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Abstract

Pseudomonas aeruginosa strain PAC 1 is able to grow on a range of short-chain length 
aliphatic amides by virtue of an inducible aliphatic amidase, encoded by the amlE gene. 
Expression of amidase is under positive regulation by AmiR, via a transcription 
antitermination mechanism, and amide-dependent negative regulation by AmiC. Two 
additional amidase genes have been sequenced, amiB and amiS, giving the gene order 
for the amidase operon as amiEBCRS.

Analysis of the predicted amino acid sequence of AmiB showed the presence of Parts A 
and B of the Walker Motif, the consensus sequence found in all nucleotide-binding 
proteins. The amiB gene has been over-expressed in E. coli as a maltose-binding 
protein (MBP)-AmiB fusion protein and purified by amylose affinity chromatography. 
Gel filtration analysis showed that the purified MBP-AmiB was in two forms, soluble 
aggregated and monomeric, both of which exhibited similar levels of ATPase activity. 
The Km and V^ax values for ATP have been determined together with additional 

characterisation including substrate specificity, co-factor dependence and the effect of 
inhibitors.

Hydropathy analysis of the predicted amino acid sequence of AmiS showed that this 
protein consisted of six hydrophobic stretches characteristic of the transmembrane 
domains of an integral membrane protein. Various attempts to over-express the PCR- 
amplified amiS and amiS-poly his. genes in E. coli and P. aeruginosa failed as the 
proteins could not be detected by SDS-PAGE analysis. The orientation of AmiS in the 
cytoplasmic membrane was investigated using amiS-TnphoA and amiS-TnlacZ gene 
fusion analysis. A number of TnlacZ and TnphoA insertions into amiS were identified, 
sequenced and the enzyme activity determined allowing a prediction of the membrane 
topology of this protein.

The analysis of AmiB and AmiS led to the proposal that these proteins are components 
of a transport system involved in the active uptake of aliphatic amides. However, 
mutation of the plasmid-encoded amiB gene did not have a detrimental effect on the 
ability of the cell to utilise amides as a carbon and/or nitrogen source. In addition, the 
transport of acetamide and the induction of amidase expression by lactamide was 
similar in wild-type and amiB mutant strains when these amides were present at low 
extracellular concentrations, and it has been concluded that AmiB is not involved in the



active transport of amides into the cell. The mutational analysis of AmiB has also 
shown that this protein is not involved either in protecting the amidase proteins against 
heat-shock or in the utilisation of ammonia (a product of the hydrolysis of amides).

Finally, the amidase genes are transcribed on a polycistronic mRNA from the pE 
promoter upstream of amiE but it has not been possible to clearly identify a full length 
transcript and, thus, the 3’ extent of the operon is unknown. To identify any further 
‘amidase’ genes, a 6 kb DNA fragment situated downstream of amiS was subcloned 
and a 1.4 kb DNA fragment located immediately downstream of the amidase locus 
sequenced. A putative transcription terminator of the amidase operon was identified 
downstream of amiS together with a new open reading frame. The role of Orf2-rjw has 
not been established although sequence analysis has indicated that it is homologous to 
members of the Membrane Fusion Protein family.
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CHAPTER 1
Introduction

1.1 P seudom onas  Biology
The genus Pseudomonas comprises a large and diverse group of bacteria which are 
found in all the major natural environments (terrestrial, freshwater and marine) in free 
living forms and in many different associations with animals and plants. In general 
terms. Pseudomonas are defined as non-sporulating, gram-negative, rod-shaped 
bacteria which are polarly flagellated and highly motile with the exception of P. mallei

which is permanently non-flagellated. Typically, the cells are less than IpM  in

diameter and up to 4-5|iM  in length, although the size of the fluorescent plant 

pathogens (for example, P. putida) can be greater (Palleroni, 1986).

The diversity found among Pseudomonas species stems partially from the fact that for 
many years gram-negative organisms not fitting into other taxonomic groups have been 
placed into this genus. However, based on the level of rRNA homology and conserved 
features of biosynthetic pathways. Pseudomonas species have been divided primarily 
into five subgroups (reviewed, Palleroni, 1986). Group I is the largest group and 
includes P. aeruginosa. Group I can be divided into two further subgroups; 
fluorescent and non-fluorescent species. Fluorescent species produce a soluble iron- 
chelating pigment which allows growth in media having a low iron content. Group II 
contains almost exclusively animal pathogens (eg. P. mallei) and plant pathogens (eg.
P. cepacia) whilst Group III includes Pseudomonas species which have the facultative 
ai^otrophic abihty to utilise hydrogen as an energy source (eg. P. facilis). It has been ^  
suggested that members of the rRNA group IV be excluded from the genus as they are 
only very distantly related and, finally, group V is the Xanthomonas genus.

Pseudomonas have medical, scientific, industrial and environmental importance. A 
large number of investigations have been carried out on P. aeruginosa as it is an 
opportunistic human pathogen, but clinically significant due to its intrinsic resistance to 
a wide range of antimicrobial agents. This organism has the ability to cause three types 
of serious infections; acute and localised, such as those found in the eye after damage to 
the cornea; chronic and localised, as in the lungs of cystic fibrosis sufferers; and severe 
and disseminated, as may occur with people suffering severe bums. Despite being an 
opportunistic pathogen, once established, P. aeruginosa is extremely virulent Mucoid
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strains produce a polysaccharide, alginate, in the lungs of cystic fibrosis sufferers 
which is believed to increase resistance to the host immune system and antibiotics, and 
this infection is the leading cause of mortality in these sufferers (May et al., 1991). P. 
aeruginosa also secretes a number of proteins, including exotoxin A and elastase, 
resulting in damage to the surrounding host tissues and the destruction of the host 
defence mechanisms (Iglewski, 1989).

Pseudomonas are noted for their ability to utilise a wide range of compounds as carbon 
and/or nitrogen sources and, as such, are useful in studying metabolic pathways, gene 
structure and fimction. Organic compounds used by many Pseudomonas species 
include hydrocarbons, carbohydrates, aliphatic acids, amines and amides, aromatic 
compounds and alcohols (Palleroni, 1986). This catabolic diversity can be utilised and 
modified, and Pseudomonads play a key role in the transformation of organic materials 
including the degradation of compounds responsible for environmental pollution and 
the synthesis of industrially important compounds. In addition, a number of 
Pseudomonads interact with plants; either as plant pathogens (such as P. solanacearum 
which causes bacterial wilt and is a major problem in many tropical coimtries) or those 
that are beneficial to plant growth. The latter group includes specific strains of P. 
putida  where it has been shown that colonisation of the plant root by P. putida 
WCS358 typically leads to enhanced plant growth and reductions in the local 
population of fungi and other bacteria. This is believed to be due to the production of 
the fluorescent pigments mentioned earlier which chelate environmental iron, making it 
less available to other microorganisms including phytopathogens (Leong et al., 1992).

1.2 Pseudomonas  Genetics
1.2.1 The Pseudom onas  Genome
Two separate groups have constructed physical maps of the chromosome of P. 
aeruginosa PAO using the infrequently cutting restriction enzymes Spel and Dpnl 
which yield 38 and 15 DNA fragments respectively (reviewed by Holloway et al., 
1994). At present, approximately 190 genetic markers have been located on this map 
(Liao et al.y 1996). In addition, a genetic map has been constructed, primarily from 
data obtained from conjugation and transduction experiments, which lists the location 
of more than 350 marker loci (Holloway et al., 1994). The size of the P. aeruginosa 
PAG genome is approximately 5900 kb, and the circularity of the chromosome was 
shown by the establishment of links between mutually overlapping Spel and Dpnl 
fragments.
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The GC content of the P. aeruginosa genome is high at 67% which is reflected in the 
biased codon usage. West and Iglewski (1988) showed that generally guanine and 
cytosine are the preferred choices for the first and third codon positions respectively. 
From a practical point of view, this high GC content and codon usage bias of 
Pseudomonas genes, although leading to more compressions during DNA sequencing, 
aids the identification of open reading frames by the methods described later in Chapter 
6 .

From the construction of the genetic and physical maps of the P. aeruginosa genome, it 
has become apparent that the gene arrangement is different from that found in E. coli 
and other enteric bacteria. The major variation is the non-contiguous arrangement of 
the genes of biosynthetic pathways, for example the genes involved in tryptophan 
synthesis are positioned at 26 minutes and 34-35 minutes on the chromosome (Rothmel 
et al.y 1991). Rather few catabolic genes are arranged continguously (including the 
amidase operon - see section 1 .5) but there tends to be a clustering of these genes, 
known as supraoperonic clustering, typified by the glucose utilisation genes in a 6 kb 
region. Genetic studies have also revealed that there is a biased location of many 
biosynthetic genes onto one half of the map, with 80% of the known auxotrophic 
markers clustered within 46% of the genetic map (Holloway, 1986). However, the 
catabolic genes are located in various regions of the chromosome.

1.2.2 Pseudomonas P la sm id s
Plasmids are widely spread in Pseudomonas species. These plasmids can generally be 
divided into two groups: those carrying drug resistance determinants (R plasmids) and 
those encoding degradative pathways (D plasmids). The frequency of their occurrence 
varies greatly in particular species and in different microbial habitats, for example R 
plasmids are regularly found in hospital isolates of P. aeruginosa whereas D plasmids 
are found at a much higher frequency in soil isolates of P. putida (Boronin, 1992). At 
present. Pseudomonas plasmids have been classified into 14 incompatibility groups 
(IncPl-P14), with most R plasmids of P. aeruginosa belonging to IncPl-P5 groups.

The ability of Pseudomonas species to utilise diverse carbon sources is partially due to 
the variety of catabolic pathways present on D plasmids, with complete degradation of 
compounds typically involving both plasmid- and chromosomal-encoded genes. The D 
plasmids isolated from P. putida include the broad-host range TOL plasmid pWWO 
which contains the genes encoding the meta-cleavage pathway for toluene and xylene
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degradation (Harayama et al., 1984) and plasmids NAH7 and pWW60-l which code
for the meta- and oitho-cleavage pathways for naphthalene degradation respectively.

1.2.3 Gene Cloning in P seudom onas
The construction of cloning vectors for Pseudomonas has concentrated on two 
replicons, RK2 and RSFIOIO. RK2 is a member of the incompatibility group IncPl 
and as such is a large, low-copy number, self-transferable plasmid. Due to its size this 
plasmid required extensive manipulations which resulted in the loss of some functions 
required for stability and plasmid maintenance and, thus, RK2-derived cloning vectors 
are generally not used due to instability problems experienced (Schmidhauser and 
Helinski, 1985). In contrast, the R plasmid RSFIOIO (encoding streptomycin and 
sulfonamide resistance) is considered a prototype of the incompatibility group IncP4 
(IncQ) being relatively small (8.7 kb), with a intermediate copy number and a broad- 
host range among gram-negative bacteria (Morales et at., 1990). Due to its small size, 
this plasmid does not contain a tra region and is not, thus, self-transmissible. 
However, the fact that this plasmid has a broad-host range allows its use for genetic 
reconstructions in E. coli and subsequent mobilisation into P. aeruginosa (Morales et 
al., 1990).

A number of RSF 1010-derivatives have been constructed which can be used as broad- 
host range cloning vectors. These include the general-type cloning vector, pKT231 
(Bagdasarian et al., 1989), and the controUed-expression vector, pMMB66EH (Furste 
et al., 1986), which have been used in this study.

1.3 The Cell Envelope of Bacteria
The major difference between gram-positive and gram-negative bacteria is in the 
structure of the respective cell envelopes (Figure 1.1). Gram-negative organisms have 
a thin, fairly rigid peptidoglycan cell wall surrounded on the outside by a semi- 
permeable outer membrane and on the inside by the cytoplasmic (inner) membrane. 
Between the cytoplasmic and outer membranes is the periplasmic space containing 
proteins involved in the processing and transport of nutrients into the cell, and in the 
synthesis of the cell envelope. Gram-positive organisms contain a cytoplasmic 
membrane very similar to that of gram-negative bacteria but exterior to this is a 
narrower gap before the thick, rigid, external cell wall. A detailed description of the 
individual components of the cell envelope of gram-negative organisms with regard to 
the transport of compounds into and out of the cell follows.
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Figure 1.1 Structure of the cell envelopes of gram-negative and gram-positive 
bacteria, (a) The gram-negative cell envelope, such as E. coli. (b) The 
gram-positive cell envelope, such as B. subtilis. Refer to text for details. 
Modified from Schlegel, 1986.
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1.3.1 The Outer Membrane of Gram-negative Bacteria
The outer membrane (OM), located on the outside of the cell wall, is semi-permeable 
allowing the diffusion of small hydrophilic solutes but exhibiting very low permeability 
towards hydrophobic compounds (Nikaido and Vaara, 1987). Attachments between 
the cell wall and the OM are made by lipoproteins. The N-terminal cysteine residues of 
these proteins are modified in two ways; (i) the sulphydryl group is changed to a 
diglyceride and (ii) the amino group is substituted with a fatty acid residue (Nikaido, 
1996). The fatty acid groups are thought to be embedded in the OM by hydrophobic 
interactions and the C-terminal ends of these proteins are attached to the cell wall by

covalent bonds, with a large hydrophilic domain forming a primarily a-helical structure

in the periplasm.

The OM is composed of two types of lipids, lipopolysaccharides (LPS) and 
phospholipids. The latter will be described in section 1.3.3. LPS are unique 
constituents of the bacterial OM and can be divided into three parts (Figure 1.2): (i)

lipid A, which consists of a glucosamine 1-6 p disaccharide backbone substituted with

6 or 7 saturated fatty acid residues. The hydrophobic nature of this region orientates 
the LPS with respect to the outer membrane and, at present, only conditional mutants in 
lipid A biosynthesis have been isolated highlighting its importance in the assembly of 
the OM (Nikaido, 1996); (ii) at the extreme end of the LPS and extending into the 
external medium are the 0-specific side chains (polysaccharides) which consist of long 
chains of repeating oligosaccharides. The sequence and composition of the O-specific 
side chains are strain specific, allowing the identification of species and strains by 
immunological serotyping. Mutant strains lacking the O-specific side chains are 
avirulent indicating that this region plays a role in protecting the cell against 
phagocytosis (Nikaido, 1996). A method of isolation of LPS has been devised 
(Darveau and Hancock, 1983) which led to the estimation that only between 10 and 
25% of LPS molecules from wild-type P. aeruginosa strains are capped with 0-side 
chains (Hancock et al.y 1983); (iii) connecting the lipid A region and O-specific side 
chains is the core region. This region is thought to maintain the barrier property of the 
OM as the loss of the proximal part of the core results in extreme sensitivity to a wide 
range of hydrophobic compounds (Nikaido, 1996). The structure of the core region 
from the LPS of P. aeruginosa PACl has been determined and this is shown in Figure
1.2 (Rowe and Meadows, 1983).
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Figure 1.2 Composition of outer membrane lipopolysaccharides. 
Abbreviations: Ala=alanine; Gal=galactose; Glc=glucose; GalN= 
galactosamine; Glc-N=glucosamine; Hep=heptose; KDO= 2-keto-3- 
deoxyoctulosonate; Rha=rhamnose.

Proteins which traverse the outer membrane to produce either non-specific (porins) or 
specific channels, generally determine the permeability of the outer membrane. Almost 
all of the OM proteins sequenced lack the classic stretches of hydrophobic residues

comprising the a-helical transmembrane domains of inner membrane proteins. Instead, 

the general structure of OM proteins is a p-barrel. The structure of a monomer of a 

Rhodobacter capsulatus porin has been determined by X-ray crystallography and 

shown to consist of 16 anti-parallel p-strands forming a p-barrel structure surrounding 

a water-filled channel (reviewed by Nikaido, 1992).

The OM of P. aeruginosa contains a number of proteins. When analysed by SDS- 
PAGE seven major protein bands are visible, corresponding to proteins D1 (OprB), D2 
(OprD), F (OprF), G, Hi, H2 and 1. Proteins I, HI and H2 are lipoproteins and
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whilst proteins I and H2 connect the OM and cell wall of P. aeruginosa as described 
previously (Mizuno and Kageyama, 1979; Mizuno, 1979), the production of protein 
HI is increased in EDTA-resistant mutants indicating that it can substitute for divalent 
cations in stabilising the OM structure (Nicas and Hancock, 1980). Of the OM proteins 
present, P. aeruginosa has one major porin, OprF. The major porins of E. coli are 
trimeric whereas OprF, like E. coli OmpA, is active in a monomeric form. OprF is a 
bifunctional protein, which serves as both a porin and as a protein required for 
maintaining the structural integrity of the P. aeruginosa envelope (Siehnel et al., 1990). 
The channel size and the nature of the pore of OprF are disputed (Hancock et al.,
1990). It appears that the channel created by OprF is larger than that of OmpF, a major 
porin in E. coli. However, the diffusion rates of various compounds through OprF are 
much lower than those seen with OmpF. For example, the permeabilities of the P. 
aeruginosa and E. coli OMs towards phosphorylated compounds, such as p- 
nitrophenyl phosphate, was measured by determining the rates of hydrolysis of these 
compounds by the peiiplasmically located alkaline phosphatase. It was found that the 
permeability of the P. aeruginosa OM was approximately 100- to 200- fold lower than 
that of E. coli (Yoshimura and Nikaido, 1982). The lack of a typical non-specific porin 
in P. aeruginosa, such as the OmpF and OmpC porins found in E. coli, results in the 
diffusion properties of the OM being determined by OprF. It is believed that the high 
intrinsic levels of resistance of P. aeruginosa to many antibiotics and chemotherapeutic 
agents is attributable largely to the low permeability of the OM.

As P. aeruginosa lacks the “classical” porins seen in E. coli, it contains many OM 
specific channels including OprB (glucose) (Trias et al., 1988), OprD (basic amino 
acids) (Trias and Nikaido, 1990), and OprP (phosphate) (Hancock and Benz, 1986). 
These water-filled channels are thought of as porins which allow a certain degree of 
non-specific diffusion but contain a stereospecific ligand-binding site (Nikaido, 1992). 
The production of these specific channels is usually in response to either the presence 
or lack of substrate and they are generally expressed as a component of a high-affinity 
transport system. For example, the expression of OrpB is induced when P. aeruginosa 
is grown on glucose and co-regulated with a high-affinity glucose transport system 
(Hancock and Carey, 1980).

1.3.2 The Cell W all/Peptidoglycan Layer
In gram-negative bacteria the cell wall is located in the periplasm between the inner and 
outer membranes (Figure 1.1). The cell wall is composed of layers of peptidoglycan, 
a heteropolysaccharide containing novel peptides that are species specific (Park, 1996).
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The composition and structure of peptidoglycan is fairly constant in gram-negative 
bacteria but there is greater variation in gram-positive bactena (Schleifer and Kandler,

1972). The glycan moeity of peptidoglycan is uniform and made up of alternating (3-

1,4-linked N-acetylglucosamine and N-acetylmuramic acid residues. These hetero
polymers are straight chains which form the backbone of peptidoglycan.

The muramic acid units have short peptides attached (peptide moiety) containing some 
amino acids not found in proteins (eg. m-diaminopimelic acid and D-glutamic acid). 
The amino acids m-diaminopimelic acid and L-lysine can take part in peptide bond 
formation and, thus, two peptidoglycan chains can be linked via their peptide side 
chains, forming an intramolecular network. In gram-positive bacteria, the 
peptidoglycan network consists of approximately 40 layers (Schegel, 1986) whilst in 
gram-negative bacteria the number of layers is much lower; in E. coli a single 
monomolecular sheet is present which is, in areas, triple layered (Labischinski et al.,
1991).

The cell wall is a chemically unique and elastic structure; it forms a relatively open 
network through which nutrient diffusion readily occurs and its major function is to 
confer a certain rigidity and shape to the cell. Removal of peptidoglycan causes loss of 
cellular shape and its presence is essential to preserve the integrity of the cytoplasmic 
membrane from rupture in medium of low osmolality (Park, 1996).

1.3.3 The Cytoplasmic Membrane
The cytoplasmic membranes (CM) of gram-negative and gram-positive bacteria are 
similar, being composed of phospholipids and proteins. The predominant 
phospholipid extracted from crude CM preparations of P. aeruginosa is phosphatidyl 
ethanolamine (PE) with smaller amounts of phosphatidyl glycerol (PG) and cardiolipin 
(otherwise known as diphosphatidyl glycerol) (CL) (Meadow, 1975). This 
composition is similar to that found in E. coli and other enteric bacteria wherein the 
typical content is 70-80% PE, 15-25% PG, and 5-10% CL (Kadner, 1996). The 
structures of these three phospholipids are shown in Figure 1.3. As can be seen, the 
backbone consists of glycerol with the Cl and C2 hydroxyl groups esterfied to the 
carboxyl groups of fatty acid residues and C3 esterfied to phosphoric acid. In addition, 
various alcohols may be linked to the phosphate group resulting in structural diversity. 
In E. coli the predominant fatty acids connected to the glycerol moeity are palmitic acid

(16:0), palmitoleic acid (16:1^^) and vaccenic acid (18:l^ii) (Kadner, 1996).
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Figure 1.3 The structures of the three predominant phospholipids found in P. 
aeruginosa and E. coli. All have fatty acids esterfied to positions Cl and C2 of the 
glycerol backbone whilst C3 is esterfied to phosphoric acid. The groups linked to 
the phosphate group of (1) phosphatidylethanolamine; (2) phosphatidylglycerol; 
and (3) diphosphatidylglycerol are shown.
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The amphipathic nature of phospholipids due to the hydrophilic polar head group and 
the hydrophobic hydrocarbon tails, is responsible for their spontaneous assembly into 
organised structures such as membranes. Phospholipids could either form micelles (a 
single-layered circular structure in which the polar head groups are towards the outside 
surrounding the hydrophobic tails) or a phospholipid bilayer, the structure of bacterial 
CMs. Phospholipid bilayers are comprised of two layers of phospholipids in which the 
hydrophobic hydrocarbon chains from each monolayer face each other towards the 
interior of the structure, with the polar head groups exposed to the exterior surface 
(Figure 1.1).

The phospholipid bilayer of the CM forms an hydrophobic barrier which is 
impermeable to almost all solutes and, thus, permits the controlled movement of 
compounds in to and out of the cell by specific proteins within or associated with the 
CM. The CM contains over 100 major proteins which act as enzymes, receptors, 
pumps and channels including the proteins required for energy transduction and 
oxidative phosphorylation (Cronan et al., 1987). Integral membrane proteins are those 
which are incorporated into the lipid bilayer and contain domains which either 
completely traverse the membrane or are partially immersed. Alternatively, some 
proteins are attached to the external or internal side of the CM through associations with 
the membrane itself or with integral membrane proteins (peripheral membrane 
proteins). Unlike the OM proteins, the membrane spaiming domains of CM proteins 
can typically be identified by their hydrophobic nature. An effective initial analysis 
used to identify transmembrane domains is the method of Kyte and Doolittle (1982) 
which displays a hydropathy plot derived from the amino acid sequence of a putative 
integral membrane protein. In this method, every amino acid is assigned a value of 
hydrophobicity and at each point along the sequence an average hydropathy is 
calculated over a predetermined window. The resulting plot has peaks corresponding 
to regions of high hydrophobicity and hydrophilicity. The transmembrane domains of

CM proteins are typically a-helical in structure, comprising of approximately 20

hydrophobic residues separated by regions containing primarily hydrophilic amino 
acids. These latter regions form the cytoplasmic and periplasmic loops of the CM 
proteins.

Much progress has been made in determining the mechanism of insertion and 
orientation of integral membrane proteins in the cytoplasmic membrane, including the
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“positive-inside-rule” and gene fusion analyses. These are discussed in further detail in 
Chapter 5.

As previously mentioned, P. aeruginosa contains proteins which are involved in the 
non-specific and specific diffusion of compounds across the OM. As the CM of 
bacteria acts as a barrier to most hydrophilic molecules, it contains proteins which are 
involved in (i) the uptake of compounds from the periplasmic space and (ii) the 
secretion of proteins from the cytoplasm and whose final location is either periplasmic 
or the external medium.

1.3.4 Nutrient Uptake in P. aeruginosa
Nutrient uptake in E. coli has been extensively studied and many transport systems 
identified and characterised. These systems fall into four main categories; (i) facilitated 
diffusion, (ii) ion-driven transport which involves the movement of ions either in the 
same direction or the opposite direction to the substrate. The energy required for this 
transport is either obtained directly (ie. proton symport) or indirectly (ie. sodium 
symport), (iii) group translocation wherein the transport of substrate is coupled to its 
chemical modification (eg. phosphorylation) allowing the internal accumulation of the 
modified substrate, and (iv) binding protein-dependent transport. In the latter systems, 
a periplasmic substrate-binding protein is essential for the transport of the substrate 
(Cronan et aL, 1987).

In P. aeruginosa, the situation is a little different in that the kinetics of transport of 
many compounds have been studied although the proteins involved have not been 
isolated and characterised. It appears that most bacteria contain more than one transport 
system for the accumulation of a specific compound. These systems typically exhibit 
either high- or low- affinity for the substrate and the expression of some systems is 
constitutive whilst the expression of others is induced depending upon the cells’ 
environment and availability of substrate.

1.3.4.1 Facilitated Diffusion
Transport by facilitated diffusion is rare in prokaryotes; in E. coli only glycerol 
is known to enter the cell by this process with the glycerol facilitator protein 
(GlpF) forming a specific pore in the inner membrane to allow the diffusion of 
glycerol (Heller et aL, 1980). It appears that a similar situation occurs with 
glycerol uptake in P. aeruginosa, although the facilitator protein has not been 
identified. Studies with continuous cultures of P. aeruginosa grown at limiting
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concentrations of glycerol concluded that it was transported by a high-affinity, 
facilitated diffusion system (Williams et aL, 1994). Upon extended growth 
under these conditions, the over-expression of two proteins was observed. The 
first was glycerol kinase, indicating that glycerol is accumulated in the cell as 
glycerol-3-phosphate. The second protein was shown to be OprB. As 
mentioned previously, this is the glucose-specific OM protein. This study 
suggested that OprB may have an extended substrate range and further studies 
determining initial uptake by cells either without OprB or over-expressing oprB 
have shown that mannitol, fructose and glycerol diffuse through this OM 
protein. Thus, OprB seems to be a carbohydrate-selective porin (Wylie and 
Worobec, 1995).

1.3.4.2 Ion-driven Transport
Branched-chain amino acids (leucine, isoleucine and valine) are transported 
across the cytoplasmic membrane of P. aeruginosa by two different ion-driven 
transport mechanisms, encoded by the braB (Hoshino et aL, 1990) and braZ 
(Hoshino et aL, 1991) genes. These systems are both low-affinity transporters 
known as Liv-II and Liv-IU respectively. The Liv-II system has been shown to 
couple the transport of branched-chain amino acids with the import of either 
sodium or lithium ions although the effect of these ions on the kinetics of the 

system differ (Uratani et aL, 1989). The gene encoding the Na+(Li+)-coupled 
carrier for branched-chain amino acids has been identified, braB, and shown to 
encode a substantially hydrophobic protein consisting of 12 putative membrane 
spanning regions (Hoshino et aL, 1990). The amino acid sequence of BraB 
shared 52% identity and 76% similarity with BmQ, a branched-chain amino 
acid carrier of S. typhimurium.

Later studies identified a second low-affinity system for the transport of 
branched-chain amino acids in P. aeruginosa (Liv-EQ). This system has 
different substrate specifities than Liv-II, exhibiting similar affinities for 
isoleucine and valine but much lower affinity for leucine (Hoshino et aL, 1991). 

In addition, this transport system was initially identified as Na+-independent. 

The protein carrier, BraZ, has been identified and shown, again, to be

substantially hydrophobic and to comprise of 12 putative transmembrane a-

helices. Homology searches indicate that BraZ is more homologous to BmQ 
than BraB (Hoshino et al„ 1991). BmQ is homologous to the E. coli BmQ
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protein which is thought to be an H+-coupled branched-chain amino acid 
transporter (Yamato etal., 1979). Thus, it is thought that BraZ is a H+-coupled 

transport system involved, primarily, with the accumulation of isoleucine and 
valine.

1.3.4.3 Group Translocation
In E. coli the most extensively studied group translocation systems are those 
involved in the translocation of carbohydrates (PTS). At least 10 systems exist 
which translocate different sugars including mannitol, glucose, fructose,

galactitol, mannose and P-glucosides (Postma, 1987). All of these systems 

have two common proteins. Enzyme I and HPr. These soluble proteins may be 
associated with the cytoplasmic membrane. The phosphoryl group from 
phosphoenolpyruvate (PEP) is transferred to Enzyme I and then HPr. Phospho- 
HPr interacts with a cytoplasmic region of the integral membrane protein. 
Enzyme II, which contains a substrate-binding site. Thus, upon binding of the 
sugar to the periplasmic side of Enzyme H, it is simultaneously translocated and 
phosphorylated. Some PTS contain a third protein. Enzyme III, which is 
positioned between HPr and Enzyme H, for example Enzyme IQ of the glucose 
PTS (Postma, 1987).

In P. aeruginosa the only carbohydrate shown to be accumulated by group 
translocation is fructose (Lessie and Phibbs Jnr, 1984). Like the E. coli 
systems, the energy for this translocation derives from PEP and fructose-1- 
phosphate accumulates in the cytoplasm. Unlike the PTS systems found in E. 
coli the PEPifructose PTS of P. aeruginosa appears to be comprised of only 2 
components. Enzyme I and Enzyme H, and lacks the HPr component (Durham 
and Phibbs, 1982).

1.3.4.4 Binding Protein-dependent Transport
Few binding protein-dependent transporters have been characterised in P. 
aeruginosa although a number of systems have been shown to be sensitive to 
osmotic-shock treatment (for example, Stinson e ta i,  1976). In this procedure 
the cells are suspended in 0.2M MgCl2  which is thought to dissociate the 

lipopolysaccharide layer of the OM. Subsequently, the cells are subjected to 
osmotic shock by suspension in water. This causes the release of the contents 
of the periplasm without affecting the viability of the cells. Thus, osmotic-
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shock sensitive transport systems are those which contain a periplasmic-binding
protein (PBP).

A number of P. aeruginosa PBPs have been isolated and characterised including 
the glucose-PBP (Stinson et aL, 1976), the mannitol-PBP (Eisenberg and 
Phibbs, 1982), the succinate-PBP (Stinson et aL, 1976) and the branched-chain 
amino acids-PBP (Hoshino and Kose, 1990). A phosphate (Pi)-PBP has been 
isolated and mutants lacking this protein shown to be deficient in the high- 
affinity transport of Pi (Poole and Hancock, 1984). It was thus thought that the 
high-affinity transport system of Pi resembled that present in E. coli which 
comprises PhoS (the PBP), PstA (an integral membrane protein), and 
PstCB/PhoU (peripheral membrane proteins). The high-affinity phosphate- 
specific transport operon in P. aeruginosa has recently been identified (Nikata, 
1996) and it is similar to that found in E. coli although this operon did not 
contain a gene encoding a Pi-PBP.

Binding protein-dependent transport systems (or ABC Transporters) present in 
prokaryotes are described in more detail in section 1.4. These systems have, 
again, been extensively studied in E. coli and S. typhimurium and are involved 
in the accumulation of a wide variety of compounds. All systems identified to 
date require a peiiplasmically located substrate-binding protein which “delivers” 
the substrate to the membrane-bound translocation complex. The precise 
mechanism of translocation has not yet been determined, but the required 
energy comes from the hydrolysis of ATP and a typical ABC transporter 
contains two nucleotide-binding domains.

The complete high-affinity, PBP-dependent branched-chain amino acid ABC 
transporter (Liv-I) in P. aeruginosa has been identified and sequenced (Hoshino 
and Kose, 1989; Hoshino and Kose, 1990). The system consists of five 
proteins; the PBP (BraC), two integral membrane proteins (BraD and BraE), 
and two soluble proteins both of which contain a consensus sequence for 
nucleotide-binding (BraE and BraG). Subsequently, the membrane-bound 
transport complex, BraDEFG, was solubilised and reconstituted in 
proteoliposomes (Hoshino et aL, 1992). As expected for ABC transporters 
(section 1.4.4), the addition of BraC was essential for leucine transport. It 
was further shown that ATP or GTP was hydrolysed concommitant with
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leucine transport and that both leucine and BraC needed to be present for
ATPase activity (Hoshino etaL, 1992).

1.3.5 Protein Secretion in P. aeruginosa
Many proteins are secreted across the CM of gram-negative and gram-positive bacteria. 
This includes the PBPs discussed previously, proteins involved in the electron 
transport system and also those needed for the biosynthesis of the cell envelope. In 
addition, P. aeruginosa has been shown to secrete many proteins into the extracellular 
medium. Secretion occurs by two different mechanisms; (i) the protein is transported 
across the CM and subsequently transported across the OM (the “two-step” process) or 
(ii) the protein is secreted from the cytoplasm directly to the extracellular medium with 
no periplasmic intermediate (the “one-step” process) (Tommassen et aL, 1992).

1.3.5.1 The “Two-step” Process
The majority of P. aeruginosa proteins exported, including exotoxin A, lipase 
and elastase, are secreted by the two-step mechanism. All of these proteins 
contain an N-terminal signal sequence, the characteristics of which are 
described in Chapter 6. It is believed that the N-terminal signal sequences of 
these proteins are recognised by a general secretory mechanism similar to the 
sec pathway identified in E. coli (Schatz and Beckwith, 1990) and secreted 
across the CM. However, proteins homologous to the Sec proteins have not, 
as yet, been identified in P. aeruginosa and, in addition, no Sec A- or SecB- 
related proteins have been detected in Pseudomonas sp. by Western blot 
analysis (De Cock and Tommassen, 1991).

In P. aeruginosa a number of genes (the xcp genes) have been sequenced 
whose products are beheved to be involved in either the assembly of the OM 
secretory apparatus or the secretion of proteins across the OM (Tommassen et 
at., 1992). The actual secretory apparatus is thought to include five OM 
proteins (XcpTUVWQ) and possibly four inner membrane proteins 
(XcpPXYZ) which may couple the CM energy from the proton motive force to 
the translocation of the protein across the OM (Tommassen et aL, 1992). 
Investigations have been carried out to identify the components of the secreted 
protein recognised by the OM secretory apparatus. Elastase is initially 
expressed as a prepropeptide; the pre-part is the N-terminal signal sequence 
which is cleaved after translocation across the CM and the pro-part remains 
bound to the mature elastase until it is translocated across the OM (Kessler et
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aL, 1992). Recent studies showed that when elastase was expressed without its 
pro-peptide in P. aeruginosa, the enzyme was not secreted indicating that proper 
folding of the mature elastase, aided by the pro-peptide, is required for secretion 
(Braun et aL, 1996). Another group has identified a region (residues 60-120) 
of the mature exotoxin A as essential for the extracellular secretion of this 
protein (Lu and Lory, 1996). The structure of exotoxin A has been determined 
by X-ray crystallography and it was apparent that the predicted targetting 
domain described above was located on the surface of the secreted protein.

1.3.5.2 The “One-step” Process
The second mechanism of protein secretion identified in P. aeruginosa is the 
“one-step” mechanism. This process is encoded by specific genes for each 
substrate and at present only the P. aeruginosa alkaline protease has been 
shown to be secreted in this manner (Duong et aL, 1992). Three genes, 
aprDEF, located upstream of aprA (the structural gene) have been sequenced 
and their products share homology with the HlyBD/TolC proteins from E. coli.

The HlyBD/TolC proteins are involved in the one-step secretion of a -

haemolysin. Both AprD and HlyB contain a nucleotide-binding domain similar 
to the domains found in ABC transporters and these export systems are 
described in more detail in the following section.

1.4 ABC Transporters
ABC transporters have been identified in a wide variety of bacteria and also, yeast, 
protozoa, insects, plants, animals and man (Higgins, 1992). The substrate specificity 
of an individual transporter is relatively narrow but a single organism contains a large 
number of different transporters involved in either the import or export of a variety of 
compounds. To date, no ABC transporter has been identified which is able to function 
in both directions. ABC transporters (or Traffic ATPases) have been grouped into one 
large superfamily as each has a conserved nucleotide-binding domain (the ATP-binding 
cassette) containing Parts A and B of the Walker motif (Walker et at., 1982). 
Conservation of the amino acid sequence of the nucleotide-binding domain typically 
extends over a region of 200 residues and, thus, these domains can usually be 
distinguished from other nucleotide-binding proteins.

The ABC transporter superfamily can be further divided into three subfamilies; (i) the 
bacterial ABC importers which have been identified in both gram-positive and gram-
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negative bacteria. The variety of substrates which can be accumulated by these systems 
is enormous and includes sugars (the maltose uptake systems in E. coli and 
Streptococcus pneumoniae) (Gilson et aL, 1982; Puyet and Espinosa, 1993), amino 
acids (the histidine uptake system in S. typhimurium  and the Liv-I system in P. 
aeruginosa) (Higgins et at., 1982; Hoshino et aL, 1990), di- and oligo-peptide systems 
in B. subtilis and E, coli (Mathiopoulos et aL, 1991; Abouhamad et aL, 1991) and 
inorganic ions (including the phosphate uptake system in E. coli and the copper uptake 
system in P. stutzen) (Surin et aL, 1985; Zumft et aL, 1990). (ii) the eukaryotic ABC 
transporters are a relatively small group although more are being identified. This group 
includes the mammalian multidrug resistance protein, P-glycoprotein, which exports 
chemotherapeutic drugs from tumor cells (Chen et aL, 1986), and the cystic fibrosis 
transmembrane regulator, a channel for chloride ions (Riordan et aL, 1989). Other 
eukaryotic ABC transporters include pfMDR, the antimalarial drugs exporter in 
Plasmodium falciparum (Foote et aL, 1989) and STE6 in Saccharomyces cerevisaie 
(exports a-type mating factor). The final subfamily (iii) is that of the bacterial ABC 
exporters. A review from 1993 (Path and Kolter, 1993) listed 40 different systems 
from both gram-postitive and gram-negative bacteria including those involved in the

export of protein toxins (for example, a-haemolysin and leukotoxin), proteases, a

bacteriocin, and capsular polysaccharides.

The core of ABC transporters has been described as containing four polypeptide 
domains; two hydrophobic regions each with approximately six transmembrane helices 
and two hydrophilic regions, each containing a nucleotide-binding site (Higgins,
1992). The composition of the core domain can vary (as described later) and Figure
1.4 shows the domain organisation of a typical transport system from each subfamily; 
the E. coli maltose uptake system, the mammalian multidrug resistance protein, P-

glycoprotein, and the a-haemolysin exporter in E. coli respectively. The core domains

will be described separately in the following sections, with reference primarily to the 
bacterial ABC importers and exporters, together with accessory proteins found with 
each type of system.

1.4.1 The A TP-Binding Cassette
Two ATP-binding components are present in aU ABC transporter complexes and both 
are required for function. Thus elimination of either one of the two domains of the Opp 
oligopeptide transporter abolishes function (Hiles et aL, 1987). In the case of the 
eukaryotic ABC transporter subfamily, these components are always present with two
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Figure 1.4 Domain organisation of typical ABC transporters.
The core domains are shaded (hydrophobic domains) and striped 
(nucleotide-binding domains). Some transporters have additional domains 
(unshaded and filled). The domains are often encoded as separate polypeptides, 
or they may be fused together in one of several alternative combinations.

39



transmembrane domains on a single polypeptide chain (for example, P-glycoprotein). 
In contrast, the two nucleotide-binding subunits of the prokaryotic importers are 
normally separate from the transmembrane components although they may be encoded 
by the same gene (for example, malK of the E. coli maltose uptake system) (Gilson et 
at., 1982) or two genes (JbraF and braG of the P. aeruginosa branched-chain amino acid 
permease) (Hoshino and Kose, 1990). Finally, the majority of nucleotide-binding 
domains of bacterial exporters are contained on a single polypeptide chain with a

transmembrane component (for example, HlyB of the E. coli a-haemolysin and AprD

of the P. aeruginosa alkaline protease exporters) whilst others are encoded by a separate 
gene (for example, kpsT of the E. coli polysialic acid exporter) (Pavelka etaL, 1991).

The size of the ATP-binding cassettes which are encoded as separate polypeptides 
varies. The ATP-binding cassettes of the E. coli maltose transporter (MalK) and the S. 
typhimurium oligopeptide transporter (OppD and OppF) are of similar sizes, consisting 
of 370, 335 and 334 amino acids respectively. In contrast, the ATP-binding cassette of 
the S. typhimurium histidine transporter, HisP, consists of only 258 amino acids 
(Higgins et aL, 1982). The ATP-binding proteins are the most characteristic feature of 
ABC transporters, with sequence homology extending over a region of 2(X) amino 
acids including the consensus nucleotide-binding sequences. The extent of sequence 
identity (approximately 30 to 50%) (Higgins etaL, 1986; Hyde etaL, 1990) allows the 
identification of the ATP-binding domains within polypeptides containing additional 
transmembrane domains and also distinguishes the ATP-binding cassettes of ABC 
transporters from most other ATP-binding proteins. In the majority of cases, such as 
HlyB, the ATP-binding domains are located at the C-terminal end of the larger 
multidomain polypeptides.

1.4.1.1 The Nucleotide-binding site

Most nucleotide-binding proteins consist of a parallel P-sheet formed by

extended polypeptide chains connected by a-helices. This P-a-p-a-p structure 

is called the Rossman fold (Rossman et aL, 1975). By comparing the a- and P-

subunits of the Fi moeity of ATP synthase in E. coli and the bovine p-subunit

with, primarily, the sequences of two enzymes of known three-dimensional 
structure (phosphofructokinase and adenylate kinase) and myosin (in which the 
nucleotide-binding site had been localised to a specific region), a consensus 
sequence for a nucleotide-binding site was discovered (Walker gr aL, 1982).
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The Walker motif comprises of two separated sequences. Part A and Part B, 
which were initially described as; Gly-X4 -Gly-Lys(Thr)-X6 -Ile/Val and

Arg/Lys-Xg-Gly-Xg-Leu-O^-Asp respectively where X= any amino acid and

0=hydrophobic residues. Part A of the Walker motif occurs at the end of an a- 

helix and these residues form a flexible loop structure allowing a turn to bring 
the lysine residue in close proximity to the phosphates of the ATP molecule. 
The Mg. ATP-binding site of adenylate kinase was located by a combination of 
NMR and X-ray diffraction and it was shown that the hydrophobic strand of

parallel P-sheet (Part B of the Walker motif) flanked the triphosphate chain of

Mg.ATP. It was suggested that this serves to exclude water and minimize ATP 
hydrolysis. The aspartate residue at the end of the Part B sequence was in close 

proximity to Part A, and its negative charge may interact with the Mg2+ 
molecule (Walker et aL, 1982; Fry et aL, 1986).

1.4.1.2 ATPase Activity of the Nucleotide-Binding Cassette
As the consensus sequence for nucleotide-binding sites is relatively small, the 
presence of the sequence does not automatically identify nucleotide-binding 
capability. However, the ATP-binding cassette, OppD, was shown to be 
functional as the protein bound to a Cibracon blue affinity column, was eluted 
with ATP, and was labelled specifically by the nucleotide affinity analogue 5-p- 
fluorosulphonylbenzoyladenosine (Higgins et aL, 1985). Since this initial 
observation, several ATP-binding cassettes of ABC transporters have been 
shown to bind ATP analogues.

Purified MalK, of the maltose transporter of S. typhimurium, and the C-

terminal domain of HlyB, of the a-haemolysin export system in E. coli, have

been enzymatically characterised (Walter et aL, 1992; Morbach et aL, 1993; 
Koronakis et aL, 1993). MalK was purified to homogeneity from inclusion 
bodies and exhibited spontaneous ATPase activity and, to a limited extent, 
GTPase activity with Mg. ATP being the preferred substrate. The Km and Vmax

values for ATP were 70 ^M and 1.3 |imols/min/mg MalK respectively.

The C-terminal domain of HlyB, produced as a fusion protein, exhibited 
ATPase activity in an apparently dimeric form, with Km and Vmax values for
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ATP being 0.2 mM and 1 }imols/min/mg protein. Again, the preferred

substrate of HlyB was Mg.ATP although the fusion protein also exhibited 
GTPase, UTPase and slight CTPase activities.

1.4.1.3 The S tructu re  of the ATP-binding Domain of ABC T ransporters
None of the ATP-binding cassettes of ABC transporters have been crystallised, 
although two speculative structural models have been proposed (Hyde et a/., 
1990; Mimura et aL, 1991). Both groups determined a consensus primary 
sequence for the 200 amino acid domain based on an alignment of a number of 
domains from different transporters. In addition, the structural modelling of the 
nucleotide-binding domain (with particular reference to HisP from the histidine 
transporter of S. typhimurium) was primarily based on the known structure of 
adenylate kinase (Fry et aL, 1986). Although the two models differ slightly,

the core is a nucleotide-binding fold which includes five hydrophobic p-sheets

and a glycine-rich P loop (Part A of the Walker motif), as described previously.

The main difference between the structural models of Hyde et aL (1990) and 
Mimura et at. (1991) is the number of loops which extend from the core 
nucleotide-binding site. The Mimura model contains a large, primarily helical,

domain looped out between the second and third P-sheets whereas this is folded

as two separate loops (loops 2 and 3) in the Hyde model. Figure 1.5 shows 
the consensus sequence of the ATP-binding domain of ABC transporters 
together with the position of the helical domain predicted in the Mimura model. 
When modelling the nucleotide-binding domain to that of adenylate cyclase, it 
was noted that the most important differences lay in this helical region (or loops 
2/3) as adenylate kinase contains no equivalent region. In addition, a well- 
conserved sequence rich in glycines and glutamines (consensus: LSGGQQ 
QRV) is present at the junction of the helical domain and the Walker motif B 
(“linker peptide” - Figure 1.5). It has been suggested that the helical domain is 
unlikely to be involved in ATP-binding and hydrolysis as, when modelled, it 
was present on the surface of the structure. Instead it could serve a role specific 
to ABC proteins such as the coupling of ATP-dependent conformational 
changes to the transport process (Hyde et aL, 1990). The structural model for 
the ATP-binding domains of ABC transporters has been supported by 
experimental evidence which showed that mutations in the structural features 
predicted to form the nucleotide-binding pocket in general caused the loss of the
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Part A

 VLLLFNG IKKSFGGVQA LNDVSLTIPA GEWALVOPS OSGKS T LLRLLAGLET

10 20 30 40 50 60

PTSGTILLDG QDLNFL--KD    LRRGVGM VFQ-YALFPH NTVLENVAEG

70 80 90 100 110 120

________________________________ H e l i c a l  d o m a i n __________________________________

'Linker Peptide*

 LGLSK- D------- AAEIA ERVLEAVGLL GLAHLADRYP GTLSGGOQQR YAIARALAVE

130 140 150 160 170 180

Part B

-KVLL LDEPTSALDP k l q a q l l r l l  r e l q e e - g l t  v y v t h d l e e a  l r l a d r v w m  

190 200 210  220  230  240

RNGQWETGT PEE-----

2 5 0

Figure 1 .5  Consensus sequence of the nucleotide-binding cassette of ABC 
transporters. Parts A and B of the Walker Motif are shown in bold-face. The extent of 
the helical domain as suggested in the structural model of Mimura et aL (1991) is 
marked by the dashed line and the well-conserved “linker peptide” sequence is 
underlined.
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ATPase activity of HisP and mutations in the vicinity of the linker peptide

affected the function of HisP (Shyamala et aL, 1991).

As yet, no structural predictions of the ATP-binding domains of eukaryotic 
ABC transporters or bacterial ABC exporters which are part of a multidomain 
polypeptide have been determined although the high degree of conservation of 
this domain throughout ABC transporters makes it likely that all will adopt a 
similar three-dimensional structure. Recently it has been shown that mutations 
in residues that are highly conserved in the ATP-binding fold and “linker 
peptide” of both prokaryotic and eukaryotic ABC transporters caused a 
complete loss of both HlyB exporter function and ATPase activity although the 
mutant protein was still able to bind ATP effectively (Koronakis et aL, 1995).

1.4.2 The Inner Membrane Components of ABC Transporters
In most prokaryotic ABC exporters and eukaryotic ABC transporters, the integral 
membrane component is fused to the nucleotide-binding component, for example HlyB 
and P-glycoprotein respectively. The difference between these two proteins is that 
HlyB consists of one hydrophobic domain and an ATP-binding domain, and the 
transport complex is a HlyB dimer, whereas P-glycoprotein is a single polypeptide 
containing all of the integral membrane components and ATP-binding sites. One of the 
exceptions to this organisation is the Kps system in E. coli which transports capsular 
polysaccharides, wherein the integral membrane domain and nucleotide-binding site are 
present in two separate proteins, KpsM and KpsT respectively (Smith et at., 1990). 
The inner membrane domains of the bacterial ABC importers are, also, generally 
present on proteins separate from the nucleotide-binding domains. However, they may 
be encoded by one gene, for example the aroH gene of the E. coli L-arabinose uptake 
system (Scripture et aL, 1987), in which case the transport complex is likely to contain 
two AraH proteins, or by two separate genes, for example the malF and malG genes of 
the E. coli maltose transporter (Dassa and Hofnung, 1985).

1.4.2.1 Structural Similarities of the Inner Membrane Components
Computer-aided analysis of the deduced amino acid sequences of these 
components gave the initial indication that all were integral cytoplasmic 
membrane (CM) proteins as they contain stretches of hydrophobic residues

consistant with membrane-spanning a-helices interspersed with regions of

more hydrophilic amino acids, consistant with cytoplasmic or periplasmic
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loops. Of the integral membrane components identified to date, this analysis 
predicts that the majority traverse the CM six times with the N- and C- termini 
located in the cytoplasm. The topology of some inner membrane components 
have been experimentally determined using biochemical and gene fusion 
techniques, including the E. coli MalF and MalG proteins (Dassa and Muir, 
1993; Froshauer et aL, 1988) and the S. typhimurium HisQ and HisM proteins 
(Kerrpola and Ames, 1992). As there are usually two inner membrane 
components per transport system, this means that a typical transporter will 
contain twelve membrane spanning domains. HlyB is also predicted to consist 
of six transmembrane domains (although it has been suggested that there may 
actually be eight membrane-spanning segments) and twelve transmembrane 
helices have been identified in P-glycoprotein, again conforming to the twelve 
transmembrane structure ‘consensus*.

There are a few exceptions to this general ‘consensus’ structure and, of these, 
two will be described. The MalF protein has eight transmembrane helices 
whilst the HisQ (and HisM) proteins traverse the CM five times. The latter two 
(HisQ and HisM) indicate that ten transmembrane segments provide the minimal 
unit required for translocation. The C-termini of the HisQ and MalF proteins 
can be structurally aligned with the C-termini of other components containing 
six transmembrane domains so that the position and extent of the 
transmembrane segments and their connecting surface loops closely match 
(Kerrpola and Ames, 1992). From this it has been suggested that MalF 
contains the six standard transmembrane segments but has an N-terminal 
extension whilst HisQ does not contain the usual first transmembrane helix and 
its N-terminus may be periplasmically located. It has been shown that a 
deletion of the first N-terminal transmembrane segment of MalF does not affect 
maltose transport (Ehrmann and Beckwith, 1991) and it was thus proposed that 
the N-terminal extension is not essential for transport but could be involved in 
some accessory role.

1.4.2.2 Sequence Similarities of the Inner Membrane Components
Unlike the ATP-binding domains, generally little overall amino acid sequence 
similarity exists between the integral membrane proteins from different ABC 
transporters indicating that the structure of the inner membrane proteins is more 
important to function than the primary amino acid sequence. Primary sequence 
similarity exists between the membrane components of some bacterial ABC
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exporters, for example the E. coli HlyB shares 26% similarity with AprD, 
(involved in the secretion of alkaline protease in P. aeruginosa) which in turn 
shares 52% identity with PrtD, one of the secretion proteins for the Erwinia 
chrysanthemi protease (Duong et at., 1992).

Analysis of the amino acid sequence of MalG in E. coli showed that a sequence
EAA—G I-LP was highly conserved between this protein and six other
CM proteins from bacterial ABC importers (Dassa and Hofnung, 1985). This 
consensus sequence (the EAA motif) is situated approximately 100 residues 
from the C-terminus of the proteins, being located in the cytoplasmic loop (the 
EAA loop) connecting transmembrane helices 4 and 5 (Figure 1.6). The 
identification of further CM proteins of bacterial ABC importers has shown that 
the EAA loop is a highly conserved sequence. Comparisons of the amino acid 
sequences of 61 integral membrane proteins from 35 uptake systems in gram- 
negative and gram-positive bacteria, cyanobacteria and a chloroplast protein 
showed that the proteins from systems transporting structurally related 
substrates specifically display a greater number of identical residues in the EAA 
motif and flanking regions (Saurin et aL, 1994). From this, consensus 
signatures were suggested for each class of membrane protein (Figure 1.6) 
which were used to search for other proteins containing these sequences in the 
GpUp database. Apart from additional bacterial ABC importers, none were 
found confirming that the inner membrane components of bacterial ABC 
exporters do not possess this consensus sequence (Saurin et aL, 1994).

More recently, a conserved amino acid motif has been identified in some 
eukaryotic ABC transporters including P-glycoprotein (Shani et aL, 1996) 
(Figure 1 .6). The sequence is known as the EAA-like motif as the most 
conserved amino acids are the central alanine and glycine residues and the motif 
is located in the predicted cytoplasmic loop connecting transmembrane segments 
4 and 5.

Several groups have shown that the EAA or EAA-like motifs are essential for 
transport activity. For example, two MalF mutants carrying insertions in the 
hydrophilic segment containing the EAA motif showed a complete loss of 
maltose transport (Dassa, 1993). Changing the conserved glycine residue in the 
EAA-like motif of a peroxisomal ABC transporter to a proline residue again 
resulted in virtually complete loss of function (Shani et aL, 1996).
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ALEGLDVELEEAARSLGAS PWQTFFKIILPLTMPG11AGT 
ALQSIPDSLIEAAKIDGAGPFQRFWNIVLPLLKPVLAVLL 
AIMAVPKGQIEAARAFGLSKFMMFWRIVLPQALRWALPGF

MIEVLNQDYIRTAKAKGLSRRKIIVKHALKNALLPWSFM

VLQFKNMETVLASQTLGAKTLRIVIKNIVPNVMGVIWTM

I h e l i x  I lo o p  I h e l i x  I

Figure 1.6 Location and consensus sequences of the BAA motif in bacterial ABC 
importers and the EAA-like motif in eukaryotic ABC transporters. Amino acids 
conserved in the consensus "signatures" are shown in bold-face. See text for 
details.

47



Secondary structural predictions have indicated that the hydrophilic region 
containing the EAA motif has a more defined structure than the other 
hydrophilic regions of bacterial ABC importer membrane components, with two

a-helices separated by a loop containing the conserved glycine residue (Figure

1.6) (Saurin et aL, 1994).

1.4.3 Interaction Between ATP-binding Cassettes and Integral 
M em brane Components

The ATP-binding components of ABC transporters are substantially hydrophilic yet cell 
fractionation studies show that the majority of the ATP-binding domain fractionates 
with the CM with a minor amount in the cytoplasmic fraction, suggesting that they are 
peripheral membrane proteins. It has been shown that the general stoichiometry of the 
membrane-bound transporter complex is two ATP-binding domains to two 
hydrophobic transmembrane domains. For example, the E. coli MalF, MalG and MalK 
proteins have been solubilised from the membrane, reconstituted in proteoliposome 
vesicles and shown to form a multiprotein complex consisting of two MalK to one 
MalF and one MalG (Davidson and Nikaido, 1990).

The precise mechanism and degree of interaction between the ATP-binding domains 
and the CM have not been elucidated. Studies with the MaIFGK2 complex have shown 

that in malG deletion mutants, MalK is located in the cytoplasm indicating that MalK is 
associated with the inner surface of the CM via an interaction with MalG (Shuman and 
Silhavy, 1981). In contrast, the S. typhimurium HisP protein remains attached to the 
CM in strains where the associated integral membrane components are not produced 
(Gallagher et at., 1989). However, detailed analysis of HisP has shown that it forms a 
complex with the inner membrane proteins, HisM and HisQ (Kerrpola et aL, 1991) and 
due to the high homology between ATP-binding domains it is thought that a similar 
interaction occurs in all ABC transporters.

The identification of the conserved EAA motif in the membrane proteins of bacterial 
ABC importers and the EAA-hke motif in some eukaryotic ABC transporters (although 
it should be noted, not in bacterial ABC exporters) has led to the proposal that this 
region might constitute a recognition site for the ATP-binding cassette (Kerrpola and 
Ames, 1992). The location of the EAA motif on a cytoplasmic loop and the amino acid 
conservation in otherwise relatively non-homologous proteins, justifies this proposal. 
However, this has not been experimentally proven although, as described previously, 
mutations within this region, particularly the invariant glycine residue, result in the loss
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of transport function. The EAA motif contains variable regions between the more 
conseiwed amino acids and it has been speculated that whilst the conserved amino acids 
would allow the general interaction between the integral membrane components and the 
well-conserved ATP-binding domains, the variable regions would be responsible for 
the selectivity of this interaction (Saurin etaL, 1994).

With reference to the proposed structural model of the ATP-binding cassette, mutations 
in the predicted helical domain of HisP did not affect the ATP-binding or hydrolysis 
activity but did affect histidine transport (Shyamala et aL, 1991). The helical domain 
contains relatively hydrophobic amino acids and it has been proposed that this region of 
the ATP-binding cassette interacts with the transmembrane domains of the integral CM 
proteins. The “linker peptide” at the junction of the helical domain and Part B of the 
Walker motif is well-conserved in many ABC transporters (including bacterial ABC 
exporters) and it is thought that this region interacts with the integral membrane 
protein(s) (possibly at the EAA loop), although it is unknown if the “linker peptide” is 
solely involved in anchoring the ATP-binding cassette or has a dynamic role in 
transduction of a conformational change to the integral membrane components. A 
chimeric protein containing the first 155 residues of HisP (including most of the helical 
domain but not the linker peptide) with a carboxyl terminus from MalK (containing 
almost all of its helical domain including the linker peptide), was shown to complement 
a malK mutation but not a hisP mutation (Schneider and Walter, 1991). This indicates 
that the chimera is able to transmit signals only to the maltose permease hydrophobic 
components (MalK and MalG) via its “linker peptide” which must, therefore, confer 
some sort of specificity on the anchoring or transduction process between ATP-binding 
cassettes and the integral membrane components.

1.4.4 Accessory Factors Associated with Bacterial ABC Importers
Some bacterial ABC importers also have an outer membrane protein (OMP) which is 
involved in the uptake of the substrate. For example, maltose and maltodextrins pass

the outer membrane by facilitated diffusion through a specific maltoporin, LamB, the X-

receptor protein.

All ABC importers identified to date from both gram-negative and gram-positive 
bacteria also have a “periplasmic” substrate-binding protein. These proteins were 
initially thought to be found only in gram-negative bacteria. However, “periplasmic” 
binding proteins associated with the ABC uptake systems from gram-positive bacteria
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have been identified. For example, OppA (Perego et al., 1991) and DciAE 
(Mathiopoulos et al., 1991) both in Bacillus stubtllis. These two examples have been 
identified within opérons similar to their gram-negative counterparts. OppA is involved 
in the uptake of oligopeptides, and mutations of the DciAE protein resulted in the 
inability of proline auxotrophs to grow in the presence of pro-gly dipeptides. 
Localisation studies with OppA showed that this protein was associated with the cell 
during exponential growth but was released into the medium in stationary phase 
(Perego et al., 1991). Like the periplasmic-binding proteins (PBP) from gram-negative 
bacteria, OppA and DciAE have an N-terminal signal sequence allowing transport 
through the CM. However, these proteins contain additional sequences at the N- 
terminus typical of gram-positive lipoproteins (LSACG - OppA; LMGCTA - DciAE), 
and it is presumed that these sequences are used to anchor the proteins to the external 
side of the CM.

1.4.4.1 The Structure of Periplasmic-binding Proteins
All PBP consist of a single polypeptide chain with one high-affinity substrate- 
binding site. The structures of several bacterial PBP have been determined by 
X-ray crystallography (Quiocho, 1991). Although the PBP share httle amino 
acid sequence identity and have different molecular weights, they are all 
structurally similar. In general, they consist of two similarly folded globular

domains composed of a central pleated p-sheet of 5 - 7 strands with 2 - 3 a-

helices on both sides (Quiocho, 1991). The domains are connected by a 
flexible hinge region made of 2 - 3 polypeptide chains which generates a deep 
cleft between the two domains.

