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ABSTRACT

The production of enantiomerically pure amino acids is of industrial importance as they
are used in the synthesis of a number of pharmaceuticals, insecticides and herbicides
and biologically active peptides and hormones. A number of microorganisms have
been identified which possess hydantoin hydrolysing enzymes that stereoselectively
convert racemic hydantoins into enantiomerically pure amino acids. Consequently
these microorganisms and their enzymes are sought after as biocatalysts for the
production of amino acids.

The isolation of novel hydantoin hydrolysing enzymes with unique or improved
biocatalytic characteristics is of importance for the development of potential biocatalysts
to be used in the production of enantiomerically pure amino acids. The genes encoding
the hydantoin hydrolysing enzymes are linked on the genome. A gene encoding an N-
carbamoyl-amino acid amidohydrolase, an enzyme involved in the hydrolysis of
hydantoin, was isolated by screening a genomic DNA library of Agrobacterium
tumefaciens RU-AEO1. Nucleotide sequence analysis of the region upstream of this
gene revealed a fragment of a gene encoding the hydantoinase enzyme. In this study,
a DNA probe consisting of the gene encoding the N-carbamoyl amino acid
amidohydrolase was used to re-isolate the gene encoding the N-carbamoyl amino acid
amidohydrolase, on a large enough fragment of the genomic DNA library which would
allow for the simultaneous isolation the hydantoinase gene located upstream.

Recombinant expression of the genes encoding hydantoin hydrolysing enzymes has
been used to facilitate the production and purification of these enzymes for their use as
biocatalysts. Two genes (ncaR1 and ncaR2) encoding different N-carbamoyl-amino
acid amidohydrolases with distinct nucleotide and deduced amino acid sequences were



isolated from the genome of A. tumefaciens RU-OR. In this study, the heterologous
expression of ncaR1 and ncaR2 was explored. Investigation into the optimisation of the
heterologous expression of ncaR1 showed that reducing the growth temperature of the
recombinant E. coli producing NcaR1 resulted in a two-fold increase in N-carbamoyl-
amino acid amidohydrolase activity and solubility. Furthermore, NcaR1 was produced
with a C-terminal 6xHis tag, but NcaR1-6xHis did not possess N-carbamoyl amino acid
amidohydrolase activity.  Furthermore, purification of NcaR1-6xHis under native
conditions using affinity chromatography performed, and used for the production of
antibodies.
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CHAPTER 1

Literature Review

1.1. The industrial importance of a-amino acids.

The industrial synthesis of optically pure a-amino acids is lucrative as they have a
number purposes (Demain, 2000). Their nutritional value allows them to be used in
animal feed supplements and also supplements for human consumption. They are also
used as chiral building blocks in the chemical synthesis of other chemicals and
molecules that are of importance in the pharmaceutical and agrochemical industries,
such as biologically active peptides and hormones, peptide derivatives, semi-synthetic
antibiotics and chemical pesticides and herbicides. A few examples of industrially

important D- and L-a-amino acids and their uses are listed in Table 1.1.

Table 1.1. Some examples of a-amino acids and their industrial applications.

Amino Acid Industrial Application Example Reference
D,L-methionine animal feed feed additive fglgdoatk etal,
L-phenylalanine food supplement  |synthetic sweetner o-aspartame gf”;%g;'s et
i . . component of ACE enalapril Kamphuis et
L,D-homophenylalanine pharmaceuticals inhibitors benzapril al., 1992
biulding block of immune .
. . . . Kamphuis et
L-valine pharmaceuticals suppresant used in cyclosporin A al. 1992

transplant surgery

LH-RH antagonist for

biologically active Drauz et al.,

D-citrulline peptide treating sex-hormone cetrorlix 1991
dependant diseases
. . . . . Louwrier and
i . semi-synthetic side chain of p-lactam (amoxycillin)
D-(hydroxy)phenylglycine antibiotics antibiotics ampicillin ;(ggyles,
D-valine pesticide component of pyrethroid fluvalinate Drauz , 1997

insecticide

1.1.1. The synthesis of amino acids

A number of methods have been used for the synthesis of bulk a-amino acids, such as
extracting them from plant and animal tissue hydrolysates (Rosazza, 1995), or from

biological fermentation using cheap substrates such as sugars or molasses (Morin et

2




Chapter 1

al., 1990). A number of chemical processes have been developed for the synthesis of
o-amino acids too, such as the carboxylation of hydantoins (Finkbeiner, 1965), the
Strecker synthesis and the chemical alkylation of hydantions (Barret, 1985). But these
processes are complex and require extreme reaction conditions such as high
temperatures and extreme pH. Furthermore, the synthesis of amino acids by these
chemical methods required the optical resolution of the amino acid products once they
were synthesised (Ottenheym and Janneskens, 1970; Sano et al, 1976). This is
particularly true if they are to be used in the synthesis of fine chemicals, and this often
led to a low product yield. So alternative methods for the synthesis of amino acids were
highly sought after, and in the late 1970’s an awareness of the benefits of biochemical
processes using biocatalysts developed.

Biocatalytic processes are defined as the cultivation and use of microorganisms or
soluble or immobilised enzymes in media containing organic compounds as substrates.
In such processes, enzymes alter the structures of organic substrates to synthesise new
compounds (Rosazza, 1995). Tramper (1996) highlighted the benefits of biocatalytic
processes in an extensive review of the use of biocatalysts over chemical methods, and
a few of them are as follows. The use of biocatalysts often reduces the number of
reaction steps in the process, possess faster reaction rates and milder reaction
conditions which are considered natural and therefore more “environmentally friendly”.
Biocatalytic reactions can be manipulated to require fewer and cheaper reagents, and
often have higher yields. Moreover, the enantiospecific nature of reactions catalysed by
some biocatalysts will often reduce the production of by-products, thereby minimising
downstream processing and purification of the product.

1.1.2. Biochemical, biological and enzymatic synthesis of optically active amino
acids.

The biochemical productions of a number of optically active amino acids by a variety of
hydrolases from a wide range of microorganisms have been developed. Proteases
such as chymotrypsin, subtilisin and thermolysin are used for the synthesis of N-acyl
amino acids for the synthesis of non-natural peptides (Wang et al., 1997; Ishikawa,

1999). Amidases, such as the one from Ochrobactrum anthropi have been used for the
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synthesis of natural and non-natural amino acids, which are of considerable importance
in pharmaceutical applications (Sonke et al.,, 1999). Acylases, such as the penicillin
acylase from Penicillium is used for the hydrolysis of penicilin G or V to 6-
aminopenicillanic acid, which is used as an important semisynthetic anitibiotic (Bruggink
et al., 1998). Oxidoreductases have been applied to the synthesis of non-natural amino
acid, such as the production of L-tert leucine using leucine dehydrogenase (Krix et al.,
1997). But possibly, one of the most successfully applied biocatalysts for the synthesis
of optically active amino acids is the use of hydantoin hydrolysing enzymes. They are
used to convert the relatively cheap substrate of D,L-5-monosubstituted hydantoins to
optically pure natural or unnatural D-and L-amino acids (Syldatk et al., 1992; Volkel and
Wagner, 1995; Schulze and Wubbolts, 1999).

1.2. The application of the hydantoin utilising enzymes for the
synthesis of optically pure amino acids.

1.2.1. The ‘Hydantoinase’ process.

Optically active amino acids can be prepared from racemic mixtures of 5-
monosubstituted hydantoins by a sequence of two enzyme catalysed reactions, utilising
hydantoin hydrolysing enzymes, as illustrated in Figure 1.1. The first enzyme catalysed
reaction is the hydrolysis of D,L-5-monosubstituted hydantoins to the corresponding D
or L N-carbamoyl-amino acid, by a D- or L-stereospecific hydantoinase, or by a non-
selective hydantoinase (Syldatk et al.,, 1990a, 1992, 1999; Drauz, 1995; Ogawa and
Shimizu, 1997). The second enzyme catalysed reaction is the stereospecific hydrolysis
of the D- or L-N carbamoyl-amino acid intermediate to D- or L-amino acids by D- or L-
stereospecific N-carbamoyl-amino acid amidohydrolase (D-NCAAH or L-NCAAH)
(Syldatk et al., 1990, 1992; Drauz, 1995; Ogawa and Shimizu, 1997). This has been
referred to as the ‘hydantoinase’ process (Syldatk et al., 1992, 1999; Drauz, 1995;
Ogawa and Shimizu, 1997, Bommarius et al., 1998). Spontaneous racemisation or
enzyme catalysed racemisation of the 5-monosubstitued hydantoins also occurs
(Syldatk et al., 1990a, 1992, Drauz, 1995; Watabe et al., 1992b,c).
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The discovery of the N-carbamoyl-amino acid amidohydrolases (NCAAH) only came
after the discovery of the hydantoinases (Olivieri et al., 1979), and until then, carbamoyl-
amino acids were converted to the corresponding amino acids by chemical methods
under conditions where complete retention of configuration was obtained (Cecere,
1975).
disadvantages, such as the long reaction time, the high reaction temperature and the

However chemical hydrolysis of N-carbamoyl-derivatives had a number of

low yields and could only be used on N-carbamoyl-amino acids, which did not contain
oxidisable groups (Olivieri et al., 1981). So, the discovery of the N-carbamoyl-amino
acid amidohydrolases changed this, allowing for a purely bioenzymatic process (Ogawa

and Shimizu, 1999).

Hydantoin Racemase
or
- i ntan H
L-Hydantoinase Spontaneous pH > 8 D-Hydantoinase
R R o H ) H
H\—COOH < H%—( > R%—f > R%—COOH
HN\[)(NH2 —> HNTO(NH 4— HN\gNH 4— HNE/NH2
[ N-carbamoyl L-amino acid | [ L-Hydantoin ] [ N-carbamoyl D-amino acid |
L-NCAAH D-NCAAH
R\C/NHz HQ U NH,
[o3
W \COOH R Ncoon
L-Amino Acid D-Amino Acid

Figure 1.1. Reaction scheme for the enzymatic cleavage of D,L-5-monosubstituted
hydantoin derivatives to the corresponding D- or L- amino acids, using the
‘hydantoinase’ process (adapted from Bommarius et al.,1998).

1.2.2. Advantages of the hydantoinase process.

The advantages of using the hydantoinase process for the synthesis of amino acids
over other biochemical and chemical method are numerous and have been reviewed
extensively (Syldatk et al., 1990a, 1992; Ogawa and Shimizu, 1997; Bommarius et al.,
1998; Schulze et al., 1999; Altenbuchner 2001).
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To begin with, the 5-monosubstitued hydantoins undergo rapid and spontaneous
racemisation under certain conditions (Syldatk et al., 1990a, 1992) therefore allowing
the complete conversion of the racemic substrate to the D- or L-amino acid product,
which gives the process a theoretical yield of 100% (Olivieri et al., 1981, Louwrier and
Knowles 1997; Syldatk et al., 1999). Furthermore, enzymatic racemisation of the 5-
monosubstituted hydantoins by hydantoin racemases possessed by some
microorganisms also act to make the reaction more efficient (Watabe et al., 1992c;
Ishikawa et al., 1997; Wiese et al., 2000b).

The advantages of using 5-monosubstituted hydantoins as substrates for the production
of amino acids are two-fold. Firstly, the 5-monosubstituted hydantoins can be
synthesised relatively cheaply and easily by Bucherer-Bergs synthesis (Bucherer and
Stein, 1934) or by the condensation of aldehydes (Syldatk et al., 1992) (Figure 1.2).
Secondly, the R-group of the 5-monosubstituted hydantoin can be manipulated and
changed, making it possible to synthesise virtually any natural or non-natural a-amino
acid (Syldatk et al., 1992, Bommarius et al., 1998, Drauz et al., 1997), including those
which would not be possible to synthesise by chemical means (Syldatk et al., 1999).

A KCN R-H,C O]
R—CH,—CHO - H
(NH4)2C03 HNTNH
O
B
]—f R-CHO [H]
——— HN NH —_—— HN NH
HN NH \H/ T
Y : :

Figure 1.2. Chemical synthesis of 5-monosubstituted hydantoins by Bucherer-Bergs
synthesis (A) and condensation of aldehyde (B) (Adapted from Syldatk et al., 1992)

In addition, the use of the hydantoinase process for the synthesis of a-amino acids is a

biocatalytic process, and is performed under relatively mild reaction conditions with few
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waste products, and therefore is considered “ecologically friendly” when compared to
the alternative chemical methods (Syldatk et al., 1999).

1.2.3. The classification of hydantoin hydrolysing enzymes.

Wallach and Grisolia (1957) were the first to propose that hydantoinases are identical to
dihydropyrimidinases, and according to EC nomenclature hydantoinase is an alternative
name for dihydropyrimidinase (EC 3.5.2.2.), which are enzymes grouped with the cyclic
amidases (EC 3.5.2), which are comprised of the enzymes involved in the biosynthesis
or degradation of purines and pyrimidines (May et al., 1998d, Syldatk et al., 1999). But
this classification is problematic for the following reasons.

While the majority of hydantoinases are functionally similar to the dyhydropyrimidinases,
some hydantoinases are not and have been classed in other enzyme groups of the
cyclic amidases, such as allantoinase (EC 3.5.2.5), carboxymethylhydantoinase (EC
3.5.2.4) and N-methylhydantoinase (EC 3.5.2.14) (May et al., 1998d; Syldatk et al.,
1999). Moreover, there are some hydantoinases that have been described but have not
yet been classified, such as carboxyethylhydantoinase (Hassel and Greenberg, 1963), a
D-hydantoinase isolated and characterised by Runser and Meyer (1993), an ATP-
dependant L-hydantoinase isolated by Yamashiro et al. (1988) and Ishikawa et al.
(1997) and a non-specific hydantoinase by May et al. (1998a,b,c). Furthermore,
phylogenetic analysis shows that these enzymes form separate branches from the
hydantoinases classed within the cyclic amidases, which suggests that they are
different from these enzymes, but might have evolved from a common ancestor, and
are probably product of divergent evolution prior to the formation of Archaea, Eukarya
and Bacteria (May et al., 1998).

Amidohydrolases are important in the mineralisation of organic nitrogen in the soill
(Acosta-Martinez and Tabatabai, 2001) and N-carbamoyl-amino acid amidohydrolases
are thought to be similar to B-ureidopropionase (EC 3.1.5.6) from the pyrimidine
degradative pathway (Moller et al., 1988; Syldatk et al., 1990a). But it has been shown
that D- and L-N-carbamoyl-amino acid amidohydrolases are very different from each
other, and in some cases show no similarity to the B-ureidopropionases (Ogawa et al.,

1995¢; Ogawa and Shimizu, 1997). It is interesting to note that putative cyclic
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amidohydrolases are ubiquitously distributed in both eukaryotic and prokaryotic cells
(Kim et al., 2000c).

1.3. The natural distribution of hydantoinases and N-carbamoyl-
amino acid amidohydrolases.

The first report of hydantoin hydrolysis in organisms was the metabolism of hydantoin
derivatives in dogs (Syldatk et al, 1990a). Subsequent studies showed that
hydantoinase activity was also found in plants (Eadie et al., 1949) and in different
tissues of certain animals (Bernheim and Bernheim, 1946; Brooks et al., 1983; Syldatk
et al., 1990a). More recently, the hydantoinase from various legumes have been
discovered (Morin, 1993) and a D-hydantoinase has been isolated and characterised
from the Adzuki bean (Vignia angularis) (Arcuri et al., 2000; Fan and Lee, 2001).

The most studied hydantoin hydrolysing enzymes are from bacteria, as they provide the
most desirable hydantoin hydrolysing biocatalysts for the production of optically active
a-amino acids (Ogawa and Shimizu, 1997; Syldatk et al., 1992). This review will focus

on these hydantoin hydrolysing microorganisms.

1.3.1. The distribution of hydantoinases and N-carbamoyl-amino acid
amidohydrolases in bacteria

The distribution of hydantoin utilising enzymes is widespread in both Gram positive and
Gram negative bacteria. They have been reported in a number of soil bacteria, such as
Streptomyces griseus (Gram positive)(Takahashi et al., 1978), Nocordia coallina (Gram
positive)(Kamphuis et al, 1992), a number of species of Arthrobacter (Gram
positive)(Mdller et al., 1988; Gross et al., 1990; Volkel and Wagner, 1995; Siemann et
al., 1999; May et al., 1996, 2000) and a number of Agrobacterium species (Olivieri et
al., 1981; Meyer and Runser, 1993; Louwrier and Knowles, 1997; Nanba et al., 19983a;
Hartley et al., 1998). A large number of Pseudomonads (Gram negative) have also
been reported to possess hydantoin hydrolysing enzymes, such as Pseudomonas sp.
KNK 003A (lkenaka et al., 1998a), P. fluorescens DSM 84 (Morin et al., 1986b), P.
putida CCRRC 12857 (Chein et al., 1998), Pseudomonas sp RU-KM1 and RU-KM3s
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(Burton et al., 1998; Buchanan et al., 2001) and Commamonas sp. E222c (Ogawa et
al., 1993).

There have also been reports of hydantoin hydrolysing enzymes in some endospore-
forming bacteria (Gram positive). Dagys et al., (1992) and Syldatk et al, (1990a)
reported the presence of a D-hydantoinase in Bacillus circulans and Clostridium
uracilicum respectively. Thermophiles have been the source of thermostable hydantoin
hydrolysing enzymes. A number of strains of B. stearothermophilus have been shown
to possess thermostable D-hydantoinases (Lee et al., 1994; Kim et al., 1997; Keil et al.,
1995) and thermostable N-carbamoyl-L-amino acid amidohydrolases (Batisse et al.,
1997; Mukohara et al., 1993). Also, Abendroth et al. (2000a,b) reported the isolation of
a thermostable D-hydantoinase from a Thermus species.

Furthermore, Morin et al. (1992) and Kamphuis et al. (1992) reported the detection of D-
hydantoinase activity in the anaerobic bacterium Peptococcus anaerobius CRDA 303
and Mycobacterium smegmatis respectively. More surprisingly, a D-hydantoinase was
isolated from Escherichia coli K12 (Kim et al., 2000c) that does not possess

hydantoinase activity.

Generally, hydantoinases and N-carbamoyl-amino acid amidohydrolases are classified
according to their substrate specificity or their stereoselectivity (Syldatk, 1999). Here,
they will be divided up according to the stereoselectivity with which the bacteria utilise
the hydantoins, that is, L-selective bacterial systems (Table 1.1) and D-selective
bacterial systems (Table 1.2).

Some of the bacteria that are L-specific for hydantoin hydrolysis possess an L-
hydantoinase and an L-NCAAH (Table 1.1), while some only possess an L-
hydantoinase or an L-NCAAH (Table 1.1). There are also some that possess a non-
specific or an L-“preferential” hydantoinase, but when coupled with an L-NCAAH, they
are still L-specific (Ishikawa et al., 1993, 1994).
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Since the synthesis of D-amino acids has been found to be more lucrative than the
synthesis of L-amino acids, the number of D-specific hydantoinase systems revealed in
bacteria outnumbers those of the L-specific systems (Bommarius et al., 1998). Some of
the bacteria that possess D-specific hydantoin utilising enzymes have been found to
possess a D-hydantoinase and a D-NCAAH, or only the D-hydantoinase or a D-NCAAH
(Table 2.1).

1.3.2. The distribution of hydantoin racemases in bacteria.

Racemisation of 5-monosubstituted hydantoins occurs through keto-enol tautomerism
(Figure 1.3) and the rate of racemisation is greatly affected by the electronegativity of
the substituent R-group. More electronegative substituents as well as basic pH and
increasing temperatures speed up racemisation rates (Syldatk et al., 1992b). Hydantoin
racemase enzymes increase the rate of racemisation considerably, and have been
detected in a number of bacteria, but have only been isolated and characterised from
Arthrobacter aurescens DSM 3747 (Wiese et al., 2000), Arthrobacter aurescens DSM
3745 (Wilms et al., 2001), Pseudomonas sp. NS 671 (Watabe et al., 1992a,b,c) and
Agrobacterium sp. IP 1-671 (Hils et al.,, 2001). The hydantoin racemases are discussed
further in Section 1.3.3.

H

RE——N H RZ'NH """
_—

LN LN — [x
Q o) N
~’ '\|' |

H H H
D(+)-hydantoin enolate L(+)-hydantoin

Figure 1.3. Keto-enol tautomerism of 5-monosubstituted hydantoin derivatives
(Adapted from Lee and Fan, 1999).
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Chapter 1

1.3.3. The genetic organisation of hydantoin utilising genes in L-specific and D-
specific bacteria.

Gene clusters encoding hydantoin utilising proteins (hyu) have been identified in L-
specific (Watabe et al., 1992a, b; Wiese et al, 2001b) and D-specific hydantoin
hydrolysing bacteria (Grifantini et al., 1998; Hils et al., 2001). These hyu gene clusters
are represented diagrammatically in Figure 1.4.

L-specifice gene clusters.

In Pseudomonas sp. NS671, a L-specific hydantoin hydrolysing bacterium, the hyu
genes were isolated from the native 172kb plasmid (Watabe et al., 1992a, b)(Figure 1.4,
Panel A). The genes encoding an L-“preferential” hydantoinase (hyuA and hyuB), a L-
NCAAH (hyuC), a hydantoin racemase (hyuE) and a putative permease (ORF5) were
identified (Watabe et al., 1992a, b; Wiese et al., 2001b).

The hyu gene cluster was isolated from Arthrobacter aurescens DSM 3747, another L-
specific hydantoin hydrolysing microorganism, by screening a genomic DNA library
(Wiese et al, 2001a)(Figure 1.4, Panel A). The genes encoding a hydantoinase (hyuH),
a L-NCAAH (hyuC), a racemase (hyuA) and a putative permease (hyuP) were identified
(Wiese et al., 2001a). Additional open reading frames were found in close proximity,
but in opposite orientations, to the hyu genes. Upstream of hyuP, three open reading
frames were found, encoding proteins with similarity to a cytochrome P450
monooxygenase (ORF1, incomplete), a putative membrane protein (ORF2) and a
ferrodoxin (ORF3). Downstream of hyuC, a gene that encodes a protein similar to that
of a Lacl/GalR transcriptional regulator (ORF8) was found. These genes are not
thought to be involved in hydantoin hydrolysis (Wiese et al., 2001a).
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ORF 1 hyuA hyuB hyuC ORF 5 hyuE

Pseudomonas sp. NS671

ORF1 ORF2 ORF 3 hyuP hyuA hyuH hyuC ORF 8

-3 -m» 50 -z»— 38

Arthrobacter aurescens DSM 3747

B hyuH hyuC
50 —]

Agrobacterium tumefaciens NRRL B11291

ORF1 hyuN hyuH hyuC hyuD hyuA ORF 7

qunmﬂ[ﬁ]m:-@_:( 34> = >4 zs>:§

Agrobacterium sp. IP 1-671

1000bp [l hydantoinase [ hydantoin racemase [ transposase
—_— [ N-carbamoylase  [] D-amino acid dehydrogenase B resolvase
scale M permease [E NAD(P)H flavin oxidoreductase Il unknown

Figure 1.4. The genetic organisation of the hyu gene clusters from L-specific (Panel A)
and D-specific (Panel B) hydantoin hydrolysing bacteria. The genes and their
transcriptional orientation are symbolised by arrows. Genes encoding related proteins
are represented with identical colours. The numbers within the arrows indicate the
molecular mass (in kDa) of the corresponding deduced proteins. (adapted from Wiese
et al., 2001a; Hils et al., 2001).

A comparison of the Pseudomonas sp. NS671 and Arthrobacter aurescens DSM 3747
hyu gene clusters shows that they are very similar. The hyu genes in each cluster were
in the same orientation, which suggests that they constitute an operon. Furthermore,
both contain a putative hydantoin transport protein, a hydantoinase, a L-NCAAH and a
racemase. But the orders of the hyu genes in these two species differs considerably,
and while the transport proteins, the N-carbamoyl-L-amino acid amidohydrolase and the
racemase all share significant identities in amino acid sequence, the hydantoinases are
very different. The hydantoinase of Pseudomonas sp. NS671 which is non-selective,
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but L-“preferential” consists of two different subunits encoded by two genes (Watabe et
al., 1992a), while the L-selective hydantoinase of Arthrobacter aurescens DSM 3747 is
encoded by one gene (Wiese et al., 2001a). Both these hydantoinases have very
different amino acid sequences, which is suggested as an explanation for the differing

substrate selectivity of these two organisms (Wiese et al., 2001a).

