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Ludmila Martı́nková
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Abstract The application of arylacetonitrilases from fil-

amentous fungi to the hydrolysis of high concentrations of

(R,S)-mandelonitrile (100–500 mM) was demonstrated for

the first time. Escherichia coli strains expressing the cor-

responding genes were used as whole-cell catalysts. Nitri-

lases from Aspergillus niger, Neurospora crassa, Nectria

haematococca, and Arthroderma benhamiae (enzymes

NitAn, NitNc, NitNh, and NitAb, respectively) exhibited

different degrees of enantio- and chemoselectivity (amide

formation). Their enantio- and chemoselectivity was

increased by increasing pH (from 8 to 9–10) and adding

4–10 % (v/v) toluene as the cosolvent. NitAn and NitNc

were able to convert an up to 500 mM substrate in batch

mode. NitAn formed a very low amount of the by-product,

amide (\1% of the total product). This enzyme produced

up to[70 g/L of (R)-mandelic acid (e.e. 94.5–95.6 %) in

batch or fed-batch mode. Its volumetric productivities were

the highest in batch mode [571 ± 32 g/(L d)] and its cat-

alyst productivities in fed-batch mode (39.9 ± 2.5 g/g of

dcw). NitAb hydrolyzed both enantiomers of 100 mM

(R,S)-mandelonitrile at pH 5.0 and is therefore promising

for the enantioretentive transformation of (S)-mandelonit-

rile. Sequence analysis suggested that fungal arylacetoni-

trilases with similar properties (enantioselectivity,

chemoselectivity) were clustered together.
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Abbreviations

aa Amino acid

ca. Circa, approximately

dcw Dry cell weight

IPTG Isopropyl-b-D-thiogalactopyranoside
NitAb Nitrilase from Arthroderma benhamiae CBS

112371 (ref|XP_003011330.1|)

NitAn Nitrilase from Aspergillus niger CBS 513.88

(ref|XP_001397369.1|)

NitNc Nitrilase from Neurospora crassa OR74A

(emb|CAD70472.1|)

NitNh Nitrilase from Nectria haematococca mpVI

77-13-4 (ref|XP_003050920.1|)

vs. Versus, against

Introduction

(R)-Mandelic acid is an important pharmaceutical inter-

mediate used in the synthesis of antibiotics, antiobesity

drugs, and cancerostatics, and is also widely used as a

chiral resolving agent to obtain optically pure alcohols and

amines [1, 2]. Various biocatalytic processes have been
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proposed for its manufacture, some of them based on

the enantioselective hydrolysis of (R,S)-mandelonitrile

(Fig. 1a), among them multi-ton processes operated by

BASF and Mitsubishi Rayon [3]. The enzymes used to

catalyze this reaction have been exclusively bacterial in

origin. The first of them was found in wild-type strains of

Alcaligenes sp. in the early 1990s (see [4] for a review). A

number of nitrilases suitable for the production of (R)-

mandelic acid were also found by screening a metagenomic

library [5, 6]. The process was recently improved using

recombinant strains [1, 2, 7–10] or enzyme mutants [2]. A

similar process was also developed for the production of

(R)-o-chloromandelic acid, a precursor of the anti-coagu-

lant drug Clopidogrel� [11].

Nitrilases suitable for the S-selective hydrolysis of (R,S)-

mandelonitrile have not been found so far. The majority of

characterized nitrilases were R-selective and only a few of

them hydrolyzed (S)-mandelonitrile preferentially, but with

low enantioselectivities [5, 12]. Therefore, (S)-mandelic

acid was synthesized by a stereoretentive hydrolysis of (S)-

mandelonitrile using a nitrilase from Pseudomonas fluo-

rescens which exhibited a low enantioselectivity (Fig. 1b)

[13–15]. Similar nitrilases have been also found in

Bradyrhizobium japonicum [12, 16, 17] and Burkholderia

xenovorans [16].

Industrial practice requires running the biocatalytic

processes toward high product concentrations. Recently,

the arylacetonitrilases from Alcaligenes sp., Alcaligenes

faecalis, and Burkholderia cepacia were found to be

promising for this purpose, being able to hydrolyze up to

0.5–1 M of mandelonitrile into (R)-mandelic acid with

high yields [1, 2, 8, 9].

