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Abstract

In this paper we describe the cloning and optimization of a nitrilase for a regio- and stereo-specific synthesis of (3S)-3-cyano-5-methyl hexanoic
acid (2) from isobutylsuccinonitrile (IBSN, 1). Ten representative plant and bacterial nitrilases have been cloned and their substrate specificity was
studied using a fluorescent assay. The desired nitrilase AtNit1 from Arabidopsis thaliana was identified with high enantioselectivity (E > 150).
This enzyme was then purified and characterized to be an oligomer of 12 subunits by size exclusion chromatography. AtNit1 was subsequently
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ptimized to increase expression and engineered to improve activity. Preliminary screening of a small percentage (1%) of the mutant library shows
hat the mutant C236S has a nearly 3-fold increase in reactivity in the hydrolysis of IBSN.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The use of nitrilases to convert nitriles into carboxylic acids
as become an increasingly attractive approach to prepare chiral
harmaceutical intermediates. This family of enzymes provide
regioselective and/or enantioselective methodology for nitrile
ydrolysis at ambient pressure and temperature, making them
deal as industrial catalysts [1,2]. In this paper we describe the
loning, screening, and engineering of a nitrilase for the syn-
hesis of (3S)-3-cyano-5-methyl hexanoic acid (2) by a regio-
nd stereo-specific hydrolysis of racemic isobutylsuccinonitrile
IBSN, 1) (Scheme 1). The compound 2 can be used as a key
ntermediate for the preparation of Pregabalin (Lyrica® API),

marketed GABA analog for the treatment of neuropathic
ain and partial seizures (Scheme 1) [3–5]. The wrong enan-
iomer (3R)-isobutylsuccinonitrile can be readily epimerized
nder basic conditions leading to an overall efficient synthetic
ethodology for the preparation of Pregabalin. In practice, 10

epresentative plant and bacterial nitrilases were cloned from
he gene bank and their substrate specificity and enantioselec-
ivity were studied using a fluorescent assay by capturing the

NH3 byproduct. The desired nitrilase AtNit1 from Arabidopsis
thaliana was then optimized to increase expression, purified for
physical characteirzation and engineered to improve activity.

2. Materials and methods

2.1. Materials

All chemicals of the highest purity were purchased from
Aldrich (Milwaukee, WI), Fluka (Buschs, Switzerland) and
Sigma (St. Louis, MO). Restriction endonucleases and DNA T4
ligase were obtained from New England Biolabs. Ni-NTA and
Superdex 75 column were purchased from Qiagen and Amer-
sham Biosciences, respectively.

2.2. Bacterial strain, plasmids and culture condition

Escherichia coli strains BL21 (DE3), BRLplys (DE3),
Rosetta (DE3) and Tuner (DE3) were used as hosts for the
recombinant plasmids. pET24 (Novagen) and pET SUMO
(Invitrogen) were used for cloning of the recombinant AtNit1.
∗ Corresponding author. Tel.: +1 858 5184484; fax: +1 858 7947356.
E-mail address: alex.tao@bioverdant.com (J. Tao).

Recombinant E. coli strains were cultured at 37 ◦C overnight in
2 × YT medium containing 16 g/L Bacto tryptone, 10 g/L yeast
extract, and 5 g/L NaCl, supplemented with a final concentration
381-1177/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2006.04.010

mailto:alex.tao@bioverdant.com
dx.doi.org/10.1016/j.molcatb.2006.04.010


76 Z. Xie et al. / Journal of Molecular Catalysis B: Enzymatic 41 (2006) 75–80

Scheme 1.

of 50 �g/mL kanamycin. To induce the T7 promoter, isopropyl-
thio-�-d-galactoside (IPTG) was added to a final concentration
of 0.2 mM when the culture OD is between 0.6 and 0.8.

