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Nitrile hydratase (NHase), which catalyzes the hydration of nitriles to amides, is the key enzyme for the
production of amides in industries. However, the poor stability of this enzyme under the reaction condi-
tions is a drawback of its industrial application. In this study, we aimed to improve the stability of NHase
(PpNHase) from Pseudomonas putida NRRL-18668 using a homologous protein fragment swapping strat-
egy. One thermophilic NHase fragment from Comamonas testosteroni 5-MGAM-4D and two fragments
from Pseudonocardia thermophila JCM3095 were selected to swap the corresponding fragments of
PpNHase. Seven chimeric NHases were designed using STAR (site targeted amino recombination) soft-
ware and molecular dynamics to determine the crossover sites for fragment recombination. All con-
structed chimeric NHases showed 1.4- to 3.5-fold enhancement in thermostability and six of them
become more tolerant to high-concentration product. Notably, one of these NHases, 3AB, exhibited a
1.4 + 0.05-fold increase in activity compared to the wild-type PpNHase. Circular dichroism spectrum
analysis and homology modeling revealed that the 3AB slightly differed in secondary structure from
wild-type PpNHase. The 3AB constructed in this study is useful for further industrial application, and
the method for designing the chimeric protein using homologous protein fragment swapping without
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a decrease in activity may be a strategy to improve the stability of other enzymes.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Hydration of nitriles to their corresponding amides is an impor-
tant reaction that not only occurs in nature but also in organic syn-
thesis. There are two approaches for the hydration of nitriles:
enzymatic hydration and chemical hydration by a catalyst, such
as copper [1]. Nitrile hydratase (NHase, EC 4.2.1.84), which cata-
lyzes the hydration of nitriles to corresponding amides is one of
the key enzymes of nitrile metabolism in a large number of micro-
organisms [1,2]. The enzyme, which consists of o- and B-subunits,
contains either non-heme iron [3] or non-corrinoid cobalt in the
active site [4]. NHase has also been successfully adopted in the
chemical industry for the production of acrylamide, nicotinamide
and 5-cyanovaleramide [1].

One of the drawbacks in the application of NHase is their poor
thermostability and stability under high-concentration product.
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In the bioconversion process, the additional refrigeration to main-
tain the activity adds the costs of energy and the high accumula-
tion of the product makes the enzyme inactive irreversibly [5].
Although an improvement in the stability of NHase is needed for
its industrial application, successful cases of protein engineering
of NHase are rarely reported until recently [6].

Many protein engineering strategies have been developed to
improve the stability of enzymes and some certain enzymes have
been redesigned and extended to the large-scale production [7].
Among these strategies, engineering using homologous recombi-
nation could harness structural and evolutionary information to
design highly mutated, yet still natively folded, chimeric proteins
and protein libraries [8]. Many proteins have been successfully
modified using random or rational recombination methods
[9,10]. For the recombinant method, it is crucial to select the corre-
sponding recombination fragments and optimal recombination
sites. In contrast to random recombination, site-directed recombi-
nation via the identification of specific sites in parental sequences
in which their parts can be interchanged, enhances the successful
rates of functional protein generation [11]. Several tools are avail-
able to identify optimal recombination sites [11,12]. Using these
tools and swapping protein segments, such as domains, fragments
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Fig. 1. STAR score profile, RMSF values for PpNHase, CtNHase and PtNHase and schematic of chimeric NHases construction. (A) STAR score curves for NHases. The troughs
with lower scores indicate the most potential recombination crossover sites without disturbing the structural stability. (B) RMSF obtained from 5-ns trajectories of PpPNHase,
CtNHase and PtNHase. (C) Structural organization of chimeric NHases. The numbers indicate the parent NHases from which the fragments were selected. (1) CtNHase; (2)
PtNHase; (3) both CtNHase and PtNHase. Wild-type PpNHase is colored in orange. The fragments colored in red are from PtNHase, and the one colored in green is from
CtNHase. Detailed organization of chimeric NHases are shown in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

and termini, all of which stem from proteins with better qualities,
could be utilized to relieve or eliminate the drawbacks of wild-type
proteins.