In contrast to bacterial nitrilases, the biocatalytic

potential of nitrilases from filamentous fungi remained

unexplored until recently. Until a few years ago, all the

fungal nitrilases reported were aromatic nitrilases [18]. It is

only since 2011 that arylacetonitrilases have been found in

filamentous fungi by genome mining and expression of the

artificially synthesized genes [19–22]. These fungal nitri-

lases are evolutionarily distant from the bacterial ones (see

phylogenetic tree; Fig. S1), sharing at most ca. 40 % aa

sequence identity. As a result, one could expect their cat-

alytic properties to be different. Six of these enzymes were

previously examined for their substrate specificities and

were shown to possess high specific activities for (R,S)-

mandelonitrile, which, however, was used at a low con-

centration (25 mM) [20]. The enzymes from Aspergillus

niger (NitAn), Neurospora crassa (NitNc), Nectria

haematococca (NitNh), and Arthroderma benhamiae (Ni-

tAb) were purified and partly characterized [21, 23]. All

these enzymes exhibited selectivity for (R)-mandelonitrile,

albeit to differing degrees [23, 24].

These findings prompted us to examine the enzymeś

potential for (R)-mandelic acid manufacture from high

substrate concentrations. To this end, whole cells of

Escherichia coli strains which overproduced these enzymes

were used. First, the ability of the enzymes to act on high

mandelonitrile concentrations was demonstrated. Second,

the effects of the medium properties (pH, organic cosol-

vent) on the enzyme enantio- and chemoselectivity were

examined, and selected enzymes were used for the enan-

tioselective or enantioretentive hydrolysis of (R,S)-mand-

elonitrile under the optimized conditions. Third,

relationships between the aa sequences and catalytic

properties of the enzymes were analyzed. The results of

this part of the study indicated the possibility of predicting

the catalytic properties of further arylacetonitrilases from

filamentous fungi.

Fig. 1 Production of (R)-

mandelic acid from (R,S)-

mandelonitrile (a) and (S)-

mandelic acid from (S)-

mandelonitrile (b) by nitrilase 1

(highly enantioselective) and

nitrilase 2 (moderately

enantioselective). The formation

of the side product (S)-

mandelamide depends on the

enzyme source and the reaction

conditions
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Materials and Methods

Sequence Analysis

The sequence analysis of fungal arylacetonitrilases was

performed using the program BLASTP (http://www.ncbi.

nlm.nih.gov/Blast.cgi) with the sequence of NitAn

(ref|XP_001397369.1|) as the template. The phylogenetic

tree of fungal arylacetonitrilases was calculated and visual-

ized using http://www.ncbi.nlm.nih.gov/blast/treeview/tree

View.cgi. Multiple sequence alignment of selected fungal

and bacterial arylacetonitrilases was constructed using the

Constraint-based Multiple Alignment Tool COBALT (http://

www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi).

Nitrilase Production

Fungal nitrilases (NitAb, NitAn, NitNc, NitNh) were pro-

duced in E. coli without N-terminal His-tags as described

previously [19–23]. Briefly, the genes were designed

according to database entries and prepared synthetically by

GeneArt (Regensburg, Germany) with their codon fre-

quency optimized for the expression in E. coli. Each gene

was cloned into pET 30a(?) plasmid (Novagen), and the

resulting plasmids were transformed into E. coli BL21-

Gold (DE3) cells. Each strain was cultivated in LB medium

(3.5–4 h at 37 �C; induction with 0.5 mM IPTG; 17 h at

25 �C). The cells were harvested by centrifugation, washed

with Tris/HCl buffer (100 mM, pH 8), and used for the

biotransformation experiments as described below.

Biotransformation of (R,S)-mandelonitrile

Biotransformations of (R,S)-mandelonitrile were carried

out with appropriate amounts of whole cells of E. coli in

various buffers (120 mM acetic acid/boric acid/phosphoric

acid/NaOH buffer, pH 5; 50 or 100 mM Tris/HCl buffer

with 150 mM NaCl, pH 8 or 9; 100 mM glycine/NaOH

buffer, pH 10). Cells were washed with the corresponding

buffer and used without any further pretreatment. The

concentrations of whole cells in the suspensions were

calculated from the optical densities measured at 600 nm

(OD600 = 1 corresponds to ca. 0.3 g dcw/L).

