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Abstract

Geobacillus pallidus RAPc8 (NRRL: B-59396) is a moderately thermophilic gram-positive
bacterium, originally isolated from Australian lake sediment. The G. pallidus RAPc8 gene
expressing an inducible nitrilase was located and cloned using degenerate primers coding for
well conserved nitrilase sequences, coupled with inverse PCR. The translated sequence
showed higher percentage similarity to plant nitrilases than to many bacterial nitrilases. The
nitrilase open reading frame was cloned into an expression plasmid and the expressed
recombinant enzyme purified and characterized. The protein had a monomer molecular
weight of 35,790 Da and the purified functional enzyme had an apparent molecular weight of
~600 kDa by size exclusion chromatography. In common with the plant nitrilases, the
recombinant G. pallidus RAPc8 enzyme produced both acid and amide products from nitrile
substrates. Electron microscopy and image classification showed complexes having crescent-
like, “c-shaped”, circular and “figure-eight” shapes. Protein models suggested that the various

complexes were composed of 6, 8, 10 and 20 subunits, respectively.
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Introduction

Nitrilases (EC 3.5.5.1) convert nitriles to the corresponding carboxylic acids and ammonia.
However several plant (Piotrowski et al., 2001) and some bacterial nitrilases (O'Reilly and
Turner, 2003; Brady et al., 2006) have been identified which convert nitriles to both acid and
amide products (Fernandes et al., 2006). Nitrilases typically occur as homo-oligomers with a
monomer size of around 40 kDa. Activity is usually dependant on subunit assembly, a
process affected by temperature, pH, enzyme concentration, and in some instances the

presence of a substrate (O'Reilly & Turner, 2003).

Members of the nitrilase superfamily occur in both eukaryotic and prokaryotic species (Pace
and Brenner, 2001). Nitrilase-related enzymes are characterized by monomers having a
conserved affoa-fold which associate in a consistent fashion to form dimers. In different
members of the superfamily these dimers associate in different ways to form oligomeric
complexes. In the case of nitrilases these oligomeric complexes are often spirals or helices. A
further feature characterizing the nitrilases is the conserved Cys, Glu, Lys catalytic triad
which is implicated in covalent catalysis in which the substrate binds to the cysteine (Pace
and Brenner, 2001; Brenner, 2002). It has recently been suggested that this triad includes an
additional, structurally conserved Glu residue which is not immediately apparent from
sequence conservation, thereby forming a catalytic quartet (Kimani et al., 2007; Thuku et al.,
2009). The nitrilase reaction is thought to be catalyzed via covalent thioimidate and thioester
intermediates and the release of an amide is not generally observed. However, it has been
noted that the difference between ammonia release and amide release from the tetrahedral

intermediate formed following the hydrolysis of the thioimidate involves the breakage of
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either the N-C bond or the S-C bond and that this may be dependent on rather small

differences in the local electronic environment (Jandhyala et al., 2005).

Members of the ‘true’ nitrilase branch of the superfamily exhibit amino acid sequence
identity in the region of 30% and display considerable variation in substrate specificity
(OReilly & Turner, 2003). In consequence, members of this branch have been
subcategorized according to differences in catalytic properties. Cyanide degrading nitrilases
(or cyanide dihydratases: CynD) function identically to nitrilase enzymes but efficiently
hydrolyze only inorganic cyanide; as opposed to aliphatic and aromatic nitrilases which have
a broad organic cyanide substrate range (O'Reilly & Turner, 2003). Cyanide hydratases
(CHT) are a subgroup of the nitrilase branch and convert HCN to formamide only

demonstrating the principle that these enzymes can function as pure nitrile hydratases.

Nitrilases are potentially useful industrial catalysts, especially in production of low volume,
high cost enantiomeric fine chemicals (Brady et al., 2004; Brady et al., 2006). The enantio-
and regio-selective characteristics of these biocatalysts can potentially be exploited to

increase their applications in chemical synthesis (Brady et al., 2004).

