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Abstract

Several nitrilases were screened for the hydrolysis of the nitrile group ofcis-1,2-dihydroxy-3-cyanocyclohexa-3,5-diene andtrans-3-[(5S,6R)-
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,6-dihydroxycyclohexa-1,3-dienyl]-acrylonitrile to the corresponding acids. Nitrilase fromRhodococcus sp. was able to convert both compou
ith the activity of 0.3 mU/mg protein and 0.05 mU/mg protein, respectively. Nitrilase AtNIT1 fromArabidopsis thaliana converted only th

atter but with a higher initial specific activity of 1.7 mU/mg protein. Biotransformation oftrans-3-[(5S,6R)-5,6-dihydroxycyclohexa-1,3-dieny
crylonitrile was performed with AtNIT1 in the form of isolated enzyme and immobilized enzyme, and with recombinant cells containing
iotransformations with isolated AtNIT1 resulted in 116 mg of product in 10.6 h with a yield of 77%. Forty-three percent of the enzymati
ould be recovered after the biotransformation. Immobilization of AtNIT1 saturated with 3-phenylpropionitrile resulted in 3.5% of the free
ctivity. Biotransformations withEscherischia coli JM101 (pQE10-AtNIT1) in shake-flasks produced 243 mg of product in 23 h with a yie
8%. Maximum and average specific activities of 0.5 U/g cell dry weight and 0.17 U/g cell dry weight were achieved, respectively.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Enzymes are powerful catalysts with several attractive
eatures including substrate selectivity, chemo-, regio-, and
nantioselectivity[1]. These features enhance application of
iocatalysts in chemical synthesis[2] and provide opportunities

or biocatalytic steps in asymmetric catalysis on an industrial
cale[3]. Use of biocatalysis becomes especially interesting for
he production of compounds, for which chemical synthesis is
ot a practical option or the required regioselectivities or stere-
selectivities are not achieved[4], such ascis-dihydroxylation
f aromatic compounds by bacterial dioxygenases[5]. Among

he cis-arene diols identified[5–7] cis-dihydrodiols with a
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nitrile functionality are especially interesting, since the ni
group can be hydrolyzed to form a new class of acidic c
diols. Chemical hydrolysis of the nitrile group requires ha
conditions, such as heating at an acidic or alkaline pH[8]. This
hinders the selective transformation, since thecis-dihydrodiols
dehydrate to the corresponding phenols under these cond
[9]. On the other hand, biocatalysis offers chemosele
hydrolysis at neutral pH and room temperature. Nitrile gro
can be hydrolyzed selectively by enzymes along two dis
routes (Fig. 1): direct hydrolysis of the nitrile group to an ac
by a nitrilase, or hydration of the nitrile by a nitrile hydratas
an amide, which can then be hydrolyzed to the correspon
acids by an amidase[10].

In our previous work, we showed thatEscherischia coli
JM101 (pTEZ30) carrying chlorobenzene dioxygenase (C
of Pseudomonas sp. strain P51[11] catalyzes several ar
matic nitriles to the correspondingcis-dihydrodiols [12,13].
In this paper, we describe the results of a screening a
for a nitrilase that hydrolyzes the nitrile group ofcis-1,2-
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Fig. 1. Pathways of enzyme-catalyzed hydrolysis of nitriles.

dihydroxy-3-cyanocyclohexa-3,5-diene (2) and trans-3-
[(5S,6R)-5,6-dihydroxycyclohexa-1,3-dienyl]-acrylonitrile (6)
(Fig. 2). Furthermore, hydrolysis reactions with isolated and
immobilized enzymes and with recombinant cells carrying
the nitrilase are compared and discussed with respect to their
efficiency and practical applicability.

2. Experimental

2.1. Chemicals and buffers

Chemicals with the following purities were used: ben-
zonitrile, >99%; trans-cinnamonitrile, >99%; benzoic acid,
>99%; 2-hydroxybenzoic acid, >99%; 3-hydroxybenzoic
acid, >99%; 3-phenylpropionitrile, >98% (Fluka AG, Buchs,
Switzerland); 2-hydroxycinnamic acid, 97%; 3-hydroxy-
cinnamic acid, 99%; 4-hydroxycinnamic acid, 98%; cinnamic
acid, >99%; 4-hydroxybenzoic acid, >99%; (Aldrich),cis-1,2-
dihydroxy-3-cyanocyclohexa-3,5-diene andtrans-3-[(5S,6R)-

5,6-dihydroxycyclohexa-1,3-dienyl]-acrylonitrile were pre-
pared in our earlier studies[12,13]. All buffers were prepared
as recommended by the enzyme supplier (Fluka Chemie AG,
Buchs) and according to the standard protocols[14].

