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A B S T R A C T

Nitrile hydratases (NHases) are important biocatalysts for the enzymatic conversion of nitriles to industrially-
important amides such as acrylamide and nicotinamide. Although thermostability in this enzyme class is
generally low, there is not sufficient understanding of its basis for rational enzyme design. The gene expressing the
Co-type NHase from the moderate thermophile, Geobacillus pallidus RAPc8 (NRRL B-59396), was subjected to
random mutagenesis. Four mutants were selected that were 3 to 15-fold more thermostable than the wild-type
NHase, resulting in a 3.4–7.6 kJ/mol increase in the activation energy of thermal inactivation at 63 �C. High
resolution X-ray crystal structures (1.15–1.80 Å) were obtained of the wild-type and four mutant enzymes. Mutant
9E, with a resolution of 1.15 Å, is the highest resolution crystal structure obtained for a nitrile hydratase to date.
Structural comparisons between the wild-type and mutant enzymes illustrated the importance of salt bridges and
hydrogen bonds in enhancing NHase thermostability. These additional interactions variously improved thermo-
stability by increased intra- and inter-subunit interactions, preventing cooperative unfolding of α-helices and
stabilising loop regions. Some hydrogen bonds were mediated via a water molecule, specifically highlighting the
significance of structured water molecules in protein thermostability. Although knowledge of the mutant struc-
tures makes it possible to rationalize their behaviour, it would have been challenging to predict in advance that
these mutants would be stabilising.
1. Introduction

Nitrile hydratases (E.C.4.2.1.84) catalyse the conversion of nitriles to
their corresponding amides. In most cases the NHase genes are closely
associated in an operon with those encoding amidases (E.C.3.5.1.4) that
convert the amide to the corresponding carboxylic acid. Most known
NHases are α2β2 hetero-tetramers containing either an iron (III) or cobalt
(III), held in position in the α subunit by a post-translationally modified
cysteine claw. These cysteine residues are localized in the consensus
sequence CXL(CSD)S(CEA), where X is serine in iron-containing enzymes
and threonine in enzymes containing cobalt, and CSD and CEA are
cysteine sulfinic and sulfenic acids, respectively. The enzyme from the
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moderate thermophile Geobacillus pallidus contains Co3þ and has an α
subunit of 28 kDa and a β subunit of 29 kDa (Pereira et al., 1998). Correct
assembly of the complex requires co-expression of a 14 kDa protein
whose encoding gene is also part of the operon (Cameron et al., 2005).

The successful application of NHases for the industrial enzymatic
production of commodity chemicals such as acrylamide, nicotinamide,
and 5-cyanovaleramide has generated widespread interest in the value of
these enzymes as tools in organic synthesis (Nagasawa and Yamada,
1990; Thomas et al., 2002). NHases have also shown to be important for
the synthesis of valuable intermediates to produce polymers, carboxylic
acids, pharmaceuticals, and other fine chemicals (Wilding et al., 2015;
Pawar and Yadav, 2014; Gong et al., 2017). The use of NHases in
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biotransformation processes requires rigid control of the hydration
temperature between 15 and 20 �C or even lower due to concerns of a
strong exothermic effect that is prone to cause thermal deactivation,
production of toxic organic substrates and products, and by-product
accumulation at higher temperatures (Nagasawa and Yamada, 1990;
Khaustova et al., 2010; Xudong et al., 2009). The discovery of thermo-
stable NHases (Cramp and Cowan, 1999; Takashima et al., 1998; Yamaki
et al., 1997) has broadened the scope of the potential application of these
enzymes for organic synthesis. Thus far, the crystal structure of five
NHases from moderate thermophiles has been described in detail,
including the enzymes from Pseudonocardia thermophila JCM 3095
(Yamaki et al., 1997), Bacillus smithii (Takashima et al., 1998), Bacillus sp.
BR449 (Padmakumar and Oriel, 1999), G. pallidus RAPc8 (Pereira et al.,
1998), and G. pallidus DAC 521 (Cramp and Cowan, 1999). While
Co-type NHases are generally more thermostable than Fe-type NHases
(Payne et al., 1997), stability even in this group is not particularly high
and restricts these enzymes to a maximum operating temperature of
55–60 �C (Cowan et al., 2003). All thermophilic NHases described to date
have cobalt as a metal co-factor (Cameron et al., 2005). Although the
reasons for the differences in enzyme thermostability between the two
metallo-enzyme groups remain unknown, several factors are implicated
in the improved thermostability of Co-type NHases, including increased
helical content (Miyanaga et al., 2001; Hourai et al., 2003; Pei et al.,
2018) and stabilisation of the quaternary structure due to additional
interactions between the α and β subunits (Miyanaga et al., 2001; Pei
et al., 2018; Tsekoa, 2005. NHase thermostability was also previously
improved via homology fragment swapping (Cui et al., 2014).

The isolation and characterisation of thermophilic and hyperther-
mophilic enzymes, and their applications in industrial biocatalysis, have
generated considerable interest in understanding the molecular basis of
protein stability (Sterner and Liebl, 2001; Van Den Burg, 2003).
Numerous features are thought to confer stability to thermophilic and
hyperthermophilic proteins, including increased hydrophobicity (Haney
et al., 1997), better packing, deletion, or shortening of loops (Russell
et al., 1997), a reduced number of labile amino acids such as cysteine,
asparagine, and glutamine (Russell et al., 1997; Yano et al., 2003),
increased proline content (Bogin et al., 1998), increased electrostatic
interactions by salt bridges or networks (Pappenberger et al., 1997;
Karshikoff and Ladenstein, 2001; Xiao and Honig, 1999), increased
hydrogen bonding (Vogt et al., 1997), increased aromatic interactions
(Anderson et al., 1993; Puchkaev et al., 2003), an increase in
metal-binding capacity (Kataeva et al., 2003), α-helix stabilisation (For-
ood et al., 1993), increased oligomerisation (Salminen et al., 1996) and
increased subunit interactions in oligomeric enzymes (Arnott et al.,
2000). However, although each of these factors may individually
contribute to increased thermostability, there are still no general rules
that govern the structural basis of enzyme thermostability (Daniel et al.,
2008), especially rules that would allow the rational engineering of
thermostability.

In this study, we used randommutagenesis of the wild-type enzyme to
produce G. pallidus NHase mutants with enhanced thermostability
compared to the wild-type enzyme. The change in activation energy of
the irreversible thermoinactivation (ΔΔG∘*

inact) in four of the mutant
thermostabilised NHases was estimated and correlated with the struc-
tural effects observed by X-ray crystallography. The structural changes
associated with these mutations are described and discussed with respect
to their thermodynamic consequences.