Previously a nitrilase from a moderately thermophilic gram-positive bacterium Bacillus sp.
DACS521 had been purified and shown to have a relative molecular mass of 600 kDa
(Almatawah et al., 1999). SDS-PAGE showed the monomer size to be approximately 41
kDa, which suggested that the enzyme formed 15-mer functional complexes. These estimates
were, however, potentially obscured by the co-purification of a putative GroEL homologue

which interfered with relative mass estimates (Almatawah et al., 1999).
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We have identified and sequenced a putative nitrilase-encoding open reading frame (ORF) in
a closely related organism; G. pallidus RAPc8 (Pereira, et al. 1998). Analysis of the 972 bp
sequence confirmed the presence of functional motifs, including a putative Glu, Lys, Cys
catalytic triad, that are characteristic of nitrilases. Here we report the cloning, expression and

detailed structural characterisation of the purified recombinant G. pallidus RAPc8 nitrilase.

Material and Methods

Cloning of the G. pallidus RAPc8 nitrilase gene

A pair of degenerate primers was designed against nitrilase consensus regions identified in a
multiple alignment of 10 bacterial, archaeal and eukaryotic nitrilases. Primer NIT1 (5’- TTY
CCN GAR RYN TTY ATM CCN GGN TAY CC - 3’) was designed against the conserved
region FPEXFIPGYP. Primer NIT3 (5° - GAN CCR TCN CCN TCN CCC CA - 3’) was
designed against the conserved region WG(D/E)G(D/N)GS. Using G. pallidus RAPc8
genomic DNA as a template, these primers were used to PCR amplify an internal portion of
the nitrilase gene. PCR reaction conditions were: 94°C, 4 minutes; 25 cycles of 94°C, 30
seconds; 60°C, 30 seconds; 72°C, 30 seconds, and 72°C, 5 minutes. PCR products were
separated by gel electrophoresis and bands in the expected size range (~300 bp) were excised,
purified and cloned into pPGEM® -T Easy Vector Systems Kit (Promega, USA) to produce

plasmid pNIT?2.

The pNIT?2 insert was excised and labelled using the random prime DIG DNA labelling and
detection kit (Roche, Germany). The labelled probe was used in a Southern blot against G.

pallidus RAPc8 genomic DNA digested with several common restriction enzymes. The
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Southern blot showed hybridising bands at ~4 kb with both EcoRl and Hindlll digested

DNA.

The region containing the putative nitrilase gene was amplified using inverse PCR with two
primers, NITinl (5 — CCC AAT CGT TGT ACC GAA AG - 3’) and NITin2 (5 - GAC
GAA ACG ACG GAA CAA CT - 3’), corresponding to the sequence of the pNIT2 insert. 5
png of G. pallidus RAPc8 genomic DNA was digested by either EcoRI or Hindlll in a 30 ul
reaction. The digested DNA was size fractionated by electrophoresis and fragments in the
size range 3-5 kb were isolated, purified and self-ligated in a 20 ul overnight reaction

containing approximately 50 ng DNA.

Five ul of the ligation reaction was used in a 50 pul PCR reaction using a proof reading Pfu
DNA polymerase (Promega, USA). The reaction conditions were: 94°C, 4 minutes, 5 cycles
of 94°C, 30 seconds, 50°C, 30 seconds and 72°C, 4 minutes, 5 cycles of 94°C, 30 seconds,
58°C, 30 seconds and 72°C, 4 minutes, and 72°C, 10 minutes. The reaction was finally
cooled to 4°C for 10 mins. Following amplification, the reaction was incubated in the
presence of Tag DNA polymerase in order to A tail the amplification product for downstream

TA cloning. The ~4 kb products were electrophoresed, gel purified and cloned into pGEM®

-T Easy Vector Systems Kit (Promega, USA).