2.2. Enzymes

Nitrilase (EC Number: 3.5.5.1, CAS Number: 9024-90-2) in
lyophilized form was supplied from Fluka Chemie AG, Buchs.
All enzymes were kept under argon and stored at−20◦C. Nitri-
lase fromAlcaligenes faecalis, BioChemika, powder, slightly
red,∼15 U/g towards 3-phenylpropionitrile at pH 7.5 and 30◦C
[15]; nitrilase fromArabidopsis thaliana (AtNIT1), recombi-
nant fromE. coli, 480 kDa, 11–13 subunits BioChemika, pow-
der, faintly beige 0.3–1.0 U/mg towards 3-phenylpropionitrile
at pH 8 and 35◦C [16–19]; nitrilase 1 fromPseudomonas fluo-
rescens, 78 kDa, 2 subunits, BioChemika powder, slightly yel-
low, 10–15 U/g towards benzonitrile at pH 7.5 and 30◦C [20];
nitrilase 2 fromP. fluorescens, 78 kDa, 2 subunits, BioChemika,
powder, 10–15 U/g towards benzonitrile at pH 7.5 and 30◦C
[20]; nitrilase from Rhodococcus rhodochrous, BioChemika,
powder, slightly beige,∼10 U/g towards benzonitrile at pH 8
and 30◦C [21,22]; nitrilase fromRhodococcus sp., 560 kDa, 12
subunits, BioChemika, powder, slightly red, >0.1 U/mg towards
benzonitrile at pH 7.5 and 30◦C; nitrilase fromPseudomonas
putida, BioChemika, powder pH 7.5 and 30◦C. Activity tests
w ndi-
t zed
A s of
t ter-
m (a
s e-
c GE)
a

F oben rilase.
ig. 2. cis-Dihydroxylation of benzonitrile (1) and cinnamonitrile (5) with chlor
ere performed with lyophilized enzymes under the co
ions given by the supplier. For biotransformations lyophili
tNIT1 or dialyzed AtNIT1 was used. The protein amount

he lyophilized nitrilases and the dialyzed AtNIT1 were de
ined with Bradford method[23]. The amount of enzyme

ubunit mass of 38 kDa)[24] was estimated by sodium dod
yl sulphate-polyacrylamide gel electrophoresis (SDS-PA
ccording to the standard methods[14].

zene dioxygenase followed by the hydrolysis of the nitrile group with a nit
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2.3. AtNIT1 nitrilase preparation

Twenty-five millilitres preculture medium containing 10 g/L
tryptone (Fluka AG, Buchs, Switzerland), 5 g/L yeast extract
(Fluka AG, Buchs, Switzerland), 10 g/L sodium chloride,
50 mg/L ampicillin, and 20 mg/L kanamycin was inoculated
with E. coli E16M15 (pQE10-AtNIT1) and incubated at 37◦C
on a horizontal shaker at 160 rpm for 1 day. Six hundred milli-
litres fresh medium was inoculated with this preculture and
incubated under the same conditions as the first preculture.
Bioreactors containing 12-L of the same medium were inocu-
lated with the second preculture and fermentation was performed
at pH 7.5 and at 30◦C. Induction was started with the addition of
1 mM isopropyl-�-d-thiogalactoside (IPTG), whereby the tem-
perature was decreased to 20◦C or to 30◦C. At the end of the
fermentation, the culture was centrifuged at 4◦C at 14,000× g
for 10 min. The cell pellet was homogenized in a Dynomill
Beadmill (Bachofen, Basel, Switzerland) with 0.1–0.2 mm glass
beads in 0.5 mM EDTA and 0.5 mM dithiothreitol (DTT) at pH
8.0 and 4◦C for 30 min. The homogenate was centrifuged at 4◦C
at 14,000× g for 5 min and the supernatant was simultaneously
ultrafiltered and concentrated with a Millipore Pellicon Ultrafil-
tration system using polyethersulfon membranes (P2B010A05)
with a MWCO of 10 kD in a Pellicon 2 cassette and an area
of 2 m× 0.5 m against 0.5 mM EDTA and 0.5 mM DTT and
at pH 8.0. The concentrated retentate corresponding to a puri-
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ature and at 20,000× g for 8 min. Supernatants were analyzed
for product formation by HPLC and HPLC-MS. At the end of
the reaction, protein concentrations were verified and pH val-
ues were checked. One unit (U) is defined as 1�mol of product
formed in 1 min.

