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Abstract

In bacteria, nitrile hydratases and enzymes of nitrilase and signature amidase
superfamilies hydrolyse nitriles and amides to their corresponding carboxylic
acids releasing ammonia. Bacteria expressing these enzymes are typically
isolated where a sole nitrogen and/or carbon source is used to support their
growth. The majority of characterised enzymes of industrial potential have been
identified for their stabilities at elevated temperatures. To date, no reports of
such enzymes have been isolated from cold adapted bacteria.

In this study, an extensive screening program of cold-active microbial isolates for
enzymes of this group led to the selection and detailed characterisation of an
aliphatic amidase from Nesterenkonia.

Nesterenkonia AN1, a new psychrotrophic isolate of the genus, was isolated
from soil samples collected from the Miers Valley, Antarctica. AN1 showed
significant 16S rRNA sequence identity to known members of the genera, but
this is the only strain that had optimal growth at approximately 21°C. AN1, similar
to known members, is an obligately alkaliphilic (pH 9-10) and halotolerant (Na* O-
15% (w/v)) strain.

The genome of Nesterenkonia AN1, sequenced in-house, revealed two ORFs
encoding putative nitrilases, referred to as Nitl and Nit2. Based on analysis of
their deduced protein sequences, both belonged to the nitrilase superfamily. Both
sequences showed conserved catalytic residues (EKEC), glycine residues and
contained the characteristic afpa monomer fold. Homology modelling using
known structures suggested that both genes could encode N-carbamoyl-D-amino
acid amidohydrolases, although neither showed conserved residues implicated in
the hydrolysis of carbamoyls.

Nitl and Nit2 were expressed in Escherichia coli BL21 (DE3) pLysS as C-
terminal and N-terminal hexahistidine tagged fusion proteins, and purified using
Ni-chelation chromatography. Nitl showed no activity towards nitrile, amide and

carbamoyl substrates. This protein, unlike members of the multimeric enzymes of
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the nitrilase superfamily, was a monomer ~30 kDa protein. It is possible that the
C-terminal hexahistidine tag might have prevented Nitl from forming multimeric
proteins.

Nit2 showed substrate specificity similar to known aliphatic amidases with a
preference for small amides. Nit2 had maximal activity at 30°C and between pH
6.5 and 7.5, properties compatible with its cold-adapted alkaliphilic origins. In
addition, the enzyme was irreversibly inactivated at temperatures above 30°C
and had a half-life of approximately 7 mins at 60°C. The crystal structure of Nit2
was solved to 1.66 A. It revealed a ~45.5 kDa dimer, composed of two tightly
bound ~30 kDa monomers. These monomers associated along the A surface
forming a apBa-aBBa sandwich architecture that is conserved in known
structures of the nitrilase superfamily.

Nit2 is distinct from known aliphatic amidases in both its structure and enzymic
activity: the enzyme did not possess an extended C-terminal region; is active in
dimeric form; has high affinity for 3C amides rather than 2C amides; and has a
low overall catalytic rate. The short C-terminal region of Nit2 may have
contributed to the low stability of the enzyme at elevated temperatures. A
dendrogram composed of protein sequences of members of the nitrilase
superfamily and Nit2 further supported evidence that this aliphatic amidase falls
within a distinct group of enzymes.

This is the first report of the enzymic characterisation and structural analysis of
an aliphatic amidase from a psychrotolerant, alkaliphilic and halotolerant
extremophile.
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1.1 Bacterial hydrolysis of nitriles and amides

In bacteria, three different enzymes may catalyse the enzymatic hydrolysis of
nitriles to the corresponding carboxylic acids releasing ammonia: Nitrilase (Nase)
(EC 3.5.5.1), signature amidase-CX3C motif (EC.3.5), and/or Nitrile Hydratase
(NHase) (EC 4.2.1.84) (Figure 1.1). Nase and signature amidase-CX3C motif
hydrolyse nitriles directly to their corresponding carboxylic acids releasing
ammonia (Figure 1.1). NHase converts nitriles to amides, which are
subsequently hydrolysed by coupled signature or aliphatic amidases (EC 3.5.1.4)
(Cameron et al., 2005) (Figure 1.1). These amidases, including non-coupled
NHase amidases, hydrolyse carboxylic acid amides (amides) by transferring an
acyl group to water with the production of the corresponding carboxylic acids and

ammonia.

Nitrilase (Nase}
or
Signature amidase-CX;C motif

R-CN > R-COOH + NH,

Aliphatic
or
signature amidases

Nitrile hydratase
{NHase)

R-CONH,

Figure 1.1 Enzymes involved in the hydrolysis of nitriles and amides in bacteria

NHases are metalloproteins consisting of two subunits: a smaller a- and a larger
B-subunit with molecular masses ranging between 22 to 28 kDa (Cowan et al.,
2003). Most NHases are heterotetramers (02p32), except for Rhodococcus
rhodochrous J1 (R. rhodochrous) that produces two NHases of differing
molecular mass: L-NHase that is heterotetrameric and H-NHase that forms
heteromultimers of up to 11 aof3 dimers (Kobayashi et al., 1991a). NHases are
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classified into either Fe- or Co-type enzymes on the basis of the metal ion co-
ordinated at the active centre (Artaud et al., 1999, Huang et al., 1997, Kobayashi
& Shimizu, 1999, Mascharak, 2002, Miyanaga et al., 2001, Nagashima et al.,
1998). The type of NHase can also be deduced from the third amino acid
position of the highly conserved co-factor binding domain in the a-subunit: V-C-
(T/S)-L-C-S-C (Kobayashi & Shimizu, 1998). Co-type NHases have a threonine
(T) residue in the third position and Fe-types have a serine (S) residue
(Kobayashi and Shimizu, 1998). A sub-group of Fe-type NHases display
photoreactivity, and can be activated from an inactive state when irradiated with
light in vivo and in vitro (Bonnet et al., 1997, Duran et al., 1992, Nagamune et al.,
1990, Popescu et al., 2001).

The other enzymes are non-metalloproteins and belong to either the amide
hydrolase or nitrilase superfamilies (Chebrou et al., 1996, Fournand & Arnaud,
2001, Pace & Brenner, 2001). Enzymes of these superfamilies share a typical
a/B hydrolase fold, cleave C-N bonds of different substrates, and can be
grouped based on their catalytic site and preferred substrate. Although enzymes
vary in substrate specificities and biological functions, their catalysis is mediated
by a S—cisS—K catalytic triad for the amide hydrolase superfamily and E-C-K
catalytic triad for the nitrilase superfamily (Bracey et al., 2002, Brenner, 2002,
Neumann et al., 2002, Pace & Brenner, 2001, Shin et al., 2002).

Signature amidases belong to the amide hydrolase superfamily and are
classified by the centrally conserved serine-glycine rich motif (GGSS(S/G)GS) in
their protein sequences (Chebrou et al.,, 1996, Mayaux et al., 1991). These
enzymes are typically homodimers of approximately 110 kDa. Although these
enzymes share significant protein sequence conservation, they vary greatly in
their individual substrate specificities of exclusively mid-length aliphatic amides
or aromatic substrates (Chebrou et al., 1996). Signature amidases that have an
additional CX3C motif are capable of nitrile hydrolysis (Kobayashi et al., 1998).
An additional C-cisS-K catalytic site has been implicated for nitrile hydrolysis,
which may explain the dual specificities of these enzymes (Cilia et al., 2005).

Nases and aliphatic amidases belong to branch 1 and 2 enzymes of the nitrilase

superfamily according to the classification of Pace and Brenner (2001). The



guaternary structures of these enzymes are typically multimeric (Thuku et al.,
2009). Unlike the signature amidases, these enzymes have subunits of 30-44
kDa that exists as active tetramers, hexamers and octamers. In addition,
aliphatic amidases hydrolyse low molecular weight substrates (Asano et al.,
1982, Fournand & Arnaud, 2001, Makhongela et al., 2007, Skouloubris et al.,
1997). Nases have a subunit size of between 30-45 kDa and may exist in
solution as inactive dimers (Banerjee et al., 2002, O'Reilly & Turner, 2003).
Active Nases occur as multi-subunit aggregates of 4-22 subunits or as
spirals/helices of variable lengths (Thuku et al., 2009). With the exception of
Nases, there are 11 crystalline structures of distinct members of the nitrilase
superfamily available and these share highly homologous folds (Thuku et al.,
2009).

1.2 Biotechnological potential of NHases, Nases and amidases

Although the physiological roles of NHases and Nases are still not clear, it has
been suggested that they are involved in the metabolic degradation of
aldoximines, a possible intracellular source of nitriles (Kato et al., 1998, Kato et
al., 2004). Aldoximines, which are derived from amino acid precursors, are
degraded by aldoxime dihydratases to nitriles.

Several reviews have surveyed NHases, Nases and amidases as potential
biocatalysts and their use in industry in great detail (Banerjee et al., 2002, Beard
& Page, 1998, Bunch, 1998, Cowan et al., 1998, Cowan et al., 2003, Kobayashi
& Shimizu, 1998, Martinkova & Kren, 2002, Martinkova et al.,, 2008,
Ramakrishna et al., 1999, Singh et al., 2006). Biocatalysts are known to be
advantageous compared with chemical catalysis, since chemical hydrolysis of
nitriles requires the presence of strong acids and/or bases at high temperatures
that may result in low yields. Biocatalysts have the potential for improvement of
reaction performance under mild conditions and for avoiding deleterious
reactions of other sensitive functional groups (Cowan et al.,, 2003). NHases,
Nases and amidases have been reported for their potential for chemically useful

chemo-, regio-, and enantio- selective transformations (Chauhan et al., 2003,



Crosby et al., 1994, Dadd et al., 2001, Guranda et al., 2004, Hann et al., 2004,
Wang et al., 2007).

The enzymatic conversion of acrylonitrile to acrylamide using NHases is one of
the most successful biotransformation processes in the global industrial
enzymology field (Cowan et al.,, 2003, Kobayashi et al.,, 1992b). A
biotechnological application of Nases is the development of transgenic cotton
crops expressing a bacterial bromoxynil-specific Nase. The heterologous
expression of the bacterial Nase in plants conferred resistance to the herbicide
(Stalker et al., 1996, Stalker et al., 1988a, Stalker & McBride, 1987, Stalker et
al., 1988b). Amidases are the most widely used amide-hydrolysing enzymes in
industry. Several organic compounds, including p-aminobenzoic acid, acrylic
acid, nicotinic acid, pyrazinoic acid, and 3-indole acetic acid, are commercially
produced through the biotransformation of nitriles using NHase and amidase
activities (Banerjee et al., 2002).

Due to the volume of nitriles synthesised in industry, acrylonitrile and nitrile
based pesticides are considered an anthropogenic threat to the environment.
Acrylonitrile is used extensively in the manufacture of acrylamide for
papermaking, waste treatment, and oil recovery (Hughes et al., 1998, Yamada &
Kobayashi, 1996). Nitrile based pesticides such as bromoxynil (3,5-dibromo-4-
hydroxybenzonitrile), ioxynil (3,5-di-iodo-4-hydroxybenzonitrile), dichlobenil, and
buctril have been extensively used in the agricultural sector (Pollak et al., 1991).
Nitrile and amidase hydrolysing microorganisms are potentially useful for the
degradation of synthetic nitrile compounds in bioremediation (Banerjee et al.,
2002, Madhavan et al., 2005). Bioremediation of acrylonitrile has been reported
using a mixture of nitrile hydrolysing enzymes (Battistel et al., 1997, Thompson
et al.,, 1988). In addition, a consortium of nitrile hydrolysing bacteria in an
activated sludge system has been successful in bioremediation of acrylonitrile
(Thompson et al., 1988).



1.3 Distribution of nitrile and amide hydrolysing bacteria

Since the discovery of NHase and the coupled amidase from R. rhodochrous J1
(formerly Arthrobacter sp J1) (Asano et al., 1982, Asano et al., 1980) and Nases
from plants and bacteria (Hook & Robinson, 1964, Thimann & Mahadevan,
1964), a number of nitrile hydrolysing bacterial species have been isolated from
diverse ecosystems including deep sea trenches (Heald et al.,, 2001), nitrile
contaminated soil (Padmakumar & Oriel, 1999) and thermal lake sediments
(Brandao et al., 2002, Pereira et al., 1998). Table 1.1 shows the bacterial strains
known to express NHase and Nases. Strains expressing aliphatic amidases are
included. Rhodococcus represents the most prominent group, and a survey of
public culture collections showed that more than one-fourth of nitrile-converting
strains are of this genus (Martinkovd & Kren, 2002, Martinkova et al., 2009)
(Table 1.1).

Nitrile and amide metabolising bacteria are typically isolated using trophic
selection strategies, where substrates are used as the sole carbon and/or
nitrogen sources to support the growth of these organisms (Cowan et al., 2003).
However, standard laboratory cultivation techniques are thought to only access
approximately 1% of the true microbial species diversity (Amann et al., 1995,
Curtis & Sloan, 2004, Torsvik & Ovreas, 2002, Torsvik et al., 2002)

Novel Nase and NHases sequences have been identified using culture-
independent metagenomic based approaches (Schmeisser et al., 2007). In one
metagenomic study, 12 novel NHase sequences were detected in a PCR based
screening of 3 Gb of environmental DNA using degenerate primers (Liebeton &
Eck, 2004). Although it was originally believed that Nases were quite rare in
bacterial genomes, two metagenomic studies reported the detection of more than
337 novel Nases (Podar et al., 2005, Robertson et al., 2004).

Although no studies have accessed the metagenomic diversity of aliphatic
amidases producing strains, many of these enzymes have been purified and
characterised from wild-type isolates.



Table 1.1 Characteristics of bacterial strains with nitrile and amide hydrolysing

capabilities. Abbreviations: M/T, mesophilic or thermophilic growth; Co/Fe, metal co-

factors of NHases; C/I, constitutive or inducible expression. The substrate (ACA,

acetamide, ACR, acrylamide, PRO, propionamide) of the aliphatic amidases are shown

in decreasing order based on their reported enzyme specificities. Table 1.1 was taken
from Thuku et al., (2009), Cowan et al., (1998 & 2003) and Banerjee (2002).

NHases
Strain

Agrobacterium tumefaciens

Rhodococcus J1
Bacillus alkalinitrilicus *

Bacillus sp BR449
Bacillus smithii

Bacillus subtilis ZJB-063°
Corynebacterium nitrophilus

Corynebacterium
pseudodiphtheriticum ZBB-41
Corynebacterium sp C5
Geobacillus sp. DAC 521

Geobacillus pallidus RAPc8

Mesorhizobium sp. F28

Microbacterium imperial CBS
498° _
Natronocella acetinitrilica *

Nitriliruptor alkaliphilus *

Pseudomonas chlororaphis
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Rhodococcus sp. AJ270 * 25 7.6 Song et al., 2007

Rhodococcus sp. N-771° M 27 B27 70 Fe | aliphatic Ikehata et al., 1989
Rhodococcus sp. N-774° M 27 B27 70 35 7- Fe C aliphatic Endo & Watanabe,
8.5 1989
Rhodococcus sp. R312 ° M a23 (324 95 35 7- Fe aliphatic, Nagasawa et al.,
8.5 C cyclic, 1986
dinitriles
Rhodococcus sp. YH3-3 40 7 Co | Kato et al., 1999
Nases
Strain M Subunit Native °C pH C Specificity References
/ (kDa) (kDa) /
T |
Acidovorax facilis 72W 40 570 65 aliphatic Chauhan et al., 2003,
Gavagan et al., 1999
Acinetobacter sp. AK226 M 41/43 580 50 8 C aliphatic Yamamoto &
Komatsu, 1991
Acinetobacter faecalis ATCC M 32 460 40-45 7.5 | aliphatic, Yamamoto et al.,
8750 aromatic, 1992a Yamamoto &
heterocyclic Komatsu, 1991
Alcaligenes faecalis IM3 M 38.9/44 260/27 45 7.5 | bromoxynil- Kobayashi et al.,
5 specific 1993a, Nagasawa et
nitrilase al., 1990
arylaceto-
nitrilase
Rhodococcus sp. strain J1 M 30 30 40 8.5 | aromatic Bandyopadhyay et
al., 1986
Bradyrhizobium japonicas 37 455 bromoxynil- Zhu et al., 2007
USD 110 (gene bll6402) specific
nitrilase
arylaceto-
nitrilase
Bradyrhizobium japonicas 34.5 ~340 45 7-8 aliphatic Zhu et al., 2008
USD 110 (gene blr3397)
Comamonas testeroni sp. M 38/38.7 30 7 aliphatic Lévy-Schil et al.,
1995
Geobacillus pallidus RAPc8 T 41 600 65 7.6 aromatic Almatawah et al.,
1999
Klebsiella pneumonia ssp. 37/38.1 74 35 9.2 bromoxynil- Stalker et al., 1988a
Ozaenae specific
nitrilase
arylaceto-
nitrilase
Nocardia (Rhodococcus) M 45 560 30 7- aromatic Harper, 1985
NCIMB 11215 9.5
Nocardia (Rhodococcus) M 45.8 560 30 8 aromatic Harper, 1977
NCIMB 11216
Pseudomonas flourescens 37.7 50 6.5 bromoxynil- Kiziak et al., 2005
EBC 191 specific
nitrilase
arylaceto-
nitrilase
Pseudomonas flourescens 38/40 130 55 9 bromoxynil- Layh et al., 1998
DSM 7155 specific Brady et al., 2004
nitrilase
arylaceto-
nitrilase
Pseudomonas putida 43 412 40 7 bromoxynil- Banerjee et al., 2006
specific
nitrilase
arylaceto-
nitrilase
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Although an aliphatic amidase was expressed and characterised in this study,
the original aim of this research was to identify and characterise a nitrile
hydrolysing enzyme from an isolate. A brief discussion of NHases and Nases is
therefore included.

1.4 NHases

1.4.1 Genes and their regulation

The genes of the a- and the B-subunit of NHases are of similar size and range
from 609 to 660 bp for the a-subunit and from 636 to 706 bp for the B-subunit
(Cowan et al., 2003). The genes are encoded within two separate adjacent open
reading frames (ORFs) separated by a sequence of 16 to 29 bases (Duran et al.,
1993, Kim & Oriel, 2000). Pseudonocardia thermophila is an exception as its a-
and [-genes overlap by 4 bases (Yamaki et al., 1997). Since NHase takes partin
a bi-enzymatic pathway with amidase, the amidase gene in most cases is located
100 bp upstream of the NHase a gene (Cowan et al., 2003). The amidase gene
in R. rhodochrous J1 is located 1.9 kb downstream of the a-subunit gene of L-
NHase (Kobayashi et al., 1993b).

Within the native organism, some NHases are produced constitutively,
irrespective of the presence or absence of nitriles or amides, whereas others are
shown to be inducible (Cowan et al., 2003) (Table 1.1). It has been reported that
apart from nitriles, aldoximines and even amides are good inducers of nitrile-
hydrolysing enzymes (Kato et al., 2000, Kobayashi & Shimizu, 1998). The
regulation of R. rhodochrous J1 high molecular weight NHase and low molecular
weight NHase genes has been well characterised (Komeda et al., 1996b). Both
genes can be induced by crotonamide. Urea induces H-NHase expression while
cyclohexanecarboximide induces L-NHase (Yamada & Kobayashi, 1996). The H-
NHase operon contains two regulatory genes, nhhC and nhhD, located upstream
of the NHase gene (Kobayashi & Shimizu, 1998). In the presence of amide,

NhhC exhibited a positive regulation on NhhD inducing the H-NHase gene. L-
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NHase also has two upstream genes, nhiD and nhlC, that served positive and
negative regulatory roles, respectively (Komeda et al., 1996c¢).

1.4.2 Recombinant expression of NHases

In some instances, recombinant expression of NHases required the co-
expression of additional co-transcribed genes. In the case of Co-type
Pseudomonas putida NHase, the co-expression of a downstream P14K gene
significantly enhanced expression of NHase in Escherichia coli (E. coli) (Wu et
al., 1997). P14K had homology to the N-terminal region of the NHase [B-subunit
and similar proteins with homology to the NHase B-subunit have been found for
Bacillus sp. BR449 and R. rhodochrous J1 (Kim & Oriel, 2000, Komeda et al.,
1996¢c, Wu et al., 1997). Fe-type NHases of Pseudomonas chlororaphis,
Rhodococcus sp N-771, and Rhodococcus sp. R312 required the co-expression
of P47K (Bigey et al., 1999, Nishiyama et al., 1991, Nojiri et al., 1999). Studies
on the modelled structure of P14K (Cameron et al., 2005) (an activator protein of
Geobacillus pallidus RAPc8 (G. pallidus)) suggested that the protein functions as
a subunit-specific chaperone. P14K was suggested to aid NHase a-subunit
folding prior to a- association and the formation of the active heterotetrameric
enzyme (Cameron et al., 2005). Co-type NHases required media supplemented
with Co®*" for enzyme activity (Kobayashi et al., 1991a). Bacillus sp. BR449
expresses inactive NHase when cultured in medium containing no cobalt and can
be activated upon incubation in 5 pM CoCl, (Kim & Oriel, 2000, Kim et al., 2001).
Cobalt was suggested to be involved in enhancing protein folding rather than
induction of NHase expression (Cowan et al., 1998, Kobayashi et al., 1991a). No
information is yet available on the effect of addition of Fe *" ions on the activity of
Fe-type NHases (Cowan et al., 2003).
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1.4.3 Substrate specificity

The Fe-type NHase of Rhodococcus erythropolis (R. erythropolis) (Duran et al.,
1993) is capable of hydrating aliphatic, aromatic and heterocyclic nitriles. Other
Fe-type NHases lack specificity to aromatic nitriles (Nakasako et al., 1999). The
Co-type NHases of Bacillus smithii (Takashima et al., 1998), Bacillus pallidus
DAC521 (Cramp et al., 1997), Bacillus sp. RAPc8 (Cramp & Cowan, 1999) and
Pseudomonas putida (Payne et al., 1997) are not specific for aromatic nitriles
(Cowan et al., 2003).

In the case of Fe-type NHases, the lack of aromatic substrate specificity could be
attributed to the narrow entrance channel enabling only small aliphatic substrates
to enter the catalytic site (Nakasako et al., 1999). Structural comparisons
between Fe-type NHase of Rhodococcus sp. N-771 with Co-type NHase of
Pseudonocardia thermophila (Miyanaga et al., 2001) confirmed a difference in
the catalytic cavity. The Co-type NHases have a conserved non-polar tryptophan
residue, W72 for Pseudonocardia thermophila NHase, which corresponds to the
conserved polar tyrosine residue, Y76 for Rhodococcus sp N-771 NHase
(Miyanaga et al., 2001). The orientation of the side chain of the tryptophan
residue is different from that of the tyrosine residue of Fe-type NHases, which
does not clash with aromatic compounds in the catalytic cavity (Miyanaga et al.,
2001).

Although G. pallidus NHase demonstrated no activity on homoaromatic nitriles
such as benzonitrile and benzyl cyanide (Pereira et al., 1998), it accepts
heteroaromatic nitrile such as 3-cyanopyridine (Cowan et al., 2003). The lack of
enzyme specificity for homoaromatic nitriles was not associated with catalytic
cavity volume, but with residues within the catalytic site (Cramp and Cowan,
1999). There are several reports of NHases that display enantioselectivity (Bauer
et al., 1994, Fallon et al., 1997). For example, Agrobacterium tumefaciens
NHase produces (S)-amides from a number of racemic phenylpropionitriles
(Bauer et al., 1994).
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1.5 Nases

1.5.1 A brief background

Branch 1 enzymes of the nitrilase superfamily consists of three groups of closely
related enzymes, the nitrile hydrolysing Nases and two groups of cyanide
hydrolysing enzymes, the cyanide hydratases and the cyanide dihydratases
(Thuku et al., 2009). The latter two enzymes hydrolyse cyanide only. Several
bacterial species produce cyanide dihydratases that hydrolyse cyanide directly to
formate and ammonia (Jandhyala et al., 2003, Sewell et al., 2003). The cyanide
hydratases, mainly of fungal origin, hydrolyse cyanide to formamide (Dent et al.,
2008, Vejvoda et al., 2008, Woodward et al., 2008)

Nases including the cyanide hydrolysing enzymes are inducible and are
expressed at very high levels in the presence of nitriles/cyanides in the growth
media (Banerjee et al., 2002). Bacillus subtilis sp. ZJB-064 is the only exception
where its Nase is constitutively expressed (Zheng et al., 2008c). R. rhodochrous
J1 Nase is expressed up to 35% of the soluble protein of the cell when induced
with isovaleronitrile (Komeda et al., 1996a). The expression of J1 Nase is up
regulated by a positive regulator, NitR, which ORF is located downstream of the
Nase gene. Komeda et al., (1996) showed that expression of NitR is essential for
induction of Nase synthesis.

Two Nases from bacterial species Pseudomonas fluorescens (Layh et al., 1998),
Comamonas testosteroni (Lévy-Schil et al., 1995) and thermophilic G. pallidus
(Almatawah et al., 1999) have been purified with tightly bound chaperonin
proteins. The presence of co-purified chaperonin proteins was suggested to
stabilise the thermophilic Nase at elevated temperatures (Almatawah et al.,
1999). Layh et al., (1998) suggested that the co-purified chaperonin protein,
GroE, might play a role in the assembly of the multi-subunit enzyme. The co-
expression of Comamonas testosteroni Nase with the chaperonin protein in E.
coli greatly enhanced the solubility and the activity of the enzyme (Lévy-Schil et
al., 1995).
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The subunits of Nases have been reported to self-associate as a consequence of
substrate activation (O'Reilly & Turner, 2003) (Table 1.1). The Nase of
Rhodococcus NC1B 11216 (Harper, 1976) existed as a monomer with a
molecular weight of 47 kDa in the absence of nitrile, but when purified in the
presence of the nitrile, its molecular weight was determined to be 560 kDa. The
association of subunits also could be dependent on the type of nitrile compound
(Harper, 1976). The inactive dimers of R. rhodochrous J1 Nase oligomerised to a
multi-subunit enzyme in the presence of an aromatic nitrile, benzonitrile, but not
in the presence of an alkene aliphatic nitrile, acrylonitrile, for which the enzyme
has a higher affinity (Nagasawa et al.,, 2000). Substrate-dependant subunit
association has also been reported for Rhodococcus ATCC 39484 and
Alcaligenes faecalis ATCC8750 (Stevenson et al.,, 1992, Yamamoto et al.,
1992a).

The multi-subunit Nase of R. rhodochrous J1 was shown to exist as active spirals
in the presence of benzonitrile (Thuku et al., 2007) (Figure 1.2). In addition, the
C-terminal region of the Nase subunits was shown to undergo autocatalytic
cleavage that was confirmed to be required for spiral formation (Figure 1.2).

Figure 1.2 Negative stained electron microscopy of spiral Nases from R. rhodochrous
J1. Panel A, mutant Nase that has 39 residues removed from its C-terminal region.
Panel B, wild type Nase. Image was taken from Thuku et al., (2007).
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Spiral forming Nases have been reported for many species of the Rhodococcus
genus (Harper, 1977, Harper, 1985, Hoyle et al., 1998, Stevenson et al., 1992)
(Table 1.1). Spiral formation has also been reported for the cyanide hydratases
and cyanide dihydratases (Jandhyala et al., 2003, Sewell et al., 2003, Woodward
et al., 2008). Some Nases form short, terminating spirals that have a specific
number of subunits and others form 14, 18 and 22-subunit spirals (Thuku et al.,
2009).

Since no atomic structures have been determined for Nases, a combination of
electron microscopy of these spiral structures together with docking of homology
models has been used to describe the intersubunit interactions (Thuku et al.,
2009). Homology modelling was based on structures of the nitrilase superfamily.
A discussion of the nitrilase superfamily and its structural implications to Nases
is described later.

