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Abstract

Previous studies have identified five genes, amiE (amidase structural gene), amiB,
amiC(negative regulator gene), amiR (positive regulator gene) and amisS, in the inducible
amidase operon of Pseudomonas aeruginosa. The amidase operon is regulated in part by
transcription antitermination upstream of the operon at a Rho-independent terminator
located between amiE and its promoter. In this study, the induction of amidase expression

and the mechanism of transcription antitermination have been investigated.

An inducible amidase expression system has, for the first time, been reconstituted in E. coli
by making a coordinate expression vector for amiC and amiR. The amiC/R expression
vector was also used to restore an amidase inducible phenotype in a Pseudomonas
aeruginosa amidase-constitutive mutant and in an amidase amiC-, amiR- negative mutant.
A deletion mutation within the amiB gene, previously thought to be involved in amidase
induction, led to no change in amidase phenotype. It is now thought that amiB codes for the
energy transducing component of an ABC type transporter system. The sequence of amiS,

the potential membrane component of the putative ABC transporter has been confirmed.

In an attempt to purify AmiR for in vitro studies of the transcription antitermination
mechanism, an AmiR overproducing plasmid has been constructed based on a T7
expression system. AmiR has been expressed using this system to about 20% of total
cellular protein. Purification of active protein was,however, not achieved due to poor
binding to ion exchange columns and aggregation. Identity of the protein was howevey
confirmed by analysis on SDS-polyacrylamide gels, Western blotting using rabbit antisera

raised against an MalE-AmiR fusion and by N-terminal sequencing.



The transcription antitermination mechanism has been investigated both in vivo and in
vitro. Firstly, overexpression of the leader sequence in trans has been shown to reduce the
direct AmiR interaction with the leader mRNA. Secondly, by cloning various lengths of
the amidase leader region upstream of amiR followed by in vivo competition studies, it has
been shown that AmiR mediates transcription antitermination by binding to the leader

transcript within a region that runs up to the terminator upstream face.

In vitro RNA/protein interaction studies have been carried out. Bandshift studies showed
complex formation between 32P labelled leader RNA and a semipurified E. coli extract
containing AmiR. The specific nature of the nucleoprotein complex was demonstrated by
cold competition experiments. Bandshift experiments using transcripts encompassing
different lengths of the leader region identified a 58b region running from +10 to +68 from
the transcription start site as the binding region. The precise binding site was not

determined.

Extensive site directed mutagenesis within the leader region has identified sequences that
are critical for the antitermination reaction without any effect on the termination reaction,
and other sequences that made the terminator ‘leaky’ without any apparent effect on

antitermination.
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CHAPTER 1

Introduction

1.1 Pseudomonas Biology

The pseudomonads have been widely studied and characterized because of their diverse
properties. Some species are pathogenic to animals including humans and others to plants.
Species with the ability to degrade environmentally harmful natural and synthetic
compounds have been isolated and characterized. Pseudomonas species are capable of
using a wide variety of organic substances as growth substrates and as such are useful in
studying metabolic pathways, gene structure and function. Growth on many of these
substances occurs via the induction of catabolic enzymes which generate substrates for
central metabolic pathways, mainly the TCA cycle for energy metabolism. The TCA cycle
is the central energy metabolism pathway and its intermediates exert a powerful catabolite

repression on inducible pathways including glucose metabolism.

In cytological terms , Pseudomonas strains are defined as nonsporulating gram-negative
rods with polar and sometimes subpolar flagella (Palleroni, 1984). Phylogenetic
classification of Pseudomonas has been made possible by determination of homology
between the highly conserved rRNAs (Palleroni, 1992; Palleroni, 1984). The
Pseudomonas have been placed into 5 rRNA homology groups determined by rRNA
oligoribonucleotide fragments/DNA hybiidisation and competition experiments. Ps.
aeruginosa is the type species of group I which includes the fluorescent Pseudomonas and

some nonfluorescent species. This group has been confirmed retrospectively by the
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immunological cross-reactivity of enzymes in the aromatic B—ketoadipate degradative

pathway (Stanier et al., 1970), cytochrome ¢-551 amino acid sequences (Ambler and
Wynn, 1973) and DNA hybridisation data (Palleroni et al., 1972). Some members of
group I produce pigments some of which fluoresce under UV irradiation (fluorescent
Pseudomonas). Many pigments are strong iron chelators which function as siderophores
and have been found to be species specific. These siderophores are associated with
reduced populations of pathogenic fungi and bacteria in strains of Ps. putida and Ps.
fluorescens with plant growth enhancing effect (Loper et al., 1984; Leong et al., 1992).
The opportunistic human pathogen Ps. aeruginosa is able to produce copious amounts of
the polysaccharide alginate which causes respiratory distress and is a major factor in the

morbidity and mortality cystic fibrosis patients (Goldberg, 1992).

RNA homology group Il is entirely composed of pathogenic species (Palleroni, 1992); Ps.
mallei and Ps. pseudomallei infect animals, and Ps. cepacia, Ps. gladioli, Ps. caryophilla
and Ps. solanacerium are all plant pathogens. Ribosomal RNA group III includes Ps.
acidovoras and Ps. testosteroni. Members of rRNA homology group IV Ps. dimunita and
Ps. vesicularis although currently allocated to the genus Pseudomonas are very distantly
related to the Pseudomonas Sensu Stricto (Group I) (Palleroni, 1992) and group V is the
Xanthomonas genus. In addition classification has been carried out by investigating the
cofactor specificity and allosteric control pattern for L-tyrosine (Byng et al., 1980) and L-
phenylalanine biosynthesis. These results have confirmed the rRNA homology groups and

allowed lower level classification (Whitaker ez al., 1981).
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1.2 Pseudomonas Genetics

1.2.1 Chromosome Mapping

Genetic mapping in E. coli and the demonstration of linkage map circularity was greatly
facilitated by the sex factor, plasmid F. F integrates into the bacterial chromosome
producing high frequency of recombination (Hfr) donors capable of polarized mobilization
of markers from the point of integration (Hayes, 1968). Chromosome mapping in the
Pseudomonas has been more difficult because the naturally occurring FP plasmids do not
display marker transfer kinetics comparable to the F plasmid (Holloway and Morgan,
1986). A limited map was initially assembled for Ps. aeruginosa strain PAO using the
naturally occurring plasmid FP2 which also confers resistance to mercuric ions but poor
marker recovery made it unsuitable for mapping markers later than 25 minutes. A
derivative of the IncP-I plasmid R68 carrying a duplication of the IS21 sequence (R68.45)
has been found to function well in the construction of Hfr strains (Currier and Morgan,
1982). R68.45 has subsequently been used for chromosome mapping of many bacteria

due to the wide host range specificity of the IncP-I replicon (Haas, 1983).

Linkage map circularity has been established for Ps. aeruginosa PAO and PAT, and the
position of many loci has been determined (Holloway and Morgan, 1986). A variety of
techniques were used in these investigations including transposon mutagenesis using Tn3
and Tn2521. Gene order was then determined by conjugation marker transfer in
interrupted mating experiments combined with transduction analysis using bacteriophages
F116 and G101 to determine the order of closely linked genes (Rothmel et al., 1991).
Chromosome linkage map circularity has been demonstrated, and several markers mapped,

in Ps. putida PPN by time of entry kinetics using a mutant IncP-10 plasmid, R91-5,
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loaded with transposon Tn501, to generate Hfr donors with a polarized chromosome
transfer ability (Dean and Morgan, 1983). A number of markers have been mapped in Ps.
putida PPG1 using the K factor recombinant plasmid with chromosome transfer ability
XYL-K (Novick, et al., 1976). Genetic analysis has also been carried out by conjugation in
Ps. fluorescens and Ps. glycinea, by transduction in Ps. acidovorans and Ps. syringae
pathovar syringae and by transposon mutagenesis in Ps. solanacearum and Ps. syringae

(Holloway and Morgan, 1986)

Physical mapping of the Pseudomonas aeruginosa PAO genome has been undertaken using
rare cutting restriction enzymes notably Spel followed by fragment analysis with 2-D
pulsed field gel electrophoresis (Tummler et al., 1992). In these maps the origin of
replication is used as the point of reference which is more desirable than the arbitrary
origins used in chromosome maps generated by the traditional conjugation, transduction

and transformation gene exchange experiments (Tummler et al., 1992).

1.2.2 Genetic Organisation

Genetic studies have revealed a biased location of many biosynthetic genes and central
metabolic pathway genes on only one half of the map (reviewed Krawiec and Riley, 1990).
Biosynthetic genes which are commonly contiguous in Enterobacteriaceae are often
noncontiguous in pseudomonads however, functionally related genes are clustered in
noncontiguous groups termed “supraoperonic clustering” (Holloway and Morgan, 1986).
Some exceptions have however been identified in Ps. aeruginosa; the flagellar genes, genes
of the inducible arginine pathway (Holloway and Morgan, 1986), the amidase genes (Drew
and Wilson, 1992) and possibly the alginate biosynthetic genes cluster (Chitnis and

Ohman, 1993) are all organised into operons.

19



1.2.3 Transposable Genetic Elements

Mobile genetic elements provide the potential for ‘add on’ and the rearrangement of genetic
material which are thought to be important events in bacteria evolution (Reznikoff, 1983).
Transposons and insertion sequences have been reported in all Pseudomonas species
(Holloway and Morgan, 1986): a 7.3 kb element, IS22, with a different restriction map
from other reported insertion sequences has been identified in Ps. aeruginosa. A 6.8kb
transposon, Tn2521, which codes for carbenicillin, streptomycin and sulphanilamide
resistance has been identified in clinical isolates of Ps. aeruginosa. The toluene degradative
pathway operons on the TOL plasmid pWWO of Ps. putida are contained in two
transposons, a 70 kb element Tn4653 and the smaller 56 kb Tn4651 which can
transpose into the host chromosome or into other plasmids. Thus horizontal evolution
can occur by transfer of toluene degrading ability to new hosts (Tsuda and Lino, 1987;

Haas 1983; Rothmel et al., 1991).

Horizontal and vertical transfer of antibiotic resistance genes has been shown to be mostly
due to R plasmids and the transposons they carry. Tn2l1-like transposons and some
plasmids have been shown to have potential site specific mobile elements (integrons) made
up of two conserved elements at the 5° and 3’ ends between which discrete cassettes
encoding multiple drug resistance are located (Stokes and Hall, 1989). The 5’-conserved
segment encodes a putative site specific recombinase, Int, and a common promoter region,
P; P,, for expression of the integrated cassettes (Martinez and Cruz, 1990; Mercier et al.,
1990). The 3’-conserved segment carries a gene for sulphonamide resistance,sull, and
two open reading frames, ORF, and ORFs (Stokes and Hall, 1989). Many clinical isolates
of Ps. aeruginosa and Enterobacteriaceae showing multiple resistance are known to harbor
integrons on the R plasmids. The Ps. aeruginosa nonconjugative plasmid pVS1 carries an

integron, InO, that appears to be an ancestor of the more complex integrons (Bissonnette
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and Roy, 1992). The codon usage for the InO inr and sull genes resembles that of other

integrons however, the integration site is unoccupied.

Many Ps. aeruginosa strains are lysogenic for one or more bacteriophages, however
lysogeny is relatively rare in other Pseudomonas species (Holloway and Krishnapillai,
1975). Mutator phages that lysogenize by transposition are rare in E. coli the only
examples being Mu and the closely related D108 however, many Pseudomonas phages
which use the homology-independent recombination process of transposition for their
replication have been identified (Rehmant and Shapiro, 1983). Bacteriophage D3112 has

been used to develop in vivo cloning systems analogous to Mu (Rothmel et al., 1991).

1.2.4 Plasmids

Plasmids are widely spread in all strains of Pseudomonas examined. In Ps. aeruginosa the
narrow-host-range sex factors FP2 and FP5 have been identified. Large multidrug
resistance broad host range plasmids such as the IncP-1 plasmid R68 have been found in
many Pseudomonas isolates (Haas 1983). A large number of ‘degradative‘ plasmids
encoding catabolic pathways for a wide range of substrates have been isolated from soil
bacteria mostly Ps. putida (Haas, 1983; Rothmel et al., 1991). These include the Cma
(chromosome mobilising ability) recombinant plasmid XYL-K transferrable by sex factor
K which codes for the meta- cleavage pathway of xylene and toluene (Mylroie et al.,
1977), the broad host range TOL plasmid pWWO coding for meta-cleavage pathway of
toluene and xylene (Franklin, et al., 1981; Harayama, et al., 1984) plasmids NAH7 and
pWWG60-1 which code for the meta- and ortho- cleavage pathways for naphthalene,
respectively (Yen and Gunsalus, 1982; Cane and Williams, 1986). Complete degradation
of recalcitrant compounds often involves pathways partly encoded by plasmids and partly

by the chromosome (Haas, 1983). Plasmid CAM codes for the degradation of camphor to
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isobutyrate which is further degraded to TCA cycle intermediates by chromosomally
encoded enzymes. The distribution of plasmids in Pseudomonas possibly reflects the
habitat of particular species with opportunistic pathogens carrying R (drug resistance)
factors and the soil organism Ps. putida being endowed with degradative plasmids (Haas,

1983).

1.2.5 Nucleotide Composition and Codon Usage in Pseudomonas

Codon usage in genes of a particular organism is biased, and the choice between
synonymous codons tends to be characteristic of the species (Grantham et al., 1980 a;
Grantham et al., 1980 b). From a practical point of view, codon analysis is useful for
identifying protein coding regions in a particular nucleotide sequence (Gribstov et al.,
1984;), design of oligonucleotide probes from amino acid sequences and may be useful in
giving clues to resolving ambiguities in sequences caused by band compressions which are

all too common in high G+C content DNA fragments (West and Iglewski, 1988).

The Pseudomonas have a high G+C content in their genomes (Rothmel, et al., 1991): Ps.
aeruginosa has 67%, Ps. putida 61-62% and Ps. fluorescens 59-63%. An analysis of the
G+C content of Ps. aeruginosa coding sequences gave an average of 64.8%, 43.5% and
88.7% at positions 1,2 and 3, respectively, in the coding triplets with the exception of
plasmid, phage and transposon encoded genes and the pilin chromosomal genes (West and
Iglewski, 1988). Other salient points to emerge from this study were that C is preferred to
G at the wobble position with the exception of leucine and proline where CTG and CCG
are more common. Valine codons CTG and GTC and serine TCG and TCC appear with

equivalent frequency.
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1.2.6 Gene Cloning in Pseudomonas

Gene cloning techniques and accompanying in vitro manipulations are now universal. The
choice of host-vector systems may be critical for in vivo expression of cloned genes
because of host range limitation of vector replicons. Differences in transcription/translation
signal recognition between species can result in poor heterologous expression of genes as
seen with Pseudomonas genes cloned in E. coli (Nakazawa and Inouye, 1986) and
overexpression of toxic proteins may lead to loss of host cell viability. Several plasmid
vectors that can be used in Pseudomonas have been developed from gram negative broad-
host range plasmids (Table 1.1) (Morales et al., 1990). The most versatile cosmid and
plasmid vectors have been developed from IncP-4/IncQ plasmids RSF1010, R300B and
R1162 by insertion of new antibiotic resistance genes, multiple cloning sites (MCS) and
sometimes an additional replication origin to make them shuttle vectors. IPTG controlled
expression vectors of the pMMB range have been constructed by introducing the hybrid fac

promoter and lac repressor upstream of the MCS (Morales et al., 1990).

In vivo cloning systems that use the transposable element Mu have been developed,
because of its high transposition frequency, and used in a wide range of gram negative
bacteria (Groisman and Casabadan 1987). The system however does not work well with
Pseudomonas because of low phage titres, necessitating the development of an analogous
system based on phage D3112 which can also be used for mutagenesis (Rothmel et al.,
1991). Phage D3112 uses a headful packaging mechanism like Mu and most of the viral
properties have been deleted from the vector leaving just the integrative properties which
increases the size of host DNA that can be packaged. Several mini-D3112 elements have
been made by addition of markers and replicons making recovery of cloned genes on a

plasmid possible (Rothmel et al., 1991).
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Table 1.1. Properties of IncQ-derived broad host range vectors

Size .
Vector (kilobase Markers Cloning site(s) Limeptional
3 change
pairs)
General-type
cloning
pKT210 118 Cm, Sm Ssil Sm’ — Sm*
mob® EcoRI Sm’ — Sm*
Hindlll None
pKT231 130 Sm,Km Sstl, Ssill Sm' — Sm*
mob™ EcoRl, Hpal Sm' — Sm*
Hindlll, Xhol Km'— Km*
Clal, Xmal, Pvul Km' — Km*
BamH], Bglll None
pKT248 124 Cm, Sm EcoR1 Sm’ — Sm*
mob™ Sstl, Ssall Sm' — Sm*
Sall Cm’ — Cm*
pDSKS09 9.1 Km,Sm Psitl, Sall, Xbal Sm' — Sm*
mob” BamHl, Kpnl Sm’ — Sm*
Sstl, EcoRl Sm’ — Sm*
Joint replicon
pKT230 119 Km, Sm BamHI Noae
mob* EcoRl, Sstl, Ssill Sa’ — Sm*
pACYC177 Hindlll, Smal, Xhol Km'—+ Km*
pFG7 133  Ap,Sm Ssil, Ssill Sm’ — Sm*
Su, Tc Ssil, Ssdl Sm' — Sm*
mob* BamHl], Clal Tc'— Tc*
pBR322 Hindlll, Sall Tc"— Tc*
pUI81 13.3  Sm, Su, Tc Ssil, Ssil Sm'— Sm*
mob* BamHl], Clal Tc" — Tc¢*
pBR322 Hindlll, Sall Tc" — Tc*
pMWT79 13.3  Ap, Sm, Tc Ssil Sm’ — Sm*
mob™ Ssill Sm' — Sm*
pBR322 BamHlI, Clal Tc'— Tc*
Hindlll, Sall Tc'— Tc*
pSUP104 3.5 Cm, Tc Ecori Cm"— Cm*
mob* BamHl, Hindlll, Sall Tc"— Tc*
pACYC184 Psil None
Cosmid
pMMB33, 13.8 Km, cos BamHl, EcoRI None
pMMB34 mob” Hpal, Ssil, Ssill None
pFG6 15.3  Ap, Tc BamHlI, Clal Tc' — Tc*
mob*, cos Hindlll, Sall Tc'— Tc¢*
pSUP106 99 Cm,Tc EcoRl Cm’— Cm*
mob*, cos BamHI, Hindlll Tc' — Tc*
pACYC184 Sall Tc'— Cm*
pJRD21S 10.2 Km, Sm BamHI, Kpnl, Mlul, None

Hpal, Ndel, Stul,
Xbal, Spel, EcoR1

Continued
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Table 1.1. - continued.

Size .
Vector (kilobase Markers Cloning site(s) Iestchud
p change
pairs)
Promoter
probe
pKT240 129 Km, Ap EcoRl, Hpal Sm*— Sm"
mob”
pCF32 15.1 Km, Ap Hindl11 xylE — xylE”
mob”~
pUIS23A, 9.7 Tc.mob~, Kpal, Dral, Stul, Fusion to lacZ
pUIS33A lacZ Smal
Conurolled ex-
pression
pMMBG66EH 8.8 Ap, P, EcoRl, Smal, None
BamH]I

mob” . lacl* Sall, Pstl, Hindlll  None
pMMBG67EH 88 Ap.P,.. EcoRl, Sstl, Kpnl, Nonc

mob* Smal, BamHI,
Xbal
lacr® Sall, Pstl, Sphl, Nooe
HindIl1
pMMB207 90 Cm,P,. Same as Noac
mob® pMMB67EH
pMMB206 93 Cm.mob*, Sameas lacZa* — lacZa
lacr®, pMMBSG7EH
PU‘P‘.,.
lacZa
pNM18S 140 Km, mob*, EcoRl, Ssil, Ssill Noac
Pm, xyl§
pERD21 13.8 Km,mob™  EcoRl, Ssil, Ssill None
Pm, xyl§ Kpnl, Sall, Hpal. None
Bell
pPLGN1 Km, P, EcoRl None
mobd~, cl851

Taken from Morales et al, 1990
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1.3 Mechanism of Gene Transcription in Bacteria

1.3.1 The DNA-Dependent RNA Polymerase

RNA polymerase catalyses the initiation, elongation, and termination of transcription using
double stranded DNA as the template in addition to RNA primer synthesis in the replication
of DNA. The synthetic reaction requires the presence of a divalent metal cation in addition
to all four ribonuclecside triphosphates (rNTPs) and template DNA. The RNA chain is
synthesized in the 5’ to 3’ direction complementary to the 3’ to 5’ coding strand of DNA.
The E.coli enzyme is the best studied although RNA polymerases from several other
bacterial species including Pseudomonas have been characterised (Burgess, 1976). All
contain subunits homologous to the E.coli enzyme and heterologous subunits can be used
to reconstitute active enzyme. Many bacterial RNA polymerases show immunological cross-
reactivity of subunits indicating a high degree of conservation during evolution

(Chamberlin, 1982).