In batch mode, (R,S)-mandelonitrile was added to a final

concentration of 100, 250, or 500 mM. Optionally, toluene

was added to a final concentration of 4 or 10 % (v/v). The

reactions proceeded in 50-mL Falcon tubes (closed with

screw caps) with a 10-mL working volume with shaking

(300–350 rpm; Eppendorf Thermomixer) and 30 �C. The
concentration and the e.e. of the product were determined

as described below.

In fed-batch mode, the reactions proceeded in 250-mL

Erlenmeyer flasks with a 100-mL working volume with

shaking (rotary shaker, 220 rpm) at 28–30 �C. At 1-h

intervals, (R,S)-mandelonitrile was added in five or twelve

feeds of 2.5 or 5 mmol each, respectively. The total

amount of the substrate was added within 4 or 11 h,

respectively. The product concentration was monitored for

4.5 and 11.5 h, respectively. The reaction mixtures were

then left to stir overnight, and the final concentration and

e.e. of the product were determined (see below).

Analytical HPLC

After terminating the reactions with HCl (final concentra-

tion 0.2 M), the cells were removed by centrifugation and

the substrate and product concentrations determined using

a Chromolith Flash RP-18 column (Merck; 25 9 4.6 mm)

and mobile phase consisting of water/methanol (9/1) and

H3PO4 (0.1 %). The analysis was performed at a flow rate

of 2 mL/min and 35 �C. Chiral HPLC analysis of mandelic

acid and mandelamide was carried out as described pre-

viously [15]. The means and standard deviations were

calculated from the results of two to three independent

experiments.

Results and Discussion

Production of (R)-mandelic Acid in Fed-Batch Mode

The nitrilases NitAn, NitNc, NitNh, and NitAb were

selected for this work as their activities for mandelonitrile

were the highest from the set of 13 nitrilases examined

[20]. The first three enzymes were highly (R)-selective for

this substrate [20, 23, 24] and were therefore promising for

the (R)-mandelic acid manufacture. NitAb was able to

transform both enantiomers of mandelonitrile efficiently

[23] and thus seemed to be rather promising for the

enantioretentive hydrolysis of (S)-mandelonitrile.

The catalysts used were whole cells of E. coli. As

demonstrated previously, the enzymes were produced in

this host at similar levels, forming the major proteins of the

soluble protein fractions [21, 23].

First, the catalysts were examined in fed-batch mode

with a total of 12.5 mmol (123 mM) of substrate added in

five equal feeds within 4 h. To support substrate racemi-

zation, the reactions were performed at pH 10. A high

racemization rate, which should exceed that of the enzy-

matic hydrolysis, is a condition for efficient dynamic

kinetic resolution. This was demonstrated, for instance, in

the enzymatic resolution of racemic amino nitriles [25].

Conversions of ca. 90–98 % were achieved with NitAb,

NitAn, and NitNc, but the reaction catalyzed by NitNh

ended up with only 42.5 % conversion (Table 1). This was

probably caused by the higher sensitivity of NitNh to
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alkaline pH [23]. The time profile of the reactions was

monitored for 4.5 h (Fig. 2a), during which 14.5–16.5 g/L

of the product was obtained using NitAn, NitNc, and Ni-

tAb. After subsequent overnight incubation, the product

concentrations increased to ca. 15.5–18 g/L. The highest

e.e. of the product was obtained in NitAn and NitNc (ca.

97.6 and 96.7 %, respectively), while the product of NitAb

was only moderately enriched in its (R)-isomer, as expec-

ted (Table 1).

NitAn also exhibited the lowest amide production

(0.80 % of the total product), along with a ca. 90 %

conversion (Table 1). It was therefore chosen for the

following experiment aiming to convert a total of

60 mmol (ca. 560 mM) of (R,S)-mandelonitrile. Here,

twelve feeds of 5 mmol were added during the first 11 h,

followed by a final incubation of 19.5 h. The product

concentration reached ca. 75 g/L after 11.5 h (Fig. 2b)

and almost 77 g/L after the total reaction time (Table 1).