2.6. HPLC analysis

HPLC measurements were performed on a HPLC-system
consisting of a 1040 M SERIES II Diode-array detection and
a Supersphere 100 RP-18/LiChroCART 125-4 HPLC Cartridge
(Merck, Germany) as a stationary phase. The elution pattern
was monitored at 210 nm, 254 nm (aromatic systems), 290 nm
(maximum absorbance of (2) and (3)), and 320 nm (maximum
absorbance of (6) and (7)). Two different mobile phase have been
used: (a) 100% nanopure water containing 0.1%o-phosphoric
acid for the analysis of samples containing compounds (2) and
(3) and (b) 95.5% nanopure water containing 0.1%o-phosphoric
acid and 4.5% acetonitrile for the analysis of samples con-
taining compounds (6) and (7) with an isocratic flow rate of
0.8 mL/min. These methods allowed the clear separation of
substrates and products with the following retention times: (3)
5 min; (2) 10.5 min; (7) 9.7 min; (6) 13 min.

2.7. HPLC-MS analysis
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ed dialyzate is then frozen at−80◦C and lyophilized. Nitri
ase activities have been determined by measuring the rel
mmonia when 3-phenylpropionitrile was used as a substr
H 8.0 and at 35◦C. One unit (U) corresponds to the 1�mol of
mmonia formed in 1 min at pH 8 and 35◦C in the hydrolysis
f 3-phenylpropionitrile to 3-phenylpropionic acid.

.4. Biotransformation of benzoic acid and cinnamic acid

Biotransformation of benzoic acid and cinnamic acid was
ormed in shake-flasks withE. coli JM101 (pTEZ30) carryin
DO as described elsewhere[12]. To start the biotransformatio
mM substrate was added directly. Samples were taken at d
nt time points, diluted two-fold with ice-cold acetonitrile a
entrifuged at 4◦C at 20,000× g for 6 min. Supernatants we
ltered through a cellulose membrane filter (Spartan, Schle
Schuell GmbH, Germany) and analyzed via HPLC and HP
S.

.5. Activity assays

All activity measurements were performed in a sha
Thermomixer 5436, Eppendorf) with 600 rpm. Two millilitr
ppendorf tubes were used for the incubation of enzyme
ubstrate solutions. Activity tests of nitrilases were perfor
nder assay conditions given by the supplier. Substrate
nzymes were dissolved separately in buffer and incubate
h at assay temperature. The reaction was started by the ad
f the substrate solution to the enzyme solution. The reac
ere followed for 150 min. Samples were taken at different
oints, diluted 1:1 with acetonitrile, centrifuged at room tem
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Reversed phase HPLC-MS analysis was performed
EWLETT PACKARD SERIES 1100/MSD system consist
f a degasser, a BinPump, a ColComp and a mass spe
etector. The system was supplemented with a Multipur
ampler MPS2 (Gerstell). The mass spectrum detector w

o negative mode. Separation was performed on a nucleos
P column (pore size, 100̊A; particle size 5�m; inner diamete
2.5 cm× 2 mm Macherey-Nagel AG, Oensingen, Switzerla
ith 85% nanopure water containing 0.1% formic acid
5% acetonitrile as a mobile phase with a isocratic flow
f 0.8 mL/min at a temperature of 45◦C.

.8. Dehydration of cis-diols

The product (7) was dissolved in water, pH was reduced
ith 30% HCl. Then it was incubated at 90◦C for 90 min. The

esulting compounds were analyzed with HPLC-MS.