2.3. Cloning, protein expression and preparation

2.3.1. Cloning of nitrilase genes
Vectors for plasmids construction were purchased from Invit-

rogen (pET101/D-TOPO and pTrcHis2-TOPO) and Novagen
(pET28b(+) and pET36b(+)). Coding regions of AtNit1, AtNit2,
and AtNit3 genes were amplified from an A. thaliana cDNA
library (Stratagene) to generate plasmids pNit03, pNit14, and
pNit16, respectively (see Tables 1 and 2 for details). To con-
struct the plasmid pNit06, the AtNit1 gene was amplified from
pNit03 DNA. The plasmid pNit15 was constructed by insert-
ing a synthetic codon-optimized (for E. coli) AtNit1 gene into
pET28b(+) vector (designed, synthesized, and cloned by Blue
Heron Biotech). Plasmids pNit07 and pNit08 were synthesized
without codon optimization and cloned by Blue Heron. Plasmid
pNit09, pNit10, pNit11, and pNit12 were constructed by ampli-
fying corresponding genes from genomic DNA purchased from
ATCC. The plasmid pNit13 was constructed by amplifying the
corresponding gene from rice cDNA purchased from BioChain.

For the optimization of the expression of AtNit1, its cDNA
was cloned into two vectors: pET24 based (Novagen) and pET
SUMO (Invitrogen). The expression vector made with pET24
h
m

Table 2
Primer sequences for nitrilase cloning

Primer name Oligonucleotide sequence (5′–3′)

Nit8 CTATTTGTTTGAGTCATCCTCA
Nit9 CACCATGTCTAGTACTAAAGATATGTCAACT
Nit11 CACCATGTCAACTTCAGAAAACACTCCGT
Nit12 CTACTTGTTTGAGTCATCTTCC
Nit13 CACCATGTCTAGTACTGAAGAAATGTCATCA
Nit14 CTATTTGTTTGATTCATCCTCT
Nit17 CATATGTCTAGTACTAAAGATATGTCAACT
Nit20 CATATGGCTATGGTCCCCTCGGGCTC
Nit21 TTAGTAGGGCTTTGCAGTGCTGTCAC
Nit30 GATCCATATGACAACACATCGAATCGCCGT
Nit31 GATCAAGCTTCATCTAGGGTTTGAGCGTGGT
Nit32 GATCCCATGGGGTTCTGGAAAGTTGCAGCAG
Nit33 GATCAAGCTTCTAGCGTAATGGAATGATATCGC
Nit34 GATCCCATGGGTGTCGCACTAGCACAACTTA
Nit35 GATCAAGCTTCCCCAATTTACGCTTCAG
Nit36 GATCCCATGGGTAAGTTGAAAGTCGCGGCAGT
Nit37 GATCAAGCTTGCGCCGCGCTTAGTTC

terminal for high level expression of soluble AtNit1. To clone
AtNit1 gene into pET24, the gene was amplified from pNit15
with the primers nit-p1 (5′-ATTACGGGATCCTCCATATG-
AGTACTGTCCAGAACGCTACC-3′) and nit-p2 (5′-CTAA-
AGCTTATTTATTAGAATCATCTTCGGC-3′). Using BamH1
site at 5′-end and Xhol site at 3′-end AtNit1 was inserted into
the corresponding sites of pET24. To clone AtNit1 gene
into the pET SUMO vector, the gene was amplified from

T
L

P Vector name Cloning sites PCR primers

p pET101/D-TOPO TOPO Nit8, Nit9
p pTrcHis2-TOPO TOPO Nit8, Nit17
p pus pET28b(+) NcoI–HindIII n/a
p pET28b(+) NcoI–HindIII n/a
p eptica pET36b(+) NdeI–HindIII Nit30, Nit31
p ) pET28b(+) NcoI–HindIII Nit32, Nit33
p us plantarum pET28b(+) NcoI–HindIII Nit34, Nit35
p pET28b(+) NcoI–HindIII Nit36, Nit37
p pTrcHis2-TOPO TOPO Nit20, Nit21
p pET101/D-TOPO TOPO Nit11, Nit12
p pET28b(+) NcoI–HindIII n/a
p pET101/D-TOPO TOPO Nit13, Nit14

n

as non-cleavable N-terminal His-tag. The expression vector
ade with pET SUMO has SUMO fusion protein at its N-

