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Abstract: A recombinant Escherichia coli strain was
constructed which efficiently expressed the enantio-
selective nitrilase from Alcaligenes faecalis DSMZ
30030 as a hisitidine-tagged enzyme variant under
the control of a rhamnose inducible promoter. The
enzyme was purified from cell extracts and used for
the preparation of cross-linked enzyme aggregates
(CLEAs). The conditions for the preparation of the
CLEAs were optimized using various organic sol-
vents and cross-linking agents and a procedure was
developed which combined a precipitation with 85%
(v/v) isopropyl alcohol and a cross-linking with
30 mM glutaraldehyde. Thus, about 80% of the ini-
tial nitrilase activity could be incorporated into the
CLEAs. The hydrolysis of racemic mandelonitrile to
(R)-mandelic acid was compared between the solu-
ble nitrilase preparations and their CLEAs (nit-

CLEAs). The nitrilase activity in the CLEAs was at
30 8C and 60 8C about 5 times more stable than in
the soluble preparations. The CLEAs could be
reused 5 times with only about 10% reduction in ac-
tivity. The enantioselectivity of the nitrilase for the
formation of (R)-mandelic acid from racemic mande-
lonitrile decreased for both preparations with in-
creasing temperatures (10 8C to 50 8C), but this effect
was significantly less pronounced for the CLEAs. A
detailed analysis of solvent effects on nitrilase enan-
tioselectivity allowed thermodynamic insights into
contributions from free energy component (activa-
tion enthalpy and entropy) to chiral preference of ni-
trilase in such non conventional media.

Keywords: cross-linked enzyme aggregates; enantio-
selectivity; nitrilase; solvent engineering

Introduction

Nitrilases have attracted tremendous attention and in-
terest in the past decade owing to the desirability and
ease of conducting nitrile hydrolysis at ambient condi-
tions with precise chemo-, regio- and enantioselectivi-
ty.[1] The search for alternatives to conventional harsh
chemical methods has been the major driving force
behind the development of these biotransformations.
In spite of their significant potential for production of
high-value chiral acids, there are still only very few in-
dustrial applications of these enzymes described.
Thus, there are some examples for industrial conver-
sions of pyridine- and pyrazine-nitriles and the regio-
selective transformation of aliphatic dinitriles by nitri-
lases. The quantitatively most important industrial ap-
plication of nitrilases appears to be the transforma-
tion of racemic mandelonitrile to (R)-mandelic acid
which is catalyzed by several nitrilases from Alcali-
genes (faecalis) strains.[2–5] (R)-(�)-Mandelic acid is a
key intermediate for the production of semi-synthetic
cephalosporins[6] and penicillins.[7] It is also used as a

chiral resolving agent[8–10] and chiral synthon for the
production of antitumor agents[11–15] and antiobesity
agents.[16] It has been repeatedly reported that nitrilas-
es are rather sensitive enzymes. This observation is
generally correlated with the presence of a cysteine
residue in the catalytic center.[17,18] Therefore, the de-
velopment of a robust, highly active and easily reusa-
ble formulation of nitrilases that is stable under a
range of deleterious conditions remains a challenge.
We have earlier demonstrated that the entrapment of
whole cells of Alcaligenes faecalis which actively pro-
duce an (R)-specific mandelonitrile converting nitri-
lase in polymer matrices (such as alginate) leads to a
significant improvement in the handling of the cata-
lyst but at the cost of mass-transfer limitations and di-
lution of enzyme activity owing to the presence of a
large proportion of non-catalytic mass.[19] In addition,
the diffusion restricted system was also found to
result in decreased enantioselectivity of the immobi-
lized biocatalyst. One possible strategy to circumvent
the problems inevitably connected with immobilized
whole cell catalysts is to work with in vitro systems. In

Adv. Synth. Catal. 2007, 349, 2167 – 2176 F 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2167