.9. Hydrolysis of (6) to (7) with isolated AtNIT1

Small-scale hydrolysis of (6) to (7) was carried out wit
yophilized AtNIT1 at 0.8 and 2.6 mg protein/mL, with differe
ubstrate concentrations. For larger scale hydrolysis, 16
otassium phosphate (KPi) buffer containing 50 mM (6) and
0 mL of dialyzed AtNIT1 (221 units towards 3-PPN) were in
ated separately on a shaker (35◦C, 85 rpm). After 1 h of incu
ation, 5.5 mL of buffer containing (6) was added to the enzym
olution. Samples were taken at different time points, dilute
ith acetonitrile and centrifuged for 8 min at 14,000 rpm. HP
nalysis was used to follow product formation. Additional s
trate containing buffer was added during the reaction; 3.
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after 2.2 and 3.7 h, and 4.1 mL after 5.2 h. After 10.6 h, the solu-
tion was centrifuged at 20,000× g and room temperature for
15 min. The supernatant was then transferred into a Millipore
10.000 MWCO tube and centrifuged at 4000 rpm at 4◦C until
the concentrated protein fraction was slightly covered with a
remaining liquid phase (corresponding to a volume of 1.5 mL).
The protein fraction was then resuspended in KPi buffer to a final
volume of 35 mL and stored at 4◦C. Protein amount was deter-
mined. The filtered solution was analyzed via HPLC to check
the product concentration. The recovered protein solution was
checked for activity towards 3-PPN. The activity was measured
as in Section2.5.

2.10. Immobilization of AtNIT1 on Eupergit® C and
activity test of immobilized enzymes

The KPi immobilization buffer (pH 8, 1 M) was prepared
in accordance with the supplier manual (Röhm, Darmstadt,
Germany). A 33.4 mg of lyophilized AtNIT1 was dissolved
in 5.5 mL immobilization buffer in a 50 mL Falcon tube and
incubated at room temperature (RT) for 1 h. One gram of
Eupergit® C was added and the solution (2.7 mg protein/mL/mg
Eupergit® C) was shaken gently. The immobilization solution
was stored at RT for 96 h. For immobilization of AtNIT1 on
Eupergit® C in the presence of 3-phenylpropionitrile, 500�L
dialyzate was dissolved in 3.5 mL immobilization buffer in a
5
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bated for 10 h at 37◦C and 250 rpm. One millilitre of the LB
preculture was then transferred to 100 mL M9, supplemented
with 150�g/mL ampicillin and 50�g/mL kanamycin medium
and incubated overnight at 30◦C and 200 rpm. One hundred
millilitres M9 medium were inoculated with this preculture to
an OD450of 0.35 and incubated on a shaker for half an hour. The
culture was induced with 0.5 mM isopropyl-�-d-thiogalactoside
(IPTG) for 4 h, and during this time the culture was grown to
an OD450 of 1.36. At this time point, the cells were centrifuged
(9700× g, 4◦C, 15 min), and resuspended in 20 mL 0.1 M KPi
buffer (pH 8.23) to an OD450 of 5.9. The reaction was started
by the addition of (6) into the cell suspension and incubated at
30◦C and 130 rpm. As a positive control we tested the activ-
ity of the cells towards 3-PPN. Samples were taken at different
time points and diluted 10 times with ice-cold acetonitrile and
centrifuged at 20,000× g, at 4◦C for 5 min. Supernatants were
acidified to pH 1 with 30% HCl and incubated at 95◦C for
20 min. 2-Hydroxycinnamic acid and 3-hydroxycinnamic acid
formed were analyzed with HPLC and quantified using the stan-
dards.

For larger scale hydrolysis experiments, cells were grown in a
reactor with a working volume of 2-L and induced with 0.35 mM
IPTG as described elsewhere[12]. After the induction, cells
were harvested and washed with 5 mM KPi Buffer (pH 7.15)
and stored at−80◦C in fractions. A fraction of the frozen cells
was resuspended in 100 mM KPi buffer (pH 8.3) to a cell density
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0 mL Falcon tube and incubated at 35◦C for 1 h. One milli-
itre 3-phenylpropionitrile (50 mM in immobilization buffe
upplemented with 5% methanol, 35◦C) was added to th
ialyzate solution and kept at 35◦C for 18 min prior to addin
.9 g Eupergit® C. The immobilization solution (2.7 m
rotein/mL/ mg Eupergit® C) was stored at 6◦C for 96 h. In
ach case the beads were collected on a sintered-glas
porosity 2) and the solutions drained off by vacuum. F
illilitres KPi buffer were used to wash the beads thoroug
n the filter. Protein concentrations in the filtered solu
ere measured with the Bradford method to determine
inding yield. The beads were finally dissolved in KPi buf
ll activity measurement experiments were performed o
haker (Thermomixer 5436, Eppendorf, 600 rpm). Immobil
nzymes as well as substrate solutions were incubated in
ppendorf tubes for 1 h at 35◦C prior determination of enzym
ctivities. Reactions were started with addition of substrate
ead-solution yielding to initial concentrations of 1.9 mM6)
r 2 mM 3-phenylpropionitrile and 0.1% methanol. Sam
ere taken at different time points, diluted 1:1 with acetonit
nd centrifuged at RT and at 20,000× g for 8 min. Supernatan
ere analyzed by HPLC.