The E. coli enzyme contains a catalytic core of two o-subunits (Mr. 36592) encoded by

rpoA, one B-subunit (Mr. 150619) encoded by rpoB and one [’-subunit (Mr. 155162)

encoded by rpoC (Chamberl in, 1982). In addition several sigma factors, the most

abundant being the housekeeping o670 (rpoD), confer promoter specificity to the
holoenzyme and dissociate after transcription initiation (Gross et al, 1992). The 8 subunit
is responsible for binding rNTPs and carries the catalytic site, the positively charged B’

binds non-specifically to DNA and the a-subunits are required for the stability of the

complex (Das, 1993).
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Several other proteins are tightly bound to the RNA polymerase complex including the

NusA protein which binds after transition of the initiation complex to the elongation

complex and the ® subunit of Mr 8,000-10,000 which can be removed without any

apparent effect on the catalytic mechanism of the enzyme.

All multi-subunit RNA polymerases examined to date have tightly bound zinc ions

(Sentenac et al., 1992). The E. coli enzyme has two Zn2+ ions one being on the B’ subunit

and the other possibly on B or interacting with these two subunits (Wu et al., 1977). The

purified core enzyme tends to aggregate to dimers and higher order multimers greatly
favoured by low salt concentration, however the holoenzyme shows no tendency to

aggregate (Chamberlin, 1982).

The three dimensional structure of the RNA polymerase core enzyme has been determined
by electron crystallography (Darst et al., 1989). It contains a structure similar to the DNA
binding cleft of Klenow DNA polymerase (Ollis et al., 1985) and in addition, a flexible
domain which might surround the DNA and allow processivity in the polymerization of

ribonucleotide triphosphates. The three dimensional structure is likely to hold true for all
multi-subunit RNA polymerases because of the extensive homology seen between the -
(with ten conserved domains) and B’- (with eight conserved domains) subunits with the

largest subunits of the yeast, Drosophila and murine RNA polymerases (Sentenac et al.,

1992).

1.3.2 Initiation of Transcription

Initiation of transcription depends at a minimum on i) the binding of RNA polymerase to
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the promoter, a relatively weak and rapidly reversible step usually represented by the

equilibrium constant p and ii) a slow isomerization step during which the DNA double

helix is unwound near the site of initiation of transcription. This step is usually represented

by the rate constant K (Crothers and Steitz, 1992). RNA polymerases are unique among

nucleic acid synthesizing enzymes in that they initiate RNA chains de novo by coupling two
specific nucleoside triphosphate substrates to form the primer for subsequent chain
extension (Chamberlin, 1982). The holoenzyme locates a promoter site specified by the

sigma factor, the canonical hexanucleotides TTGACA—----TATAAT (located at -35 and -10

to the transcription start site respectively) for the E. coli 670 holoenzyme. This leads to

formation of a metastable closed promoter complex which in 670 holoenzyme is followed

by factor independent melting of the DNA to a single stranded bubble encompassing the -
12 to +4 region (isomerization of the closed complex to the open promoter complex) that is
resistant to dissociation by high salt or heparin (Das 1993). Depending on the promoter,
rapid cycles of abortive initiation occur for each RNA that is initiated, releasing RNA
transcripts of up to nine nucleotides without concomitant dissociation of the RNA
polymerase from the promoter (Carpouis and Gralla, 1980; Munson and Reznikoff, 1981).
Initiation involves not just the formation of the first bond but extension of the first 8-10
nucleotides. Transition into the stable elongation complex occurs at this stage and this
transition is profoundly affected by the initially transcribed region (Brunner and Bujard,
1987; Kammerer et al., 1986). Experimental evidence for these initiation phases has been

obtained by Krummel and Chamberlin (1989). The initial transcription complex (ITC)

| protects the same upstream edge from DNase I digestion as the closed and open promoter

complexes but the downstream edge of RNAP is increased. A concomitant DNA bending
occurring as a result of changes in the enzyme conformation during isomerization is

indicated by the appearance of a new DNase I hypersensitive site located upstream of the

melted bubble.
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The first RNA polymerase translocation is accompanied by loss of the sigma factor
marking the transition to the initial elongation complex (IEC). The biochemical steps that

constitute initiation have been summarised as follows (Krummel and Chamberlin, 1989):

SigmaA

E+P <¢«——» FPc ~<¢——p EPo -4«——  ErIC LEIEC

Fig 1.1a Steps in transcription initiation. E is the enzyme, P the promoter, EPc and EPg refer to
closed and open promoter complexes, Ejrc refers to initial transition complex, Ejgc refers to initial

elongation complex

1.3.3 Transcript Elongation

Two models for transcription elongation have been proposed. In one model, the ternary
complex of RNA polymerase, DNA template and the growing RNA chain with anl8 (+/-1)
bp transcription bubble, 12 bp RNA/DNA hybrid covering about 30 bp of DNA elongates

in a continuous mode. This complex translocates 1 bp at time as 1 bp of DNA is opened at
the leading edge of the transcription bubble and closed at the lagging edge per

ribonucleotide added to the chain (Gamper and Hearst, 1982; von Hippel et al., 1984;
Yager and von Hippel, 1987). Based on in vitro analysis of experimentally halted ternary
 transcription complexes, a second discontinuous ‘inchworm’ model has been proposed
' whereby the leading edge translocates about 10 bp at the end of each elongation cycle (Fig
1.2) (Krummel and Chamberlin, 1992a and b; reviewed Das 1993). In this model the
ielongation cycle consists of synthesis of RNA at the catalytic site into a low and a high
;afﬁnity RNA binding site, the latter being capable of holding up to a 9 nucleotide long

transcript, and the translocation step involves
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emptying of this site and rearrangement of the catalytic site in order to initiate another
elongation cycle. This model is supported by the fact that the ks values for addition of
nucleotides during transcription and the stability of ternary complexes differ markedly
between different sequences (Surrat et al., 1991; Arndt and Chamberlin, 1990). DNA
footprinting of transcription complexes halted artificially by limitation of one nucleotide and
then restarted (transcription walking) resulted in an unchanged downstream boundary as 7
to 8 nucleotides are added while the upstream boundary moves with each successive
addition to the growing chain (Krummel and Chamberlin, 1992 b). In this study, some
complexes previously classified as ‘dead end”complexes could be switched to active
elongation complexes by the use of ITP rather than GTP. DNasse footprinting of these
complexes demonstrated that the downstream edge of the transcription complex only

translocated after 9 nucleotides had been added to the growing RNA transcript.

Direct evidence for active centre rearrangements and the presence of low and high affinity
transcript sites has been obtained from RNA polymerase initiation complexes (Mustaev et

al., 1993). Extension from ATP covalently linked to the evolutionary conserved His1237

within the active site on the B-subunit yields promoter specific families of transcripts of 7-8

nucleotides. GTP covalently linked to Lys1063 extends only by 2-3 bases whereas it grows
to 8-9 bases when attached to His!237. This led to the proposal of the active centre
extending to accommodate a nanomer of RNA during the extension cycle, the filled site is

then emptied by threading the RNA 5’ terminus passed the His1237.

1.3.4 Transcription Termination
The overall transcription cycle consists of initiation, elongation and termination. Chain

elongation is not continuous and the RNA polymerase often encounters sequences that
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temporarily halt transcription. Sometimes this is a decision point as to whether to continue
elongation or to terminate RNA synthesis accompanied by transcript release and
dissociation of the RNA polymerase from the DNA template. Pausing is in part regulated
by NusA which is known to enter the transcription complex after dissociation of sigma
(Friedman et al., 1987) and is essential for cell growth (Nakamura and Uchida, 1983).
Two types of terminator have been described in E. coli, simple and rho-dependent

terminators (Friedman et al., 1987; Yager and von Hippel, 1987; Das, 1993).

1.3.4.1 Simple Termination

Simple terminators have a canonical structure of a G+C rich axis of dyad symmetry
followed by a run of Us in the RNA and terminate transcription with spontaneous release
of the transcript without any apparent involvement of a protein factor (Yager and von
Hippel, 1987). The termination event involves transcription of the G+C split dyad
symmetry which is postulated to form a hairpin structure within the transcription bubble
causing RNA polymerase to pause (Johnston and Roth, 1981; Lynn et al., 1985;
Yanofsky, 1981). Dissociation of the paused elongation complex is facilitated by the weak
nature of the oligo U:oligo dA heteroduplex (Farnham and Platt, 1982). This however is
not the full story. Sequences downstream of the termination site up to the 3’ RNA
polymerase footprint protection site significantly affect transcription termination efficiency
(Reynolds and Chamberlin, 1992; Lee et al., 1990) as does the DNA conformation
(Reynolds et al.,1992). The simple termination event is itself complex involving many
interactions, and some experimental data imply involvement of the hairpin loop sequence
and sequences upstream of the terminator stem, that are not fully characterized (Yager and
von Hippel, 1987). Template release at rho-independent terminators is then enhanced by

entry of the sigma factor (Arndt and Chamberlain, 1988).
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1.3.4.2 Rho-Mediated Transcription Termination

In contrast to the highly circumscribed sequences of simple terminators, rho-dependent
terminators are highly heterogeneous and also occur within coding and regulatory regions
of DNA. The mechanism involves rho-independent pausing of the RNA polymerase

followed by rho-mediated release of transcript (Yager and von Hippel, 1987).

Rho functions as a hexamer as inferred from sedimentation coefficients in the presence of
poly(C) and electron micrographs of uranyl acetate stained Rho reveal a ring structure
composed of six globular units with a cleft on one side (Bear et al., 1988; Oda and Takami,
1973 ; Richardson, 1990). Three structural domains of Rho have been revealed by limited
proteolysis (Dolan et al., 1990). The N-terminal domain which extends to a trypsin
sensitive site, residue 130, contains a functional RNA binding site and shows strong
homology to other RNA binding proteins (Query et al., 1989). In addition residues 14 to
20 shows sequence similarity to the cytidine binding part of the regulatory subunit of
aspartate transcarbamoylase. The second structural domain 167-359 has a functional ATP
binding site and shows homology to nucleotide binding proteins (Dambroski and Platt,
1988). The carboxyl terminal domain does not appear to bind ATP or RNA but mutations

within it impair Rho function.

Rho-dependent transcription termination is accompanied by ATP hydrolysis and the
purified Rho protein is an RNA dependent nucleoside triphosphate phosphohydrolase
(NTpase) (Lowery-Goldmer and Richardson, 1974; Howard and
Crombrugghe, 1976). In the proposed mechanism , Rho interacts with unpaired cytidylate
residues in the rut segments of the nascent transcript via clefts formed by each dimer in the
presence of 3 ATP molecules per hexamer (Richardson, 1990; Yager and von Hippel
1987). This primary binding of Rho induces conformational changes coupled to ATP
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hydrolysis that allows secondary RNA contacts which displace base pairing between
various sections of the transcript and between the RNA/DNA hybrid without releasing the
primary site. Contacts between Rho and the RNA polymerase have been observed
however, the detailed interactions are unknown especially at the product site (Richardson,
1990). The sigma factor does not appear to play any role in this type of termination
although Rho has been shown to bind to NusA-RNA polymerase complexes but not the
core RNA polymerase (Darlin et al., 1971),

Other factors have been shown to cause transcription termination at specific sites.
Ribosomal protein 14 when produced in excess,causes termination within the 11-gene S10
operon at the potential rho-independent terminator located at the 3’ end of the 140 base
leader region by binding to a 9 base sequence (UAAUGGGUCC), which is identical to its
binding site on 23S rRNA (Friedman et al., 1987). Bacteriophages T3 and T7 early
| transcripts initiating at the A promoters are terminated in vitro at their early terminators with
an efficiency of the order of 60-90% and downstream of the in vivo termination site (Dunn
and Studier, 1980; Neff and Chamberlin, 1980; Kassavetis and Chamberlin, 1981). When
the E. coli protein factor TAU is added, the termination efficiencies rise to nearly 100% and
the termination sites are shifted to the in vivo locations (Yager and von Hippel; Briat and

Chamberlin, 1984).

1.4 Control of Transcription in Bacteria cells

Bacteria have evolved a large number of regulatory mechanisms to ensure specific
induction of catabolic operons in response to presence of growth substrates and to switch

on biosynthetic genes only when there is a requirement for the end product. Mechanisms
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for negatively and positively regulating gene expression at the transcriptional, translational
and post translational levels have been seen in all organisms studied. All of the stages of
transcription (initiation, elongation and termination) are potential sites for regulatory

intervention.

1.4.1 Regulation of Transcription Initiation at 670 Dependent Promoters

Transcription initiation regulatory factors function by repression, activation, and some

factors activate some genes while repressing others.

1.4.1.1 Repression

Repressors of transcription initiation bind to specific sites (operators) near and often
overlapping the promoter providing steric hindrance to the holoenzyme. In the gal and ara
operons of E. coli, the repressors bind to two separate: operators and cause DNA looping
in the promoter region which blocks access of the RNA polymerase to the promoter.
Binding to only one operator sequence provides partial control (Gralla, 1992). Other
repressors have been shown to alter the initiation rate constants kp and kr in the following
scheme (reviewed McClure, 1985) in which case the effect is mostly down modulation

rather than complete shut off.

NTP NTP
R+P gp RPC —p» RPo <€ RPO1 -gdRPO2 —p EC
Ks ke \
Sigma
Binding Isomerization Promoter clearance

Fig 1.1b Reaction constants of transcription initiation
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1.4.1.1.1 Lactose Operon
The lactose operon of E. coli remains the prototype of negative regulation of bacterial
initiation of transcription (Miller, 1978; Gralla, 1992). The operon consists of four

contiguous genes in two transcriptional units; lacI encodes the repressor protein, lacZ the

structural gene for B-galactosidase, lacY the lactose permease, and lacA which codes for

the thiogalactoside transacetylase. The lac repressor has two domains and functions as a
tetramer although only one dimer binds the pseudosymmetric operator sequence (Gralla,
1992). The operator recognition specificity resides in the N-terminal domain. Mutations in
this domain show reduced ability to bind to the operator without affecting tetramerization
(Miller et al., 1979; Kleina and Miller, 1990) and proteolytic fragments of this domain
make identical contacts with the operator compared to the intact repressor (Gralla, 1992).
However, the affinity is reduced perhaps due to loss of stabilization interactions (Gralla,

1990). The DNA binding domain has a helix-turn-helix (HTH) motif which is proposed to

make contact with the DNA by penetrating the major groove of the f form double helix

with minor contacts being made with the minor groove (Gralla, 1992). The amino acid
sequence of the DNA binding domain shows strong homology to other repressors and only
a few changes in the lac repressor make it capable of binding to the gal operator andl vice
) jversa (Haber and Adhya, 1988; Lehming et al., 1990). Mutations within the carboxyl
terminal domain lead to monomer dissociation and it is therefore thought to be important in
subunit association (Gralla, 1992). Although the mechanism of inducer binding is not

known, some important residues have been mapped soon after the N-terminal domain and

they occur throughout the protein with a periodicity of 26 residués (Miller, 1978).

It was initially thought that repressor and RNA polymerase holoenzyme binding to their

respective sites on the lac control region was mutually exclusive due to the overlap of

36



sequences. However, simultaneous binding of the RNA polymerase holoenzyme and the
lac repressor has been demonstrated but the 3’ contact of the polymerase on the template is
changed; which seem  to indicate that the repressor blocked isomerisation of the closed
promoter complex to an open complex (Straney and Crothers, 1987; Gralla, 1990). Some
experiments however, show that the RNA polymerase bound to the DNA together with the
lac repressor synthesizes significant amounts of aborted transcripts but does not undergo
the ITC to IEC transition (Krummel and Chamberlin, 1989). This situation has also been
observed with the gal repressor (Dilauro et al., 1979; Adhya and Miller, 1979).

Inducer (allolactose) binding to the Lacl tetramer reduces its affinity for the operator
significantly enough to cause dissociation under the low cellular concentrations of the

repressor (10 molecules/cell).

In addition to operator Oy (Fig 1.3), the lac operon has two other operators. Oj is located
93 bp upstream of the promoter and is thought to have little function in vivo. O is located

400 bp downstream within the lacZ gene and is of greater importance in vivo. The
location of the three operators with respect to each other is in integral multiples of helical

turns.

There is evidence that binding of a repressor tetramer to O leads to DNA bending which

brings it into contact with one or other of the other two operators through the free dimer by
looping out the intervening sequence. This introduces cooperativity causing enhanced

repression (Gralla, 1992).
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Severe repression Mild repression

Fig 1.3 lac repressor binding to operator sequences

1.4.1.2 Activation of Transcription

The requirement for an additional protein to activate transcription implies that the either the
RNA polymerase/promoter interaction is normally poor or that the closed complex to open
complex isomerization reaction is difficult in the absence of the activator. Thus in the
presence of activator/inducer ‘(B and/or kF is enhanced and transcription initiation occurs.
Regulator proteins which activate transcription fall into several families but the two main

groups are factor-independent and factor-dependent.

1.4.1.2.1 E. coli Catabolite Activator Protein

The E. coli catabolite activator protein (CAP) is a factor-dependent global activator protein.
When bound to its inducer, cAMP, CAP binds specifically to DNA sequences upstream of
the promoter (at a variety of distances) and stimulates transcription of several sugar utilizing
genes possibly by different mechanisms for different promoters (Crothers and Steitz,
1992). The enzyme adenyl cyclase synthesizes cAMP from ATP in response to complex

signals linked to the sugar phosphotransferase system.

The structure of CAP has been determined and shown to have two domains: the larger N-
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terminal domain binds cAMP within the interior of a ‘B-roll structure; the carboxyl

terminal domain has a helix-turn-helix DNA binding motif. CAP functions as a dimer with
two deeply buried cAMP molecules which are thought to contribute to the dimer stability
and may affect the relative orientation of the subunits (Crothers and Steitz, 1992).
Mutations that enable CAP to stimulate transcription in the absence of cCAMP have been
found to fall within the cAMP binding domain and the D helix of the DNA binding domain
(Aiba et al., 1985).

Binding of the cAMP-CAP complex to the consensus pseudosymmetric DNA binding
sequences is a two step process involving initial capture followed by formation of a stable
complex which is associated with DNA bending. The lac operon is in addition to
repression , positively controlled by cAMP-CAP which binds 41 bp upstream of the
transcription start site and stimulates the closed complex formation (Crothers and Steitz,
1992). CAP stimulates transcription from lac promoter by increasing k B (the equilibrium

binding constant) 20-fold at the lac promoter (Reznikoff, 1992).

1.4.1.2.2 The Arabinose Operon

AraC is a bifunctional (activator/repressor) of the catabolic arabinose regulon of E. coli.
AraC activates the araBAD operon, araE for low affinity sugar uptake, araFGH the high
affinity arabinose uptake operon and autorepresses its own transcription (Schleif, 1993).
The protein functions as a dimer made up of two identical subunits of molecular weight
30,500. Purification of  AraC has been achieved with considerable difficulty because
the protein does not bind to conventional columns and gives poor yields from precipitates
(Schleif, 1992). The dimer contacts the major groove regions of the DNA substrate at a

direct repeat binding site through a HTH motif within the carboxyl terminal domain which
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is highly conserved amongst the AraC family of DNA binding proteins (Schleif, 1992).

Three AraC binding sites are located upstream of the araBAD promoter. In the absence of

arabinose, the AraC dimer binds to the upstream araO, and a half site on the arall site by

DNA looping possibly caused by cooperative dimerization of the monomers bound

ara02

| RNAIl’
\ e
pBAD
aral
RNAP
: |
s V21
Pc pBAD

Fig. 1.4 AraC dimer activation of pBAD operon.The pc promoter controls expression

of araC and is divergently transcribed relative to pBAD. aral site is divided into two half sites.

separately to the two sites (Shleif, 1992). Transcription activation is achieved by breakage
of the loop when arabinose binds to the AraC dimer inducing allosteric changes that lcad to
the dimer occupying both half sites at aral and releasing araO2 (Fig 1.4). Precisely how
the occupancy of both half sites of aral leads to transcription activation is not known
however, there is evidence that DNA bending upstream of the bound RNA polymerase may

be an important factor in transcription (Schleif, 1992).
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1.4.2 Transcription Activation by Alternate Sigma Factor

Bacteria contain many sigma factors that fall into two major families. The function of the
sigma factor is to confer promoter specificity to the core RNA polymerase (Gross and
Lonetto, 1992). Changes in promoter specificity thus provides the potential for

discriminate transcription of genes and provides additional opportunities for regulation.

The major E. coli sigma factor, 679, and related sigma factors like the heat shock response.

632, are competent to form ‘open complexes’ in the absence of auxiliary factors (Gross. .

e 2, 1992).

654 (rpoN) is, however, structurally distinct from the 670 family and allows the RNA
polymerase to bind to promoters that contain conserved nucleotides at -24 and -12 from the
transcription start point (CTGG_PyPuPyPu_ _ _ _ TTGCA). All ¢54 related proteins

have 2 strongly conserved regions (Gross and Lonetto, 1992); region I, located at the
extreme N-terminug contains a motif that resembles a glutamine rich leucine zipper, region

III}located at the extreme C-terminus of the protein contains a weak match to the leucine

zipper and two potential HTH motifs. Promoter binding by the 654 holoenzyme leads to

formation of a heparin sensitive closed complex both in vivo and in vitro but does not have

strand melting activity in the absence of an activator protein (Popham et al., 1989; Wong er

al., 1987; Sasse-Dwight and Gralla, 1988). 54 holoenzyme enzyme is the target for

various enhancer binding proteins the best studied being NtrC (NRII) (Kustu et al., 1989;
Thony and Hennecke, 1989), NifA (nitrogen fixation protein A) (Dixon 1986) and XyIR

for xylene catabolism in Ps. putida (Gomada et al., 1992). All these bind to upstream

enhancer like elements and facilitate the closed to open complex change by RNAPg54
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bound at the promoter.