Random sequencing of library clones identified two plasmids, pINE2 (from the EcoRI
restriction digest reaction) and pINH2 (from the HindlIlI restriction digest reaction), each
containing overlapping portions of the nitrilase gene. Sequencing of the entire insert from
each plasmid showed that the full nitrilase gene sequence and flanking regions were

contained within the two plasmids.
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Flanking sequence primers were designed to amplify and clone the ORF into pET29a vector
in-frame. Pal-F (5’ — CAT ATG GAG GGG AAG AAT ATG TC - 3’°) and Pal-R (5" — GGA
TCC TTA ATT TTT CCA CTC AAT ATG TGT - 3’) were used with the proof reading
Accuzyme DNA polymerase (Bioline) to amplify the nitrilase ORF from the wild type
organism by a colony PCR (GeneBank Accession # of ORF DQ826045). The product was A-
tailed and cloned into pPGEM® -T Easy Vector Systems Kit (Promega, USA). The ORF was
directionally cloned into pET29a into the Ndel site. The recombinant pET29a plasmid was

electroporated into electrocompetent E. coli BL21(DE3)pLysS cells for expression.

Phylogenetic analysis of the gene sequence

Sixty nine nitrilase amino acid sequences were downloaded from Genbank (accession
numbers shown on phylogenetic tree next to sequence ID: Figure 2) and aligned with the G.
pallidus sequence using Clustal X (Thompson et al., 1997). A neighbour joining tree of

aligned sequences (1000 iterations) was drawn using MEGA ver4 (Tumura et al., 2007).

Expression and purification

The recombinant nitrilase gene (cloned in pET29a) was expressed in E. coli BL21(DE3)pLys
S with 1 mM IPTG (Roche, Germany) induction. Cells were sedimented by centrifugation at
4000 x g for 20 min at 4°C and resuspended in 50 mM Tris-HCI, pH 8.0 containing a
protease inhibitor cocktail (Roche, Germany). Cells were disrupted by sonication (Misonix
3000, US) and centrifuged at 20,000 x g for 30 min at 4°C. The supernatant was filtered
through a 0.22 pm filter and subjected to anion exchange chromatography using a Hiprep
16/10 Q XL Column (GE-Healthcare) equilibrated with 50 mM Tris-HCI, 100 mM NaCl pH

8.0 and eluted with 50 mM Tris-HCI, 1 M NaCl pH 8.0 at 5 ml.min™",
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Fractions containing the putative nitrilase, based on band patterning on SDS PAGE gels,
were pooled and concentrated by ultrafiltation using a 50 ml Amicon stirred cell with a
molecular weight cut-off of 10 kDa (Millipore, USA). The concentrated protein fraction was
separated by gel filtration on a Sephacryl S-300 HR gel filtration column (GE-Healthcare)

equilibrated with 50mM Tris-HCI, 200 mM NaCl pH 8.0.

Nitrilase assays

Ammonia Assay: The standard ammonia assay, as described in Almatawah et al. (1999), was
used to measure activity during nitrilase purification. Substrates used (all at 5 mM) were
benzonitrile, 4-cyanopyridine and 3-phenylproprionitrile. A unit of activity was defined as 1
umole ammonia released per minute under standard assay conditions (at 37 °C in 50 mM Tris

buffer, pH 8). All assays were performed in triplicate.

HPLC Assays: Reaction mixtures consisted of 750 ul of washed and induced whole cells
added to 675 ul of a 50 mM Tris buffer, pH 8, and 75 pl of nitrile or amide substrate prepared
in 100 % methanol (substrate final concentration 5 mM). The final reaction volume was 1.5
ml. Reactions were incubated at 60 °C for 10, 30 and 120 minutes with shaking (200
rev./min), after which they were stopped by addition of 0.2 ml acidified acetonitrile: 0.1%
(v/v) trifluoroacetic acid (TFA). Stopped reactions were centrifuged at 13 000 x g for 10 min,
filtered through a Cameo 25SS PES 0.22 um filter (Osmonics) and 100 pl aliquots
transferred into 2 ml HPLC vials containing 900 ul 1:1 acetonitrile (ACN) and aqueous 0.1%