In this study, NHase (PpNHase) from Pseudomonas putida NRRL-
18668 was modified to improve thermostability using homologous
recombination. One thermophilic fragment from Comamonas test-
osteroni 5-MGAM-4D NHase (CtNHase) and two fragments from

Pseudonocardia thermophila JCM3095 NHase (PtNHase) were
selected to swap the corresponding fragments of PpNHase, result-
ing in seven chimeric NHases. Although PpNHase possess relatively
poor stability CtNHase and PtNHase, it is notably that this enzyme
has the higher activity, broad substrate specificity, demonstrated
stereoselective, and regioselective capabilities [13,14]. The seven
chimeric NHases exhibited higher thermostability than that of
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the wild-type PpNHase. In addition, the highest stable one termed
3AB exhibited 1.4 + 0.05-fold in activity in comparison to the wild-
type PpNHase, which would be more suitable for the further
industrial application of NHase.

2. Material and methods
2.1. DNA Construction

These plasmids carried the NHase genes from C. testosteroni
5-MGAM-4D (AY743666) and NHase from P. thermophila were
synthesized by Shanghai Gene Core Biotechnologies Co., Ltd.
(Shanghai, China). All chimeric NHases were constructed by
performing two steps. The first step was to clone the swapping
fragments. Each gene fragment of CtNHase or PtNHase was cloned
by primers using Taq polymerase. All primers used in this study are
listed in Table S1. Next, the purified PCR products were obtained as
PCR primers to substitute the parent gene in PpNHase with Prime-
STAR® HS DNA Polymerase (Takara Biotechnology (Dalian) Co.,
Ltd.) using a whole plasmid PCR protocol [15]. All products were
transformed into Escherichia coli JM109.

2.2. Expression and purification of enzymes

E. coli BL21 (DE3) containing recombinant plasmids were grown
at 37 °C using TB medium containing CoCl, 6H,0 (0.05 g/L) and
kanamycin (50 mg/mL). After the Aggo reached 0.8, Isopropyl B-p-
thiogalactopyranoside (IPTG) was added to a final concentration
of 0.4 mM. Next, the cells were incubated at 24 °C for 16 h. All
purification steps were performed at 0-4 °C using the AKTA Avant
purification system (GE Healthcare UK Ltd.). Potassium phosphate
buffer (KPB, 10 mM, pH 7.4) containing 0.5 mM dithiothreitol
(DTT) was used in all purification steps. The cell extract was pre-
pared by ultrasonics. After centrifugation for 20 min at 18,000xg,
NHase was partially purified using ammonium sulfate fraction-
ation (40-75%). Dialysis was followed by KPB; the dialyzed solu-
tion was applied to a Hitrap Q HP (GE Healthcare). The proteins
on the column were eluted with elution buffer (a linear gradient
from 0 to 0.5M KCl in KPB). Next, the fraction was applied to
Superdex 200 10/300 GL(GE Healthcare). Each step in the purifica-
tion was analyzed using SDS-PAGE.

2.3. Enzymatic assay

The enzymatic activity for NHase was assayed in a reaction mix-
ture (0.5 ml) containing 10 mM KPB (pH 7.5), 20 mM 3-cyanopyr-
idine, and 5 ul of the enzyme containing the activation buffer. The
reaction was performed at 20 °C for 10 min and was stopped with
the addition of 0.5 ml of acetonitrile. The amount of nicotinamide
formed in the reaction mixture was determined as previously
described [16]. One unit of NHase activity was defined as the
amount of enzyme that catalyzed the release of 1 pmol of nicotin-
amide per min at 20 °C. The kinetics characterization of 3AB and
wild-type PpNHase were assayed by changing the 3-cyanopyridine
concentration ranging from 5 mM to 200 mM. Then all samples
were examined and the results were calculated by Michaelis-
Menten equation model.