.11. Hydrolysis of (6) to (7) with E. coli JM101
pQE10-AtNIT1)

For small scale hydrolysis experiments, the freshly tr
ormed cells were plated out on LB agar plates suppleme
ith the antibiotics kanamycin and ampicillin and incuba
vernight at 37◦C. The next day, a single colony was transfe

nto 5 mL LB medium with the appropriate antibiotics and in
er

L

d

f 50 g cdw/L. Substrate was added to the 114 mL total rea
edium and incubated at 35◦C on a rotary shaker at 250 rp
our hours later additional substrate was added and the re
as followed for almost 23 h. Samples were taken at diffe

ime points and treated as described above.

. Results and discussion

One approach for the synthesis of (3) and (7) is the cis-
ihydroxylation of benzoic acid (4) and cinnamic acid (8)
Fig. 2). Thus, before starting the screening for a nitrilase
ested the activity ofE. coli JM101 (pTEZ30) carrying CDO
owards these compounds. HPLC and HPLC-MS measurem
f the samples of such biotransformation experiments did
eveal any product formation. In the literature, there is o
ne strain described that was able tocis-dihydroxylate subst

uted benzoic acids on an unsubstituted aromatic ring[25,26].
ther strains metabolize the substituted benzoic acids to

is-dihydrodiols[27–36]. No report was found describing t
is-dihydroxylation of cinnamic acid by a bacterial dioxyg
ase.

Table 1 shows the results of the screening experime
he nitrilases listed were screened for ability to hydro

he nitrile group ofcis-1,2-dihydroxy-3-cyanocyclohexa-3,
iene (2) and/ortrans-3-[(5S,6R)-5,6-dihydroxycyclohexa-1,3
ienyl]-acrylonitrile (6). A nitrilase fromRhodococcus sp. was
ble to convert both (2) and (6) to the corresponding acids w
specific activity of 0.3 mU/mg protein and 0.05 mU/mg p

ein, respectively. AtNIT1 fromA. thaliana converted only (6),
ut with a higher initial specific activity of 1.7 mU/mg pr
ein. Hydrolysis of (6) with nitrilases fromA. faecalis andR.
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Table 1
Specific activity of the nitrilases on (2) and (6)

Nitrilase Protein concentration
(mg protein/mL)

Substrate

(2) (6)

Concentration (mM) Specific activity
(mU/mg protein)

Concentration (mM) Specific activity
(mU/mg protein)

Alcaligenes faecalis 1 4.5 – a

Arabidopsis thaliana (AtNIT1) 2.6 3.6 – 1.7 1.7
Pseudomonas fluorescens, nitrilase 1 5.8 3.7 – 1.9 –
Pseudomonas fluorescens, nitrilase 2 5.8 3.9 – 2 –
Pseudomonas putida 9.9 3.8 – 1.5 –
Rhodococcus rhodochrous 1 12 – a

Rhodococcus sp. 2.3 3.5 0.3 1.9 0.05

(–) No product formation was observed.
a Not tested.

rhodochrous were not tested. Other nitrilases did not show any
activity on (2) and/or (6). Activity of each enzyme towards its
reference substrate was tested as a positive control and similar
activities were observed as given by the supplier (results not
shown).

Some nitrilases hydrolyze aromatic or heterocyclic nitriles
to the corresponding acids and ammonia. Others are known
to preferentially hydrolyze either aliphatic nitriles or arylace-
tonitriles to their respective carboxylic acids[37]. One of the
reasons for the lack of the activity of some nitrilases towards
the substrates (2) and (6) might be steric hindrance of the two
hydroxyl groups atortho andmeta positions[38]. For instance,
all monosubstituted phenylacetonitriles are good substrates
for the nitrilase fromA. faecalis JM3, especiallyp-fluoro- and
p-chloro-benzylcyanide. However, the activity dramatically
decreases with substrates that carry the substitution at anortho
position instead of thepara position[15]. In contrast to other
nitrile-hydrolyzing enzymes, AtNIT1 has a broad substrate
range[24]. The activity of AtNIT1 towards only (6) and not (2)
is expected as it has 18 times higher specific activities towards
cinnamonitrile than towards benzonitrile[24].