(v/v) TFA. Control reactions in which enzyme was omitted from the reaction, were included.
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Substrates (from Sigma-Aldrich, USA) were made up as 100 mM stock solutions in
methanol. Benzonitrile, benzamide, mandelonitrile, 4-cyanopyrodine, 4-chlorobenzonitrile,
hydrocinnamonitrile, and the equivalent amides were analysed by reversed-phase HPLC (RP-
HPLC) using a Waters 2690 Separations Module equipped with a 996 Photodiode Array
Detector. A 100 x 4.6 mm Chromolith Performance SpeedROD RP-18e column (Merck,
Germany) was eluted isocratically at a flow rate of 0.5 ml/min by 6% TFAq): 40% ACN at
28 °C, with sample injection volumes of 20 ul. The elution of substrates and nitrilase reaction
products was monitored spectrophotometrically, and peak data extracted at 252 nm
Integration and data analysis was done using Millennium Version 3.05.01 software (© 1998

Waters Corporation).

LC-Mass Spectral Analysis. Coupled HPLC and mass spectral analysis was performed using
the Waters Integrity™ System with photodiode array detector and Thermabeam™ mass
detector. Mass Spectral results of nitrile and amide standards were compared to internal
library spectra from the Millennium Version 3.05.01 software (© 1998 Waters Corporation).
Analyses were performed with an initial 15 min elution with 0.1% (v/v) formic acid at 0.2
ml.min’! , followed by 50% methanol : 50% acetonitrile for 2 min at 0.3 ml.min'l, 0.1% (v/v)
formic acid for 5 min at 0.25 ml.min" and 0.1% (v/v) formic acid for 8 min at 0.2 ml.min".

The column temperature was set at 40 °C.

Negative stain electron microscopy

Purified samples of G. pallidus RAPc8 nitrilase enzyme with a concentration of 0.5 mg.ml™
were pipetted onto glow discharged, carbon-coated copper grids and incubated at room
temperature for 10 seconds. Grids was then blotted and washed twice prior to staining with

2% uranyl acetate and air-drying. Micrographs for image processing were recorded under
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low-dose conditions on a LEO912 transmission electron microscope operating at 120 kV.
Images were captured at 50000x magnification on a 2k x 2k CCD camera with 14um pixels
(Proscan, Germany). Captured images were examined using Boxer (Ludtke et al., 1999).
Ring-like particles were selected in 128 x 128 pixel boxes at a sampling rate of 2.27 A/pixel.
A total of 4098 images were captured. A total of 481 “figure 8” particles were selected in 256
x 256 pixel boxes. All selected particles were filtered and normalised to the same mean and

standard deviation.

2D Averaging

Image processing was performed using SPIDER (Frank et al. 1996). The ring structures were
classified into 30 averages using rotationally invariant k-means (Penczek et al. 1996) and the
classes were refined using multi-reference alignments (Joyeux and Penczek, 2002) to exclude
images that did not correlate. The “figure 8’ images were averaged by reference-free
alignment (Penczek et al. 1992) and this template was used to generate 5 class averages by
rotationally invariant k-means and further refined by multi-reference alignment as described

above.

Results

The isolated DNA sequence (Genbank ID: DQ826045) of the G. pallidus RAPc8 nitrilase
was analysed and found to have a GC-content of 44% over the 972 bp ORF. The DNA
melting temperature was calculated to be 82°C (Kibbe, 2007). Such (or even higher) values
are typical of the thermophilic Bacillaceae (Takami et al., 2004). The amino acid sequence of
the G. pallidus RAPcS nitrilase had the highest protein sequence similarity of ~79 — 78 % to a

nitrilases from Geobacillus sp. Y4.1MC1 and Brevibacillus brevis NBRC 100599
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respectively. The G. pallidus RAPc8 nitrilase had ~63% amino acid similarity to nitrilases
from Natranaerobius thermophilus, Clostridium kluyveri and Clostridium difficile. The plant
nitrilases share between 46% and 53% amino acid identity to the G. pallidus RAPcS nitrilase.
Supplementary figure 1 shows a two dimensional graphical representation of pairwise amino

acid sequence identities of various nitrilases which further elaborates this point..