D-specific gene clusters.

Hils et al (2001) reported the isolation of five hydantoin utilising genes clustered on a
region of the 190kb plasmid of Agrobacterium sp. IP 1-671, (Figure 1.4, Panel B). The
divergently orientated genes encoding a D-hydantoinase (hyuH) and a D-NCAAH
(hyuC) were identified. A hydantoin racemase (hyuA) and a D-amino acid
dehydrogenase (hyuD) were situated upstream of hyuC, and a gene encoding a protein
homologous to a NAD(P)H flavin oxidoreductase (hyuN) was situated downstream of
hyuH.

This was the first report of a hydantoin racemase being isolated from a D-specific
bacterium, and it shared 46% identity with the amino acid sequence of the racemase
from Pseudomonas sp. NS671 (Hils et al., 2001). The D-amino acid dehydrogenase
(HyuD) was proposed to be similar to those of E. coli and Klebsiella aerogenes, which
are responsible for the catabolism of alanine into pyruvate and ammonium, and these
enzymes contain a flavin adenine dinucleotide and a non-heame iron in their active
centres (Lobocka et al., 1994; Janes et al., 1998). The NAD(P)H flavin oxidoreductase
catalyses the reduction of flavin by NAD(P)H and is believed to produce FMN for
luciferase (Lyi and Winans, 1999).

The C-terminal truncated ORF1 and ORF7 flanking the hyu gene cluster of
Agrobacterium sp. IP 1-671 showed similarity to transposases and resolvases
respectively. They were recognised not to be part of the hyu gene cluster, but are
thought to be part of a transposon carrying the hyu genes (Hils et al., 2001).

In other Agrobacteria only hyuC (Nanba et al., 1998a,b; Hsu et al., 1999, Sareen et al.,

2001a,b) or hyuC and hyuH (Grifantini et al., 1998, Hils et al., 2001) have been found.

In cases where both genes are present, they are always orientated divergently, but the
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length of the intergenic regions vary, being 470bp in Agrobacterium sp. IP I-671 (Hils et
al.,, 2001) and 214bp in A. tumefaciens NRRL B11291 (Figure 1.4, Panel B). It has
been proposed that hyuH and hyuC are transcribed from a common inter-cistronic
promoter region that is arranged in opposite orientations (Grifantini et al., 1998; Wiese
et al., 2001a).

In Agrobacterium sp. KNK712, which only has a D-NCAAH (Nanba et al., 1998a),
regions of the sequence downstream of the gene encoding the D-NCAAH show a
significant level of sequence identity with the non-coding sequence between hyuA and
ORF 7 of Agrobacterium sp IP 1-671, which suggests that hyuD and hyuA were deleted
in Agrobacterium sp. KNK712 (Hils et al., 2001). No genes for the transport of
hydantoins have been reported in Agrobacterium spp.

HyuH and hyuC, of Agrobacterium sp IP 1-671 and A. tumefaciens NRRL B11291 were
both found on native plasmids (190kb and 160kb respectively) (Hils et al., 2001).
Inactivation of hyuC in Agrobacterium sp IP 1-671 resulted in total loss of D-NCAAH
activity, suggesting that only one NCAAH encoding gene exists in Agrobacterium sp IP
I-671. However, inactivation of hyuH only resulted in reduced hydantoinase activity,

suggesting the presence of a second hydantoinase (Hils et al., 2001).

The natural function of hydantoinases and N-carbamoyl-amino acid

amidohydrolases.

While the natural function and substrates of the hyu genes remains mostly
undetermined, the study of the enzymes produced in heterologous hosts and in the wild
type strains has helped to elucidate this partially.

Based on a number of studies (Watabe et al., 1992c; Ishikawa et al., 1993, 1996, 1997)
the protein products of the Pseudomonas sp. NS671 hyu gene cluster are proposed to
act together as follows. D, L-5-monosubstituted hydantoins are converted exclusively to
the L-forms of the corresponding N-carbamoyl-amino acid by the hydantoinase (hyuA
and hyuB) in combination with the hydantoin racemase (hyuE). The N-carbamoyl-L-
amino acid is then converted to L-amino acids by L-NCAAH (hyuC). The putative
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permease (hyuP) is thought to play a role in the transport of the substrate into the cell
(Wiese et al., 2001a).

The protein products of the hyu gene cluster of Arthrobacter aurescens DSM 3747 are
thought to operate in the same manner (Wiese et al., 2001a). A study of the induction
of the hyu genes of Arthrobacter aurescens DSM 3747 with D,L-5-(3-indolymethyl)-3-N-
methylhydantoin, a synthetic compound, suggests that the natural substrates of these
enzymes may be similar compounds which exist naturally, such as the secondary
metabolites of plants or bacteria, which would act as a source of nitrogen (Wiese et al.,
2001a).

Hils et al (2001) speculate that the protein products of the hyu gene cluster of
Agrobacterium sp IP 1-671 act together as follows: the D,L-5-monosubstituded
hydantoins are converted enantioselectively into D-amino acids via the N-carbamoyl-
amino acid intermediate by HyuH and HyuC respectively. HyuD then deaminates the
amino acids to a a-keto acid while HyuN keeps the flavin of HyuD in a reduced state.
Continuous racemisation of hydantoin by HyuA ensures that the hydantoin is completely
converted into the keto acid. The natural substrates of the hydantoin metabolising
enzymes of Agrobacteria are thought to be plant secondary metabolites, since

Agrobacteria interact intimately with plants (Hils et al., 2001).

1.4. Strategies used to improve the productivity of the hydantoinase
system.

A number of methods have been employed to improve the hydantoin hydrolysing
microorganisms, or the hydantoin hydrolysing enzymes used as biocatalysts for the
production of optically active a-amino acids. These approaches will be discussed in this

section.

1.4.1. Screening for new hydantoin hydrolysing microorganisms.

The first route is to isolate hydantoin hydrolysing microorganisms that possess more

robust enzymes, and in order to achieve this, the screening methods used for isolation

18



Chapter 1

need to be improved. Many different screening methods have been developed and
applied for the isolation of strains that possess hydantoin hydrolysing microorganisms.
One extensively used method is the use of hydantoin as a sole carbon or nitrogen
source (Akamatsu, 1960; Hassal and Greenberg, 1963; Sano et al., 1976; Moller et al.,
1988). Others use pH dependent colour reactions to detect hydantoin hydrolysis to
screen microorganisms growing on agar plates (Morin et al., 1986a; Kim et al., 1997a)
or in microtitre plates (Chien and Hsu, 1996). Grob et al (1987) used the production of
‘clear hydantoin hydrolysing zones’ to detect positive strains. DNA probes and
polyclonal antibodies have also been used for screening genomic DNA or protein
extracts of microorganisms to identify hydantoinase positive strains (LaPointe et al.,
1995; Siemann et al., 1993).

The sequences of whole genomes will be an increasingly important source of
information to assist the isolation of new enzymes as discovered by Kim et al (2000),
who identified a putative allantoinase and hydantoinase gene from the E. coli genome
database, which they then isolated by polymerase chain reaction amplification, and after
high-level expression were able to prove that these enzymes possessed allantoinase
and hydantoinase activity. Since E. coli has never been reported to possess
hydantoinase or allantoinase activity, it would not have been considered as a candidate
for isolation of such enzymes (Altenbuchner et al., 2001).

1.4.2. Manipulation of media and growth conditions.

A number of studies have also reported the optimisation of the growth medium for
hydantoinase producing bacteria, and different bacteria benefit from carbon and
nitrogen sources (Deepa et al., 1993; Meyer and Runser, 1993; Kim and Kim, 1995;
George et al.,, 1996; Achary et al., 1997). Supplementation of the culture medium with
inducers of hydantoin hydrolysing enzymes has also been shown to improve the
efficiency of the hydantoinase system (Olivieri et al., 1981; Runser et al.,, 1990, Syldatk
et al., 1990b; Meyer and Runser, 1993; Durham and Weber, 1995).
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1.4.3. Immobilisation of whole cells or purified enzymes.

Comparisons of free or immobilised whole cells expressing hydantoin hydrolysing
enzymes (Chevalier et al., 1989;Kim and Kim, 1993) and purified hydantoin hydrolysing
enzymes (Lee and Lin, 1996; Lee et al., 1996a; Nanba et al.,1998b, 1999; Fan and Lee,
2000; Cheon et al., 2000; Ragnitz et al., 2001a, b) have shown that immobilisation
improves the efficiency of the biocatalyst, as well as the reusability of the biocatalyst for

the production of amino acids.

1.4.4. Mutagenesis to improve hydantoin hydrolysing enzymes in bacteria.

Chemical mutagenesis has been used to isolate microorganisms with improved
hydantoin hydrolysing abilities. Inducer independent mutants have been isolated from
Arthrobacter strains and Agrobacterium tumefaciens RU-OR (Gross et al., 1990;
Syldatk et al., 1990; Hartley et al., 1998, 2001). Wagner et al., (1996) used selective
pressure to isolate more robust mutant strain of Arthrobacter sp. DSM 7330 for the
production of L-methionine, and Morin et al., (1995a) used a continuous cultivation
system with selective pressure to isolate better D-hydantoinase producing

microorganisms.

1.4.5. Heterologous expression of hydantoin hydrolysing enzymes.

The heterologous expression of hydantoin hydrolysing enzymes has been employed
extensively (Table 1.3). It has been used to create recombinant E. coli strains which
overproduce the hydantoin hydrolysing enzymes, to be used as whole biocatalysts
(Chao et al., 1999a,b, 2000a; Wilms et al., 2001a,b). In addition, it has been used for
the overproduction of the enzymes, which can be purified and used as free or
immobilised enzyme biocatalysts (Nanba et al., 1998b, 1999; Ragnitz et al., 2001a,b;
Sareen et al., 2001b).
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Chapter 1

The use of heterologous expression systems introduces new problems, such as the
formation of insoluble protein aggregates. Problems associated with heterologous
expression have been reviewed extensively, and strategies to overcome these
problems have been suggested. These include the use of alternative expression
vectors with various promoters in alternative expression hosts, the use of reduced
temperatures for expression, the co-expression of chaperone proteins and the use of
fusion proteins or tags (Hockney, 1994; Hannig and Makrides, 1998; Weickert et al.,
1996; Baneyx, 1999).

Some of these problems have been experienced with the heterologous expression of
some hydantoin hydrolysing enzymes, particularly the N-carbamoyl-D-amino acid
amidohydrolases (Buson et al., 1996; Grifantini et al., 1998, Chao et al., 2000b). The
use of a few of the previously mentioned strategies have been employed to overcome
these problems, and are discussed further with regards to the heterologous expression
of N-carbamoyl-amino acid amidohydrolases in Section 1.6.

One of the methods used worth a mention is the use of protein fusions or tagging of
proteins to improve heterologous expression. The use of fusion proteins or amino acid
tags were originally constructed to facilitate protein purification and immobilisation of
heterologously produced proteins (Baneyx, 1999), and has been applied for these
purposes with various D- and L-specific hydantoin utilising enzymes (Chien et al., 1998;
Pietzsch et al., 2000; Wiese et al., 2001b; Hsu et al.,1999) as listed in Table 1.4. In
contrast it has also been found that certain fusion partners and tags greatly improve the
solubility of the proteins that would otherwise accumulate within inclusion bodies in the
cell cytoplasm (Baneyx, 1999) as has been observed with a fusion of maltose binding
protein to the N-terminus of an L-hydantoinase (Wiese et al., 2001b). However, the
most important advantage of using fusion proteins or tags has been the potential to
increase the enzyme activity of the purified enzyme, such as the remarkable 600-fold
increase in activity that was obtained with the E. coli K12 D-phenylhydantoinase when
fused to maltose binding protein (Kim et al., 2000c).
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Chapter 1

An interesting fusion was that of the D-NCAAH from Agrobacterium tumefaciens NRRL
B11291 fused to the thermostable D-hydantoinases from Bacillus stearothermophilus
SD1 and B. thermocatenulatus GH2. The result was the formation of a bifunctional
enzyme that possessed both D-hydantoinase and D-NCAAH activity, and in the case of
the NRRL B11291-GH2 fusion, a more soluble protein product was obtained (Kim et al.,
2000a,b).

The use of protein fusions or tags however, can also affect the heterologously produced
enzyme adversely, as in the case of the expression of the hydantoin racemase of
Arthrobacter aurescens DSM 3747 with a C-terminal His-tag, where the racemase was
completely inactivated (Wiese et al., 2000).

1.4.6. Mutagenesis, rational protein design and directed evolution for the
improvement of hydantoin hydrolysing proteins.

Random mutagenesis, saturated mutagenesis and high throughput screening has been
used to improve the L-selectivity of a L-hydantoinase used for production of L-
methionine (May et al., 2000). Random mutagenesis and site-directed mutagenesis
was used improve the thermostability and enzyme activity of the D-NCAAH from A.
tumefaciens NRRL B11291 (Buson et al, 1996) and Agrobacterium sp KNK712
(lkenaka et al, 1998a,b, 1999), but these were carried out with little knowledge

regarding the structure of these enzymes.

The crystal structures of a two D-hydantoinases and two D-NCAAHs have been
determined (Nakai et al., 2000; Wang et al., 2001; Cheon et al., 2002; Abendroth et al.,
2002) revealing the mechanisms of hydantoin and N-carbamoyl-amino acid hydrolysis.
Information derived from the elucidation of these crystal structures and the crystal
structures of other enzymes, will allow for rational protein design to be used to improve
these enzymes. Also, the crystal structures will make it possible to solve the structures
of closely related enzymes (Syldatk et al., 1999).

Directed evolution has also been used to improve a number of enzymes with industrial

applications (Arnold and Moore, 1997). In the case of hydantoin hydrolysing enzymes,
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it has been used to improve the oxidative and thermal stability of an D-NCAAH (Oh et
al., 2002a,b) and changed the stereoselectivity of a D-hydantoinase to an L-selective
enzyme (May et al., 2000). Furthermore gene shuffling of the novel bi-functional D-
hydantoinase-N-carbamoyl-amino acid amidohydrolase created by Kim et al., (2000a,b)
that was prone to the formation of inclusion bodies and proteolysis, resulted in the
production of a more soluble, stable enzyme that did not undergo proteolysis as readily
(Kim et al., 2000a).

1.5. The distribution and properties of hydantoin utilising enzymes in
Agrobacteria.

This study will focus on the hydantoin hydrolysing enzymes present in various species
of Agrobacteria, more specifically the D-NCAAH of Agrobacteria. Here, the hydantoin
hydrolysing enzymes of Agrobacteria, all of which are D-specific, will be discussed
briefly.

The Agrobacteria that have been reported to possess hydantoin hydrolysing enzymes
are listed in Table 1.5. As discussed previously, some of the Agrobacteria possess a D-
hydantoinase and an N-carbamoyl-amino acid amidohydrolase, while others posses
either one or the other. Furthermore, Agrobacterium sp. IP I-671 possesses the only

racemase that has been isolated in D-specific microorganisms (Hils et al., 2001).

The nucleotide and predicted amino acid sequences of the D-hydantoinases of
Agrobacterium sp. IP 1-671 and A. tumefaciens NRRL B11291 show that they share
87% nucleotide sequence identity and 90% amino acid sequence identity (Hils et al.,
2001) and both have a subunit size of approximately 50kDa (Runser et al., 1990;
Grifantini et al., 1998). The chemical characterisation of all the D-hydantoinases from
Agrobacteria shows that they are all similar, and is further evidence that they are all
related (Yamada et al., 1980; Runser and Ohleyer, 1990; Durham and Weber, 1995;
Burton et al., 1998; Grifantini et al., 1998; Hartley et al., 2001; Hils et al., 2001).

The D-hydantoinases from Agrobacteria are stable at temperatures up to 70°C at

alkaline pH (pH 7-10), but the optimum reaction conditions are usually between 40°C to
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60°C at a pH of 10 (Durham and Weber, 1995; Runser and Ohleyer, 1990; Burton et al.,
1998, Olivieri et al., 1981). This correlates with the pH and temperature optima and
stabilities of other D-hydantoinases, except for some which have slightly lower pH
optima (Lee et al., 1995; Park et al., 1998). In addition, they are particularly suitable for
industrial application as they exhibit a high substrate selectivity towards hydantoins with
5-aromatic  substituents such as D,L-5-hydoxyphenylhydantoin and D,L-5-
methylhydantoin (Runser and Meyer, 1993; Durham and Weber, 1995).

Of all the D-N-carbamoyl-amino acid amidohydrolases that have been reported (Table
1.2), the majority have been isolated from Agrobacterium species (Table 1.5). Often
they are associated with a D-hydantoinase. Of particular significance, A. tumefaciens
RU-OR was found to possess two different D-NCAAHs, NcaR1 and NcaR2. The
nucleotide and amino acid sequence have been determined for a nearly all of these D-
N-carbamoyl-amino acid amidohydrolases (Grifantini et al., 1996; Nanba et al., 1998a;
Hsu et al., 1999; Hils et al., 2001; Hartley, 2001), and all of them share greater than
90% nucleotide and amino acid sequence identity (Nanba et al., 1998a; Hartley, 2001;
Hils et al,, 2001), except for NcaR2 which shares between 62% to 65% nucleotide
sequence identity and between 57% to 59% amino acid sequence identity with the other
D-N-carbamoyl-amino acid amidohydrolases isolated from Agrobacteria (Hartley, 2001).

Analysis of the deduced amino acid sequence of the D-NCAAH, from A. tumefaciens
NRRL B11291, revealed the presence of 5 cysteine residues which were thought to play
a role in the activity of the D-NCAAHs and site directed mutagenesis of each of these
showed that Cys171 was found to be essential for enzyme activity (Grifantini et al.,
1996). A multiple alignment of the deduced amino acid sequences of a number of other
D-N-carbamoyl-amino acid amidohydrolases revealed 6 conserved amino acids within
this group of enzymes, and they were Gly118, Arg125, Lys126, Glu145, Gly152 as well
as the previously mentioned Cys171 (Ilkenaka et al., 1998c).

The crystal structures of the D-N-carbamoyl-amino acid amidohydrolases from
Agrobacterium sp. KNK712 and A. radiobacter CCRC 14924 have been determined,
which confirmed that Cys171 is indeed in the catalytic centre of the enzyme, together
with Lys126 and Glu46 (Nakai et al., 2000; Wang et al., 2001).
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Chapter 1

The mechanism of N-carbamoyl-D-amino acids hydrolysis by the amino acids in the
catalytic centre, and the importance of other amino acid residues in these D-NCAAHs
were discussed based on these crystal structures (Nakai et al.,, 2000; Wang et al.,
2001).

The N-carbamoyl-amino acid amidohydrolases from Agrobacteria are stable at
temperatures up to 60°C at alkaline pH (pH 7-9), but the optimum reaction conditions
are usually at pH 7 or 8, and varies from temperatures of 40°C to 60°C (Olivieri et al.,
1981; Runser et al., 1990; Louwrier and Knowles, 1996; Nanba et al., 1998a; Burton et
al.,, 1998). This correlates with the pH and temperature optima and stabilities of other
D-NCAAHSs, except for that of A. tumefaciens RU-OR, which has been reported to be
stable up to pH 11 (Hartley et al, 1998).

The racemase of Agrobacterium sp. IP 1-671 is the only hydantoin racemase to be
reported in a bacterium possessing D-specific hydantoin hydrolysing activity (Hils et al.,
2001) and its isolation was surprising as Agrobacterium sp. IP 1-671 was not known to
possess racemase activity. It has been suggested that other bacteria with D-specific
hydantoin hydrolysing activity may possess hydantoin racemases, but the high rate of
spontaneous racemisation of D,L-5-monosubstituted hydantoins (Lee and Fan, 1999)
may mask the activity of the racemases (Hils et al., 2001). The hydantoin racemase of
Agrobacterium sp. IP 1-671 shares 46% amino acid sequence identity with the
racemase of Pseudomonas sp. NS671 (Watabe et al., 1992b).

1.6. The heterologous expression of N-carbamoyl-amino acid
amidohydrolases in E. coli.

The heterologous expression of D-NCAAH in E. coli has been investigated extensively,
and earlier studies showed that these enzymes were prone to the formation of insoluble,
inactive protein aggregates (Buson et al., 1996; Grifantini et al., 1998; Chao et al.,
1999a, 2000a; Hils et al 1999; Sareen et al., 2001b). Since, a number of approaches
have been used to
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Chapter 1

improve the heterologous expression of these enzymes so that they are soluble and
active, as listed in Table 1.6, which shows that the ability to achieve this is dependant

on a number of factors.

It has been found that the accomplishment of heterologous expression can be
dependant on the expression vector and the host strain of E. coli used (Chao et al.,
1999a; Sareen et al., 2001b). For example, E. coli BL21 (DE3) was used successfully
as a host strain for the expression of D-NCAAH using a number of different expression
vectors (Buson et al., 1996; Chao et al., 2000a,b), but Sareen et al. (2001b) failed to
obtain any expression of D-NCAAH using this strain.

One of the most important factors though, is the temperature at which the recombinant
E. coli is grown after expression of the genes has been induced. Lower temperatures
have been found to give consistently better results for the expression of D-NCAAH
(Buson et al., 1996; Grifantini et al., 1998, Chao et al., 2000a,b; Sareen et al., 2001b).
It has also been found that solubility and activity of the heterologously expressed D-
NCAAH can be improved when co-expression with GroEL/ES chaperone proteins
(Chao et al., 2000b; Sareen et al., 2001b).
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1.7. Research Proposal

The gene encoding an N-carbamoyl-amino acid amidohydrolase has been isolated from
a genomic DNA library of Agrobacterium tumefaciens RU-AEO1. Hydantoin hydrolysis
genes are associated in gene clusters on the genomes of bacteria. Therefore the
isolation of a large enough DNA fragment, encoding the N-carbamoyl-amino acid
amidohydrolase, from genomic DNA library of A. tumefaciens RU-AEQ1 using a DNA
probe should enable the isolation of genes encoding other proteins involved in the
hydrolysis of hydantoins, such as the hydantoinase, the hydantoin racemase and the
hydantoin permease.

A. tumefaciens RU-OR has novel N-carbamoyl-amino acid amidohydrolase activity,
which may be accounted by for the presence of two different genes encoding N-
carbamoyl-amino acid amidohydrolases, ncaR1 and ncaR2. Heterologous expression
of ncaR1l and ncaR2 with 6xHis tags in E. coli will facilitate the production and
purification of NcaR1 and NcaR2, to characterise each enzyme separately.
Furthermore, polyclonal antibodies raised against each of these enzymes can be used
to quantify the expression of each enzyme in protein extract of A. tumefaciens RU-OR.

1.8. Research Objectives

1. To isolate genes responsible for hydantoin hydrolysis in A. tumefaciens RU-
AEO1.

2. To express ncaR1 and ncaR2, the genes encoding two different D-NCAAHSs in A.
tumefaciens RU-OR, in E. coli.

3. To purify 6xHis tagged NcaR1 and NcaR2 for the production of polyclonal

antibodies.
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Isolation of the genes encoding enzymes involved in hydantoin
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CHAPTER 2

Isolation of the genes encoding enzymes involved in hydantoin

hydrolysis from Agrobacterium tumefaciens strains.

2.1 Introduction

2.1.1. Isolation of genes encoding enzymes involved in hydantoin hydrolysis.

Two approaches have been used for the isolation of hydantoin hydrolysing enzymes.
The first is the PCR amplification from the genomic DNA using primers based on
published sequences (Wilms et al.,, 1999; Chao et al., 1999a; Hsu et al, 1999 and
Sareen et al.,, 2001a) and the second being the screening of genomic DNA libraries
(Watabe et al., 1992a; Mukohara et al.,, 1993; LaPointe et al., 1994; Chen and Tsai,
1996; Buson et al., 1996; Kim et al., 1997b; Nanba et al., 1998a, lkenaka et al., 1998a;
Grifantini et al., 1998; Park et al., 2000 and Hartley 2001).