2. Results

2.1. Construction of thermostabilised NHases

Thermostabilised NHase mutants were generated by error-prone PCR
and selected by functional screening. The mutagenic PCR conditions
were optimised to generate a moderate error frequency library; that is, 3
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to 8 nucleotide changes per gene. Whilst a low mutation rate is preferred
for EP-PCR so that it possible to observe rare beneficial mutations,
experimental evidence suggests that moderate (up to 8 nucleotide
changes) to high mutation frequency libraries (up to 30 nucleotide
changes) contain a surprising number of active mutant enzymes
(Drummond et al., 2005; Georgiou, 2001). Furthermore, such libraries
have been demonstrated to lead to mutants with greater functional en-
hancements than low mutation frequency libraries (Daugherty et al.,
2000; Zaccolo and Gherardi, 1999). Consequently, we opted for a strat-
egy that involved only one round of random mutagenesis to generate a
moderate error frequency library with the aim of isolating NHase mu-
tants with multiple thermostabilising interactions. Since the increased
stability of thermostable proteins has been shown to be associated with
an increased robustness to mutagenesis (Bloom et al., 2005), the
G. pallidus NHase was an appropriate candidate enzyme for such a study.
2.2. Screening for NHases with improved thermostability

The wild-type NHase was used to determine the screening tempera-
ture for thermal inactivation studies. The aim was to select a temperature
at which the wild-type enzyme was partially inactivated following heat-
inactivation for a set period of time. The wild-type NHase cell free extract
(CFE) was subjected to partial thermal inactivation at 55, 57, and 60 �C
for 5 min time intervals over a period of 30 min. The percentage residual
activity of NHase subjected to thermal inactivation at 60 �C was deter-
mined relative to that at 37 �C (i.e. no thermal inactivation) according to
the equation:

%RA ¼ A(60�C) / A(37�C) * 100 (Equation 1)

Where %RA is the percentage residual activity, A(60�C) is the NHase ac-
tivity at 37 �C following thermal inactivation at 60 �C and A(37�C) is the
NHase activity at 37 �C without a prior thermal inactivation step.

Fig. 1 shows the percentage residual activity of the wild-type NHase
following thermal inactivation at 55, 57, and 60 �C. The enzyme was
quite thermostable at 55 �C and retained initial activity over the 30 min
incubation period. At 57 �C the enzyme was partially inactivated. The
thermal inactivation process proceeded moderately at this temperature,
and the NHase retained approximately 25% residual activity after 30
min. At 60 �C thermal inactivation proceeded more rapidly than for the
other two temperatures, and approximately 20% residual activity was
attained after only 10 min at this temperature. Consequently, it was
decided to conduct thermal inactivation experiments of the mutant li-
brary at 60 �C for 10 min. The wild-type was considerably inactivated at
this temperature which was observed visually by the low intensity of the
red-coloured complex formed. This meant that it should be able to
optically visualise an enzyme with improved thermostability compared
to the wild-type.

Several attempts were made to perform the heat-inactivation in the
microtitre plates using different incubators and ovens. However, none of
the available incubators tested could facilitate uniform thermal inacti-
vation across the microtitre plate. This was very important since it was
clear for the wild-type that a 2–3 �C difference in the thermal inactivation
temperature resulted in significant differences in the degree of thermal
inactivation (Fig. 1). It was decided that since a large proportion of en-
zymes were inactive that only the active enzymes in each library should
be subjected to thermal-inactivation studies. Therefore, these studies
were conducted in Eppendorf tubes in a water bath.

E. coli JM109 (DE3) harbouring the randomly mutated libraries were
cultivated and expressed in duplicate 96-well microtitre plates. The cell
lysates from one microtitre plate were directly assayed at 37 �C (A37�C) in
order to determine which enzymes were active. Mutant enzymes that
displayed less than 10% of the parental activity were designated inactive
and excluded from subsequent thermal inactivation analysis. The cell
lysates of the selected randomly mutated enzymes were partially ther-
mally inactivated at 60 �C for 10 min, and the NHase activity determined



Fig. 1. Effect of thermal inactivation temperature on wild-type NHase thermostability using cell free extract (CFE). The error bars indicate the standard deviation
between duplicate measurements.

Fig. 2. The hydroxamic assay performed in microtitre plate format shows a positive result obtained from screening Lib 0.1 for NHases with improved thermostability.
(A) The activity of the enzymes was determined directly at 37�C. (B) The enzymes were then subjected to thermal inactivation at 60�C for 10 min and the activity was
measured at 37�C. Potential thermostabilised NHases are indicated with blue arrows.
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at 37 �C. Fig. 2 illustrates a typical positive result obtained from the
thermostability screen. Putative thermostable enzymes were selected
based on a higher percentage residual activity compared to that of the
wild-type NHase. The percentage residual activity of each enzyme was
calculated according to Equation (1). Modified NHase enzymes with a
percentage residual activity greater than 25% following thermal inacti-
vation were considered to be more thermostable than the wild-type.
Approximately 800 active mutant NHases were screened for enhanced
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thermostability. Of these, four thermostabilised mutants were isolated
and the mutant genes sequenced; all showed multiple amino acid re-
placements (Table 2).

The enzymes isolated from screening the randomly mutated library
were subjected to preliminary analysis to confirm whether they were
more thermostable than the wild-type. Therefore, each thermostable
mutant was subjected to thermal inactivation for a period of 10 min at
temperatures ranging from 60 to 70 �C. The residual enzyme activity was



Table 1
The primers pairs used in this study.

Sequences corresponding to restriction enzyme recognition sites are underlined and mutated residues
are in bold.

Table 2
Position of nucleotide (nt) and amino acid (aa) changes in randomly mutated
NHases with improved thermostability compared to the wild-type.

Mutant β subunit α subunit Total
number
nt
changes

Total
number
aa
changes

nt
changes

aa
changes

nt
changes

aa
changes

7D no
mutations

T→G
(140)

I→S
(47)

1 1

8C T→A
(288)
A→G
(366)
A→T
(500)
A→G
(567)

D→E
(96)
D→V
(167)

A→G
(562)

M→V
(188)

8 3

9C T→A
(128)
A→G
(448)

M→K
(43)
T→A
(150)

A→G
(66)
A→C
(505)

S→R
(169)

7 3

9E T→C
(106)
T→C
(308)
T→A
(379)

F→L
(36)
L→S
(103)
Y→N
(127)

A→G
(11)
T→C
(72)

D→G
(4)

9 4

The position of the nucleotide or amino acid in the respective gene or protein
sequence is indicated between brackets.
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then determined as an indicator of the thermostability of the enzymes.
Fig. 3 shows the percentage residual activity of the wild-type and mutant
NHases as a function of temperature.
2.3. Kinetic stability of the wild-type and mutant NHases

The difference in the free energy of activation for the thermal inac-
tivation process (ΔΔG∘*

inact) was used to compare the kinetic stabilities of
the wild-type and thermostabilised mutant NHases. ΔΔG∘*

inact values were
calculated from the determined rate constants of thermal inactivation
(Equation (1); Materials and Methods) and are reported in Table 3. All
the mutants demonstrated slower rates of thermal inactivation than the
wild-type NHase at 63 �C (Fig. 4). Mutants 8C (ΔΔG∘*

inact ¼ 6.2 kJ/mol)
and 9C (ΔΔG∘*

inact ¼ 7.6 kJ/mol), in particular, exhibited the slowest
inactivation kinetics, and were 9- and 15-fold more thermostable than
the wild-type enzyme, respectively (Table 3).