Hydrolysis products (3) and (7) were characterized with
HPLC-MS. Mass fragments are presented inTable 2. All
spectra were recorded under negative mode and consequently
the deprotonated molecules (Mw −1 g/mol) were detected.
Mass spectra showed that the product formed from hydrolysis
o g
a
n g
a ide

T
T

C

(
(
(
(

M

formation depending on the nature of the substituents[24].
HPLC-MS measurements of the hydrolysis products of (2) and
(6) did not show amide formation during biotransformation.

cis-Dihydrodiols dehydrate to the corresponding phenols
under acidic conditions and high temperatures[39]. Dehy-
dration products of (7) were analyzed with HPLC-MS. The
results showed that the dehydration of (7) resulted in 2-
hydroxycinnamic acid (83%) and 3-hydroxycinnamic acid
(17%), confirming the structure of (7).

Next to the catalyst selectivity, process efficiency depends
on turnover frequency, total turnover number, and volumetric
productivity [40]. To investigate the practical applicability of
the hydrolysis process, we examined the hydrolysis of (6) to (7)
with AtNIT1 in the form of isolated and immobilized enzymes,
and withE. coli JM101 (pQE10-AtNIT1[24]) carrying AtNIT1.

First, hydrolysis with isolated AtNIT1 was further studied
with different enzyme and substrate concentrations (Fig. 3).
Product formation was followed for 150 min. Initial specific
activity of AtNIT1 at low protein concentrations and reached
a maximum of 3.2 mU/mg protein with 0.8 mg protein/mL of
enzyme and 0.45 mM substrate. When a protein concentration

F l]-
a
2 trate
c

f (2) by nitrilase fromRhodococcus sp. is the correspondin
cid (3), and the product formed from hydrolysis of (6) by
itrilase fromRhodococcus sp. or AtNIT1 is the correspondin
cid (7). AtNIT1-catalyzed hydrolysis may also result in am

able 2
he mass spectra of the products and substrates

ompound,Mw (g/mol) Fragments (m/z)

2), 137 136, 118 (–H2O)
3), 156 155, 137 (–H2O)
6), 163 162, 144 (–H2O), 136 (–CN)
7), 182 181, 163 (–H2O), 119 (–CO2–H2O),

111 (–O2C3H4)

ass spectra were recorded in negative mode.
ig. 3. Hydrolysis of trans-3-[(5S,6R)-5,6-dihydroxycyclohexa-1,3-dieny
crylonitrile to the corresponding acid with AtNIT1 fromArabidopsis thaliana.
.6 mg protein/mL and 0.8 mg protein/mL were used with different subs
oncentrations.
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Fig. 4. Large scale AtNIT1 nitrilase preparation. Fermentation ofE. coli
E16M15 (pQE10-AtNIT1) was performed in a bioreactor on a 12-L scale at
20◦C and 30◦C.

of 2.6 mg protein/mL was used, initial specific activity was lower
(around 2 mU/mg protein) but product formation was more sta-
ble over the whole bioconversion. Productivity became more
stable with increasing initial substrate concentrations.

We performed the fermentation ofE. coli JM101 (pQE10-
AtNIT1) in a bioreactor on a 12-L scale to prepare AtNIT1
nitrilase on large scale and to use it for further in vitro experi-
ments. Growth of the recombinant cells and specific activities of
the AtNIT1 nitrilase were followed during the fermentation at 30
and 20◦C (Fig. 4). Specific growth rate was higher at 30◦C and
OD610 reached to 4.6 after 9 h. At the end of the fermentation
volumetric activity increased to 0.41 U/mL. At 20◦C growth
rate was lower and cell density reached to OD610 4.2 after 24 h.
The volumetric activity of 1.06 U/mL obtained at the end of the
fermentation is significantly higher than that obtained at 30◦C.
Total activities and purification yields are listed inTable 3.

