U/L of culture (comparable with the native
producer). Optimization of the expression protocol has the potential
to improve the activity yield.
Table 3
Purification of nitrilases from filamentous fungi.

Organism Chromatographic steps Specific activity (U
activity (U)of the

Fusarium solani IMI196840 DEAE-cellulose, Sephadex G-200 1.66/14.2
Fusarium solani O1 Phenyl Sepharose, Sephacryl S-200,

Q-Sepharose
156/811

Fusarium solani f. sp. melonis DEAE-Sephacel; TSK-phenyl 143/3332
Aspergillus niger K10 Sephacryl S-200, Q-Sepharose 91.6/138.5c

a Determined for benzonitrile.
b Compared with nitrilase enriched cell-free extract (extraction buffer supplemented wit
c Partial purification.
The extraction of nitrilases, typically intracellular enzymes, was
accomplished by grinding (Harper, 1977; Kaplan et al., 2006c; Vejvoda
et al., 2008) or ultrasonication (Goldlust and Bohak, 1989). Ground
lyophilized mycelium of F. solani O1 was treated in an ultrasonic bath
and extracted with a recovery of up to 90% using a buffer containing
0.8 M ammonium sulfate. Some of the contaminating protein was
removed by precipitation at this stage (Vejvoda et al., 2008).

The enzyme purification (Table 3) generally proceeded with
acceptable yields (50% for F. oxysporum f. sp. melonis and about 25%
for other enzymes). The increase in the specific activity was between
10 and 40-fold. The lowest value (in F. solani O1) was acquired by
comparing the purified enzyme with the cell-free extract, which was
already enriched in nitrilase activity due to extraction with a buffer
containing ammonium sulfate. Of the chromatographic methods used
for nitrilase purification, gel filtration was the most efficient (Kaplan
et al., 2006c; Vejvoda et al., 2008). The multimeric structure of fungal
nitrilases, whose molecular weights exceeded those of most contam-
inating proteins, made the separation easy.

4. Substrate, chemo- and stereospecificity

The nitrilases of filamentous fungi are in general classified as
aromatic nitrilases due to their high relative activities towards (hetero)
aromatic nitriles. However, they also accept a wide range of aliphatic
and alicyclic nitriles (Fig. 2). One of the benefits of fungal nitrilases is
their high specific activity towards their preferential substrates. These
are benzonitrile and analogues, 3- and 4-cyanopyridine and also some
medium chain length aliphatic nitriles (Table 4). Minor activities were
found for substituted and branched substrates like lactonitrile,
isobutyronitrile, 2-chloropropionitrile, 2-phenylpropionitrile etc.
Recently, the substrate specificities of the nitrilases from A. niger K10
and F. solani O1 towards carbocyclic nitriles and nonaromatic
heterocyclic nitriles (Fig. 2) were compared with those of a set of
nitrilases from Biocatalytics Inc., mostly enzymes of unknown origin.
In this respect, the fungal enzymes differed from all 8 enzymes of this
set (Winkler et al., 2009). Of the 15 tested substrates, the enzymes
from F. solani and A. niger were able to hydrolyze the 13 and 11
substrates, respectively. On the other hand, only 3 out of 8 commercial
nitrilases transformed such a broad range of this type of substrate, and
did so at different relative rates than fungal enzymes.

Chemically catalyzed reactions often result in the formation of by-
products and biocatalysts are used as tools to improve product purity.
Hence, chemoselectivity is oneof theirmost importantproperties. As far
as nitrilases are concerned, their widely occurring tendency to form
amides as by-products beside carboxylic acids may complicate their
practical use. The formation of two alternative products is due to
competition from two branches of the nitrilase reactionmechanism and
has been recently discussed in the context of plausible electronic and
steric substrate effects (Fernandes et al., 2006; Kiziak et al., 2005).
Examples of nitrilase substrates affording high amide:acid ratios are,
e.g., 3-nitroacrylonitrile, 3-cyanoacrylonitrile, a-fluoroarylacetonitriles
(Oßwald et al., 2002), (R,S)-2-chloro-2-phenylacetonitrile (Fernandes
mg−1 protein)/total
purified enzymea

Increase in activity
(fold)

Overall
yield

Reference

18.8 24.2 Harper, 1977
9.9b 25.9 Vejvoda et al., 2008

39.7 50 Goldlust and Bohak, 1989
18.7 24.3 Kaplan et al., 2006c

h 0.8 M ammonium sulfate).



Fig. 2. Nitriles accepted as substrates by nitrilases from a) Aspergillus niger K10 (Nikolaou, 2004; Kaplan et al., 2006a,c; Vejvoda et al., 2007; Winkler et al., 2009), b) Fusarium solani O1
(Kaplan et al., 2006a; Vejvoda et al., 2007; Vejvoda et al., 2008;Winkler et al., 2009), c) Fusarium solani IMI 196840 (Harper,1977) and d) Fusarium oxysporum f. sp.melonis (Goldlust and
Bohak, 1989). Ph = phenyl, Bz = benzyl, Ts = toluenesulfonyl; Cbz = benzyloxycarbonyl. Note: All nitriles shown have not been examined as substrates of all the four nitrilases.
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et al., 2006), bis(cyanomethyl)sulfoxide (Kiełbasinski et al., 2007a), bis
(cyanomethyl)phenylphospine oxide (Kiełbasinski et al., 2007b) and
cyanomethyl p-tolyl sulfoxide (Kiełbasinski et al., 2008). Nitrilases from
filamentous fungi widely differ in their production of amides. A
pronounced tendency to form large amounts of amides from some
substrates with N-heteroatom or electron-demanding substituents (2-,
4-cyanopyridine, 4-chlorobenzonitrile, 1,4-dicyanobenzene; approxi-
Table 4
Preferential substrates of fungal nitrilases — comparison with an aromatic bacterial nitrilas

Substrate Reaction rate (mmol min−1 mg−1 protein)

Fusarium oxysporum f. sp. melonis Aspergillu

Benzonitrile 143 91.6
3-Hydroxybenzonitrile 0 5.3
3-Chlorobenzonitrile 37.6
4-Chlorobenzonitrile 27.3
1,4-Benzodinitrile 72.8
3-Cyanopyridine 36 29.7
4-Cyanopyridine 376.2
Propionitrile 29 6.3
Butyronitrile 47 16.1
Valeronitrile 18.0
Acrylonitrile 50

Relative activities of enzymes from Fusarium oxysporum f. sp.melonis, A. niger K10, F. solaniO1 an
(2006a,b,c), Vejvodaet al. (2008) andKobayashi et al. (1989), respectively. Activityof thenitrilas
cyanopyridine and acrylonitrile, respectively, after dialysis of the purified enzyme against buffe
Note: No entry indicates no data available.

a Partially purified enzyme.
b Purified enzymes.
mately 84, 34, 52 and 28% of total product, respectively) was
demonstrated for the nitrilase from A. niger K10 (Kaplan et al., 2006c).
Interestingly, this enzyme is closely related to cyanide hydratases (see
Section 2.1.), which produce formamide. On the other hand, the
nitrilases from F. solani (Harper, 1977; Vejvoda et al., 2008) and F.
oxysporum (Goldlust and Bohak, 1989; Kaplan et al., 2006b) form little
amide by-products (b3% and 4–6% of total product, respectively) and
e.

s niger K10a Fusarium solani O1 b Rhodococcus rhodochrous J1 b

156.0 15.9
124.8 3.5
135.7 21.8
62.4 18.1

0.6
43.7 3.5

202.8 4.1
28.1
31.2
40.6 0.4

d R. rhodochrous J1were taken from theworks by Goldlust and Bohak (1989), Kaplan et al.
e fromR. rhodochrous J1was14.6,11.1 and8.6 μmolmin−1mg−1 protein for benzonitrile, 3-
r including 10% saturated ammonium sulfate (Nagasawa et al., 2000).
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are thereforemore suitable for use in biocatalysis. However, it cannot be
excluded that chemoselectivitymaybe also affected bydifferent purities
of the enzymes, as that fromA. nigerwasnot purified to homogeneity. Its
co-purification with a hsp60 protein and an ubiquitin-conjugating
enzyme was revealed by Edman sequencing (Kaplan et al., 2006c).
Whole cells of A. niger K10, where probably an amidase is present,
formed less amide (Šnajdrová et al., 2004) than the purified enzyme
from the same strain (Kaplan et al., 2006c).

Low enantioselectivities (E≤7) of fungal nitrilases were found for 2-
phenylpropionitrile (Kaplan et al., 2006c), pyrrolidine-3-carbonitrile
derivatives and cis-3-(toluene-4-sulfonylamino)-cyclopentanecarboni-
trile (Winkler et al., 2009). In this respect, some nitrilases from
commercial biocatalysts surpassed the fungal nitrilases significantly,
exhibiting E-values of N200 (Winkler et al., 2007a,b). In comparisonwith
the commercial nitrilases, however, the fungal enzymes exhibited a
greater ability to recognize the configuration of cis- vs. trans-isomers of g-
substituted cyclopentane nitriles, the former compounds being prefer-
ential substrates (Winkler et al., 2009).

5. Enzyme stability

Typically, nitrilases are moderately thermostable enzymes and the
known fungal nitrilases are no exception, exhibiting temperature
optima of 40–50 °C in most cases. Despite the very similar
temperature optima of the nitrilases from F. solani O1 and A. niger
K10 (approximately 45 °C; Kaplan et al., 2006c; Vejvoda et al., 2008),
notable differences were found in operational stabilities, as demon-
strated for continuous hydrolysis of 4-cyanopyridine in columns
loaded with immobilized enzymes (Vejvoda et al., 2006a,b). However,
it should be taken into account that the enzyme from A. niger K10 was
not purified to homogeneity and factors negatively affecting its
stability could have been present. Application of the F. solani nitrilase
in a continuous stirred membrane bioreactor confirmed its fair
thermostability, characterized by an enzyme half-life of 277 h at
35 °C (Vejvoda et al., 2008). The differences in storage and operational
stabilities (Vejvoda et al., 2006b) can be explained by the protective
effect of the substrate.

Comparing the stabilities of the F. solani enzyme and bacterial
nitrilases, the fungal enzyme has beneficial properties in comparison
with, for instance, a nitrilase from Rhodococcus rhodochrous PA-34,
which was unstable above 35 °C (Bhalla et al., 1992) or a nitrilase from
Bacillus subtilis (Zheng et al., 2008), which exhibited half-lives of 92.6
and 24 h at 30 and 35 °C, respectively, but lost half of its activity at 45 °C
after only 11 min of preincubation (data fromwhole-cell experiments).

On the other hand, some of the bacterial nitrilases exhibited better
stabilities, as the moderately thermostable bacterial nitrilase from
Acidovorax facilis, with a half-life of 22.7 h at 50 °C (Gavagan et al.,
1999). Moreover, the first highly thermostable nitrilasewith a half-life
of 9 h at 80 °C has been recently purified from Pyrococcus abyssi
(Müller et al., 2006).

Organic co-solvents are routinely added to the reactionmixtures to
increase the concentrations of nitriles and hence their bioavailability
to nitrilases, but data on the stability of nitrilase in the presence of
organic solvents has been scarce. Previous tests with bacterial
nitrilases, that is a lyophilized cell-free extract from Pseudomonas sp.
(Layh and Willetts, 1998) and a recombinant nitrilase from Synecho-
cystis sp. (Heinemann et al., 2003) suggested the preferential use of
two-phase systems consisting of aliphatic hydrocarbons and an
aqueous buffer. Similar effects were observed with the purified
nitrilase from F. solani, which retained most of its activity in reaction
mixtures containing up to 50% (v/v) n-hexane or n-heptane. Some of
the water-miscible cosolvents can also be used as components of the
reactionmedia for nitrilases. Of these solvents, dimethyl sulfoxide and
lower alcohols (methanol, ethanol) have the least harmful effects on
nitrilases, as was demonstrated for enzymes from Synechocystis sp.
(Heinemann et al., 2003) and F. solani O1 (Vejvoda et al., 2008).
Nevertheless, the operational range of the hydrophilic solvents was
only up to about 10–20% (v/v) methanol, 10–15% (v/v) ethanol and
15–40% dimethylsulfoxide (Heinemann et al., 2003; Vejvoda et al.,
2008). The partially purified nitrilase from A. niger K10 has so far only
been tested with 5% (v/v) hydrophilic cosolvents (Kaplan et al.,
2006c). The results obtained were largely in agreement with those
above, but suggested that this enzymewas less stable towards organic
solvents than that from F. solani O1, as had been expected from the
comparison of the thermostabilities of both nitrilases.

6. Biocatalyst formulations and use

6.1. Immobilized cells

Mild methods are generally needed for nitrilase immobilization
due to the lability of most of these enzymes. Entrapment of the cells in
a gel matrix meets these requirements, due to the lack of potential
adverse effects from the carriers or reactive agents. The immobiliza-
tion of whole cells in lense-shaped particles made of a polyvinyl
alcohol–polyethylene glycol copolymer (LentiKats®; Jekel et al., 1998)
was used to entrap the lyophilized mycelium of F. solani O1 with an
approximately 75% recovery of the nitrilase activity (Vejvoda et al.,
2006a). This immobilization shifted the nitrilase optimum towards
higher pH-values (from 7 to 9–10). The immobilized cells were also
remarkably active at pH 11, while free cells showed only a very low
activity at this pH. This phenomenon was probably caused by the
different environment in LentiKats® particles and in the bulk solvent. In
contrast, the immobilization had no significant effect on the tempera-
ture optimum or thermostability of the nitrilase (Vejvoda et al., 2006a).

Of the preferential nitrilase substrates (see 4.), 3- and4-cyanopyridine
are among thosewith thehighest industrial impact, as theyareprecursors
for vitamin B3 (niacin) and tuberculostatic (isoniazide), respectively. The
mycelium of F. solani O1 immobilized in LentiKats® particles was used to
prepare nicotinic acid and isonicotinic acid from 3-cyanopyridine or 4-
cyanopyridine (100mM each), respectively. Stoichiometric conversion of
4-cyanopyridinewasachievedwithin40hat 28 °C (Vejvodaet al., 2006a),
while 3-cyanopyridine was only transformed by 74% despite prolonged
reaction time (Vejvoda et al., 2006a).