Based on the thermal inactivation data above, 9C was chosen for site-
directed mutagenesis studies. The site-directed mutant, αS169R, was
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constructed using the wild-type NHase gene as a template to confirm that
the S→R amino acid substitution conferred enhanced thermostability to
9C. The thermal inactivation analysis was conducted at 65 �C to clearly
observe the difference in the temperature-dependent unfolding rates of
mutant 9C and αS169R, which was not apparent at 63 �C (Fig. 5).
Thermal inactivation analysis at 65 �C showed that 9C exhibited a slower
rate of thermal inactivation and was 3-fold more thermostable (Table 4)
than the site-directed αS169R mutant. The wild-type enzyme was
immediately inactivated under the experimental conditions, supporting
the contention that the S169R mutation contributes to the enhanced
thermostability of 9C. However, the S→R amino acid change was clearly
not solely responsible for enhancing the thermostability of this mutant.
This indicates that the moderate error frequency of the libraries allowed
the introduction of multiple stabilising interactions.
2.4. Structural characterization of wild-type and mutants NHases

The wild-type enzyme and four thermostabilised mutant NHases were
crystallised and their structures determined using molecular replacement
methods. The refinement statistics of the five structures are given in
Table 5. Analysis of the X-ray crystal structures allowed the identification
of key amino acid residues involved in the enhanced stability of the
mutant enzymes.

2.4.1. The structure of the wild-type Geobacillus pallidus NHase
The nitrile hydratase from G. pallidus RAPc8 is very similar to the two

Co(III) containing nitrile hydratases described previously (Miyanaga
et al., 2001; Hourai et al., 2003). Inspection of the difference electron
density map during the late stages of refinements of both the wild-type
and mutant NHases showed clear spherical electron density in a cavity
at the interface between the alpha and beta subunits of the structure. A
cobalt atom with an occupancy of one was built into this density as
described previously (Tsekoa, 2005). The crystal structures showed one
cobalt atom per heterodimer was bound to a typical NHase metal-binding
motif, with post-translationally modified cysteine residues among the
ligands to the metal.

The G. pallidus NHase comprises a 226-amino acid α chain which has
9 α-helices and four short strands of β-sheets (Fig. 6). The 229-amino acid
β subunit has six α-helices and five strands of β-sheet. The Co is octahe-
drally co-ordinated with the following ligands: the backbone amide of
αS120 and S of αC121 along the x-axis, the backbone amide of αC121 and
the S of αC119 along the y-axis, and the S of αC116 and a low occupancy
oxygen atom along the z-axis. The interface between the α and β subunits
gives rise to a water-filled channel that leads from the surface to the
active site (Taştan Bishop and Sewell, 2006). Two α/β hetero-dimers
come together to form a hetero-tetramer in solution. The



Fig. 3. The effect of temperature on the extent of partial thermal inactivation on wild-type and mutant NHases. The enzyme samples were incubated in the absence of
substrate for 10 min at the indicated temperatures. Residual activity was determined under standard assay conditions. The error bars indicate the standard deviation
between triplicate experiments.

Table 3
Kinetic parameters for the thermal inactivation of wild-type and mutants NHases
at 63 �C.

kd (min�1) kd,wt/kd,mut ΔΔG (kJ/mol)

WT 0.579 – –

6B 0.1707 3.4 3.42
7D 0.1719 3.3 3.40
7G 0.3372 1.7 1.51
8C 0.0639 9.1 6.16
9C 0.0379 15.3 7.62
9E 0.1256 4.6 4.27

J.C. Van Wyk et al. Current Research in Structural Biology 4 (2022) 256–270
heterotetramer conformation of the wild-type and thermostabilized
mutants were confirmed by gel filtration (data not shown).

2.4.2. Mutant 7D (αI47S)
The I→S (α47) substitution in mutant 7D (ΔΔG∘*

inact ¼ 3.4 kJ/mol) was
the only change evident in this mutant. Because of this amino acid
change, residue αE33 is rotated to face and interacts with αS47 by means
of a water-mediated hydrogen bond (Fig. 7). αE33 and αS47 are both
located on the extended N-terminal arm of the α subunit, which consists
of a 310-helix and α-helices αH1 and αH2 (Fig. 6). The water-mediated H-
bond in 7D facilitates an additional interaction between helices αH1
(αE33) and αH2 (αS47) of the N-terminal arm of the α subunit. This
interaction was not observed in the wild-type structure. Kinetic stability
measurements show a stabilisation of (ΔΔG) of 3.40 kJ/mol compared to
the wild-type NHase. This is slightly lower than the range of 4.18–9.20
kJ/mol that an average hydrogen bond contributes to protein stability
(Myers and Pace, 1996; Takano et al., 1999). The presence of polar res-
idues (such as Ser) on protein surfaces are important for increasing
hydrogen bonding networks that are implicated in protein thermosta-
bility (Zhou, 2002). The stabilising effect of polar residues is often
mediated through water molecules localised on the protein surface (Vogt
et al., 1997). Structured or ordered waters are also considered important
for protein stability (Levy and Onuchic, 2006). Together with Thr, Ser is
known to be the best residue for interacting with water molecules
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(Mattos, 2002).

2.4.3. Mutant 8C (αM188V/βD96E/βD167V)
Here the αM188V mutation in 8C resulted in a small but significant

movement of ten α-carbon atoms (α180 to α189), none of which indi-
vidually appeared to impact the stability of the region. However, αE192
was rotated so that its side chain faced toward αK195. As a result, the
distance between the αE192 Oε1 and the αK195 Nζ decreased from 7.6 Å
to 3.4 Å, resulting in the formation of an intra-helical salt bridge (Fig. 8).
The altered interaction of αE192 changes its role from that of stabilising
the first turn of the helix to stabilising the second turn. The density of 191
is stronger in the WT than in the mutant. It seems unlikely that this
mutation contributes to the thermostability of this mutant. It should also
be noted that five C-terminal amino acids (KVTVG), which were not
visible in either the wild type or the mutant maps, are directly adjacent to
this region.

The density around the βD96E substitution is ill-defined as the resi-
dues are exposed to solvent, but there are indications that the slightly
longer side chain of Glu compared to Asp facilitates additional in-
teractions between βE92 and βD96 (Fig. 9). Both residues are positioned
on helix α6B which forms part of the helical domain of the β-subunit
(Fig. 6). In the αβ-dimer, this helical domain packs intimately with the N-
terminal arm of the α-subunit. In the WT, the carboxyl oxygen atoms of
βD96 interact on the one side with the carbonyl oxygen of βE92 and on
the other side with the NH2 of αR28, which in turn interacts with Oγ1 of
βT99. In the mutant, the density of the carboxyl group of βE96 is very
weak. There is some density corresponding to Oε2, which is 2.78 Å away
from NH2 of αR28. There is clearly no potential for interaction with the
carbonyl of βE92 as the Cγ now occupies the position of the Oδ of βE96. In
both the WT and the mutant, the density for βE92 is weak. In the case of
the mutant, it is conceivable from apparent electron density that H-bonds
could form between the carboxyl groups of βE96 and βE92, thus stabil-
ising helix βH5.

The ΔΔG value obtained for mutant 8C was 6.16 kJ/mol. The stabi-
lisation attributed to salt bridges, as measured by the disruption of in-
dividual ion pairs, has been reported to be between 3.31 and 4.41 kJ/mol
(Arnott et al., 2000) and 3.73–4.18 kJ/mol (Pappenberger et al., 1997).



Fig. 4. Thermal inactivation of wild-type and mutant NHases. Cell extracts were incubated without substrate at 63 �C for different periods of time. The percentage
residual activity was determined under standard assay conditions. The error bars indicate the standard deviation between duplicate measurements. The first-order rate
constant (kinact) for each enzyme is given by the gradients of the lines generated by linear regression of the data.