The e.e. of the product (95.6 %) was slightly lower than

in the previous experiment. This indicated the utility of

using lower substrate concentrations (25 vs. 50 mM) in

the feeds.

Compared to the fed-batch processes catalyzed by ni-

trilase from Alcaligenes sp. [8], the volumetric productiv-

ities of NitAn acting on 560 mM (R,S)-mandelonitrile were

almost twice as low [ca. 60 vs. 108 g/(L d)] but the catalyst

productivity more than tenfold higher (ca. 40 vs. 3.2 g/g

dcw). Recently, a genetically improved variant of an

Alcaligenes faecalis nitrilase was prepared and used in (R)-

mandelic acid fed-batch production with volumetric and

catalyst productivities of ca. 337 g/(L d) and 8.4 g/g dcw,

respectively [2]. Thus the latter value was still lower than

for NitAn.

Here, the volumetric productivities were calculated for

the total reaction times (Table 1). When the reaction was

stopped shortly after the last feed, i.e., after 4.5 or 11.5 h in

the transformations of 123 and 560 mM substrate,

respectively (Fig. 2), the volumetric productivities

increased to ca. 77–88 and 156 g/(L d), respectively, albeit

at the expense of lower yields (77–88 vs. ca. 90 %).
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Fig. 2 Time profile of mandelic acid production by fed-batch

transformation of a 12.5 mmol of (R,S)-mandelonitrile using nitri-

lases NitAn (diamond), NitNc (square), and NitAb (triangle) or

b 60 mmol of (R,S)-mandelonitrile using nitrilase NitAn (diamond).

The product concentration was determined by achiral HPLC. Arrows

indicate the time of addition of a 2.5 mmol and b 5 mmol of

substrate. The first feed was added at the start of the reaction (not

shown). The reactions were performed at the 100-mL scale in shaken

Erlenmeyer flasks

Table 1 Fed-batch transformations of (R,S)-mandelonitrile into (R)-mandelic acid by fungal arylacetonitrilases

Enzyme Substrate

amount

(mmol)

Catalyst

concentration

(g dcw/L)

Conversion

(%)

Product

concentration

(g/L)c

Product

e.e. (%)

Amide (% of

total product)

Volumetric

productivity

(g/L d)c

Catalyst

productivity

(g/g dcw)c

NitAb 12.5a 1.23 98.3 ± 1.4 18.2 ± 0.3 70.5 ± 1.5 0.81 ± 0.11 18.2 ± 0.3 14.8 ± 0.2

NitAn 12.5a 0.90 90.0 ± 0.1 16.7 ± 0.0 97.6 ± 1.3 0.80 ± 0.00 16.7 ± 0.0 18.6 ± 0.0

60b 1.92 90.8 ± 5.2 76.7 ± 4.4 95.6 ± 0.0 0.75 ± 0.05 60.4 ± 3.5 39.9 ± 2.5

NitNc 12.5a 1.16 90.6 ± 1.4 15.5 ± 0.3 96.7 ± 0.7 8.4 ± 0.3 15.5 ± 0.3 13.4 ± 0.2

NitNh 12.5a 1.05 42.5 ± 0.7 7.0 ± 0.1 94.3 ± 0.0 12.6 ± 0.3 7.0 ± 0.1 6.6 ± 0.1

The reactions were performed at the 100-mL scale (Erlenmeyer flasks; 220 rpm) without cosolvent
a Conditions: 5 feeds—2.5 mmol (0.33 g, 0.30 mL) each hour, pH 10, 30 �C, final incubation 20 h, total reaction time 24 h
b Conditions: 12 feeds—5 mmol (0.67 g, 0.60 mL) each hour, pH 10, 28 �C, final incubation 19.5 h, total reaction time 30.5 h
c Product determined by achiral HPLC
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Effect of pH and Cosolvent on Enzyme Enantio-

and Chemoselectivity

The production of high concentrations of (R)-mandelic acid

in batch mode will require using the substrate at concen-

trations which may inhibit the enzymes. For instance,

whole cells producing the nitrilase from Alcaligenes sp.

was unable to transform (R,S)-mandelonitrile at concen-

trations of 300 mM or higher. However, this problem was

solved by adding toluene (10 %, v/v) which decreased the

substrate concentration in the aqueous phase [1]. Alterna-

tively, ethylacetate (30 % v/v) was used as a cosolvent in a

process catalyzed by the whole-cell catalyst based on the

nitrilase from B. cepacia [10].