The substrate-binding site in these proteins is at the interface of the two domains 
(ie. the cleft) with residues from each contributing to the binding-site. 
Regardless of the nature of the ligand, contact appears to be primarily by 
hydrogen bonding (Quiocho, 1991). Two different structural forms of the PBP 
have been observed, the “open” ligand-free form and the “closed” ligand-bound 
form. It was originally thought that the binding of substrate resulted in a 
conformational change wherein the two domains close down. However, the S. 
typhimurium galactose-PBP has been crystallised in a closed-down but 
substrate-free form (Flocco and Mowbray, 1994). This has lead to the 
suggestion that the closed and open structures of PBP exist in an equihbrium in
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the absence of substrate and that the binding of substrate slows the closed to 
open transition.

1.4.4.2 Function o f the Periplasmic-binding Proteins
The PBP are typically in abundance compared to the membrane-bound 
complexes (one estimate has suggested that in the maltose transport system, 
there is a 30- to 50- fold excess of the PBP) and are essential for the transport 
system with which they are associated. For example, a malE (the PBP of the 
maltose uptake system) mutant strain of E. coli was unable to grow on maltose 
at an external concentration of 25mM (Shuman, 1982). However, PBP are not 
required for the actual translocation process, as demonstrated by the isolation of 
malE- revertants which had acquired the ability to transport maltose (Shuman, 
1982). The PBP serves as an initial receptor for the transport system which 
then “delivers” the substrate to the membrane-bound translocation complex. 
The in vitro binding affinities and specificities measured for the purified PBP 
correspond to the in vivo characteristics of the transport process, implying the 
binding of the substrate to the PBP is the rate-limiting step for transport.

It has been suggested that the binding of ligand to the PBP acts to restrict 
motion of the substrate to two dimensions (Perego et al., 1991). This 
suggestion was based on the fact that the periplasm appears to be a gel-like 
structure and that the diffusion of proteins within this space is mostly lateral. In 
agreement with this suggestion, the identification of “periplasmic” binding 
proteins which are anchored to the outside of the cell membrane of gram- 
positive bacteria would also limit the movement of the bound substrate.

1.4.5 Accessory Factors Associated with Bacterial ABC Exporters
The bacterial ABC exporters found in gram-negative bacteria and involved in the 
secretion of proteins usually have two additional proteins, an OMP and a protein which 
is a member of the membrane fusion protein (MFP) family (Dihn et at., 1994). The 
genes encoding the OMP are sometimes linked to the ABC exporter (for example, AprF 
in P. aeruginosa (Duong et at., 1992) and PrtF in E. chrysanthemi (Letoffe et at., 
1990)) but can be physically distant (for example, TolC in E. coli which has an

essential role in the secretion of a-haemolysin (Wandersman and Delepelaire, 1990)).

In the latter case, these proteins have been found to have other cellular roles not 
involved in excretion. tolC mutants are known to prevent the expression of one OMP,
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OmpF, and to lead to an over-production of the OmpC protein in E. coli, indicating that 

TolC is involved in the regulation of production of these OMPs (Moronacr al., 1983).

Figure 1.7 shows the proposed overall organisation of the a-haemolysin ABC

exporter system.

haemolysin

I

Outer
Membrane

Periplasm

Inner
Membrane

Figure 1.7 O rganisation of the alpha-haem olysin exporter from  E. coll.

The MFP is always genetically linked to the ABC exporter, for example HlyD is located 

immediately downstream of HlyB (Wagner et at. ,  1983) and, similarly AprE is 

downstream of AprD in P. aeruginosa  (Duong et at., 1992). HlyD has been 

extensively studied and, therefore, the structure and putative function of this protein in

the export of a-haemolysin will be described. A topological model for HlyD has been

proposed based on the results obtained with gene fusions and computer-aided analysis. 

HlyD consists of a cytoplasmic N-terminus (60 amino acids) followed by a stretch of 
20 hydrophobic residues producing a single transmembrane helix and a large 
periplasmic region (Schulein et ai., 1992). In cells carrying the wild-type exporter

system (hlyBD and tolC) no periplasmically located a-haemolysin has been detected
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during secretion (Koronakis et al., 1989). However, in hlyD deletion mutants a-

haemolysin accumulates in the cytoplasm with a small amount localised to the inner 
membrane.

Two functional domains of HlyD have been identified. The first region consists of the 
33-amino acid C-terminal part of HlyD which is conserved among HlyD analogues in 
similar ABC export systems (region A). Deletions or single amino-acid substitutions

within region A either reduce or completely inhibit a-haemolysin secretion. In

particular, substitution of the last residue of HlyD results in similar levels of cell-bound

a-haemolysin compared to the wild-type but the level of a-haemolysin secreted to the

medium is reduced, indicating that the last amino acid of HlyD may be involved in the

release of a-haemolysin from the bacterial cell (Schulein et at., 1994). In addition, it

has been suggested that region A may interact with the periplasmic loops of HlyB. A 
second region of around 40 residues in HlyD (region B) shows homology to a

sequence in TolC. A deletion within region B completely abolishes a-haemolysin

secretion (Schulein et at., 1994). It has been predicted that region B is largely p- 

structural and it has been suggested that it may form part of an outer membrane pore.

Cell fractionation studies show that the majority of HlyD fractionates with the inner 
membrane with a minor amount present in the outer membrane fraction. It appears that

HlyD is anchored in the CM by a single transmembrane a-helix, with the large

periplasmic domain somehow interacting with both the OMP (TolC) and the CM 
protein, HlyB. It has been suggested that HlyD, and its homologs from other ABC 
exporters, connect the inner and outer membranes allowing the one-step export of 
compounds with the absence of a periplasmic intermediate.

1.4.6 Substrate Specificity of Bacterial ABC Importers
Bacterial ABC importers have a high-affinity substrate-binding site on the PBP which 
confers substrate specificity but evidence points additionally to the transmembrane 
domains containing a second substrate-recognition site which enhances the selectivity 
of the transporter. Maltose-binding protein (MBP)-independent mutants of the maltose 
importer of E. coli have been identified (Shuman, 1982). These mutations were 
mapped to the inner membrane MalF and MalG proteins. It was shown that in some of 
the mutants MBP inhibited maltose transport suggesting that the malF  and malG
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mutations led to the exposure of a substrate-recognition site that is usually only 

available to a MBP-substrate complex (Treptow and Shuman, 1985). Further 

investigations have led to the conclusion that the interaction the MalFG complex and 

MBP occurs at the opening of the binding cleft of MBP, with the N-terminal domain of 

MBP interacting with MalG and the C-terminal domain interacting with MalF (Hor and 

Shuman, 1993).

There is no evidence that the ATP-binding cassettes contribute directly to substrate 

specificity. In fact, the ATP-binding cassettes of the E. coli maltose and jn-glycerol-3- 

phosphate import systems (MalK and UgpC) were shown to be functionally 

exchangeable in that UgpC could complement a malK  mutation and MalK could 
complement a ugpC mutation. These results indicate that MalK and UgpC, and 

probably other ATP-binding cassettes, do not confer substrate specificity to the 

associated transporter (Hekstra and Tommassen, 1993).

1.4.7 Substrate Specificity of Bacterial ABC Exporters
The bacterial ABC protein exporters secrete specific substrates independently of the sec- 
gene mediated pathway which requires an N-terminal signal peptide to secrete the 
protein across the CM. Instead, these proteins are secreted directly to the extracellular 
medium (in the case of gram-negative bacteria, with no periplasmic intermediate as 
discussed previously). The CM-bound complex of bacterial ABC exporters, for 

example HlyB, is thought to be central to substrate recognition. Studies have shown

that the C-teiminal domains of the exported proteins contain signal sequences. In a-

haemolysin (HlyA) the signal sequence is located within the last 50 to 60 amino acids 

and the smallest autonomously secretable peptide isolated consists of the C-terminal 62 

amino acids of HlyA (Jarchau et a i, 1994). Proteins secreted by other bacterial ABC 

transporters include leukotoxin A (LktA) in Pasteurella haemolytica and the 

metalloprotease (PrtG) in Erwinia chrysanthemi. These proteins also possess C- 

terminal signal sequences. Although little amino acid sequence homology is conserved 
between the signal sequences, the 70 amino acid C-terminal sequence of LktA can 

functionally replace the HlyA signal with equal transport efficiency (Zhang et at., 
1993(a)). By comparing the predicted structures of the C-terminal transport signal 

domains of these two proteins, it was proposed that the secondary structure may be an 

important feature for recognition and transport (Yin et a i, 1995). Both the HlyA and 

LktA signal peptides are unstructured in aqueous solution but, by using NMR
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spectroscopy, it was shown that both signal peptides form two a-helices separated by a 

short loop in SDS micelles (Yin e ta i,  1995).

Attempts have been made to determine the interaction between HlyB and the signal 
sequence of HlyA (Zhang et al.y 1993(b); Sheps et a/., 1995). By using a hlyA mutant 
(HlyAcr-2) in which the last 29 C-terminal amino acids were deleted, and the mutagens 
MNNG and hydroxylamine, a number of hlyB mutants were isolated which secreted 
both the deleted HlyAcr-2 and the wild-type HlyA. When sequenced all of the mutants 
contained single point mutations which mapped to the three predicted cytoplasmic loops 
of the amino-terminal transmembrane domain of HlyB (Zhang et al.y 1993(b)). 
Subsequently, the 29 amino acids immediately upstream of the region deleted 
previously were removed creating an internal deletion and a number of hlyB revertants

were isolated which had acquired the ability to secrete the mutant HlyAad. Again, the

mutants contained single point mutations which mapped to the predicted cytoplasmic 
loops of HlyB indicating that the whole signal sequence is recognised by the 
cytoplasmic loops of the transmembrane domain (Sheps et a l.y  1995).

1.4.8 ATP Hydrolysis Concomitant with Transport
Although the purified ATP-binding cassettes from both ABC importers and exporters 
exhibit spontaneous ATPase activity (Morbach et al.y 1993; Koronakis et al.y 1993), a 
number of studies have shown that when part of a membrane-bound complex, ATPase 
activity occurs concomitant with transport. Maltose transport in E. coli has been 
reconstituted in proteoliposomes where it was shown that ATPase activity only 
occurred in the presence of maltose-binding protein and maltose, and that ATP 
hydrolysis ceased when the vesicles stopped accumulating maltose (Dean et al . ,  1989; 
Davidson and Nikaido, 1990). ATP hydrolysis is essential for transport in these 
systems as non-hydrolysable ATP analogs do not sustain transport. In addition, 
studies with the ATP-binding domain of HlyB showed that mutations which resulted in 
a loss of ATP hydrolysis also resulted in a loss of HlyA secretion and mutations which 
reduced the ATPase activity of HlyB, showed a reduction in HlyA secretion 
(Koronakis et al . ,  1995). However, these mutations did not affect the ability of HlyB 
to bind ATP.

1.4.9 Mechanism of Translocation Across the Cytoplasmic Membrane
The actual mechanism of translocation across the CM by either bacterial ABC importers 
or exporters is not fully understood. However, from the information gathered on the
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maltose ABC importer of E. coli, a model for maltose uptake has been proposed 
(Davidson et. al., 1992) which has been modified and extended to all bacterial ABC 
importers (Boos and Lucht, 1996). Other models have been proposed and all are based 
on the fact that it is the initial binding of the ligand-bound closed conformation of the 
PBP to the membrane complex which triggers a series of conformational changes 
which at some stage must be driven by ATP-hydrolysis. Figure 1.8 shows a model of 
the transport mechanism wherein the binding of the PBP-ligand complex to the low- 
afrinity binding site in the fiilly-energised membrane-bound complex (State I) leads to a 
conformational change in the membrane components and results in the exposure of a 
high-affinity binding site for the closed-down form of the PBP (State II). This 
conformational change triggers the formation of State III wherein the substrate is 
released into the cytoplasm and the PBP into the periplasm. In State HI the membrane 
complex is at its lowest state of energy and ATP hydrolysis then provides energy for 
the formation of State I from State m . The identification of closed-down but ligand- 
free PBP has led to the suggestion that either this form or the “open” ligand-free form 
may bind to the membrane-bound complex (State I) resulting in a conformational 
change to State II. However, the movement to State III can only be triggered by 
substrate-bound PBP.

1.5 The Amidase Operon of P. aeruginosa
Kelly and Clarke (1962) isolated a strain of P. aeruginosa (NCTC 8602A), later called 
PACl, which was able to utilise acetamide or propionamide as the sole carbon and 
nitrogen source for growth. PACl possesses a chromosomally-encoded, inducible 
amidase enzyme which, in vivo, hydrolyses a narrow-range of aliphatic amides to the 
resultant organic acid and ammonia. These initial studies also showed that the enzyme 
had different substrate and inducer specificities, examples of which are shown in Table 
1 . 1 .

In general, amides containing a non-substituted amide group and two or three carbon 
atoms are most rapidly hydrolysed, with acetamide and propionamide being both good 
substrates and inducers of amidase expression. Lactamide and butyramide are both 
poor substrates for the amidase enzyme but function as a good inducer and anti-inducer 
of amidase expression respectively. In addition, other amides, particularly N- 
substituted amides, are non-substrate inducers of amidase expression (Kelly and 
Clarke, 1962; Brammar and Clarke, 1964).
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Figure 1.8 Proposed model of transport by bacterial ABC importers. See text 
for details. Modified from Boos and Lucht, 1996. Abbreviations: ABC=ATP- 
binding cassette; PBP=periplasmic- binding protein.
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Amide Substrate Inducer Inhibitor

Acetamide (CH3CONH3 ) 4- + -

Propionamide (CH3  CH2CONH3 ) + + -

Lactamide (CH3 CHOHCONH3 ) - + -

Butyramide (CH3 CH2  CH2CONH3 ) - - +

N-acetylacetamide (CH3 CONHCOCH3 ) - + -

Table 1 .1  Examples o f substrates, inducers and inhibitors of amidase 
expression.

A number of inducible catabolic pathways in Pseudomonads are subject to catabolite 
repression by the TCA cycle intermediates and this includes amidase (Brammar and 
Clarke, 1964; Smyth and Clarke, 1975(a)). The severity of repression on the 
expression of amidase in PACl by some of these intermediates is in the order of 
malate/succinate > acetate > lactate > pyruvate. A number of mutant PACl derivatives 
have been isolated which are less sensitive to catabolite repression by succinate. These 
mutations are all unlinked to the amidase genes and have not been characterised (Smyth 
and Clarke, 1975 (b)).

The precise mechanism of catabolite repression control in Pseudomonads is unknown 
but, unlike E. coli, it appears that cAMP is not involved. The cyclic-AMP receptor 
protein (CAP or Crp) of E. coli is a global regulator of gene expression, including 
those genes subject to catabolite repression by glucose. In outline, CAP is required for 
the transcription of these genes and, in turn, cAMP is required for CAP activity. 
Catabolite repression occurs as the uptake of glucose via the phosphotransferase system 
in E. coli leads indirectly to a decrease in the intracellular level of cAMP. It is 
interesting that a gene (v/r) has been identified in P. aeruginosa which shares 91% 
similarity to the E. coli CAP protein (West et a i, 1994). Experiments have shown that 
vfr expression is required for both exotoxin A and protease production and it has been 
suggested that yfr is a. global regulator of virulence factor expression in P. aeruginosa. 
In addition, expression of vfr in E. coli crp mutant strains mediated cAMP-modulated

catabolite repression of P-galactosidase and tryptophanase synthesis. However, it is

not thought that Vfr is involved in global catabolite repression in P. aeruginosa as the
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intracellular levels of cAMP do not change in response to various carbon sources 
(Phillips and Mulfinger, 1981; Seigel et al., 1977), and also as TCA cycle 
intermediates, rather than glucose, cause the greatest catabolite repression in this 
organism.

Mutant P. aeruginosa strains have been isolated which exhibit a loss of succinate- 
mediated catabolite repression of multiple independently controlled inducible, catabolic 
pathways including amidase but not the negatively-controlled histidine catabolic 
pathway (Wolff et al., 1991). In these strains, the mutations have been mapped to the 
crc gene at 11 minutes on the P. aeruginosa chromosome. Insertion of the plasmid- 

encoded crc gene into a crc- strain restored normal catabolite repression control, with 
the appearance of a soluble protein of an approximate molecular mass of 30 kDa 
(MacGregor et at., 1991) implicating CRC as the global control regulator. Recent 
experiments have shown that catabolite repression of phenol degradation in P. putida is 
mediated by a negative controlling factor (Muller et al., 1996). Titration of the negative 
factor was exclusively observed when extra copies of the phlR gene were present in the 
cell. PhlR is the positive regulator of the phenol catabolic operon, suggesting that 
catabolite repression of phenol degradation occurs by inhibition of the activating 
function of PhlR. However, it is not known if this mode of action is a general catabolic 
repression regulatory mechanism in Pseudomonads.

1.5.1 Organisation of the Amidase Operon
The amidase genes from the high constitutive mutant, PAC433, were isolated on a 

JTmdin DNA fragment and cloned into the lambda replacement vector, X122 (Drew et

al., 1980). E. coli cultures infected with recombinant X122 expressing amidase were

identified by enhanced growth of E. coli around plaques on plates containing acetamide 
as the sole nitrogen source. The amidase genes were subsequently subcloned into

pBR322 on a 5.3 kb HindllUSall fragment from Xami to generate plasmid pJB950

(Clarke et aL, 1981). The wild-type amidase genes from PACl were later isolated in a 
similar way and again subcloned into pBR322 on a HindlWSall fragment to yield 
plasmid pAS20 (Wilson and Drew, 1991). Most of the characterisation of the amidase 
operon has been gained from studies using these two plasmids and constructed 
derivatives.
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The complete 5.3 kb PACl DNA fragment has been sequenced and five genes 
identified, amiEBCRS, which are thought to be all or a part of the amidase operon 
(Brammar et al., 1987; Lowe et al., 1989; Wilson and Drew, 1991; Wilson, 1991). 
The location of the amidase genes in plasmid pAS20 are shown in Figure 1.9(a).

DNA sequencing studies identified a consensus E. coli G^O-dependent promoter

sequence (pE) 150 bp upstream of amlE (Drew and Lowe, 1989) (Figure 1.9(b)). 
Between pE and the amiE initiation codon there is a short open reading frame of 35 
amino acids overlapping a short GC-rich axis of dyad symmetry, which is characteristic 
of a Rho-independent transcription terminator, and a conventional ribosome-binding 
site (Drew and Lowe, 1989).

A second Rho-independent transcription terminator (T2) is present in the amlE/B 
intergenic region. This stem-loop is not as long or as stable as that of T1 and studies 
have shown that approximately 50% of transcripts read-through this structure (Wilson 
and Drew, 1995). Two potential RpoN-dependent promoter sequences (pNl and pN2) 
have been identified towards the 3’ end of amlB. The precise roles of pNl and pN2 
have not been determined although it has been proposed that a basal level of amiCRS 
transcription may be const!tutively expressed from these promoters (Wilson and Drew, 
1991; 1995). Apart from pE, pNl and pN2 no other promoter sequences have been 
identified in the Hin(M\\JSal\ fragment. Northern analysis of mRNA from induced 
cultures revealed a major 1.3 kb amiE transcript originating at pE and terminating at T2, 
and also minor transcripts which ranged in size from 5 to 0.23 kb (Wilson and Drew, 
1995). These transcripts are thought to be degradation products of a 5 kb amiEBCRS 
polycistronic transcript originating from pE. No transcription terminator has yet been 
identified downstream of amiS and it is not known if the complete amidase operon is 
contained on the 5.3 kb //i>idIII/5a/I fragment in plasmids pAS20 and pJB950.

1.5.2 The Amidase Structural Gene, amiE
The amidase structural gene, amiE, was initially shown to be located close to the 
//mdlQ target by comparisons of the DNA sequences, obtained by saturation restriction 
enzyme mapping, with the N-terminal amino acid sequence of amidase (Clarke et al., 
1981). Subsequently both the nucleotide sequence of amiE  and the amino acid 
sequence of amidase were determined (Brammar et a l ,  1987; Ambler et al., 1987). 
Amidase is a hexameric protein with identical subunits of a molecular mass of 38.4 kDa 
which, in vivo, catalyses the hydrolysis of amides. However, in vitro amidase can 
catalyse a number of other reactions as shown in Table 1.2.
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Figure 1.9 Organisation of the amidase operon in plasmid pAS20.
(a) Structure of plasmid pAS20. The 5.3 kb HindlWSan. PACl DNA fragment 
was subcloned into pBR322. The direction of transcription from pE is shown by 
the arrow.
(b) Amidase leader region organisation. The organisation between the Hindlll 
and Pstl targets is shown. S/D=Shine-Delgamo sequence.
Abbreviations for restriction enzyme sites are as follows: H=//mdIII; P=F^fI and 
S=Sall.
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Amide H ydrolysis: R.CO.NH2 + H2 O -------> R.CO2 * + NH4 +

E ster H ydrolysis: R.CO2 .R’ + H2 O  > R.CO2  + H+ + R’.OH

Amide Transferase: R.CO.NH2 + NH2 O H  > R.CO.NH.OH + NH4 +

E ster Transferase: R.CO2 .R’ + NH2 O H ..........> R.CO.NH.OH + R’.OH

Acid T ransferase: R.CO2  + NH2 OH + H+ > R.CO.NH.OH + H2 O

Table 1.2 Reactions catalysed by amidase

The amide transferase reaction has been routinely used to measure the amount of 
amidase activity in intact cells with acetamide as substrate since it was shown that 
amidase catalysed the transfer of the acyl group of acetamide to hydroxylamine to form 
acetohydroxamate (Brammar and Clarke, 1964).

Ahphatic amidases have been identified in P. putida (Clarke, 1972), Arthobacter sp. J- 
1 (Asano et al., 1982), Methylophilus methylotrophus (Silman et al., 1991) and 
Brevibacterium sp. R312 (now known as Rhodococcus erythropolis) (Thiery et al., 
1986). The amino acid sequence of the Rhodococcus erythropolis amidase has been 
elucidated and it shares more than 80% identity and 90% similarity with AmiE from 
PACl (Soubrier et al., 1992). Recent computer-aided studies by Novo et al. (1995) 
have shown that four regions of AmiE and the Rhodococcus erythropolis amidase have 
significant homology with corresponding regions of nitrilases, which catalyse the direct 
cleavage of nitriles to the corresponding acids and ammonia, and two fungal cyanide 
hydratases. The intervening distances between these four regions are similar in both 
the nitrilases and amidases. In addition, a phylogénie tree clustered these two amidase 
proteins together with nitrilases indicating that AmiE and the Rhodococcus erythropolis 
amidase are closely related to the nitrilase/cyanide hydratase family of proteins.

1.5.3 The Positive Regulator Gene, a m lR
Initial transduction studies indicated that amiE and the regulator gene, amiR, were 
closely linked with cotransduction at frequencies >90% (Brammar et al., 1967). Using 
transcomplementation studies with subcloned DNA fragments containing amiR in P. 
aeruginosa amiR mutants, the gene was shown to lie approximately 2 kb downstream 
of, and transcribed in the same direction as, amiE  (Consens et al., 1987). The
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nucleotide sequence of amiR has been determined and shown to encode a protein of
196 amino acids with a predicted molecular mass of 21.8 kDa (Lowe et a i, 1989).

Temperature-sensitive derivatives of an amidase constitutive mutant, PACl 11, were 
isolated which had an amidase-positive phenotype at 28^0 but were amidase-negative at 

4 IOC. As the amidase produced by these strains was shown to be thermostable, it was 

concluded that the mutations were in a regulator gene and that amiR encoded a positive 
regulator (Farin and Clarke, 1978). Later transcomplementation studies between a 
plasmid-encoded amiE gene and P. aeruginosa amiR mutants confirmed this hypothesis 
(Drew, 1984).

1.5.4 The Negative Regulator Gene, am iC
When searching for the amiR promoter it was found that insertion and deletion 
mutations in the DNA sequences upstream of amiR lead to constitutive amidase 
expression and it was proposed that a gene encoding a negative regulator was located in 
this region (Wilson and Drew, 1991). The DNA upstream of amiR was sequenced and 
an open reading frame, amiC, identified. The negative-regulatory role of AmiC was 
confirmed by the finding that plasmid-encoded AmiC repressed amidase expression in 
previously characterised P. aeruginosa amidase-constitutive mutants (Wilson and 
Drew, 1991). amiC encodes a protein of 385 amino acids with a predicted molecular 
mass of 42.8 kDa. The amiC gene has subsequently been over-expressed and the 
protein purified (Wilson and Drew, 1991). Purified AmiC has been crystallised 
(Wilson et at. ,  1991) and the structure of AmiC solved using X-ray crystallography 
(Pearl et at. ,  1994). AmiC consists of two distinct domains with a central cleft and its 
structure is very similar to the periplasmic binding proteins of ABC transporters, 
particularly the leucine-isoleucine-valine binding protein (LivJ) of E. coli although 
these two proteins share little amino acid sequence similarity (Pearl et al.y 1994). 
Equilibrium dialysis experiments showed that the purified AmiC bound inducing 
substrate amides (acetamide and propionamide), non-substrate inducers (lactamide), 
and anti-inducers (butyramide) (Wilson et al.y 1993).

1.5.5 Regulation of Amidase Expression by AmiR and AmiC
Wild-type regulation of amidase expression can be reconstructed in E. coli when the 5’ 
amiE flanking region and the amiE, amiC and amiR genes are present (Wilson et a l.y  

1993). Primer extension analysis has shown that expression from pE is constitutive 
and identified the transcription start point (Wilson and Drew, 1995) (Figure 1.9(b)). 
Under non-inducing conditions, most transcripts originating from pE terminate at Tl.
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As yet, a function for the short leader open reading frame has not been found although
it is not involved in the regulation of operon expression (Wilson et a i, 1996).

AmiR is a positive regulator of amidase expression via an anti-termination mechanism 
(Drew and Lowe, 1989), A 10 bp deletion in the T l terminator results in constitutive 
expression in the absence of AmiR. However, the precise binding of AmiR to the 
nascent mRNA has not been elucidated although two short regions before the Tl 
terminator have been shown to be independently essential for antitermination (Wilson et 
a l.,  1996). Complementation studies showed initially that AmiR functioned 
independently of inducing/anti-inducing amides (Consens et al., 1987; Wilson and 
Drew, 1991) and it has since been shown that AmiC inhibits the transcription 
antitermination activity of AmiR by a protein/protein interaction (Wilson et al., 1993). 
Thus, AmiC and AmiR appear to form a sensory/regulatory pair with amides binding to 
AmiC and AmiR functioning as the positive regulator.

The configuration of AmiC depends upon the amide bound (Pearl et al., 1994; O’Hara, 
personnal communication). Binding of the inducing amide, acetamide, leads to a 
‘closed down’ configuration and the anti-inducer, butyramide, causes AmiC to adopt a 
more open configuration. Recent gel filtration experiments have shown that a purified 
AmiCR complex (AmiC dimer/AmiR dimer) has a stoichiometry of 1:1 in the presence 
of butyramide and that the addition of acetamide causes an apparent molecular weight 
change (although the stoichiometry remains the same) and a partial dissociation of the 
complex in low (150mM) NaCl buffer and complete dissociation in 500mM NaCl 
(Wilson et a l,  1996).

Thus, a model for the regulation of amidase expression has been proposed. Although 
the structure of AmiC in the absence of amides has not yet been determined, it is 
expected to adopt a similar ‘open’ conformation to that seen in the presence of 
butyramide. Under non-inducing conditions, AmiC binds to AmiR inhibiting the 
binding of AmiR to the nascent mRNA. The leader transcript thus adopts a stem-loop 
structure and termination occurs. Upon inducer binding, the configuration of AmiC 
changes to the closed down form and it is not known whether AmiC binds AmiR in this 
configuration or if altered AmiC/AmiR binding occurs. However, AmiR is relieved of 
the inhibitory effects of AmiC and binds to the nascent mRNA preventing formation of 
the termination loop thus allowing read-through of T l and subsequent transcription of 
the amidase operon.
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1.5.6 Identification of am iB  and a m iS
To complete the sequencing of the DNA fragment inserted into plasmid pAS20, the 
regions downstream of amiE and amiR were sequenced and two new open reading 
frames identified, amiB and amiS (Wilson, 1991). The start of amiB is located 87 
nucleotides downstream of amiE (Figure 1.9(a)) and it is preceded by a sequence 
complementary to the 3’ end of the 16s rRNA of P. aeruginosa (Toscka et al.y 1988). 
The gene codes for a protein of 371 amino acids with a predicted molecular mass of 42 
kDa. Hydropathy analysis of the deduced amino acid sequence of AmiB indicated that 
this protein was substantially hydrophilic and thus its cellular location is most likely to 
be cytoplasmic (Wilson, 1991). A search of the EMBL protein sequence database 
showed that AmiB shared significant homology with ClpA, the regulatory subunit of 
the ATP-dependent Clp protease (Gottesman et at., 1990). ClpA contains consensus 
sequences for a nucleotide-binding site in two distinct domains. The activity and 
function of ClpA and the structure of nucleotide-binding sites are described in more 
detail in sections 4.2 and 1.4.1.1 respectively. Alignment of the AmiB sequence 
with the C-terminal domain of ClpA showed that the homology between Part A of the 
nucleotide-binding consensus sequence in both proteins was absolute, that the spacing 
between Parts A and B were similar and, finally, that there was significant homology in 
Part B between the two proteins and with the consensus sequence (Wilson, 1991). 
This analysis of the deduced amino acid sequence of AmiB gave a good indication that 
this protein has nucleotide-binding potential.

The amiS gene is located 46 nucleotides downstream of amiR and codes for a protein 
of 171 amino acids with a predicted molecular mass of 18.2 kDa. A Shine-Delgamo 
sequence is present in the intergenic region (Wilson, 1991). In an attempt to ascribe a 
function to this protein, homology searches with its deduced amino acid sequence were 
carried out but no homologs were found. Hydropathy analysis of AmiS showed the 
presence of six substantially hydrophobic stretches of 18-22 residues interspersed by 
short segments of 4-8 residues of charged and conformationally flexible amino acids 
(Gly, Ser, Pro). The length of the hydrophobic segments shows the classical pattern of 
transmembrane helices and it was proposed that AmiS would be an integral membrane 
protein.

1.5.7 Possible Function of AmiB and AmiS
It has been suggested that AmiB and AmiS may be two components of an ABC-like 
transport system involved in the active uptake of amides (Wilson, 1991), in a similar 
manner to the MalK and MalGF proteins of the E. coli maltose operon described
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previously (1.4). This prediction was based almost exclusively on the analyses of the 
nucleotide and predicted amino acid sequences of these two proteins. Summarising 
these results:
(i) both open reading frames have a high GC content and relatively few rare 

codons indicating that they are transcribed and translated in P. aeruginosa;
(ii) amiB and amiS are transcribed as a part of a polycistronic transcript with the 

other amidase genes in the presence of an amide inducer (Wilson and Drew, 
1995);

(iii) AmiB is essentially hydrophilic, contains a conserved nucleotide-binding motif 
and is highly homologous to one region of ClpA, a protein which has been 
shown to bind and hydrolyse ATP (Hwang et al., 1988; Katayama et al., 
1988);

(iv) AmiS appears to be an integral membrane protein with six potential 
transmembrane helices.

Some experimental evidence to ascribe a function to AmiB has been obtained. Four 
prophage am/::D3112 insertion mutants of PAO 1 were isolated which had an amidase 

‘leaky’ phenotype in that they were able to grow on fluoroacetamide (indicating a ami- 
phenotype) but had retained residual amidase activity to allow slight growth on 
acetamide (Rehmat and Shapiro, 1983). The insertion of D3112 was mapped to a 
region downstream of amiE, now known to be the am iB  open reading frame. 
Interpretation of these results led to the proposal that the initial diffusion of amides into 
the cell induces amidase expression but that an active uptake system is essential for the 
full expression of amidase. It is interesting that no ‘leaky’ ami- mutants were isolated 

which mapped to amiS suggesting that this region is non-essential for amidase 
expression. The results of Rehmat and Shapiro (1983) can only be relied upon to a 
limited extent as the effect of D3112 insertions on the transcription of the downstream 
amidase genes is unknown. An alternative explanation could be that the D3112 
insertions into anUB inhibited the expression of the amidase regulatory genes resulting 
in the amidase-negative phenotype, with residual transcription from pNl and pN2 
producing the observed ‘leaky’ phenotype.

There have been previous investigations of the uptake of aliphatic amides by wild-type 
and mutant P. aeruginosa strains. Initial studies by Brammar et al. (1966) looked at the 

uptake of i^C-acetamide and its non-hydrolysable derivative 14]-N-acetylacetamide by 
PACl and an acetamidase-negative mutant, PAC310. Both induced and non-induced 
cultures of these strains accumulated similar amounts of radio-activity when incubated
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with i4C-N-acetylacetamide, with rapid incorporation occuring in the first few minutes. 
This reached a plateau level which remained more or less constant over 50 minutes. 
These studies concluded that a constitutively expressed amide-specific permease was 
present. In addition, the presence of an amidase anti-inducer, cyanoacetamide, had no 

significant affect on the uptake of i^C-N-acetylacetamide by PACl and it was 

concluded that this repressor did not affect amidase expression by inhibiting the uptake 
of amides.

A significant indication for the presence of specific uptake systems is the isolation of 
mutants which are unable to utilise normal growth substrates although they produce the 
necessary metabolic enzyme. At present, no such P. aeruginosa strain has been found 
which is cryptic for amides. The P. aeruginosa amidase system has been used for the 
demonstration of experimental enzyme evolution (Clarke and Drew, 1988) and a 
number of mutants have been isolated for their ability to hydrolyse longer-chain amides 
and amides with an aromatic ring attached to the amide side chain, for example 
phenlyacetamide (Betz and Clarke, 1972). One group of these latter mutants had lost 
the ability to grow on acetamide and Betz and Clarke investigated if the altered 
phenotype was due to a difference in amide permeability, that is the presence of a 
mutation in the constitutively expressed permease proposed by Brammar e ta i  (1966). 
By comparing the amidase activity of the intact bacteria and partially purified amidase, it 
was shown that the amide growth phenotype was solely dependent upon the ‘mutant’ 
substrate specificity of the enzyme. A number of amides were tested as substrates 
including acetamide (2C), butyramide (4C), valeramide (5C) and phenylacetamide and 
in no case was the amidase specific activity greater for cell-free extracts than for whole 
bacteria indicating that the bacteria were freely permeable to all the amides studied 
(Betz and Clarke, 1972).

The last attempt to identify a transport system for aliphatic amides was carried out by 

Farin (1976). It was found that in the wild-type strain, PACl, the uptake of i^C- 
acetamide was strictly co-ordinate with the induction of amidase activity whilst strains 
devoid of acetamidase activity, including the phenlyacetamide mutants isolated by Betz 
and Clarke (1972), did not show a similar accumulation of radioactivity. In addition, it 
was apparent that the value for acetamide transport (approximately 2mM) was 

similar to the value of amidase for acetamide (approximately ImM) (Brown et a/., 

1969) and it was concluded that the rate-limiting step in the uptake of acetamide was the 
amidase enzyme itself. The ability of propionamide and acetate to inhibit acetamide
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uptake, whilst butyramide and lactamide had no apparent effect, led to the identification 
of an acetate transport system in P. aeruginosa which was sensitive to the respiratory 
inhibitors sodium azide and dinitrophenyl. Membrane vesicles prepared from PACl 

were shown to concentrate i^C-acetate but not i^C-acetamide and these preparations, 

which were devoid of amidase activity, showed no binding towards t^C-acetamide. In 
addition, no acetamide-binding component was found in the shock fluid of P. 
aeruginosa indicating that there is no acetamide-binding component present in the 
periplasm.

These results led to the conclusion that P. aeruginosa does not possess a specific amide 
transport system. Early experiments on the permeability of biological membranes to 
non-electrolyte solutes showed that various membranes are highly permeable to 
aliphatic amides. The last of these studies, using artificial liposomes prepared from egg 
yolk lecithin, cholesterol and phosphatidic acid, emphasised the high permeability of 
aliphatic amides in these structures (Cohen and Bangham, 1972). From these results 
and the previous experiments on the permeability of membranes to aliphatic amides, 
Farin (1976) concluded that biological membranes were not a permeability barrier for 
aliphatic amides and that passage could occur by passive diffusion. In addition, the 
apparent high permeability of membranes to amides indicates that the rate of diffusion 
of amides is fast enough to support growth of bacteria possessing active amidase 
enzymes.

1.6 The Aims of this Investigation
The aim of this project was to determine the biological functions of AmiB and AmiS 
with respect to the active uptake of amides, initially by amiB mutation analyses. An 
additional approach was the over-expression of the amiS and amiB genes for the 
subsequent purification and characterisation of the proteins.

68



CHAPTER 2
Materials and M ethods

2 .1  M aterials

2 .1 .1  B acterial Strains
The bacterial strains used during this study are listed in Table 2.1

2 .1 .2  Plasm ids
The plasmids used during this study are listed in Table 2.2. Table 2.2(a) shows 
parental plasmids, including recombinants constructed prior to this study. Table 2 .2
(b) shows recombinant plasmids derived from broad-host range vectors and Table 
2 .2 (c) shows recombinant plasmids derived from narrow-host range vectors.

Table 2.1 Bacterial strains
(a) E. coli

Strain Genotype Reference

JA221 hsdR recA trp leu Clarke and Carbon (1978)
JM107 thi A {lac- proAE)

F’/flcZ AM 15, proAB
Yanisch-Perron etai. (1985)

JM109 thi A {lac- proAB)
F’/flcZ AM 15, proAB

Yanisch-Perron et al. (1985)

S17-1 pro hsdR
chr::RP4-2 (Tc::Mu Km::Tn7)

Simon etai. (1983)

CCI 18 araD139 A(ara,leu)1691 AlacX14 
phoAKLO galE galK thi rpsE rpoB 
argEam recAl

Manoil and Beckwith (1985)

CC202 F42 lacI3 zzf-2::Tnp/ioA/CC118 Manoil and Beckwith (1985)
CC170 CCI 18 carrying chromosomal 

insertion ofTnlacZ Manoil (1990)
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(b) P. aeruginosa

Strain Genotype Amidase Reference 
Phenotype

PACl amiEBCRS Inducible Kelly and Clarke (1962)

PACl-GmR PACl with aacCl gene 
in amiB Ami- This study

PAC452 ami A l 61 Ami deletion Day (1975)

PAC327 amiC35 amlR33 crp7 Ami- Brown (1969)

Table 2.2 Plasmids
(a) Parental plasmids

Plasmid Size (kb) Markers Reference

pUC8

pUC18
pUC19
PQR139

2.65
2.7
2.7
6.65

AmpR
AmpR
AmpR
AmpR

Vieira and Messing (1982) 
Yanisch-Perron etai. (1985) 
Yanisch-Perron etai. (1985)
J.M. Ward (personal communication)

pBR322
pMW24

4.4
14.1

AmpR TcR 
AmpR

BOliver et al. (1977)
S.J. Wachira (personal communication)

pMMB6 6 EH
pMW21

8 . 8

11.7
AmpR (CbR) 
AmpR (CbR)

Furste etai. (1986) 
W üsonetai. (1993)

pKT231
pSW35
pSWlOl
pMW22

13.0
14.5
17.82
17.4

SmR KmR 
SmR 
SmR 
SmR

Bagdasarian etai. (1981) 
Wilson (1991)
Wilson and Drew (1991) 
Wachira, 1994

X-\Alami-5 45.39 - Wilson and Drew (1991)

pGEM-4Z 2.75 AmpR Promega protocols and applications 
manual

pBGS18 4.4 KmR Spratt etai. (1986)
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Table 2.2(a) continued,

Plasmid Size (kb) Markers Reference

pCR-Script 2.96 AmpR Stratagene protocols and applications 
manual

pMAL-cRI 6.15 AmpR New England Biolabs protocols and 
applications manual

pSW200 5.68 AmpR S.A. Wilson (personal communication)

(b) Recom binant plasmids derived from  broad-host range vectors

Plasmid Markers amidase phenotype/characteristics

(i) pKT231-derived

pRW35
pRW36

SmR
SmR

amiE-,B,C,R,S
amiE-,B-,C,R,S

(ii) pMMB6 6 EH-derived

pRW303
pRW304
pRW304(P)I
pRW304(P)Cla
pRW304(P)Fla
pRW304(P)G2a
pRW304(P)I2d
pRW304(P)J4e
pRW304(G)B 1/2/3
pRW305

AmpR (CbR) 
AmpR (CbR) 
AmpR (CbR) KmR 
AmpR (CbR) KmR 
AmpR (CbR) KmR 
AmpR (CbR) KmR 
AmpR (CbR) KmR 
AmpR (CbR) KmR 
AmpR (CbR) KmR 
AmpR (CbR)

amiB expression vector 
amiS expression vector 
pRW304 containing TnphoA in amiS 
pRW304 containing TnphoA in amiS 
pRW304 containing TnphoA in amiS 
pRW304 containing TnphoA in amiS 
pRW304 containing TnphoA in amiS 
pRW304 containing TnphoA in amiS 
pRW304 containing TnlacZ in amiS 
amiBS expression vector
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(c) Recombinant plasmids derived from narrow-host range vectors

Plasmid Markers

pRW300 AmpR GmR amidase operon with aacCl gene in amiB

p R W lll AmpR amiCRS + 5.4 kb downstream DNA
pRW112 AmpR 1.4 kb downstream of SaB
pRW113 AmpR pRWl 12 Pstl-Smal deletion derivative
pRW114 AmpR pRW112 Smal-EcoBl deletion derivative

pRW27 AmpR amiEBCRS
pRW32 AmpR amiE-,B,C,R,S
pRW34 AmpR amiE-,B-,C,R,S

pRW311 AmpR amiS
pRW311(G)I AmpR KmR pRW311 containing TnlacZ in amiS
P(P)I AmpR Fusion join between amiS and TnphoA
p(P)Cla AmpR Fusion join between amiS and TnphoA
p(P)Fla AmpR Fusion join between amiS and TnphoA
p(P)G2a AmpR Fusion join between amiS and TnphoA
p(P)I2d AmpR Fusion join between amiS and TnphoA
p(P)J4e AmpR Fusion join between amiS and TnphoA
p(G)B 1/2/3 AmpR Fusion join between amiS and TnlacZ

pRW301 AmpR amiS
pRW200 KmR amiS
pRW309 AmpR amiS-poly his.
pRW312 AmpR amiS-poly his. expression vector

pSW81 AmpR malE-amiB expression vector

I would like to thank C. Manoil, J.M. Ward, S.A. Wilson and S.J.M. Wachira for 
providing strains and plasmids during the study.

2 .1 .3  Growth Media
2.1.3.1 Nutrient Broth
E. coli and P. aeruginosa strains were grown in either L-broth (10 g/1 Bacto Tryptone, 
5 g/1 Bacto Yeast Extract, 5 g/1 sodium chloride and 1 g/1 glucose, pH 7.2) or Oxoid 

No. 2 nutrient broth (25 g/1). Solutions were autoclaved at 15 Ib/in^ for 20 min. and 
stored at room temperature.
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2.1.3.2 Nutrient Agar
For solid medium, 1.5% (w/v) Difco agar was added to L-broth or Oxoid No. 2 

nutrient agar (28 g/1) was used. Solutions were autoclaved at 15 Ib/in^ for 20 min. and 

allowed to cool to approximately 550C before addition of antibiotics if appropriate. 

Nutrient agar plates were stored in an inverted position at 40C.

2.1.3.3 Minimal Medium
2.1.3.3.1 E. coli minimal medium with nitrogen (Clarke and Laverack, 1983) 

(MM+N):
Na2HP04 4.5 g/\ KH2 PO4

(NH4)2S04 1.0 g/1 NH4 CI
KNO3 0.5 g/1 Na lactate

E. coli trace elements 1.0% (v/v) 
pH 7.0-7.2

2 . 0  g/1

1 . 0  gyl 

0 .8 % (v/v)

2.1.3.3.2 E. coli minimal medium without nitrogen (P. Laverack, personal 
communication) (MM-N):

N a 2 H P 0 4 4.5 g/1 0.01% L-tryptophan and

KH2 PO4 2.25 g/1 0.01% L-leucine (final

KH2 PO4 2.5 gA concentrations) were added
NaCl 1 . 0  gA as nitrogen source.
E. coli trace elements 1 .0 % (v/v)

pH 7.0-7.2

2.1.3.3.3 E. coli trace elements solution (xlOO strength) (P. Laverack, personal 
communication):

Na citrate 40.0 g/1 ZnS04.7H20 0 . 0 2  g/1

MgS04.7H20 2 0 . 0  g/1 Na2B40?.7H20 0 . 0 2  g/1

FeS04.7H20 2.0 gA (NH4)ô.M07O24.7H2O 0.02 gA

MnCl2 . 2 H2 0 1.0 gA CUSO4 .5 H2 O 0.02 gA

CaCl2 .2 H2 0 1.0 gA C0 CI2 0.02 gA

2.1.3.3.4 P seudom onas  basal medium with nitrogen (Brammar and Clarke, 
1964) (BM+N):

K 2 H P  O4 12.5 g/1  K H 2 P O 4  3.8 g/1
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(N H 4 )2  SO4  1.0 g/l MgS0 4 7 H 2O

Trace elements solution 1.0% (v/v)
pH 7.2

0 . 1  g/1

2.1.3.3.5 Pseudomonas basal m edium  without nitrogen (P. Laverack, 
personal communication) (BM-N):

Na2 HP0 4  4.5 g/1  KH2PO4  2.25 g/1

Na2 S0 4  2.5 g/1 NaCl 1.0 g/1
pH 7.0-7.2

2.1.3.3 . 6  P seu d o m o n a s  trace elem ents solution (200x strength) (Kelly & 
Clarke, 1962):

H3 BO3 0.23 g/1  (NH4 )6 .Mo7 0 2 4 .7 H2 0  0 . 0 2 2  g/1

ZnS04.7H20 0.174 g/1 CUSO4 .5 H2 O 0.008 g/1
C0 SO4 .7 H2 O 0.096g/l MnS0 4 .4 H2 0  0.008 g/1

FeS0 4 (NH4 )2 S0 4 .6 H2 0  0.116 g/1

Solutions were autoclaved at 15 lb/in2 for 20 min. and stored at room temperature. 

Typically, the appropriate carbon sources were added to a final concentration of 0.5% 
(w/v) to the E. coli minimal media and 1.0% (w/v) to the Pseudomonas basal media 
after autoclaving. The trace elements solutions were used at Ix strength.

2.1.3.4 M inimal Agar
For solid medium, 1.5% (w/v) Difco agar was added to the above media.

2.1.3.5 A ntibiotic Selective M edia
Antibiotics were added as appropriate to nutrient or minimal media at the following final 
concentrations, unless otherwise indicated.

E. coli

Ampicilhn (Beecham) 

Carbenicillin (Sigma) 

Kanamycin (Sigma) 

Streptomycin (Sigma) 

Gentamycin (Sigma)

1 0 0  fig/ml

30 fig/ml 

1 0 0  p-g/ml 

1 0  p-g/ml

P. aeruginosa

500|ig/ml 

3(X)itg/ml 

5(X) |ig/ml 

100 |ig/ml
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Chloramphenicol (Sigma) 15 pg/ml 

For plates, antibiotics were added at the final concentration immediately before pouring.

2 .1 .4  B u ffe rs
2.1.4.1 D ilution Buffer
The dilution buffer was that of Brammar et a l (1967):

KH2PO4  3.0 g/l

Na2HP04 7.0 g/l
NaCl 4.0 g/l
MgS04.7H20 0 . 2  g/l

pH 7.2

2.1.4.2 T ris-B orate Electrophoresis Buffer (TBE)
A 5x stock of TBE was prepared by mixing 54.45 g of Trizma Base, 27.78 g of Boric 
Acid and 1.85 g of EDTA to 1 litre of distilled water. TBE was used at a Ix strength 
(90mM Tris, 90mM Boric Acid, 2.5mM EDTA pH 8.2)

2.1.4.3 Tris-EDTA Buffer (TE) 
lOmM Tris.HCl pH 8.0 
ImMEDTA

2 .1 .5  P heno l/C h lo ro fo rm
Phenol/chloroform solution was prepared in a 1:1 (v/v) ratio. Liquified phenol washed 
with Tris buffer (Fisons) was mixed with a 24:1 (v/v) chloroform:isoamyl alcohol mix.

2 .1 .6  Ribonuclease A
Pancreatic RNase A (Sigma) was dissolved at a concentration of 10 mg/ml in lOmM 
Tris.HCl pH 7.5 and 15mM NaCl. Contaminating DNase activity was destroyed by 

heating at lOO^C for 15 min. The solution was allowed to cool slowly to room 

temperature before ahquoting and storage at -200C.

2 .1 .7  R eagents
All media components and chemicals were supplied by Aldrich Chemical Company, 
Dorset, UK; BDH Laboratory Suppliers, Leicestershire, UK; Difco Laboratories, 
Michigan, USA; Gibco BRL Life Technologies, Paisley, UK; Oxoid, Hampshire, UK. 
In general, all chemicals were of Analar quality of equivalent. Radionucleotides used in
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the DNA sequencing reactions were supplied by Amersham International, Bucks., UK.
The manufacturers of specialist compounds or equipment are named within the text.

2 .2  Methods

2 .2 .1  Microbiological Methods
2.2.1.1 Storage of Bacterial Strains
2.2.1.1.1 Short Term Storage
P. aeruginosa and E. coll strains were stored on agar plates. P. aeruginosa strains were 

kept at room temperature in the dark and E. coli strains were stored at 40C.

2.2.1.1.2 Long Term Storage
Both E. coli and P. aeruginosa strains were stored in sterile 15% glycerol at -TO^C.

2.2.1.2 Bacterial Growth Conditions
Bacteria were routinely grown in 20 ml universal bottles containing 5 ml of nutrient 
broth on a reciprocating shaker. For large scale growth of bacteria, conical flasks were 
used which were a minimum size of five times the volume of the culture. Individual 

colonies were isolated by streaking on an agar plate. Strains were grown at 3?0C 
unless otherwise indicated.

2.2.1.3 Measurement of Bacterial Growth
Bacterial growth in liquid cultures was determined by measuring the absorbance in a 
Cecil 1000 Series spectrophotometer against a medium blank. E. coli cultures were 
read at 450nm while P. aeruginosa cultures were read at 670nm. A standard curve was 
used to convert the readings to dry weights (Brown, 1969). An absorbance of 1.0 at 
ODôvo corresponds to 0.56 mg dry weight/ml for P. aeruginosa and a similar value is 

obtained at OD4 5 0  with E. coli.

2.2.1.4 Transformation of E. coli
2.2.1.4.1 Preparation of Competent Cells
Two methods were used to prepare competent cells. The initial method was superseded 
by the latter method which allowed short term storage of the competent cells.
2.2.1.4.1.1 50 ml of prewarmed L-broth was inoculated with 1 ml of an overnight 

culture and the cells grown at 3?0C on an orbital shaker. 0.5 ml aliquots were 
removed at various time intervals to determine growth. At OD 450 of 0,5 the 

culture was chilled on ice for ten minutes and the cells collected by
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centrifugation in a Sorvall RC5-B centrifuge at 5,000 rpm for 10 min. at 40C. 
The bacterial pellet was resuspended in 25 ml of an ice-cold solution of O.IM 
M gCl2 and the cells harvested as before. The bacterial pellet was then 

resuspended in 2.5 ml O.IM CaCl2 and stored on ice for 60 min. Fresh 

competent cells were prepared for each transformation.
2.2.1.4.1.2 5 ml of nutrient broth was inoculated with colonies from an agar plate 

and the culture grown at 3?0C on a reciprocating shaker for 3-4 hours. 1.5 ml 

of cells were harvested by centrifugation in an Eppendorf centrifuge at 14,000 
rpm for 5 min. The bacterial pellet was resuspended by gentle pipetting in 0.75 
ml of an ice-cold solution of 75mM CaCl2  containing 15% glycerol. The cells 

were harvested as before and resuspended in 0.15 ml of the same solution by 
gentle pipetting. Competent cells were used immediately or could be stored at - 

700C for approximately one month.

2.2.1.4.2 Transform ation

1 ng - 1 jig of plasmid DNA in TE buffer was added directly to 0.15 ml of competent 

ceUs in a 1.5 ml sterile eppendorf tube. The cells were incubated on ice for 45-60 min., 

heat shocked at 37QC for 10 min. and then returned to ice for 15 min. 1 ml of pre

warmed nutrient broth was added and the cells incubated at 37^0 non-selectively for 60 
min. to allow the bacteria to express the antibiotic resistance genes.

2.2.1.4.3 Plating of Transform ed E. coli
0.1-0.2 ml of transformed cells were spread plated on selective antibiotic plates. The 
plates were incubated in an inverted position at 370C overnight.

2.2.1.5 M obilisation of Plasm ids from  E. coli to P. aeruginosa
Plasmids were mobilised using either E. coli strain HBlOl containing plasmid 
pRK2013 as a conjugative bridge or E. coli strain S17-1 which carries the transfer 
genes of the broad-host range plasmid RP4-2 integrated into the chromosome (Simon et 
a l ,  1983).

2.2.1.5.1 Use of E. coli H B 101pR K 2013
Plasmid pRK2013 in E. coli strain HBlOl was used in triparental matings (Deretic et 
a l ,  1986) with E. coli strain JA221, containing the broad host range plasmid to be 
mobilised, and the recipient P. aeruginosa strain. 0.1 ml of overnight cultures of each 
of the three strains were mixed on a nutrient agar plate and incubated in an upright
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position at 370C overnight. Cells were lifted off the nutrient agar plate in 3 ml dilution 
buffer using a sterile glass spreader and pipette. The cells were pelleted in an 
Eppendorf centrifuge for 5 min. at 14,000 rpm and washed with 2 ml dilution buffer. 
The cells were again centrifuged and the final cell pellet resuspended in 1 ml dilution 
buffer. 0.1 ml of serial dilutions were plated onto 1% (w/v) sodium succinate BM+N 
plates containing the appropriate antibiotic and the plates incubated in an inverted 

position for 2 to 3 days at 370C. The presence of the recombinant plasmid in the P. 
aeruginosa strain was determined by restriction enzyme analysis of plasmid DNA 
isolated from the strain.

2.2 .1 .5 .2  Use of E. coli S17-1
E. coli strain S17-1 was initially transformed with the broad host range plasmid to be 
mobilised into the P. aeruginosa strain. Transformants were shown to contain the 
plasmid DNA by antibiotic screening and restriction enzyme analysis of the isolated 
plasmid DNA. The E. coli SI7-1 transformants were then used as donors to transfer 
the recombinant plasmid into the recipient P. aeruginosa strain by plate mating. 0.1 ml 
of overnight cultures of each of the donor and recipient cells were spotted onto a 
prewarmed nutrient agar plate and incubated at 37^0 in an upright position overnight. 
The cells were lifted off the plate, washed and plated onto the appropriate selective 
media as described previously (2.2.1.5.1).

2.2.1.6 Construction of an amlB  Chromosomal Mutation in 
P. aeruginosa  PACl

A mutation was made in the chromosomally encoded amiB gene by mobilising into 
strain PACl the narrow-host range plasmid pRW300 (suicide vector) containing the 
mutated amiB gene, followed by homologous recombination between the plasmid DNA 
and the chromosomal DNA. The protocol used was similar to that of mobilisation of 
plasmid DNA from E. coli to P. aeruginosa utilising HB101pRK2013 (2.2.1.5.1). To 
ensure that a double crossover event had occurred, recombinants were selected for 
resistance to gentamycin and sensitivity to carbenicillin.

2.2.1.7 Construction of AmiS-AIkaline Phosphatase/|3-Galactosidase 
Fusion Proteins using T nphoA /T n lacZ

The protocol followed was an adaptation of that of C. Manoil (personal 
communication). E. coli strains CC202 (CCI 18 - F’42 lacI3 zzf~2::TnphoA) and 
CC170 (CCI 18 containing a chromosomal insertion of TnlacZ) were transformed with
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either plasmid pRW304 or pRW311 and plated onto nutrient agar containing the 
antibiotic selective for the plasmid. Individual transformants were resuspended in 1 ml 
dilution buffer and 0 . 1  ml was spread plated on to nutrient agar plates containing 1 0 0

|lg/ml ampicillin, 300 P-g/ml kanamycin, 20 |lg/ml IPTG and either 40 |ig/ml XP (5-

bromo-4-chloro-3-indolyl phosphate toluidine salt - Sigma) - CC202 transformants, or

40 |ig/ml XG (5-bromo-4-chloro-3-indolyl galactoside - Melford Lab. Ltd, Ipswich,

UK) - CC170 transformants. After 2 days incubation at 370C, plates typically 
contained colonies of various sizes and with different degrees of blueness or white. 

The blue colonies were patched onto the same medium and incubated at 370C for a 

further 1-2 days. Routinely, plasmid DNA was isolated (2.2.3.5) from 1 to 4 
individual blue colonies from each plate and introduced into the phoA- and lacZ- E. coli 
strain CCI 18 by transformation. Transformants with plasmids containing 
enzymatically active TnphoA or TnlacZ insertions were identified by plating 0.1 ml of

neat and lO-i diluted transformation mix on to nutrient agar containing 100 p.g/ml 

ampicillin, 30 |ig/ml kanamycin, 20 |ig/ml IPTG and either 40 |ig/ml XP (TnphoA) or 

40 |ig/ml XG (TnlacZ ) and incubating overnight at 370C. Plasmid DNA from the blue

transformant colonies was isolated (2.2.3.5) and restriction enzyme mapped to 
determine if TnphoA or TnlacZ had inserted into the amiS gene. If so, further analysis

included assays for alkaline phosphatase or p-galactosidase activity as appropriate

(2.2.2.3) and sub-cloning and DNA sequencing (2.2.3.12) to determine the precise 
location of the insertion.

2 .2 .2  Microbiological Assays
2.2.2.1 Bacterial Growth Assays
Bacteria were grown overnight at 370C in 20 ml nutrient broth containing the 

appropriate antibiotics. An appropriate volume of overnight culture was pelleted by 
centrifugation in a MSE Centaur 2 bench centrifuge at 4,000 rpm for 15 min. so that the 
ODô7 o of the assay culture at to would be around 0.1. The cell pellet was washed once 
in 5 ml dilution buffer and finally resuspended by gentle vortexing in 1 ml dilution 
buffer. 1 ml of culture was used to inoculate 50 ml of assay media. The cells were 
grown in three different assay media: (i) BM-N+lOmM acetamide, (ii) BM-N+lOmM 
acetamide and 1% (w/v) sodium pyruvate, (iii) BM+N+lOmM acetamide, and a 
control medium (BM+N+1% (w/v) sodium pyruvate). Antibiotics were added where 

appropriate. The cultures were grown at 370C on an orbital shaker at 240 rpm and 1 ml
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aliquots were removed at hourly intervals for measurement of bacterial growth
(2.2.1.3) and amidase activity (2.2.2.2).

2.2.2.1.1 Calculations
The log values of the A^vo readings are plotted. To avoid negative results, 10 was 

added to all of these values. The generation times and doubling times were calculated 
according to the equation of (Schlegel, 1986) as follows:

Generation Time: logio (A^to at tiate) - logio (A^vo at teariy)
(divisions/hour) __

0.301 X (  tiate -  teariy (hours))

Doubling Time: 1
(min.)   X 60

Generation Time

Unless otherwise stated, the values presented are the mean results of assays carried out 
on three separate occasions.

2.2.2.2 Amidase Assays
Amidase was assayed in intact cells by the transferase assay of Brammar and Clarke 
(1964) using acetamide as substrate.

2.2.2.2.1 Growth of Bacteria
E. coli strains were grown overnight at 3?0C in 5 ml MM+N with succinate (0.5% 
w/v) as additional carbon source. This was supplemented with L-tryptophan or L- 
leucine at 0.003% (w/v) for growth of the auxotrophic strain JA221. E. coli strains 
were also grown in MM-N using glucose and succinate as carbon sources as described 
above. L-tryptophan and L-leucine at concentrations of 0.01% (w/v) were added to the 
medium to provide a nitrogen limiting environment for growth. Lactamide (0.2% w/v) 
was used as an amide inducer and butyramide (0 .2 % w/v) was used as an amide 
analogue repressor of amidase synthesis. The medium was supplemented with the 
appropriate antibiotics.