1.4.2.1 Sensor-kinase/Response regulators

Many RpoN-dependent genes are coupled to two component signal transduction systems
that respond to enviromental stimuli including cellular activities like chemotaxis (Lukat and
Stock, 1993). The stimulus-response coupling often involves two families of proteins (Fig
1.5) (Stock et al., 1990). One component of the regulatory pair is a sensor kinase that uses
ATP and possibly other low molecular weight phosphodonors such as acetylphosphate,
carbamoylphosphate and phosphoramidate (Lukat et al., 1992) to autophosphorylate itself
at a histidine located within a highly conserved domain within the family. The phosphate
from the histidine protein kinase (HPK) is transferred to an aspartate residue within the
conserved domain of the second component, the response regulator (RR) whose level of

phosphorylation is further controlled by associated phosphatase activity. The response

Cytoplasmic 3
membrane ] -P

6“’ |
Pi
(Sensor-Kinase) O

(Response-
Regulator)

Fig 1.5 Signal transduction in bacteria Sensor-kinase/Response regulators
regulator then activates expression of the target gene by binding to enhancer elements and

looping the DNA to form contacts with the closed promoter complex.
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1.4.2.1.1 Control of nitrogen metabolism in bacteria

The central enzyme in bacteria for N-metabolism is glutamine synthetase which under N
limiting conditions, mediates entry of ammonia into anabolic pathways. The amount of
enzyme present is controlled by transcriptional regulation and the activity of the enzyme is
controlled allosterically by adenylation (Maganasik, 1993). Enteric bacteria utilize ammonia
preferentially as a nitrogen source by repressing enzymes required for utilisation of other
nitrogen containing compounds at the transcriptional level (Magasanik and Neidhardt,

1987). When the cells are growing in a high ammonia environment, the NADP-linked
glutamate dehydrogenase catalyses reductive amination of a-ketoglutarate, and by action of

glutamine synthetase some of the glutamate formed is converted to glutamine in a reaction
coupled to hydrolysis of ATP. Inammonia limiting situations, the high Ky of glutamate
dehydrogenase becomes unsuitable for synthesis of glutamate and the cells rely more
heavily on glutamine synthetase to assimilate nitrogen coupled with glutamate synthase
which transfers the guanidino group of glutamine to a-ketoglutarate to form two molecules
of glutamate (Magasanik, 1993). In Pseudomonas aeruginosa, glutamine synthetase is
regulated by repression/derepression and by adenylation/deadenylation perhaps in a

mechanism similar to the enterics (Janssen et al., 1980)

The gInALG operon codes for glutamine synthetase (g/nA), the response regulator NtrC
(ginG ) and the sensor-kinase NtrB ( g/nL ). Transcription of the gln ALG can be initiated
from three promoters (Magasanik, 1993): from glnAP1 and ginAP2 located upstream of

ginA and ginLP located between ginA and ginLG. ginAP1 and ginLP are consensus G70

promoters and, NtrC dimers bind to two sequences overlapping ginAP1 and one site
overlapping g/nLP causing partial repression when cells are grown in high ammonia

concentrations (Magasanik, 1993 ). gInAP2 was identified as a promoter
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(CTGG_PyPuPyPu_ _ TTGCA) recognised by the alternative sigma factor 654 and

activation occurs by means of NtrC.

The NtrC protein and other 654 promoter activators are three domain polypeptides with a

highly homologous central domain of approximately 220 amino acid in length, containing
an ATP binding site, which is thought to be the RNA polymerase contact domain, and a
carboxyl terminal domain containing a HTH DNA binding motif (Popham et al.,1989).
NtrC and some other members of the family have a homologous N-terminal domain
(which is otherwise very variable) which contains the phosphate acceptor aspartate residue

and is most likely involved in cooperativity in situations of multiple enhancer elements

Enhancer Promoter
Fess=———y —
®
NtrC v Pol

@

Closed Complex

Looped Activation
Intermediate

—»  Open Complex

Fig 1.6 Stimulation of Open Complex formation at Sigma 54 Promoters



(Magasanik, 1993). NtrC binds to five sites in the ginA promoter region (Magasanik and
Neidhardt, 1987), two of these sites, overlapping ginAP1, are high affinity and show full
enhancer activity. Binding of phosphorylated NtrC to these sites causes looping out of the
DNA to make protein-protein contact with the closed promoter complex at ginAP2
stimulating open complex formation in a reaction accompanied by hydrolysis of ATP (Fig

1.6) (Su et al., 1990).

In some G54 enhancer activated systems the DNA looping requires the integration host

factor (IHF) binding of which causes DNA bending and the orientation of the enhancer
element and the IHF binding site on the face of the helix becomes critical for activation

(Weiss et al., 1992).

1.4.2.1.2 Regulation of Py promoter of TOL plasmid by XylR

The TOL plasmid pWWO of Pseudomonas strains (Worsey and Williams, 1975) encodes,
on a 56 kb transposon the upper pathway operon xylCMABN for oxidative transformation
of toluene/xylenes to the corresponding toluates/benzoates and the lower pathway, meta
operon xyIDLEGF which cleaves the aromatic acids to TCA cycle intermediates (Tsuda and
Lino, 1987; Harayama et al., 1986; Nakazawa et al.,1990). Two regulatory genes xylR
and xylS positively regulate both operons. In the presence of m-xylene, XyIR activates
transcription of both xy/CMABN and xylS from consensus RpoN promoters and XylS
then transactivates transcription of xy/[DLEGF (Dixon, 1986; Inouye et al., 1990).

A potential mechanism for XyIR function has been proposed in which the protein binds to
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palindromic sequences located 140 bp upstream of the transcription start sites, termed
upstream regulator sequences (URS), and DNA looping occurs such that bound XyIR
contacts the closed promoter complex (de Lorenzo et al., 1991). XyIR binds the DNA
through its carboxyl terminal domain in the presence of inducer to effect the activation. The
DNA looping is facilitated by THF whose recognition sequence 5’-ATCAANNNNTTR-3’
(Friedman, 1988; Yang and Nash, 1989) has been identified at position -56 of
xylCMABN such that XyIR/URS is brought into contact with the closed promoter complex
resulting in the isomerisation reaction and transcription initiation (de Lorenzo et al., 1991).
Deletion and insertion studies have shown that complete activation requires full turn or
integral multiples of full turn separation between the URS and the promoter (Gomada et al.,

1992).

1.4.3 Regulation of transcription elongation

Early models of transcription elongation were based on a uniform RNA polymerase ternary
complex which was unchanging during the elongation step (Yager and von Hippel, 1987).
More recently, a discontinuous model which allows for interaction of the ternary complex

with regulatory factors has been proposed (Krummel and Chamberlain, 1992; Das, 1993).

During the elongation step, the ternary complex is sometimes caught up in dead end
complexes, and in eukaryotes continuation of elongation past the arrest sites requires the
elongation factor TFIIS (Reines et al., 1989; Sluder et al., 1989; Kerpolla and Kane, 1990;
SivaRaman et al., 1990; Bengal et al; 1991). Recently discovered E. coli proteins GreA
and GreB are functional homologs of TFIIS and a general biochemical pathway for their
action has been proposed (Reines, 1992; Izban and Luse, 1992; Surrat et al., 1991). GreB
functions by causing transcript cleavage within the arrested transcription complex and

allows the restart of elongation whereas GreA does not appear to function at paused
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complexes but has to be present to prevent termination for continuation of elongation
(Burokhov et al.,1993). These factors do not have any nuclease activity and are proposed
to function by stimulating intrinsic RNA polymerase endonucleatic activity (Burokhov et

al., 1993).

1.4.4 Control of Transcription by Termination-Antitermination Systems
1.4.4.1 Regulation of Rho-Independent Terminators

1.4.4.1.1 Attenuation control in amino acid biosynthetic operons of
Enterobacteriaceae

Amino acid biosynthetic operons in the enterics are commonly under attenuation control
(Yanofsky, 1988). The common feature of the operons is the presence of a 150-300 base
pair leader region between the promoter and the first structural gene of the operon which
encodes a rho-independent terminator at its 3* end. Within the leader region are multiple
codons for the specific amino acid followed by a stop codon. Delayed translation of these
codons depending on the availability of the charged tRNA provides the signal to show

amino acid limitation and causes operon expression.

The leader transcript can form three potential secondary structures that are important for
regulation of these operons by transcription attenuation (Yanofsky, 1988). The first is the
transcription pause signal that allows the ribosome to initiate translation and couples itto
transcription (Landick et al., 1985). The second and third secondary structures are

mutually exclusive and function as transcription terminator and antiterminator, respectively.
In the trp operon of E. coli four sequences on the leader transcript can base pair as follows
(Watson et al., 1987): regions 1/2 and 3/4 in the absence of the ribosome, regions 2/3 the

antiterminator with regions 1 and 4 unpaired in the antiterminator structure or region 3/4
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with regions 1 and 2 being occupied by the ribosome in the termination mode. Under
conditions of tryptophan limitation the ribosome stalls at the tryptophan codons thereby
masking region 1 and the transcribing RNA polymerase exposes region three to base pair
with region 2 before region 4 is transcribed. Under these conditions, transcription
continues. Under high tryptophan conditions, the ribosome does not stall but proceeds to
the stop codon masking regions 1 and 2 before region 3 is fully synthesized which results

in 3/4 base pairing and termination of transcription.

Many amino acid biosynthetic operons are regulated by attenuation and in the ilvGMEDA
operon for the biosynthesis of branched chain amino acids the leader region contains
codons for all amino acids so that lack of any one of them leads to suppression of
attenuation (Yanofsky, 1988). Charged tRNAs also appear to regulate expression of the
transport systems for the branched chain amino acids where a rho-dependent terminator

functions as the attenuator in an as yet uncharacterised mechanism (Landick, 1985).

1.4.4.1.2 Control of Attenuation by an RNA Binding Protein

Expression of the trpEDCFBA gene cluster of the gram positive bacteria B. subtilis and B.
pumilus is controlled by transcription attenuation involving selection of alternate RNA
secondary structures (Yanofsky, 1988). However, the signal this time is not charged
tRNA but free tryptophan and the leader region does not encode an ORF unlike the enteric

system (Kuroda et al., 1986; Shimotsu et al., 1986).

The selection of the mutually exclusive antiterminator/terminator secondary structures in the
B. subtilis trpEDCFBA leader region is mediated by a trans acting factor, protein MuB

(Babitzke et al., 1992). MtrB binding to the leader RNA was at first inferred in vivo by
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showing that overexpression of the frp leader in trans resulted in constitutive expression of

the operon and that this could be reversed by deletion of two homologous sequences

(Kuroda et al., 1986; Shimotsu et al., 1986). In vitro studies have since shown that the trp
| tryptophan

attenuator stops transcription by Sp6 RNA polymerase and that . A bound to MtrB causes

gel retardation in non-denaturing polyacrylamide gels of the leader RNA species (Otridge

and Gollnick, 1993).

A minimal in vitro system composed of template DNA, RNA polymerase, the four
ribonucleoside triphosphates and purified MtrB was subsequently shown to attenuate
transcription in the presence of tryptophan and two models have been proposed (Babitzke
and Yanofsky, 1993). In model A, the RNA polymerase pauses after formation of the
antiterminator structure and in the presence of MtrBi , with bound tryptophan, this secondary
structure is melted and transcription proceeds to form the transcription terminator. In
model B, MtrB plus tryptophan binds successively to the 5’ and 3’ homologous sequences

to stop formation of the antiterminator structure.

1.4.4.2 Regulation of catabolic operons by transcription antitermination

In addition to the widely studied sensor-kinase/response regulator systems in which the
response regulator is controlled by phosphorylation, several systems have been found
where transcription antiterminators are allosterically controlled by phosphate transfer from
an environmentally responsive PEP-phosphotransferase sugar uptake system (PTS)
(Amster-Choder and Wright, 1993). The best characterized are, the normally cryptic bgl
operon of E. coli K12 (Mahadevan and Wright, 1987); the sacPA operon and sacB gene of
B. subtilis (Debarbouille er al., 1990; Crutz et al., 1990)and the arb system of Erwinia
chrysanthemi (El Hassouni et al., 1992).
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1.4.4.2.1 The bgl operon of E. coli

The bgl operon of E. coli is a catabolic system used for the uptake and utilization of aryl B-

glucosides consisting of three genes bglG, bglF, and bglB (Fig 1.7) (Schnetz et al., 1987;
Mahadevan et al., 1987). The first gene bglG is flanked by two rho-independent

terminators that are known to be central to the regulation of the operon (Amster-Choder and

Wright, 1993). The BgIF protein phosphorylates B-glucosides during uptake and is

homologous to the PTS family members EIIGLC and EIIIGLC of E. coli which function in
coupling transport of the substrate to phosphorylation (Bramley et al., 1987; Bramley and
Kornberg, 1987; Schnetz et al., 1987). BgIB was shown to be essential for hydrolysis of
phosphorylated B-glucosides to yield glucose-6-phosphate.

Pbgl terminator
| bglG bglF | bglB
| |11

—>
uninduced

-
induced

Fig 1.7 Schematic representation of the bgl operon

Positive regulation at the two terminators was initially shown by experiments where the
promoter was changed to the lac promoter without any apparent change in the regulatory
system and more directly by observation that mutations that destabilised the prospective
upstream terminator or a terminator deletion led to constitutive expression of the operon
without the requirement of the bglG product (Mahadevan and Wright, 1987). These

experiments also showed that in the presence of functional BglF, induction required the

presence of -glucosides.
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The function of BglG as a transcription antiterminator has subsequently been demonstrated
and the binding site on the RNA transcript mapped (Houman et al., 1990). It was initially
demonstrated that a truncated leader transcript with an intact binding site could effect in
vivo titration of BglG. In addition it was shown by using oligonucleotide competition, that
the protein bound to an imperfect palindromic sequence of approximately 32 bases
(Ribonucleic AntiTerminator sequence) which extends into the leading face of the
terminator stem. A closely related BglG recognition site has also been found just upstream
of the bglG downstream terminator. Evidence from studies using constructed mutations
within the BglG binding region of the upstream terminator showed that BglG binding
stabilized an alternative RNA secondary structure preventing the formation of the terminator
loop (Amster-Choder and Wright, 1993). A model for bgl/ regulation has been proposed

(Fig 1.8) in which the BglF a membrane bound protein is phosphorylated at a histidine

membrane ghicosides glucosides gm-P

Cytoplasm P
ﬁﬁ \anrane
P P
P toplasm &ﬁ
P P

AR

Fig 1.8 Proposed Mechanism for Transcription Antitermination by BglG

BglF (F) phosphorylates BglG (G) thus dissociating the dimer to the inactive form.
RNAP represents the RNA polymerase.
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residue by Hpr and acts as the substrate sensor by transferring this phosphate group either
to the substrate, if present, or to BglG also at a histidine residue. In the absence of
substrate, BgIF phosphorylates BglG and this allosteric modification stops dimerization of
BglG to the active form. In the presence of substrate, BgIF dephosphorylates BglG-P by
an as yet unknown mechanism, BglG dimerizes and binds to its recognition sequence and
stabilizes the alternate RNA secondary structure. The binding of the BglG dimer and
concomitant resumption of transcription elongation may also involve direct interaction with
the transcription complex possibly via the Nus proteins (Amster-Choder and Wright,

1993).

1.4.4.2.2 arb genes of Erwinia chrysanthemi

The plant pathogenic bacterium E. chrysanthemi (Chartterjee and Vidaver, 1986) is capable

of fermenting the natural B-glucosides arbutin and salicin through the arb pathway (El

Hassouni et al., 1990). The arb system consists of three genes arbG, arbF, and arbB
transcribed in the same direction and all have been sequenced and analyzed (El Hassouni
et al., 1992). ArbF is highly homologous to the EII permeases in the PTS sugar transport

system and has all of the functional motifs (Saier et al., 1988). The ArbB amino acid

sequence is highly homologous to BgIB and other B-glycohydrolases (Henrisatt, 1991).

The ArbG protein exhibits 60% identity with BglG and sequence alignment with other PTS
associated antiterminators !(Fig1.9) shows the presence of 58 conserved residues in all four
proteins suggesting ArbG functions as an antitermination factor. Two Rho independent
terminators have been identified flanking the arbG gene, STB1 upstream and STB2
downstream. Both terminators have partially overlapping sequences that are highly
homologous to the BglG binding sequences (RAT), the STB2 sequence however, appears

to have a duplication of the downstream half of the palindrome, boxB (El Hassouni et
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al.,1992).

BoxA BoxB
STB1-arb GGGTTGCTACTGCCAT TG GCAGGCAAAACCAGATGTTC
T1-bgl GGATTGTTACTGCATT C GCAGGCAAAACCTGACATAA
BSbgl-IR GGATTGTTACTGATAA A GCAGGCAAAACCTAAATTGC
BSsacR/sacB GGTTTGTTACTGATAA A GCAGGCAAGACCTAAAATGT
BSsac/R/sacP GGATTGTGACTGGTAA A GCAGGCAAGACCTAAAATTT
T2-bgl GGATTGTTACCGCACT AA GCGGGCAAAACCTGAAAAAA
STB2-arb GGATTGCGACTGTATA TCCCTCA GCGGGAAATACAGGCAAAAC

Fig 1.9 Sequence Alignment of RAT Sequences

1.4.4.2.3 Regulation of sucrose metabolism in Bacillus subtilis

Expression of the extracellular levansucrase enzyme, encoded by sacB, in Bacillus subtilis
is regulated by the sacXY operon (Crutz et al., 1990). The deduced amino acid sequence of
SacY shows extensive homology to the transcription antiterminators BglG and SacT
(Zukowski et al., 1990). Genetic evidence suggests that SacX regulates SacY by a cascade
involving the PTS system (Crutz et al., 1990). SacY functions as a transcription
antiterminator by allowing readthrough of a transcription terminator located between sacB
and its promoter (Aymerich and Steinmetz; 1987; Shimotsu and Henner, 1986). SacX isa
functional homologue of BgIF and regulates SacY presumably by phosphorylation and
dephosphorylation (Amster-Choder and Wright, 1993)

The sacPA operon codes for a membrane associated sucrose specific component of the PTS

transport (sacP) and sacA the endocellular sucrase of B. subtilis (Aymerich and Steinmetz,
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1992). Expression of sacB and sacPA is induced by sucrose and the two regulatory
pathways for these saccharophytic enzymes are partially interchangeable (Steinmetz et al.,

1985).

SacT allows readthrough of a Rho-independent terminator located upstream of the sacPA
operon possibly by binding to a 37 nucleotide imperfect palindrome that is highly
homologous to the BglG binding site (RAT) and overlaps the terminator in a similar

manner (Debarbouille ez al., 1990).

BglG, SacY, SacT and ArbG are all homologous and the conserved residues include the
histidine and aspartate pair shown to be functionally important in BglG and SacT (Amster-
Choder and Wright, 1993; Crutz et al., 1990; Debarbouille et al., 1990). The proposed (or
for BglG proven) binding sites for these proteins, termed ribonucleic antiterminator (RAT)
sequences are highly homologous (Aymerich and Steinmetz, 1992; reviewed in Amster-

Choder and Wright, 1993).

A combination of mutation analysis and compromise folding of the RAT sequences for
sacB, sacPA and bglG has yielded potential alternate secondary structure identical to one
obtained independently for bglG (Houman et al.,1990; Aymerich and Steinmetz, 1992).
The differences all lie in the bulges or loops in the secondary structures except for bglT
where there is a compensatory difference within the stem. Mutations that altered the
proposed secondary structures reduced the inducibility of sacB and could be restored by
compensatory mutations. In addition mutations that improved homology with the bglG
RAT led to induction of sacB by BglG. These findings support a common regulatory
mechanism and are corroborated by the findings that all these antiterminators except ArbG

can substitute for BglG in E. coli but are devoid of control by BgIF (Amster-Choder and
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Wright, 1993).

1.4.4.3 Suppression of Rho-dependent transcription termination
In addition to termination/antitermination regulation of simple terminators described above,
other systems have been described whereby the RNA polymerase is altered to override

multiple rho-dependent and rho-independent terminators. The mechanism is best
exemplified by the bacteriophage A N and Q proteins which seem to modify the

transcription complex at specific sites, nut on the transcript for N and qut on the template
for Q, and become a part of the elongation complex allowing readthrough of multiple
downstream terminators (Das, 1992; Friedman et al., 1987; Yager and von Hippel, 1987;

Roberts, 1993).