FULL PAPERS



this area, methods for immobilizing enzymes without
a support are gaining importance because of advan-
tages like high volumetric productivity, lower produc-
tion costs and greater stability.[20] This class of biocata-
lyst formulations includes cross-linked enzyme crys-
tals (CLECs), cross-linked enzymes (CLEs) and
cross-linked enzyme aggregates (CLEAs). Cross-link-
ing of a soluble enzyme results in a gelatinous mass
that is weakly aggregated and hence results in han-
dling problems. Preparation of CLECs necessitates
the use of pure enzyme and laborious screening for
crystallization conditions. These problems may be
overcome by use of CLEAs. The procedure involves
precipitation of the enzyme (need not be pure) from
its aqueous solution (by using solvents, salts etc.) and
its subsequent cross-linking by using a bifunctional
agent (like glutaraldehyde). Recently, it was reported
that a highly active but only modestly enantioselective
nitrilase from Pseudomonas fluorescens EBC191
could be efficiently formulated as CLEAs.[18] There-
fore, in the present investigation it was attempted to
develop a similar highly active, reusable biocatalyst
formulation from a nitrilase which converts mandelo-
nitrile with a higher enantioselectivity that may not
suffer from any diffusion restrictions. Furthermore,
this catalyst was used for the first detailed analysis of
the influence of temperature and organic solvents on
enantioselectivity of a nitrilase.

Results and Discussion

Cloning, Over-Expression and Purification of the
Nitrilase from Alcaligenes faecalis DSMZ 30030

The nitrilase gene was amplified by polymerase chain
reaction (PCR) from the genomic DNA of A. faecalis
DSMZ 30030 (ATCC 8750) by using oligonucleotides
derived from the literature (see Experimental Sec-
tion). Thus, a 1071 bp fragment was obtained that was
digested with NdeI/BamHI and ligated into the ex-
pression vector pJOE2775[21] digested with the same
restriction enzymes. In this construct the nitrilase
gene was placed under the control of a rhamnose in-
ducible rhaBAD promoter. Furthermore, a C-terminal
histidine tag was added to the nitrilase, which allowed
easy purification of the enzyme by using an Ni-NTA
column (see Experimental Section). The resulting ex-
pression plasmid (pAFN) was used to transform E.
coli JM109 cells and nitrilase was induced by the ad-
dition of rhamnose (0.2% w/v). A comparison of
SDS-PAGE gels from induced and uninduced cells of
E. coli JM109 (pAFN) and the vector control E. coli
JM109 (pJOE2775) demonstrated the induction of an
additional protein with a molecular mass of about
32 kDa (Figure 1). The cell extracts from the induced
cells of E. coli JM109 (pAFN) converted mandeloni-

trile with a specific activity of 0.64 U/mg of protein.
In contrast, no nitrilase activity was found in the cell
extracts prepared from the vector control. The re-
combinant His-tagged nitrilase was purified from
rhamnose induced cells of E. coli JM109 (pAFN) by
affinity chromatography (see Experimental Section)
(Figure 1). This resulted in enzyme preparations that
were almost 100% pure according to SDS-PAGE and
that converted mandelonitrile with a specific activity
of about 1.96 U/mg of protein.

Enzyme Precipitation

The preparation of CLEAs generally requires (1)
choice and optimization of precipitant concentration,
(2) choice and concentration optimization of an ap-
propriate cross-linker and (3) optimization of protein
loading.[20] Therefore, first the activity recoveries of
the protein aggregates which were obtained after the
addition of different solvents were examined before
cross-linking. The precipitation reactions were per-
formed by using various solvents up to 90% (v/v).
The formation of aggregates was in most cases indi-
cated by a precipitate at the bottom of the reaction
tubes or increased turbidity in the medium. The ag-
gregates obtained were centrifuged (6000Lg, 4 8C,
30 min) to remove the solvent and unrecovered pro-
teins before they were used for determination of re-
covered nitrilase activity. Maximum nitrilase recovery
(95%) was achieved with isopropyl alcohol (85% v/v)
(Figure 2).

Figure 1. Expression analysis of the nitrilase in cell extracts
from rhamose induced (+) or uninduced (�) cells of E. coli
JM109 (pJOE2775) as control or E. coli JM109 (pAFN)
(10 mg of protein were added per lane). Following lanes rep-
resent purification analysis of fractions over an Ni-NTA
column; FT (flow through), W (wash) and E (eluate). M
represents molecular weight markers.