P. aeruginosa strains were grown in 5 ml BM+N with sodium succinate (1% w/v) as 
carbon source. Inducing and repressing amides were added as for E. coli. The 
medium was supplemented with antibiotics as appropriate.
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2.2.2.2.2 Hydroxamate Transferase Assay
A solution of mixed substrates was freshly prepared using two volumes of O.IM 
Tris.HCl pH 7.2, one volume of 0.4M acetamide (freshly prepared) and one volume of 
2M neutral hydroxy lamine (10 ml of 5M hydroxylamine hydrochloride neutralized to 
pH 7.2 with ION NaOH and made up to 25 ml with distilled water) and kept on ice. 
0.1 ml of a suitably diluted bacterial culture was added to 0.9 ml of prewarmed mixed 

substrate solution and incubated at 370C. After 10 min., the reaction was stopped by 
the addition of 2 ml of ferric chloride/HCl solution (100 ml 60% ferric chloride and 57 
ml 12N HCl made up to 1 litre with distilled water). Reactions were vortexed to 
disperse bubbles of nitrogen and then read at 500nm using a Cecil 1000 Series 
spectrophotometer against a reagent blank. The absorbance was related to the amount 
of acetohydroxamate formed in the reaction by comparison with a standard curve

(Brown, 1969). An absorbance of 1.0 at O D 5 0 0  corresponds to 3.5 |imols

acetohydroxamate formed/ml.

2.2.2.2.3 Calculation of Amidase Specific Activities
Unless otherwise stated, amidase activity levels presented are the mean values of 
duplicate assays carried out on at least three separate occasions. One unit represents 1

pmol of acetohydroxamate formed per min. and specific activities presented are 

units/mg dry weight bacteria (2.2.1.3) . The following equation was used in the 
calculation of amidase specific activities:

3.5 X (A5 0 0  - (A ^70(450) X 0.08))

(A670(450) ^  0.56)

2.2.2.3 p-Galactosidase (p-Gal) and Alkaline Phosphatase (AP) Assays

2.2.2.3.1 Growth of Bacteria
Bacteria were grown as described by Manoil (1990). For both assays, overnight 

cultures grown at 37^0 in nutrient broth containing the appropriate antibiotics and ImM 
IPTG were diluted 1:100 into 10 ml of the same medium. The cultures were grown for

a further 2 hours (AP assay) or 3-4 hours (p-gal assay) at 370C on an orbital shaker

(240 rpm) to bring them into exponential-phase growth.
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2.2.2.3.2 Preparation and Permeabilisation of Cells
To inhibit protein synthesis, chloramphenicol was added (final concentration 0.1 
mg/ml) to the bacterial culture. After standing at room temperature for 5 min., the cells 
were pelleted by centrifugation in a Sorvall RC5-B centrifuge for 15 min., 6,0(X) rpm, 

4 0 c .  The bacterial pellet was resuspended in 10 ml IM Tris.HCl pH 8.0 (AP assay) or 
10 ml 150mM sodium phosphate buffer pH 7.0 (86.55 ml IM Na2HP04,63.45 ml IM

NaH 2 P0 4  made up to 1 litre with distilled water) (p-gal assay). A 1 ml aliquot was

removed to measure bacterial growth (2.2.1.3). To permeabilise the cell membrane, 
three drops of toluene were added, the cultures shaken for 30 sec. and incubated at 
3 7 0 c  for 15 min. with occasional shaking. Cells were kept briefly on ice until assayed 

for the appropriate activity.

2.2.2.3.3 Alkaline Phosphatase Assay
The protocol followed was that of Brickman and Beckwith (1975). 0.2 ml of 0.4% 
(w/v) p-nitrophenyl phosphate (Sigma) was added to 2 ml of permeabilised cell culture 
(both pre-equilibrated to 370C). The assay tubes were incubated at 370C until a yellow 
colour was observed. The reactions were stopped by the addition of 0.2 ml of IM di
potassium hydrogen phosphate. The samples were read at 420nm and 550nm using a 
Cecil 1(X) Series spectrophotometer against a reagent blank (in which 2 ml IM Tris pH 
8.0 replaced the cell suspension). The OD at 550nm was read to provide a correction 
factor for absorbance of the cells.

The calculations presented are the mean values of duplicate assays. Units of AP 
activity were calculated per min ./mg dry weight of bacteria using the following formula:

OD4 2 0  - (OD5 5 0  X 1.75)
1 0 0 0  X   X dilution factor

(if any)
time (min.) x (OD4 5 0  x 0.56)

2.2.2.3.4 p-Galactosidase Assay

The protocol followed was that of P. Wells (personal communication). The reactions 

were started by the addition of 1 ml 1.5mM 0-nitrophenyl-p-D-galactoside (Melford 

Lab. Inc., Ipswich, UK) to 1 ml of permeabilised cell culture (both pre-equilibrated to 

3 7 0 C), and incubated at 37^0 until a yellow colour was observed. The reactions were
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stopped with the addition of 2 ml IM sodium carbonate. The assay mixtures were read 
at 420nm and 55()nm against a reagent blank wherein 1 ml 15()mM sodium phosphate 
buffer pH 7.0 replaced the cell suspension.

The calculations presented are the mean values of duplicate assays. Units of P-gal

activity were calculated per min./mg dry weight bacteria using the following formula 
(Hamilton, 1982):

OD4 2 0  - (OD5 5 0  X 1.65)
1000 X   X dilution factor

(if any)
time (min.) x (OD4 5 0  x 0.56)

2.2.2.4 Am monia Assays
2.2.2.4.1 Growth of Bacteria

Bacteria were grown overnight at 3?0C in 10 ml nutrient broth containing the 

appropriate antibiotics and the cells were pelleted by centrifugation in a MSE Centaur 2 
bench centrifuge at 4,000 rpm for 15 min. The cell pellet was washed once in 10 ml 
dilution buffer and finally resuspended by gentle vortexing in 5 ml dilution buffer. 1.5 
ml of culture was used to inoculate 100 ml of assay media. Cells were grown in three 
different assay media: BM-N containing the appropriate antibiotics and (a) lOmM 
acetamide, or (b) lOmM acetamide and 1% (w/v) sodium succinate, or (c) lOmM 

acetamide and 1% (w/v) sodium pyruvate. The cultures were grown at 3?0C on an 
orbital shaker and 2x 1 ml aliquots were taken at hourly intervals. One aliquot was 
used to measure bacterial growth (2.2.1.3) and amidase activity (2.2.2.2), and the 
other aliquot was used to determine the total ammonia present in the supernatant

2.2.2.4.2 Determination of Ammonia
1 ml of culture was centrifuged in an Eppendorf centrifuge for 5 min., 14,000 rpm and 
the cell pellet discarded. The assay used for the determination of ammonia was based 
on the protocol of Fawcett and Scott (1960). 0.1 ml of the supernatant was added to 
0.35 ml of Reagent A (0.59M phenol, 1.12mM nitroprusside - Sigma) followed by 
0.35 ml Reagent B (0.1 IM sodium hypochlorite - Sigma, 2M sodium hydroxide). The 

contents were mixed and incubated at 500C for 15 min. The reactions were allowed to 

cool to room temperature and read at 600nm using a Cecil 1000 Series 
spectrophotometer against a reagent blank (in which 0.1 ml phosphate buffer pH 7.2 
(O.IM potassium di-hydrogen phosphate, ImM DTT, 20% (v/v) glycerol) replaced the
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supernatant). 0.1-0.4mM solutions of ammonium sulphate were used as standards to
generate a standard curve of 0-0.8mM ammonia for each group of assays.

2.2.2.4.3 Calculations
All calculations presented are the mean values of duplicate assays carried out on two 
separate occasions. As 0.1 ml of the supernatant was used in each reaction, the

following equation was used to calculate pmoles ammonia/ml/mg dry weight bacteria:

Calculated [ammonia] x 10

A670 X 0.56

An equation was designed to calculate the differential rate of ammonia secretion 
between two time points. The equation took into account the ammonia present/ml and 
the difference in dry weight of bacteria at each time point, as follows:

(Calculated [ammonia] x 10 at ti) - (Calculated [ammonia] x 10 at to)

(Average OD^vo at to and ti) x 0.56

This gave a differential rate of pmoles ammonia/ml/hr/mg dry weight bacteria. To

convert this to a differential rate per min., the result of the above equation was divided 
by 60.

2.2.2.S Heat-Shock Assays
Bacterial cultures were grown overnight in 5 ml nutrient broth with the appropriate 

antibiotic(s) at 370C on a reciprocating shaker. The cells were pelleted by 
centrifugation in a MSE Centaur 2 bench centrifuge at 4,000 rpm for 15 min. and 
washed once with 5 ml dilution buffer. After final resuspension in 2 ml dilution buffer, 
the cells were added to 100 ml BM+N containing 1.0% (w/v) sodium succinate, 0.2% 
(w/v) lactamide and the appropriate antibiotic(s), to an initial absorbance at 670nm of 

approximately 0.05. The cultures were then incubated at 370C on a reciprocating 

shaker and at hourly intervals 1 ml aliquots were taken for measurement of bacterial 
growth (2.2.1.3) and amidase activity {2.22.2). At Aôto of approximately 0.4, 2x 30 

ml aliquots were transferred into fresh sterile 250 ml conical flasks. One flask was
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placed in a 37®C shaking water bath whilst the other flask was placed in a 410C 
shaking water bath. 1 ml aliquots were taken from each culture at 20 min. intervals for 
growth and amidase activity measurements as described above. After 100 min., the 

3 7 0 c  and 410C bacterial cultures were placed at 370C on a reciprocating shaker and 
further aliquots were taken at 20 min. intervals to monitor bacterial growth and amidase 
activity. The results presented are the mean values of duplicate amidase assays carried 
out on two separate occasions.

22 .2 .6  Uptake Assays Using i^C -A cetam ide
The protocol followed was a modification of that described by Shuman (1982).

2.2.2.6.1 Growth of Bacteria

Bacteria were grown overnight at 370C in 15 ml BM+N containing appropriate 

antibiotics and 2% (w/v) sodium pyruvate as sole carbon source. 10 ml of the 
overnight bacterial culture was added to 90 ml of either the same medium (non-induced) 
or the above medium containing 0.2% (w/v) lactamide (induced). The bacterial cultures 
were incubated at 370C on an orbital shaker (240 rpm) to late log phase and pelleted in 
an RC5-B centrifuge at 6,000 rpm for 15 min. The bacterial pellet was washed in 10 
ml sterile BM+N and harvested as described previously. To inhibit protein synthesis, 
the cells were resuspended in an appropriate volume of BM+N containing 0.1 mg/ml 
chloramphenicol, to give an optical density corresponding to A67o=50-70. The A^to 

of the resuspended cells was measured and the cells were kept at room temperature until 
needed.

2.2.2.6.2 Uptake Assay
Each assay mix contained 0.8 ml BM+N, 0.1 ml of cells and the reaction was started

with the addition of 0.1 ml ImM i^C-acetamide (stock solution - 40mM,40|i Ci/ml). 1

min. after addition of the labelled acetamide and at 5x 5 min. intervals thereafter, a 0.15

ml aliquot was removed, filtered for 20 sec. through a 47 mm, 45 pm nitrocellulose

filter (Whatman, Maidstone, UK) and washed for 20 sec. with 5 ml BM+N. All 
filtering and washes were carried out using a vacuum pump. The filters were dried at 
room temperature and counted in 5 ml of Ecoscint A (National Diagnostics, Georgia, 
USA) using the Packard TriCarb Liquid Scintillation Analyser model 1900 CA. The 
conditions for measurement were:
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Cycles 1
Count Time (min) 10

# Counts/vial 1

Radionuclide 14C

Data mode? dpm

2.2.2.6.3 S tandard Curve and Filter Test
2.2.2.6.3.1 Standard Curve

3x 0.15 ml aliquots of solutions of various concentrations of i^C-acetamide 
were counted in scintillation fluid as described above. The concentration of the

i^C-acetamide solutions used were; O.lmM, O.OlmM, IjiM, 0.1|iM, 0.01|iM.

2.2.2.6.3.2 Filter Test

To determine the amount of i4]-acetamide retained by the filter after washing, 
3x 0.15 ml aliquots of the above solutions were filtered, washed with 5 ml 
BM+N, dried and counted as described in section 2.2.2.6.2.

2.2.2.6.4 Calculations
The final concentration of i^C-acetamide in the assay mixture was O.lmM. To 

allow for the non-specific binding of t^C-acetamide to the filter, the DPM count 
for the filter test of O.lmM i^C-acetamide was deducted from the test DPM 

counts.

To standardise the results, the DPM count was calculated per mg dry weight 
bacteria, as per the following example:
(a) DPM count (- filter test) 30,000
(b) A6 7 0  of cells before transport assay 50

(c) A6 7 0  of cells in assay mixture (1:10) 5

(d) Aô7 o of cells in 0.15 ml aliquot removed 0.75

(e) mg dry weight bacteria/0.15ml aliquot ((d) x 0.56) 0.42
(f) DPM/mg dry weight bacteria ((a)/(e)) 71,428.6

To convert the calculated DPM/mg dry weight bacteria to the amount of 

acetamide accumulated, the following calculation was used. 0.15 ml of a 

O.lmM solution of t^C-acetamide contains 15nmols of acetamide. From the 
results of the standard curve, 15nmols of t^C-acetamide gave a mean DPM
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count of 52,405.4. Thus, nmols i^C-acetamide/mg dry weight of bacteria were 
calculated using the following equation:

DPM/mg dry weight bacteria (f) 
________________________________ X 15

DPM/15nmols i42-acetamide (52,405.4)

2.2.3 Nucleic Acid Preparations/Manipulations
2.2.3.1 Ethanol Precipitation of DNA
DNA was precipitated by the addition of one ninth volume of 3M potassium acetate 

followed by 2 volumes of ice cold ethanol. The mixture was vortexed, left at -TO^C for 

20 min. and centrifuged at 14,000 rpm for 15 min., 40C in an Eppendorf centrifuge. 
After discarding the supernatant, the DNA pellet was washed with 1 ml of 70% ethanol 
and the tube centrifuged again for 2-3 min. The supernatant was discarded and the 

DNA pellet dried at 500C before resuspension in an appropriate buffer.

2.2.3.2 Isopropanol Precipitation of DNA
DNA was precipitated by the addition of 1.2 volumes of an 88% isopropanol/200mM 
potassium acetate solution. The mixture was vortexed, left at room temperature for 10 
min. and centrifuged in an Eppendorf centrifuge at 14,000 rpm for 20-30 min. The 
supernatant was discarded and the DNA pellet dried and resuspended as above.

2.2.3 3 Phenol/Chloroform Extraction of DNA
Protein was removed from DNA preparations by phenol/chloroform extraction. An 
equal volume of phenol/chloroform was added to the aqueous DNA sample and the 
mixture vortexed for 30 sec. The sample was then centrifuged at 14,000 rpm in an 
Eppendorf centrifuge for 2 min. and the upper aqueous phase containing the DNA was 
removed, avoiding any white interface.

2.2.3.4 Determination of DNA Concentration
The concentration of DNA was determined spectrophotometrically by measuring the 
absorbance at 260nm whereby an OD2 6 O value of 1 corresponds to a DNA

concentration of approximately 50 |ig/ml. The purity of DNA preparations was 

determined by calculating the ratio of absorbances at 260nm and 280nm. Pure
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preparations of DNA have OD 2 6 0 /OD 2 8 0  values of 1.8 or greater. This value was
greatly reduced if protein or phenol contamination was present.

2.2.3.5 Miniplasmid DNA Preparations
2.2.3.5.1 For screening of plasmid DNA from both £. ct?// and P. aeruginosa strains 
or isolation of plasmid DNA for transformation into E. colly  routinely a modification of 
the alkaline lysis method, as described in Sambrook et a l (1989), was used:

1.5 ml of an overnight culture was centrifuged for 5 min., 14,000 rpm in an 
Eppendorf centrifuge. The supernatant was discarded and the cell pellet resuspended 
by vortexing in 0.1 ml of an ice-cold solution of 50mM glucose, lOmM EDTA, 25mM 
Tris.HCl pH 8.0 (Solution I). When isolating plasmid DNA from P. aeruginosa 
strains 4 mg/ml lysozyme was added to Solution I prior to use. After addition of 0.2 
ml of a solution of 0.2N NaOH, 1% SDS (Solution H), the tube contents were mixed 
by inversion several times. Then 0.2 ml of ice-cold Solution HI (60 ml 5M potassium 
acetate, 11.5ml glacial acetic acid, 28.5ml H2 O) was added and the tube vortexed in an 

inverted position for 10 sec. Following 20 min. incubation on ice the tube was 
centrifuged at 14,000 rpm for 10 min. in an Eppendorf centrifuge and the clear 
supernatant transferred to a second tube. Contaminating protein was removed by 
phenol/chloroform extraction (2.2.3.3) and the plasmid DNA precipitated with either

ethanol or isopropanol (2.2.3.1/2.2.3.2). DNA pellets were resuspended in 20-30 |il 

TE buffer (2.1.4.3) and RNase added to a final concentration of 20 pg/ml.

2.2.3.5.2 To improve the yield of both larger plasmids and low copy number 
plasmids, especially from P. aeruginosay either the Promega Wizard^M Minipreps DNA 
Purification system or the Quaigen Plasmid Mini kit were used as per the 
manufacturers’ instructions.

2.2.3 6 Large Scale Isolation of Plasmid DNA and CsCl Density 
Centrifugation

Large scale isolations of plasmid DNA were carried out using a modification of the 
alkaline lysis procedure (2.2.3.5.1) and the plasmid DNA purified by CsCl density 
centrifugation. Routinely, 500 ml of an overnight culture was harvested by 

centrifugation in a Sorvall RC5-B centrifuge at 5,000 rpm, 4 0 C for 10 min. 20 ml of 

Solution I containing 4 mg/ml lysozyme was added, the cells resuspended by vortexing 
and then incubated at room temperature for 5 min. 50 ml of Solution II was added, the
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tube contents mixed by inversion several times and left on ice for 5 min. 50 ml of 
Solution III was added and the mixture inverted several times to mix. After 5 min. on 
ice the precipitated chromosomal DNA was pelleted by centrifugation in a Sorvall RC5- 
B centrifuge at 7,000 rpm, 40C for 30 min. The supernatant was transferred to a fresh 
tube, 50 ml of 50% polyethylene glycol (PEG) 6000 was added and the mixture was 
placed on ice for 60 min. The precipitated plasmid DNA was pelleted by centrifugation 

for 30 min. at 10,000 rpm, 40C and resuspended in 5 ml of TE buffer. The DNA 

solution was phenol/chloroform extracted twice and the solution made up to 9 ml with 
TE buffer pH 8.0. 1.1 g CsCl per 1 ml of solution and 0.2 ml of a 10 mg/ml solution 
of ethidium bromide was added. The mixture was centrifuged in Beckman quick-seal 
polyallomer tubes at 50,000 rpm for 20 hours in a Beckman L-7 ultracentrifuge at 
200C. During the final 30 min., the speed of the rotor was reduced to 40,000 rpm to 
relax the gradient. The plasmid DNA band was removed by inserting a hypodermic 
needle through the side of the tube and retrieving the DNA band. 4 ml of TE buffer pH 
8.0 was added to the DNA solution (approximately 1 ml) to avoid precipitation of the 
CsCl. The ethidium bromide was removed by repeated extraction with an equal volume 
of CsCl saturated isopropanol. Finally, the aqueous phase containing the plasmid DNA 
was ethanol precipitated and resuspended in 0.5 ml of TE buffer.

2.2.3.T R estriction Enzyme Digests
Restriction enzymes were purchased from (Gibco BRL, Paisley, UK; New England 
Biolabs, Mass., USA). All restriction enzyme digests were carried out using the 
manufacturers’ recommended buffer. Typically, 20 units of restriction enzyme were 
used per digest with an incubation period of between 1-3 hours. Reactions were 
terminated by the addition of 6x stop solution (2.2.3.10) if the digests were to be 

analysed by electrophoresis, or heat inactivation at 650C for 15 min. if the DNA was to 

be used for subsequent digests or cloning.

2.2.3.S DNA M odification Reactions
2.2.3.8.1 Conversion of Fragm ents with Protruding 5’ Ends to Blunt 

Ends

Protruding 5’ ends were filled in using the polymerisation activity of the Klenow 
fragment of E. coli DNA Polymerase I by a modification of the protocol of Sambrook 
et al. (1989). The DNA was incubated at room temperature for 15 min. in a final

volume of 20 \ii containing 2 |il lOx buffer (0.5M Tris.HCl pH 7.2, O.IM MgS0 4 , 

ImM DTT, 0.5 mg/ml BSA), 1 |il of a 2mM solution of all four dNTPs and 1 |il (5
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units) of the Klenow fragment (New England Biolabs, Mass., USA). The reaction 

was teiTninated by heat inactivation (75^C, 10 min.). The DNA was extracted with 
phenol/chloroform and precipitated with either ethanol or isopropanol before 
resuspension in TE buffer.

2.2.3.8.2 Conversion of Fragments with Protruding 3’ Ends to Blunt 
Ends

Protruding 3’ ends were made blunt ended using the 3’ exonuclease activity of 
bacteriophage T4 DNA Polymerase by a modification of the protocol of Sambrook et 
a l  (1989). The DNA fragment was incubated for 15 min., 120C in a final volume of

20 p.1 containing 2 |il lOx T4 Polymerase buffer (0.33M Tris.acetate pH 7.9, 0.66M 

potassium acetate, O.IM magnesium acetate, 5mM DTT, 1 mg/ml BSA), 1 pi of a 2mM

solution of all four dNTPs and 2 pi (6 units) of T4 DNA Polymerase (New England

Biolabs, Mass., USA). The reaction was terminated by heat inactivation (750C, 10 
min.). The DNA was purified by phenol/chloroform extraction, ethanol precipitated 
and resuspended in TE buffer.

2 2.3.9 Ligation of DNA Fragments
Cohesive and blunt end DNA ligations were carried out under similar conditions. 

Routinely, ligations were carried out in a final volume of 20 pi containing 2 pi of the

manufacturers’ recommended lOx ligation buffer and 1 pi (10 units) T4 DNA Ligase

(New England Biolabs, Mass., USA) at either 40C (cohesive ends) or Ib^C (blunt 

ends) overnight. The ligation mixes were usually frozen at -200C for 30-60 min. 

before transforming the appropriate E. coli strain.

2.2.3.10 Agarose Gel Electrophoresis of DNA
The percentage agarose used was determined by the size of the DNA fragments to be 
separated according to Sambrook et a l (1989). The agarose was dissolved in 150 ml 
Ix TBE (2.1.4.2) by boiling in a microwave and ethidium bromide was added to a final

concentration of 1 pg/ml. Molton agarose was poured onto glass plates surrounded in

autoclave tape and a comb inserted 10 mm from the top of the plate. Once set, the 
autoclave tape and comb were removed and the gel submerged in 500 ml Ix TBE. 
DNA samples were mixed with an appropriate volume of 6x stop solution (40% (w/v) 
sucrose, O.IM EDTA, 0.015 mg/ml bromophenol blue dye) and loaded into the wells.

90



The gels were electrophoresed at the required voltage during the day or 20-30v 
overnight.

2.2.3.11 Isolation of DNA from Agarose Gels
The DNA band to be excised was located under UV illumination and incisions made 

about 2 mm from the band on all sides. The GENECLEAN® kit was used and the 

DNA isolated by a modification of the manufacturer’s instructions (Bio 101, California, 
USA). After calculating the weight of the excised agarose, 0.5 volumes of TBE 

Modifier and 4.5 volumes of Nal were added and the mixture incubated at 550C for 5

min. 5 |il of GLASSMILK® was added, the contents mixed by vortexing and placed

on ice for 20-30 min., with occasional mixing. The GLASSMILK® was pelleted by 

centrifugation in an Eppendorf centrifuge for 5 sec., 14,000 rpm and the supernatant 
discarded. The centrifugation was repeated to remove any remaining supernatant. The

pellet was washed by resuspension in 500 |il ice-cold NEW wash by gentle pipetting,

centrifugation at 14,000 rpm for 5 sec. and the supernatant discarded. The wash step 
was carried out three times with a final centrifugation to remove any remaining NEW

wash. The DNA was eluted from the GLASSMILK® by the addition of 5 pi TE

buffer, incubation at 550C for 5 min. and centrifugation at 14,(KX) rpm for 30 sec. The

elution step was repeated giving a final volume of 10 pi DNA solution.

2.2.3.12 DNA Sequencing
2.2.3.12.1 Preparation of Plasmid DNA for Sequencing
Plasmid DNA was isolated using either the Quaigen Plasmid Mini kit or C îaigen 
Plasmid Midi kit following the manufacturer’s instructions.

2.2.3.12.2 DNA Sequencing Reactions
Double stranded DNA sequencing reactions were routinely carried out in microtitre 

plates using the Pharmacia T7 DNA Polymerase S e q u e n c i n g ^  kit according to the 
manufacturer’s instructions. To reduce compressions, Pharmacia deaza-GTP 
sequencing premixes were frequently used and/or the annealing reactions carried out in 
the presence of 10% DMSO. To obtain sequences close to the primer annealing site, a
1.5- to 2-fold increase in the primeritemplate concentration was used.

91



2.2.3.12.3 Polyacrylamide Gel Electrophoresis of DNA Seqencing 
Reactions

Sequencing reactions were denatured by heating to lOO^C for 2 min., immediately 
loaded onto 8% polyacrylamide/urea gels (prepared as described in the Pharmacia 
sequencing manual) and electrophoresed at a constant power of 50-52W corresponding 
to a current of 30-35mA and a voltage of between 13,000-17,OOOv. Up to three 
loadings of each sequencing reaction were electrophoresed on the same gel. Typically 
additional loadings were made as the bromophenol blue dye front from the previous 
loading reached the bottom of the gel. Following electrophoresis, the gel was fixed for 
20 min. in 1 L 10% (v/v) methanol/10% (v/v) glacial acetic acid solution and rinsed for 
10 min. in 1 L distilled water. After transferring the gel to Whatman 3MM paper and 

covering with Saran Wrap, it was dried under vacuum at SO^C for 2-3 hours using a 

Biorad model 583 gel dryer. Autoradiography was performed at room temperature 
without an intensifying screen.

2.2.3.13 Polym erase Chain Reaction (PCR) Amplification of DNA
PGR amplifications of the amiS gene and the amiS gene with a poly-histidine tail were 
carried out using pfu DNA polymerase (Stratagene, California, USA) in an Omnigene 
Thermal Cyler (Hybaid, Teddington, UK).

2.2.3.13.1 PCR amplification of am iS
Two oligonucleotides with the following sequences were used for the amplification of 
amiS: 5 ’ - GGATCCAAGCTTGAATTCAACAAGAGGGGTATCGTC and 5’ - 
TCTAGAAAGCTTTTCCTGCTATGCCTTGAG (MRC Cell Biology, UCL). The

amplification was carried out in a final volume of 50 |il containing 100 ng template

DNA, approximately 5 pmols of each primer, 5 |xl of the manufacturers’ recommended

lOx buffer, 5 îl of a 2mM solution of aU four dNTPs and 1 pi (2.5 units) of pfu DNA 

Polymerase. 25 cycles of amplification were performed using the following 

temperatures: 940C for 45 sec., 60^C for 45 sec., 750C for 1 min. An initial

denaturing stage of 940C for 5 min. and a final extension and cooling stage of 370C for 
1 min. were also included. Plasmid pRW200 (Figure 5.3) was used as the template.

2.2.3.13.2 PCR amplification o f am iS  with a poly-histidine tail
Two oligonucleotides were used for the amplification of amiS with a poly-histidine tail. 
The sequence of the 5’ oligonucleotide was identical to that described above, whilst the

92



second oligonucleotide was designed to incorporate a sequence encoding six histidine 
residues with C in the third base ‘wobble’ position, as follows; 5 ’ - 
GGATCCAAGCTTCTAGTGGTGGTGGTGGTGGTGTGCCTTGAGCACCTGTC 
(Genosys Biotechnologies Inc.). The amplification mix was similar to that used in 
section 2.2.3.13.1. 25 cycles of amplification were performed using the following 

temperatures: 940C for 45 sec., 6Q0C for 45 sec., 750C for 1 min. 15 sec. An initial 

denaturing stage of 940C for 5 min. and a final extension and cooling stage of 370C for 

1 min. were also included. Plasmid pRW200 was used as the template.

2.2.4 Protein Analysis
2.2.4.1 Preparation of Crude Extracts
Bacteria were routinely grown in 100 ml of nutrient broth containing appropriate 

antibiotics at 370C on an orbital shaker at 240 rpm. At an OD4 5 0 (6 7 0 ) of between 0.5 

and 0.7, IPTG was added to a final concentration of ImM for E. coli or 3mM for P. 
aeruginosa, and the cultures were incubated for a further 4 hours. The cells were 

harvested by centrifugation in a Sorvall RC5-B centrifuge at 6,000 rpm, 20 min., 4^0. 

Typically, cell pellets were stored at -2CK>C overnight. The cell pellet was completely 
resuspended in 1 ml 50mM Tris pH 8.0, lOOmM NaCl and disrupted by sonication on 
ice using an MSE Soniprep 150. For sonication, eight 15 sec. bursts at an amplitude of 
14 were applied to the sample with a cooling interval of 15 sec. between each burst. 
The cell debris was pelleted by centrifugation in a Sorvall RC5-B centrifuge at 16,000 

rpm, 40 min., 40C. The supernatant was retained and the cell debris was resuspended 
in 1 ml 50mM Tris pH 8.0, lOOmM NaCl.

2.2.4.2 Purification of Proteins with Poly-histidine Tag
2.2.4.2.1 Preparation of Soluble Protein Extracts
Bacteria were routinely grown in 100 ml of nutrient broth containing the appropriate 

antibiotics at 370C on an orbital shaker. At an OD4 5 0 (6 7 0 ) of between 0.5 and 0.7, 

IPTG was added to a final concentration of ImM for E. coli or 3mM for P. aeruginosa, 
and the cultures were incubated as above for a further 4 hours. The cells were 

harvested by centrifugation in a Sorvall RC5-B centrifuge at 6,000 rpm, 20 min., 40C. 

Typically, cell pellets were stored at -200C overnight The slightly lysed cell pellet was 
completely resuspended in 5 ml 50mM Tris pH 8.0, lOOmM NaCl and disrupted by 
sonication on ice using an MSE Soniprep 150. For sonication, eight 15 sec. bursts at 
an amplitude of 14 were applied to the sample with a cooling interval of 15 sec. 
between each burst. The insoluble material was pelleted by centrifugation in a Sorvall
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RC5-B centrifuge at 13,000 rpm, 20 min., 40C and resuspended by pipetting in 10 ml 
40mM sodium phosphate buffer pH 8.0, 500mM NaCl, 8 M Urea (Buffer A) 
containing 0.05 mg/ml SDS. The remaining insoluble material was pelleted by 

centrifugation in a Sorvall RC5-B centrifuge at 10,(X)0 rpm, 20 min., 4^0 and the 

supernatant retained (approximately 10 ml). Again, the insoluble pellet was 
resuspended in Buffer A containing 0.05mg/ml SDS and re-pelleted by centrifugation 
as described previously. The supernatant was retained, resulting in a total of 20 ml of 
soluble protein extract.

2.2.4.2.2 Purification by Immobilized Metal Affinity Chromatography
The P r o B o n d T M  resin (Invitrogen Corp., San Diego, USA) was made into a slurry by 
mixing with Buffer A (resin slurry). 1 ml of the solubilised extract was mixed by 
inversion with 0.5 ml of the resin slurry and left at room temperature for 45 min. with 
frequent mixing. To remove unbound protein, the resin slurry was pelleted by 
centrifugation in an Eppendorf centrifuge at 5,000 rpm, 3 min. and the supernatant 
removed. The resin slurry was washed in 0.5 ml Buffer A, pelleted by centrifugation 
(as above) and the supernatant removed. This washing step was carried out three 
times. Bound protein was then eluted by resuspending the resin in 0.5 ml Buffer A 
containing 300mM Imidazole. The mixture was left at room temperature for 10 min. 
with frequent mixing. The resin was pelleted by centrifugation as above and the eluted 
protein (supernatant) retained. The elution step was carried out twice.

2.2.4.3 Purification of Maltose Binding Protein (MBP)-AmiB Fusion 
Protein

2.2.4.3.1 Preparation of Cell Free Extracts
E. coli strain JM107 containing plasmid pSW81 was grown in 1 L Terrific Broth (12 g 
Bacto-tryptone, 24 g Yeast Extract, 4 ml glycerol, 2.3 g potassium di-hydrogen 
phosphate, 3.78 g di-potassium hydrogen phosphate made up to 1 L with distilled 

water) (Tartof and Hobbs, 1987) at 280C on an orbital shaker. At OD4 5 0  of 0.5-0.7, 

the culture was induced with ImM IPTG and growth continued at 280C for a further 14 

hours. The cells were harvested in a Sorvall RC5-B centrifuge at 6,000 rpm, 20 min., 

4 0 c  and the cell pellet resuspended in 4 ml Buffer B (20mM Tris.HCl pH 7.4, 200mM 
NaCl, ImM DTT, 15% (v/v) glycerol). Cells were disrupted by sonication as 
described previously (2.2.4.1). Cell free extracts were prepared by centrifugation of 
the sonicated extract in a Sorvall RC5-B centrifuge at 20,000 rpm for 30 min.
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2.2.4.3.2 Purification by Amylose-affinity C hrom atography
The amylose resin (New England Biolabs, Mass., USA) was packed into a 10 ml 
column according to the manufacturer’s instructions. The cell free extract was loaded 
on to the amylose affinity column at a flow rate of 1 ml/min. Unbound protein was 
washed off the column with Buffer B. When a steady baseline had been obtained, 
bound proteins were eluted from the column with Buffer B containing lOmM maltose.

2.2.4.3.S Gel F iltration Analysis
Gel filtration of approximately 10 mg of the eluted protein collected from the amylose 
affinity column was carried out using a Superdex 200 16/10 gel filtration column 
(Pharmacia Biotech Inc.). The column was pre-equilibrated with Buffer B minus 
NaCl.

2.2.4.4 S torage of Protein Samples
All protein extracts prepared were stored at -TÔ C after the addition of sterile glycerol to 
a final concentration of 15% (v/v).

2.2 4.5 D eterm ination of Protein Concentration
Protein concentrations were determined by the Bradford assay (Bradford, 1976) using 
the Biorad Protein Assay reagent. The standard assay procedure was followed 
according to the manufacturer’s instructions and 0.2-1.0 mg/ml bovine serum albumin 
was used as standards to generate a standard curve for each assay.

2.2.4 6 Protein Concentration hy Trichloroacetic Acid (TCA)
Precipitation

A 15% (v/v) TCA solution was added to the protein samples to give a final TCA 
concentration of 5% (v/v). The samples were mixed by vortexing and incubated at 

4 0 c  for 10 min. The precipitated protein was pelleted by centrifugation in an 

Eppendorf centrifuge for 5 min., 14,000 rpm, 4 0 C and the supernatant discarded. The 

protein pellets were washed in cold acetone by vortexing and incubated at 40C, 10 min. 

The tube contents were pelleted by centrifugation as described above and the resulting 

protein pellet dried at 500C. The protein samples were typically resuspended in 2x 
protein loading buffer (O.IM Tris.HCl pH 6.8, 4% (w/v) SDS, 0.2% (w/v) 
bromophenol blue, 20% (v/v) glycerol, 200mM DTT).
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2.2.4.7 SDS-Polyacrylam ide Gel E lectrophoresis
Analytical gel electrophoresis was carried out on 1.5 mm thick 10-15% (v/v) 
polyacrylamide mini gels as described by Sambrook et a l ,  1989 using an Hoefer Tall 

Mighty Small 11cm vertical slab unit SE 28QTM. Samples were diluted 1:1 (v/v) with 
2x protein loading buffer and heated at lOCKG for 3 min. prior to loading. The gels 

were electrophoresed in Ix Tris-glycine electrophoresis buffer (25mM Tris base, 
250mM glycine, 0.1% (w/v) SDS) at a constant current of 20-30mA for approximately 
4 hours, or until the dye front had reached the bottom of the gel. Following 
electrophoresis, the stacking gel was removed and the resolving gel was stained with 
Coomassie Brilliant Blue R stain solution (45% (v/v) methanol, 10% (v/v) glacial acetic 
acid, 0.25% (w/v) Coomassie Brilliant Blue R stain) at room temperature for 1-2 
hours. The gel was destained using destain solution (40% (v/v) methanol, 10% (v/v) 
glacial acetic acid) at room temperature until the protein bands could be clearly seen, 
usually overnight.

2.2.4.8 Assay for ATPase Activity
The ATPase activity of purified maltose binding protein (MB?)-AmiB fusion protein 
was quantitated by a colorimetric assay initially designed by Chan et al. (1986) and later 
modified by Henkel et al. (1988).

2.2.4.8.1 ATPase assay
Routinely, 0.125 ml of suitably diluted sample was added to an equal volume of 2x 
assay buffer (lOOmM Tris-HCl pH 8.0, 4mM MgCl%, 15% (v/v) glycerol, 10% (v/v) 

dimethyl sulfoxide) and allowed to equilibrate to 3?0C. The reaction was initiated with 

the addition of 0.25 ml ATP solution to a final concentration of ImM. After incubation 

at 3 7 0 c ,  5 min., the reaction was stopped by the addition of 2 ml malachite green 
reagent. This reagent was freshly prepared from stock solutions of ammonium 
molybdate (5.72% (w/v) in 6N HCl) (Sigma), 2.32% (w/v) polyvinyl alcohol (Sigma), 
0.0812% (w/v) malachite green (Sigma), and distilled water mixed at a ratio of 1:1:2:2 

respectively. Before use, the malachite green reagent was left at 370C for 45 min. and 

50 ml aliquots were centrifuged in a Howe Sigma 4K10 centrifuge at 5,500 rpm, 10 
min. to remove any precipitate.

2.2.4.8.2 Q uantification of Inorganic Phosphate and Calculations
After the malachite green reagent was added to samples, the relative absorbance of the 
samples compared to a reagent blank (in which distilled water replaced both the protein
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sample and ATP solution) was measured at 630nm using a Cecil 1000 Series 
spectrophotometer. For each assay, two controls were used. To calculate the amount 
of non-enzymatic hydrolysis of ATP, one reaction contained the ATP solution diluted 
in 2x assay buffer with distilled water replacing the protein sample and, to measure 
inorganic phosphate contamination in the protein sample used, in a second control 
reaction distilled water replaced the ATP solution. The 630nm absorbances of these 
two control reactions were deducted from the absorbance readings obtained for the 
assay reactions.

The resulting absorbances were converted into concentrations of inorganic phosphate 
produced by the MBP-AmiB fusion protein using a standard curve. Solutions of 
potassium di-hydrogen phosphate were used as standards to a final concentration of 
between 0.5 and 10 nmols per 0.5 ml reaction mixture. A standard curve for inorganic 
phosphate was produced for each preparation of malachite green reagent

The results are presented as p,mols phosphate released/min/mg AmiB. Unless 

otherwise indicated, the calculations presented are the mean values of assays carried out 
at least three times.

2.2.4.8.3 Modifications to the ATPase assay
2.2.4.8.3.1 ATPase, GTPase and CTPase assays

For assays in which increasing concentrations of substrate were added, a 
number of controls quantifying the degree of non-enzymatic hydrolysis of the 
substrate were carried out. The absorbance values (630nm) of these control 
reactions were deducted from the absorbance readings obtained for the assays 
as appropriate.

2.2.4.8.3.2 Co-factor Requirement
The protein samples were diluted with 2x assay buffer lacking MgCl2 , to which 

was added MgClz, MnCl2 , ZnCl2 , or CaCl2  to a final concentration ranging 
between 0.1 and 2.5mM. Inorganic phosphate contamination in the co-factor 
solutions was determined and, if present, the absorbances at 630nm of these 
control reactions were deducted from the assay values.

2.2.4.8.3.3 Effect of Inhibitors
The protein samples were mixed with the 2x assay buffer together with varying 
concentrations of inhibitor, and incubated for 5 min. at room temperature before 
the addition of the ATP solution to a final concentration of ImM. Thereafter,

97



the release of inorganic phosphate was measured as described above. Inorganic 
phosphate contamination in the inhibitor solutions (and, for ADP, non- 
enzymatic hydrolysis) was also determined and, if any, the values from these 
control reactions were deducted from the absorbance readings obtained for the 
assays.
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CHAPTER 3
Investigation of the Role of AmiB by 

Construction and Analysis of amiB M utations

3 .1  Introduction
Initial studies suggested that the AmiB and AmiS proteins were two components of an 
energy-dependent transport system for the uptake of aliphatic amides (Wilson, 1991). 
This hypothesis came from analysis of the deduced amino acid sequences of these two 
proteins. The AmiB protein contains a potential nucleotide-binding site motif and is 
homologous to ClpA, the regulatory subunit of the ATP-dependent Clp protease of E. 
coliy which has been shown to bind and hydrolyse ATP (Katayama et a/., 1988; 
Hwang et a l,  1988). In addition, hydropathy analysis of the deduced amino acid 
sequence of AmiS showed that this protein consisted of six stretches of 18 to 22 
hydrophobic amino acids characteristic of an integral membrane protein (Wilson, 
1991). One obvious possibility was that AmiB and AmiS were involved in the active 
transport of amides whereby AmiS formed the inner membrane pore and AmiB 
produced the required energy by the hydrolysis of ATP.

As the amiB and amiS genes are co-ordinately expressed with the amiECR genes, it is 
possible that an inducible system for the active transport of amides exists. As 
discussed in section 1.5.7, preliminary studies had been carried out previously 
looking at the accumulation of acetamide and its non-hydrolysable derivative, N- 
acetylacetamide (Brammar et a l .y  1966; Farin, 1976). From these studies it was 
concluded that the entry of acetamide and N-acetylacetamine into P. aeruginosa was not 
an inducible characteristic and that the uptake of acetamide and related amides was 
carried out by a low activity constitutive transport system or passive diffusion.

However, the identification of the amiB and amiS genes allows further studies into a 
possible amide transport system by mutational analysis. The amiB gene has been 
mutated by insertion and deletion, and the effect of the lack of AmiB upon growth in 
the presence of acetamide, the induction of amidase activity and, finally, the 

accumulation of t^C-acetamide was determined.
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3 .2  Construction and Analysis of an am iB  C hrom osom al 
M utation

To study the role of AmiB, a chromosomal amiB  mutation was constructed by 

homologous recombination using a plasmid carrying an am/B-gentamycinR (GmR) 
insertion mutation. The amidase phenotype of the amiB mutant was analysed by 
comparing the growth of the wild-type strain, PACl, and the amiB mutant, PACl- 

GmR, on a variety of media. A number of unforseen difficulties were experienced with 

the analysis and the steps taken to identify and resolve the problems which arose are 
described.

3 .2 .1  M utating the am iB  Gene: Construction of Plasmid pRW300
The 5.3 kb HindJWSan. DNA fragment from P. aeruginosa PACl containing the wild- 
type amidase operon had previously been subcloned into the HindTLUSalV targets of 
vector pBR322 to produce plasmid pAS20. To allow mobilisation of this plasmid into 
P. aeruginosa, a 1.9 kb EcoBl fragment specifying the mob region of plasmid pRP4 
(Ishimoto and Lory, 1989) was cloned into the unique EcoRI target of pAS20, 
resulting in plasmid pMW24 (Figure 3.1) (S.J. Wachira, personal communication).

Plasmid pQR139 contains a 3.95 kb BamYQ. fragment from the multi-drug resistant 
plasmid pR26 cloned into the BamHi site of pUClS. The insert in plasmid pQR139 
confers resistance to spectinomycin, streptomycin and gentamycin (Figure 3.1). The 
precise location of these genes in plasmid pQR139 had not previously been estabhshed, 
although this is discussed in more detail in a later section (3.2.3.1).

To mutate the amiB gene within plasmid pMW24, the DNA was initially digested with 
Apal. The resulting 3’ overhangs were removed using the 3’ to 5’ exonuclease activity 
of T4 DNA polymerase and the DNA subsequently digested with Kpnl. Cleavage of 
plasmid pMW24 by Apal is frequently incomplete as the first Apal target is partially 
resistant to digestion due to méthylation of a cytosine residue immediately upstream of 
the recognition sequence. Thus, depending upon the efficiency of the Apal digestion, 
the above modifications should result in plasmid pMW24 with either a 257 bp or 680 
bp deletion of the amiB gene, with one blunt-end and one Kpnl sticky end. The gene 
encoding gentamycin resistance (aacCl) was isolated from plasmid pQR139 on a 2.6 
kb EcoRI fragment. The 5’ overhangs were made blunt-ended by end-filling using the 
5’ to 3’ polymerase activity of the Klenow fragment of E. coli DNA polymerase I and
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Figure 3.1 Construction of plasmid pRW300,
A 2.61 kb fragment from plasmid pQR139 conferring Gm resistance was ligated into the modified Apal-Kpnl 
targets of plasmid pMW24 (see text for details).
Abbreviations for restriction enzyme targets are as follows: A=Apal, B=BamHI, E=EcoRI, H=//mdIII, K=Kpnl, 
S=Sall, X=Xhol. A/E corresponds to the hybrid site generated by ligation of modified Apal and EcoRl targets.



the fragment was then digested with Kpnl, resulting in a DNA fragment containing the 
aacCl gene with one blunt-end and one Kpnl sticky end.

The modified pMW24 DNA and pQR139 aacCl DNA fragment were ligated together 
and E. coli strain JA221 containing the recombinant plasmid, pRW300, were selected 
by resistance to both ampicillin and gentamycin. Restriction enzyme analysis of 
pRW300 indicated that the aacCl gene fragment was inserted in the amiB gene at the 
A p a l target located 257 bp upstream of the Kpnl recognition site (Figure 3 .1 ). 
Plasmid pRW300 thus provides a suitable suicide plasmid system for chromosomal 
gene replacement since it can be mobilised into P. aeruginosa due to the presence of the 
mob region of plasmid pRP4 but it is unable to replicate in this host due to its ColEl 
(pMB9) origin of replication.

3 .2 .2  Identification of a Chromosomal am iB  M utation: Isolation of 
PA Cl-G m R

Initially, P. aeruginosa strain PACl was tested for natural resistance to gentamycin by 

growth on nutrient agar containing increasing concentrations (20-250 |ig/ml) of the

antibiotic. It was shown that a gentamycin concentration of between 50-100 |Xg/ml 

prevented cell growth. Therefore, in the following selection, gentamycin was used at a 

concentration of 100 |ig/ml.

Plasmid pRW300 was mobilised into P. aeruginosa PACl by triparental mating using 
E. coli strain HBlOl carrying pRK2013 as a conjugative bridge. To confirm that 
homologous recombination between the plasmid and chromosomal DNAs had 
occurred, recombinant P. aeruginosa strains were selected on basal medium containing 
gentamycin. If a single cross-over event had occurred wherein the vector pRW300 
DNA was present in the chromosome and, more importantly, a wild-type copy of the 
amiB gene remained, the bacteria would also be resistant to carbenicillin. Thus, the 

mutant cells were further screened for sensitivity to carbenicillin and a GmR, Cbs strain 

of PACl was identified( PACl-GmR).

3 .2 .3  C haracterisation of the Amidase Phenotype o f PACl-GmR

P. aeruginosa strain PACl and the mutant strain PACl-GmR were assayed for amidase 
activity after growth under non-inducing, inducing and repressing conditions. The 
results are shown in Table 3.1. The basal level of amidase expression was similar in
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both the wild-type and mutant strains when grown under non-inducing conditions. 
However, whilst a three-fold increase in amidase activity occurred in strain PACl when 
grown in the presence of inducer (lactamide), there was no similar induction of amidase 

expression in PACl-GmR. This led to the conclusion that the mutation within the amiB 
gene was inhibiting the transcription of the downstream amiCRS genes and, hence, 
regulation of operon expression by AmiR and AmiC.

Inducible amidase activity levels are too low to be detected from plasmid pAS20 and its 
derivatives such as pMW24/pRW300 in E. coli. However, an overall increase can be 
achieved by growth of cells under nitrogen limiting conditions (Wilson, 1991). 
Amidase assays were performed on JA221pMW24 and JA221pRW300 grown under 
nitrogen-limiting non-inducing, inducing and repressing conditions (Table 3 .2). 
JA221pMW24 showed normal lactamide-inducible amidase expression but this increase 
was not evident from plasmid pRW300 clearly indicating that the result observed with 

strain PACl-GmR was not an artefact caused by the homologous recombination event 
These results further implied that the amiB insertion mutation was preventing 
expression of the amiCRS genes.

Table 3.1 Amidase activitiesi from P. aeruginosa  PACl and PA C l- 
GmR grown under non-inducing, inducing and repressing conditions

GROWTH CONDITIONS

Strain Succinate Succinate/ Succinate/
Lactamide Butyramide

PACl 0.08 2.5 0.08

PACl-GmR 0.06 0.06 0.07

1 Amidase specific activity was measured as described in section 2.2.2.2.S.
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Table 3 .2  Amidase activities! from pMW24 and pRWSOO in E. coli 
strain JA221 grown in nitrogen-limiting non-inducing, inducing and 
repressing conditions

GROWTH CONDITIONS

Plasmid Glucose Glucose/ Glucose/
Lactamide Butyramide

pMW24 1.4 8.0 1.4

pRW300 1.3 1.1 1.8

Amidase specific activity was measured as described in section 12.123.

To test this hypothesis, plasmid pSW35 (which expresses the wild-type amiR gene 
constitutively from the vector (pKT231) neomycin phosphotransferase II promoter) 
(Wilson, 1991) was transformed into JA221pMW24 and JA221pRW300. 
Transformants carrying pMW24 or pRW300 together with pSW35 were selected for 
resistance to both ampicillin and streptomycin. Amidase activity was measured after the 
strains were grown overnight in minimal medium without the addition of inducing or 
repressing amides (Table 3.3).

Table 3 .3  Am idase activities! in E. co li JA221 carrying plasmids 
pM W 24 and pRW 300 complemented with plasmid pSW35

GROWTH CONDITION

Plasmids Succinate

pMW24 pSW35 33.5
pRW300pSW35 42.4

1 Amidase specific activity was measured as described in section 2.2.2.2.3.
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The addition of amiR in trans caused increased amidase activity from both pMW24 and 
pRW300 (Table 3.3). The expression of amiR from plasmid pSW35 is expected to 
over-saturate the AmiC present within JA221pMW24,pSW35 with excess soluble 
AmiR available to function as a transcription antiterminator. Similar levels of amidase 
activity were detected in both JA221pRW300,pSW35 and JA221pMW24,pSW35. 
These results confirm that the insertion of the aacCl gene fragment into amiB does not 
affect the expression of the amiE  gene when AmiR is present and support the 
conclusion that transcription of the regulator genes (amiCR) and amiS is inhibited by 
the insertion mutation within the amiB gene in plasmid pRW300 and also in the mutant 

strain PAG 1 -GmR.

3.2.3.1 Location and Direction of Transcription of the a a cC l Gene in 
Plasmid pRW300

Plasmid pQR139 was initially obtained by the ligation of a mixture of pR26 
BamYil DNA fragments into pUClS (J.M.Ward, personal communication). 
The inserted 3.7 kb pR26 fragment carries gentamycin, streptomycin and 
spectinomycin resistance determinants although the precise location and 
direction of transcription of these genes was not established. However, due to 
the apparent inhibition of transcription of amiCRS in plasmid pRW300 and 
P A C l-G m R , it was deemed appropriate to determine the direction of 
transcription of the gentamycin resistance gene (aacCl) inserted into amiB.

The broad-host range plasmids pR26 and pR1033 carry identical drug markers 
and have been found to be similar, the only difference being the insertion of an 
extra DNA fragment in pR26 in the TnpA gene within the Tn 1-like element 
(Villarroel et al. y 1983). Studies with plasmid pR1033 showed that the genes 
encoding spectinomycin, streptomycin and gentamycin resistance were located 
on a 3.7 kb BamHl fragment which corresponded to a region within Tnl696 
(Hirsch et al. y 1986). A 2.295 kb region between the BamYH and HindlH 
targets was sequenced (Wohlleben et a l y 1989) which identified the location of 
the aacCl gene as beginning 1250 bases from the BamHl recognition site. 
More importantly, the direction of transcription of this gene was towards the 
HinéYR site and away from the BamWl target, as indicated in Figure 3 .2 . 
Relating this information to the insertion of the pQR139 DNA fragment in 
plasmid pRW300, the transcription of the aacCl gene is in the opposite 
direction to the transcription of the amidase genes (Figure 3.1). It is thus most 
likely that convergent transcription is the cause of the inhibition of transcription
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PQR139

kb 0 1 2 3 3.7

H B H E H Es Bg PvU  I . j . 1 1 _____________  ï ________a i
^  aacCl ^
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Figure 3.2 Location and direction of transcription of the aacC l 
gene in plasmid pQR139. The filled box and the arrow underneath 
indicate the position of the aacCl gene and the direction of transcription 
respectively (data from Wohlleben et al, 1989).
Abbreviations for restriction enzyme targets are as follows: B=BamHI, 
Bg=5^/II, Bs=BstEUy E=EcoRl, H=HindlU, K=Kpnl, Pv=PvmII

of the amidase genes downstream of the insertion within amiB in plasmid 
pRW300 and the mutant strain PACl-GmR.

3.2.3.2 Provision of the am iCRS  Genes in trans: Use of Plasmid 
pMW21

To overcome the lack of expression of amiCRS in PACl-GmR, these genes 
were introduced into both the wild-type and mutant strains of PAG 1 on plasmid 
pMW21 (Wilson et al., 1993) by triparental mating using E. coli 
HB101pRK2013 as a helper strain. Successful mobilisation of plasmid 
pMW21 into PACl and PACl-GmR was confirmed by these strains exhibiting 
resistance to carbenicillin, the antibiotic determinant encoded by the plasmid. 
Amidase assays were carried out with PAClpMW21 and PAC 1 -GmRpMW21 
after overnight growth under non-inducing and inducing conditions. 
Expression of the amiCRS genes from plasmid pMW21 is under the control of 
the vector tac promoter and, therefore, all cultures were grown overnight in the 
presence of 3mM IPTG. The results of the amidase assays are presented in 
Table 3.4. Similar basal levels (non-induced) and increased induced levels of 
amidase activity were present within the wild-type and mutant cells carrying 
pMW21, indicating that the addition of amiC and amiR in trans relieved the
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mutant strain of the inhibition of transcription of the chromosomal amiC and 
amiR genes and, additionally, did not lead to increased amidase activity in 
PACL

Table 3 .4  Amidase activities 1 from P. aeruginosa  PAClpM W 21 and 
PACl-GmRpMW21 grown under non-inducing and inducing conditions

GROWTH CONDITIONS

Strain Succinate Succinate/
Lactamide

PAClpMW21 0.47 5.57
PACl-GmRpMW21 0.42 5.87

t Amidase specific activity was measured as described in section 2.2,2.2.3. Values presented are the 
mean values of duplicate assays carried out on two separate occasions.

3.2.3 3 Expression of the am iC R S  Genes from  Plasm id pMW21; Effect 
upon the Growth of PA Cl

Prior to studying any effect of the amiB  mutation on PACl-GmR, the 
consequences of inducing expression of the amiCRS genes from plasmid 
pMW21 in strain PACl were determined. Expression of amidase is regulated 
by AmiC and AmiR and thus when PAClpMW21 is grown in acetamide 
medium, expression of amidase will be induced via the products of the 
chromosomal amiC and amiR genes. However with PAClpMW21 grown in 
acetamide medium containing IPTG, amidase expression will be induced by the 
products of both the chromosomal and plasmid-encoded amiC and amiR genes. 
To determine the effect, if any, of the additional expression of the plasmid- 
encoded amiCRS genes upon the growth of PACl, PAClpMW21 was grown 
in three assay media in the presence and absence of 3mM IPTG. The three 
assay media used were as follows:
(i) BM-N containing lOmM acetamide as the sole carbon and nitrogen

source;
(Ü) BM-N containing lOmM acetamide as a carbon and the sole nitrogen

source, and 1% sodium pyruvate as an additional carbon source;
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(iii) BM+N containing lOmM acetamide as the sole carbon source.

The semi-log plots of the growth of the cultures over an 8 hour period are 
shown in Figure 3.3. To avoid negative values, 10 was added to the log 
absorbance reading at 670 nm. This calculation has been used throughout this 
Chapter. As can be seen from these growth curves, the over-expression of the 
amiCRS genes from plasmid pMW21 has a detrimental effect upon growth. 
The major effect of inducing expression from pMW21 in the BM-N and BM+N 
media containing lOmM acetamide is to prolong the lag period from less than 60 
min. to approximately 120 min. (Figure 3.3 (a) and (c)). In these media, the 
doubling times for the induced and non-induced cultures are similar, being 
between 60 and 70 min. Further, all cultures entered stationary phase at an 
absorbance (670nm) of between 0.65 and 0.7.

The pattern of growth of the cultures in the media containing sodium pyruvate 
as an additional carbon source was different (Figure 3.3(b)). In this medium, 
the detrimental effect of IPTG-induced amiCRS expression on the growth of 
PAClpMW21 was not as great as that seen in the other two media. Exponential 
growth of both the non-induced and induced PAClpMW21 begins shortly after 
inoculation into the media with no measurable extension of the lag phase of the 
induced culture. However, the growth rate of the non-induced culture is 
somewhat faster, with a doubling time of 91 min., than that of the induced 
culture (108 min.).

These results clearly show that production of the additional proteins from 
plasmid pMW21 in P. aeruginosa PACl either slows the rate of cell growth or 
prolongs the lag phase depending upon the media used. The expression of the 

amiCR genes from plasmid pMW21 is essential for the growth of PACl-GmR 
in media containing acetamide as the sole carbon and/or nitrogen source. Thus, 

to minimise any differences between PACl and PACl-GmR, the above results 

showed the need to add IPTG to the growth medium of both cultures.
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Figure 3.3 Growth of PAClpMW21 in the presence and absence of IPTG.
(a) Growth in BM-N+lOmM Acetamide. (b) Growth in BM-N+lOmM 
Acetamide and 1% Na Pyruvate, (c) Growth in BM+N+lOmM Acetamide. All 
growth curves are displayed as semi-log plots. Key; — °— , IPTG absent;
— *— , IPTG present.
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3.2.4 Com parison of the Growth of PAClpM W 21 and PA C l-
GmRpMW21

In an attempt to ascertain a role for AmiB, comparisons of the growth of PAClpMW21 

and PACl-GmRpMW21 in the three assay media described previously were carried 
out. Efforts were made to minimise any differences between PAClpMW21 and PACl- 

GmRpMW21 so that any variation in the growth of these bacteria could be satisfactorily 

concluded to be a result of the mutation within the amiB gene. For this reason, the 
following aspects of the experimental protocol are highlighted: (i) in addition to the 
assay media, the growth of the wild-type and mutant cells was monitored in a control 
medium (BM+N+1% sodium pyruvate) in which amidase activity was not required for 
growth; (ii) 3mM IPTG was present in all assay and control media for the reasons 
described above, and; (iii) although the mutant strain was grown in the presence of 
gentamycin overnight, this antibiotic was not added to the assay or control media as it 

could slow down the growth of PACl-GmRpMW21.

Cell growth was monitored at hourly intervals over an 8  hour time period, time ‘0’ 
representing the point of inoculation of the washed overnight cultures into the assay and 
control media. Figure 3.4 shows the semi-log plots of the growth of the wild-type and 
mutant cells in each of the different media. Under all growth conditions, including the 

control, PACl-GmRpMW21 grew less weU than the corresponding wild-type culture. 

The doubling times for the wild-type and mutant cells respectively during exponential 
growth are as follows: (i) BM-N+acetamide: 61 and 113 min., (ii) BM-
N+acetamide/pyruvate: 109 and 179 min., and (iii) BM+N+acetamide: 70 and 95 
min. indicating that the growth rate of the mutant cells was reduced by approximately
1.5- to 2-fold when compared to the wild-type cells. In addition, the mutant cells took 

longer to adapt to the BM±N+acetamide media after inoculation, resulting in a 

prolonged lag phase (Figure 3.4 (a) and (c)). In contrast, the chromosomal amiB 
mutation did not affect the levels of amidase activity within the cell. As well as 
monitoring cell growth, amidase assays were carried out on aliquots of culture from 
each of the assay media at hourly intervals. The levels of amidase activity were similar 
for the wild-type and mutant cells (data not presented).