Upon infection of E. coli , A phage DNA circularises by annealing of the 12 nucleotide

overhangs followed by sealing of the nicks by the host DNA ligase. Transcription of the
immediate early genes starts at the pL and pR promoters yielding the N gene transcript
towards the left and cro gene transcript towards the right. The N protein encodes a
transcription antiterminator that allows readthrough past the tLI terminator and the Cro tRI
terminator and into the delayed early genes which direct phage replication and the Q gene
whose product acts as an antiterminator for expression of the late genes encoding lysis
functions and virion proteins. The decision for lytic or lysogenic development depends on
the level of the two early genes cro and cII. CII activates transcription of the CI repressor
favouring lysogenic development and Cro favours lytic development by preventing

repressor expression from the pRM promoter.
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1.4.4.3.1 Transcription antitermination by A N gene product

During its role as a transcription antiterminator, the N protein forms a stable complex with
the RNA polymerase at the cis-acting nut site positioned upstream of the two terminators
tL1 and tR1 (Barik et al., 1987; Horwitz et al., 1987; reviewed in Das, 1992). The nutL
and nutR sites have two components: BoxA defined as CGCTCTT (Olson et al., 1982)
followed by a9 to 10 bp lambdoid phage evolutionary conserved region and known to be
important for transcription antitermination by N (Morgan, 1986). This region is followed
by Box B which is a 15 bp sequence with a hyphenated dyad symmetry proposed to form a
hairpin loop in the transcript (Das, 1992).

Transcription antitermination by the N protein is known to require host factors NusA,
NusB, S10 and NusG (Das 1993). The assembly of the transcription antitermination
complex in vitro has been shown to be highly cooperative (Greenblatt, 1992). Studies by
RNase footprinting and methylation experiments have shown that Box B is important for N
binding to the RNA while Box A is important for the association of NusB and NusG with
the elongation complex (Nodwell and Greenblatt, 1991; Friedman et al., 1990). NusA has
been shown to be sufficient for transcription antitermination by N at nearby intrinsic
terminators, however, long distance antitermination requires the other host factors possibly
to stabilize the complex (Das 1993). The actual mechanism of N antitermination is not
known but a model, based on the determined protein/protein interactions, in which the nut
site recognized by the N protein is carried along the surface of the RNA polymerase during

elongation has been proposed (Fig 1.10) (Greenblatt, 1992).

1.5 Amidase operon of Ps. aeruginosa

Most species of the fluorescent Pseudomonads are able to grow on acetamide as the only
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Fig 1.10 Model showing protein-protein interactions involved in antitermination by the
bacteriophage A N protein. The nut site (boxA + boxB) is made of RNA and is carried along the
surface of RNA polymerase during elongation.
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source of carbon and nitrogen by virtue of a chromosomally located acetamidase (Clarke
and Ornston, 1975). Initial studies of the amidase system of Ps. aeruginosa PAC1
showed that enzyme activity was inducible and that the system showed different
inducer/substrate specificities (Kelly and Clarke, 1962). The isolation of Ami- mutations
(presumed to be structural gene mutations, amiE-) and Amicor mutations (presumed to be

in the regulatory gene amiRC) allowed bacteriophage F116 transduction studies which
showed that the two genes were closely linked (Brammar et al., 1967). Later studies
showed that amiR functioned as a positive regulator (Farin and Clarke, 1978) and that
amidase expression was subject to catabolite repression by succinate and other TCA cycle
intermediates (Smyth and Clarke, 1975). The crc (catabolite repressor) gene of
Pseudomonas aeruginosa has been cloned recently although its site of action and
mechanism have not yet been characterized (MacGregor et al., 1992). Catabolite
repression of enzymes for the degradation of N containing compounds in Pseudomonas
can normally be relieved by N starvation (Van der Drift and Janssen, 1985) and although
this effect has been reported in the amidase system of Ps. aeruginosa PAO1 (Janssen et

al., 1980), it has not been observed in Ps. aeruginosa PAC1 (Potts and Clarke, 1976).

The amidase genes from the high expressing constitutive mutant PAC433 were initially
identified from a A phage library, subcloned into the E. coli vector pBR322 and plasmid
pJB950 characterised (Drew et al., 1980; Clarke et al., 1981). The PAC1 genes were
subsequently cloned on a 5.381 kb DNA fragment in the same vector and the recombinant
plasmid pAS20 (Fig 1.11) constructed and shown to have all the genes required for
inducible amidase phenotype (Wilson and Drew, 1991). These two constructs have proved

invaluable in the molecular study of amidase gene organisation and regulation.
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1.5.1 Amidase structural gene amiE

Amidases with relatively relaxed specificities and showing substantial homologies to each
other have been identified in Ps. aeruginosa (Clarke, 1984), Ps. putida (Clarke, 1972),
Arhtobacter Spp (Asano et al., 1982) and Brevibacterium species (Soubrier et al., 1992).
These amidases however show no sequence homology to other reported enantiomer

selective amidases distinguishing themselves as a separate class of enzymes (Mayaux et al.,

1990; 1991).

The Ps. aeruginosa amidase has been purified, characterised and sequenced (Brown et al.,

1973; Ambler et al., 1987). It is hexameric in its native form with an Mr. of 200,000 and

catalyses hydolysis and transferase reactions typical of this type of amidase:

Reactions Optimal substrate
Amide hydrolysis Propi .
RCONH + H20 — RCOO' + NH4" ropionamide
Amide transferase

RCONH + NH20H —&» RCONHOH + NH4

Acid transferase
RCOO' + NH20H + HF —® RCONHOH + H20

Ester hydrolysis
R'COOR +H20 — R'COO + H+ ROH

Ester transferase
R'COOR + NH20H —» R'CONHOH + ROH

Fig 1.13 Amidase catalysed reactions
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Fig 1.11 Amidase operon of Ps. aeruginosa PAC1
Restriction sites are H (HindIII), P (PstI), X (Xhol),
K (Kpnl), E (EcoRV), and S (Sall)
"Thick and thin lines show transcription

from the amiE promoter.
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Fig 1.12 Amidase leader region organisation
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The most fundamental and important aspect of the studies of the Ps. aeruginosa amidase
has been the demonstration of experimental enzyme evolution by Clarke and others (Clarke
and Drew, 1988). Using chemical mutagenesis and selective pressure, amidases with
novel substrate specificities have been isolated and partially characterised. Mutants have
been isolated that grow on butyramide and produce B-amidase, valeramide and produce V-
amidase, phenylacetamide and produce Phe-amidase. All these enzymes are closely related
to each other and are possibly point mutation products of the structural gene (Clarke and
Ornston, 1975). The B-amidase in addition to hydrolysing butyramide also has a higher
affinity for lactamide compared to the wild type A-amidase. Strain B6 which produced B-
amidase was the starting point for a family of mutants producing other altered enzymes
(Clarke and Slater, 1986). The altered specificity of B-amidase is due to a single point
mutation within amiE which substitutes a phenylalanine for a serine at position 7 from the

N-terminus (Clarke et al., 1981).

The amidase gene has been sequenced and compared with the complete amino acid
sequence of the purified enzyme (Brammar et al., 1987, Ambler et al., 1987). The codon
usage is highly biased to a G or C in the third position characteristic of Pseudomonas genes

(Brammar et al., 1987).

1.5.2 amiE leader region
The DNA sequence upstream of amiE has been determined and studies of this region led to

the proposal of the antitermination regulatory mechanism (Drew and Lowe, 1989). (Fig

1.12) Sequence studies showed that a potential 670 promoter is located 150 bp upstream of

the amiE initiation codon sequence, followed by a leader region containing a short ORF of
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35 amino acids without a discernable Shine/Dalgarno sequence. Partly overlapping the 3
end of the ORF is a potential Rho-independent transcription terminator, and the Shine-
Dalgarno sequence is located 9 bp upstream of the amiE initiation codon. It was shown
that disruption of the terminator by a 10 bp deletion using fortuitously located Smal targets
led to AmiR independent constitutive amidase expression. The DNA sequence upstream of
the transcription terminator was shown to have some homology to the sequences just
upstream of the BglG regulated terminators. Subsequent investigations using primer
extensions confirmed the location of the promoter, and showed that it functioned
constitutively as demanded by an antitermination regulatory mechanism and extended the

potential recognition sequence homology to the sacB upstream terminator (W ilson, 1991).

1.5.3 Positive regulator gene amiR

The amiR gene was initially defined phenotypically (incorrectly) by constitutive regulatory
mutants selected from succinate/formamide plates (Brammar et al., 1967). Later, mutants
that produced a thermolabile regulator that had an amidase constitutive phenotype at low
temperatures and amidase negative phenotype at high temperatures were isolated (Farin and
Clarke, 1978). These results showed that amidase expression was positively regulated and
correctly identified amiR. The positive control model was later confirmed by mobilising a
cloned amiE gene into a variety of previously characterised Ps. aeruginosa amidase mutants
(Drew, 1984). Studies performed in E. coli with constructed deletions of plasmid pJB950
localised amiR to within a 1.1 kb Clal/Xhol DNA fragment more than 2 kb downstream of
amiE and demonstrated that amiE and amiR were transcribed in the same direction
(Cousens, 1985; Cousens et al., 1987). This study also established high constitutive
expression of amidase in E. coli by transcomplementing the amiE gene cloned on one
plasmid (pDCS5) with the amiR gene fragment (1.5 kb Xhol/Xhol) cloned on a second
compatible plasmid (pDC35).
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The DNA sequence of amiR from the constitutive mutant PAC433 has been determined and

analyzed (Lowe et al, 1989). The codon usage resembles that of amiE with only 41 of the

possible 61 sense codons being used. The 590 bp gene codes for a protein with a predicted
Mr. of 22000 and the gene is located within a polycistron with an upstream ORF terminator
codon overlapping the amiR initiation codon by 1 bp. No sequence homology was

observed between AmiR and other antitermination factors in the data base.

1.5.4 amiC a negative regulator gene

Deletion, insertion and rearrangement studies of the DNA sequences upstream of amiR
were carried out in E. coli using the cloned genes in pJB950 which led to elevated
constitutive amidase expression (Cousens, 1985; Cousens et al., 1987; Wilson, 1991) and
in pAS20 which led to low constitutive amidase synthesis (Wilson, 1991; Wilson and
Drew, 1991) suggesting a negative regulatory role for this region. Sequencing of the

region from pAS20 between the unique Kpnl and the Pvull target within amiR revealed an

open reading frame preceded by two potential 654 promoters and a SD sequence (Wilson,

1991; Wilson and Drew, 1991). This ORF was then cloned, and shown to repress
amidase synthesis from cloned amiE and amiR genes in E. coli , and in constitutive strains
of Ps. aeruginosa showing that it encoded a new negative regulator of amidase expression.
The protein product of this ORF, AmiC, has been purified and characterized (Wilson,
1991; Wilson and Drew, 1991). In recent studies, AmiC has been crystallized and the
three dimensional structure with two domains has been determined (O’Hara, Wilson, Drew
and Pearl, personal communication). In general terms AmiC appears to be closely related

to a family of periplasmic binding proteins, particularly to the Liv] (leucine, isoleucine,
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valine binding protein) of E. coli. AmiC has also been shown to bind aliphatic amides with
a Kd similar to that of periplasmic branched-chain amino acid binding proteins and appears
to be the sensory component of a sensor/regulator pair, with AmiR as the regulator (Wilson

et al., 1993).

1.5.5 amiB and amiS open reading frames

In their studies with mutator phage D3112, Rehmant and Shapiro (1983) isolated amidase
negative mutants of Ps. aeruginosa PAO1 and determined the loci of insertion by Southern
blotting. Insertions were found in amiE, amiR, and in the region immediately downstream
of amiE the latter cases being described as ‘leaky’ due to background amidase expression.
This region was investigated in two ways (Wilson, 1991). Attempts were made first to
look for a protein product by making a plasmid construct carrying a DNA fragment
containing this region downstream of a strong promoter with no success. Secondly, this
region was sequenced and an ORF, amiB identified, which showed a large increase in the
third position G+C bias and a relatively low usage of rare codons. amiB would code for a
371 amino acid (Mr 42000) protein. Homology searches revealed substantial homology of
AmiB to the regulatory subunit of the Clp ATP-dependent proteases (Gottesman et al.,
1990).

The DNA sequencing of amiR included some downstream sequences and indicated a
' potential additional ORF (Lowe et al., 1989). However, previous s;tudies that involved |

deletions of this region led to no obvious change of phenotype (Cousens, 1985; Cousens et
al., 1987; Wilson, 1991). The DNA sequence of this region was determined and a 800 bp
ORF, ami$, identified that would code for a highly hydrophobic protein with 6 potential
transmembrane helices (Wilson, 1991). Recent structural analysis using ‘threading’ of the

protein sequence to folds of known X-ray structures have indicated that AmiB/AmiS may
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form components of a putative ABC-type transporter involved in amide uptake (Wilson et

al., in preparation).

1.6 Aims of the study

In broad terms, this study was intended to elucidate the mechanistic details of amidase
induction and transcriptional regulation. Specifically,

1. To determine gene expression patterns under both inducing conditions and noninducing
conditions with a view to identifying the necessary components for induction.

2. To study the transcription antitermination reaction in vivo and in vitro with a view to

demonstrating and characterizing the protein/RNA interaction.
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CHAPTER 2

Materials and Methods

2.1 Materials

2.1.1 E. coli strains

The E. coli strains used in this study are listed in Table 2.1(a). Recombination deficient E.
coli hosts were used for propagating plasmids and bacteriophages in order to maintain
partial diploids. Strain JA221 was used for cloning and trans complementation studies of
amidase genes mainly because most of the previous work was done in this host (Drew,
personal communication). Strain DH1 was used for trans complementation, cloning and as
a donor in three strain plasmid mobilisation experiments with strain HB101 carrying
plasmid pRK2013 as helper strain (Deretic et al., 1986). E. coli strain GM2163 was used
to propagate plasmids that were to be cut with dam methylase sensitive restriction enzymes.

Strains JM107 and JM109 are deleted for the chromosomal lac operon and neighbouring

genes for proline biosynthesis and they also carry F* (raD36 proAB+ lacla lacZAM15), the

lac mutation allows for o—complementation from a plasmid or phage with a functional N-

terminus of lacZ gene (Yanish-Perron et al., 1985). Recombinants for colour selection i.e.
pUC18/19, M13mp18/19 and phagemid based constructs were propagated in these strains.
Strain C600 was used for protein expression using the plasmid pT7.7/pGP1-2 system
(Tabor 1990). For site directed mutagenesis, in vitro synthesised duplexes were
transformed into strain BMH 71-18 mutS (Kramar et al., 1984) prior to segregation in E.

coli IM109.
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2.1.2 Ps. aeruginosa strains

The Ps. aeruginosa strains used in this study are listed Table 2.1(b). Ps. aeruginosa strains
were used in this study on the basis of their amidase phenotype. Strain PACI is the
amidase wild type strain (Kelly and Clarke, 1962). Strain PAC111 is derived from PAC1

and is amidase constitutive, but butyramide repressible (Brammar et al., 1967). Strain

PAC452 (amiA161) is an amidase deletion mutant (R.E.Drew personal communication).

Strain PAC327 is a regulatory defect mutant of PAC1 (Drew, 1984 ).

Table 2.1 Bacterial strains

a) E. coli

Strain Genotype Reference

JA221 hsdR recA trp leu Clarke and Carbon (1978)

C600 thr leu thi Harayama et al (1980)

IM107 thi A (lac- proAB) Yanisch-Perron et al(1985)
F’lacZ AM15, proAB

IM109 thi A (lac- proAB) Yanisch-Perron et al(1985)
F’lacZ AM15, proAB

HB101 hsdSp recA; endAl Boyer and Roulland-Dussoix
thi-1 relAy, proA (1969)

DH1 hsdR, recA, thi Hanahan (1983)

GM2163 dcm-6, dam-13

BMH 71-18 mutS thi, supE, A(lac-ProAB) Promega, protocols and
[mutS::Tn101 applications manual

IM109 DE3) | thi A (lac- proAB)

F’lacZ AM15, proAB \(DE3) 'Promega Protocols manual

—
1
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b) Ps. aeruginosa

Strain Genotype Amidase Phenotype Reference

PAC1 amiE+ amiR+  inducible KellyandClarke(1962)

PACI111 amiE+amiR11 constitutive Brammar et al (1967)

PAC327 amiE + amiC35 Ami- Brown (1969)
amiR33 crp7

PAC452 amiA Ami- Day (1975)

2.1.3 Plasmids and Bacteriophages

Plasmids used in this study are listed in Table 2.2 (a) and new plasmids constructed are
listed in table 2.2(c). Plasmids pUC18/19 were used to obtain large quantities of DNA
fragments of interest because of their high copy number and ease of selection of
recombinants using the blue/white colour screen with the chromogenic substrate X-gal after
IPTG induction. Plasmids pPGEM3Z/4Z have the additional advantage of having opposing
bacteriophage T7 and SP6 promoters at the multiple cloning site which could be used for
synthesis of high specific activity RNA (Promega). Plasmids pT7.7 and pGP1-2 are
respectively a custom made protein expression vector and T7 RNA polymerase delivery
plasmid (Tabor 1990). The pALTER phagemid (Promega) was used for all site directed
mutagenesis. Bacteriophages M13mp18/19 (Messing, 1983) were used for cloning DNA
fragments to be used for SS DNA sequencing (section 2.2.2.15). DNA fragments to be
mobilised into Ps. aeruginosa were cloned into the IncQ-derived broad-host-range vectors

pKT231 (Bagdasarian et al., 1981) and pMMB66H/E (E/H) (Morales et al., 1990).
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Table 2.2 Plasmids

a)
Plasmid Size Markers Reference
pBR322 4.4 ApRTcR Bolivar et al (1977)
pUC18 2.7 ApR Yanisch-Perron et al (1975)
pUC19 2.7 ApR Yanisch-Perron et al (1975)
pBGS19- 4.4 KmR Spratt et al (1986)
pRK2013 - KmR Figurski and Helinski (1979)
pKT231 13.0 SmR KmR Bagdasarian et al (1981)
pMMBG66HE 8.9 ApR Morales et al (1990)
pAS20 9.1 ApR amj ind Wilson and Drew (1991)
pJB950 9.1 ApR ami con Clarke et al (1981)
pSW24 4.2 ApR amiR Wilson (1991)
pSW35 14.5 SmR amiR Wilson (1991)
pIM1 7.0 CmR amiE Wilson (1991)
pTM2 5.9 KmR amiR Wilson (1991)
pSW41 10.3 ApR amiC Wilson and Drew (1991)
pSW101 18.1 SmR ami Wilson (1991)
pALTER™ 5.68 TetR, f1, Promega protocsls and
lacZAM15 applications manual
pT7-7 2.47 ApR pT7 Tabor (1990)
pGP1-2 7.14 KmR T7TRNAP Tabor (1990)
b) Phages
Phage Markers Reference
M13mp18 lacZAM15 Yanisch-Perron et al (1985)
M13mp19 lacZAM 15 Yanisch-Perron et al (1985)
M13KO7 Promega protocols and
applications manual
R408 Promega protocols and

applications manual
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¢) Plasmids constructed in this study

Plasmid Markers Plasmid Marker

pMW1 ApR amiECRS pMW30 KmR amiR

pMW6  ApR TeR amiE LeaderM pMW40  ApR amiR

pMW9  ApR TetR amiE pMW41  ApR amiR
pMW10  ApR TetR amiE LeaderM pMW42  ApR amiE Leader
pMW11  ApR TetR amiE LeaderM pMW44  ApR amiE leader
pMW12  ApR TetR amiE LeaderM pMW45  ApR amiR
pMWI13  ApR TetR amiE LeaderM pMWJ40L ApR amilead.amiR
pMW14  ApR TetR amiE LeaderM pMW46  ApR amilead.amiR
pMW15  ApR TetR amiE LeaderM pMW47  ApR amilead.amiR
pMW16  ApR TetR amiE LeaderM pMW48  ApR amilead.amiR
pMW21  ApR amiCRS pMW49  ApR amilead.amiR
pMW22  SmR amiECRS pMWS50  ApR amiR
pMW25  ApR TetR amiE LeadertM pMW51  ApR amiR
pMW26  ApR TetR amiE LeaderM pSB100  ApR amilead.
pMW27  ApR TetR amiE LeaderM pSB101  ApR TeR amiE
pMW28  ApR TetR amiE LeaderM pSB102  ApR TetR amiE leaderM

pSB103  ApR TetR amiE LeadertM

2.1.4 Bacteria growth media recipes

a) Liquid media

i) Nutrient broth

The nutrient broth used was either Oxoid No.2 broth prepared as recommended or L broth;
Bacto tryptone 10 g/l, Bacto yeast extract 5 g/l, sodium chloride 5 g/l and glucose 1 g/l
(pH7.2) made up in deionised water and sterilized by autoclaving for 20 minutes at 15 psi
Terrific broth was prepared by mixing in 900 ml deionised water; 12 g/l Bacto tryptone,

24 g/l Bacto yeast extract and 4 ml/l glycerol, autoclaving for 20 minutes at 15 psi. on
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liquid cycle and adding 100 ml of a sterile solution of 0.17 M KH,POy4, 0.72 M K,;HPO,

(Sambrook et al., 1989). 2 x YT medium was prepared by dissolving 16 g bacto-tryptone,
10 g bacto-yeast extract and 5 g NaCl into 900 ml of water, adjusting the pH to 7.0 with 5
N NaOH, adjusting the volume to 1 litre with deionised water and autoclaving as described

above.

ii) Minimal medium

E. coli basal medium with nitrogen contained: 4.5 g/l Na;HPOy, 2.0 g/l KH,POq4, 1.0 g/1
(NH4) 2S04, 1.0 g/l NH4CI, 0.5 g/l KNO3, 0.8 % (v/v) sodium lactate, 1.0 % (v/v) E.

coli trace elements, pH 7.0-7.2 (Clarke and Laverack, 1983).