able 1
ist of plasmids containing nitrilase genes from bacteria and plants

lasmid name Insert gene Protein encoded Organism

Nit03 AtNit1 NP 851011 A. thaliana
Nit06 AtNit1 NP 851011 A. thaliana
Nit07 BnNit2 AAK57436 Brassica na
Nit08 ZmNit1 AAO11743 Z. mays
Nit09 BB1116 NP 887662 B. bronchis
Nit10 yobB NP 416357 E. coli (k12
Nit11 lp 0433 NP 784228 Lactobacill
Nit12 RAP4166 NP 949502 R. palustris
Nit13 OsNit XP 466925 O. sativa
Nit14 AtNit2 NP 190016 A. thaliana
Nit15 AtNit1 NP 851011 A. thaliana
Nit16 AtNit3 NP 190018 A. thaliana

/a, not applicable.
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pNit15 with the primers nit-TA-P1 (5′-ATGAGTACTGTCC-
AGAACGCTACC-3′) and nit-p2 (5′-CTAAAGCTTATTTAT-
TAGAATCATCTTCGGC-3′). The PCR product was directly
ligated into a pET SUMO TA cloning vector. The resulting
expression vectors were sequence confirmed and transformed
into various E. coli strains for expression. To express the recom-
binant gene for small scale detection, both vectors were trans-
formed into E. coli strains (BL21 (DE3), BRLplys (DE3),
Rosetta (DE3), Tuner (DE3)) for over expression of AtNit1.
Over night cultures were performed in 2 × YT medium at
37 ◦C, diluted 1:20 to 5 mL fresh 2 × YT containing 50 �g/mL
Kanamycin. When OD of cultures is between 0.6 and 0.8, IPTG
was added to a final concentration of 200 nM. Cultures were
then performed at 23 ◦C over night for the expression of AtNit1.
About 1 mL of each culture before and after induction was saved
and pellets were stored at −20 ◦C for expression analysis. Cell
pellets were lysed by sonication in a buffer containing 20 mM
Tris–Cl pH 8.0, 300 mM NaCl, 20 mM imidazole, and 14 mM
�-mercaptoethanol and recombinant AtNit1 was recovered by
40 �L of Ni-NTA resin (Qiagen). Expressed protein was ana-
lyzed by SDS-PAGE. To scale up, 1.5 L culture was induced per
flask. The growth and the induction conditions were the same as
the small scale.

To purify larger quantity of AtNit1, cell pellets from a 3 L
culture of AtNit1 in pET24 were resuspended with lysis buffer
containing 25 mM Tris–HCl, pH8.0, 300 mM NaCl, 30 mM imi-
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2.3.3. Analytical size exclusion chromatography conditions
Purified AtNit1 was separated by size exclusion chromatog-

raphy on a Superdex 200 gel filtration column using a Dionex
HPLC system. The running buffer was 25 mM HEPES, pH 7.5,
containing 150 mM NaCl, 0.25 mM TCEP.

2.3.4. Mutant library construction and enzyme preparation
for screening

The mutagenesis reaction was carried out using the Gen-
eMorph II Random Mutagenesis kit (Stratagene), following
manufacturer’s protocols. Primers used for the PCR reaction
were pTrcHis Forward (5′-GAGGTATATATTAATGTATCG-3′)
and pTrcHis Reverse (5′-GATTTAATCTGTATCAGG-3′). The
pNit06 DNA was used as the template. Amplified PCR frag-
ments were digested with NcoI and HindIII and cloned into
the pNit06 vector digested with the same enzymes. The con-
structed library was transformed into Top10 electro-competent
cells (Invitrogen). The transformed cells were plated then on
a LB agar plate with 100 �g/mL ampicillin and incubate at
37 ◦C overnight. Individual colonies were picked and inocu-
lated into 96-well plates containing 1 mL of LB and 100 �g/mL
ampicillin and sealed with Air Pore Tape (Qiagen). The culture
was incubated at 37 ◦C overnight and shaken at 250 rpm. Next
day, 160 �L of the culture was transferred into 0.8 mL LB with
100 �g/mL ampicillin in a 96-well plate, and incubated at 37 ◦C
with shaking for 3 h. About 20 �L of IPTG at a concentration of
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azole, pH 8.0, 14 mM �-mercaptoethanol. Cells were lysed by
icrofluidization and clear supernatant was obtained by ultra-