6.2. Immobilized enzymes

For immobilizing nitrilases on carriers, non-convalent methods
appear to be promising due to their mildness. Therefore, the nitrilases
from A. niger K10 and F. solani O1 were immobilized by hydrophobic
or ionic interactions (Vejvoda et al., 2006a,b,c). Crude nitrilases were
adsorped on columns packed with hydrophobic carriers (for instance,
Butyl Sepharose) with a 50–70% activity recovery. The benefit of this
immobilization method is its simplicity and the possibility of
reloading the column with fresh enzyme any time the activity drops
to undesirable levels. On the other hand, the high salt concentration
(for instance 0.8 M ammonium sulfate), which is needed for binding
the enzyme onto the carrier, may complicate the purification of
reaction products. This is avoided when using ion-exchangers as the
solid support, for instance Q Sepharose (Vejvoda et al., 2006b), but
this method is not compatible with high concentrations of substrates.
These compounds or, more likely, the corresponding enzymatic
products (acids) may interfere with enzyme binding. So far, these
experiments have been performed with prepacked commercial
columns with a volume of only 1 ml. However, it seems feasible to
scale them up for larger columns that would allow higher enzyme
loads and higher flow rates.

A recently reported immobilization technique is based on the
precipitation of an enzyme and cross-linking of the resulting physical
aggregates (Cao et al., 2000). It can be fine-tuned according to the
requirements of the particular enzyme by modifying the type and
concentration of the precipitating agent (salts, organic solvents) and
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cross-linker (glutaraldehyde, dextran polyaldehyde; Schoevaart et al.,
2004; Mateo et al., 2004). Therefore, modifications of this method
were also useful for sensitive enzymes like nitrile hydratase (van Pelt
et al., 2008; Kubáč et al., 2008) and amidase (Kubáč et al., 2008) and
nitrilases from Pseudomonas fluorescens (Mateo et al., 2004) or F.
solani O1 (unpublished). The mild cross-linker dextran polyaldehyde
was mostly used to immobilize these enzymes.

As an alternative to gel entrapment, membrane compartments can
also be used to hold the enzymes or cells in place. This approach has
been used to design continuous stirred membrane reactors, which
became widely used first of all in wastewater treatment but also in
other biocatalytic processes, including nitrile biotransformations
(Cantarella et al., 2006, 2008; Vejvoda et al., 2008) on laboratory
scale. The membrane reactors were recognized as good tools to
estimate the long-term operational stability of fungal nitrilases (see
Section 5.).

Although the chemoselectivity of the nitrilase from F. solani O1 is
high, yielding a product composed of N97% carboxylic acid, further
enhancement of product purity would be desirable for a potential
industrial process. To this end, we tested the utility of a cascade
bienzymatic reaction consisting of 1) hydrolysis of 4-cyanopyridine to
isonicotinic acid and isonicotinamide (ca. 98:2) with nitrilase and 2)
hydrolysis of the contaminating isonicotinamide with amidase. The
second reaction can be catalyzed by, for instance, an amidase from
Rhodococcus erythropolis A4, which has a compatible substrate
specificity and similar reaction optima to nitrilase from F. solani O1.
The process design involved these enzymes immobilized on columns
with Butyl Sepharose (Vejvoda et al., 2006a,b,c). The column reactors
operated in series yielded a product of higher purity than a single
column with co-immobilized enzymes, probably due to competition
between the nitrilase and nitrile hydratase for the substrate in the
latter arrangement. Though the nitrile hydratase was quickly
deactivated at the temperature used (35 °C), its presence led to a
significant increase in isonicotinamide concentrationwithin the initial
6 h of the run (Vejvoda et al., 2006c). From this time onward, the
purity of the product, isonicotinic acid remained at N99.8%, while the
conversion of 4-cyanopyridine (40 mM) was almost complete during
the examined period (Vejvoda et al., 2006c).
7. Biodegradation potential

Rather important is the ability of nitrilases to degrade environ-
mental contaminants. The substrate specificities of the fungal
enzymes predict their applicability for the biodegradation of aromatic
and aliphatic nitrile pollutants. Among the former compounds, the
benzonitrile analogues 3,5-dibromo-4-hydroxybenzonitrile (bromox-
ynil) and 3,5-diiodo-4-hydroxybenzonitrile (ioxynil) are of the high-
est environmental impact, as they are the active components of
numerous herbicides. The nitrilase from F. solani IMI 196840, a strain
isolated from a bromoxynil-treated soil, hydrolyzed bromoxynil and
ioxynil, althoughwith low relative rates compared to benzonitrile (2.2
and 3.9%, respectively; Harper, 1977). This ability has not been found
in F. solani O1 or A. niger K10 (unpublished) and thus the ability of F.
solani IMI 196840 may be related to its origin.

Aliphatic nitriles such as acrylonitrile, acetonitrile, propionitrile
and butyronitrile are compounds with versatile applications in the
chemical industry and their potential occurrence in the environment
(from waste water or accidental spillage) is a cause for concern, as
they are classified as toxic to highly toxic compounds (Martínková
et al., 2008). Some fungal enzymes may be conveniently used for the
removal of aliphatic nitriles from industrial wastes. The nitrilase from
F. oxysporum f. sp. melonis showed a relatively high activity for
acrylonitrile (35% of that for benzonitrile, i.e. about 50 U mg−1

protein; Goldlust and Bohak 1989). Appreciable activities for
propionitrile and butyronitrile (about 29 and 47 U mg−1 protein,
respectively) were found for the same enzyme and the nitrilase from
F. solani (about 28 and 31 U mg−1 protein, respectively).

8. Conclusions and areas for future research

New cultivation and purification protocols have been recently
designed for nitrilases from filamentous fungi. In particular, we
focused our attention on two nitrilases from different genera, Asper-
gillus and Fusarium. Hyperinduction enabled high yields of the
enzymes to be obtained from wild strains, while enzyme purification
proceeded in few steps and with good activity recovery. Their
interesting biocatalytic properties (activity, stability, chemoselectiv-
ity) make fungal nitrilases promising as nitrile-hydrolyzing catalysts.
The enzymes are primarily suitable for the hydrolysis of aromatic and
heterocyclic nitriles, but also convert aliphatic, alicyclic, substituted
and branched aliphatic nitriles. Hence, they can find a variety of
applications in industrial and laboratory practice such as, for instance,
in the production of nicotinic acid, isonicotinic acid or unnatural
amino acids from their corresponding nitriles etc. They also include
good candidates for biodegraders of nitrile contaminants, preferen-
tially medium chain length unbranched aliphatic nitriles.

Despite the fact that the enzymes from A. niger K10 and F. solani O1
seem to be highly divergent in their amino acid sequences, they have
very similar substrate specificities. They exhibit high specific activities
towards their preferential substrates (in the order of hundreds of U
per mg of purified protein). Thus the activity of the new nitrilase from
F. solani O1 is two orders of magnitude higher than the previously
purified nitrilase from another strain of F. solani reported by Harper
(1977).

Of the fungal nitrilases, this new enzyme from F. solaniO1 seems to
be especially beneficial. It has a reasonable thermostability, which
may be further enhanced by immobilization, and yields products with
a high degree of purity, which can be also increased by using an
amidase to hydrolyze the by-product amide. It is available in high
amounts from the wild producer by appropriate cultivation protocols
and the lyophilized mycelium retains its activity for long periods,
after which it can be used directly as a biocatalyst or for enzyme
purification.

The DNA sequence of nitrilase genes in filamentous fungi is
publicly available and forms the basis for the production of
recombinant enzymes, their simplified purification and improvement
of their biocatalytic activities by directed evolution. Though initial
experiments towards the expression of A. niger nitrilase in hetero-
logous hosts gave a functional enzyme, the total production of the
enzyme did not significantly exceed that in the wild producer. Hence,
substantial improvements in this field will still be needed before
recombinant fungal nitrilases can be applied on an industrial scale.
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Abstract The operational stabilities of nitrilases from
Aspergillus niger K10 and Fusarium solani O1 were exam-
ined with 4-cyanopyridine as the substrate in continuous-
stirred membrane reactors (CSMRs). The former enzyme
was fairly stable at 30 °C with a deactivation constant (kd)
and enzyme half-life of 0.014 h−1 and 50 h, respectively, but
the latter exhibited an even higher stability characterized
by kd=0.008 h−1 and half-life of 87 h at 40 °C. Another
advantage of this enzyme was its high chemoselectivity, i.e.,
selective transformation of nitriles into carboxylic acids,
while the amide formed a high ratio of A. niger K10 nitrilase
product. High conversion rates (>90%) were maintained for
about 52 h using the nitrilase from F. solani O1 immobilized
in cross-linked enzyme aggregates (CLEAs). The purity of
isonicotinic acid was increased from 98% to >99.9% by using
two CSMRs connected in series, the first one containing the
F. solani O1 nitrilase and the second the amidase from
Rhodococcus erythropolis A4 (both enzymes as CLEAs), the
amidase hydrolyzing the by-product isonicotinamide.

Keywords Nitrilase .Aspergillus niger . Fusarium solani .

Cyanopyridines . Continuous-stirred membrane reactors .

Cross-linked enzyme aggregates

Introduction

Nitrilases have been recognized as valuable biocatalysts for
the mild synthesis of high added-value carboxylic acids
from cheap and readily available nitriles. As a result, there
has been great interest from a number of academic
institutions and companies (DuPont, Lonza, Dow, Diversa,
BASF, DSM; Brady et al. 2004) in exploring the synthetic
potential of nitrilases. Many commercially interesting
applications of these enzymes have been reported, leading
to, e.g., (R)- and (S)-mandelic acid, (R)- and (S)-phenyllactic
acid, (R)- and (S)-4-cyano-3-hydroxybutyric acid (Robertson
et al. 2004), amino acids (Chaplin et al. 2004) etc. However,
few applications of nitrilases have been performed on
industrial or pilot scale like, e.g., the manufacture of 5-
hydroxypyrazine-2-carboxylic acid and 6-hydroxypicolinic
acid by Lonza (Liese et al. 2000) or (R)-mandelic acid and
(R)-3-chloromandelic acid by Mitsubishi Rayon Co. (Brady
et al. 2004).

In order to extend the range of biocatalysts applicable in
this field, we performed a screening for fungal nitrilases
(Kaplan et al. 2006a), optimized their production (Kaplan et
al. 2006b) and purified and characterized new nitrilases
from Aspergillus niger K10 (Kaplan et al. 2006c) and
Fusarium solani O1 (Vejvoda et al. 2008). The activities of
these enzymes for (hetero)aromatic nitriles were, as far as
we know, the highest ever reported (e.g., >400 U mg−1

protein and >200 U mg−1 protein with 4-cyanopyridine as
the substrate for A. niger and F. solani nitrilase, respective-
ly; Kaplan et al. 2006c; Vejvoda et al. 2008). Compared to
the previously described enzyme from F. solani (Harper
1977), the nitrilase isolated from this species by us
exhibited a specific activity two orders of magnitude higher
and a different subunit molecular weight (40 vs. 76 kDa).
Enzymes from both F. solani O1 and A. niger K10 also
transformed a wide range of aliphatic, alicyclic, and non-
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aromatic heterocyclic nitriles (Kaplan et al. 2006c; Vejvoda
et al. 2008; Winkler et al. 2009). These findings suggested
the potential applicability of fungal nitrilases in a number of
biocatalytic processes. The new enzymes exhibited rela-
tively high-temperature optima (about 45 °C; Kaplan et al.
2006c; Vejvoda et al. 2008), which led us to expect they
would have good thermostability.

Previously, continuous-stirred membrane reactors
(CSMRs) proved to be useful for the determination of
basic enzyme (nitrile hydratase, amidase) technological
parameters such as thermostability and for the design of
continuous biocatalytic processes on the laboratory
scale, including biotransformations of acrylonitrile, pro-
pionitrile, benzonitrile, and nicotinamide into useful
carboxylic amides or acids (Alfani et al. 2001;
Cantarella et al. 2004, 2006, 2008). This prompted us to
use these reactors for assessing the technological applica-
bility of the new nitrilases. Preliminary experiments in
CSMRs have been carried out with the purified nitrilase
from F. solani, which proved to be highly stable at 35 °C,
but rather unstable at its optimum temperature of 45 °C
(Vejvoda et al. 2008). Therefore, further studies reported in
the present work were necessary to determine appropriate
conditions (temperature, enzyme load, enzyme formula-
tion) for continuous conversions of nitriles into carboxylic
acids, namely the industrially important isonicotinic acid
used in manufacturing pharmaceuticals (tuberculostatic
drugs) and agrochemicals (http://chemicalland21.com).
The continuous processes also served to compare, under
operational conditions, the catalytic properties (thermosta-
bility, chemoselectivity) of both new enzymes.

Nitrilases are known to form by-products (amides),
which decrease the purity of the desired products—
carboxylic acids. Recently, we proposed removing the
nitrilase by-product isonicotinamide resulting from the
action of F. solani nitrilase on 4-cyanopyridine in a
follow-up reaction employing the amidase from Rhodo-
coccus erythropolis A4. The nitrilase and amidase were
adsorbed on two Butyl sepharose columns operated in
series (Vejvoda et al. 2006). In this work, we examined an
analogous bienzymatic system consisting of two CSMRs
arranged in series, the first one containing the nitrilase from F.
solani and the second one the above amidase, both
immobilized in cross-linked enzyme aggregates (CLEAs).

Materials and methods

Microorganisms and cultivation

F. solani O1 (accession no. CCF 3635) and A. niger K10
(accession no. CCF 3411) deposited in the Culture
Collection of Fungi of Charles University, Prague, Czech

Republic, were cultivated as described by Vejvoda et al.
(2008) and Kaplan et al. (2006c), respectively. R. erythrop-
olis A4, deposited in the Culture Collection of Micro-
organisms, Masaryk University, Brno, Czech Republic, was
cultivated as described by Kubáč et al. (2008).