1.5.2 Substrate specificity

Nases are generally classified on the basis of their best affinity for a particular
substrate such as aromatic and/or heterocyclic nitriles, arylacetonitriles, aliphatic
nitriles, or larger compounds such as bromoxynil (Thuku et al, 2009) (Table 1.1).
Despite the classification, several Nases have broad substrate ranges.
Synechocystis spp. 6803 Nase, which is specific for aliphatic nitriles, also
hydrolysed 2-acetoxybutenenitrile (Heinemann et al., 2003). The aromatic
specific Nases of R. rhodochrous J1 and Rhodococcus (formerly Nocardia)
NCIMB 11216 are capable of hydrolysing acrylonitrile and propionitrile,
respectively, following activation in the presence of the aromatic nitrile (Hoyle et
al., 1998, Nagasawa et al., 2000). Nases that display enantioselective activity
are generally associated with  arylacetonitrile  specific  enzymes.
Arylacetonitrilases from Alcaligenes faecalis ATCC 8750 (Yamamoto et al., 1991)
and Pseudomonas fluorescens EBC191 (Kiziak et al., 2005) hydrolyse (R,S)-
mandelonitrile to (R)-(-) mandelic acid, an important intermediate in the
pharmaceutical industry.
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Several studies have exploited homology modelling of Nases based on structural
homologues of the nitrilase superfamily in order to pin point residues for
mutagenesis to optimise catalytic activity (Thuku et al., 2009). For example the
putative structure of R. rhodochrous ATCC 33278 Nase, which was based on two
structures, identified the role of a tryptophan residue (W142) within the catalytic
cleft (Yeom et al., 2008). A substitution of W142 with a non-polar aliphatic
residue increased the Nase specificity exclusively towards aromatic substrates
(Yeom et al., 2008). It was determined that this residue determined the Nase
substrate specificity between aliphatic and aromatic nitriles.

1.6 Aliphatic amidases

1.6.1 Genes and their regulation

Amidases identified in NHases operons belonged to either the signature or
aliphatic amidase superfamilies (Cameron et al., 2005). Aliphatic amidases have
been identified within the NHase operons of Bacillus sp. BR449 and G. pallidus
(Cameron et al., 2005). Their proximity to the NHases suggested that their genes
are co-expressed on a single polycistronic mMRNA. Only the aliphatic amidase of
R. rhodochrous M8 is not organised into a single operon with the Co-type NHase
despite their common regulation (Pogorelova et al., 1996, Ryabchenko et al.,
2006).

The gene regulation of the well characterised non-NHase coupled aliphatic
amidase of Pseudomonas aeruginosa (P. aeruginosa) has been proposed
(Wilson et al., 1996, Wilson et al., 1995) (Figure 1.3). P. aeruginosa aliphatic
amidase is induced from a 5 kb operon when short chained amides are presence
in the growth medium (Wilson et al., 1995) (Figure 1.3). Under non-inducing
conditions, there is constitutive expression of the operon from the pE promoter,
which was suggested to be regulated by catabolite repression that terminates at
transcription terminator sequences T1 and T2 (Wilson et al., 1995) (Figure 1.3,
panel A). There is basal constitutive expression of the two regulating proteins

AmiC and AmiR by the pN1 or pN2 promoters. Under inducing conditions, the
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substrate acetamide complexes with AmiC-AmiR causing a conformation change
releasing AmiR from the inhibitor AmiC (Wilson et al., 1996). AmiR then induces
the expression of other genes in the operon via the anti-termination reaction at
T1 (Wilson et al., 1995) (Figure 1.3, panel B). AmiR anti-termination is RNA
sequence dependent (Wilson et al., 1995).
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Figure 1.3 Proposed gene regulation of P. aeruginosa aliphatic amidase operon. Image

was taken from Wilson et al., (1996).

The production of the two paralogous Helicobacter pylori aliphatic amidases,
AmiE and AmiF, was found to be dependent on the activity of other enzymes
involved in nitrogen metabolism (Skouloubris et al., 2001). Their regulation was
proposed to maintain intracellular nitrogen balance in order for the bacteria to
survive the gastric acidity of the stomach.
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1.6.2 Substrate specificity

As shown in Table 1.1, all aliphatic amidases hydrolyse short-chain aliphatic
amides such as acetamide, acrylamide and propionamide. According to the
substrate preferences, aliphatic amidases (other than AmiF of Helicobacter pylori
(Skouloubris et al.,, 2001)) have the highest activity on the 2-carbon amide
acetamide, followed by 3-carbon amides (propionamide and acrylamide).
Helicobacter pylori AmiF hydrolyses exclusively 1-carbon amide (formamide)
(Skouloubris et al., 2001).

The substrate preference for P. aeruginosa aliphatic amidases was described to
be dependent on charge and size of the amides. Its affinity decreased for
substrates with increased polarity or size (Pacheco et al., 2005). Point mutations
have extended the substrate specificity of P. aeruginosa aliphatic amidases to
include longer aliphatic amides, such as butyramide, valeramide and aromatic
amides, acetanilide and phenylacetamide (Betz & Clarke, 1972, Brown et al.,
1969, Brown & Clarke, 1970, Brown & Clarke, 1972).

The aliphatic amidase of the thermophilic G. pallidus is capable of hydrolysis on
substituted short-chain and mid-length aliphatic amides (Makhongela et al.,
2007). In addition, the enzyme exhibited substantial levels of chiral selectivity for
D-enantiomers specifically D-lactamide (Makhongela et al., 2007). A W138
residue within the catalytic cleft was proposed to determine the enzyme
specificity for D-lactamides due to steric hindrance of L-lactamides (Kimani et al.,
2007).

All reported aliphatic amidases are capable of production of hydroxamic acids in
the presence of hydroxylamine and aliphatic amides (Table 1.1). This reaction is
referred to as the acyl transfer reaction. The amidase transfers acyl groups from
the acyl donor (the amide) to the acyl acceptor (water or hydroxylamine)
(Fournand et al., 1998). Since hydroxylamine is a better acyl acceptor than
water, the bioconversion rates of acyl-transfer reactions to this substrate are
usually much higher.
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1.7 The Nitrilase superfamily

1.7.1 Introduction

Enzymes of the nitrilase superfamily are classified into 13 branches (Table 1.2),
although the enzyme function is known for only nine branches (Brenner, 2002).
Only branch 1 has nitrile or cyanide hydrolytic activity and the remaining eight
branches have amidase or amide-condensation activities (Brenner, 2002) (Table
1.2). Amidase like activity has been described for aliphatic amidases (branch 2),
N-terminal amidase (3), biotinidase (4), and [-ureidopropionase (5), N-
carbamoyl-D-amino acid amidohydrolases / carbamylases (DCase) (6) and the
prokaryotic and eukaryotic NAD synthetases (7 and 8, respectively) (Brenner,
2002, Pace & Brenner, 2001) (Table 1.2). The apolipoprotein N-acyltransferases
(branch 9) carry out amide condensation (Brenner, 2002) (Table 1.2). Branch 10
is represented by an atomic structure of a fusion protein, NitFhit (PDB code:
lems), where a nitrilase domain is fused to a nucleotide-binding Fhit protein
(Pace & Brenner, 2001, Pace et al.,, 2000) (Table 1.3). Enzymes placed in
branches 11-13 are grouped according to similar sequence relation (Pace &
Brenner, 2001), but have no characterised member. In seven of these branches
the nitrilase is fused to another domain (Pace & Brenner, 2001) (Table 1.3). For
example, the prokaryotic NAD" synthetase of Mycobacterium tuberculosis
(Bellinzoni et al., 2005) is composed of a N-terminal amidase fused to NAD"
synthetase. The nitrilase domain hydrolyses glutamine, releasing ammonia for
the synthesis of NAD".
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Table 1.2 13 enzyme branches of the nitrilase superfamily. Parentheses denote domains found in only some members of the branch.

The conserved consensus sequences that flank the catalytic triad (EKC) residues for each branch are shown. Shading of residues

represents the following: yellow, residue is conserved in all branches; blue, residue is conserved in nine or more branches; green,

residue is conserved in six to eight of the branches. Upper case letters indicate 90% or greater consensus levels within a branch,

whereas lower case are 50% or greater. Table 1.2 was taken from Pace and Brenner (2001).

Conserved signature sequences surrounding catalytic triad residues

Glu Lys Cys

Branch Enzyme Additional domain I R
(8 Nitrilase fiP| E |A[f]...[h|R] K |I].|P|T|...]1|.] C |W|E l.1p
rd Aliphatic Amidase FIP| E |Y|S]|..]YIR] K | I |P|W]c i|lf C |d|D njy|P
Kl N-terminal Amidase (unknown domain) FlP| E LY|r] K FlL I|] C |M|D PlY
fBiotinidase (full/partial “i”“if;n:‘;irr]“ai") carpoxi elel E [o].|..I¥lr| « |.InlLly|..|Flt| c [Flolili|f]y
&) Beta-ureidopropionase Q] E [AIW|..].|R] K [N[H]I'|P|...INfI] C |[Y]|G HIH|P
g Carbamylase Flpl E |L|A]...[YIR] K |I'|HJL]|P|...[f]l] C |[N|D R|IW|P
i Pro. NAD+ Synthetase (NAD synthetase domain) fiP| E |L|.|..].|.|] K |. L|P|..[.]|I] C |E|D|.|w P
] Euk. NAD+Synthetase NAD synthetase domain G|P| E |L|E]..[R[p] K |M I {a]...|[E]i| C [E|E|L|w|.|P
WALP N-acyltransferase Hydrophobic domain & (dolichol phosphate | Jyl b - g al. K Lv|..].li] c |yl|E f

mannose svnthetase domain)

I Nit and NitFhit (Fhit domain) LI{P| E [.]f]..lylr]| K Hl I |F].. il C |Y|D RIf|p
iMINB11 gl E | e [YIR] K |.[H|[1]P]|...| . |i] ¢ [w]|D|q|w]|f]p
IVANB12 N-terminal acetyltransferase FIP| E |I|F|..[Q]lyl K |I'|H]i]|T]|..[q]l] C |Y|D E|F|P
i) Non-fused Outliers I |P| E dylr] K hiL]|f].. i|] C |y[D]|.[r|E|P
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1.7.2 Levels of conservation amongst related members of the nitrilase
superfamily

To describe the extent of conservation amongst members of the nitrilase
superfamily at the protein sequence level and at the structural level, an
alignment taken from Thuku et al., (2009) is shown in Figure 1.4. Included in this
alignment are the protein sequences of eleven members of the nitrilase
superfamily for which atomic structures have been determined (Table 1.3). Only
the enzyme functions for the aliphatic amidases (branch 2), DCases (6) and a 3-
alanine synthetase (5) are known. Most recently, the structure of a hypothetical
protein from mouse (PDB code: 2wlv) has been added to the nitrilase superfamily
(Table 1.3) (not shown in alignment).

Table 1.3 Eleven atomic structures that have been reported for members of the nitrilase

superfamily.

PDB code References

2dyu, 2e2k,
2e21

1uf5

lems

1f89

1fo6, lerz,

1j31
2e1l

2uxy
2plq
2vhi, 2vhh
AVY

Enzyme

Formamidase
(aliphatic amidase)
DCase

Nitrilase—fragile
histidine triad fusion protein
Putative CN-hydrolase

DCase

Hypothetical protein

Putative prokaryotic Nit
protein
Aliphatic amidase

Aliphatic amidase
[3-alanine synthase
putative nitrilase

Species

Helicobacter pylori (AmiF)

Agrobacterium
radiobacter
Caenorhabditis elegans

Saccharomyces
cerevisiae
Agrobacterium strain
KNK712

Pyrococcus horikoshii

Xanthomonas campestris

P. aeruginosa

G. pallidus

Drosophila melanogaster
Mus musculus

(Hung et al., 2007)

(Hashimoto et al., 2004)
(Nakai et al., 2000)
(Pace et al., 2000)

(Kumaran et al., 2003)
(Wang et al., 2001)

(Sakai et al., 2004)
(Chin et al., 2007)

(Andrade et al., 2007)
(Kimani et al., 2007)
(Lundgren et al., 2008)
(Barglow et al., 2008)

The first five sequences included in Thuku et al., (2009) alignment are the
branch 1 enzymes that were aligned based on their predicted fold. These
enzymes are: Nases from G. pallidus (DAC521) and R. rhodochrous J1 (RrJ1);

cyanide dihydratases, from Bacillus pumilus strain C1 (BpumC1) and strain 8A3
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(Bpum8A3), and Pseudomonas stutzeri AK61 (PstuCDH); cyanide hydratases,
from Gloeoecercospora sorghi (GsorCH) and Neurospora crassa (NcraCH)
(Figure 1.4).

Extent of conservation at the protein sequence level

All members of the nitrilase superfamily show conserved catalytic triad residues
(EKC), as well as an extra glutamate residue (Kimani et al., 2007, Thuku et al.,
2009) (Figure 1.4). This extra glutamate residue corresponds to E142 in the
structure of G. pallidus aliphatic amidase, which has been implicated in the
nitrilase reaction mechanism (Kimani et al., 2007). Four glycine residues are also
conserved in all members (Thuku et al., 2009) (Figure 1.4). Their role in the
structure is not known. Each branch of the nitrilase superfamily has a signature
sequence that flanks the catalytic triad (EKC) that is conserved (Pace & Brenner,
2001) (Table 1.3). A signature sequence flanking the extra catalytic glutamate
residue has not yet been determined.

Unlike other structures, Nases and aliphatic amidases share an extended C-
terminal sequence of 40-100 amino acids (Thuku et al., 2009). The proposed role
of the C-terminal region of G. pallidus aliphatic amidase is involved in the
interlocking of two monomers (Section 1.7.3). In addition to the sequence
conservation, only the branch 1 enzymes show the conserved sequence motif
DP/FXGHY. Point mutations of the histidine residue within this motif (H296 of the
enzyme from Pseudomonas fluorescens EBC 191 (Kiziak et al., 2005)(Figure
1.4)), resulted in decreased enzymatic activity and stability (Kiziak et al., 2007).
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Figure 1.4 Multiple alignment of protein sequences of characterised members of the
nitrilase superfamily. The conserved catalytic residues (EKC) are shown in a box
outline. The extra conserved E residue, which has been implicated in the nitrilase
reaction mechanism (Kimani et al. 2007), is shown in bold and double underlined. The
secondary structural elements identified in 2plq (Kimani et al. 2007) are indicated in the
bottom line. The approximate regions of the intersubunit surfaces, namely A, C, D and E
are indicated on the top line. The conserved sequence motif ‘DP / FXGHY’ in the tail
region of the spiral forming Nases is underlined, and in which a conserved histidine
residue (corresponding to H296 in the enzyme from Pseudomonas fluorescens EBC 191
(Kiziak et al. 2005)), is coloured green. The residues missing in the crystal structures
are white on a black background. The alignment and legend were taken from Thuku et
al., (2009)

Extent of structural conservation

Despite the low sequence conservation, all structures share high structural
similarities. The sequences share characteristic monomer fold of apfa (Thuku et
al., 2009). A cartoon representation and topology of the structural fold for G.
pallidus aliphatic amidase is shown in Figure 1.5. In addition, the structural folds,
a-helices and B-sheets, of the aliphatic amidase of G. pallidus are included in the
alignment (Figure 1.4, bottom line).

The monomer fold of G. pallidus aliphatic amidase consists of 11 a-helices and
14 B-strands, which are interconnected by external loops (Figure 1.5). There are
two six stranded [3-sheets which are sandwiched between the two helical layers,
forming a four-layer afpa sandwich architecture (Figure 1.5). The two outer
helical layers are formed by one set of helices al1-3 and the other set of helices
a4-6 (Figure 1.5). The two B-sheets are composed of (-strands (1-5 and (14
and the other sheet of 3-strands [(36--9, 12 and 313 (Figure 1.5).

The catalytic cysteine residue (C166 of G. pallidus aliphatic amidase) is located
on a 3ji0-helix. This unique conformation was proposed to be essential for the
orientation of the cysteine residue within the catalytic cleft. This feature is
conserved in all known structures (Kimani et al., 2007).

24



Figure 1.5 The monomer fold of G. pallidus aliphatic amidase. Panel A, cartoon
representation of the monomer. The bars shows the following intersubunit interacting
surfaces: green, ‘A surface’; red, ‘C surface’; grey, ‘D surface’. Panel B, a-helix and [3-
sheet topology of the monomer. B-sheets (labelled 1-14) are shown as purple arrows,
while a-helices are shown as blue cylinders. The cyan cylinder in the topology diagram
is the 330-helix on which the catalytic C166 residue resides. The secondary-structure
elements are numbered in sequence from the N-terminus. Images and text were taken
from Kimani et al., (2007).
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1.7.3 Intersubunit surfaces

Six surfaces namely A, B, C, D, E, and F have been used to describe the
intersubunit interactions for multimeric structures of nitrilases (Sewell et al.,
2005, Thuku et al., 2009). Two-fold axes relate all these surfaces whereas the E-
surface is asymmetric. As described earlier, the intersubunit surfaces for spiral
forming Nases have largely been elucidated from a combination of negative
staining electron microscopy and docking of homology models (Thuku et al.,
2009). The following surfaces, A, C, D, E and F have been described for Nases
(Thuku et al., 2009). The E and F surfaces are still hypothetical and need to be
experimentally determined. G. pallidus aliphatic amidase, which is a hexamer,
has the following A, C, and D surfaces (Kimani et al., 2007).

A surface — conserved in known structures of the nitrilase superfamily

The A surface represents the interaction between two monomers that forms a
oppa-appa sandwich (Figure 1.6). According to the structure of G. pallidus
aliphatic amidase, the A surface is formed by the intramolecular salt bridges and
hydrophobic interactions between residues of the a5, a6 helices and the C-
terminal region (residues 273-340) of two monomers (Kimani et al., 2007). This
association between two monomers, which involve a5 and a6 and the C-terminal
region, is conserved in all structures (Thuku et al., 2009). The extended C-
terminal of aliphatic amidases and Nases, which is involved in interlocking of two
monomers, was proposed to strengthen the intersubunit interactions at the A
surface (Andrade et al., 2007, Kimani et al., 2007).
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Figure 1.6 A homology model of R. rhodochrous J1 Nase showing the intersubunit
interacting surfaces. The interacting surfaces are labelled in black. The helices (al, a3,
a5 and 06) involved in the interacting surfaces are also highlighted. Image was taken
from Thuku et al., (2009).

B surface

The B surface is only described for the structures of NitFhit (Pace et al., 2000),
DCases (Nakai et al., 2000) and the prokaryotic XC1258 Nit protein (Chin et al.,
2007). The monomers of these structures have an exposed (-sheet that allows

two dimers to interact forming tetramers (Thuku et al., 2009).
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C surface

For spiral forming Nases, the C surface interaction occurs between adjacent
dimers by associating with the A surface (Thuku et al., 2009) (Figure 1.6 and
1.7). The C-surface is composed of the 12-16 residues insertion (Figure 1.4).
This insertion is not conserved amongst structures of the nitrilase superfamily,

possibly accounting for the lack of spiral formation (Thuku et al., 2009).
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Figure 1.7 A 3D electron microscopic reconstruction of R. rhodochrous J1 Nase showing
the A, C and D intersubunit interacting surfaces. Image was taken from Thuku et al.,
(2009).

The interaction between the C and A surfaces was proposed to initiate spiral
formation, since it is located at right angles to the A surface (Figure 1.7).
Mutations of residues in these surfaces leads to inactivation of the enzyme,which
provides further evidence of a connection between these interfaces and the

active site (Sewell et al., 2005). The histidine residue within the conserved motif

28




found in the C-terminal region of Nases (Kiziak et al., 2007) is positioned facing
the C surface. The side chain of the histidine residue was suggested to interact
with the substrate on its way to the active site (Thuku et al., 2009).

D-F surfaces

Both the D and F surfaces were suggested to confer stability to the helical twist
of the spiral forming Nases (Figure 1.8). The E surface is asymmetrical and has
been described for the terminating spiral of cyanide dihydratase from
Pseudomonas stutzeri AK61. The asymmetry of the E surface causes the spiral
to terminate after 14 subunits by preventing further addition of subunits (Thuku et
al., 2009) (Figure 1.8). However, the termination mechanism for other Nase
spirals has not yet been described.

Figure 1.8 The A, C, D, E and F surfaces of spiral forming Nases. From left, terminating
14-subunit spiral of the cyanide dihydratase from Pseudomonas stutzeri AK61, the
variable length helices of the cyanide dihydratase from Bacillus pumilus C1 and the C-
terminal truncated nitrilase from R. rhodochrous J1, and the cyanide hydratases from
Neurospora crassa and Gloeoecercospora sorghi. The C, D and F surfaces that
stabilise the spiral formation for Nases and cyanide hydratases are shown. The
asymmetric E surface occurs only in the terminating spiral of cyanide dihydratase from
Pseudomonas stutzeri AK61. Images were taken from Thuku et al., (2009).
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1.7.4 Catalytic cleft of nitrilase structures

The active site is located near the edge of the A surface (Kimani et al., 2007).
The arrangement of the side chains of the catalytic residues (EKEC), is
conserved among nitrilase structures (Kimani et al., 2007) (Figure 1.9).

Figure 1.9 Superimposition of the catalytic residues (EKEC) of five nitrilase structures.
The colour of the structures are as follows: 1j31, yellow; 1ems, green; lerz, cyan; 189,
magenta; 2plg, blue. The catalytic residues are in G. pallidus aliphatic amidase
numbering. Image was taken from Kimani et al., (2007).

The catalytic cleft volumes for G. pallidus and P. aeruginosa aliphatic amidases,
which are 53.59 A® and 23.9 A3, respectively, were described to be smaller than
those of other structures (Andrade et al., 2007, Kimani et al., 2007, Kumaran et
al., 2003, Nakai et al., 2000, Sakai et al., 2004). The catalytic cleft volume of the
formamide hydrolysing amidase (AmiF) was described as the smallest, since it
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accommodates the 1-carbon atom substrate (Skouloubris et al.,, 2001). The
catalytic cleft of DCase (PDB code: 1fo6) has a volume of 1134.7 A3, which is
larger than the aliphatic amidases (Nakai et al., 2000). The small catalytic cleft
volume of the amidases may explain their preferences for short aliphatic amides
(Andrade et al., 2007, Makhongela et al., 2007, Skouloubris et al., 2001).

1.7.5 Reaction mechanism

A reaction mechanism has been proposed for the nitrilase superfamily, since all
members shared four conserved catalytic residues (Thuku et al. 2009, Kimani, et
al. 2007) (Figure 1.10). The roles of the four catalytic residues in G. pallidus
amidase were proposed as follows: the cysteine (C166) acts as the nucleophile,
one glutamate (E59) acts as a general base catalyst, the other glutamate, (E142)
acts as a general base catalyst that enhances the nucleophilicity of the water
which hydrolyses the acyl intermediate, and the lysine (K134) stabilizes the
tetrahedral intermediate.

The proposed reaction mechanism, as described in Figure 1.10, is as follows: (i)
E59 increases the nucleophilicity of C166, which in turn initiates a nucleophilic
attack on the substrate to form a tetrahedral intermediate, which is stabilised by
K134. The E59 participates in electron transfer releasing ammonia giving rise to
water molecular, therefore causing a nucleophilic attack by water on the thiester
intermediate forming a second tetrahedral intermediate. (iv) The tetrahedral
intermediate then breaks down with the release of the acid product and the

restoration of the enzyme.
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Figure 1.10 Proposed reaction mechanism for the G. pallidus amidase hydrolysis of

amides.

Although no structures of Nases have been determined yet, these enzymes

share the same conserved catalytic residues found in all structures (Thuku et al.,

2009). It is not known what distinguishes an enzyme having Nase activity from

one having amidase activity.
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1.8 Cold adapted enzymes

As shown in Table 1.1, the majority of nitrile hydrolysing microorganisms
reported is of either mesophilic or thermophilic origins. Mesophiles have a
minimal growth greater than 10°C, optimal growth greater than 25°C and have a
maximum growth beyond 35°C. In addition, thermophiles have a minimal growth
of 40°C, optimum growth at or beyond 50°C and has a maximum growth of
roughly 70°C or higher.

NHases from mesophiles are not ideal for industrial applications because of their
instability (Cowan et al., 1998). These enzymes usually have very short activity
half-lives. In particular, Corynebacterium pseudodiphtheriticum ZBB-41 NHase
has a half life t,, = 65 min at 20°C (Li et al., 1992), Pseudomonas chlororaphis
B23, t,, = 11 min at 30°C (Nagasawa et al., 1987), R. rhodochrous J1, t,, = 58
min 60°C (Nagasawa et al., 1991); Corynebacterum sp. C5, t,, = 7.5 min at 45°C
(Yamamoto et al., 1992b). Stability has been enhanced by the addition of
aliphatic acids (butyrates or valerate) (Kopf et al., 1996). More recently, nitrile
hydrolysing enzymes have been isolated from thermophilic bacteria such as the
Geobacillus strains and Pseudonocardia thermophila, which have optimal growth
between 50°C and 65°C (Table 1. 1). These enzymes were shown to have higher
stabilities than mesophilic enzymes and rapid catalytic rates under sub-optimal
conditions (Cowan et al., 2003). For example, the NHase of G. pallidus has a ty,
of 6.8 mins at 60°C and 7 hrs at 30°C (Cowan et al., 1998).

To date, no Nases, NHases or aliphatic amidases have been purified from cold-
adapted microorganisms. Cold adapted bacteria are referred to as psychrophiles
and psychrotrophs. Psychrophiles grow at or below 0°C and have an optimum
growth temperature <15°C and an upper limit of <20°C (Morita, 1975). In
comparison, psychrotrophs are capable of growth close to 0°C and have a
growth optima =15°C (Morita, 1975). Cold adapted bacteria species generally
produce enzymes that have high catalytic activity at low temperatures and low
thermostability at elevated temperatures (Cavicchioli et al., 2002). An example of
an enzyme from a psychrophilic bacterium is dihydrofolate reductase purified
from Moritella profunda (Xu et al., 2003). The purified enzyme had an optimal
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temperature for activity of 34°C and 19% activity at 2°C, the temperature at
which the bacteria had optimal growth. The enzyme was less resistant to thermal
denaturation than a mesophilic homologue from E. coli and much less than a
thermophilic homologue from Thermophila maritima (Xu et al., 2003).

Enzymes from cold-active organisms typically show high conformational
flexibility, which contributes to their high catalytic activity at low temperatures and
their increased thermolability (Cavicchioli et al., 2002). Conversely, thermophilic
enzymes tend to have rigid conformational structures that enable them to
withstand higher temperatures.

Cavicchioli et al. (2002) reported a survey of cold-adapted enzymes where they
were compared with their mesophilic and/or thermophilic counterparts. This
survey revealed several features that promoted their increased conformational
flexibility. Cold adapted enzymes generally have a reduced core hydrophobicity,
decreased ionic and electrostatic interactions, increased charge of surface
residues that promote increased solvent interaction, additional surface loops,
substitution of proline residues by glycines in surface loops, a decreased
arginine/lysine ratio, fewer interdomain and subunit interactions, and fewer

aromatic interactions (Cavicchioli et al., 2002).

The properties of cold adapted enzymes are attractive for both applied and basic
research. The use of cold adapted enzymes as biocatalysts may preclude the
requirement for expensive heating that is used to maximise catalytic activity, may
minimise undesirable chemical reactions that occur at higher temperatures, and
labile enzymes can be rapidly deactivated by heating when required (Gerday et
al., 2000, Russell, 1998). Furthermore, studies on the molecular basis of cold
activity and the relationship between flexibility and catalytic efficiency address
fundamental issues regarding structure-function relationships in proteins. Such
issues are often approached through comparisons of homologous mesophilic and
thermophilic counterparts or by the use of site-specific or random mutations
(Alquati et al., 2002, Narinx et al., 1997, Santarossa et al., 2005, Wintrode et al.,
2000).
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1.8 Aims

Although some nitrile-hydrolysing bacterial strains, including some from the
Rhodococcus genera (Brandao et al., 2003), are known to exist ubiquitously, it is
evident that no cold-adapted varieties have been isolated. The broad aim of this
research was to isolate and characterise nitrile-hydrolysing bacterium from cold
environment. In addition, to screen genomic DNA of the isolate for genes of
nitrile hydratases or nitrilases for cloning and expression in E. coli as
hexahistidine tag fusion proteins for Ni-chelation purification. Characterisation of
the purified protein would determine its enzymic properties at low temperatures.
X-ray diffractable crystals could also be produced from the purified enzyme in
order to describe its high-resolution crystal structure for comparison with
mesophilic and thermophilic counterparts. The four specific aims of this

investigation were the following:

1) To isolate, identify and characterise a nitrile hydrolysing bacteria from a cold

environment.