2168 asc.wiley-vch.de F 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Adv. Synth. Catal. 2007, 349, 2167 – 2176

FULL PAPERS Praveen Kaul et al.

http://asc.wiley-vch.de


Usually solvent concentrations below 50% (v/v)
were insufficient for efficient enzyme recovery. As re-
ported previously for other enzymes, it was observed
that adding the enzyme solution to a concentrated so-
lution of precipitant resulted in greater recovery of
activity, in comparison to the addition of precipitant
to enzyme solution.[22]

Cross-Linking of Aggregates

Various cross-linkers like glutaraldehyde (GA), poly-
(ethyleneimine) (PEI), GA+PEI or dextran polyal-
dehyde (DPA) were used to obtain CLEAs from pre-
cipitates obtained by addition of isopropyl alcohol
and the activities of the preparations were compared
(Figure 3 a–d).
It was observed that maximum recovery of activity

was obtained with GA (81%) as compared to PEI
(44%), GA+PEI (61%) and DPA (56%). Total ac-
tivity represents mass balance of the unrecovered ac-
tivity (in supernatant) and the recovered activity (in
CLEAs). As expected, the total activity approached
100% when cross-linking was performed with GA,
PEI or DPA (Figure 3 a, b, d). However, when a com-
bination of 30 mM GA and varying concentrations of
PEI were used, the total activity declined to 80%
(Figure 3 c). This loss in total activity may have re-
sulted from excessive cross-linking of the aggregates
leading to diffusion restrictions for interaction of sub-
strate with the active site.
CLEAs prepared with GA were chosen for further

studies since they retained highest fraction of recov-
ered nitrilase activity. The surface structure of

CLEAs was also visualized through scanning electron
microscopy (SEM) and appeared as an aggregated
lump of particles with sizes around 40 mm (Figure 4).

Comparison of the Conversion of Mandelonitrile by
the Soluble and Immobilized Nitrilase

The soluble nitrilase preparation and the CLEAs con-
verted racemic mandelonitrile to almost pure (R)-
mandelic acid. The immobilization resulted in an ap-
proximately 40% reduction of the reaction rates
(Figure 5).
In order to further analyze the observed restric-

tions, the soluble and the immobilized preparation
were incubated with different mandelonitrile concen-
trations. As compared to the soluble nitrilase, the pro-
cedure of making CLEAs resulted in a greater de-
crease in specificity constant (kcat/Km, indicates the ef-
ficiency with which an enzyme converts substrate to
product) rather than the turnover number (kcat). This
decrease in efficiency suggested that the effect
seemed to be more dominant on the apparent Km

than on Vmax (Figure 6, Table 1).

Biocatalyst Stability

The stability of the biocatalysts was studied under op-
erational conditions (30 8C) and under denaturing
conditions (50 8C). These experiments demonstrated a
significant stabilization of the nitrilase by the CLEA
formation under both conditions (Figure 7).
In order to mathematically model the different in-

activation reactions it was assumed that the native ni-
trilase from A. faecalis is converted during the early
stage of the inactivation process into a more labile
but still active intermediate form. This inactivation is
schematized in Eq. (1), where (Nitrilase)native is the
native active form, (Nitrilase)labile is the labile inter-
mediate and the (Nitrilase)d is the deactivated form.

Assuming that at time zero only the native enzyme
is present, then the total activity a, may be expressed

Figure 2. Recovery of enzyme activity in aggregates upon
precipitation with various organic solvents.

Table 1. Estimated kinetic constants for soluble nitrilase and
its CLEAs.

Biocatalyst
form

Vmax

[mMmin�1]
Km

[mM]
kcat
[min�1]

kcat/Km

[min�1mm
�1]

Nit-soluble 0.13 6.4 4.33 0.67
Nit-CLEAs 0.11 8.34 4.95 0.59
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by Eq. (2), where ki and kd are first-order rate con-
stants and ai and ad the relative activities of the spe-
cies (Nitrilase)labile and (Nitrilase)d.
The equation yields the classical first-order deacti-

vation rate expression for ai=0, a=exp (�ki t). The
experimentally determined deactivation profiles were
fitted using the above two-step model and also with a
first-order deactivation model[23] (Table 2 and
Table 3).

As the results indicate, the two-step model resulted
in better fitting than the latter and afforded accurate
estimation of the half-life (t1/2). Both models clearly
demonstrated that the nitrilase showed about 5 times
higher half-lives in the CLEAs at both temperatures.
Furthermore, the two-step model suggested that at
both temperatures ki>kd. This would suggest that the
formation of the labile but still active intermediate
would be the rate-determining step in the inactivation
process.