Enzyme extraction

The cell-free extracts from A. niger K10, F. solani O1 and R.
erythropolis A4 were prepared as described by Kaplan et al.
(2006c), Vejvoda et al. (2008) and Vejvoda et al. (2006),
respectively. Briefly, a washed mycelium of A. niger was
ground with a pestle and mortar, suspended in Tris/HCl
buffer (50 mM, pH 8.0), stirred in an ice bath for 20 min and
centrifuged (13,000×g, 4 °C, 30 min). With F. solani O1 the
disintegration procedure was similar, but included sonication
of the mycelial suspension (2×5 min, 35 kHz) in the above
buffer supplemented with 0.8 M ammonium sulfate and
stirring in an ice bath (10 min) after each sonication. The
extract from R. erythropolis A4 cells was prepared by
milling the biomass with glass beads in a Retsch MM-200
oscillation mill (35 Hz for 30 min followed by 20 Hz for
20 min) in Tris/HCl buffer (50 mM, pH 8.0) and
centrifugation (13,000×g, 4 °C, 30 min).

Enzyme purification

The nitrilases from A. niger K10 and F. solani O1 were
purified as described by Kaplan et al. (2006c) and Vejvoda
et al. (2008), respectively. Briefly, the former enzyme was
purified by almost a factor of 19 in three steps including
ammonium sulfate precipitation (40–50% sat.) and chro-
matography in Hi-Prep 16/60 Sephacryl S-200 and Hi-Prep
16/10 Q FF columns. The latter enzyme was purified by a
factor of 10 by a similar procedure but the above chromatog-
raphy steps were preceded by hydrophobic interaction
chromatography in a Hi-Prep 16/10 Phenyl FF column.

Enzyme assay

The nitrilase activity was determined with 25 mM benzoni-
trile in Tris/HCl buffer (50 mM, pH 8.0) at 45 °C for
10 min with shaking (Vejvoda et al. 2008). The amidase
and nitrile hydratase activities were determined with
2.5 mM benzamide at 45 °C and 25 mM benzonitrile at
30 °C, respectively, for 15 min with shaking (Vejvoda et al.
2006). After centrifugation, the reaction mixture was
analyzed by HPLC as described below.

Protein assay

Protein was determined according to Bradford (1976) using
bovine serum albumin as the standard.
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Preparation of cross-linked enzyme aggregates

Cross-linking of enzyme aggregates was previously de-
scribed by Schoevaart et al. (2004) and applied to
immobilize the cell-free extract from R. erythropolis A4
(Kubáč et al. 2008). The same method was used to
immobilize the crude nitrilase from F. solani O1 with slight
modifications. Briefly, 10 mL of the cell-free extract
(approx. 5 mg of protein) was added to 19 mL of saturated
ammonium sulfate (pH 8.0) and the mixture was stirred for
30 min in an ice bath. Dextran polyaldehyde (3% solution,
2 mL) was then added and stirring was continued for a
further 90 min. After centrifugation, the precipitate was
resuspended in 22 mL of 0.2% NaBH4 dissolved in
saturated sodium bicarbonate solution, incubated for 1 h,
filtered, and washed with Tris/HCl buffer (150 mL, 50 mM,
pH 8.0). The resulting cross-linked enzyme aggregates
(CLEAs) were stored in the same buffer at 4 °C.

Monoenzymatic biotransformations of nitriles in CSMR

An ultrafiltration cell, Amicon model 8050 (Millipore,
USA) with a 72-mL fluid volume, equipped with a
polyethersulfone ultrafiltration membrane (cut-off 30 kDa,
Millipore) was used as the CSMR. An appropriate amount
of the purified nitrilase or CLEAs (4–19 U; see Figs. 1, 2,
and 3) was placed into the reactor and the volumetric flow
rate set to the desired values (see Figs. 1, 2, and 3) using a
peristaltic pump. The system was continuously stirred at
250 rpm. The reactor was submerged in a thermostated
water bath, the temperature of which was controlled to
within 0.1 °C. The feed stream contained 50 mM 4-
cyanopyridine dissolved in Tris/HCl buffer (50 mM, pH
8.0). The effluent stream containing unreacted substrate and
products was collected in a fraction collector and analyzed
by HPLC as described below.

The specific reaction rate (r, μmol min−1 mgprotein
−1) was

calculated from the product concentration ([P], μmol
mL−1), volumetric flow rate (Q, mL min−1) and mass of
protein (mp, mg) according to the equation

r ¼ Q� P½ �
mp

and reported on a semilogarithmic plot vs. process time.
The operational deactivation constant (kd, h

−1) was calcu-
lated (at steady-state conditions) from the slope of the
straight portion of the curve, linearity indicating first-order
deactivation kinetics of the enzyme. The enzyme half-life
was calculated as (ln2)/kd. The initial reaction rate (μmol
min−1 mgprotein

−1) was obtained as the ordinate intercept
from the same plot.

A

0

20

40

60

80

100

0 20 40 60 80

Time (h)

C
o

n
ve

rs
io

n
 (

%
)

B

0

1

2

3

4

5

6

0 20 40 60 80

Time (h)

ln
 r

ea
ct

io
n

 r
at

e 
( µ

m
o

l m
in

-1
 m

g
-1

 p
ro

te
in

)

Fig. 1 a Conversion (%) of 50 mM 4-cyanopyridine to isonicotinic
acid (full symbols) and isonicotinamide (×10; empty symbols) using
4 U (0.025 mgprotein; squares) or 19 U (0.12 mgprotein; triangles) of the
purified nitrilase from F. solani at flow rates of 10.5 and 6.5 mL h−1,
respectively. b ln of the instantaneous reaction rate plotted against
time. Temperature 40 °C
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Fig. 2 a Conversion (%) of 50 mM 4-cyanopyridine to isonicotinic
acid (full symbols) and isonicotinamide (empty symbols) using 6 U
(0.065 mgprotein) of the purified nitrilase from A. niger. b ln of the
instantaneous reaction rate plotted against time. Volumetric flow rate
13.0 mL h−1; temperature 26 °C (diamonds), 30 °C (squares) or 40 °C
(triangles)
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Bienzymatic biotransformations of nitriles in two CSMRs
operating in series

The first reactor containing an appropriate amount of
CLEAs with nitrilase activity was operated under the above
conditions but the effluent stream was fed continuously into
the second reactor. After 7 hours, the second reactor was
filled up and loaded with an appropriate amount of CLEAs
with amidase activity. The effluent stream from the second
reactor was collected in a fraction collector and analyzed by
HPLC as described previously (Vejvoda et al. 2008).

Analytical HPLC

Benzonitrile, benzamide, and benzoic acid were analyzed
by using a Chromolith Flash RP-18 (Merck; 25 mm×
4.6 mm) in a mobile phase consisting of acetonitrile:water:
H3PO4, 250:749:1 (flow rate 2 mL min−1; 35 °C).
4-Cyanopyridine, isonicotinamide and isonicotinic acid
were analyzed using a Novapak C18 column (Waters;

4 μm, 150 mm×3.9 mm) in a mobile phase consisting of
acetonitrile: 5 mM Na2HPO4/H3PO4 buffer (pH 7.2), 4: 96
(flow rate 0.9 mLmin−1; 35 °C).

Results

Nitrilase stability and chemoselectivity

The stability of the purified nitrilase from F. solani during
conversion of 4-cyanopyridine in CSMRs (Vejvoda et al.
2008) was relatively low at 45 °C (activity optimum), as
indicated by the enzyme half-life of 10.5 h. On the other
hand, the enzyme was very stable at 35 °C with a half-life
of 277 h, but the initial specific reaction rate was only 43%
of that at the optimum temperature (Vejvoda et al. 2008; see
Table 1). In this work, the operation of the purified enzyme
from F. solani in CSMR was examined at 40 °C (see
Table 1 and Fig. 1) to find an acceptable compromise
between stability and activity. In order to evaluate the
stability of the enzyme, it was necessary to operate the
reactor at differential conditions (low substrate conversion)
with all the active enzyme involved in the kinetics. Using
4 U of nitrilase to load the reactor, this condition was
fulfilled during the later stages of the run (40–70 h; 46–
60% conversion; see Fig. 1a). The enzyme deactivation
constant of 0.008 h−1 and half-life of 87 h calculated from a
semi-log plot of the instantaneous reaction rate against time
(see Fig. 1b) indicated that the enzyme was fairly stable
despite its low concentration in the bioreactor. In this
period, the concentration of 4-cyanopyridine varied be-
tween 20–27 mM (Km=1.4 mM; Vejvoda et al. 2008), the
reaction rate thus being approximately 93–95% of Vmax

according to Michaelis–Menten kinetics. The initial specific
reaction rate was calculated to be 216 μmol min−1

mgprotein
−1, which is markedly higher than at 45 °C

(152 μmol min−1mg−1 protein; Vejvoda et al. 2008). This
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Fig. 3 Conversion (%; squares) and ratio of amide in total product
(%; triangles) during bienzymatic conversion of 50 mM 4-
cyanopyridine. CSMRs loaded with nitrilase (6.5 U; 0.41 mgprotein)
and amidase (5 U; 2.7 mgprotein) as cell-free extracts immobilized in
CLEAs were operated in series at temperatures of 40 °C and 35 °C,
respectively, and a volumetric flow rate of 10.5 mL h−1

Table 1 Operational stability of purified nitrilases during hydrolysis of 4-cyanopyridine

Nitrilase Temperature
(°C)

Operational substrate
concentration (mM)a

Conversion
(%)

Initial reaction rate
(μmol min−1 mgprotein

−1)
Deactivation
constant (h−1)

Enzyme
half-life (h)

F. solani 35b 23–32 29–48 66 0.0025 277

40 1–27 46–98 216 0.008 87

45b 30–41 9–33 152 0.066 10.5

A. niger 26 20–32 35–60 115 0.013 53

30 5–24 52–90 187 0.014 50

40 2–39 22–97 196 0.028 25

See “Materials and methods” section for details
aMonitored under steady-state conditions
b From Vejvoda et al. (2008)
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indicated that at 45 °C the reactor achieved steady state
with a partially inactivated enzyme.

The thermostability of the purified enzyme from A. niger
was examined at 26, 30, and 40 °C (see Fig. 2). This
enzyme exhibited approximately twice the specific activity
for 4-cyanopyridine (411 U mgprotein

−1; Kaplan et al.
2006c) than that of F. solani (203 U mgprotein

−1; Vejvoda
et al. 2008). In order to maintain the operational concen-
tration of 4-cyanopyridine well above Km (4.7 mM), the
flow rate was adjusted to 13.0 mL h−1 to bring about a
lower mean residence time in the reactor, instead of
decreasing the protein concentration, as too much dilution
seemed to be detrimental to the enzyme (unpublished
results). Though the A. niger nitrilase was less stable than
the F. solani enzyme, its operational stability at 26–30 °C
was satisfactory with half-lives of 50–53 h (see Table 1).
The initial reaction rates were 115, 187, and 196 μmol
min−1 mgprotein

−1 at 26 °C, 30 °C, and 40 °C, respectively
(see Table 1). The apparent specific activity of the enzyme
at 40 °C was lower than expected from 10-min batch
experiments (337 μmol min−1 mgprotein

−1), while the other
values were in good agreement with those expected. This is
probably because at 40 °C the reactor was initially operated
in integral mode, the substrate being below the saturating
concentration. The enzyme could have already been
partially deactivated when the system again achieved a
saturating substrate concentration.

The formation of amides as by-products of fungal
nitrilases was determined in continuous runs. The results
were generally in accordance with batch assays, indi-
cating an effect of the enzyme origin on the amide:acid
ratio. A high amide production was found for 4-
cyanopyridine hydrolysis by A. niger nitrilase and was
nearly constant during the monitored period (see Fig. 2a).
The total product contained even a slightly higher
percentage of isonicotinamide (about 38.3, 37.7, and
35.4% at 26 °C, 30 °C, and 40 °C, respectively) compared
with batch assays (33.8% at 45 °C; Kaplan et al.
2006c), the difference being probably due to a temperature
effect (as shown a temperature increase lowers the
isonicotinamide production). In contrast, F. solani produced
low amount of isonicotinamide in the continuous run (about
2% of total product; see Fig. 1a) as well as in batch assays
(≤3% of total product; Vejvoda et al. 2008).

Reactor operation at high conversion rates

The higher thermostability and chemoselectivity of nitrilase
from F. solani O1 were the reasons for choosing this enzyme
for experiments aiming to achieve high conversion rate of
the substrate (integral reaction conditions). First, we exam-
ined if an increased enzyme load and eventually decreased
flow rate would compensate for the drop in conversion rate.

Indeed, an acceptable conversion rate was achieved using a
reactor operated with 19 U of enzyme at a flow rate of
6.5 mL h−1 (see Fig. 1a). Almost full conversion was
achieved after 2 h and ≥98% conversion was maintained for
a further 38 h. However, during the following 30 h, the
conversion decreased to approx. 94%. This reactor with a
higher amount of enzyme exhibits a lower initial specific
reaction rate (36 instead of 216 mol min−1 mgprotein

−1), thus
indicating that a significant part of the enzyme is in excess;
only part of the initial amount of enzyme is used to form the
enzyme–substrate complex and all the molecules of the
substrate immediately combine with some of the enzyme
molecules. The kd could be hardly calculated but the
apparent deactivation was much lower than that in the run
with the lower enzyme load (Fig. 1b) because the inactivated
enzyme is gradually replaced by the active one.

In order to obtain biocatalysts for the long-term high
conversion of the nitriles of interest, the possibility was
investigated of increasing the nitrilase stability by immobi-
lization instead of loading the reactor with enzyme excess.
To this end, we examined cross-linked enzyme aggregates
(CLEAs). As the immobilization was hardly practicable
with the purified protein, which was not available in
sufficient amounts, we used the crude nitrilase (after
precipitating some of the contaminating proteins in 0.8 M
ammonium sulfate; Vejvoda et al. 2008). Therefore, the
operation of a CSMR containing the soluble enzyme of the
same purity was monitored first (data not shown). The
stability of this nitrilase preparation was lower than that
of the purified enzyme during the transformation of 4-
cyanopyridine, as indicated by a comparison of the kd
values (about 0.034 and 0.008 h−1, respectively). This may
be ascribed to the action of proteases probably present in
the cell-free extract.

The activity recovery in CLEAs of nitrilase from F.
solani was almost complete. Using a relatively low nitrilase
load (6.5 U), high conversion rates were maintained within
the total examined steady-state period, this indicating a fair
stability of the nitrilase CLEAs (Fig. 3). A slower onset of
the reaction in comparison with runs using soluble enzyme
may be related to mass-transfer phenomena in CLEAs.