A number of techniques have been developed for screening genomic DNA libraries for
the isolation of hydantoin hydrolysing enzymes, including growth with hydantoins and N-
carbamoylamino acids as sole nitrogen sources (Watabe et al., 1992a; Mukohara et al.,
1993; Kim et al.,, 1997b; Nanba et al., 1998a and lkenaka et al., 1998a), screening with
DNA probes (Chen and Tsai, 1996; Grifantini et al., 1998 and Park et al., 2000) and
detection of pH change due to production of N-carbamoylamino acids and amino acids
(Park et al., 2000). In some cases the entire set of library clones were screened for N-
carbamoylglycine, glycine or ammonium production in resting cells or sonicated cell-free
extracts (LaPointe et al., 1994; Buson et al., 1996; Hartley, 2001).
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Hydantoin hydrolysing enzymes are often closely linked on the genome, and it has been
found that once the location of one hydantoin hydrolysing enzyme has been
established, others have been located by examination of open reading frames in the
vicinity (Watabe et al., 1992a,b; Wiese et al., 2001a; Grifantini et al., 1998 and Hils et
al.,, 2001). In the case of A. tumefaciens NRRL B11291 and Agrobacterium sp. IP |-
671, the hydantoin utilising genes were located on 160kb and 190kb plasmids
respectively (Hils et al., 2001).

Several genes encoding N-carbamoyl-amino acid amidohydrolases have been isolated
from the genomic libraries of Agrobacterium species, using DNA probes (Grifantini et
al., 1998; Buson et al., 1995; Nanba et al., 1998a). However, no hydantoinases have
been isolated from Agrobacterium in this manner. The only hydantoinases that have
been isolated from this genus were discovered upstream of NCAAH genes (Grifantini et
al., 1998; Hils et al.,, 2001). The difficulties experienced with the isolation of the
hydantoinase gene from Agrobacterium species has been ascribed to the recalcitrant
nature of heterologous expression of the enzymes in E. coli (Grifantini et al., 1998 and
Chao et al., 2000b).

2.1.2. Genes encoding N-carbamoyl-amino acid amidohydrolases used in this
study.

A. tumefaciens RU-AEO1 was isolated from soil and was shown to possess good
hydantoin hydrolysing activity. Screening of a genomic DNA library using phenol red to
detect the increase in pH produced by conversion of N-carbamoylamino acids to amino
acids resulted in the isolation of the recombinant plasmid pGH45 (Figure 2.1),
containing the gene encoding a D-NCAAH (Harrera, unpublished results). Partial
sequencing of pGH45 revealed that the 5 end of the hydantoinase gene was also
included on this plasmid (unpublished results) which suggested that the hydantoinase
and D-NCAAH of A. tumefaciens RU-AEQ1 were arranged much like those described
previously (Grifantini et al., 1998 and Hils et al., 2001). The plasmid pGH45PROM
(Figure 2.2) carries the divergent promoter from pGH45 flanked by 5’ regions of the
hydantoinase and N-carbamoyl-amino acid amidohydrolase genes, which was inserted
into pPGEM-T Easy (Jiwaiji, unpublished results).
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5’ end of Hydantoinase gene 500 bp
Sacll/ Sac| Sac| Sall Sacll EcoRlI Bam HlI
I I |
NCAAH >| | _
<}:>
divergent promoter
- -~ < <
pUC R CHAOF1 CHOAR1 pUC F

Figure 2.1. A diagram of the genomic DNA insert of pGH45, showing the position of
the gene encoding an NCAAH and the 5’ region of the gene encoding a Hydantoinase
and the divergent promoter. Sense (>) and antisense (<) primers used for PCR
amplification and sequencing are indicated.

fragment of Hydantoinase gene Fragment of NCAAH gene

Eco RV Sac |

=
divergent promoter

= <
pUC R pUC F

Figure 2.2. A diagram of the genomic DNA insert of pGH45 PROM carrying the
divergent promoter that lies between the genes encoding the hydantoinase and NCAAH
enzymes. The primers pUCF and pUCR are shown.

A. tumefaciens RU-OR was isolated from soil and possesses D-stereoselective
hydantoin-hydrolysing activity (Burton et al.,1998 and Hartley et al.,1998). Screening
the genomic library of A. tumefaciens RU-OR genes encoding enzymes for the
hydrolysis of hydantoin failed to isolate a gene encoding a hydantoinase. However two
separate genes encoding N-carbamoyl-amino acid amidohydrolase (ncaR1 and ncaR2)
were discovered with distinct chromosomal locations, nucleotide coding sequences, and

predicted primary amino acid sequences (Hartley, 2001).
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The plasmid pG4 (Figure 2.3) consists of a 1kb PCR amplification product derived from
A. tumefaciens RU-OR genomic DNA, using primers CHAOF1 and CHAOR1, cloned
into the vector pGEM-T Easy (Promega). The PCR fragment carries the promoter
region and coding sequence of ncaR1 (Hartley, 2001). pG4 was shown to possess N-

carbamoyl-amino acid amidohydrolase activity in E. coli (Hartley, 2001)

Bam HI Sac | Sal | Sac Il Eco RI Hind Il
| | |
.:||:‘ ncaRl %:llz.
| | |
> > A
CHAO F1 SC7 SC10 CHAO R1

Figure 2.3. An illustration of pG4 showing the 1 kb PCR amplification product from A.
tumefaciens RU-OR genomic DNA. A partial restriction enzyme maps is given. A full
restriction enzyme map is available in Appendix 2c. Sense (>) and antisense (<)
primers are indicated.

The plasmid p6B3-1a (Figure 2.4) contains a 3.4kb Sau 3Al genomic DNA fragment
from A. tumefaciens RU-OR, which carries the gene ncaR2, inserted into the Bam HI
site of pPBK-CMV. Three plasmids, p6B3-1a dX, p6B3-1a dC and p6B3-1a dH were
created by performing Xho |, Cla | and Hind 11l deletions of p6B3-1a. p6B3-1a, p6B3-1a
dX and p6B3-1a dC were shown to possess N-carbamoyl-amino acid amidohydrolase
activity in E. coli, while p6B3-1a dH did not. The complete sequence for the genomic
DNA insert was obtained by sequencing nested deletions of p6B3-1a produced using
exonuclease Il digestions of p6B3-1a insert DNA (Hartley, 2001).
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PLASMID MAP OF INSERT INSERT NCAAH
SIZE (Kb)  ACTIVITY*
Hind 11
Xho |
Clal XholClal Hind Il Csp 45l 500 bp
p6B3-1a i = 34 +
AN AN < <
pUCF SC7 SC8 or SC9 pUCR
PLASMID MAP OF INSERT DELETION NCAAH
DETAILS _ ACTIVITY*
Xho |
Clal cia| Hind Il Csp 451 —500bp 83?0t_bp Xhol
peB3-1a dX } - eietion
. ~400 bp Cla |
Clal Hind I Cisp 45| _500bp. deletion +
p6B3-1a dC | =
Hind Ill Fragment of ncaR2
Xho |
~1.4 Kbp Hind Il
|
Clal Csp 45l 500 bp deletion
o -
p6B3-1a dH |

Figure 2.4. p6B3-1a and the Xho |, Cla | and Hind Ill deletions of p6B3-1a. Partial
restriction enzyme maps are shown. Full restriction enzyme maps are available in
Appendix 2c. Sense (>) and antisense (<) primers used for sequencing and PCR
amplification are indicated. *NCAAH activity as determined by Hartley (2001).

2.1.3. Objectives.

This chapter describes attempts to isolate genes encoding enzymes involved in
hydantoin hydrolysis by screening a genomic DNA library of A. tumefaciens RU-AEO1.
A DNA probe prepared from the gene encoding the N-carbamoyl-amino acid
amidohydrolase from A. tumefaciens RU-AEQ1 will be used to isolate fragments of
genomic DNA which contain this gene, and consequently any other genes involved in
hydantoin hydrolysis which may be closely linked with it. In addition ncaR1 and ncaR2,
the two genes encoding the two N-carbamoyl-amino acid amidohydrolases, from A.
tumefaciens RU-OR are to be prepared to construct vectors for heterologous

expression.
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2.2. Materials and Methods

2.2.1. Bacterial strains, plasmids and culture conditions.

Chapter 2

Recombinant plasmids were hosted in either E. coli DH5a or E. coli XLOLR (Table 2.1),

which were grown a 37°C in LB or on LA plates (Appendix 1) supplemented with an

antibiotic to which the recombinant plasmid conferred resistance (100pug/ml ampicillin or

50mg/ml kanamycin). The plasmids used in this chapter are listed in Table 2.2, where

the parental vector, the origin of the DNA insert and the antibiotic resistance marker is

indicated.

Table 2.1. E. coli host strains used in this chapter.

E. coli Genotype Reference

Strain
DH5a F ®80dlacZAM15A(lacZYA-argF)U169 endA1 recA1 hsdR17 (rmy) Hanahan, 1983

deoR thi-1 supE44 N gyrA96 relA1
XLOLR A(mrcrA) 183 A(mcrCB-hsdSMR-mrr) 173 endA1 thi-1 recA1 gyrA96 Stratagene
relA1 lac(F’ proAB lac ZAM15 Tn10 [Tet]) Su, '
Table 2.2. Plasmids used in this chapter.
: _ . Antibiotic
Plasmid Origin of insert Resistance Reference
pBK-CMV cloning vector kanamycin | Stratagene
pGEM-T Easy | cloning vector ampicillin Promega
_ i . Harrera,
pGH45 genomic DNA from RU-AEOQ1 in pBK-CMV kanamycin Unpublished
) divergent promoter region for NCAAH and Hydantoinase - Jiwaji,
PGHA45-PROM gene from pGH45 in pGEM-T Easy ampicillin Unpublished
p6B3-la genomic DNA from RU-OR in pBK-CMV kanamycin | Hartley, 2001
deletion of 1374 bp Hind Ill fragment from p6B3-1a in .
p6B3-1a dH DBK-CMV kanamycin | Hartley, 2001
p6B3-1a dC cci:('e\l/ltijlon of 416 bp Cla | fragment from p6B3-1a in pBK- kanamycin | Hartley, 2001
p6B3-1a dX gilﬁon of 1300 bp Xho | fragment from p6B3-1a in pBK- kanamycin | Hartley, 2001
1kb PCR ampilification product from RU-OR genomic DNA -

PG4 using primers CHAOF1 & CHAOR in pGEM-T Easy ampicillin | Hartley, 2001
p7A9E genomic DNA from RU-AEOQ1 in pBK-CMV kanamycin | This study
p7A8F genomic DNA from RU-AEOQ1 in pBK-CMV kanamycin | This study
p7A8F A Sal | | genomic DNA from RU-AEOQ1 in pBK-CMV kanamycin | This study
p1B1F (1-30) | genomic DNA from RU-AEOQ1 in pBK-CMV kanamycin | This study
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2.2.2. Recombinant DNA techniques.

Isolation of recombinant plasmid DNA from E. coli DH5a for diagnostic purposes was
performed using an easy plasmid preparation protocol (Appendix 2) based on the
method of Smart (1993), while that used for sequencing was isolated using the High
Pure Plasmid Isolation Kit (Roche) or the QIAprep Spin Miniprep Kit (Qiagen).
Restriction analysis was performed by first digesting the plasmids according to the
manufacturers instructions, and the resultant restriction fragments were separated by
electrophoresis on a 1% agarose gel containing 0.5ug/ml ethidium bromide, and

visualised using the Kodak DC120 gel imaging system.

2.2.3. PCR amplification of ncaR1 and ncaR2.

PCR amplification of ncaR1 and ncaR2 was carried out using the primers SC7, SC8
and CHAOR1 (Appendix: 3) that were designed for the amplification of ncaR1 and
ncaR2 as outlined in Table 2.3. PCR amplification was performed with the Expand High
Fidelity PCR System (Roche) using thermal cycling programme 1 (Appendix 4)

Table 2.3. Primers SC7, CHAOR1 and SC8 used for the PCR amplification of ncaR1
and ncaR2.

Primer Description Sequence

primer corresponding to the 5’ sequence of

Scr ncaR1 and ncaR2

CATATGACACGTCAGATGATACTTGC

primer corresponding to the 3’ sequence of

CHAORL1 ncaR1

CCCAAGCTTTCTCGATCGGATAGG

primer corresponding to the 3’ sequence of

SC8 ncaR2

CCCGGGCTACAATTCGGCGATCAGG

The PCR amplification products were analysed by electrophoresis on a 1% agarose gel
containing 0.5ug/ml ethidium bromide, and visualised using the Kodak DC120 gel
imaging system. The PCR amplification products were inserted into plasmid vectors for

heterologous production of NcaR1 and NcaR2, in E. coli as discussed in Chapter 3.
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2.2.4. DNA Sequencing and Sequence Analysis.

Nucleotide sequence was determined from double stranded plasmid DNA using the ABI
Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit v1.0, v2.0 or v3.0 (PE
Applied Biosystems). Sequencing primers pUC F and pUC R (Appendix 3) were used
for sequencing of genomic DNA in the phagemid vector pBK-CMV. Additional primers
SC5, SC6, SC11 and SC14 to SC20 (Appendix 3) were designed for sequencing p6B3-
1a. Sequencing primers pUCF, pUCR, SC12 and SC13 (Appendix 3) were used for
sequencing the insert of pG4.

Cycle sequencing was performed according to manufacturers instructions using the
GeneAmp PCR System 9700 thermal cycler. Products of the cycle sequencing
reactions were purified using the DNA Clean and Concentrator Kit (Zymo), and were
dried using vacuum centrifugation with the Speedvac Concentrator (Savant). Pellets
were resuspended in Template Suppression Reagent and analysed using an ABI Prism
3100 Genetic Analyser (PE Applied Biosystems). Preliminary analysis of the extracted
sequence data was performed using Vector NTI DeLuxe v4.0 or v5.0 (Informax Inc.).
Sequences with identity to known sequences from numerous databases was
determined using the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1990)
hosted by the National Centre for Biotechnology Information (NCBI) website
(http://www.ncbi.nim.nih.gov). Sequence alignments were carried out using ClustalW
(Thompson et al,1994) hosted by the BCM Search Launcher website

(http://searchlauncher.bcm.tmc.edu).

2.2.5. Preparation of genomic DNA library for screening.

A lambda-phage based library of genomic DNA from A. tumefaciens RU-AEO1 was
constructed using the ZAP Express Predigested Vector Kit and Gigapack Cloning Kit
(Stratagene) by AECI researchers (Harrera, unpublished results). Glycerol stocks of E.
coli XLOLR transformed with the mass excision supernatant of the genomic DNA library
were used for screening for genes encoding enzymes involved in hydantoin hydrolysis
in A. tumefaciens RU-AEO1.
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The average genomic DNA insert size was estimated, by restriction enzyme analysis of
the plasmid DNA isolated from 30 single colonies obtained from the glycerol stocks of
the genomic DNA library of A. tumefaciens RU-AEO1. This was necessary in order to
evaluate the clonal representation within the genomic DNA library, so that the number of
individual insert-containing colonies that would have to be screened to adequately cover
the entire genome of A. tumefaciens RU-AEO1 could be determined. This was
determined using them formula of Ausubel et al., (1983):
N=In(1-P)/In[1-(I/G)]
Where | is the average insert size, G the genome size in base pairs, P the probability of

isolating an individual sequence.

Microtitre plates (96-well) were used for growing, replicating and storing the RU-AEOQ1
genomic library for screening. Appropriate dilutions of the glycerol stock of E. coli
XLOLR containing the RU-AEO1 genomic DNA library were made such that
approximately 20 cells harbouring different insert-containing plasmids were inoculated
into each well of the microtitre plates. These were grown for 48 hours at 37°C in 200yl
of LB containing 50pg/ml Kanamycin. Glycerol stocks of each microtitre plate were
made, by transferring 100ul of each well to another microtitre plate to which 30pul of
sterile glycerol was added. These microtitre plates were sealed and stored at -70°C as

glycerol stocks. The duplicated plates were used for screening.

For each set of plates prepared, a small volume of a cells from a microtitre plate well
chosen at random were streaked onto LA plates containing kanamycin (50 pg/ml), and
up to 30 colonies were selected. The size of the inserts of the recombinant plasmids
from these isolates were determined by agarose gel electrophoresis of the plasmid DNA
digested with Eco R1 and Pst | in order to establish the average number of different

insert-containing plasmids that were present in each well.
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2.2.6. Screening the genomic DNA library of A. tumefaciens RU-AEQ01 by
Southern Hybridisation.

The isolation of recombinant plasmid DNA and transfer to nylon membranes.
Three methods were used for transferring plasmid DNA to nylon membrane: dot
blotting, colony blotting and capillary transfer of plasmid DNA that had been digested

with restriction enzymes and subjected to agarose gel electrophoresis.

Dot blotting involved the isolation of plasmid DNA from the E. coli grown in microtitre
plates by alkaline lysis, which was performed in the microtitre plates based on the
method described by Ausubel et al., (1983). The plasmid DNA was applied to Hybond
N+ (Amersham) nylon membranes using a dot-blot filtration manifold (Appendix 5).

For colony blotting, the microtitre plates of cells were replicated onto 14mm LA plates
containing 50ug/ml kanamycin by transferring 5pl of the cells that were grown in the
microtitre plates with a multiwell pipette. The plates were dried for 3 day to ensure that
they would absorb the liquid from the growth medium in order to prevent the cells from
adjacent wells running into one another. The plates were incubated at 37°C until the
colonies grew to 2-3mm. The colonies were transferred to circular nylon membranes
(Millipore) and lysed using the method described by Sambrook et al., (1989) (Appendix
6).

The capillary transfer of plasmid DNA from an agarose gel electrophoresis to Hybond
N+ (Amersham) nylon membranes was performed based on the method described by
Sambrook et.al. (1989), and is outlined in Appendix 7. Plasmid DNA of pBK-CMV and
pGH45 was applied to all of the membranes as negative and positive controls for the
Southern hybridisation.

Crosslinking of the plasmid DNA to the nylon membranes using short wave length UV

light was performed by placing the membranes DNA side down on a transilluminator for

5 minutes.
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Southern Hybridisation.

The plasmid DNA on the nylon membranes with homology to the gene encoding the N-
carbamoyl-amino acid amidohydrolase or with homology to the divergent promoter of
pGH45 was detected using radioactively labelled DNA probes, which were prepared by
PCR amplification. Probe 1, which consists of the gene encoding the NCAAH, was
PCR amplified (Thermal Cycling Programmme 2, Appendix 4) using primers CHAOF1
and CHAORT1 (Appendix 3). The primers pUCF and pUCR (Appendix 3) were used to
amplify Probe2, consisting of the divergent promoter, from pGH45-PROM using thermal
cycling programme 3 (Appendix 4). 50uCi of a-**P-dCTP (NEN Life Science Products)
was added to the reaction, and the resulting product purified using the High Pure PCR
Product Purification Kit (Roche). Non-radioactive PCR reactions were carried out
concomitantly and analysed by gel electrophoresis to verify amplification of the correct

fragment.

Hybridisation of the radioactive probe to the plasmid DNA bound to the nylon was
performed at 42°C and highly stringent washes were carried out to remove unbound
and non-specifically bound radioactively labelled probe. The hybridisation and wash
steps were performed based on the methods discussed by Ausubel et.al. (1983) as
outlined in Appendix 13. The detection of binding of radioactively labelled probe was
detected by incubation of the membranes under film (Hyperfilm MP, Amersham or
Biomax MS, Kodak) at -70°C with an intensifying screen for various lengths of time.
Standard photographic techniques and solutions (Kodak) were used to visualise the

radioactive exposure.

2.2.7. Biocatalytic reactions for the detection of N-carbamoyl-amino acid
amidohydrolase activity.

Biocatalytic reactions of resting E. coli cells harbouring recombinant plasmids were
performed for the detection of N-carbamoyl-amino acid amidohydrolase activity as
follows. A stationary phase starter culture grown in LB containing the appropriate
antibiotic was diluted to ODeo=0.02 in LB containing the appropriate antibiotic, and
grown at 37°C with shaking at 200rpm until stationary growth phase was reached. The
cells were harvested by centrifugation at 7000rpm for 10 minutes in a Beckman JA14
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rotar (Beckman J2-21) and resuspended to a final concentration of 20 mg/ml wet cell
mass in 0.1M potassium phosphate buffer (pH8) (Appendix 1) containing 25mM N-
carbamoyl glycine.

The reaction was carried out at 40°C with shaking at 200rpm for 6 hours, after which the
samples were microfuged to pellet the cells and the supernatant analysed. Any N-
carbamoyl glycine converted to glycine by NCAAH was quantified using the ninhydrin
assay adapted from Plummer (1971) as follows.

For each sample, 20pl of the reaction supernatant was added to 980ul 0.1M potassium
phosphate buffer in a test tube. A standard curve of 0 to 0.5mM glycine in a reaction
volume of 1ml was prepared from a 1mM stock as shown in Table 2.4. 1 ml ninhydrin
reagent (Appendix 1) was added to the standard curve and samples. The test tubes
were capped and boiled for 15 minutes. After cooling 3ml of 50% ethanol was added
and the ODs7o nm was read versus the standard curve. Fresh ninhydrin reagent and
standard curves were prepared for each assay.

Table 2.4. Preparation of a standard curve of 0 to 0.5mM glycine
1mM glycine in 0.1M

Concentration (mM) 0.1M PO, buffer (ml) PO, buffer (ml)
0 1.0 0
0.1 0.9 0.1
0.2 0.8 0.2
0.3 0.7 0.3
0.4 0.6 0.4
0.5 0.5 0.5

One unit of NCAAH (U) activity was calculated as pmol/ml glycine produced from N-
carbamoyl glycine. Spreadsheets with standard curve regression (Microsoft Excel)
were used to calculate the pmol/ml amino acid produced for each sample, and to

calculate the averages and SEM values for the triplicate reactions.
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2.3. Results

2.3.1. Screening the genomic DNA library of A. tumefaciens RU-AEOQ1.

Preparation of Probe 1 and Probe 2 for Southern hybridisation.

Radioactively labelled (a-*P-dCTP) DNA probes, Probe 1 and Probe 2 were prepared
by PCR amplification from the plasmids pGH45 and pGH45-PROM respectively, using
the primers CHAOF1 and CHAOR1 or pUCF and pUCR as indicated in Figure 2.5.

5' region of hydantoinase 5’ region of hydantoinase
divergent promoter
5’ region of D-NCAAH

divergent promoter

D-NCAAH >:-

PUCR  CHAOF1 CHOAR1 pUCF  pUCR pUC F
N A < < A <

LN | s

Probe 1

> -+ 14>
3 bl 4550 >
ie * 28 >
> < 1174bp 17 >
> 1.0-1.1 »
> <« 08 » < ~750bp

0.4-0.5 »
0.2-0.3 »

Figure 2.5. The PCR amplification of Probe 1 and Probe 2. Probe 1 was prepared
from pGH45 as template DNA, with primers CHAOF1 and CHAOR1 (Panel A) and
Probe 2 was prepared from pGH45-PROM as template DNA, with primers pUCF and
pUCR. Agarose gel electrophoresis of non-radioactive preparations of Probe 1 and
Probe 2 are shown in Panel C and Panel D respectively. Lambda DNA digested with
Pst | was used as a molecular weight marker (M). The molecular weight of the products
of PCR amplification are indicated on the right hand side of the gel, while the molecular
weights of the molecular weight marker are indicated on the left hand side of the gel.
Non-specific PCR amplification products are indicated by (*).
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The analysis of the PCR amplifications of Probe 1 and Probe 2 by agarose gel
electrophoresis (Figure 2.5, C and D) verified the amplification of the correct fragments
(1174bp and 750bp) respectively. Some non-specific PCR amplification products and
unincorporated nucleotides were observed in the PCR amplification reaction of Probe 1.

Screening the genomic DNA library of A. tumefaciens RU-AEO1

The typical genome of A. tumefaciens is approximately 5.67 million base pairs (Wood et
al.,, 2001). The average insert size of the A. tumefaciens RU-AEO1 genomic DNA
library was found to be approximately 4700bp. So according to the formula of Ausubel
et al.,(1983), in order to have a 99% probability of isolating the gene of interest,
approximately 5000 individual insert-containing plasmids had to be screened in order to
adequately cover the whole A. tumefaciens RU-AEO1 genome.