E. coli basal minimal medium without nitrogen was prepared as follows : 4.5 gl

Na,HPO,, 2.25 g/l KHyPOy, 2.5 g/l NaySOy, 1 g/l NaCl, 1.0 % E. coli trace elements,

pH 7.0-7.2. The media was supplemented with 0.01 % L-tryptophan and 0.01 % L-leucine

as sources of nitrogen (P. Laverack, personal communication).

The E. coli trace element solution contained: 40 g/l Na citrate, 20 g/l MgS04.7H;0, 2 g/l
FeS04.7H,0, 1.0 g/l MnCl;.2H,0 and CaCl;.2H,0 and 0.02 g/l of each of

ZnS04.7H,0, Na;B407.7H,0, (NHg)sM07024.7H20, CuSO4.5H,0 and CoCl,.

Pseudomonas basal medium was that of Brammar and Clarke (1964): 12.5 g/l K2HPO4,
3.8 g/l KH2PO4, 1.0 g/l (NH4)2S04, 0.1 g/l MgS04.7H20 and 0.5 % trace elements
solution (pH 7.2).
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Pseudomonas trace elements solution was that described by Kelly and Clarke (1962): 0.23
g/l H3BOs3, 0.174 g/l ZnS04.7H,0, 0.116 g/l FeSO4 (NH4)2504.6H;0, 0.096
C0S04.7H,0, 0.022 g/l (NH4)¢M07024.4H,0, 0.008 g/l CuS0O4.5H20, .008 g/l
MnS0,4.4H,0.

All solutions were autoclaved at 15 psi for 15 minutes and stored at room temperature and
the media supplemented with sterile carbon sources at 0.5 % for E. coli and 1.0 % for

Pseudomonas as indicated in the respective experiments.

b) Solid support media
For plates and storage stabs, 1.2 % (w/v) Difco agar was added to either L-broth or Oxoid
No. 2 or to minimal media prior to autoclaving. Top lay agar was made similarly except

that 0.6 % agar was used.

2.1.5 Antibiotics

The antibiotics were added to the appropriate bacterial growth media at the following final

concentrations:

E. coli P. aeruginosa
Ampicillin 100 pg/ml
Carbenicillin 500 pg/ml
Kanamycin 100 pg/ml 250 pg/ml
Streptomycin 100 pg/ml 500 pg/ml
Chloramphenicol 10 pg/ml
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2.1.6 Dilution buffer
Where necessary, bacteria were diluted in buffer prepared as described by Brammar et

al(1967): 3.0 g/l KH,POy, 7.0 g/l Na;HPO4, 4.0 g/l NaCl, 0.2 g/l MgS04.7H,0, pH

T2,

2.1.7 Phenol:Chloroform

Phenol:chloroform for miniplasmid preparation and other DNA purification procedures was
prepared as follows (Sambrook et al., 1989): Analytical grade phenol was equilibrated
with 100 mMTris-HCI@H 8.0), mixed with equal volume of chloroform:isoamyl alcohol

(24:1) and stored in a light-tight container at -20 OC under the equilibration buffer.

2.1.8 DNAase free RNAase
Pancreatic Ribonuclease A was dissolved at a concentration of 10 mg/ml in 10 mM Tris.Cl

(pH 7.5), 15 mM NaCl. It was then heated at 100 OC for 15 minutes, cooled slowly to

room temperature and stored in aliquots at -200C.

2.1.9 Reagents

The following reagents and kits were used in the study:

Reagent/kit Supplier

Acetic acid James Burroughs
Acrylamide Sigma

Agarose Sigma

Ampicillin Beecham
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Bacto agar

Bacto tryptone
Carbenicillin

RNAase free DNAase
Carbenicillin

DNA modifying enzymes
DNA sequencing kits
Ethanol

Geanclean kit
Hydroxylamine
Immunochemicals

IPTG

Kanamycin

Lactamide

Lysozyme

Methanol

3MM paper

NAP-5 columns
Oligonucleotides

Qiagen DNA purification kit
Ribonuclease A
Radiochemicals
Restriction enzymes
Reverse sequencing primer

Riboprobe transcription system

Ribonuclease inhibitor
Streptomycin

T7 sequencing primer
X-gal

X-ray film

Bacto yeast extract

Difco
Difco
Sigma
Promega
Sigma
Anglian Biotechnology Ltd
Pharmacia
James Burroughs Ltd
BIO 101 Inc.
Sigma
Sigma
Pharmacia
Sigma
Sigma
Sigma
James Burrough Ltd
Whatman Ltd
Pharmacia
Kings college London
Qiagen Inc.
Sigma
NEN, Sigma
Anglian Biotechnology Ltd
Promega
Promega
Pharmacia
Sigma
Promega
Northumbrian Biotech. Ltd
Fuji Photo Film Co.
Difco
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2.2 Methods

2.2.1 Microbiological Methods

2.2.1.1 Bacterial growth conditions

Bacteria were routinely grown in 20 ml universals containing 5 ml media on a reciprocating
shaker at 37 .. Large scale growth was carried out in conical flasks of at least 5 times the
volume of culture. Growth was monitored by measuring the optical density at 450 nm for

E. coli and 670 nm for Ps. aeruginosa.

2.2.1.2 Strain storage

Ps. aeruginosa and E. coli strains for long term storage were aliquoted into 40 % sterile
glycerol and stored at -70% . For short term storage, an inoculating loop with the bacteria
was stabbed into sterile L/agar bottles and stored in the dark at room temperature as

described in Sambrook et al (1989).

2.2.1.3 Amidase assays

Amidase assays were performed on whole cells by the hydroxamate transferase method of
Brammar and Clarke (1964) using acetamide as substrate. The bacteria were grown
overnight on most occasions either in minimal medium or nutrient broth under the

conditions specified in the respective results sections.

0.1 ml of appropriately diluted bacterial suspension were added to 0.9 ml mixed substrate
(2 volumes of 100 mM Tris-HC1 buffer, pH 7.2, 1 volume of 0.4 M acetamide, 1 volume
of 2 M hydroxylamine neutralised to pH7.2 with NaOH) at 370C and incubated for 10
minutes. The reaction was stopped by addition of 2 ml of ferric chloride/HCI reagent (100

ml of 60 % ferric chloride solution and 57 ml of concentrated HC1 made up to 1 litre with
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distilled water). The tubes were vortexed to disperse nitrogen bubbles and the Asgo

determined in a Unicam SP600 spectrophotometer against a reagent blank.

The units of amidase activity expressed as pmoles of acetylhydroxamate formed/min/mg of

bacteria were calculated from the following formula:

Asoo- (0.08 X Ag70(450) 1 X 3.5
Ag70(450) % 0.56

2.2.1.4 Competent cell preparation and transformation of E. coli

Competent cells were prepared by CaCl, treatment. A single colony from a fresh plate was
grown overnight in 5 ml1 LB medium and 1 ml then used to inoculate 50 ml LB at 37 OC.

Aeration was continued at 37% . to an O.D450 of 0.4-0.5, the cells chilled on ice for 10

minutes and collected by centrifugation at 5000 rpm in a Sorvall RC2-B centrifuge at 4
The cells were resuspended in 25 ml of ice cold 100 mM MgCl; and collected as above.
The cell pellet was then resuspended in 2.5 ml of ice cold 100 mM CaCl, and held on ice

for lhr.

Transformation was carried out by adding 100 ng-1 pug of plasmid DNA in 100 pul

SSC:CaCl, (3:4 ) to 200 pl of the competent cells. The transformation mixture was held

on ice for 45 minutes, heat shocked at 370C for 5 minutes, chilled again on ice for 45

minutes and then 0.7 ml of LB medium at 370C; added. The cells were allowed to recover

by growing for at least 1 hr without shaking at 37°%C . and plated by overlaying 300 pl in
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0.6 % top agar onto antibiotic selective plates. The plates were incubated at 370C
overnight except for the heat inducible plasmids whereby the plates were incubated at 30

OC for 16-18 hours.

2.2.1.5 Transfection of M13mp18/19 recombinants into E. coli
E. coli strain JM109 for propagation of M13mp18/19 single strand DNA were
transformed with DS DNA as described above except that; the overnight cultures were

grown from minimal medium plate colonies, the transformants after heat induction were

placed on ice and plated as soon as possible by overlaying in top agar containing, 200 pl of
lawn cells (mid log phase cells of the same culture), X-gal (20 pl of 50 mg/ml stock) and

IPTG (100 pl of 100 mM stock). The plates were incubated overnight at 37

2.2.1.6 Mobilisation of plasmids from E. coli into Ps. aeruginosa.

E. coli strain HB101 carrying plasmid pRK2013 was used as the helper strain in triparental
matings (Deretic et al., 1986). Overnight cultures of the donor carrying a broad-host-range
vector based construct, the helper strain, and the recipient strain were plated together on
nutrient agar plates and incubated at 37% in an upright position for six hours. The lawn
of bacteria was harvested and washed several times in dilution buffer before being plated

onto antibiotic selective plates.

2.2.2 DNA methods

2.2.2.1 Isolation of plasmid DNA

Single colonies were patched out onto antibiotic selective plates and the patches used to
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inoculate 5 ml LB media in universal bottles. Plasmid DNA was isolated by the alkaline
lysis method as described in Sambrook et al (1989). The liquid cultures were grown
overnight at 37 %A . with vigorous shaking and 1.5 ml of the culture harvested by
centrifugation at 12000 x g in an Eppendorf microcentrifuge for 1 minute. The media was
aspirated leaving the pellet as dry as possible and the pellet resuspendend by vortexing in
ice cold miniprep lysis buffer (Solution I) (25 mM Tris-HCI, pH8.0, 10 mM EDTA, 50

mM glucose, 4 mg/ml lysozyme). The mixture was incubated at room temperature for 5

minutes and 200 pl of freshly prepared miniprep Solution II (0.2 N NaOH, 1 % SDS)

added. The tube was inverted several times to mix the contents and placed on ice for 5

minutes. The mixture was rapidly neutralised by addition of 150 pl of miniprep Solution

III (60 ml 5 M potassium acetate mixed with 11.5 ml glacial acetic acid and 28.5 ml water)
was added and the tube vortexed in an inverted position. The tube was placed on ice for a
further 5 minutes then centrifuged at 12000 x g for 5 minutes. The supernatant was
transferred to a fresh tube, an equal volume of phenol:chloroform added and vortexed for 1
minute followed by centrifugation for 2 minutes at 12000 x g. The upper aqueous phase
was transferred to a fresh tube and the DNA precipitated by addition of 2 volumes of
ethanol chilled at -20% .. The tube was held on ice for 10 minutes and centrifuged at
12000 x g for 15 minutes at 4 OC to collect the DNA. The pellet was washed by addition
of 70 % ethanol centrifuged for 10 minutes, the ethanol removed by aspiration and the
pellet dried at room temperature before resuspension in an appropriate volume of TE buffer

(10 mM Tris-HCl, pH8.0, 1 mM EDTA) containing RNAase A at a concentration of 20

pg/ml. This procedure was also used to prepare plasmid DNA from Ps. aeruginosa.
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2.2.2.2 Column purification of plasmid DNA

Plasmid DNA for sequencing was sometimes purified from anion exchange columns

(Qiagen Inc). The cells required to give up to 100 pg of plasmid DNA were harvested and

resuspended in 4 ml buffer P1 (100 pg/ml RNAase A, 50 mM Tris/HCI, 10 mM EDTA,

pH8.0), 4 ml of buffer P2 (200 mM NaOH, 1% SDS) was added, mixed and then
incubated at room temperature for 5 minutes. 4 ml of chilled buffer P3 (3.0 M potassium
acetate, pH5.5) was added, mixed, and incubated for 15 minutes on ice. The bacterial
lysate was centrifuged at 30,000 x g and the supernatant removed promptly then loaded on
a Qiagen-tip 100 pre-equilibrated with 4 ml buffer QBT (750 mM NaCl, 50 mM MOPS, 15
% ethanol, pH 7.0, 0.15 % Triton X-100). The column was washed with 2 x 10 ml of
buffer QC (1.0 M NaCl, 50 mM MOPS, 15 % ethanol, pH 7.0) then eluted with 5 ml
buffer QF (1.25 M NaCl, 50 mM Tris-HCl, 15 % ethanol, pH 8.5). The DNA was
concentrated by precipitation with 0.7 volumes isopropanol, recovered by centrifugation at
12000 x g, washed with 70 % ethanol and resuspended in an appropriate volume of sterile

water.

2.2.2.3 Large scale isolation of plasmid DNA and CsCl gradient
purification

Large scale purification of plasmid DNA was carried out by a modification of the alkaline
lysis method and purified on CsCl as described in Sambrook et al (1989). The cells were
grown overnight at 370C in 500 ml cultures, chilled on ice for 10 minutes and harvested by
centrifugation at 5000 rpm for 15 minutes at 40C in a Sorvall GS3 rotor. The supernatant
was discarded and the centrifuge tube stood upside down to drain all the supernatant. The
bacterial pellet was resuspended in 20 ml Solution I containing lysozyme at 1 % w/v and

incubated at room temperature for 5 minutes. 50 ml of freshly prepared Solution I was
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added, mixed by inverting the tube several times and stored at room temperature fora
further 5 minutes. 50 ml of ice cold Solution ITI was then added and mixed by shaking the
tube several times. The tube was stored on ice for 10 minutes to precipitate chromosomal
DNA, high molecular weight RNA, membranes and proteins. The bacterial lysate was
then centrifuged at 7000 rpm for 30 minutes at 40C in a Sorvall GS3 rotor and the rotor
allowed to stop without braking. The supernatant was filtered through four layers of
cheese cloth and the nucleic acids precipitated by addition and mixing of 50 ml of 50 %
polyethylene glycol (mwt 6000) and leaving on ice for 1 hour. The DNA was recovered
by centrifugation at 15000 rpm in a sorvall GSA rotor for 30 minutes at 40C. The
supernatant was drained off making sure to remove all droplets of PEG, dried and

resuspended in 5 ml TE buffer. The DNA was extracted with phenol:chloroform twice and

the volume made up to 5 ml with water before addition of CsCl at 1.1 g/ml and 200 pl of

ethidium bromide (10 mg/ml in water). The solution was transferred into a Beckman quick-
seal pollyallomer tube and centrifuged in a Beckman L-7 ultracentrifuge Ti70.1 rotor at
200C for twenty hours at 50,000 rpm. The] Lower band of closed circular DNA was
aspirated into a syringe fitted with a 21 gauge hypodermic needle being visualised under a
long wave UV lamp. The ethidium bromide was removed by extraction with CsCl
saturated isopropanol several times. The DNA/CsCl solution was diluted with 3 volumes
of water and the DNA precipitated with two volumes of ethanol and the DNA concentration

determined spectrophotometrically.

2.2.2.4 Preparation of single-stranded phage DNA
Well isolated plaques of potentially recombinant phages as determined by their colourless
background from the blue/white screen (above) were used for SS DNA isolation as

described in Promega protocols and applications guide. 5 ml TYP media was inoculated
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with 200 pl of an overnight culture of E. coli JM109, phage from a clear well isolated

plaque and grown with good aeration for between 6 and 8 hours. The cells from 1.5 ml of
culture were removed by centrifugation at 12000 x g for 15 minutes in an Eppendorf
microcentrifuge and the supernatant centrifuged again. 1.2 ml of this culture was
transferred to a fresh microfuge tube and the phage precipitated by addition of 0.25 volume
of phage precipitation solution (3.75 M ammonium acetate, pH 7.5, 20 % polyethylene

glycol [ mwt 8000]) and standing on ice for 30 minutes. The phage pellet was recovered

by centrifugation at 12000 x g for 15 minutes and resuspended in 400 pl TE buffer. The

phage was lysed by addition of 0.4 ml of chloroform:isoamyl alcohol (24:1) and vortexing
for 1 minute. The phage lysate was centrifuged at 12000 x g for 5 minutes and the upper
aqueous phase transferred to a fresh tube and phenol:chloroform extracted until no material
appeared at the interface. The aqueous phase was then transferred to a fresh tube mixed
with 0.5 volumes of 7.5 M ammonium acetate, 2 volumes of ethanol, stored at -20 OC for
30 minutes and centrifuged at 12000 x g for minutes. The ethanol was discarded, the pellet

washed with chilled 70 % ethanol and dried under vacuum before being resuspended in 20

pl sterile water.

2.2.2.5 Preparation of single-strand phagemid DNA
The protocol for preparation of single strand phagemid DNA was identical to that of M13

except that E. coli cells carrying the phagemid were infected with helper phage to switch

the phagemid from plasmid replication mode to f1 replication mode. 100 pl of an

overnight culture of cells containing the phagemid were used to inoculate 5 ml TYP and the
culture aerated for 30 minutes at 37 OC. The cells were then infected with helper phage

R408 or M13KO7 at a multiplicity of infection (m.o0.i) of 10 and growth continued for a
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further 8 hours to overnight. The cells were pelleted and the phage isolated from the

supernatant, and the DNA extracted as described above.

2.2.2.6 Estimation of DNA concentration
DNA concentrations were determined spectrophotometrically by reading the absorbance at

260 nm whereby double-stranded DNA has an absorbance of 1 at a concentration of 50

pg/ml and single-stranded DNA has the same absorbance at 40 pg/ml. The purity was

determined by measuring the ratio of Azso/A280 With sequencing quality single-stranded
DNA having a ratio of greater than 1.7. On occasions, the concentration was estimated by

running an aliquot of DNA on agarose gels alongside markers of known concentration and

staining with ethidium bromide.

2.2.2.7 Agarose gel electrophoresis of DNA
Agarose gels of between 0.6% to 2.0% were prepared in TBE buffer (0.045 M Tris-
borate, pH 8.0, 0.001 M EDTA). The agarose suspension was melted in a loosely capped

Duran bottle and cooled to 600C before addition of ethidium bromide to a final
concentration of 0.5 pg/ml before pouring. Gels were run submerged in TBE buffer and

DNA samples were mixed with gel loading (0.25% bromophenol blue, 0.25% xylene
cyanol FF, 30% glycerol in water) at a ratio of 5:1 v/v before loading into the wells
alongside molecular weight markers. Electrophoresis was carried out at a voltage of 1-5

V/cm. The DNA fragments were visualised under UV light and photographed.

2.2.2.8 Isolation of plasmid DNA from agarose gels
DNA fragments were purified from agarose gels by the freeze squeeze method as described

by Tautz and Renz (1983) and by elution from a silica matrix (Glassmilk) using the
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Geneclean kit of BIO 101 Inc. In the former technique, the band of interest was excised
under long wave UV light, frozen and centrifuged through a silane coated glass wool plug.
The eluate was phenol:chloroform extracted twice, ethanol precipitated and the yield

estimated by running an aliquot of the DNA on an agarose gel.

In the Geneclean technique, the excised gel band was weighed and mixed with 0.5

volumes of TBE modifier and 4.5 volumes of Nal reagent. The mixture was incubated at
550C for 5 minutes with occasional mixing to dissolve the agarose. 2 pl glass milk
vortexed to obtain a homogeneous suspension was added, mixed and incubated on ice for
5 minutes with occasional mixing to bind the DNA. The mixture was centrifuged for 5

seconds at 12,000 x g and the supernatant discarded. The pellet was washed by

resuspending 3 x in wash buffer and care was taken to remove all liquid in the final wash.
The glass milk was resuspended in 5 pl sterile water and incubated at 550C for 3 minutes
to elute the DNA and the mixture centrifuged for 30 seconds. The elution step was

repeated 3 x and the eluate pooled. This method gave consistently high recoveries of DNA

compared to the freeze/squeeze method.

2.2.2.9 DNA cloning
All the techniques for cloning into plasmid vectors were as described in Sambrook et al

(1989) unless otherwise stated. Plasmids and DNA fragments were routinely digested

with restriction enzymes in 20 pl volumes using buffer and temperature conditions

recommended by the supplier. On some occasions it was necessary to ligate DNA
fragments with non-complementary protruding termini and the following methods were

used to modify the ends.
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2.2.2.10 Filling recessed 3’ termini

0.2-5 pg of DNA was digested to completion with the appropriate restriction enzyme in a
20 pl reaction and a solution containing the desired dNTPs at a concentration of 1 mM

added. 1 unit of Klenow fragment of E. coli DNA polymerase I was added for each pg of

DNA in the reaction and the mixture incubated for 15 minutes at room temperature. For
DNA fragments purified on agarose gels or digested with restriction enzymes that were not

heat inactivated, the DNA was resuspended in TE buffer pH 7.6 and MgCl; added to a
concentration of 5 mM before being treated as above. The Klenow polymerase was then

inactivated by heating to 750C for 10 minutes or extraction with phenol:chloroform after

making up the volume to 100 pl with TE buffer (pH 7.6) and precipitated with ethanol.