Operation of nitrilase and amidase CLEAs in cascade
reactions

The experiment shown in Fig. 3 was aimed not only at
increasing conversion rates, but also the acid:amide ratio,
which was the same for the soluble and immobilized
enzyme (98:2). Therefore, a cascade process catalyzed by
nitrilase and amidase was used. The first and second reactor
contained the cell-free extracts from F. solani and R.
erythropolis, respectively, both immobilized in CLEAs.
The immobilization of amidase from R. erythropolis
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proceeded with a 75–80% activity recovery as described
previously (Kubáč et al. 2008). Nearly 90% of the nitrile
hydratase activity was also recovered in CLEAs prepared
from the cell-free extract of this strain (Kubáč et al. 2008).
In contrast to runs using nitrilase only, the purity of the
reaction product, isonicotinic acid, changed with process
time. After an initial increase to almost 24% of total
product, the percentage of amide dropped to <0.1% and
almost pure isonicotinic acid was thus produced within 25–
77 h of the run (Fig. 3). The increased concentration of
isonicotinamide at the beginning of the run was attributed
to the conversion of unreacted 4-cyanopyridine eluted from
the first reactor during the transient period before steady
state was achieved. This compound, being a good substrate
of nitrile hydratase, was transformed into amide in the
second reactor. Once almost full conversion of 4-
cyanopyridine by the nitrilase was established in the first
reactor, the concentration of the by-product amide de-
creased rapidly. Most likely, at the same time, the nitrile
hydratase present in the second reactor was totally
deactivated due to its instability at 35 °C, this operational
temperature being, in contrast, appropriate for the amidase.

Discussion

One of the factors that restrict the industrial use of nitrilases
is, in general, their relatively low thermostability. Published
works rarely reported on nitrilases fairly stable up to 60 °C
such as those from Acinetobacter sp. AK226 (Yamamoto
and Komatsu 1991) or Bacillus pallidus Dac 521
(Almatawah et al. 1999). The highly thermostable nitrilase
from Pyrococcus abyssi with enzyme half-lives of 25, 9,
and 6 h at 70 °C, 80 °C, and 90 °C, respectively (Mueller et
al. 2006), was exceptional. The enzymes from A. niger and
F. solani are among the enzymes with relatively high-
temperature optima (about 45 °C; Kaplan et al. 2006c;
Vejvoda et al. 2008), which are in the range of 25–55 °C for
most nitrilases (Banerjee et al. 2002). The operational
stabilities of the fungal nitrilases during continuous trans-
formations of 4-cyanopyridine were found to be satisfacto-
ry, especially for the enzyme from F. solani with half-life of
87 h at 40 °C. The residual substrate may have stabilized
the enzymes during operation, as their half-lives during
storage were assessed to be only approx. 11 h at 30 °C (for
A. niger; Kaplan et al. 2006c) and approx. 20 h at 35 °C
(for F. solani; unpublished results). The nitrilase stability
was also increased by cross-linking of enzyme aggregates,
which gave high conversion rates (approx. 90–98%) for a
considerable length of time (>2 days) despite low enzyme
load in the reactor. Similarly, immobilization in CLEAs
improved the stability of the heterologously expressed
nitrilase from Alcaligenes faecalis at operational and

denaturing temperature (30 °C and 50 °C, respectively)
and enabled to reuse the enzyme five times with 90%
recovery of activity (Kaul et al. 2007).

Low chemoselectivity, that is, a high production of the
by-product amide, was reported for numerous nitrilases,
both prokaryotic and eukaryotic (Oßwald et al. 2002;
Kiziak et al. 2005; Fernandes et al. 2006). The nitrilase
from A. niger K10 is among those with a pronounced amide
production (Kaplan et al. 2006c; Winkler et al. 2009), while
the nitrilase from F. solani is superior to this enzyme in
terms of chemoselectivity, forming at most approx. 3%
amide from the substrates examined. The absence of any
other detectable nitrile-transforming activity in the cell-free
extracts of A. niger K10 or F. solani O1 and amide
production demonstrated with the purified enzymes provide
evidence for the exclusive role of nitrilases in amide
formation by these fungi. Whole cells of A. niger K10
formed less amide (Šnajdrová et al. 2004) than the purified
enzyme from this strain (Kaplan et al. 2006c), the total
product from 4-cyanopyridine hydrolysis consisting of 15%
and 34% of isonicotinamide, respectively. This difference
was attributed by us to amidase activity, which was found
in whole cells of this strain and was active towards (hetero)
aromatic amides as substrates (Kaplan et al. 2006a). The
amidase activity detected in the mycelium of F. solani had a
less important role in lowering the by-product content, as it
was only active towards nicotinamide (Kaplan et al. 2006a).

The formation of amides by nitrilases is not yet fully
understood, but there is a well-founded hypothesis on the
role of steric and electronic effects of the substrate in a non-
typical breakdown of the tetrahedral intermediate yielding
amide plus enzyme instead of acylenzyme and ammonia
(Fernandes et al. 2006). Minor effects due to reaction
conditions (increasing acid/amide ratio with lowering pH or
raising temperature) as well as the stereochemistry of the
substrate have also been observed (Fernandes et al. 2006).
A decrease in amide formation with increasing temperature
was also observed in this work for the hydrolysis of 4-
cyanopyridine by purified A. niger nitrilase.

The purity of carboxylic acids produced by F. solani O1
can be further increased by the hydrolysis of the by-product
amide in a follow-up reaction employing an amidase with
compatible substrate specificity, namely the enzyme from R.
erythropolis A4 in this work. Column (Vejvoda et al. 2006)
or membrane reactors operated in series could be used for
this cascade reaction. The product of 4-cyanopyridine
transformation in both reactor types was highly pure
isonicotinic acid (99.8% and 99.9% of total product for the
column and membrane reactors, respectively).

Little attention has been devoted to the production of
isonicotinic acid by nitrilases but several works have
described the potential of these enzymes for the production
of its isomer, nicotinic acid. The biotransformations of 3-
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cyanopyridine proceeded in fed-batch reactors using whole
cells of Rhodococcus rhodochrous J1 (Mathew et al. 1988),
Nocardia globerula NHB-2 (Sharma et al. 2006) or
Rhodococcus sp. NDB 1165 (Prasad et al. 2007). Contin-
uous column reactors were operated with whole cells of
Nocardia rhodochrous LL100-21 (Vaughan et al. 1989) or
B. pallidus Dac521 (Almatawah and Cowan 1999) immo-
bilized in calcium alginate beads. On the contrary, in this
work, we used subcellular enzyme preparations (soluble and
immobilized crude extract or purified enzymes) as biocata-
lysts. For nicotinic acid production, the nitrilase from F. solani
or, better, the bienzymatic cascade involving this nitrilase
and amidase from R. erythropolis, are also promising, though
the activity of the former enzyme for 3-cyanopyridine is
lower than for 4-cyanopyridine (in %—benzonitrile 100, 4-
cyanopyridine 130, 3-cyanopyridine 28, i.e., about 44 U
mgprotein

−1 for 3-cyanopyridine; Vejvoda et al. 2008). This
activity is still higher than in case of some bacterial enzymes,
e.g., about 24 and 3.5 U mgprotein

−1 for nitrilases from
Rhodococcus sp. ATCC 39484 (Stevenson et al. 1992) and
R. rhodochrous J1 (Kobayashi et al. 1989), respectively. The
substrate specificity of the amidase from R. erythropolis also
seems to be convenient for nicotinamide hydrolysis (unpub-
lished results).

In conclusion, the application of fungal nitrilases in
continuous ultrafiltration membrane reactors was shown to
be useful. The enzyme from F. solani exhibited favorable
biocatalytic properties - good operational thermostability and
high chemoselectivity. To improve the economic viability of
the process, however, the substrate concentrations and hence
also amounts of enzyme in the reactor will need to be
increased. To this end, it would be beneficial to use CLEAs
prepared from the purified enzyme, in order to keep the
biocatalyst load in the reactor to a minimum and in this way
avoid the potential deposition of protein on the membrane;
this process (membrane fouling) will result in a decrease in
performance of the membrane. To achieve this goal, larger
amounts of the purified protein will need to be available,
preferentially from a heterologous host expressing the nitrilase.
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Abstract The soil actinobacteria Rhodococcus rho-

dochrous PA-34, Rhodococcus sp. NDB 1165 and

Nocardia globerula NHB-2 grown in the presence of

isobutyronitrile exhibited nitrilase activities towards

benzonitrile (approx. 1.1–1.9 U mg-1 dry cell weight).

The resting cell suspensions eliminated benzonitrile and

the benzonitrile analogues chloroxynil (3,5-dichloro-

4-hydroxybenzonitrile), bromoxynil (3,5-dibromo-4-

hydroxybenzonitrile) and ioxynil (3,5-diiodo-4-hydro-

xybenzonitrile) (0.5 mM each) from reaction mixtures

at 30�C and pH 8.0. The products were isolated and

identified as the corresponding substituted benzoic

acids. The reaction rates decreased in the order benzo-

nitrile � chloroxynil [ bromoxynil [ ioxynil in all

strains. Depending on the strain, 92–100, 70–90 and

30–51% of chloroxynil, bromoxynil and ioxynil,

respectively, was hydrolyzed after 5 h. After a 20-h

incubation, almost full conversion of chloroxynil and

bromoxynil was observed in all strains, while only about

60% of the added ioxynil was converted into carboxylic

acid. The product of ioxynil was not metabolized any

further, and those of the other two herbicides very

slowly. None of the nitrilase-producing strains

hydrolyzed dichlobenil (2,6-dichlorobenzonitrile).

3,5-Dibromo-4-hydroxybenzoic acid exhibited less

inhibitory effect than bromoxynil both on luminescent

bacteria and germinating seeds of Lactuca sativa. 3,5-

Diiodo-4-hydroxybenzoic acid only exhibited lower

toxicity than ioxynil in the latter test.

Keywords Nitrilase � Benzonitrile herbicides �
Chloroxynil � Bromoxynil � Ioxynil � Actinobacteria

Introduction

Dihalogenated benzonitrile analogues are active com-

pounds in a number of herbicides. The use, chemical

and physical properties, toxicity, degradation and
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metabolites of this herbicide group have been

reviewed recently (Holtze et al. 2008). The broad-

spectrum contact herbicide dichlobenil (2,6-dichlo-

robenzonitrile) is used to control weeds in gardens,

orchards, plant nurseries, on non-agricultural areas

etc. Bromoxynil (3,5-dibromo-4-hydroxybenzoni-

trile) and ioxynil (3,5-diiodo-4-hydroxybenzonitrile)

are contact herbicides selective for broad-leaved

weeds among cereal crops. They are consumed in

higher quantities than dichlobenil due to their appli-

cation to larger areas. The risk of degradation of the

benzonitrile herbicides into persistent metabolites has

raised some concerns. Indeed, the major metabolite

of dichlobenil is 2,6-dichlorobenzamide, which is

hardly biodegradable and more soluble than the

parent compound. In addition, its sorption affinity in

soil and subsurface sediments is much lower. As a

result, it has been frequently found in groundwater.

Biodegradation studies also detected amides as the

major products of bromoxynil and ioxynil. These

metabolites are also more soluble than the original

compounds, and presumably possess a medium

mobility in soils. Their toxicity and environmental

dissipation remain largely unknown.

The processes underlying the biodegradation of

benzonitrile herbicides in soils are not yet well

understood. However, experiments with pure bacte-

rial cultures indicate that these compounds are

attacked at their nitrile group. The substituent

position in their molecules strongly affects their

biodegradability by nitrile-trasforming enzymes.

Thus dichlobenil is a substrate of a number of nitrile

hydratases (for a review, see Holtze et al. 2008), but

apparently no nitrilase. Rhizobium radiobacter (for-

merly Agrobacterium radiobacter; Vosáhlová et al.

1997; Holtze et al. 2006) and Variovorax sp. (Nielsen

et al. 2007) not only converted dichlobenil, but also

bromoxynil and ioxynil into the corresponding

amides. Alternatively, bromoxynil and ioxynil were

hydrolyzed into carboxylic acids by the nitrilase of

Klebsiella pneumoniae ssp. ozaenae (McBride et al.

1986; Stalker et al. 1988) and bromoxynil by

Pseudomonas putida (Golovleva et al. 1988). The

corresponding gene from Klebsiella was utilized for

constructing transgenic plants with bromoxynil and

ioxynil resistance (Freyssinet et al. 1996). A marginal

note on very low relative activities towards brom-

oxynil and ioxynil appeared in the study on the

purification and characterization of nitrilase from

Fusarium solani by (Harper 1977). A strain of

Klebsiella genus (K. ozaenae) and a F. solani strain

were also able to degrade ioxynil into CO2 (Hsu and

Camper 1976).

Actinobacteria, primarily the genus Rhodococcus,

were found to be efficient in degrading of a large

number of environmental contaminants, including

various nitriles (Martı́nková et al. 2009). However,

there have been few reports on their ability to degrade

benzonitrile herbicides. Several strains of rhodococci,

specifically R. erythropolis DSM 9675, DSM 9685

(Holtze et al. 2006) and AJ270 (Blakey et al. 1995;

Meth-Cohn and Wang 1997) harbouring nitrile

hydratases were shown to transform dichlobenil into

2,6-dichlorobenzamide as the dead-end product. A

very low activity towards bromoxynil and ioxynil

was demonstrated for the purified nitrilase from

Rhodococcus rhodochrous NCIB 11215 (previously

classified as Nocardia sp.; Harper 1985). This

enzyme transformed bromoxynil and ioxynil at a

Vmax of 1.0 and 1.6% of that for benzonitrile,

respectively (Harper 1985). Furthermore, the Km-

values of this enzyme for bromoxynil and ioxynil

were much higher than that for benzonitrile (8.18,

11.88 and 0.62 mM, respectively). McBride et al.

(1986) confirmed the very low nitrilase activity for

bromoxynil in this organism (less than 0.3% of that

for benzonitrile), while using this strain for compar-

ison with the bromoxynil-degrading strain Klebsiella

pneumoniae ssp. ozaenae.