Fig. 5. Comparison of thermal inactivation between 9C and αS169R. Cell extracts were incubated without substrate at 65 �C for different periods of time. The
percentage residual activity was determined under standard assay conditions. Error bars indicate the standard deviation between duplicate measurements. The first-
order rate constant (kinact) for each enzyme is given by the gradients of the lines generated by linear regression of the data.

Table 4
Kinetic parameters for the thermal inactivation of mutant NHases at 65 �C.

kd (min�1) kd,αS169R,/kd,9C ΔΔG (KJ/mol)

αS169R 0.1284 – –

Mut 9C 0.0438 2.9 3.0
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The extent of the stabilisation of mutant 8C is less than expected
considering the number and type of electrostatic interactions (both
hydrogen bonding and salt bridges). Besides stabilising the individual
helices, the salt bridge also facilitates interaction between the α- and β
subunits.
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The D→V (β167) mutation of 8C seems to result in no significant
perturbations of the local structural environment. This residue is not
involved in any additional interactions in the local environment that
might explain the improved thermostability of this mutant. However, the
D→V (β167) mutation may be structurally important due to the presence
of a water-mediated hydrogen bond between βD167 and β0K168, which is
positioned at the tetramer-forming interface of the enzyme. This poten-
tially favourable Asp-Lys inter-subunit interaction between β and β0 is
disrupted in 8C and could be involved in destabilising the hetero-
tetrametic form of the functional NHase. Charged residues at the protein
interfaces play an important role in the stabilisation of oligomeric pro-
teins (Jones et al., 2000). The distance between βN152 (across the dimer



Table 5
X-ray data collection statistics for wild-type and mutant NHases.

Data set WT 9e 8c 7d 9c

Wavelength (Å) 0.979 0.979 0.979 0.979 0.979
Space group P41212 P41212 P41212 P41212 P41212
Unit cell Parameters a ¼ 105.44

b ¼ 105.44
c ¼ 83.04

a ¼ 105.83
b ¼ 105.83
c ¼ 83.72

a ¼ 106.18
b ¼ 106.18
c ¼ 83.12

a ¼ 106.5
b ¼ 106.5
c ¼ 83.0

a ¼ 106.13
b ¼ 106.13
c ¼ 82.88

α ¼ β ¼ γ ¼ 90.00� α ¼ β ¼ γ ¼ 90.00� α ¼ β ¼ γ ¼ 90.00� α ¼ β ¼ γ ¼ 90.00� α ¼ β ¼ γ ¼ 90.00�

Mosaicity 0.71 0.68 0.62 0.79 0.62
Resolution Range (Å)
(outer shell)

31.16–1.40 (1.45–1.40) 27.86–1.15 (1.19–1.15) 44.74–1.47 (1.52–1.47) 31.90–1.8 (1.86–1.80) 44.69–1.45 (1.50–1.45)

Total observations 759392 1016398 797902 615278 310298
Total observations (unique) 92064 184357 81002 44724 83831
Completeness (%) (outer shell) 99.9 (100.0) 99.6 (100) 100 100 99.8 (99.9)
Redundancy (outer shell) 8.25 (8.17) 5.51 (4.87) 9.85 (9.71) 13.76 (13.66) 3.70 (3.63)
Signal-to-noise ratio (I/σ(I)) (outer shell) 11.8 (3.8) 11.4 (2.7) 14.8 (5.0) 17.5 (5.4) 13.5 (3.0)
Rmerge (outer shell) 0.064 (0.347) 0.049 (0.398) 0.056 (0.315) 0.059 (0.336) 0.038 (0.321)
Reduced ChiSquared 0.97 (0.87) 0.95 (1.38) 0.94 (1.39) 0.98 (1.47) 0.99 (1.48)
Wilson plot average B-factor (Å2) 14 9.75 14.5 11.46 17.05
Matthew's coefficient 2.26 2.28 2.29 2.30 2.28
Solvent content 45.51 46.13 46.32 46.57 46.17

Fig. 6. Protein sequence of the G. pallidus
NHase α and β subunits with associated sec-
ondary protein features. The distribution of
amino acid changes that occur in thermo-
stabilised NHases is highlighted in cyan. The
parts of the protein that cannot be visualized
in the structures are highlighted in red. He-
lices are written in red, β sheets in blue and
310 helices in maroon. Solvent accessible
residues are in upper case and solvent inac-
cessible residues are in lower case. The
figure was produced using JOY (Mizuguchi
et al., 1998). (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the Web version of this
article.)

Fig. 7. Electron density map showing the water-mediated hydrogen bond between αS47 and αE33 in mutant 7D. The electron density map was contoured at 1σ (1σ is
one standard deviation) to ensure that the data were significant. The amino acid residues are shown as sticks where the atoms are: C ¼ white, O ¼ red, N ¼ blue, H2O
¼ red spheres. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Electron density map showing the
salt bridge between αK195 and αE192 as a
result of the M→V (α188) mutation in
mutant 8C. The electron density map was
contoured at 1σ (1σ is one standard devia-
tion) to ensure that the data were significant.
The amino acid residues are shown in ball
and stick format where the atoms are: C ¼
white, O ¼ red, N ¼ blue, S ¼ yellow. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)

Fig. 9. Electron density map showing the
double salt bridge between αR28 and βE96
and the hydrogen bond between βE96 and
βE92 in mutant 8C. The electron density map
was contoured at 1σ (1σ is one standard de-
viation) to ensure that the data were signif-
icant. The amino acid residues are shown as
sticks in the mutant and lines in the wild-
type where the atoms are: C ¼ white, O ¼
red, N ¼ blue, H2O ¼ red spheres. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)
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interface) and βK168 is 4.7 Å in the WT and 3.2 Å in the mutant. In
addition, βD167 makes a water-mediated H-bond with the main chain
carbonyl of β0E205.

The D→V (β167) mutation should have had a negative impact on the
thermostability of the enzyme because it results in the disruption of a
stabilising hydrogen bond at the heterotetramer interface. The disruption
of a hydrogen bond at the protein-protein interface of an oligomeric
enzyme can destabilise the enzyme by ~5.2 kJ/mol (Hiraga and Yutani,
1997). However, mutant 8C exhibited enhanced thermostability
compared to the wild-type enzyme. This does not mean that the D→V
(β167) mutation does not destabilise the enzyme. When comparing the
number, type, and position of favourable interactions in mutant 8C and
9C, it would appear that 8C should be the more thermostable enzyme.
However, the kinetic stability data have shown that 9C is 15 fold more
thermostable than the wild-type NHase, whereas for 8C, the improve-
ment is 9 fold (Table 3). Also, theΔΔG value of 6.16 kJ/mol was less than
expected, considering the contributions of both a hydrogen bond and two
salt bridges to the thermostabilisation of this mutant.

2.4.4. Mutant 9C (αS169R/βM43K/βT150A)
The S→R (α169) is directly adjacent to the active site. In the WT,

αS169 is H-bonded to a water molecule that forms a network with two
other H2O molecules which are completely buried in the protein and
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binds to the OH of αY134, the carbonyl of αF175, and the carbonyl of
αM202. The Ser is close to the active site and is adjacent to, but does not
electrostatically interact with, αR174. One of the waters also interacts
with the amide of αF175 (2.9 Å). In the mutant, the NH2 of R169 folds
over, displaces αF175, which rotates around the Cα-Cβ bond by 37�, and
forms a salt bridge with βD218 (Fig. 10). The NH2 also forms H-bonds
with αI173 and αD168 carbonyls. We propose that the ionic interactions
that result from the S→R (α169) mutation in 9C contribute to the stability
of the loop onwhich αR169 is located. The thermostabilising effect of this
mutation has been confirmed by site-directed mutagenesis of the wild-
type (Table 4). Thermal inactivation kinetic data showed that although
αS169R was more thermostable than the wild-type, it was less thermo-
stable than mutant 9C (Fig. 5). Thus, the S→R (α169) mutation is not
solely responsible for the improved thermostability of this mutant. This
observation was confirmed by the ΔΔG value of 7.62 kJ/mol for mutant
9C relative to the wild-type NHase (Table 3). The degree of the measured
stabilisation is higher than was expected for the contribution of a salt
bridge to the thermostability of this mutant.