2.2.2.11 Removing 3’ termini

Protruding 3’ termini were removed using the 3’->5" exonuclease activity of bacteriophage
T4 DNA polymerase. 0.2-5 ug of DNA was digested in a 20 pl reaction volume and 1l
containing 2 mM of dNTPs added. 1-2 units of T4 DNA polymerase was added for each

tg of DNA and the reaction incubated at 120C for 15 minutes. The T4 DNA polymerase

was inactivated by heating at 750C for 10 minutes or by phenol:chloroform extraction after

making up the reaction volume to 100 pl and the DNA precipitated with ethanol.

2.2.2.12 Generation of blunt ends using mung-bean nuclease
Plasmid DNA cleaved with Ndel and EcoRI that generate 5° and 3’ protruding ends
respectively was made blunt ended by digestion with mung-bean nuclease as described in

Sambrook et al (1989). After restriction enzyme digestion, phenol:chloroform extraction,
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ethanol precipitation and drying 5 pg of the linear DNA was resuspended in 2 pl of 10 x
mung-bean nuclease buffer (300 mM sodium acetate, pH 4.5, 500 mM NaCl, 10 mM

ZnCl, and 50% glycerol), 2.5 pl mung-bean nuclease (0.5 w/pl) and 5.5 pl distilled water.

The reaction was incubated at 370C for 1 hour, extracted once with phenol:chloroform,

ethanol precipitated, dried and resuspended in ligation buffer.

2.2.2.13 Removal of 5’ phosphate groups
To prevent recircularization of plasmid DNA cleaved with only one enzyme during cloning
or prior to 5° terminal end labelling, the 5° phosphate groups were removed by calf

intestinal phosphatase (CIAP) as described in Promega protocols and applications guide.

To a 20 pl digest was added 10 pl of 10 x calf intestinal phosphate buffer (500 mM Tris-
HC], pH 9.0, 10 mM MgCl,, 1 mM ZnCl, 10 mM spermidine), CIAP at 0.01 w/pmol
ends, the volume was made up to 100 pl and the reaction incubated at 370C for 1 hour.

The reaction was stopped by addition of 2 pl of 0.5 M EDTA, phenol:chloroform extracted

and ethanol precipitated as described elsewhere.

2.2.2.14 Ligation of vector and insert DNA

Ligation of blunt ended and cohesive ended DNA fragments was carried out at 120C
overnight in a 10 pl reaction volume containing 1 ul of 10 x bacteriophage T4 DNA ligase
buffer (200 mM Tris.Cl, pH7.6, 50 mM MgCl; 50 mM dithiothreitol, 2 mM ATP, 500
pg/ml bovine serum albumin), insert and vector DNA at a maximum ratio of 3:1, 1-5

Weiss units of T4 ligase. Ligation mixes were either transformed into fresh competent E.

85



coli cells or stored at -200C.

2.2.2.15 DNA sequencing
DNA sequencing was carried out by the chain termination method of Sanger etal (1977 )

on both double stranded plasmid and single stranded M13/phagemid templates using the

T7 sequencing™ kit of Pharmacia. 10 pl of single stranded DNA templates prepared as
described above with a Ago/Agso Of at least 1.7 and containing 1.5-2 ng of DNA was

mixed with 2 pl of universal primer at 4.44 pg/ml (1-2 pmol for other primers) and 2 pl of

annealing buffer. The tubes were vortexed gently, centrifuged briefly and incubated at

600C for 10 minutes and then held at room temperature for at least 10 minutes to complete

the annealing. The labelling reactions were carried out by adding 3 pl of labelling mix-
dATP (1.375 pM each dCTP dGTP and dTTP and 333.5 mM NaCl), 1pl of

[0—35S]dATP--S and 2 pul of diluted T7 DNA polymerase to the annealed primer and

template. The components were mixed by gentle pipetting, collected at the bottom of the

tube by brief centrifugation and incubated at room temperature for 5 minutes. In the

termination reactions, 4.5 pl of the labelling reaction mix was transferred to each of four
2.5 pl aliquots of prewarmed sequencing mixes i.e. A mix-short (840 pm each dCTP,
dGTP and dTTP; 93.5 uM dATP; 14 uM ddATP; 40 mM Tris-HCI, pH7.6, and 50 mM
NaCl ), C mix-short (840 mM each dATP, dGTP and dTTP; 93.5 uM dCTP; 17 uM
ddCTP; 40 mM Tris-HCI, pH7.6,and 50 mM NaCl ), G mix-short (40 puM each dATP,

dCTP and dTTP; 93.5 uM dGTP; 14 uMddGTP; 40 mM Tris-HCI, pH 7.6, and 50 mM
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NaCl ) and T mix-short (840 uM each dATP, dCTP and dGTP; 93.5 uMdTTP; 14 uyM
ddTTP; 40 mM Tris-HCI, pH7.6, and 50 mM NaCl). Incubation was continued at 370C
for another 5 minutes and stopped by addition of 5 pl of stop solution (0.3 % each

bromophenol blue and xylene cyanol FF; 10 mM EDTA, pH7.5, and 97.5 % deionised

formamide). The tubes were spun briefly to collect the contents at the bottom of the tubes

and 3 pl aliquots transferred to another tube for denaturation and loading onto sequencing

gels. The remainder was stored at -200C for a second run which was carried out within

one week.

Double-stranded sequencing was identical to that described above except that the template

was denatured by addition of 8 pl of 2 M NaOH to 1-2 pg DNA in a total of 32 pl of

water. The tubes were vortexed briefly and the contents collected at the bottom of the tube

by gentle centrifugation. The mixture was incubated at room temperature for 10 minutes

and neutralised by addition of 7 1 3 M sodium acetate (pH4.8) and 4 pl of distilled water.

120 pl of 100 % ethanol was added and the tubes held at -700C for 15 minutes to

precipitate the denatured DNA. The DNA was collected by centrifugation for 15 minutes at

12,000 x g at 40C, washed with 70 % ethanol and dried briefly under vacuum. The DNA

was dissolved in 10 pl distilled water and annealing carried out as described above.

2.2.2.16 Denaturing sequencing gels
The sequencing products were separated on 8 M urea sequencing gels using uniform 0.4
mm or 0.2 mm to 0.6 mm wedge-shaped spacers and shark tooth combs. The gel mixture

was prepared by mixing 15 ml of 40% acrylamide stock solution (38 g acrylamide, 2 g
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N,N’-methylenebisacrylamide and distilled water to make up to 100 ml), 20 ml 5 x TBE
(0.445 M Tris-borate, 2 mM EDTA, pH 8.0), 23 g urea and made up to 100 ml with

distilled water. The mixture was degassed and polymerization initiated by addition of 200

pul of 10 % ammonium persulphate, mixing, then adding 75 pl TEMED (N,N,N’,N’-

tetramethylenediamine) mixing and pouring. The comb was inserted and the gel mould laid

flat on the bench to allow the gel to polymerize for 45-60 minutes.

The comb was removed after polymerization of the gel and the sealing tape removed from
the bottom. The gel was then set up in a BRL sequencing apparatus and prewarmed by
running at 1200 V for the wedge-shaped, and 1700 V for the uniform gel, for 45-60
minutes. The wells were flushed with TBE before inserting the comb and the samples
loaded after heating to 900C for 2 minutes. The gels were run at constant voltage (above)
sometimes with several loadings. At the end of the run, the gels were fixed in 10 % acetic
acid, 10 % methanol in distilled water for 15 minutes, dried on the sequencing cycle on a

BRL gel drier and exposed to X-ray film for 16-48 hours.

2.2.2.17 DNA End Labelling
pBR322 DNA Hpall DNA fragments were dephosphorylated as described above and used

as substrate for forward reaction end labelling with bacteriophage T4 polynucleotide

kinase. 1-50 pmoles of DNA, 5 ul of bacteriophage T4 polynucleotide kinase 10 X buffer
(0.5 M Tris-HCI, pH 7.6, 0.1 M MgCl,, 50 mM dithiothreitol, 1 mM spermidine HCl and
1 mM EDTA, pH 8.0), 50 pmoles [ y— 32P JATP (3000 Ci/mmole; 10 pCi/pl) and 10-20
units of bacteriophage T4 polynucleotide kinase were mixed in a total volume of 50 pl and

incubated for 30 minutes at 370C. The reaction was stopped by the addition of sequencing
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stop mix (above) and used as marker in the RNA purification.

2.2.2.18 5’ Phosphorylation of oligonucleotides

Oligonucleotides were 5’ phosphorylated as described in the Promega protocols and

applications guide. 100 pmoles oligonucleotide, 2.5 pl of 10 x kinase buffer (500 mM
Tris-HC], pH 7.5, 100 mM MgCl,, 50 mM DTT, 1.0 mM spermidine and 10 mM ATP)
and 5 units of T4 polynucleotide kinase were mixed and the volume made up to 25 ul with

distilled water. The reaction was incubated at 370C for 30 minutes and then heated to

700C for 10 minutes to inactivate the kinase.

2.2.2.19 In vitro Site-Directed mutagenesis
Site-Directed mutagenesis was carried out using the Altered Sites™ System of Promega.

The DNA to be mutated was cloned into the pAlter phagemid (Promega) and single

stranded templates prepared as described. In the annealing reaction, 0.05 pmol of
recombinant pALTER SS DNA, 0.25 pmol ampicillin repair oligonucleotide, 1.25 pmol
mutagenic oligonucleotide and 2 pl 10 x annealing buffer were mixed and the volume made

up to 20 pl with sterile water. The mixture was heated to 700C for 5 minutes and allowed

to cool slowly to room temperature. The reaction mixture was then placed on ice and the

following additions made; 3 pl 10 x synthesis buffer, 1l T4 DNA polymerase (10 uw/pul),

1p1 T4 DNA ligase (2 u/pl) and 5 pl sterile water. The synthesis/ ligation reaction was

incubated at 370C for 90 minutes and transformed into E. coli BMH 71-18 mutS.
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MPP DNA was made from the transformants and retransformed into E. coli IM109 with
selection on ampicillin plates. The required mutants were analyzed by restriction enzyme

mapping and DNA sequencing.

2.2.3 RNA methods

2.2.3.1 General procedures
Sterile disposable plastic ware was used whenever possible. Glassware was baked at

1800C for 8 hours and covered in aluminium foil. Distilled water used to make buffers

and other solutions was incubated at 370C with 0.1% DEPC for 12 hours then autoclaved

as described earlier to destroy the DEPC.

2.2.3.2 In vitro Transcription

In vitro RNA synthesis was carried out using the Promega Riboprobe kit. DNA fragments
for in vitro transcription were cloned downstream of either the T7 or SP6 promoter in
either plasmid pGEM4Z or pALTER. Runoff transcripts were made from plasmids
linearized with enzymes that yielded either recessed 3’ termini or blunt ends. Where no
such sites were available, 3’ protruding ends were made blunt using bacteriophage T4

DNA polymerase.

2.2.3.3 Labelled RNA synthesis
In the standard transcription protocol, the following components were added at room

temperature in the order listed:

4 ul 5 x Transcription buffer (200 mM Tris-HCI, pH 7.5, 30 mM MgCl;, 10 mM

spermidine, 50 mM NaCl); 2 pl 100 mM DTT; 20 u RNaisin ribonuclease inhibitor; 4 pl of
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a solution of 2.5 mM each of ATP, GTP and UTP, 2.4 ul 100 uM CTP; linearized
template DNA (0.2-1.0 mg/ml in water), 5 pl [ 0-32P]CTP (50 pCi at 10 mCi/ml) and 1ul
of either SP6 or T7 RNA polymerase (at 15-20 u/pul). The transcription reaction was

incubated at 37-400C for 60 minutes. At the end of the synthesis reaction, 5 pul of
sequencing stop mix was added and the RNA purified on a 6 M urea sequencing gel with
32P end labelled pBR322/Hpall fragments as markers. At the end of the run, three

dissimilar pieces of Whatman-3MM paper were soaked with a small amount of [ a—-32P

JCTP and placed asymmetrically on the gel. The was covered with Saran wrap, exposed to
an X-ray film for 5-15 minutes and the film developed using a X-Ograph processor. The
film was then orientated on the gel using the Whatman-3MM pieces of paper and the RNA
bands excised, crushed in an microfuge tube and incubated overnight with 2 volumes of
elution buffer (0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA,
pHS8.0, 0.1% SDS) with shaking. The acrylamide was removed by centrifuging through

siliconized glass wool and the RNA solution phenol:chloroform extracted twice, ethanol

precipitated and dried before resuspension in 100 pl DEPC treated sterile water. The

specific activity of the RNA was determined by liquid scintillation counting and adjusted to

10,000 counts/pl for RNA bandshifts.

2.2.3.4 Cold RNA Synthesis

In the large scale synthesis of cold RNA, the following components were mixed in the

order shown: 20 pl 5 x Transcription buffer; 10 pl 100 mM DTT; 100 u rRNasin

ribonuclease inhibitor; 20 pl of a solution of each of ATP, CTP, GTP, and UTP at 2.5mM
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each; 2 pl of linearized template DNA (2-5 pg in water); 2 pl of SP6 or T7 RNA

polymerase (at 15-20 u/pl) and the volume made up to 100 pl with sterile nuclease free

water. The reaction mixture was incubated at 370C for 60-120 minutes and the RNA
transcripts either purified on a denaturing gel as described above or treated with RQ 1
RNAase-free DNAase to remove the template DNA, phenol:chloroform extracted twice and

ethanol precipitated as described above.

2.2.3.5 RNA gel shift assays

The RNA/protein complex formation was assayed by running reaction mixtures on non-

denaturing polyacrylamide gels. Samples were set up by preincubating 1.5 plof 10 X
buffer (1.5 mM Tris-HCl, pH 8.0, 50 mM NaCl and 50 mM KCl); 40 u rRNasin
ribonuclease inhibitor and 0.5-8 pl protein extract for 10 minutes at room temperature
followed by addition of 40-120 g total yeast RNA, 10,000 counts of probe RNA and

DEPC treated sterile water to a total of 15 pl. The reaction was incubated for 15 minutes at

room temperature and 3 pul of sterile glycerol added before separation at 40C on a 5%

native polyacrylamide gel preelectrophoresed for 30-60 minutes at 35 mA constant current

in 1% TBE.

The 5% polyacrylamide gel for the resolution of complexes was run on a BioRad
electrophoresis apparatus and contained: 16.6 ml 30% acrylamide solution (20 g
acrylamide, 1 g N,N’-methylenebisacrylamide and deionised water to 100 ml); 62.7 ml
deionised water and 20.0 ml 5 x TBE (0.445 M Tris-borate, 2 mM EDTA, pH 8.0). The

solution was degassed followed by addition of 0.7 ml 10% ammonium persulphate and 35
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pl TEMED and poured.

The gel was exposed without drying in an X-ray film cassette at -700C with an intensifying

screen overnight and the film developed in an X-Ograph developer.

2.2.3.6 5°-End labelling of RNA

In vitro synthesized cold RNA was dephosphorylated using CIAP as described for DNA
above except that, 0.01 unit of CIAP per pmole of 5’ termini was used and the incubation

was carried out for 15 minutes at 370C followed by a 30 minute incubation at 550C.

Phosphorylation was carried out using bacteriophage PNK as described for DNA above.

2.24 Protein methods

2.2.4.1 Expression using the T7 RNA polymerase/promoter system
The amiR gene was cloned downstream of the T7 promoter sequence and Shine-Dalgarno

sequence in plasmid pT7.7 (Fig 4.4). Plasmid pMW351 was then transformed into E. coli
C600 carrying the T7 RNA polymerase gene under the control of Apy, promoter (plasmid
pGP1-2) (Tabor and Richardson, 1985) and protein expression was carried out as
described by Tabor (1990). Transformants carrying both plasmids were plated on
LBampicillin/kanamycin plates and grown overnight at 300C. A single colony was picked
and inoculated into 5 ml Terrific broth/ampicillin/kanamycin medium and grown overnight
at 300C. The overnight culture was diluted 1:40 into fresh Termific
broth/ampicillin/kanamycin medium and grown for several hours at 300C to an OD4so of
0.5 and the temperature raised quickly to 420C for 30 minutes to induce the gene under

pT7 control. The temperature was reduced to 370C and the cells grown for an additional
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90 minutes with shaking. The cells were chilled on ice for 10 minutes then centrifuged at
40C for 5 minutes in a Sorvall GS-3 rotor at 5000 rpm. The supernatant was discarded,
the cells resuspended in ice cold TES buffer (6.055 g Tris-HCI, pH8.0, 1.861 g EDTA,
2.922 g NaCl) and harvested as above. The cells were resuspended in 1/50 of original
culture volume in cold lysis buffer (20 mM Tris-HCI, pH 8.0, 1 mM DTT, 0.5 mM
PMSF, 5 mM EDTA). The tube containing the cells was put on ice and disrupted by
sonication in an MSE Soniprep for ten 15 second bursts at amplitude 14 with 15 second
cooling intervals. The cell debris was removed by centrifugation at 15,000 rpm for 15

minutes at 40C and the supernatant stored at -700C in 15% sterile glycerol.

Plasmids pMW40 and pMW41 which have the amiR gene cloned downstream of a T7
promoter were transformed into E .coli JM109(DE3) which carries a single T7 RNA
polymerase gene in the chromosome under the control of a lacUV5 promoter (Studier and
Moffat, 1986). The transformants for protein expression were aerated at 370C to an

0.Dgs of between 0.4-0.5 and induced with 0.4 mM IPTG. The cells were harvested

after 3 hours and cell free extracts prepared as described above.

2.2.4.2 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE was carried out by the discontinuous system described by Laemmii (1970)
using a Biorad protein electrophoresis or Miniprotean II gel electrophoresis apparatus as
recommended by the manufacturers. A 15% SDS-polyacrylamide resolving gel (minigel)
was prepared by mixing 2.5 ml 4 x resolving gel buffer (1.5 M Tris-HCI, pH 8.8, 0.4%
SDS), 2.5 ml deionised water, 5.0 acrylamide mix (30% acrylamide, 0.8% bisacrylamide

in deionised water), 0.05 ml1 10% APS and 5 ul TEMED. The gel casting mixture was

poured into the mould leaving 2 cm height for the stacking gel and layered with water
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saturated n-butanol. After polymerisation of the resolving gel, the n-butanol overlay was
poured off and 4.5% stacking gel mixture prepared as follows poured in: 1.25ml 4 x

stacking gel buffer (0.5 M Tris-HCl, 0.4% SDS, pH 6.8), 3.0 ml deionised water, 0.75

ml acrylamide mix (above) , 0.1 ml 10% APS and 10 pl TEMED.

The protein samples together with molecular weight markers were diluted in 2 x loading

buffer (25% 4 x stacking gel buffer, 2% SDS, 5% B-mercaptoethanol, 20% glycerol and

0.0025% bromophenol blue) and boiled for 5 minutes prior to loading. Electrophoresis
was carried out in Tris-glycine electrophoresis buffer diluted from 4 x stock (0.1 M Tris,
pH 8.3, 0.77 M glycine, 0.4% SDS) at 35 mA constant current until the dye front reached
the bottom of the gel. The gel was stained by immersing in at least 5 volumes of
Coomassie stain (prepared by dissolving 0.25 g Coomassie Brilliant Blue R 250 in 90 ml
of 1:1 v/v methanol:water mixture and adding 10 ml of glacial acetic acid) and shaking on a
rotating platform for 4 hours at room temperature. The stain was removed and the gel
destained by soaking in the methanol/acetic acid solution without dye (above) on a slowly

rotating platform for 4-8 hours with three or four changes of destaining solution.

2.2.4.3 Immunoblotting

Proteins were electrophoretically transferred from SDS-polyacrylamide gels to

nitrocellulose filters (0.45 pm pore size) for detection with antibody by western blotting
(Towbin et al., 1979; Burnette, 1981) using a NovaBlot Kit together with a Multiphor II
electrophoresis system (LKB). A layer of six Whatman-3MM filter papers was soaked in

Anode Solution 1 (0.3 M Tris, pH 10.4, 20% v/v methanol in distilled water) and placed

on the anode electrode plate. Another three filter papers were soaked in Anode Solution 2
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(25 mM Tris, pH 10.4, 20% v/v methanol in distilled water) and placed on top of the first
six filter papers taking care not to trap any air bubbles. The membrane filter was soaked in
the same electrode solution and carefully placed on top of the layer of filter papers. The gel
was slowly lowered onto the immobilizing membrane and any trapped air bubbles removed
by wetting the surface of the gel with electrode buffer and gently pushing them out. Three
filter papers were soaked with cathode solution (40 mM 6-amino-n-hexanoic acid, pH 7.6,
20% v/v methanol in distilled water) and carefully placed on top of the gel. A further six
filter papers were soaked in cathode solution and these made the contact with the electrode.

The NovaBlot Kit was assembled and the transfer carried out at 100 mA for 1 hour.

The blots were blocked after the transfer by incubating with gentle agitation in blocking
solution (2% w/v nonfat dried milk in TBS pH 7.2 [150 mM NaCl, 25 mM Tris-Cl]) for
20 minutes. The filter was transferred into fresh blocking solution containing suitably
diluted rabbit antisera (1:1000) raised against MalE-AmiR fusion protein and incubated
with shaking at room temperature for up to 18 hours. The primary antibody solution was
discarded and the filter was washed three times for 10 minutes in TBS (Tris buffered
saline, pH7.2) and immediately incubated at room temperature with fresh blocking solution
containing horseradish labelled goat anti-rabbit IgG (Sigma) diluted 1:2000 in TBS for 2
hours. The filter was washed three times by 10 minute gentle agitations in a tray
containing TBS (to cover the filter) and the colour developed by the addition of

chloronapthol substrate (Sigma). Developed blots were washed in TBS and dried.