The aim of this work was to examine the potential

role of actinobacteria, as common soil-dwelling

organisms, in the degradation of benzonitrile herbi-

cides. We focused this study on nitrilase-producing

strains whose ability to degrade these compounds has

been largely unknown. We therefore chose the soil

isolates Rhodococcus rhodochrous PA-34 (Bhalla

et al. 1992; Raj et al. 2006, 2007), Nocardia

globerula NHB-2 (Bhalla and Kumar 2005) and

Rhodococcus sp. NDB 1165 (Prasad et al. 2007),

which were all previously shown to produce nitrilases

acting on (hetero)aromatic nitriles. Having confirmed

carboxylic acids to be major products of the herbicide

transformation in these strains, we determined the

acute toxicities of these metabolites and the parent

compounds by using luminescent bacteria and ger-

minating seeds.
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Materials and methods

Chemicals

The substrates—benzonitrile, 3,5-dichloro-4-hydro-

xybenzonitrile (chloroxynil), 3,5-dibromo-4-hydroxyben-

zonitrile (bromoxynil), 3,5-diiodo-4-hydroxybenzonitrile

(ioxynil) and 2,6-dichlorobenzonitrile (dichlobenil)—

and the authentic standards—benzamide, benzoic acid,

3,5-dichloro-4-hydroxybenzoic acid, 3,5-dibromo-4-

hydroxybenzoic acid, 3,5-diiodo-4-hydroxybenzoic

acid, 2,6-dichlorobenzamide and 2,6-dichlorobenzoic

acid—were purchased from standard commercial

sources (Sigma-Aldrich; Alfa Aesar, Germany) and were

of analytical grade purity.

Microorganisms

Rhodococcus rhodochrous PA-34 (Bhalla et al. 1992),

Nocardia globerula NHB-2 (Bhalla and Kumar 2005;

previously classified as Rhodococcus rhodochrous,

Sankhian et al. 2003) and Rhodococcus sp. NDB 1165

(Prasad et al. 2007) were as described previously. All

strains were maintained on meat peptone agar: [g/l]

Bacto beef extract 3, peptone 10, NaCl 5, agar 15 g (pH

7.5), and periodically transferred to fresh media.

Strains were grown in 500-ml Erlenmeyer flasks with

100 ml of a mineral medium (pH 7.5) containing: [g/l]

Na2HPO4�12H2O 2.5, KH2PO4 2.0, MgSO4�7H2O 0.5,

FeSO4�7H2O 0.03, CaCl2�2H2O 0.06, yeast extract 0.1,

glucose 10, isobutyronitrile 3.85 (55 mM). This

medium was inoculated with 8% (v/v) of a preculture

grown for 1 day at 30�C in a medium containing: [g/l]

Bacto beef extract 10, peptone 10, NaCl 5, glucose 10,

yeast extract 1 (pH 7.5). From cultures grown for 1 day

under shaking (200 rpm) at 28�C, cells were harvested

by centrifugation, washed with and resuspended in

Tris/HCl buffer (50 mM, pH 8.0) and immediately

used for enzyme activity assays and biodegradation

studies. Alternatively, chloroxynil, bromoxynil or

ioxynil (0.5 mM each) were added to the culture

medium instead of isobutyronitrile and the cultivation

was performed for 6 days under the above conditions.

Enzyme assays

For determining nitrilase activity, whole-cell suspen-

sions (475 ll; optical density (OD610) % 1 corre-

sponding to approx. 0.28 mg of dry cell weight/ml)

were preincubated at 30�C for 5 min and benzonitrile

(25 ll of 500 mM stock solution in methanol) was

added to a final concentration of 25 mM. After

shaking at 850 rpm and 30�C for 10 min, the reactions

were stopped by adding 100 ll of 1 M HCl. The

reactions mixtures were centrifuged (14000 rpm,

5 min) and analyzed for reaction product (benzoic

acid) by HPLC. One unit of nitrilase activity was

defined as the amount of enzyme that formed 1 lmol

of benzoic acid per min under the above conditions.

For determination of amidase activity, whole-cell

suspensions (585 ll; OD610 % 1) were preincubated

at 30 or 45�C for 5 min and benzamide (15 ll of

100 mM stock solution in methanol) was added to a

final concentration of 2.5 mM. After shaking at

850 rpm and 30 or 45�C for 10 min, the reactions

were stopped by adding 100 ll of 1 M HCl. The

reaction mixtures were centrifuged (14000 rpm,

5 min) and analyzed for the reaction product (benzoic

acid) by HPLC. One unit of amidase activity was

defined as the amount of enzyme that formed 1 lmol

of benzoic acid per min under the above conditions.

Biotransformations

In analytical scale experiments, the biotransforma-

tions were carried out at 30�C and shaking (850 rpm)

in 1.5-ml eppendorf tubes with 1200 ll of the

reaction mixtures consisting of whole-cell suspen-

sions (1140 ll; OD610 % 2) and the substrates

(chloroxynil, bromoxynil, ioxynil or dichlobenil;

60 ll from 10 mM stock solutions in methanol; final

concentration 0.5 mM). Control abiotic experiments

with the benzonitrile analogues and the correspond-

ing carboxylic acids (0.5 mM each) were performed

under the same conditions in buffer without cells.

Whole cells from precultures were used for control

experiments with uninduced cells.

In preparative scale experiments, the biotransfor-

mations were carried out at 30�C and shaking

(200 rpm) in 250-ml Erlenmeyer flasks with 50 ml

of the reaction mixtures. Chloroxynil, bromoxynil or

ioxynil (0.1 mmol each) were dissolved in 2.5 ml of

methanol and 47.5 ml of the cell suspensions

(OD610 % 2) were added.

The biotransformation of benzonitrile analogues

were monitored by TLC on silica gel 60 GF254

(Merck) plates developed in dichloromethane-metha-

nol-25% aqueous ammonia (15:5:1).

Biodegradation

123



Analytical HPLC

Samples (150 ll) from the reactions were mixed with

150 ll of methanol, centrifuged, appropriately

diluted with a mobile phase consisting of acetoni-

trile:water:H3PO4, 250:749:1, and analyzed for

nitriles, carboxylic acids and amides using a Waters

HPLC system (Waters 600 pump and Waters PDA

996 detector) equipped with a Chromolith Flash RP-

18 Merck monolithic column (25 mm 9 4.6 mm) at

a flow rate of 2 ml min-1 and 35�C (see Table 1 for

retention times and local spectral maxima of the

analytes).

Product isolation and identification

The retention times and UV spectra (Table 1) were

compared with those of authenthic standards. To

isolate the products, the reaction mixtures from

preparative biotransformations were centrifuged

(6000 rpm, 30 min, 4�C) and the pH of the superna-

tants adjusted to 2–2.5 using 1 M HCl. The product

was extracted three times with 50 ml of ethyl acetate.

The combined organic layers were dried with Na2SO4

and the solvent removed by evaporation under

reduced pressure. NMR spectra were recorded with

a Bruker Avance III spectrometer (400.13 MHz for
1H, 100.61 MHz for 13C, DMSO-d6, 30�C) using

Topspin 2.1 software. Residual solvent signal

(DMSO: dH 2.50 ppm, dC 39.60 ppm) was used as

an internal standard.

Mass spectrometry analysis and MS/MS experiments

were performed using a LCQDECA ion trap mass

spectrometer (ThermoQuest, San Jose, CA) equipped

with a static nanoelectrospray ion source. The spray

voltage was held at 1.42 kV, the tube lens voltage was

-10 V. The heated capillary was kept at 180�C with a

voltage of -37 V. Negative-ion full scans were

acquired over the m/z range 150–2000. To corroborate

the structure of metabolites the MS/MS experiments

were performed with normalised collision energy in

range 30–45%, activation Q 0.25, activation time 30 ms

and with isolation width m/z 3.0.

Spectral data are only shown for products prepared

using the R. rhodochrous PA-34 strain. The data

obtained for products of other strains indicated the

same structures.

3,5-Dichloro-4-hydroxybenzoic acid (1b): 1H

NMR: 7.824 (2H, s, H-2, H-6); 13C NMR: 122.08

(C-3, C-5), 123.36 (C-1), 129.70 (C-2, C-6), 153.19

(C-4), 165.24 (CO). Negative MS (nESI): m/z 205.1,

207.0 (C7H4Cl2O3).

3,5-Dibromo-4-hydroxybenzoic acid (2b): 1H

NMR: 7.999 (2H, s, H-2, H-6); 13C NMR: 111.42

(C-3, C-5), 124.62 (C-1), 133.45 (C-2, C-6), 154.94

(C-4), 164.99 (CO). Negative MS (nESI): m/z 293.1,

295.0, 297.0 (C7H4Br2O3).

3,5-Diiodo-4-hydroxybenzoic acid (3b): 1H NMR:

8.212 (2H, s, H-2, H-6); 13C NMR: 85.91 (C-3, C-5),

126.12 (C-1), 140.46 (C-2, C-6), 159.57 (C-4),

164.65 (CO). Negative MS (nESI): m/z 388.9

(C7H4I2O3).

Table 1 Analytical HPLC

of benzonitrile, benzonitrile

analogues and products of

their biotransformation (see

‘‘Materials and methods’’

section for separation

conditions)

a wavelength used for

compound detection and

quantitation
b detected and quantified at

210 nm

Compound Retention

time [min]

Local spectral

maximum [nm]

3,5-Dichloro-4-hydroxybenzonitrile (1a) 1.6 215.8a–255.8

3,5-Dichloro-4-hydroxybenzoic acid (1b) 0.8 215.8a–251

3,5-Dibromo-4-hydroxybenzonitrile (2a) 2.3 216.9a–256.9

3,5-Dibromo-4-hydroxybenzoic acid (2b) 1.0 216.9a–256.9

3,5-Diiodo-4-hydroxybenzonitrile (3a) 4.0 235.7a

3,5-Diiodo-4-hydroxybenzoic acid (3b) 1.5 235.7a

2,6-Dichlorobenzonitrile 4.0 –b

2,6-Dichlorobenzamide 0.5 –b

2,6-Dichlorobenzoic acid 0.8 –b

Benzonitrile 1.3 222.8a

Benzamide 0.5 225.2a

Benzoic acid 0.8 228.7a
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Toxicity test using Vibrio fischeri

Lyophilised cells of Vibrio fischeri were resuscitated in

2% NaCl at 15�C. The cell suspensions were incubated

with the examined compounds for 15 min at 15�C and

luminescence was determined using a Lumac Bio-

counter 1500 at the beginning of incubation (about

6000 relative light units) and at its end. The EC50 value

was defined as the compound concentration at which

luminescence was inhibited by 50%, and was calcu-

lated from four measurements carried out for each of

four concentrations of the examined compounds.

Toxicity test using Lactuca sativa

Germinating Lactuca sativa seeds were incubated

with 0.5 mM of the examined compounds at 22�C in

dark and the root length was determined after 4 days.

The inhibition coefficient I was defined as

I ¼ LC � LT

LC
� 100;

where Lc is the average root length in seeds germi-

nating in reference solution (cm), and LT is average

root length in seeds germinating in test solutions (cm).

The reference solution contained (in mg/l of

distilled water) CaCl2�2H2O 294, MgSO4�7H2O

123, NaHCO3 65, KCl 6.

A statistically significant difference between the

average root length of seeds germinating in reference

solution and test solutions was determined using the

ANOVA test with a significance level of 95%.

Results

Nitrile- and amide-transforming activities

of actinobacteria

All three strains produced nitrilase activities, when

grown in the presence of isobutyronitrile as nitrilase

inducer (Table 2). Benzoic acid was formed as the

single detectable product from benzonitrile in all strains.

This suggested that benzonitrile hydrolysis was cata-

lyzed by the nitrilase under the conditions used. No

production of benzamide indicated no nitrile hydratase

activity in the cells. To confirm that benzamide was not

removed by the action of an amidase, the cells were

examined for this activity at 45�C (largely suitable for

rhodococcal amidases; Banerjee et al. 2002) and 30�C

(to detect potential thermosensitive amidases). At both

45�C (Table 2) and 30�C (data not shown), the amidase

activities towards benzamide were comparable and two

orders of magnitude lower than the nitrilase activities in

all strains. Therefore, benzamide, when formed by

nitrile hydratase, would largely remain unreacted in the

reaction mixtures.

A comparison of the specific activities for benzoni-

trile and benzonitrile herbicides was difficult to perform,

as it was impossible to carry out the activity assays under

the same reaction conditions for all these substrates. The

concentrations of products formed by whole cells from

benzonitrile analogues were too low after 10-min

reactions, which were used for the activity assays with

benzonitrile. The determination of activity for benzoni-

trile herbicides was also hampered by the very low

solubility of these compounds in water (approx. 0.47

and 0.13 mM for bromoxynil and ioxynil, respectively,

at 20�C; Holtze et al. 2008). Nevertheless, the analysis

of samples obtained after 30-min reactions with e.g., N.

globerula NHB-2, suggested nitrilase activities towards

chloroxynil, bromoxynil and ioxynil (approx. 7.3, 4.0

and 1.4 mU mg-1 dry cell weight, respectively) to be

two to three orders of magnitude lower in comparison to

those towards benzonitrile (Table 2). In the other two

strains, the nitrilase activities for chloroxynil, brom-

oxynil and ioxynil were somewhat higher in most cases

(strain PA-34: 14.6, 8.8 and 0.6 mU mg-1, respec-

tively; strain NDB 1165: 16.1, 10.3 and 3.8 mU mg-1,

respectively) compared to strain NHB-2, but also much

lower in comparison with the activities for benzonitrile

(Table 2). None of the strains showed any nitrilase

activity for dichlobenil.

The cultures grown in presence of chloroxynil,

bromoxynil or ioxynil (0.5 mM each) instead of

isobutyronitrile were not able to transform any of the

benzonitrile herbicides, the concentrations of which

remained almost unchanged in the culture medium

within 6 days of cultivation. This indicated that no

nitrilase activity was induced under these conditions.

Products of benzonitrile herbicide biodegradation

Despite the low activities of the nitrilase-producing

strains for benzonitrile herbicides, the concentrations

of these compounds, except for dichlobenil, decreased

significantly during incubation with whole-cell sus-

pensions of these organisms grown on isobutyronitrile
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as nitrilase inducer. Contrary, almost no change in

concentration of any of the compounds was observed

in abiotic experiments or those using uninduced cells

(within 5 h). In biotransformations of chloroxynil

(1a), bromoxynil (2a) and ioxynil (3a), HPLC anal-

ysis revealed the formation of products exhibiting the

same retention times and UV spectra as the corre-

sponding substituted benzoic acids 1–3b. To obtain

the products for the spectroscopical characterization,

the nitriles were incubated with resting cell suspen-

sions of each strain at a preparative scale. The

products were isolated and spectroscopically charac-

terized by NMR and MS as the expected substituted

benzoic acids in all cases (Table 1; see Materials and

methods for spectral data). Comparison of the chro-

matograms of the reaction mixtures with dichlobenil

as the substrate with those of authentic standards of

2,6-dichlorobenzoic acid and 2,6-dichlorobenzamide

did not show any formation of these compounds by

any of the strains tested.