entrifugation at 40,000 rpm for 45 min at 4 ◦C. The supernatant
as loaded on prewashed 20 mL Ni-NTA column. The column
as washed with lysis buffer containing 100 mM imidazole until

he absorbance reached the baseline. AtNit1 was eluted with
00 mL linear gradient of 100–400 mM imidazole in lysis buffer.
he peak fractions were pooled (56 mL at 0.2 mg/mL) and con-
entrated to 8 mL and loaded on Superdex 75 sizing column.
tNit1 was eluted overnight at 0.5 mL/min in a phosphate buffer

ontaining 50 mM NaCl phosphate, pH 7.8, 300 mM NaCl,
mM EDTA, and 5 mM DTT. The peak fractions were pooled
nd the buffer was exchanged into a storage buffer containing
5 mM Tris–HCl pH 7.5, 2 mM EDTA, and 5 mM DTT. The
nal protein concentration was measured with protein reagent
Pierce) using BSA as a standard. The final purified protein was
hen used for enzyme activity assays, and characterized by light
cattering, size exclusion chromatography, and native PAGE.

.3.2. Determination of native AtNit1 molecular weight
Purified AtNit1 was analyzed by size exclusion chromatog-

aphy on a Superdex 200 gel filtration column using an AKTA
PLC system calibrated with the protein standards ovalbu-
in (43 kDa), BSA (67 kDa), aldolase (158 kDa), catalase

232 kDa), ferritin (440 kDa), and blue dextran 2000 (void vol-
me; ∼2000 kDa). The running buffer was 25 mM HEPES, pH
.5, containing 150 mM NaCl and 0.25 mM TCEP with a flow
ate of 1.5 mL/min. The protein was also analyzed by DLS
Protein Solution’s DynaPRO), analytical size exclusion chro-
atography coupled to a Wyatt DAWN EOS MALS detector,

nd native PAGE under identical buffer conditions.
0 mM was added to each well and the culture was incubated at
0 ◦C overnight with shaking. Cells were collected by centrifu-
ation and resuspened in 100 �L of BugBuster with Benzonase
Novagen). The plate was incubated at room temperature and
haken at 650 rpm for 1 h, and the cell lysate was subjected to
ctivity screening.

.4. Enzyme assay for nitrilase activity

.4.1. Enzymatic activity assay
The nitrilase activity of the mutant library was determined by

fluorometric assay (Scheme 2) [6]. In brief, 20 �L cell lysate
nd 10 �L of IBSN (100 mg/mL in DMF) were added to 150 �L
f nitrilase reaction buffer (50 mM KPO4, pH7.5, 2 mM DTT,
mM EDTA). The reaction mixture was incubated and shaken at
50 rpm at room temperature for 2 h. About 10 �L of the nitrilase
eaction mixture was then transferred to 150 �L of buffered o-
hthaldialdehyde/2-mercaptoethanol solution. The fluorescent
omplex was allowed to develop for 30 min at room tempera-
ure with shaking at 650 rpm. The fluorescence intensity was

easured with excitation and emission wavelengths of 412 and
67 nm, respectively.

. Results and discussion

.1. Substrate specificity

Initial screening showed that the crude nitrilase from A.
haliana (ordered from Julich Fine Chemicals) showed excel-
ent enantioselectivity (98% ee, 45% conversion) by chiral Gas
hromatography (GC) (ChiraldexTM G-TA, 30 m × 0.25 mm)
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Scheme 2.

though with poor activity toward IBSN. Because of these semi-
encouraging results, we decided to clone other nitrilases with
high sequence homology to AtNit1. From a BLAST search, we
selected several proteins with confirmed nitrilase activity as well
as some putative sequences suspected to have nitrilase activity
because of sequence similarity (Table 1).

Primary screening of 10 nitrilases was carried out by fluores-
cence assay described above and further analysis by chiral GC.
The best one is AtNit1 with the highest activity and excellent
enantioselectivity (98% ee, 45% conversion). Unfortunately, the
activity of AtNit1 is still too low to be an efficient catalyst for
IBSN conversion and thus we decided to optimize the expres-
sion and engineer the activity as described in the next section.
It should be noted that screening showed that ZmNit1 from Zea
mays and OsNit from Oryza sativa are also active toward IBSN.
The fact that Nit09 from Bordetella bronchiseptica and Nit12
from Rhodopseudomonas palustris are both active toward a vari-
ety of other substrates including hydrocinnamonitrile, suggests
that they are true nitrilases, but with poor specificity toward the
desired IBSN substrate.