2) To screen the genomic DNA library prepared from an isolate for nitrile
hydrolysing gene(s).

3) To clone the nitrile-hydrolysing gene for expression in E. coli as hexahistidine

tag fusion proteins for purification and subsequent enzymic characterisation.

4) To produce diffraction quality crystals of the protein for X-ray diffraction for the
description of the high-resolution crystal structure
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2.1 Introduction

The most commonly used procedure to isolate nitrile hydrolysing bacteria is a
trophic selection strategy where a sole nitrogen and/or carbon source supports
growth on nitrogen free minimal medium (NFMM) (Cowan et al., 2003). For
example, enrichment using nitriles as a sole source of nitrogen and/or carbon
has resulted in the isolation of a range of bacteria, including Acinetobacter sp.
AK 226 (Yamamoto et al., 1990), Alcaligenes faecalis JM3 (Nagasawa et al.,
1990), Pseudomonas putida (Nawaz et al., 1989), R. rhodochrous J1 (formerly
Arthrobacter J1) (Asano et al., 1980) and Bacillus subtilis ZJB-063 (Zheng et al.,
2008b). Brandao et al., (2002) reported that the highest percentage of isolations
was produced with acetonitrile, a highly soluble low molecular weight compound,
rather than for bulkier hydrophobic nitrile substrates like benzonitrile,

succinonitrile or bromoxynil.

In this study, isolation of cold-adapted nitrile hydrolysing bacteria was carried out
from soil samples collected from Miers Dry Valley, Antarctica. Miers is part of the
McMurdo Dry Valleys, which is the largest ice-free region of Antarctica. The Dry
Valleys have been described as the coldest, most arid deserts on earth (Cowan
et al.,, 2002, Doran et al., 2002). In addition, Cowan et al., (2002) reported that
soil samples collected from Dry Valleys in Antarctica contain high levels of
microbial biomass. For the isolation of such cold adapted bacteria, incubation
should be carried out at temperatures below 20°C and characterisation of growth
optima is an important determinant (Russell & Cowan, 2006). For example,
although a nitrile hydrolysing R. erythropolis strain ANT-ANOO7 has been isolated
at 30°C from soil samples collected from Antarctica (Brandao & Bull, 2003), it
has not been determined whether this strain has psychrophilic or psychrotolerant
growth.

This chapter describes the isolation of cold-adapted nitrile hydrolysing bacteria
and a brief phenotypical characterisation of a novel isolate.
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2.2 Materials and methods

2.2.1 Media

The following media, M9 (Pardee et al., 1959, Sambrook & Russell, 2001),
Castenholz (Atlas, 2005), Halophilic and Alkaline (Grant, 2006, Litchfield et al.,
2006, Atlas, 2005) were modified to Nitrogen Free Minimal Media (NFMM) in
order to enrich for nitrile hydrolysing bacteria. The chemical composition of each
medium, excluding nitrogenous compounds, is listed in Table 2.1.

Table 2.1 Chemical composition of four types of media that were modified to NFMM.

Media pH Composition (per L) of modified NFMM
(abbreviation)

M9 : MgSO, 0.24 g, CaCl, 0.011 g, 10% M9 salts (6.4 % Na,HPO,;
1.5% KH,POy4; 0.25% NacCl)

Castenholz 7.2 0.1% FeCI3 solution (0.03%); CaSO4'2HZO 0.06 g; MgSO4 H,0 0.1
(CAS)

g; NaCl 0.008 g; NaZHPO4 0.11 g; 0.1% Nitsch's Trace Elements
(0.05% HZSO4; 0.22% MnSO4; 0.05% ZnSO4. 7HZO ; 0.05%
H3803 ; 0.0016% CuSO, 5H,0 ; 0.0025% NaZMOO4' ZHZO ;
0.0046% COCIZ' 6HZO)

Halophilic 7.2 KCI 2 g; CaCl,2H,0 0.1 g, FeSO,7H,0 0.01 g; MnCl;4H,0 0.01

(HAL) g; MgCl, 0.95 g
IN'ENRANSI 10.66 KH,PO, 1 g; MgS0,.7H,0 0.2 g; Na,CO; 10 g; NaCl 40 g;

Each type of medium was supplemented with additional reagents as described in
Table 2.2, in order to alter the pH, the nitrogen and carbon source, and/or the
salinity. Glycerol was used as the carbon source for microbial growth. In addition,
the following nitriles, acetonitrile, benzonitrile and acrylonitrile, were used as the
nitrogen source (Table 2.2). CoCl; and FeCl; were added to the media since
cobalt is required for active Co-type NHases (Kim et al., 2001, Kobayashi et al.,
1991a, Takashima et al.,, 2000). Solid medium was prepared using 2-3%
ultrapure agar (GE Healthcare).
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Table 2.2 Variations of media used to isolate nitrile hydrolysing bacteria. Type of NFMM

is described in Table 2.1. Abbreviations: Gly, % of glycerol (w/v); S/L, solid or liquid;

ACE, acetonitrile; BEN, benzonitrile; ACR, acrylonitrile.

SIL Gly pH FeCl; CoCl; ACE

(%) (M) (M)
+M9 ACE
+M9BEN M9 SL 04 75 - 0.1 0.1 - 10 -
+M9 ACR M9 SL 04 75 = 0.1 0.1 = = 10
M9 ACE M9 SL - 7.5 - 0.1 0.1 10 - -
M9 BEN M9 SL - 7.5 = 0.1 0.1 = 10 =
M9 ACR M9 SL - 7.5 - 0.1 0.1 - - 10
A ACE HAL SL 1 7.2 5 = 0.1 10 = =
A BEN HAL SL 1 7.2 5 - 0.1 - 10 -
A ACR HAL SL 1 7.2 5 = 0.1 = = 10
B ACE HAL S 1 7.2 10 = 0.1 10 - -
B BEN HAL S 1 752 10 = 0.1 = 10 =
B ACR HAL S 1 7.2 10 - 0.1 - - 10
C ACE HAL S 1 7.2 20 = 0.1 10 = =
C BEN HAL S 1 (42 20 4 0.1 - 10 -
C ACR HAL S 1 e 20 3 0.1 = = 10
D ACE ALK SL 2 10.7 - 0.1 0.1 10 - -
D BEN ALK SL 2 10.7 - 0.1 0.1 = 10 =
D ACR ALK SL 2 10.7 - 0.1 0.1 - - 10
E ACE CAS SL 2 72 - - - 10 - -
E BEN CAS SL 2 7.2 - - - - 10 -
E ACR CAS SL 2 72 - - - - - 10
F ACE CAS SL 2 72 10 - - 10 - -
F BEN CAS SL 2 7.2 10 = = = 10 =
F ACR CAS SL 2 72 10 - - - - 10
G ACE CAS S 2 58 - - - 10 - -
G BEN CAS S 2 58 - - - - 10 -
G ACR CAS S 2 58 - - - - - 10
H ACE CAS SL 2 10.7 - - - 10 - -
H BEN CAS SL 2 10.7 - = = = 10 =
H ACR CAS SL 2 10.7 - - - - - 10
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2.2.2 Enrichment of nitrile hydrolysing bacteria

Soil samples (Table 2.3) collected during the 2006 and 2007 expeditions to Miers

Dry Valley Antarctica were stored at -80°C until use for isolation trials.

Table 2.3 Description of soil samples collected from Miers Dry Valley, Antarctica.

Soil Collection reference Description of Date of collection
sample location

1 Bag B-MVG SUSTR 3 open soil 2006

2 Bag C —-MVH 0625.1 hypolith 2006

3 DUC for SA — MV06 25.1 UIXC open soil 2006

A MVH3-8 hypolith 2007

B MVH3-9 hypolith 2007

C MVH3-10 hypolith 2007

D MVH3-11 hypolith 2007

Enrichment of nitrile hydrolysing bacteria from the soil samples (Table 2.3) was
performed as follows. Approximately 1 g of soil sample was resuspended in 10
mL of liquid medium or sterile H,O and was mixed at 100 rpm for 30 min to 1 hr
at 4°C. The soil particles within the resuspension were settled using brief
centrifugation and 100 pL of the particle free resuspension was used to inoculate
5 mL of liquid media or plated onto solid media. Duplicates of inoculated solid
media were prepared and incubated at 4 and 18-22°C. Inoculated liquid media
were only incubated at 18-22°C with 100 rpm shaking. Inoculated media were
monitored on a daily basis until growth was observed. Colonies formed on solid
media were picked and re-streaked onto fresh plates. For growth in liquid media,
dilutions were prepared and spread-plated onto the solid media of the same

composition and incubated until colonies were observed.

Pure colonies were finally streaked on two types of nutrient rich media. In the
case of colonies isolated from M9 and +M9 (-ACE, -BEN, -ACR) media, these
colonies were streaked onto nutrient agar (NA) plates. For colonies isolated from

A, B, C, D, E, F, G, and H, both NA and solid plates of similar composition
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containing 0.1% yeast extract were used. Dense cultures of each isolate were
prepared in liquid nutrient rich media for genomic DNA extraction and
preparation of stocks containing 50% glycerol (w/v) for long-term storage at -
80°C.

2.2.3 Genomic DNA extraction

Genomic DNA extraction was adapted from Zhou et al., (1996). Cells from 5 mL
of bacterial culture were harvested by centrifugation and resuspended with 675
puL of extraction buffer (1% CTAB, 100 mM Tris-HCI (pH 8.0), 100 mM NaH,POg,,
100 mM EDTA, 1.5 M NacCl, 0.1 mg/mL Protease K). The cell resuspension was
incubated at 37°C with shaking for 30 min. 75 pL of 20% SDS was added to the
mixture and further incubated at 65°C for 2 hrs. The mixtures were centrifuged at
16 000 x g and an equal volume of phenol:chloroform:isoamyl (25:24:1) was
mixed with the supernatants. This mixture was centrifuged at 16 000 x g and an
equal volume of chloroform was mixed with the upper aqueous phase and
centrifuged. The extractions with chloroform were repeated with subsequent
centrifugation until the extraction was clear. The DNA was finally precipitated
with 0.6 vol of isopropanol by overnight incubation at 25°C. The pellets were
collected by centrifugation at 16 000 x g for 30 min and washed twice with 70%
ethanol, dried and resuspended in 50 puL of sterile H20. The concentration of
gDNA was estimated using the Nanodrop 1000 (Thermo Scientific) or the Qubit™
Quantitation System (Invitrogen) and the purity of DNA was evaluated by
separation on a 0.7% agarose gel containing 0.5 pg/mL of ethidium bromide and
visualised using the Alphalmager HP (Alpha Innotech) gel imaging system.

2.2.4 16S rRNA gene identification

The DNA template used for PCR was either a 1/10 or 1/100 dilution of genomic
DNA prepared as described in Section 2.2.3 or a single colony of a pure isolate
resuspended in 10 pL of sterile H20. 1 pL was used as the template DNA for
PCR. The final concentrations of reagents used in the PCR were as follows: 1 x
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PCR buffer (10 mM KCI, 20 mM Tris-HCI (pH 8.8), 0.1% Triton X-100, 2 mM
MgClz, and 10 mM (NH4)2SO4, 0.2 mM of each dNTP, 25 pmol of each primer
E9F (5'-GAG TTT GAT CCT GGC TCA-3’) (Farrelly et al., 1995) and U1510R
(5-GGT TAC CTT GTT ACG T -3’) (Reysenbach & Pace, 1995) and 1 U of Taq
DNA polymerase (Southern Cross Biotechnology). The PCR thermal cycling
programme used was as follows: initial denaturation at 95°C for 5 min, 30 cycles
of amplification consisting of denaturation at 95°C for 30 s, primer annealing at
55°C for 30 s and extension at 72°C for 1 min 30 s followed by a final extension
step at 72°C for 10 min. The PCR was carried out using an Applied Biosystems
thermocycler Gene Amp® 2700. PCR amplicons were analysed by separation on
a 0.7% agarose gel containing 0.5 pg/mL of ethidium bromide and visualised

using Alphalmager HP (Alpha Innotech) gel imaging system.

For Amplified rDNA Restriction Analysis (ARDRA), approximately 5 pL of PCR of
each was used. Three DNA digests using the tetranucleotide-specific restriction
endonucleases, Alu I, Rsa I, and Hae Ill (Fermentas) were used, as follows: 5 pL
of PCR product, 2.5 U of restriction enzyme, 2 pL restriction enzyme specific
buffer in a total volume of 20 pL. After incubation at 37°C for 2 hrs, digests were
analysed by separation on a 3% agarose gel. The separation pattern of bands
was compared to a prepared library of 16S rRNA ARDRA of strains isolated from

Antarctica.

Selected 16S rRNA amplicons were cloned using either InsTAclone™ PCR
cloning kits (Fermentas) or CloneJET™ PCR cloning kits (Fermentas) according
to the manufacturers’ instructions. Sequencing was done at the University of
Stellenbosch Central DNA sequencing facility or at the University of Cape Town
sequencing Facility. Sequencing primers used for the pTZ57R/T cloning vector
(Fermentas) are M13F (5 — CGC CAG GGT TTT CCC AGT CAC GAC - 3’) and
M13R (5" — GAG CGG ATA ACA ATT TCA CAC AGG - 3’). Sequencing primers
for the pJET vector of the CloneJET™ PCR cloning Kit (Fermentas) were
provided with the Kkit.

16S rRNA sequences were compared to those stored in the NCBI

(www.ncbi.nlm.nih.gov) database using the basic local alignment search tool
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(BLAST) algorithm (Altschul et al., 1990, Altschul et al., 1997, Morgulis et al.,
2008).

2.2.5 Preliminary determination of cardinal growth temperatures

Isolates were streaked out on solid nutrient rich media and growth was monitored

at the following temperatures: 4, 15, 20, 30 and 37°C.

2.2.6 Screening of isolates for nitrile and amide hydrolysis

Cell pellets were obtained from 10 mL confluent cultures prepared in nutrient rich
media containing selected nitriles. Cell pellets were washed twice with sterile
H-0, resuspended in 1 mL of 50 mM KH>PO4/K;HPO, (pH 7.6) and lysed using
sonication on ice for a total period of 1 min with cycles of 2 sec bursts followed
by 2 sec pauses. Sonicates were clarified by centrifugation at 12000 rpm for 5
min at 4°C and the supernatant was used for activity assays. A standard reaction
mixture (100 pl) contained 50 MM KH2;PO4/K;HPO,4 (pH 7.6), 50 ul supernatant
and substrates (acetonitrile, benzonitrile, acrylonitrile, acetamide, benzamide,
acrylamide) at 10 and 25 mM final concentration. Assays were carried out at
25°C overnight in 96 well plates. To determine ammonia concentration, the
reaction mixture was terminated by the addition of 3.5 vols of reagent A (0.59 M
phenol, 1 mM sodium nitroprusside), followed by the addition of equal volumes of
reagent B (2.0 M sodium hydroxide, 0.11 M sodium hypochlorite). Substrate-free
controls were included. Purified preparations of NHase and amidase of G.
pallidus recombinantly expressed from pNH14K and pN322 (Cameron,
2003)(Appendix D), respectively, in E. coli BL21 (DE3) pLysS (Appendix C) were
used as positive controls.
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2.2.7 Brief characterisation of Nesterenkonia AN1

Phenotypical tests for comparison with other strains of the Nesterenkonia genus
were carried out using the APl 20E system (bioMérieux) according to the

manufacturer’s instructions.

Nutrient rich H medium (pH 10.7) (Table 2.2) with 0.01% tryptone was used to
determine the effect of temperature on the growth of Nesterenkonia AN1. A
confluent culture of Nesterenkonia AN1 was used to inoculate flasks containing
1/5 vol of nutrient rich H medium to a final ODgoo Of 0.1. Incubation was carried
out at 16, 21, 25 and 30°C with shaking at 150 rpm. To determine the effect of
pH on the growth of Nesterenkonia AN1, the ratios of NaHCO3; and Na,CO3; (500
mM final concentration) in nutrient rich H media (Table 2.2) were altered to give
a pHof7,8.5,9, 9.5,10 and 10.8. The medium was supplemented with NaCl to
maintain the total Na® content at 500 mM. Incubation was carried out at the
optimal temperature determined above, with shaking. The effect of salinity on the
growth of Nesterenkonia AN1 was determined at 5, 7.5, 10, 12.5, 15 and 20%
w/v NaCl. Growth of Nesterenkonia AN1 under the different culture conditions
was carried out in triplicate and was monitored spectrophotometrically at
ODsoonm- The growth rate p was calculated by using the following formulae; p =
(In OD3z - In OD,)) / (to-t1). OD; and OD; represent the natural log of the ODegoonm
reading of the cultures at the start and the end of exponential growth,
respectively. t; and t, represent the time in days at the start and the end of
exponential growth, respectively.
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2.3 Results

2.3.1 Isolation of nitrile hydrolysing bacteria from soil samples

Table 2.4 and 2.5 shows the preliminary identification of bacterial isolates using

the PCR amplification of 16S rRNA genes with universal bacteria primers E9F
(Farrelly et al., 1995) and U1510R (Reysenbach & Pace, 1995) (Section 2.2.4).
The top two species retrieved from BLAST analysis that shared more than 99%

16S rRNA sequence identity with the isolate are shown (Table 2.4 and 2.5).

Table 2.4 16S rRNA identification of isolates obtained from NFMM containing nitrile as

the sole nitrogen and/or carbon source for growth. Abbreviations: Loc, reference of soil

sample (see Table 2.3); Isol (bp) length of the 16S rRNA sequence of isolate obtained.

Isolate Loc
49.8 3
3.1 1
33.3 1
32.2 1
50.7 3
51.1 3
43.2 3
49.6 3
52.4 3
49.1 3
52.5 3

NFMM
+ nitrile
+M9 ACE
+M9 ACR
+M9 ACR
+M9 BEN
+M9 BEN
+M9 ACR
M9 ACE

+M9 ACE
M9 ACE

+M9 ACE
M9 ACE

Isol
(bp)
1487

1486

1485
1485

1471
1488
1475

1501
1500

1478
1478

Related 16S rRNA sequences Accession

(length of sequence (bp))
Arthrobacter sp. AN16

(1485 bp)
Arthrobacter sp. Nj-37
(1487 bp)

Psychrobacter fozii

(1504 bp)

Psychrobacter cryohalolentis K5
(1586 bp)

R. erythropolis strain HS8
(1534 bp)

Rhodococcus sp. AN6
(1622 bp)

number
AJ551154

AM491456

AYT771717

CP000323

AY168586

AJ551145
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Three isolates, 43.2, 52.4 and 52.5, that shared significant 16S rRNA sequence
conservation with Arthrobacter AN16, Psychrobacter fozii and R. erythropolis,
respectively, utilised acetonitrile as the sole nitrogen and carbon source for growth
(Table 2.4). Arthrobacter AN16 was also isolated from NFMM supplemented with
acrylonitrile and benzonitrile as the sole nitrogen source (Table 2.4). Isolates that
shared significant 16S rRNA gene sequence conservation with Psychrobacter fozii
also shared 99% sequence identity with Psychrobacter cryohalolentis K5 (Genome
accession: NC 007969).

Table 2.5 shows isolates identified from other types of NFMM (see Table 2.2).
Several Arthrobacter AN16 strains were isolated from NFMM-E (pH 7.2), containing
acetonitrile as the sole nitrogen source (Table 2.5). Another strain of Arthrobacter,
Arthrobacter Tibet-IX22 was isolated at 4 and 18°C on similar media plates (Table
2.5). Isolates identified as Kocuria 29Y1zhy, Pseudomonas LaGso27g and
Microbacterium VKM were also isolated from similar plates (Table 2.5). The following
isolates, D1C, D1B, H1D and H1B2, which shared 16S rRNA gene sequence
conservation with Nesterenkonia YIM 90713 (Nesterenkonia AN1) were isolated
from two types of NFMM, D and H (pH 10.5), containing acetonitrile as the sole

nitrogen source.

No growth was observed on NFMM (pH 5.8) and plates supplemented with 20%
NacCl, acrylonitrile or benzonitrile.
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Table 2.5 16S rRNA identification of isolates obtained from alternative types of NFMM

supplemented with nitrile as the sole nitrogen source for growth.

Loc NFMM °C Isol Related 16S rRNA sequences Accession
+ (bp) (length of sequence (bp)) number
nitrile

D1C C DACE 18 ¢ Nesterenkonia sp YIM 90713 EF151505

D1B B DACE 18 ¢!

HID D HACE 18 ¢  (1509bp) AJ717365

H1B2 B HACE 18 1496 Nesterenkonia sp AC84
(1500 bp)

4E1C2 C EACE 4 ct Arthrobacter sp. Tibet-1X22 DQ177488

E1C1 C EACE 18 1485

FID D FACE 18 ¢  (1503bp) EF093123
Arthrobacter sp. VTT E-052904
(1522 bp)

E1D1 D EACE 18 «c' Arthrobacter sp. AN16 AJ551154

E1IB3 B EACE 18 ¢ (1485 bp)

E1B2 B EACE 18 1498 Arthrobacter sp. Nj-37 AM491456
(1487 bp)

E1Al A EACE 18 1488 . Kocuria sp. 29Y1zhy AM418390
(1487 bp)
Kocuria rosea DQO60382
(1487 bp)

4E1B1 B EACE 4 1501 Pseudomonas sp. LaGso27g EU934227
(15281bp) DQ465010
Pseudomonas sp. VTT E-052911
(1523 bp)

E1B2 B EACE 18 1489 Microbacterium sp. VKM Ac-1808 AB042075
EID1 B EACE 18 ! (1507 bp)

Microbacterium sp. BBCT30

(1483 bp)
c! — 16S rRNA identity confirmed through ARDRA

DQ337545
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2.3.2 Screening of isolates for activity on nitriles and amides

The ammonia assay was used to confirm the presence of nitrile hydrolysing
activity in cell free extracts. Figure 2.1 shows the colorimetric detection of nitrile
degrading activity in cell free extracts of three isolates. Only the cell free extracts
of R. erythropolis had activity (Figure 2.1). This isolate had more activity on
acrylonitrile than for acetonitrile. In addition, no activity was observed for
benzonitrile and only weak activity was observed for 25 mM benzamide (Figure
2.1). As reported (Cameron, 2003), the mixture of purified G. pallidus NHase and
amidase that were used as controls had activity on acetonitrile and acrylonitrile
(Figure 2.1). No activity was observed for benzonitrile since it inhibited G.
pallidus NHase activity (Cameron, 2003). The purified amidase was confirmed to
have activity on acetamide and acrylamide as reported (Makhongela et al.,
2007). The amidase activity on 25 mM benzamide was unexpected. This activity
could not be attributed to the background detection of amine group of the
substrate since activity was not presence for all wells. No background detection
was observed for substrate-free controls.

Isclate 16S 1DNAID

Recombinant NHase + amidase

Recombinant amidase

524 ACE Psychrobacter fozii

48 8§ ACE Arthrobacter AN16

52 5 ACE Fhodococcus erythropolis

Figure 2.1 Colorimetric detection of nitrile hydrolysing activity in the cell free extracts of

three isolates. A dark blue colour indicates positive nitrile/amide hydrolysing activity.
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2.3.3 Preliminary determination of isolates cardinal growth temperatures

Table 2.6 shows the effect of temperature on the growth of each isolate. The
cardinal growth temperatures determined for Psychrobacter, Pseudomonas,
Nesterenkonia AN1 and the two strains of Arthrobacter suggested these are
psychrotolerant species. These strains grew well at 20°C and had minimal or no
growth at 30°C. The remaining isolates that grew well at 30°C suggested that
these are either psychrotrophic with an optimal growth temperature at or above
30°C or are mesophilic strains.

Table 2.6 Effects of temperature on growth of isolates. X and XX refer to slow and rapid

growth, respectively.

Isolate 16S rRNA identification Temperature (°C)
reference 4 15 20 30 37

RN Arthrobacter AN16 X

ElC1 Arthrobacter Tibet-1X22 X XX X

4E1B1 Pseudomonas LaGso027g X XX X

E1A1 Kocuria 29Y1zhy X X XX XX
E1B2 Microbacterium VKM Ac-1808 X X XX

H1B2 Nesterenkonia AN1 X XX X

CYXWNeI=l Psychrobacter fozii X XX X

YA NG R. erythropolis X XX XX

2.3.4 Utilisation of nitrile(s) as sole nitrogen and/or carbon source for growth

None of the isolates grew on NFMM supplemented with glycerol but not nitrile
(Table 2.7), which confirmed that no exogenous nitrogen source was present. All
the isolates other than Pseudomonas utilised acetonitrile as the sole nitrogen
and carbon source for growth (Table 2.7). Nesterenkonia AN1 grew slowly on
NFMM-H containing acetonitrile. All the isolates grew well on plates containing
acetonitrile and glycerol (Table 2.7).
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Table 2.7 Utilisation of acetonitrile as the sole nitrogen and/or carbon source for growth.

52.5 R. erythropolis M9 - XX XX
52.4 Psychrobacter fozii M9 - XX XX
4E1B1  Pseudomonas LaGso027g E - - XX
49.8 Arthrobacter AN16 M9 - XX XX
H1B2 Nesterenkonia AN1 H - X XX

Figure 2.2 shows the growth profiles of isolates in medium containing different
nitriles as the sole nitrogen source for growth. R. erythropolis was capable of
utilising acetonitrile and benzonitrile as the sole nitrogen source for growth. In
addition, the slow growth on acrylonitrile suggested this is a poorly utilised
substrate. Psychrobacter and Arthrobacter AN16 utilised acetonitrile and had

slow growth on benzonitrile as the sole nitrogen source (Figure 2.2).

Nesterenkonia AN1 was observed to form clumps in alkaline NFMM-H in the
presence of nitriles and in medium supplemented with a non-nitrile nitrogen
source, NH4Cl. However in NFMM supplemented with acetonitrile, AN1 clump of
cells increased in size with time. In addition, there was an increase in culture
turbidity of AN1 cells in the presence of an additional nitrile, 3-cyanopyridine.
AN1 did not grow in NFMM supplemented with benzonitrile and acrylonitrile.

None of the isolates grew in NFMM lacking nitriles.
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Figure 2.2 Utilisation of different nitriles as the sole source of nitrogen for growth.
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2.3.5 Effect of temperature, pH and salinity on the growth of Nesterenkonia
AN1

The effects of temperature, pH and salinity on the growth of Nesterenkonia AN1
are shown in Figure 2.3. AN1 had the fastest growth rate (1) at approximately
21°C, decreasing slightly at 15 and 25°C (Figure 2.3, panel A). Above 25°C, the
growth rate decreased significantly. The growth temperature profile of AN1
suggested it is a psychrotolerant strain. Since strains of Nesterenkonia genera
are typically halotolerant alkaliphiles, the effects of pH and salinity on the growth
rate of the isolate were also determined. AN1 had an optimal growth rate at pH
9.6 (Figure 2.3, panel B) and with a very narrow pH range (pH 9 and 10),
indicating that the strain is an obligate alkaliphile. AN1 was also moderately
halotolerant, since it was capable of growth in media containing 15% Na* (w/v).
No growth was detected at 20% Na* (w/v) (Figure 2.3, panel C).
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Figure 2.3 Effect of temperature, pH and salinity on the growth rate (y) of the
Nesterenkonia AN1.
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2.3.6 Comparison of AN1 with known Nesterenkonia strains

Table 2.8 shows the phenotypic properties of AN1 for comparison with related
strains of the Nesterenkonia genera.