Biodegradation rates

After the identification of major degradation products

as the substituted benzoic acids 1–3b, their peaks in

HPLC were calibrated using authentic standards and

their concentrations in the reaction mixtures with

whole cells monitored over time (Fig. 1). Chloroxynil

and bromoxynil were converted into almost stoichi-

ometric amounts of the corresponding carboxylic

acids, indicating no significant formation of other

products within the monitored period of time (5 h).

Minor deviations from the expected sum of substrate

and product were observed throughout the reactions

with bromoxynil (approx. 10%), probably because of

its limited solubility (0.47 mM). The stoichiometry of

ioxynil hydrolysis could not be assessed due to a very

low solubility of the substrate (0.13 mM).

Chloroxynil was transformed into almost equimolar

amounts of the corresponding carboxylic acid within

5 h and bromoxynil was hydrolyzed by 70–90%. The

transformation of ioxynil proceeded more slowly, 30–

51% of the substrate being hydrolyzed after 5 h. The

reaction rate decrease in the order chloroxy-

nil [ bromoxynil [ ioxynil probably reflected both

steric and electronic effects in the substrate molecules

(increasing bulkiness and decreasing electron-with-

drawing effect of halogen atoms).

After a 20-h incubation, almost total conversion of

chloroxynil and bromoxynil was achieved with all

strains. On the other hand, ioxynil was not fully

converted by any of the strains even after a 3-day

incubation, the highest conversion being about 60%

in all strains (data not shown).

The carboxylic acid formed from ioxynil was not

metabolized further by the whole cells to a significant

extent. On the other hand, some decrease in the

concentrations of the carboxylic acids obtained from

the other nitriles occurred between day 1 and 3 of

incubation (data not shown). The maximum decrease

in 3,5-dichloro-4-hydroxybenzoic acid and 3,5-

dibromo-4-hydroxybenzoic acid was by about 25

and 18% during this time in the reaction mixture with

cells of R. rhodochrous PA-34 and N. globerula,

respectively. No peaks of potential breakdown inter-

mediates were found in the chromatograms in any

experiment. There was no significant decrease in

concentrations of these compounds in abiotic controls.

Acute toxicity of benzonitrile herbicides

and their biodegradation products

In chemiluminescence inhibition tests (Table 3),

bromoxynil was found to be considerably more toxic

than the corresponding carboxylic acid. The toxicities

of ioxynil and its acid were similar and the highest of

Table 2 Nitrilase and amidase activities of various actinobacteria (see ‘‘Materials and methods’’ section for details)

Strain Nitrilase activity Amidase activity

Specific (U/mg)a Total (U/l)b Specific (U/mg)a Total (U/l)b

Rhodococcus rhodochrous PA-34 1.41 489 0.014 4.9

Rhodococcus sp. NDB 1165 1.08 292 0.004 1.09

Nocardia globerula NHB-2 1.87 564 0.011 3.3

a per mg of dry cell weight
b per L of culture broth
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all the compounds. Dichlobenil and its corresponding

amide exhibited a much lower toxicity than all the

hydroxylated compounds. The toxicity of 2,6-dichlo-

robenzoic acid, however, was comparable to that of

3,5-dibromo-4-hydroxybenzoic acid. In toxicity

assays using Lactuca sativa seeds (Table 4), all of

the benzonitrile analogues tested at 0.5 mM caused

an almost complete inhibition of root growth. At

these concentrations, all the biodegradation products

exerted less inhibitory effect on the plants than the

parent compounds. However, at concentrations of

0.05 mM, 3,5-dichloro-4-hydroxybenzoic acid and

3,5-dibromo-4-hydroxybenzoic acid exhibited a sim-

ilar inhibitory activity as the corresponding nitriles.

A

B

C

Fig. 1 Rates of nitrile consumption (1–3a; open symbols) and

carboxylic acid (1–3b; filled symbols) formation in biotrans-

formations of chloroxynil (diamond), bromoxynil (square) and

ioxynil (triangle) by Nocardia globerula NHB-2 (a), Rhodo-
coccus rhodochrous PA-34 (b) and Rhodococcus sp. NDB

1165 (c). Optical density of reaction mixtures was approx. 2 in

all cases. See ‘‘Materials and methods’’ section for details

Table 3 Determination of acute toxicity of chloroxynil,

bromoxynil, ioxynil, dichlobenil and standards of their bio-

degradation products using the luminescent bacterium Vibrio
fischeri

Compound EC50 ± SD (nM)

3,5-Dichloro-4-hydroxybenzonitrile 5 ± 2

3,5-Dichloro-4-hydroxybenzoic acid 14 ± 2

3,5-Dibromo-4-hydroxybenzonitrile 14 ± 3

3,5-Dibromo-4-hydroxybenzoic acid 42 ± 2

3,5-Diiodo-4-hydroxybenzonitrile 8 ± 2

3,5-Diiodo-4-hydroxybenzoic acid 6 ± 3

2,6-Dichlorobenzonitrile 505 ± 29

2,6-Dichlorobenzamide 1773 ± 53

2,6-Dichlorobenzoic acid 54 ± 11

EC50 compound concentration causing 50% inhibition of

luminescence, SD standard deviation

The toxicity assay was performed as described in ‘‘Materials

and methods’’ section

Table 4 Determination of the effect of chloroxynil, brom-

oxynil, ioxynil, dichlobenil and standards of their biodegra-

dation products on root growth of germinating seeds of Lactuca
sativa

Compound Inhibition (%)

0.05 mM 0.5 mM

3,5-Dichloro-4-hydroxybenzonitrile 32 100

3,5-Dichloro-4-hydroxybenzoic acid 30 52

3,5-Dibromo-4-hydroxybenzonitrile 46 98

3,5-Dibromo-4-hydroxybenzoic acid 42 42

3,5-Diiodo-4-hydroxybenzonitrile 64 100

3,5-Diiodo-4-hydroxybenzoic acid 41 67

2,6-Dichlorobenzonitrile 100 100

2,6-Dichlorobenzamide 11 93

2,6-Dichlorobenzoic acid 45 60

The toxicity assay was performed as described in ‘‘Materials

and methods’’ section
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Discussion

The Rhodococcus rhodochrous PA-34, Nocardia

globerula NHB-2 and Rhodococcus sp. NDB 1165

strains have been previously shown to produce

nitrilases with high relative activities for benzonitrile

(Bhalla et al. 1992, Bhalla and Kumar 2005, Prasad

et al. 2007) or 3- and 4-cyanopyridine (Prasad et al.

2007). These enzymes can be, therefore, designated

as aromatic nitrilases according to the classification

of Kobayashi and Shimizu (1994). Chloroxynil,

bromoxynil and ioxynil were transformed by all the

enzymes tested, though with low relative activities

compared to benzonitrile (presumably due to steric

hindrances).

Previously, only one rhodococcal nitrilase was

reported to be active for bromoxynil and ioxynil

(Harper 1985; McBride et al. 1986). This enzyme was

obtained from the R. rhodochrous NCIMB11215

strain (originally characterized as Nocardia sp. (rho-

dochrous group)) isolated from a bromoxynil-treated

field. However, apart from ammonia, the products of

the reactions were not determined. In contrast, in this

work the major biodegradation products were iden-

tified (as the corresponding carboxylic acids).

The nitrilases from the R. rhodochrous PA-34 and

R. rhodochrous NCIMB11215 strains seemed to be

different because of their differing specific activities

for benzonitrile (24 and 1.74 U mg-1) (Bhalla et al.

1992; Harper 1985). Their substrate specificities

could hardly be compared, as different substrates

were used for their characterization (Harper 1985;

Bhalla et al. 1992). The nitrilase from R. rhodochrous

PA-34 was shown to be highly similar in terms of its

amino acid sequence with the well-characterized

nitrilase from R. rhodochrous J1 (with 97.5%

homology) but to share only a 44.6% homology with

the benzonitrile herbicide-specific nitrilase from

Klebsiella pneumoniae ssp. ozaenae (Bhalla et al.

1995). This latter enzyme strikingly differs from

rhodococcal nitrilases in its substrate specificity,

exhibiting higher specific activities and lower Km-

values for chloroxynil, bromoxynil and ioxynil (Vmax

of 18, 15 and 12.2 U mg-1 protein and Km of 0.83,

0.31 and 0.55 mM, respectively) but no detectable

activity for benzonitrile (Stalker et al. 1988).

The biodegradation potential of K. pneumoniae

ssp. ozaenae was demonstrated in a growing culture,

which consumed almost 1.8 mM of bromoxynil from

the culture medium within 18 h (McBride et al.

1986). Analogous experiments with cultures of

actinobacteria, growing, however, at lower concen-

trations (0.5 mM) of the benzonitrile herbicides, did

not result in any degradation of these compounds. In

contrast, it was necessary to induce the nitrilase

activity in the cells by growth in presence of

isobutyronitrile, a powerful nitrilase inducer (Bhalla

et al. 1992), prior to the biodegradation experiments.

However, it is difficult to assess from these observa-

tions, if and to which extent these actinobacteria

participate in degradation of benzonitrile herbicides

in soil, as different conditions in this environment

(e.g., lower herbicide concentrations, potential pres-

ence of other nitrilase inducers, longer exposure to

the herbicides) must be considered.

A considerable amount of data has been obtained

regarding the toxicities of benzonitrile herbicides

(Holtze et al. 2008; EC 2004a,b; http://extoxnet.orst.

edu), but much less has been known on those of their

biodegradation products. The difference in the tox-

icity of dichlobenil and its amide on one hand and

bromoxynil and ioxynil on the other hand, as deter-

mined by the chemiluminescence test, is in accor-

dance with the LD50 values of these compounds

(Holtze et al. 2008). The low relative toxicity of 3,5-

dibromo-4-hydroxybenzoic acid was demonstrated

by a report that this metabolite caused liver and

developmental effects at higher dose levels than

bromoxynil (EC 2004a). The results of the chemilu-

minescence test also suggested a lower toxicity for

this metabolite compared to the parent compound.

The nitriles inhibited root growth in L. sativa the

most but significant inhibitory effect was observable

with all the derivatives (amide, carboxylic acids). A

residual (20-fold lower) inhibitory activity was also

reported for 3,5-dihalogeno-4-hydroxybenzoic acids

by Carpenter and Heywood (1963).

Conclusions

We have shown that all three tested strains of soil

actinobacteria isolated from different sites were able

to hydrolyze the benzonitrile analogues chloroxynil,

bromoxynil and ioxynil. We have determined the

nitrilase to be the key enzyme in this pathway.

Previously, the direct hydrolysis of benzonitrile

herbicides had been considered to be the ability of
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specific nitrilases occurring in the Klebsiella genus.

However, the frequency of occurrence of bromoxynil

and ioxynil degraders in this genus is unknown, as the

corresponding studies were largely concerned with a

single strain. Our findings on nitrilase activity for

these herbicides in randomly selected strains of

Rhodococcus and Nocardia genera suggest that this

ability is not specific to genus Klebsiella, and

probably widespread in actinobacteria. Halogenated

benzoic acids were confirmed as the products of

biotransformations catalyzed by actinobacteria.

These strains may also be used to convert bromoxynil

into a less toxic metabolite—3,5-dibromo-4-hydro-

xybenzoic acid, which, moreover, may be further

utilized by consortia of soil organisms. However, the

impact of bioaugmentation with the nitrile degraders

on metabolite profiles must be studied to assess the

utility of these strains in bioremediation of sites

contaminated with benzonitrile herbicides.
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Nitrilase activity in Fusarium solani IMI196840 (approx. 1500 U l−1 of culture broth) was induced by 2-
cyanopyridine. The enzyme was purified by a factor of 20.3 at a yield of 26.9%. According to gel filtration,
the holoenzyme was an approx. 550-kDa homooligomer consisting of subunits with a molecular weight
of approximately 40 kDa, as determined by SDS-PAGE. Mass spectrometry analysis of the tryptic frag-
ments suggested a high similarity of this enzyme to the hypothetical CN hydrolases from Aspergillus
usarium solani
itrilase
urification
haracterization
itriles

oryzae, Gibberella zeae, Gibberella moniliformis and Nectria haematococca. Circular dichroism and fluo-
rescence spectra indicated that secondary structure content and overall tertiary structure, respectively,
were almost identical in nitrilases from F. solani IMI196840 and F. solani O1. The melting temperatures
of the enzymes were 49.3 ◦C and 47.8 ◦C, respectively. The best substrates for the purified nitrilase from
F. solani IMI196840 were benzonitrile and 4-cyanopyridine, which were hydrolyzed at the rates of 144
and 312 U mg−1 protein, respectively, under the optimum conditions of pH 8 and 45 ◦C. The enzyme was

roduc
highly chemoselective, p

. Introduction

Nitrilases (EC 3.5.5.1; 3.5.5.2; 3.5.5.4–3.5.5.7) have been recog-
ized as valuable biocatalysts for the synthesis of high added-value
arboxylic acids from cheap and readily available nitriles. Interest in
heir use is rising as illustrated by the increasing number of articles
nd patents on this topic [1]. This is because the enzymes enable
itrile hydrolysis to be performed at mild pH and temperature
nd are often also enantioselective or regioselective. Furthermore,
mong nitrilases there is broad choice of enzymes with differing
ubstrate specificities (e.g., [1–5]). A number of companies (DuPont,
onza, Dow, Diversa, BASF, DSM) have investigated the use of
nzymatic nitrile hydrolysis in their processes. For instance, (R)-
andelic and (R)-chloromandelic acid have already been produced

ommercially by Mitsubishi Rayon Co. [5].
Nitrilases were discovered in the 1960s, when enzymes from

arley [6] and Pseudomonas [7] were purified. Since then, a large
Please cite this article in press as: Vejvoda V, et al. Purification and cha
Biochem (2010), doi:10.1016/j.procbio.2010.03.033

umber of various nitrilases have been purified and characterized
n bacteria, but only a few in eukaryotic organisms (plants and
lamentous fungi; for a review see [3]). Nevertheless, the broad
ccurrence of nitrilases in filamentous fungi has been indicated by

∗ Corresponding author. Tel.: +420 296 442 569; fax: +420 296 442 509.
E-mail address: martinko@biomed.cas.cz (L. Martínková).