Figure 3. Recovery of enzyme activity in CLEAs upon cross-linking with different agents; (a) GA, (b) PEI, (c) 30 mM GA+
PEI and (d) DPA.
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Biocatalyst Reusability

One of the most important characteristics of a biocat-
alyst for its process implementation is the easy reusa-

Figure 4. Physical appearance of CLEAs through SEM.

Figure 5. Course of reaction with (a) Nit-CLEAs and (b)
Nit-soluble.

Figure 6. Lineweaver–Burk plot for estimation of kinetic
constants of the free and immobilized nitrilase preparations
(Inset shows Michaelis–Menten plot).

Figure 7. Thermal inactivation profiles of Nit-soluble and
Nit-CLEAs at (a) 50 and (b) 30 8C.
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bility of the active enzyme. Therefore, the reusability
of the soluble nitrilase and its CLEAs was determined
in a batch mode. This demonstrated almost 90% re-
tention of activity after 5 reaction cycles (Figure 8).

Temperature Effects on Enzyme Enantioselectivity

Enantioselectivity is the result of difference between
activation free energies of the enantiomers (DDG�

RS)
which is related to enantiomeric ratio (E) as �RT ln
E.[24] Furthermore, DDG�

RS is related to activation en-
thalpy and activation entropy as DDG�

RS=
DDH�

RS�TDDS�RS. Another relevant parameter is
the racemic temperature (Tr=DDH�

RS/DDS
�
RS), at

which there is no discrimination of the enantiomers.
The effect of temperature on enantioselectivity (E)
was analyzed for soluble and immobilized nitrilase.
We have demonstrated earlier for whole cells of Alca-
ligenes faecalis that entrapment of the cells resulted in
a decreased enantioselectivity of the nitrilase activity
due to diffusion restrictions imposed by the matrix.[19]

Preparations of the soluble nitrilase and the CLEAs
were incubated with (R,S)-mandelonitrile in the tem-
perature range from 10–50 8C and the reactions were
terminated after different time intervals. For exact de-
terminations several data points were determined at
the beginning of the reactions and only data with con-
stant E-values during this time period were used for
the calculations. The plots of lnE versus T�1

(Figure 9) demonstrated the linear correlation to the
above equation, which is required for a meaningful
determination of the thermodynamic components.
The slope in this kind of presentation corresponds to
�DDH�

RS/R and the intercept to DDS�RS/R. It was
observed that lowering the temperature resulted in an

enhancement of enantioselectivity (Figure 9). Howev-
er, it is also accompanied by an unavoidable increase
in turnover time resulting from the decreased reaction
rate. Thermodynamic analysis allowed separation of
contributions from activation enthalpy (DDH�

RS) and
activation entropy (DDS�RS) to nitrilase enantioselec-
tivity.

Table 2. First order inactivation rate constant (kd), correla-
tion coefficient (r) and half life (t1/2) of soluble nitrilase and
its CLEAs.

Temperature
[8C]

Biocatalyst
form

kd
[min�1]

r t1/2
[min]

30 Nit-soluble 0.0004 0.860 1732.5
Nit-CLEAs 0.0001 0.930 6930

50 Nit-soluble 0.0053 0.964 128.3
Nit-CLEAs 0.0007 0.894 990

Table 3. Model parameters for series type inactivation deactivation study of soluble nitrilase and its CLEAs.

Temperature [8C] Biocatalyst form ai ad ki [min
�1] kd [min

�1] r t1/2 [min]

30 Nit-soluble 0.36 0.0 0.00051 0.00006 0.980 2597
Nit-CLEAs 0.73 0.04 0.0002 0.00005 0.977 14160

50 Nit-soluble 0.18 0.0 0.0054 0.0003 0.977 172
Nit-CLEAs 0.66 0.02 0.0025 0.0004 0.971 1200

Figure 8. Comparison of reusability of Nit-soluble vs. Nit-
CLEAs.