2.2.4.4 N-terminal sequencing
N-terminal sequencing was carried out on protein transferred onto ‘Protoblot”’ membrane
using NovaBlot Kit as described above. After transfer, the blots were stained with amido

black for 2 minutes, destained in 40% methanol until the bands were visible with no
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background and the band of interest cut out and sequenced. The first twenty amino acids
were sequenced by Edman degradation using an Applied Biosystems 470A Gas Phase
Sequencer with on line detection of amino acid phenylthiohydantoin derivatives using

120A HPLC (Applied Biosystems, Warrington U.K.).

2.2.5 Protein purification methods

2.2.5.1 Ammonium sulphate fractionation

A cell free extract prepared from C600, pGP1-2, pMW51 as described above was placed in
a beaker on ice and transferred to the cold room on a magnetic stirrer. The amount of solid
ammonium sulphate required to give 20%, 30%, 40%, 50%, 60%, 70% and 80%
saturation was determined from published tables (Harris and Angal ed. 1989). At each step
ammonium sulphate was added slowly with stirring and then stirred for a further 1 hour.
The resulting suspension was centrifuged at 15,000 rpm in a Sorvall SS-34 rotor at 40C
and the pellet resuspended into cell lysis buffer (above). Any material that did not go into
solution was removed by centrifugation. The supernatant was taken to the next ammonium
sulphate fractionation step and the procedure repeated. The fractionation was followed by

SDS-PAGE electrophoresis as described above.

2.2.5.2 Ion exchange chromatography

Ton exchange chromatography was carried out using an FPLC system III machine
(Pharmacia). 200 pl (17.3 pg protein) of clarified crude extract (prepared as above) was

applied to a MonoQHR 5/5 ion exchange column prewashed with elution buffer 20mM
Tris-Cl, pH8.0, 1 mM DTT, ImM EDTA). The column was eluted with a linear gradient

of 0-1 M NaCl at a flow rate of 1 mI/min. Fractions were collected with a Frac-100
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fraction collector (Pharmacia) and stored at 40C for prior to analysis by SDS-PAGE.

DEAE cellulose ion exchange chromatography was carried out using a DE52 ion exchange
column washed with elution buffer (20 mM Tris-Cl, pH8.0, 1 mM DTT, 1mM EDTA)
and eluted with a linear gradient of 0-1 M NaCl. The fractions were collected as above and

analyzed by SDS-PAGE.

2.2.5.3 Gel filtration

Gel filtration was carried out using the FPLC system described above. A clarified fraction
from the 20% ammonium sulphate fraction that contained AmiR was loaded onto a
Superdex 200 FPLC column. The column was eluted with EB (20 mM Tris-Cl, pHS8.0, 1

mM DTT, 1mM EDTA), and 2 ml fractions collected for analysis by SDS-PAGE and

stained with Coomassie blue or by Western blotting.
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CHAPTER 3

Studies on Amidase induction

3.1 Introduction

Initial studies on the regulation of amidase expression in Ps. aeruginosa were performed
by Kelly and Clarke (1962) in the wake of the classic Jacob and Monod (1961) lac operon
work. They observed that N-substituted amides gave gratuitous induction, and different
substitutions or carbon chains could eliminate induction implying a size exclusion at the
inducer pocket. In addition thioacetamide inhibited induction but had no effect on the
catalytic activity of the enzyme and other amide derivatives had varying activities as
substrates without correlation with their inducer/inhibitor activity ~implying  distinct
inducer and substrate binding sites. A large number of regulatory mutants were later
isolated including constitutives which were classified as magnoconstitutive if they produced
high levels of amidase all the time, and semiconstitutive if they could be induced to higher

levels.

Investigations with cloned amidase genes from PAC433 and PAC1 have identified amiE,
the structural gene (Brammar et al., 1987); amiR, the positive regulator (Lowe et
al.,1989); amiC, the negative regulator (Wilson and Drew, 1991) and the open reading
frames amiB and amiS (Wilson, 1991). An earlier study of the insertion and replication of
the Pseudomonas mutator phage D3112 used the amidase operon of strain PAO1 because
of the well characterised genetic system. Amidase negative mutants were selected on

fluoracetamide plates and Southern blotting used to map the site of the insertions (Rehmat
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and Shapiro, 1983). Insertions into amiE or amiR produced amidase negative phenotypes
and insertions into what has now been identified as the amiB open reading frame produced
a ‘leaky’ amidase negative phenotype. To investigate the role of amiB in amidase

expression an amiB deletion mutant was constructed and analyzed.

3.2 Role of amiB in Amidase Induction

3.2.1 Studies on amiB- Phenotype in E.coli

E.coli contains no amidase activity and thus studies with cloned amidase genes are free of
extraneous activity. The wild type amidase genes had been cloned on a 5.3 kb
HindII/SalGI DNA fragment into pBR322 to make plasmid pAS20 (Fig 3.1) (Wilson and
Drew, 1991) and the amiB gene identified and sequenced (Wilson, 1991) by the time I
commenced the project. Two ‘unique’ Apal targets were identified 423bp apart within
amiB which provided a convenient way for making a deletion in plasmid pAS20 which

could then be assessed for any change in phenotype.

Initial attempts to digest plasmid pAS20 isolated from a methylase positive E.coli strain
(JA221) with Apal resulted in linear molecules. The Apal restriction refractory site was
identified by fine restriction mapping with Apal and Pvull as position 1722 (the upstream
site) which is 1bp downstream of a dem methylase recognition site. Plasmid pAS20 was
transformed into E.coli GM2163 (dcm-6, dam-13). A single transformant was grown up
in 100 ml NB O/N and plasmid DNA isolated by the PEG precipitation method described
earlier. Subsequent Apal digestion went to completion as shown by AGE confirming the

earlier suspicion that methylation of the juxtaposed dcm site inhibited the enzyme.

About 2 pg of plasmid pAS20 DNA was digested with Apal and the 8.7 kb fragment was
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isolated from the agarose gel, ligated and transformed into E.coli JA221 to Ampicillin
resistance. The desired plasmid pMW1 (Fig 3.1) was identified from resistant colonies by

MPP and restriction enzyme analysis with HindIII and Xhol.

amiE amiB amiC amiR amiS
pAS20
pBR322 o
Amp Apal digestion
resist.
purification of
8.7 kb fragment
Ligation
HindllI Apal Xhol  SalGI
____________________________________________________________ Ll

amiE ami amiR  amiS

pMWI1

Fig 3.1 Construction of plasmid pMW1.  Plasmid pAS20 was digested with
Apal and ligated.

Expression of amidase in E.coli carrying plasmids pMW1, pAS20 and pJB950 was
measured using whole cells grown in minimal medium under inducing, non-inducing and
repressing conditions with either glucose or lactate as a carbon source lactamide was used
as the inducing amide and butyramide repression was measured with lactate as the carbon
source. In addition experiments were carried out under nitrogen excess and nitrogen
limiting conditions. The results are shown in Table 3.1A. The results for pAS20 and
pJB950 were as reported previously (Wilson, 1991). Under nitrogen excess conditions

pAS20 is devoid of amidase activity but under nitrogen limiting conditions shows inducible
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amidase expression. Under nitrogen excess conditions pJB950 shows low constitutive
amidase activity (average 3.7 u) which increases dramatically under N-limiting conditions
to a high constitutive but further inducible level (average 38.0 u). Plasmid pMW1 carrying
the amiB deletion shows similar results to pAS20 with very low constitutive expression for
cells grown in excess nitrogen and low inducible expression under N-limition. The results
for pAS20 and pMW1 were not identical but no real change was seen with the amiB
mutation in E. coli. Poor heterologous amidase expression in E. coli has been reported
previously (Cousens et al 1987; Drew and Lowe, 1989) but the differences seen are
fortunately only in magnitude and not principle as most of the studies have been carried out
in this organism. In fact amiC mediated repression and nitrogen limitation activation of
amidase expression were first observed in E.coli (Wilson, 1991) as well as localization of
the amiR coding region (Cousens et al.,1987). Since very high inducible amidase activity
has been reported previously with the PAC1 gene fragment in Ps. aeruginocc~ (Wilson and
Drew, 1991) it was ~decided to investigate the amiB phenotype in Ps. aeruginosa

because of the higher amidase expression in the original host.

3.2.2 Amidase expression from cloned amiB- wild type genes in Ps
aeruginosa

Plasmid pMW1 (above) is based on pBR322 which carries pMB9 origin of replication and
cannot replicate in Ps. aeruginosa. To assessthe effect of the amiB 423bp Apal deletion in
Ps. aeruginosa a further subcloning was required. The 4.8 ®b HindIIl/SalGI DNA
fragment was excised from plasmid pMW1 and cloned into the HindIIl/Xhol sitesof the
broad host range vector pKT231 (Bagdsarian et al., 1981) creating a ' SalGl/Xhol hybrid
site at the 3’ end of the amidase gene fragment. Potential recombinants were transformed
into E.coli DH1 and selected for streptomycin resistance. Plasmid DNA was isolated from

the transformants by the MPP protocol described earlier and restriction enzyme mapped
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with HindII/Xhol and Pvull to identify plasmid pMW?22 (Fig 3.2).

HindIIl Apal Xhol  SalGI

amiE amiC  amiR amiS

pMW1
HindIll/SalGI
digest
Purification of 4.8 kb
fragment
HindIII Apal Xhol  SalGI
amiE amiC amiR  amiS pKT231

HindIll/Xhol
digestion

Ligation
HindIlI Apal Xhol  SalGI
i
pMW22 ami amiC amiR  amiS
RSF1010
origin of
replication

Sm resistance

Fig 3.2 Construction of Plasmid pMW22.

The 4.8 kb amidase genes fragment from pMW1 was subcloned into
pKT231
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Growth Conditions

Plasmid Nitrogen Glucose Glucose/  Succinate  Succinate/ Succinate/

+/- Lactamide Lactamide Butyramide
pAS20 + 0 0.1 0 0 0
pAS20 - 0 6.2 0.4 49 0.1
pJB950 + 3.8 4.0 3.2 3.8 3.5
pJB950 - 21.6 43.8 24.7 61.0 38.6
pMW1 + 0.2 0.2 0.2 0.2 0.1
pMW1 - 0.6 1.3 0.5 0.9 0.4

Comparision of amidase activities between the constitutive amidase genes, the WT genes, and the amiB
“deletion mutant in E. coli JA221. The results are given as pmoles acetylhydroxamate/minute/mg bacteria.

Growth Conditions

Succinate  Lactate  Lactate/ Lactate/

Plasmid Succinate  Lactamide Lactamide  Butyramide
pMW22 1.0 54.8 0.5 96.1 0.5
pSW101 1.1 519 0.6 30.7 0.9

Amidase assays in Ps. aeruginosa PAC452pMW22 and PAC452pSW101. pSW101 data was obtained
from Wilson (1991) The results are given as pmoles acetylhydroxamate/minute/mg bacteria

Table 3.1 Amidase assays of amiB deletion mutation in E.coli and Ps. aeruginosa
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Plasmid pMW22 was mobilised into the ami deletion strain PAC452 (Drew, personal
communication) by triparental mating using E.coli HB101 pRK2013 (Deretic et al., 1986)
as helper strain and E.coli DH1 pMW?22 as the donor. Streptomycin resistant
transconjugants were selected on Pseudomonas basal minimal medium plates (Brammar
and Clarke, 1964) with citrate as the carbon source. This selects against E.coli which is
unable to use citrate as an energy source and for the more nutritionally versatile Ps.

aeruginosa.

Amidase assays were carried out using whole cells under inducing, non-inducing and
repressing conditions. The results are shown in Table 3.1B alongside those obtained with
PAC452 pSW101 which carries the isogenic amiB+fragment (Wilson and Drew, 1991).
Low constitutive amidase expression is obtained in absence of inducer which rises to 54.8
units and 96.1 units with succinate and lactate respectively under inducing conditions and
compares very well to the wild type genes. A similar low constitutive expression is also
obtained with pSW101 (row 2) and is most likely a result of gene dosage caused by the
copy number of the plasmid. This finding ruled out a role for amiB or its product in the

induction process.

3.3 Coordinate expression of the regulator genes amiC and
amiR

Previous studies had shown that E. coli pTM1 (amiE ) expressed amidase at a very low
constitutive level (0.7 u); E. coli pTM1, pTM2 (amiR) showed high constitutive amidase
expression (33.3 u) and E. coli pTM1, pTM2, pSW41 (amiC) again showed a low
constitutive (non-inducible) level of amidase expression (0.9 u). In plasmids pTM2 and

pSW41 amiR and amiC were expressed from heterologous vector promoters. This ruled
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out the possibility of transcriptional regulation of the amidase operon by AmiC. Previously
reported complementation studies in Ps. aeruginosa showed that the WT strain PAC1
carrying an amiR expression vector (pSW40) expressed amidase constitutively and
PAC101 (amidase constitutive) carrying the amiC expression vector pSW41 produced very
low (non-inducible) constitutive levels of amidase activity. These studies indicated that
AmiC regulation of amidase activity was likely to be by interaction with AmiR but was
unlikely to be by covalent modification. From these two sets of results it appears that an
alternative mode of AmiC amide dependent regulation of amidase expression might be
protein/protein interaction between AmiC and AmiR and involves a stoichiometric
relationship. In this case over expression of AmiR in PAC1 would produce inducer
independent constitutive amidase expression; and over expression of AmiC in PAC101
would produce inducer independent repression of amidase expression. The amiC
termination codon overlaps the amiR initiation codon, an arrangement normally seen with
genes whose expression is linkedi (Dunn and Studier, 1983).  There was then a real
possibility that the ratio of the two gene products is tightly controlled and coordinate
expression programs inducibility. To test for this possibility an expression system for the
two genes was devised. The wild typeamiC/R gene fragment was excised from plasmid
pAS20 on a Kpnl/SalGI fragment and initially cloned into plasmid pGEM3Z (Promega) to
make plasmid pMW43 (Fig 3.3). Potential recombinants were transformed into E.coli
JA221 and plated onto IPTG/X-gal/Ap NA plates. Plasmid DNA was isolated from white
colonies followed by restriction enzyme mapping with HindIIl/Xhol and HindIIl/EcoRI to
confirm presence of the insert. This step which introduces EcoRI and HindIIl sites at both
ends of the amiC/R DNA fragment was used as an alternative to blunt end cloning because
the desired broad host range vector pMMBG66EH (Morales et al., 1990) does not have a

Kpnl recognition sequence in the multiple cloning site.
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pAS20 amiE amiB amiC amiR amiS

Kpnl/SalGI
sequential digestion

Agarose gel purification

of 3.0 kb fragment
Kpnl
Xhol I
| SallG pGEMAZ
f : Kpnl/SalGI

sequential digest
phenol:chloroform
extraction and Ethanol
precipitation

HindIlIl Kpnl Xhol SalGI EcoRI

amiR amiS
pMW43
Amp resist.
pGEM sequence

Fig 3.3 Construction of plasmid pMW43. The 3.0 kb Kpnl/SalGI
DNA fragment from pAS20 was cloned into pPGEM4Z. Figure not drawn to scale.

Plasmid pMW43 was double digested with HindIII /EcoRI and the 3.0 kb insert purified
on an agarose gel and ligated to HindIII/EcoRI cut pMMB66EH. The ligation mixture was
transformed into competent E.coli JA221 and selected on Ap/NA plates. Plasmid pMW21

(Fig 3.4) was identified from the Ampicillin resistant colonies by restriction enzyme mepping

MPP DNA with HindIII and Xhol.
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amiC/R transcription in pMW?21 is expected to start at the vector tac promoter which is in
the same orientation as amiC in pSW41 (Wilson and Drew, 1991; Wilson et al 1993)
Plasmid pMW21 was transformed into competent E.coli JA221pTM1 (amiE) and plated on
Cm/Ap plates to select for both plasmids. The resistant colonies were subjected to MPP
and the plasmid DNA digested with HindIII followed by AGE to confirm presence of both
plasmids. Strain JA221 pTM1,pMW21 was streaked out to single colonies on a
Cm/Ap/NA plate for use in amidase assays. The results of the assays are presented in
Table 3.2a and were carried out both in the presence and absence of IPTG under the five
growth conditions defined previously (Drew, 1984). In the absence of IPTG, low
constitutive (0.8 units) expression was observed during growth on either glucose or
succinate comparable to pTM1 alone (0.7 u). In the presence of the inducer, lactamide,
expression rises to 5 and 6.4 units respectively. This reflects leaky transcription from the
tac promoter even in the absence of its inducer. The assays performed in the presence of
IPTG show the same trend albeit in a more dramatic way. Growth on glucose and
succinate without inducer gave 3 and 3.9 units of activity respectively which is higher than
above and implies that some active AmiR is present as long as the two genes are
transcribed. Glucose/lactamide gave 22.3 units and succinate/lactamide 40.4 units of
activity. These activities are of the same order of magnitude as obtained with cloned amiE
and amiR (Wilson, 1991) and therefore reflect an amide dependent inactivation of amiC

control over amiR.

Plasmid pMW21 was mobilised into Ps. aeruginosa strains PAC1 (wild type), PAC452
(ami deletion), PAC111 (amicon) and PAC327 (amiC- amiR-) by triparental mating using
the helper strain HB101 pRK2103 as described earlier. Transconjugants were selected on

Pseudomonas basal minimal medium plates with citrate as carbon source in the presence of
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HindIII Kpnl Xhol SalGI EcoRI

amiC amiR ami§
pMW43
Amp resist.
pGEM sequence | HindIIl/EcoRI
double digest
agarose gel purification
of 3.0 kb fragment
HindIll Kpn] Xhol  g41GI EcoRI
1/
amiC amiR amiS MMB66HE
HindIlII/EcoRI
double digest

Phenol:chloroform
extraction and ethanol

precipiation
ligation
HindIII Kpp1 XhIOI SalGI EcoRI
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, " gy N
ptac amiC amiR amiS

Amp resistant
RSF1010 origin

Fig 3.4 Construction of plasmid pMW21.
The 3.0 kb amiC/R/S DNA fragment from pAS20 was cloned into pPGEMA4Z to make
pMW43 and then subcloned into pMMB66HE

Carbenicillin at 500 pg/ml. Plasmid DNA was prepared from the transconjugants and

pMW21 transfer confirmed by restriction enzyme analysis with Xhol. The effect of

pMW?21 on the above strains except PAC452 was investigated by carrying out amidase

assays under the five conditions described in the presence of IPT G (Table 3.2.b). PACI1
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shows inducible amidase expression, PAC111 shows constitutive amidase expression
which is sensitive to butyramide repression and PAC327 is amidase negative under all
growth conditions. The presence of pMW21 in PACI showed no change in amidase
activities measured except a higher background under non-inducing conditions. The
presence of pMW21 in PACI11 was seen to convert the constitutive expression of the
parental strain to inducible. Thus 0.7 u and 0.5 u were found with succinate and lactate
rising to 3.2 and 9.4 units respectively in the presence of lactamide. PAC327 is an amiR-
mutant derived from an original constitutive (amiC-) mutant strain PAC142. PAC327
pMW21 showed a mixed semiconstitutive phenotype. Low amidase expression was seen
under all growth conditions (1.0-1.3 units) which was inducible by lactamide to 3.6 u

(succinate) and 2.2 u (lactate).

In all of these assays the presence of a multicopy amiC/amiR expression vector has
converted expression to an inducible phenotype. However the multiple copies of
amiC,amiR present on the vector has not led to substantially more amidase being produced.
Thus either the trans complementation is not very efficient or expression is being limited by
the amiE promoter. To try and estimate the relative amounts of AmiC and AmiR expressed,
PAC452 pMW21 was grown in LB at 370C O/N with vigorous shaking in the presence of
100 mM IPTG. The cells were harvested and cytosolic extracts made as described earlier.
Fig 3.5 shows a Coomassie stained 15% SDS-polyacrylamide gel (Laemmli 1970) loaded
with molecular weight markers in lane 1, a PAC452 extract in lane 2, PACA452
pMMBG66EH extract in lane 3, IPTG induced PAC452 pMW21 extract in lane 4, and
IPTG induced PAC452 pMW?21 extract from cells grown in the presence of lactamide in
lane 5. Lane 1and 2 are identical, however, a new band running just below the 45 kDA

marker (est. 43 kDA) is evident in lanes 4 and 5. This corresponds to the expected AmiC
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band (Wilson and Drew, 1991) and no band that could be attributed to AmiR (22 kDa) is
observed. This implies that AmiR is produced at considerably lower levels or it is highly

labile. Overexpression studies of amiR are further described in Chapter 4.

Growth Conditions
Plasmids IPTG Glucose Glucose/  Succinate  Succinate/ Succinate/
+/- Lactamide Lactamide Butyramide
pTM1,pMW21 - 0.8 5.0 0.8 6.4 03
pTM1,pMW21  + 3.0 223 39 40.4 0.5

Table 3.2 a Amidase activity of coordinately expressed amiC/R genes in E. coli DH1pTM1. The cultures

were grown in E. coli minimal medium supplemented with thiamine. The results are given as pmoles

acetylhydroxamate/minute/mg bacteria b pTMIcarries the amiE gene, and pMW21 carries the amiC/R genes.