359-5113/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.procbio.2010.03.033
ing ≤2% amides as by-products.
© 2010 Elsevier Ltd. All rights reserved.

screening collection strains [8] and by gene and protein database
searches [9].

We have recently been focusing our research on filamentous
fungi as a source of new nitrilases with potentially different cat-
alytic properties from those of the bacterial enzymes, and purified
and characterized the nitrilases from Aspergillus niger K10 [10] and
Fusarium solani O1 [11]. The latter enzyme exhibited similar spe-
cific activities to the nitrilase from Fusarium oxysporum f. sp. melonis
[12]. On the other hand, the nitrilase from the F. solani IMI196840
strain described in one of the pioneering works on nitrilases in
1977 [13] exhibited a specific activity that was 87-times lower. This
enzyme also differed from typical nitrilases in its subunit molecular
mass (76 kDa [13] vs. 37–40 kDa in other fungal enzymes [10–12]
and 38–46 kDa in most bacterial enzymes [3,4]).

The nitrilase in F. solani IMI196840 was induced by benzonitrile
as the sole source of C and N but the activity yield was very low
[13,14]. Previously, we identified 2-cyanopyridine as a powerful
nitrilase inducer, which was efficient in all the nitrilase-producing
fungal strains examined (Aspergillus, Fusarium, Penicillium) [15]. In
this work, we used this compound to induce a high nitrilase activity
racterization of nitrilase from Fusarium solani IMI196840. Process

in the F. solani IMI196840 strain. The nitrilase purified and char-
acterized by us from this strain is substantially different from that
described in the same strain previously [13] but similar to the other
two nitrilases described in Fusarium genus [11,12], though some
differences between these enzymes could be observed in terms of

dx.doi.org/10.1016/j.procbio.2010.03.033
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
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heir substrate specificity, pH and temperature profiles and stabil-
ty.

. Materials and methods

.1. Chemicals

Substrates and authentic standards of the reaction products were purchased
rom Alfa Aesar (Germany), Sigma–Aldrich (USA) or Merck (Germany). Chemicals
or protein sequencing were purchased from Applied BioSystems Inc. (USA).

.2. Microorganisms and cultivation

Fusarium solani IMI196840 was purchased from the CABI BIOSCIENCE Genetic
esource Collection (Egham, Surrey, UK). The strain was grown in a two-stage cul-
ure. In the first stage, the fungus was grown in shaken 500-ml Erlenmeyer flasks
ith 200 ml of a medium consisting of (g l−1) sucrose 30, malt extract 5, yeast

xtract 5, NaNO3 2 (pH 7.3 before sterilization). After a 48-h cultivation at 28 ◦C
he mycelium was harvested, washed with a modified Czapek-Dox medium (in
l−1: K2HPO4 1.0, MgSO4·7H2O 0.5, KCl 0.5, FeSO4·7H2O 0.01, CoCl2·6H2O 0.001,
nSO4·7H2O 0.0067, yeast extract 0.1, pH 7.3 before sterilization) and resuspended
n the same medium (in 200 ml/500-ml Erlenmeyer flasks). After incubating the
uspension in shaken flasks for 1 h at 28 ◦C, 2-cyanopyridine was added to a final
oncentration of 3 g l−1, and the incubation continued for a further 24 h. Afterwards
he mycelium was harvested, washed with Tris/HCl buffer (50 mM, pH 8.0), frozen
t −80 ◦C, lyophilized overnight and stored at −20 ◦C.

Fusarium solani O1 deposited in the Culture Collection of Fungi, Charles Uni-
ersity, Prague (under accession number CCF 3635), was cultivated as described
reviously [11].

.3. Preparation of cell-free extract

The enzyme was purified from a cell-free extract, which was obtained by grind-
ng the lyophilized mycelium with a pestle and mortar. The homogenate was
esuspended in 50 mM Tris/HCl buffer (pH 8.0) containing 0.8 M (NH4)2SO4 and
onicated in an ultrasonic bath (2 × 5 min, 35 kHz, ELMA, Germany). After each son-
cation, the suspension was stirred at 4 ◦C for 10 min. Cell debris was removed by
entrifugation (10 000 × g, 4 ◦C, 30 min).

.4. Enzyme purification

The cell-free extract was diluted twice with 50 mM Tris/HCl buffer (pH 8.0) con-
aining 0.8 M (NH4)2SO4, centrifuged (15 000 × g, 4 ◦C, 30 min) and injected into a
i-Prep 16/10 Phenyl FF column (low sub) (GE Healthcare, UK) pre-equilibrated with

he same buffer. Proteins were eluted with a linear gradient of (NH4)2SO4 (0.8–0 M,
0 ml) in Tris/HCl buffer (50 mM, pH 8.0) at a flow rate of 2 ml min−1. The nitri-

ase was eluted at 580–200 mM (NH4)2SO4. The active fractions were pooled and
oncentrated using an Amicon Ultra-4 unit (cut-off 10 kDa; Millipore, USA).

The pooled concentrated fractions from the previous step were injected into a
6/60 Hi-Prep Sephacryl S-200 column (GE Healthcare, UK) pre-equilibrated with
0 mM Tris/HCl buffer (pH 8.0) containing 150 mM NaCl and eluted with the same
uffer at a flow rate of 0.6 ml min−1. The active fractions were pooled and concen-
rated as described above.

The pooled concentrated fractions from the previous step were diluted fivefold
ith 50 mM Tris/HCl buffer, pH 8.0, and injected into a Hi-Prep 16/10 Q FF column

GE Healthcare, UK). Proteins were eluted with a linear gradient of NaCl (0–1 M,
0 ml) in 50 mM Tris/HCl buffer (pH 8.0) at a flow rate of 2 ml min−1. The nitrilase
as eluted at 280–450 mM NaCl. The active fractions were pooled, concentrated

s described above and sucrose was added to a concentration of 2%. The purified
nzyme was stored at −80 ◦C.

.5. Analytical size exclusion chromatography

A TSK G3000SW column (Tosoh Bioscience, Germany) was used to determine
he molecular mass of the native protein. The column was equilibrated with 50 mM
a/K phosphate buffer, pH 7.0, 150 mM NaCl and the flow rate was 1.5 ml min−1. A
el filtration HMW calibration kit (GE Healthcare, UK) for the range 158–669 kDa
as used for calibration.

.6. Electrophoresis

SDS polyacrylamide gel electrophoresis was performed according to Laemmli
16] in 12% polyacrylamide slab gels with protein molecular weight standards in
Please cite this article in press as: Vejvoda V, et al. Purification and cha
Biochem (2010), doi:10.1016/j.procbio.2010.03.033

he range of 14.4–97 kDa (GE Healthcare, UK).

.7. Protein assay

The amount of protein was determined according to Bradford [17] using bovine
erum albumin as the standard.
 PRESS
istry xxx (2010) xxx–xxx

2.8. Mass spectrometry analysis

The protein band of the purified enzyme was manually excised from the SDS
polyacrylamide gel. After destaining and washing (acetonitrile and water), the
digestion with trypsin (50 �g ml−1) was performed in 50 mM 4-ethylmorpholine
acetate buffer (pH 8.1) overnight at 37 ◦C. The tryptic peptides were extracted and
analyzed after desalting with a UltraFLEX III MALDI-TOF/TOF mass spectrometer
(Bruker-Daltonics) and identified based on peptides LIFT spectra using the MS/MS
ion search of Mascot program (Matrix Science) or de novo sequencing. Homolo-
gous proteins were searched for in the NCBI database using the BLAST program
(http://www.ncbi.nlm.nih.gov/BLAST/).

2.9. CD and fluorescence spectroscopy

Circular dichroism spectra were recorded at room temperature (22 ◦C) using
a Jasco J-810 spectropolarimeter (Jasco, Japan). Data were collected from 185 to
260 nm, at 100 nm min−1, 1 s response time and 2 nm bandwidth using a 0.1 cm
quartz cuvette containing the enzyme in 50 mM potassium phosphate buffer (pH
7.5). Each spectrum was the average of ten individual scans and was corrected for
absorbance caused by the buffer. Collected CD data were expressed in terms of the
mean residue ellipticity (�MRE) using the equation:

�MRE = �obsMw100
ncl

where �obs is the observed ellipticity in degrees, Mw is the protein molecular weight,
n is number of residues, l is the cell path length, c is the protein concentration (0.22
and 0.25 mg ml−1 for nitrilases from F. solani O1 and F. solani IMI196840, respec-
tively) and the factor 100 originates from the conversion of the molecular weight
to mg dmol−1. Secondary structure content was evaluated from the spectra using
CD Spectra Deconvolution program [18] and Self Consistent method [19] imple-
mented in the program DICROPROT [20,21]. Thermal unfolding of the enzymes
was followed by monitoring the ellipticity at 221 nm over the temperature range
of 20–80 ◦C, with a resolution of 0.1 ◦C, at a heating rate of 1 ◦C min−1. Recorded
thermal denaturation curves were roughly normalized to represent signal changes
between approximately 1 and 0 and fitted to sigmoidal curves using software Origin
6.1 (OriginLab, Massachusetts, USA). The melting temperatures (Tm) were evaluated
as the midpoint of the normalized thermal transition.

Fluorescence spectra were acquired by using spectrofluorimeter FluoroMax-4P
(HORIBA Jobin Yvon, USA) at room temperature (22 ◦C) from 285 to 450 nm. Fluo-
rescence emission spectra were measured with an excitation bandwidth of 1 nm, an
emission bandwidth of 1 nm; and scan speed of 50 nm min−1 using a 0.5 cm quartz
cuvette. The excitation wavelength was 280 nm. The sample concentrations were
same as used for CD measurements. Each spectrum was corrected for fluorescence
caused by the buffer.

2.10. Nitrilase assays

2.10.1. Spectrometric method
A rapid, semiquantitative detection of the nitrilase activity in fractions obtained

by purification steps was performed by monitoring the absorption of benzoic acid at
238 nm (ε = 3300 M−1 cm−1) with a Saphire2 plate reader (Tecan, USA). The reaction
proceeded on UV-transparent 96-well plates (Nunc, USA) containing 15 �l of 10 mM
benzonitrile in methanol, 250 �l Tris/HCl (50 mM, pH 8) and 5 �l of the enzyme
solution at 45 ◦C. The reaction was quenched after 5 min by the addition of 30 �l of
1 M HCl. A reaction mixture with the same amount of HCl added at zero reaction
time was used as the blank.

2.10.2. HPLC method
The nitrilase activity was assayed with 25 mM benzonitrile (from 500 mM stock

solution in methanol) in 50 mM Tris/HCl (pH 8.0) at 45 ◦C. The reaction was started
by the addition of substrate after 5-min preincubation at 45 ◦C and quenched after
10 min with 1 M HCl (0.01 ml/0.1 ml of the reaction mixture). The activity of the
enzyme in the presence of inhibitors and cosolvents was also assayed under these
conditions in reaction mixtures containing various metal ions, cosolvents or other
additives.

The substrate specificity was assayed with a 25 mM concentration of various
nitriles under the same conditions except for bromoxynil and ioxynil, which were
examined at 0.5 mM concentrations (due to their low solubility) and prolonged reac-
tion times (30 min), after which methanol (0.1 ml/0.1 ml of the reaction mixture)
was added instead of HCl to stop the reaction, while avoiding substrate precipita-
tion. Optimum pH was determined using 50 mM Britton–Robinson (acetic acid/boric
acid/phosphoric acid/NaOH) buffers (pH 4–12) at 45 ◦C. Optimum temperature was
determined for reactions performed at pH 8.0 (50 mM Tris/HCl buffer) and various
racterization of nitrilase from Fusarium solani IMI196840. Process

temperatures (25–60 ◦C). The concentrations of benzonitrile, its analogues and the
corresponding reaction products (acids, amides) were analyzed using a Chromolith
Flash RP-18 (Merck; 25 mm × 4.6 mm) in a mobile phase consisting of acetonitrile
(10–25%, v/v) in water and 0.1% (v/v) H3PO4 at a flow rate of 2 ml min−1 and 35 ◦C.
Heterocyclic nitriles and their products were analyzed as described previously [22].
Results of enzymatic assays were calculated from four independent measurements.

dx.doi.org/10.1016/j.procbio.2010.03.033
http://www.ncbi.nlm.nih.gov/BLAST/
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. Results and discussion

.1. Nitrilase induction and purification

The mycelium of F. solani IMI196840 produced high levels of
itrilase activity (up to 1500 U of nitrilase l−1) when pre-grown

n a rich medium and then transferred to a mineral medium with
-cyanopyridine as nitrilase inducer. This activity was about 380-
imes higher than that previously reported in the same strain.
n that work, a cell-free extract containing only about 59 U was
btained from 15 l of culture [13,14]. This was partly due to a poor
iomass yield in the mineral medium with benzonitrile as the sole
ource of C and N (approximately 20 g wet cells from 15 l of cul-
ure). In contrast, the two-stage cultivation used by us enabled
pproximately 12 g wet weight of biomass to be obtained from
l of culture broth. Moreover, the specific activity of the cell-free
xtract (approx. 7 U mg−1 protein) was also much higher than in
he previous work (0.088 U mg−1 protein [13]).

A striking difference was also observed between the specific
ctivities of the purified enzymes. The new nitrilase, which was
urified to near homogeneity (Fig. 1) with an about 20-fold increase

n specific activity and 27% yield (Table 1), exhibited an activity of
pproximately 144 U mg−1 protein for benzonitrile, while that of
he previous enzyme was significantly lower (1.66 U mg−1 protein
or the same substrate). Hence, different enzymes were probably
nduced in this strain under different cultivation conditions. On the
ther hand, the specific activity of the new enzyme was similar to
hose of nitrilases purified from F. solani O1 (156 U mg−1 protein)
11] and F. oxysporum f. sp. melonis (143 U mg−1 protein) [12].