Figure 9. Correlation between lnE vs. 1/T for nitrile hydrol-
ysis by soluble nitrilase and its CLEAs. Enantioselectivity
(E) was calculated using the following formula E= lnACHTUNGTRENNUNG[1�c-
ACHTUNGTRENNUNG(1+eep)]/ln ACHTUNGTRENNUNG[1�c ACHTUNGTRENNUNG(1�eep)], where c=conversion and eep=en-
antiomeric excess of product.
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The results indicated that complexation of the pre-
ferred (R)-enantiomer of mandelonitrile with the
active site is enthalpically favored (DDH�

RS is nega-
tive) but entropically unfavored (DDS�RS is negative)
(Table 4).
The entropic component (of activation free energy)

works against the enthalpic component to yield a
lower enantioselectivity. Surprisingly, the soluble nitri-
lase preparations showed higher E-values than
CLEAs in the temperature range from 10–30 8C and
the situation was opposite at higher temperature. Im-
mobilization resulted in a 3.75% change in DDS�RS (a
greater negative value would decrease DDG�

RS) in
favor of enantioselectivity and also a 2.11% change
in DDH�

RS to oppose the enantioselectivity. It seems
quite probable that the process of preparing CLEAs
(precipitation and cross-linking of aggregates) results
in MlockingN of a slightly altered enzyme conformation
that prevents a favorable interaction of the fast react-
ing (R)-enantiomer with the active site. However this
altered conformation of the nitrilase in CLEAs is suf-
ficiently MfrozenN to prevent any further substantial
conformational perturbation that might result in re-
duced enantioselectivity at higher temperatures. At
low temperatures, the contest between the substrate
enantiomers to bind with the nitrilase active site ap-
pears to be weak in case of soluble nitrilase, since the
(R)-enantiomer has a greater enthalpic advantage.
The altered conformation of nitrilase in CLEAs pres-
ents slightly distorted binding pocket for the sub-
strate, leading to a greater competition for interaction
and loss of enthalpic advantage for the fast reacting
(R)-enantiomer. This scenario of competition is al-
tered at higher temperatures in favor of CLEAs.

Solvent Effects on Enzyme Enantioselectivity

In many cases, organic solvents have been shown to
influence enzyme enantioselectivity.[25,26] Therefore,
the effect of various organic solvents (10% v/v) was
analyzed on the enantioselectivity of Nit-CLEAs. Two
different classes of solvents were used, alcohols
(MeOH, EtOH, IPA, PrOH) and aprotic solvents
(DMSO, 1,4-dioxan, acetone and DMF). The CLEAs
showed highest enantioselectivity in DMSO and
lowest in PrOH and acetone (Figure 10).

Amongst all solvents used, only DMSO resulted in
a minor enhancement of enantioselectivity compared
to the situation without added solvents. The selectivi-
ty between the conversion of two enantiomers de-
pends on difference in activation free energy
(DDG�

RS), which has an enthalpic (DDH�
RS) and an

entropic (DDS�RS) component. The value of these
thermodynamic components was determined by esti-
mating enantioselectivity (E) at different tempera-
tures in various solvents. Variation of enthalpic com-
ponent as a function of entropic component was stud-
ied in different solvents and it resulted in a strikingly
good correlation (R2=0.9957) (Figure 11).
This type of enthalpy-entropy compensations

(EEC) phenomenon has been observed on several oc-
casions in other enzyme-catalyzed reactions.[27–30] The
molecular mechanism behind this effect is most likely
that a change that favors substrate binding to the
active site reduces both, enthalpy as well as entropy.

Table 4. Differential thermodynamic parameters for mande-
lonitrile hydrolysis.

Biocatalyst form DDH�
RS

[kcalmol�1]
DDS�RS [calmol

�1/K] Tr [8C]

Nit-soluble �12.57 �32.17 117.73
Nit-CLEAs �5.14 �7.48 414.16

Figure 10. Correlation between lnE vs. 1/T for nitrile hy-
drolysis by Nit-CLEAs in various organic solvents.

Figure 11. Enthalpy-entropy compensation plot for resolu-
tion of racemic mandelonitrile by nit-CLEAs in various sol-
vents.

Adv. Synth. Catal. 2007, 349, 2167 – 2176 F 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim asc.wiley-vch.de 2173

FULL PAPERSCross-Linked Amorphous Nitrilase Aggregates for Enantioselective Nitrile Hydrolysis

http://asc.wiley-vch.de


In case of a real chemical compensation, a plot of lnE
vs. 1/T should yield a point of single intersection.[31]

However, in the experiments described here no
common intersection was found for the solvents in
the plot. The outcome on the tussle between enthalpic
and entropic components of free energy depends to
some extent on the position of data points in the
quadrants of an EEC plot. For the 8 solvents tested, 5
of the data points lie in the third quadrant of the
EEC plot. This implies that DDH�

RS and DDS�RS
oppose each other and former outweighs the latter,
resulting in decreased enantioselectivity as compared
to the reaction without any solvent. However, for the
three other solvents (DMF, PrOH and acetone) the
points lie in the fourth quadrant of the graph. This
means that both enthalpic and entropic components
work together in the same direction for enhanced
enantioselectivity. Although the Nit-CLEAs showed
highest enantioselectivity in the presence of DMSO,
the corresponding point lies in the third quadrant.
Since the points in the fourth quadrant lie too close
to the origin, the absolute magnitude of enthalpic and
entropic components is too small to result in a signifi-
cant enhancement in enantioselectivity. Therefore it
will be a task of future research to access the area of
the fourth quadrant with solvent systems for which
the magnitude of both the components is high enough
to significantly enhance enantioselectivity.

Conclusions

Successful implementation of a bioprocess demands
on the availability of a highly active, stable and easily
reusable biocatalyst formulation. Immobilization
offers a means to address this issue by providing a
biocatalyst in an insoluble form to apply benefits of
heterogeneous catalysis to homogenous enzyme prep-
arations. Nitrilases are often assumed to be rather
labile enzymes and this is generally correlated with
the presence of an autoxidable cysteine-residue in the
catalytic center of these enzymes. The labile nature of
nitrilases in combination with the great industrial po-
tential of this class of enzymes explains the many at-
tempts that have been performed in order to immobi-
lize the enzyme themselves or also nitrilases produc-
ing microorganisms. Thus, the immobilization of
whole cells of Alcaligenes faecalis in various entrap-
ment matrices has been previously compared.[19] How-
ever conventional polymers used for immobilization
lead to escalation of mass transfer problems resulting
from dilution of enzyme activity due to the addition
of a large proportion of non-catalytic mass. Develop-
ment of a carrier-free immobilized preparation result-
ed in a highly active and reusable biocatalyst that was
free from diffusion restriction problems and highly
stable under deleterious conditions. Thermodynamic

analysis allowed explaining the difference in enantio-
selectivity of CLEAs from the soluble nitrilase. The
study also allowed segregation of enthalpic and en-
tropic components to the binding of substrate with
the nitrilase active site in different solvents. To the
best of our knowledge, this is the first attempt to
study in detail the solvent effects on nitrilase enantio-
selectivity from a thermodynamic perspective. It may
be regarded that an enzyme that is highly enantiose-
lective for the (R)-enantiomer of mandelonitrile can
in certain different reaction conditions accommodate
and hydrolyze the mirror image of the preferred sub-
strate enantiomer, thus providing a means to regulate
enantiomer MtrafficN at the active site Similar studies
on variation of enantioselectivity with temperatures
in different solvents at various concentrations may
permit a thermodynamic insight into the source of
enantioselectivity of the enzyme. Assessing nitrile bio-
transformations in other solvents may afford admit-
tance to the fourth quadrant of the EEC plot for en-
hanced enantioselectivity. Work on these lines is in
progress in our laboratory.

Experimental Section

Chemicals

Racemic mandelonitrile and enantiomers of mandelic acid
were obtained from Sigma Aldrich Chemical Company (Mi-
lawukee, USA). Different restriction enzymes and DNA
ligase were procured from Roche Diagnostics (Mannheim,
Germany). Growth media components and antibiotics were
obtained from Roth Chemical Co. (Mumbai, India). All sol-
vents used were of HPLC grade and were procured from
Mallinckrodt Baker Inc. (Phillipsburg, USA). All other re-
agents or chemicals used were of analytical grade and ob-
tained from standard companies.

Bacterial Strains and Culture Conditions

Escherichia coli JM109 was used for plasmid preparation,
cloning experiments and heterologous expression of the ni-
trilase. E. coli strains were grown at 37 8C in 2L yeast tryp-
tone medium (YT) of following composition (g/L): tryptone,
10; yeast extract, 5; NaCl, 10; agar, 15; and ampicillin at a
final concentration of 0.1 mgmL�1. Solid media were pre-
pared by the addition of 1.5% (w/v) agar.