Unexpectedly, PACl-GmRpMW21 also grew at a much slower rate than the wild-type 

cells in the control medium. In this medium, neither the wild-type nor the mutant cells 
displayed an obvious lag period after inoculation although the maximum growth rate of 
the wild-type cells occurred between 120 and 240 min. after inoculation, whilst
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Figure 3.4 Comparison of the growth of PAClpMW21 and PACl-GmRpMW21. 
The wild-type and mutant cells were grown in three different assay media ((a) to 
(c)) and a control medium (d).
(a) Growth in BM-N+lOmM Acetamide. (b) Growth in BM-N+lOmM 
Acetamide and 1% Na Pyruvate, (c) Growth in BM-f-N-i-lOmM Acetamide. (d) 
Growth in BM-f-N-i-1% Pyruvate. All growth curves are displayed as semi-log 
plots. Key: — o—, PAClpMW21; — PACl-GmRpMW2I.
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exponential growth of the mutant cells began after 180 min. The doubling times for 

PAClpMW21 and PACl-GmRpMW21 during the period of maximum growth were 77 
and 119 min. respectively, a similar 1.5-fold decrease in the growth rate of the mutant 
cells as that which occurred in the assay media.

It is unlikely that the lack of AmiB would produce poor growth of the cells in all media, 
irrespective of the requirement for amidase activity. It seems that the detrimental effect 
upon the growth of the mutant cells is a consequence of the DNA fragment inserted into 
the amiB gene and not the lack of AmiB. The aacCl gene is expressed constitutively

(Williams and Northrop, 1976) from -35 (-ITGACA-) and -10 (-TAAACTG-) a^o-like

promoter sequences (Wohlleben et al.y 1989). As previously described, the insertion 
mutation in amiB led to the inhibition of transcription of the amiCRS genes due to the 
convergent transcription of the amidase operon from pE and the inserted aacCl gene, 

indicating that the aacCl gene is adequately expressed in P. aeruginosa PACl-GmR. 
Taking these facts into account, it would seem that the constitutive production of the 
gentamycin acetyltransferase-3-I protein in the mutant strain is detrimental to its growth 
in minimal medium. In other words, a similar effect to that seen with PAClpMW21 
when expressing the plasmid-encoded amiCRS genes. Although not experimentally 
tested, this proposal is corroborated by the poor growth of the mutant cells with 
acetamide as the carbon and/or nitrogen source even though the amidase activities of the 
wild-type and mutant cells were similar, indicating that it was not the lack of an 
available carbon or nitrogen source which resulted in the observed poor growth.

The use of PACl-GmR in characterising a role for AmiB was discontinued at this point. 

In addition to the above uncharacterised effect of the amiB mutation, it was felt that a 
further variation between the wild-type and mutant cells arose with the use of plasmid 
pMW21, Using a medium containing both acetamide and IPTG, the wild-type cells 
carrying plasmid pMW21 express the amiCRS genes from both the chromosome and 

plasmid, whereas PACl-GmRpMW21 express only the plasmid-encoded amiCRS 
genes. All of the above points made it impossible to distinguish a specific role for 
AmiB within the amidase operon. A system was required in which the only difference 
between the wild-type and mutant cells was a deletion of the amiB gene so that any 
resulting affect could be attributed to the lack of AmiB.
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3 .3  Investigation of a Plasmid-based amiB  M utation
Two plasmids had previously been constructed which could be used to characterise the 
role of AmiB in P. aeruginosa. The wild-type amidase genes from PACl were 
subcloned on a HindllUSaH fragment from plasmid pAS20 into the HindllllXhol 
digested broad-host range vector pKT231 to produce plasmid pSWlOl (Wilson and 
Drew, 1991). Plasmid pMW22 is a derivative of plasmid pSWlOl which contains a 
423 bp Apal in-frame deletion within the amiB gene (Wachira, 1994) (Figure 3 .5). 
Both plasmids had been previously mobilised into P. aeruginosa strain PAC452, a host 
carrying a chromosomal deletion which includes all of the characterised amidase genes. 
Thus, any variation in the growth of PAC452 carrying either plasmid pSWlOl or 
pMW22 when grown in an acetamide medium could be attributed to the lack of AmiB 
from plasmid pMW22.

(a) pSW lOl

H

pKT231
amiE

S/X

amiB amiC amiR amiS
pKT231

(b) pMW22

H

pKT231
amiE

S/X

amiC amiR amiS
pKT231

Figure 3.5 Structural maps o f plasmids pSW lO l and pMW22. 
(a) Partial restriction map of plasmid pSWlOl. Plasmid pSWlOl was 
constructed by subcloning the Hindin/Sall fragment from pAS20 into the 
Hindm/Xhol targets of pKT231. (b) Partial restriction map of plasmid 
pMW22. Plasmid pMW22 is a derivative of pSWlOl with an Apal deletion 
within amiB.
Abbreviations for restriction enzyme targets are as follows: A=ApaI 
U=Hindlll. S/X corresponds to the hybrid site generated by ligation of Sail 
and Xhol targets.
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Similar growth experiments to those carried out with PAClpMW21 and PACl- 

GmRpMWZl were performed with PAC452pSW101 (wild-type) and PAC452pMW22

(mutant) using the three assay and one control media each containing 500p.g/ml

streptomycin (the resistance determinant encoded by the plasmid). The growth in the 
different media are presented in Figure 3.6. It is clear that the growth of the wild-type 
and mutant cells in each medium is extremely similar. With all media, both the wild- 
type and mutant cells displayed a lag period of approximately one generation, indicating 
that the adaptation of these bacteria to a pyruvate and/or acetamide media after overnight 
growth in nutrient broth is similar regardless of the medium and the amiB mutation.

The growth patterns of the cells grown in BM+N-f-acetamide are almost identical 

(Figure 3.6(a) and (c)). Exponential growth occurs between 180 and 240 min. with 
the doubling times of the wild-type and mutant cells respectively during this period 
being (i) BM-N+acetamide: 67 and 70 min., and (ii) BM+N+acetamide: 67 and 71 
min. Thereafter, both PAC452pSW101 and PAC452pMW22 entered stationary phase 
at an absorbance at 670nm of around 0.69. The similarity of growth in these two 
media reveal that it is the carbon source (acetate) and not the nitrogen source (ammonia) 
which is the limiting growth factor.

With the assay medium containing pyruvate and the control medium, the generation 
times of the wild-type and mutant cells during the periods of maximum growth were 
again similar (Figure 3.6(b) and (d)). The doubling times for PAC452pSW101 and 
PAC452pMW22 respectively were (i) BM-N+acetamide/pyruvate: 63 and 67 min. 
and, (ii) the control media: 63 and 69 min. However, the culture mean generation 
times then increased in the BM-N+acetamide/pyruvate media to 92 min. and more 
dramatically in the control media to 261 (wild-type) and 291 (mutant) min.

Overall, these results show quite clearly that the mutation of the plasmid-encoded amiB 
gene does not have a significant detrimental effect upon the growth of the cells when 
incubated in media containing lOmM acetamide as the carbon and/or nitrogen source.

3 .4  In vestigation  o f a ‘S caven g in g’ R ole for A m iB

As mentioned in the Introduction, it was thought that AmiB was one component, 
together with AmiS, of an amide transport system. However, the above results do not 
support this role in that the lack of AmiB did not affect growth upon lOmM acetamide. 
One possibility is that the AmiB and AmiS proteins may be primarily involved in
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Figure 3.6 Comparison of the growth of PAC452 carrying plasmids pSWlOl or 
pMW22. The bacteria were grown in three different assay media ((a) to (c)) and 
a control medium (d).
(a) Growth in BM-N+lOmM Acetamide. (b) Growth in BM-N+lOmM 
Acetamide and 1% Na Pyruvate, (c) Growth in BM+N+lOmM Acetamide. (d) 
Growth in BM+N+1% Pyruvate. All growth curves are displayed as semi-log 
plots. Key: — o—  PAC452pSW101; — . PAC452pMW22.
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accumulating |imol or nmol environmental amounts of the substrate. If this is the case

then the experimental protocols used previously could be obscuring this role due to the 
excess amidase activity present with the plasmid-based system compared to that present 
in PAC 1. The induced level of amidase activity from PAC452 containing either 
plasmid pSWlOl or pMW22 when grown overnight in basal medium containing 1% 
sodium succinate as the carbon source is 20 times greater than that seen with PACl 
(Table 3.5). This is presumably a consequence of the copy number of pKT231 (13) 
(Wilson, 1991). Additionally, a ‘scavenging’ role of AmiB and AmiS may be being 
obscured due to the high concentrations of acetamide previously used (lOmM). Further 
experiments were thus carried out to deal with these points in order to determine if the 
deletion of amiB in plasmid pMW22 affected this putative ‘scavenging’ role of AmiB 
and AmiS.

Table 3.5 Amidase activitiesi from P. aeruginosa PACl and plasmids 
pSW lOl and pMW22 in P. aeruginosa PAC452

Strain Plasmid

GROWTH CONDITIONS

Succinate Succinate/
Lactamide

PACl 0.08 2.5

PAC452 pSWlOl 1 . 1 51.9 (a)

PAC452 pMW22 1 . 0 55.0 (b)

1 Amidase specific activity was measured as described in section 2.2.2.2.3. 

(a) Data from Wilson and Drew, 1991; (b) Data from Wilson et ai, 1995

3 .4 .1  The Effect of Different C arbon Sources upon Amidase Activity

One of the assay media used in the previous experiments contained sodium pyruvate as 
the additional carbon source as it was known that this compound caused the least 
catabolite repression with respect to amidase synthesis (Smyth and Clarke, 1975(a)). 
Conversely, sodium succinate has been shown previously to have the greatest effect 
upon reducing amidase synthesis via catabolite repression. It was hoped that the use of
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sodium succinate would reduce the excess levels of amidase activity in PAC452 
pSWlOl and PAC452pMW22 to those found in PACl. To determine the extent of 
repression of amidase activity caused by the carbon source, amidase assays were 
carried out with PAC452pSW101 and PAC452pMW22 after growth in media 
containing either 1 % sodium succinate, sodium pyruvate or sodium lactate under non
inducing and inducing conditions. Table 3.6 shows the basal and induced levels of 
amidase activity from the wild-type and mutant cells when grown on pyruvate together 
with the percentage of amidase activity remaining in the cells grown on the other two 
carbon sources. As expected, sodium succinate caused the greatest repression of 
amidase activity but the reduction of induced amidase activity levels by 40-50% 
compared to that seen with pyruvate was not deemed to be enough to determine any 
possible scavenging role for AmiB. Thus, this area of investigation was discontinued 
and the effects of reduced concentrations of inducer and substrate were studied.

Table 3 .6  Catabolite repression o f amidase activityi in PAC452  
pSW lO l and PAC452pM W 22. The cells were grown under non
inducing and inducing conditions in the presence o f different carbon 
sources.

GROWTH CONDITIONS

Plasmid Pyruvate Lactate Succinate Pyruvate/ Lactate/ Succinate/ 
Lactamide Lactamide Lactamide

pSWlOl 4.3 44% 23% 100 75% 52%
pMW22 4.0 43% 38% 107 75% 59%

1 Amidase specific activity was measured as described in section 2.2.2.2.3.

3.4.2 The Effect of the amiB Mutation with Reduced Inducer 
Concentrations

Previously it had been shown that the lack of AmiB in PAC452pMW22 did not affect 
the induction of amidase activity by 0.2% lactamide (Wachira, 1994). To extend these 
studies, the levels of amidase activity in PAC452pSW101 and PAC452pMW22 were 
compared after overnight growth in 1% sodium succinate BM+N containing varying
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concentrations (0 to 0.1%) of the inducer lactamide (Figure 3 .7). The lowest 
lactamide concentration used was 0 .0 1 % and this resulted in a dramatic increase of 
amidase expression compared to the negative control (grown in the absence of 
lactamide). Maximum induction of amidase activity occurred in both the wild-type and 
mutant cells at an inducer concentration of about 0.04%. The overall effect of inducer 
concentration upon the levels of amidase activity in the mutant cells was slightly 
different to that seen with the wüd-type cells. However, the amiB mutation strain gave 
similar levels of high inducible amidase expression, especially at the lower 
concentrations of lactamide.

These results confirm the previous findings of Wachira (1994) who concluded that 
AmiB was not involved in the induction of amidase expression. Furthermore, these 
results give the first indication that AmiB is not part of a ‘scavenging’ mechanism 
present primarily to utilise low environmental concentrations of amides. If this had 
been the role of AmiB, one would have expected the wild-type cells to have higher 
levels of amidase activity especially at the lower inducer concentrations due to the 
actions of AmiB, together with AmiS, in bringing inducer into the cell.

3.4.3 The Effect of the amiB M utation with Reduced Substrate 
C oncentrations

To investigate whether AmiB is one component of a mechanism involved in the 
transport of low concentrations of amides into the cell, a procedure was developed to 
monitor the accumulation of acetamide (O.lmM). A comparison of the growth of 
PAC452pSW101 and PAC452pMW22 on O.lmM acetamide could not be carried out 
as the low concentration of substrate would not support measurable growth. Thus, 

transport assays comparing the uptake of i^C-acetamide by the wild-type and mutant 
cells were carried out.

3.4.3.1 Construction of plasmids pRW 35 and pRW36
The basis of the transport assay was to measure the amount of radio-activity in 
the cells at defined time points after the addition of the labelled substrate to the 
assay mixture. PAC452pSW101 and PAC452pMW22 both contain inducible 
amidase genes and are thus not suitable hosts for the measurement of uptake of 
labelled acetamide since the substrate will be rapidly hydrolysed and further 
metabolised. Therefore, plasmids pRW35 and pRW36 were constructed. 
These plasmids are similar to pSWlOl and pMW22 respectively but a 
frameshift mutation has been introduced into the amiE gene.
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Figure 3.7 Lactamide induction of amidase activity from plasmids 
pSWlOl and pMW22 in P. aeruginosa PAC452.
(1) Amidase specific activity was measured as described in section 2.2.2.2.3.
Key: — , PAC452pSW101; — PAC452pMW22
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Unfortunately, the frameshift mutation could not be introduced into pSWlOl 
and pMW22 as the Pstl recognition site within the HindllUSaH PACl DNA 
fragment was not unique. Figure 3.8 shows the scheme used to construct 
plasmids pRW35 and pRW36. Plasmid pRW27 (pUC8  containing the 
HindinJSan. PACl DNA fragment) was linearised with Pstl, this recognition 
site being situated 190 nucleotides into the amiE gene. The frameshift mutation 
was produced by the removal of 4 nucleotides. This was achieved by removing 
the 3’ Pstl overhangs using the 3’ to 5* exonuclease activity of T4 DNA 
Polymerase and the plasmid was then religated. To confirm that the Pstl 
recognition site had been lost, recombinant plasmid DNA (pRW32) isolated 
from ampicillin resistant transformants (JA221) was digested with Pstl and 
PstUSall restriction enzymes and the resulting DNA fragments analysed by 
agarose gel electrophoresis.

Plasmid pRW34 is a derivative of plasmid pRW32. The Apal deletion within 
the amiB  gene was produced as described by Wachira (1994) when 
constructing plasmid pMW22. Plasmid pRW32 was digested with Apal, the 
larger 9.43 kb fragment isolated by GENECLEAN® (2.2.3.11) and religated. 
Recombinant plasmid DNA (pRW34) from ampicillin resistant transformants 
(JA221) was shown to have lost the 423 bp Apal fragment as the plasmid 
linearised upon digestion with Apal and a 4.88 kb (and not 5.3 kb) HMTlUSall 
fragment was released.

For expression in P. aeruginosa, the modified amidase fragments were 
subcloned into the broad-host range vector pKT231. Plasmids pRW32 and 
pRW34 were digested with Hindlll/Sall and the resulting DNA fragments 
ligated to HindUUXhol digested pKT231. To confirm that the correct fragment 
was ligated to pKT231, E. coli JA221 transformants were selected for 
streptomycin resistance (encoded by pKT231), kanamycin sensitivity 
(determinant deleted from pKT231 during cloning) and ampicillin sensitivity 
(encoded by pUC8 ). Isolated recombinant plasmid DNAs (pRW35 and 
pRW36) were digested with Pstl and HindlU/Xhol to show that (i) both 
plasmids had lost the Pstl site in the amiE gene, (ii) that pRW36 contained an 
Apal deletion within the amiB gene, and (iii) that the vector DNA was 
pKT231.
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pRW27 pUC8 containing 5.3 kb Hin^nUSaH 
PACl DNA fragment

digested with Pstl, 3' overhangs made 
blunt-ended and then religated

p R . W 3  ̂  pRW27 containing amiE frameshift mutation

5.3 kb HinAmJSall DNA 
fragment ligated to 
HinAHUXhol digested 
pKT231

digested with Apal, larger 
DNA fragment isolated and 
religated

pRW34 pRW32 containing amiB 
deletion mutation

4.88 kb HinAUUSaa DNA 
fragment ligated to 
HinànUXhol digested 
pKT231

t T
pRW35 pRW36

{amiE~, B,C,R,S) {amiE-, B-, C,R,S)

Figure 3.8 Construction of plasmids pRW35 and pRW36. Both plasmids have a 
frameshift mutation within the amiE gene (amiE-). Plasmid pRW36 also has an 
Apal deletion mutation within the amiB gene {amiB-).
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3.4.3 2 Analysis of Plasm ids pRW35 and pRW36
Computer analysis (MeVector) of the effect of the frameshift mutation (i.e. the 
deletion of 4 nucleotides) indicated that this mutation introduced a stop codon 
early in the amiE gene (Figure 3.9). Further, this analysis indicated that the 
frameshift mutation would not interfere with the transcription of the remaining 
downstream amidase genes, although the reading frame would be altered.

amiB amiR amiS

Figure 3.9 Transcription pattern o f the wild-type and mutant amidase 
opérons, (a) Transcription of the wild-type amidase operon. (b) Transcription 
of the mutant amidase operon. Each horizontal line represents a reading frame. 
Possible open reading frames are represented by the filled in boxes. The amiE, 
amiB, amiC, amiR and amiS genes are identified.

To check the amidase phenotype of pRW35 and pRW36 and ensure that the 
amiE mutation did not cause polar effects, plasmids pRW35 and pRW36 were 
mobilised in P. aeruginosa strains PAC452 and PAC327. Amidase activities 
were measured from PAC452 and PAC327 containing these plasmids after 
overnight growth in 1% sodium succinate BM+N under non-inducing and 
inducing conditions and in the presence of streptomycin (Table 3.7). A small
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amount of non-specific activity was measured from induced PAC452 containing 
plasmids pRW35 and pRW36 indicating that frameshift mutations had been 
introduced into the amiE genes of these plasmids. P. aeruginosa strain PAC327 
(Brown, 1969) does not express amiR or amiC. Plasmids pRW35 and pRW36 
were mobilised into this strain to confirm that the plasmid-encoded amiR and 
amiC genes were stUl expressed. Table 3.7 shows induced amidase activities 
in both PAC327pRW35 and PAC327pRW36, confirming that the frameshift 
mutation in amiE  did not inhibit the transcription of the plasmid-encoded 
downstream regulatory genes and, therefore, the amiB (pRW35) and amiS 
genes.

Table 3.7 Amidase activities from plasmids pRW35 and pRW36 in P. 
aeruginosa  PAC452 and PAC327 when grown under non-inducing and 
inducing conditions.

Strain Plasmid

GROWTH CONDITIONS

Succinate Succinate/
Lactamide

PAC452 pRW35 0 . 0 0.08
PAC452 pRW36 0 . 0 0 . 1

PAC327 pRW35 4.5 10.4
PAC327 pRW36 2.4 11.5

1 Amidase specific activity was measured as described in section 2.2.2.2.3.

3.4.3 3 The Accumulation of i^C-Acetamide by PAC452pRW35 and 
PAC452pRW36

By monitoring the uptake of i^C-acetamide by PAC452pKT231, PAC452- 

pRW35 and PAC452pRW36 two distinct questions could be asked; ‘is AmiB 
involved in the uptake of acetamide?’ and if this was not the case then, ‘is the 
transport of acetamide inducible in P. aeruginosaT. Transport assays were 
carried out as described in Section 2.2 2.6. Prior to carrying out these assays, 

the effectiveness of washing the filters to remove any unincorporated ^^C-
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acetamide was determined. 0.15 ml of 100 |iM, 10 |iM, 1 }iM, 0.1 |iM and

0.01 |iM solutions of t^C-acetamide were counted to produce a standard curve.

As the range of the resulting DPM counts was large, the log mean DPM values 
were plotted against the log acetamide concentrations (Figure 3.10). To avoid 
negative values, 1 0  was added to the log values for the acetamide 
concentrations. In addition, 0,15 ml aliquots of the same solutions were filtered 
and washed in a similar manner to that carried out with the assay mixes and the 
log values of the resulting mean DPM counts were plotted on the same graph

(Figure 3.10). At the highest i^C-acetamide concentration (100 jiM) the

majority of the radio-activity was effectively washed through the filter, with 
0.65% remaining. The percentage of the radio-activity which remained on the 
filter after washing increased as the concentration of acetamide decreased. The

filtered and washed 1 |XM, 0.1 |xM and 0.01 |iM i^C-acetamide solutions all 

gave similar DPM counts indicating that when washing with 5 ml BM+N, a 

minimal amount of -acetamide of approximately 1.5 pmols (approximately 
50 DPM counts) remains on the filter.

These results show that for the transport assay protocol, in which the final i^C- 

acetamide concentration used was 100 |iM, the wash step was efficient.

3.4.3.3.1 The Effect of the amiB Mutation on Acetamide Accumulation

To determine if AmiB is involved in the transport of low concentrations of 

acetamide, a comparison of the uptake of i^-acetam ide by PAC452pRW35 
(wild-type) and PAC452pRW36 (mutant) grown in 2% sodium pyruvate 
BM+N containing 0.2% lactamide and streptomycin was carried out. 
Lactamide was added to the growth medium to induce the expression of the 
amidase genes from plasmids pRW35 and pRW36. Figure 3.11 shows the 

transport of i^C-acetamide by the wild-type and mutant cells during the assay 

period (26 min.). The amount of i^KT-acetamide (pmols) transported per mg 
dry weight bacteria was calculated from the DPM count as described in section
2.2 2.6.4. Although the points are somewhat scattered, it is clear that there 
was only a minimal difference in the accumulationof acetamide between the 
wild-type and mutant cells and it is concluded that the AmiB protein is not 
involved in the uptake of acetamide. The major variation between the wild-type

124



I0
1

5

4

3

2

1
7.5 8.5 9.5 10.5 11.5

Logic [acetamide] (micromolar) +10

12.5

Figure 3.10 Standard curve and filter test for the radio-labelled acetamide 
used in the transport assays. The log values of the DPM counts and the 
concentration of radio-labelled acetamide (-t-1 0 ) are plotted.
The values presented are the mean values from assays carried out on three occassions.
Key: — □—  ; Standard Curve, — •—  ; Filter Test
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Figure 3.11 Comparison of the accumulation of radio-labelled 
acetamide by PAC452pRW35 and PAC452pRW36. The cells were 
grown under inducing conditions prior to the assay. Key:
— , PAC452pRW35;---- •— , PAC452pRW36.
The values presented are the mean values from assays carried out on two separate 
occasions.
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and mutant cells is the accumultation of I'^C-acetamide after one minute when 
the mutant cells contained approximately three times more radioactivity than the 
wild-type cells. However, at the remaining time points between 150 and 250 

pmols i4C-acetamide was measured in both the wild-type and mutant cells.

If the active uptake of low environmental amounts of substrate had occurred, 
the continuous accumulation of acetamide over time and against a concentration 
gradient would have been observed. Such accumulation by the wüd-type cells

was not evident. Further, in a 0.15 ml aliquot of a 100 p.M solution of

acetamide, 15 nmols of acetamide are present yet only 150 to 250 pmols of 
acetamide were taken up by the wild-type cells, representing 1.67% of the 
acetamide available (Figure 3.11). In addition, if the standardisation factor 
used to calculate the data per mg dry weight bacteria (see section 2.2.2.6.4) 
was taken into account, the actual percentage of incorporation of available 
acetamide would be further reduced. From these observations it is unclear 
whether there is amidase operon-dependent (ie. induced) transport of acetamide 
in P. aeruginosa.

3.4.3.3.2 Investigation of the Induction of Acetamide T ransport
To determine whether acetamide uptake could be induced by lactamide 

comparisons of the accumulation of i^C-acetamide by (i) PAC452pRW35 
(wild-type) grown under inducing and non-inducing conditions, and (ii) 
PAC452pKT231 (control) and PAC452pRW35 both grown under inducing 
conditions were undertaken. The resulting DPM counts were related to pmols 
acetamide as described in section 2.2.2.6 4 and plotted against time (Figure 
3 .1 2 ) .  The accumulation of acetamide by non-induced PAC452pRW35 
(Figure 3.12(a)) and PAC452pKT231 grown in the presence of lactamide 
(Figure 3.12(b)) was similar with approximately 1(X) pmols of acetamide per 
mg bacteria measured at each time point, indicating that the presence of basal 
(non-induced) levels of AmiB and AmiS in PAC452pRW35 did not affect the 
accumulation of acetamide.

Compared to the non-induced system, induction of expression of amiBCRS in 
PAC452pRW35 produced a 2-fold increase in the accumulation of acetamide 
with approximately 2 0 0  pmols of acetamide per mg bacteria measured at each 
time point (Figure 3.12(a)). It was shown previously that the presence of
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Figure 3.12 Comparison of the accumulation of radio-labelled acetamide by 
PAC452pRW35 and PAC452pKT231. (a) Comparison between PAC452pRW35 
grown under non-inducing and inducing conditions prior to the assay. Key:
 □— , induced; -----♦— , non-induced.
(b) Comparison between PAC452pRW35 and PAC452pKT231 grown under 
inducing conditions prior to the assay. Key: — °— , PAC452pKT231 ;
 •— , PAC452pRW35.
The values presented are the mean values from assays carried out on two separate occasions.
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AmiB did not affect the accumulation of acetamide (PAC452pRW35 compared 
to PAC452pRW36) (Figure 3.11). Thus, the small induced increased 
accumulation of acetamide shown here is possibly due to the AmiS protein 
acting as a specific pore in the inner membrane. Unfortunately the transport of 
other substrates and/or inducers could not be determined due to the lack of radio
labelled amides. However, the fact that the increased levels of acetamide 
accumulation by the wild-type induced cells represents approximately 1.5% of 
the available acetamide present, implies that there is no efficient system for the 
transport of acetamide encoded by the amidase genes in P. aeruginosa PACl.

3 .5  In vestigation s o f  O ther P ossib le R oles for Am iB
Since it is clearly evident that the AmiB protein is not a component of a transport 
system for the accumulation of acetamide, further investigations into a possible role for 
the AmiB protein were performed comparing PAC452 containing plasmids pSWlOl 
(wild-type) and pMW22 (mutant) (Figure 3.5(a) and (b) respectively). The first 
analysis was to establish whether the lack of AmiB had an adverse affect upon amidase 
activity when the cells were subjected to heat-shock for 1 0 0  min., whilst the second 
looked at the excretion and utilisation of ammonia (a product of the hydrolysis of 
acetamide) by wild-type and mutant cultures to determine if any differences occurred 
due to the lack of the AmiB protein.

3.5.1 The Effect of Heat-Shock: A Comparison between PAC452- 
pSW lO l and PAC452pMW22

Previous homology searches (Wilson, 1991) with the predicted amino acid sequence of 
AmiB showed that it was similar to ClpA from E. colt (Gottesman et a l, 1990). As 
described in further detail in Chapter 4, later homology searches indicated that the 
predicted amino acid sequence of AmiB also shared homology with other members of 
the large Clp family of regulatory proteins including ClpB from E. colt (Gottesman et 
al., 1990) and HSP104 from Saccharomyces cerevisiae (Parsell et at., 1991).

The Clp family contains both constitutive and heat-inducible members, the latter sharing 
a common function in helping organisms to survive a variety of stresses under various 
physiological conditions (for example, Sanchez et at., 1992). The heat-shock protein 
HSP104 mediates the resolubilisation of heat-inactivated proteins (Parsell et at., 1994) 
and due to the high homology between the predicted amino acid sequence of AmiB and 
HSP104, experiments were carried out to determine if AmiB was involved in the
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protection of amidase activity against heat-shock by comparing activities in 

PAC452pSW 101 and PAC452pMW22 when grown at 410C.

Early experiments with crude cell extracts found that full amidase activity was retained 

after heating at 60^0 for 1 0  min. and in the purification of the active amidase enzyme, a 

heating step (6Q0C) was introduced to remove some contaminating proteins by heat 
dénaturation (Brown, 1969). These facts indicate that amidase is relatively 
thermostable and unlikely to require protection from heat-shock. In contrast, a number 

of amiR^ mutants have been isolated (Farin and Clarke, 1978) indicating that AmiR is 

probably thermolabUe and it is possible that this protein would require protection at 

410C.

The assay medium contained lactamide as inducer for amidase expression via die AmiR- 
dependent antitermination reaction, although amidase activity was not require^d for 
growth. If the AmiR protein becomes inactive upon heat-shock, a reduction in amidase 
activity would be seen compared to that measured in the cultures kept at 370C. 
Furthermore, if AmiB plays a role in either protecting AmiR from heat-shock or 
mediating its resolubilisation, then a difference in amidase activity between the wild- 
type and mutant cells subjected to heat-shock should be observed.

3.5.1.1 The Effect of Heat-Shock upon the Growth of PAC452pSW101 
and PAC452pMW22

The semi-log plots of the growth of the wild-type and mutant cultures are 
shown in Figure 3.13(a). For the first 210 min., the volume of the two 
cultures was 100 ml. At 210 min., two 30 ml aliquots were removed from each 
culture, placed into fresh sterile conical flasks and a 1 ml aliquot removed to 
measure bacterial growth and amidase activity (the 2 1 0  min. readings). 
Thereafter two flasks, one containing the wild-type and one containing the 

mutant cultures, were placed at 370C and the two remaining flasks were placed 

at 410C (as arrowed (1) in Figure 3.13(a)). These flasks were kept at 410C 

until 310 min. when they were returned to 37^0 (as arrowed (2) in Figure 

3.13(a)). The increase in temperature from 370C to 410C was only slightly 

detrimental to the growth of both the wild-type and mutant cells and this affect 
was not permanent with the growth rate rapidly increasing once the cultures 

were returned to 370C. From the results of this part of the experiment it is
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Figure 3.13 The effect of heat-shock on the growth and amidase activity of 
PAC452pSW101 and PAC452pMW22. (a) Comparison of the growth of the 
wild-type and mutant cells. The growth curve is displayed as a semi-log plot.
(b) Comparison of the amidase activity of the wild-type and mutant cells.
Key:
— °— , PAC452pDM101 and — ♦— , PAC452pMW22 grown continuously 
at 37 degrees centrigrade; — e— , PAC452pDM101 and — ^ , PAC452 
pMW22 placed at 41 degrees centigrade for 100 min. The arrows labelled (1) 
and (2 ) indicate the point at which the cells were placed at the higher 
temperature and returned to the lower temperature respectively.
(i) Amidase specific activity was measured as described in section 2.2.2.2.3. Values 
presented are the mean values of duplicate assays carried out on two separate occassions.
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concluded that the AmiB protein does not aid cell growth when cultures are 

subject to heat-shock at 4 PC.

It should be noted that the growth curves do not seem ‘normal’, that is with 
clear exponential and stationary phases, even for the wild-type and mutant 

cultures grown continuously at 3?0C. This is believed to be due to the 

experimental design. Prior to the removal of the 30 ml aliquots, the 100 ml 
cultures were grown at 37^0 on a reciprocating shaker. After aliquoting, the 

cultures were placed in 3?0C or 410C waterbaths and shaken orbitally, so that 

all cultures could be shaken at the same speed. Upon returning the 41^0 

cultures to 37^0, all cultures were again placed on a reciprocating shaker. It 

appears that the cultures received greater aeration on the reciprocating shaker 
resulting in a faster growth rate and ‘abnormal’ growth curve.

3.5.1.2 The Effect of Heat-Shock upon the Amidase Activity of 
PAC452pSW101 and PAC452pMW22

At the same time as aliquots were being removed from each culture for 
measurement of bacterial growth, amidase assays were also carried out Figure 
3.13(b) shows the amidase activity of the cultures at each time point. Once 
again, the point at which the cultures were split and placed at the different 

temperatures and also when the 4 P C  cultures were returned to 370C are 
indicated by the arrows labelled (1) and (2) respectively.

It is clearly evident that the increase in temperature to 4 P C  had an adverse 

affect on amidase activity. Table 3.8 shows the percentage of amidase activity 
remaining in PAC452pSW101 and PAC452pMW22 when subjected to heat- 
shock (210 to 310 min.) compared to the activity measured in the wild-type and 

mutant cells grown continuously at 370C. For the initial 40 min. of heat-shock 
(210 to 250 min.) similar levels of amidase activity were observed in all cultures 
(Figure 3.13(b) and Table 3.8). However, whilst there was a rapid increase 
in amidase activity after 250 min. in the wild-type and mutant cells grown at 

3 7 0 c ,  the comparable amidase activity in the cultures grown at 4 P C  was 

approximately 50% less. These reduced levels of activity remained until 

approximately 40 min. after the 4 P C  cultures were returned to 370C. 
Thereafter, a rapid increase in the levels of amidase activity in these cultures

132



was seen and at 390 min. amidase activity was similar to that in the cultures 

grown continuously at 370C.

Table 3 .8  Percentage o f amidase activity in PAC452pSW 101 and 
PAC452pM W 22 subjected to heat-shock compared to cells grown 
continuously at 370C

Time (min.) PAC452pSW101 
(% Amidase Act.)

PAC452pMW22 
(% Amidase Act.)

210 >100.0 >100.0
230 >100.0 >100.0
250 >100.0 8 7 . 9
270 4 8 . 4 5 5 . 2

290 4 0 . 6 6 5 . 5

310 5 6 . 2 5 1 . 8

330 4 2 . 6 3 6 . 2

350 5 0 . 8 5 1 . 6

370 7 3 . 5 6 9 . 8

390 9 4 . 0 9 6 . 0

Three points are concluded from these results. Firstly, that initially the 
expression of amidase in both the wild-type and mutant cells was subject to 
catabolite repression by sodium succinate. Until approximately 250 min. the 
levels of amidase activity in all cultures remained constant at about 5 to 10 units 

(Figure 3.13(b)). After 250 min. the level of amidase activity in the 3?0C 

cultures rapidly increased, presumably due to the decreasing concentration of 
succinate, and at 390 min. reached similar levels to those of overnight cultures 
of PAC452pSW101 and PAC452pMW22 grown in 1% succinate (Table 3.5).

Secondly, an increase in the growth temperature to 410C resulted in a decrease 
in amidase activity in both the wild-type and mutant cells. It is difficult to 
defme whether this decrease is due to the enzyme becoming less active at the
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higher temperature or to a reduction in amidase expression. In the latter case, 
this may be due to reduced activity of AmiR and consequently reduced 
transcription anti termination. As discussed earlier, it is unlikely that the activity 
of the amidase enzyme is affected by the increase in temperature and it is thus 

concluded that at 410C a proportion of AmiR is heat-inactivated. The reduction 
in amidase activity caused by the temperature shift was rapidly alleviated once 

the cultures were returned to 370C, most probably due to the production of 

functional AmiR leading to increased amidase expression.

The final observation is that there is no significant difference in the adverse 
affect of heat-shock upon amidase activity between the wild-type and mutant 
cells. In both PAC452pSW101 and PAC452pMW22, the reduction in amidase 
activity caused by the temperature shift was similar with approximately 50% of 

the activity measured in the cells grown at 370C present in the cultures subjected 
to heat-shock. Thus, it is concluded that the AmiB protein is not involved in 
protecting any of the amidase proteins, particularly AmiR, against an increase in 
temperature.

3.5.2 The Utilisation of Ammonia during the Growth of PAC452- 
pSWlOl and PAC452pMW22

The second analysis of a further possible role for AmiB was to determine whether this 
protein was involved in the accumulation of ammonia. In this section the term 
ammonia is used loosely without defining its state of protonation. Definite protonation 

states will be described by chemical symbols (NH3 and NH4 +).

High concentrations of ammonia are toxic to humans and an elaborate mechanism to 
remove unwanted ammonia via the urea cycle has evolved. Whilst a complete block of 
any of the steps of the urea cycle is fatal, a partial block results in increased levels of 
ammonia in the blood leading to mental retardation, lethargy and episodic vomiting 
(Stryer, 1988). In contrast, there are no reports as to the toxic effects of high levels of 
ammonia on prokaryotes. In fact, bacteria have mechanisms to overcome nitrogen- 
limiting conditions. In the presence of sufficiently high (>lmM) extracellular 
concentrations of ammonia, it is incorporated directly into glutamate and glutamine by 
the actions of glutamate dehydrogenase and glutamine synthetase. The Km of glutamate

dehydrogenase for NH4+ is high (approximately ImM) and most prokaryotes contain 

an additional enzyme, glutamate synthase, which has a higher affinity for ammonia.
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Thus, under ammonia-limiting conditions most glutamate is produced by the sequential 
action of glutamine synthetase and glutamate synthase, resulting in the utilisation of one 
molecule of ATP for every two molecules of glutamate produced.

Ammonia occurs in both a charged and uncharged form, NH3 and NH4 +. At pH 9.25, 

the ratio of unchargedicharged will be 1:1 and at a near neutral pH more than 99% of 
the total ammonia will be in the protonated form. There is a difference in the 
permeability for the charged and uncharged form of ammonia with an unequal 

distribution of the non-permeating NH 4 + on both sides of the membrane being a 

consequence of a pH difference. As the pH difference across bacterial membranes is 

generally alkaline inside (Riebling et a/., 1975), NH4 + accumulation will not occur by a 

pH trap mechanism.

Evidence of high-affinity systems for the energy-dependent accumulation of ammonia 
have been found in various prokaryotes including P. aeruginosa (Jahns and 
Kaltwasser, 1990), fungi and plants. In the majority of cases these high-affinity 

transport systems are repressed by their own substrate (ie. NH4 +) and only one low- 

affinity NH4 + carrier has as yet been discovered. This suggests that at high external 

NH4 + concentrations, diffusion of NH3 through the membrane is sufficient to support 

the cells’ nitrogen requirement and led to the hypothesis that bacteria need NH4 + 

carriers for good growth under nitrogen-limiting conditions as their membranes are 
very permeable to NH3 (Kleiner, 1985).

The hydrolysis of lOmM acetamide by amidase yields lOmM ammonia and it was of 
interest to determine if excretion of ammonia was evident when PAC452pSW101 and 
PAC452pMW22 were grown on acetamide as the sole nitrogen source. In addition, the 
correlation between amidase activity and the excretion/utilisation of ammonia was 
investigated.

The bacteria were grown in three different assay media:
(i) BM-N+lOmM acetamide as the sole source of carbon and nitrogen;
(ii) BM-N-hlOmM acetamide as the sole source of nitrogen and 1% sodium 

succinate as an additional carbon source;
(iii) BM-N-klOmM acetamide as the sole source of nitrogen and 1% sodium 

pyruvate as an additional carbon source.
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Three different carbon sources were used to compare their effects upon ammonia 
excretion and utilisation. The experiment was carried out with both PAC452pSW101 
and PAC452pMW22 to compare any differences in the cells’ ability to utilise (or 
transport) ammonia due to the lack of AmiB.

Each assay medium was inoculated with washed overnight cultures of either 

PAC452pSW101 or PAC452pMW22 and incubated atST^C on an orbital shaker. At 
hourly intervals from time ‘0 ’ (the point of inoculation) aliquots were removed for 
measurement of bacterial growth, amidase activity and the concentration of ammonia 
present in the medium (2.2.2.4).

3.5.2.1 A Com parison of the Growth and Amidase Activities of 
PAC452pSW101 and PAC452pMW22

Figure 3.14(a) shows a semi-log plot of the growth of the wild-type and 
mutant cells. As expected from previous experiments, similar growth of the 
wild-type and mutant cells in each of the three assay media was observed. 
Whilst the growth rates of the cultures containing succinate or pyruvate as an 
additional carbon source were similar, growth was limited when acetamide was 
the only available carbon source.

Similar amidase activities were measured in the wild-type and mutant cells in 
each of the three media (Figure 3.14(b)) indicating, as expected, that the AmiB 
protein is not involved in the induction of amidase expression. However, the 
pattern of amidase activity was different in each of the media. All media 
contained lOmM acetamide as the inducer of amidase expression and the altered 
activities are presumably an effect of catabolite repression upon amidase 
expression. Synthesis of amidase is severely repressed by succinate, 
moderately repressed by acetate (a product of the hydrolysis of acetamide) 
whilst the least catabolite repression occurs with pyruvate (Smythe and Clarke, 
1975(a)). The amidase activity in the cultures grown in the presence of 
acetamide increased to 12-13 units in the first 180 min. after inoculation. 
Thereafter this activity decreased but stabilised at approximately 7 to 9 units for 
the remainder of the assay period. It is predicted that all of the acetamide in the 
medium was hydrolysed by 180 min. (see later section regarding ammonia 
utilisation). The amidase activity remaining after 180 min. is likely to be due to 
a basal level of amidase expression.
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Figure 3.14 Ammonia excretion and utilisation during the growth of 
PAC452pSW101 and PAC452pMW22. The cells were assayed in three different 
media (see Key), (a) Growth of the wild-type and mutant cells. The growth curves 
are displayed as semi-log plots, (b) Amidase activity of the wild-type and mutant 
cells. (1) Amidase specific activity was measured as described in section 2.2 .22.3 . Values 
presented are the mean values of duplicate assays carried out on two separate occasions.
(c) Concentration of ammonia present in the medium.

Key: ---- °— , PAC452pSW101 and --- «— , PAC452pMW22 grown in BM-N
4-lOmM Acetamide; -  #  PAC452pSW101 and , PAC452pMW22 grown
in lOmM Acetamide+1% Succinate; and , PAC452
pMW22 grown in lOMm Acetamide+1% Pyruvate; , control for the non-
enzymatic hydrolysis of lOmM acetamide (see text).

137



The levels of amidase activity were reduced by more than 50% in 
succinate/acetamide compared to acetamide medium (Figure 3.14(b)). During 
the assay period only a small induction of amidase activity was evident with 
between 2 to 5 units of activity measured from 60 min. onwards. In contrast, 
enhanced initial levels of amidase activity were measured when the cells were 
grown in acetamide/pyruvate compared to the acetamide medium. The 
increased levels of amidase activity were evident from time ‘0’ (approximately 
12 units). These observations are slightly surprising as in both the acetamide 
and acetamide/pyruvate media, the inducer of amidase activity was acetamide. 
At time ‘0’ no measurable amidase activity was present in the cells grown in 
acetamide and the cells cannot have been subject to catabolite repression by 
acetate. The results suggest that pyruvate enhances the induction of amidase 
expression possibly by maximal catabolite derepression.

From these observations it is clear that a complicated mechanism of catabolite 
repression of amidase synthesis exists. Whilst the extent of the repression of 
amidase activity by individual carbon compounds can be measured, the situation 
is altered when two catabolite repressors are present. In the acetamide medium, 
amidase expression was subject to moderate catabolite repression by acetate. In 
the succinate/acetamide medium, the cells were subject to a combination of 
moderate and severe catabolite repression by acetate and succinate respectively. 
As expected severe catabolite repression of amidase activity was observed. It 
was expected that the repression of amidase expression by acetate would be 
prominent in the pyruvate/acetamide medium^. However, this was not the case. 
It appears that pyruvate is used as the primary carbon source and, as such, has a 
dominant affect upon the catabolite repression sensor when present with acetate.

3.5.2.2 The Utilisation of Ammonia by PAC452pSW101 and PAC452- 
pMW22

The main aim of this set of experiments was to determine if AmiB was involved 
in the accumulation of ammonia. Figure 3.14(c) shows the concentration of 
total ammonia present in the assay media during the growth of the wild-type and 
mutant cells. The concentration of ammonia in BM-N+lOmM acetamide 
medium subject to identical conditions as the assays but without cells was also 
measured (Figure 3.14(c)). This control indicated that during the assay period 
the non-enzymatic hydrolysis of acetamide was minimal.
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Similar rapid increases in the concentration of extracellular ammonia were 
observed in the acetamide and acetamide/succinate media, which peaked at 
around 9 mM at 180 min. As the complete hydrolysis of 10 mM acetamide 
yields 10 mM ammonia, these results indicate that in these two assay media all 
available acetamide had been hydrolysed at around 180 min. With reference to 
the amidase activities measured in these media (Figure 3.14(b)) these 
observations reveal that although greater than two-fold more amidase activity 
was measured in the cells grown in the acetamide media, the lower activity in 
the cells grown in the presence of succinate/acetamide was enough to hydrolyse 
all available acetamide. Thus, the induced levels of amidase found in acetamide- 
grown cells are far in excess of that required.

Surprisingly, little ammonia was present in the acetamide/pyruvate media after 
60 min. although both wild-type and mutant cells grown in this media exhibited 
the highest levels of amidase activity (Figure 3.14(b)). These results suggest 
that either pyruvate prevents the hydrolysis of acetamide by amidase or that 
pyruvate enhances the incorporation of ammonia into glutamate/glutamine. The 
latter situation seems the most probable although the mechanism by which this 
occurs is unknown.

After 180 min. the concentration of ammonia in the acetamide/succinate and 
acetamide/pyruvate media decreased to a final concentration of between 3 and 4 
mM at 600 min. This is in contrast to the ammonia utilisation of the cells grown 
in the acetamide media which utilised approximately 1 to 2 mM of the available 
ammonia. This difference is due to the greater growth of the cultures in the 
media containing two carbon sources.

In all of these investigations the ammonia present in the media did not decrease 
to growth-limiting concentrations and it is possible that diffusion of NH3 into 

the cells was sufficient for growth. The differential rates of ammonia excretion 
for the wild-type and mutant cells grown in the different media were calculated 
(2 .2 .2 .4 .3 )  and plotted (Figure 3.15). These plots correlate the ammonia 
excretion with cell growth between two time points such that a zero differential 
rate indicates no overall increase or decrease in the medium ammonia 
concentration with respect to growth. A high positive differential rate indicates 
the export of ammonia and vice versa. In all cases, there is essentially no 
difference between the wild-type and mutant cells. The amidase present in the
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Figure 3.15 Differential rate of ammonia excretion by PAC452pSW101 and 
PAC452pMW22.
(a) Differential rate of ammonia excretion when grown in BM-N+lOmM 
Acetamide. (b) Differential rate of ammonia excretion when grown in 
BM-N+lOmM Acetamide+1% Succinate, (c) Differential rate of ammonia 
excretion when grown in BM-N+lOmM Acetamide+1% Pyruvate.
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cells appears to hydrolyse the acetamide very rapidly leading to an initial net 
efflux of ammonia. After approximately 100 min. an overall decrease in the 
differential rate occurs until 2 0 0  min., when the differential rate stabilises at 
zero. These plots support the prediction that the diffusion of NH3 into the cells 

gives the necessary nitrogen requirement for growth in that the decrease in the 
medium ammonia concentration is equal to the increase in the growth of the 
culture.

The growth, amidase activity and ammonia utilisation of the mutant cells was 
almost identical to that of the wild-type cells indicating quite emphatically that 
AmiB is not involved in any of these processes when the cells are grown in the 
presence of acetamide, acetamide/succinate or acetamide/pyruvate.

3 .6  Sum m ary o f C hapter

The attempts to find a role for the AmiB protein described in this Chapter have been 
unsuccessful. The initial analysis investigated the effect of insertion and deletion 
mutations of either the chromosomal or plasmid-encoded amiB gene upon cell growth 
in the presence of acetamide as the carbon and/or nitrogen source. If the AmiB protein 
was one component, together with AmiS, of an energy-dependent amide uptake system 
then the lack of AmiB would be expected to be disadvantageous to growth which 
required the products of acetamide hydrolysis. The analysis of the effects of the 
chromosomal amiB insertion mutation were eventually discontinued as the mutation 
resulted in the inhibition of transcription of the amiCRS genes, probably due to the 
convergent transcription of the inserted aacCl gene, and the apparent metabolic load 
placed on the strain by the constitutive expression of the aacCl gene.

Assays were thereafter carried out comparing the growth of PAC452 carrying the 
plasmid-encoded wild-type amidase genes (pSWlOl) and an amiB deletion derivative 
(pMW22) in the presence of lOmM acetamide as the carbon and/or nitrogen source. 
The lack of AmiB was not detrimental to the growth of the culture indicating that this 
protein is not involved in the transport of acetamide when it is present at lOmM 
concentrations.

Farin (1976) argued that the entry of amides into P. aeruginosa was by passive 
diffusion and that this could be at a sufficient rate in bacteria possessing active amidase 
to be of no hindrance to amide utilisation. However, this may not be the case when
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very low extracellular concentrations of amides are present and one possibility was that 
the AmiB and AmiS proteins could be primarily involved in the accumulation of amides 
when they are present at low concentrations (ie. a ‘scavenging’ mechanism), Wachira 
(1994) concluded that AmiB was not involved in the induction of amidase expression 
by 0.2% lactamide. To test the ‘scavenging’ mechanism hypothesis the induction of 
amidase expression in the wild-type and am iB  mutant cells using reduced 
concentrations of lactamide was determined. It was thought that if the lack of AmiB 
hindered the uptake of the low concentrations of lactamide then a decrease in the 
induced levels of amidase activity in the mutant cells would be observed. However, the 
induction of amidase activity was not adversely affected by the amiB mutation giving an 
initial indication that AmiB is not a part of a ‘scavenging’ mechanism.

To confirm these observations, the ability of the wild-type and mutant cells to

accumulate low extracellular concentrations (100|iM) of t^C-acetamide was

determined. Two plasmids were constructed (pRW35 and pRW36) similar to pSWlOl 
and pMW22 except that they did not produce amidase due to the introduction of a 
frameshift mutation in the amiE gene. When PAC452pRW35 and PAC452pRW36 
were grown under inducing conditions there was no significant difference in the 
accumulation of i^C-acetamide showing that AmiB is not involved in the transport of 
acetamide irrespective of the extracellular concentrations of this substrate. However, 
the results showed that PAC452pRW35 grown under inducing conditions accumulated 
more acetamide than either the same strain grown under non-inducing conditions or a 
control strain which was deleted for the amidase operon (PAC452pKT231). Thus, the 
transport of acetamide could be aided by the presence of an amide-specific inner 
membrane pore, for example that encoded by the amiS gene, particularly when low 
concentrations of acetamide are available. Unfortunately, due to a lack of time the 
construction of amiS gene mutations to check this hypothesis were not carried out.

The fact that the lack of AmiB did not have a detrimental affect upon the growth of the 
cells on acetamide, upon the induction of amidase expression by reduced concentrations 
of inducer and, finally, upon the accumulation of acetamide when present at low 
extracellular concentrations clearly shows that the product of the amiB gene is not an 
essential component of an energy-dependent transport system for the uptake of 
acetamide. Furthermore, it is highly unlikely that such a transport system is encoded 
by the amidase operon as the induced expression of the amiBCRS genes (pRW35) in 
P. aeruginosa resulted in the accumulation of less than 2% of the available substrate in
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the labelled uptake studies. Unfortunately, the accumulation of other amides could not 
be tested due to the lack of radio-labelled derivatives. The hypothesis of passive 
diffusion of amides (Farin, 1976) was based, in part, on the findings of Cohen and 
Bangham (1967) who examined the permeation of amides into artificial membrane 
vesicles and found that the aliphatic amides tested penetrated these structures. It is 
likely therefore that the accumulation of other amides would be similar to that observed 
with acetamide. Thus the search for a possible role for AmiB was widened.

The first idea for another role for AmiB was based on the known functions of 
homologous proteins. The AmiB homolog HS104 had been shown to mediate the 
resolubilisation of heat-inactivated proteins and it seemed apt to determine if AmiB was 
involved in the protection of any of the amidase operon proteins at higher temperatures. 
An approximate 50% reduction in the levels of amidase activity were observed in both 
the wild-type (PAC452pSW10I) and mutant (PAC452pMW22) cells when placed at 

4 IOC compared to cultures grown at 370C. As similar reductions in activity and 
increases in activity upon return to 370C were measured in both the wild-type and 

mutant cultures it is unlikely that AmiB protects either amidase or the AmiR protein 
from heat shock.

Finally, the extracellular concentration of ammonia was measured during the growth of 
wild-type and mutant cultures. The idea was to investigate if AmiB was involved in 
ammonia transport. The majority of excess ammonia is excreted from the cell by 
passive diffusion (NHg) whilst the difference in pH across the membrane prevents the 

intracellular accumulation of the non-permeating ammonium ions. It was hoped that 
during the final stages of growth, the ammonia concentration would become limiting 
and that the affect, if any, of the lack of AmiB on the energy-dependent transport of 

NH 4 + would be observed. Unfortunately, this situation did not arise as the minimal 

extracellular concentration of ammonia was 3 mM. The results of these experiments 
did, however, raise some interesting questions. It appeared that in the presence of 
pyruvate the amidase activity increased whilst the concentration of extracellular 
ammonia remained low for the initial 60 min. The reasons for this are not clear 
although it seems that pyruvate enhances amidase expression, probably via catabolite 
derepression, and the incorporation of ammonia into glutamate/glutamine. The extent 
of repression of amidase expression was measured when two catabolite repressors 
were present in the same medium. The repression of amidase synthesis in a medium 
containing acetate and succinate was severe indicating that succinate acts as the
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dominant repressor. In contrast, no repression was evident when the cells were grown 
in the presence of pyruvate and acetamide indicating that pyruvate is the dominant 
carbon source and alleviates the moderate repression of amidase synthesis by acetate.

Although the role of the AmiB protein was not identified, it became clear that 
purification of the protein for characterisation of its enzymatic activity would be a useful 
exercise. The amino acid sequence of AmiB contains the conserved nucleotide-binding 
motif (Walker, 1982) and is highly homologous to the C-terminal part of ClpA, the 
regulatory subunit of an energy-dependent protease in E. coliy which has been shown 
to bind and hydrolyse ATP. The following Chapter describes the attempts to over- 
express and purify AmiB and the subsequent enzymatic analysis.
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CHAPTER 4
Over-expression of amiB.  Purification and  

Enzymatic Characterisation of the amiB Product 

4 .1  Introduction
Due to the location of the amiB gene, analysis of the predicted amino acid sequence of 
AmiB and the identification of amiSy it has been suggested that AmiB is a part of the 
amidase operon and involved in the active uptake of amides (Wilson, 1991). However, 
as yet no specific role for AmiB has been identified although experiments have shown 
that it is unlikely to be a component of an ATP-dependent transport system (Chapter 3).

Initial homology searches (Wilson, 1991) with the predicted amino acid sequence of 
AmiB revealed that it shared some homology with ClpA, the regulatory subunit of the 
ATP-dependent Clp protease of E .  coli (Gottesman et a l.y  1990). It was apparent that 
the greatest homology occurred around the two sequence motifs which form the 
nucleotide-binding domain (Walker et a l . y  1982; Gottesman et a l . y  1990). This 
homology gave the first indication that AmiB may bind ATP and/or other nucleotides. 
It has been demonstrated that ClpA both binds and hydrolyses ATP (Katayama et a l .y  

1988; Hwang et a l . ,  1988) and, thus, it is possible that AmiB also exhibits this activity.

This Chapter presents the results of additional homology searches and threading 
analysis with the amino acid sequence of AmiB, attempts to over-express amiB in P. 
aeruginosa and E. coli, and the subsequent purification and enzymatic characterisation 
of a maltose-binding protein-AmiB fusion protein.

4 .2  Homology Searches with AmiB
FASTA homology searches were carried out with the deduced amino acid sequence of 
AmiB using the SWISSPROT database. Since 1991, a number of proteins have been 
identified which are significantly homologous to AmiB over their entire length or within 
specific domains. A multiple alignment of the amino acid sequences of AmiB and a 
selection of its homologs is shown in Figure 4.1 wherein highly conserved residues 
are shown in boldface and/or indicated by an asterisk. AmiB shares extensive 
homology with an open reading frame, amiBl, located immediately downstream of the 
amidase gene from Rhodococcus erythropolis (Soubrier et al., 1992) (39% identity, 
60% similarity).
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Figure 4.1 Multiple Alignment of the AmiB amino acid sequence with homologs. 
Residues conserved in AmiB and at least three homologs are shown in boldface and an 
asterisk represents the most highly conserved residues (present in all or 7 of the 
sequences). Parts A and B of the nucleotide-binding site motif are shown underneath 
the relevant sequence. The AmiB, AmiB2 and ClpX sequences are shown in full 
whereas the C-terminal ATP-binding region is shown for the remainder of the 
homologs.
Abbreviations: AmiB2 .Rhodo=the product of an ORE identified adjacent to the 

amidase gene from Rhodococcus erythropolis; ClpA.Ecoli=ClpA from E. coli; 
ClpB.Ecoli=ClpB from E. coli; Clp.Trybb=Clp protein from Trypanosoma brucei; 
CD4A.Lyces=CD4A protein from Lycopersicon esculentum; H104.yeast=HSP104 
from Saccharomyces cerevisiae; CIpX.EcoIi=ClpX from E. coli. Refer to text for 

references.
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In addition, AmiB shares homology with members of the Clp family of regulatory 
proteins and some of these sequences are shown in Figure 4 .1 . The Clp family is 
presently divided into four subfamilies; ClpA, ClpB, ClpC and ClpX. The ClpA/B/C 
subfamily members contain two highly conserved but dissimilar regions containing 
consensus sequences for nucleotide binding (N1 and N2), separated by a highly 
variable spacer region (S) and enclosed between variable leader (L) and trailer 
sequences (T). The nucleotide-binding motif was first identified by Walker et al. (1982) 
as described elsewhere ( 1 4 .1 .1 ) .  This motif was subsequently modified by 
Gottesman et at. (1990) during studies of the ATP-binding domains of the Clp 
regulatory proteins. The modified version of the consensus sequence is: Part A - Gly-

X-0-Gly-Val-Gly-Lys-Thr, and Part B - (<Ï>4 )-Asp/Glu; where “O” represents lie, Leu,

Val, Met, Phe, Tyr, and “X” represents any amino acid. In addition, the spacing 
between Parts A and B of the Walker motif was defined as being between 60 and 80 
amino acids. The assignment of the ClpA/B/C subfamilies was initially based upon the 
size of the S region (ClpA - approximately 5 residues, ClpB - 123-131 residues, and 
ClpC - 62-69 residues), the need for gaps in aligning the overall sequences, and 
sequence similarities in the L, N l, N2 and T segments (Gottesman et al., 1990; Squires 
and Squires, 1992). Most recently, the ClpX family has been identified. The members 
of this subfamily contain a single nucleotide-binding domain which shares most 
homology with the N2 region of the ClpA/B/C subfamilies.

The functions of some of the Clp regulatory proteins have been elucidated. The 
binding and hydrolysis of ATP by the E. coli ClpA and ClpB proteins ha^ been \/: 
demonstrated (Hwang et a i, 1988; Katayama et al., 1988; Woo et a l, 1992). Only the 
E. coli ClpA and ClpX proteins have been shown to complex with a proteolytic 
subunit, ClpP (Hwang et a l, 1988; Wojtkowiak et al., 1993; Gottesman et al., 1993), 
but it is thought that all the Clp family members hydrolyse ATP and interact with ClpP 
or a ClpP-like subunit. A ClpA/ClpP complex has been shown to carry out the ATP- 
dependent degradation of casein in vitro (Katayama-Fujimura er al., 1987; Hwang et 
al., 1987) and plays a role in degrading abnormal proteins in vivo (Katayama et al., 
1988). Some members of the ClpB subfamily are produced upon heat-shock and 
Parsell et al. (1994) showed that HSP104 mediated the resolubilisation of an heat- 
inactivated insoluble aggregate. The function of the ClpC subfamily is unknown 
although in plants ClpC is transported into chloroplasts and a ClpP sequence is encoded 
within the chloroplast genome (Maurizi et al., 1990). Finally, it has been demonstrated 
that the E. coli ClpX/ClpP complex is involved with the in vivo degradation of the
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lambda O protein (Wojtkowiak et a i, 1993; Gottesman et a i, 1993). As most activities 
of the proteolytic subunit, ClpP, are dependent on an activator ATPase, it has been 
proposed that the substrate specificity of the protease is dependent upon the bound 
activator whose binding, in turn, may depend upon the substrate present (Gottesman et 
a/., 1993).

The AmiB sequence shares most homology with the N2 region of the ClpA/B/C 
subfamilies and included in Figure 4.1 are the N2 regions of a ClpA-type protein 
(ClpA from E. coli) (Gottesman et al.y 1990), ClpB-type proteins from a prokaryote 
(ClpB from E. coli) (Squires et a /., 1991) and eukaryotes (HSP104 from 
Saccharomyces cerevisiae and the Clp protein from Trypanosoma brucei) (Parsell et al., 
1991; Gottesman et a i,  1990) and a eukaryotic ClpC-type protein (the tomato CD4A 
protein) (Gottesman et a i, 1990). In addition, the similarity between AmiB and the 
entire sequence of the E. coli ClpX (Gottesman et aL, 1993) is shown.