.2. Molecular mass and structural analysis

The two nitrilases in F. solani IMI196840 were compared with
ach other and with other nitrilases in the Fusarium genus in terms
f their molecular weights (Table 2), and (if data available) also in
erms of secondary structure (Table 2) and amino acid sequence of
ryptic peptides (Fig. 2).

A marked difference between the two enzymes from F. solani
Please cite this article in press as: Vejvoda V, et al. Purification and cha
Biochem (2010), doi:10.1016/j.procbio.2010.03.033

MI196840 was found in their subunit molecular mass. The subunit
f the previous nitrilase possessed a molecular weight of 76 kDa
13], which is exceptional among nitrilases, while the new enzyme
as composed of 40-kDa subunits as determined by SDS-PAGE

Fig. 1). This subunit size was the same or similar to other nitrilases

able 1
urification of nitrilase from Fusarium solani IMI196840.

Step Total protein [mg] Speci

Crude extract 67.6 7.1
Hydrophobic chromatography on Phenyl Sepharose 9.7 39.2
Gel filtration on Sephacryl S-200 3.8 64.0
Anion exchange on Q-Sepharose 0.9 144.0

ote: Enzyme activity was assayed with 25 mM benzonitrile (see Section 2 for details)

able 2
omparison of structural properties of nitrilases in Fusarium genus.

Organism Molecular mass (kDa) Seconda

Subunit Holoenzyme

F. solani IMI196840 40 550 �-Helix 3
turn 16.4

76 620 n.a.
F. solani O1 40 580 �-Helix 3

turn 16.4
F. oxysporum f. sp. melonis 37 550 (170–880a) n.a.

.a. = not available.
a Different-sized oligomers produced by non-denaturing electrophoresis
Fig. 1. SDS-PAGE of nitrilase samples stained with Coomassie Brilliant Blue R-250.
Lane 1, molecular weight marker; lane 2, after Q-Sepharose, lane 3, after Sephacryl
S-200; lane 4, after Phenyl Sepharose; lane 5, cell-free extract.

from the Fusarium genus (Table 2).
The corresponding band in the electrophoreogram of the

purified protein was identified as a putative nitrilase by mass
spectrometric analysis of tryptic fragments (Fig. 2). Similar
sequences were found in the CN hydrolase superfamily, pri-
marily in hypothetical proteins from Aspergillus oryzae RIB40
(XP 001824866), Gibberella zeae PH-1 (XP 386656.1), Gibberella
moniliformis (ABF83489.1) and Nectria haematococca mpVI 77-13-
4 (EEU37388). Previous sequencing of tryptic and Asp-N digests of
the nitrilase from F. solani O1 suggested its similarity to the same
proteins (Fig. 2). No amino acid sequence information has been
available for the other two nitrilases from Fusarium.

Most nitrilases form homooligomers of high molecular mass
and the enzyme from strain IMI196840 with a molecular mass of
550 kDa as determined by gel filtration was typical in this respect
(Table 2). The previous enzyme from the same strain also exhibited
racterization of nitrilase from Fusarium solani IMI196840. Process

a similar molecular weight (620 kDa), though the size of its subunit
was different [13].

The enzyme co-purified with a protein of about 60-kDa size,
probably a chaperone. Similar phenomena were observed during
the purification of the nitrilase from A. niger K10 [10] and bacterial

fic activity [U mg−1] Total activity [U] Yield [%] Purification [fold]

483 100 1
379 78.5 5.5
243 50.3 9.0
130 26.9 20.3

ry structures (%) Melting temperature (◦C) Reference

0.0, �-sheet 21.0,
, others 32.6

49.3 This work

n.a. [13]
0.0, �-sheet 20.8,
, others 32.8

47.8 This work; [11]

n.a. [12]

dx.doi.org/10.1016/j.procbio.2010.03.033
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ig. 2. Fragments of nitrilases from Fusarium solani IMI196840 and Fusarium solan
rom genes for hypothetical CN hydrolases in Aspergillus oryzae RIB40 (XP 0018248
aematococca mpVI 77-13-4 (EEU37388). Mismatching amino acids are highlighted

itrilases [23,24].
Far-UV CD spectra (Fig. 3A) of nitrilase enzymes from F. solani

MI196840 and F. solani O1 showed one positive peak at 195 nm and
wo negative features at about 221 and 208 nm characteristic of �-
elical content [25]. Both enzymes exhibited similar intensity of the
D spectra, suggesting nearly identical content of their secondary
tructure. Protein secondary structure prediction based on mea-
ured CD data is summarized in Table 2. At the same time, thermally
Please cite this article in press as: Vejvoda V, et al. Purification and cha
Biochem (2010), doi:10.1016/j.procbio.2010.03.033

nduced denaturation of both nitrilases was tested. Determined
elting temperatures indicated slightly higher thermal stability

f nitrilase from F. solani IMI196840 (Tm = 49.3 ◦C) compared to
hat from F. solani O1 (Tm = 47.8 ◦C). Both enzymes exhibited also
he same shape and intensity of fluorescence spectra (Fig. 3B),

ig. 3. Far-UV circular dichroism spectra (A) and fluorescence spectra (B) of nitrilases from
ontinuous line). CPS = counts per second.
[11] and their similarity with the corresponding amino acid sequences translated
bberella moniliformis (ABF83489.1), Gibberella zeae PH-1 (XP 386656.1) and Nectria

indicating that their overall tertiary structures were almost
identical.

3.3. Effect of temperature and pH

The enzyme exhibited maximal activity at 45 ◦C. Hence, it was
similar to the other three nitrilases in genus Fusarium, which exhib-
racterization of nitrilase from Fusarium solani IMI196840. Process

ited their temperature optima between 40 ◦C and 50 ◦C (Table 3).
The new enzyme was more active at higher temperatures than the
nitrilase from F. solani O1 (Fig. 4A). This observation was in accor-
dance with the lower melting temperature of this latter enzyme
(see above).

Fusarium solani IMI196840 (squares; dashed line) and Fusarium solani O1 (circles;

dx.doi.org/10.1016/j.procbio.2010.03.033
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Table 3
Comparison of catalytical properties of nitrilases in Fusarium genus.

Organism Specific activity
(U mg−1 protein)a

Amide (% in total
product)

T optimum (◦C) pH optimum Reference

F. solani IMI196840 144 ≤2 45 8 This work
1.66 n.a. 50 7.8–9.1 [13]

F. solani O1 156 ≤3 40–45 7–9 [11]
40 6–11 [12]
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Table 4
Substrate specificity of purified nitrilase from F. solani IMI196840.

Substrate Relative activity ± SD [%]

Benzonitrile 100
4-Cyanopyridine 217 ± 9
3-Cyanopyridine 41 ± 2
2-Cyanopyridine 7 ± 1
3-Tolunitrile 9 ± 1
4-Tolunitrile 5 ± 1
3-Chlorobenzonitrile 11 ± 2
4-Chlorobenzonitrile 19 ± 1
3-Hydroxybenzonitrile 1 ± 0.3
3-Aminobenzonitrile 2 ± 1

SD = standard deviation
Nitrilase activity was assayed with 25 mM substrates (see Section 2 for
details). The specific activity for benzonitrile (144 U mg−1) was taken as
F. oxysporum f. sp. melonis 143 4–6

.a. = not available.
a Determined with benzonitrile as substrate.

All three enzymes from F. solani had similar pH optima around
H 8 (Table 3). The new enzyme exhibited a narrower pH optimum
han that from F. solani O1 (Fig. 4B). The broadest pH optimum
6–11) was determined for the enzyme from F. oxysporum f. sp.

elonis [12].

.4. Substrate specificity and chemoselectivity

The new enzyme showed high specific activities towards some
hetero)aromatic nitriles (Table 4), as do other fungal nitrilases
10–13]. It hydrolyzed 4-cyanopyridine (its best substrate) at a high
pecific rate of 312 U mg−1 protein. The nitrilase from A. niger exhib-
ted a higher activity for 4-cyanopyridine (411 U mg−1 protein) but
t formed a high amount of the side product isonicotinamide (about
ne-third of the total product) [10]. On the other hand, the new
nzyme produced low amounts of amides from all the substrates
xamined (≤2% of total product) as do the enzymes from F. solani O1
11] and F. oxysporum f. sp. melonis [12] (Table 3). 3-Cyanopyridine
as hydrolyzed at a lower rate (59 U mg−1 protein), which, how-

ver, was still higher than in other fungal or bacterial nitrilases
Please cite this article in press as: Vejvoda V, et al. Purification and cha
Biochem (2010), doi:10.1016/j.procbio.2010.03.033

9].
Compared to nitrilases previously characterized in the same

train and in F. solani O1, the new enzyme transformed benzoni-
rile analogues at lower relative rates (Table 4). In this respect
t rather resembled the nitrilase from F. oxysporum f. sp. melonis

ig. 4. Effect of temperature (A) and pH (B) on the relative activity of nitrilases from
usarium solani IMI196840 (squares) and Fusarium solani O1 (diamonds).The specific
ctivities of the enzymes at 45 ◦C and pH 8.0 (144 and 156 U mg−1, respectively) were
aken as 100%. Nitrilase activity was assayed with 25 mM substrates (see Section 2
or details).
100%. 2-Phenylacetonitrile, 2-phenylpropionitrile, 2-aminobenzonitrile,
4-aminobenzonitrile, 2-hydroxybenzonitrile, 4-hydroxybenzonitrile, 3,5-dibromo-
4-hydroxybenzonitrile (bromoxynil) and 3,5-diiodo-4-hydroxybenzonitrile
(ioxynil) were not substrates of the enzyme.

[12]. Of the substrates tested, tolunitriles and chlorobenzonitriles,
except for the ortho-isomers, were still hydrolyzed at acceptable
rates. The nitrilases from F. solani strain also differed in their ability
to hydrolyze benzonitrile herbicides (bromoxynil, ioxynil), which
were only accepted by the enzyme described previously in strain
IMI196840 [13], but neither by the new enzyme nor that from strain
O1.

3.5. Effect of cosolvents and potential inhibitors

The degree of resistance to organic solvents is an important
property of nitrilases, as most nitriles are poorly soluble in aque-
ous media. The reaction mixtures, therefore, largely contain organic
solvents (most often methanol), which constitute approximately
5% by volume. Therefore, this cosolvent concentration was used
to test the new enzyme. The reaction rates in mixtures with n-
hexane, n-heptane or ethanol were about 125, 122 and 112% of
the control (with 5% (v/v) methanol), and the effect of xylene was
comparable to that of methanol. All other cosolvents examined
(dimethylsulfoxide, acetone, acetonitrile, toluene, ethyl acetate, n-
propanol, dichloromethane, n-butanol) decreased the rate of the
reaction (to about 86, 77, 73, 73, 66, 45, 40 and 8% of the control,
respectively). The activity of nitrilase from F. solani O1 showed a
similar trend but its activities were lower in most of the examined
solvents [11].

The new enzyme was significantly inhibited by a number of
metal ions (Table 5). The strong inhibitory effect of Ag+, Hg2+ was
generally observed in nitrilases; this was predictable as they are
enzymes containing a catalytically active cysteine (e.g., [10–13,26]).
In comparison with the nitrilase from F. solani O1 [11], the new
enzyme was more inhibited by Cr3+ but less by Cu2+ and Fe3+. It is
racterization of nitrilase from Fusarium solani IMI196840. Process

not yet clear to what extent these and other differences between the
two enzymes (see also above) were caused by the differing purifi-
cation states of the enzymes, the new enzyme being co-purified
with a considerable amount of a contaminating protein, probably
a chaperone.

dx.doi.org/10.1016/j.procbio.2010.03.033
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Table 5
Effect of various ions and other reagents on nitrilase activity.

Additive Activity [%] at final concentration
of additive ± SD

1 mM 5 mM

None 100
AgNO3 1.7 ± 0.2 2.0 ± 0.2
Al2(SO4)3 0.5 ± 0.2
CoCl2 75.8 ± 4
CuSO4 88.3 ± 2
Cr2(SO4)3 27.8 ± 8
FeCl3 43.7 ± 4
HgCl2 0.1 ± 0.1
MgSO4 85.3 ± 2
MnSO4 79.3 ± 2
NiSO4 62.0 ± 3
(CH3CO2)2Pb 13.9 ± 2
ZnSO4 8.2 ± 1 4.2 ± 1
EDTA 84.1 ± 6
Dithiothreitol 79.0 ± 2 80.0 ± 1
Mercaptoethanol 90.2 ± 2
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D = standard deviation.
itrilase activity was assayed with 25 mM benzonitrile (see Section 2 for details).
he specific activity for benzonitrile in the absence of any additive (144 U mg−1) was
aken as 100%.

Dithiothreitol has been sometimes used as a nitrilase stabilizer
27–29]. However, its adverse effect on nitrilases examined here
nd previously [10,11,26] suggested that its suitability as an addi-
ive to buffers used, e.g., during nitrilase purification, needs to be
hecked for each of these enzymes.

. Conclusion

Using F. solani IMI196840, a nitrilase-producing isolate from
bromoxynil-treated field in Northern Ireland, we increased the
itrilase activity in this strain 380-fold with 2-cyanopyridine as
he inducer. In comparison to the previous results reported in
977 [13], the fungus produced a different nitrilase with an 87-
old higher specific activity for benzonitrile and with a different
ubunit molecular weight (40 vs. 76 kDa). A mycelium with high
itrilase activity could be easily prepared in appreciable quanti-
ies. Hence, the enzyme has much more potential as a biocatalyst
han that reported previously in the same strain. Comparison of the
wo nitrilases in terms of their structural and catalytic properties
first of all the smaller subunit size and higher specific activity of the
ew one) strongly suggested that different enzymes were induced
sing the different cultivation protocols. The highest specific activ-

ty of the new enzyme was found for an industrially important
itrile, 4-cyanopyridine, which can serve as a precursor of tubercu-

ostatics. Appreciable activity was also found for 3-cyanopyridine
precursor of nicotinic acid – vitamin B3). In terms of their specific
ctivities towards these substrates, the fungal nitrilases (from the
usarium and Aspergillus genera) seem to surpass most of the nitri-
ases from bacteria. The enzymes from Fusarium genus have been
hown to be superior, as far as their thermostability and selectiv-
ty (product purity) are concerned. Compared to the other nitrilase
rom the same species (F. solani O1), the new enzyme showed, in
ccordance with its higher melting temperature, an even higher
hermostability and higher resistance to organic solvents.
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