2.4. Determination of the thermostability of NHases

All of the NHases with a concentration of 0.3 mg/ml were pre-
pared in 10 mM KPB (pH 7.5). All of the samples were incubated
at 50 °C and were removed at intervals of 10 min and then kept
on ice. Next, the samples were assayed. The activities of these
enzymes prior to heating were defined as 100%. Half-lives (11/2)

were defined as the time during which the activities were
decreased to a half.

2.5. Tolerance assessment to high concentration amides

To assay the different nicotinamide-tolerance of wild-type
PpNHase and 3AB, we slightly revised the assay method proposed
by the former work [6]. We prepared cells in 0.5 M nicotinamide
for 20 min. Next, 10 pl of the samples were obtained for enzymatic
assay. One unit of NHase activity was defined as the amount of
enzyme that catalyzed the reduction of 1 pmol of 3-cyanopyridine
per min at 20 °C. The activity prior to the addition of a high concen-
tration amide was defined as 100%.

2.6. Determination of the pH range of NHases

The range of pH for enzyme activity was determined by per-
forming the assay in Britton-Robinson buffers (10 mM, pH from
5.0 to 11.0).

2.7. Computational design methods

Sequence alignments were performed using BLAST to identify
sequence homologues. The 3D-structural model of CtNHase
(NHase-CT) and 3AB was generated using Modeller software based
on the 3D-structure of NHase from P. putida NRRL-18668 (3QXE)
and P. thermophila (1UGQ).

Two computational methods were used to determine the
swapped NHase fragments and crossover sites that define these
fragments. First, the STAR (site targeted amino recombination) pro-
gram was used to predict the recombination positions. The amino
acid sequences of NHases were examined. Next, 5-ns molecular
dynamics (MD) was performed to estimate the flexibility of the
backbone to accurately define the fragment swapped crossover
sites. The crystal structures used in the MD simulation were
1UGQ from P. thermophila JCM3095 and 3QXE from P. putida
NRRL-18668 and NHase-CT. MD was performed with NAMD 2.7
[17] and the CHARMM27 force field [18] at 300 K. The SHAKE algo-
rithm was set on all bonds, and particle mesh Ewald was employed
to compute the electrostatic interactions in the periodic boundary.
After energy minimization by 1000 conjugate gradient steps,
heating and 1 ns equilibration, the production phase 5ns was
performed with a step time of 2 fs.

2.8. Circular dichroism measurement and thermal denaturation
experiments

Circular dichroism (CD) spectra were measured on the MOS-
450/AF-CD-STP-A instrument at a protein concentration of
0.2 mg/ml in 1 0 mM KPB buffer. Wavelength scans were run from
195 to 250 nm to detect the second structure of the protein. Tem-
perature melts were run with 0.05-0.2 mg/ml protein at 220 nm
signal from 10 °C to 70 °C which was controlled using a Peltier
device.

3. Results
3.1. Selection of fragments and crossover sites for swapping

We swapped the less thermo-sensitive regions with fragments
with thermophilic features from other NHases. For the two sub-
units of PpNHase, the o-subunit containing cobalt ion may be
achieved through processes of self-subunit swapping [19,20]. To
avoid the disadvantageous effect on the maturation process of
PpNHase, the B-subunit was selected as the engineered template.
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Fig. 2. Stabilities and activities of wild-type PpNHase and chimeric NHases. (A) Comparison of the thermostability of all engineered NHases. All NHases were incubated at
50 °C, and their activities were measured over time. (B) Comparison of the activity of all engineered NHases. The values represent the means for at least triplicate independent
experiments. (C) Comparison of nicotinamide-tolerance of NHases in the in-cell forms. Residual activities were assayed after immersion in 0.5 M nicotinamide for 20 min.

The N-terminus of the B-subunit in CtNHase could be qualified
because although CtNHase shows a high homology with PpNHase
(beyond 80%), CtNHase exhibits thermostable features, and the
amino acid sequences in the N-terminus of B-subunit were rela-
tively different [21]. In addition, the C-terminus of PtNHase from
P. thermophila was another qualified fragment because it exhibits
less thermo-sensitivity as previously reported [22].