Phylogenetic analysis of the nitrilases indicates that nitrilases from Geobacillus sp.,
Clostridium sp., Fusobacterium sp, Dethiosulfovibrio peptidovorans, Selenomonas noxia,
Natranaerobius thermophilus, Brevibacillus brevis, Microscilla marina, Xantobacter
autotropicus, Synthtrophobacter fumaroxidans, Citreicella sp., Achromobacter piechaudaii,
Janthinobacterium sp., Aspergillus fumigatus and Symomonas mobilis group with nitrilases

from plants (Figure 2).

Analysis of the translated ORF sequence using Prosite (http://www.expasy.org) identified key
motifs that are generally associated with nitrilases. These included the characteristic Glu,
Lys, Cys catalytic triad, found at positions 53, 144 and 178, respectively. The presence of
these key motifs was consistent with the high levels of sequence homology (between 15 and
25%) evident in alignments of the ORF against other nitrilase sequences (Figure 1). The G.
pallidus RAPc8 nitrilase monomer comprised 323 amino acids, with a calculated molecular

weight of 35,790 Da and a theoretical pl of 6.16.

The enzyme was purified to homogeneity, as demonstrated by SDS-PAGE (Figure 3), by
anion exchange chromatography followed by gel filtration chromatography. The nitrilase
eluted from the calibrated gel filtration column with at an estimated native molecular weight

of 600 kDa (data not shown), suggesting the functional multimeric form to be a 16-mer.
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The hydrolysis of a range of nitriles was tested using the recombinant G. pallidus nitrilase
(Table 1). Under standard reaction conditions, the enzyme was most active against 3-
phenylpropionitrile. The relative rates of conversion appeared to be influenced more by the
presence of electronegative and activating moieties than by steric effects, although 3-
phenylpropionitrile is probably the least sterically hindered of all the substrates tested. No

evidence of amide hydrolysis was detected.

Mass spectral analysis was used to confirm the nature of the nitrilase reaction products. With
the exception of the product from 4-cyanopyridine, both the cognate amide and acid products
were generated in nitrilase reactions. At all time intervals tested, 4-chlorobenzonitrile and
mandelonitrile were converted to approximately equal amounts of amide and acid products.
The relatively high yields of phenylpropionamide (87%), suggest that for this substrate attack
by the second water molecule is relatively slow. While the assay values obtained using
benzonitrile and benzamide as substrates remain apparently anomalous, this result suggests

that the two water additions are not ‘in series’ but follow parallel pathways.

Negative stain EM showed heterogeneous isoforms for the G. pallidus RAPcS8 nitrilase. The
micrographs (Figure 4) showed that both crescent shaped, c-shaped and closed ring-like
structures were present. Larger “figure-8” particles (shown by white arrows in Figure 4A)
are also evident. It appears from the class averages shown in Figure SA that there are 3
distinct forms of open and closed ring-like structures. These class averages suggested
progressive elongation of the oligomers, possibly representing stages in the assembly of the
G. pallidus RAPc8 nitrilase, by the addition of dimers along the helical ramp until they

terminate in the apparently closed, circular structure forming a “lock-washer”. The “figure-8~
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structures appear to contain two of the “lock-washer” structures associated through the

staggered ends.

The recent crystal structure of B-alanine synthase from Drosophila melanogaster (Lundgren
et al., 2008) shows, at atomic resolution, how a nitrilase homologue can form an eight-
monomer helical ramp. On the basis of a comparison with this structure (Figure SA: I, II and
IIT) we hypothesise that the G. pallidus RAPc8 nitrilase structures represent a hexamer, an
octamer and a decamer respectively. We were also able to identify classes which probably

correspond to the structures I, II and III viewed from the side (Figure 5A, IV — VI).