It is clearly evident from Figure 4.1 that the greatest homology between AmiB and the 
Clp family members lies around Parts A and B of the nucleotide-binding site. Although 
sequence similarity trails off towards the N- and C-termini, it is interesting to note that 
there are other short sequences of well-conserved amino acids particularly two regions 
centered around two blocks of 3 amino acids (labelled Tad 1 and Tad 2 in Figure 4.1) 
which are identical in most members of the ClpA/B/C/X famdy. These sequences are 
found towards the carboxyl-terminus, a region not highly conserved within the Clp 
family. The function of this region has not been determined but it has been suggested 
that these conserved elements are involved in the interaction of the Clp famdy members 
with ClpP (Gottesman et al., 1993).

The position of anüB in the amidase operon together with the facts that it is expressed 
in response to the presence of amides and that the amidase operon contains no 
corresponding proteolytic subunit, make it highly unlikely that AmiB is the regulatory 
subunit of a ClpAP-like proteolytic complex. However, this cannot be completely 
ruled out as the genes encoding ClpA and ClpP are at widely spaced locations on the E. 
coli genome and are independendy regulated (Gottesman et al., 1990). In addition, it 
was believed that as AmiB carries only one ATP-binding domain it was unlikely to 
perform a similar function to members of the ClpA/B/C subfamilies. However, the 
identification of the ClpX subfamily, which contain a single nucleotide-binding 
domain, shows that this possibility cannot be ruled out. At present, negative mutations 
of amiB have shown that this protein is not involved in the protection of the amidase
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system proteins against an increase in temperature (Section 3.5.1) and, therefore, it 
does not have a similar role to the HSP104 protein in yeast.

4 .3  Threading Analysis with AmiB
Although a specific function for AmiB has not been identified from the homology 
searches, it is evident that AmiB contains Parts A and B of the consensus nucleotide- 
binding site sequence and that it is homologous to proteins which exhibit ATPase 
activity. To further define potential structural characteristics of AmiB, threading 
analysis was carried out (Jones et al., 1992). This analysis predicts the natural three 
dimensional structure of a protein from its amino acid sequence even where little or no 
sequence similarity is shared between the proteins under consideration. In outline, the 
final folded states of different proteins with solved crystal structures are analysed 
statistically. A library of unique protein folds has been derived from a database of 
protein structures and each fold considered as a chain tracing through space with the 
original primary sequence ignored. The AmiB sequence was threaded onto 104 unique 
folds from the Brookhaven database (Figure 4.2).
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Figure 4.2 Threading analysis o f the AmiB sequence 
The histogram shows the calculated pseudo-energy values for the 
threading of the AmiB sequence onto unique folds. The lowest 
threading energy was obtained with adenylate kinase (ADK).
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From these results, adenylate kinase shows the lowest threading energy, suggesting 
that AmiB would adopt a similar three-dimensional structure to this protein. Adenylate 
kinase catalyses the reversible transfer of a phosphoryl group from Mg.ATP to AMP 
and, thus, this analysis has given further support to the proposal that AmiB may bind 
and hydrolyse ATP.

4 .4  C loning and O ver-expression  o f a m i B
4.4.1 Construction of a m alE -am lB  Expression Vector
A 1157 bp DNA fragment containing the wild-type anüB gene had been previously 
amplified using the polymerase chain reaction and cloned into the EcoBl and Xhal 
targets of the pMAL-cRI expression vector to produce plasmid pSW81 (S.A. Wilson, 
personal communication) (Figure 4.3(a)). The pMAL-cRI expression vector contains 
the rrmlE gene downstream of the strong tac promoter and translation initiation signals. 
The insertion of the amiB gene downstream of, and in the same translational reading 
frame as, malE leads to IPTG-inducible production of a maltose-binding protein (MBP)- 
AmiB fusion protein.

4.4.2 Over-expression and Purification of the MBP-AmiB Fusion 
P ro tein

E. coli JM107 was transformed with plasmid pSW81 and the MBP-AmiB fusion 
protein over-produced (2.2.4.3.I). Cell free extracts from JM107pSW81 grown in 
the presence of ImM IPTG were loaded onto an amylose affinity column as described 
in section 2.2.4.3.2. MBP binds to amylose and all unbound contaminating proteins 
were washed off the column until a steady baseline had been obtained. MBP has a 
higher affinity for maltose than amylose and the MBP-AmiB fusion was eluted from the 
column with lOmM maltose. An aliquot of the eluted protein was analysed by SDS- 
PAGE electrophoresis on an 8 % gel (Figure 4.3(b)). There was one major protein 
band running at approximately 84 kDa, the predicted molecular mass of MBP-AmiB, 
indicating that the affinity chromatography step produced a fusion protein substantially 
free of contaminants.

Gel filtration analysis of the purified MBP-AmiB fusion was carried out using a 
Superdex 200 16/10 column (separation range 600 - 10 kDa) and the elution profile 
from the column is shown in Figure 4.4(a). Most protein was eluted in fractions 38- 
45 whilst a much smaller elution peak is seen between 72 and 78 ml. The fractions 
containing Peak 1 were pooled as were those containing Peak 2, and analysed by SDS- 
PAGE (Figure 4.4(b)). Both the Peak 1 (lane 2) and Peak 2 (lane 3) samples ran at the
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Figure 4.3 Structure of plasmid pSWSl and SDS-PAGE analysis of amylose 
affinity column purified MBP-AmiB fusion protein.
(a) Partial restriction map of plasmid pSWSl. The 1.1 kb amiB fragment was 
cloned into pMAL-cRl. Arrows indicate the direction of transcription. The 
position of the Factor Xa recognition sequence (Ile-Glu-Gly-Arg) in the 
polylinker region is shown. Abbreviations for restriction enzyme sites are as 
follows: E=Ec(9RI; H=HindUl; S=Sall and Xh=Xbal.
(b) SDS-PAGE analysis of eluted protein from amylose affinity column.
Lane 1, purified MBP-AmiB; Lane 2, protein markers.
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Figure 4.4 Gel filtration analysis of purified MBP-AmiB fusion protein.
(a) Elution profile from the gel filtration column. The fractions collected are 
labelled Peak 1 and Peak 2 respectively.
(b) SDS-PAGE analysis of Peak 1 and Peak 2. Lane 1, protein markers; lane 2, 
pooled fractions corresponding to Peak 1; lane 3, pooled fractions corresponding 
to Peak 2.
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predicted molecular weight of the MBP-AmiB fusion protein (approximately 84 kDa). 
These results indicate that the majority of MBP-AmiB forms soluble aggregates of high 
molecular weight. As this protein eluted shortly after the void volume, the aggregates 
have a predicted molecular mass exceeding 600 kDa. However, the proportion of 
MBP-AmiB eluting between 72 and 78 ml corresponds to the monomeric form of the 
fusion protein (Peak 2).

Plasmid pSW81 contains the recognition site of the protease. Factor Xa, located 
between the malE and amiB genes (Figure 4.3(a)). Cleavage of the MBP-AmiB fusion 
with Factor Xa led to rapid and observable protein precipitation. As the two proteins 
have similar molecular masses, it was difficult to determine which protein had 
precipitated but it seems most likely that the insoluble material was AmiB (S.A. 
Wilson, personal communication).

4.4.3 Over-expression of a m iB  in P. aeruginosa
As purified soluble native AmiB could not be isolated by the above method, attempts 
were made to over-express amiB in P. aeruginosa.

4.4.3.1 Construction of the Broad-host Range am iB  Expression Vector, 
pRW303

The 1.17kb EcoBAJHindlH fragment containing amiB was isolated from 
plasmid pSW81 after restriction enzyme digestion and subsequent 

GENECLEAN® (2.2.3.11) and ligated to the EcoBJJHinéJSl digested broad- 
host range expression vector pMMB6 6 EH (Furste et al.y 1986). E. coli JM107 
transformants were selected for resistance to ampicillin and restriction enzyme 
analysis (EcoRI, HindlU  and A pa l)  of plasmid DNA isolated from six 
transformants showed that all contained the recombinant plasmid pRW303 
(Figure 4.5(a)). pMMB6 6 EH is derived from plasmid RSFlOlO which can 
replicate in both E. coli and P. aeruginosa. It contains the tac promoter 

immediately upstream of the multiple cloning site and the lacl^ gene thus 

allowing the high-level, controllable expression of cloned genes.

Plasmid pRW303 was mobilised into the P. aeruginosa strain PAC452 by 
triparental mating using the helper strain HB101pRK2013. The presence of 
pRW303 in PAC452 was confirmed by resistance to carbenicillin and restriction 
enzyme analysis of isolated plasmid DNAs.
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Figure 4.5 Structure of plasmid pRW303 and SDS-PAGE analysis of crude 
extracts of PAC452pRW303.
(a) Partial restriction enzyme map of pRW303. The EcoRUHindlU 
fragment from plasmid pSWSl was subcloned into the EcoRl and H M IR  
targets of pMMB6 6 EH. Abbreviations for restriction enzyme targets are as 
follows: A=ApaI, E=EcoRl and H=7/mdin.
(b) SDS-PAGE analysis of soluble and insoluble fractions from crude 
extracts of PAC452pRW303. Lane 1, protein markers; lanes 2  and 3, 
soluble fractions of non-induced and induced PAC452pRW303 
respectively; lanes 4 and 5, insoluble fractions of non-induced and induced 
PAC452pRW303 respectively. AmiB is indicated by an arrow (lane 5)
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4.4.3.2 Analysis of C rude Extracts of PAC452pRW 303
Cmdc exiracts were prepared (2.2.4.1) from IPTG-indueed and non-induced 
cultures of PAC452pRW303. Aliquots of the soluble and insoluble fractions 
from the induced and non-induced samples were analysed on a 10% SDS- 
PAGE gel (Figure 4.5(b)). The induced insoluble fraction (lane 5) shows an 
additional band with a predicted molecular mass of approximately 40 kDa 
compared to the non-induced fraction (lane 4). This molecular mass agrees 
closely with that predicted from the nucleotide sequence of AmiB 
(approximately 42 kDa). Surprisingly, no evidence of an AmiB band was 
visible in the induced soluble fraction.

Preliminary attempts to solubilise AmiB using IM NaCl and 0.1% Tween 20 
were undertaken. However, SDS-PAGE analysis showed that AmiB was still 
present in the insoluble fraction and, thus, enzymatic analysis of AmiB was 
carried out with the soluble MBP-AmiB fusion protein.

4 .5  E n zym atic  A n alysis o f  M B P-A m iB  F usion  P rotein
ATPase assays were carried out as described in section 2.2.4.S. Preliminary assays 
showed that the soluble aggregates of MBP-AmiB (Peak 1, Figure 4.4(a)) and the 
monomeric form of MBP-AmiB (Peak 2, Figure 4.4(b)) exhibited similar ATPase 
activities. Thus, in the following enzymatic characterisations, the amylose affinity 
purified fusion protein was used. The calculated concentration of the fusion protein

was 1.56 mg/ml and 5 pi of an 8 -fold diluted sample was used, giving a total of 0.49 

|ig AmiB per assay.

To confirm that the observed ATPase activity was not due to the MBP nor any minor E. 
coli contaminants observable by SDS-PAGE (Figure 4.3(b)), ATPase assays were

also carried out with 2.7 pg, 5.4 pg and 8  pg of a MBP-KorB fusion protein which

had been isolated from E. coli JM107 by amylose affinity chromatography. KorB is a 
DNA-binding protein (Tai and Cohen, 1994) and no measurable ATPase activity was 
exhibited by the MBP-KorB fusion at any of the concentrations used.
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4.5.1 Determination of ATPase, GTPase and CTPase Activities of the 
MBP-AmiB Fusion

The ability of the MBP-AmiB fusion protein to catalyse the hydrolysis of ATP, GTP 

and CTP was determined. Assays were carried out with increasing concentrations of 

substrate (0.06 - 2mM for ATP and GTP, and 0.08 - ImM for CTP) as shown in 

Figure 4 .6 . The fusion protein has intrinsic ATPase activity and from the results 

obtained and V^ax values were calculated using hyperbolic regression analysis

(Duggleby, 1981). The values for ATP were = 174± 15 jiM and V^ax = 2.4±0.1

|imol/min/mg AmiB. MBP-AmiB also exhibited some GTPase activity although it was 

unable to hydrolyse CTP (Figure 4.6).
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Figure 4.6 MBP-AmiB catalysed hydrolysis of ATP, GTP and CTP.
The data represent the mean values of assays carried out on three separate
occasions. Key: -----□— , ATPase activity; -----*----- , GTPase activity;
  ̂ CTPase activity. Standard deviations are shown for the ATPase and
GTPase values.
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4.5.2 Determination of Co-Factor Requirement for MBP-AmiB ATPase 
Activity

The threading analysis with AmiB indicated that it shared probable structural homology 
with adenylate kinase. This enzyme requires Mg2+ as a co-factor for ATPase activity 
(Fry et a i, 1986). The dependence of the ATPase activity of MBP-AmiB upon 
magnesium ions was determined. Initially, EOT A was added to the reaction. Although 
no colour change was observed (indicating no ATPase activity), EOT A led to a cloudy 
precipitate in the reactions and the ODôso readings were not indicative of the amount of 

inorganic phosphate released. Subsequently, ATPase assays were carried out in the 
presence of increasing concentrations of magnesium ions (0 - 2.5mM). In the absence

of magnesium, MBP-AmiB showed residual ATPase activity of 0.5 |imols P, 

released/min/mg AmiB (Figure 4.7).
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Figure 4.7 Co-factor requirement of MBP-AmiB ATPase activity. 
ATPase activity was measured in the presence of increasing concentrations of:
— Q— , Magnesium ions; ---- *---- , Manganese ions; ---- @8—  , Calcium
ions; and  o , zinc ions.
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The addition of magnesium strongly stimulated ATPase activity, which peaked at

0.5mM Mg2 + (3 jimols ?i released/min/mg AmiB). The concentration of ATP in the

reaction was ImM and this gives the substrate of MBP-ZVmiB as MgATPZ , a similar 

substrate predicted for purified MalK from Salmonella typhimurium (Morbach et al., 
1993).

The ability of other divalent cations to substitute for magnesium was also examined 
(Figure 4 .7). Manganese was able to partially replace magnesium although with 
0.5mM manganese, MBP-AmiB gave only 50% of the ATPase activity observed in the 
presence of 0.5mM Mg2 +. Zinc and calcium were unable to effectively substitute for 
magnesium and at some concentrations of these cations, the residual level of ATPase 
activity was inhibited (Figure 4.7). It was noticed that divalent cation concentrations 
greater than 0.5mM led to a reduction in the stimulation of ATPase activity. The reason 
for this is not known although it seems that an excess of co-factor may block the 
substrate-binding site.

4.5.3 Determination of Inhibitors of the MBP-AmiB ATPase Activity
Three compounds (sodium azide, ammonium vanadate and potassium nitrate) and ADP 
were tested for their ability to inhibit the enzymatic activity of MBP-AmiB. Final 
concentrations of sodium azide used were between 0 - 1 .4mM and these did not affect 
the ATPase activity of the fusion protein. Figure 4.8 shows the inhibitory effects of 
ADP, ammonium vanadate and potassium nitrate. The percentages of ATPase activity 
remaining at increasing concentrations of these inhibitors compared to the activity 
measured in their absence aie plotted. ADP (Figure 4.8(a)) and ammonium vanadate 
(Figure 4.8(b)) strongly inhibited the activity of the fusion protein with up to 50% 
inhibition occurring at concentrations of approximately 0.18mM and 0.09mM 
respectively in the presence of a final ATP concentration of ImM. Potassium nitrate 
(Figure 4.8(c)) inhibited the ATPase activity of MBP-AmiB but only at much higher 
concentrations, with 50% inhibition occurring at a concentration of approximately 
93mM.

4 .6  Sum m ary o f  Chapter

Initial homology searches with the AmiB amino acid sequence showed that the protein 
was similar to the C-terminal ATP-binding domain of a regulatory subunit of the Clp 
protease of E. coli. Further homology searches uncovered a number of other proteins 
which shared homology with AmiB either over their entire length or in particular
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Figure 4.8 Effect of inhibitors on MBP-AmiB ATPase activity.
The percentage ATPase activity remaining at increasing concentrations of inhibitor 
is plotted, (a) Inhibition by ADP. (b) Inhibition by ammonium vandate. (c) 
Inhibition by potassium nitrate.
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domains. The majority of these homologs were members of the Clp family of 
regulatory proteins although one homolog is the product of an uncharacterised open 
reading frame from Rhodococcus  erythropolis which is located immediately 
downstream of an amidase structural gene.

A multiple alignment of AmiB with some of its homologs showed that whilst sequence 
similarity trailed off at the N- and C-termini, there were areas of well-conserved amino 
acids. The greatest conservation lay around Parts A and B of the nucleotide-binding 
consensus sequence although three glycine residues situated between Parts A and B, 
and two sequences of three amino acids present towards the C-terminus are well 
conserved in most of the proteins. The role of the C-terminal conserved sequences are 
unknown although it has been suggested that they are involved in the interaction of the 
Clp family members with ClpP or a ClpP-like subunit (Gottesman et al.y 1993).

From the results of the homology searches and threading analysis, it seemed likely that 
AmiB would bind and hydrolyse ATP. Efforts to over-express AmiB in a soluble form 
in P. aeruginosa were unsuccessful. It appeared that only slight over-expression of 
AmiB in this host led to the formation of insoluble aggregates. AmiB was successfully 
over-expressed in E. coli and amylose-affinity purified in a soluble form as a MBP- 
AmiB fusion protein. Gel filtration analysis showed that the fusion protein was present 
in two forms; as a soluble aggregate with a molecular mass exceeding 600 kDa, and a 
minority as the monomeric form. These forms of MBP-AmiB exhibited similar 
ATPase activities and further enzymatic characterisations were carried out using the 
amylose-affinity purified fusion protein.

MBP-AmiB exhibited ATPase activity with calculated and Vmax values of 174 ± 

15|iM and 2.4 ± 0.1|imol/min/mg AmiB. This intrinsic ATPase activity is similar to 

purified MalK, the nucleotide-binding componment of the S. typhimurium maltose 

ABC transporter (Km = 70 ± 4|iM, Vmax = 1.3 ±  0.3 pmol/min/mg protein) (Morbach

et al.y 1993) and similar Km values have been obtained for ClpA (210|iM) (Hwang et

a l .y  1988). Like MalK, MBP-AmiB also exhibited slight intrinsic GTPase activity. In 
contrast, it has been shown that GTP is not a substrate for ClpA.

It is evident that magnesium-ATP is the preferred substrate for AmiB. This is true for 
other ATPases (for example, MalK, ClpA and adenylate kinase) and GTPases (for
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example, the ras p21 protein (Pai et a i ,  1989)). In contrast, most Fi moieties of the 

FoFi-ATPases (F-type) exhibit ATPase activity in the presence of Mg2+, Co2+, Mn-+ 

and Ca2+ (reviewed by Kawaga et a i ,  1979). The ability of other divalent cations to 

replace magnesium was similar for MBP-AmiB, MalK (Morbach et a i ,  1993) and P- 
glycoprotein, the mammalian ABC transporter (Doige et al., 1992), in that manganese- 
ATP could partially replace magnesium-ATP as substrate for these enzymes. In 
contrast to AmiB, calcium and zinc supported the ATPase activity of the E. coli 

ClpP/ClpA complex about 40% and 10-20% as well as magnesium whilst in the 

presence of manganese no ATPase activity was measured (Hwang et a i ,  1988).

The enzymatic activity of MBP-AmiB was strongly inhibited by ADP. It seems most 
likely that this inhibition occurs by competition for the substrate binding site(s). It has 
been shown that ADP is not a substrate for ClpA (Hwang et a i ,  1988) and also inhibits 
the activity of MalK (Morbach et al., 1993). Other inhibitors of F-, P- and V-type 

ATPases (sodium azide, ammonium vanadate and potassium nitrate respectively) were 
tested for their ability to inhibit MBP-AmiB. Of these, nanomolar concentrations of 
ammonium vanadate inhibited the activity of MBP-AmiB. Vanadate is the main 
inhibitor of P-type ATPases and distinguishes many of these ATPases from the V- and 
F-types. P-type ATPases are defined as those which form a covalent phosphorylated 
intermediate as part of their reaction cycle (reviewed by Pedersen and Carafoli, 1987). 
Vanadate forms a pentacovalent bipyramidal structure like that of a phosphate ester 
undergoing hydrolysis and it is thought that vanadate inhibition occurs by binding to 

the phosphorylation site of P-type ATPases. P-glycoprotein is also strongly inhibited

by vanadate (50% inhibition occurring at 7 - 10 |iM vanadate) although attempts to find

a phosphorylated intermediate of P-glycoprotein have been unsuccessful (Kamimoto et 

al., 1989). In addition, neither AmiB nor P-glycoprotein contain an aspartyl-phosphate 

phorylation site (Asp-Lys-Thr-Gly-Thr-Leu(Ile)-Thr) conserved from bacteria to 

humans in the P-type ATPases (Pedersen and Carafoli, 1987) and, thus, the action of 

vanadate upon AmiB and P-glycoprotein is unknown. The purified S. typhimurium 

MalK protein has been shown to be resistant to vanadate inhibition (Morbach et al., 

1993) although the ATPase activity of the reconstituted MalFGK] complex is sensitive 

to this inhibitor (Hunke et a i ,  1995).

ClpA alone exhibits ATPase activity. However, although the Km value for ATP 

remains constant, the addition of casein (a substrate of the Clp protease) stimulates ATP 

hydrolysis by about 40%. Further, the addition of casein and ClpP stimulates ATP
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hydrolysis by ClpA by 100-300% although the basal level of ATPase activity by the 
CIpP/ClpA complex was less than that observed by ClpA alone (Hwang etaL, 1988). 
Further several groups working with ABC-transporters have demonstrated ATP 
hydrolysis concomitantly with transport (see, Davidson and Nikaido, 1990). Thus, 
although purified ClpA and MalK exhibit spontaneous ATPase activities, in vivo this 
activity is probably regulated. In the case of ClpA, by ClpP and the presence of 
substrates of the proteolytic complex, and in the case of MalK, by MalF and MalG (the 
inner membrane proteins), MalE (the periplasmic binding protein) and the availability of 
substrate. From these results, it is possible that the enzymatic activity of AmiB is 
regulated by AmiS and/or amides. Initial investigations showed that the presence of 
lOmM and 50mM acetamide or butyramide did not directly affect the ATPase activity of 
MBP-AmiB (data not presented). Thus, it seemed appropriate to determine if there was 
any interaction between AmiB and the potential inner membrane protein, AmiS. The 
following Chapter details the attempts made to over-express and purify AmiS for use in 
such investigations.
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CHAPTER 5
Over-Expression Studies with am iS  

and Topological Studies of A m iS  

5 .1  Introduction
Of the amidase genes identified prior to the beginning of this study, the role of two of 
the products (AmiB and AmiS) had not been characterised. However, the results from 
the previous Chapter show that AmiB exhibits spontaneous ATPase activity when 
purified as a MBP-AmiB fusion protein. From these results it was deemed appropriate 
to determine if the in vivo enzymatic activity of AmiB was regulated by another protein. 
It was suggested initially that AmiB and AmiS were components of an ABC-like 
transport system for the accumulation of amides by the cell (Wilson, 1991). However, 
it has been shown that the lack of AmiB does not affect the uptake of amides and, 
further, that an active uptake system for amides is unlikely to exist This does not rule 
out a role for the product of amiS in the uptake of amides and, in addition, AmiS may 
also be involved in the regulation of the activity of AmiB. The amiS gene is located 
immediately downstream of amiR and, like amiBy is expressed in response to amides. 
Due to the lack of appropriate restriction enzyme targets in the amiS gene, it would have 
been difficult to mutate amiS when it was stiU present within the amidase operon. This 
investigation involved the over-expression of amiS to determine the role of the protein 
in the uptake of amides, and the purification of AmiS to determine its involvement in 
the regulation of the activity of AmiB. This Chapter describes the attempts made to 
over-express amiS and a gene encoding amiS with a poly-histidine tail.

Initial homology searches carried out in 1991 with the deduced amino acid sequence of 
AmiS indicated that it did not share significant homology with any known sequences in 
theEMBL and SWISSPROT databases (Wilson, 1991). To elucidate a role for AmiS, 
further homology searches were carried out to determine if the protein shared homology 
with a protein of known function. Finally, as AmiS is predicted to be an integral 
membrane protein, attempts were made to determine the orientation of the protein in the 
cytoplasmic membrane.

5.2 Homology Searches with AmiS
The most recent homology searches using the EMBL and SWISSPROT databases have 
shown that AmiS shares significant homology with three proteins: the product of an
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open reading frame, ORFP3, immediately downstream of the acetamidase gene from 
Mycobacterium smegmatis (M.jm.P3) (Mahenthiralingam et a i, 1993) (40% identity, 
6 8 % similarity), the product of amiS2 which is located immediately upstream of the 
amidase gene in Rhodococcus erythropolis (Accession no. Z46523) (38% identity, 
60% similarity) and the product of the urel gene from the urease operon in Helicobacter 
pylori (Cussac et al.y 1992) (37% identity, 63% similarity).

As discussed previously (1.5.6), it has been suggested that AmiS was an integral 
membrane protein. The sequences of the AmiS homologs also contain many 
hydrophobic residues and, as a consequence, hydropathy analyses were carried out 
with these proteins (Figure 5.1). It is clearly evident that all of the proteins contain 
stretches of highly hydrophobic residues which, due to their length, are strongly 
suggestive of transmembrane helices. AmiS and Urel contain six potential 
transmembrane domains whereas the M.sm.P3 and amiS2 gene products are predicted 
to traverse the inner membrane seven times.

The computer program MEMSAT (Jones et a l.y  1992) was also used to predict the 
transmembrane domains of these proteins. Figure 5.2 shows a multiple alignment of 
the sequences of AmiS and its homologs. The regions of the transmembrane helices, 
as predicted by MEMSAT, are represented in Figure 5.2 by the lines above the amino 
acid sequences and each predicted transmembrane helix is numbered (I-VU).

None of the homologs of AmiS have, as yet, been ascribed a function although the high 
level of homology between these proteins suggests that they represent a novel family of 
integral membrane proteins. Computer-aided analysis of many transport protein 
sequences revealed that transport proteins showing a high degree of sequence similarity 
throughout their lengths usually serve the same function (Saier Jnr., 1994). It was also 
revealed that, in general, transmembrane helices are more strongly conserved than loop 
regions. As evident from Figure 5 .2 , AmiS and its homologs share the greatest 
sequence similarity in the predicted transmembrane helices and spaces have been 
introduced into the protein sequences for optimal alignment only in the predicted 
cytoplasmic/periplasmic loop regions. It is interesting that AmiS and its homologs are 
encoded by genes which are, or appear to be, part of opérons involved in the 
degradation of amides and it is possible that these proteins are involved with the uptake 
of amides. Studies with Urel showed that a mutation of the cloned urel gene did not 
affect urease activity in E. coli (Cussac et a l .y  1992). In contrast, a disruption of the 
chromosomally-encoded urel in H. pylori led to a urease-negative phenotype (Ferrero
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Figure 5.1 Hydropathy plots for the sequences of AmiS and homologs. The 
plots were prepared by the method of Kyte and Doolittle (1982) using a window 
size of 9 amino acids. Values greater than zero indicate hydrophilic regions and 
values less than zero indicate hydrophobic regions, (a) Hydropathy plot for AmiS
(b) Hydropathy plot for M. sm. P3 (c) Hydropathy plot for AmiS2 (d) 
Hydropathy plot for Urel. The predicted transmembrane domains are numbered
i-v n .
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________ I_______   I I ______   U J _____
A m is  MLGLVLLYVGAVLFLNAVWLLGKISGREVAVINFLVGVLSACVAFYLIFSAAAG-----------------------------------QGSLKAGALTLLFAFTYLWVAANQFLEVDGKG
2f. s m . P 3 MGGVGLFYVGAVLIIDGLMLLGRISPRGATPLNFFVGGLQWTPTVLILQSGGD-----------------------------------AAVIFAASGLYLFGFTYLWVAINNVTDWDGEG
A m i s s  MGCVGLLYVGAVLFVNGLMLLGTVPVRSASVLNLFVGALQCWPTVMLIQAQGD-----------------------------------SSAVLAASGLYLFGFTYLYVGISNLAGFEPEG
U r e l  MLGLVLLYVGIVLISNGICGLTKVDPKSTAVMNFFVGGLSIICNVWITYSALNPTAPVEGAEDIAQVSHHLTNFYGPATGLLFGFTYLYAAINHTFGLDWRP

_______ÏY______  Ï______  Yi_______ ____
A m i s  LGWFCLFVSLTACTVAIES-FAG- -ASGP-FGL-------- WNAVNWTVWALLNFCFFLLLGLSRG- IQKPVAYLTLASAIFTAWLPGLLLLGQVLKA
i f . s m . P 3 LGWFSLFVAIAALGYSWHA-FTA— EADPAFG--------------- VIWLLWAVLWFMLFLLLGLGHDALGPAVGFVAVAEGVITAAVPAFLIVSGNWETGPLPAAVIA
A m i S 2 IGWFSLFVACAALVYSFLS-FTV— SNDPVFG-------------- VIWLAWAALWTLFFLVLGLGRENLSRFTGWAAILLSQPTCTVPAFLILTGNFHTTPAVAAGWA
U r e l  YSWYSLFVAINTIPAAILSHYSDMLDDHKVLGITEGDWWAIIWLAWGVLWLTAFIENIL-KIPLGKFTPWLAIIEGILTAWIPAWLLFIQHWV

*—fc
On
oo  YU______

W. s m . P 3 VIGRAAWLAYPIGRRLAAPSVTNPPPAALAATTR
Am i  S 2 GALLVLLGLAKILAAPKAAVPQPRPVEN

Figure 5 .2  Multiple alignment of the deduced AmiS sequence with homologs. Conserved residues in all four sequences, in three 
sequences and in two sequences are indicated by an asterisk, a colon and a dot respectively. Spaces which have been introduced into the 
protein sequences are represented by a dash. The lines represent the predicted transmembrane regions (MEMSAT) and each potential 
transmembrane helix is numbered. Abbreviations: AmiS2=the AmiS2 protein from Rhodococcus erythropolis (Accession
number: Z46523); M^m.P3=an open reading frame in Mycobacteria smegrmtis\ Urel=the Urel protein from Helicobacter pylori



et al., 1991). This phenotypic variation may be due to a difference in membrane 
pcnneability for urea between E. coli and H. pylori. If this is the case, then the 
observations with E. coli indicate that Urel is not involved in either the regulation of 
urease expression or its synthesis, whilst the urease-negative phenotype observed in H. 

p y lo r i  could be due to the inability of urea to enter the cell and induce urease 
expression.

5 .3  Attem pts to O ver-express the a m iS  Gene
5.3.1 Amplification of am iS  and Construction of Plasmid pRW301
The amiS gene could not be directly subcloned from pAS20 into an expression vector 
due to the lack of appropriate restriction enzyme targets. Thus, it was amplified by the 
polymerase chain reaction (PGR). A 1.3 kb EcoRUHinéill fragment containing the 
wild-type amiS gene together with its 5’ and 3’ flanking regions was subcloned from 
plasmid pSW200 (Figure 5.3(a)) into the appropriately digested pBGSlS vector to 
produce pRW200 which was then used as the PGR template (Figure 5.3(b)). Two 
oligonucleotides were designed as primers for the amplification of a m i S  

(2.2.3.13.1). The 5’ primer contained 18 bp of direct homology to the 5’ flanking 
region of amiS (including the Shine-Delgamo sequence) together with BamWl, Hindlll 

and EcoRi recognition sequences. The 3’ primer consisted of 18 bp of complementary 
sequence to the 3’ end of amiS  (including the stop codon) together with Xbal and 
HindlU recognition sequences.

The third attempt at amplifying the amiS gene, in which the concentration of primers 
was increased and the lengths of the denaturing, annealing and extension steps were 
reduced, showed a major DNA band of approximately 0.57 kb when 20% of the 
amplification mix was analysed by agarose gel electrophoresis. This was the expected 
size of the amiS gene fragment. 8 % of the amplification mix was then used in a ligation 
reaction with 10 ng of pGR-ScriptTM which has been designed for the cloning of PGR- 

amplified DNA, avoiding the problems associated with poor restriction enzyme 
digestion at the ends of DNA fragments. In outline, the restriction enzyme Srfl is 
included in the ligation mix and the PGR’d fragments are cloned into the unique Srfi 

site in the vector DNA.

Only two P-galactosidase negative, ampicillin resistant E. coli JM107 transformants

were identified. Plasmid DNA was isolated from the transformants and both contained 
a 0.57 kb HindlU insert. Further restriction enzyme analysis confirmed that the correct
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(a)
pSW200

amiS N cP andH

1.1 kb PACl DNA fragment

PKK233-2 
vector DNA

pKK233-2 
vector DNA

digested with EcoRl and HindJH, approximate 1.3 
I kb fragment isolated and subcloned into EcoRU 

HindlTL digested pBGSlSi
(b) pRW200

amiS

Plac Ptrc 1.1 kb PACl DNA fragment

^ P a n d H

pBGS18 
vector DNA

pBGSlS 
vector DNA

Figure 5.3 Construction of plasmid pRW200.
(a) Structure of plasmid pSW200. The 1.1 kb PACl DNA fragment (filled 
boxes) containing amiS had been previously subcloned into the Nco\ target 
of pKK233-2. (b) Structure of plasmid pRW200. The 1.3 kb EcoRU 
HindVl DNA fragment from pSW200 was subcloned into pBGSlS. 
Abbreviations for restriction enzyme targets are as follows: E=EcoRI, 
H=//mdin, Nc=NcoI and V=Pst\. Ptrc refers to a trpllac fusion promoter.
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fragment had been amplified and cloned into p C R -S c r ip tT M  to produce plasmid 
pRW301, and established the orientation of the amiS gene (Figure 5.4).

pRW301

Xb H Na Pv X e ^ B
1 / _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I I _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

0.57 kb PCR'd amiS DNA fragment

pCR-Script pCR-Script
vector DNA vector DNA

Figure 5.4 Partial restriction enzyme map of plasmid pRW301. 
The PCR'd amiS DNA fragment was cloned into pCR-Script. To confirm 
the correct fragment had been cloned, restriction enzyme analysis was 
carried out.
Abbreviations for the restriction enzymes used in the analysis (shown 
above) are as follows: B=Ba/nHI, E=EcoRl, H=//i>idin, Na=Aag] 
Pv=PvmI, X=Xho\ and Xb=Xha\.

5.3.2 C onstruction of the Broad-host Range am iS  Expression Vector, 
pRW 304

A broad-host range amiS expression plasmid was constructed from plasmid 
pMMB6 6 EH (Furste et al., 1986). This expression vector has been described 
previously (4 .4 .3 .1 ). Plasmid pRW304 was constructed by subcloning the 0.57 kb 
amiS EcoRUHindUl fragment from pRW301 into the EcoRl/H indlJl sites of 
pMMB6 6 EH. Transformation of E. coli S17-1 resulted in 30-40 colonies per 0.1ml. 
Plasmid DNA was extracted from four ampicillin resistant colonies and restriction 
enzyme analysis showed that two plasmids contained the amiS gene fragment (Figure 
5.5(a)). Plasmid pRW304 was mobilised into P. aeruginosa PAC452 directly from 
S17-1. Cells carrying the plasmid were selected by resistance to carbenicillin and 
subsequent restriction enzyme analysis of isolated plasmid DNA confirmed the 
presence of pRW304.
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(a) pRW304
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promoter

pMMB6 6 EH 
vector DNA

pMMB6 6 EH 
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Figure 5.5 Structure of plasmid pRW304 and SDS-PAGE analysis of crude 
extracts of PAC452pRW304. (a) Partial restriction map of plasmid pRW304. 
The 0.57 kb EcoRI/Z/mdlll fragment from plasmid pRW301 was subcloned into 
the EcoKl and Hindlll sites of pMMB6 6 EH. The dashed arrow shows the 
direction of transcription of amiS. Abbreviations for restriction enzyme targets are 
as follows: E=EcoRI and H=//mdIIL
(b) SDS-PAGE analysis of crude extracts of PAC452pRW304. Lanes 1 and 2, 
soluble fractions of non-induced and induced PAC452pRW304 respectively; lanes 
3 and 4, insoluble fractions of non-induced and induced PAC452pRW304 
respectively; lane 5, protein markers. The additional band is indicated by an 
arrow (lane 4)
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5.3.3 Analysis of C rude E xtracts of PAC452pRW304
Crude extracts were prepared (2.2.4.1 ) from IPTG-induced and non-induced cultures 
of PAC452pRW304 and samples of the soluble and insoluble fractions analysed on a 
15% SDS-PAGE gel (Figure 5.5(b)). The induced insoluble fraction (lane 4) shows 
an additional band running between the 14.4 and 21.5 kDa protein markers (lane 5). 
This band was initially thought to be AmiS. Subsequently, these crude extracts were 
analysed on a 15% SDS-PAGE gel with soluble and insoluble fractions from IPTG- 
induced and non-induced cultures of PAC452pMMB66EH. The additional band was 
also seen in the induced, insoluble fraction of PAC452pMMB66EH indicating that it is 
not AmiS but a pMMB-encoded protein. Several further attempts at over-expressing 
am iS  from plasmid pRW304 were made, including remobilising this plasmid into 
PAC452 and preparing crude extracts immediately after mobilisation (i.e. without 
storing the culture in glycerol at -VO^C).

All attempts were unsuccessful in that an additional band of approximately 18 kDa, the 
predicted size of AmiS, was not seen when crude extracts of PAC452pRW304 were 
run against PAC452pMMB66EH. To overcome this problem, the amiS gene was 
subcloned downstream of amiB in plasmid pRW303 as previous experiments had 
shown over-expression of amiB from this plasmid.

5.3.4 Construction of the Broad-host Range a m lB S  Expression Vector, 
pRW 305

The 0.57 kb amiS HindJH DNA fragment from pRW301 (Figure 5.4) was isolated by 

GENECLEAN® (2.2.3.11) and ligated to the H indlll digested pRW303 (Figure 

4.5(a)). Plasmid DNAs isolated from ampicillin resistant E. coli JA221 transformants 
were digested with EcoBl. One plasmid out of 24 screened released a 1.1 kb amiB 
fragment indicating that the amiS gene was in the correct orientation downstream of 
amiB in plasmid pRW305 (Figure 5.6 (a)). Subsequent restriction enzyme analysis 
with Hindni and EcoRI confirmed the presence of both the amiB and amiS genes in 
this plasmid.

Plasmid pRW305 was mobilised into PAC452 directly from E. coli S17-1. Plasmid 
DNA extracted from carbenicillin resistant PAC452 was digested with EcoRW to 
confirm the presence of pRW305.
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(a) pRW305
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pMMB66EH 
vector DNA
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Figure 5.6 Structure of plasmid pRW305 and SDS-PAGE analyses of crude 
extracts of PAC452pRW305. (a) Partial restriction map of plasmid pRW305. 
The dashed aiTows show the direction of transciiption of amiB and amiS. 
Abbreviations for restriction enzyme targets are as follows; E=EcoRI and 
H=//mdIIL
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Figure 5.6(b) 10% SDS-PAGE analysis of crude extracts of PAC452pRW305. 
Lane 1, protein markers; lanes 2 and 3, soluble fractions of non-induced and 
induced PAC452pRW305 respectively; lanes 4 and 5, insoluble fractions of 
non-induced and induced PAC452pRW305 respectively. The AmiB band is 
indicated by an arrow (lane 5).
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Figure 5.6(c) 15% SDS-PAGE analysis of crude extracts of PAC452
pRW305. Lanes 1 and 2, soluble fractions of non-induced and induced 
PAC452pRW305 respectively; lanes 3 and 4, insoluble fractions of 
non-induced and induced PAC452pRW305 respectively; lane 5, protein 
markers. The additional band is indicated by an arrow (lane 4).
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5.3.5 Analysis of Crude Extracts of PAC452pRW305
Crude extracts were prepared (2.2.4.1) from IPTG-induced and non-induced samples 
of PAC452pRW305 and analysed on 10% and 15% SDS-PAGE gels for the 
identification of any over-expression of am iB  (Figure 5.6(b)) and amiS  (Figure 
5.6(c)) respectively. Two additional bands were present in the induced insoluble 
fraction of PAC452pRW305 (lane 5, Figure 5.6(b) and lane 4, Figure 5.6(c)) 
compared to the non-induced insoluble fraction. The largest of these ran at a calculated 
molecular mass of around 42 kDa, the predicted size of AmiB, whilst the second band 
ran between the 14.4 and 21.5 kDa protein markers. As seen previously, the smaller 
protein was also present in the insoluble fraction of crude/extracts prepared from IPTG- 
induced cultures of PAC452pMMB66EH. However, the larger 42 kDa protein was not 
present in either the induced, insoluble fraction of PAC452pRW304 or 
PAC452pMMB66EH indicating that this band is AmiB.

Many subsequent attempts were made to over-express amiS from plasmid pRW305 in 
PAC452 (as described in section 5.3.3). However, an additional 18 kDa band was 
not seen in any of the SDS-PAGE analysed crude extracts although most contained the 
AmiB band.

As amiB is expressed from plasmid pRW305, there is no reason why amiS should not 
also be expressed. However, the over-expression of amiB is not as great as would be 
expected from the strong tac promoter present in pMMB6 6 EH. Unfortunately, there is 
neither an in vitro or in vivo assay for AmiS and it is difficult to assess from SDS- 
PAGE analysis of crude extracts whether small amounts of AmiS are being produced 
from either plasmid pRW304 or pRW305. Therefore, an alternative approach was 
used in which a gene encoding AmiS with a poly-histidine tail was constructed so that 
any protein expressed could be purified by affinity chromatography.

5.3.6 Amplification and  Cloning of amiS-poly histidine tail
The amiS gene containing an additional 18 base 3’ sequence encoding six histidine 
residues (amiS-poly his.) was produced by PGR amplification. The 5’ primer was 
identical to that described in section 5.3.1. The 3’ primer consisted of (i) 17 bases of 
complementary sequence to the 3’ end of amiS (excluding the stop codon), (ii) 18 
bases coding for six histidine residues, (iii) 3 bases coding for a stop codon and (iv) 
BamWl and HindlJi recognition sequences (2 .2 .3 .1 3 .2 ), Of the two codons for 
histidine (CAT and GAG), GAG is the preferred codon 'm Pseudomonas (61%
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compared to 39%) and this sequence was used to code for the histidine residues
downstream of amiS.

The 585 bp amiS-poly his. gene fragment was successfully amplified using plasmid 
pRW200 as template DNA although 4 minor bands corresponding to larger DNA 
fragments could also be seen when 2 0 % of the amplification mix was analysed by 
agarose gel electrophoresis. The appropriate fragment was isolated using 

GENECLEAN® and cloned into pCR-Script (described in Section 5 .3 .1 ).

Transformation of JM107 resulted in 2 to 4 P-galactosidase negative, ampicillin

resistant colonies per 0.1 ml of transformation mix. Plasmid DNA was isolated from 
10 transformants and all were shown to contain the amiS-poly his. gene fragment by 
restriction enzyme analysis with HindUl and Xhol. The most probable orientation of 
the amiS-poly his. gene in plasmid pRW309 is shown in Figure 5.7(a).

5.3.7 Construction of the N arrow -host Range amiS-poly his.
Expression Vector, pRW312

It was decided to subclone amiS-poly his. into the small expression vector pU C l8  

(Yanisch-Perron et al.y 1985) for expression in E. coli. This vector has an extremely 
high copy number, particularly when cultures go into stationary phase, so it was hoped 
that production of AmiS-poly his. would be exaggerated. Plasmid pRW309 was 
digested with EcoKUHindYH and the 0.58 kb amiS-poly his. fragment isolated by 
GENECLEAN®. This fragment was then ligated to the Ec(?Rl///mdIII cut pUC18 and 
transformed into E. coli JM107. A drawback to using the pUC vectors is that 
expression from the lac promoter is poorly regulated due to the insufficient lac 
repressor produced from the host, resulting in the ‘leaky’ expression of cloned genes. 
To overcome any initial problems with the leaky expression of amiS-poly his. being 
toxic to JM107, the selective plates contained only ampicillin and XG. After 1 day’s 

growth at 370C, 40% of transformants had a blue tinge to them. Plasmid DNA was 

isolated from eight white transformants and restriction enzyme analysis showed that all 
contained the 0.58 kb EcoRUHindUl fragment in pUC18 (pRW312 - Figure 5.7(b)).

5.3.8. M etal-Affinity Analysis of Extracts of JM 107pRW 312
The tract of six histidine residues at the C-terminus of AmiS should function as a metal 
binding domain. Thus, attempts were made to purify AmiS-poly his. by metal affinity.
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(a) pRW309
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pCR-Script 
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Figure 5.7 Construction of plasmid pRW312.
(a) Structure of plasmid pRW309. The 0.58 kb amiS-poly his. PCR'd DNA 
fragment was initially cloned into pCR-Script.
(b) Structure of plasmid pRW312. The 0.58 kb EcoRî/Hindllî fragment from 
pRW309 was subcloned into pUC18. The dashed arrow indicates the direction 
of transcription.
Abbreviations of the restriction enzyme targets are as follows: B=BamHL, 
E=EcoRl, H=Hindni and X=Xhol.
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The insoluble fraction of cell extracts of IPTG-induced cultures of JM107pUC18 and 
four JM107pRW312 isolates were solubilised by two incubations in buffer containing 
8 M urea and 0.5 mg/ml SDS (2.2.4.2.1). Insoluble material remaining after this 
stage was retained for SDS-PAGE analysis (see below). Attempts were made to purify 
AmiS-poly his. from the soluble material using the P r o B o n d ™  resin. This technique, 
which is based on the affinity of histidine for nickel, was carried out in Eppendorf 
tubes (2.2.4.2.2). Extracts of unbound protein, protein removed by the two wash 
steps and finally the protein eluted from the resin with 300mM imidazole were retained 
and analysed on 15% SDS-PAGE gels (Figure 5.8(a)). The predicted molecular mass 
of AmiS-poly his. from its deduced amino acid sequence is 19.1 kDa. No additional 
band was evident in the JM107pRW312 samples at any stage of the purification when 
compared to the JM107pUC18 sample. It was possible that the protein had not been 
solubilised by the urea and SDS treatment and thus the insoluble pellets were analysed 
by SDS-PAGE (Figure 5.8(b)). Again, no additional band was evident.

Unfortunately, time did not allow any further investigations into the reasons for the 
apparent lack of, or poor, expression of amiS in E. coli and P. aeruginosa.

5 .4  Analysis of the Orientation of AmiS in the 
Cytoplasmic Membrane

Whilst the methods described above were used to try to over-express the amiS gene, 
attempts were also made to determine the topology of AmiS in the cytoplasmic 
membrane. Various methods can be used including interpreting information from the 
deduced amino acid sequence together with experimental data from biochemical, 
immunological and genetic approaches. To determine the orientation of AmiS in the 
inner membrane, initially the deduced amino acid sequence was studied and attempts 
were then made to corroborate the results with experimental evidence gained utilising a 
genetic approach.

5 . 4 . 1  Topological Proposals from the Amino Acid Sequence of AmiS
The prediction of protein structure from the amino acid sequence is difficult However, 
for an integral membrane protein this prediction becomes somewhat easier due to the 
occurrence of stretches of hydrophobic residues which define the transmembrane 
spanning regions. As shown earlier (Figures 5.1 and 5.2), the transmembrane
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Figure 5.8 SDS-PAGE analysis of extracts of JM107pRW312 
(a) SDS-PAGE analysis of soluble extracts of JM107pRW312. Samples 
extracted from various stages of the procedure are shown in the following order 
JM107pUC18, JM107pRW312 (isolates 1 to 4). Lanes 1-5,  unbound proteins; 
lanes 6 - 10, proteins removed in first wash step; lanes 11 and 12, protein 
markers; lanes 13 - 17, proteins removed in second wash step; lane 18, protein 
markers; lanes 19 - 23, proteins eluted from affinity resin.
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Figure 5.8(b) SDS-PAGE analysis of insoluble fractions of JM107pRW312. 
Lanes 1-4,  JM107pRW312 (isolates 4-1); lane 5, JM107pUC18; lane 6, protein 
markers.
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regions of AmiS and its homologs, Urel, AmiS2 and Af.5 m.P3 , have been predicted 
using both hydropathy analysis (Kyte and Doolittle, 1982) and MEMSAT (Jones et al., 
1992).

From this initial analysis, it was concluded that AmiS and Urel traverse the membrane 
six times whereas the Af.5 m.P3  and AmiS2 proteins contain seven transmembrane 
helices. Thus, both the N- and C-termini of AmiS and Urel are either cytoplasmically 
or periplasmically located (Figure 5.9(a)). In contrast, if the N-termini of Af.5 m.P3  

and AmiS2 lie in the cytoplasm, the C-termini will be present in the periplasm and vice 
versa (Figure 5.9(b)).

The orientation of membrane proteins is further, at least in part, determined by the 
distribution of basic residues (particularly arginine and lysine) close to the end of the 
membrane spanning segments. In 1986, von Heijne proposed the “positive-inside 
rule” which came about by the observation that positively charged amino acids (Arg and 
Lys) are much more abundant in cytoplasmic compared to periplasmic loops of bacterial 
membrane proteins. Later statistical studies (von Heijne, 1992) with 24 bacterial 
membrane proteins of known sequence and with experimentally mapped topologies 
demonstrated that the bias of distribution of arginine and lysine residues is equally 
strong throughout the protein, with all cytoplasmic loops containing approximately 
15% of these residues whereas periplasmic loops contain only approximately 5%. It 
was thus suggested that the location of these residues might help determine the 
orientation of the membrane spanning segments by directing their own cytoplasmic 
location (von Heijne, 1992). It has been found that the electrochemical potential across 
the inner membrane of E. coli seems to work against the translocation of positively- 
charged residues (Andersson and von Heijne, 1994), indicating that this may be the 
mechanistic basis for the “positive-inside” rule. The “positive-inside rule” has been 
reinforced by experimental evidence. For example, studies with MalF, an E. coli 
cytoplasmic membrane protein, fused to an alkaline phosphatase moiety with a deleted 
signal sequence led to the proposal that in addition to the hydrophobic transmembrane 
segments, positively charged amino acids in the hydrophilic cytoplasmic regions of a 
membrane protein are determinants of its topology (Boyd and Beckwith, 1989).

Referring these results to AmiS and its homologs, the distribution of arginine and 
lysine residues was determined to see of this would identify the most probable
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Figure 5.9 Possible membrane topologies of AmiS and its homologs.
(a) Possible membrane topologies of AmiS and Urel. These proteins consist of six 
putative transmembrane helices, (b) Possible membrane topologies of M.sm.P3 
and AmiS2. These proteins consist of seven putative transmembrane helices. The 
number of Arg and Lys residues is shown next to each putative extramembraneous 
segment (the numbers in brackets in (a) represent Urel and in (b), AmiS2). The 
charge-bias displayed are the sum of the Arg/Lys residues in the cytoplasmic loops 
minus the sum of the Arg/Lys residues in the periplasmic loops.
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cytoplasmic loops leading to the topological characterisation of this group of proteins. 
The number of Arg and Lys residues in each predicted extramembraneous segment of 
the AmiS, M.sm.V2>, AmiS2 and Urel proteins in both putative orientations are shown 
in Figure 5.9 (a) and (b). It should be noted that the Arg/Lys residue close to the end 
of the predicted first transmembrane helix in AmiS, Af.sm.P3, and Urel has, for this 
analysis, been included in the second cytoplasmic/periplasmic loop. None of this 
group of proteins contain the number of Arg or Lys residues predicted from the 
observations of von Heijne (1992). However, a simple charge bias can be calculated 
by taking the sum of the positive residues present in the putative periplasmic loops 
away from the sum of the positive residues present in the putative cytoplasmic loops. 
When looking at this overall positive-charge bias for all of these proteins, the 
orientation where the N-terminus is located in the periplasmic space results in a bias in 
the distribution of positively-charged residues totalling or greater than 3 (Figure 5.9(a) 
and (b)). In the alternative topological orientation, the majority of the Arg and Lys 
residues are located in the periplasmic loops.

These observations constitute the initial evidence that the topologies of AmiS and its 
homologs are with the N-termini located in the periplasm. In addition, the computer 
programme MEMSAT (Jones et al., 1994) was used to predict the topology of AmiS, 
Urel, AmiS2 and M .sm.P3. This method simultaneously takes into account the 
prediction of transmembrane secondary structure and the location of topogenic signals, 
the most evident of which is the “positive-inside rule”. MEMSAT predicted that the N- 
terminus of all four proteins would be periplasmically located.

5 . 4 . 2  Topological Investigations of AmiS using a Genetic Approach

At present, biochemical approaches designed to test the predicted transmembrane 
distribution of integral membrane proteins rely, for the most part, on chemical 
modification of specific amino acids with non-permanent radioactive or fluorescent 
reagents, enabling surface-specific detection of exposed regions of polypeptides or 
similar probing by surface-specific proteolysis. Immunological methods utilise 
polyclonal, monoclonal or peptide-specific antibodies which can detect, for example, 
the degree of accessibility and orientation of the N- and C- termini of a particular 
protein. More recently, a genetic approach has been developed for analysing the 
topological distribution of membrane-spanning bacterial proteins. This approach 
utilises a reporter gene such as lacZ (Manoü, 1990), phoA (Manoü and Beckwith, 
1985) or A/a (Broome-Smith et at., 1990) which, when fused to a hydrophilic domain
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of a membrane protein, can give an indication of the cellular location of that domain. In 

principle, only fusions of |3-galactosidase ((3-gal) to the cytoplasmic loops of a

membrane protein should give p-gal activity as this protein becomes embedded in the 

membrane during the translocation process, rendering it enzymatically inactive 

(Froshauer et a l.y  1988). In contrast, only fusions of alkaline phosphatase (AP) or p-

lactamase (p-lac) to periplasmic loops should result in AP activity and ampicillin

resistance respectively. The basis for these observations is firstly that the formation of 
disulphide bonds, which are necessary for AP to achieve its enzymatically active 
conformation, is catalysed after the proteins’ translocation across the inner membrane 
(Derman and Beckwith, 1991) and, secondly, that since the site of action of ampicillin

is on the enzymatic formation of the cell wall, p-lac must be translocated across the

inner membrane to be effective. A summary of the use of fusion proteins in topological 
studies is shown diagrammatically with a hypothetical membrane protein in Figure 
5 .10 .

For studying the orientation of AmiS in the cytoplasmic membrane, AP and p-gal

fusion analysis was used. Manoil and Beckwith (1985) constructed a derivative of 
transposon Tn5, TnphoAy in which a ‘phoA gene fragment (lacking the signal peptide 
and the next five amino acids) was inserted close to the left end of Tn5 (Figure 
5.11(a)). Another derivative of Tn5 was constructed, TnlacZ, containing a 'lacZ gene 
(Figure 5.11(b)) (Manoil, 1990). Neither the ‘phoA  nor the 7acZ gene in these 
transposons has its own promoter sequence and, thus, phoA  or lacZ can only be 
expressed as fusion proteins.

5.4.2.1 Construction of AmiS-Alkaline Phosphatase and AmiS-p- 
galactosidase Fusion Proteins

The protocols used to isolate AmiS-AP and AmiS-p-gal fusions were

adaptations from those of C. Manoil (personal communication). TnlacZ was 
present in the chromosome and TnphoA on the F’ plasmid of E. coli strain 
CCI 18 (strains CCI70 and CC202 respectively). The EcoRl/HindlU. amiS 
gene fragment was subcloned from pRW304 (pMMB66EH-based) (Figure 
5.5(a)) to pUC18 to produce plasmid pRW311 and the amiS gene used for the 
topological analysis was present on both of these plasmids.
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p  Periplasm

Cytoplasm

PhoA+, 6-lac+, 6-gal-

N

PhoA-, 6-lac-, 6-gal+

= Alkaline Phosphatase/ 
6-lactamase/6-galactosidase

Figure 5.10 Scheme for using fusion proteins to determine membrane protein 
topology. Fusions to positions in periplasmic domains of a membrane protein 
(position 1) should result in high alkaline phosphatase activity or ampicillin 
resistance but low 6-galactosidase activity. Fusions to positions in cytoplasmic 
domains should result in high 6-galactosidase activity but low alkaline 
phosphatase activity and render the cells ampicillin sensitive.
Abbreviations: N=amino terminal, C=carboxyl terminal
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Figure 5.11 Structure o f the Tn5 derivatives used in the topology
studies, (a) Structure of Tnp/ioA. (b) Structure of Tn/acZ Data from Manoil 
and Beckwith (1985) and Manoil (1990) respectively. The positions of the EcoRI 
(E) and HinéJH (H) restriction enzyme sites are shown. The dashed arrows show 
the direction of transcription.

A summary of the procedures used together with the number of repeats of each 
step is shown in Table 5.1 and also described in section 2.2.I.7. In total, 16 
initial transformations of CC170 and CC202 with plasmids pRW304 and 
pRW311 were carried out with a selection for ampicillin resistance. 
Subsequently, a number (approximately 400) of individual CC170/CC202 
ampicillin resistant transformants were resuspended in dilution buffer and plated 
on to selective nutrient agar containing ampicillin, a high concentration of

kanamycin (300 |ig/ml), IPTG and the respective chromogenic substrate, XP or

XG. This selected for colonies in which the transposon had inserted into the 
plasmid DNA as demonstrated by the resistance to the high kanamycin
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Table 5.1 Screening procedure used for the isolation o f enzymatically 
active AmiS-Alkaline phosphatase and AmiS-p-galactosidase fusion 
proteins.

pRW 304
(pMMB-based)

pRW 311
(pUC-based)

CC170
(JnlacZ)

ÇÇ202
(TnphoA)

CC170 CC202 
(Tn&zcZ) (JnphoA)

Number of transformations of cells 
with plasmid DNA 5 5 3 3

Number of individual ampR colonies 
resuspended and plated 132 >130 73 46

Number of blue colonies patched 57 >100 187 >150

Number of plasmids analysed by 
restriction enzyme mapping NDi ND 49 39

Number of transformations of CCI 18 
with possible fusion plasmid preps. 48 43 16 22

Number of plasmids from blue CC118 
transformants analysed by restriction 
enzyme mapping 22 66 44 11

Number of TnlacZJTnphoA insertions 
into amiS isolated (enzymatically active) 3 17 7 0

1 ND = Not Done

concentrations (the antibiotic determinant encoded by the transposon), and also 

identified colonies in which active P-gal or AP was produced. IPTG was added

to the selective plates to induce the expression of arniS from the lac/tac promoter 
in plasmids pRW304 and pRW311. After 2 days, the selective plates contained 
varying numbers of colonies (from none to approximately 1000) which were 
either aU one colour (from white to many shades of blue) or a mixture of blue 
and white colonies. Experience showed that when the initial transformation 

plates (selection for ampicillin alone) were stored at room temperature or 40C 

for a few days prior to the selective plating of the individual colonies, a greater
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number of colonies were present. This was presumably due to the transposition 
of TnlacZJTnphoA into the plasmid DNA during storage. As shown in Table 
5 .1 , a number of the blue transformant colonies (usually the darkest in colour) 
were patched onto the same selective media to confirm that the cells remained

resistant to the high kanamycin concentrations and also that they exhibited AP/p-

gal activity. A number of transformants either did not grow after re-plating or 
they were not blue in colour, in which case they were discarded. The latter was 
seen particularly with colonies which had been a lighter shade of blue on the 
initial selective plates.

Plasmid DNA was isolated from blue colonies remaining at this stage of the 
procedure for transformation into E. coli CCI 18. Routinely, no more than 4 
colonies from the same initial ampicillin resistant transformant were used as the 
position of insertion of the transposon was usually the same in the siblings. 
The high copy number of the pUC vector allowed an initial screening for fusion 
plasmids by restriction enzyme analysis prior to the transformation of CCI 18 
with pRW311 derivatives. The amiS gene in plasmids pRW304 and pRW311 
was present on an EcoRVHindUl 0.57 kb DNA fragment. Thus, by digesting 
the isolated plasmid DNA with these enzymes, the absence of a 0.57 kb 
fragment showed that the transposon had inserted into the amiS gene. An 
example of the EcoRJJHinôJR DNA fragments resulting from the digestion of a 
selection of recombinant pRW311-based plasmids isolated from CC202 is 
shown in Figure 5.12. The amiS gene fragment was released from all of these 
plasmids. However, Figure 5.12 demonstrates the efficiency of the screening 
procedure in that all of the plasmids isolated contained TnphoA as shown by the 
presence of internal TnphoA fragments. This screening was also performed 
with pRW3 W-TnlacZ isolates. All recombinant plasmids in which the 0.57 kb 
amiS gene fragment was released upon digestion with EcoRl and HindJH were 
discarded.