Next, we performed a two-procedure selection for recombina-
tion crossover sites. The first procedure examined the potential
structural disruption caused by recombination using STAR. Lower
scores in this STAR-profile represent regions where the protein
structures have a lower contact density and are thus less likely

to cause the overall structure destroyed and activity lost by recom-
bination. Thus, a suitable recombination site was one with a low
score [12]. According to the results of the STAR analysis in
Fig. 1A, one fragment (M1 to G98 from CtNHase) was selected as
a substitute for the fragment M1-M99 from PpNHase, and two
fragments from PtNHase (K165-V196 and K165-D209) were
selected as substitutes for two fragments (K157-T187 and T187-
K204) of PpNHase, respectively. In light of the STAR analysis failing
to take into account the 3D structure, which potentially affected
the accuracy of the prediction of the crossover sites, molecular
dynamics simulation (MD) analysis was performed to precisely
define the crossover sites. The RMSF (mean square fluctuation)
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Fig. 3. Comparison of catalytic and structural characteristics between wild-type PpNHase and 3AB. (A). Thermal denaturation experiments of NHases. Temperature-induced
unfolding profile of wild-type PpNHase and 3AB derived from data monitored by changes in ellipticity at 222 nm (B) The pH range profiles of 3AB and wild-type PpNHase (C)
CD spectrum curves of wild-type PpNHase and 3AB. The data monitored in the far UV region (195-250 nm) are shown.

values, which exhibit the rigidity of each residue important for
CtNHases, PtNHases and PpNHases stabilization, are shown in
Fig. 1B. According to the principle for selecting crossover sites
reported by Voigt et al. [11], T166, V196, and D209 from PtNHase;
T100 from CtNHase; and T101, V158, T187 and S201 from PpNHase
were selected as crossover sites due to their relatively rigid sites
and around the recombination sites predicted by STAR.

3.2. Comparison of stability between the wild-type PpNHase and the
chimeric NHases

According to the crossover sites determined above, seven
chimeric NHase genes were designed using protein swapping

fragments (Fig. 1C). Each chimeric NHase gene was expressed in
E. coli BL21(DE3) (Fig. S1) and then purified for further research.
To determine the thermostability of wild-type PpNHase and the
chimeric NHases constructed above, the residual activity was mea-
sured as the incubation at 50 °C. As shown in Fig. 2A, the residual
relative activity of each chimeric NHase was higher compared to
the wild-type PpNHase, and their 7, was elongated, ranging from
1.4- to 3.5-fold, indicating that the thermostability of each chime-
ric NHase was improved compared to the wild-type PpNHase.
Importantly, 3AB exhibited the longest half-time; it preserved a
70% residual activity after incubation at 50 °C for 30 min, whereas
wild-type PpNHase only demonstrated 15% residual activity. In
addition, two of the chimeric NHases (3AB and 3ABC) showed a
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Table 1
Summary of designed NHase chimeras.

Chimeric Gene organization Total length

NHases (aa)

1A 1-100: Met1-Thr100 CtNHase, 101-218: Ala102-Ala219 PpNHase 218

2B 1-157: Met1-Lys157 PpNHase, 158-188: Thr166-Val196 PtNHase, 189-220: Val188-Ala219 PpNhase 220

2C 1-186: Met1-Tyr186 PpNHase, 187-200: Val196-Asp209 PtNHase, 201-218: Ser202-Ala219 PpNHase 218

2BC 1-157: Met1-Lys157 PpNHase, 158-201: Thr166-Asp209 PtNHase, 202-219: Ser202-Ala219 PpNHase 219

3AB 1-100: Met1-Thr100 CtNHase, 101-156: Ala102-Lys157 PpNHase, 157-187: Thr166-Val196 PtNHase, 188-219:Val188-Ala219 219
PpNHase