A further precedent for the existence of c-shaped helical ramps in microbial nitrilases occurs
in R. rhodochrous J1 (Thuku et al., 2007). In this case the helical symmetry parameters of the
C-terminal truncated nitrilase from R. rhodochrous J1 have an axial rise per dimer (Az) of
15.8 A and a rotation per dimeric subunit (Ae) of -73.5° (Thuku et al., 2007). If our
conclusions concerning the number of subunits in each of the classes is correct, then there is
sufficient information in the depicted views to estimate the axial rise per dimer (Az) as well
as the rotation per subunit (Ag). The axial rise was calculated to be 151 A by measuring the
stagger in the side-views (Figure 5: IV and V). The rotation per subunit was calculated by
measuring the outside angle of the top-views divided by the predicted number of dimers in
the isoform (Figure 5: I and II). The two angles measured produced an average rotation angle
of -75° £ 1°. The outer radius of the G. pallidus RAPc8 spiral was also measured from the

top-views to be 47 + 1 A.
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Discussion

The gene encoding the G. pallidus RAPc8 nitrilase was cloned and sequenced. Interestingly,
this bacterial nitrilase showed greater sequence similarity to plant nitrilases than to many
other bacterial nitrilases. The result supports the proposal by Pace and Brenner (2001) and
Podar et al (2005) that horizontal gene transfer events between the eukaryotic and
prokaryotic kingdoms as a consequence of ecological association account for the
phylogenetic positions of nitrilase genes (Figure 2). Not only does prokaryotic nitrilase
phylogeny not reflect the taxonomy of the host organism, but nitrilases are found amongst
clusters of other genes which are separated by few or no intergenic nucleotides (Podar et al.,

2005). Such genomic structures are consistent with large transposed genetic elements.

The purified enzyme had an apparent mean molecular weight of 600 kDa as determined by
size exclusion chromatography. With a molecular weight of 35,790 Da, an average
composition of 16.8 (17) monomers per multimer is suggested. However, electron
microscopy and image classification showed a range of structural forms in purified enzyme
preparations, including crescent-like, “c-shaped”, circular and “figure-8” shapes. Structural
models (Figure 6) suggested that these forms contained 6, 8, 10 and 20 subunits, respectively,
equivalent to native molecular weights of 215 kDa, 286 kDa, 358 kDa and 716 kDa. Longer
helices were not seen in the micrographs. The absence of such longer forms suggests that an
interaction which occurs at the ten monomer, “lock-washer” stage causes termination of the
helical ramp. This situation is analogous to the 14 monomer, self-terminating spirals seen in
the cyanide dihydratase from Pseudomonas stutzeri AK61 (Sewell et al., 2003). The

existence of the “figure 8” form is interesting. These structures can be formed using the same
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inter-molecular interactions as occur in the spiral ramps by mating two “lock-washers” and

thus form a completely closed structure.

In common with the plant nitrilases, the G. pallidus RAPc8 nitrilase produced both acid and
amide products from aromatic nitrile conversions (Table 1). The relative rates of these
conversions suggest that a combination of electron activating effects (enhanced
electropositivity of the nitrile carbon by addition of electron-withdrawing groups) and steric
hinderance (i.e., distance of the nitrile carbon from a bulky group) dictate the relative rates of

reaction.

Product analysis data showed large variations in the ratios of acid to amide products. In most
instances, these values could be dictated by the relative kinetics of the two water additions

(i.e., the ratio k;:k,) in a sequential (‘in series’) reaction pathway [I]:

k] k2
[1] R-CN+H,O — R-CONH,;+H,O — R-COOH + NH;

In such a case, the amide:acid ratio would be expected to decrease with reaction time,
particularly with k;>k,. We noted, however, that the amide:acid ratios were generally
constant throughout the reaction period, an observation which is not consistent with an ‘in

series’ reaction profile.

The apparently anomalous results obtained from use of the benzonitrile/benzamide substrate
pair also suggests that the reaction pathway may not be ‘in series’. The absence of any
detectable hydrolysis of benzamide suggests that parallel reaction pathways exist [II], and

that addition of the second water molecule is dependent on electronic events which are a
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function of the first water addition. The difference between the two reaction routes is also
thought to depend on which bond in the tetrahedral intermediate (following the postulated

thioimidate complex) breaks (Jandhyala et al., 2005).