Source of the DNA and Amplification of the
Nitrilase Gene by PCR

Genomic DNA of Alcaligenes faecalis DSMZ 30030 was ob-
tained from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ) in Braunschweig (Germany). The
primers for the amplification of the nitrilase gene were de-
rived from previously described sequence informations for
the nitrilase(s) from A. faecalis ATCC 8750 and A. faecalis
JM3.[3,32,33] The forward primer Nit-Nde-(5’-AAGGAGGA-
CATATGCAGACAAGAAAAATCGTCCGGG-3’) and the
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reverse primer Nit-Bam-CHT (5’-AGGATCCG-
GACGGTTCTTGCACCAGTAG-3’) were used to amplify
a 1071 bp fragment containing the nitrilase gene. To facili-
tate cloning of the PCR product, NdeI and BamHI sites
were added to the primers (underlined sequences in the pri-
mers represent the restriction site for the respective
enzyme). All PCR reactions contained 10–100 ng genomic
DNA, 0.5 mM of each forward and reverse primer (Operon
Biotechnologies, Cologne, Germany), 10 mM Tris/HCl
(pH 9), 50 mM KCl, 2.5 mM MgSO4, 0.2 mM dNTPs (Phar-
macia Biotech) and 2.5 U Pwo DNA-polymerase (Boeh-
ringer, Mannheim, Germany) in a volume of 25 mL. The
PCR reactions were performed in a PTC 200 thermal cycler
(MJ Research Inc, Waltham, MA). The PCR protocol com-
prised an initial denaturation step (96 8C, 3 min), followed
by 30 cycles consisting of a denaturation step at 94 8C for 30
sec, an annealing step at 65 8C for 30 sec and an elongation
step at 72 8C for 1 min. The PCR products were separated
by electrophoresis using 1% (w/v) agarose gel at 10 Vcm�1

and DNA bands were stained with ethidium bromide, eluted
from the gel and purified using a Nucleospin Extract Kit
(Macherey–Nagel, GmbH, Germany). The PCR product
was digested with NdeI and BamHI and inserted into NdeI/
BamHI cleaved plasmid vector pJOE2775[21] under the con-
trol of a rhamnose inducible promoter, rhaBAD to give
pAFN. The native stop codon was replaced by (CAT)6TGA
which encodes a C-terminal His6 tag.

Purification of Nitrilase

Cells of E. coli JM109 (pAFN) were grown overnight in 2L
YT medium with ampicillin (100 mgmL�1). The cells were
subsequently diluted (1:100 v/v) in 600 mL fresh medium.
Rhamnose (0.2% w/v) was added to induce the nitrilase
gene when the optical density at 600 nm (OD600nm) of the
bacterial cultures reached about 0.25. The cells were har-
vested after 5 h by centrifugation (15 min, 4 8C, 10,000Lg),
washed twice with 20 mL sodium phosphate buffer (10 mM,
pH 7.5) and resuspended in 10 mL of the same buffer. The
cells were disrupted using a French Pressure Cell (16,000
psi) and the homogenate was centrifuged (45 min, 4 8C,
50,000Lg) to obtain the crude cell extract. The supernatant
(soluble protein) was used for further experiments. Since
the recombinant nitrilase carried a C-terminal affinity tag of
six consecutive histidine residues, it was purified using the
QIAexpress nickel-nitrilotriacetic acid (Ni-NTA) protein
purification system (Qiagen, Hilden, Germany). Spin col-
umns were packed with 1 mL of Ni-NTA agarose matrix.
The protein purification was done with about 30–40 mg of
protein per ml Ni-NTA agarose. The columns were subse-
quently washed with sodium phosphate buffer (20 mM,
pH 7.5) containing 150 mM NaCl, 1 mM b-mercaptoethanol
and 50 mM imidazole. Finally, the nitrilase was eluted with
sodium-phosphate buffer (20 mM, pH 7.5) containing
150 mM NaCl, 1 mM b-mercaptoethanol and 250 mM imida-
zole. The imidazole was removed from the active fraction
on a PD-10 column (Amersham Biosciences, Uppsala,
Sweden) using sodium-phosphate buffer (10 mM, pH 7.5)
containing 1 mM b-mercaptoethanol as eluent buffer.

SDS-PAGE

Denaturing polyacrylamide gel electrophoresis was per-
formed on 12% SDS polyacrylamidegels with a Tris-glycine
buffer (pH 8.8) system.[34] The gels were routinely stained
with Coomassie blue R250.