The hydrolysis of 500 mM (R,S)-mandelonitrile by

E. coli whole-cell catalysts producing the fungal enzymes

was first examined at pH 8.0 (near the activity optimum of

the enzymes). The enzymes NitAn, NitAb, and NitNc were

able to hydrolyze this substrate concentration with high

conversions (75–93 %) in the absence of toluene but NitNh

only achieved a 25 % conversion. The addition of toluene

(10 %, v/v) did not affect the conversions with NitAb or

NitNh but decreased conversions with NitAn and NitNc

below 60 %. NitNh was only able to transform lower

substrate concentrations (250 mM) but it did so almost

completely with or without toluene (data not shown).

Thus the majority of the fungal enzymes examined

(NitAn, NitAb, NitNc) were more resistant to high con-

centrations of (R,S)-mandelonitrile than the nitrilase from

Alcaligenes sp. [1], but some of them (NitAn, NitNc) were

more sensitive to toluene. Higher concentrations of toluene

were often observed to decrease nitrilase reaction rates (e.g.,

[1, 26]). Although toluene is sparingly soluble in water,

enzyme deactivation may occur at the water: toluene inter-

face. Apart from this, the effect of high amounts of a non-

polar cosolvent may also be mediated by decreasing the

substrate concentrations in the aqueous phase, the proba-

bility of the enzyme-substrate contact being lowered [1].

NitAn, NitNc, and NitNh were previously found to

produce (R)-mandelic acid with high e.e. (89–99 %) from

10 to 25 mM (R,S)-mandelonitrile [20, 23, 24] at pH 8. In

contrast, the e.e. of the product obtained from 250 to

500 mM substrate concentrations at pH 8 were only about

70 % (Fig. 3). This effect was probably at least partly due

to decreasing pH and, hence, lowering the racemization

rate. During the reactions, the pH of the medium (50 mM

Tris/HCl, pH 8.0) decreased to ca. 7.5 and 6.0 after the full

conversion of 250 and 500 mM substrate, respectively.

Increasing the ionic strength of the buffer to 100 mM did

not change the enantioselectivity of the enzymes signifi-

cantly. The decrease in enantioselectivity at high substrate

concentrations could also be caused by the different Km-

values of each enantiomer of the substrate.

To improve the product e.e., the effects of alkaline pH

and toluene were examined (Fig. 3). It could be expected

that substrate racemization would be faster at a higher pH,

and toluene would decrease the concentration of substrate

in the aqueous phase. Toluene was used at 4 % (v/v) for

NitAn and NitNc and 10 % (v/v) for NitNh (see above).

By adding toluene, the product e.e. increased to 94.5 % in

the transformation of 250 mM substrate by NitNh, and to

C80 % in transformations of 500 mM substrate by NitAn

and NitNc at pH 8. By increasing pH to 9, a further

increase in e.e. up to ca. 94–96 % was achieved with all

these enzymes, and similar values were obtained at pH 10

(Fig. 3a). The enantioselectivity of NitAb remained low,

although a similar trend was observed in this enzyme, i.e.,

an increase in e.e. from 43 % at pH 8 to 70 % in the

presence of toluene (10 %, v/v) and pH 9–10 (data not

shown).

NitNc and NitNh produced significant amounts of

mandelamide as a side product at pH 8. The addition of

toluene and the increase in pH to 9–10 lowered its pro-

duction from ca. 12 to 4 % with NitNh. The percentage of

amide formed by NitNc decreased from 32 to ca. 5.5–7 %

under these conditions (Fig. 3b). A slightly higher amount

of the amide (8.4 %) was produced by NitNc in fed-batch

mode without toluene at pH 10 (see above). The production
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Fig. 3 Effect of pH and toluene on e.e. of (R)-mandelic acid (a) and
amide production (b) by NitAn, NitNc, and NitNh: The reactions

were performed at the 10-mL scale (Falcon tubes; 300–350 rpm;

30 �C). The concentration of (R,S)-mandelonitrile was 500 mM for

NitAn and NitNc and 250 mM for NitNh. The concentration of

toluene was 4 % (v/v) for NitAn and NitNc and 10 % (v/v) for NitNh.

e.e. and % of amide were determined at 70–90 % conversions except

for NitNh, which only achieved 50 % conversion at pH 10.