In the first round of screening, 4 microtitre plates were prepared which unexpectedly
turned out to have an average of 1 colony per well, despite having prepared the dilution
of the glycerol stock such that there would be approximately 20 colonies per well. The
plasmid DNA of these microtitre plates was prepared by alkaline lysis, transferred to the
nylon membranes with a dot blot manifold. Southern hybridisation of these membranes
with Probe 1 was carried out, and a sample of the results that were obtained is shown in
Figure 2.6. No reaction observed between Probe 1 and the negative control, pBK-CMV,
and a positive reaction observed between Probe 1with pGH45. There was some non-
specific binding of Probe 1 to most of the wells, but positive colonies equivalent to the
signals obtained with the positive controls were not identified.
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1234567 89 10 11 12

< pBK-CMV (~200 ng)
4 pBK-CMV (~20 ng)

i« pGH45 (~200 ng)
“ pGH45 (~20 ng)

<4 pGH45 (~200ng)
al pGH45 (~20 ng)

TOGOMMOO >

Figure 2.6. Southern Hybridisation of plasmid DNA prepared in microtitre plates, and
transferred to nylon membranes with a dot blot manifold. Plasmid DNA of pBK-CMV
was placed in wells12A and 12B, while plasmid DNA of pGH45 was placed in wells 12D
and 12E.

An alternative method for the transfer of DNA to the nylon membranes was used in the
second round of screening where 2 sets of microtitre plates were prepared due to the
low insert-containing plasmid per well ratio of the first set of plates. The DNA was
transferred to nylon membranes using the technique of colony blots. The first set of
plates (Set A) consisted of 10 plates (1-10), which contained an average of 4 insert-
containing plasmids per well, while the second set of plates (Set B) consisted of 5 plates
(2-5), which contained an average of 30 insert-containing plasmids per well. A total of
approximately 340 000 inserts were screened in these experiments.

Probe 1 reacted positively with the plasmid DNA from two wells of Set A microtitre
plates, and with the plasmid DNA from one well of Set B microtitre plates. Cells isolated
from these wells were plated onto LA plates containing 50pug/ml kanamycin, and a
representative number of colonies (Table 1.5) were picked for further analysis of the
recombinant plasmids harboured by those cells.
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Table 2.5. Results of Southern Blot Hybridisation.

Set Plate Well Number of Recombinant
AorB Number Co-ordinates Colonies Picked Plasmid
A 7 9E 5 p7A9E (1-8)
A 7 8F 8 p7A8F (1-8)
B 1 1F 30 p1B1F (1-30)

Isolation and analysis of p7A9E and p7A8F

The recombinant plasmids p7A9E (1-5) and p7A8F (1-8), together with pBK-CMV and
pGH45 were analysed by gel electrophoresis after being digested with Eco RV, Nru |
and Eco Rl in combination with Sal | which showed that only one insert-containing
plasmid was present in each well. The plasmid p7A9E was isolated from well 9E and
had a genomic DNA insert of approximately 5100bp, and the plasmid p7A8F was
isolated from well 8F and had a genomic DNA insert of approximately 4800bp.

The results of the agarose gel electrophoresis of Eco Rl, Eco RV and Sal | restriction
enzyme digests of p7A9E and p7A8F was used to produce restriction enzyme maps
(Figure 2.7), which showed that the inserts of p7A9E and p7A8F shared similar
restriction fragments suggesting that they encode common DNA sequences. A 2100 bp
Sal I-Sal | fragment was deleted from p7A8F, and the resulting plasmid was named
p7A8FdS.
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Eco RV (2700)
sall1(2) Eco RV (1000) Sal(1900) Eco RV (3400)  Eco R (5100)
pUCR—> \ \ ’ < pUCF
I I \ \ PTASE

sall(2) EcoRV(1200) Sall (2100) /Eco RV (2900) EcoR 1 (4800)

DUCR—> \ \ {Eco RV (3600) < pUCF
‘ ‘ ‘ ‘ p7A8F

Eco RV (800) Eco R 1(2700)
Sall(2) Eco RV (1500)
500b pUCR—> ( <— pUCF
P ‘ ‘ P7ASF dS
scale
- pBK-CMV plasmid DNA === RU-AE01 genomic DNA insert —>  pUCF or pUCR primers

Figure 2.7. Restriction enzyme maps of the RU-AEO1 genomic DNA inserts of p7A9E,
p7A8F and p7A8FASal I, showing Sal |, Eco Rl and Eco RV restriction enzyme sites.
The positions of sequencing primers pUCF and pUCR are indicated.

The nucleotide sequences of the 5 and 3’ regions of the genomic DNA inserts of
p7A9e, p7A8F and p7A8FdS were determined with the primers pUCF and pUCR.
Alignments of these nucleotide sequences with the nucleotide sequence of genes
encoding hydantoin hydrolysing enzymes yielded no positive results. The nucleotide
sequences were aligned with the nucleotide sequences of the A. tumefaciens C58
genome, generated by Cereon Genomics (Goodner et al.,2001) or the University of
Washington (Wood et al.,2001). Similar alignment results were obtained for both A.
tumefaciens C58 genome sequences, so further analysis was carried out using the A.
tumefaciens C58 genome sequence generated by the university of Washington (Wood
et al.,2001).
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Seven regions (1-7) of the nucleotide sequences generated from p7A9E, p7A8F and
p7A8FdS were found to match within the same region of the A. tumefaciens C58
circular chromosome, spanning approximately 5000bp (Figure 2.8), where 9 open
reading frames (A-l) are located. This indicated that the genomic DNA inserts of p7A9E
and p7A8F were from a region of the A. tumefaciens RU-AEO1 genome that
corresponds to this region of the A. tumefaciens C58 circular chromosome. Table 2.6
lists the genes encoded by these open reading frames of the A. tumefaciens C58
circular chromosome, none of which encode enzymes involved in the hydrolysis of

hydantoins.

Table 2.6. The genes surrounding the area on the A. tumefaciens C58 circular
chromosome where p7A9E and p7A8F show homology. The proteins encoded by
these open reading frames are listed.

Rosaing | LSEiononCS8 | grang | Gene | Length Protei Length
Frame
A: Atu 1789 | 1765905-1766225 - 312 Hypothetical protein 104
B: Atu 1780 | 1766404-1768509 + recG 2106 | ATP dependant DNA helicase 702
C:Atu 1781 | 1768522-1768794 + 273 Hypothetical protein 91
D: Atu 1782 | 1768822-1769112 - 291 Hypothetical protein 97
E: Atu 1783 | 1769109-1769354 - 345 Hypothetical protein 115
F: Atu 1784 | 1769474-1770142 - 669 Hypothetical protein 223
G: Atu 1785 | 1770156-1770659 - 504 | Acetyltransferase 168
H: Atu 1786 | 1770656-1772482 - gimS 1827 | Glucosamine-fructose-6- 609
phosphate aminotransferase
I: Atu 1787 1772687-1774048 - gimu 1362 | UDP-N-acetylglucosamine 454
phosphorylase

Three regions (i-iii) within the nucleotide sequences generated from p7A9E and p7A8F
were found to bear no significant similarity to this region of the A. tumefaciens C58
circular chromosome, but instead appeared to match randomly distributed intergenic

regions of the A. tumefaciens C58 genome.

Analysis of recombinants in well 1B1F.
Thirty plasmids from colonies isolated from well 1B1F were isolated and mapped with
Eco Rl and Pst |, which showed that at least 18 different recombinant plasmids were

present in this well. In order to determine which of these recombinant plasmids were
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responsible for the positive reaction with Probe 1, Southern blot analysis of the Eco RV

digests of these plasmids was carried out with Probe 1 and Probe 2 (Figure 2.9).

Plasmid DNA of pBK-CMV and pGH45 were included as negative and positive controls
respectively. The Eco RV digests of plasmid DNA of p7A9E, p7A8F and p7A8FdS were
also included to establish which regions of the A. tumefaciens RU-AEO1 genomic DNA
insert reacted with Probe 1 and Probe 2

Probe 1 and Probe 2 were found to bind to all the Eco RV fragments of pGH45, but
were found to bind only to the Eco RV fragments corresponding to the vector DNA of
p7A9E, p7A8F and all the genomic DNA library recombinants isolated from well 1B1F.
No reaction of Probe 1 or Probe 2 with the lambda DNA molecular weight marker
indicated that Probe 1 and 2 were not binding non-specifically to all DNA. However,
binding of Probe 1 and Probe 2 to the vector DNA of the pBK-CMV recombinants in
addition to the inserts of pGH45 made them ineffective as DNA probes for screening the
genomic DNA library within pBK-CMV.
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2.3.2. PCR amplification of ncaR1 and ncaR2.

To prepare ncaR1 and ncaRZ2 for cloning into expression vectors, PCR amplification
from pG4 and p6B3-1a, respectively, was performed with SC7, SC8 and CHAOR1 as
indicated in Figure 2.10.

A pG4 C < 8
Z oy
o <t
20
— ncaR1 ] s2g%
A A) 14>
SC7 CHAO R1 45509
1.7»
B p6B3-la 1.0-1.1»
08> <« ncaR1 or ncaR2
B—{ncar2 ) B o405
A <
SC7  sc8

Figure 2.10. PCR amplification of ncaR1 and ncaR2. Panel A shows the primers used
to amplify ncaR1 from pG4, and Panel B shows the primers used to amplify ncaR2 from
p6B3-1a. Panel C shows the agarose gel electrophoresis of the PCR amplification
products. The position of ncaR1 and ncaR2 is indicated on the right hand. Lambda
DNA digested with Pst | (M) is the molecular weight marker, the sizes of which (in kb)
are indicated on the left hand side.

Agarose gel electrophoresis (Figure 2.10.C) showed that PCR amplification of ncaR1
was obtained, while PCR amplification of ncaR2 was not. Further attempts to isolate
ncaR2 by altering the PCR amplification conditions, such as lowering the annealing
temperature and varying the concentration of template DNA, proved to be unsuccessful

(data not shown).

Routine sequence analysis during the course of this study revealed some discrepancies
with the previously determined nucleotide sequence of ncaR1. This, together with the
inability to PCR amplify ncaR2 resulted in the necessity to confirm the sequence of
ncaR1 and the presence of ncaR2 in the plasmid constructs used in this study.
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2.3.3 The nucleotide sequence of pG4.

The strategy for obtaining the complete nucleotide sequence of the DNA insert of pG4
with primers pUCF, pUCR, SC12 and SC13 is outlined in Figure 2.11.

pUCF SC13 SC12 pUCR
A A A A
1 >
< 2
> 3
4 <

Figure 2.11. The strategy for sequencing the insert of pG4 where primers pUCF and
pUCR were used to obtain preliminary sequence (1 and 2 respectively), and primers
SC12 and SC13 were used complete the sequence in both directions (3 and 4
respectively).

The nucleotide sequences generated with these primers were used to compile a revised
sequence of pG4, named pG4 (SAC) (Appendix 8a). The original nucleotide sequence
of pG4 was aligned with pG4 (SAC) (Appendix 8b) and 33 nucleotides of the original
pG4 sequence were found to be incorrect. Some of these nucleotide sequence errors
resulted in changes in the deduced amino acid sequence of pG4 as revealed when
alignments of the deduced amino acid sequence of pG4 and pG4 (SAC) were carried
out (Figure 2.12). An alignment of the revised amino acid sequence of pG4 (SAC) with
the available amino acid sequences of other N-carbamoyl-D-amino acid
amidohydrolases (Figure 2.13), revealed that the N-carbamoyl-D-amino acid
amidohydrolases ncaR1 was more similar to previously isolated N-carbamoyl-D-amino

acid amidohydrolases than previously thought.
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pG4original
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BVDAAKMGVFI CNDRRWPET]
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EGCMLLGHSCI VAPTGEI VALTTTLEDEVI TAAVDL DRCREL REHI FNFKAHRQPOHYGL
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Figure 2.12.

sequence of pG4, and pG4 (SAC).

An alignment of the deduced amino acid sequence of the original

sequences, while grey shading represents similar residues.

Dark shading represents residues identical in both
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CCRC SINVTRQOM LAVGQQGPI ARAETREQVVGRL L DML TNAASRGVNFI VFPELAL TTFFPRWHFT]
AR T I\ T ROM L AVGQQGP! ARAETREQVVGRL L DML TNAASRGVNFI VFPELAL TTFFPRWHFT
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AR SRR A \/GKYRKI HLPGHKEYEAYRPFQHL EKRYFEPGDL GFPVYDVDAAKMGVEI CNDRRWPET
RU- OR Ml \/GKYRKI HL PGHKEYEAYRPFQHL EKRYFEPGDL GFPVYDVDAAKMGVFI CNDRRWPET]
NSRS NSRRI \/G<YRKI HL PGHKEYEAYRPFQHL EKRYFEPGDL GFPVYDVDAAKMGVFI CNDRRWPET]
KNK SIZEN| \/GKYRKI HL PGHKEYEAYRPFQHL EKRYFEPGDL GFPVYDVDAAKMGVFI CNDRRWPEN
I Pl-671 sl [ G< Y RKVHL PGHKEYEAYRPFQHL EKRYFEPGDNIGFPVYDVDAAKMGVEI CNDRRWPELY
KNKOO03 121

CCRC

NRRLB11291a

RU- OR

NRRLB11291b

KNK

I Pl-671

KNK0O03

CCRC EGCMLLGHSCI VAPTGEI VALTTTLEDEVI TAABRDL DRCRELREHI FNFKAHRQPQHYGL
NRRLB11291a EGCMLLGHSCI VAPTGEI VALTTTLEDEVI TAALDL DRCRELREH FNFKAHRQPQHYGL
RU- OR EGCMLLGHSCI VAPTGEI VALTTTLEDEVI TAAVDL DRCRELREH FNFKAHRQPQHYGL
NRRLB11291b EGCMLLGHSCI VAPTGEI VALTTTLEDEVI TAAVDL DRCRELREH FNFKAHRQPQHYGL
KNK CMLLGHSCI VAPTGEI VALTTTLEDEVI TAAVDL DRCREL REHI FNFK@HRQPQHYGL
IPl-671 BCM_LGHSCI VAPTGEI VALTTTLEDEVI TAY DL DRCREL REHI FNFKAHRQDQ—NGL
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CCRC 301 (MA\=lg- - ------

NRRLB11291a 301 (WA\Sg--------

RU- OR 301 |(MR\=lg- - ------

NRRLB11291b 301 (WA\=g--------

KNK 301 |WA\=l - -------

IPl-671 301 (WR\slL--------

KNK0O03 301 [IVERKGAVPPPQ

Figure 2.13. Multiple alignment (BOXSHADE) of the deduced amino acid sequence of
NcaR1 from A. tumefaciens RU-OR (RU-OR) with the N-carbamoyl-amino acid
amidohydrolases of A. radiobacter CCRC 14924 (CCRC14924), A. radiobacter KNK
712 (KNK712), A. tumefaciens NRRL B11291 (NRRLB11291a and NRRLB11291b),
Agrobacterium sp. IP 1-671 (IP1-671) and Pseudomonas sp. KNK 003A (KNK003). Dark
shading represents residues identical in all the sequences, while grey shading
represents similar residues.
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2.3.4 The nucleotide sequence of p6B3-1la.

Restriction enzyme mapping of p6B3-1a (Figure 2.14), revealed several discrepancies
which indicated that the plasmid DNA being used for PCR amplification (Section 2.2.2)

did not correspond to the p6B3-1a, which was originally isolated.

A - & B
] o3
o >
1z _3
T 0O —
M SO&d4
kb Restriction Expected Fragments
Enzymes Fragments (bp) Obtained (bp)
14 »
Eco RV 5000, 1500, 1100
45-5.0 » 8115 . . !
28 (Lane 2) 330, 200
17 > (L§:<Ie|3) 6956, 1149 7000, 900
1.0-1.1 »
0.8 » Eco RV + Sall 4900, 1500, 800
4989, 1967, 1149 ’ ’ ’
’ ’ , 200, 1
0.4-05 > (Lane 4) 330, 200, 300, 100
0.2-0.3 »

Figure 2.14. Analysis of restriction enzyme fragments of p6B3-1a. Panel A shows the
agarose gel electrophoresis of the restriction enzyme digests of p6B3-1a. The sizes of
the Lambda DNA molecular weight marker (M) are indicated of the left hand side of the
gel. Panel B shows the expected sizes and actual sizes of fragments of p6B3-1a
obtained when digested with Eco RV, Sal |.

Numerous attempts to re-isolate the original p6B3-1a from glycerol stocks were
unsuccessful. This, together with the inability to PCR amplify ncaR2 (Section 2.2.2)
resulted in the necessity to confirm the presence of ncaR2 on the genomic DNA insert
of p6B3-1a. The strategy used to sequence the genomic DNA insert of p6B3-1a
involved determining the nucleotide sequence of 5’ and 3’ regions of the genomic DNA
insert with the primers pUCF and pUCR, and then designing nested primers based on
the sequence generated from pUCF and pUCR, which would be used to sequence
further into the genomic DNA fragment. Then in turn, the nucleotide sequence
generated from those primers would be used to design more primers for further
sequencing. Figure 2.15 shows the primers that were designed, and the sequence that
was generated in this manner.
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Chapter 2

An alignment of the revised nucleotide sequence, p6B3-1a (SAC), with the original
sequence of p6B3-1a showed that these sequences shared no significant nucleotide
sequence similarity (data not shown). The nucleotide sequence of p6B3-1a (SAC) was
analysed with Vector NTI and ten possible open reading frames were identified, as
shown in Figure 2.16. Alignments of the nucleotide sequences of these open reading

frames with the nucleotide sequence of ncaR2 showed no significant similarity.

500 bp 3
——>
- |
<+— <+— 4+— <—
<« ° 5 10 9
7
5’ sequence of p6B3-la 3’ sequence of p6B3-1a

Figure 2.16. The positions of the predicted open reading frames in the 5’ (1-7) and 3’
(8-10) sequences of p6B3-1a (SAC).

Furthermore, alignments of the nucleotide sequences of these open reading frames with
the nucleotide sequence of genes encoding other N-carbamoyl-amino acid
amidohydrolases or related enzymes showed no significant nucleotide sequence
similarity. The nucleotide and deduced amino acid sequences of the open reading
frames of p6B3-1a (SAC) were compared with nucleotide and amino acid sequences in
various databases, including the database of the A. tumefaciens C58 genome. These
results are summarised in Table 2.7 and show that these open reading frames encode
proteins that are not related to the enzymes involved in the utilisation of hydantoin.
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Table 2.7. The proteins that show homology with the predicted open reading frames of
p6B3-1a (SAC).

Pr%ili?thed Le(rr:gth Protein Encoded Organism Id((e;[’t)ity
1 726 (vrIR) Dichelobacter nodosus 44
2 1170 DEAH ATP-dependant helicase (vrlS) Dichelobacter nodosus 41
3 318 D-lactate dehydrogenase like protein Arabidopsis thaliana 44
4 366 no significant similarity
5 414 putative sugar ABC transporter Sinorhizobium meliloti 34
6 369 putative tRNA synthetase. Rhizobium etli 32
7 414 cyclin B Dreissena polymorpha 37
8 348 no significant similarity
9 438 no significant similarity
10 429 no significant similarity

The nucleotide sequence of the plasmids p6B3-1a dX, p6B3-1a dC and p6B3-1a dH
was performed with primers pUCF and pUCR. Alignments of these sequences with the
original nucleotide sequence of p6B3-1a, and the nucleotide sequence p6B3-1a (SAC)
were carried out. Since these plasmids were derived from p6B3-1a from which the
original nucleotide sequence was obtained, it was expected that they would match with
the original nucleotide sequence of p6B3-1a.

However, it was found that these sequences matched with the nucleotide sequence of
p6B3-1a (SAC) (Figure 2.17), and not with the original sequence of p6B3-1a. This
indicated that the nucleotide sequence of p6B3-1a (SAC) is the correct existing
sequence of p6B3-1a.

61




Chapter 2

A—> — &
Hind I B . ¢ B
Xho | c—p 44—
Clal Clal Xhol Clal Hind I
| | | |

LB H | N ]
pUCF pUCR
A v

5’ sequence of p6B3-1a (SAC) 3’ sequence of p6B3-1a (SAC)

500 bp

Figure 2.17. p6B3-1a deletions alignment with p6B3-1a (SAC). The positions of the
sequences of p6B3-1a dX, p6B3-1a dC and p6B3-1a dH which bear sequence similarity
to p6B3-1a (SAC) are indicated by arrows A, B and C respectively.

N-carbamoyl-amino acid amidohydrolase assays were carried out on p6B3-1a, p6B3-
1a dX, p6B3-1a dC and p6B3-1a dH. None were found to possess significant N-
carbamoyl-amino acid amidohydrolase activity (data not shown) despite being shown to
possess N-carbamoyl-amino acid amidohydrolase activity in the original study (Hartley,
2001, Figure 2.4).
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2.4. Discussion

2.4.1. Screening the genomic DNA library of A. tumefaciens RU-OR.

According to the formula of Ausubel et al. (1983), it was calculated that a total of 5500
insert-containing plasmids from the genomic library of A. tumefaciens RU-AEO1 needed
to be screened in order to have a 99% probably of isolating the gene of interest. It was
calculated that a total of 300 000 insert-containing plasmids were screened, which is 54
times more than were required to be screened. Since two of the wells from Library Set
A only contained 1 insert-containing plasmids per well, and Library Set B, only
contained 18 insert-containing plasmids per well, it could be calculated that
approximately 180 000 plasmids were screened. However, this value is still 32 times
greater than 5500, so the number of insert-containing plasmids which were screened

was excessive, but ensured a greater chance of isolating the genes of interest.

Despite this, no clones carrying genes encoding proteins related to the enzymes
involved in hydantoin utilisation were isolated. The partial sequences of plasmids
isolated from well 8F and 9E were shown to fall within the same region of the A.
tumefaciens C58 circular chromosome, and the open reading frames encoded by this
region show no homology to hydantoin-hydrolysing enzymes. Since the sequence of
this region of the A. tumefaciens C58 circular chromosome also bears no homology to
the sequence of Probe 1 that was used for screening, the reason for a positive result in
the Southern blot is unexplained.

Binding of Probe 1 and Probe 2 to pBK-CMV vector DNA (Figure 2.9) was observed,
and since the entire library of clones were recombinants of pBK-CMV, the DNA probes
were binding to all of them. The absence of hybridisation of the probe to the DNA
molecular weight marker suggested that the DNA probe was not hybridising randomly
with any DNA, and supports the proposal that the probes were binding to pBK-CMV
vector DNA. Since Probe 1 does not bear any sequence similarity to pBK-CMV, it is
unclear why this hybridisation occurred. Repetition of the experiment with more
stringent hybridisation conditions did not eliminate the binding of Probe 1 to pBK-CMV.
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During the synthesis of Probe 1, there was evidence of non-specific PCR amplification
products (Figure 2.5). If sufficiently radiolabelled, binding of these non-specific PCR
amplification products to pBK-CMV vector DNA may account for what was mistaken for
the hybridisation of Probe 1 to A. tumefaciens RU-AEO01 genomic DNA.

2.4.2. PCR amplification and sequence analysis of ncaR1 and ncaR2.

The failure to isolate any genes encoding proteins involved in the hydrolysis of
hydantoins from A. tumefaciens RU-AEO1 led to the pursuit of the study of ncaR1 and
ncaR2 from A. tumefaciens RU-OR, with the objective to express and purify these
enzymes for biochemical characterisation. PCR ampilification of ncaR1 was carried out,
and sequencing revealed discrepancies between the PCR amplified ncaR1 and the
original sequence as encoded by pG4. Sequencing of pG4 was repeated, and the
revised sequence, pG4 (SAC) showed that ncaR1 encoded an N-carbamoyl-amino acid
amidohydrolase that was more similar to previously isolated N-carbamoyl-amino acid
amidohydrolases than originally thought by Hartley (2001).

PCR amplification of ncaR2 was unsuccessful and restriction enzyme mapping of p6B3-
1a revealed inconsistencies with the original sequence of p6B3-1a. Sequencing of
p6B3-1a was repeated with a series of nested primers and the resulting sequence
p6B3-1a (SAC) showed no sequence similarity to original p6B3-1a nucleotide
sequence. The open reading frames of p6B3-1a (SAC) bore no similarity to ncaR2 or

any other N-carbamoyl-amino acid amidohydrolases.

Partial sequences of p6B3-1a dX, p6B3-1a dC and p6B3-1a dH were found to match
with the sequence of p6B3-1a (SAC), which indicated that this was the original
nucleotide sequence of p6B3-1a. In addition, p6B3-1a, p6B3-1a dX, p6B3-1a dC and
p6B3-1a dH were shown to possess no NCAAH activity, where previously all except
p6B3-1a dH were found to possess NCAAH activity (Hartley, 2001).