3.2. Expression optimization of AtNit1

The nitrilase AtNit1 from A. thaliana was previously cloned
and its expression in E. coli was shown to be undetectable with
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AtNit1 was purified from Tuner cell lysate by Ni-NTA affin-
ity chromatography and Superdex 75 sizing column. Clear cell
lysate was loaded over prewashed 20 mL of Ni-NTA column
and unbound proteins were washed with lysis buffer contain-
ing 100 mM imidazole. Tightly bound AtNit1 on Ni-NTA was
eluted with a linear gradient of 100–400 mM imidazole in lysis
buffer. Pooled protein was then further purified by Superdex 75
size exclusion chromatography. Purified AtNit1 has a mass of
39.2 kDa and under our expression and purification conditions
we were able to obtain 6 mg of AtNit1 (>95% purity) from a 3 L
cell culture.

With pure AtNit1 in hand, we decided to study its physical
properties in more detail. Size exclusion chromatography shows
that it is an oligomeric protein of about 12 subunits and the elu-
tion volume corresponds to a molecular weight of ∼440 kDa
(Fig. 3(a)), which was supported by native PAGE (data not
shown) and light-scattering studies (DLS and multi-angle light
scattering or MALS). Interestingly, AtNit1 seems to exist in
multiple oligomeric forms in solution as the protein eluted as
a broad peak during size exclusion and yielded multiple bands
on native PAGE (not shown). MALS data confirmed this phe-
nomenon (Fig. 3(b)) and showed that the elution peak from size
exclusion was not homomeric and consists of higher molecular
weight species at the beginning followed by a tailing off to lower
molecular weight species at the end of elution. We have seen
similar oligomerization phenomena for other nitrilases from our
l
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rude extracts [7]. A synthetic gene with codons optimized for
. coli expression was ordered from Blue Heron Biotechnolo-
ies. However, no significant improvement in the expression
evel was observed. In order to obtain increased expression of
tNit1, we cloned AtNit1 into pET24 with N-terminal 6× His-

ag and also pET SUMO and transformed them into several E.
oli strains. Expression of AtNit1 in crude extracts and recov-
ry by Ni-NTA resin was analyzed on SDS-PAGE (Fig. 1, only
tNit1 in pET24 was shown). Induced expression was detectable

n whole cell extracts in most strains tested but undetectable
n the supernatant indicating AtNit1 was mostly insoluble
Fig. 1A–C; lanes W). However, AtNit1 could be detected from
he enriched supernatant following Ni-NTA purification. AtNit1
as then purified from a 3 L culture of transformed Tuner cells

Fig. 2).
ab, and experiments are currently underway to determine if
ligomerization is necessary for nitrilase activity [8].

.3. AtNit1 engineering by ePCR

Protein engineering has been proven to be a powerful tool in
enerating biocatalysts for industrial application. We decided to
xplore the potential of improving the AtNit1 activity towards
BSN by applying the engineering technology. A mutant library
f AtNit1 was generated by random mutagenesis (see Section
). Analysis of 96 clones by PCR indicated that more than 98%
f the clones in the library contain the AtNit1 gene (data not
hown). By analysis of the 42.4 kb nucleotide sequence data
btained from the library, a total of 60 nucleotide mutations
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Fig. 1. Analysis of Nit1 expression in various E. coli strains: whole cell extract (W), supernatant (S), Ni-unbound (U), and Ni-pull down (Ni) of AtNit1 (in pET24)
from BL21 (DE3), BRLplys (DE3), Rosetta (DE3), Tuner (DE3) were analyzed by SDS-PAGE and strained with Coomassie (C for control samples without IPTG
induction; I for IPTG induced samples).