βM43 is in a hydrophobic pocket lined by F52, F55, V39, M49, A51,
L103 and L96. Substitution with the lysine results in a H bond with βK50
that potentially stabilises helix βH1 (Fig. 11). This mutation links the
carbonyl of K43 to two well-defined water molecules located on the
carbonyl of βA125 and the amide of βL130, and links helices H1 and H5A.



Fig. 10. Electron density map showing the
salt bridge between αR169 and βD218 in
mutant 9C. The electron density map was
contoured at 1σ (1σ is one standard devia-
tion) to ensure that the data were significant.
The amino acid residues are shown as sticks
in the mutant and lines in the wild-type
where the atoms are: C ¼ white, O ¼ red,
N ¼ blue, S ¼ yellow, H2O ¼ red spheres, Co
¼ cyan sphere. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

Fig. 11. Electron density map showing the hydrogen bond between βK43 and βK50 in mutant 9C. The electron density map was contoured at 1σ (1σ is one standard
deviation) to ensure that the data were significant. The amino acid residues are shown as sticks where the atoms are: C ¼ white, O ¼ red, N ¼ blue, H2O ¼ red spheres.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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An additional water molecule is bound in the hydration shell of the Lys
molecule, which contributes to the extensive network of tightly bound
water molecules in the mutant. On the other hand, the density of βL130,
which is extremely well defined in the WT map and stabilised by ionic
interactions with M43, is poorly defined in the mutant.

This hydrogen bond can account for the ΔΔG value of 3.0 kJ/mol
(Table 4), which was expected for the extra stabilising interaction. This
degree of stabilisation is marginally less than the expected value of 4.18
kJ/mol for a typical hydrogen bond. The reason for this difference is not
clear. Charged residues are important for stabilising proteins; this is the
result of both the formation of salt bridges and the formation of hydrogen
bonds (Pappenberger et al., 1997; Marqusee and Sauer, 1994).

The T→A (β150) mutation causes βF161 and the whole region from
α142 to α148 to move closer to βA150. βF161 is located on a loop that
connects βS1 with a 310-helix, while the region of α(142–148) encom-
passes an extended loop as well as the beginning of βS1. In the WT, the
Oγ1 of βT150 is within H-bonding distance from the carbonyl oxygen of
βA165 (2.7 Å), 3.5 Å from the carbonyl oxygen of β168K and 2.9 Å from
the amide of βD167. βT150 also makes several backbone H-bonds
resulting in the backbone being distorted and preventing the formation of
a perfect β-sheet. In the T→A (β150) substitution, since Ala does not
interact with surrounding waters, because of its hydrophobic nature, it
makes good backbone H-bonding possible, bringing the strands of the
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anti-parallel β-sheets closer together because the H-bonds align better. It
is difficult to predict whether the changes in the 3D-conformation of 9C
because of this mutation had any effect on the thermostability of this
mutant.

2.4.5. Mutant 9E (αD4G/βF36L/βL103S/βY127N)
Four amino acid substitutions were seen in this mutant structure. The

F→L (β36) mutation results in the creation of a cavity having a volume of
58 Å3. The surrounding main-chain and side-chain atoms are displaced
from their positions in the WT enzyme in the direction of the cavity.
Whereas the side-chain atoms in the WT enzyme have an average tem-
perature factor (phi) of 10.5, those of the leucine have an average tem-
perature factor of 21. A previously-constructed site-directed mutant
(βF36L) of the G. pallidus RAPc8 NHase showed no change in catalytic
activity but did show a 20% reduction in thermostability, indicating the
F→L (β36) mutation of 9E reduces its thermostability (Cameron, 2003).

The L→S (β103) mutation in 9E resulted in the formation of a water-
mediated hydrogen bond between βS103 and αS23 via the Oγ atoms of
their respective hydroxyl side-chains (Fig. 12) and the structured water
W139 which is absent from the wild-type NHase. The bond distances are
2.8 Å between the βS103 Oγ andW139, and 3.1 Å betweenW139 and the
αS23 Oγ. The Leu side-chain has temperature factors of 27 compared to
the Oγ of Ser which has a temperature factor of 14, indicating that this



Fig. 12. Superimposition of the wild-type
(brown) and mutant 9E (green) electron
density maps showing the water-mediated
hydrogen bond between αS103 and αS23.
The water molecule is only present in the
density attributed to the mutant. The elec-
tron density maps were contoured at 1σ (1σ
is one standard deviation) to ensure that the
data were significant. The amino acid resi-
dues are shown as sticks in the mutant and
lines in the wild-type, where the atoms are:
C ¼ white, O ¼ red, N ¼ blue, H2O ¼ red
sphere. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the Web version of this article.)
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interaction significantly contributes to the enhanced thermostability of
this mutant.

The ΔΔG of mutant 9E indicates a stabilisation of 4.27 kJ/mol
compared to the wild-type NHase (Table 3). This is within the range of
4.18–9.20 kJ/mol attributed to the stabilisation provided by a hydrogen
bond (Myers and Pace, 1996; Takano et al., 1999). However, the
contribution of the L→S (β103) mutation to the stabilisation of mutant 9E
is slightly higher than for mutant 7D (3.40 kJ/mol). This is contradictory
to experimental evidence that suggests that charged-neutral hydrogen
bonds, such as mutant 7D, are more favourable than neutral-neutral
hydrogen bonds, such as mutant 9E in water (Luo and Baldwin, 1997;
Shan et al., 1996). The difference between these mutants is that while
βS103 and αS23 (mutant 9E) result in an inter-subunit hydrogen bond,
the hydrogen bond between αS47 and αE33 (mutant 7D) occurs within
the α subunit. This difference probably accounts for the difference in
ΔΔG between these mutants as an inter-molecular hydrogen bond is
likely to be more stabilising than an intra-molecular hydrogen bond.

The Y→N (β127) mutation involved the substitution of a polar amino
acid with the same type of amino acid residue on the surface of mutant
9E. In the wild-type NHase, βY127 forms hydrogen bonds with αR49 and
αE57 via their respective Nζ (3.32 Å) and Oε1 (3.4 Å) groups (Fig. 13).
The Y→N (β127) substitution disrupts this intersubunit interaction and
the cavity that is created by the replacement of the bulky Tyr with Asn is
filled with several water molecules. It was difficult to assess whether the
disruption of the hydrogen bonds resulting from the Y→N (β127) mu-
tation could destabilise mutant 9E. The volume around βY127 is main-
tained by a linked network of water molecules. The Tyr itself is not tightly
connected to this network, as is evidenced by the atoms in the side-chain
having a B value of 22 compared to the side-chain's neighbouring αR49,
which has a B value of 12. The substitution Y127N results in the addition
of another water molecule to this network and indirectly links the Asn to
the carbonyl of αY94 and to the side chain of αH53. Even if the Y→N
(β127) mutation was destabilising this negative effect was countered by
positive stabilisation forces that resulted from hydrogen bonding be-
tween βN127 and the surrounding water molecule(s), or hydrogen
bonding between the water molecules that filled the cavity. Certainly, the
ΔΔG of 4.27 kJ/mol corresponds to the hydrogen bond that results from
the L→S (β103) mutation being responsible for stabilising mutant 9E.