Nesterenkonia lacusekhoensis (Collins et al., 2002), which was isolated from
hypersaline Ekho Lake, East Antarctica, differed phenotypically from AN1: with
short rods and bright yellow colony pigmentation; c.f. coccoid morphology and
red pigmented colonies (Table 2.8). Unlike published strains, AN1 had a narrow
growth pH range and did not grow near neutrality. In addition, AN1 had the
lowest optimal temperature of all Nesterenkonia strains. AN1 shared similar
tolerance to Na* with that of Nesterenkonia lacusekhoensis.

AN1 utilised glycerol, D-arabinose and D-glucose for growth. It had weak acid
production from mannitol. It did not hydrolyse gelatine and was negative for the
citrate test. It had a positive reaction for the Voges-Proskauer reaction.

Figure 2.4 shows the phylogenetic position and 16S rRNA sequence identities of
AN1 with known Nesterenkonia strains. AN1 did not share significant 16S rRNA
sequence identity with Nesterenkonia lacusekhoensis at 96% (Figure 2.4). It
shared 99% 16S rRNA sequence identities with three coccoid strains of the
Nesterenkonia genus: strains halotolerans, sandarika, and jeotgali. However, the
latter strains differ phenotypically from AN1, in colony pigmentation, optimal
growth temperatures, and pH range of growth (Table 2.8). The data suggested
that 16S rRNA sequence identities are not a good indicator of relatedness for
members of the Nesterenkonia genera.
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Table 2.8 Comparison of phenotypic characteristics of AN1 with known strains of the
genus Nesterenkonia. Abbreviations: ND, not determined; w, weak reaction; +, positive

reaction; -, negative reaction. Table was adapted from Luo et al., (2008).

Strains
(Accession
number)

(98808943)
(SLSV7.GAV)
eoidoiyree ‘N
(0TS9ZZAVY)
sisuabuelluix ‘N
(L6£062CV)
sisuaoyyasnoe|
‘N
(L¥208X)
eiqorey ‘N
(82288SAY)
(805922ZAV)
sueuajolofey "N
(L,288GSAV)
‘eunjelepues ‘N
(TO682Z6AY)
IjeBloal "N

Characteristics

Morphology Short Cocci Cocci Cocci Cocci
rods

Colony Bright Colourl Light Orange Orange
pigmentation Yellow ess yellow  -yellow -yellow

Optimal 27-335 30 28 28 28
temperature

pH tolerance 7.5-9.5 <6-10 6.5-10 7-9

NaCl tolerance 0-15 5-23 0-20 0-25
(%)

Citrate test

Voges-
Proskauer
reaction

Hydrolysis of
gelatin

D-glucose
L-arabinose

Glycerol

Mannitol
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Figure 2.4 Neighbour-joining phylogenetic dendrogram and 16S rRNA percentage
identities showing relationship of AN1 with known Nesterenkonia strains. Five other
strains of the bacterial family Micrococcaceae are included. Bootstrap percentages
(based on 1000 replications) are shown at branch points. The 16S rRNA sequence of
Streptomyces megasporus DSM 41476T was used as the root. Bar represents 1%
sequence divergence. Dendrogram parameters were reproduced from Lou et al., (2008)
using Mega 4 (Tamura et al., 2007).
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2.4 Discussion

The majority of nitrile hydrolysing strains was isolated on NFMM containing
acetonitrile as the sole nitrogen and/or carbon source. This confirmed the
observation of Brandao et al., (2002) where the soluble nitrile yielded the most
isolates. Benzonitrile and acrylonitrile were suggested to be poorly transported
into bacteria cells, possibly due to their bulkiness and hydrophobicity (Brandao et
al., 2002). Only Psychrobacter, Arthrobacter AN16 and R. erythropolis had the
fastest growth in the presence of acetonitrile. R. erythropolis was the only strain
that utilised acrylonitrile. However, the nitrile hydrolysing activity detected in the
cell free extracts of R. erythropolis showed higher activity on acrylonitrile than for
acetonitrile. Whole cells might have slowed down the transport of acrylonitrile
into the cytoplasm.

The ammonia assay was used to screen cell free extracts for nitrile- and amide
degrading activity. Positive results were only obtained for strains related to R.
erythropolis (data not shown). Strains of R. erythropolis are known to
constitutively express their NHases and coupled amidases (Brandao et al.,
2002). This suggested that the nitrile hydrolysing activities of other isolates were
probably not induced. Since the isolates were prepared from nutrient rich media
containing nitriles for the activity assay, the high nitrogen background might have
inhibited induction of nitrile hydrolysing activities. Although most bacteria are
known to express amidases, no activities on amides were detected for the
isolates. The amidases might have either been thermally deactivated by
sonication or removed as membrane bound proteins during the preparation of

cell free extracts.

No nitrile hydrolysing activity has previously been reported for members of the
Nesterenkonia, Kocuria and Psychrobacter genera. The Nesterenkonia, Kocuria,
and Arthrobacter genera share the same Order Actinomycetales with the
Rhodococcus and Microbacterium genera. Numerous nitrile hydrolysing species
have been identified within this bacterial order. However, the Kocuria strain was
eliminated from future work since determination of its cardinal growth

temperatures suggested that it was either a mesophile or a psychrotroph with a
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high maximal growth temperature. Psychrobacter isolate shared 99% 16S rRNA
sequence conservation with Psychrobacter cryohalolentis K5 (Genome
accession: NC_007969). The two putative nitrilase genes found in the sequenced

genome are described briefly in Chapter 3.

Nesterenkonia AN1 utilised acetonitrile on solid media and 3-cyanopyridine in
liquid medium as the sole nitrogen source for growth. Other Nesterenkonia
strains were reported to require nicotinic acid in the media for stimulation of
growth (Collins et al., 2002). This carboxylic acid is a product of the hydrolysis of

3-cyanopyridine.

Although Nesterenkonia AN1 shared significant 16S rRNA sequence identities
with known strains of its genus, it is the only psychrotolerant strain that grew
optimally at approximately 21°C. Nesterenkonia AN1, similar to known strains of
its genus, has alkaliphilic and halotolerant growth properties. Alkaliphiles
generally grow at pH values greater than 8 (Horikoshi, 1999) and halotolerant
species can grow rapidly in media containing NaCl up to 15% (w/v) (Kushner,
1978). Nesterenkonia AN1 was phenotypically different and did not share
significant 16S rRNA sequence identity with Nesterenkonia lacusekhoensis
(Collins et al., 2002), which was also isolated from Antarctica.

This is the first report of a novel nitrile hydrolysing psychrotolerant, halotolerant
alkaliphilic Nesterenkonia strain.
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Chapter 3. Gene mining and in silico
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3.1 Introduction

The previous chapter described the isolation of four bacterial strains:
Arthrobacter AN16, Psychrobacter fozii, Pseudomonas and Nesterenkonia ANL1.
These species were isolated solely for their ability to thrive on media containing
nitrile as the sole nitrogen and/or carbon source for growth, which suggested the
presence of nitrile-hydrolysing activity. In addition, these isolates had optimal
growth at low temperatures. The purpose of the work presented in this chapter
was to screen for nitrile hydrolysing gene(s) from these isolates and to
characterise the function of the deduced protein sequence(s).

Several approaches were undertaken to screen the isolates for nitrile hydrolysing
gene(s): i) PCR based screening of extracted genomic DNA using degenerate
primers, ii) screening the genomic DNA libraries, iii) in silico gene mining of the

sequenced genome of Nesterenkonia AN1.

Q) PCR Screening

PCR based screening has been reported for NHases where a consensus
sequence generated from alignments of protein sequences of the highly
conserved a-subunit was used for primer design (Brandao et al., 2003, Liebeton
& Eck, 2004, Lourenco et al., 2004, Precigou et al., 2001). In several cases,
screening for novel NHases by PCR has induced a bias towards known NHase
producing clades (Precigou et al., 2001). Cloning by PCR is known to be limited,
since prior knowledge of the sequence is usually based on analogous genes of
previously isolated organisms. However, due to numerous metagenomic studies,
a large input of protein sequences into databases has arisen and this has led to
a significant increase in diversity in enzyme families (Ferrer et al., 2009,
Handelsman, 2004). The continued input of novel NHase sequences in such
databases provides a different template for the design of unbiased degenerate
primers. The use of inosine within primers and a touchdown PCR method could
be used to account for two potential problems usually associated with
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degenerate primers; degeneracy and target specificity, respectively. Substitution
of this nucleotide analogue within degenerate primers would increase the
concentration of distinct primer sequences (Martin et al., 1985, Ohtsuka et al.,
1985, Xuan & Weber, 1992, Zheng et al., 2008a). Touchdown PCR employs an
initial annealing temperature above the projected melting temperature of the
primer pair, then progressively transitions to a lower, more permissive annealing
temperature over the course of successive cycles (Korbie & Mattick, 2008).
Touchdown PCR has routinely been used to increase the specificity of primers
for its target sequence.

(i) Library/expression screening

A screening system could be used to mine a genomic DNA library of an isolate
prepared in E. coli. Clones that are positive for the desired trait are identified
through screening assays based on target functionality (Ferrer et al., 2009,
Handelsman, 2004, Schmeisser et al., 2007). Three potential screening systems
are described for the screening of the genomic DNA for functional nitrile
hydrolysing genes. Two variations of complementation screening methods were
developed where the growth of the screening host organism is dependent on the
hydrolysis of two types of nitriles, aminoacetonitrile and 3-cyanopyridine
(nicotinonitrile). Nitrile hydrolysis of aminoacetonitrile releases glycine that would
complement the growth of a glycine auxotrophic E. coli strain. The other
complementation screening system was based on the fact that amidase activity
found in E. coli strains utilises nicotinamide as a sole nitrogen source for growth
(Frothingham et al., 1996). If one of the library clones expresses a functional
NHase that hydrolysed 3-cyanopyridine, nicotinamide produced would be utilised
by E. coli. The third screening assay is an adaptation of colourimetric assay for
identification of mycobacteria that relies on the hydrolysis of pyrazinamide to
pyrazinoic acid (Wayne, 1974). Pyrazinoic acid is detected by the formation of a
red-coloured complex with ferrous ammonium sulphate. The same enzyme that
hydrolyses nicotinamide has been reported to have activity on pyrazinamide in E.
coli strains (Frothingham et al., 1996). In this case, pyrazinecarbonitrile is used

61



as the substrate for screening genomic DNA libraries where positive clones may
be detected rapidly by colourimetric detection.

(ii)  In silico gene mining

The genome of Nesterenkonia AN1 was sequenced in the final year of this
project using the Illumina DNA sequencing technology at the University of the
Western Cape. This provided the opportunity for in silico gene mining for nitrile
hydrolysing genes.

The PDB database (www.rcsb.org) contains over 20 crystal structures for the
NHases and 10 crystal structures for members of the nitrilase superfamily.
Computational methods using these structures as templates could be used to
infer function and monomer fold for target protein sequences. Homology
modelling is useful in the studies of uncharacterised members of the nitrilase
superfamily, since these proteins shares low sequence conservation, but are
highly conserved structurally. For example, the protein sequence of NitPf5
nitrilase from Pseudomonas Pf-5 (Kim et al.,, 2009) was modelled using the
nitrilase structure 1j31 as the template. The substrate specificity of the Nase was
determined from analysis of its homology model (Kim et al., 2009). A comparison
of homology models with atomic structures has the potential to outline regions
involved in intersubunit interactions and residues lining the catalytic site that
determine substrate specificity.
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3.2 Materials and Methods

General recombinant DNA techniques were carried out as described in Appendix
A.

3.2.1 Design of degenerate NHase primers

The protein sequences of the a-subunits of NHases, retrieved from NCBI and
EMBL (www.ebi.ac.uk/embl/), were aligned using ClustalW (Larkin et al., 2007).
Degenerate primers were designed using the consensus sequence of selected
conserved regions. The degeneracy of the primers was reduced by the
substitution of inosine (I) in positions where there was either cytosine (T) and
adenine (A) (Martin et al., 1985, Ohtsuka et al.,, 1985, Xuan & Weber, 1992,
Zheng et al., 2008a). The Oligo Design and Analysis Tools of Integrated DNA
technologies (www.idtdna.com) were used to calculate the theoretical melting
temperatures and the G+C contents of the oligonucleotides. Oligonucleotides
were synthesized commercially (Integrated DNA technologies). Four primers;
NHglaF, NHglaR, NHg2aF, NHg2aR, were constructed (Table 3.1). The
average size of the expected amplicon is 342 bp. Primer pairs NHFel/2 and
NHCo1/2 (Precigou et al., 2001) were also used to screen the isolates for NHase
genes (Table 3.1).

Table 3.1 Primers used for the molecular screening of NHases.

Primer Sequence Reference
5- TGG TCG CCA ARK CIT GGR BIG ABC C -3 This work
5- GTI TGG GAI WSS ASI KCI GAA ATC CGC TA -3 This work
5-TCG TBG CVC GIG CIT GGR BIG AYC C-3 This work
5-ACC GCC GAN AIB CGC TAY GTS GTG CTG CC-3’ This work
5-CCC GAC GGT TAC GTC GAG-3’ Precigou et al. (2001)
5-CCA TGT AGC GAG TTT CGG CG-3’ Precigou et al. (2001)
5-GTC GTG GCG AAG GCC TGG-3’ Precigou et al. (2001)
5-GTC GCC GAT CAT CGA GTC-3 Precigou et al. (2001)
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The PCR reaction mixture (100 pl) contained 1 x PCR buffer (10 mM KCI, 20 mM
Tris-HCI (pH 8.8), 2 mM MgCl,, 0.1% [v/v] TritonX-100), 0.2 mM of each dNTP,
25 pmol of each primer and 1 U of Tag DNA polymerase (Southern Cross
Biotechnology). PCR amplification was carried out in an Applied Biosystems
thermocycler Gene Amp® 2700 thermal cycler. The optimised touchdown
thermocycling conditions were: initial denaturation at 95°C for 5 min, 2 repeated
7 cycles of denaturation at 95°C for 30 secs, primer annealing at 68-62°C for 30
secs, extension at 72°C for 15 secs; then 25 cycles of denaturation at 95°C for
30 secs, primer annealing at 62°C for 30 secs, and extension at 72°C for 15
secs; followed by a final extension step at 72°C for 10 mins. Genomic DNA used
for the PCR was prepared as described in Chapter 2, section 2.2.3.

3.2.2 Screening systems

The following sections describe the development of the three systems to screen
genomic DNA libraries for functional nitrile hydrolysing genes.

Aminoacetonitrile screening sytem

Glycine auxotrophic E. coli strain JK84 (Parker & Fishman, 1979) (Appendix C)
was used as the screening host. M63 minimal medium (Appendix B) was
supplemented with 0.4% glycerol, 10 pug/ml thiamine, 0.2% arabinose, and 0.1
MM CoCls. In the case of E. coli JK84, the media was supplemented with the
amino acids histidine and arginine at 50 pg/ml. Strain JK84 was maintained using
30 pg/ml of the antibiotic streptomycin in the media. Solid medium was prepared
by the addition of 20% (w/v) agar. Aminoacetonitrile (10 mM) or glycine (50
png/ml) was used for selection and as a medium control, respectively. The ORF of
Bacillus pallidus NHase was cloned from pNH14K (Cameron et al.,, 2005)
(Appendix D) into pBAD18 (Guzman et al., 1995) for expression under the
control of an arabinose inducible Pgap promoter. This plasmid was referred to as
pPAN1 (Appendix D) and was used as a control to determine the feasibility of the
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aminoacetonitrile screening system. Transformed cells were harvested from an
ON culture of E. coli JK84 or AT2681 harbouring pAN1 in LB at 37°C containing
0.2% glucose were washed twice in sterile H,O and plated onto selective media.
Cells transformed with pPBAD18 were used as the negative control. Plates were

incubated at room temperature until growth was visible.

Pyrazinecarbonitrile screening system

E. coli ArcticExpress (DE3) (Stratagene) (Appendix C) was used as the
screening host. Gentamycin (20 pg/ml) was used to maintain the low copy
plasmid (pACYC) which constitutively expresses the Oleispira antarctica
chaperonins, Cpnl0 and Cpn60 (Invitrogen). Solid and liquid LB media
(Appendix B) was supplemented with 5-50 mM pyrazinecarbonitrile, 0.1 pM of
CoClz, 0.1 uM FeCl; and 1 mM IPTG. Plasmid pJ1AC327 carrying the coding
sequence of the R. rhodochrous J1 mutant JLAC327 nitrilase (Thuku et al.,
2007) was used to test the feasibility of the screening system. Cells harbouring
the recombinant nitrilase were cultured in LB at 37°C overnight containing 30
png/ml kanamycin and used to inoculate the screening medium. Cells containing
only pET29b was used as a negative control. A modification of the test for the
detection of pyrazinoic acid (Wayne, 1974) was adapted to develop the
pyrazinecarbonitrile screening system. 0.1 vol of 20% FeNH4(S0O.), was added to
liquid medium and for solid medium a solution of the 20% stock was poured onto
the plate.

3-Cyanopyridine screening system

E. coli ArcticExpress (DE3) was used as the host. Controls were used as
described above. M63 minimal medium with (NH4).SOs omitted was
supplemented with 0.1 mg/ml thiamine, 0.1 uM CoCls, 0.1 uM FeCl;, 0.4%
glycerol, 20% w/v ultrapure agar and 20 mM 3-cyanopyridine. Harvested cells
harbouring the recombinant nitrilase, which was prepared in LB containing 30
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pug/ml kanamycin at 37°C, were washed twice in sterile H,O and plated onto the
selective medium. Plates were incubated at room temperature until growth was
visible. Approximately 500 transformants were plated out per plate. In addition,
approximately 50 washed transformants were used to inoculate 200 pl of M63
minimal medium containing 25 mM 3-cyanopyridine in each well of a 96 well
plate.

3.2.3 Preparation of genomic DNA library using pJET cloning vector

Approximately 5 pg of Nesterenkonia AN1 genomic DNA was sheared in 200 pL
of 100 mM Tris-HCI (pH 8.0) containing 200 pL of fine quartz sand particles.
Shearing was carried out in a bead beater (Biol0l FastPrep FP120, Savant
Instruments Inc. Holbrook, NY) at 4.5 m.s-1 for 10 sec, followed by brief
centrifugation for 5 min at 13 000 x g. Sheared DNA was separated by gel
electrophoresis on a 0.5% agarose gel containing 0.5 pg/ml ethidium bromide.
Fragments corresponding to approximately 6-14 Kbp were excised and gel
purified. The sheared genomic DNA was cloned in pJET1.2/blunt following the
Blunt-End Cloning Protocol according to the manufacturer’s instructions of the
CloneJET™ PCR cloning kit. Ligations were transformed into E. coli GeneHog
competent cells and spread onto LB plates containing 100 pg/ml ampicillin, 1 mM
IPTG. The plates were incubated at 37°C overnight. Colonies were scraped off
the plates into 1 mL of sterile H,O. Plasmids were purified from cell pellets using
the Qiagen plasmid purification kit and transformed into electrocompetent E. coli
ArcticExpress competent cells. Transformed cells were washed twice with sterile
H.O before plating onto M63 minimal medium containing 3—cyanopyridine (25
mM). Restriction endonuclease Bgl Il was used to excise the insert from the pJET

vector.
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3.2.4 Screening of E. coli clones for nitrile hydrolysis

Fresh overnight cultures of clones were used to inoculate 50 mL LB containing
respective antibiotics, 0.1 puM CoCl;, 0.1 pM FeCls, 1 mM IPTG. Cultures were
incubated at room temperature with shaking and 10 mL samples were taken after
4 hrs, and overnight. Cell pellets of samples were harvested, washed twice with
sterile H,O and then resuspended in 1 mL of 50 mM K;HPO4/KH,PO,4 (pH 7.6).
Cell pellets were lysed using sonication on ice for a total period of 30 sec with
cycles of 2 secs bursts followed by 2 sec pauses. Lysed cells were prepared by
centrifugation at max speed for 5 min at 4°C and the supernatant was used for
activity assays. A standard reaction mixture (100 pl) contained 50 mM
KoHPO4/KH,PO,4 (pH 7.6) and 20 ul supernatant. Acetonitrile, benzonitrile, and 3-
cyanopyridine substrates were at a final concentration of 25 mM. Assays were
carried out at room temperature overnight. To determine ammonia concentration,
the reaction was terminated by the addition of 3.5 vols of reagent A (0.59 M
phenol and 1 mM sodium nitroprusside). Colour development was by the addition
of an equal volume of reagent B (2.0 M sodium hydroxide and 0.11 M sodium
hypochlorite). The amount of ammonia released was measured
spectrophotometrically at ODgoonm after 5 min incubation at 55°C. For negative
controls, assays were performed with no substrate, or supernatant from a

negative clone (pJET containing non-nitrile hydrolysing, 967 bp insert).

3.2.5 Genome sequencing and in silico gene mining

The genome of Nesterenkonia AN1 was sequenced using Illumina DNA
sequencing technology at the University of the Western Cape. The nucleotide
sequences of semi-aligned contigs generated from the sequenced genome were
used as the database for local BLAST. Protein sequences of the a- and [(3-
subunits of NHases and nitrilases retrieved from NCBI were used as queries in
BLAST using BLOSUM 62 matrix with a cut off expectation value greater than
0.0001. Protein sequences with significant hits were analysed using BLAST,
provided by NCBI. The nucleotide sequences of contigs were retrieved from the
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Nesterenkonia database. ORFs flanking the gene of interest were predicted
using the Vector NTi Suite (www.invitrogen.com) and Rapid Annotation using
Subsystem Technology (RAST) (Aziz et al.,, 2008) (www.theseed.org) and
analysed using BLAST.

3.2.6 Homology modelling

MetaServer (Ginalski et al., 2003, Kajan & Rychlewski, 2007) was used for the
threading of protein sequences for suitable structural templates for the
construction of 3D homology models. The 3D-Jury scoring (Ginalski et al., 2003)
of MetaServer were used to analysed the threads returned from local structure
and fold recognition servers such as PDB-BLAST, 3D-Jigsaw, EsyPred3D,
GRDB, FFAS03, Sam-T99, INBGU, FUGUEZ2, 3D-PSSM, mGenTHREADER,
psipred, and profsec. The comparative modelling program MODELLER (Sali &
Blundell, 1993) linked with Metaserver was used to construct the 3D models by
optimally satisfying spatial restraints. Subsequently, the stereochemistry of
selected homology models were evaluated using RAMPAGE (Lovell et al., 2003).
Homology models with optimal stereochemistry were compared against
structures within the Protein Bank Database using the 3D superimposition
analysis server of SSM (Krissinel & Henrick, 2004).
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3.3 Results

3.3.1 PCR screening of isolates for NHases

Figure 3.1 shows a portion of the Clustalw (Larkin et al., 2007) alignment
constructed from 180 NHase a-subunit protein sequences. These sequences
included putative and experimentally determined NHases. Two conserved
regions that flanked the highly conserved co-factor binding region were selected
for primer design (Figure 3.1). This motif was used for identification of NHases

from sequenced amplicons.

Initial PCR trials using the degenerate primers and a standard thermocycling
condition (annealing temperature of 50°C) yielded multiple bands (data not
shown). The application of touchdown PCR thermocycling programme greatly
reduced multiple bands for most PCR analysis. The results of the PCR are
tabulated in Table 3.2 for each primer combination used. In addition, PCR trials
using the non degenerate primers NHFel/2 and NHCo1/2 (Precigou et al., 2001),
specific for Fe-type and Co-type NHases, respectively, are shown.

Only the sequenced amplicons derived from the R. erythropolis and Arthrobacter
AN16 using primer pairs NHFel/2, NH1gF/NH2gR, and NH2gF/NH2gR were
positive for Fe-type NHases. The amplicon derived using primer pair NHFel/2
was used for further analyses, since it was 62 bp longer than that derived using
the new degenerate primers. Furthermore, these sequences shared high
sequence conservation (>98%) with the a-subunit of Fe-type NHases of R.
erythropolis IND-ANO14 (Accession number: AAP57643) (Brandao et al., 2003),
Brevibacterium sp. (AAA62722) (Mayaux et al., 1990), Rhodococcus sp. R312
(PDB code: 1AHJ-A) (Huang et al.,, 1997) and R. erythropolis ANT-ANOO7
(AAP57640) (Brandao & Bull, 2003) (Figure 3.2). The latter bacterial strain was
isolated from lake sediment in Antarctica, and was reported to utilise acetonitrile
and benzonitrile as the sole nitrogen source for growth (Brandao et al., 2003).
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Figure 3.1 continued.
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Figure 3.1 ClustalwW alignment of NHase a-subunit protein sequences used for primer design. Position of primer pairs, NglaF/R, Ng2aF/R, NHCo1/2, and NHFel/2,

are shown below the alignment. Light grey shading represent residues that are 50% conserved. Dark grey shading represent residues of the highly conserved co-

factor binding domain. Abbreviations: Ty, Co- or Fe-Type NHases; Len, length of a-subunit protein sequence.
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Table 3.2 Results of PCR trials using the degenerate primers. Abbreviations: ND, not

determined; -, no reaction; +, positive reaction.

Isolate  16S rRNA NHCol  NH1gF
NHCo2 NH1gR

NH1gF
NH2gR

NH2gF
NH2gR
49.6 Psychrobacter fozii

H1B2 Nesterenkonia AN1 ND ND - + + -
49.1 R. erythropolis + - - + + -
49.8 Arthrobacter AN 16 + - - + + -
4E1B1 Pseudomonas ND ND ) ) . )
E. coli gDNA - - - - -
pNH14K - - - - - +

Although amplicons of ~350 bp were obtained for the Nesterenkonia AN1 and
Pseudomonas (Table 3.2), no significant sequence relatedness to NHases was
found. This amplification is probably due to the non-specific binding of the
degenerate primers. No amplification was obtained for Psychrobacter and the
negative control, E. coli (Table 3.2). A closely related Psychrobacter genome has
been fully sequenced, and shows no NHase-related ORFs. The gene of
G. pallidus Co-type NHase in plasmid pNH14K only amplified with the
NH2gF/NH1gR combination. No amplification was obtained with NHCo1/2
primers, which are specific for Co-type NHases.
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Figure 3.2 ClustalWw alignment showing the conservation of the deduced protein

sequence of R. erythropolis amplicon with known NHase a-subunits. The co-factor

binding domain is underlined. The serine (S) residue that denotes Fe-type NHases is
marked in red. The accession numbers AAP57643, AAA62722, 1AHJ-A and AAP57640
refer to the Fe-type NHase a-subunits of R. erythropolis IND-ANO14, Brevibacterium

sp., Rhodococcus sp. R312, R. erythropolis ANT-ANOO7, respectively.
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3.3.2 Development of functional screening systems

Aminoacetonitrile screening system

The glycine auxotroph E. coli JK81 strain did not grow on M63 minimal medium
lacking glycine. The strain grew on media supplemented with aminoacetonitrile
and glycine, which confirmed that the nitrile was not toxic to the host strain. Cell
free extracts of arabinose-induced E. coli JK81 harbouring pAN1 were shown to
have activity on aminoacetonitrile and acetonitrile in the presence of purified
amidase (data not shown). However, no growth was observed for cells
harbouring pAN1 on M63 minimal medium containing aminoacetonitrile as the
sole nitrogen source. The data suggests that E. coli JK81 lacks an amidase
capable of converting aminoacetamide to ammonia and glycine. The co-
expression of an aminoacetamide degrading amidase is required, in addition to

NHase for this complementation assay to function successfully.