Mandelamide was produced by NitAn at less than 2 % of the total

product (not shown)
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of amide in NitAn and NitAb was below 2 % irrespective

of toluene addition or pH.

The decrease in amide production was probably a con-

sequence of the increased enantioselectivity. It was previ-

ously observed that the products of the hydrolysis of (R)-

and (S)-mandelonitrile exhibited different ratios of acid:

amide, i.e., 89:11 and 45:55, respectively, in nitrilase from

P. fluorescens [27]. A preferential conversion of (R)-nitrile

into acid and (S)-nitrile into amide was also previously

observed in NitNc, when using a racemic substrate at pH 5;

in this case, the (S)-amide was formed later than the (R)-

acid during the reaction [24].

Mandelamide produced by NitNc and NitNh was enri-

ched in its (S)-isomer as expected (e.e. 93 and 81 %,

respectively, at pH 8), and its e.e. decreased with

increasing pH and toluene addition (data not shown). At

pH 10, the stereochemistry of the reaction catalyzed by

NitNh was reversed, (R)-mandelamide being obtained in

10 % e.e.

Batch Production of (R)-mandelic Acid in Biphasic

Systems

The conditions suitable for maximum enantio- and che-

moselectivity of NitAn and NitNc (pH 9.0, 4 % (v/v) tol-

uene) were used to produce (R)-mandelic acid in batch

biphasic systems (Table 2). NitAn transformed 500 mM

(R,S)-mandelonitrile with a ca. 94.5 % yield to produce

over 470 mM (ca. 71 g/L) (R)-mandelic acid (Fig. 4).

Hence, the product concentration was similar to that in the

fed-batch process with a 560 mM substrate (see above);

however, the product e.e. was slightly lower (ca. 94.5 vs.

95.6 %). Nevertheless, this system was found to exhibit the

highest volumetric productivity of 571 g/(L d) compared to

those reported in this study or in studies of the Alcaligenes

nitrilase [1, 2, 8]. Only the nitrilase from B. cepacia gave

higher volumetric productivities [up to 982 g/(L d)]; this

value was achieved after recycling the catalyst [10]

(Table 3).

NitNc also produced (R)-mandelic acid at acceptable

concentrations and enantiopurities (ca. 56 g/L, 95.2 %

e.e.), but the product still contained a significant percentage

of amide (ca. 7 %). NitNh only hydrolyzed up to 250 mM

(R,S)-mandelonitrile, providing ca. 32.5 g/L of (R)-man-

delic acid which corresponded to a volumetric productivity

of ca. 195 g/(L d) (Table 2).

The catalyst productivities in the batch reactions of

500 mM substrate (ca. 9–15 g/g) were lower than in the

fed-batch transformation of 560 mM substrate (ca. 40 g/g)

but still much higher than in E. coli cells with the Alca-

ligenes sp. nitrilase when used in a single cycle (1.8–3.7 g/

g) [1]. The productivity of the latter catalyst was increased
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Fig. 4 Time profile of (R)-mandelic acid production by batch

transformation of (R, S)-mandelonitrile at concentrations of

100 mM (by NitAb, cross symbol), 250 mM (by NitNh, triangle),

and 500 mM (by NitAn, diamond; or NitNc, square). The reactions

were performed at the 10-mL scale in shaken Falcon tubes

Table 2 Batch transformations of (R,S)-mandelonitrile into (R)-mandelic acid or (R,S)-mandelic acid by fungal arylacetonitrilases

Enzyme Substrate

concentration

(mmol/L)

Catalyst

concentration

(g dcw/L)

Conversion

(%)

Product

concentration

(g/L)e

Product

e.e. (%)

Amide (% of

total product)