Oxidation of Dextran

66 mg dextran (100–200 kDa) were dissolved in 2 mL water
and 150 mg sodium metaperiodate were added. The result-
ing solution was stirred at room temperature for 90 min and
then transferred to dialysis tubes with a molecular weight
cut-off of 12 kDa. The dialysis was performed for 3 h under
stirring against water which was changed 5 times.

Preparation of Aggregates

A preparation of the purified nitrilase (10 mL, 5 mgmL�1)
was added to a solution of sodium-phosphate buffer
(50 mM, pH 7.5) containing an appropriate concentration of
precipitant (organic solvent, 20–90% v/v) in a total volume
of 100 mL. The mixtures were shaken intermittently for
5 min at 4 8C. The suspensions were centrifuged at 6000Lg
(4 8C, 20 min) and the precipitated nitrilase aggregates col-
lected. Finally, the recovered enzyme activity in the aggre-
gates was measured by transferring them in the aqueous
buffer media.[22] The solvents used for precipitation were
methanol (MeOH), ethanol (EtOH), isopropyl alcohol
(IPA), n-propanol (PrOH), dimethyl sulfoxide (DMSO),
1,4- dioxan, acetone, dimethylformamide (DMF), and 1,2-di-
methoxyethane (DME).

Preparation of CLEAs

CLEAs were obtained by adding 10 mL of a purified prepa-
ration of the nitrilase (5 mgmL�1) to a solution of sodium
phosphate buffer (50 mM, pH 7.5) containing an appropriate
concentration of cross-linking agent [glutaraldehyde (GA),
poyethyleneimine (PEI) or dextran polyaldehyde (DPA)]
(in a total volume of 100 mL). Finally, precipitant in the
form of an organic solvent was added and the total mixture
was shaken (300 rpm) at 4 8C for 2 h after which the volume
of solution was made up to 1 mL with buffer to stop cross-
linking. The insoluble CLEAs were collected by centrifuga-
tion (6000Lg, 4 8C, 30 min) and washed twice with sodium
phosphate buffer (50 mM, pH 7.5) before use.

Biotransformation Conditions

Reactions were performed in sodium phosphate buffer
(50 mM, pH 7.5) in a volume of 1 mL with purified nitrilase,
Nit-aggregates or Nit-CLEAs. The nitrilase preparations (10
ml, 5 mgmL�1) or the resulting CLEAs/aggregates prepared
from enzyme preparation of the same concentration were
added to the buffer. For the activity determinations with the
supernatants obtained after preparation of CLEAs, the un-
recovered nitrilase activity was estimated after diluting the
sample sufficiently to obtain less than 1% solvent content.
The reactions were initiated by addition of mandelonitrile in
a final concentration of 10 mM (stock concentration of
1.2M in methanol) and incubated at 30 8C. Samples were
taken at different time intervals and 1M HCl was added to
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stop the reaction. The samples were centrifuged (6000Lg,
4 8C, 30 min) and the supernatants analyzed by HPLC.

Scanning Electron Microscopy (SEM)

The CLEA preparations were dehydrated on a lyophilizer
(Heto Dry Winer, Model DW-1–110, Denmark) and mount-
ed on aluminum SEM stubs using a double sticky tape. The
mounted samples were sputter coated with a thin layer of
gold at 10 Torr vacuum (Jeol fine coat, ion sputter, JFC
1100, Japan) and examined by electron microscopy (Jeol
Electron Microscope, JSM 1600, Japan) at an acceleration
potential of 1.2 kV.

Analytical Methods

Nitrile hydrolysis was analysed by HPLC (Millenium Chro-
matography Manager 3.2, equipped with a diode array de-
tector 996 and HPLC pump M510; Waters Associates, Mil-
ford, MA, USA). For the achiral analysis, a reversed phase
column [250 mmL4 mm (internal diameter); GROM] filled
with 5 mm diameter particles of Licrospher RP18 (E. Merck,
Darmstadt, Germany) was used to identify the individual
compounds which were detected spectrophotometrically at
210 nm. Methanol (40% v/v) and phosphoric acid (0.1%
v/v) in water was used as mobile phase to analyze the bio-
transformation. Separation of the enantiomers of mandelic
acid was achieved on a chiral-HSA column (ChromTech,
HQgersten, Sweden). The mobile phase consisted of sodium
phosphate buffer (100 mM, pH 7) containing 4.5% (v/v)
acetonitrile.
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