Pyrazinecarbonitrile screening system

A faint brown colour was observed for E. coli colonies harbouring pJ1AC327 on
LB plates containing pyrazinecarbonitrile, which were soaked in 20%
FeNH4(SO,4), solution. No distinction could be made between colonies
harbouring pJ1AC327 and pET29b possibly due to the diffusion of pyrazinoic
acid in the agar plates. To improve the detection of pyrazinoic acid, cells
harbouring pJ1AC327 were inoculated into liquid LB medium containing
pyrazinecarbonitrile. Pyrazinoic acid could be detected for cells harbouring
pJ1AC327 at 20-50 mM pyrazinecarbonitrile (Figure 3.3). No colour was present
at 0 mM pyrazinecarbonitrile and for cells harbouring pET29b (Figure 3.3).
However, the cell density of cultures was observed to decrease at concentration
of the nitrile greater than 30 mM, possibly due to the toxicity of
pyrazinecarbonitrile. This screening system is suitable if performed in liquid
media in the presence of 10- 30 mM pyrazinecarbonitrile.
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Figure 3.3 Colorimetric detection of cultures for activity on pyrazinecarbonitrile.

3-Cyanopyridine screening system

E. coli ArcticExpress cells harbouring the pNit plasmid grew on M63 minimal
medium supplemented with 25 mM 3-cyanopyridine as the nitrogen source. Cells
harbouring the negative control plasmid pET29b, did not grow on this medium.
Since Nesterenkonia AN1 utilised 3-cyanopyridine as a sole source of nitrogen
for growth, this screening system was used.

Several transformed E. coli ArticExpress colonies were observed on the selective
plates after a week of incubation. These colonies were re-streaked onto fresh
selective plates and re-incubated. Colonies that did not grow after the second re-
streaking suggested that the initial growth was due to the presence of residual
nitrogen, either from the transformation mixture or from dead cells. One clone,
pD1, had strong activity on benzonitrile and acetonitrile. No activity was obtained
for a crude extract that was boiled for 5 mins or for crude extracts of cells
harbouring the control plasmid (data not shown). Analysis of a Bgl Il digest of
pD1 DNA showed that the 2974 bp vector backbone was not present. It could not
be established with several pJET vector specific restriction endonucleases
whether pD1 could be a contaminating vector. The same analysis was performed
on plasmids extracted from several other colonies also revealed no vector

backbone. A possible reason is that since E. coli ArcticExpress is a rec+ strain,
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the insert or vector might have contained a repeated sequence or secondary
structures that underwent rearrangement (Bi et al., 1995), or recombination might
have occurred between the plasmid and the genome of E. coli ArcticExpress or
its low copy pACYC plasmid.

With the availability of the sequenced genome of Nesterenkonia AN1, no further
attempts were made to optimise the screening systems.

3.3.3 In silico gene mining of the Nesterenkonia AN1 genome

Computational analysis of the partially sequenced Nesterenkonia AN1 genome
did not identify protein sequences with significant similarity to the a- or [-
subunits of NHases. In addition, no sequence similarities were found for the
cluster of proteins associated with NHases, such as the activator (enhancer)
protein (Cowan et al., 2003).

Two protein sequences (276 and 264 amino acids, referred to as Nitl and Nit2,
respectively) had significant similarity to nitrilases in the local BLAST database.
BLAST of Nitl and Nit2 against the NCBI protein database detected conserved
domains, pfam00795, (Bork & Koonin, 1994) identified as non-peptide carbon-
nitrogen hydrolases of the nitrilase superfamily. The full nucleotide and deduced
protein sequences of Nitl and Nit2 are shown in Appendix F.

3.3.4 Genetic maps of Nitl, Nit2 and neighbouring ORFs

Genetic maps of the Nitl and Nit2 ORFs, including the neighbouring ORFs, were
generated and are illustrated in Tables 3.3 and 3.4. ORF2 is the 828 bp Nitl
gene (Table 3.3). A ribosome binding site (5’-agagg-3’) was sited 8bp upstream
of the initiation start (ATG) of the Nitl gene and an amber stop codon (TAG)
terminated the ORF. Nitl shared 56-57% identity with putative amidohydrolases,

nitrilases, cyanide hydratases or apolipoprotein N-acyltransferases of
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Arthrobacter strains (Table 3.3). These are all members of the nitrilase
superfamily.

Upstream of the Nitl gene, ORF1 (267 bp, 89 aa) shared 51% identity with the
hypothetical protein RSal33209_1001 (Accession ABY22741.1) of Renibacterium
salmoninarum ATCC 33209 (Table 3.3). Downstream of Nitl, the 964 bp ORF3
encodes a 318 aa polypeptide that had 56% identity to aminotransferase class IV
of Arthrobacter chlorophenolicus A6 (Table 3.3). Aminotransferases are 4-amino-
4-deoxychorismate lyase protein members of the fold-type IV of PLP dependent
enzymes that convert 4-amino-4-deoxychorismate (ADC) to p-aminobenzoate
and pyruvate. The fourth ORF was truncated but the partial sequence had
significant identity to cardiolipin synthetase of Arthrobacter sp. F24 (Table 3.3).

Nit2 and the adjacent ORFs are shown in Table 3.4. Nit2 (ORF4) was calculated
to be 1107 bp and had a ribosome binding site (5’-agggg-3’) 10 bp upstream of
its start codon (ATG). This ORF terminated with an amber stop codon
overlapped with ORF5 by 203 bp (data not shown). The deduced protein
sequence for ORF 5 shares 72% identity with the amine oxidase of Arthrobacter
chlorophenolicus A6. Further analysis of the genome sequence revealed that
Nit2 ORF was inconsistent at position 791 bp: sequenced PCR amplicons of Nit2
showed a T at position 791, while a G was present in the genome assemblies
(described further in Chapter 4, Section 4.3.1). This was an error within the
assemblies of the genome. Due to the error, an amber stop codon terminated
Nit2 ORF at 790 bp. Nit2 shared 47-45% identity with putative nitrilases, cyanide
hydratases or apolipoprotein N-acyltransferases of Arthrobacter strains (Table
3.4). ORF1 had 49% identity to a hypothetical membrane protein of Kocuria
rhizophila (Table 3.4). In addition, ORF2 had 54% identity to the major facilitator
serine transporter protein of the same species. The deduced protein sequence of
ORF3 had high sequence conservation (57% identity) with the sodium: sulphate
symporter transmembrane component of Erythrobacter sp. NAP1 (Table 3.4).
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Table 3.3 Genetic map of Nitl and its neighbouring ORFs.

retrieved from BLAST analysis of ORFs are shown.

The top three results

Putative RBS RBS
promoter
N Y X
; L . w ! I
);| ORF 1} ORF 2 (Nit1) ORF 3 | ORF4
i [ 7 “ 4
(267 bp} (828 bp) {954 hp) {328 bp)
2653 bp
ORF Predicted Similarity: Protein General protein Organism
protein XY = X% Length information {Accession) {Accession of
length identity / (aa) secuence genoime)
{aa) Y%
homology
hypothetical protein Renibacterium
51163 &6 RSal332 salmoninarum ATCC
09_1001(ABY22741.1} 33209 (CPOO0910.1)
ORF - ' Arthrobacter
89 hypothetical protein :
1 36462 &7 . chiorophenolicus AB
Achl_3654 (ACL41609.1) (CPO01341.1)
40/57 a7 hypothetical protein Arthrobactersp. FB24
Arth_3867 (ABKO5242.1) (CPO00454.1)
L putative amidohydrolase Arthrobactersp. PY22
ories £64 (CAR47877.1)
predicted amidohydrolase Arthrobactersp. AK-1
ORF 576 aslias 2064 {(ABRG6GZ96.1)
2
Mitrilase/cyanide hydratase Arthrobacter
56/68 264 zzjligsgf;zge'” N chiorophenolicus AB
(ACL41203.1) {CPO0D1341.1)
Arthrobacter
aminotransferase class |V chiorophenolicus AB
ob/68 309 {ACL41583.1) ({CPO01341.1)
4-amino-4- -
og F 318 54/66 306 deoxychorismate lyase (.é’;%’ggfgf{ )Sp' FE24
(ABKOS225.1) : ’
PEm—— Arthrobacter
52165 313 deoxychorismate lyase ?g;%%c;4n%s4Tﬁ1
{(ABMUOB558.1) ) o
cardiolipin synthetase 2 Arthiobacter sp. FB24
44/65 491 (ABK05224 1) {CPO00454 1)
phospholipase Arthrobacter
QORF 100 43166 479 DfTransphosphatidylase chiorophenolicus AB
4= {ACL41592.1) (CPOO1341.1)
. . Clavibacter
putativepasphiollpase. michiganensis subsp
46/67 489 cardiolipin synthetase g . ’
(CAND2888 1) michigansrnsis NCPPB
' 3B2(AM711867.1)

* ORF4 truncated by 1150 bp
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Table 3.4 Genetic map of Nit2 and its neighbouring ORFs.

Nucleotide
correction
{G->T)
. , (Nie2)
/ORF1 | ORF2 | ORF 3 > ORF4| >
1
{765 bp} {1188 hpl {1701 bp) {1107 bp)
5811bp {902 bp)

ORF Predicted Similarity: Protein General protein Crganism {Accession
protein XY = X% Length information (Accession) of sequence genome)
length identity / (aa)

(aa) Y%
homology
49765 249 hypotheticalmembrane Kocuria rhizophita
(BAG30374.1) Ds2201 (APOO2152.1)
. . Corynebacterium
ORF hypuothetical protein .
255 41/65 253 urealyticum DSM 7109
1 {(CACDE111.1) (AMO42444 1)
Futative domain od unknown | Corynebacterium
4785 249 function (EEBG3541.1) amyeolatum
Kocuria rhizophila
54/65 433 E‘g’;segggi'gfﬂer DC2201 (APO0S152.1)
ORF 306 major facilitator family Mycrobacterium
2 53/67 399 protein transporter smegatis str. MC2 155
(ABK71320.1) {CPOND0O480.1;
major facilitator superfamily Micracoccus luteus
- e (EDT57186.1) {NCTC2665)

Sodium:sulfate symporter
57/71 508 transmembrane compenent Erythrobacter sp. NAP1
(EAQ27847.1)

ORF A Kocuria rhizophita
567 DASS family transporter
5 49/63 569 (BAG30405 1) DC2201 (APOOR152.1)
. anion transporter Micrococcus luteus
52/88 5686 (EDT57225.1) (NCTC 2665)
Nitrilase/cyanide hydratase
and apolipoprotein M- Arthrobactersp. FB24
46452 282 acyltransferase (CPOD0454.1)
(ABK0O25001.1)
Nitrilase/cyanide hydratase
ORF4 284 and apolipoprotein N- Arthrobacter
= 47/62 267 acyltransferase chiorophenolicus AG
{(ACL39174.1) (CPO01341.1)
eth = HRTagER tamily Arthrobacter aurescens
45761 267 hydrolase (ABM10070.1) (CP0D0474.1)
Arthrobacter
72180 578 amine oxidase (ACL39177.1) | chioraphenclicus AG
{(CPOD01341.1)
putative tryptophan 2-
OFiFS 540 71/80 543 monooxygenase ArfB bR allEs ens

CABMOB490.1) TC1(CPON0474.1)

amine oxidase Arthrobactersp. FB24

71/81 578 (ABKO2504.1) {CPOD0454.1)

* ORF4 & ORF5 —due to an error within the sequencing of the genome, the 264 bp nucleotide

sequence of ORF4 was used.
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Most of the deduced protein sequences of Nesterenkonia ORFs shared
significant conservation with proteins found in Arthrobacter, Kocuria and
Micrococcus strains. The latter three genera shared the same family,
Micrococcaceae, as Nesterenkonia. The genomes of several of these strains, as
shown in Tables 3.3 and 3.4, have been fully sequenced. The arrangement of
Nitl, Nit2 and the neighbouring ORFs was not conserved in other organisms.

3.3.5 Analysis of Nitl and Nit2 protein sequences — sequence conservation

Nitl and Nit2 showed an overall protein sequence conservation of 56 and 62%
with putative nitrilases in Arthrobacter strains. In order to determine the enzyme
function of Nitl and Nit2, a comparison of protein sequence conservation with
known members of the nitrilase superfamily was made (Table 3.5). In addition,
the putative nitrilases from sequenced genomes of Arthrobacter strains and

Psychrobacter cryohalolentis K5 were included.

There was low sequence conservation (25% sequence identity) between the
protein sequences of Nitl and Nit2 (Table 3.5). Of the three putative nitrilases in
Arthrobacter sp. FB24, Nitl shared significant sequence conservation (58 and
48%) with ABK04917 and ABK830230, respectively (Table 3.5). Nit2 only shared
42% sequence identity with the third putative nitrilase, ABK02500 (Table 3.5). No
significant sequence conservation was found between Nitl and Nit2 and the
putative nitrilases found in Psychrobacter cryohalolentis K5 genome and with
characterised members of the nitrilase superfamily. Overall, Nitl and Nit2 were
most similar to the putative nitrilase/cyanide hydratase and apolipoprotein N-
acyltransferase proteins of the Arthrobacter strains, the functions of which have

not been experimentally determined.
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Table 3.5 Protein sequence conservation (percentage identity) of Nitl and Nit2 with

putative and characterised members of the nitrilase superfamily. Abbreviation: ApoL,

apolipoprotein N-acyltransferase.

Enzyme

Nitl
Nit2

Putative nitrilases

Nase/cyanide hydratase/ApoL
Nase/cyanide hydratase/ApoL
Nase/cyanide hydratase/ApolL
Nase/cyanide hydratase/ApoL
Nase/cyanide hydratase/ApoL
Nase/cyanide hydratase/ApolL
Nase/cyanide hydratase/ApoL

Accession
/PDB
number

NA

ABKO04917.1
AB830230.1
ABK02500.1
ACL39174.1
ACL41203.1
ABE74006.1
ABE74190.1

Organism

Nesterenkonia (this work)

Arthrobacter sp. FB24
Arthrobacter sp. FB24
Arthrobacter sp. FB24
Arthrobacter chlorophenolicus A6
Arthrobacter chlorophenolicus A6
Psychrobacter cryohalolentis K5

Psychrobacter cryohalolentis K5

Characterised members of the nitrilase superfamily

Nitrilase

Nitrilase

NitFhit fusion protein
AmiF formamidase
Prokaryotic Nit protein
Aliphatic amidase

Aliphatic amidase

B-alanine synthetase

Putative CN hydrolase
DCase

DCase

Hypothetical protein PH0642

Predicted amidohydrolase

ABHO04285
BAA01994.1
lems
2dyu
2ell

2plq

2uxy

2vhh

189

1uf5

lerz

1j31

2wlv

G. pallidus DAC521

R. rhaodochrous J1
Caenorhabditis elegans
Helicobacter pylori
Xanthomonas campestris
G. pallidus

P. aeruginosa

Drosophila melanogaster
Saccharomyces cerevisiae
Agrobacterium radiobacter
Agrobacterium sp. Strain KNK712
Pyrococcus horikoshii

Mus musculus

58%
48%
22%
25%
57%
19%
7%

14%
10%
21%
13%
15%
12%
14%
10%
22%
17%
18%
18%
22%

25%

26%
22%
42%
45%
25%
15%
8%

13%
12%
22%
12%
20%
16%
16%
12%
19%
15%
15%
22%
20%
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3.3.6 Alignment of Nitl and Nit2 protein sequences with characterised
members of nitrilase superfamily

An alignment of the Nitl and Nit2 protein sequences with those of known
nitrilases (kindly constructed by Dr Robert Thuku, Electron Microscope Unit,
University of Cape Town) is shown in Figure 3.4. The predicted fold of a-helices
and (-sheets for Nitl and Nit2 are highlighted in the alignment. The secondary
structural fold of G. pallidus aliphatic amidase (Kimani et al., 2007) was included

for comparison.

Nitl and Nit2 conserved the catalytic residues (EKEC) and the four glycine
residues (Figure 3.4). In addition, the predicted folds of Nitl and Nit2
superimposed on the agfa monomer fold of G. pallidus aliphatic amidase. These
features of Nitl and Nit2 are conserved in known members of the nitrilase
superfamily. It could be determined from the alignment that Nitl and Nit2 are not
Nases or aliphatic amidases (Figure 3.4). The putative nitrilases did not have the
significant insertions of 12-16 amino acids that correspond to the “C” surface nor
the conserved sequence motif “DP/FXGHY” of spiral forming Nases (Figure 3.4).
In addition, these putative nitrilases did not possess an extended C-terminal
region associated with Nases and aliphatic amidases (Figure 3.4).

Furthermore, no significant similarities could be found between Nitl and Nit2 and
other members of the nitrilase superfamily. Nitl and Nit2 did not possess an
extended N-terminal region as reported for -alanine synthetase nor did these
protein sequences share similar amino acid insertions with other members of the

nitrilase superfamily (Figure 3.4).

The data suggested Nitl and Nit2 are related to the nitrilase superfamily and
could be novel Nases.
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Figure 3.4 Multiple alignment of Nitl and Nit2 protein sequences with known members
of the nitrilase superfamily. The protein sequences of Nases of G. pallidus DAC521
(Dacb21, accession no ABH04285) and R. rhodochrous J1 (RrJ1, Accession no
BAA01994), and the 10 members of the nitrilase superfamily for which structural
information is available (see Table 1.3). The predicted secondary structure of Nitl and
Nit2 is included in their sequences with B-sheets (blue) and a-helices (red). The
secondary structural elements identified for 2plg (Kimani et al. 2007) are indicated in the
bottom line. The conserved catalytic residues (CEK) are shown in a box outline. The
additional glutamate catalytic residue is in bold and double underlined. # indicates the
locations of the catalytic residues and four glycine residues that are conserved in all
members of the nitrilase superfamily. The conserved sequence motif ‘DP / FXGHY’ in
the tail region of the spiral forming Nases is in bold and underlined. The approximate
regions of the interacting surfaces of Nases, namely ‘A’, ‘C’, ‘D’ and ‘E’ are indicated on
the top line. The alignment was kindly provided by Dr. Robert Thuku (University of Cape
Town). Other features in the alignment were adapted from Thuku et al., (2008).

3.3.7 Assignment of Nitl and Nit2 to a branch of the nitrilase superfamily

While Nitl and Nit2 conserved the catalytic residues and the characteristic
structural folds of known members of the nitrilase superfamily, it could not be
established to which of the 13 branches of the nitrilase superfamily these
enzymes belonged.

Pace and Brenner (2001) developed two methods by which members of the
nitrilase superfamily could be assigned to a branch. The first method uses
BLAST and an E-value cut-off of 1 x10'®. Thirteen local BLAST databases were
created using the recommended representative nitrilase of each branch as
described in the supplementary data of Pace and Brenner (2001). Nitl and Nit2
were used as protein queries for the BLAST databases and hits with E value
smaller than 1 x 10 were indicated with a plus sign (+) (Table 3.6). Although
Nitl and Nit2 had positive hits for Branch 10, their E-value was just bordering the
E-cut off score (Table 3.6). Nit2 also had positive hits of similar magnitude with
branches 6 and 11. In general this was a rapid method to assign the two
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unknown nitrilases to one of the branches of the nitrilase superfamily, the local
BLAST database lacked sufficient characterised sequences.

The second method was to compare the signature sequence that flanked the
catalytic triad (EKC), which are conserved in each branch of the nitrilase
superfamily (Pace & Brenner, 2001). A scoring system was created to calculate
the percentage match of the signature sequence surrounding the catalytic
residues with those of Nitl and Nit2. The residues surrounding the Nitl catalytic
triad had the high percentage match to branch 13 (92%), followed by branch 10
(79%) and branch 9 (78%). Nit2 also had match to branch 13 (92%), followed by
branch 9 (78%).

Table 3.6 Alignment of conserved signature sequences of branches of the nitrilase

superfamily with Nitl and Nit2. Table was adapted from Pace and Brenner (2001).
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However, according to this method of analysis no enzymic function could be
attributed to the two putative nitrilases. Branch 13 consisted of mainly
uncharacterised enzymes that did not fit into any of the 12 branches assigned
(Pace & Brenner, 2001). Branch 10 enzymes are represented by the Nit domain
of the NitFhit fusion protein, but no enzyme function has been assigned to this
domain (Brenner, 2002, Pace et al., 2000). Apolipoprotein N-acyltransferase

85



proteins form the branch 9 enzymes, but these have a hydrophobic N-terminal
domain and their protein sequences were an average of 510 residues (Pace &
Brenner, 2001).

The data presented re-affirmed the suggestion that Nitl and Nit2 could be novel
Nases of the nitrilase superfamily.

3.3.8 Comparison of Nitl and Nit2 homology models with known structures of

the nitrilase superfamily

Since Nitl and Nit2 shared the same conserved structural folds, the atomic
structures of nitrilases could be used as templates to build putative 3D models of
these two proteins. Such 3D models could be used for comparison with known

structures and to infer functional information.

Meta Server (Kajan & Rychlewski, 2007) threading of Nitl and Nit2 protein
sequences only retrieved structures of members of the nitrilase superfamily to be
used as templates. The 3D-Jury score (Ginalski et al., 2003, Kajan & Rychlewski,
2007) of Meta Server indicated that 1fo6 was the best template to build Nitl
homology model using MODELLER (Sali & Blundell, 1993). In addition, 1uf5 was
the most suitable template for Nit2.

Nitl homology model was evaluated using RAMPAGE (Lovell et al., 2003) that
plots the stereochemistry of residues on a Ramachandran plot (Figure 3.5). The
percentage of the residues of Nitl homology model in the favoured, allowed and
outlier region were 92.3, 5.8 and 1.8%, respectively (Figure 3.5, Nitl). In
addition, the generated Ramachandran plot values for Nit2 were 96.6, 2.3 and
1.1%, respectively (Figure 3.5, Nit2). The validation of Nitl and Nit2 final
homology models indicated that these were suitable for 3D comparative
analyses. Residues falling within the outlier region of Nitl (P177, D212, A224
and P12) and of Nit2 (P165, E175 and S247) were all located on the N-terminal,
external loops and C-terminal regions. Since known structures of the nitrilase
superfamily are highly conserved, it was unlikely that the side chains of these
outlier residues did not disturb the basic topology of the protein. The
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Ramachandron plots for 1uf5 and 1fo6 were obtained for comparison with the
Nitl and Nit2 homology models (Figure 3.5). The plots of Nitl and 1uf5A showed
that the majority of the residues were in favourable regions, similar to those
observed for the crystal structure (Figure 3.5). However, there was a difference
in residues in the region of the a-helix fold (region W 20,-50: ® -135,-45). These
differences could be possibly due to errors in the alignment, improper orientation
of side chains and variability in the loop regions, which leads to poor fit and
consequently, poor stereochemistry in the model. The same results were
observed between Nit2 and 1fo6 (Figure 3.5).

3D comparative analysis of Nitl and Nit2 homlogy models with structure Protein
Data Bank (PDB) were searched using SSM. Nitl and Nit2 shared significant 3D
similarity scores with only structures of DCases. The homology models of Nitl
and Nit2 shared low sequence identities (<25%) and a deviation of C® rmsd of
1.1 and 1.2 A with 1uf5 and 1fo6, respectively.

Despite the high C® rmsd between Nitl and Nit2 homology models and DCases,
the data from protein sequence threading and 3D comparative analysis
suggested that these two putative nitrilases could be unique DCases.
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Figure 3.5 Ramachandran plots for the Nitl and Nit2 homology models and their

structurally similar DCases.
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3.3.9 Description of Nitl and Nit2 homology models

Since the homology models of Nitl and Nit2 shared structural similarity with all
DCase structures, the detailed structure of 1fo6 (Wang et al., 2001) was used for
comparison with both Nitl and Nit2.

Figure 3.6 panel A and B shows Nitl and Nit2 respectively superimposed on
1fo6. The superimposition of Nitl homology model showed that this protein had a
truncated C-terminal region (Figure 3.6 A, panel A, top figure). 1fo6 had 303 aa
while Nitl had 276 aa. The 263 aa Nit2 homology model superimposed on the C-
terminal region of 1fo6, but did not share similar a-helices in this region (Figure
3.6 panel B, top figure).

The monomers of 1fo6 form a tight dimer along the A surface with mostly
hydrophobic interactions occurring between residues located on the a5 and a6
helices and the C-terminal region (Wang et al., 2001). Nitl and Nit2, despite their
low sequence identities, shared a similar hydrophobic A surface with 1fo6 (Figure
3.6, panel A and B). The side chains of Nit2 homology model residues A248,
A256, L263, W262 that superimpose with 1286, P295, L300, 1301 1fo6 are all
hydrophobic (Figure 3.6, panel B, C-terminal). The C-terminal region of Nitl
homology model was truncated with only two hydrophobic residues V267 and
L270 superimposing 1286 and F287 of 1fo6 (Figure 3.6, panel A, C-terminal
figure). Similar results were found for the superimposed reported side chains of
residues lining the a5 and a6 helices of 1fo6 with those of Nitl and Nit2 (Figure
3.6, panel A and B, H5 and H6 panels).

Although Nitl and Nit2 shared low sequence identity with 1fo6, they were
structurally superimposable and although the side chains were generally
different, they shared many of the same side chain properties. The similar A
surface between Nitl, Nit2 and 1fo6 confirmed that the two putative nitrilases
monomers would interact forming dimers, a characteristic found in all known

structures of the nitrilase superfamily.
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Figure 3.6 Superimposition of Nitl and Nit2 homology models on 1fo6. The structure
and residues labels are shown in green for Nitl and Nit2 homology models and in red
for 1fo6. Only the side chains of 1fo6 that were implicated in intersubunit interactions
along the A surface as described in Wang et al., (2001) are shown.
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The catalytic residues of 1fo6 (E47,C172,K127) were located deep inside a cleft,
which was lined with mostly polar residues (F53, P131, H144, N173, R175,
R176, N197, T198, P199, and N202) (Wang et al., 2001) (Figure 3.7 panel B,
1fo6). These residues lining the cavity provided a suitable environment for the
docking of substrates, in particular carbamoyl compounds for DCase (Wang et
al., 2001). A molecular surface representation for 1fo6, Nitl and Nit2 is shown in
panel A of Figure 3.7. The catalytic site of 1fo6 was described as small and deep
(Wang et al., 2001) and it appeared that the active site of Nitl was of similar
dimensions (Figure 3.7, panel A, compare 1fo6 with Nitl). Nit2 had a large
oblong catalytic site (Figure 3.7, panel A, compare Nit2 with 1fo6 and Nitl),
which appeared much larger than that of Nitl and 1fo6.

The residues lining the cavity of Nitl were selected for their superimposition on
1fo6. Since the side chains lining the catalytic site for Nit2 were found not to
superimpose on those of 1fo6, the residues lining the cavity were predicted from
the model. Residues lining the cavity for Nitl were F46, L121, F127, Y155, R158,
S179, W180, E184, A1825, and T198 (Figure 3.7, panel B, Nitl) and for Nit2
they were Y46, Y115, P117, E118, Y146, T169, A170, L171, A172 and E175
(Figure 3.7, panel B, Nit2). Of these 11 residues, 82% are polar for 1fo6, 45% for
Nitl and 64% for Nit2. The differences in polar residues along the dimer interface
might suggest a weaker interaction between two monomers of Nitl and Nit2.

Most importantly, the three histidine residues (H129, H144, H215 for 1fo6) that
are conserved in DCases and have been implicated for the catalysis of
carbamoyls (Wang et al., 2001) were different for the two putative nitrilases. Only
H120 and H129 of Nitl and 1fo6 superimpose, respectively. Other residues of
Nitl (except for H120) and Nit2 superimposed the three histidine residues of 1fo6
(data not shown). The data suggested that Nitl and Nit2 could be unique types
of DCases that had preferences for different types of carbamoyl substrates, or
the putative nitrilases were not DCases.

Since the location of the four catalytic residues are conserved in structures of the
nitrilase superfamily (Kimani et al., 2007), the distances between three catalytic
residues of Nitl and Nit2 homology models were measured for comparison with

1fo6 (Figure 3.6, panel C). The total sum of distances amongst three residues of
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1fo6, Nitl, and Nit2 were 14.03, 15.18 and 30.73 A, respectively. The large
distances obtained between the catalytic residues of Nit2 suggested that the
active site of the homology model might be incorrectly constructed.