Volumetric

productivity

(g/L d)d

Catalyst

productivity

(g/g dcw)d

NitAn 500a 7.7 94.5 ± 5.2 71.4 ± 4.0 94.5 ± 0.1 0.74 ± 0.02 571 ± 32 9.3 ± 0.5

NitNc 500b 4.8 78.7 ± 10.6 56.2 ± 7.6 95.2 ± 1.4 6.9 ± 1.2 270 ± 37 11.7 ± 1.7

NitNh 250c 2.2 85.7 ± 1.3 32.5 ± 0.5 96.5 ± 0.5 4.5 ± 0.1 195 ± 3 14.7 ± 0.2

NitAb 100d 2.0 98.4 ± 1.6 14.7 ± 0.2 0 1.6 ± 0.1 88.2 ± 1.5 7.4 ± 0.8

The reactions were performed at the 10-mL scale (Falcon tubes; 300–350 rpm; 30 �C)
a Conditions: pH 9, 4 % (v/v) toluene, reaction time 3 h
b Conditions: pH 9, 4 % (v/v) toluene, reaction time 5 h
c Conditions: pH 9, 10 % (v/v) toluene, reaction time 4 h
d Conditions: pH 5, 10 % (v/v) toluene, reaction time 4 h
e Product determined by achiral HPLC
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to 55 g/g by cell recycling [1]. The highest catalyst pro-

ductivity (156 g/g) was achieved with the nitrilase from B.

cepacia when the catalyst (immobilized whole cells of

E. coli) was recycled [10] (Table 3).

Non-selective Conversion of (R,S)-mandelonitrile

at Low pH

Enantioretentive conversion of (S)-mandelonitrile will

require running the reactions at acidic pH to suppress

substrate racemization. Previously, a moderately selective

nitrilase from P. fluorescens was used under these condi-

tions. This enzyme hydrolyzed significant concentrations

of (S)-mandelonitrile which was produced in situ by an S-

selective oxynitrilase from up to 100 mM benzaldehyde

and 300 mM HCN; however, a mixture of acid and amide

(at a ratio of 1.2–1.7) was formed [28]. The chemoselec-

tivity for the formation of either (S)-mandelamide or (S)-

mandelic acid was increased by the mutations of this

enzyme [15, 28, 29], which resulted in obtaining an amide/

acid ratio of 19:1 [29]. If (S)-acid is the product required,

the by-product amide could be also eliminated by including

an amidase in the reaction [14]. In an analogous way, (R)-

o-chloromandelic acid may be also prepared via a cascade

reaction catalyzed by (1) oxynitrilase and (2) nitrilase (both

R-selective). The nitrilase from Alcaligenes faecalis was

engineered using directed evolution to enhance its ability to

hydrolyze this substrate under enantioretentive conditions,

i.e., pH 4.5 [30].

Here, the strain of E. coli producing NitAb—the enzyme

with the lowest enantioselectivity—was examined for its

activity on high (R,S)-mandelonitrile concentrations at pH

5. Under these conditions, 100 mM (R,S)-mandelonitrile

was transformed into ca. 98 mM (ca. 15 g/L) mandelic

acid (Table 2). The product was moderately enriched in its

R-enantiomer (37 % e.e.) at 30 % conversion but was

almost racemic at the end of the reaction. Higher concen-

trations of (R,S)-mandelonitrile (250 or 500 mM) could not

be efficiently converted under these conditions (data not

shown). NitAb seems to be promising for the production of

(S)-mandelic acid due to its low tendency to produce

mandelamide (ca. 1.6 % of the total product).

Sequence Analysis of Fungal Nitrilases Acting

on (R,S)-mandelonitrile

The aa sequence of NitAn was used as a template to search

for its closest homologs. Most of the homologous

sequences originated from ascomycetes. The nitrilases

examined in this study belonged to different subtrees

except for NitNh and NitNc which clustered in the same

one (Fig. 5). This was in accordance with the similar cat-

alytic properties of these two enzymes (high enantiose-

lectivity and high amide formation). This subtree contained

Table 3 Production of high concentrations of (R)-mandelic acid from (R,S)-mandelonitrile by bacterial and fungal nitrilases

Enzyme sourcea Substrate concentration—

process type

Yield

(%)

Product

concentration (g/

L)

Product

e.e. (%)

Volumetric

productivity (g/L d)

Catalyst

productivity (g/g

dcw)b

Ref.