R-CONH,

+ H,O
[1I] R-CN + H,0O » R-COOH + NHj;

A further interesting question is whether any insight can be gained as to why certain nitrilases
demonstrate a tendency to form amide as the dominant product. The closest homologue to the
tetrahedral intermediate to have been visualized is the cacodylate adduct of XC1258 from
Xanthomonas campestris. (Chin et al 2007) (pdb:2ell). Simple homology modelling
suggests the residues adjacent to the tetrahedral adduct in the case of G. pallidus RAPc8
nitrilase are Y59, which is widely conserved, and W179, which occurs immediately
following the active site cysteine and is characteristic of the nitrilases. While the location of
these residues provide no obvious solution to a mechanism for ‘product specificity’, we
speculate that either the hydrophobicity of the aromatic residue side chains or the
electronegativity of the tyrosine hydroxyl could potentially influence the immediate
electronic environment of the tetrahedral intermediate and dictate the relative rates of N-C

bond or S-C bond cleavage.
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Table and figure legends

Table 1
Substrate specificity of G. pallidus RAPc8 nitrilase. Values are normalised to benzonitrile.
Mass spectral analysis was used to confirm the identities of the amide and acid products.

Figure 1

Alignment of the G. pallidus RAPc8 nitrilase amino acid sequence to closest relatives. The
closely related sequences are Zea mays (ZMAY), Pseudomonas fluorescens Pf5S (PFLU),
Photobacterium profundum 3TCK (PPRO) and Arabidopsis thaliana (NIT4). Conserved
residues are denoted by ‘*’ and putative active site residues of the characteristic Glu, Lys,
Glu, Cys catalytic quartet are indicated in grey. Residues found within 11 A of the active Cys
are denoted by ‘#°. Alignment was performed using GenTHREADER (Jones, 1999).

Figure 2

A neighbour joining tree of 69 known nitrilase protein sequences aligned with the G. pallidus
RAPc8 nitrilase sequence using Clustal X (Thompson et al., 1997) and drawn using MEGA
ver 4 (Tumara et al 2007).

Figure 3

SDS-PAGE of G. pallidus RAPc8 nitrilase during purification. Lane M, marker; lane 1,
uninduced E. coli BL21; lane 2, IPTG induced cells; lane 3, cell free supernatant; lane 4,
anion exchange chromatography fraction; lane 5, gel filtration fraction.

Figure 4

Transmission electron micrographs of purified G. pallidus RAPc8 nitrilase. A; enzyme
preparation “figure-8” structures (white arrows); B preparation in which closed rings are the
major form.

Figure 5

Class averages representing common particle views produced by iterative classification and
alignment of isolated particle images. A depicts top (I-III) and corresponding side views (IV-
VI) of three distinct isoforms showing the open and closed ring-like structure. These possibly
represent a hexamer, octamer and decamer (or above) respectively. B shows the projections
determined from the deposited co-ordinates of [l-alanine synthase from D. melanogaster
(Lundgren et al., 2008) generated using SPIDER (Frank et al., 1996). C shows the “figure 8”
class average which is likely to represent two decamers which have associated in opposite
orientations.

Figure 6

Oligomers of G. pallidus RAPcS nitrilase interpreted from 2D averaging and constructed by
applying the axial shift and helical twist determined from the images, to a dimeric homology
model of the nitrilase. A Top (I-III) and corresponding side views (IV-VI) of three distinct
isoforms are represented by a hexamer, octamer and decamer. B Model of the “figure-8”
form. Image visualised using UCSF Chimera (Pettersen et al., 2004; Goddard et al., 2005).

Supplementary Figure 1

A two-dimensional graphic representation of pairwise amino acid aequence identities of
various nitrilases. Each block is coloured representing the percentage sequence identity on a
scale which ranges from dark blue (0%) to brown (100%).
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Relative rate of

Compound Structure substrate Acid : Amide
conversion
|
Benzonitrile 100 63 37
NH
Benzamide 0 N/A
Mandelonitrile 316 55 45
I
4-Cholorobenzonitrile éj 329 48 52
Cl
N
Il
4-Cyanopyridine X 1138 100 0
P
N
3-Phenylpropionitrile 1650 13 87
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