3AC 1-100: Met1-Thr100 CtNHase, 101-185: Ala102-Tyr186 PpNHase, 186-199: Val196-Asp209 PtNHase, 200-217: Ser202-Ala219 217
PpNHase

3ABC 1-100: Met1-Thr100 CtNHase, 101-156: Ala102-Lys157 PpNHase, 157-200: Thr166-Asp209 PtNHase, 201-218: Ser202-Ala219 218
PpNHase

The number indicates the parent strain from which the fragments derive. 1 is CtNHase, 2 is PtNHase and 3 is both.

higher activity compared to wild-type NHase (Fig. 2B). The activi-
ties of 3AB and 3ABC were 1.4-fold (614 U/mg) and 1.1-fold
(483 U/mg) of wild-type PpNHase (439 U/mg), respectively. In
addition, these chimeras with swapping fragments from CtNHase
and PtNHase (3AB, 3AC, 3ABC) generally showed relatively higher
activities than those only with one swapped fragments (1A, 2B,
2C).

Because NHases are known to undergo irreversible product
inactivation [5], it is necessary to examine the stability of different
chimeras under high concentration of product. As shown in the
Fig. 2C, six of chimeric NHases maintained more than 85% residual
activities while wild-type PpNHase only maintained 68% residual
activity. Two highest tolerant NHases were 2C and 3AB, maintain-
ing 90% and 88% residual activities, respectively.

Taken together, we further investigated the 3AB, which had the
highest activity, the most thermostability and higher tolerance
toward amide.

3.3. Comparison of the melting temperature (Tm), pH and kinetic
characteristics between wild-type PpNHase and the 3AB

To precisely investigate thermal tolerance between 3AB and
wild-type PpNHase, thermal denaturation experiments were per-
formed. The thermal unfolding curve revealed the protein thermal
tolerance related to the thermodynamic stability of the protein—its
ability to refold after elevated temperature had dissipated [23]. As
shown in Fig. 3A, the Tm of 3AB was approximately 54 °C, which is
4 °C higher than wild-type PpNHase (approximately 50 °C). This
finding revealed that 3AB exhibited a much higher thermal
tolerance than wild-type PpNHase.

The stabilities of two enzymes in various pH were determined
and compared. As shown in Fig. 3B, neither of them could tolerate
excessive acidic condition (pH < 5) and excessive basic condition
(pH = 11). They had the similar optimistic pH value, 7.5. The dif-
ferences lay in their activities in acidic and basic conditions. 3AB
had relatively higher activity when pH was among 5.5-7.5 whereas
lower activity when pH was among 7.5-10.5. The kinetic parame-
ters for the two enzymes were listed in Table 2. After fragment
swapping, Km decreased by 9 times and kcat/Km increased by 7
times.

Table 2
Distinguishable catalytic properties of 3AB and PpNHase.

Enzymes Km (mM) kcat (min~')  kcat/Km (min~! mM~)
Wild-type PpNHase  53.0+11.2 8.08 £0.72 0.15
3AB 6.16+1.52 6.72+0.61 1.09

3.4. Structural analysis of the wild-type PpNHase and 3AB

CD spectrum analysis was performed to determine the differ-
ences in secondary structure between the two enzymes. As
shown in Fig. 3C, the CD spectrum of 3AB was not dramatically
different from that of wild-type PpNHase. Since the fragments
swapped from CtNHase and PtNHase were structurally similar
with the corresponding fragments of PtNHase (Fig. 4A), we were
able to model the structure of 3AB. The results of homology
modeling were accordant with CD spectrum (Fig. 4B). One loop
change in N-terminal and the additional helix in C-terminal of
3AB may account for the slight structural differences in CD spec-
trum. In addition, MOLE 2.0 is software which can perform a
rapid detection and analyze physical-chemical characterization
of tunnels, pores and cavities in biomacromolecule [24]. There-
fore, we further tested whether the swapped fragments affect
the tunnel using MOLE 2.0 software. As shown in Fig. 4B, the
tunnel of 3AB is formed by two swapped fragments and that
of wild-type PpNHase is formed by the corresponding two frag-
ments, and the location of the tunnel does not change after frag-
ments swapping, indicating that the fragments swapping does
not lead large alteration to the tunnel for substrate and product
spreading.