Plasmid rearrangements or the phenomenon of “looping out” of potentially toxic genes
in recombinant plasmids (Banyex, 1999) may provide an explanation for the loss of

ncaR2 from p6B3-1a. Also, Hils et al (2001) showed that the hydantoin utilising gene
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cluster of Agrobacterium sp. IP 1-671 was flanked by a putative transposase and
resolvase, which were suggested to be part of a transposon carrying the hydantoin
utilising genes of Agrobacterium sp. IP 1-671. Therefore it is possible that ncaR2 was
similarly associated with other hydantoin utilisation genes in a transposon in A.
tumefaciens RU-OR, and a transposition event may have resulted in the loss of ncaR2
from p6B3-1a. However, if this were the case, then certain regions of p6B3-1a (SAC)
should have show homology to the original sequence of p6B3-1a.

Attempts to isolate ncaR2 from the genomic DNA of A. tumefaciens RU-OR by PCR
amplification was also found to be unsuccessful (data not shown) and brought to light
the possibility that ncaR2 was no longer present on the chromosome of A. tumefaciens
RU-OR. A recent study showed that the N-carbamoyl-amino acid amidohydrolases of
A. tumefaciens NRRL B11291 and Agrobacterium sp. IP 1-671 were located on 160kb
and 190kb plasmids respectively (Hils et al., 2001). This may have been the case in A.
tumefaciens RU-OR. There is a possibility that this plasmid have been cured from this
strain with repeated sub culturing resulting in the loss of ncaR2. However it was shown
that A. tumefaciens RU-OR still possessed N-carbamoyl-amino acid amidohydrolases
(data not shown) and this N-carbamoyl-amino acid amidohydrolase activity may be

encoded by ncaR1 elsewhere on the genome of A. tumefaciens RU-OR.
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Expression of ncaR1 and ncaR1-6xHis

3.1. Introduction.

E. coliis one of the most widely used hosts for the production of heterologous proteins.
Of the many systems available, E. coli remains one of the most attractive for a number
of reasons. The genetics are well characterised making it easier to manipulate from the
natural host, and there are well understood mutants of E. coli already available. E. coli
also has the ability to grow rapidly on many substrates (Banyex 1999; Hannig and
Makrides, 1998; Hockney, 1994; Weickert et al., 1996).

One of the advantages of heterologous expression systems is that instead of using the
native promoter for the expression of the gene of interest, it is placed under the control
of an alternative promoter whose activity may easily be regulated. The cloning vectors
that are available for heterologous expression in E. coli have a wide range of promoters
(Table 3.1.), that have been reviewed extensively (Hannig and Makrides, 1998;
Weickert et al., 1996), and can be chosen to suit the needs of the gene of interest.

Table 3.1. Some commonly used promoters used in E. coli heterologous expression
systems. (adapted from Weickert et al., 1996).

Promoter Induction Advantages Disadvantages
IPTG, high . . . low level expression,
lac temperature wide range of induction levels leaky expression
. . . . leaky expression,
| e | e moe ol ductenerdt |t o achiove it
P y expression
tryptophan high level expression,
trp starvation, indole | many vectors available, can be leaky expression
acrylic acid titrated
tight regulation, wide range of few vectors available,
ara arabinose induction levels, rapid catabolite repression by
induction/expression glucose
e . high level expression, not host .
recA nalidixic acid specific not titratable
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3.1.1. T7 RNA Polymerase Heterologous Expression System.

The T7 polymerase system was selected for heterologous production of NcaR1 in E.
coli, using the expression vector pT7-7 (Tabor, 1983), which possesses the T7 RNA
polymerase promoter. The highly processive T7 RNA polymerase is supplied in trans,
where the host contains a prophage (ADE3) encoding the enzyme under the control of
the IPTG inducible /ac promoter (Baneyx, 1999).

This is a highly efficient expression system, leading to an accumulation of the desired
protein up to 40-50% of total cell protein (Baneyx, 1999). However, it has a number of
disadvantages. The leaky expression of the T7 RNA polymerase may result in plasmid
or expression instability (Baneyx, 1999), and it has been shown that other expression
vectors based on the T7 polymerase system are toxic to the cell, even when they
contain no insert (Miroux, 1996). In addition, the strong promoter system results in the
synthesis of proteins, which do not fold correctly and aggregate to form inclusion
bodies. This problem may be overcome by the co-expression of chaperone proteins,

which assist the correct folding of these proteins (Weickert et al.., 1996).

3.1.2. Fusion Proteins and Affinity Tags to Improve Heterologous Expression

The development of the technology for the expression of fusion proteins and affinity
tags has facilitated high-level production and purification of recombinant proteins in E.
coli. The advantages of expression of a protein fused to another protein, protein
fragment or short polypeptide tag are numerous. They can increase the accumulation
of the desired protein and they often prevent inclusion body formation by improving the
folding characteristics of the protein of interest (Guan et al., 1991; Kamitani et al., 1992).
Fusion proteins provide a means by which the protein of interest can be readily purified
and or immobilised (Ostermeier et al., 1996; Forrer et al., 1998 and Pryor et al., 1997).
They also provide a means by which the expression of the protein of interest can be
detected (Ellsworth et al, 2000 and Hernan et al., 2000). In addition, they curb
proteolysis of the protein of interest (Hannig and Makrides, 1998, Hockney, 1994).
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A few examples of widely used fusion proteins and affinity tags include maltose-binding
proteins (MBP), green fluorescent protein (GFP), glutothione-S-transferase (GST) and
hexa-Histidine tags (6xHis) (reviewed by Hannig and Makrides, 1998). Vectors for
creating these protein fusions are described widely in the literature (Bedouelle and
Duplay, 1998; Smith and Johnson, 1988; Hochuli et al., 1987), and are freely available

commercially.

3.1.3. In vitro expression systems.

The Rapid Translation System (RTS) (Roche) is an in vitro protein synthesis system,
where transcription and translation take place simultaneously in an E. coli HY cell-free
lysate, producing functionally active protein. The vectors that are provided with this
system are designed for high-level expression of His-tagged proteins in the cell free
RTS E. colisystem. Two types of the vectors supplied with the RTS, introduce either an
amino- or a carboxy-terminal (N-terminal or C-terminal) hexa-histidine tag, which
provides a rapid method for detection and purification, by nickel affinity chromatography,
of the protein of interest. The target gene is placed under the control of the T7 promoter
located downstream of a ribosomal binding sequence.

The RTS 100 system has a number of advantages for the expression of ncaR1. ltis a
rapid protein synthesis system that can easily be optimised. The cell free nature of the
reaction allows for the expression of toxic gene products, which is of particular use for
the expression of ncaR1l, as it has been suggested that previous attempts at
heterologous expression and isolation of other N-carbamoyl-amino acid
amidohydrolases has been unsuccessful due to the toxicity of the protein which leads to
the formation of insoluble aggregates (Buson et al., 1996; Chao et al., 1999a; Grifantini
et al., 1998; Hils et al., 2001, Sareen et al., 2001b). In addition, the reaction conditions
of the in vitro system are easily altered to overcome insolubility or folding problems
commonly associated with bacterial systems. Furthermore, the expression of proteins
with tags or reporter genes facilitates easy purification and detection.
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3.1.4. Obijectives.

The research performed in this chapter describes the production of NcaR1 using
recombinant DNA technology. Two approaches were used for two different purposes.
The first approach was to determine if it was possible to heterologously express ncaR1
in E. coliBL21 (DE3) to produce NcaR1 using the T7 RNA polymerase promoter system
(Tabor, 1983). The second was the in vitro synthesis of NcaR1 with a C-terminal His-
tag (NcaR1-6xHis) using the RTS-100 E. coli HY system (Roche). The His-tag provided
a means to purify the protein using His-tag affinity columns (Ni-NTA) and allowed for
simplified detection of NcaR1-6xHis. The purified NcaR1-6xHis would then be used for
the synthesis of anti-NcaR1-6xHis antibodies, which would provide a tool for the
detection of NcaR1 in A. tumefaciens RU-OR, and to assess the level of NcaR1
expression in A. tumefaciens RU-OR and various regulatory mutants of RU-OR under

different growth conditions.
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3.2. Materials and Methods.

3.2.1. Bacterial strains, plasmids and culture conditions.

Chapter 3

Recombinant plasmids were hosted in E. coli DH5a, and heterologous expression was

carried out in E. coli BL21 (DE3) (Table 3.2).

Growth of E. coli was carried out as

described in section 2.2.1. The plasmids used in this chapter are listed in Table 3.3,

where the parental vector and the origin of the DNA insert is indicated.

Table 3.2. E. colihost strains used in this chapter.

Strain Genotype Reference
F ®80dlacZAM15A(lacZYA-argF)U169 endA1 recA1 hsdR17
DH5a (rmy) deoR thi-1 supE44 \ gyrA96 relA Hanahan, 1983
BL21 (DE3) F* dem ompT hsdS(rs’ mg) gal A[DE3] St“d'er%%%'\"o”at’
Table 3.3. Plasmids used in this chapter.
Plasmid Origin of Insert Reference
pGEM-T Easy cloning vector Promega
pT7-7 expression vector Tabor, 1983
pIVEX2.3 MCS expression vector Roche
pRD106 expression vector, derived from pT7-7 Idicula et al., 2002
GEP contains the gene encoding Green Fluorescent Protein (GFP), |Prasher et al.,
P in pIVEX 1992
1179bp PCR amplification product from RU-OR genomic DNA
PG4 using primers CHAOF1 & CHAOR1 in pGEM-T Easy Hartley, 200f
993bp PCR amplification product from RU-OR genomic DNA .
pB+M using primers CH7 & CHAOR1 in pGEM-T Easy This study
pBM 986 bp Nde | — Hind Il fragment from pB+M in pT7-7 This study
pT7G4 1171 bp Bam HI — Hind Ill fragment from pG4 in pT7-7 This study
pT7G4-CDS ;I)?gli)? Nde | -Sac | fragment from pBM1 inserted into pT7G4 in This study
423bp Eco RI — Sal | fragment deleted from insert of pT7G4- .
pT7G4-ACDS CDS in pT7-7 This study
i 920 bp PCR amplification product from RU-OR genomic DNA .
pGA-7/10 using primers SC7 & SC10 in pGEM-T Easy This study
i 921 bp PCR amplification product from RU-OR genomic DNA .
pG4-7/10a using primers SC7 & SC10a in pGEM-T Easy This study
pIVEXG4-CDS-N |915bp Nde |-Sma | fragment from pG4-7/10 in pIVEX2.3 MCS | This study
i 721 bp Sac I-Sma | fragment from pG4-7/10a inserted into .
PIVEXG4-CDS | 1VEXGA-CDSN in pIVEX2.3 MCS This study
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3.2.2. Recombinant DNA techniques.

Recombinant plasmid DNA from E. coli was isolated as described in Section 2.1.2.
Restriction analysis of plasmid DNA was performed as described in Section 2.1.2. DNA
modifying enzymes (Appendix 9) were used as recommended by the manufacturers.
DNA was concentrated and purified by phenol extraction and ethanol precipitation as
described by Sambrook et al (1989) or using the DNA Clean and Concentrator Kit
(Zymo).

3.2.3. PCR amplification of ncaR1 and ncaR1-6xHis.

PCR amplification of ncaR1 and ncaR1-6xHis was carried out using the primers CH7,
SC7, CHAO R1, SC10 and SC10a that were designed for the amplification of ncaR1 as
outlined in Table 3.4. PCR amplification was performed with Tag RNA polymerase
(Roche) or with the Expand High Fidelity PCR System (Roche) using thermal cycling
programme 1 (Appendix 4). The PCR amplification products were analysed as
described previously (Section 2.1.3).

Table 3.4. Primers used for the PCR amplification of ncaR1 and ncaR1-6xHis.

primer | Description Primer

primer corresponding to the 5’
CH7 sequence of ncaR1, introduces | GGAATCCCATATGACACGTCAGATGATACTTGCTGTCG
an Nde | restriction enzyme site

primer corresponding to the 5’
SC7 sequence of ncaR1, introduces CATATGACACGTCAGATGATACTTGC
an Nde | restriction enzyme site

primer corresponding to the 3’
sequence of ncaR1, introduces

CHAOR1 . CCCAAGCTTTCTCGATCGGATAGG
a Bam Hl restriction enzyme
site
primer corresponding to the 3’
SC10 sequence of ncaR1, introduces CCCGGGAATTCCGCGATCAGACC

a Sma |l restriction enzyme site

primer corresponding to the 3’
sequence of ncaR1, introduces
SC10a a Smal restriction enzyme site CCCGGGGAATTCCGCGATCAGACC
an in-frame fusion to His-tag
encoded by pIVEXG4-CDS
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3.2.4. DNA sequencing and sequence analysis.

DNA sequencing and sequence analysis was carried out as described in Section 2.1.6.
Unless otherwise stated the primers used for sequencing of recombinants of pGEM-T
Easy were pUCF and pUCR, those for sequencing recombinants for pT7-7 were T7-7F
and T7-7R, and those for sequencing recombinants of pIVEX2.3 MCS were T7-7F and
T7-R (Appendix 3).

3.2.5. Construction of vectors for heterologous expression of ncaR1.

A 1171bp Bam HI — Hind 11l fragment, carrying the promoter and coding sequence for
ncaR1, was excised from pG4 (Figure 3.1, Step Il) and inserted between the Bam HI
and Hind Il restriction enzyme sites of the multiple cloning site (MCS) of pT7-7 by
ligation with T4 DNA Ligase (Promega) (Figure 3.1, Step | and Ill). Recombinants with
the correct insert were selected by restriction enzyme mapping. DNA sequencing with
primers T7-7F and T7-7R was carried out to confirm the presence of the correct insert.
The resulting plasmid, pT7G4 carried the ncaR1 gene and its endogenous promoter
downstream of the T7 polymerase promoter and ribosomal binding site.

The coding sequence of ncaR1 was amplified from pG4 by PCR amplification with CH7
and CHAOR!1 (Figure 3.2, Step I), using Taq DNA polymerase (Roche), as described in
Section 3.2.3. The 1003bp PCR amplification product, carrying ncaR1 was ligated into
pGEM-T Easy Cloning Vector (Figure 3.2, Step Il), to generate pB+M. The primers
CH7 and CHAO R1 introduced Nde | and Hind lll restriction enzyme sites flanking
ncaR1, which were used to excise a 986bp Nde | -Hind Il fragment from pB+M (Figure
3.2, Step lll) that was ligated into the Nde | — Hind Ill restriction enzyme sites of pRD106
(Figure 3.2. Step IV and V). The presence of the correct insert was confirmed by
restriction mapping, and the resultant construct pBM1, was sequenced using T7-7F and
T7-7R (Appendix 3) to confirm the absence of point mutations in ncaR1 that may have
arisen during the PCR amplification.

A 195 bp Nde | - Sac | fragment was excised from pBM1 (Figure 3.3, Step II) and
inserted into the corresponding Nde | — Sac | cohesive ends of pT7G4 (Figure 3.3, Step
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| and Ill). The insertion of the correct insert was confirmed by restriction mapping. DNA
sequencing was carried out using T7-7F and T7-7R (Primers 3) for further confirmation.
The resultant construct, pT7G4-CDS, was used for expression of ncaR1 in E. coli BL21
(DE3).

A construct for the expression of a truncated ncaR1 was generated by deleting a 423 bp
Eco RI — Sal | fragment from the coding sequence of ncaR1 in pT7G4-CDS (Figure 3.3,
Step IV). This was achieved by digesting pT7G4-CDS with Eco Rl and Sal |, filling in
the 5’ overhangs with Klenow (DNA Polymerase | Large Fragment) and dNTPs. The
plasmid was self ligated causing re-circularisation of the 2998bp fragment generating
pT7G4-ACDS.
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Figure 3.1. A flow diagram showing the approach used for the construction of pT7G4.
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3.2.6. Construction of C-terminal His-tagged NcaR1 vector.

The coding sequence of ncaR1 was amplified by PCR from pG4 (Figure 3.4, Step I)
using the Expand High Fidelity PCR System (Roche) with primers SC7 and SC10 as
described in Section 3.2.3. The 920bp PCR amplification product carrying the NcaR1
coding sequence flanked by Nde | and Sma | was ligated into the pGEM-T Easy cloning
vector (Figure 3.4, Step Il), resulting in pG4-7/10. Sequencing of pG4-7/10 was carried
out with primers pUC F and pUC R (Appendix 3) to confirm the absence of point
mutations in ncaR1, which may have been introduced by PCR amplification. A 915bp
Nde | -Sma | fragment was excised from pG4-7/10 (Figure 3.4, Step lll) and inserted
between the Nde | — Sma | restriction enzyme sites of the vector pIVEX 2.3 MCS
(Figure 3.4. Step IV and V). The fusion of ncaR1l with a C-terminal His-tag in the
resulting construct, p[VEX G4-CDS-N, was determined by sequencing with T7 Prom
and T7 Term (Appendix 3).

An error in the design of the primer SC10, which introduced a frame shift in the
sequence encoding the His-tag and resulted in the incorrect fusion of ncaR1 with the
His-tag, was discovered. SC10 was redesigned to correct this frame shift, and SC10a,
was used in combination with SC7 to repeat the PCR amplification of ncaR1 (Figure
3.5, Step ) as described previously. The 921bp PCR amplification product was inserted
into the pGEM-T Easy cloning vector (Figure 3.5, Step Il), resulting in pG4-7/10a.
Sequencing of pG4-7/10a was carried out with primers pUC F and pUC R (Appendix 3)
to confirm the absence of point mutations in ncaR1, which may have arisen during PCR
amplification. The 721 bp Sac | — Sma | fragment, carrying the sequence for the correct
fusion between ncaR1 and the His-tag, was excised from pG4-7/10a (Figure 3.5, Step
[Il) and inserted into the Sac | — Sma | sites of pIVEX G4-CDS-N, to replace the 720 bp
Sac | — Sma | fragment with the frame shift mutation generated by primer SC10 (Figure
3.5, Step IV and V). DNA sequencing with primers T7-7F and T7 R (Appendix 3) was
carried out to verify the correct fusion of NcaR1 with a C-terminal His-tag in the resulting
construct, pIVEX G4-CDS. pIVEX G4-CDS was used for in vitro expression of ncaR1
using the RTS 100 E. coli HY Kit, and also for heterologous expression of ncaR1 in E.
coli BL21(DE3) cells.
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Figure 3.4. Construction of plVEX-G4-CDS-N.
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3.2.7. Heterologous expression in E. coli BL21 (DE3).

The recombinant plasmids were freshly transformed into E.coli BL21 (DE3) for the
heterologous expression of ncaR71 and ncaR1-6xHis. The cells were grown and
induced for expression as described in Appendix 10, which is an adaptation of the
method described by Ausubel et al, (1983). Expression experiments with cells
harbouring the plasmids pT7-7 and plVEX2.3 MCS were carried out in parallel as
negative controls for the expression of ncaR71 and ncaR1-6xHis. At hourly intervals
after induction with IPTG (1mM), the ODggo of the culture was measured. Sample of
iml of the culture were collected in a microfuge tube and were centrifuged in a
microfuge at 13000rpm for 3 minutes. The pellets were resuspended in 0.1M potassium
phosphate buffer pH8.0 (Appendix 1) based on the ODeoo at the time of harvest, where
1 ml of cells with an ODggo = 1 were resuspended in 250pl of buffer. An equal volume of
2xSDS-PAGE sample buffer (Appendix 1) was added, and the samples were stored at -
20°C until analysis by SDS-PAGE or Western Blotting was carried out.

For the large-scale production of NcaR1-6xHis, the plasmid pIVEXG4-CDS was freshly
transformed into E. coli BL21 (DE3). The cells were grown and induced for expression
as described in Appendix 15. After 6 hours of induction, the cells were harvested by
centrifugation (7000 rpm for 10 minutes in a JA14 rotar using a Beckman J2-21) and the

pellets were stored at -70°C until purification was carried out.

3.2.8. Optimisation of an in vitro system for the synthesis of protein.

The plasmid plVEX-GFP, which carries the gene that encodes a green florescent
protein (GFP, 27 kDa) fused to a His tag, was provided with the RTS 100 E. coli HY Kit
(Roche). The in vitro synthesis of the His-tagged GFP (GFP-6xHis) from plVEX-GFP
was used to optimise the experimental conditions for this system, which were applied to
the synthesis of NcaR1-6xHis from pIVEX G4-CDS. The High Pure Plasmid Isolation
Kit (Roche) and the QlAprep Spin Miniprep Kit (Qiagen) were used for the isolation of
pIVEX-GFP DNA from E. coli DH5a, which was used as template DNA for the reaction.
The DNA Clean and Concentrator Kit (Zymo) or phenol extraction of the plasmid DNA
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(Sambrook et al., 1989) was used to purify the plasmid DNA to be used as the template

for in vitro expression if ncaR1-6xHis.

3.2.9. In vitro expression of NcaR1-6xHis.

The plasmid pIVEX G4-CDS was used for the in vitro expression of NcaR1-6xHis using
The Rapid Translation System: RTS 100, E.coli HY Kit (Roche) as described by the
manufacturers. The plasmid DNA that was used as the template for the synthesis was
either that provided with kit, or prepared using the High Pure Plasmid Isolation Kit
(Roche), and purified using the DNA Clean and Concentrator Kit (Zymo). The reaction

was carried out at 30°C for 8 hours.

3.2.10. Purification of NcaR1-6xHis and the production of anti-NcaR1-6xHis
antibodies.

Purification of NcaR1-6xHis from E. coli was performed under native conditions using
the Ni-NTA Spin Kit and Columns (Qiagen) as outlined by the manufacturers (Appendix
11). Polyclonal anti-NcaR1-6xHis antibodies were raised in rabbits by Prof. DU
Bellstedt (Department of Biochemistry, University of Stellenbosh). Serum was collected
from the rabbit before inoculation (Day 0) and on the 28™ day (Day 28) after inoculation
with purified NcaR1-6xHis. In addition, on the 28", 30™ and 32" day, boosts of purified
NcaR1-6xHis were administered and further serum was collected from the rabbit on the
39" day (Day 39). To calibrate the sera, 1: 1000000, 1: 500000, 1:100000 and 1:50000
dilutions of the sera (Day 0, Day 28 and Day 39) were prepared and used for Western
blot analysis of the whole cell lysates of E. coli [pIVEX2.3 MCS] and E. coli [pIVEXG4-
CDS].

3.2.11. Analysis and detection of NcaR1 and NcaR1-6xHis by SDS-PAGE and
Western Blot.

Protein samples were resolved by SDS-PAGE using 12.5% SDS-polyacrylamide gels.
Premixed Protein Molecular Weight Markers (phosphorylase B: 97.4kDa, bovine serum
albumin: 66.2 kDA, Aldolase: 39.2 kDa, triose phosphate isomerase: 21.5 kDa,
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Lysosyme: 14.4 kDa, manufactured by Roche) were used for molecular weight
estimation of bands visualised on gels. Electrophoresis was carried out using the Mini-
PROTEAN 3 Electrophoresis System (BioRad) with bath buffer at approximately 100V
until the desired separation had been achieved. Bands of protein were visualised on
the SDS-PAGE gels by staining with Coomassie Brilliant Blue staining solution for 2
hours, followed by destaining with destain solutions. All solutions used for SDS-PAGE

analysis of proteins are listed in Appendix 1.

For Western Blot analysis, electrophoretic transfer of protein samples from SDS-PAGE
gels to Hybond-C+ nylon membranes (Amersham) at 100 volts for 1 hour in transfer
buffer was performed using the Mini-PROTEAN 3 Mini Trans-Blot module (BioRad).
Membranes were stained with Ponceau-S for 1 minute to confirm the transfer of

proteins and to demarcate the position of the protein molecular weight markers.

The membrane was incubated in 5% milk powder (in TBS-Tween) overnight to block
non-specific binding sites. Once thoroughly washed with TBS-Tween, the membrane
was incubated with the primary antibody (in 1% BSA in TBS-Tween) for 1 hour. A 1:300
dilution of anti-His antibodies (Sigma) or antibodies raised against purified NcaR1-6xHis
from rabbit serum (Section 3.1.9) were used as primary antibody.