Alcaligenes sp. 300–500 mM substrate,

batch

96–97 44–73 98.0 292–353 1.8–3.7 [1]

6 9 100 mM substrate, fed-

batch

n.r. 79 n.r. 108 3.2 [8]

5 9 100 mM substrate,

batch, cell recycling

73 ca. 70–80 98.0 55 55 [1]

Alcaligenes

faecalisc
800 mM, fed batch 87 105 99.0 337 8.4 [2]

Burkholderia

cenocepacia

6 9 500 mM, batch, cell

recycling

85 ca. 50-73 95 982 156 [10]

1,000 mM substrate, batch 99 150 97 895 60

NitAn 500 mM, batch 94 72 94.5 571 9 This

work6 9 100 mM, fed-batch 90 77 95.6 60 40

a Accession numbers: gb|ACS13754.1| (Alcaligenes sp.), gb|AEP34036.1| (Alcaligenes faecalis), ref|WP_012492804.1| (Burkholderia

cenocepacia)
b Dry cell weight calculated as 25 % of wet cell weight (http://www.exptec.com/Expression%20Technologies/Bacteria%20growth%20media.

htm)
c Enzyme mutant
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a few hypothetical nitrilases, mainly from the Fusarium

genus, with 64–90 % identities to NitNc or NitNh.

NitAb was the only characterized member of a different

subtree. Sequences in this subtree originated from the

Arthroderma and Trichophyton genera and shared C93 %

identities. These proteins are candidates for nitrilases act-

ing on both enantiomers of mandelonitrile.

NitAn was evolutionarily distant from other fungal a-

rylacetonitrilases and belonged to a subtree consisting of

four sequences from Aspergillus sharing 87–96 % identi-

ties. NitAn was also previously found to differ from other

fungal arylacetonitrilases in the region proximal to the

catalytic Cys. Specifically, a hexapeptide upstream of the

Cys residue was present in NitNc, NitAb, and NitNh but

not in NitAn [21]. The potential function of this structural

motif has not been elucidated so far.

The majority of potential nitrilases clustered in a subtree

in which two enzymes—from A. niger and A. oryzae—

were examined in whole cells and proved to operate on

(R,S)-mandelonitrile but with medium activities and mod-

erate R-selectivities [20].

Conclusions

Fungal nitrilases, which are evolutionarily distant from their

bacterial counterparts, proved to be promising catalysts of

mandelic acid synthesis. Their operational parameters were

compared to those of bacterial enzymes (Table 3). Similar to

the bacterial enzymes, the fungal nitrilases enabled high

concentrations ([70 g/L) of (R)-mandelic acid to be

obtained. The volumetric and catalyst productivities of

fungal nitrilases were comparable or, in some cases, higher

than in bacterial nitrilases used under similar conditions.

Higher values for these parameters were only found in a few

previous experiments with bacterial nitrilases, mainly when

recycling the catalyst. There is room to improve the pro-

ductivity and enantioselectivity of the fungal enzymes fur-

ther by modifying the process conditions (cell recycling;

substrate, cosolvent and catalyst concentration, reaction

time, pH) or by screening for new fungal enzymes. Phylo-

genetic analysis of fungal arylacetonitrilases indicated that it

may be possible to obtain further nitrilases of this type by

genome mining and to partially predict their catalytic prop-

erties. Fungal nitrilasesmay also be a source of non-selective

catalysts operating on both enantiomers of mandelonitrile

and thus promising for (S)-mandelic acid manufacture from

(S)-mandelonitrile. The enzymes examined, their homo-

logues and artificial variants are also potentially useful in the

production of mandelamide or other chiral amides and acids.
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Fig. 5 Phylogenetic analysis of nitrilases NitAn (ref|XP_001397369.1|),

NitNc (emb|CAD70472.1|), NitNh (ref|XP_003050920.1|), NitAb

(ref|XP_003011330.1|), and related enzymes. The phylogram was

constructed with the Blast Tree View Widget in the program BLASTP

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) using NitAn (highlighted) as the

template. The biochemically characterized enzymes and their catalytic

properties ([19–23]; this study) are highlighted
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