4. Discussion

To improve PpNHase stability, the enzyme was engineered
using a rational recombination method given that the less
thermo-sensitive fragments have been reported. For a recombina-
tion method, fragment swapping has been found to be a potential
method for protein rational design to enhance the stability of
enzymes. To obtain correctly folded and soluble chimeric
enzymes with a high stability, proper fragments and appropriate
crossover sites should be identified. Thus, which residues are
chosen to be the crossover sites is a crucial procedure to con-
struct functional enzymes. Recently, several computer-aided
technologies used to predict suitable recombination sites have
been rapidly developed. Nevertheless, compared to STAR, alterna-
tive tools may be more precise but require parents to be either
structurally resolved or phylogenetically well-characterized. Thus,
we utilized the STAR method and then performed molecular
dynamics (MD) to select crossover sites for recombination of
NHase. Furthermore, MD simulation was applied to precisely
identify the crossover sites on account of the rigidity of each res-
idue sampled from orbits of stimulation. Both STAR analysis and
MD stimulation have successfully predicted the split sites of tryp-
tophan synthase o and TEM-1 B-lactamase, without affecting the
normal function of enzymes [25] and change the substrate selec-
tivity of the meta-cleavage product hydrolase [26]. In contrast to
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FpNHase

Fig. 4. Schematic of the structures of NHases, fragment swapped and tunnels. (A) Three-dimensional structures of PpNHase, PtNHase and CtNHase. (B) The superposition of
the 3AB and PpNHase with their tunnels. The structure of PpNHase is in yellow color and that of 3AB in argent color. The selected C-terminal fragments from PtNHase are
shown in pink and red; the N-terminal fragment from CtNHase is shown in the magenta. The corresponding fragments in PpNHase are shown in the same colors. The catalytic
center is the cobalt colored in light brown. The structural superposition indicates that the 3AB and PpNHase structures are identical except for the flexible $186-191 loop and
B250-254 helix for 3AB (sheet for PpNHase), which are indicated by a dotted circle and magnified. The catalytic tunnels are predicted by MOLE 2.0 and labeled by arrows. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

these cases, our work expands the methods of improving the sta-
bility of the enzyme while maintaining activity.

On the basis of the results from the homology modeling
(Fig. 4B) and CD spectrum (Fig. 3C), 3AB resembles the wild-type
PpNHase in secondary structure. Thus, instead of the changes in
the structures, other factors may be related to the improvement
in activity, thermostability and amide-tolerance.

Because all of the swapped fragments do not belong to the active-
site residues, it is possible that the attunement of remote residues
affect the activity of NHase according to the hypothesis “participa-
tion of remote residues in the catalytic activity” [27]. It has been
reported that the acrylonitrile (substrate) and acrylamide (product)
tunnel can influence NHase activity [28]. Though the location of the
tunnel does not change after fragments swapping, two alters
between the PpNHase and 3AB are observed according to the results
of homology modeling (Fig. 4B). The two alters should result from
the two swapped fragments, and then affect the tunnel for substrate
and product spreading. As a result, the Km of the 3AB decreased by 9
times and kcat/Km of the 3 AB increased by 7 times. Previous studies
have investigated the method to improve the thermostability of
NHase, such as introducing salt-bridges [22] and stabilizing the
interfacial-subunit [6]. Because the N-terminal domain of CtNHase

caninteract with a-subunit [29], the fragment may serve to stabilize
the interfacial-subunit. Meanwhile, the additional B250-254 helix
existing in the C-terminal fragment of 3AB is different from wild-
type PpNHase, the salt-bridges among amino acids in 3AB may be
changed. Therefore, the fragment swapping method may exploit
the advantages of both methods.
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Supplementary data associated with this article can be found, in
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