αG4 is not well defined in the wild-type or any of the mutants
examined, probably due to the flexibility of the N-terminal region. It is
therefore impossible to hypothesize about the structural effect of the
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D→G (α4) mutation.

3. Discussion

3.1. The relationship between NHase activity, rigidity and thermostability

The present study used the screening strategy to assess and ensure
that the improved thermostable mutant NHases also retained low-
temperature catalytic activity (37 �C). The screen was performed in
two steps, whereby the activity of mutant NHases was first determined at
37 �C. The NHase mutant libraries were then subjected to thermal
inactivation at 60 �C followed by residual NHase activity determination
at 37 �C in order to screen for improved thermostable enzymes; i.e., only
mutant enzymes that retained activity at 37 �C were subjected to ther-
mostability screening. Linking the catalytic activity of mutant enzymes to
the thermostability screen is the simplest way of ensuring that the bal-
ance between thermostability and activity was maintained. In this
manner, it is possible to isolate improved thermostable enzymes that also
retain low-temperature activity (Kuchner and Arnold, 1997). This study
also illustrates that thermostability and activity need not be mutually
exclusive since all the improved thermostable enzymes isolated showed
levels of activity equivalent to that of the wild-type at 37 �C. Clearly, the
contrasting views on the relationship between thermostability and cat-
alytic activity suggest that the mechanisms involved are not well-
understood and require further investigation. Consequently, all the
improved thermostable enzymes isolated showed levels of activity
equivalent to that of the wild-type at 37 �C.

Mutant 9E was not the most thermostable of the mutants but was the
most rigid and resulted in a resolution of 1.15 Å, the best resolution
crystal structure obtained for any NHase to date. Thermostable enzymes
are generally less active and more rigid than their mesophilic counter-
parts (Sterner and Liebl, 2001). Flexibility seems to be a prerequisite for
catalytic activity and the rigidity of thermostable enzymes seems to
explain their reduced activity at low temperatures (ZAvodszky et al.,
1998). However, this observation is probably enzyme specific. Confor-
mational mobility is not required for catalytic activity for the G. pallidus
NHase. Indeed, rigidity is required for the substrate to move through the
narrow substrate channel to the active site (T. Sewell, Personal
communication). Thermostable enzymes need to be more rigid to bal-
ance the effect of increasing conformational fluctuations that are asso-
ciated with increasing temperatures (Vihinen, 1987).



Fig. 13. Electron density map showing
hydrogen bond formation of βY127 with
αR49 and αE57 in the wild-type NHase. The
replacement of βY127 with βN127 in mutant
9E results in the resultant space being filled
with water. The electron density map was
contoured at 1σ (1σ is one standard devia-
tion) to ensure that the data is significant. All
the amino acid residues are shown as ball
and stick. In the wild-type the atoms are: C
¼ white, O ¼ red, N ¼ blue, H2O ¼ red
spheres while in the mutant the both the
amino acid residues and the water molecules
are coloured cyan. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)
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3.2. The structural determinants of improved G. pallidus NHase
thermostability

During this study, the most prominent stabilising features implicated
in the enhanced thermostability of the randomly-created mutant en-
zymes were the increase in electrostatic interactions. These interactions
occurred as salt-bridges between oppositely charged residues or through
hydrogen bonding through a water molecule.

3.2.1. Hydrogen bonds
All the thermostabilised NHase mutants contained amino acid

changes that resulted in the introduction of additional hydrogen bonds.
Three water-mediated hydrogen bonds were observed in mutants 7D and
9E that were the result of polar amino acid substitutions. The presence of
polar residues (such as Ser and Thr) on protein surfaces are important for
increasing hydrogen bonding networks that have been implicated in
protein thermostability (Zhou, 2002). The hydrogen bonding capacity of
polar groups is enhanced by their ability to interact directly with water
molecules (Vogt et al., 1997). In fact, the intermolecular interactions
between the protein surface and structural waters has long been thought
to be important in protein folding and in conferring conformational
stability (Langhorst et al., 2000; Rodier et al., 2005), and almost certainly
play a role in stabilising the tertiary and quaternary structure of Rhodo-
coccus sp. N-771 NHase by extending the networks of hydrogen bond
formation (Nakasako et al., 1999).

The present study also supports the importance of direct hydrogen
bonds in stabilising secondary structural elements and thereby possibly
conferring enhanced enzyme thermostability. In mutant 8C the intro-
duction of a hydrogen bond between βE96 and βE92 braces helix βH5,
preventing the cooperative unfolding of this helix. Since the helix
backbone is shielded from hydration, the disruption of the backbone
hydrogen bonds becomes energetically unfavourable (García and San-
bonmatsu, 2002). Also, in mutant 9C the hydrogen bond between βK43
and βK50 is potentially stabilising by connecting the loop on which βK50
is located with helix βH1. Similarly, Tigerstr€om et al. (2004) showed that
connecting a flexible loop with a small α-helix improved the thermo-
stability of Azurin. Loop regions are inherently flexible and are thought
to be potential initiation points of thermal unfolding. The inherent
flexibility of loops can be reduced by the addition of stabilising in-
teractions (Daniel et al., 2008).

3.2.2. Salt bridges
The two most improved mutants, 8C and 9C, had mutations that

facilitated the formation of stabilising salt bridges. The amino acid sub-
stitutions in 8C (ΔΔG∘*

inact ¼ 6.2 kJ/mol) resulted in the formation of two
potentially stabilising ionic interactions. The salt bridge between αE192
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and αK195 in mutant 8C braces helix αH9, which consists of residues
αE190-K195, and may prevent the cooperative unfolding of this helix.
The stabilisation of helices by salt bridges is known to be important for
protein thermostability (Marqusee and Sauer, 1994; Ghosh et al., 2003).
Also, in 8C, the salt bridge between βE96 and αR28 facilitated closer
interaction between the N-terminal arm of the α subunit and the helical
domain of the β subunit. It has previously been noted that there are a
higher number of interactions between cognate dimers in thermostable
NHases compared to their mesophilic counterparts (Miyanaga et al.,
2001; Tsekoa, 2005). This is consistent with the hypothesis that muta-
tions that increase the number of interactions between the α and β sub-
units enhance NHase thermostability.

The buried salt bridge between αR169 and βD218 in mutant 9C
(ΔΔG∘*

inact ¼7.62 kJ/mol) partially contributed to the improved thermo-
stability of this enzyme. Although the structure-based prediction of the
positive contribution of salt bridges to the stability of thermostable en-
zymes has been verified by site-directed mutagenesis studies (Pappen-
berger et al., 1997; Arnott et al., 2000; Vetriani et al., 1998), there is also
significant evidence that salt bridges make very little contribution to
protein stability at room temperature (Hendsch and Tidor, 1994;
Hendsch et al., 1996; Waldburger et al., 1995). This apparent inconsis-
tency can be explained by considering the temperature dependence of the
hydration free energies of charged side-chains (Elcock, 1998). The
contribution of salt bridges to thermostability is temperature-dependent
as the dielectric constant of water decreases from 80 at 25 �C to 55 at 100
�C (Daniel et al., 2008). Consequently, the desolvation penalty associated
with the formation of a salt bridge is greatly reduced at higher temper-
atures, which explains why salt bridges can be destabilising at room
temperature but stabilising at higher temperatures (Elcock, 1998).