The membranes were washed (one 15-minute and four 5-minute washes in TBS-
Tween) and then incubated with the secondary antibody (anti-rabbit or anti -mouse IgG
linked to horseradish peroxidase) provided with the Chemiluminescence Western
Blotting Kit (Roche) for half an hour. Further washes in TBS-Tween (one 15-minutes
and four 5-minute washes) were performed before the membrane was placed in a
solution of luminol provided with the Chemiluminescence Western Blotting Kit (Roche).
The chemiluminescence produced by the oxidation of luminol by the horseradish
peroxidase was detected with X-ray film (Amersham or Kodak). Standard photographic
techniques and solutions (Kodak) were used to visualise the chemiluminescent
exposure of the X-Ray film. All solutions used for Western Blot analysis of proteins are
listed in Appendix 1.
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3.3. Results.

3.3.1. Optimisation of the in vitro expression system and in vitro synthesis of
NcaR1-6xHis.

The synthesis of GFP-6xHis from pGFP-6xHis plasmid DNA was used to optimise the
use of the RTS-100 in vitro protein synthesis system. Plasmid DNA of pGFP-6xHis
provided with the kit together with pGFP-6xHis prepared from E. coli by various means
was used as the template DNA for the in vitro reaction, which was carried out at 30°C
for 6 hours. The products of the in vitro protein synthesis were analysed by SDS-PAGE
and Western Blot with anti-His antibodies as the primary antibody to detect GFP-6xHis
(27kDa)(Figure 3.6).
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Figure 3.6. SDS-PAGE (A) and Western Blot (B) analysis of GFP-6xHis synthesised
with the RTS-100 in vitro protein synthesis system. Each in vitro reaction was carried
out with different preparations of template DNA. The sizes of the molecular weight
markers are indicated on the left hand side of the gel, while the position of GFP-6xHis is
indicated on the right hand side of the gel.

Synthesis of GFP-6xHis was most efficient when carried out using the pGFP-6xHis
plasmid DNA provided with the kit (Figure 3.6, Lane 1 and 2). GFP-6xHis synthesis
from the template DNA prepared with the High Pure Plasmid Isolation Kit was
undetectable (Figure 3.6, Lane 3), and barely detectable when using pGFP-6xHis
prepared using the QlAprep Spin Miniprep Kit (Figure 3.6, Lane 4). Phenol extraction of
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the template DNA prepared with these two kits yielded no results for the DNA prepared
with the High Pure Plasmid Isolation Kit (Figure 3.6, Lane 5), but improved the synthesis
of GFP-6xHis for the DNA prepared with the QlAprep Spin Miniprep Kit (Figure 3.6,
Lane 6) to levels comparative to that obtained when using the pGFP-6xHis provided
with the kit. The synthesis of GFP-6xHis from pGFP-6xHis prepared with the High Pure
Plasmid Isolation Kit, and then purified with the DNA clean and concentrator kit, also
yielded results comparative to levels obtained when using the pGFP-6xHis provided
with the kit (Figure 3.6, Lane 7). This method was chosen as the preferred method for
template DNA preparation for future in vitro synthesis reactions. In vitro synthesis of
protein from pIVEXG4-CDS was performed, but a protein corresponding to NcaR1-
6xHis was not observed (data not shown).

3.3.2. Heterologous expression of ncaR1 and NcaR1-6xHis.

The heterologous expression of ncaR1 or ncaR1-6xHis was carried out in E. coli BL21
(DE3) with the constructs pT7G4-CDS and plVEXG4-CDS respectively. The predicted
molecular mass of NcaR1 is 34.2kDa and of NcaR1-6xHis is 35.4kDa respectively. The
heterologous expression of a truncated NcaR1 called ANcaR1, (with a predicted

molecular mass of 22kDa) was carried out with the construct of pT7G4-ACDS.

The heterologous expression of ncaR1 in E. coli (pT7G4-CDS) induced with IPTG
(1mM) at 30°C and 37°C was carried out. Heterologous expression of AncaR1 was
performed simultaneously to ascertain whether the T7 RNA polymerase system was
functional. SDS-PAGE analysis of the protein extracts from E. coli (pT7G4-CDS) before
and 1, 2, 3, 4 and 18 hours post induction (Figure 3.7, Lanes 2-6, 9) showed that a
protein migrating at approximately the molecular mass of NcaR1 was present. This
protein was absent from the protein extracts of E. coli (pT7-7) (Figure 3.7, Lanes 1 and
8). The presence of a protein migrating at approximately the molecular mass of
ANcaR1 in the cell extracts of E. coli (pT7G4-ACDS) confirmed that the T7 RNA
polymerase system was functional (Figure 3.7, Lane 7).
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Figure 3.7. SDS-PAGE analysis of proteins produced by E. coli BL21 (DE3) harbouring
pT7-7, pT7G4-CDS or pT7G4-ACDS at 30°C or 37°C. The sizes of the molecular
weight markers are indicated on the left hand side of each gel, while the position of
NcaR1 and ANcaR1 are indicated on the right hand side of each gel.

A comparison of NcaR1 produced at 30°C and 37°C showed that similar results were
obtained at these temperatures. A low level of NcaR1 was present in E. coli (pT7G4-
CDS) before induction. From 1 hour post induction an increase in NcaR1 was observed
(Figure 3.7, Lanes 2-6, 30°C versus 37°C). However, at 18 hours post induction, there
was a reduction in the amount of NcaR1 in the cells grown at 37°C when compared to
the cells grown at 30°C (Figure 3.7, Lane 9 (30°C) versus Lane 9 (37°C)).

The heterologous production of ncaR1-6xHis in E. coli (pIVEXG4-CDS) induced with
IPTG (1mM) at 30°C and 37°C was performed. SDS-PAGE analysis of the protein
extracts from these cells before induction and at various time intervals post induction
(Figure 3.8, 30°C: Lanes 2-5 versus 37°C: Lanes2-6) showed that a protein migrating at

approximately the molecular mass of NcaR1-6xHis was present.

A comparison of the cell extracts of E. coli (pIVEXG4-CDS) grown at 30°C and 37°C
post induction showed that the production of NcaR1-6xHis differed at these
temperatures. A low level of NcaR1-6xHis was present before induction (Figure 3.8,
Lane 2) at both temperatures, but the production of NcaR1-6xHis post induction
proceeded more rapidly at 37°C (Figure 3.8, 37°C: Lanes 2-6) than at 30°C (Figure 3.8,
30°C: Lanes 2-5). At 30°C the greatest of amount of NcaR1-6xHis was only produced
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after 6 hours of induction (Figure 3.8, 30°C: Lane 5) while at 37°C the greatest amount

of NcaR1-6xHis was produced after 3 hours (Figure 3.8, 37°C: Lane 5).
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Figure 3.8. SDS-PAGE analysis of proteins produced by E. coli BL21 (DE3) harbouring
pIVEX 2.3 MCS, plVEX G4-CDS and pT7G4-CDS at 30°C or 37°C. The sizes and
positions of the molecular weight markers are indicated on the left hand side of the gel,
while the position of NcaR1-6xHis is indicated on the right hand side of the gel.

A protein migrating at approximately the same molecular mass of NcaR1-6xHis was
present in E. coli (pIVEX2.3 MCS) (Figure 3.8, 30°C: Lanes 1and 6, 37°C: Lanes 1 and
7), which should not produce NcaR1-6xHis. However, a comparison of the cell extracts
of E. coli (pIVEX2.3 MCS) before induction (Figure 3.8, 30°C: Lane 1, 37°C: Lane 1)
and post induction (Figure 3.8, 30°C: Lane 6, 37°C: Lane 7) did not show an increase in
the production of this protein, as was observed in the cell extracts of E. coli (pIVEXG4-
CDS), suggesting that it is an E. coli protein. The migration of NcaR1-6xHis produced
in E. coli (pIVEXG4-CDS) corresponds to the migration of NcaR1 produced in E. coli
(pT7G4-CDS) (Figure 3.8, 30°C: Lane 5 versus 8; 37°C: Lane 6 versus 9).

3.3.3. The affinity purification of NcaR1-6xHis.

The heterologous expression system was used for the production of NcaR1-6xHis for
purification. Purification of NcaR1-6xHis was carried out under native conditions using
Ni-NTA spin columns, which possess nitrilotriacetic acid chromatagraphy matriceswhich
have an affinity for 6xHis tags.

90



Chapter 3

[0]
®w = 1)
2} » =
828 _ - o o O
o @ = = £ S % S ?-9
2 8 8 8 8 35 35 5 &
kDa M 2 0o 2 2 o m o =
97.4 »
66.2 P
39.2 b <€-NcaR1-6xHis
26.6 P
21.5 b

Figure 3.9. SDS-PAGE analysis of the fractions obtained at each step of the native
purification of NcaR1-6xHis, which was expressed from pIVEX G4-CDS in E.coli BL21
(DE3). The positions and sizes of the molecular weight markers are indicated on the
left hand side of the gel, while the position of NcaR1-6xHis is indicated on the right hand
side of the gel.

The cleared lysate of E. coli (pIVEXG4-CDS) was passed through the Ni-NTA spin
columns to allow binding of NcaR1-6xHis to the matrix. The column was then washed
with a buffer containing a low concentration imidazole (20mM) to remove the non-
specifically bound proteins from the matrix. NcaR1-6xHis was eluted from the column
with a buffer containing a high concentration of imidazole (250mM). SDS-Page analysis
of the protein eluted from the Ni-NTA column after each purification step showed that a

protein corresponding to the molecular mass of NcaR1-6xHis was purified (Figure 3.9).

A number of purifications of NcaR1-6xHis were carried out, and the first and second
elution (Elution 1 and Elution 2) of each purification were pooled together. In order to
confirm that the protein being purified was NcaR1-6xHis, SDS-PAGE and Western Blot
analysis was performed (Figure 3.10). SDS-PAGE analysis showed that both Elution 1
and Elution 2 contained some contaminating proteins in addition to NcaR1-6xHis
(Figure 3.10 A: Lanes 2 and 3), but these concentrations were low when compared to
the concentration of NcaR1-6xHis. The Western Blot analysis, using anti-His antibodies
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as primary antibody, detected NcaR1-6xHis (Figure 3.10.B, Lanes 2 and 3), and GFP-
6xHis (Figure 3.10.B, Lane 1).
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Figure 3.10. SDS-PAGE (A) and Western Blot (B) analysis with anti-His antibodies for
the detection of purified NcaR1-6xHis. Two preparations of purified C-terminal His-
tagged NcaR1 Elution 1 (2) and Elution 2 (3) are shown, GFP-6xHis expressed in E. coli
BL21 (DES3) is also shown (1) as a control. The positions and sizes of the molecular
weight markers are indicated on the left hand side of each gel, while the position of
NcaR1-6xHis and GFP-6xHis are indicated on the right hand side of each gel.

3.3.4. Testing and calibration of antibodies raised against NcaR1-6xHis.

Approximately 1 mg of protein derived from the affinity purification of NcaR1-6xHis was
used to immunise a rabbit to raise antibodies against NcaR1-6xHis. Serum was taken
before immunisation (Day 0) and 28 days post immunisation (Day 28). A further 3
immunisations were administered on day 28, 30 and 32 to boost antibody production,
and on Day 39 further serum was isolated.

The sera from Day 28 and Day 39 were tested for the presence of NcaR1-6xHis
antibodies by Western Blot analysis of cell extracts from E. coli (pIVEX2.3 MCS) and
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E. coli (pIVEXG4-CDS) (Figure 3.11 Panel C to H). The serum from Day 0 was used as
a negative control for Western Blot analysis, to show that the immunological reaction
observed with the sera isolated after immunisation was not as a result of pre-existing
antibodies in the system of the rabbit (Figure 3.11 Panel A and B). It was necessary to
determine the optimal dilutions of the sera to be used for Western Blot analysis. Initially
1: 1 000 000 and 1: 500 000 dilutions were used for each of the sera, but no
immunological reaction was detected. Consequently 1: 100 000 and 1: 50 000 dilutions
of the sera were used. The 1: 50 000 dilution was found to be optimal (Figure 3.11.B,

Day 28: Panel D versus Panel G, Day 39: Panel E versus Panel H).

A 1: 50 000 dilution of the serum from Day 0 did not react immunologically with the
protein extracts of E. coli (pIVEX 2.3 MCS) or E. coli (pIVEXG4-CDS) (Figure 3.11,
Panel B, Lanes 1 and 2). This confirmed that the immunological reactions observed
with the Day 28 and Day 39 sera were as a result of antibodies produced against the

protein preparation of NcaR1-6xHis used for the immunisation.

The sera drawn from Day 28 and Day 39 produced an immunological reaction with a
protein in E. coli (pIVEXG4-CDS) corresponding in molecular mass to NcaR1-6xHis
(Figure 3.11, Panel D, E, G and H, Lane 2). However an immunological reaction with
the same protein in E. coli (pIVEX2.3 MCS) (Figure 3.11, Panel D, E, G and H, Lane 1)
suggested that this immunological reaction was not due to antibodies specific to NcaR1-
6xHis, as E. coli (pIVEX2.3 MCS) does not express NcaR1-6xHis.
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Figure 3.11. Cell extracts from E. coli (pIVEX2.3 MCS) and E. coli (plvexG4-CDS)

were analysed by SDE PAGE (Panel A, C and F) and by Western Blot with sera drawn
on Day O (Panel B), Day 28 (Panel D and E) and Day 39 (Panel G and H) for the
detection of NcaR1-6xHis. To optimise the concentration of the antibodies in the sera to
provide an immunological response, 1: 100 000 or 1: 50 000 dilutions of the sera from
Day 28 and Day 39 were used for Western Blot analysis. The positions and sizes of the
molecular weight markers are indicated on the left hand side of each gel, the position of
NcaR1-6xHis is indicated on the right hand side of each gel.
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3.3.5. Detection of heterologously expressed NcaR1 and NcaR1-6xHis by Western
blot analysis with anti-NcaR1-6xHis serum.

Due to the immunological reaction that occurred with the negative control cell extract of
E. coli (pIVEX2.3 MCS), a number of cell extracts of the negative control prepared on
different occasions were tested, in order to eliminate the possibility that the previous cell
extract from E. coli (pIVEX2.3 MCS) was contaminated with NcaR1-6xHis. In addition,
the cell extracts of E. coli (pT7-7), E. coli (pT7G4-CDS) and E. coli (pIVEXG4-CDS)
were tested to determine whether the cross reaction was specific to the E. coli
(pIVEX2.3MCS) cell extracts or not.
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Figure 3.12. SDS-PAGE (A) and Western Blot (B) analysis for the detection of NcaR1
and NcaR1-6xHis heterologously expressed in E. coli (pT7G4-CDS) and E. coli
(PIVEXG4-CDS) with sera drawn on Day 39 (1: 50 000 dilution) as primary antibody.
The positions and sizes of the molecular weight markers are indicated on the left hand
side of each gel, and the position of NcaR1-6xHis is indicated on the right hand side of
each gel.

Western Blot analysis of these samples showed that the serum drawn on Day 39
reacted similarly with all the cell extracts, (Figure 3.12.B, Lanes 1-6) despite NcaR1 or
NcaR1-6xHis only being present in the cell extracts of E. coli (pT7G4-CDS) and E. coli
(pIVEXG4-CDS) (Figure 3.12.B, Lanes 2, 4 and 6). This confirmed that the antibodies
produced were not specific to NcaR1-6xHis, but instead to an E. coli protein, which may

have co-purified with NcaR1-6xHis.
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3.4. Discussion.

A protein band corresponding to the predicted molecular mass of NcaR1 was observed
in SDS-PAGE analysis of cell extracts from E. coli (pT7G4-CDS) grown at 30°C and
37°C, but not in cells harbouring the vector plasmid pT7-7. Low levels of NcaR1 was
detected in the cell extracts of E. coli (pT7G4-CDS) before induction, and could be due
to the slightly “leaky” regulation of the /ac promoter (Tabor, 1983). At eighteen hours
post induction, the amount of NcaR1 remaining in the cells grown at 30°C was higher
than in the cells grown at 37°C. The expression of ANcaR1 from E. coli (pT7G4-ACDS)
provided an excellent tool for testing the efficiency of the E. coli BL21 (DES3)
heterologous expression system. A protein corresponding to the molecular mass of
NcaR1-6xHis was produced in E. coli (pIVEXG4-CDS) at 30°C and 37°C.

The use of an in vitro system for the production of an N-carbamoyl-amino acid
amidohydrolase has not been reported before. Initial in vitro expression experiments for
the synthesis of NcaR1-6xHis were unsuccessful and failed to produce any detectable
protein (data not shown). This necessitated some optimisation studies with the RTS
100 system, which were performed with the control plasmid (pGFP-6xHis) for the
production of GFP-6xHis, and gave the following results. The recommended method of
DNA preparation (High Pure Plasmid Isolation Kit) and an equivalent DNA preparation
kit (QlAprep Spin Miniprep Kit) did not produce as much protein as the pGFP DNA
provided with the kit. The protein produced was improved by further purification of the
DNA by phenol extraction or using the DNA Clean and Concentrator Kit. These results
could be due to the improved purity of the DNA, or alternatively due to the increased
concentration of the DNA, which resulted in the addition of a smaller volume of DNA

thereby reducing the amount of inhibitors such as salts.

NcaR1-6xHis was not produced from pIVEXG4-CDS using the RTS 100 system, but the
synthesis possibly requires further optimisation. Since the heterologous expression
system produced NcaR1-6xHis, large-scale production of NcaR1-6xHis for purification
was carried out using this method. Purification of NcaR1-6xHis using Ni-NTA spin
columns under native purification conditions resulted in the purification of a protein with

a molecular weight corresponding to NcaR1-6xHis. However some contaminating
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proteins were present, despite the use of a wash buffer containing 20mM imidazole,
which inhibits the binding of non-specific proteins.

Many proteins exist that possess naturally occurring histidine-rich regions or domains,
the purposes of which are numerous. Some act as binding domains for protein-protein
interactions (Vanguri et al., 2000), while others act as metal binding domains for the
binding of metal cofactors required by certain enzymes (Fu et al., 1995; Hottenrott et al.,
1997; Suzuki and Endo, 2002). But most commonly, they act as metal binding domains
for proteins involved in the transport of metal ions (Guerinot, 2000; Chen and Morse,
2001, Eng et al., 1998). Proteins such as these may have been bound to the Ni-NTA
column, and thus co-purified with NcaR1-6xHis.

The Day 28 and Day 39 sera, isolated from the rabbit after immunisation with purified
NcaR1-6xHis, were found to produce an immunological response with a protein with a
molecular mass corresponding to NcaR1-6xHis in the Western blot analysis of E. coli
(pIVEXG4-CDS) cell extracts. However, the same reaction was observed in E. coli
(pIVEX2.3 MCS) cell extracts that did not contain NcaR1 or NcaR1-6xHis, indicating
that the antibodies in the sera were not specific to NcaR1-6xHis.

As the serum isolated before the rabbit was inoculated with the NcaR1-6xHis (Day 0)
did not show an immunological reaction with NcaR1-6xHis, pre-existing rabbit
antibodies could be eliminated as the cause of the results obtained with the Day 28 and
Day 39 sera. It is possible that the reaction was due to antibodies that were produced
against the non-specific proteins that were eluted from the Ni-NTA column with NcaR1-
6xHis. However this is not a suitable explanation, as the proteins to which the
antibodies are reactive do not correspond to the molecular masses of the non-
specifically purified protein.

Since native purification conditions were used for the purification of NcaR1-6xHis, it is
possible that proteins bound to NcaR1-6xHis, such as chaperone proteins involved in
protein folding, were co-purified with NcaR1-6xHis. And it is possible that it is to these

proteins that antibodies in the rabbit were formed.
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In conclusion, proteins corresponding to the size of NcaR1 and NcaR1-6xHis were
produced, but the antibodies that were raised against the protein preparation of NcaR1-
6xHis were not specific to NcaR1 or NcaR1-6xHis. This problem may have been
overcome if two courses of action had been followed. The first involves the conditions
under which the NcaR1-6xHis was purified. If NcaR1-6xHis had been purified under
denaturing conditions instead of native conditions, the likelihood of co-purification of
NcaR1-6xHis with other proteins such as chaperone proteins or proteins with naturally
occurring His-rich regions, may have been reduced thus reducing the presence of non-
specific antibodies in the serum. The second involves the pre-adsorption of the anti-
NcaR1-6xHis serum with E. coli cell lysate to eliminate the non-specific antibodies that
were interacting with E. coli proteins.
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Optimisation of ncaR1 and ncaR1-6xHis heterologous expression.
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Optimisation of ncaR1 and ncaR1-6xHis heterologous expression.

4.1. Introduction.

E. coli has been discussed previously as one of the most widely used hosts for the
heterologous production of proteins. However, it is a system that is not without its
disadvantages, the most common problem being that the proteins expressed in E. coli
accumulate intracellularly in the form of insoluble, biologically inactive inclusion bodies
(Hockney 1994, Weickert et al., 1996) so heterologous expression often needs to be
optimised. The insoluble nature of heterologously produced D-NCAAHs has been
reported previously (Buson et al., 1996; Grifantini et al., 1998; Chao et al., 1999b; Hils
et al. 2001; Sareen et al., 2001b) and a number of methods have been used to optimise
the heterologous production of NCAAH.

Various studies have shown that the solubility and activity of the D-NCAAH produced is
dependant on the promoter used (Chao et al.,, 2000a; Park et al., 2000; Kim et al.,
2000a), the expression vector used (Chao et al., 2000a) and the strain of E. coli used
(Chao et al., 2000a; Sareen et al., 2001b). In some cases, co-expression of chaperone
proteins with D-NCAAH has been shown to bring about an increase in the production of
the enzyme in a soluble, active form (Chao et al., 2000a; Sareen et al., 2001b). Most
commonly, the approach used to improve the solubility and activity of heterologously
produced D-NCAAH is to lower the temperature at which the host strain is grown
(Buson et al., 1996; Grifantini et al., 1998; Chao et al., 2000a; Sareen et al., 2001b).
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4.1.1. Objectives.

The aim of the research described in this chapter was to determine if NcaR1 and
NcaR1-6xHis heterologously produced in E. coli possessed N-carbamoyl-amino acid
amidohydrolase activity. = Subsequently it was investigated if the heterologous
production of NcaR1 and NcaR1-6xHis could be optimised. In order to achieve this it
was necessary to determine which conditions were conducive to NcaR1 or NcaR1-
6xHis heterologous production, while at the same time ensuring that the solubility and
N-carbamoyl-amino acid amidohydrolase activity of NcaR1 and NcaR1-6xHis was not
undermined. Parameters such as the optimum period of induction and the temperature

used for growth after induction were investigated.
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4.2. Materials and Methods.

4.2.1. Bacterial strains, plasmids and culture conditions.

Heterologous expression was carried out in E. coli BL21 (DE3) (F dcm ompT hsdS|[rg’
mg’] gal A[DE3]) containing the recombinant plasmid of interest. Unless otherwise
stated, growth of E. coli was carried out as previously described (Section 2.2.1). The
plasmids used in this chapter are listed in Table 4.1, where the parental vector and the
origin of the DNA insert is indicated.

Table 4.1. Plasmids used in this chapter.

Plasmid Origin of Insert Reference
pGEM-T Easy Cloning Vector Promega
pT7-7 Expression Vector Tabor, 1983
pIVEX2.3 MCS Expression Vector Roche

1179bp PCR amplification product from RU-OR genomic

PG4 DNA using primers CHAOF1 & CHAOR{ in pGEM-T Easy | 2rtiey, 2001
) 195bp Nde | -Sac | fragment from pBM1 inserted into .
pT7G4-CDS pT7G4 This study
423bp Eco RI — Sal | fragment deleted from insert of .
PT7G4-ACDS pT7G4-CDS This study
pIVEXG4-CDS 721 bp Sac|-Sma | fragment from pG4-7/10a inserted into This study

pIVEXG4-CDS-N

4.2.2. Heterologous expression of NcaR1 and NcaR1-6xHis in E.coli BL21 (DE3).

Heterologous production of NcaR1 and NcaR1-6xHis was carried out as outlined in
Appendix 10. The cells were harvested by centrifugation at 7000rpm in a Beckman
JA14 rotar (Beckman J2-21) for 10 minutes and resuspended to a final concentration of
40 mg/ml wet cell mass in 0.1M potassium phosphate buffer (pH8). Following
resuspension, a fraction of cells were set aside for whole cell (WC) biocatalytic assays
and protein analysis by SDS-PAGE. The remainder were sonicated for a total of 1
minute on ice (six 10-second pulses with 10-second cooling periods inbetween). A
fraction of the sonicated cells (SON) were set aside for SDS-PAGE and biocatalytic
assays and the remainder were separated into the soluble and insoluble fractions as
follows. A known volume of sonicated cells were centrifuged at 8000rpm in a Beckman
JA20 rotar for 10 minutes (Beckman J2-21). The supernatant was poured off and used
as the soluble fraction (SOL) for biocatalytic assays or SDS-PAGE analysis. The pellet
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was resuspended in an equivalent volume of 0.1M potassium phosphate buffer (pH8)
and was used as the insoluble fraction (INS) for biocatalytic assays or SDS-PAGE
analysis.