Figure 3.6 Catalytic cleft of 1fo6 and homology models of Nitl and Nit2. Panel A,
surface representation 1fo6, Nitl, Nit2 in green with the catalytic site in red. Panel B,
residues lining the catalytic site of 1fo6, Nitl and Nit2. Catalytic residues (EKEC) are
shown in red. Panel C, represents the residues of the catalytic residues of 1fo6, Nitl
and Nit2 with distances between side chains measure in A. Only three catalytic residues
are shown for 1fo6 (Wang et al., 2001).
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3.4 Discussion

The objectives of the work described in this chapter were to identify the gene(s)
and characterise the deduced protein sequence(s) that were responsible for the
nitrile  hydrolysing activity of Arthrobacter AN6, Psychrobacter fozii,
Pseudomonas and Nesterenkonia AN1.

3.4.1 Screening for nitrile hydrolysing gene(s)

Q) Molecular screening of isolates for NHases

Primers designed were optimised in three ways for the PCR amplification of
NHases: (i) The consensus sequence of a ClustalW alignment was generated
from the latest databases of NHase a-subunit protein sequences; (ii) Two pairs
of degenerate primers were designed; (iii) Inosine was used to decrease the
degeneracy of the primers. Although the touchdown PCR methodology
successfully increased the specificity of the primers in PCR trials, there was
amplification of non-specific bands of the expected size, especially for the
Nesterenkonia AN1.

In future, to verify cloned amplicons before sequencing, an extra PCR step
should be carried out. This PCR could use non-degenerate primers specific for
either the Fe or Co-type binding domain of NHase a-subunits in conjunction with
the both the cloning vector primers. Only the clones with positive amplicons
would be sequenced.

The psychrotolerant Arthrobacter AN6 was the only isolate that had a Fe-type
NHase. The translated protein sequence was identical to that of R. erythropolis,
which was used as a control. R. erythropolis strains are known Fe-type NHase
producing strains (Brandao et al., 2003). The deduced protein sequences of the
amplicons for both isolates were identical to that of R. erythropolis ANT-ANOOOQO7
(Accession number AAP57640), which was isolated from lake sediment in
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Antarctica (Brandao et al., 2003). This strain was reported to utilise acetonitrile
and benzonitrile as the sole nitrogen source for growth (Brandao et al., 2003). It
was suggested that horizontal gene transfer (O'Mahony et al., 2005) might have
occurred between the two species, which might account for the sequence
identity.

(i) Genomic library screening systems

Three screening systems were developed to screen genomic DNA libraries for
nitrile hydrolysing genes.

Aminoacetonitrile screening system

It was shown that the transformation of a recombinant NHase in E. coli JK81
cells was insufficient for the strain to grow on minimal medium containing
aminoacetonitrile. This suggested that E. coli JK81 lacks an amidase capable of
converting aminoacetamide to release glycine for this complementation assay to
function successfully. The co-expression of an aminoacetamide hydrolysing
amidase with the NHase or the expression of a nitrilase was suggested as

alternative controls.

Two additional screening systems were developed, based on the capability of E.
coli strains to utilise nicotinamide as a sole nitrogen source and to hydrolyse

pyrazinamide to a readily detectable product (Frothingham et al., 1996).
Pyrazinecarbonitrile assay

It was shown that the colourimetric detection assay was best suited for liquid
cultures. Only the liquid cultures of cells expressing an active Nase had a
detectable colour reaction. To screen a genomic DNA library in liquid LB
supplemented with pyrazinecarbonitrile, a 96-well plate could be used with
multiple E. coli transformants inoculated into each well. Cultures that are positive
for pyrazinecarbonitrile hydrolysis could be plated out and further screening of
single colonies for pyrazinoic production could be carried out.
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3-Cyanopyridine screening system

This complementation screening system was used to screen the genomic DNA
library of Nesterenkonia ANL1, since this strain utilises 3-cyanopyridine as the
sole nitrogen source for growth. Several E. coli clones grew on minimal media
supplemented with the nitrile, suggesting that a functional nitrile hydrolysing
gene was present. Although one clone was confirmed to have activity on
benzonitrile and acetonitrile, no plasmid that resembled the cloning vector could
be extracted. It could not be determined whether these were contaminating
plasmids or whether the rec activity associated with E. coli ArcticExpress strain
might have caused plasmid instability (Bi et al., 1995). Other rec negative strains
of E. coli are available and should be explored for compatibility with this

screening system.

3.4.2 Putative nitrilases of Nesterenkonia AN1

The genome of Nesterenkonia AN1 was sequenced and assembled using
lllumina DNA sequencing technology by Professor Jasper Rees, University of the
Western Cape. Two ORFs of 828 bp and 789 bp, coding for putative Nases (Nitl
and Nit2) were detected. The protein sequences of Nitl and Nit2 had significant
sequence conservation (~50% identity) only with proteins found in Arthrobacter,
Kocuria, and Micrococcus species, which belong to the same family,
Micrococcaceae. Several genomes have been sequenced for members of this
bacterial family. However, there was no conservation of ORFs flanking the two
nitrilases genes within the other genomes. The nitrilases found in Arthrobacter
strains have been annotated as nitrilase/ cyanide hydratase and apolipoprotein
N-acyltransferase (see accession numbers in Table 3.5).

An alignment of Nitl and Nit2 protein sequences with characterised members of
the nitrilase superfamily was used to determine their relatedness. Despite the
low sequence conservation (<25% identity) between Nitl and Nit2 and members
of the nitrilase superfamily, these putative proteins conserved the catalytic

residues (EKEC) and the four glycine residues (Thuku et al., 2009). In addition,
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the predicted secondary structures of Nitl and Nit2 monomers have the afpa
fold that is characteristic of the nitrilase superfamily. However, it could not be
determined from this alignment to which branch of the nitrilase superfamily these
enzymes belonged. For example, Nitl and Nit2 did not share the extended C-
terminal region associated with spiral forming Nases and the aliphatic amidases.
The assignment of Nitl and Nit2 to a specific branch of the nitrilase superfamily
could not be determined using the two methods described by Pace and Brenner
(2001). Alternatively, threading and modelling of Nitl and Nit2 protein sequences
suggested that they were most similar to structures of the DCases.

The A surface and the catalytic cleft of 1fo6 (DCase from Agrobacterium
radiobacter (Wang et al., 2001)) were compared by superimposition on Nitl and
Nit2 homology models. The homology models of Nitl and Nit2 shared a similar A
surface comprising of hydrophobic residues located on the a5 and a6 helices and
the C-terminal region. The data suggested the monomers of the Nitl and Nit2
associate along the A surface to form a afpa-appa sandwich. This sandwich

architecture is conserved in known structures of the nitrilase superfamily.

Of the two homology models, the Nitl catalytic site was the most similar to that
of 1fo6. In addition, the location of the four catalytic residues was similar
between the two structures, which are conserved in known structures of the
nitrilase superfamily (Kimani et al., 2007). The large distance obtained between
the four catalytic residues of Nit2 homology model suggested that the area of the
catalytic cleft region was not modelled correctly. Most importantly, the structural
models of Nitl and Nit2 did not conserve the three histidine residues that were
implicated in the DCase hydrolysis of carbamoyls (Wang et al., 2001).

Although the Nitl and Nit2 homology models shared overall structural similarities
with DCases, the differences in their catalytic sites suggested that these two
putative nitrilases might either be novel DCases that have different carbamoyl
substrate preferences or could belong to a different branch of the nitrilase
superfamily. This could only be confirmed by expression and characterisation of

the two nitrilases in vitro.
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4.1 Introduction

Two ORFs were detected in the sequenced genome of Nesterenkonia AN1,
coding for putative nitrilases of 276 and 263 aa and referred to as Nitl and Nit2,
respectively (Chapter 3 section 3.3.3). Nitl and Nit2 belonged to the nitrilase
superfamily since they shared the characteristic aBfa monomer fold and
conserved catalytic residues (EKEC). Homology models of Nitl and Nit2 shared
similarities with structures of 1fo6, a DCase. From the structural comparison of
the homology models with 1fo6, it was proposed that monomers of Nitl and Nit2
might form dimers since they shared a similar A surface composed of two a-
helices and a C-terminal region. However, both Nitl and Nit2 homology models
did not conserve the three histidine residues in their catalytic cleft that were
implicated in the DCase decarbamylation of carbamoyls (Wang et al., 2001).

Since it could only be inferred from in silico predictions that the two putative
nitrilases formed dimers and had catalytic clefts that distinguished them from
DCases, the characterisation of the recombinantly expressed in vitro was
essential to clarify their identities.

Numerous nitrilases have been purified through direct cloning and heterologous
expression in E. coli. Ni-chelation chromatography purification of an active
hexahistidine tagged fusion protein recombinantly expressed in E. coli had been
reported for different members of the nitrilase superfamily: C-terminal
hexahistidine tagged purification has been wused for the nitrilase from
Synechocystis sp. (Heinemann et al., 2003), DCase from Agrobacterium
radiobacter (Chen et al., 2005); and N-terminal hexahistidine tagged purification
has been reported for four fungal cyanide hydratases from Neurospora crassa,
Aspergillus nidulans, Gibberella zeae and Gloeoecercospora sorghi (Basile et al.,
2008).

This chapter describes the cloning, expression and purification of the two
nitrilase proteins and their subsequent characterisation.
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4.2 Materials and methods

4.2.1 Cloning procedures

General recombinant DNA techniques were carried out as described in Appendix
A. The following expression vectors, pET21a(+) and pET28a(+) (Novagen), were
used for the construction of C-terminal and N-terminal His-tag fused proteins,
respectively. For the PCR amplification of Nitl ORF, the primer pairs NitlF &
NitlR and NitlF & Nit128R were used for cloning into pET21a(+) and pET28a
(+), respectively. In addition, primer pairs Nit2F & Nit2R and Nit2F and Nit228R,
were used for the cloning of Nit2 ORF into pET2la(+) and pET28a (+),
respectively.

Table 4.1 Primers for the cloning of Nitl and Nit2 ORFs from Nesterenkonia AN1 into
pET2la(+) and pET28a(+). Nde | and Xho | recognition sites are underlined and double

underlined, respectively. Amber stop codons are shown in bold.

Primer Recipient | Sequence

vector(s)
NitlF pET21 & 5-CAT ATG CGC ATT GCT GCC GCT CAG ATC ACC AC-3
pET28
NitlR pET21 5-CTC GAG CTG GCG GGC GTT GCG CAG CAC-3’
Nit128R | pET28 5-CTC GAG CTA GAG CTG GCG GGC GTT GCG CAG C-3
Nit2F pET21 & 5'-CAT ATG CGA ATC GCG CTG ATG CAG CAC ACC G-3
pET28
Nit2R pET21 5-CTC GAG CCA GGA GCG GCT CTT CGG GCA CTT CG-3
Nit228R | pET28 5-CTC GAG CTA CCA GGA GCG GCT CTT CGG GCACTT CG-3

PCR amplification was performed using the Phusion™ High-Fidelity PCR kit
(New England Biolabs) under the conditions described by the manufacturer.
Nesterenkonia gDNA was prepared as described in Chapter 2, Section 2.2.3.
The thermocycling conditions used for amplification were as follows: denaturation
at 95°C for 30 sec followed by 2 repeated 7 cycles of denaturation at 98°C for 10
sec, 72-65°C for 15 sec, 72°C for 40 sec, 25 cycles of 98°C for 10 sec, 65°C for
15 sec and 72°C for 40 sec, and a final step of 72°C for 10 mins.
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Amplicons were cloned into pJET1.2/blunt vector of the CloneJET™ PCR
Cloning Kit (Fementas). pJET plasmids containing the insert were digested with
Nde | and Xho | and the excised fragments of 834 bp and 1116 bp for Nitl and
Nit2, respectively, were ligated between the Nde | and Xho | sites of pET21a(+)
and pET28a(+). The following plasmids generated were pET21-Nitl, pET21-Nit2,
pPET28-Nitl and pET28-Nit2 (Appendix D).

4.2.2 Heterologous expression

E. coli BL21 (DE3) pLysS (Appendix C) harbouring the constructed vectors as
described in section 4.2.1 was grown overnight at 37°C in 5 ml LB (Appendix B)
containing 100 pg/ml ampicillin for pET21 vectors or 30 pg/ml kanamycin for
pPpET28 vectors. Chloramphenicol was added to the cultures at a final
concentration of 34 pg/ml to maintain the pLysS plasmid in E. coli BL21 (DE3).
The overnight cultures were used to inoculate 1 litre volumes of LB containing
antibiotics excluding chloramphenicol and were incubated at 37°C with shaking
until the culture reached mid-log phase (ODgoponm Of 0.5). 1 mM IPTG final
concentration was added to the cultures and induction was carried out at room
temperature with shaking for 4 hrs. The cells were harvested by centrifugation
and were stored at -20°C.

4.2.3 Ni-chelation chromatography

The His*Bind Resin and Buffer Kit (Novagen) was used for the Ni-chelation
chromatography purification of His-tag fusion proteins. Cell lysates were
prepared using BugBuster® Protein Extraction Reagent plus benzonuclease
(Novagen) according to the manufacturer’s instructions, or by sonication. Cells
were lysed at room temperature with gentle mixing for 20 mins. Lysates were
centrifuged at 20 000 x g for 10 mins and the supernatant (clarified extract) was

directly applied to a Ni-chelation column. For preparation of cell lysates using
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sonication, cells were resuspended in 20 mM Tris-HCI (pH 8.0) and sonicated on
ice in cycles of 10 secs pulse and 10 sec pause for 5 mins. Purification was
followed according to the manufacturer’s instructions with the exception of the
elution step. Elution buffer was optimised to contain 500 mM imidazole, 500 mM
NaCl and 20 mM Tris-HCI (pH 7.9). Elution of bound protein was carried out
using 4 columns of elution buffer. The eluate was diluted to 5 ml with elution
buffer containing a final concentration of 10% glycerol and 2 mM DTT. The
eluate was dialysed overnight in a 5 mL Slide-A-Lyzer Dialysis Cassette (Thermo
Fisher Scientific) in a ratio of 1:400 against 50 mM KH;PO4/K;HPO,4 (pH 7.6),
150 mM NacCl, 10% glycerol, 2 mM DTT. The purified protein was stored at 4°C.
Fractions of each step of Ni-chelation chromatography were analysed by SDS-
PAGE.

4.2.4 Analytical methods for recombinant expressed His-tag fused proteins

Protparam software from ExPASy Proteomics Server (www.us.expasy.org/) was
used to calculate the molecular mass of the fusion proteins based on their amino

acid sequences.

An adaptation of the SDS-PAGE (Laemmli, 1970) protocol is described in
Appendix E. SDS-PAGE was used to confirm expression of recombinant His-tag
fusion proteins. For SDS-PAGE analyses of expressed cells (whole cell
fractions), 0.1 ml of cells were harvested and resuspended in an equal volume of
gel loading buffer (Appendix E). Cells were sonicated on ice in cycles of 2 sec
pulse and 2 sec pause for 1 min using a Bandelin Sonoplus HD2070 sonicator.
The cell lysate was then centrifuged at 4°C for 10 mins at 10 000 x g. The
supernatant was mixed with an equal volume of gel loading buffer. The pellet
was resuspended in 1 ml of 20 mM Tris-HCI (pH 8.0) and an equal volume of gel
loading buffer added. The protein molecular weight was determined using
standard protein molecular weight markers (Fermentas). Protein bands were
detected using Coomassie Brilliant Blue R-250 as described in Appendix E.

Protein concentration was determined using bovine serum albumin (BSA) as a

standard (Bradford, 1976). The Bradford reagent was purchased commercially
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from Sigma and protein concentration estimation was carried out according to

the manufacturers’ instructions.

The molecular masses of the purified recombinant proteins were determined by
size exclusion chromatography on a TSK-gel G4000 PWx_ (Tosoh BioScience)
column. The column was equilibrated with 50 mM KH;PO4/K,HPO,4 (pH 7.6)
containing 10% glycerol and 2 mM DTT. Protein standards used for molecular
mass determination were thyroglobulin (670 kDa), y-globulin (158 kDa),
ovalbumin (44 kDa), myoglobin (17 kDa), and vitamin B12 (1.35 kDa) (Sigma-
Aldrich). Tobacco mosaic virus (TMV) and acetone were included in the
calibration standards to determine the void volume and the geometric bed
volume of the column, respectively. The mass of the native protein was
calculated from its retention time based on the calculated standard curve of Ka,
versus log of molecular weights of standards. A flow rate of 0.5 ml/min was used
with 0.2 ml fractions collected using a Gilson FC203B fraction collector. Protein
absorbance at ODygonm Was measured using a Gilson UV/VIS 151 detector. The
chromatographic procedure was controlled via Unicorn software (Version 3.4).

Fractions with maximum protein absorbance were analysed on SDS-PAGE.

4.2.5 Nitrile hydrolysing activity assay

Enzyme activity was determined by the release of ammonia using the phenol-
hypochlorite ammonia detection method (Weatherburn, 1967). A standard
reaction mixture (100 pl) contained 50 mM KH,;PO4/K;HPO, (pH 7.6), 150 mM
NaCl, 2-500 mM substrate and 5 pl of enzyme. The reaction was terminated by
the addition of 3.5 vols of reagent A (0.59 M phenol and 1 mM sodium
nitroprusside). Colour was developed by the addition of equal volume of reagent
B (2.0 M sodium hydroxide and 0.11 M sodium hypochlorite). Ammonia release
was measured spectrophotometrically at ODgoonm after 5 min incubation at 55°C.
Control reactions were carried out without enzyme. Standards were prepared
using ammonium chloride (Appendix G). One unit of enzyme activity was defined
as the amount of enzyme that catalyzed the release of 1 pmol of NH3; per minute
under standard assay conditions. All assays were repeated in triplicate.
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4.2.6 Determination of optimal temperature and thermoactivity

To determine optimal temperature, reactions were carried out at the following
temperatures: 4, 10, 20, 30, 40, 50 and 60°C. Aliquots of standard reaction
mixture (100 pul) containing 100 mM acetamide substrate, 50 mM
KH2PO4/K;HPO, (pH 7.6), and 150 mM NaCl were incubated at the specified
temperature for 5 min before the addition of the enzyme. Reactions were carried

out for 30 mins.

To determine thermoactivity, aliquots of the enzyme were assayed after
incubation at the specified temperature for 10, 20, 30 and 60 mins. The assay
was carried out using a reaction mixture (100 ul) containing 100 mM acetamide,
50 mM KH2PO4/K;HPO4 (pH 7.6), 150 mM NaCl. The reaction was carried out at
room temperature for 30 mins. To determine the half-life of enzyme activity, a

plot of the logarithmic relative activity versus time was used.

4.2.7 Determination of optimal pH

To determine optimal pH, CH3;COOHNa, MES, KH,PO4/K;HPO,4, Na,B407/H3;BOs3,
NaOH/glycine and Na,CO3/NaHCO3 buffers were used for pH values of 4.5, 5.5-
6.5, 6.5-8, 8-9, 9-9.5 and 9.5-11, respectively. Standard reaction mixtures (100
pl) containing 100 mM of the respective buffer (90 mM in the case of borate
buffer), 150 mM NaCl, and 100 mM acetamide. Reactions were initiated by the

addition of 5 pl enzyme and were incubated at 25°C for 30 mins.

4.2.8 Substrate specificity

1M stocks of nitriles and amides were prepared in distilled water, except for L-
alaninamide hydrochloride (prepared in 29% (w/v) NaOH), and hexanoamide
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(prepared in 50% (v/v) ethanol). Stock solutions of L-glutamine, l-asparagine, N-
carbamoyl DL-alanine, and N-carbamoyl-DL-a-amino n-butyric acid were
prepared in 50 mM KH2PO4/K;HPO4 (pH 7.6) to their maximum solubility (171
mM, 133 mM, 76 mM, and 68 mM, respectively). Reaction mixture (100 ul)
contained 100 mM substrate (50 mM in the case of carbamoyl substrates), 50
MM KH2PO4/K;HPO,4 (pH 7.6) and 5 pl of enzyme.

4.2.9 Determination of kinetic constants

Apparent Ky values were determined for acetamide and propionamide using the
standard reaction assay (100 pl) containing various substrate concentrations
(2.5- 500 mM), 50 mM KH3;PO4/K;HPO,4, 150 mM NaCl and 5 pl of enzyme.
Reactions were carried out at 25°C for 30 mins. Direct plots (Cornish-Bowden,
1995) were used to calculate Ky and Vmax values (Appendix G). kea: values were
calculated using Protparam and a molecular mass of xx kDa, assuming one

active site per monomer.

4.2.10 Acyl transfer activity assay

Acyl transfer reactions were performed using a modification of the method
determined by Fournand et al., (1998) method. A reaction mixture (300 ul)
contained 100 mM substrate and 500 mM hydroxylamine in 50 mM potassium
KH,PO4/K;HPO4 (pH 7.6). The reaction was initiated by the addition of 5 pl of
enzyme and was carried out at 25°C for 2 hrs. At 30 mins, 1 hr and 2 hrs, 100 pl
aliquots of the reaction mixture was mixed with 1 ml of acidic FeCl; (0.133 M in
0.68 M HCI). Colour development was recorded at ODsgp nm. G. pallidus
amidase was used as a positive control, at 55°C. Enzyme-free controls were
included. All assays were performed in triplicate.
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4.3 Results

For clarity, the C-terminal hexahistidine tag fused Nitl and Nit2 proteins
expressed from plasmids pET21-Nitl and pET21-Nit2 are referred to as ChNitl
and ChNit2, respectively. Likewise, the N-terminal hexahistidine terminal tag
fused Nitl and Nit2 proteins from constructs pET28-Nitl and pET28-Nit2 are
referred to as NhNitl and NhNit2, respectively.

4.3.1 Truncation of the Nit2 ORF

The nucleotide sequences of the Nit2 ORF inserts in plasmids pET21-Nit2 and
pPET28-Nit2 showed that there was a stop codon 790 bp downstream from the
first base pair of the initiation codon. At position 791 bp of the insert nucleotide
sequence, a T was identified rather than the G present in the sequence from the
Nesterenkonia genome. This changes the codon of the GAG triplet that codes for
the amino acid glutamate (E) to an amber termination codon (TAG). This
mutation was not a sequencing error or a PCR amplification error. The error was
due to the lack of overlapping contigs in the alignment for the assembly of the
Nesterenkonia genome sequence. This truncated the Nit2 ORF to 789 bp, coding
for a 263 amino acid protein. The pET28-Nit2 construct was therefore only used
to express Nit2 ORF as a NhNit2 fusion protein.
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4.3.2 Expression, purification and characterisation of His-tagged Nitl and Nit2

proteins

Figure 4.1 shows the SDS-PAGE analysis of expressed ChNitland NhNit2 fusion
proteins in E. coli BL21 (DE3) pLysS cells. A band migrating at ~30 kDa was
visible in the induced fraction, and absent in the uninduced fraction (Figure 4.1,
panel A, compare lanes | with U, respectively). In addition, a ~30 kDa band
probably the NhNit2 fusion protein was also visible (Figure 4.1, panel B, compare
lanes | with U). The molecular masses of the two putative fusion proteins are in
close approximation to the calculated values using Protparam; 29.9 kDa for
ChNitl and 30.1 kDa for NhNit2.

To determine that the fusion proteins were soluble, SDS-PAGE analysis was
used to compare the presence of the ~30 kDa fusion protein bands in the
soluble/supernatant and the insoluble/pellet fractions (Figure 4.1, panel A and B,

compare lanes S with P). Both fusion proteins were present in the soluble

fraction.
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Figure 4.1 Expression of Nitl and Nit2 in E. coli BL21 pLyS cells. Lanes: U, uninduced
cells; P, induced cells; S, supernatant; P, pellets. The sizes (kDa) of the protein
molecular weight markers, Nitl (ChNit1l) and Nit2 (NhNit2) proteins are indicated.
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Cell lysates were prepared using the BugBuster Extraction Reagent (Novagen)
for Ni-chelation chromatography. However, both N- and C-terminal hexahistidine
tagged fusion proteins were insoluble when using this method (data not shown).
Since the chemical composition of the cell lysis solution is not reported, the
cause of insoluble proteins was not established. Sonication was used only for the
preparation of cells expressing ChNitl. Figure 4.2 represents SDS-PAGE
analysis of ChNitl and NhNit2 purified by Ni-chelation chromatography. Both
His-tagged fusion proteins bound to the Ni-chelation column with high affinity,
since little expressed protein was present in the run-through fraction obtained
while loading the column (Figure 4.2, panel A and B, lanes 1 and 3,
respectively). E. coli proteins were removed using two consecutive washes
containing 8 mM and 60 mM imidazole (Figure 4.2, panel A and B, lanes 2,3 and
4,5, respectively). ChNitl and NhNit2 were eluted with high purity using an

elution buffer containing 500 mM imidazole (Figure 4.2, panel A and B, lanes 4

and 6 or 7, respectively).
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Figure 4.2 Ni-chelation purification of the His-tagged Nitl and Nit2 (panel A and B,
respectively). Panel A, Lanes: 1, cell extract after column loading; 2, 8 mM imidazole
wash; 3, 60 mM imidazole wash; 4, eluted ChNitl. Panel B, lanes: 1 soluble fraction;2,
pellet fraction; 3, cell extract after column loading; 4, 8 mM imidazole wash; 5, 60 mM
imidazole wash; 6, eluted NhNit2 (1 pl loaded); 7, eluted NhNit2 (2.5 pl loaded).
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The relative molecular masses of ChNitl and NhNit2 proteins were determined
by gel filtration on a TSK-gel G4000 PWx_ column. The elution profile of ChNitl
had a single peak with a retention time corresponding to 34 kDa (Figure 4.3),
similar to the values from SDS-PAGE analysis and calculated using Protparam.
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Figure 4.3 Calculation of ChNitl and NhNit2 native molecular masses. Panel A, elution
profile of ChNitl (green), NhNit2 (black) and standards (red). Panel B, calculation of
molecular weight for ChNitl and NhNit2 using the formula Kav = (x - Vo)/ (t1-Vo), where

X is the retention time of protein. Panel C, plot of Kav versus Log Mw.
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The data suggested that ChNitl exists as a monomeric protein. NhNit2 had a
single elution peak (Figure 4.3), corresponded to a molecular mass of 45.4 kDa.
SDS-PAGE analysis of fractions from the NhNit2 peak confirmed the presence of
30 kDa bands (data not shown). In addition, the same molecular mass for NhNit2
has been re-confirmed on a S300 column (Chapter 5, section 5.3.1). Although
the molecular mass for an expected dimer for both putative nitrilases would be
~60 kDa, the data suggest that NhNit2 could be either a loosely folded
monomeric protein or a highly compact dimer protein, which would affect its

elution within the column.

4.3.3 Determination of substrate range for ChNitl and NhNit2

A range of nitrile, amide and carbamoyl substrates were investigated in order to
establish substrate specificity. Initial results showed that NhNit2 had maximal
activity on acetamide followed by acrylamide (48% relative activity) and
nicotinamide (28%) (Table 4.2). No activity for NhNit2 was obtained for nitriles or
carbamoyls substrates. No detectable activity was observed for ChNitl.
Consequently, NhNit2 was selected for further investigations.
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Table 4.2 Determination of the substrate range of NhNit2. Activities are expressed as

percentage relative to the maximum activity of acetamide (100%).