were identified. Distribution of mutations is shown in Fig. 4.
From this data, it was calculated that the average mutation of the
library is 1.4 mutations/gene, and the library contains 106 possi-
ble variants. An activity screening experiment was carried out on
110 96-well plates containing 9962 mutant clones and 598 con-
trols (wild-type AtNit1 and non-expression clones). Eight clones

Fig. 2. AtNit1 purification summary by SDS-PAGE (M, molecular weight stan-
dard (kDa); lanes 1–8 representing whole cell extracts, supernatant, Ni Pool,
sizing 75 load, sizing pool, 1 �g pure protein, 5 �g pure protein, and 10 �g pure
protein, respectively).

were identified and confirmed to have at least 130% activity com-
paring with the wild-type parent. Nucleotide sequence analysis
of these clones showed that each clone contains 1–3 amino acid
miss-sense mutations (Table 3). Clone P90D8 showed a nearly
3-fold increase of activity compared with the wild-type parent
while still retaining the same stereoselectivity. It contains a sin-
gle miss-sense mutation of C236S. The same C236S mutation
also occurs in the clone P70F5. Since the activity is decreased in
the clone P70F5 comparing with P90D8, one or both mutations
of P172S and V291I may contribute negatively to the enzymatic
activity. Since only 1% of the possible library was screened,
better variants of the enzyme could probably be obtained by

Table 3
Summary of improved AtNit1 variants

Clone Relative
activity

Nucleotide mutation Amino acid mutation

WT 100 – –
P90D8 272 T333A, T706A A111A, C236S
P48F4 213 A85C I29L
P67D10 189 C265A, A537T R89S, G179G
P70F5 184 C514T, G707C, G871A P172S, C236S, V291I
P102E11 176 C265A, G657A R89S, S219S
P54C6 147 T303A, T715A, T738A H101Q, C239S, D246E
P73G12 137 T28S A200G
P41B10 130 A82T T28S
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Fig. 3. Native molecular weight analysis of AtNit1. (a) Size exclusion chro-
matographic analysis of purified AtNit1 (Superdex 200 gel filtration column,
running buffer 25 mM HEPES, pH 7.5, containing 150 mM NaCl, 0.25 mM
TCEP; 1.5 mL/min flowrate). Estimation of the native molecular weight based on
calibration with the mass standards ovalbumin (43 kDa), BSA (67 kDa), aldolase
(158 kDa), catalase (232 kDa), ferritin (440 kDa), and blue dextran 2000 (void
volume; ∼2000 kDa). The estimated AtNit1 molecular weight in solution is
∼440 kDa (arrow on graph), corresponding to 12 subunits. (b) Analytical size
exclusion coupled to a MALS detector showing that AtNit1 elutes as a broad
peak composed of multiple oligomeric species (solid line, UV at 280 nm; dotted
line, molecular weight).

Fig. 4. Distribution of nucleotide and amino acid mutations of the AtNit1
library. Nucleotide mutations (A) and amino acid mutations (B) of the analyzed
sequences are shown with the number and percentage distribution indicated in
parentheses.

screening more clones from the library. Alternatively, combina-
tion or further engineering of existing improved variants may
result in better variants.

3.4. Conclusion

Ten nitrilases have been cloned from bacterial and plant
species for a regio- and enantioselective hydrolysis of racemic
isobutylsuccinonitrile, a useful chiral intermediate for the syn-
thesis of Pregabalin. The best nitrilase is AtNit1 from A. thaliana
with a high E-value (>150). Its expression was optimized and the
enzyme was purified by size exclusion chromatography to allow
a more detailed characterization as an oligomer of approximate
12 subunits. Furthermore, preliminary work has been carried
out to improve the activity of this enzyme by ePCR using a high
throughput fluorescent assay. One percent of the mutant library
was screened and eight mutants showed improved activity. The
C236S mutant was confirmed to have a nearly 3-fold increase in
activity as compared to the wild-type parent while retaining the
same enantioselectivity. This nitrilase-catalyzed conversion of
IBSN has been scaled up to 5–10 g [9], and by reducing the cost
of the nitrilase nearly 3-fold, the improvement in reactivity can
make the chemoenzymatic process for the production of Pre-
gabalin more cost effective compared to the existing chemical
processes [4,5].
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