4.2.3. Biocatalytic reactions for the detection of NCAAH activity.

Biocatalytic reactions for the detection of NCAAH activity using the whole cell,
sonicated, soluble and insoluble fractions of recombinant E. coli cells were performed
according to the method of Hartley et al., (1998). A volume of each of the fractions
(originating from a cell suspension of 40mg/ml) were added to an equal volume of 0.1M
potassium phosphate buffer (pH8) containing 25mM N-carbamoyl glycine to the
equivalent of a final concentration of 20 mg/ml wet cell mass. Controls consisting of
cells (resuspended to 40mg/ml) added to an equal volume of 0.1M potassium
phosphate buffer (pH8) (cell blank) or substrate (25 mM N-carbamoyl glycine) added to
an equal volume of 0.1M potassium phosphate buffer (pH8) (substrate blank) were also
prepared. The biocatalytic reaction was carried out at 40°C with shaking at 200rpm for
6 to 18 hours, after which the samples were microfuged to pellet the cells and the
supernatant analysed. Any N-carbamoyl glycine converted to glycine by NCAAH was
quantified using the ninhydrin assay as described in Section 2.1.7. One unit of NCAAH

(U) activity was calculated as pumol/ml glycine produced from N-carbamoyl glycine.

4.2.4. Detection of NcaR1 and NcaR1-6xHis by SDS-PAGE.

Protein samples were analysed by SDS-PAGE in 12.5% polyacrylamide gels as
described in Section 3.2.11.
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4.3. Results.

4.3.1. Preliminary analysis of NcaR1 and NcaR1-6xHis enzyme activity.

The NCAAH activity obtained from NcaR1 and NcaR1-6xHis heterologously produced in
E. coli (pT7G4-CDS) and E. coli (pIVEXG4-CDS) after induction at 37°C for 4 hours was
determined (Figure 4.1.).

NCAAH Activity (U)
()]
—

o
Hi
f

pT7-7 (4h)  pT7/G4A-CDS  pIVEX2.3  pIVEXG4-CDS
(4h) MCS (4h) (4h)

Figure 4.1. NCAAH activity (U) of NcaR1 produced in E. coli (pT7G4-CDS) and
NcaR1-6xHis produced in E. coli (pIVEXG4-CDS) at 37°C, 4 hours after induction with
IPTG (1mM).

The negative controls, E. coli (pT7-7) and E. coli (pIVEX2.3 MCS) showed no
detectable NCAAH activity. NCAAH activity was detected in cells containing pT7G4-
CDS (6.6 U) whereas the cells containing plVEXG4-CDS showed no detectable NCAAH
activity. The visualisation of NcaR1-6xHis on SDS-PAGE gels (data not shown)
indicated that the protein was produced, so it was concluded that the presence of a
6xHis tag at the C-terminal of the NcaR1 protein inhibited NcaR1 activity.

4.3.2. Analysis and Optimisation of NcaR1 enzyme activity.

i) Effect of sonication.

To determine whether NCAAH activity could be improved by using cell free extracts, the

NCAAH activity of whole cells was compared to that of sonicated cells (Figure 4.2).
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Cells that had been subjected to sonication showed an increase in NCAAH activity by
more than a 30% (from 6.6U in whole cells to 8.9U in sonicated cells, Figure 4.2).
Further NCAAH activity in subsequent experiments was determined using cell free

extracts E. coli cells as the increase in activity was significant.

NCAAH Activity (U)
(o)

o
H
.I

pT7-7 pT7G4-CDS

Figure 4.2. A comparison of NCAAH activity of E. coli (pT7-7) and E. coli (pT7G4-CDS)
whole cells (WC) and sonicated (SON) cells.

i) The T7 RNA polymerase system for the overexpression of ncaR1.

The efficiency of active NcaR1 produced from pG4 was compared to the efficiency of
active NcaR1 produced in pT7G4-CDS. NCAAH activity of NcaR1 produced in E. coli
(pG4) and E. coli (pT7G4-CDS) by inducing with IPTG for 4 hours at 37°C was
determined. E. coli (pT7G4-ACDS) producing ANcaR1, a deletion of ncaR1 which
truncates the protein by 160 amino acids, was also grown and assayed for NCAAH
activity (Figure 4.3.A). SDS-PAGE analysis of the protein in the sonicated cells, as well
as in the soluble and insoluble fractions was also carried out (Figure 4.3.B).

The NCAAH activity of NcaR1 produced in E. coli (pT7G4-CDS) was 60% greater than
NCAAH activity of NcaR1 produced in E. coli (pG4) (6.9U versus 2.8U respectively
Figure 4.3.A). ANcaR1 produced in E. coli (pT7G4-ACDS) did not possess any
detectable NCAAH activity when
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Figure 4.3. Panel A. A comparison of NCAAH activity in cell free extracts of E. coli
(pGEM-T Easy), E. coli (pT7-7), E. coli (pG4), E. coli (pT7G4-CDS) and E. coli (pT7G4-
ACDS) at 37°C after 4 hours of induction. Panel B. SDS-PAGE analysis of total protein
(T) soluble protein (S) and insoluble protein () in cell free extracts of E. coli (pGEM-T
Easy) E. coli (pT7-7), E. coli (pG4), E. coli (pT7G4-CDS) and E. coli (pT7G4-ACDS)
grown at 37°C for 4 hours with induction. The sizes and positions of the molecular
weight markers (M) are shown on the left hand side of the gels. The position of NcaR1
and ANcaR1 are indicated by shown on the right hand side.

SDS-PAGE analysis showed that NcaR1 could not be detected when produced in E.
coli (pG4) (Figure 4.3.B, Lanes 5 to 6). A protein corresponding to the molecular mass
of NcaR1 was detected in E. coli (pT7G4-CDS), and protein corresponding to ANcaR1
was detected in E. coli (pT7G4-ACDS) (Figure 4.3.B, Lanes 12 and 15 respectively).
While most of the NcaR1 was distributed in the insoluble protein fraction (Figure 4.3.B,
Lanes 13 versus 14), most of the ANcaR1 was distributed in the soluble protein fraction

(Figure 4.3.B, Lanes 16 versus 17).
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i) The effect of induction on the solubility of NcaR1.

NCAAH activity of NcaR1 produced in uninduced and induced E. coli (pT7G4-CDS)
grown at 37°C was determined (Figure 4.4A). In addition, SDS-PAGE analysis of the
protein of whole cells and the soluble and insoluble protein fractions of cell free extracts

was performed (Figure 4.4B).
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Figure 4.4. Panel A. NCAAH activity in E. coli (pT7G4-CDS) induced with IPTG (1mM)
for 1 and 4 hours, compared to NCAAH activity in uninduced E. coli (pT7G4-CDS).
Panel B. SDS-PAGE analysis of NcaR1 produced in induced (+IPTG) and uninduced (-
IPTG) E. coli (pT7G4-CDS) sampled at 0, 1 and 4 hours post induction. Total protein
from the sonicated cells (T) as well as the soluble (S) and insoluble (I) protein fractions
of the cells were analysed. The positions and sizes of the molecular weight markers
(M) are shown on the left hand side of the gels. The position of NcaR1 is shown on the
right hand side of the gels.

Before induction, 1.7U of NCAAH activity was detected in E. coli (pT7G4-CDS) (Figure
4.4A) and a protein corresponding to the molecular weight of NcaR1 was detected
(Figure 4.4B, Lane 1).
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At 1 hour post induction, the induced E. coli (pT7G4-CDS) possessed approximately
40% more NCAAH activity than the uninduced cells (Figure 4.4A, 3.5U versus 2.1U).
SDS-PAGE analysis of the protein in these cells showed that NcaR1 was over produced
in the induced cells (Figure 4.4B, Lane 7). However, in the induced cells, the majority of
the NcaR1 produced was in the insoluble fraction (Figure 4.4B, Lane 8 versus Lane 9).

At 4 hours post induction, the total NCAAH activity was almost the same in the induced
and uninduced cells (Figure 4.4.A, 6.9U and 6.9U respectively) and SDS-PAGE
analysis showed that NcaR1 was over produced in both the induced and uninduced
cells (Figure 4.4.B, Lanes 10 and 13). SDS-PAGE analysis shows that the majority of
the NcaR1 produced is insoluble in the induced cells (Figure 4.4.B, Lane 14 versus

Lane 15) and the uninduced cells (Figure 4.4.B, Lane 11 versus Lane 12).

These results indicate that when NcaR1 is overproduced the majority is insoluble and
inactive. A reduction in NcaR1 production was observed when E.coli (pT7G4-CDS) was
not induced with IPTG, but the solubility and NCAAH activity of NcaR1 was retained.
However this was only observed early in mid-log growth phase. Once the cells reached
stationary phase, similar results were obtained with cells that were induced and cells
that were not induced with IPTG.
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iv)  The effect of temperature on the solubility of NcaR1 produced in E. coli.

The effect of the temperature used for induction on the solubility and NcaR1 production
was investigated. NCAAH activity of NcaR1 produced in E. coli (pT7G4-CDS) induced
with IPTG for 0, 1 and 4 hours at 30°C and 37°C was compared (Figure 4.5A). The
distribution of the NCAAH activity in the soluble and insoluble fractions of the cells
harvested before induction (0 hours) and at 1 and 4 hours post induction was
investigated, and related to the amount of NcaR1 observed in each of these fractions
when analysed by SDS-PAGE (Figure 4.5B).

Before induction, cell free extracts of E.coli (pT7G4-CDS) possessed 1.7U of NCAAH
activity (Figure 4.5A) and a protein corresponding to the molecular mass of NcaR1 was
detected (Figure 4.5B, Lane). After 1 hour of induction with IPTG, the NCAAH activity
of the cells grown at 30°C was greater than cells grown at 37°C (Figure 4.5A, 4.5U and
3.5U respectively).

After 4 hours of induction with IPTG, the NCAAH activity of the cells grown at 30°C was
greater than the NCAAH activity of cells grown at 37°C (Figure 4.5A, 12.9U and 6.9U

respectively).

For both of these time intervals, the majority of the NcaR1 being produced was
insoluble at 30°C (Figure 4.5A, Lane 5 versus Lane 6 and Lane 8 versus Lane 9) and
37°C (Figure 4.5A, Lane 11 versus Lane 12 and Lane 14 versus Lane 15). Only in cells
grown at 30°C for 4 hours showed an increase in the amount of soluble NcaR1
produced (Figure 4.5B, Lane 8).
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Figure 4.5. Panel A. NCAAH activity in E. coli (pT7G4-CDS) grown at 30°C compared
to NCAAH activity in E. coli (pT7G4-CDS) grown at 37°C. Panel B. SDS-PAGE
analysis of protein produced in E. coli (pT7G4-CDS) at 30°C and 37°C before induction
and 1 and 4 hours post induction. Total protein from the cell free extracts (T), as well as
the soluble (S) and insoluble (INS) protein fractions of the cells were analysed. The
positions and sizes of the molecular weight markers (M) are shown on the left hand side
of the gels. The position of NcaR1 is shown on the right hand side of the gels.
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4.4. Discussion.

The research discussed in this chapter set out to determine if NcaR1 and NcaR1-6xHis
produced in E. coli (pT7G4-CDS) and E. coli (pIVEXG4-CDS) possessed NCAAH
activity. Furthermore, optimisation of NcaR1 and NcaR1-6xHis production in E. coli
(pT7G4-CDS) and E. coli (pIVEXG4-CDS) was to be optimised.

4.4.1. NCAAH activity of heterologously produced NcaR1 and NcaR1-6xHis.

In this study, NcaR1 produced in E. coli (pT7G4-CDS) showed NCAAH activity, but the
addition of a C-terminal His-tag resulted in the loss of NCAAH activity. In some cases
the use of protein tags have been found to interfere with the function of the
heterologously expressed proteins. For example, a hydantoin racemase from A.
aurescens DSM 3747 produced with a C-terminal His-tag resulted in a complete loss of
racemase activity (Wiese et al., 2000). The purification of a heterologously produced D-
NCAAH with an N-terminal His-tag has been performed before (Hsu et al., 1999;
Sareen et al., 2001a) and was not reported to affect NCAAH activity detrimentally
(Sareen et al., 2001a).

There are no reports of the heterologous production of a D-NCAAH with a C-terminal
His-tag, however, a study where a D-hydantoinase was fused to the C-terminal of a D-
NCAAH to form a bi-functional enzyme did not result in the loss of NCAAH activity (Kim
et al. 2000a,b), which suggests that the fusion of a His-tag to the C-terminal end would
not affect NCAAH activity either.

4.4.2. Optimisation of heterologous production of NcaR1.

The optimisation of production of enzymatically active and soluble NcaR1 was pursued.
It has been suggested that N-carbamoyl-amino acids, the substrate of NCAAHSs, have a
low permeability through cell membranes (Olivieri et al., 1981; Lee et al., 1999; Park et
al., 2000), which results in low NCAAH activity, as the substrate is not freely available
to the enzyme. So the first course of action to increase the activity of NcaR1 was the
use of sonication to lyse the cells in which the enzyme was produced, thereby allowing

the enzyme to come into contact with the substrate more readily. This approach
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resulted in an increase in NCAAH activity of more than a third when compared to that of

whole cells (Figure 4.2).

Another factor that was thought to affect the NCAAH activity of the NcaR1 produced
was the solubility of the protein, as the insoluble nature of heterologously produced D-
NCAAH’s has been reported in the past (Buson et al., 1996; Grifantini et al., 1998; Chao
et al., 1999; Hils et al. 2001; Sareen et al., 2001a). With heterologous expression, it is
believed that the rate of expression and protein production plays a role in the quality of
the protein product and it is suspected that if the protein is produced too rapidly the
chances of protein mis-folding and consequently the formation of insoluble aggregates
are increased (Hockney, 1994).

In this study, the T7 RNA polymerase promoter was used for the heterologous
expression of ncaR1. It is commonly known that the /ac promoter regulating the
expression of the T7 RNA polymerase is “leaky” resulting in low-level expression of the
gene of interest before the expression of T7 RNA polymerase is induced (Baneyx,
1999). Here it was observed that this was the case for the expression of ncaR1 and
was reported for another D-NCAAH being expressed under the control of a T7 promoter
(Sareen et al., 2001b). To improve the solubility of the NcaR1 being produced by
decreasing the rate at which ncaR1 was being expressed, the “leaky” nature of the /ac
promoter controlling the T7 RNA polymerase was taken advantage of, and the low-level
expression of ncaR71 in uninduced cells was compared to the normal expression of
ncaR1 in induced cells.

It was found that NcaR1 produced before induction possessed NCAAH activity, but only
at 20% of that obtained after 4 hours with induction. At 1 hour, an increase in NCAAH
activity was observed for both the induced and uninduced cells and very little NcaR1
was observed in the soluble fractions compared to those in the insoluble fractions.

At four hours post induction, the total NCAAH activity for both the induced and
uninduced cells was similar. Both possessed higher NCAAH activity than at 1 hour post
induction and SDS-PAGE analysis showed that the amount of NcaR1 produced in the
induced and uninduced cells was similar, the majority of which was in the insoluble
fraction, thus it appeared that induction with IPTG might be unnecessary.
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The solubility and activity of heterologously produced NcaR1 was improved further by
lowering the temperature used for the growth of the cells. Decreasing the temperature
has been employed regularly to reduce the production of insoluble proteins during
heterologous production (Surek et al., 1991; Baneyx et al.,, 1991; Hockney, 1994;
Nygaard, 2001) and it has been shown to be successful when applied to the
heterologous production of NCAAH's (Buson et al., 1996; Grifantini et al., 1998; Chien
et al., 1998; Chao et al., 2000; Sareen et al., 2001). In this study decreasing the
temperature from 37°C to 30°C resulted in an almost a two-fold increase of NCAAH

activity and an increase in solubility of NcaR1 was observed by SDS-PAGE analysis.

113



CHAPTER 5

General Conclusions

Isolation of genes encoding hydantoin hydrolysing enzymes from A. tumefaciens

L 0 0 115
Expression of ncaR 71 and NCAR2Z. ..........ooeiiiiiiiiiiie et 116
Expression and purification of NCaR1-6XHIS. ...........ccoeeiiiiiiiiiiiiiiieece e 117
FUtUure RESEArCN........c.eiii e 118

114



CHAPTER S5
General Conclusions

The research described in this thesis focused on the isolation and expression of
hydantoin hydrolysing enzymes from A. tumefaciens RU-AEO1 and A. tumefaciens RU-
OR.

5.1. Isolation of genes encoding hydantoin hydrolysing enzymes
from A. tumefaciens RU-AEO1.

It has been shown that the genes encoding the hydantoin hydrolysing genes of some
bacteria are associated in gene clusters on the genome (Watabe et al., 1992a,b; Wiese
et al., 2001a,b; Hils et al., 2001). Previously, the gene encoding an N-carbamoyl-amino
acid amidohydrolase was isolated from a genomic DNA library of Agrobacterium
tumefaciens RU-AEO1 (Harrera, unpublished results). Nucleotide sequence analysis of
the region upstream of the N-carbamoyl-amino acid amidohydrolase of this strain
revealed a fragment of an open reading frame that corresponds to the 5’ region of the

gene encoding a D-hydantoinase (Hartley, unpublished results).

Since the genes encoding the hydantoinase and NCAAH of A. tumefaciens RU-AEO1
are linked on the genome, the re-isolation of the NCAAH on a large enough fragment
from the genomic DNA library could have allowed for the simultaneous isolation of the
hydantoinase. Furthermore, other genes encoding proteins involved in the hydrolysis of
hydantoins, such as the hydantoin racemase and the hydantoin permease may also
have been isolated. To achieve this, a gene library of A. tumefaciens RU-AEO1 was
screened with a DNA probe consisting of the gene encoding the N-carbamoyl-amino
acid amidohydrolase from this strain.

Nucleotide sequence was generated from the 5" and 3’ regions of two genomic DNA

inserts that were shown to possess homology to the DNA probe. Nucleotide sequence
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analysis showed that both of these genomic DNA fragments shared nucleotide
sequence homology to the same region of the A. tumefaciens C58 circular
chromosome. However, analysis of the open reading frames of this region of the A.
tumefaciens C58 circular chromosome did not reveal any genes encoding enzymes
involved in the hydrolysis of hydantoins. Further Southern Hybridisation of the
recombinant plasmids carrying these DNA inserts, and a third set of recombinant
genomic DNA library plasmids (that also showed homology to the DNA probe) with the
DNA probe was performed. This showed that the DNA probe used for screening the
genomic DNA library was binding to the vector DNA in which the genomic DNA library
was inserted. The reason for this was undetermined, as they shared no sequence
homology. However the implications were that this DNA probe was not suitable for
screening the genomic DNA library. As a result, isolation of the hydantoinase gene and

other enzymes involved in the hydrolysis of hydantoin was not achieved.

5.2. Expression of ncaR1 and ncaR2.

In bacteria, N-carbamoyl-amino acid amidohydrolase activity is usually encoded by one
enzyme (Wiese et al.,, 2001a,b; Watabe et al, 1992a,b; Hils et al, 2001). However A.
tumefaciens RU-OR has been shown to possess two genes, ncaR1 and ncaR2, which
encode two N-carbamoyl-amino acid amidohydrolases with unique deduced amino acid
sequences (Hartley, 2001) and probably have distinct NCAAH activity. This may
account for the unusual N-carbamoyl-amino acid amidohydrolase activity of A.
tumefaciens RU-OR (Hartley et al., 1998).

One of the objectives of this study was to express ncaR1 and ncaR2 separately, and to
compare the N-carbamoyl-amino acid amidohydrolase activity of each of these
enzymes. However the plasmid containing the genomic DNA insert that carries ncaR2
was found to possess a different nucleotide sequence when compared to the nucleotide
sequence that was originally obtained (Hartley, 2001), and the open reading frame of
ncaR2 could not be found. The phenomenon of plasmid rearrangements, or the
‘looping out’ of potentially toxic genes in recombinant plasmids may provide an
explanation for the loss of ncaR2 from the plasmid on which it was encoded.
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Hils et al. (2001) showed that the hydantoin utilising gene cluster of Agrobacterium sp.
IP 1-671 was flanked by a putative transposase and a putative resolvase, which were
suggested to be part of a transposon carrying the hydantoin utilising genes. If a similar
scenario exists in A. tumefaciens RU-OR, it is possible that a transposition event may
have resulted in the loss of ncaR2 from the A. tumefaciens RU-OR genome, which
would explain why PCR amplification of ncaR2 from the A. tumefaciens RU-OR genome
using primers specific for this gene failed (Hartley, unpublished results). Consequently
the expression of ncaR2 could not be performed in this study.

The gene encoding ncaR1 was expressed in E. coli with the T7 RNA polymerase
promoter and a protein corresponding to the expected molecular mass of NcaR1 was
produced. Furthermore, a truncation of ncaR1 was constructed, and used to produce
the protein ANcaR1. Enzyme activity assays of cell free extracts of recombinant E. coli
producing NcaR1 and ANcaR1 showed that NcaR1 possessed N-carbamoyl-amino acid
amidohydrolase activity, while ANcaR1 did not. This proved that the NCAAH activity

was as a result of the production of NcaR1.

The optimisation of the expression of ncaR1 was performed. Studies have shown that
lowering the temperature used for the growth of the cells producing the N-carbamoyl-
amino acid amidohydrolases reduces the production of insoluble protein aggregates
and increases the amount of active enzyme in the cells (Buson et al., 1996; Grifantini et
al.,, 1998; Chien et al.,, 1998). In this study, decreasing the temperature from 37°C to
30°C improved the solubility of NcaR1, and resulted in almost a two-fold increase in N-

carbamoyl-amino acid amidohydrolase activity.

5.3. Expression and purification of ncaR1-6xHis.

The expression of ncaR1-6xHis in E. coli to produce NcaR1-6xHis, which possessed a
C-terminal 6xHis tag was performed to facilitate the purification of NcaR1. Enzyme
activity assays showed that NcaR1-6xHis did not possess N-cabamoyl-amino acid
amidohydrolase activity, and is thought to be as a result of the addition of the 6xHis tag

on the C-terminus of the protein.
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NcaR1-6xHis was purified under native conditions using Ni-NTA affinity chromatography
spin columns, and was used to raise polyclonal antibodies in a rabbit. However, the
serum isolated from the rabbit after immunisation was shown to possess antibodies that
were not specific for NcaR1 or NcaR1-6xHis produced in E. coli. Since native
purification conditions were used to purify NcaR1-6xHis, it is possible that proteins
bound to NcaR1-6xHis, such as chaperone proteins, were co-purified with NcaR1-

6xHis, and it is to these proteins that antibodies in the rabbit were formed.

5.4. Future Research.

Hils et al., (2001) showed that inactivation of the NCAAH gene in Agrobacterium sp. |P
I-671 resulted in a total loss of NCAAH activity, proving that NCAAH activity is only
encoded by one enzyme in this strain. In the case of A. tumefaciens RU-OR, the
inactivation of ncaR7 would result in a mutant that would still possess ncaR2. This
mutant could be useful for studying the enzyme characteristics, which are proposed to
be novel, of NcaR2 in the absence of NcaR1. In addition, the isolation and
heterologous expression of ncaR2 for the purification of NcaR2 is still of interest, so that
the enzyme characteristics can be compared to NcaR1.