Nitriles

Substrate Acetonitrile Acrylonitrile Benzonitrile 3-Cyanopyridine
Relative activity g3 0% 0% 0%
Structure e fﬁ” _N
= "ii.\‘; AN ["‘ Hr"
N | -
% *N*
Amides
Substrate Acetamide Acrylamide Benzamide Nicotinamide
Relative activity 100% 48% 0% 28%
Structure C|JONH2 ﬁ)
ji N /; \N_|E
SN, 9 «
= NP AN
Carbamoyls
Substrate N-carbamoyl DL alanine N-Carbamoyl-
DL-a-amino-n-butyric acid
Relative activity 0% 0%
Structure ? (1?
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NH O NH O

i il
CH,CH—-C—OH

t Il
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4.3.4 Determination of initial rate for NhNit2 using acetamide

The initial rate of NhNit2 activity at different enzyme loadings was determined
using 100 mM acetamide as the substrate (Figure 4.4, panel A). The plot of
absorbance versus amount of enzyme was linear between 2.5 and 20 pg. In
addition, a plot using 5 pg of enzyme versus time was linear (Figure 4.4, panel

B). All kinetic data were performed using 5 pg of enzyme over 30 mins.
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Figure 4.4 Determination of the initial rate for NhNit2 using 100 mM acetamide. Panel A,
determination of initial rate using 5, 10 and 20 pg (diamonds) and 2.5, 10, 20 pg
(triangles) over a reaction period of 20 mins. Panel B, determination of the initial rate

over period of 30 and 60 mins using 5 pg (diamonds) and 2.5 pg (squares) of enzyme.
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4.3.5 Determination of optimal temperature

Nit2 activity was investigated across a range of temperatures from 4 to 60°C
(Figure 4.5). The apparent optimal temperature (Top) of NhNit2 activity is 30°C
(Figure 4.5). NhNit2 retains 35% activity at 4°C, which increases gradually to
30°C (Figure 4.5). The gradual increase of activity suggests a small amount of
thermal inactivation of the enzyme might be occurring. Beyond 30°C the activity
decreased, suggesting susceptibility to thermal inactivation. NhNit2 is inactive
beyond 50°C. The thermal activity profile is compatible with its low temperature

origins.
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Figure 4.5 Effect of temperature on Nhit2 activity. Activities are expressed as

percentages relative to the maximum activity at 30°C (100%).

4.3.6 Determination of thermostability

To determine the thermostability of NhNit2, the enzyme was incubated at 30, 40,
50 and 60°C over a period of 1 hr. Aliquots taken at 10, 20, 30 and 50 mins
intervals were assayed under standard conditions (Figure 4.6, panel A). In order
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to ensure that inactivation was incubated at each

irreversible, aliquots
temperature for 60 mins were further incubated on ice for 30 mins. Incubation of
the deactivated enzyme on ice might reverse its activity by refolding at low

temperatures.
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Figure 4.6 Effect of temperature on the stability of NhNit2 activity (panel A). Panels B
and C, semi-log plots of activity versus time for NhNit2 at 40°C and 60°C, respectively.
Activities are expressed as percentage relative to the maximum activity of NhNit2

(100%). The symbol / in panel A shows the activity of samples re-assayed after 30 mins
on ice.
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NhNit2 maintained maximum activity and showed no significant decrease in
activity, at 30°C over 60 mins (Figure 4.6). This disagreed with the suggestion
that thermal inactivation was taking place at temperatures above 20°C. At 40°C
there was a 40% decrease in NhNit2 over 1 hr, while less than 10% residual
activity at 50 and 60°C was obtained (Figure 4.6, panel A). The semi-log plots of
activity versus time for 40 and 60°C (Figure 4.6 panel A and B, respectively),
were linear, suggesting that inactivation followed first order rates that are typical
of thermal inactivation and aggregation. From these semi-log plots a half life of
23 mins at 60°C was calculated. However, the value is anomaly high compared
to the value, ti» 7 mins, extracted from Figure 4.6, panel A. The anomaly is
derived from the fact that the denaturation profile is not a logarithmic curve, and
appears to be biphasic. The half life value calculated for 40°C was 7.2 hrs.
NhNit2 enzyme incubated at denaturing temperatures did not regain activity
(Figure 4.6, panel A).

4.3.7 Determination of optimal pH

The effect of pH on NhNit2 activity was determined over a range of pH values
from 4.5 to 11 (Figure 4.7). Tris-HCI and CAPS buffers, used for the pH 8-11
ranges were found to inhibit NhNit2 activity. In several, NhNit2 activity was
inhibited by an average of 10-20% for buffers used (Section 4.2.7)

NhNit2 has optimal activity between pH 6.5 and 7.5 and retained = 50% activity
between a broad range of pH 6 to 9 (Figure 4.7). At pH 4.5, NhNit2 has ~20%
maximal activity (Figure 4.7). At higher pH values, NhNit2 activity gradually
decreases from 80% at pH 8.5 to 18% at pH 10.
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Figure 4.7 Effect of pH on the activity of NhNit2. Activities are expressed as percentage

relative to the maximum activity at pH 7 (100%).

4.3.8 Determination of different amide compounds on NhNit2 activity

Various amides (100 mM) were tested as substrates under standard reaction
conditions. Reactions were carried out at 25°C for 30 mins. The data (Table 4.3)
indicate that NhNit2 has the most activity on aliphatic amide substrates of 2 to 4
carbon atoms, with a maximum relative activity on the 3 carbon amide
(propionamide) (Table 4.3). Little activity was obtained on another 3 carbon
amide, acrylamide, which has an alkene bond. Only ~19% activity was observed
on fluoracetamide that has a smaller atomic length than propionamide (Table

4.3) due to its fluoride substituting a terminal methyl group.
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Table 4.3 Activity of NhNit2 activity on different amide compounds. Activities are

expressed as percentage relative to the maximum activity of propionamide (100%).
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4.3.9 Kinetic behaviour of NhNit2 on acetamide and propionamide

The kinetic parameters for NhNit2 on acetamide and propionamide (Table 4.4)
were determined using direct linear plots of V; versus substrate concentration.
NhNit2 has a higher affinity (Ky = 38.6 mM) for propionamide (C3) than for the
acetamide (C2) (Ky = 137.73 mM) (Table 4.3). In addition, the relative value of
keat, Specific activity and enzyme specificity (kea/Knm: mM™s™) clearly demonstrate
that propionamide is favoured as a substrate. The high Ky and low K¢a./Ky ratio
obtained for acetamide and propionamide suggest these are not particularly
good substrates.

Table 4.4 Kinetic parameters for NhNit2 on acetamide and propionamide

Substrate Specific

activity

(Umg™)
Acetamide 137.73 £1.89 3.67 +£0.34 1.71 0.012
Propionamide 38.6+1.24 8.53..+.0.27 3.97 0.103

4.3.10 Determination of acyl transfer activity in NhNit2

It has been reported that amidases of the nitrilase superfamily exhibit acyl
transfer activity in the presence of hydroxylamine (Andrade et al., 2007,
Makhongela et al., 2007). NhNit2 was therefore screened for this activity using
acetamide, butyramide and propionamide in the presence of hydroxylamine. The
purified amidase from G. pallidus, which exhibits acyl transfer activity was used
as a positive control (Makhongela et al., 2007). No acyl transfer activity was
observed for NhNit2 under standard assay conditions over incubation periods of
up to 2 hrs.

117



4.4 Discussion

This is the first report of the cloning, expression, purification and characterisation
of an aliphatic amidase (Nit2) of the nitrilase superfamily from a psychrotrophic,
halotolerant alkaliphilic bacteria.

The N-terminal hexahistidine tagged Nit2 protein was actively expressed in
soluble form in E. coli at 25°C was purified to near homogeneity using Ni-
chelation chromatography. Since SDS-PAGE analysis of NhNit2 showed a 30
kDa band, it was expected that the native molecular mass would be a 60 kDa
dimer on the basis that all structures of the nitrilase superfamily associate along
the A surface to form an afpa-apfpa sandwich (Thuku et al., 2009). In addition,
the superimposition of the homology model of NhNit2 with 1fo6, the structure of
DCase from Agrobacterium radiobacter (Wang et al., 2001), showed evidence of
a hydrophobic interface at the A surface of the enzyme. However, the
intermediate value of 45.5 kDa for NhNit2, might be attributed to the presence of
loosely folded monomer or a highly compact dimer that could have affected the
elution time of the enzyme within the column. The latter form is the most
favoured option due to the structural evidence, but further investigations are

required to verify this.

Since NhNit2 had activity on amides, a comparison with aliphatic amidases
(branch 2 enzymes) is appropriate. The protein sequence of Nit2 was
approximately 85 amino acids shorter than the aliphatic amidases of G. pallidus
(Kimani et al., 2007) and P. aeruginosa (Andrade et al., 2007), comprising 348
and 346 aa, respectively, with longer N-terminal sequences than Nit2. Although
the native molecular weight of NhNit2 still requires further investigations, a
monomeric or dimeric quaternary structure is unique for aliphatic amidases.
Those amidases where the quaternary structures have been determined include
tetramers (Helicobacter pylori (Skouloubris et al., 2001); R. erythropolis R312
(Soubrier et al.,, 1992) formerly Brevibacterium sp. R312 (Duran, 1998)),
hexamers (P. aeruginosa (Ambler et al., 1987); G. pallidus (Makhongela et al.,
2007)), octomers (Rhodococcus sp. J1 (Asano et al., 1982)).
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Aliphatic amidases are known to rapidly hydrolyse short chain aliphatic amides
(Fournand & Arnaud, 2001). In addition, these amidases have higher specificities
constants for acetamide (2C) than for propionamide (3C). Conversely, NhNit2
had a higher specificity constant for propionamide than for acetamide, 38.6 mM
and 137.8 mM, respectively. The Ky (mM) values of known aliphatic amidases
are listed as acetamide/propionamide as follows: 3.9/20, for Helicobacter pylori
(Skouloubris et al., 2001); 1/21, for P. aeruginosa (Asano et al., 1982);0.97/8.05,
for Rhodococcus sp. J1 (Asano et al., 1982). G. pallidus aliphatic amidase has
100% relative activity on acetamide and 67% on propionamide (Makhongela et
al., 2007). These amidases have little to no activity for linear amides containing
less than 2 (formamide) and greater than 4 (butyramide, hexanamide) carbon
atoms. All these amidases were assayed using the acyl transfer assay for which
bioconversion rates are usually much higher (Fournand et al., 1998). No acyl
transfer activity was found for NhNit2, which suggested that the assay conditions
used might have inhibited the enzymic activity.

Cold adapted enzymes typically exhibit low affinity for their substrates and have
high catalytic velocity (Xu et al., 2003). It has been proposed that these enzymes
might trade off substrate affinity for catalytic velocity (Xu et al., 2003). However,
NhNit2 has both high Ky values and low catalytic rates on the tested amides,
suggested that these are possibly not the natural substrates.

The preference for short chain amides suggested that the NhNit2 cavity cleft is
smaller than predicted in the homology model. It could be inferred from the
NhNit2 activity profile on different amides that the catalytic cleft is selective for
substrates based on size and polarity. No activity was obtained for acrylamide,
which was possibly due to the bulky pi cloud of the alkene structure. There was
low NhNit2 activity on acetamide, flouracetamide and butyramide possibly due to
their difference atomic lengths. A high resolution atomic structure of NhNit2
possibly would describe the catalytic cleft relationship with its substrate
preference.

NhNit2 showed optimal activity between pH 6.5 and 7.5 and 50 % relative activity
limits at pH 6 and 9. The optimal pH of the enzyme is lower than the optimal pH

growth of Nesterenkonia (pH 9.6), which suggests that the intracellular pH is
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maintained nearer neutrality. Known aliphatic amidases, except for Rhodococcus
J1, typically have pH optima around 7 and less than 50% activity at pH 9 (Asano
et al., 1982, Cheong & Oriel, 2000, Fournand et al., 1998, Makhongela et al.,
2007, Skouloubris et al., 2001). Rhodococcus J1 amidase has an optimal at pH
of 8 (Asano et al., 1982) and, like Nit2, retains more than 50% activity at pH 9.

The optimal temperature for activity of NhNit2 was 30°C, some 10°C above the
optimal growth temperature of the psychrotrophic Nesterenkonia sp. (~21°C). A
temperature optimum of 55°C was reported for the thermophilic G. pallidus and
the mesophilic Rhodococcus J1 aliphatic amidases (Asano et al.,, 1982,
Makhongela et al., 2007). The half-life of Nit2 at 40°C was 7.2 hrs and activity
was rapidly lost at 60°C. Semi-log plots confirmed a linear rate inactivation profile
typical of thermal inactivation and aggregation. Activity was not restored after

thermal inactivation.

Although ChNitl was purified to near homogeneity, no activity was detected on
any of the substrates tested. The enzyme was confirmed to have a molecular
weight of 30 kDa and the appearance of a monomer using size exclusion
chromatography suggests the native form of the enzyme is monomeric. However,
the fusion of a polar C-terminal hexahistidine tag on Nitl might prevent
dimerisation from occurring. Evidence from the superimposition of the Nitl
homology model with 1fo6 (Wang et al., 2001) showed that Nitl had similar
hydrophobic residues in the a5 and 6 helices and C-terminal region which were
implicated in intersubunit contacts between two monomers. The C-terminal
regions of several structures of the nitrilase superfamily has been proposed to
provide stability to the interaction at the A surface interface required for
oligomerisation and activity (Thuku et al., 2009). The deletion of 28 and 55
residues in the extended C-terminal region of Bacillus pumilis and R.
rhodochrous J1 cyanide hydratase and Nase, respectively, (Jandhyala et al.,
2003, Thuku et al., 2007), led to the loss of enzyme activity. In addition, the Nase
failed to oligomerised into spirals. Although active Nase, cyanide hydratase and
a DCase have been purified using a C-terminal hexahistidine tag (Chen et al.,
2005, Heinemann et al., 2003, Jandhyala et al., 2003), Nitl has approximately 85
and 25 aa shorter C-terminal region than Nases and DCase (1fo6), respectively.
The polar tag fused to Nitl possibly was more exposed at the hydrophobic A
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interface thus disrupting the interaction between two monomers. The expression,
purification and characterisation of N-terminal hexahistidine tagged Nitl fusion
protein should therefore be undertaken.
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Chapter 5: Crystal structure of Nit2
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5.1 Introduction

Nit2 is similar to characterised aliphatic amidases of the nitrilase superfamily due
to its preference for small aliphatic amides. However, this enzyme is distinct from
known aliphatic amidases: the enzyme did not possess an extended C-terminal
region; is active in monomeric or dimeric form; has high substrate affinity for 3C
amides rather than 2C amides and has a low overall catalytic rate.

This chapter describes the crystallisation of Nit2 and the determination of its
structure. A brief discussion of the crystal structure of Nit2 and comparisons with

known homologues in the nitrilase superfamily are included.

5.2 Materials and Methods

5.2.1 Alternate purification method for NhNit2 protein

The expression of the N-terminal hexahistidine tagged Nit2 fusion protein in E.
coli BL21 (DE3) pLysS and the preparation of cell free extracts were carried out
as described in sections 4.2.2 and 4.2.3, respectively. The protein was purified
using immobilized nickel ion adsorption chromatography employing a 5 ml
HisTrap™ HP Column (GE Healthcare) on a Delta prep 3000 preparative
chromatography (Waters). Protein absorbance was obtained at OD2gonm USING a
Water 484 Tunable absorbance detector (Waters). The column was charged with
1 column volume of 50 mM NiSO, followed by a 1 column volume of binding
buffer (500 mM NaCl; 20 mM Tris-HCI (pH 7.9); 5 mM imidazole). The clarified
extract was passed through the column followed by 10 column volumes of
binding buffer and 6 column volumes of wash buffer (500 mM NaCl; 60 mM
imidazole; 20 mM Tris-HCI (pH 7.9)). The bound proteins were eluted with a
linear gradient of increasing imidazole concentration. The gradient was prepared
by mixing elution buffer (500 mM NaCl; 20 mM Tris-HCI (pH 7.9); 1 M imidazole)
in a two chamber gradient mixer. A flow rate of 1 ml/min was used with 0.5 ml

fractions collected using a Gilson FC204 collector.
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Fractions with significant protein absorbance at OD2gonm Were analysed by SDS-
PAGE. Fractions containing the N-terminal hexahistidine tagged Nit2 fusion
protein that eluted as a 45 kDa protein were pooled and concentrated using
Vivaspin, 10,000 MWCO PES. The concentrated protein was injected into a S-
300 HR size exclusion chromatography column (GE-Healthcare) equilibrated with
protein buffer (50 mM KoHPO4KH2PO4 (pH 7.6); 150 mM NaCl; 2 mM DTT,; 10%
Glycerol). Collected fractions were analysed by SDS-PAGE. Fractions containing
purified protein were pooled and concentrated to 10 mg/ml (Vivaspin 10,000
MWCO PES).

Negative staining of protein samples and electron microscopy were kindly carried
out by Dr Brandon Weber at the Electron Microscopy Unit, University of Cape

Town.

5.2.2 Protein crystallisation

Concentrated protein (~10 mg/ml) was passed through a 0.2 um filter prior to
crystallisation screening. Screens were set up using Hampton Crystal Screens
HR2-110 and PEG/lon screen (Hampton Research) in 96-well vapour diffusion
plates with 3 sitting drop positions (Greiner Bio-One) according to the
manufacturer’s instructions. The screens were incubated at room temperature
and monitored daily using a LEICA stereo microscope. Protein crystals were
identified by the absorption of methylene blue dye. Seeding was carried out
using 24-well Linbro plates using the hanging drop vapor diffusion crystallisation
method (Fitzgerald & Madsen, 1986, Hampel et al.,, 1968). Prior to seeding,
equal mixtures of protein and crystallisation solution were incubated at room
temperature for an hour for saturation to occur. Crystallisation was optimised by
varying protein concentration in each condition that yielded a positive result.
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5.2.3 Data collection, model building and refinement

Collection of diffraction data for Nit2 crystals, subsequent model building and
refinements were carried out by Professor Trevor Sewell at the Electron
Microscope Unit, University of Cape Town. Diffraction data were collected at
beamline ID14 using single axes oscillation photography at the European
Synchrotron Radiation Facility, Grenoble, France. Data frames were collected at
one degree oscillates spanning a range of 180°.

The data were integrated using d*TREK (Pflugrath, 1999) and the spacegroup
was determined using dtcell. The structure was solved using Phaser (McCoy et
al., 2007) with an ensemble comprising the aligned polyglycine backbones of
2plq, 1f89 and 1j31. This produced a unique solution, but the resultant map was
uninterpretable. An interpretable map was produced using 1f89, which was
positioned correctly, as a phasing model. The model was improved through three
cycles of automatic building using Phenix (Terwilliger et al., 2008) followed by
manual inspection and re-interpretation using coot (Emsley & Cowtan, 2004) and
O (Jones et al., 1991). After ten cycles of refinement using Refmac5 (Vagin et
al., 2004) and manual inspection and re-interpretations using coot, a satisfactory
Rfactor of 0.18 was obtained.

All molecular graphics operations were performed using PyMOL (DelLano, 2002)
or Chimera (Pettersen et al., 2004). 3D superposition analysis was carried out
using SSM (Krissinel & Henrick, 2004).

125



5.3 Results & discussion

5.3.1 Evidence of high molecular weight Nit2 protein

An initial attempt to crystallise Nit2 protein prepared as described in section 4.2.3
produced no protein crystals. Protein precipitates were present in over 50% of
the range of crystallisation conditions, possibly due to the presence of impurities
in the protein preparation. A combination of Ni-chelation and size-exclusion
chromatography techniques was used to purify Nit2. However, the elution profile
of Nit2 was different (Figure 5.1, panel A). A shoulder peak adjoining the ~45
kDa Nit2 peak indicated the presence of high molecular weight proteins (Figure
5.1, panel A). SDS-PAGE analysis of fractions containing protein confirmed the
presence of 30 kDa bands (Figure 5.1, panel B). These high molecular weight
particles could be observed using electron microscopy and were shown to
decrease in size with increasing retention time (Figure 5.1, panel C, compare
panels 1 with 3). The highest molecular weight (110 mins) was calculated to be
~130 kDa. Although the native ~45.5 kDa Nit2 protein was suggested to be of
either a monomer or a dimer, the 130 kDa protein could be of a trimer or a
hexamer. The latter form is the most accepted form, since a trimer would
possibly consists of one monomer with an exposed A surface.The high molecular
weight protein was confirmed to have activity on propionamide.

Since there was a small amount of the high molecular weight protein, it could be
suggested that these are weakly bonded multimeric structures and are easily
disrupted by force. It is likely that Nit2 could be multimeric protein, which is true
for known aliphatic amidases which are tetramers, hexamers and octomers
(Ambler et al., 1987, Asano et al., 1982, Makhongela et al., 2007, Skouloubris et
al., 2001, Soubrier et al., 1992). One possible reason for a weakly bonded
multimeric structure of Nit2 could be attributed to the fused 20 residues N-
terminal hexahistine tag. It is possible that the three dimers of Nit2 are weakly
bonded, but are being repelled apart due to the polar hexahistidine tags fused to
each monomer. An alternative purification of Nit2 with no fused tag should be
attempted in order to characterise the true quaternary structure of the enzyme.
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Figure 5.1 Evidence of high molecular weight Nit2 protein. Panel A, elution profile of
Nit2 from the S300 size exclusion chromatography. Panel B, SDS-PAGE analysis of
fractions collected. Panel C, electron micrograph of high molecular weight protein
particles observed in fractions 110 mins (panel 1 & 2) and 150 mins (panel 3).
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5.3.2 Crystallisation of Nit2

Figure 5.2 shows crystals that formed after two days incubation under two
different crystallisation conditions (Figure 5.2, panel A and B). These crystals
had 0.1 mm width. The flat rectangular crystals were considered good
candidates for X-ray diffraction (Figure 5.2, panel B). Further optimisations were
carried out using these as seeds in order to prepare thicker crystals in the
presence of varying concentration of ammonium sulphate and Nit2 protein. No
crystals were found for wells containing protein from the high molecular weight
elution peak.

Figure 5.2 Crystals of Nit2 in initial crystallisation screens. The crystallisation conditions
were for panel A, 0.2 M ammonium sulphate, 0.1 M sodium cacodylate trihydrate (pH
6.5) and 30% (w/v) polyethylene glycol 8000 and panel B, 2 M ammonium sulphate.

Seeded crystals failed to grow in ammonium sulphate concentrations lower than
1.95 M and greater than 2 M (data not shown). In addition, varying concentration
of Nit2 protein had no effect on the growth of the crystals, except for reduction of
protein precipitate. However between 1.95-2 M ammonium sulphate, seeded
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crystals grew rapidly and reached a thin ultimate size within 2 hrs (Figure 5.3).
These crystals comprised multiple stacked layers, which separated easily, while
others were apparently single crystals (Figure 5.3).

Figure 5.3 Single and stacked layers crystals of Nit2 that were produced from seeds in 2

M ammonium sulphate.

Good quality hexagonal crystals were also found after approximately 3 weeks of
incubation in 0.1 M sodium acetate trihydrate (pH 4.6) and 2 M ammonium
sulphate (Figure 5.4). The low pH of the crystallisation condition might have
slowed down the growth of these crystals, thus producing uniform width and
length growth with no visible stacked layers (Figure 5.4). Preliminary X-ray
diffraction of crystals from both conditions (Figure 5.3 and 5.4) had the same
space group, C222,, and both were suitable for data collection.
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Figure 5.4 Hexagonal crystals of Nit2.

5.3.3 Structure of Nit2

The Nit2 hexahistidine tag fusion protein contained 284 residues. The 1.65 A
resolution map allowed for an unambiguous determination of the location of
residues 10-259 and 269-284 where the start of Nit2 sequence is M20 (refer
Table 5.1 for further data statistics). No interpretable density was found for the
first 10 residues of the 20-residue N-terminal tag and 10 residues located on the
C-terminal region. A physical reason for the absence of residues 259-269 could
be interaction of side chains of H19 of the N-terminal hexahistidine tag and N259
of the C-terminal region, which possibly destabilises this region (data not shown).

The structure of Nit2 showed two identical monomers associated in a twofold
symmetry along the A surface (Figure 5.5, panel A). This structural evidence
confirmed that the ~45.5 kDa Nit2 protein obtained from size exclusion
chromatography is of a dimer composed of two tightly bound 30 kDa monomers.
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Table 5.1 Crystallographic data for Nit2

Data set ‘ N-terminal hexahistidine tagged Nit2
Data Collection Statistics
Wave length (A) 0.979
Space group C222,
Unit cell Parameters a=176.00
b=115.64
€ =65.32
o=B=y=90.00°
Unit cell volume (A®) 574074
Mosaicity 1.45

Resolution Range (A)
(outer shell)

38.00-1.66 (1.72-1.66)

Total observations 240821

Total observations (unique) 34232
Completeness (%) (outer shell) | 99.6  (98.9)
Redundancy (outer shell) 7.03 (6.92)
Signal-to-noise ratio (I/o(l)) 156 (4.2)

(outer shell)

Rmerge (Outer shell)

0.046 (0.366)

Reduced ChiSquared 0.94 (1.33)
Wilson plot average B-factor 24.53

(A%

Matthew's coefficient 221
Solvent content 45.0

Refinement statistics

Number of Amino Acids

Al12-A258, A269-283

Protein Molecular mass (Da)

30085.86 (Average isotopic composition of entire expressed

peptide)

Number of non-hydrogen 1980
atoms
Number of water atoms 196
Number of reflections

Working set 32495

Test set (%) 5.05
R-factor§(%) (overall) 18.64
R-free# (%) (overall) 21.88
Overall figure of merit 0.8589
Rms deviations from ideality

Bond lengths (A) 0.0220

Bond angles (°) 1.802
Average B value (A?) 26.37
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The monomer fold of Nit2 consisted of 12 (B-sheets and 9 a-helices which are
interconnected by external loops (Figure 5.5, panel B). Nit2, similar to the
monomer fold of G. pallidus aliphatic amidase (Kimani et al., 2007), had two Six-
stranded (-sheets sandwiched between two layers of al-4 and a6-9 helices
(Figure 5.5, panel B).

The a6, a7 helices and C-terminal region of the two monomers are close to each
other and forms the A surface (Figure 5.5, panel A & B). The two monomers
associate along the A surface forming a affa- apfpa sandwich architecture
(Figure 5.5, panel A). The monomer fold, the A surface and the aBpa-afpa
sandwich architecture of Nit2 are conserved in known structures of the nitrilase

superfamily.
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Figure 5.5 Structure of Nit2 dimer and monomer fold. Panel A, schematic representation
of two perpendicular views of the Nit2 dimer. The A surface that represent the
intersubunit interaction region between two associated monomers is shown. Panel B,
schematic representation Nit2 monomer fold with a and  sheet topology shown. The

monomers are coloured from blue (N-terminal) to red (C-terminal).
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5.3.4 Evidence of interaction at the A surface

Figure 5.6 shows four intersubunit interactions occurring at the A surface. These
residues are located on the a6 (E172 and R175) and a7 (R206 and E209)
helices. Salt bridges are formed between residues E172 and R172 and between
E209 and R206 and vice versa, linking the two monomers (Figure 5.6).

Figure 5.6 Details of the interaction at the A interface.
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5.3.5 The active site environment

Another conserved motif in the nitrilase superfamily consists of catalytic residues
(EKEC) (Kimani et al., 2007, Thuku et al., 2009). The conserved catalytic
residues of Nit2 are E61, K131, C165 and E139 (Figure 5.7, panel A). The side
chains of Nit2 catalytic residues superimposes on those of G. pallidus aliphatic
amidase (Kimani et al., 2007), which was reported to be conserved amongst
crystalline structures of the nitrilase superfamily. In addition, the 3i0-helix that
was implicated in the orientation of the active site cysteine residue in G. pallidus
aliphatic amidase superimposed on Nit2 (Figure 5.7, panel A).

The Nit2 catalytic cleft is described as shallow and slightly elongated (Figure 5.7,
panel B). The elongated dimension of the catalytic cleft possibly fits the docking
of 3C aliphatic amides (propionamide). Residues lining the catalytic cleft are
mostly polar (E169, Y166, Y135, Y67). These polar residues may repel long
chain amides (>4C), which are more hydrophobic than propionamide. Small
amides (<2C) probably do not interact well with the active site residues since the
substrate might be out of range of stabilising residues lining the catalytic cleft.