To examine the specific activity and stability of the iso-
lated AtNIT1 on a larger scale, and the effect of higher product
concentrations on enzymatic activity, hydrolysis of (6) was per-
formed using 221 units (towards 3-PPN) of AtNIT1 for 10.6 h.
Almost 116 mg of product was formed with a yield of 77%
(Fig. 5). Specific activity was between 3 and 4 mU/mg protein
after each addition of substrate and was stable over the reaction
time. The activity decreased with decreasing substrate concen-
tration (Fig. 6). Maximum specific activity is in the same range as
the initial activity of the AtNIT1 in small scale experiments. The
s T1
c cted
b for-
m red.
A epa-
r

Fig. 5. Hydrolysis of trans-3-[(5S,6R)-5,6-dihydroxycyclohexa-1,3-dienyl]-
acrylonitrile to the corresponding acid with isolated AtNIT1 fromArabidopsis
thaliana. Reaction was started with the addition of substrate to 50 mL AtNIT
dialyzate (300 units). Additional substrate was added at time 2.2, 3.7 and 5.2 h.

Fig. 6. Specific activity profile during the hydrolysis oftrans-3-[(5S,6R)-5,6-
dihydroxycyclohexa-1,3-dienyl]-acrylonitrile with isolated AtNIT1 fromAra-
bidopsis thaliana. Substrate was added at time 0, 2.2, 3.7 and 5.2 h.

Second, hydrolysis of (6) with immobilized AtNIT1 was
studied. For this purpose AtNIT1 was immobilized on Eupergit®

C with 98% of the protein bounded to the resin. However, the
immobilized enzymes did not show any activity with either (6)
or 3-PPN as the substrate. One reason for this enzyme inactiv-
ity might be that the catalytic cystine groups of the enzymes
reacted with the oxiran groups of Eupergit® C. Alternatively,
the multimeric active structure of the enzyme complex might
be lost during the binding process[24,41]. Therefore, to protect
the catalytic center of the AtNIT1[41], enzyme was saturated
with 3-phenylpropionitrile and then immobilized on Eupergit®

C with a yield of 79%. Hydrolysis of 3-PPN with the immo-
bilized enzymes resulted in an activity of 8.4 mU/mg protein,

T
P E10-AtNIT1) performed in a bioreactor on a 12-L scale at 30◦C

F Specific activity (U/mg) Purification fold Purification yield (%)

B 0.025 1 100
L 0.286 11 59
lightly change in the activity might be due to different AtNI
ontent of the protein used. Enzyme activity was not affe
y product concentrations up to 9.6 mM. After the biotrans
ation, 43% of the total nitrilase activity could be recove
mmonium sulphate precipitation or different membrane s

ations may further increase the recovery of activity.

able 3
urification of AtNIT1-nitrilase from the fermentation ofE. coli E16M15 (pQ

raction Total mass (g) Total activity (U)

iomass 533 13200
yophilized material 27.4 7820
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Fig. 7. Hydrolysis of trans-3-[(5S,6R)-5,6-dihydroxycyclohexa-1,3-dienyl]-
acrylonitrile to the corresponding acid withE. coli JM101 (pQE10-AtNIT1).
A 1.4 mM substrate was added to 20 mL 0.1 M KPi buffer (pH 8.23) containing
1.7 g of cell dry weight/L.

which is 3.5% of the activity of the free enzymes towards the
same substrate and under the same conditions indicating that the
protection of the active site did reduce the loss of activity some-
what. Given that the activity of the native enzyme for (6) is only
1.3% of the activity for 3-PPN an activity of perhaps 0.1 mU/mg
immobilized protein might be expected for (6).

Third, we performed an experiment, in which (6) was
hydrolyzed to (7) in vivo with E. coli JM101 (pQE10-AtNIT1)
[24] carrying the genes of AtNIT1 fromA. thaliana in shake-
flasks. Almost 0.15 mM product was formed in 3 h (Fig. 7).
Product formation was stable over the reaction time. Maximum
specific activity was 0.85 U/g cdw and average specific activity
was 0.5 U/g cdw, which is 0.2% of the activity obtained with the
substrate 3-phenylpropionitrile under the same conditions.

To examine the stability of activity of whole cells at high
cell densities in shake flasks over a longer period of time, we
performed the biotransformations for 23 h with a cell density
of 50 g cdw/L in shake flasks. Product concentration reached
11.7 mM (243 mg in 114 mL) at the end of the biotransformation
(Fig. 8), equivalent to a yield of 48%. Maximum specific activity
was 0.5 U/g cell dry weight, with a final activity at the end of
the biotransformation of 0.17 U/g cell dry weight.