Furthermore, the isolation of the hydantoinase gene or genes encoding other enzymes
involved in the hydrolysis of hydantoin could still be pursued. This would require the
development of a new DNA probe for screening the genomic DNA library, or
alternatively the application or development of a completely new method for screening
the genomic DNA library. Screening methods that have been used before include
screening the genomic DNA library for enzyme activity, or for the ability to utilise
hydantoin as a sole nitrogen source.

Once ncaR1 and ncaR2 have been isolated, directed evolution could be performed by
shuffling these genes, to generate a gene encoding an NCAAH with improved
characteristics, such as enhanced enzyme activity and improved oxidative stability and
thermostability. This would result in an enzyme that would have improved performance

as a biocatalyst for the production of amino acids.
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With regards to production of antibodies to NcaR1, the isolation of NcaR1-6xHis under
denaturing conditions may provide a better method protein preparation for the synthesis
of NcaR1-6xHis antibodies. Denaturing conditions will ensure that there are no proteins
bound to NcaR1-6xHis, and would eliminate the co-purification of other proteins. The
isolation of NcaR1 antibodies will provide a useful tool for the detection of NcaR1 or
other N-carbamoyl amino acid amidohydrolases. They could be used to quantify the
expression of NcaR1 in A. tumefaciens RU-OR. Furthermore, antibodies raised against
NcaR1 may also react immunogenically with NcaR2, and may provide a tool for the
detection of this enzyme too. It might also be of interest to produce NcaR1 with an N-
terminal 6xHis tag, and determine if it still possessed NCAAH activity.
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Appendix 1: Media and Buffers
Luria Broth (LB) and Luria Agar (LA)

10g tryptone

5g yeast extract

5g NaCl

Made up to 1L with dH,O, and autoclaved for 20 minutes.

For Luria agar, 159 agar was added to the above before autoclaving.

Antibiotics were added (if necessary) after autoclaving.

0.1M Potassium Phosphate Buffer
Make stocks of 0.2M potassium hydroxide (KOH) and 0.2 M potassium dihydrogen
orthophosphate (KH,PO,). Mix to required pH.

40% Acrylamide Stock

38% Acrylamide
2% Bis-Acrylamide

Resolving Gel

3.2 ml 40% Acrylamide stock
3.2 ml water

3.75ml 1M Tris (pH8.7)
100ul 10% SDS

100ul 10% APS

10 ul TEMED

Stacking Gel

1.3ml 40% Acrylamide stock
7.25ml water

1.3ml 1M Tris (pH 6.8)
100ul 10% SDS

50ul 10% APS

10pul TEMED
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2x SDS-PAGE Buffer
2.5ml Tris (pH 6.8)

2ml 20% SDS

1ml B-mercaptoethanol

2ml glycerol

0.01% Bromophenol blue
Make up to 10ml with dH,0

2X Bath Buffer for SDS-PAGE
57.69g glycine

129 Tris (pH 8.3)

4g SDS

Made up to 2L with dH,0

Transfer Buffer
3.03g Tris

14.4g Glycine

200ml methanol in 1L
Make fresh and chill

TBS-Tween

100ml 1M Tris pH7.5
30ml 5M NaCl

iml TWEEN-20

Made up to 1L with dH,O

Coomassie Stain

Dissolve 2g Coomassie in 200ml Destain |, and stir overnight
Filter

Destain |

50% Methanol
10% Glacial acetic acid
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Destain Il

5% Methanol
7% Glacial acetic acid
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Appendix 2: Easy Preps for plasmid DNA Isolation

1. A sterile microfuge is filled with an overnight culture of E. coli and centrifuged for
3 minutes at 13000rpm

2. The supernatant is poured off and resuspended in 50ul Smart Buffer, followed by
a 30 minute incubation at 37°C.

3. Boll for one minute, then incubate on ice for 5 minutes.

4. Spin for 10 minutes at 13000 rpm. The plasmid DNA is in the supernatant.

SMART BUFFER
10mM TRIS, pH8
imM EDTA

15% Sucrose

100 pg/ml BSA

200 pg/ml lysosyme
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Appendix 3: Oligonucleotides used in this study.

Appendix 8a: PCR Amplification Primers

Primer Gene Location Sense/ Seguence
Anti-Sense
CHOAF1 |ncaRl |1-24 S CGGGATCCTTGACCCTGGTCCTTG
CHOAR1 ([ncaRl |1159-1182 |A CCCAAGCTTTCTCGATCGGATAGG
SC7 ncaRl |[190-212 S CATATGACACGTCAGATGATACTTGC
SC8 ncaR2 [190-212 S CTACAATTCGGCGATCAGG
SC10 ncaRl |[1084-1101 |A CCCGGGAATTCCGCGATCAGACC
SC10a ncaRl [1084-1101 |A CCCGGGGAATTCCGCGATCAGACC
CH7 ncaRl |[190-217 S GGAATCCCATATGACACGTCAGATGATACTTGCTGTCG

Appendix 8b: Sequencing Primers

Primer Vector Sense/Anti-Sense Sequence
pUCF pGEM-T Easy Vector S CGCCAGGGTTTTCCCAGTCACGAC
pUCR pGEM-T Easy Vector A TCACACAGGAAACAGCTATGAC
T7-7F | pT7-7, pIVEX 2.3 MCS S GGGAGACCACAACGGTTTCCC
T7-7R pT7-7 A CGCTGAGATAGGTGCCTCAC
T7-R pIVEX 2.3 MCS A GCTAGTTATTGCTCAGCGG
SC5 p6B3-la S AAGTCTCCGTTCCGGTGATT
SC6 p6B3-la A GAAATACTGCCACCAGTGCG
SC11 p6B3-l1a S TACTGGCGGTCCACACGGTT
SC12 pG4 S CTCGGCTTCCCGGTCTATG
SC13 pG4 A GACGACGAGTTCGGCGTAG
SC14 p6B3-1a S TTGAGTGTATCGTGATCCGC
SC20 p6B3-1a S CCTGGCAACCTGCTCTAGCG
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Appendix 4: PCR Thermal Cycling Programmes

Programme 1:

1x | 94°C for 2 min
94°C for 45 sec
25x% | 54°C for 45 sec
72°C for 1 min
1x | 72°C for 4 min

Programme 2:

1x | 94°C for 2 min
94°C for 45 sec
25x | 56°C for 45 sec
72°C for 1 min
1x | 72°C for 4 min

Programme 3:

1x | 94°C for 90 sec
94°C for 45 sec
25% | 60°C for 60 sec
72°C for 60 sec
1x | 72°C for 2 min
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Appendix 5: Dot Blotting DNA.

The method used for dot blotting the plasmid DNA prepared by alkaline lysis onto the

Hybond N+ nitrocellulose membrane (Amersham) was based on the method suggested

by Amersham.

1. Assemble the dot blot manifold with the nitrocellulose membrane and 2 pieces of
Whatman 3MM filter paper soaked in 20x SSC as follows:

TOP OF MANIFOLD
WITH 96 WELLS
CORRESPONDING
TO WELLS OF
MICROTITRE PLATE

NITROCELLULOSE
MEMBRANE SOAKED mmmm ¢
IN 20x §5C

[ i
2 PIECES WHATMAN [
3MM FILTER PAPER TO VACUUM
SOAKED IN 20x 85C

BASE OF MANIFOLD s

Once assembled, attach the dot blot manifold to a vacuum.

2. Starting with the first 8 wells of the microtitre plate, transfer a volume of plasmid
DNA from the microtitre plate with a multiwell pipette to an equal volume of 20x SSC
buffer on a piece of Parafilm (), ensuring that the plasmid DNA does not mix with
that from adjacent wells.

3. Apply the plasmid DNA mixed with 20x SSC to the wells of the dot blot manifold
corresponding to the well of the microtitre plate where the plasmid DNA was
obtained. The sample is drawn through the dot blot manifold by the vacuum, which
allows the plasmid DNA to bind to the nitrocellulose membrane.

4. Repeat with the plasmid DNA from the rest of the microtitre plate. Dismantle the dot
blot manifold, and transfer the membrane (DNA side up) to a container with
Whatman 3MM filter paper soaked in denaturing solution and leave for 5 minutes.

5. Transfer the membrane to a container with Whatman 3MM filter paper soaked in
neutralising solution and leave for 1 minute.

6. Transfer the membrane to a dry sheet of Whatman 3MM paper, and air dry for at
least 30 minutes.

7. Fix the plasmid DNA onto the membrane by placing it on a UV transilluminator for 5

minutes.
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Appendix 6: Colony Blots
This procedure involves

Colonies stuck to nitrocellulose membrane

Membrane transferred, colony side up, to a series of Whatman 3MM paper saturated in
solutions required for the lysis of the cells

Plasmid DNA then fixed to the membrane using UV light.

1. The nitrocellulose membranes and the 14mm LA plates are marked and numbered
for orientation relative to the microtitre plates. The membrane is placed on the
surface of the agar medium so as to come into contact with the bacterial colonies
and is left until it is completely wet.

2. Using forceps, the membrane is lifted from the LA plate and transferred to a
container with Whatman 3MM paper soaked in 10% SDS solution, and leave for 3
minutes.

3. Transfer the membrane to a container with Whatman 3MM paper soaked in
denaturing solution and leave for 5 minutes.

4. Transfer the membrane to a container with Whatman 3MM paper soaked in
neutralizing solution and leave for 5 minutes.

5. Transfer the membrane to a container with Whatman 3MM paper soaked in 2xSSC
and leave for 5 minutes.

6. Transfer the membrane to a dry sheet of Whatman 3MM paper, and air dry for at
least 30 minutes.

7. Fix the plasmid DNA onto the membrane by placing it on a UV transilluminator for 5

minutes.
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Appendix 7: Capillary transfer of plasmid DNA from an agarose gel to
nitrocellulose membranes.

1. The plasmid DNA digested with restriction enzymes was separated on a 1% agarose
gel (no ethidium bromide added) using electrophoresis.

2. After electrophoresis the gel was stained with ethidium bromide (2.5ug/ml in TAE)
for 10 minutes. After staining, the gel was photographed alongside a transparent
ruler so that the distance migrated by any band of DNA on the gel could be
determined.

3. The gel was then placed in 0.25M HCI until the xylene cyanol and bromophenol blue
(from the loading buffer) changed colour, and then the gel was left for an additional
10 minutes in the HCI.

4. The gel was then rinsed in dH,O and then soaked in denaturation buffer for 30
minutes with agitation.

5. The gel was then rinsed in dH,O and soaked in neutralisation buffer for 15 minutes
with agitation. This step was repeated.

6. A capillary blot was set up as shown in the following figure:

7. After 12-16 hours, the sandwich was dismantled, and the positions of the wells from
the agarose gel were marked on the nitrocellulose membrane with a pencil, and the
orientation of the gel was also noted.

8. The membrane was then washed in 2X SSPE to remove any adhering agarose.

9. After transfer, the membrane was air dried and stored in a zip-lock bag until used for

hybridisation reactions.
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Appendix 7: Southern Hybridisation

Appendices

All hybridisation and wash steps were carried out in a Hybaid Omnigene Hybridisation

Oven.

1. The nitrocellulose membrane was incubated at 42°C in 25ml pre-hybridisation

solution containing denatured salmon sperm DNA to block non-specific binding

sites for 8 hours.

2. The radioactively labelled DNA probe was denatured at 100°C for 5 minutes on a

heating block, and then added to the membrane in the pre-hybridisation solution.

The membrane was incubated with the probe at 42°C for at least 12 hours.

3. Highly stringent washes were carried out as follows:

i) 2x SSPE with 0.1% SDS for 10 minutes at room temperature. Repeat.
i) 0.5x SSPE with 0.1% SDS for 15 minutes at room temperature

iii) 0.5x SSPE with 0.1% SDS for 30 minutes at 42°C

iv) 0.5x SSPE with 0.1% SDS for 10 minutes at 65°C

20x SSC:
3M NaCl
0.3M Sodium Citrate

Denaturing Solution:
1.5M NaCl
0.5M NaOH

Pre-Hybridisation Solution:
5x SSPE

5X Denhardt’s Solution

0.5% (w/v) SDS

50% formamide

To 25ml, add 0.5ml of a Tmg/ml

solution of denatured salmon sperm DNA

20x SSPE:

3.6M NaCl

0.2M Sodium Phosphate
0.2M EDTA pH7.7

Neutralising Solution:
1.5M NaCl

0.5M Tris pH 7.2
0.001M EDTA

Denhardt’s Solution:

2% (w/v) BSA

2% (w/v) Ficoll

2% (w/v) polyvinylpyrrolidone
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Appendix 8: Nucleotide and amino acid sequence analysis of NcaR1.

Appendix 8a: The revised nucleotide and deduced amino acid sequence of pG4.

CGGGATCCTT

GCATGTGGCA

TCCTGAAATG

CAAAGGTTCA

GCGGAGACAC
A E T
CGGGGCGTGA
R G V
CATTTCACCG
H F T
GTCCGTCCAC
vV R P
GAACTCGTCG
E L V
TCAGGCAAGA
S G K
GCCTACCGGC
A Y R
CCGGTCTATG
P VvV Y
CCTGAAACGT
P E T
ACGCCGACCC
T P T
CTGTCGATGC
L S M
GGCATGGAGG
G M E
ATCGTTGCCC
I Vv A
CGCTGCCGGG
R C R
TACGGTCTGA
Y G L
CGAAGCGGCA

GACCCTGGTC

TTTATCCTTT

TGCATAGCAG

TGACACGTCA
M T R Q
GCGAACAGGT
R E Q V
ACTTCATCGT
N F I V
ACGAGGCCGA
D E A E
TCTTTGAGAC
L F E T
TCGAAGGCGG
vV E G G
TCGTCGGCAA
I VvV G K
CGTTCCAGCA
P F Q H
ACGTCGACGC
D V D A
GGCGGGTGAT
W R V M
ACAATCCCCC
H N P P
AGGCCGGGTC
Q A G S
AGGGGTGCAT
E G C M
TGACCACGAC
L T T T
AACTGCGCGA
E L R E
TCGCGGAATT
I A E F
GCGTTACGCC

CTTGACAGAT

TTGTAGAACA

CGTTCTCCCG

GATGATACTT
M I L
GGTTGGCCGC
vV G R
CTTTCCCGAG
F P E
GCTCGATAGC
L D S
GGCCGCCGAA
A A E
CGTCAAGCGT
vV K R
GTATCGTAAG
Y R K
TCTTGAAAAG
L E K
CGCGAAAATG
A K M
GGGACTTAAG
G L K
CGTTCCCCAG
vV P Q
GTACCAAAAC
Y QO N
GCTGCTCGGC
L L G
GTTGGAAGAC
L E D
ACACATCTTIC
H I F
CTGAAGGTCA

*

TATCCGATCG

CAAAAGTTTT

ATCATTGGCG

GCCGCGAGGC

GCTIGTCGGAC

AV G
CTCCTCGACA

L L D M

CTTGCGCTCA
L A L
TTCTATGAGA
F Y E
CTCGGGATCG
L G I
CGCTTCAACA
R F N
ATCCATTTGC
I H L
CGTTATTTCG
R Y F
GGGATGTTCA
G M F
GGCGCCGAGA
G A E
CACGACCATC
H D H
GGCGCCTGGT
G A W
CATTCGTGCA
H s C
GAGGTGATCA
E v I
AATTTCAAAG
N F K
GGCCAAAAAA

AGAAAGCTTG

ACGCCTGTAG

TGCCAAGCTG

CGGATTAACT

AGCAAGGCCC
Q Q G P
TGTTGACGAA

L T N
CGACCTTCTT

T F F
CCGAAATGCC
T E M P
GCTTCAATCT
G F N L
CGTCCATTCT
T S I L
CGGGTCACAA
P G H K
AGCCGGGCGA
E P G D
TCTGCAACGA
I C N D
TCATCTGCGG
I I C G
TGACGTCCTT
L T S F
CCGCGGCGGC
S A A A
TCGTGGCGCC
I v A P
CCGCCGCCGT
T A A V
CCCATCGTCA
A H R Q
ACGGATGGGG

GG

TATGAGTACT

AGACGTGTGT

ATCGAAGGAG

CATCGCGCGA
I A R
CGCAGCCAGC
A A S
CCCGCGCTGG
P R W
CGGCCCGGTG
G P V
GGGCTACGCC
G Y A
GGTGGATAAG
V. D K
GGAGTACGAG
E Y E
TCTCGGCTTC
L G F
TCGCCGCTGG
R R W
CGGCTACAAC
G Y N
CCACCACCTT
H H L
CGGCAAGGTC
G K V
GACCGGCGAA
T G E
CGATCTCGAC
D L D
GCCACAGCAC
P Q H
CTGGGGACGT

60

120

180

240
17
300
37
360
57
420
77
480
97
540
117
600
137
660
157
720
177
780
197
840
217
900
237
960
257
1021
2717
1081
297
1140
304
1182
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Appendix 8b: The nucleotide sequence of the ORF encoding ncaR1 pG4 aligned
with the revised sequence of pG4 (SAC).

CJH IRATGACACGT CAGATGATACT TGCT GT CGGACAGCAAGGCCCCAT CGCGCGAGCGGAGACA
SAC IAT GACACGT CAGATGATACT TGCT GT CGGACAGCAAGGCCCCAT CGCGCGAGCGGAGACA
(ov)= B Y I CGCGAACAGGT GGT TGGCCGCCT CCTCGACAT GT TGACGAACGCAGCCAGCCGEEECGTG
57:NORN N Bl CCCGAACAGGT GGT TGECCGECCT CCTCGACAT GT TGACGAACGCAGCCAGCCGEEECGTJH
ol I AR AACT TCATCGT CTTTCCCGAGCT TGCGCTCACGACCT TCTTCCCGCGCTGECATTTCACG
S):NeRn A AACT TCATCGT CTTTCCCGAGCT TGCGCT CACGACCT TCTTCCCGCGCTGGCATTTCACG

(ou)= I RN CACGAGGCCGAGCT CGATAGCT TCTATGAGACCGAAAT GCCCGECCCGGT GGT CCGT
SAC 181 [elleciccoscicojjociypicoipiojyjciicicscivvijcssoccosece]jceijesc]]

oI Y SRR CT CTTTGAGACGGCCGCCGAACT CGGGATCGEE T TCAAT CTGEGCTACGCCGAACT CGT(
)NV S CT CT TTGAGACGGCCGCCGAACT CGCGATCGEETTCAAT CTGEGCTACGCCGAACTCGT(
CJH 301 CeCCEeCHIGT CAACCHYACETTCAACACGT CCATTYTGGT GGATAAGT CAGCCAAG
SAC 301 CGARGEeGHOGT CAAGC R8GO T TCAACACGT CCATTI®T GGT GGATAAGT CAGGCAAG
CJH 361 [feejjeceeivie]] AAAAGATCCATTTGCCGGGT CACAAGGAGTACGAAGCCTACCEI
S)-NORRCT NI A T CGT CGCCAAGTATI®SQIAAGAT CCATTTGCCCCEGT CACAAGGAGT ACGAGGCCTACCEH
ol )= AR CCGT TCCAGY TR T TAAAAAGERITATTTCGAGCCGCCCGATYTIEGECTTIICA

)N VAR CCGT TCCAGTRT CTTGAAAAGSGT TATTTCGAGCCGGGCGAT{O TI®GGCT T[@CC

(ol = WESINA AN CGT CGACGCCGCGAAAAT GCGAAT GT TCAT]Y TGCAACGAT CGCCGCTGECCTGAAACG
YNGR SN CACGT CGACGCCGCGAAAAT GGEEAT GT TCAT[@ TGCAACGAT CGCCGECT GACCT GAAACG
CJH 538 |jcceceejleryjeceiojppricccecesciiciyioryioIc GQPTACAACACGCCGACA
S):NORRY/ Sl T CCCGGGT GATGGGACT TAAGGGCGCCGAGATCATCTG GG TACAACACGCCGACA
(ol IICEIS I CACAAT CCCCCCGT TCCCCAGCACGACCAT CTGACGT CCTTCCACCACCT8CTGTCGATG
EYXOJ O CACAAT CCCCCCGT TCCCCAGCACGACCAT CTGACGT CCTTCCACCACCTIICTGTCGAT(
(ofv)=IISI I CAGCCCGGGT CGTACCAAAACGGCGCCT GGT CCGCGECEECCGEECAAGGT CGECATGGAG
SAC 661 ggcceecee]jjeciylev v eccocesjjceijesceccoccosccevicejjeccorylcciic
CJH 718 [clccCeIIC@NICTIICHIOCCOO NRIGCIICONIOCI[CCECO0CLGOCCOCIVVNICCINICO®
NPl CAGCGGT GCAT GO TGCTCGGCCAT TCGT GCAT CGT GGCGCCGACCGECGAAAT CGT TGCG
ohv)- I AN C T GACCACGACGT TGGAAGACGAGGT GATCACCGCCGCCGT CGATCTCGACCGCT ce
SAC 781 ejjeeeleciiocigjceivicieciicejjciyjjoicscoscoocijociyjojjeciiosce]] ce
(ohu =S ICII CAACT GCGCGAACACAT CTTCAAT TTCAAAGCCCAT CGT CAGCCACAGCACTACGGT CTG
SYNRR YNl CAACT GCGCGAACACAT CTTCAAT TTCAAAGCCCAT CGT CAGCCACAGCACTACGGT CTQ

CJH 898 AIMGGAATTCTAA
SAC 901 INjeeCee'Y\mieic

A
A
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Appendix 9: Restriction enzymes and DNA modifying enzymes

Name Source

Restriction Enzymes Roche (SA)

Promega (USA)

Amersham, USB (USA)
New England Biolabs (USA)

T4 DNA Ligase Promega (USA)
Expand High Fidelity PCR System Roche (SA)

Klenow Amersham, USB (USA)
Taqg DNA Polymerase Promega (USA)

Appendix 10: Heterologous Expression in E.coli BL21 (DE3)

1. A single colony of freshly transformed E.coli BL21 (DE3) harbouring the
recombinant plasmid was inoculated into a test tube of 5mL LB containing
100ug/ml ampicillin. The cultures were grown overnight at 37°C on a shaker.

2. The ODeqo of the overnight culture was measured, and was used it to inoculate
100ml LB containing 100pg/ml ampicillin (in a 500 ml conical flask) to a final
ODsggo of 0.05. Alternatively, 1 ml of the overnight culture was used to inoculate
the media.

3. The cultures were grown at 37°C with shaking (200rpm) until mid-log growth
phase (ODgoo between 0.4 and 0.8) was reached. Expression was then induced
with the addition of IPTG (final concentration of 1mM) to the culture. After

induction, the cultures were grown at 37°C or 28°C.
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Appendix 11: Native Purification of NcaR1-His.

. The pellet from 100ml of cells was thawed on ice and resuspended in 3 ml lysis
buffer.

. After the addition of Tmg/ml lysosyme was, the cells were incubated on ice for 30
minutes.

. The cell lysate was sonicated on ice for 1 minute, where 6 ten-second bursts were
alternated with 6 ten-second cooling periods.

. The cell debris was separated from the supernatant by centrifugation for 20 minutes
at 9000rpm in a JA20 (Beckman J2-21). The supernatant was separated from the
pellet, and was used for the purification of NcaR1-His.

. Before use the Ni-NTA spin columns were equilibrated with 600ul lysis buffer,
followed by centrifugation in a microfuge at 2000 rpm for 2 minutes.

. 600ul of the supernatant from Step 4 was applied to the spin column, followed by
centrifugation in a microfuge at 2000 rpm for 2 minutes. The flow-through was
collected and stored as Flow-Through in a microfuge tube.

. The Ni-NTA column was washed twice with 600ul wash buffer, each wash followed
by centrifugation in a microfuge at 2000 rpm for 2 minutes. The flow-through of each
was collected and stored as Wash 1 and Wash 2 in microfuge tubes.

. The protein was eluted from the Ni-NTA column with the application of 200ul elution
buffer followed by centrifugation in a microfuge at 2000 rpm for 2 minutes. The
eluant was collected and stored in a microfuge as Elution 1. This step was repeated

up to 3 times, and each subsequent eluant was stored as Elution 2, 3, etc.

Lysis Buffer Wash Buffer

50 mM NaH,PO4 50 mM NaH,PO4

300 mM NacCl 300 mM NaCl

10 mM imidazole, pH 8 20 mM imidazole, pH 8

Elution Buffer

50 mM NaH,PO,

300 mM NacCl

250 mM imidazole, pH 8
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