This may explain Nit2 low affinity for small amides and >4C amides.
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Figure 5.7 Arrangement of the four catalytic residues (EKEC) of Nit2 compared with G.
pallidus aliphatic amidase (2plg) panel A, Nit2 (blue) 2plq (yellow). Panel B, surface
shading of Nit2 catalytic cleft. Catalytic residues are labelled in black and residues lining

the catalytic cleft in white.
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5.3.6 3D superimposition analysis of Nit2

Figure 5.8 shows the comparison between the Nit2 structure and its homology
model (Chapter 3, section 3.3.8-9). There is a clear difference in the highlighted
catalytic area between the structure and homology model (Figure 5.8, panel A). It
has been shown that the catalytic site of the homology model was not build
properly (section 3.3.9). There were large distances between the catalytic
residues, which deviated from the known fact that the catalytic residues of
nitrilase structures are superimposable (Kimani et al., 2007). The
superimposition of Nit2 on the homology model showed that there were
deviations within the a4 helix and a a3 helix was missing (Figure 5.8, panel B).
The results of SSM 3D comparison of the Nit2 structure with the homology model
showed that there was a poor rmsd of 1.52 for over 243 C* atoms (Table 5.2).
The data re-affirmed the suggestion that there was a lack of suitable structures

for the construction of a Nit2 homology model.
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A Nit2 Homology model

Figure 5.8 Comparison of Nit2 with its homology model. Panel A, surface representation
of the two models with catalytic cleft shown in red. Panel B, superimposition of Nit2
(blue) and homology model (yellow).
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The SSM 3D superimposition analysis (Krissinel & Henrick, 2004) of Nit2 with
known structures of the nitrilase superfamily is shown in Table 5.2. Although the
3D similarity between G. pallidus and P. aeruginosa aliphatic amidases was
reported to share a C® rmsd of 0.26 A over 335 atoms (Kimani et al., 2007), the
result returned from SSM server showed a C® rmsd of 0.33 A. The latter

comparison value was used as a reference for Nit2 3D superimposition analyses.

SSM 3D superimposition analysis of Nit2 only returned structures related to the
nitrilase superfamily. The closest superimposable structure for Nit2 was 1j31, the
hypothetical protein PH0642 from Pyrococcus horikoshii (Sakai et al., 2004). Nit2
shared poor rmsd values with known aliphatic amidases 2uxy, 2plg and DCase
1fo6 (Table 5.2).

Table 5.2 3D superposition analysis of Nit2 with known structures of the nitrilase
superfamily. The total number of residues are indicated in parenthesis below the PDB
codes. Abbreviations: Nalg, number of 3D homologous C® positions to a 3.5-A cut-off;
(%), sequence identity calculated identical residues from structural alignments; rmsd,
root mean square distances between 3D C°.

2ell 1f89 2wlv 1fo6

(265) (271) (274) (302)

Nit2 /'E'Oa/('s 243(96) 236(28) 229(24) 236(24) 233(27) 232(22) 242(24) 238(25)
rmsd 152 1.61 1.65 1.83 1.71 1.95 1.77 1.94
2plq Naig ) : - -
19%) 250(25) 239(22) 335(81)
rmsd - 1.76 - 1.64 - - 0.33

Figure 5.9, panel A and B, show the superimposition of Nit2 on 1j31 and 2plq,
respectively. For both 1j31 and 2plq, the a3 and a4 helices were different for Nit2
(Figure 5.9), which confirmed there was a lack of suitable structures for the
building of the homology model. In addition, Nit2 had an extra a5 helix and did

not possess an extended C-terminal region found in known aliphatic amidases.
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Figure 5.9 Superimposition of Nit2 on 1j31 and 2plq (panel A and B, respectively). Nit2

is in blue and the structures of 1j31 and 2plqg are in yellow.

5.3.7 Thermolability of Nit2

Figure 5.10, panel A, shows a recent image of Nit2 dimer that has residues 259-
270 modelled (prior to the a8 helix) to make up for the missing 10 residues within
the C-terminal region. This unresolved region of Nit2 was predicted to be a a-
helix, which is conserved in all structures of the nitrilase superfamily.

The C-terminal region of Nit2 is similar to all structural homologues where this
region from opposite monomers, wrap around each other (Figure 5.10, panel A).
The role of this region was proposed to stabilise the interaction across the A
surface (Thuku et al., 2009). The short C-terminal region of Nit2 is interesting
since it may contribute to the low stability of the enzyme at elevated
temperatures. This theory was drawn from the proposed role of the extended C-
terminal region of P. aeruginosa aliphatic amidase (Andrade et al., 2007).
Although P. aeruginosa is a mesophilic bacterium with optimal growth at 37°C, its
hexameric aliphatic amidase is thermostable at 55°C. The authors could not find
any stabilising factors within the aliphatic amidase that contributed to

thermostability such as intermolecular disulfide bridges (Andrade et al., 2007). It
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was suggested that the long C-terminal arm that wraps around opposite
monomers forming tight bonds might promote the thermostability of the amidase
(Andrade et al., 2007) (Figure 5.9, panel B). This unique feature is also present
in the thermophilic G. pallidus aliphatic amidase (Kimani et al., 2007).

Figure 5.10 The C-terminal region of Nit2 and P. aeruginosa aliphatic amidases. The
interactions between the C-terminal regions of two monomers are circled. Panel A, top
image, structure of Nit2 with continuance of the C-terminal region. Bottom image, A
cartoon representation of Nit2 structure showing the C-terminal region (red) overlapping
a shaded monomer. Panel B, surface shading of the hexameric aliphatic amidase (top)
with a schematic representation of the monomers (below). The A surface between the
interacting monomers is indicated with arrows. Images of P. aeruginosa aliphatic

amidase were taken from Andrade et al., (2007).
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This is the first report of the determination of an aliphatic amidase structure from
a psychrotolerant bacterial strain. In addition, the remarkable rapid crystallisation

property of Nit2 provides an excellent model for future studies on the nitrilase
superfamily.
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Chapter 6: General discussion and
future implications

A novel psychrotrophic nitrile hydrolysing strain, Nesterenkonia AN1, was
isolated. In addition, the in silico mining of its partially sequenced genome led to
the identification and the in vitro characterisation of two putative nitrilases,
referred to as Nitl and Nit2.

Nitl and Nit2 of Nesterenkonia AN1 belonged to the nitrilase superfamily since
their protein sequences conserved the catalytic residues (EKEC), four glycines
and had a predicted apfa monomer fold (Thuku et al., 2009). Based on
homology models of Nitl and Nit2, it was also predicted that their monomers
might associate along the conserved A surface forming a characteristic apfa-
opBa sandwich. This prediction was based on the presence of two conserved a-
helices and a C-terminal region that contributed to intersubunit interactions along
the A surface (Thuku et al., 2009). These predicted features were confirmed in
the crystal structure of Nit2.

Although Nit2 was characterised in vitro as an aliphatic amidase, the assignment
of Nitl and Nit2 to a branch of the nitrilase superfamily could not be determined
based on the in silico analyses of their protein sequences. The failure of these
analyses was due to a limited range of characterised sequences and structures.
As an alternative in silico method for analysis of putative nitrilases, a dendrogram
of characterised and related putative protein sequences of the nitrilase
superfamily was compiled (Figure 6.1). The 12 branches of the nitrilase
superfamily divide into four branching groups: one group of nitrile/cyanide
hydrolysing enzymes, two groups of enzymes related by amidase activities, of
which one has both amidase and amide condensation activities and a fourth
group of uncharacterised enzymes (Figure 6.1). This dendrogram was used to
assign the possible enzyme function for Nitl and to show whether Nit2 is related
to known aliphatic amidases.
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Branch 1 Nitrilase, cyanide hydratase,
cyanide dihydratase

Branch 11

Branch 6 N-carbamoyl-D-amino acid amidohyrolase (1uf5, 1fo6, lerz}

rf—"_l Branch 2 Aliphatic amidase (2plq, 2uxy)
l—'= Branch 2 Formamidase (2dyu)
| Nit2 Cluster

Branch 5 Beta-ureidopropionase (2vhh})

| |(2e11)

—E Branch 3 N-terminal amidase

Branch 4 Biotinidase

Branch 9 Apoliprotein N-acyltransferase

Branch 7 & 8 Prokaryotic & Eukaryotic
NAD"* synthetase

Branch 10 {1ems)

. (1f89)

-—l:l Nitl Cluster

Branch 12

Figure 6.1 Schematic dendrogram of protein sequences of the nitrilase superfamily. The
four main branching of enzymes are highlighted in pale blue. Clusters of related
enzymes are grouped as blocks and are coloured according to known enzyme functions:
purple, nitrile hydrolysing activity; orange, amidase activity; green, amide condensation
activity; grey, unknown or putative function. BLAST (NCBI) was used to retrieve similar
sequences using characterised members of the nitrilase superfamily including Nitl and
Nit2. ClustalW (Larkin et al., 2007) was used for generating the alignment. The
dendrogram was constructed using the Neighbour-Joining method (Saitou & Nei, 1987).
Phylogenetic analyses were conducted in MEGA4 (Tamura et al., 2007) and the

dendrogram was viewed using A Tree Viewer (ATV) (www.phylosoft.org/atv).
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Nitl falls within a cluster of related putative nitrilases mainly from the bacterial
family, Micrococcaceae (Figure 6.1). The Nitl cluster shared the same branch
with the putative CN-hydrolase from Saccharomyces cerevisiae, the structure
(1f89) of which has been determined (Kumaran et al., 2003). This agrees with
the finding that this putative CN-hydrolase was the only member of the nitrilase
superfamily that had 22% sequence identity, the highest score, with Nitl. The
Nitl cluster also shared the same grouping of protein sequences with branches
3, 4, and 7- 10 of the nitrilase superfamily (Figure 6.1). These branches
contained a nitrilase related sequence that is fused to an additional protein
domain (Pace and Brenner, 2001). For example, the NAD" synthetase (branch 7)
of Mycobacterium tuberculosis is composed of a nitrilase related sequence fused
to NAD® synthetase domain (Bellinzoni et al, 2005). The nitrilase hydrolyses
glutamine releasing ammonia for the synthesis of NADH. It is possible that Nitl
could have similar enzyme function to the amidases of branch 3, 4, 7 or amide

condensation nitrilases of branch 9 as a non-fused protein.

An attempt to characterise Nitl in vitro led to the appearance of a purified ~30
kDa monomer. Despite the attempts to determine the substrate range for Nitl, it
was concluded that the expressed enzyme was inactive. This assumption was
based on characterised enzymes of the nitrilase superfamily that are typically
active as multimers (Thuku et al., 2009). For example, spiral forming Nases are
known to exist as inactive dimers in solution, but self associate to form active
multimers (Thuku et al. 2009). The quaternary structure of the closely related
putative CN-hydrolase 1f89 is a tetramer (Kumaran et al., 2003). It was proposed
that the C-terminal hexahistidine tag fused to Nitl for Ni-chelation
chromatography purification might have prevented the enzyme from forming
multimers. To illustrate this, Figure 6.2 shows homology models of Nitl C-
terminal hexahistidine tag fusion protein superimposed on the dimer form of 1f89
(Figure 6.2). The two hexahistidine tags of Nitl are in proximity to each other and
are located at the conserved A surface (Figure 6.2). These polar tags of Nitl
fusion protein might have disrupted intersubunit interactions from occurring
between two monomers. The purification of an N-terminal hexahistidine tag
fusion Nitl protein was suggested as an alternative approach for the
characterisation of this enzyme.
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Figure 6.2 Homology model of C-terminal hexahistine tagged Nitl in dimer form. The
two monomers that interact at the A surface are shown in blue and yellow. The C-
terminal tag (8 residues), which contains the hexahistidine residues, is shown in red.
The structure of 1f89 dimer form (not shown) was used for the superimposition of Nitl

homology models.

Nit2 was characterised as an aliphatic amidase due to its preference for small
amides. However, Nit2 was structurally different from known aliphatic amidases
since the enzyme did not possess an extended C-terminal region and was active
as a ~45.5 kDa dimer.

As for Nitl, Nit2 fell in a cluster of related putative nitrilases from the bacterial
family Micrococcaceae (Figure 6.1). Nit2 shared branching with known enzymes
that have amidase activities, including branch 2 aliphatic amidases (Figure 6.1).
Although they shared the same branching, the distance between Nit2 and
aliphatic amidases agreed with the suggestion that these are two distinct groups
of enzymes, primarily due to the differences in their C-terminal regions (Figure
6.1). The differences in the C-terminal region might confirm why the in silico
analysis of Nit2 homology model suggested that the enzyme was a DCase.
DCases do not possess an extended C-terminal region (Wang et al.,, 2001,
Thuku et al., 2009) and share the same branching with Nit2 and branch 2
enzymes (Figure 6.1). The grouping of Nit2 with aliphatic amidases showed that
this alternative in silico analytical method is useful for the assignment of putative
protein sequences to branches of the nitrilase superfamily.

Nit2 is unique amongst aliphatic amidases since it is active in dimeric form.

Known aliphatic amidases are active as tetramers, hexamers and octamers
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(Ambler et al., 1987, Asano et al., 1982, Makhongela et al., 2007, Skouloubris et
al., 2001, Soubrier et al., 1992). It has been determined through mutational
analysis on P. aeruginosa aliphatic amidase that the hexameric form is the active
enzyme, which assembles from inactive dimers (Karmali et al., 2001, Novo et al.,
2002). The putative CN-hydrolase of Pyrococcus horikoshi, the structure (1j31) of
which is known (Sakai et al., 2004), shared the same branching and has 22%
protein sequence identity with Nit2. The quaternary structure of this CN-
hydrolase is of a tetramer (Sakai et al., 2004). Nit2 might exist as a hexamer due
to the appearance of a small amount of active ~130 kDa protein eluted during
size exclusion chromatography. It is possible that the N-terminal hexahistidine
tag fused to Nit2 for Ni-chelation purification might have interfered with inter-
dimer assembly. The crystal structure of Nit2 showed a possible interaction
between H19 of the 20 residue N-terminal hexahistidine tag and N259 of the C-
terminal region. This interaction was suggested to contribute toward the
destabilisation of C-terminal region residues 259-260, which are absent in the
crystal structure. The effects of hexahistidine tag fusions have not been
determined for known aliphatic amidases, since these enzymes have been
purified and characterised directly from the native organisms and/or from E. coli
using a series of affinity and size exclusion chromatography techniques (Andrade
et al., 2007, Makhongela et al., 2007, Skouloubris et al., 2001). To illustrate the
possible interference of an N-terminal hexahistidine tag on inter-dimer
interaction, Figure 6.3 shows the G. pallidus (2plq) hexamer structure with the 20
residue tag fused to the N-terminus of two monomers. The 20 residues tag of the
two monomers are in proximity and are located across the two fold symmetrical
surface occurring between two interacting dimers (Figure 6.3). This inter-dimer
interaction is formed by the N-terminal region and a7 helix of monomers as
observed in the structure of G. pallidus aliphatic amidase (Kimani et al., 2007).
The a7 helix of G. pallidus aliphatic amidase superimposes the missing residues
observed in Nit2 crystal structure (not shown). A purification of tag free Nit2
should be attempted in order to characterise its quaternary structure.
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Figure 6.3 Structure of G. pallidus aliphatic amidase (2uxy) showing the position of the
N-terminal hexahistidine tag fused to two monomers. Left image, view of hexamer. Right
image, view of the interaction between two monomers of opposite dimers. The 20-
residue N-terminal tag containing the hexahistidine residues is shown in red. Individual
dimers are coloured separately. The A surface that occurs between interacting

monomers within a dimer is shown.

The short C-terminal region of Nit2 was proposed to contribute towards its
thermolability. This assumption was drawn from the high thermostability (55°C) of
the mesophilic P. aeruginosa aliphatic amidase, which was attributed to the
extended C-terminal regions of their monomers (Andrade et al., 2007). However,
there are mesophilic spiral forming Nases that also have extended C-terminal
regions but are not thermostable (Thuku et al., 2007). Unlike Nases, the tight
hexameric form of P. aeruginosa aliphatic amidase was also suggested as a
possible thermostabilising factor (Andrade et al., 2007). This suggests that both
the dimer form and short C-terminal region of Nit2 may contribute to its
thermolability. The thermostability of the possible Nit2 hexamer form should be
determined for comparison with P. aeruginosa aliphatic amidase. A hexameric
form of Nit2 might have higher stability at elevated temperatures than the dimer

form.
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It was suggested that aliphatic amides were probably not the natural substrates
for Nit2, due to the low affinity and catalytic rate. No comparison could be made
for the catalytic rate with known aliphatic amidases, since kinetic parameters for
these enzymes were obtained using the acyl transfer assay in the presence of
hydroxylamine (Makhongela et al., 2007, Skouloubris et al., 2001). Amidases
typically have higher catalytic rates in this assay, since hydroxylamine is a better
acyl acceptor than water (Fournand et al., 1998). No detectable activity was
obtained for Nit2 under the reported assay conditions used for other amidases.
The lack of activity for Nit2 using the acyl transfer assay was probably due to the
conditions used, which require further optimisation. Despite the low catalytic rate
of Nit2, the low affinity of the enzyme for amides was also suggested to be
attributed to its cold-adapted origins. It has been proposed that cold-adapted
enzymes exhibit low affinity for their substrates in order to achieve high catalytic
rates at low temperatures (Xu et al., 2003). It is possible that there are several
subgroups of aliphatic amidases with distinct preferences for different lengths of
aliphatic amides. This was because Nit2 had higher Ky for propionamide (3C)
than for acetamide (2C). Conversely, all known aliphatic amidases have the
highest Ky for 2C amides (Kotlova et al., 1999, Skouloubris et al., 2001). In
addition, the AmiF of Helicobacter pylori exclusively hydrolyses formamide (1C)
(Skouloubris et al., 2001). The structure of Nit2 provides an ideal model for the
identification of residues lining the catalytic site that may determine its substrate
range. The substitution of W138 residue with a neutral amino acid in P.
aeruginosa aliphatic amidase increased the catalytic volume of the enzyme to
include aromatic amides (Karmali et al. 2001).

The simple dimeric form of Nit2 and the ease of expression, purification and
crystallisation of the enzyme, are attractive features for further studies of the
nitrilase superfamily. For example, the determination of the role that the extra
catalytic glutamate residue plays in the nitrilase reaction mechanism could be
researched. This extra glutamate residue (E142) according to the structure of G.
pallidus aliphatic amidase was implicated in the nitrilase reaction mechanism
(Kimani et al., 2007, Thuku et al., 2009), since its side-chain is in proximity to
water and is in a suitable position to act as the general base catalyst. Further
possible studies would be to identify residues that are involved in the enzymic
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conformational transitions, which enable a continued reaction cycle where the
enzyme binds to the substrate and releases the product (Andrade et al., 2007).
Another study could be to identify residues other than the conserved catalytic
residues (EKEC) that distinguish an enzyme member of the nitrilase superfamily
from having either amide or nitrile hydrolysing activity (Thuku et al., 2009).
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Appendix

A. General recombinant DNA techniques

The E. coli strains used for plasmid maintenance are: DH5a (Hanahan, 1983);
GeneHog (Smith et al., 1990) as a host for recombinant plasmids. These strains
were grown at 37°C in LB or on LB agar plates supplemented with the antibiotic to
which the recombinant plasmid conferred resistance. The preparation of E. coli
chemical competent cells and the transformation protocols were taken from Hanahan
et al., (1995) and Sambrook & Russel (2001). Electrocompetent cells were prepared
and transformed using a GenePulser (Biorad) according to the protocols supplied by
the manufacturer (available online). Cultures of transformants were stored at -80°C
in 50% (v/v) glycerol.

Routine isolation of recombinant plasmid DNA from E. coli strains was performed
using the easy plasmid preparation protocol of Berghammer and Auer (1993). DNA
used for sequencing, storage, was isolated using the High Pure Plasmid Isolation Kit
(Roche) or the Quantum Prep® Plasmid Kit (BioRad). DNA was stored at -20°C or at
-80°C.

The resultant restriction fragments of DNA restriction analysis were separated by
electrophoresis using Tris-acetate-EDTA buffer (20x stock solution (2 M Tris-HCI (pH
8.3); 25 mM EDTA) on 0.5-4% agarose gel containing 0.5 pg/ml ethidium bromide
and visualised using the Alphaimager imaging system (BioRad). Excision of resultant
fragments of DNA were carried out using the illustra™ GFX™ PCR DNA and Gel
Band Purification Kit (GE Healthcare). DNA concentration estimation was carried out
®

using the Nanodrop (ThermoScientific) or by fluorescent analysis using the Qubit
Quantitation Platform (Invitrogen).

Sequencing was carried out at University of Cape Town or University of Stellenbosch
sequencing centers that have ABI prism automated sequencers (AppliedBiosystems)
using the Big Dye terminal dideoxy chain termination method.
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B. Media

\ Luria Bertrani (LB) Luria Bertrani Agar
10 g Bacto-tryptone 1LLB 3 g KH,PO,
5 g yeast extract. 15 g Bacteriological agar 7 g K;HPO,
10 g NacCl * 2 g (NH,),SO,
Make up to 1 L with H,O 0.5 ml Img/ml FeSO,

2 ml 0.5M MgSO,
20 ml 1.5M Glycerol
Make upto 1 L H,O

* left out for the preparation of nitrogen free minimal medium

C. E. coli strains

\ E. coli strain Genotype Reference

ArcticExpress F ompT hsdS(rg mg ) decm” Tet' gal Stratagene
endA Hte [cpn10 cpn60 Gent']

BL21(DE3) pLysS F—, ompT, hsdSg(rs-, mg-), dcm, gal, Davanloo, 1984, Studier &
A(DE3), pLysS (Cm") Moffatt, 1986

DH5a @80dlacZAM15, recAl, endAl, Hanahan, 1983
gyrAB, thi-1, hsdR17(rg-, mg+),
SUpE44, relAl, deoR,
A(laczYA-argF) U169, phoA
GeneHog F- mcrA A(mrr-hsdRMS-mcrBC) Smith et al., 1990
@80lacZAM15 AlacX74 recAl
araD139 A(ara-leu)7697 galU galK
rpsL (StrR) endAl nupG fhuA::1S2
(confers phage T1 resistance)
JK84 lacY1 or lacZ4 ginV44(AS) LAM- Parker & Fishman, 1979
hisS210(ts) glyA6 relAl rpsL8 or
rplL9(L?) rpsL14 xyl-7 mtlIA2 AargH1
thi-1
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D. Plasmids

Only unique restriction sites are shown.

 Plasmid  Map

Reference
pNH14K Cameron,
Xbal (48) 2003
T7 promoter
Sphl (6969) Ndel (90)
rbs
\ ”’ BamHI (481)
/ Beta subunit
/ HindllI (497)
rbs
Alpha subunit
—
rbs
pNH14K
—_— plaK
7176 bp —_—
Beul (1791)
Sall (1828)
Eagl (1887)
Notl (1887)
\ F1 origin
AmpR
Pstl (3205)
G. pallidus RAPc8 NHase (a, B and P14K) under the control of T7
promoter; AmpR, confers ampicillin resistance
pNH233 —— Cameron,
Eagl (6256) 2003
amidase f1 origin
Eeul (5562) \
Ndel (5204)
rbs X AmpR
Xbal (5164)
T7 promoter =
—
Bglll (5008)
— pNH223
Sphl (4909)
6425 bp
™~
lac / ColE1 pBR322 crigin

Hindll (3874)

Hincll (3874)

G. pallidus RAPc8 aliphatic amidase under the control of T7

promoter; AmpR, confers ampicillin resistance
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pPAN1 Ndel (5969) BspTI (301) This work
araC
\ / Paul (670)
/ Ecogl (1077)
Operator
pBR322 origin f/’ Pc promoter
CAP site
F1 origin pAN j{;j::‘lase) Operator I1 and 12
— pBAD promoter
M13 origin = 1 Bell (2073)
Eam1105] (4465) :Q" Xeml (2132)
Eco721(2146)
AmpR / ~— \ NHase (alpha, beta and p14k)
Seal (3984) I \ Mavl (2657)
Xhol (2657)
rrNB terminator Beul (3001)
Kpnl (3119)
Smal (3121)
Xbal (3130)
Sdal (3146)
Pael (3152)
Sphl (3152)
( 3AD
;
pPET21- wl Bnao This work
Nitl Sphl (663)
I Bglll (852)
lac operator
/ / T7 promoter
// Xbal (918)
U= Ndel (958)
. —_ Sall (1228)
pET21-Nitl S
6192 bp i
28 Nit1
=~ BamHI (1592)
L Xhol (1785)
ColE1 pBR322 origin His tag
T7 terminator
f1 origin
AmpR
Pst1 (3001)

Nesterenkonia AN1 Nitl fused to C-terminal hexahistidine tag under
the control of T7 promoter; AmpR , ampicillin resistance
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pET21- This work
Nit2 lacl Bell (116)
Sphl (663)
I lac operator
/ T7 promoter
Xbal (918)
&
Ndel (958)
/
Sall (1140)
. A BamHI (1498)
pET21-Nit2 —
6474 bp
—
Eagl (1828)
~ ~ agl (1
ColE1 pBR322 origin N Xhol (2067)
His tag
T7 terminator
I f1 origin
Pstl (3373)
AmpR
I der
1
pET28- S ) This work
Nitl Bell (6054) Bglll (666)
lac 1 lac operator
\ T7 promoter
/ g Xbal (732)
////;//"7 Nceol (771)
His tag
thrombin
pET28-Nit1 W, s s
Sall (1101)
6124 bp
::: Eagl (1237)
Nit1
BamHI (1465)
/ Xhol (1664)
ColE1 pBR322 origin His tag
T7 terminator
f1 origin
KanR
Nesterenkonia AN1 Nitl fused to N-terminal hexahistidine tag under
the control of T7 promoter;KanR , confers kanamycin resistance

155



This work

pET28-
Nit2

Sphl (477)
lac operator

Bcll (6333)

lac I
T7 promoter

\ / Xbal (732)
//// Neol (771)
)9 His tag

thrombin
- Ndel (831)
pET28-Nit2
Sall (1013)
6403 bp -
BamHI (1371)
T Nit2
N
e Eagl (1701)
ColE1 pBR322 origin Xhol (1943)
His tag
T7 terminator
f1 origin

KanR

Nesterenkonia AN1 Nitl fused to N-terminal hexahistidine tag under
the control of T7 promoter; KanR , confers kanamycin resistance
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E. SDS-PAGE

SDS-PAGE was carried out on a Hoefer SE 250 minigel electrophoresis unit. For

SDS-PAGE, samples were mixed with gel loading buffer and boiled 5 mins prior to

loading. Gels were electrophoresed at a constant current of 50 mA in electrode

running buffer. Gels were stained with staining solution. Gels were then destained as

follows: solution 1 for half an hr, solution 2 overnight and solution 3 for 2 hrs.

Recipes for a 12% resolving gel and 5.2% stacking gel

Reagents Stock solution Resolving gel (12%) | Stacking gel (5.2%)
Acrylamide stock 40% (wiv) 8 ml 0.85

H,O - 6.6 ml 2.8

Tris-HCI (pH 8.7) 15M 5 ml -

Tris-HCI (pH 6.8) 05M - 1.25

SDS 20% (w/v) 0.2 ml 0.05 ml

(NH,;).S,04 10% (w/v) 0.2 ml 0.05 ml

TEMED - 0.02 ml 0.01 ml

Acrylamide stock
30% (wi/v) acrylamide
0.8 (w/v) bis-acryalamide

Gel-loading buffer (x2)
100 mM Tris-HCI (pH 6.8)
4% (wiv) SDS
0.2 % (w/v)  bromophenol blue
20% (v/v) glycerol
200 mM DTT

Destaining solutions

Electrode running buffer (10 x)

2M glycine
Tris-HCI (pH 8.3)

0.25M

1% (w/iv) SDS
Commassie Stain

249 Coomassie brilliant blue R250

200 ml

Destain solution |

Solution 1 (1/2 hrs)
50% (v/v)  Methanol
10% (v/v)

acid

Solution 2 (overnight)

Glacial acetic

5% (v/iv) Methanol
7% (v/v)  Glacial acetic
acid

Solution 3 (2 hrs)

5% (viv)  Methanol

7% (v/iv)  Glacial acetic
acid

3% (v/iv)  glycerol
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F. Nitl and Nit2 - nucleotide and protein sequences

(Only unique restriction site are shown)
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G. Kinetic data
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