Fig. 8. Hydrolysis of trans-3-[(5S,6R)-5,6-dihydroxycyclohexa-1,3-dienyl]-
acrylonitrile to the corresponding acid withE. coli JM101 (pQE10-AtNIT1).
Reaction was started with the addition of 9.3 mM substrate to 114 mL 0.1 M
KPi buffer (pH 8.3) containing 50 g of cell dry weight/L. Four hours later an
additional 15.3 mM substrate was added.

Among all three approaches for the hydrolysis of (7), immo-
bilized AtNIT1 showed a very low activity, which restricts the
practical applicability of immobilized AtNIT1. This might also
be true for other multi-subunit nitrilases, and in fact we found no
applications of immobilized nitrilases in the literature. A com-
parison of the process parameters of the other two approaches
is summarized inTable 4. Incubation with isolated enzymes
resulted in almost two times higher average specific activities
and 1.6 times higher yield than incubation with whole cells.
However, the recovery of the enzymes from the reaction mix-
tures for reuse can be a limitation for practical applications of
isolated nitrilases. After the biotransformation only 43% of the
isolated enzyme activity could be recovered.

Whole cell biocatalysts are easy to prepare for large-scale
applications. Although the productivities of the whole cells
are lower compared to productivities of isolated enzymes, high
concentrations of cells can be used to increase the volumetric
productivities.

An alternative approach to the synthesis of acidic chiral diols
would be to clone the nitrilase genes together with the dioxy-
genase genes either on two compatible plasmids or on a single

Table 4
Process data for hydrolysis oftrans-3-[(5S,6R)-5,6-dihydroxycyclohexa-1,3-dienyl]-acrylonitrile to the corresponding acid with AtNIT1 fromArabidopsis thaliana

P opsis thaliana

e

V
P
T
R
P
Y
M
A
A

te.
arameter AtNIT1 fromArabid

As isolated enzym

Small scale

olume (mL) 1
rotein amount (mg) 2.6
otal substrate amount (mg) 0.75
eaction time (h) 2.5
roduct amount (mg) 0.17
ield (%) 20
aximum specific activity (U/g protein) 2.3
verage specific activity (U/g protein) 2.3
verage vol. productivity (g product/L/day) 1.6

a Initial reaction volume. It increased to 66.6 mL with addition of substra
b Protein amount is estimated as 50% of the total cell dry weight.
InE. coli JM101 (pQE-10 AtNIT1)

Large scale Small scale Large scale

55.5a 20 114
1332 17b 2850b

135 4.6 456
10.6 3 23
116 0.55 243

77 11 48
4 1.7b 1.0b

0.74 1.0b 0.34b

3.9 0.2 2.2
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plasmid for expression of the genes in the same host. This would
enable multi-step biocatalysis in a single host and in a single
reactor.

4. Conclusions

Chemoselective nitrilase hydrolysis of thecis-dihydrodiols
with a nitrile group resulted in a new class of acidic chiral
diols. Here we screened nitrilases for the hydrolysis ofcis-1,2-
dihydroxy-3-cyanocyclohexa-3,5-diene andtrans-3-[(5S,6R)-
5,6-dihydroxycyclohexa-1,3-dienyl]-acrylonitrile to the corre-
sponding acids. A nitrilase fromRhodococcus sp. was found
to hydrolyze both substrates while AtNIT1 fromA. thaliana
hydrolyzed only the latter. Isolated AtNIT1 in the form of
free and immobilized enzyme, and recombinantE. coli carry-
ing AtNIT1 were used for the hydrolysis oftrans-3-[(5S,6R)-
5,6-dihydroxycyclohexa-1,3-dienyl]-acrylonitrile. For practical
applications, whole cell biocatalysis might be preferred for the
hydrolysis of dihydrodiols with a nitrile group, since activity of
the whole cells is higher and more stable than the activity of
the immobilized enzymes. As well, preparation of the recom-
binant biocatalyst is straightforward and whole cells carrying
AtNIT1 can be immobilized to increase the catalyst longevity in
a hydrolysis process. Furthermore, combination of chloroben-
zene dioxygenase and nitrilase in the same host could provide
a new and efficient route to a previously undescribed class of
a
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