In the final stage of the screening procedure, E. coli strain CCI 18 was 
transformed with the pRW304-derived and screened pRW311-derived DNAs 
isolated from CCI70 and CC202. Transformants were selected for resistance

to ampicillin and 30 pg/ml kanamycin. E. coli CCI 18 is kanamycin sensitive

and, thus, resistance indicates that this determinant has been introduced as a 
result of transposition into the plasmids. The transformants were additionally
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Figure 5.12 Restriction enzyme analysis of plasmids isolated from E. coli CC202 
prior to transformation of E. coli CCI 18. All plasmids contained TnphoA and the 
internal DNA fragments released upon digestion with Hindlll and EcoRI are 
arrowed. The 0.57 kb EcoRVHindlU amiS DNA fragment is also arrowed.
Lanes 1 - 14, various pRW311-based plasmids isolated from E. coli CC202; lane 
15, lambda///mdin DNA markers.
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selected for p-gal or AP activity as appropriate since CC118 is lacZ- and phoA-.

As shown in Table 5.1, CCI 18 was transformed with more than 100 plasmid 
preparations. The results of one such set of transformations, in which plasmid 
pRW304 derivatives isolated from CC202 were used to transform CCI 18, are 
detailed in Table 5.2. These results were marginally better than average, but 
are typical of the variation seen with each transformation. It was found 
particularly with pRW304 derivatives from CC170 and pRW311 derivatives 
from CC202, that many less kanamycin resistant CCI 18 transformants were 
isolated. In addition, a smaller percentage of these transformants produced 
enzymatically active fusion protein. The reason for this is not known. Blue 
transformant colonies were patched onto the same selective media and plasmid 
DNA was subsequently isolated for restriction enzyme analysis to determine the 
location of the transposon in the plasmid.

Table 5.2 An example of the results o f the transformation o f E. coli 
CCI 18 with recombinant plasmid DNAs isolated from E. coli CC202

Plasmid Number and colour of transformants

pRW304(P)Al 30-40 colonies - all blue
pRW304(P)Cl >300 colonies - all very light blue
pRW304(P)Dl 11 dark blue colonies, 5 light blue colonies
pRW304(P)El 40-50 colonies - lightidark blue in approx. 1:1 ratio
pRW304(P)Fl >300 colonies - aU dark blue
pRW304(P)Gl 50-60 colonies - all dark blue
pRW304(P)G2 >300 colonies - all dark blue
pRW304(P)Hl No colonies
pRW304(P)H3 10 colonies - all very hght blue
pRW304(P)Il >300 colonies - all white
pRW304(P)I2 >300 colonies - all blue
pRW304(P)Jl 20-30 colonies - all dark blue
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S.4.2.2 Identifîcation of a m iS 'T n p h o A  and am iS-T n lacZ  Gene Fusions
5.4.2.2.1 Restriction Enzyme Analysis for Identification of Gene Fusions

The positions of the EcoRl and Hindlll restriction enzyme targets in TnphoA 
and TnlacZ are shown in Figure 5.11 (a) and (b) respectively. By digesting 
the fusion plasmids with these two restriction enzymes, the approximate site of 
insertion of the transposon could be determined. For example. Figure 5 .1 3  
shows the results of an EcoRUHindUl double digest of pRW304-based fusion 
plasmid DNAs isolated from blue, ampicillin and kanamycin resistant CCI 18 
transformants. All the recombinant plasmids shown contain TnphoA. Lanes 2 - 
5 contain plasmid DNA isolated from individual colonies from the same 
transformation of CCI 18, as do lanes 6 and 7, 8 and 9, 10 and 11, and 12 - 14. 
In the majority of cases, but not always, the plasmid DNA isolated from 
colonies from the same transformation contained identical TnphoA/TnlacZ 
insertion points, as shown in Figure 5.13. The 0.57 kb amiS fragment 
(arrowed) was released from the plasmids in lanes 2 - 5  and 8 - 1 1 ,  and these 
were therefore discarded. In contrast, this fragment was not released from the 
remaining plasmids (lanes 6, 7, and 12 - 14). From the digest patterns, it is 
clear that the insertion of TnphoA occurred at two different positions in amiS. 
An EcoKUHindUl digest of TnphoA results in the release of internal 0.331 kb, 
2.012 kb and 3.428 kb DNA fragments (Figure 5.13). The first EcoRI target 
is situated 0.768 kb from the 5’ end of TnphoA whilst the fmal Hindlll target is 
located 1.198 kb from the 3’ end. With this information, the approximate 
position of the transposon in the amiS gene could be determined from the 
calculated size of the remaining fragments which contained the 5’ and 3’ joins 
between amiS and TnphoA.

Using restriction enzyme analysis, a number of amiS-TnphoA and amiS-TnlacZ 
gene fusions were identified. However, some of these fusion plasmids 
contained identical insertions, particularly the insertion of TnphoA close to the 
5’ end of the amiS gene fragment, and further analysis was carried out with the 
ten plasmids listed in Table 5.3.

5.4.2.2.2 DNA Sequencing Analysis of am iS -T n p h o A fT n la cZ  Fusions
To determine the precise location of TnphoA or TnlacZ in the amiS gene fusions 
listed in Table 5.3, DNA sequencing of each fusion join was carried out. The 
sizes of the fusion plasmids were between 11 kb and 17.5 kb. To reduce the 
size of the sequencing template and make use of the the standard universal and

192



Kbp

23.13
9.41
6.56
4.36

2.32
2.02

1 2 3 4 5 6 7 8 9 10 11 12 13 14

*' % s a .  ^  \ . h

0.56

vector
DNA

TnphoA

TnphoA

Fusion
joins

omis

TnphoA

Figure 5.13 Restriction enzyme analysis of fusion plasmids isolated from 
E, coli CCI 18 transformants. The amiS gene fragment, vector DNA fragment, 
internal TnphoA fragments and the DNA fragments containing the 5' and 3' 
amiS-TnphoA fusion joins which were released upon digestion with Hindlll and 
EcoRl are indicated.
Lane 1, lambda///mdIII DNA markers; lanes 2 - 5 ,  pRW304(P)Ala - d; lanes 6 
and 7, pRW304(P)Cla and b; lanes 8 and 9, pRW304(P)Dla and b; lanes 10 and 
11, pRW304(P)Ela and b; lanes 12 - 14, pRW304(P)Fla - c.
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Table 5.3 List o f recombinant pRW304- and pRW 311-based plasmids 
which contain amiS-TnphoA  and amiS-TnlacZ  Gene Fusions

Fusion
plasmid

Approx. location of transposon 
insertion (from mapping)

Fragment subcloned for DNA 
sequencing

(a) TnphoA  Insertion
pRW304(P)I 60 bp from 5’ end of amiS 0.84 kb EcoRl - 5’ end of amiS
pRW304(P)Cla 100 bp from 3’ end of amiS 1.3 kb Hindlll - 3’ end of amiS
pRW304(P)Fla 30 bp from 5’ end of amiS 0.81 kb EcoRI - 5’ end of amiS
pRW304(P)G2a 35 bp from 5’ end of amiS 0.81 kb EcoRL - 5* end of amiS
pRW304(P)I2d 40 bp from 5’ end of amiS 0.82 kb EcoRI - 5’ end of amiS
pRW304(P)J4e 100 bp from 5’ end of amiS 0.9 kb EcoRI - 5’ end of amiS

(b) TnlacZ  Insertion
pRW304(G)Bl/ 
B2 and B3

250 bp from 5’ end of amiS 3.2-3.3 kb EcoRI - 5’ end of 
amiS

pRW311(G)I 50 bp from 5’ end of amiS Already in pUC 18

reverse primers, DNA fragments containing either the 5’ or 3’ fusion join were 
subcloned into pUC18 except for the DNA fragment from pRW304(P)I which 
was subcloned into pUC19, and pRW311(G)I as this fusion plasmid is pUC- 
based. The sizes of the subcloned fragments together with the part of amiS 
contained within that fragment are listed in Table 5.3. These fragments were 
released from the fusion plasmids by either EcoRl or HindJH digests (Table 

5.3), isolated using GENECLEAN® and then ligated to the appropriately 
digested vector DNA. Transformed E. coli JM107 containing recombinant

plasmids were selected for ampicillin resistance and lack of P-galactosidase

activity. Plasmid DNA was isolated from two colonies from each 
transformation and restriction enzyme analysis used to confirm the presence of 
the correct fragment.

The fusion joins between amiS and the transposon in all recombinant plasmids 
were sequenced apart from plasmids pRW304(G)Bl/B2/B3. Restriction
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enzyme mapping indicated that Tn/acZhad inserted at the same position in these 
plasmids. The approximate site of this insertion was in the middle of the amiS 
gene and it was decided to subclone the approximate 3.25 kb EcoRi fragment 
which contained the 5’ end of amiS and approximately 3 kb of the left end of 
TnlacZ (plasmids p(G)Bl/B2/B3). Several sequencing reactions with these 
template DNAs were carried out but the region containing the fusion join could 
not be read and thus the precise location of insertion was not determined. In 
hindsight, and if time had allowed, the 1.2 kb HindTTL fragment encompassing 
the 3’ fusion join should have been subcloned and sequenced.

The nucleotide and deduced amino acid sequences of the linker region between 
amiS and the left end of TnphoA and TnlacZ are shown in Figure 5.14. Of the 
fusion joins sequenced, plasmids pRW304(P)I, pRW304(P)G2a, pRW304 
(P)Fla, which had the same insertion point as pRW304(P)I2d, and pRW311 
(G)I contained the transposon in the correct translational reading frame for the

production of either an AmiS-AP or AmiS-p-gal fusion protein (Figure 5.15).

Figure 5.14 Nucleotide sequences of the left end of TnphoA and 
TnlacZ  with the deduced amino acid sequences

TnphoA:
■"“»  ‘phoA

CT GAG TCT TAT ACA CAA GTA GCG TCC TGG ACG GAA CCT TTC CCG TTT TGC CCT GTT CTG
Ser Asp Ser Tyr Thr Gin Val Ala Ser Trp Thr Glu Pro Phe Pro Phe Cys Pro Val Leu
Pro 
Thr 
Ala

TnlacZ:

CT GAC TCT TAT ACA CAA GTA GCG TCC TGG ACG GAA CCT TTC CCG TTT TCC ATC CAG GGG
Ser Asp Ser Tyr Thr Gin Val Ala Ser Trp Thr Glu Pro Phe Pro Phe Ser lie Gin Gly
Pro 
Thr 
Ala

—  »  'lacZ
GAT CCC GTC GTT 
Asp Pro Val
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Figure 5.15 DNA sequencing of plasmids pRW(P)I, pRW(P)Fla and 
pRW311(G)I.
The location of the amiS start codon (ATG) in all plasmids is shown together with 
the amiS-TnphoA fusion join in plasmids (a) pRW(P)I and (b) pRW(P)Fla, and 
the amiS-TnlacZ fusion join in plasmid (c) pRW311(G)I.
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The sequencing of the fusion join in plasmid p(P)J4e showed that a region of 
unknown sequence was present between amiS and the left end of JnphcA 
(Figure 5.16). The origin of this DNA fragment is unknown. Also, the 
fusion of Tnp/iM to the 3’ end of amiS in plasmid pRW304(P)Cla was notin 
the correct reading frame for the production of an AmiS-AP fusion protein.
These two plasmids were discarded at this stage.

Thus, from the screening procedure and despite the major effort only 3 fusion 
plasmids containing TnphoA (inserted at different positions) and 1 fusion 
plasmid containing TnlacZ were identified.

S.4.2.2.3 Enzym atic Activity of AmiS-Alkaline Phosphatase and  AmiS-p- 
galactosidase Fusion Proteins and Conclusions

Enzyme assays were carried out with E. coli CCI 18 containing plasmids 
pRW304(P)I, pRW304(P)Fla, pRW304(P)G2a and pRW311 (G)I to measure

the AP and p-gal activity present The results obtained, the position of insertion

of the transposon in the amiS gene and the AmiS amino acid sequence present 
in the fusions are shown in Table 5.4.

The results obtained for the topological analysis of AmiS using the genetic 
approach are somewhat ambiguous although a possible conclusion can be 
drawn when comparing the alkaline phosphatase activities measured from the 
three fusion plasmids. As can be seen in Table 5 .4 , the AP activity measured 
from fusion plasmid pRW304(P)I was 9- and 14-fold greater than that from 
plasmids pRW304(P)G2a and pRW304(P)Fla respectively. It has been shown 
in a number of cases that enzymatic activity is due to the fraction of the alkaline 
phosphatase m o l^  of the fusion protein localised to the periplasm (see, Traxler \  
et al., 1992). Although the amount of fusion protein produced by these 
plasmids has not been measured, it is assumed to be similar as each plasmid is a 
pMMB66EH derivative and the fusion joins are in similar positions. Thus, the 
underlying reason for the higher AP activity measured in CCI 18pRW304(P)I is 
thought to be due to the increased amount of the AP mo^ijy translocated to the y  
periplasm.
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Figure 5.16 DNA sequencing of plasmid pRW(P)J4e.
The EcoRl recognition sequence at the beginning of the inserted amiS gene 
fragment, the amiS start codon (ATG), the region of unknown DNA sequence and 
the beginning of TnphoA are shown.
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Table 5.4 Summary of the AmiS-Alkaline phosphatase and AmiS-p-galactosidase Fusion Proteins Identified and Enzymatic Activities

Fusion
Plasmid

Position of Transposon in amiS ( i ) Activity 
(min/mg bacteria)

(a) Alkaline Phosphatase Activity
TnphoA

pRW3 0 4 ( P ) I  ATG CTG GGA CTG GTT CTG CTG TAC GTT GGC GCG GTG C ---->
Met Leu G ly  L eu V a l Leu Lou Tyr Val Gly Ala Val

8 1 5 .8

pRW3 04 (P )G 2 a
TnphoA

ATG CTG GGA CTG GTT CTG C ------->
Met Leu G ly  Leu V a l Leu

8 9 .7

pRW3 0 4 ( P ) F l a /  
p R W 304(P )I2d

TnphoA
ATG CTG GGA CTG GTT C ------->
Met Leu G ly  Leu V a l

5 7 .9

(b) P-galactosidase Activity

TnlacZ
pRW 311(G )I ATG CTG GGA CTG GTT CTG CTG TAC GTT GGC G --- >

M et Leu G ly  Leu V a l Leu Lou Tyr Val Gly
1 1 4 0 .7

VO

(1) The residues of the predicted first transmembrane helix of AmiS are shown in bold-face



Manoil and Beckwith (1986) found that the shortest active fusion of the serine 
chemoreceptor (Tsr) of E. coli with AP had its junction at the end of the first 
transmembrane sequence, suggesting that a single transmembrane sequence can 
function like a signal sequence to promote the export of AP to the periplasm. It 
was later shown that approximately 9-11 residues of a transmembrane domain 
were required to translocate AP to the periplasmic surface of a membrane

protein (Calamia and Manoil, 1990). Thus, although a transmembrane a-helix

needs to contain approximately 20 hydrophobic residues to be of sufficient 
length to span a 4nm phospholipid bilayer, it would appear that only half of this 
length is required for the export of alkaline phosphatase.

Calamia and Manoil (1992) showed that the sequence information allowing the 
efficient localisation of a lac permease periplasmic domain is found to the amino 
terminal side in the adjacent spanning segment and cytoplasmic domain. 
However, this cannot obviously be the case when the N-terminus of the protein 
is periplasmicaUy located. The exposure of the N-terminus of inner membrane 
proteins to the periplasm can occur in two ways; either by an N-terminal signal 
peptide or translocation of the N-terminal leader is initiated by a downstream 
hydrophobic segment In general, N-terminal leaders not preceeded by a signal 7  
peptide are short and contain few positively charged residues (Whitley et at., 
1995).

These observations can be utilised in the interpretation of the results obtained 
with the AmiS-AP fusion proteins. Analysis of the amino acid sequence of 
AmiS and its homologs predicted that all N-termini would be periplasmicaUy 
located. However, the two fusion proteins which contained only the initial N- 
terminal sequence of AmiS (pRW304(P)G2a and pRW304(P)Fla) gave low 
AP activity. In contrast, the fusion protein (pRW304(P)I) in which the AmiS 
N-terminal sequence and an additional 6 hydrophobic residues of the predicted 
first transmembrane segment are present gave high AP activity. It seems that in 
the latter case, the part of the first transmembrane sequence of AmiS acts as an 
export signal for the translocation of AP across the membrane. Studies have 
suggested that a typical transmembrane sequence consisting of 15-25 uncharged 
residues is approximately twice as hydrophobic as required for insertion (Lee 
and Manoil, 1994). Thus, the fusion protein produced by pRW304(P)I 
contains enough hydrophobic residues to force the periplasmic location of the N-
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terminus of AmiS. As described earlier, translocation of N-leaders has been 
shown to be initiated by downstream hydrophobic sequences and, thus, the N- 
terminal residues of AmiS present in the other two fusion proteins are 
insufficient for translocation and most of the fusion protein remains 
enzymatically inactive in the cytoplasm.

These results indicate that the N-terminus of AmiS is periplasmicaUy located 
although more evidence is required. Unfortunately, only one enzymatically

active AmiS-p-gal fusion protein was isolated and no comparisons could be

made. The fusion join in this protein was again in the first predicted

transmembrane sequence of AmiS. Surprisingly, high p-gal activity was found

(Table 5.4) indicating that much of the p-gal moiety remained in the cytoplasm 

in contrast to the results obtained with pRW304(P)I. Obviously, the AP and p-

gal activities cannot be directly compared due to the different turnover rates of 
these two enzymes and also the different copy numbers of the vectors. 
However, studies similar to these involving membrane helix VII of the lac 
permease of E. coli observed a sharp increase in AP activity between two fusion 
proteins in which the fusion joins were located close to the middle of the 
transmembrane sequence. The difference between the two fusions was two 
amino acids (Ujwal et al., 1995). A similar effect may be occuring here in that

the four hydrophobic residues of AmiS present in the AmiS-p-gal fusion 

protein are not sufficient for the translocation of the p-gal moiety resulting in the

high activity measured. In contrast, the six hydrophobic residues of AmiS 
present in the AmiS-AP (pRW304(P)I) fusion protein at least partially 
translocated the AP moiety across the inner membrane.

5.5  Sum m ary o f C hapter
The results obtained from the topological analysis of AmiS using TnphoA and TnlacZ, 
particularly with the AmiS-AP fusion proteins, can be interpreted to agree with the 
earlier prediction for the orientation of AmiS in the inner membrane. There is now 
strong evidence from the analysis of the amino acid sequence and the transposon 
studies that the N-terminus of AmiS is periplasmicaUy located (Figure 5.9(a)) although 
further experimental evidence is stiU required.
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It is unfortunate that no active AmiS-AP or AmiS-p-gal fusions were identified towards

the middle or C-terminus of AmiS. This is most likely to be connected to the problems 
experienced when attempting to over-express either the amiS or the amiS-poly his. 
genes in P. aeruginosa and E. coli. The reasons for the lack of an identifiable 
additional band upon SDS-PAGE analysis and Commassie blue staining are unknown. 
Attempts were also made to visualise AmiS by silver staining of the SDS-PAGE gels. 
This staining technique is 30-50 fold more sensitive than Commassie blue and will 
detect nanogram quantities of protein. However, no additional AmiS band was seen in 
the insoluble fraction of IPTG-induced cultures of PAC452pRW304 or 
PAC452pRW305.

The fact that the amiB gene was clearly expressed from plasmid pRW305 gives a good 
indication that amiS should also be expressed. Due to the lack of an in vitro or in vivo 
assay for AmiS, this expression could not be confirmed. Similar situations have been 
encountered with the attempted over-expression of HlyB, encoding the ABC exporter of

E. coli a-haemolysin (Blight et a l, 1995). Fortunately, an assay exists for HlyB as the

presence of this protein results in the secretion of a-haemolysin leading to the

production of haemolytic haloes around colonies grown on blood agar plates. A 
number of promoters and expression systems were used for the over-expression of 
HlyB and although the biological activity of HlyB could be demonstrated, no over

production of the protein could be detected by either Coomassie staining or 35S- 

methionine labelling. Further investigations showed that increased induced levels of 
HlyB transcription were occurring from all the expression constructs and it was 
suggested that the expression of HlyB may be tightly regulated at the translational level 
as the HlyB mRNA was predicted to the have potential to form a large number of stem- 
loop structures (Blight et a l, 1995).

The production of AmiS or AmiS-poly his. did not appear to be toxic to either P. 
aeruginosa or E. coli as no reduction in the growth rate was observed after the addition 
of IPTG. However, on a few occasions, the bacteria containing the various expression 
vectors grew poorly in the absence of IPTG suggesting that these plasmids were 
unstable although the reason for this is unknown. To overcome this problem, crude 
extracts were prepared immediately after the cells were transformed/mobilised with the 
expression vector. The cultures always grew well under these conditions but as
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previously this did not result in any observable AmiS or AmiS-poly his. band upon
SDS-PAGE analysis.

In retrospect, DNA sequencing analysis should have been carried out on the PCR’d 
amiS and amiS-poly his. gene fragments to confirm that the amplification was error- 
free. This was partially achieved by restriction enzyme digestion of the fragments with 
internal amiS recognition sequences when constructing pRW304 and pRW312. In 
addition, part of the amiS gene (pRW304 and pRW311) was sequenced during the 
topology studies. Most of the fusion joins sequenced were present close to the 5’ end 
of amis although the unsuccessful attempts to locate the amiS-TvdacZ fusion join in 
plasmids p(G)Bl/B2/B3 resulted in the sequencing of approximately 310 bases of the 
amis gene fragment inserted in plasmid pRW304. From these studies, it was apparent 
that the 5’ end of amiS in plasmid pRW304 was the same as that derived previously 
(Wilson, 1991). However, the DNA immediately upstream of the amiS start codon 
differed to the sequence previously given for this region. Whereas the sequence -ATC- 
was previously shown to be 5’ of the amiS initiation codon, these studies showed that - 
ATG- was present in plasmids pRW304 and pRW311 (Figures 5 .15  and 5 .16 ). 
Which of these sequences is correct is, at present, unknown although the presence of 
two -ATG- start codons at the beginning of the amiS gene is not thought to affect its 
transcription or translation. Presumably, translation could begin at either of these start 
codons resulting in the AmiS protein containing either one or two methionine residues 
at its N-terminus.
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CHAPTER 6
Studies of the DNA Sequence Downstream of amiS:  

Identification and Analysis of a Putative Open Reading Fram e  

6 .1  Introduction
At the time this work started, five genes had been identified on the 5.3 kb HindJU/Sall 
DNA fragment which were thought to be all or part of the wild-type amidase operon.

Primer extension analysis had mapped the transcription start point to the E. co//-like a^o 

promoter sequences (pE) situated upstream of the amiE gene (Wilson, 1991; Wilson 
and Drew, 1995). Transcription analyses of RNA isolated from various E. coli and P. 
aeruginosa strains containing either the plasmid-encoded or chromosomal amidase 
operon showed a major 1.3 kb wwEmRNA product under inducing conditions. The 
5’ end of this transcript originates at the pE promoter, whilst the 3’ end has been 
mapped to an axis of dyad symmetry located between the amiE and amiB genes which 
functions as a partial transcription terminator (T2) (Wilson and Drew, 1995).

Longer exposures of these gels showed that the RNA transcripts produced from 
induced cultures, ran as a smear ranging in size from approximately 5.0 kb to 0.23 kb 
(Wilson and Drew, 1995). These transcripts originate from the pE promoter, reading 
through T2 and continue through the amiBCRS genes. A poly-cistronic transcript of 
the amidase operon thus seems most likely although two potential RpoN-dependent 
promoter-like sequences have been identified upstream of amiC (Wilson and Drew, 
1991, 1995). A full-length transcript of 5.0 kb would correspond to a poly-cistronic 
mRNA encoding amiEBCRS. However, such a full-length transcript would appear to 
be very unstable and the 3’ end(s) of the transcripts have not been determined.

The aim of the following investigations was to isolate, sequence and analyse the DNA 
situated immediately downstream of the 5.3 kb HinànUSall ‘amidase* region and to 
identify any further open reading frames which may be a part of the operon.

6 .2  Isolation of Downstream DNA Sequences
6 . 2 . 1  Isolation and Identification of the Wild-type Amidase Operon

The wild-type amidase genes were initially cloned from a partial Sau3A chromosomal 

PACl DNA digest hgated into the lambda replacement vector, ^L47.1, which had been
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digested with BamYil (Wilson and Drew, 1991). E. coli cultures infected with

recombinant ÀL47 expressing amidase were identified by enhanced growth of E. coli

around plaques on plates containing acetamide as the sole nitrogen source. XlAlam i 

phages were propagated and the DNA isolated. A partial restriction enzyme map of 

A,L47ami-5 was constructed to locate the amidase operon (Figure 6.1(a)) (A. Sparrow 

and R.E. Drew, personal communication).

6 .2 .2  Subcloning of the Downstream Sequences: C onstruction of
Plasm id p R W lll

To subclone the DNA region downstream of the Sail target, XlAlami-5  DNA was

digested with Kpnl and HindUly and the resulting mixture of fragments ligated to 
pGEM4-Z which had been digested with the same enzymes. Plasmid DNA was

isolated from ampicillin resistant, p-galactosidase negative E. coli JM109

transformants. Of eleven recombinant plasmids screened by restriction enzyme

analysis, one contained an 8.9 kb insert from XIA7ami-5. The KpriUHindJH fragment

subcloned into pGEM4-Z to produce plasmid p R W lll, contains the amiCRS genes 
and an additional 5.4 kb of sequence immediately downstream of the SaB target,

together with 0.5 kb of the A.L47 replacement vector. Plasmid p R W lll was analysed

by restriction enzyme mapping using eight restriction enzymes and a full map of the 
insert DNA is shown in Figure 6.1(b).

6 .2 .3  Isolation of the Downstream Sa l\-N ru \ Fragm ent: Construction of 
Plasm id pRW112

Restriction enzyme analysis of plasmid pR W lll identified an N ru l recognition 
sequence situated approximately 1.4 kb from the SaB target downstream of the amiS 
gene and the DNA sequence between these two restriction enzyme sites has been 
determined. Initially, plasmid p R W lll was digested with SaB and Nrul, the 1.4 kb 

fragment isolated by GENECLEAN® (2.2.3.11) and ligated to SaB-Smal digested 

pUC19 DNA (Figure 6.2). Plasmid pRW112 was identified by restriction enzyme 

analysis of plasmid DNA isolated from ampicillin resistant, p-galactosidase negative 

JM109 transformants.
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Figure 6.1 Construction of plasmid pRW 111.
(a) Restriction map of XL47ami-5. The location of the amidase operon is shown. B/Sa corresponds to the hybrid 
site generated by ligation of BamUl and Sau3A targets.
(b) Restriction map of plasmid pR W lll. The 8.9 kb Kpnl-Hindlll fragment from XLA7ami-5 was subcloned into 
pGEM4-Z.
Abbreviations for restriction enzyme targets are as follows: B=BamUl, H=//mdIII, K=Kpnl, N=Notl, Nr=Nrul, 
P=Pstl, S=Sa[l, S3i=Sau3Ay Sm=Smal, Sp=Sphl
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Figure 6.2 Construction of plasmid pRW112. The 1.4 kb SaH-Nrul PACl DNA fragment was subcloned into 
Sall-Smal cut pUC19. The position of amiC, amiR and amiS are shown to scale. Nr/Sm corresponds to the 
hybrid site generated by ligation of Nrul and Smal targets.
Abbreviations for restriction enzyme targets are as follows: H=//mdIII, K=Kpnly N=Notl, Nr=NrwI, F=Pstly 
S=Sally Sm=Smaly Sp=Sphl



6 .2 .4  Selective Deletions of Plasmid pRW 112: C onstruction of
Plasm ids pRW113 and pRW114

Plasmids pRW113 and pRW114 are deletion derivatives of pRW112 which were 
constructed utilising the restriction enzyme sites remaining in the multiple cloning site 
of plasmid pRWl 12 (see Figure 6.3(a)).

6.2.4.1 pRW 113
Plasmid pRWl 12 was digested with Pst\ and Smal. The 3’ overhang resulting 
from the Pstl digest was made blunt-ended using the 3’ exonuclease activity of 
bacteriophage T4 DNA polymerase. The plasmid was then rehgated to produce 
pRW113. Plasmid DNA was isolated from ampicillin resistant JM109 
transformants and restriction enzyme analysis used to identify pRW113 as 
carrying the Smal to Nrul insert (Figure 6.3(b)).

6.2.4.2 pRW 114
Plasmid pRWl 14 was constructed by digesting plasmid pRW112 with EcoRî 
and Smal. The 5* overhang resulting from the EcoRI digest was made blunt- 
ended by end-filling with the Klenow fragment of E. coli DNA polymerase I, 
and the plasmid religated. Plasmid DNA was again isolated from ampicillin 
resistant JM109 transformants and restriction enzyme analysis showed that 
plasmid pRW 114 contained the DNA located immediately downstream of the 
Sail target to the Smal recognition site (Figure 6.3(c)).

6 .3  Sequencing Strategy
The sequencing strategy used is shown in Figure 6.4 . The arrows indicate the 
direction and extent of sequence obtained from each primer. The initial sequencing 
reactions (113F, 113R, 114F and 114R) used universal and reverse primers which 
annealed to regions within the pUC19 vector DNA and the subsequent sequencing 
primers were designed on the basis of sequence gained from previous reactions. Both 
strands of the DNA were sequenced a minimum of three times and differences noted 
upon the alignment of sequences obtained from each primer were resolved by further 
sequencing reactions.

Plasmids pRW113 and pRW114 were used as templates for the majority of the 
sequencing reactions. Plasmid pRW112 was used as template to sequence the regions 
close to and between the Smal targets.
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Figure 6.3 Construction of plasmids pRW113 and pRW 114.
(a) Restriction map of the PACl DNA insert in pRW112. (b) Restriction 
map of the PACl DNA insert in pRW113. (c) Restriction map of the PACl 
DNA insert in pRWl 14. The filled in boxes indicate PACl DNA (drawn to 
scale) and the shaded boxes indicate the multiple cloning site of pUC19 (not 
drawn to scale).
Abbreviations for restriction enzyme targets are as follows: E=EcoRI,
H=//mdin, Nr=/Vrwl, ?=Pstl, S=Sall, Sm=Smal. Restriction enzyme targets 
with a slash correspond to hybrid sites (see text for details).
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Figure 6.4 Sequencing strategy for the 1.4 kb region of DNA downstream 
of the SaH target. Plasmids pRW112, pRW114 and pRW113 were used as 
templates with universal, reverse and internal primers. The arrows 
represent the direction and extent of DNA sequence obtained from each 
primer.
Abbreviations for restriction enzyme targets are as follows; E=EcoRI, 
Nr=NruI, V^Pstl, S=Sa[i, Sm=Smal. Restriction enzyme targets with a 
slash correspond to hybrid sites (see text for details).
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6 .4  DNA Sequence o f  the R eg ion  D ow nstream  o f  a m iS  and  
S equ en ce A n a lysis

A total of 1.396 kb of DNA downstream of the Sail target was sequenced. Analysis 
was carried out on this sequence plus an additional 554 bp of previously determined 
upstream sequence running from the amiS stop codon to the Sail recognition sequence 
(Wilson, 1991). This total DNA sequence is shown in Figure 6.5, which includes the 
3’ end of the amiS gene and the location of the Sail, Smal and Nrul recognition 
sequences. The numbering of the nucleotides begins at the first base following the 
amiS stop codon.

6 .4 .1  Identification of a T ranscrip tion  Term ination Sequence 
Downstream of am iS

To determine the location of a possible transcription terminator of the amidase operon, 
a prediction of the secondary structure of the mRNA resulting from the transcription of 
the 240 bases immediately downstream of the amiS gene was carried out using Mulfold 
(Zuker, 1989; Jaeger et at., 1989 (a) and (b)). This analysis identified a GC-rich axis 
of dyad symmetry, comprising of 63% guanine and cytosine residues, which may 
function as a transcription terminator. Wilson et at. (1995) had previously identified a 
smaller axis of dyad symmetry downstream of amiS predicted to function as the 
terminator of transcription of the amidase operon.

The predicted secondary structures of these transcription terminators are shown in 
Figure 6.6 (a) and (e). For comparison, the predicted secondary structures of the 
previously identified termination loops located upstream of am iE  (Tl) (Drew and 
Lowe, 1989) and amiB (T2) (Wilson and Drew, 1995) are also shown in Figure 6.6 
((b) and (c)) together with T l containing a 10 bp Smal deletion (Drew and Lowe,
1989). The calculated fiee energy of formation of these predicted folds in the mRNA 
are shown in Figure 6.6, where it is clearly evident that the deleted form of T l and the 
previously predicted transcription terminator downstream of amiS have a much reduced 

free energy of formation of between -9 and -10 kcal mol-i compared to values of 

between -19 and -24 kcal mol-t for the other termination loops. T l has been identified 

as an effective terminator of transcription with a very low basal level of transcription 
from the strong constitutive pE promoter proceeding through this structure in the 
absence of AmiR. Previous studies determining the termination efficiency of Tl in the 
absence of AmiR used plasmid pDC5, a construct which contains only Tl and the amiE
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----------------------» >  CAG GTG CTC AAG GCA TAG
am is  G in  V a l Leu L ys A la -------

20 40 60
CAGGAAGTCG GAAAGGGATG ACGGCTTGCC GCCATCCCGT CCCTTCCGAA CGCCTAGCCG

« <  « <  « <  « « «  « <  » >  » >  » » » » >  » >

80 100 120
AGCGGCCAGT TGATCACCAC GACGGCGTCG TTGTAGTCGT TGTCGGTGCC GTCTTCAGAG

140 160 180
CCGACCAGGG CGAAGTTCAG CTCGTTGGTC AGGATTACCT GTGCCGAGAC CAGATCCGAG

200 220 24 0
GGGCGGCCGT TGACGCTGAC CTGGACCTGT ACCTTGCCAC TGCTGCCGGA GTTGAGCACC

260 280 300
TGGGTGCCGA TGACGGCGTT ATTGGTGCTT TGCCCGCTGA AGGTCGCGGC CGTGCTCGTT

320 340 360
GTTGACCAGC ACGTTCACCG TCTGGGTTCC GGACGAGTTG GCGAAGGCGG TGACGCCGGA

380 400  420
ACCTGGTTGT TGGCGGGAAG GGTGAACACT CCTTGTGGTT GCCATGGTGG TATCTCCACT

440 460 480
GAATACCTGG CCCCTTCCTT TTCAGGCAGC CGTCTGGCGC GCGGTATGGC GTGTCGGGAG

500 520 540
AAATCCGCAG TCCTTGGCGG CAGGCGATGC GCAGGCAGGA AGGACGCATC GTTCAGCCAA

560 580 600
TCTACGCCGT CGACCGGGCG CGGCCACTGC TAGAGTTCGC AGGAGGGCTA CAGGGGGAGC

S a i l
620 640 660

CTGGCACTGG CGATGCATGG CCCGGTGCCG GACTGCGGCA GCGGCCTGCC GTGCCGGCTC

680 700  720
GTTCGATTGT TACGCTGTCT GTAACGATCT ATTGCCGATG CCGGCAGGCC AGGGGCGATT

740 760 780
GTCTCGAAAT ATACTGCGTC ACCTGGTGCC GCAGCGGCGA CGGCTACCCA CTGGCCGTCG

800 820 840
TCCGGGTCGG CGGTTCCATC CCGGCCGCGC CAACCCCCGC ATTCAGGCCC CGCTGCGGCG

860 880 900
ACTGCATTCC CGCTGGATTC GAGGCTCGTA CCCTATGACT CCCGATCAAC GATTTGCCCG

920 940 960
TTGGGTTCAA GTCGCTATCG CGGTATTCGT GTTGCTGTTC GTCTACTTCC TGGTCGCCGA

980 1000 1020
CCTGTGGATG CCGCTCACCC CGCAGGCCCA GTTGACCCGG CCGGTGGTGC GCGTCGCGCC
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1040 1060 1080
GCGTGTCAGC GGCCAGGTCG CCGAGGTGCT GGTGTCCAAC AACGGCCACG TGCAGCCCGG

1100  1120 1140
CGAAGTATTG TTCCGCCTCG ATCCCGAGCC TTTCCGACTG GCCGTGGGCC AGGCCGAACT

116 0 1180  12 00
GGCACTGGAG GAAGCCGAGC GCACCAACCG CGAACTGGAT GCCGCCATCG CCTCGGCCAA

12 20  1240  1260
AGCCGACCTC CTGGCCGCGC GCAGCAGCGC CGGCGAGCTG GACAGCGAGG CGCGCCGCAC

1280  130 0 1320
CGCCGAACTG GTGCAGCGCC ACCATGTGTC GCAGCAGATG CACGAGCAGG TCAGCGCCCA

13 40  136 0 1380
GGCCCAGGCC GCCCGTGCCC GGGTCGCCGC GGCCCAGGCG CGGATCGGCG AGCTGAGCGC

Sm al
1400  142 0 1440

GCGACGCGGC ACGACCGGCG AGGACAACCT GCGCCTGCGC CAGGCGCGCA ATGCCCTGGC

1460  1480 1500
CCAGGCCCGC CTGCAACTGC AATACAGCAG CGTCCGGGCC GACCGCGCCG GGACCCTGAG

1520  1540  1560
CAACCTGCAA CTGACCCCGG GCACCTACGT TCCGGCCGGT ACGGTGGCGG CGGTGGTGGA

S!mal
1580 160 0 1620

CGATCGTATC GACATCGTCG CCGACTTCCG CGAGAAATCG CTGCGCTACG TGCGCCCTGG

1640  166 0 1680
CGACCGTGCG GCGGTGGTGT TCGACGCGCG TCCCGGCGAA GTGTTCGGCG CGCGGGTGGC

1700 172 0 1740
GGCCATCGAC GCCGGGGTCA AGGAGGGCCA GCTGGACGCC AACGCACCTC GCGCGCCGGT

1760  1780 1800
CACCTCCGAC CGCTGGGTCC GCGACGCTCA GCGCCAGCGC CTGCACGTGG TGCTCGACGA

1820 184 0 1860
ACTTCCCGAA GGCTTGCTGC CCACCGGCGC CAAGGCCACC GTGCAGCTCT ATCCCGGCGA

1880 19 00  1920
CGGCCTGAGC CACCTGCTCG GTCGCGCGCA GATCGTCGCC ATCAGCCTGC TGCACTACGT

1940
CTACTGACGC CATGCCGGCC AAGCTCGCGA

Nrul

Figure 6.5 Nucleotide sequence of the DNA downstream of amiS. Downstream of 
the amiS stop codon is an axis of dyad symmetry ( «  » )  between bases 2 and 55 
which may function as a transcription termination signal. Nrul, Sm al and Sail 
restriction enzyme targets are underlined.
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Figure 6.6 Predicted secondary structures for the amidase operon transcription terminators, (a) Mulfold of positions 4836 to 
4889 downstream of amiS. (b) Mulfold of positions 189 to 226 upstream of amiE (Tl). (c) Mulfold of positions 1323 to 
1347 between amiE and amiB (T2). (d) Mulfold of Tl containing a 10 bp Smal deletion, (e) Mulfold of positions 4848 to 
4872 downstream of amiS. Numbering of sequences is from the H indlll target upstream of amiE. The free energy 
calculations shown are expressed as kcal/mol (1 kcal = 4.184 kJ).



gene. A basal level of amidase specific activity (0.2) was measured from this construct 
in E. coli JA221 (Consens et a i,  1987). In comparison, a similar construct containing 
the 10 bp Smal deletion in T l (pCL55) produced a high constitutive level of amidase 
specific activity (27.9) (Drew and Lowe, 1989). This clearly shows that the deletion, 
which leads to both a shorter and less stable stem-loop structure, affects the efficiency 
of termination resulting in more than a 100-fold increase in amidase activity. However, 
the ability of the deleted version of T l to cause transcription termination is not 
completely abolished as the value of amidase specific activity from pCL55 (27.9) is less 
than that in JA221pDC5,pDC35 {amiR) of 41.4 (Consens et al., 1987). In addition, 
although T2 has only a slightly reduced calculated free energy of formation compared to 
Tl and lacks a following run of U residues, it functions as only a partial terminator of 
transcription. Approximately 50% of transcripts read though T2, further indicating that 
the length of the stem loop affects the efficiency of termination (Wilson and Drew, 
1995).

When taking these facts into consideration, it is unlikely that the previously proposed 
termination sequence situated 4848 to 4872 residues from the HinWL site upstream of 
amiE functions as the downstream transcription terminator of the amidase operon. In 
comparison, the newly identified axis of dyad symmetry situated between positions 
4836 and 4889 has a much greater calculated free energy of loop formation together 
with a longer stem, making it a more stable structure and effective transcription 
terminator.

This analysis, together with the earlier finding of an approximate 5.0 kb full-length 
transcript of the amidase operon (Wilson and Drew, 1995), strongly suggests that the 
amidase operon consists of five genes only, amiEBCRS, and that the poly-cistronic 
transcript of the complete operon is terminated immediately downstream of the amiS 
gene at the axis of dyad symmetry described above (T3). As can be seen in Figure 
6.5, the location of T3 is immediately 3’ to the amiS stop codon.

6 . 4 . 2  Identification of a New Open Reading Frame: orf2~rjw
Analysis of the DNA sequence was performed in all six reading frames using the third 
position GC bias plot (Bibb et a l,  1984) and the codon preference statistic (Gribskov et 
a l,  1984) on the GCG software package from the University of Wisconsin (Devereux 
et a l,  1984). This analysis is particularly helpful in identifying open reading frames in 
P. aeruginosa as codon usage in this bacterium is extremely biased, and the choice of a 
third position base reflects the high guanine and cytosine content of the P. aeruginosa
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genome. The amiR (Lowe et a i,  1989), amiC (Wilson and Drew, 1991), amiB and
am iS  (Wilson et a i ,  1995) open reading frames were all identified in this way.

The results are shown in Figure 6.7. The codon preference statistic and the third 
position GC bias were calculated over a window of 25 codons using the codon 
frequency table for P. aeruginosa generated by West and Iglewski (1988). Each panel 
represents one of the six reading frames. The reference lines at codon preference 0.7 
and third position GC bias of 0.65 show values for random sequence with the same 
base composition. Possible open reading frames, where a start and stop codon are 
present, are identified at the bottom of each panel by horizontal boxes. Rare codons, 
with a preference below 0.1, are indicated by vertical bars below the open reading 
frame boxes.

This analysis identified a possible open reading frame in frame 2 beginning at residue 
400 and terminating at position 1927. However, the analysis (Figure 6.7) showed that 
the initial part of this reading frame contained many rare codons and it is thus unlikely 
that this region encodes a protein. A second start codon (ATG) has been identified at 
position 875 corresponding to the position in reading frame 2 where the codon 
preference statistic and third position GC bias increase dramatically. In addition, there 
is infrequent use of rare codons in this region strongly suggesting that the open reading 
frame which runs between positions 875 and 1927 encodes a protein. The open 
reading frame has been provisionally named orfl-rjw. The results of the third position 
GC bias plot and codon preference statistic indicate that the DNA segment from the end 
of amiS to the beginning of orf2-rjw, totalling 875 nucleotides, is devoid of any further 
open reading frames.

6.4.2.1 Features of the orf2-rjw  Coding Region
A translation of orf2-rjw is shown in Figure 6.8 along with the corresponding 
DNA sequence. orf2-rjw encodes a protein consisting of 351 amino acids with 
a predicted relative molecular mass of 38.1 kDa.

A codon utilisation table for orf2-rjw  is shown in Table 6 .1 . West and 
Iglewski (1988) identified 26 codons which are used rarely, if at all, by P. 
aeruginosa and which represent less than 10% of the codons chosen from a 
specific synonymous codon group (Table 6.2). The codon utilisation for this 
putative open reading frame strongly corresponds to the data of West and 
Iglewski, with a strong bias towards codons ending with guanine or cytosine

216



5
i

I   i i \m  m  iyu.B t^L ii.aL
I 5W 1 .5M

#

0

5

5

9 JtZ
1 m iin w w  ###rnUMlÊ!

9

5

9

5

0 0

Figure 6.7 Codon preference analysis for the identification of orf2-rjw.

Panels 1 to 3 are for transcription in the same direction as the amidase operon and the 

sequence is numbered from the first nucleotide after the ainiS stop codon. Panels 4 to 6 
are in the opposite direction and the numbering begins at the last nucleotide sequenced. 

The continuous line shows the codon preference statistic and the dashed line represents 

the third position GC bias. The reference lines at codon preference of 0.7 and GC bias of 

0.65 show the values for random sequence with the same base composition. Veitical 
bars and boxes at the bottom of each panel show rare codons and open reading frames 

respectively. The orfl-rjw  open reading frame is seen in panel 2 between positions 875- 
1927. The window size and codon usage table are as described in the text.
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820  840  860
TTGACA TATAAT

CCCCGCATTCAGGCCCCGCTGCGGCGACTGCATTCCCGCTGGATTCGAGGCTCGTACCCT
GG GC *** ***

880  900 920
ATGACTCCCGATCAACGATTTGCCCGTTGGGTTCAAGTCGCTATCGCGGTATTCGTGTTG 
M e tT h rP ro A sp G ln A rg P h eA la A rg T rp V a lG ln V a lA la I leA la V a lP h eV a lL eu >

I -----------------------------------------
H y d r o p h o b ic  r e g io n

9 4 0  960  980
CTGTTCGTCTACTTCCTGGTCGCCGACCTGTGGATGCCGCTCACCCCGCAGGCCCAGTTG 
L eu P h eV a lT y rP h eL eu V alA laA sp L eu T rp M etP roL eu T h rP roG ln A laG ln L eu >  

A-X-B

1 0 0 0  1020  1040
ACCCGGCCGGTGGTGCGCGTCGCGCCGCGTGTCAGCGGCCAGGTCGCCGAGGTGCTGGTG 
T h r A r g P r o V a lV a lA r g V a lA la P r o A rg V a lS er G ly G ln V a lA la G lu V a lL e u V a l>

1 0 6 0  1080 1100
TCCAACAACGGCCACGTGCAGCCCGGCGAAGTATTGTTCCGCCTCGATCCCGAGCCTTTC 
S erA sn A sn G ly H isV a lG ln P ro G ly G lu V a lL eu P h eA rg L eu A sp P ro G lu P ro P h e>

1 1 2 0  1140 1160
CGACTGGCCGTGGGCCAGGCCGAACTGGCACTGGAGGAAGCCGAGCGCACCAACCGCGAA 
A rg L eu A laV alG lyG ln A laG lu L eu A laL eu G lu G lu A laG lu A rgT h rA sn A rgG lu >

1 18 0  1200  1220
CTGGATGCCGCCATCGCCTCGGCCAAAGCCGACCTCCTGGCCGCGCGCAGCAGCGCCGGC 
L e u A sp A la A la I le A la S e r A la L y sA la A sp L e u L e u A la A la A r g S e r S e r A la G ly >

1 2 4 0  1260  1280
GAGCTGGACAGCGAGGCGCGCCGCACCGCCGAACTGGTGCAGCGCCACCATGTGTCGCAG 
G lu L eu A sp S erG lu A la A rg A rg T h rA la G lu L eu V a lG ln A rg H isH isV a lS erG ln >

1 30 0  1320  1340
CAGATGCACGAGCAGGTCAGCGCCCAGGCCCAGGCCGCCCGTGCCCGGGTCGCCGCGGCC 
G ln M e tH isG lu G ln V a lS e r A la G ln A la G ln A la A la A r g A la A r g V a lA la A la A la >

1 36 0  1380 1400
CAGGCGCGGATCGGCGAGCTGAGCGCGCGACGCGGCACGACCGGCGAGGACAACCTGCGC 
G1n A la A r g IIe G ly G lu L e u S e  rA 1aA rgA rgG lyT hrT hrG lyG luA spA snL euA rg>

1 4 2 0  1440  1460
CTGCGCCAGGCGCGCAATGCCCTGGCCCAGGCCCGCCTGCAACTGCAATACAGCAGCGTC 
L eu A rg G ln A la A rg A sn A la L eu A la G ln A la A rg L eu G ln L eu G ln T y rS erS erV a l>

1 48 0  1500  1520
CGGGCCGACCGCGCCGGGACCCTGAGCAACCTGCAACTGACCCCGGGCACCTACGTTCCG 
A rg A la A sp A rg A la G ly T h rL eu S erA sn L eu G ln L eu T h rP ro G ly T h rT y rV a lP ro
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1540  1560 1580
GCCGGTACGGTGGCGGCGGTGGTGGACGATCGTATCGACATCGTCGCCGACTTCCGCGAG
A la G ly T h r V a lA la A la V a lV a lA sp A sp A r g I le A sp I le V a lA la A sp P h e A r g G lu >

1600  1620 1640
AAATCGCTGCGCTACGTGCGCCCTGGCGACCGTGCGGCGGTGGTGTTCGACGCGCGTCCC 
L y sS erL eu A rg T y rV a lA rg P ro G ly A sp A rg A la A la V a lV a lP h eA sp A la A rg P ro >

1660  1680 1700
GGCGAAGTGTTCGGCGCGCGGGTGGCGGCCATCGACGCCGGGGTCAAGGAGGGCCAGCTG 
G ly G lu V a lP h e G ly A la A r g V a lA la A la I le A sp A la G ly V a lL y sG lu G ly G ln L e u >

1720  1740 1760
GACGCCAACGCACCTCGCGCGCCGGTCACCTCCGACCGCTGGGTCCGCGACGCTCAGCGC 
A sp A la A sn A la P ro A rg A la P ro V a lT h rS erA sp A rg T rp V a lA rg A sp A la G ln A rg >

1780  1800 182 0
CAGCGCCTGCACGTGGTGCTCGACGAACTTCCCGAAGGCTTGCTGCCCACCGGCGCCAAG 
G ln A rg L eu H isV a lV a lL eu A sp G lu L eu P ro G lu G ly L eu L eu P ro T h rG ly A la L y s>

1840  1860 1880
GCCACCGTGCAGCTCTATCCCGGCGACGGCCTGAGCCACCTGCTCGGTCGCGCGCAGATC 
A la T h r V a lG ln L eu T y rP ro G ly A sp G ly L eu S erH isL eu L eu G ly A rg A la G ln I le>

1900  1920
GTCGCCATCAGCCTGCTGCACTACGTCTACTGA 
V a lA la I le S e r L e u L e u H is T y r V a lT y r * * * >

Figure 6.8 Nucleotide sequence of residues 815-1927 with the corresponding amino 
acid sequence of Orf2-ijw. The orf2-rjw open reading frame mns from position 875 to

1927. The sequence of the E. coli consensus a^O-promoter is shown above (residues

822 to 827 [-35] and 845 to 850 [-10]) and the GG/GC motif of o54-dependent

promoters is shown below (residues 826 to 839). The putative Shine-Delgamo 
sequence is underlined and the two possible transcription start points are marked by 
astericks underneath. The location of the hydrophobic region (—) and peptidase 
cleavage site (A-X-B) of the putative signal sequence are also shown. For clarity, the 
N-terminal amino acid sequence and 5’ flanking region are repeated in Figures 6.10 
and 6.11 respectively.
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Codon Amino a c i d Number %i Codon Am ino a c i d Number %i

TTT Phe 1 0 .3 ATT H e 0 0 .0
TTC Phe 8 2 .3 ATC H e 8 2 .3
TTA Leu 0 0 .0 ATA H e 0 0 .0
TTG Leu 4 1 .1 ATG M et 3 0 .9

TCT S e r 0 0 .0 ACT Thr 1 0 .3
TCC S e r 2 0 .6 ACC Thr 11 3 .1
TCA S e r 0 0 .0 ACA Thr 0 0 .0
TCG S e r 3 0 .9 ACG Thr 2 0 .6

TAT T yr 1 0 .3 AAT A sn 1 0 .3
TAC T yr 6 1 .7 AAC A sn 6 1 .7
TAA S to p 0 0 .0 AAA L ys 2 0 .6
TAG S to p 0 0 .0 AAG L ys 2 0 .6

TGT Cys 0 0 .0 AGT S e r 0 0 .0
TGC Cys 0 0 .0 AGC S e r 11 3 .1
TGA S to p 1 0 .3 AGA A rg 0 0 .0
TGG Trp 3 0 .9 AGG A rg 0 0 .0

CTT Leu 1 0 .3 GTT V a l 2 0 .6
CTC Leu 6 1 .7 GTC V a l 15 4 .3
CTA Leu 0 0 .0 GTA V a l 2 0 .6
CTG Leu 28 8 .0 GTG V a l 20 5 .7

CCT Pro 3 0 .9 GCT A la 2 0 .6
CCC Pro 7 2 .0 GCC A la 35 1 0 .0
CCA Pro 0 0 .0 GCA A la 2 0 .6
CCG Pro 7 2 .0 GCG A la 17 4 .8

CAT H is 1 0 .3 GAT Asp 4 1 .1
CAC H is 6 1 .7 GAC Asp 16 4 .6
CAA G in 5 1 .4 GAA G lu 8 2 .3
CAG G in 19 5 .4 GAG G lu 11 3 .1

CGT Arg 6 1 .7 GGT G ly 2 0 .6
CGC Arg 23 6 .6 GGC G ly 17 4 . 8
CGA A rg 3 0 .9 GGA G ly 0 0 .0
CGG Arg 5 1 .4 GGG G ly 2 0 .6

Table 6.1 Codon utilisation for orf2-rjw

Percentage values refer to the percentage of the total 351 amino acids used
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strikingly evident. For example, of the four possible codons for valine, GTC 
and GTG are present on 35 occasions, whereas GTT and GTA are used only 4 
times. The percentage of the rare codons listed in Table 6.2 which are used in 
the open reading frame identified is 8.5%.

Am ino Acid C odon Am ino Acid Codon

G ly GGG Asn AAT
G ly GGA l i e ATA
V a l GTA l i e ATT
V a l GTT Thr ACA
A la GCA Thr ACT
A la GCT Cys TGT
Arg AGG Leu TTG
Arg AGA Leu TTA
Arg CGA Leu CTA
Arg CGT Leu CTT
S e r AGT Phe TTT
S e r TCA Pro CCA
S e r TCT Pro CCT

Table 6.2 Rare codons in P. aeruginosa. 
Data from West and Iglewski (1988)

A hydropathy plot was carried out on the deduced amino acid sequence of OrfZ- 
ijw (Kyte and Doolittle, 1982). The results, shown in Figure 6.9, indicate that 
the Grf2-rjw sequence is substantially hydrophilic suggesting that it is not 
located in the cytoplasmic membrane. In contrast to the overall hydrophilicity, 
close to the N- and C-termini are regions of increased hydrophobicity. The 
substantial N-terminal hydrophobic region may represent part of a signal 
sequence involved in secretion into the periplasm.

Comparisons of known signal sequences indicate that they typically have three 
distinct domains: an amino-terminal positively charged region (n-region) which 
is usually 1-5 residues long; a central hydrophobic core (h-region) which is 
usually 7-15 residues long; and a more polar carboxy-terminal domain (c-region 
- typically 3-7 residues long) (Inouye and Halegoua, 1980; Oliver, 1987). 
Various groups have shown that the positively-charged n-region is required for
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Figure 6.9 Hydropathy plot o f the deduced amino acid sequence o f
O rf2 -rjw . The plot was prepared by the method of Kyte and Doolittle (1982) 
using a window size of 19 amino acids. Values greater than zero indicate 
hydrophilic regions and values less than zero indicate hydrophobic regions.

efficient translocation in bacteria whilst the h-region is critical for translocation. 
The c-region specifies the signal peptidase cleavage site. Perlman and 
Halvorson (1983) suggested that the signal peptidase recognises 2 amino acids 
within an A-X-B triplet (wherein ‘X’ represents any amino acid). ‘A* includes 
Ala, all other aliphatic amino acids (Gly, Val, Leu, fle), the hydroxy amino 
acids (Ser, Thr) and Cys. ‘B’ is a subset of ‘A’ and includes Ala, Gly, Ser, 
Cys and Thr but not the larger aliphatic amino acids Leu, Val and De. At a 
similar time, von Heijne (1983) when analysing the patterning of amino acids 
near the signal sequence cleavage sites, was able to formulate a method which 
predicted the point of cleavage in a deduced pre-protein sequence.

Using all of the above observations, initial analyses suggest that there is a signal 
sequence present within Orf2-ijw. Close to the N-terminus of Orf2-ijw, a 
stretch of hydrophobic amino acids (residues 13-28) are present which could 
represent the h-region. Using the formula of von Heijne (1983), it is predicted
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that this region would begin at the Val or He residues (positions 13 and 15 
respectively). Perlman and Halvorson (1983) noted that within the h-region, 
Leu and He are distributed non-uniformly in that out of the 39 signal sequences 
studied, Leu occupied half of the sites at core positions (cp) 2, 3, 7 and 8 with 
Leu-Leu pairs accounting for 25% of all 2, 3 and 7, 8 cp. Further, an He 
residue was concentrated at cp 3. If the putative h-region within Orf2-rjw 
began at the Val residue (position 13) (Figures 6.8 and 6.10), a Leu-Leu pair 
is present at cp 8, 9 and an He residue is situated at cp 3.

The amino terminal section preceding the h-region contains two positively 
charged Arg residues (positions 6 and 9). However, the n-region of the putative 
signal sequence of Orf2-rjw is longer than expected, consisting of 
approximately 13 residues. As described earlier, the signal peptide is cleaved at 
an A-X-B triplet of amino acids, typically 4 to 6 residues from the core 
termination site. Oliver (1987) noted that the last residue of the signal sequence 
prior to cleavage in procaryotes was one with a small, uncharged side chain 
(Ala, Gly, Ser). Using the formula derived by von Heijne (1983), it is 
predicted that cleavage of the putative signal sequence of Grf2-ijw would occur 
after the Ala residue (position 28) (Figure 6.10). This would identify the A-X- 
B recognition sequence as Leu-Val-Ala and as such this strongly corresponds to 
the signal peptidase recognition site proposed by Perlman and Halvorson

ATGACTCCCGATCAACGATTTGCCCGTTGGGTTCAAGTCGCTATCGCGOTATTCOTGTTGCTOTTC 

M e tT h rP ro A s p G ln A rg P h e A la A rg T rp V a lG ln V a lA la I lo A la V a lP h e V a lL o u L e u P h e >  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

A -X -B
TGCTACTTCCTGGTCGCCGACCTGTGGATGCCGCTCACCCCGCAGGCCCAGTTG

V a lT y rP h o L o u V a lA la A s p L e u T rp M e tP ro L e u T h rP ro G ln A la G ln L e u >

23 24 25 26  27 28 29 30 31 32 33 34 35 36 37 38 39 40

Figure 6.10 N-terminal amino acid sequence o f Orf2-rjw.
The location of the hydrophobic region (bold-face) and peptidase cleavage site (A-X- 
B) of the putative signal sequence are shown. Residues are numbered 1-40
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(1983). The first few residues of mature exported bacterial proteins tend to lack 

positively-charged amino acids and have a greater than normal content of 
negatively-charged residues. A detrimental effect on translocation of positively- 

charged residues downstream of bacterial signal sequences has been 

documented (for example, Yamane and Mizushima, 1988). It is interesting to 

note that a negatively-charged aspartate (residue 29) follows the predicted 

cleavage site of Orf2-rjw and that no positively-charged residues are present in 

this region (Figure 6.10).

It is difficult to define the termination site of the h-region and the beginning of 
the c-region of this putative signal sequence. The h-region typically ends 4 to 6 
residues prior to the signal peptide cleavage site. However, in OrfZ-rjw the 

stretch of 16 hydrophobic amino acids incorporates the above mentioned A-X-B 
triplet of amino acids with no polar residues present in this area. The signal 
peptide of the carboxypeptidase G2 enzyme of Pseudomonas sp. strain RS-16 
is cleaved on the C-terminal side of an A-X-B triplet of amino acids which are 
part of the hydrophobic core (Minton et al., 1984) and this may be occurring 
with the putative signal sequence of Orf2-ijw.