The same argument can be used to rationalize the positive contribu-
tion of buried salt bridges towards protein stability. Although it has been
suggested that the desolvation energy required to bury a salt bridge is
greater than any potential stabilisation effects (Vieille and Zeikus, 2001),
the desolvation energy associated with burying a salt bridge becomes less
unfavourable at higher temperatures and could account for the larger
number of buried salt bridges in thermophilic enzymes (Daniel et al.,
2008).

4. Conclusion

Within its limited dataset, this study illustrates that introducing salt
bridges and hydrogen bonds at key positions of the enzyme structure
confers enhanced thermostability to the G. pallidus NHase. Amino acid
substitutions that stabilise secondary structure elements such as loops
and helices and facilitating increased intra-helical, inter-helical and
inter-subunit interactions appear integral. Modifications within the N-
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terminal arm of the α subunit and the helical domain of the β subunit
were particularly important in enhancing NHase thermostability. The
interactions that we have visualized enable a post-hoc rationalization of
their effect on thermostability. Importantly, most of the interactions
revealed by the random mutagenesis could not have been readily pre-
dicted a priori, highlighting the difficulty associated with rational design
of thermostable proteins. Indeed, the areas identified in this study were
not shown to be important for NHase thermostability using molecular
dynamic simulations and rationale design (Chen et al., 2013). Molecular
dynamic simulations have been successfully used to identify thermo-
sensitive regions in the NHase enzyme (Chen et al., 2013; Liu et al.,
2008). Chen et al., combined molecular dynamic simulations and
rational design to show that engineering salt bridges into three thermal
sensitive regions on the α subunit of the Rhodococcus ruber TH nitrile
hydratase resulted in a 160% increase in thermostability (Chen et al.,
2013). While the most thermostable mutant in this study only resulted in
a 15-fold improvement in thermostability, this mutant resulted in a 1.15
Å crystal structure, the highest resolution crystal structure obtained for a
nitrile hydratase to date. It would be interesting to perform more
site-directed mutagenesis to confirm thermostabilizing mutations and to
investigate combining known thermostabilizing mutations into one
mutant enzyme. It would also be interesting to compare the results of
molecular dynamic simulations to the regions identified in the current
study. Nevertheless, the random mutagenesis strategy has revealed the
surprising and important role of water-mediated hydrogen bonds in
protein thermostability. The authors are not aware of any reported study
in which such interactions have been deliberately engineered to enhance
protein stability.

5. Materials and Methods

5.1. Plasmids, strains and growth conditions

The G. pallidusNHase operon, comprising the α subunit, β subunit and
P14K protein genes, was previously cloned into pET21a and the resulting
construct designated pNH14K (Cameron, 2003). The pNH14K plasmid
was transformed either into E. coli JM109 or BL21 (DE3) cells and
transformants were routinely grown in Luria Bertani (LB) medium con-
taining 100 μg ampicillin/ml.

5.2. Random mutagenesis using error-prone PCR (EP-PCR)

EP-PCR was carried out using a modified version of the method
described previously (Wintrode et al., 2001). The pNH14K plasmid was
used as template. The Nhop2 and pNH14k50R primers contained NdeI and
NotI restriction enzyme sites, respectively, to facilitate directional cloning
of the mutated NHase operon. The primer pairs used for this study were
listed in Table 1. The reaction mixture contained 10 mM Tris-HCl, pH 7.5,
7 mM KCl, 0.01% (w/v) gelatin, 0.05–0.15 mMMnCl2, 0.2 mM dATP, 0.2
mM dGTP, 1 mM dCTP, 1 mM dTTP, 50 pmol of each primer, and 10 ng
pNH14K. The PCR was conducted under the following conditions: an
initial denaturation step at 98 �C for 30 s followed by 30 cycles of
amplification (denaturation at 98 �C for 10 s, annealing at 65 �C for 30 s
and extension at 72 �C for 4 min) and a final extension at 72 �C for 10 min.

5.3. Mutant library construction

The EP-PCR products were digested with DpnI to remove template
DNA and gel-purified using the GFX PCR DNA purification kit (GE
Healthcare). Purified products were digested overnight at 37 �C with the
restriction enzymesNdeI andNotI in buffer containing 5 mMTris-HCl, pH
7.5, 1 mM MgCl2, 10 mM NaCl and 0.01 mg/ml BSA (Fermentas Inter-
national Inc, Burlington, Canada). The pNH14K construct was digested
with the same restriction enzymes and the 5.3 kb fragment (essentially
pET21) gel-purified. The EP-PCR products were ligated by incubation
overnight at 16 �C with the 5.3 kb fragment of the pNH14K construct.
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The resulting clones were transformed into freshly-prepared JM109
(DE3) competent cells. A 50 μl aliquot of each library was plated onto
Luria agar containing 100 μg ampicillin/ml to determine the trans-
formation efficiency. A further aliquot of each library was inoculated into
5 ml LB containing 100 μg ampicillin/ml and amplified for 45 min at 37
�C. Each library was divided into fractions and glycerol stocks were
prepared as described by Sambrook and Russell (2001).

5.4. Site-directed mutagenesis

Site-directed mutants were constructed using the PhusionTM High-
fidelity DNA polymerase (Finnzymes Oy, Espoo, Finland). The reaction
mixture contained 10 μl 5 x Phusion HF buffer, 200 μM of each dNTP, 0.5
μM of each primer and 10 ng template DNA, in a total volume of 50 μl.
The PCR mixture was heated at 98 �C for 30 s, followed by 25 cycles of
amplification (denaturation at 98 �C for 10 s, annealing at 65 �C for 30 s
and extension at 72 �C for 4 min) and a final extension at 72 �C for 10
min. The PCR products were analysed using agarose gel electrophoresis
and circularized with T4 DNA ligase (Fermentas International Inc, Bur-
lington, Canada).

5.5. Enzyme activity assay

NHase-containing cell extracts were prepared in 25 mM potassium
phosphate buffer, pH 7.2, and NHase activity was determined using a
modified version of the hydroxamic acid assay described by Fournand
et al. (1998). The assay involved two incubation steps. In the first reac-
tion, 50 μl of an appropriate dilution of the cell extract were incubated
with 50 μl 100 mM acrylonitrile for 30 min at 37 �C. Thereafter, 50 μl 2 M
hydroxylamine (prepared in 25 mM potassium phosphate buffer, pH 7.2)
and 10 μl G. pallidus amidase, having activity in excess of that of the
nitrile hydratase, in 25 mM potassium phosphate buffer, pH 7.2, were
added and the reaction mixture again incubated for 30 min at 37 �C. The
reaction was terminated by the addition of 50 μl of 0.1 M FeCl3 in 1 M
hydrochloric acid. This resulted in the formation of a red-coloured
hydroxamic acid-Fe complex, measured by absorbance of white light
and quantitated by integrating the intensity of the colour using an
AlphaImager high performance imaging system (Alpha Innotech Corp.,
San Leandro, USA).