This analysis of the deduced amino acid sequence of Orf2-rjw suggests that the 
protein contains a signal sequence with clearly defined n- and h-regions. 
Although the more polar c-region of a typical signal peptide could not be 

defined, a putative signal peptidase cleavage site has been identified. Due to its 
largely hydrophilic nature, Orf2-rjw is, therefore, predicted to be located in the 
periplasm of P. aeruginosa. However, Orf2-rjw must be isolated and the 

mature protein sequenced in order to confirm the above predictions.

6 4.2.2 Features of the orf2~rjw Non-Coding Region
The nucleotides upstream of the start codon of orf2-rjw (Figure 6.8) contain a 

sequence complementary to the 3’ end of the 16s rRNA of P. aeruginosa 
(Toschka et a l, 1988). The last 15 nucleotides of the 16s rRNA are displayed 

in Table 6.3 together with the complementary sequences found upstream of the 

amidase operon genes and orf2-rjw. The Shine-Delgamo sequences are 

underlined and nucleotides complementary to the rRNA sequence are shown by 

vertical bars. The complementary sequence found upstream of amiE in the 
magno-constitutive mutant P. aeruginosa strain PAC433 is also shown as the 

single substitution of an adenine to a guanine within this Shine-Delgamo
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1 6 s  rRNA 3 ' -  AUU CCU CCA CUA GGU (T o sc h k a  e t  a l . ,  1 9 8 8 )

a m i e  I I I I  I I I  I I I  I
(PAC433) 5 ' -  ACA GGA GGT GAT ACC C +1 {Brammar e t  a l . ,  1 9 8 9 )

am lE  I II I I I  I I I  I
(PA C l) 5 ' -  ACA AGA GGT GAT ACC C +1 (W ils o n , 1 9 9 1 )

I I I I I I I I
a m lB  5 ' -  GAA GGA GTT TCA TCC +1 (W lls o n  e t  a l . ,  1 9 9 5 )

I I I I I II I
a m l C  5 '  -  ACA GGA GAG GAA ACG G +1 (W ilso n  an d  D rew , 1 9 9 1 )

II II I I
a m l R  S'  -  GGC GGG GGA GCG CUC CC +1 (Lowe efc a i . ,  1 9 8 9 )

I I I  II I II
a m i s  S' -  CAA GAG GGG GTA TCA TC +1 (W ils o n  efc a i . ,  1 9 9 5 )

I I I I I I
o r f 2 - r j w  S' -  CGA GGC TCG TAC CCT +1

Table 6.3 Location o f the Shine-Delgamo sequences upstream o f the 
amidase genes and orf2-rjw.
The vertical bars indicate nucleotides complementary to the 3’ 16s rRNA sequence (top 
line) and the Shine-Delgamo sequences are underlined.

sequence leads to increased amidase expression. From this analysis, it would 
seem that a consensus (-AGG-) ribosome-binding site is located 10 nucleotides 
upstream of the ATG start codon of orf2-rjw, as shown in Figure 6 .8  
(positions 862-864).

Upstream of the putative ribosome binding site, there are no regions that bear a 
strong significant overall resemblance to promoters that are recognised by the P.

aeruginosa RNA polymerase holoenzyme containing the a  factor analogous to 

a70 from E. coli (Deretic et al. y 1989). However, a region (-TTCAGG-)

starting at position 822 matches the -35 sequence of the a^O-llke promoter of

xylR (Inouye et al. y 1985), which is slightly different to the E. coli consensus 
sequence shown in Figures 6 .8  and 6 .11 . At the appropriate distance 
downstream, the sequence -CATTCC- is present which does not have a close
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similarity to either the E. coli consensus -10 sequence (-TATAAT-) or the -10 
sequence of the xylR promoter (-TAAAGT-) (Figure 6.11). In addition, 
between positions 826-839 (Figure 6.11) there is a GG - Nio - GC motif

corresponding to a (RpoN)-dependent promoter sequence. promoters

conform to a relatively precise sequence with a consensus of tGGcac - N 5 - 

ttGCa (Coppard and Merrick, 1991), containing a critical 10 bases spacing 
between the conserved -24 and -12 GG/GC pairs (Merrick, 1993).

8 2 0  8 4 0  8 6 0  8 8 0
TTGACA TATAAT

CCCCGCATTCAGGCCCCGCTGCGGCGACTGCATTCCCGCTGGATTCGAGGCTCGTACCCTATGACTCT 
GG GC *** ***  >

orf2-rjw

Figure 6.11 5 ’ flanking region o f orf2-rjw.
The sequence of the E. coli consensus o^O-promoter is shown above (residues 822 to
827 [-35] and 845 to 850 [-10]) and the GG/GC motif of c^^-dependent promoters is 
shown below (residues 826 to 839). The two possible transcription start points are 
marked by astericks underneath.

Thus, there would appear to be two potential promoter sequences upstream of

orf2-rjw; the first comprising a good -35 region but poor -10 region of a a^O-

like promoter sequence, and the second containing the conserved GG-Nio-GC

motif recognised by RNA p o ly m e r a s e -o 5 4 .  To further elucidate which of these

promoters is most likely to be functional, the possible transcription start points 
(tsp) of orf2-rjw were identified by searching. The 5’ end of a new mRNA is 
distinctive with the molecule beginning with an adenine or guanine residue and 
transcription of many genes (including amiE) is frequently mapped to an 
adenine start within a -CAT- or sometimes -GAT- sequence (Stryer, 1988; 
R.E. Drew, personal communication). As seen in Figure 6.11, there are - 
GAT- and -CAT- sequences situated 4 to 6  and 15 to 17 bases respectively 
upstream of the putative Shine-Delgamo sequence of orf2-rjw and it is possible 
that transcription begins with the adenine residue at either of these sites.
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If expression of orf2-rjw is transcribed from the a^O-dependent promoter, the

tsp could not be at the adenine residue within the -CAT- sequence as this is in 
the -10 region. However, transcription beginning at the adenine residue within 
the -GAT- sequence would be a possibility as in this case the proposed -10 and - 
35 regions line up correctly.

The spacing between the GC doublet in dependent promoters and the tsp

normally varies between 11 and 14 bases (Kustu et al., 1989). The -GC- 
doublet in the putative promoter sequence upstream of orf2-rjw is 7 and 17 
residues from the two proposed transcription start points. These distances

would be unusual for a a^^-dependent promoter although a few genes from 

Pseudomonas have been identified having the GG - Nio - GC motif situated at 

least 16 bases upstream of the mapped tsp including the proC gene (Saviez et 
a l, 1993). However, initial studies have indicated that transcription from these

promoters is independent of a54 since inactivation of the rpoN gene did not

influence the expression of proC (Saviez et al., 1993). However, the presence 
of the GG-Nio-GC motif upstream of orfl-rjw  may be coincidental due to the 

high guanine and cytosine content in this region.

Since the product of this open reading frame has not been identified and its 
regulatory system is unknown, the relative fit of the proposed promoter to any 
type of consensus is difficult to estimate. However, the analysis shows that

orf2-rjw is most probably transcribed from the a'^O-hke promoter sequence with 

transcription starting at the adenine residue located within the -GAT- sequence 
at position 856 to 858.

6.4.3 Investigations of the Possible Funtion of Orf2-rjw - Homology 
Searches

Homology searches were carried out with the predicted amino acid sequence of Orf2- 
rjw using the FASTA (SWISSPROT) database in an attempt to ascribe a function to 
this protein. The search indicated that Grf2-rjw shared high homology with the 
products of three putative open reading frames in E. coll Figure 6 .1 2  shows the 
multiple alignment of OrfZ-ijw and its homologs wherein amino acids identical to those 
present in Grf2-rjw are represented by a vertical Une and conserved amino acid changes
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O r f  2 - r  jw  MTPDQRFARWVQvaiavpvllfv . . yflvaDLWMPLT
: I : : I : : : : I : I : : I I

Y i a V  MDLLIILTYVAF awaMFK I FK IP  VNKWTIPTAALGGIFIVSGLIL LMNYNH P YT
: I : : : I : : : : I : I : : I I

Y  i b H M d lli VLTYVALAWAVFK I FRI PVNQWTLATAALGGVFLVSGL ILLMNYNH PYT
: I : I : : I I : I : : I : I I : I : : I I

Y j CR MESTPKKAPRSKFPALLWALALVALVFV. . IWRVDS . . APST

Or f 2 -rjw 

YiaV 

YibH 

Y j c R

PQAQLTRPWRVAPRVSGQVAEVLVSNNGHVQPGEVLFRLDPEPFRLAVGQAEL 
: I I : : : I : I : I : I j | | : : I : : : I I I I I I I I I : : : : I : :

FKAQKAVISIPWPQVTGWIEVTDKKNTLIKKGEVLFRLDPTRYQARVDRLMA 
II : : : : : : I : I : I I : I I : I I : I I I I I I : I I I : : : I : : :

FTAQKAVI AI PITPQVTGIVTEVTDKNNQLIQKGEVLFKLDPVRYQARVDRLQA
: I I : I I I I : : : I : I : : I I : : I : : I I I : I I I :

NDAYASADTIDWPEVSGRIVELAVTDNQAVKQGDLLFRIDPRPYEANLAKAEA

Orf 2 -r jw ALEEAER. . . . TNRELDA. . . AIASAKADLLAARSSAGELDSEARR. . TAELVQ
: : : I I : : : I : I : I : : : : | : : I : : : : : : : : I : I I I

YiaV DIVTAEH KQRALGA. . . ELDEMAANTQQAKATRDKFAKEYQR. . YARGSQ
•  I  *  I  *  *  #  »  #  I  I  #  #  #  »  I  #  I *  #  I • •  • !  • • •  • ••  I # I *  #  #  I  # * * # 1 * 1 *  * * * * * * I *  *  * 1  * *  *  #  *

YibH DLMTATH.. . .NIKTLRA.. . QLTEAQANTTQVSAERDRLFKNYQRYLKGSQAA
: I : : : : I : I : : I I : : I : : I : : I I : : I : ; : : I I  I : I : :

Y j c R  SLAALDKQIMLTQRSVDAQQFGADSVNATVEKARAAAKQATDTLRR . . TEPLLK

Orf2-r jw . RHHVSQQMHEQVSAQ. . . AQAARARVAAAQARIGELSAR. RGTTGEDNLRLRQ

YiaV AKVNPFSERDIDVARQNYLAQEASVKSSAAEQKQIQSQLD . SLVLGEHS . QIAS
*  *  I  #  *  * * * * * *  I *  I  I  *  *  1 *  *  *  *  *  *  * * * * *  *  **  *  I * *  * * * * * *  I *  I  I  *  *  I  *  *  *  *  *  *  * * * * *  *  *

YibH .VNPFSERDIDDARQN. . . FLAQDALVKGSVAEQAQIQSQLDSMVNGEQSQIVT

YjcR . EGFVSAEDVDRARTA. . . QRAAEADLNAVL. . LQAQSAA. SAVSGVDALVAQR

Orf 2 -r jw  A . .  RNALAQARLQLQYSSVRADRAGTLSNLQLTPGTYVPA. GTVAAW DD
: : : I I : I : : I : : I I I  : : I : : : : : I I I I : : : : : : I : I :

Y i a V  L . . KAQLAEAKYNLEQTIVRAPSDGYVTQVLIRPGTYAAS . LPLRPVMVFIPDQ
I : : I : : I : : I : : : | I : : I : : : : : I I I I : : I : : : I : : :

YibH L . . RAQLTEAKYNLEQTVIRAPSNGYVTQVLIRPGTYAAA. LPLRPVMVFIPEQ
I : : : I : : I : I : : : I I I : I : : I : : I : : : I : : : : : I :

YjcR AAVEADIALTKLHLEMATVRAPFDGRVISLKTSVGQFASAMRPIFTLI. . . . DT

Orf 2 -r jw R I. DIVADFREKSLRYVRPGDRAAWFDARPGEVFGARVAAIDAGV. . KEGQLD
: : I I I : I I : : I I : I I I  I : I I I : I I I : I I : : : : I I I : : : I : I : :

YiaV KR. QIVAQFRQNSLLRLAPGDDAEWFNALPGKVFSGKLAAISPAV. . PGGAYQ
: : I I I : I I : : I I : : I I I I : I I I : I I I : I I : : : : : I : I : I :

YibH KR.QIVAQFRQNSLLRLKPGDDAEWFNALPGQVFHGKLTSILPW. . PGGSYQ
I : : I : I I I : : I : : I : I : : I : : : : : I : : I : : : I : : I : | I : : | | 

YjcR RHWYVIANFRETDLKNIRSGTPATIRLMSDSGKTFEGKVDSIGYGVLPDDGGLV
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Orf 2 -r jw ANAPRAPVTSDRWVRDAQRQRLHWLDELPE . GLLPTGAKATVQLYPGD. GLSH 
: : ; : : : : : : : : : : : : I I I  : : : I I : I I I : : I : : : :

YiaV STGTLQTLNT.. . APGSDGVIATIELDEHTDLSALPDGIYAQVAVYSDHFSHVS

YibH AQGVLQSLTWP . GTDGVLGTIELDPNDDID. A . LPDGIYAQVAVYSDHFSHVS
: : : I : I I I I I I  : : : : : : I : : : : : : I I : I : : : I I

YjcR LGGLPKVSRSINWVRVAQRFPVKIMVDKPDP. EMF RIGASAVANLEPQ

O r f  2 - r  jw  LLGRAQIVAISLLHYVY 

Y i a V  VMRKVLLRMTSWVHYLYLDH

Y i b H  VMRKVLLRMTSWMHYLYLDH

Figure 6.12 Multiple alignment of Orf2-ijw and homologs. Identical amino acids 
are represented by vertical lines and conserved amino acid changes are represented 
by a colon. Spaces which have been introduced into the protein sequence are 
represented by a dot. Residues in bold-face represent a hydrophobic stretch.
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are represented by a colon. Spaces which have been introduced into the protein 
sequences for optimal alignment are represented by a dot. As can be seen, there is 
striking overall homology between the putative amino acid sequence of Orf2-rjw with 
the putative amino acid sequences of YiaV (27.4% identity, 66.2% similarity over 354 
amino acids), YibH (24.7% identity, 68.5% similarity over 352 amino acids) and YjcR 
(28.6% identity, 71.4% similarity over 339 amino acids).

The sequences of yiaV  and yibH  were revealed during part V of the E. coli genome 
sequencing project (Sofia et aL, 1994) and, similarly, yjcR was identified during part 
IV of the project (Blattner et al.y 1993). A search of the SWISSPROT database 
revealed that the YiaV and YibH proteins shared some homology with AprE from P. 
aeruginosa (Duong et al.y 1992) and PrtE from Erwinia chrysanthemi (Letoffe et al.y
1990) whilst YjcR was identified as sharing homology with EmrA of E. coli 
(Lomovskay and Lewis, 1992) and belonging to the HlyD family of secretion proteins. 
This initial analysis of the homologs of Grf2-ijw strongly suggests that Grf2-rjw is a 
member of a much larger family of proteins.

Statistical studies have grouped a number of proteins which are involved in the export 
of various compounds and found only in purple gram-negative bacteria, into a family 
of homologs which are called the putative Membrane Fusion Protein (MFP) family 
(Dihn et al.y  1994). Most of the proteins mentioned above are within this family. 
Figure 6.13 is a phylogenetic tree for members of the MFP family (Dihn et al.y  1994). 
The proteins are clustered into groups depending upon the type of permease present 
and also the type of compound exported. The underlined proteins export compounds 
in conjunction with ABC-type permeases which contain a C-terminal ATP-binding 
motif (for example, HlyB). AH of these ABC-type permeases export protein toxins, 
proteases and one bacteriocin. The second cluster of proteins (bold-face) export 
various drugs, metallic cations and possibly a lipo-oligosaccharide in conjunction with 
the heavy metal resistance/nodulation/cell division (RND) family. Finally, the 
homologs of Grf2-rjw (YibH and YjcR) are grouped with EmrA which exports 
carbonylcyanide, m-chlorophenylhydrazone, nalidixic acid and a number of other 
hydrophobic toxic compounds in conjunction with the inner membrane permease, 
EmrB, which is a member of the major facilitator superfamily (MFS). This family 
includes a number of export pumps for specific antibiotics from Streptomyces species, 
multidrug resistance pumps (MDRs) in gram-positive bacteria and TetA, an efflux 
pump which acts as a [tetracycline.Mg2+]/H+ antiporter (Levy, 1992).
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CvaA Eco 
Colicin V

EmrA Eco 
Multiple drugs 
(hydrophobic)

YibH Eco 
Unknown

YjcR Eco 
Unknown

CyaP .Bpe
Cyclolysin

HIvDEco
Haemolysin LktD 

h
Leukoto

HlvD Apl 
Haemolysin

LktD Aac 
Leukotoxin

AprE Pae 
Alkaline protease

NolF Rme
Lipooligosaccharide(?)

CzcB Aeu
Cadmium, zinc, 
colbalt

PrtEEch
Protease

EnvC Eco
Acriflavine

CnrB Aeu
Cobalt, nickel

MexAPae AcrA Eco
Multiple antibiotics, Acriflavine 
pyoverdine

Figure 6.13 Phylogenetic tree which includes homologs of Orf2-ijw. Relative 
evolutionary distance is proportional to branch length. Modified from Dihn et 
a l, 1994.
The three-letter abbreviation following the protein designation refers to the 
bacterial species of origin. Abbreviations of bacterial species are as follows: 
A 2iC=Actinobacillus actinomycetemcomitans, A&u=Alcaligenes eutrophus, 
Ap\=Actinobacillus pleuropneumoniaey Bpc=Bordella pertussis, Ech=Erwinia 
chrysanthemi, Eco=E. coli, Pae=P. aeruginosa, 'Phsi=Pasteurella haemolytica, 
Bmc=Rhizobium meliloti.
The smaller text indicate the compounds which are exported by the system which 
includes the designated protein. Underlining, boldface and italics indicate those 
proteins which transport compounds in conjunction with an ABC-type permease, 
a RND-type permease and a bacterial MDR pump respectively.
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From analysis of the amino acid sequence and also studies with HlyD (Schulein et a i ,  

1992) the predicted structure of all of the MFP members is that they contain a short N- 
terminal cytoplasmic region, followed by a hydrophobic domain (consisting of 14-23

residues) forming a single a-helix which spans the cytoplasmic membrane, and a large

hydrophilic C-terminal domain which is periplasmically located. At least some of these 
transport systems have been shown to function in conjunction with a distinct outer 

membrane protein. Examples of these are HlyD/HlyB/TolC from E. coli, 

AprD/AprE/AprF from P. aeruginosa (Duong et at., 1992) and PrtD/PrtE/PrtF from 

Erwinia chrysanthemi (Letoffe e t a t., 1990) which are implicated as the inner 
membrane permease, the MFP family member and the outer membrane porin 

respectively.

There is good evidence that the function of HlyD in E. coli is to join the inner and outer 
membranes (Schulein et aL, 1992) and, although as yet no definitive experimental 
evidence exists, it has been suggested that the function of the MFPs is to form a 
continuous channel between the inner and outer membranes to allow a one-step 

mechanism for the export of compounds across both membranes of gram-negative 
bacteria (Figure 6.14).

TolC

HlyD^ HlyD

-H lyl' aiyB

Outer Membrane 

Periplasm

Inner Membrane

Haemolysin

Figure 6.14 Organisation o f the haem olysin exporter of E. coll. 
HlyB is the inner membrane ABC-type permease, HlyD is the MFP family 
member which anchors to the inner membrane by a single transmembrane 
helix and TolC is an outer membrane porin.
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Evidence to corroborate this proposal is the fact that no MFP homologs have been 
found in gram-positive bacteria or eukaryotes (Dihn et a i, 1994), that the membrane 
fusion protein of the simian virus 5 exhibits significant sequence similarity to 
representative bacterial MFPs (Dihn et al., 1994) and, finally, that this arrangement 
(eg. EmrB/EmrA/?) would allow the efficient extrusion of particularly hydrophobic 
toxins from the cells since the outer membrane of gram-negative bacteria is a good 
barrier for hydrophobic compounds (Lewis, 1994).

Close to the N-terminus of Orf2-rjw is a stretch of hydrophobic residues which are 
shown in Figure 6 .12  together with the hydrophobic residues present in the 
homologs. It was earlier suggested that these residues may be part of a signal peptide 
in Orf2-ijw. However, the level of homology between Orf2-ijw and members of the 
MFP family (which do not contain signal peptides) strongly suggests that Orf2-ijw has 
the potential to be a component of a specific transport system for the one-step export of 
an unknown compound or compounds. As YibH and YjcR were clustered with EmrA 
in the phylogenetic tree (Figure 6 .1 3 ) it is possible that Orf2-rjw would export 
compounds in conjunction with a MDR pump.

6 .5  Summary of Chapter
The amidase genes identified to date, amiEBCRS, are present on a 5.3 kb Hin6m\JSaJ\ 
DNA fragment. To enable the identification of any further genes which are a part of the 
amidase operon, the region immediately downstream of the SaU. recognition sequence 
was subcloned (plasmids p R W lll to pRW114) and a total of 1.4 kb of DNA 
sequenced.

Analysis of the predicted secondary structure of the mRNA resulting from the 
transcription of the sequence downstream of the amiS gene led to the identification of 
an axis of dyad symmetry. It is argued that this axis of dyad symmetry would function 
as a more efficient terminator of transcription due to a more stable and longer stem-loop 
structure than the termination sequence proposed previously (Wilson et al., 1995). The 
DNA sequence analysis and identification of a transcription terminator strongly 
suggests that the complete amidase operon has been characterised and consists of five 
genes, amiEBCRS. It is most likely that the amidase genes are transcribed as a 5.0 kb 
poly-cistronic transcript which begins at pE and terminates immediately downstream of 
amiS at the axis of dyad symmetry identified in this Chapter.
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A putative open reading frame has also been identified (orf2-rjw) located 875 bp 
downstream of amiS. A ribosome-binding site and two potential promoter sequences 
have been found in the 5’ flanking region of orf2-rjw. At this stage it seems most

likely that the gene is expressed from the a^o promoter. Initial analysis of the predicted

amino acid sequence and hydropathy plots of Orf2-rjw suggested that the amino- 
terminal end of this protein contains a signal peptide and, thus, its likely cellular 
location is periplasmic.

Homology searches were carried out with Orf2-rjw and the results of these strongly 
suggest that this protein is a member of the putatively named membrane fusion protein 
(MFP) family. In this case, the N-terminal stretch of hydrophobic residues would not 
be part of a signal sequence but would anchor the protein in the cytoplasmic membrane

by forming a single transmembrane a-helix. The MFP family have been implicated in

the localised fusion of the inner and outer membranes of gram-negative bacteria to 
allow the one-step export of a variety of compounds in conjunction with an inner 
membrane permease and an outer membrane porin.

Unfortunately, insufficient time was available to clone, over-express and mutate the 
orf2-rjw gene for further characterisation including confirmation of the proteins* 
cellular location.
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CHAPTER 7
D iscussion  

7.1 Analysis of a Putative ABC Transporter Function of 
AmiB and AmiS

The aim of this project was to determine the roles of the products of the amiB and amiS 
genes. These genes were the last to be identified on the 5.3 kb HinàUUSaJl P. 
aeruginosa ‘amidase’ DNA fragment and are transcribed on a 5.0 kb polycistronic 
amiEBCRS mRNA in response to inducing amides (Wilson and Drew, 1995). Prior to 
this project the encoded products of the other amidase genes had been extensively 
studied, however AmiB and AmiS had only been investigated by analysis of the 
deduced amino acid sequences. From these analyses, it had been suggested that AmiB 
and AmiS were two components of an ABC transporter involved with the active uptake 
of amides into the cell (Wilson, 1991) based on the following criteria:
(i) AmiB is a substantially hydrophilic protein containing Parts A and B of the 

Walker motif, a consensus sequence found in nucleotide-binding proteins 
(Walker era/., 1982).

(ii) AmiS is a substantially hydrophobic protein. Hydropathy analysis showed that 
AmiS contains six stretches of 18-22 hydrophobic residues interspersed with 4-8 
charged and conformationally flexible (Gly, Ser, Pro) amino acids, suggesting

that AmiS is an integral membrane protein containing six transmembrane a-

helices.

Thus, it was proposed that an AmiS dimer would form the cytoplasmic membrane 
translocation complex whilst AmiB would hydrolyse ATP to produce the energy 
required for the movement of amides across the cytoplasmic membrane. The evidence 
for and against such a proposed role for AmiB and AmiS, derived from comparisons 
with the appropriate components of characterised ABC transporters together with 
experimental data gained prior to and during this study, are discussed.

7.1.1 Comparisons of the Amino Acid Sequences of AmiB and the ATP- 
binding Cassettes of ABC Transporters

The ATP-binding cassettes are the most conserved domains of ABC transporters with 
sequence identity (approximately 30 to 50%) extending over a region of 2(X) amino 
acids (Higgins et al., 1986; Hyde et al., 1990). The extent of sequence identity
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typically distinguishes the ATP-binding domains of ABC transporters from other 
nucleotide-binding proteins, and it seemed appropriate to determine if AmiB shared any 
homology with these domains. Figure 7.1 shows three alignments of amino acid 
sequences to demonstrate a few salient points. Figure 7.1(a) is an alignment of the

ATP-binding domains from the histidine uptake (HisP) and the a-haemolysin secretion

(HlyB) ABC transporter systems in E. coli. The conserved ATP-binding domain of 
HisP extends over 239 out of 258 residues. In contrast, HlyB is a much larger protein 
(707 amino acids) and the C-terminal 238 amino acid region has been aligned. The 
ATP-binding domains of HisP and HlyB share 26% identity over 239 amino acids. 
The distance between Parts A and B of the Walker motif is similar in both proteins 
(HisP - 126 amino acids; HlyB - 115 amino acids) and, in addition, both proteins 
contain the glycine/glutamine-rich “linker peptide” sequence close to Part B of the 
Walker motif. As discussed in sections 1.4.1 and 1.4 .3  it is thought that the region 
containing the “linker peptide” may interact with the integral membrane components of 
ABC transporters.

Figure 7.1(b) shows an alignment of the entire AmiB sequence with the C-terminal 
ATP-binding domain of one of the Clp regulatory proteins, ClpB (residues 509 to 
857). These two proteins share extensive sequence similarity with 32% of the amino 
acids of the AmiB protein identical to those in the same position in the aligned ClpB 
protein. This sequence identity includes Parts A and B of the Walker motif and, again, 
the consensus sequence is present in the same relative positions in these proteins. The 
distance between Parts A and B of the Walker motif in AmiB and ClpB are 64 and 60 
amino acids respectively. In addition, these proteins share further regions of 
conservation including a glycine-rich sequence located between Parts A and B, and two 
regions (Tail 1 and Tail 2) centered around three amino acids which are conserved in 
most members of the Clp regulatory protein family (see Figure 4.1). Although there 
is no experimental evidence yet, it has been proposed that the Tail 1 and 2 sequences 
may be involved in the interaction between the Clp regulatory proteins and a Clp 
proteolytic subunit (Gottesman et a l.y  1993).

Attempts were made to align the HisP and AmiB amino acid sequences. As can be seen 
in Figure 7.1(c), the best fit occurred (12% identity over a 321 residue overlap) with 
the alignments of Part A of the Walker motifs although this meant that the Parts B were 
not aligned. The reason for this is the difference in the spacing between Parts A and B 
in HisP (126 amino acids) and AmiB (64 amino acids). The distance between Parts A
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(a)

H i s P .Ecoll  
H l y B .Ec oll

P a r t A
MMSEN KLHVIDLHKR YGGHEVLKGV SLQARAGDVI S I l QflSQSQK 

K L A L P E IN G D I TF R N IR FR Y K  P D S P V IL C N I N L S IK Q G E V I G I V Q RSasO K
* * * * * * * * * *

H 1 « P . E c o l l  
H l y B . E c o l i

a iR L R C IN F L  E K P S E G A IIV  
a iL T K L IQ R F  Y IPE N G Q V L I

NGQNINLVRD KDGQLKVADK N QLRLLRTRL TMVFQHFNLW 
DGHDLALADP NW................................ LRRQVG. . . W L Q D N V L L

' l i n k e r '
H i * P . E c o l i  SHMTVLENVM E A  P IQ V  LGLSKHDÀRE R A L K Y L .A .K  VGIDERAAGK YPVHLSGGOQ
HlyB. E c o l l  N .R T I I D N I S  LAPGMSVEKV lYAAKLAGAH D FISEL R B G Y  N T I V  GE OGAGLSGGOR

H 1 « P . E c o l l  
H l y B . E c o l l

ORVSIARALA
D K IA IA RA LV

P a r t s
M EPDv l l f d E
N N PK i l i p d E

PTSA L D PEL V  GEVLR.M QQL AEEGKTM W V THEMGFARHV 
A IS A L D Y E S E  HVIMRNMHKI C K .G R T V I I I  AMRLSTVKN.

H l s P .Ecoll 
H l y B .E c o l 1

SSH V IFLH Q G
A DRIIVM EKG

K IEEEG D PEQ
KIVEQGKHKE L L S E P E S L

(b)
A m l B
C l p B .Ec oll

MPFLSDMLDQ SRRQQDEEQA 
LEAATQL EGKTMR. . . .

LARENLAEAS LLQAHLSHRS 
LLRNKVTDA. EIAEVLARWT

A LH SRFRFD P A À  VMD
GIPVSRM M ES EREKLLRMEQ

A m l B
C l p B . E c o l l

CLRAEVLGQE PALQAVEDML 
ELHHRVIGQN EAVDAVSNAI

K W R A D IA D P  R R P L F S A L FL  
RRSRAGLADP NRPV G SFLFA  

**  **  * * * * * *

P a r t A
GPTQVqKTE I  VRALARALHG 
OPTOVQKTE L  CKALANFMFD 
* * * * * * * * *  *  *  *

A m l B
C l p B .Ecoll

DAEGFCRVDM NTLSQEHYAA 
SDEAMVRIDM SEFMEKHSVS

P a r t s
ALTGAPPGYV GAKEGTTLLE QDKLDGSPGR P G iV L F D E EE 
RLVGAPPGYV GYEEGGY. LT . EA V RRRPY . . S v i l l d E V E* ******* * ♦♦ * * * * # *

A m l B
C l p B .Eco l l

K A S PEW H A L LNVLDNGLLR 
K AGPDVFNIL LQVLDDGRLT

VASGERTYHF 
DGQG. RTVDF

RNTLVFMTSN
R N T W IM T S N

LCAHEIQRYD ERRQRLPWRL 
L G S D L IQ ..........................................

A m l B
C l p B .Ecoll

LPVGGERRRR DIDGMVRARL 
. ERFGELDYA HMKELVLGW

T a i l  1 
L K T F S PEFV N 
SHNFRP E F IN

R LD SW TFN W
R ID E V W F H P

lE R D W A R L V  ELEVQRLNRR 
L G E Q H IA S IA  QIQLKRLYKR

A m l B
C l p B .Ec oll

LEKHRCRLEA TPEV LA K IAR 
L E E R G Y E IH I SD E A L K IL SE

T a i l  2 

A G F D R Q F 2 M
NGYDPVYGAR

ALRRSVRHHL
PLK R A IQ Q Q I

EVPLAEHLLD HHQPGDGNCT 
EN PLA Q Q ILS G ELV PGK V IR

A m l B
C l p B .Ecoll

lY L A S L E H E R  VRFVRR 
L E V ..N E D R I VAVQ
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(c)

A m i B  SR F R F  DPAAVMDCLR AEVLGQEPAL QAVEDMLKW RADIADPRRP L F S A L F L f iM
H i » P . B c o l i  MMSEN KLHVIDLHKR YGGHEVLKGV , . . . SLQARA G D V I S I I s a s

A m i B  Q vaK TEIV R A  LARALHGDAE GFCRVDMNTL SQEHYAAALT GAPPGYVGAK EGTTLLEQDK
HiflP.Bcoli QSQKSTRL R C  IN F .L E K P S E  G A I I V . . N G Q  NINLVRDKDG QLKVADKNQL RLLRTRLTMV

* * * ★ * * * * *

A m i B  LD G SP G R P G l v l p d E L E K A S  PEW H A LLN V  LDNGLLRVAS GERTYHFRNT LVFMTSNLCA
H i s P . B c o l i  F Q H ...............F  NLW SHM.TVL ENVMEAPIQV L .  .GLSKHDA RERALKYLAK V G ID ..................

A m i B  HEIQRYDERR Q R L P W .R L L P  VGGERRRRDI DGMVRARLLK T F S PEFV NRL D S W T F N W IE R
H i s P . B c o l i  ..................... ERA A . .GKYPVHL SGGOGORVS I  A RALAM EPD ï LLPDEP T S A L  D PE LV G E V L .R

* * * * * * * * * *

A m i B  D W A R LV ELE VQRLNRRLEK HRCRLEATPE VLA KIA RA GF DROFGARALR  R SV .R H H L E V P
H l s P . B c o l i  ................................................................ MQQLAEEGKT M W VTHEM GF A R H V SSH V IF  LH Q GK IEEEGD

A m i B  LAEHLLDHHQ PGD G NCTIYL A SLEH ERV RF VRR
H i s P . B c o l i  PEQ

Figure 7.1 Amino acid sequence alignments of ATP-binding proteins. Parts A and B 
of the Walker motif are in boldface and underlined. Identical residues are indicated by 
an asterisk and spaces which have been introduced into the sequences for optimal 
alignment are represented by a dot
(a) Alignment of the E. coli HisP and HlyB amino acid sequences. The ‘linker 
peptide’ sequence is underlined.
(b) Alignment of the AmiB and E. coli ClpB amino acid sequences. The conserved 
Tail 1 and Tail 2 regions are underlined.
(c) Alignment of the AmiB and E. coli HisP amino acid sequences showing the HisP 
‘linker peptide’ sequence and AmiB conserved Tail 1 and Tail 2 regions.
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and B in members of the Clp regulatory protein family is 60 to 80 amino acids and 
AmiB (64) falls within this range (Figure 7.1(b)). In contrast, the ATP-binding 
cassettes of ABC transporters all contain a much larger region between Parts A and B 
(Postma, 1996). The structure of the ATP-binding domain of ABC transporters has 
been modelled and it has been suggested that the region between the two consensus 
sequences forms a large, primarily helical domain (Mimura et al., 1991) which may 
interact with the transmembrane domains of the cytoplasmic membrane proteins. The 
structure of AmiB has not been modelled but the alignment with HisP indicates that this 
protein does not contain such a helical domain. AmiB is also missing the 
glycine/glutamine-rich sequence immediately prior to Part B of the Walker motif 
although there is a conserved glycine-rich sequence in this region. It is interesting, 
however, that the “hnker peptide” sequence of HisP has a region of some identity in the 
AmiB sequence, although these sequences are in different places with respect to the 
consensus nucleotide-binding sequences.

7.1.2 Comparison between AmiS and the Integral Membrane 
Components of ABC Transporters

The integral membrane components of ABC transporters do not generally share amino 
acid sequence similarity although conserved sequences (the EAA and EAA-hke motifs) 
have been identified in bacterial ABC importers and some eukaryotic ABC transporters 
(Dassa and Hofnung, 1985; Shani et a l ,  1996). The EAA motif is situated 
approximately 100 residues from the C-terminus of these proteins in a putative 
cytoplasmic loop region. Further analysis of the amino acid sequences of 61 
cytoplasmic membrane proteins from 35 uptake systems led to the identification of EAA 
consensus ‘signatures’ as shown in Figure 1.6. These consensus signatures were 
used to search for similar sequences in AmiS but none were found.

The integral membrane components of ABC transporters share greater structural rather 
than primary sequence similarity with most predicted to traverse the cytoplasmic 
membrane six times. Hydropathy analysis has indicated that AmiS also contains six 
membrane spanning segments. In addition, it has been predicted or experimentally 
shown that the N- and C- termini of the majority of the ABC transporter membrane 
components are cytoplasmically located. In contrast, both the analysis of the amino 
acid sequence of AmiS and experimental evidence, using amiS-TnphoA and amiS- 
TnlacZ  gene fusions, strongly suggest that the N- and C- termini of AmiS are 
periplasmically located (Chapter 5).
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7.1.3 Conclusions from Amino Acid Sequence Com parisons with ABC 
Transporters

From the amino acid sequence analyses carried out, it is clear that AmiB is more related 
to the Clp regulatory proteins than the ATP-binding cassettes of ABC transporters. As 
the ATP-binding domains of ABC transporters generally share greater than 30% 
sequence conservation, the fact that the identity between AmiB and HisP is low (12%) 
indicates that AmiB is not a typical ATP-binding cassette. In addition, no EAA 
consensus signature (or similar sequence) was found within AmiS and the predicted 
orientation of this protein in the cytoplasmic membrane differs from that of the majority 
of integral membrane proteins of ABC transporters. Thus, these observations indicate 
that AmiB and AmiS are not parts of a standard ABC transport system. However, they 
may represent a novel ABC-like transporter for the accumulation of amides.

7.1.4 Proteins sharing Amino Acid Similarity with AmiB and AmiS
Homology searches carried out during this study identified a further homolog of AmiB 
in addition to the Clp regulatory proteins, and also three proteins homologous to AmiS 
in H. pylori, M. smegmatis and R. erythropolis. Figure 7.2 shows the locations of the 
genes encoding these homologs together with the percentage identity shared with the P. 
aeruginosa proteins and, where appropriate, AmiE. It is immediately obvious that these 
genes are present in opérons (or gene clusters) involved with the degradation of 
amides. Unfortunately, at present, none of the homologs have been ascribed a 
function. However, analysis of the amino acid sequences of the H. pylori Urel, the M. 
smegmatis 0RFP3 (M.sm.P3) and R. erythropolis AmiS2 proteins has shown that they 
share structural similarities with AmiS. It is predicted that these proteins are also 
integral membrane proteins which contain either six (Urel) or seven (AmiS2 and 
Af.sm.P3) membrane spanning segments and, in addition, the N-terminus of each 
protein is predicted to be periplasmically located (Chapter 5). The fact that genes 
encoding integral membrane proteins have been identified close to enzymes which 
hydrolyse amides substantiates the proposal that some mechanism for the transport of 
amides exists in these bacteria.

Given the hypothesis that AmiB and AmiS work as an ABC-type complex in active 
amide transport, then the indentification of AmiS homologs in these bacteria would 7 
suggest that AmiB homologs should also be present. One such homolog has been 
identified in R. erythropolis (AmiB2) and although the amino acid sequence of the ureG 
gene product is not similar to AmiB or AmiB2, it does contain the Walker motif and is, 
thus, likely to be able to bind ATP.
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Mycobacterium smegmatis

ORFPl 0RFP2

Helicobacter pylori

ureC ureD ureA ureB

0RFP3
amidase 
structural gene

t t
40% identity. No notable homology
68% similarity with AmiE although
to AmiS physiologically a

similar enzyme

urel ureE ureF ureG ureH
mni u

Urease 37% identity,
structural 63% similarity
genes to AmiS

Parts A and B 
of Walker 
motif

Rhodococcus erythropolis

amiS2

t
38% identity, 
60% similarity 
to AmiS

amiE2

i
81% identity, 
90% similarity 
to PACl AmiE

amiB2
V / / / / / / / / / A

t
39% identity, 
60% similarity 
to AmiB

Pseudomonas aeruginosa PACl

amiE amiB amiC
U 7/777-A  r

amiR amiS

Figure 7.2 Location of the genes encoding AmiB and AmiS homologs in M. 
smegmatiSy H. pylori and R. erythropolis. The gene encoding the AmiB homologs 
is striped and those encoding die AmiS homologs are shaded (not drawn to scale). 
The filled boxes represent amidase structural genes. The percentage identity and 
similarity of the predicted amino acid sequences with AmiB, AmiS and (where 
appropriate) AmiE are shown underneath.
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Thus, it appears that P. aeruginosa, H. pylori and R. erythropolis contain two proteins 
which could be involved in the active uptake of amides. The M.sm.V3 gene was 
identified with two other open reading frames and the amidase structural gene on a 2.8 
kb DNA fragment. It is not known if the cloned DNA fragment produces inducible 
amidase expression in either the natural or a fofgeiii host and it is possible that further 
open readings frames, including an amiB homolog, will be identified once the sequence 
of the full amidase operon is completed.

7.1.5 Experimental Evidence For and Against an ABC T ransporter 
Function for AmiB and AmiS

The previous attempts made to identify a transport system in P. aeruginosa for the 
uptake of amides were discussed in the Introduction (section 1.5.7). The conclusion 
from the last of these studies was that this organism did not possess an amide uptake 
system and that the cytoplasmic membrane was most likely freely permeable to amides 
with diffusion being fast enough to support growth of bacteria possessing the amidase 
enzyme (Farin, 1976). Further indirect evidence that AmiB and AmiS are not involved 
in the active transport of amides came from studies of the regulation of amidase 
expression. Numerous plasmid-encoded systems have been constructed in P. 
aeruginosa and E. coli to investigate the regulatory system. In these systems, induction 
of amidase expression occurred in the presence of only amiECR, demonstrating that the 
amiBS  genes are not required for the induction of amidase expression by 0.2% 
lactamide (Wilson et al., 1993). In addition, an approximate 400 bp deletion in amiB 
(pMW22) did not effect the level of induced amidase activity in P. aeruginosa PAC452 
compared to the parental plasmid pSWlOl (Wachira, 1994). From these results it is 
apparent that amides are able to enter the cell in the absence of AmiB and AmiS as, 
firstly, amidase activity was induced in the absence of amiB and amiS and, secondly, 
no amidase phenotypic difference was seen upon the deletion of part of amiB.

In contrast to these results, some experimental evidence for a transporter function of 
AmiB and/or AmiS does exist. D3112 mutator phage insertions which were mapped 
by Southern blotting analysis to amiB produced strains which grew poorly on 
acetamide as the sole source of carbon and nitrogen (Rehmat and Shapiro, 1983). This 
suggests that passive acetamide diffusion across the cytoplasmic membrane did not 
provide enough acetamide for growth. In addition, studies have shown that the 
addition of plasmid-encoded amiC to amidase constitutive mutants of PACl results in 
AmiC repression of amidase expression (Wilson, 1991). This repression was not
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relieved by amide inducers leading to the suggestion that under certain circumstances 
(such as very low extracellular concentrations of substrate), passive diffusion of amides 
is limiting and a transport system is essential for the uptake of enough amides for the 
full induction of amidase expression. However, the results of both sets of studies can 
only be relied upon to a limited extent as, firstly, the effect of the mutator phage upon 
the transcription of the downstream genes, particularly the regulatory genes amiR and 
armCy was not determined and it is possible that the inhibition of transcription of these 
genes resulted in the observed amidase ‘leaky* phenotype. Secondly, subsequent 
studies on the regulation of amidase induction have shown that the coordinate 
expression of the amiCR genes is a important factor for inducible amidase expression 
(Wachira, 1994).

Preliminary analysis on the AmiS homolog in H. pylori (Urel) has shown that insertion 
mutation of the cloned H. pylori urel gene had no effect on the urease-positive 
phenotype in E. coli whereas a chromosomal knockout of this gene in H. pylori 
rendered the system urease-negative (Cussac et al., 1992). Although it has not yet been 
ascertained if a urea transporter exists in H. pylori these results suggest that due to the 
lack of Urel urea was unable to enter H. pylori and induce urease expression. The fact 
that the mutation in the cloned urel gene had no effect in E. coli is surprising but could 
be due membrane permeability differences between E. coli and H. pylori. Additionally, 
the E. coli results show that Urel is unlikely to be involved in the regulation or 
synthesis of the urease enzyme.

The proposal for an active transport function of AmiB and AmiS relies on the ability of 
AmiB to hydrolyse ATP and the identifiction of the consensus nucleotide-binding 
sequence in this protein does not automatically confirm this activity. Thus, the AmiB 
protein was purified (as a maltose-binding protein-AmiB fusion) and shown to exhibit 
spontaneous ATPase and some GTPase activity (Chapter 4). Although AmiB does not 
share sequence similarities with the ATP-binding cassettes of ABC transporters (see 
above), it does share enzymatic similarités. The calculated Km and Wmax values for the 

ATPase activity of MBP-AmiB were similar to those reported for the ATP-binding 
domains of ABC transporters. In addition, AmiB exhibited similar co-factor 
requirements and its enzymatic activity was inhibited by vanadate. This compound is 
known to inhibit P-type ATPases and, whilst no phosphorylated intermediate has been 
identified, a number of ABC transporters are sensitive to this inhibitor. Thus, it is 
feasible that the AmiB/AmiS type system represents a distinct and novel subfamily of
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ABC transporters, which are also present in gram-positive organisms (/?. erythropolis
and M. smegmatis).

The attempts made during this study to determine if an active amide uptake system 
exists in P. aeruginosa are documented in Chapter 3 and described briefly below. 
Studies with the maltose transport system in E. coli had shown that a strain with a 
chromosomal insertion mutation of the malE gene (encoding the periplasmic binding 
protein (PBP)) was unable to grow on maltose at an external concentration of 25mM 
compared to the wild-type strain which grew well in media containing 5.5mM maltose 
(Shuman, 1982). Early studies failed to detect an amide-binding protein in osmotically 
shocked amidase induced cultures of PACl, indicating that no PBP was present as part 
of the amidase system (Farin, 1976). More recent cloning and sequencing 
investigations (Chapter 6) have confirmed the lack of a PBP component and it was thus 
decided to focus on any phenotypic differences between the wild-type and amiB mutant

P. aeruginosa strains. Unfortunately, the chromosomal insertion mutation of the 
amiB gene affected transcription of the amiCRS genes and this area of investigation had 
to be discontinued. Instead, the effect of a 400 bp deletion in amiB (contained within 
the amidase operon in plasmid pMW22) was compared to the wild-type genes on the 
parental plasmid pSWlOl. This set of experiments clearly showed that the lack of 
active AmiB, as the deletion included the coding region for Part B of the Walker motif, 
did not prevent or slow down the growth of the cells on lOmM acetamide as the sole 
source of carbon and/or nitrogen.

From the model of regulation, expression of the amidase genes (including amiB and 
amiS) is triggered by the initial diffusion of amides into the cell and, as discussed 
above, a transport system may be essential to sustain amidase expression and cell 
growth in the presence of low extracellular concentrations of amides. If this were the 
case, then it was thought that the growth assays carried out could have masked such a 
function of AmiB and AmiS due to the relatively high concentration of acetamide used 
(lOmM). Thus, the effect of the amiB mutation in the presence of low extracellular 
concentrations of amides was investigated. Initially, it was shown that the lack of 
AmiB did not affect amidase induction (or the induced levels of amidase activity) by 
low concentrations of lactamide. These results, firstly, confirm that AmiB is not 
involved in the induction of amidase expression (as suggested by Wachira (1994)) and, 
secondly, demonstrate that lactamide uptake was similar in both the wild-type and amiB 
mutant cells making it highly unlikely that AmiB has such a ‘scavenging’ function.
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Subsequently, derivatives of plasmids pSWlOl and pMW22 were constructed (pRW35 
and pRW36) which were amidase-negative due to a frameshift mutation in amiE. The 

lack of AmiB was shown not to be detrimental to the accumulation of i^C-acetamide 
(0. ImM) by P. aeruginosa PAC452pRW36 {amiB mutant) when compared to 
PAC452pRW35 (‘wild-type’), finally ruling out an amide transporter function for the 
AmiB protein.

7.1.6 Conclusions
Previous attempts to identify an amide transport system had proved unsuccessful and 
the current investigations have shown that it is highly unlikely that an ATP-dependent 
amide uptake system exists in P. aeruginosa PACl due to the following facts:-

Firstly, ATP hydrolysis is essential for the transport of compounds by ATP 
transporters and occurs concommitant with transport AmiB contains the consensus 7̂ 
nucleotide-binding sequence and has been shown to exhibit ATPase activity (see above) 
and, thus, if an ATP-dependent transporter of amides exists this protein would be the 
prime candidate to fulfill such a role. However, mutation analyses carried out have 
clearly shown that AmiB is not involved in the accumulation of amides. This is not 
wholly surprising as the amino acid sequence of AmiB shares little homology with the 
well-conserved ATP-binding domains of ABC transporters.

Secondly, all bacterial ABC importers identified to date contain a periplasmically 
located substrate-binding protein which is essential for the accumulation of the 
substrate. It is interesting that no amide-binding protein exists in the periplasm of P. 
aeruginosa (Farin, 1976) and, in addition, no gene encoding a periplasmic binding 
protein has been identified in the urease/amidase opérons of H. pylori, M. smegmatis 
and R. erythropolis. The P. aeruginosa AmiC protein is structurally very similar to the 
periplasmic binding proteins of ABC importers, particularly LivJ of the branched-chain 
amino acid uptake system in E. coli, and has been shown to bind amides. However, 
this protein is cytoplasmically located and its function is in the negative regulation of 
amidase expression.

Thirdly, bacterial ABC importers can increase the intracellular concentration of a 

substrate to approximately 105-fold higher than its extracellular concentration. As well 

as confirming that AmiB was not involved in transport, the i^C-acetamide uptake 
assays also clearly showed that P. aeruginosa did not effectively accumulate acetamide 
in the absence of amidase. With the induced strain of PAC452 containing the plasmid-
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encoded amidase operon approximately 1.5% of the available acetamide was

accumulated. The cell water content of E. coli has been calculated at 2.7}xl/mg dry

weight of cells (Winkler and Wilson, 1966). Assuming that the cell water content of E. 
coli and P. aeruginosa is similar (as these organsims are generally of a similar shape 
and size), an estimation of the concentration of acetamide within the cells can be 
calculated. After 6 minutes of the uptake assay, the amount of acetamide in the cells 
remained at approximately 200pmol/mg dry weight bacteria (Figure 3.11). This 
corresponds to an internal concentration of around 74mM compared to an external 
concentration of lOOmM. This calculation is a very rough estimate but it is apparent 
that P. aeruginosa was unable to accumulate acetamide and suggests that the uptake of 
amides occurs by passive diffusion in the wild-type system.

Finally, a number of factors point to the uptake of amides being dependent on 
subsequent hydrolysis by the amidase and not an amide permease. The rate-limiting 
step in maltose degradation is the entry of the substrate into the cell. In contrast, the 
activity of the amidase enzyme is the rate-limiting step in amide degradation. It has 
further been shown that the amide growth phenotype of constitutive mutants of P. 
aeruginosa is solely dependent upon the substrate specificity of amidase and that 
transport of acetamide is strictly linked with the induction of amidase activity. In 
addition, the amidase activities of intact bacteria and partially purified amidase with a 
number of amides are very similar. Thus, in conclusion, it appears that amide diffusion 
into P. aeruginosa occurs and this is sufficient to sustain growth such that an ATP- 
dependent amide transport system is neither required nor present. It was interesting 
that the induced PAC452pSW101 accumulated approximately twice as much substrate 
compared to the non-induced cells suggesting that AmiS may aid uptake, acting as a 
facilitator pore in the cytoplasmic membrane. Facilitated diffusion of glycerol has been 
demonstrated in prokaryotes, with the substrate being retained in the cell as glycerol-3- 
phosphate. In a similar manner, amides could cross the cytoplasmic membrane of 
induced P. aeruginosa by facilitated diffusion whereupon they are immediately 
hydrolysed by amidase. Unfortunately, as the focus of the above experiments was the 
phenotypic effects of an amiB mutation, confirmation of this function of AmiS was not 
achieved during the project

7.1.7 Other Possible Transporter Functions for AmiB and AmiS
After determining that AmiB was not involved in amide accumulation, the search for a 
possible transporter role for the AmiB and AmiS proteins was widened. A number of
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active ammonia uptake systems have been identified in prokaryotes, including P. 
aeruginosa. The uncharged form of ammonia can easily diffuse across the cytoplasmic 
membrane and systems are present for the accumulation of ammonia under nitrogen- 
limiting conditions. Ammonia is a product of the degradation of amides and 
experiments were carried out to see if the amiB mutation affected the cells’ ability to 
utilise this ammonia as a nitrogen source. Unfortunately nitrogen-limiting conditions 
were not reached during the assays although, in retrospect, it seems unlikely that AmiB 
and AmiS would fulfill such a role as their production is induced in the presence of a 
substrate that will be degraded to ammonia and consequently AmiB and AmiS will be 
produced primarily under nitrogen-excess conditions.

Studies have shown that R. erythropolis is able to transform nitriles to their 
corresponding organic acids via two wide-spectrum enzymes: a nitrile hydratase and the 
amidase enzyme (the AmiE homolog - Figure 7.2). In the first step, the nitrile is 
hydrated to the corresponding amide by the actions of nitrile hydratase, and 
subsequently the amide is hydrolysed to the corresponding organic acid and ammonia 
by amidase (for example. Figure 7.3).

NITRILE
HYDRATASE AMIDASE

Acetonitrile + H2 O ...........> Acetamide + H2 O  > Acetic acid and ammonia
(CH3 CN) (CH3CONH2 ) (CH3 COO’ + NH4 )

Figure 7.3 The degradation of acetonitrile by nitrile hydratase and 
amidase

The induced expression of the nitrile hydratase in R. erythropolis is not influenced by 
any carbon or nitrogen source but is repressed by amides and amide analogues, 
including acetamide. As acetamide induces expression of amidase, it has been 
hypothesised that a single repressor gene exists for the nitrile hydratase/araidase system 
(Tourneix et al., 1986). Although the regulation of amidase expression in R. 
erythropolis has not been elucidated, this hypothesis links the amidase operon with the
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expression of the nitrile hydratase and, leading from this, the possibility of the
involvement of the AmiB2 and AmiS2 proteins in the accumulation of nitriles.

With Rhodococcus rhodochrous J l, growth on nitriles is also dependent on nitrile 
hydratase and amidase activities and the nitrile hydratase activity is induced by 
acetamide. In this system an AmiC homolog, which appears to function as an activator 
of nitrile hydratase expression, is present closely linked to the nitrile hydratase gene and 
two other uncharacterised open reading frames have been identified (Komeda et a l .y  

1996).

P. aeruginosa PACl and its derivative which have been used in this study and most of 
the previous investigations of the amidase system are unable to utilise nitriles as growth 
substrates and lack a nitrile hydratase activity. However, in contrast soil isolates of P. 
aeruginosa have been shown to degrade nitriles again via a nitrile hydratase and 
amidase (Nawaz et a l .y  1991). It is thus possible that PACl may have lost the nitrile 
utilisation capability due to spontaneous mutation during culturing as a laboratory 
strain. Studies with the nitrile degrading P. aeruginosa showed that the specific activity 
of the nitrile hydratase was much less than that of the amidase and, thus, the first 
enzyme would be the rate limiting step in nitrile degradation (Nawaz et a l .y  1991). The 
amidase operon in these strains, although not yet investigated, are presumably 
related/similar to the PACl system and contain amiB and amiS homologs. At present, 
nothing is known about the regulation of nitrile hydratase and amidase expression, and 
if it is linked.

Using all of this information, it is possible to construct a model whereby AmiB and 
AmiS rather than being involved in the uptake of aliphatic amides are involved in the 
transport of nitriles. During nitrile degredation, amides are present as intermediary 
metabolites and an amide transport system could be considered to be unnecessary.

If AmiB and AmiS are two components of an now somewhat redundant ABC-type 
transport system for the regulated accumulation of nitriles by PACl then this system, 
and the system present in R. erythropoliSy are unique as (i) the ATP-binding domains 
share little amino acid conservation with those found in other ABC transporters, (ii) the 
integral membrane components do not structurally resemble those found in ABC 
transporters and, finally (iii) no periplasmic-binding protein exists. This latter point 
was clarified upon the sequencing of the DNA downstream of the amiS gene. This 
sequencing resulted in the identification of a GC-rich axis of dyad symmetry
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immediately downstream of amiS which is predicted to form a stable stem loop 
structure and act as a transcription terminator agreeing with the previous observation of 
a 5.0 kb mRNA amidase transcript in induced cultures. Although the putative 
termination loop (T3) lacks a following run of U residues it is believed that, due to the 
termination of approximately 50% of transcripts at the T2 terminator in the amiEB 
intergenic region, T3 would be sufficient to terminate the remainder of transcripts 
originating at pE.

7.2 Identification of a New Open Reading Frame
The sequencing of the DNA region downstream of amiS also led to the identification of 
a new open reading frame, provisionally named orf2-rjw, which is transcribed in the 
same direction as the amidase genes (Chapter 6). It is highly unlikely that orfl-rjw  is 
part of the amidase operon due to the identification of the transcription terminator 
described above and also as this open reading frame is located more than 800 bases 
downstream of amiS. A number of analyses were carried out on the 5’ flanking and 
coding regions of orfl-rjw  which resulted in the identification of putative promoter 
sequences and the prediction that this open reading frame encodes a protein due to bias 
codon usage and the lack of rare codons. Orf2-ijw has been shown to share amino acid 
sequence similarity with members of the Membrane Fusion Protein family, typified by

HlyD of the a-haemolysin exporter of E. coli, which are thought to be involved in the

secretion of various compounds (including protein toxins, hydrophobic drugs and 
heavy metals) from the cell by a one-step mechanism, avoiding any periplasmic 
intermediate. These proteins consist of an N-terminal cytoplasmic region followed by a 
single transmembrane domain and, consequently, the majority of the protein is located 
in the periplasm. Phylogénie analysis of this family of proteins clustered the closest 
homologs of Orf2-ijw with EmrA, a component of a multidrug exporter in E. coli. 
Thus, although no experimental analysis of Orf2-ijw was carried out, it is possible that 
the product of orfl-rjw is also a component of a multidrug exporter in P. aeruginosa.
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Notes

Parts of this work have been pubhshed and presented at meetings:

1. W ilson, S.A., W illiams, R.J., Pearl, L.H., and Drew, R.E. 1995 . 
Identification of two new genes in the Pseudomonas aeruginosa amidase operon, 
encoding an ATPase (AmiB) and a putative integral membrane protein (AmiS). 
J. Biol. Chem. 270: 18818 - 18824.

2. Williams, R.J., Wilson, S.A. and Drew, R.E. Investigation of amiB and amiS, 
two new genes in the amidase operon of Pseudomonas aeruginosa. Poster at 
Pseudomonas 1995, Tsukuba, Japan.

3. Drew, R., O’Hara, B. and Williams, R. 1996. Structure, regulation and 
functions of the amidase operon of Pseudomonas aeruginosa. In 
''Pseudomonas: Molecular Biology and Biotechnology”. T. Nakazawa, K. 
Furukawa, D. Haas, and S. Silver (Eds.). American Society for Molecular 
Biology, Washington D.C., USA (in press).
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The nucleotide sequence of the amidase operon of 
Pseudomonas aeruginosa has been completed and two 
new genes identified amiB and amiS. The complete gene 
order for the operon is thus amiEBCRS. The amiB gene 
encodes a 42-kDa protein containing an ATP binding 
motif that shares extensive homology with the Clp fam
ily of proteins and also to an open reading frame adja
cent to the amidase gene from Rhodococcus erythropolis. 
Deletion of the amiB gene has no apparent effect on 
inducible amidase expression and it is thus unlikely to 
encode a regulatory protein. A maltose-binding protein- 
AmiB fusion has been purified and shown to have an 
intrinsic ATPase activity = 174 ± 15 him; = 2.4 
± 0.1 nm/min/mg), which is effectively inhibited by am
monium vanadate and ADP. The amiS gene encodes an 
18-kDa protein with a high content of hydrophobic res
idues. Hydropathy analysis suggests the presence of six 
transmembrane helices in this protein. The AmiS se
quence is homologous to an open reading frame identi
fied adjacent to the amidase gene from Mycobacterium 
smegmatis and to the urel gene from the urease operon 
of Helicobacter pylori. AmiS and its homologs appear to 
be a novel family of integral membrane proteins. To
gether AmiB and AmiS resemble two components of an 
ABC transporter system.

The amidase enzyme of Pseudomonas aeruginosa is produced 
in response to short chain aliphatic amides such as acetamide 
(1). Expression of the enzyme is positively regulated by the 
amiR gene, which lies 2 kb̂  downstream from the amiE gene 
and is transcribed in the same direction (2). Positive control of 
amidase expression is mediated by a transcription antitermi
nation mechanism, whereby AmiR is thought to allow RNA

* This work was supported in part by a grant from the Wellcome 
Trust. The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked “advertisement” in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted 
to the GenBank™ /EMBL Data Bank with accession number(s) X77160 
andX77161.

$ Recipient of a Science and Engineering Research Council student
ship. Present address: Retrovirus Molecular Biology Group, Dept, of 
Biochemistry, University of Oxford, South Parks Rd., Oxford, 0X1 
3QU,UK

§ Recipient of a Medical Research Council studentship.
i  To whom correspondence should be addressed. Tel.: 71-387-7050 

(ext. 2244); Fax: 71-380-7193.
 ̂The abbreviations used are: kb, küobase pair(s); ORF, open reading 

frame; MBP, maltose binding protein; ABC, ATP binding cassette; 
IPTG, isopropyl-l-thio-/3-D-galactopyranoside; LivJ, leucine-isoleucine- 
valine binding protein from E. coli; PAGE, polyacrylamide gel 
electrophoresis.

polymerase to read through a rho-independent transcription 
terminator between the amiE promoter and gene (3). A second 
regulatory gene has been identified, amiC, which negatively 
regulates amidase expression (4), and inducible amidase ex
pression can be reconstituted in Escherichia coli with the 
amiE, -C, and -R genes alone. In addition, AmiC binds inducing 
amides, and this reheves AmiC repression of AmiR (5). The 
AmiC protein has been crystallized, and the structure has been 
solved at 2.1-Â resolution (6, 7). The AmiC protein is structur
ally homologous to the periplasmic binding proteins, in partic
ular the leucine-isoleucine-valine binding protein (LivJ) from 
E. coli (8), and consists of two j8-a-j3 domains with a central cleft 
in which the amide binds.

The amidase genes were originally cloned on a 5.3-kb 
Hmdlll-SaZI fragment from PAC433, a constitutive amidase 
mutant (9) and more recently from the wild-type strain PACl
(4). The nucleotide sequence of amiE, amiC, and amiR have 
been determined (10, 4,11), and transcriptional analysis indi
cates that all of the amidase genes are translated from a single 
mRNA, approximately 5.0 kb in length, following induction.^ 
We have now completed the DNA sequence between amiÈ and 
amiC and downstream of amiR, and identified two further 
genes in this operon, amiB and amiS, thus completing the 
5.3-kb nucleotide sequence and gene organization of the ami
dase operon.

EXPERIMENTAL PROCEDURES
DNA Manipulations—Plasmid purifications, transformations, mobi

lizations, and cloning were carried out as described previously (4). 
Polymerase chain reaction amplification was carried out using Vent 
DNA Polymerase (New England Biolabs) according to the manufactur
er’s instructions. Two oligonucleotides were used for the amplification 
of amiB with the following sequences 5 ' -ATCCGAATTCGCAGAAG- 
GAGTTTCATCCAT and 5'-TGCTGGATCGTCAGCGCCGTACGAAG- 
CG.25 cycles of amplification were performed using the following tem
peratures: 95 °C for 3 min; 55 °C for 1 min; 73 °C for 2 min. Plasmid 
pAS20 was used as a template (4).

Protein Purification—E. coli strain JM109 carrying the maltose bind
ing protein-AmiB fusion vector pSW81 was grown to anÂ gg of 0.5 and 
then induced with 1 mM IPTG. Growth was continued for a further 14 
h, and then the cells were harvested. Cell pellets were resuspended in 
buffer A (20 mM Tris-HCl, pH 7.4, 200 m M  NaCl, 1 mM  dithiothreitol, 
15% (y/v) glycerol) and sonicated as described previously (4). Cell-free 
extracts were prepared by centrifugation of the sonicated cells at 15,000 
X g in a Sorvall RC2B centrifuge for 30 min. The cell-free extract was 
loaded onto an amylose affinity column at a flow rate of 1 ml/min. The 
column was subsequently washed with buffer A until a steady base line 
was achieved. The maltose-bindmg protein (MBP)-AmiB fusion protein 
was eluted from the column using elution buffer (buffer A + 10 mM  

maltose). A single large peak was collected and stored at 4 °C. Gel 
filtration of the amylose affinity purified protein was carried out using 
a Superdex 200 16/10 gel filtration column (Pharmacia Biotech Inc.). 10 
mg (5 ml) of protein was loaded onto this column equilibrated in buffer

 ̂Wilson, S. A., and Drew, R. E. (1995) J. Bacteriol. 177, 3052-3057
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amiE amiB amiC amiR amiS
Ikb

Fig. 1. Genetic organization of the amidase operon of P , 
a eru g in o sa . amiC and amiR are involved in the regulation of amidase 
(amiE) expression, amiB and amiS are newly identified genes described 
in this paper. The stem-loop structures represent transcription termi
nators. Restriction enzyme sites are as follows: H, HindlU; X, Xhol; 
S= Sail.

A minus NaCl. The flow rate was 0.5 ml/min. Soluble and insoluble 
crude protein extracts were prepared by sonication of cells in buffer A as 
described previously (4) followed by centrifugation at 15,000 X g. The 
soluble supernatant was used directly and the insoluble material was 
resuspended in buffer A prior to analysis. SDS-polyacrylamide gel elec
trophoresis (PAGE) of crude extracts and purified protein samples was 
carried out as described previously (4), and aU gels were stained with 
Coomassie Blue.

Assay of Amidase Activity—Amidase activity in intact cells was 
measured by the transferase assay (12) with acetamide as substrate. 
Specific activities presented correspond to 1 mmol of acethydroxamate 
formed per min/mg of bacteria.

ATPase Assay—The ATPase activity was quantitated by a colorimet
ric assay (13). Routinely, MBP-AmiB protein was diluted with double 
concentrated assay buffer (100 m M  Tris-HCl, pH 8.0,4 mM  MgClg, 15% 
(v/v) glycerol, 10% (v/v) dimethyl sulfoxide) to a final volume of 250 ml. 
To initiate the reaction, an equal volume of ATP solution was added, to 
give a final concentration of 1 mM. After incubation at 37 °C for 5 min, 
the reaction was stopped by the addition of 2 ml of malachite green 
reagent. Liberated Pj was quantitated as described previously (14). 
Assays were carried out in triphcate, and absorbances were measured 
at 630 nm. The values obtained were corrected for nonenzymatic re
lease of Pi from ATP, GTP, CTP, and ADP and for P; contamination. 
Protein concentrations were determined using the Bradford assay (15).

DNA Sequencing—Restriction enzyme fragments from pAS20 were 
isolated from agarose gels as described previously (4) and ligated into 
appropriately cut M13mpl8 or M13mpl9 vectors. Single-stranded DNA 
from M13 recombinants for use as sequencing templates was purified 
by standard methods (16). DNA sequences were determined using the 
chain termination method for M13 recombinants using universal se
quencing primer, and both strands of the DNA were sequenced. An 
18-base pair oligonucleotide primer was synthesized to complete the 
sequencing of the amiS gene. Sequencing reactions utilized standard 
and 7-deaza-dGTP premixes (Pharmacia) and [̂ ®S]dATP (DuPont 
NEN).

Sequence Analysis—Codon preference and third position GO bias 
statistics were calculated to identify open reading frames using pro
grams of the GOG package (17). Sequence similarity searches were 
performed using the FASTA and TFASTA program (18) implemented in 
the GOG package. Hydropathy analyses were performed according to 
the method of Kyte and Doolittle (19) and Stick et al. (20). Primary 
sequence threading was performed as described previously (21), using a 
set of 104 unique protein folds. Trans-membrane helix identification 
was performed using the method of Jones et al. (22). Protein se
quences were aligned using the programs GAP and PILEUP in the 
GOG package.

RESULTS
Nucleotide Sequence of amiB—The organization of the ami

dase operon and locations of amiB and amiS are shown in Fig. 
1. Plasmid pAS20 carrying the wild-t^pe amidase genes in 
pBR322 (4) was used as a source of DNA for sequencing. The 
nucleotide sequence of amiB is shown in Fig. 2, together with 
the deduced amino acid sequence. The sequence shown extends 
from the 3' end of the amidase gene (amiE). There is a short 
intergenic region between amiE and amiB that has an inverted 
repeat and acts as a partial transcription terminator blocking 
approximately 50% of the transcripts arising from the amiE 
promoter.^ The correct ORF for amiB was identified using third 
position GC bias and codon preference plots (17). The amiB 
ORF is preceded by a ribosome binding site (underlined) and 
encodes a 371-amino-acid protein (42 kDa), which contains the 
boxes A and B of the Walker ATP binding motif (23) (Fig. 2). A

GAAGGAAGCCTGACGGCAGACGCCGCCAGCCCGGCGTGCCGTCGTGCGGCACGCCGTCTC 
-LysGluAla*** ------  ------ ►

1360  1380  1400
CGCCATTTCCCCCCTGTGGCAGAAGGAGTTTCATCCATGCCTTTTCTGAGCGACATGCTC

MetProPheLeuSerAspMetLeu 
1420  1440  1460

GACCAGTCCCGCCGGCAGCAGGACGAGGAACAGGCCCTGGCGCGGGAGAATCTTGCCGAG 
AspGlnSerArgArgGlnGlnAspGluGluGlnAlaLeuAlaArgGluAsnLeuAlaGlu

1480  1500  1520GCAAGTCTGCTCCAGGCCCACCTGAGTCACCGCAGCGCCCTGCACAGCCGTTTCCGTTTC
AlaSerLeuLeuGlnAlaHisLeuSerHisArgSerAlaLeuHisSerArgPheArgPhe

1540  1560  1580GACCCGGCGGCGGTGATGGACTGCCTGCGCGCCGAGGTGCTCGGCCAGGAACCGGCGCTA
AspProAlaAlaValMetAspCysLeuArgAlaGluValLeuGlyGlnGluProAlaLeu

1600  1620  1640CAGGCCGTCGAGGACATGCTCAAGGTGGTTCGCGCGGACATCGCCGACCCGCGCCGTCCG
GlnAlaValGluAspMetLeuLysValValArgAlaAspIleAlaAspProArgArgPro

1660  1680  1700CTGTTCAGCGCGCTGTTCCTCGGCCCCACCGGAGTCGGCAAGACCGAGATCGTGCGCGCC
LeuPheSerAlaLeuPheLeuGlyProThrGlyValGlyLysThrGluIleValArgAla

1720  1740  1760CTGGCCAGGGCCCTGCACGGCGACGCCGAGGGGTTCTGCCGGGTGGACATGAACACCCTG
LeuAlaArgAlaLeuHisGlyAspAlaGluGlyPheCysArgValAspMetAsnThrLeu

1780  1800  1820TCCCAGGAGCACTATGCCGCCGCCCTCACCGGTGCGCCGCCGGGCTACGTCGGGGCGAAG
SerGlnGluHisTVrAlaAlaAlaLeuThrGlyAlaProProGlyTyrValGlyAlaLys

1840  1860  1880GAQGGCACCACCCTGTTGGAGCAGGACAAGCTGGACGGCAGTCCCGGGCGCCCCGGCATC
GluGlyThrThrLeuLeuGluGlnAspLysLeuAspGlySerProGlyArgProGlylle

1900  1920  1940GTTCTCTTCGACGAACTGGAAAAGGCCAGCCCGGAAGTGGTCCATGCGTTGCTCAACGTA
ValLeuPheAspGluLeuGluLysAlaSerProGluValValHisAlaLeuLeuAsnVal

1960  1980  2000CTCGACAACGGCCTGCTACGGGTCGCTTCCGGCGAACGCACCTACCATTTCCGCAACACC
LeuAspAsnGlyLeuLeuArgValAlaSerGlyGluArgThrTyrHisPheArgAsnThr

2020  2040  2060CTGGTGTTCATGACCAGCAATCTCTGCGCCCATGAGATCCAGCGCTACGACGAGCGTCGC
LeuValPheMetThrSerAsnLeuCysAlaHisGluIleGlnArgTyrAspGluArgArg

2 08 0  2100  2120CAGCGCCTGCCCTGGCGCCTGCTGCCGGTCGGCGGCGAGCGCCGGCGGCGGGACATCGAC
GlnArgLeuProTrpArgLeuLeuProValGlyGlyGluArgArgArgArgAspIleAsp

214 0  2160  2180GGGATGGTCCGGGCCCGGCTGCTGAAGACCTTCTCGCCGGAGTTCGTCAATCGTCTCGAT
GlyMetValArgAlaArgLeuLeuLysThrPheSerProGluPheValAsnArgLeuAsp

2200  2220  2240
AGCGTGGTCACCTTCAACTGGATCGAACGCGACGTCGTCGCGCGCCTGGTCGAGCTGGAG
SerValValThrPheAsnTrpIleGluArgAspValValAlaArgLeuValGluLeuGlu

22 6 0  2280  2300
GTGCAGCGGCTCAACCGGCGCCTGGAGAAGCATCGCTGCCGCCTGGAGGCGACCCCGGAG
ValGlnArgLeuAsnArgArgLeuGluLysHisArgCysArgLeuGluAlaThrProGlu

2320  2340  2360GTGCTGGCGAAGATCGCCCGCGCCGGCTTCGACCGGCAGTTCGGCGCCCGTGCGTTGCGC 
ValLeuAlaLysIleAlaArgAlaGlyPheAspArgGlnPheGlyAlaArgAlaLeuArg 

2380  240 0  2420
CGCAGCGTCCGTCATCATCTCGAGGTACCGCTGGCCGAGCATCTGCTCGATCACCACCAG 
ArgSerValArgHisHisLeuGluValProLeuAlaGluHisLeuLeuAspHisHisGln

2440  2460  2480
CCGGGCGACGGGAACTGCACGATCTACCTGGCGAGCCTGGAGCACGAGCGGGTTCGCTTC
ProGlyAspGlyAsnCysThrlleTyrLeuAlaSerLeuGluHisGluArgValArgPhe

2500GTACGGCGCTGA
ValArgArg***

F ig .  2. Nucleotide sequence and deduced amino acid sequence 
for the a m iB  gene. The sequence is numbered from the unique 
Hindlll target upstream of amiE (Fig. 1). The sequence displayed 
includes the 3' end of the amiE gene. The arrows underneath the 
sequence represent a transcription terminator that partially blocks 
transcription from upstream (12). The ribosome binding site is under
lined. Boxes A and B of the ATP binding motif (24) in the deduced amino 
acid sequence are overlined.

FASTA search of the SwissProt protein sequence data base 
indicates that AmiB shows extensive homology with an ORF 
downstream of the amidase gene from Rhodococcus erythropo
lis (24) (39% identity, 60% similarity) (Fig. 3). The role of the R. 
erythropolis ORF has not been described. In addition, the 
FASTA search reveals AmiB is homologous to the large Clp 
family of proteins. AmiB shows homology with all the sub
families of the Clp proteins (A, B, and C (25)), and representa
tives of each subfamily are shown in the multiple alignment 
with AmiB in Fig. 3. The Clp proteins normally contain two 
ATP binding domains with a variable length spacer between 
them. Consequently, the Clp family proteins are approximately 
twice the size of AmiB and its homolog from R. erythropolis. 
Although AmiB shows homology with both ATP binding do
mains in the Clp proteins, the homology with the C-terminal 
ATP binding motif is highest and is shown in Fig. 3.

Threading analysis (21) has been used to investigate the 
tertiary structure of the AmiB protein and to determine 
whether it is similar to known ATP binding proteins. The AmiB
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Fig. 3. Multiple alignment of the AmiB sequence with ho
mologs. adpr_rhoer, an ORF identified adjacent to the amidase gene 
from R. erythropolis (25); clpa_ecoli, CIpA from E. coli (34); clpb_ecoli, 
ClpB fromF. coli (27); clpjrybb, Clp protein from Trypanosoma brucei 
(27); cdAaJyces, CD4A protein from Lycopersicon esculentum (27); 
hl04jyeast, HSP104 from Saccharomyces cerevisiae (35). Highly con
served residues are shown in boldface. The AmiB sequence is shown in 
full, whereas for the Clp proteins, the C-terminal ATP binding region is 
shown.

sequence was threaded onto a data base of 104 unique folds, 
and the results of this analysis (Fig. 4) showed that adenylate 
kinase had a significantly higher score than any other fold. 
This suggests that AmiB would adopt a similar three-dimen
sional structure to adenylate kinase.

Amidase Activity with an amiB Deletion—To confirm that 
AmiB is not involved in amidase induction, a plasmid was 
constructed with a 423-base pair in-frame Apol deletion within 
amiB. The broad host range parental plasmid, pSWlOl, which 
carries the whole amidase operon from PACl, and the amiB 
deletion derivative (pMW22) were mobilized into P. aeruginosa 
strain PAC452, which has a chromosomal deletion of the ami
dase locus (28) and amidase activity measured. The parental 
plasmid pSWlOl shows high inducible amidase expression 
(specific activity = 1 .1  when noninduced, and specific activity 
= 52 when induced). The amiB deletion strain gave similar 
high inducible amidase expression (specific activity = 1 nonin
duced, and specific activity = 55 induced) showing that AmiB is 
not involved in the induction process.

Nucleotide Sequence of amiS—The nucleotide sequence of 
the cloned P. aeruginosa DNA downstream of amiR in plasmid 
pAS20 has been determined, and an ORF (amiS) has been 
identified using the third position GC bias and codon prefer-

Fig. 4. Threading analysis for the AmiR sequence. AmiB was 
threaded (21) onto 104 unique folds from the Brookhaven data base. 
Adenylate kinase (ADK) shows the lowest threading energy, indicating 
the highest structural homology with AmiB.

42 7 0  429 0  4310
CCGTCCGCCTGAGCGATCCGGGCCGACCAGAACAATAACAAGAGGGGTATCGTCATCATG 
ProSerAla*** Met

43 3 0  4350  4370
CTGGGACTGGTTCTGCTGTACGTTGGCGCGGTGCTGTTTCTCAATGCCGTCTGGTTGCTG 
LeuGlyLeuValLeuLeuiyrValGlyAlaValLeuPheLeuAsnAlaValTrpLeuLeu

439 0  441 0  443 0
GGCAAGATCAGCGGTCGGGAGGTGGCGGTGATCAACTTCCTGGTCGGCGTGCTGAGCGCC
GlyLysIleSerGlyArgGluValAlaVallleAsnPheLeuValGlyValLeuSerAla

44 5 0  4470  4490
TGCGTCGCGTTCTACCTGATCTTTTCCGCAGCAGCCGGGCAGGGCTCGCTGAAGGCCGGA
CysValAlaPheTyrLeuIlePheSerAlaAlaAlaGlyGlnGlySerLeuLysAlaGly

451 0  4530  4550
GCGCTGACCCTGCTATTCGCTTTTACCTATCTGTGGGTGGCCGCCAACCAGTTCCTCGAG
AlaLeuThrLeuLeuPheAlaPheThrTyrLeuTrpValAlaAlaAsnGlnPheLeuGlu

457 0  4590  4610
GTGGACGGCAAGGGCCTCGGCTGGTTCTGCCTGTTCGTCAGCCTCACCGCCTGCACCGTG
ValAspGlyLysGlyLeuGlyTrpPheCysLeuPheValSerLeuThrAlaCysThrVal

4 6 3 0  4650  46 7 0
GCGATCGAGTCGTTCGCCGGCGCCAGTGGTCCGTTCGGCCTGTGGAACGCGGTCAACTGG
AlalleGluSerPheAlaGlyAlaSerGlyProPheGlyLeuTrpAsnAlaValAsnTrp

46 9 0  47 1 0  4730
ACAGTCTGGGCGTTGCTCTGGTTCTGTTTCTTCCTGCTGCTGGGGCTGTCCCGCGGCATC
ThrValTrpAlaLeuLeuTrpPheCysPhePheLeuLeuLeuGlyLeuSerArgGlylle

4750  4770  4790
CAGAAGCCGGTGGCCTACCTGACCCTGGCCAGCGCCATATTCACCGCCTGGTTGCCCGGC
GlnLysProValAlaTyrLeuThrLeuAlaSerAlallePheThrAlaTrpLeuProGly

481 0  4830  4850CTGCTGCTGCTCGGACAGGTGCTCAAGGCATAGCAGGAAGTCGGAAAGGGATGACGGCTT 
LeuLeuLeuLeuGlyGlnValLeuLysAla * * *

48 7 0  4890  4910GCCGCCATCCCGTCCCTTCCGAACGCCTAGCCGAGCGGCCAGTTGATCACCACGACGGCG

Fig. 5. Nucleotide and deduced amino acid sequence for AmiS.
The sequence is numbered from the unique HindlU target upstream of 
amiE. The 3' end of the amiR gene is shown at the begining of the 
sequence, and the ribosome binding site for amiS is underlined. An 
inverted repeat has been identified in the sequence downstream of 
amiS, which may represent the operon transcription terminator.

ences. The nucleotide sequence for amiS and the deduced pro
tein sequence are shown in Fig. 5. The AmiS sequence encodes 
a 172-amino-acid protein with a predicted molecular mass of 18 
kDa. The AmiS sequence was used to search the SwissProt and 
EMBL libraries, and two significant matches were found. The 
first to an ORF adjacent to the amidase gene from Mycobacte
rium smegmatis (29) (40% identity; 68% similarity) and the 
second to the urel gene (80) (37% identity; 63% similarity) from 
the urease operon of Helicobacter pylori. Neither of these pro
teins have been ascribed a function. The striking feature of 
AmiS and its two homologs is the high content of hydrophobic 
residues, which suggests that all three may be integral mem-
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Fig. 6. Hydropathy analysis for AmiS and homologs. A window 
of 25 amino acids was used for the plots. The roman numerals indicate 
the potential transmembrane helix regions. The abscissas scale indi
cates amino acids.

brane proteins. To test this hypothesis, hydropathy plots were 
produced for all three proteins (Fig. 6). In each case, the plots 
reveal characteristic hydrophobic regions of 18-20 amino ac
ids, indicative of transmembrane helices, with variable length 
hydrophillic loop regions. AmiS and the M. smegmatis ORF 
appear to encode proteins with six potential transmembrane 
helices. The urel gene appears to encode seven transmembrane 
helices. Multiple sequence alignment of the three sequences 
(Fig. 7) indicates significant homology between all three pro
teins. To confirm the membrane topology of these proteins, the 
program MEMSAT (22) was used, and the predicted trans
membrane regions of the proteins are indicated in Fig. 7. MEM- 
SAT also predicts that the N terminus would be external for 
each protein. The multiple sequence alignment indicates that 
relative insertions in the urel sequence occur in nonmembrane 
loop regions and that these are least conserved between the 
proteins. The high level of homology between these proteins 
suggests that they represent a novel family of integral mem
brane proteins. A sequence template was generated from the 
aligned sequences and used to search sequence libraries; how
ever, this failed to identify any additional family members.

Expression and Purification of AmiB—The amiB gene was 
polymerase chain reaction amplified with EcoBl and Xbal re
striction sites at the 5' and 3' ends, respectively, and subcloned 
into the broad host range expression vector pMMB66EH (4). 
The resulting plasmid pRWSOS was mobilized into the P. 
aeruginosa strain PAC452, which carries a chromosomal dele
tion for the amidase locus (28). Soluble and insoluble fractions 
were prepared from PAC452 pRWSOS after growth under non
inducing and inducing conditions (3 m M  IPTG). The samples 
were analyzed for AmiB over-expression by SDS-PAGE, and 
the results are shown in Fig. 8A. The soluble fractions {lanes 2 
and 3) show no evidence of AmiB in either noninduced or 
induced samples. However, clear overexpression of a band with 
a calculated molecular weight of 40 kDa is seen in the insoluble 
induced sample {lane 5). This molecular weight agrees closely 
with the expected molecular weight for AmiB from the nucle
otide sequence (42 kDa). Thus in P. aeruginosa, AmiB appears 
to aggregate when overexpressed. To circumvent the problems 
of protein refolding and purification, the amiB gene was sub
cloned into the protein fusion expression vector pMALCRl to 
create a MBP-AmiB fusion. The fusion protein was overex
pressed in P. coli JM109 following IPTG induction and purified

amis 
M.S ORF 

urel

Fig. 7. Multiple alignment of the AmiS sequence with ho
mologs. M.S. ORF, an open reading frame in the Mycobacteria smeg
matis amidase operon (30); urel, the urel gene from Helicobacter pylori 
(31). Conserved residues in all three sequences are indicated by an 
asterisk, and residues conserved in two sequences are shown by :. The 
transmembrane regions predicted by MEMSAT (23) are indicated by 
the shaded regions, and each potential transmembrane helix is num
bered. The orientation {IN, internal; OUT, external) of the nonmem
brane loop regions, predicted by MEMSAT is shown above the sequence.

by amylose affinity chromatography. The affinity purification 
of MBP-AmiB results in fusion protein substantially free of 
contaminants as shown in Fig. 8B. The fusion protein showed 
less tendency to form insoluble aggregates than AmiB. How
ever, gel filtration chromatography of the amylose-purified fu
sion indicates that a significant proportion of the purified pro
tein forms soluble aggregates of high molecular weight, which 
elute shortly after the void volume on a Superdex 200 column 
(separation range, 600-10 kDa) and only a small proportion of 
the fusion is monomeric (Fig. 8, C and D). The fusion protein 
contains a Factor Xa cleavage site between the MBP and AmiB. 
However, cleavage of the fusion with Factor Xa led to rapid 
aggregation and precipitation of the AmiB protein, and thus it 
was not possible to generate soluble stable native AmiB by this 
route. Consequently enzymatic analysis of the AmiB protein 
was carried out using the purified fusion protein.

ATPase Activity of the MBP-AmiB Fusion—The ATP binding 
motif (23) within AmiB and the proposed structural homology 
with adenylate kinase suggested that AmiB may be capable of 
ATP hydrolysis. To test this hypothesis, ATPase assays were 
carried out using the purified MBP-AmiB fusion, and the re
sults of such an assay are shown in Fig. 9 together with an 
assay for GTPase activity. and V̂ iax determinations were 
carried out using hyperbolic regression analysis, and the val
ues for ATP were; - 174 ± 15 m M ; = 2.4 ±0. 1  
niM/min/mg. Similar values were obtained for the monomeric 
and aggregated forms of MBP-AmiB. MBP-AmiB was also ca
pable of GTP hydrolysis, although the rate was much lower 
than for ATP (Fig. 9), and MBP-AmiB was unable to hydrolyze 
CTP. To confirm that the observed ATPase activity was not due 
to the maltose binding protein nor any E. coli contaminant, 
ATPase assays were also carried with an affinity-purified 
MBP-KorB fusion, KorB is a DNA binding protein (31) that has 
no ATPase activity. This fusion displayed no activity in the 
assay, confirming that the observed ATPase activity was due to 
AmiB and not MBP nor any of the minor contaminants observ
able by SDS-PAGE.
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A B

F ig . 8. SDS-PAGE analysis of pro
tein extracts containing AmiB. A,
SDS-PAGE analysis of crude extracts of 
P. aeruginosa containing an amiB expres
sion vector (pRW303). Lane 1, protein 
markers; lane 2, soluble fraction of 
PAC452 pRW303, noninduced; lane 3, sol
uble fraction of PAC452 pRW303, induced 
with 3 mM IPTG; lane 4, insoluble fraction 
of PAC452 pRW303, noninduced; lane 5, 
insoluble fraction of PAC452 pRW303, in
duced with 3 mM IPTG. AmiB is seen in 
lane 5 and is indicated by an arrow. B, 
SDS-PAGE analysis of amylose affinity 
column purified MBP-AmiB fusion. Lane 
1, purified MBP-AmiB; lane 2, molecular 
weight markers. C, Superdex 200 gel fil
tration analysis of the amylose affinity 
column-purified MBP-AmiB. Gel filtra
tion chromatography was carried out as 
described under “Experimental Proce
dures.” The majority of the fusion protein 
eluted shortly after the void volumn of the 
column (38 ml) and thus has a molecular 
mass in excess of 600 kDa and is likely to 
represent protein aggregates. A small 
peak is seen eluting between 72 and 78 
ml, which corresponds to monomeric 
MBP-AmiB. D, SDS-PAGE analysis of 
MBP-AmiB fractions eluting from the gel 
filtration column (Fig. 8C). Lane 1, molec
ular weight markers; lane 2, pooled frac
tions corresponding to the peak eluting 
immediatley after the void volume; lane 3, 
pooled fractions 72-78, corresponding to 
monomeric MBP-AmiB.
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Magnesium-ATP Is the Preferred Substrate—The ability of 
various metal ions to replace magnesium in the ATPase assays 
was investigated (Fig. 10). In the absence of any added metal in 
the assay buffer, AmiB showed little residual ATPase activity. 
Addition of magnesium strongly stimulated the ATPase activ
ity; however, the stimulation of activity decreased at higher 
magnesium concentrations. Manganese was able to substitute 
for magnesium, but it only gave 60% of the magnesium-ATP 
hydrolysis rate. Zinc and calcium-ATP could not replace mag
nesium as substrates for MBP-AmiB. These findings are in 
contrast to results obtained with other ATPases for example 
most F-type ATPases, which hydrolyze ATP in the presence of 
any one of the above divalent cations (32).

ATPase Activity of MBP-AmiB Is Inhibited by ADP and Van
adate—The ATPase activity of MBP-AmiB was measured in 
the presence of increasing concentrations of ADP, and the 
results are shown in Fig. 11a. ADP strongly inhibits the 
ATPase activity with up to 50% inhibition at concentrations as 
low as 0.2 m M  with an ATP concentration of 1 m M  in the assay. 
It seems most likely that this inhibition occurs by competition 
for the substrate binding site(s). Similarly, nanomolar concen
trations of ammonium vanadate, which forms a pentacovalent 
bypyramidal structure like that of a phosphate ester under
going hydrolysis, inhibit the ATPase activity of MBP-AmiB.

DISCUSSION

From a transcriptional analysis of the amidase system  ̂it is 
evident that amiB and amiS are specifically transcribed in 
response to inducing amides such as acetamide in the growth

medium. In addition, the amidase operon does not encode any 
other proteins since the full-length operon transcript is only 5.0 
kb, sufficient to encode amiEBCRŜ  Earlier studies have 
shown that a normal amide-inducible phenotype can be recon
structed in E. coli with only the amiE, amiC, and amiR genes
(5). In addition, in this study we have shown that a 423-base 
pair deletion in amiB has no effect on amide-inducible amidase 
expression in P. aeruginosa. Thus amiB and amiS are unlikely 
to have a regulatory role in amidase expression.

AmiB shows significant homology to the Clp family of pro
teins, although it is only half the size of the rest of this family. 
The ClpA protein with which AmiB shows high homology is the 
ATP binding subunit of a two-component protease complex 
known as Ti or the Clp protease (33). Since there is no corre
sponding proteolytic subunit within the amidase operon, nec
essary for a Clp type function, it seems unlikely that AmiB is 
the ATP binding subunit of a Clp type protease. HSP104, a Clp 
family member, has been shown to have a chaperone type 
function, being able to refold heat-denatured proteins (34). We 
cannot exclude such a function for AmiB. However, the much 
reduced size of AmiB compared with HSP104 and the unlikely 
requirement for an acetamide induced chaperone suggest that 
AmiB performs a different function within P. aeruginosa.

AmiS clearly shows the characteristics of an integral mem
brane protein, with hydrophobic segments of membrane span
ning length, interspersed by hydrophillic loop regions. An ob
vious role for AmiS would be as a transport protein within the 
plasma membrane. The homology between AmiS, the M. smeg-
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Fig. 9. MBP-AmiB catalyzed hydrolysis of ATP and GTP. The
enzyme assay reactions were initiated by the addition of ATP (#) or 
GTP (O) to the final concentration indicated. The data represent the 
mean values of three independent experiments with standard devia
tions shown.
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Fig. 10. Dependence of MBP-AmiB ATPase activity on Mĝ .̂ 
MBP-AmiB fusion protein was diluted with assay buffer lacking 
ions, and ATPase activity was monitored in the presence of 1 mM  ATP 
and increasing concentrations of MgClg (•), MnClg (0), ZnClg (X), and 
CaCla (■).

m atis ORF, and the urel gene fromi?. pylori is interesting since 
all three opérons are involved in amide utilization, suggesting 
they may be amide transporters. A chromosomal knockout of 
the urel gene in H. pylori renders the system urease negative 
(35). This mutation had no effect with the cloned genes in E. 
coli, therefore Urel is not thought to be involved in enzyme 
regulation/synthesis. Instead, the urease negative phenotype 
observed in H. pylori could be due to the inability of urea to 
enter the cell and induce urease expression. The urease posi

[A m m onium  V anadate](m M )

Fig. 11. Inhibition of MBP-AmiB ATPase activity by ADP and 
ammonium vanadate. MBP-AmiB was diluted in assay buffer and 
ddHgO and incubated for 5 min at room temperature in the indicated 
final concentrations of inhibitor. Subsequently, ATP hydrolysis was 
monitored as described under “Experimental Procedures.” a, inhibition 
by ADP; b, inhibition by ammonium vanadate.

tive phenotype observed with the urel mutant in E. coli may 
reflect membrane permeability differences between E. coli and 
H. pylori.

Taken together, the AmiS and AmiB proteins resemble two 
components of an ABC type transporter system. Such transport 
systems are found in many organisms and have a basic anat
omy in common (for review, see Ref. 36). Exporters/importers 
comprise either a single polypeptide chain with two domains, 
an integral membrane domain with six to eight transmem
brane helices, and a cytoplasmic domain with an ATP binding 
motif and in some cases ATPase activity. Alternatively the 
domains can function as two distinct polypeptide chains. Often 
there are two homologous copies of the integral membrane 
protein, for example MalF and MalG in the maltose regulon of



18824 The amiB and amiS Genes of the P. Aeruginosa Amidase Operon

E. coli, and typically they have six to eight membrane-spanning 
regions. (37). Together these proteins form a tetrameric com
plex with two copies of the cytoplasmic ATP binding protein. In 
addition, bacterial importers often have a third protein that is 
located in the periplasm and binds and delivers the ligand to 
the integral membrane protein complex.

In the amidase operon, AmiS would represent the integral 
membrane component of an ABC type transporter and AmiB 
would represent the cytoplasmic ATP binding component. The 
threading analysis indicated that AmiB was structurally ho
mologous to adenylate kinase, and it has been suggested pre
viously that the ATP binding components of ABC transporters 
share structural homology with adenylate kinase (38). AmiB 
has been shown to have an intrinsic ATPase and GTPase 
activity, which is sensitive to ADP and vanadate inhibition. 
MalK, the E. coli maltose operon ABC transporter counterpart, 
shows an intrinsic ATPase activity similar to that of AmiB 
-  70 him; Vjnax “  13  mmol/min/mg). In addition, MalK can also 
hydrolyze GTP but CTP acts as a very poor substrate. The 
MalK ATPase is similarly inhibited by ADP, but it is resistant 
to vanadate inhibition (39). However, the mammalian ABC 
transporter P-glycoprotein shows sensitivity to vanadate (40). 
When MalK is purified as part of a complex with the integral 
membrane proteins, ATPase activity is only seen in the pres
ence of ligand-loaded maltose binding protein (41). By compar
ison with the maltose uptake system, it may be that AmiS 
modulates the activity of the AmiB ATPase in response to 
amides. With regard to the strong inhibition of AmiB ATPase 
activity by ADP and the relationship between AmiB and ad
enylate kinase, the possibility of ATP/ADP exchange cannot be 
excluded at this stage, although it is most likely that ADP is 
acting as a competitive inhibitor.

If AmiB and AmiS form an ABC type importer complex for 
aliphatic amides, then they would be expected to be associated 
with a periplasmic binding protein. We have not identified a 
protein that could fulfill such a role in the amidase operon. 
However, the recently solved crystal structure of the AmiC 
protein (7) shows that although cytoplasmic, it is structurally 
highly homologous to LivJ of E. coli despite only 17% sequence 
identity. This raises the possibility that AmiC has switched 
roles during evolution from being an amide receptor in a trans
port system, to a cytoplasmic regulator of gene expression, 
retaining an amide receptor function.

We have used a strain of P. aeruginosa carrying an amiB 
deletion to investigate the role of amiB on acetamide-depend- 
ent growth in minimal medium, but we have failed to observe 
any differences in growth rate between the mutant and wild- 
type. A possible explanation for this may be that at the aceta
mide concentrations (milUmolar) used to support growth in 
batch culture, in a reasonable period of time, the diffusion of 
acetamide into the cell was efficient enough to support growth. 
Alternatively, the intact AmiS protein may have AmiB-inde- 
pendent amide transport capabilities. Therefore, the effects of 
deletions in AmiB or AmiS may only be detectable in continu
ous culture where very low concentrations of amides can be 
used and very slow growth rates monitored.

Given the hypothesis that AmiB and AmiS work as an ABC 
type complex in amide transport, then the identification of an 
AmiB homolog in the R. erythropolis operon would suggest that 
this amidase operon should also possess an amiS gene. Such an 
amiS homolog has recently been identified in this operon up
stream of the amidase structural gene.^ Similarly, we would 
expect to see amiB homologs in the M. smegmatis amidase 
operon once the sequence of this operon is completed. Within

' H. Choubrier, personal communication.

the H, pylori urease operon, we have not identified an AmiB 
homolog, although the ureG gene does possess an ATP binding 
motif (30) and may represent an evolutionarily divergent form 
of AmiB. It is interesting to note that no candidate periplasmic 
binding protein gene has been identified in any of these opér
ons. It thus remains a possibility that AmiB/AmiS type sys
tems, identified here in both Gram-positive and Gram-negative 
organisms, may not require a periplasmic binding protein and 
as such would represent a distinct and novel subfamily of ABC 
transporters.

Current experiments aimed at expression and purification of 
AmiS and the generation of amiS chromosomal mutations are 
expected to shed more light on these unusual proteins.
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Chapter 29

Structure, Regulation, and Functions of the Amidase 
Operon of Pseudomonas aeruginosa

Robert Drew, Bernard 0*Hara, and Rachel Williams

Pseudomonas aeruginosa PACl is able to grow on a narrow range of short-chain-length 
aliphatic amides by virtue of a chromosomally located amidase (EC 3.5.1.4) (Kelly and 
Clarke, 1962). Amidase activity is inducible by some of these amides, but the inducer 
and substrate specificities of the system are distinct (Table 1) (Brammar and Clarke, 
1964). Thus, whereas acetamide and propionamide are both good inducers of amidase 

I expression and good substrates for the enzyme, butyramidc is a very poor substrate and
'Y  is active as an analog co-repressor of amida% expression. Other amides such as lactamide

and N-acetylacetamide are good inducers of enzyme activity but poor enzyme substrates
 7 (Table 1). The amidase system is of interest first because of the way the system has been

/ selectively evolved to allow cell growth on an extended range of amide substrates (Clarke
and Drew, 1988) and second because of the novel system regulating operon expression 

y  V/jJ<sov. (Drew and WdJiam. 1992).
Studies with the wild-type strain PACl and constitutive mutants have shown that in 

addition to the amide-dependent regulation of amidase synthesis, expression is also sub
ject to caiabolite repression (Smyth and Clarke, 1975),but not apparently to the general 
nitrogen regulation control system, although nitrogen regulation of amidase expression 
is seen in strain PAOl (Janssen et al., 1982). A variety of mutants of the amidase system 
have been isolated and classified into two major groups. Regulatory mutants of several 
types include amidase negative, high or low constitutive, fonnamide or butyramide in
ducible, resistant to butyramide repression, and temperature sensitive. A second group 
of mutants consists of those involving the amidase structural gene (nmi£), which include 
amidase-negative and substrate specificity mutants allowing growth on butyramide, 
valeramide, or phenylacetamide (Clarke and Drew, 1988). Caiabolite repression-resis
tant mutants have al% been isolated, but all of these appear to be unlinked to the locus.

Characterization of regulator temperature-sensitive mutations showed initially that 
amidase expression was primarily regulated via a positive control system by amiR (Farin 
and Clarke, 1978). Subsequently, a second negative controlling regulatory gene (omiC)

Robert Drtw,B*mMriO*Bêi% and Racket WUSam  • Deptrtment of Biocheiniiuy and Molecular Biol
ogy, Uoivenity College Loodoo, Gower Sued, Loodoo WCIE 6BT, United Kingdom.
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Tabk 1. Amidei u  »ubftntei, ioductn, tod u a k f  corq>rciion of (he «midtie lyuem of P. oerui 'inosa

Amide
Relative activity'

Substrate Inducer Corepresior

Formamide ♦ ♦ ■f ND
Acetamide ++ +♦ 0 3.7
Propionamide •H- ++ 0 3.1
Butyramide Tr 0 ♦ 0.03
IjKt amide ♦ 0 0.03
n-Acetylacetamide Tr 0 ND

n ’t; (no*. D«U mw froat Claike «od Drew (19ft).
of amidM (0 AfflX: (WflMA Cl *L. 1993). ND. M( dooe.

was identified, mutations in which led to an amidase constitutive phenotype (Wilson and 
Drew, 1991). The amidase genes have been isolated on a 5.3-kb HinéSl-Sall DNA frag
ment from a high-expressing constitutive mutant, PAC433 (Drew et al., 1980), and the 
wild-type strain, PACl (Wilson and Drew, 1991). The amiE gene was initially found to 
lie at one end of the DNA fragment (Fig. 1), and subsequently the amidase nucleotide 
and amino acid sequences were determined (Clarke et al., 1981; Brammar et al., 1987; 
Ambler et al., 1987). The two regulatory genes which lie downstream of amiE were then 
identified and sequenced (Cousens et al, 1987; Lowe et al., 1989; Wilson and Drew, 
1991). amiR was first identified as a positive regulator of amidase expression and there
fore shown to encode a transcription antitermination factor which, under inducing condi
tions, mediates the extension of an otherwise short, constitutively produced leader tran
script through a rho-independent transcription terminator and into the amidase operon 
(Drew and Lowe, 1989; Wilson and Drew, 1995). amiC, encoding the negative regula
tor, has been overexpressed, the protein has been isolated and crystallized, and the struc
ture has been solved (Wilson and Drew, 1991; Wilson ct al., 1991; Pearl ct al., 1994). 
The operon contains two other substantial open reading frames (ORFs), aimB and amiS, 
studies of which are described below.

& 0
amiE

Ï

Amktasc
CH iC O N H i+IhO »  
CH)COOH + N%

i Z i
amiB

t
a

ATPase

amiR

t
#

amiS

AmiR
AmiC +ve rtsulator AmiS 
•▼e regulator Membrane Protein

Figure 1. Stnicuire-funcüoa map of the amidase operon of P. aerugiMta. Restrktioo 
tiles: H, HindHii P, Psd; X, Xho]; K, JTpnl; E, EcoRV; S, 5n/L Rbo-indq)eadeat (ran- 
scriptioo lenninaior sequences are shown, -ve, negative; +ve, positive.
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TRANSCRIPTION ANALYSIS AND ANTITERMINATION

The DNA sequence of the amiE upstream region shows an Escherichia coU-likc <ĵ  
promoter sequence some distance upstream of the gene itself, a shon ORF of 35 amino 
acids of unknown function containing a rho-independent transcription terminator se
quence, followed by the amiE Shinc-Dalgamo sequence and gene OFig. 2) The identifi
cation of the antitermination mechanism came from the analysis of a constructed termi
nator deletion which led to amide-independent, AmiR-independent constitutive amidase 
expression (Drew and Lowe, 1989), The model has now been confirmed by mapping the 
transcription start point to the promoter region and showing constitutive production of 
the leader mRNA (Wilson and Drew, 1995). Northern (RNA) blot analysis and SI map
ping have shown, in addition, that amiE transcripts are 50% terminated at a newly iden
tified terminator site kxated between amiE and amiB (Fig. 1), and the remaining tran
scripts are of a length indicating that termination occurs downstream of amiS. Under 
these circumstances, it is difficult to envisage a simple model explaining how operon 
expression is turned on, since there must be a requirement for andC and amiR expres
sion. One way to ensure induction would be by the presence of a separate amiCRS tran
scription unit, and DNA sequence analysis has shown the presence of two potential RpoN- 
dependent promoter sequences upstream of amiC. However, we have been unable to 
map any transcripts originating from these postulated promoters, although in assays us
ing an amidase promoter probe vector in vivo, the 650-bp Xhol fragment containing this 
region (Fig. 1) shows low constitutive promoter activity. Thus, although poorly defined 
at present, the amiCRS transcription unit may exist (Wilson and Drew, 1995).

Folding the leader region mRNA sequence (residues 1 to 100) shows the presence of 
two large stem-loop structures with a relatively unstructured central region (Fig. 3). The 
leader ORF starts with an AUG in the up-stem of stem-loop 1 and terminates down
stream of the sequence shown. Stem-loop 2 is the previously determined transcription 
termination sequence. We have used in vitro mutagenesis to make changes in the leader 
region to investigate the role of both the leader region ORF and the RNA sequences in 
the antitermination reaction. Analysis of the changes in vivo, in both the presence and 
the absence of amiR, has shown that the ORF plays no apparent role in the antitermination 
reaction (R. Drew, unpublished observations). In contrast, sequences at the left end of 
the unstructured central region (residues 35 to 40) and'the small stem-loop region (resi
dues 53 to 62) are critical. Multiple changes in either of these regions can lead to the

Hlndin FspI Snul Smal PstI

amiELeader ORF

•35 -19
+100

Flgurt 2. Suuctunl map of the amidase opetoo leader region. Locadoos of the pro- 
moter sequences, the leader ORF, the dKHodqicodcnt transcription tcnninatof, the amiE 
gene Shine-Dalgamo sequence (S/D), the start of the amiE gene, and some of the restric
tion enzyme target sites are shown (Wilsoa and Drew, 1995).
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Figure 3. RNA fold of the leader region lianiciipL Residues 1 to t690 arc shown. Comple- 
mentary residues are shown by lines, and G-U interactions are indicated by fiHed circles.
Drawn from folds predicted by Mufold (Zuker, 19S9; Jaeger et al, 1989a, 1989b).

abolition of antitennination in vivo (Drew, unpublished observations). Experiments to 
isolate the antitenninator protein AmiR for use in in vitro studies have so far been unsuc
cessful. The amiR gene has been overexpressed in a variety of systems, but the protein 
appears to be very insoluble and is always found in an aggregated form. However, some 
preliminary successful in vitro investigations of the AmiC-AmiR interaction have been 
carried out with purified AmiC and crude cell extracts containing AmiR. These studies 
have shown that the two proteins appear to be closely associated in the presence of both 
inducing and repressing amides (Drew, unpublished observations).

THE CRYSTAL STRUCTURE OF AmiC

The finding of an amidase constitutive phenotype in a constructed amiC mutant was 
the initial evidence that the gene encoded a negative regulator (Waioon and Drew, 1991). , Ic
Complementation studies have shown that the AmiR antitermination reaction is inde
pendent of inducing and/or repressing amides (Cousens et al., 1987; Wilson and Drew,
1991), and it has been established that AmiC binds amides (Wilson et al., 1993). Addi
tional complementation studies of PACl with broad-host-range amiC and amiR expres
sion vectors have shown that there is an apparent stoichiometry between the two proteins 
regulating operon expression. Thus, PACl (pSW41) (amiC*) shows a non-inducible 
amidase phenotype, and PACl (pSW40) {amiR*) shows a semiconstitutive but further 
inducible phenotype (Wilson and Drew, 1991). These results indicate that AmiC and 
AmiR could form a regulatory pair, with signal transduction occurring by a non-covalent 
protein-protein interaction. Thus, inducing and/or repressing amides interact with AmiC, 
and it is the change in AmiC conformation that may regulate the antitermination activity 
of AmiR and subsequent operon expression.

amiC has been overexpressed, the protein has been isolated and crystallized in the 
presence of acetamide (Wilson et al., 1991), and the structure has been solved at 2.0 A 
(0.2 nm) (Pearl et al., 1994). The butyramide crystal form has also been obtained and 
solved under different conditions (B, O'Hara, unpublished observations). AmiC consists 
of a single polypeptide chain of 385 residues folded into two domains, each with an

c:»s
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alternating P-a-g topology. There are five parallel P-strands forming a slightly twisted 
P-sheet in each domain surrounded on both faces by a-helices and separated by a central 
cleft The two domains are closed down with a trapped acetamide molecule in the cleft 
(Fig. 4).

The AmiC fold is very similar in topology to members of the periplasmic binding 
X  protein family, particularly LivJ, the leucinc/isoleucinc/valinc-binding proWfin from 

E. coli, even though there is less than 20% sequence identity (Wilson et al., 1993). The 
acetamide-bound AmiC structure is in an almost completely closed conformation (Pearl 
et a t, 1994). There is a structural equivalence between AmiC and LivJ with respect to 
the N and C domains except that LivJ is in a more open conformation, the difference 
between the acetamide-bound AmiC form and the ligand-free LivJ being a 35  ̂ rigid 
body movement (Pearl et al., 1994).

Periplasmic binding proteins have been shown to close down upon binding to their 
target molecules (Newcomer et al., 1981; Vermcrsch et al., 1991; Jacobson ct al., 1991), 
and AmiC in the presence of the inducing molecule acetamide is found in a similar 
configuration. The binding of acetamide to AmiC is very favorable, with a binding con
stant (KJ of 3.66 pM (Table 1) (Wilson et al. 1993). In structural terms, the ligand 
geometry of acetamide binding to AmiC is exquisitely precise. The key interactions that 
test for the geometric fidelity of the fit are exerted through hydrogen bonding and van 
der Waals interactions. There are four key interactions (Fig. 5): (i) the acetamide carbo
nyl is hydrogen bonded to Tyr-150 and Ser-85; (ii) the acetamide amine group makes 
four hydrogen bonds, to Ser-85, Pro-170, Tyr-104, and Tyr-83; (iii) the plane of the 
acetamide molecule packs against the plane of Tyr-152 to position the molecule; (iv) 
finally, the amide alkyl chain simultaneously permits the van der Waals interactions 
between the side chain of Thr-233 and the side chain of Tyr-152.

The result is that the acetamide substituents and the AmiC ligand binding sites are 
energetically satisfied. These four interactions allow the C domain and the N domain to 
form the closed-down conformation. This form of AmiC with acetamide represents the 
molecular state for induction of amidase operon expression. Le. the switchcd-on state.

Flgurt 4. A KaxMtâiy ftiucture canooo of the AmiC molecule with actsjmide bound. The 
N md C doouinj each consist of a twisted P-sheet flanked on both tides by a-helices. The 
bound acetamide molecule sitsiam deft between the two domains. The fi|ure was |eoer- 
ated by otin| MOLSGUPT (Knulis, 1991).
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Figure 5. TNc AmiC ligand binding site with acetamide bound. Hydrogen bonding and 
van der Waals interactions with acetamide are shown. The figure was generated by using 
the program UGPLOT (Wallace ct al.. 1993).
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The structure of AmiC with butyramide. which has a lower binding constant (IQ=0.03 
tiM; Table 1) (Wilson et al.. 1993), has also been solved (O'Hara, unpublished observa
tions). The molecule shows a more open conformation, with the two domains showing a 
slight interdomain movement, although not as large as that found in LivJ. The hydrogen 
bond network is satisfied for the butyramide amino and carbonyl substituents: however, 
the van der Waals interactions fail to be satisfied in the following way. The larger alkyl 
group of butyramide severely obstructs the packing of the side chain of Thr-233 (the 
residue that senses the alkyl group size) and Tyr-152. thus breaking up the van der Waals 
interaction network and destabilizing the closed-down conformation. The AmiC- 
butyramide complex is thus more open and represents the repressing form of AmiC, the 
switched-off state.

The analogy that one could use is the Cinderella story. The ugly sister, the one with 
large butyramide feet, can fit into the AmiC molecular shoe only by pushing the two 
domains slightly further apart, whereas the Cinderella molecule acetamide, with smaller 
feet, fits neatly into the molecular cleft of AmiC.

These two molecular states of AmiC suggest a model for the signal transduction path
way. AmiC in the open (noninducing) conformation could bind AmiR to prevent its

CHAP2SJ>U5 X»
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interaction with the nascent mRNA, and hence transcription termination occurs, inhibit
ing operon expression. The binding of acetamide switches AmiC into the closed confor
mation, which would be unable to bind to AmiR. The released AmiR would then be able 
to function in the antitermination reaction, resulting in consequent operon expression.
The structure of AmiC with the two forms described suggests a molecular mechanism 
for the first step in the process of induction and repression of the amidase operon.

STUDIES WITH AmiB AND AmiS

DNA sequencing has identified two additional genes within the operon, amiB and 
amiS, which are located downstream of amiE and amiC, respectively (Wilson et al.,
1995). The inteigenic regions upstream of both amiB and amiS include ribosome binding 
sites but no known promoter sequences, indicating that these two genes are expressed 
co-ordinately with the rest of the operon from the promoter, pE, situated upstream of 
amiE (Fig. 1).

The amiB gene encodes a substantially hydrophilic 371-amino-acid (42-kDa) protein 
which contains parts A and B of the Walker consensus nucleotide-binding motif (Walker 
et al., 1982). TTie amino acid sequence of AmiB show extensive homology with an 
uncharacterized ORF adjacent to the amidase gene from the gram-positive bacterium 
Rhodococcus erythropolis (Soubrier et al., 1992) (39% identity, 60% similarity) and 
with the C’tenninal ATP-binding domain oif the subfamilies of the Clp regulatory pro
teins (Squires and Squires, 1992), including the heat shock response protein from Sac- 
charomyces cerevisiae (Parsell et al., 1994). Threading analysis (Jones et al., 1992) has 
indicated that the tertiary structure of AmiB would adopt a three-dimensional structure 
similar to that of the ATP-binding protein adenylate kinase (Wilson et al., 1995).

In an attempt to ascertain a role for AmiB, a 400-bp internal deletion was made 
within the amiB gene. Comparison studies between P. aeruginosa PAC452, which has a 
chromosomal deletion of the amidase locus, containing either pSWlOl, which carries 
the whole amidase operon from PACl, or the amiB deletion derivative (pMW22), indi
cate that AmiB n e i t^  is a regulator protein involved in the induction of amidase ex
pression (Wilson et al., 1995) nor is involved in protecting the amidase protein against 
heat shock (R. Williams, unpublished observations).

The nucleotide-binding motif (Walker et al., 1982) within AmiB and the proposed 
structural homology with adenylate kinase suggest that AmiB may be capable of ATP 
hydrolysis. The AmiB protein has been overexpressed in P. aeruginosa, but sodium 
dodecyl sulfate-polyacrylamide gel electrt^horesis analysis shows the presence of an 
additional band with a calculated molecular mass of 40 kDa only in the insoluble frac
tion (Wilson et al, 1995). Thus, in P. aeruginosa, AmiB appears to aggregate when 
overexpressed. To overcome the problems of protein refolding and isolation, enzymatic 
analysis of AmiB has been carried out with purified maltose-binding protein (MBP)- 

y  AmiB fusion protein. The MBP-AmiB fusion protein has been shown to have intrinsic
^  ATPase activity with calculated K , and V _  values of 174 ± 15 pM and 2.4 ^

min/mg, respectively. The fusion protein also exhibits slight GTPase activity but is un- 
able to hydrolyze (TIP. The ATPase activity of MBP-AmiB is dependent on the presence 
of magnesium ions, and whereas manganese ions can partially substitute for magnesium, 
the fusion cannot hydrolyze ATP with Ca-ATP or Zn-ATP complexes as substrates.
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Finally, both ADP and ammonium vanadate were shown to be strong inhibitors of the 
ATPase activity of MBP-AmiB, most likely by competing with AIF for the substrate 
binding site. TUs intrinsic ATPase activity is similar to that shown by MalK, the ATP- 
binding component of the maltose ABC-type transporter in Salmonella typhimurium (K. 
= 70 ^  V m  »  1<3 pnolAnin/mg) (MbAach et al., 1993). Additionally, the MalK and 
MBP-AmiB ATPase activities share characteristic features such as substrate specifici
ties, dependence on Mg** ions, and sensitivity to ADP; however, the MalK activity is 
resistant to inhibition by ammonium vanadate (Morbach et a l, 1993).

The amiS gene encodes a protein of 171 amino acids with a calculated molecular 
mass of 18 kDa. Searches of the SwissProt and EMBL databases have identified two 
homologs of unknown function. The first is an uncharacterizcd ORF (40% identity, 68% 
similarity) adjacent to the amidase gene in the gram-positive organism Mycobacterium 
smegmatis (Mahenthiralingam et a l, 1993), and the second is the ure! gene product 
(37% identity, 63% similarity) from the urease operon of the gram-negative organism 
Helicobacter pylori (Cussac et a l, 1992). Analysis of AmiS and its two homologs re
veals that CO all three proteins contain hydrophobic regions of 18 to 20 amino acids, 
characteristic of transmembrane helices, with variable-length hydrophilic loop regions, 
suggesting that the three proteins are integral membrane proteins: (ii) AmiS and the urel 
gene product appear to contain six transmembrane helices, and the larger M. smegmatis 
gene product contains seven transmembrane helices; and (iii) MEMSAT analysis (Jones 
et a l, 1994) of AmiS and its homologs predicts the transmembrane regions and deter
mines that the N terminus would be external for each protein. Multiple sequence align
ment (Fig. 6) indicates significant homology among all three proteins, although in the 
Urel sequence insertions are present in predicted nonmembrane loop regions.

From the foregoing analyses and the high level of homology between these proteins, 
it has been proposed that they represent a novel family of integral membrane proteins 
(Wilson et al., 1995). Within the amidase operon of P. aeruginosa, two new genes have 

o  n<L now been identified, bn. encoding an ATPase and the other encoding an integral mem
brane protein, both of which are q)ecifically expressed in response to inducing amides in 
the growth medium. Further, the AmiB and AmiS homologs identified are located within 
(fierons involved in the utilization of amides from both gram-positive and gram-nega
tive organisms.

An obvious role for AmiB and AmiS would be as an ABC-type transport system 
located within the plasma membrane and involved in the uptake of amides. ABC-type 
tranqxxiers, which are involved in both import and export processes, have been identi
fied in both prokaryotes and eukaryotes, and they all have a basic anatomy in common 
(Higgins, 19%). In outline, these transporters consist of two domains: an integral mem
brane domain with six to eight transmembrane helices and a cytoplasmic domain with an 
ATP-binding motif and, in some cases, measured ATPase activity. The domains are 
found either as a single polypeptide chain or as two or more distinct polypeptides. To
gether, these proteins form a tetrameric complex which includes two copies of the cyto
plasmic ATP-binding protein. Therefore, AmiS could represent the integral membrane 
domain and AmiB could represent the cytoplasmic ATP-binding component of an ABC- 
type transporter. In this case, we would expect the presence of an amiB homolog in the 
M. smegmatis amidase operon and the ff. pylori urease operon. At present, the sequenc
ing of the M. smegmatis operon is incomplete, and although there is no amiB homolog
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Figure 6, Alignment of the AmiS sequence and bomologs. Conserved residues in all 
three sequences are indicated by asterisks, and residues conserved in two sequences are 
indicated by colons. The uaosmembrane regions predicted by MEMSAT (Jones et al., 
1994} are indicated by the shaded regions, and eadi potential Uinsmerobrane helix it 
numbered. The proposed orienladoo (IN, internal; OUT, external) of the nonmembrane 
loops, predicted by MEMSAT, is shown above the sequence. Mr ORF, an ORF in the M. 
smegmatia amidase operon (Mahenthiralingam et al., 1993% urel, the urel gene from H. 
pylori (Cussac et aL, 1992).

within the H. pylori urease operon the ureG gene product possesses an ATP-binding 
motif (Cussac et al., 1992). AMtionally, an amiS homolog has been identified in the R. 
erythropolis amidase operon, within which an m iB  homolog has been previously found 
(É  Choubrier, personal communication).

In addition to the above-specified components, bacterial ABC-type transporters in
volved in the import of substrates usually have a periplasmic binding protein which 
binds and delivers the ligand to the integral membrane complex. There does not appear 
to be a periplasmic binding protein encoded by the amidase operon of P. aeruginosa. 
However, as described above, the negative regulator protein. AmiC is structurally ho
mologous to the leucine/isoleucine/valine periplasmic binding protein (LivJ) of E. coli 
(Wilson et al., 1993). It is therefore possible that AmiC has changed roles during evolu
tion from being a periplasmic amide receptor in a transport system to forming the cyto- 
plasmically located sensory component of a sensor-rcgulator pair involved in the regula
tion of amidase expression. At present, no putative periplasmic binding protein has been
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identified in any of the opérons containing amiB and/or amiS homologs. It is therefore 
possible that these examples represent a novel subfamily of ABC-type transporters with
out the requirement for a periplasmic binding protein, present in both gram-positive and 
gram-negative organisms.

Ackaow kdpicali. The tnnicriplioa anmlyfii and maütermiûmdoa (tudiei were (uppoited by fundi from ihe 
WeUoomeTnutOoR. D. md Lturenoe PudX itnictunl itudiei of ihe mmidmie re|ulaiorpto(etni ire luppottcd by 
the SdoKC md Enfineerinf Reiemreh Council (B. O'H; lo Laurence Pearl and R. D.), and R. W ii the recipient of 
a Medical Reaearcfa Council reaearcfa itodcnUhÿ.
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