5.6. Screening for NHase mutants with improved thermostability

Single colonies were picked into sterile 96-well microtitre plates
containing 200 μl LB with 100 μM ampicillin/ml, and cells were grown to
saturation by overnight incubation at 37 �C with vigorous aeration. Fresh
medium (194 μl) was inoculated with 2 μl of overnight culture and
incubated for 1.5 h at 37 �C with vigorous aeration. Cobalt chloride was
added to a final concentration of 100 μM after 1.5 h of growth and
protein expression was induced by the addition of IPTG to a final con-
centration of 4 mM at 2 h post-inoculation. Expression proceeded over-
night at 37 �C with vigorous aeration. Cells were lysed by the addition of
10 μl Pop Culture (Novagen, Merck KGaA, Darmstadt, Germany) directly
to the microtitre plate. Screening for thermostabilised NHases was per-
formed in two steps: first, the initial activities of the mutant enzymes (Ai)
were determined at 37 �C, and then enzymes were subjected to partial
thermal inactivation at 60 �C and the residual activity (Ar) was again
determined at 37 �C. The percentage residual activity was used to
compare the thermostabilities of the mutant and wild-type enzymes.

5.7. DNA sequence analysis

The genes encoding each thermostabilised mutant were sequenced in
duplicate by the University of Cape Town Sequencing Service or by
Inqaba Biotechnology (Pretoria, South Africa) to ensure that any
observed change was due to random mutagenesis and not the result of
sequencing errors.
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5.8. Kinetic stability of thermal inactivation

In assessing the stability of NHase by irreversible thermal inactiva-
tion, the percentage residual activity of each protein sample was deter-
mined as a function of time and the data fitted to the equation:

ln (%Residual activity) ¼ kinact.t (1a)

where kinact is the rate constant of thermal inactivation and t is time. The
difference in the free energy of activation of thermal inactivation be-
tween the wild-type and mutant NHases (ΔΔG∘*

inact) was calculated ac-
cording to Eyring (1935)

ln kinact ¼ ln
kBT
h

� ΔG∘*
inact

RT
(2)

ΔΔG∘*
inact ¼ΔG∘*

inact;wt �ΔG∘*
inact;mut ¼ � RT lnðkinact;wt

�
kinact;mutÞ (3)

where kB is the Boltzmann constant, T the absolute temperature, h
Planck's constant, and R the Universal Gas constant.
5.9. Protein expression and purification

The wild-type NHase or thermostable mutants were recombinantly
expressed in either E. coli BL21 (DE3) (Novagen) or E. coli JM109 (DE3)
(Promega). A 500 ml LB culture containing 100 μg/ml ampicillin (or
carbenicillin) was grown at 37 �Cwith shaking at 220 rpm to an OD600 nm
of 0.4, at which point expression was induced with 0.4 mM IPTG. Cobalt
chloride was added to a final concentration of 0.1 mM, 30 min prior to
induction. Cells were harvested by centrifugation at 4 h post-induction
and washed with 50 mM potassium phosphate buffer, pH 7.2.

The washed cell pellets containing expressed recombinant protein
were stored overnight at �80 �C. Cell pellets were thawed at 37 �C,
resuspended in 25 ml of 25 mM potassium phosphate buffer, pH 7.2, and
disrupted by sonication (30 s pulse, 30 s stop, for 5 min) using a Bandelin
Sonoplus HD2070 sonicator. The cell lysate was centrifuged at 9000�g
for 10 min and the supernatant collected. Heat-sensitive E. coli proteins
were removed by incubating the cell extract at 55 �C for 45 min, followed
by centrifugation at 9000�g for 10 min.

Solid ammonium sulphate was slowly added to the heat-treated
sample to achieve 20% saturation, followed by incubation on ice for 1
h and centrifugation at 9000�g for 10 min at 4 �C to remove precipitated
proteins. The supernatant from the ammonium sulphate precipitation
step was loaded onto a HighLoad 16/10 Phenyl-Sepharose column (GE
Healthcare) previously equilibrated with 50 mM potassium phosphate
buffer, pH 7.2, containing 1 M ammonium sulphate. Bound proteins were
eluted with a linear gradient of decreasing ammonium sulphate con-
centration using 50 mM potassium phosphate buffer, pH 7.2 (5 column-
volumes, 1 M–0 M ammonium sulphate). Fractions containing NHase
were pooled after analysis by SDS-PAGE.

The pooled fractions from the hydrophobic interaction chromatog-
raphy step were dialysed against 25 mM potassium phosphate buffer, pH
7.2, and loaded onto a HiLoad 26/10 Q-Sepharose column (GE Health-
care) equilibrated with the same buffer. Bound proteins were eluted with
a linear gradient of 0–0.5 M NaCl in 25 mM potassium phosphate buffer,
pH 7.2. Fractions containing pure NHase were pooled after verification of
homogeneity by SDS-PAGE. Gel filtration chromatography was used to
confirm that one oligomeric conformation, heterotetramer, was present
for the NHase wild-type and all mutant enzymes.
5.10. Crystallisation

Prior to initial protein crystallisation, pooled fractions of pure NHase
from Q-Sepharose chromatography were dialysed against 20 mM Tris-Cl,
pH 7.2, filtered through a 0.22 μm filter and concentrated to above 10
mg/ml using Vivaspin 15R 5000 molecular weight cut-off concentrator
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tubes (Sartorius AG). Wild-type and mutant NHases were crystallised
using the hanging-drop vapour diffusion method. Siliconized cover slips
were from Hampton Research. Diffraction quality crystals were grown at
22 �C in a crystallisation solution that contained 30% (v/v) PEG 400, 100
mM magnesium chloride, 100 mM 2[N-Morpholino]ethanesulfonic acid,
pH 6.5, and 10–40 mg/ml protein, as described by previously (Tsekoa
et al., 2004). Diffraction quality crystals were observed after one week
under these conditions.

5.11. X-ray data collection and processing

Initial X-ray diffraction data from crystals of wild-type enzyme and
the 7D mutant were collected at the in-house X-ray source of the
Department of Biotechnology, University of the Western Cape, Cape
Town, South Africa. Subsequent data collection of wild-type NHase and
four randomly-generated mutants was carried out at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France, on station BM14.
The collected diffraction data were processed and refined using Crystal
Clear (d*TREK) (Pflugrath, 1999). Solvent content and Matthews Coef-
ficient were calculated using Matthews from the CCP4 suite of programs
(Murshudov et al., 1997).

5.12. Structure solution and refinement

The crystal structures of mutant NHases were solved by molecular
replacement using the program PHASER (McCoy et al., 2007). The
wild-type NHase structure (PDB code: 2dpp) was used as a search model
for this procedure. All structures were refined using Refmac5 from the
CCP4 suite of programs (Murshudov et al., 1997) and model rebuilding
was carried out using O (Jones et al., 1991). The final model was vali-
dated using WHATCHECK (Hooft et al., 1996).

5.13. Molecular graphics and structural analysis

The wild-type NHase structure was visualized using PyMOL (Delano
Scientific LLC). Model structures of the mutants were generated using the
Mutagenesis tool in PyMOL.

5.14. Data availability

Structure factors and final refined coordinates for the mutant NHases
have been deposited in the PDB with accession codes 7QOP (7D), 7QOU
(8C), 3HHT (9E), 7Z0V (9C).
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