Growth Conditions

Strain Plasmid Succinate  Succinate/ Lactate Lactate/ Lactate/

Lactamide Lactamide Butyramide
PAC1 - 0.1 8.1 0.1 2.5 0.0
PAC1 pMW21 0.3 35 0.3 7.1 0.3
PAC111 - 6.7 9.7 2.7 34 0.1
PAC111 pMW21 0.7 32 0.5 9.4 0.4
PAC327 - 0.0 0.0 0.0 0.0 0.0
PAC327 pMW21 1.0 3.6 1.3 2.2 0.7

Table 3.2 b Amidase activities of Ps. aeruginosa ; PAC1 (wild-type), PAC111 (amiC-,constitutive mutant),
and PAC327 (amiC-, amiR-) mutant with and without pMW21. The results are given as pumoles

acetylhydroxamate/minute/mg bacteria
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Fig 3.5 SDS-polyacrylamide gel of extracts of PAC452 pMW21.

Analysis of regulator gene products from plasmid pMW21. Whole cell extracts were
separated on a 15% SDS-polyacrylamide gel and stained Coomassie blue. Lanes: 1)
molecular weight markers expressed in kDa; 2) Ps. aeruginosa PAC 452 extract; 3)Ps.
aeruginosa PAC 452 (pPMMBG6GEH) extract ; 4)Ps. aeruginosa PAC 452(pMW21), 5 mM
IPTG extract; 5) Ps. aeruginosa PAC 452(pMW21), 5 mMIPTG extract; 0.2 % lactamide. A
diffuse new band is indicated by arrow C
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3.4 Comparative studies of PAC1 and PAC433 regulator genes

Plasmid pJB950 (Clarke et al., 1981) carries genes from the magnoconstitutive mutant
PAC433 (Smyth and Clarke, 1974) and E. coli pJB950 express amidase at low constitutive

levels (Cousens et al., 1987). PAC433 was isolated in a series of steps from the wild type

PACI1:

PAC1 ind ami+ amiE amiB amiC amiR amiS

EMS
PAC101 ' constit ami+ amiC-

NMG

PACA432 ami- amiC- amiR-

NMG ¢
PAC433 constit ami+ amiC- amiR

The nature of the amiC mutation in PAC101 has been investigated by trans complementation
with the amiC expression vector pSW41 (Wilson and Drew, 1991). PAC101,pSW41
showed low constitutive, noninducible amidase expression under all growth conditions
showing that the mutation to constitutive expression in PAC101 was in amiC. The second
mutation to generate the ami- mutant PAC432 has been located to amiR by construction of
PACA432 pDC35 (amiR expression vector) which shows low constitutive amidase expression
(R. Drew, personal communication). The ami+ revertant PAC433 shows high AmiR

dependent amidase expression and is thus amiR+ (Cousens et al., 1987).
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3.4.1 Transcomplementation Studies with PAC433 amiR

To test whether the PAC433 amiR gene could be repressed by the WT amiC, plasmid
pJB950 was digested with XhoI and the 1.5 kb Xhol/Xhol gene fragment band excised
from an agarose gel, purified and ligated to SalGI linearized pBGS19-. The ligation mixture
was used to transform E. coli JA221 to kanamycin resistance. Plasmid pMW30 (Fig 3.6)
was identified from resistant colonies by MPP isolation of plasmid DNA followed by
restriction enzyme mapping with HindIIl and HindIIl/Bscl. The plasmid was transformed
into E. coli JA221 pTM1 (amiE ) and JA221 pTM1 pSW41 (amiC ) and transformants
selected on Cm/Km and Cm/Km/Ap NA plates followed by plasmid DNA isolation by MPP

and restriction enzyme analysis to confirm the presence of the plasmids.

The newly constructed strains were grown and streaked to single colonies for the amidase
assays shown in Table 3.3. Plasmid pTM1 gives a background activity of 0.7 units under
all growth conditions (Wilson et al., 1993). With pTM1, pMW30, constitutive amidase
expression with an average of 20.2 units was obtained. The presence of amiC (pTM1,
pMW30 and pSW41) abrogated amidase expression in a manner similar to pTM1 pTM2
(PAC1 amiR ) pSW41 (Wilson, 1991) to give a basal 0.3 units and 1.1 units in absence and
presence of IPTG respectively. This result confirms the location of the constitutive mutation
in PAC433 to the amiC gene. The DNA sequence of the amidase operon available is a
combination of PAC1 and PAC433 sequences (Appendix 1). The amiE leader region
(HindIII to HindI) is from both PAC1 and PAC433 (Drew and Lowe, 1989); the amiE
sequence is from PAC433 (Brammar et al., 1987); the amiB sequence is from PACI
(Wilson et al., manuscript submitted); the amiC sequence is from PAC1 (W ilson and Drew,
1991); the amiR gene (including the C-terminal coding region of amiC and N-terminal

region of amiS) is from PAC433 (Lowe et al., 1989) and the amiS gene sequence is from
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Xhol Kpnl Xhol
p 0 Xhol SalGl/

HindIIl
e 2
amiE amiB amiC amiR amiS
pJBI50
Amp Digestion
resist.
purification of
1.5 kb fragment
Xhol Xhol
pBGS19-
amiR
SalGI
digestion
Ligation
SalGLxhol Xhol/SalGl
« R -
plac amiR
pMW30
pBGS19-
KM resist.

Fig 3.6 Construction of plasmid pMW30. The amiR gene from plasmid pJB950
was cloned into the SalGI site of plasmid pBGS19- on a 1.5 kb Xhol DNA fragment
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Growth Conditions

Plasmids IPTG Glucose Glucose/  Succinate  Succinate/  Succinate/
+/- Lactamide Lactamide Butyramide

pTM1,pTM2 - 30.8 31.8 31.0 33.6 39.1
pTM1pMW30 - 23.2 30.7 18.4 15.0 9.8
pTM1,pMW30  + 36.7 26.8 10.3 11.0 16.2
pTM1,pMW30,

pSW41 - 0.2 0.4 0.2 0.2 0.3
pTM1,pMW30,

pSW41 + 0.4 04 0.4 1.4 1.4

Table 3.3 Transcomplementation studies with cloned PAC433 (amidase constitutive) amiR gene in E. coli

JA221. The results are given as umoles acetylhydroxamate/minute/mg bacteria

PAC1 (Wilson et al., manuscript submitted). Thus the complete DNA sequence of amiC
from PAC1 is available and the C-terminal part of the gene from PAC433. Some changes
have been identified between the sequences which may account for the constitutive
phenotype (Wilson, 1991). To formally locate all of the changes to constitutivity,the N-

terminal region of amiC from PAC433 has been sequenced.

The DNA sequencing of the amiC gene from PAC1 included running off the 3’ end of the
gene into amiR. Bearing in mind the three mutagenic steps between PAC1 and PAC433 and
the fact that the parent of PAC433, PAC432, is amiR-, the remainder of the amiR gene from

PAC1 was sequenced to compare with the PAC433 amiR sequence available.
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3.4.2 DNA Sequence Analysis of the amiC gene from PAC433

To sequence the 652 Xhol/Xhol PAC433 amiC gene fragment, plasmid pJB950 was
digested with Xhol and the fragment agarose gel purified before cloning into the SalGI site
of plasmid pUC19 (Fig 3.7). Two plasmids with opposite orientations were identified by
restriction enzyme analysis with Kpnl whose restriction site is located asymmetrically within
the insert. The two plasmids pMW650a and b were purified on CsCl gradients for double
stranded sequencing. The plasmid DNA was denatured with NaOH and sequenced by the
dideoxy chain termination method of Sanger et al (1977) using a T7 polymerase kit
(Pharmacia). The sequence obtained was of limited quality and it was therefore decided to
try single stranded sequencing. The 652bp insert from plasmid pMW650a was removed on
a HindIT/EcoRI fragment and cloned into HindIIl/EcoRI digested M13mp18 and 19. The
ligation mixture was transformed into E. coli JM109 and plaques with insert identified
histochemically as described elsewhere. Preparation of single stranded template from SIW

1/2 for sequencing was as described earlier and the concentration of DNA was estimated by

AGE alongside M13mp18 SS of known concentration. Approximately 2 pug aliquots of

these DNAs were subjected to dideoxy chain termination sequencing. The sequence
obtained was identical to the PAC1 sequence and is shown in the Appendix (2389-3041)
(Wilson and Drew, 1991). Thus the only change in amiC which lead to constitutive amidase
expression is that identified previously (Wilson, 1991), the\t\ C to T at 3291 which causes a

Pro to Leu change at residue 255 in AmiC.

3.4.3 DNA sequencing Studies of the amiR gene from PACI1

The strategy for sequencing the wild type amiR gene is shown on Fig 3.9. The 954 bp
Xhol/Bcll fragment was cloned into the SalG/BamHI site of pUC19 to make plasmid
pMW954. Plasmid DNA was isolated from JM109 pMW954 and Column purified for
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sequencing as described above. This attempt only yielded 90 bp of clear sequence which did
not cover the region of interest. To make SS templates, phages STW3/4 were made by
cloning the 381 bp Bscl/EcoRI fragment from pMW954 into the Accl/EcoRI sites of
M13mp18/19 respectively and recombinants identified by AGE of SS DNA by running
M13mp18/19 control alongside.

SJW5/6 were made by isolating the 476 bp Bcll fragment from plasmid pAS20 (Fig 3.9) and
cloning into first the BamHI site of plasmid pUC19 and then into M13mp18/19 on a
HindlIl/EcoRI fragment. Phages STW7/8/9/10 were made by digesting plasmid pMW40
(Chapter 4) with Rsal and purifying the fragments on 12% agarose gel before cloning into
Smal linearized M13mp19.

The sequence obtained is identical to that obtained for the PAC433 amiR. This result
shows that the revertant PAC433 carries an identical amiR gene to the wild type and the

uncharacterised amiR mutation in PAC432 has changed back to the wild type sequence.

3.5 Confirmation of the amiS ORF

The presence of a potential ORF downstream of the amiR gene was first recognized at the
time of sequencing the 1.515 Xhol/Xhol amiR gene fragment (Lowe et al 1989). The
sequence between the downstream Xhol and the SalGI site that delimits the 3” end of the
amidase genes was subsequently determined for the non coding strand and partially for the
complementary strand (Wilson 1991). Analysis of the deduced amino acid sequence

revealed a highly hydrophobic protein, amiS, with six potential transmembrane helices and
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HindIII Xhol Kpnl Xpol Xhol  SalGU

. 0 S S N
amiE amiB amiC amiR amiS

pJB950

pBR322 . .

Amp Xhol digestion

resist.

purification of
650 bp fragment

Xhol Kpn Xhol

pUC19

SalGI digestion

Ligation

HindiiXholKpnl vy o1 pooRT

pMW650a
pUC19
Amp resist. and

HindIll Xhol ~ KpnIXhol g . RI

amiC
pMW650b

pUCI19
Amp resist.

Fig 3.7 Construction of sequencing templates for the 650 bp Xhol/Xhol PAC433
fragment.The orientation of the inserts in plasmids pMW650a and pMW650b was determined by Kpnl
digestion.
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pMW650a M13mp18/19

HindIIl/EcoRI
Digestion

H{ndII'I/EcoRI
purification of 650 bp Digestion
fragment

ligation
Xhol Kpnl Xhol

= M13mpl8/19

il SIW1/2

sequence from SJW1

sequence from SJW2

Fig 3.8 Sequencing strategy for Xhol/Xhol DNA fragment from PAC433.
Single stranded templates were used due to limited quality of sequence obtained with

double stranded templates. Figure not drawn to scale
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HindIIl Bcll Bell

XholKpnIXhol C1a1ClalPvull Bell Bell Xhol Bc'[ SalGl/

iE i an\iS
pAS20 am amiR
pBR322
Amp
resist.
Xhgl
Clal Pvull Rsal Bcll Rsal Bcll

-
SIW3 SIW4

SIW10
Fig 3.9 Sequencing strategy for the wild type amiR gene using M13mp18/19

recombinant phages. Details for the construction of the sequencing templates
are given in the text. Figure not drawn to scale
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in this one respect, amiS product resembles the integral membrane component of a
periplasmic-binding protein-dependent transport systems (Tam and Saier, 1993). Its
proposed function being a component of an amide uptake system (Wilson, 1991; Drew and
Wilson, 1992). Many of this family of proteins also participate in transmitting signals from
their cognate periplasmic binding proteins to cytoplasmic regulator proteins which in turn

effects gene expression (Tam and Saier, 1993).

To confirm the carboxyl terminal coding region for amiS, plasmid pAS20 (Fig 1.11) purified
on a CsCl gradient was denatured with NaOH and annealed to a synthetic oligonucleotide
which is complementary to 4679 to 4889 bp region. Sequencing was carried out using the
dideoxy chain termination method of Sanger et al (1977) using the sequenase version 2.0 kit
of USB as described. The sequence obtained confirmed the 4665 to 4883 bp region of the
amiS ORF as reported (Wilson, 1991) and is shown in the Appendix.

3.6 Summary

Work presented in this chapter has unequivocally ruled out the possibility of amiB being
involved in the amidase induction process on two counts. Firstly, the amiB deletion
construct plasmid pMW22 shows an amidase inducible phenotype indistinguishable from a
similar wild type construct plasmid, pSW101 (Wilson and Drew, 1991). Secondly,
plasmid pMW21 which carries the Kpnl/SalGI fragment from strain PACI and as such does
not carry the amiB sequence confers an amidase inducible phenotype to the amiE gene in
trans- to plasmid pTML, in E. coli, and to the amidase constitutive strain PAC111 and

amidase negative strain PAC327 in Pseudomonas.
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Sequence analysis of the amiB gene product has shown a potential ATP binding motif
(Walker et al., 1983) and it is possible that it functions as an energy transducing component
of an active amide transport system of the ATP binding cassette-type (ABC-type) (Higgins et
al., 1986) (Drew and Wilson, 1992 ; Wilson, 1991; Wilson and others, manuscript
submitted). Whereas these experiments did not shed any new light to this proposal, they
suggested that passive diffusion or non specific transport of amides into the cell triggers
induction of the amidase operon and that regulation of the amidase operon is unlinked to

transport.

AmiC shows homology both in sequence and structure to the periplasmic branched chain
amino acids binding proteins (LIVJ) of E. coli and C. freundii (Tam and Saier, 1993; Wilson
et al.,1993), but lacks the N-terminal secretory signal peptide which is consistent with its
cytoplasmic localization and function as an amide dependent repressor of the amidase operon
(Wilson et al.,1993). The mechanistic details of the AmiC function have not been fully
characterised, however an in vitro AmiR/leader RNA gel shift assay in the presence of; (i)
AmiC, (ii)) AmiC and inducing amide acetamide, and (iii) AmiC with repressing amide
butyramide did not show any effect of AmiC on the RNA binding activity of AmiR (data not

presented).

DNA sequencing studies of the wild type amiR gene and the 650 bp Xhol/Xhol PAC433
amiC fragment has confirmed that the constitutive phenotype in PAC433 is as result of the
carboxyl terminal amiC mutation described previously (Wilson, 1991) and that the amiR
gene is identical to the wild type. The results agree with the PAC433 amiR (plasmid
pMW30) phenotype in the presence and absence of amiC (Table 3.3).

123



CHAPTER 4

AmiR expression and purification studies

4.1 Introduction

One of the long term aims of this investigation was to study the mechanism of the
transcription antitermination process (Chapter 5). An important aspect of this study would
be the purification and characterization of AmiR for in vitro experiments. However, this
type of study is frequently difficult because many regulatory proteins are normally
produced in low levels, assays are often difficult which means that the monitoring of active
fractions during purification is costly and, overproduction of some regulatory proteins can

lead to loss of cell viability.

Initial attempts to identify AmiR in crude cell free extracts of various PAC strains were all
unsuccessful (Farin, 1976). Three types of investigations were performed.

i) Equilibrium dialysis of phosphocellulose column fractions of crude extracts of
PAC1 which bound 14 C acetamide. This initially showed encouraging results but the
pooling of the amide binding fractions and testing by equilibrium dialysis was

unsuccessful.

ii) Dual isotope labelling studies of PAC1 and PAC453 (ami A) with 3H leucine

and 14C leucine. Many extra peaks and troughs were observed when the 3H/14C ratio of
each fraction was determined.

iii) Dual isotope labelling studies of PAC438 amiRts grown at 250C and heat
shocked to 420C for 10 minutes. Cells were mixed broken and fractionated on a

phosphocellulose P11 column. Differences were seen between the heat shocked and non-
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heat shocked extracts but nothing that could be identified as AmiR was found.

These experiments were designed on the premise that AmiR would be inducible and that it
bound acetamide and DNA in a mechanism analogous to the allosteric modulation of the E.
coli lac repressor or AraC in its regulatory function. It was not until the amidase genes
were cloned (Drew et al.,1980) , the amiR locus determined (Cousens et al., 1987) and
sequenced (Lowe et al.,1989) that a protein, of about 23kDa the predicted size of AmiR,
was visualized on an SDS - polyacrylamide gel as a product of an in vitro

transcription/translation reaction (Cousens, 1985).

The amiR gene was located to the 1.5 kb Xhol/Xhol DNA fragment and this and smaller
derivatives were used in subsequent studies. The 1.5kb Xhol/Xhol amiR gene fragment
was cloned into the high copy number vector pUC19 for expression in E. coli (Wilson
1991). This construct pSW24 and the broad host range pMMB66HE (Bagdasarian]kt
al.,1981) derivative pSW40 carrying the same insert showed AmiR activity in trans
complementation studies but did not express amounts of AmiR detectable on SDS -
polyacrylamide gels in either E. coli or Ps.aeruginosa (Wilson, 1991). It is of interest to
note that the negative regulator, AmiC was expressed from both vectors as a major

intracellular protein in E. coli and Ps. aeruginosa (Wilson and Drew 1991).

4.2 Protein expression from the T7 promoter

The following sections describe attempts toI over-produceAmiR using systems that are based
on T7 RNA polymerase expression systems. Bacteriophages T7, T3, T4 and SP6 have a
related family of RNA polymerases that are highly specific for their respective promoters

(Sousa et al., 1992). The T7 enzyme is a single 91 kDa polypeptide. It initiates RNA
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synthesis very efficiently and has an elongation rate 5 times greater than that of the E. coli
RNA polymerase (Studier and Moffat, 1986). The advantage of T7 systems is that the T7
promoter is not recognized by host RNA polymerases, and the T7 RNA polymerase
transcribes only the cognate promoter sequence and not from the host promoters (Studier
and Moffat, 1986). Thus custom made T7 expression systems have been developed

(Studier and Moffat, 1986; Tabor and Richardson, 1985).

Use of these T7 expression systems involve: cloning of the gene of interest downstream
of a T7 promoter carrying the appropriate translation signals, and controlled production or
delivery of the T7 RNA polymerase enzyme. The enzyme can be supplied by infection of
cells carrying the appropriately cloned gene of interest with T7 phage. This however, also
introduces competition from the other T7 promoters for the enzyme and rapid cell lysis then
occurs (Studier and Moffat, 1986). The T7 gene 1 coding for the RNA polymerase has
been cloned into Lambda derivatives and lysogenic hosts are available (Studier and Moffat,
1986) and also into plasmids under the control of regulated E. coli RNA polymerase
promoters (Tabor and Richardson, 1985). Using these systems transcription of the T7
RNA polymerase can be controlled and hence the preferential expression of the gene of

interest can be regulated.

4.2.1 Construction of plasmids pMW40 and pMW41

The following studies were designed to place the amiR gene downstream of a T7 promoter
and to maximize transcription by providing T7 RNA polymerase from a DE3 lysogenic
host. The amiR gene fragment was excised on a 1.5 kb HindIIl/EcoRI DNA fragment
from plasmid pSW24 (Wilson, 1991; Fig 4.1). The DNA fragment was purified by
agarose gel electrophoresis using the freeze squeeze method. The fragment was then

ligated into HindII/EcoRI digested pPGEMA4Z (Promega), phenol: chloroform extracted and
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ethanol precipitated. The ligation mix was transformed into fresh competent E. coli IM109
and recombinants selected by colour screen on IPTG/X-gal nutrient agar plates containing
ampicillin. White colonies were patched onto NA/Amp plates and the patches grown in$5
ml N-broth cultures for DNA isolation by the miniplasmid preparation protocol. The
isolated plasmid DNA was restriction enzyme mapped with HindIII and EcoRI and

plasmid pMW40 with the 1.5 kb insert was identified (Fig 4.1).

To make an amiR expression vector carrying a shorter region upstream of the gene,
pMW41 was constructed. The amiR gene was excised from pSW24 on a 924 bp DNA
fragment with BscI and EcoRI and ligated to Accl and EcoRI digested pGEMA4Z. The
recombinant would therefore have an Accl/Bscl hybrid site at the 5’end of insert. The
ligation mixture was again transformed into E.coli JM109 and transformants selected as
described above. Plasmid pMW41 (Fig 4.2) with the 954 bp insert was identified by

HindlII/EcoRI restriction mapping.

Plasmids pMW40 and pMW41 both have the amiR gene cloned downstream of the vector
T7 RNA polymerase promoter and the lac promoter. These two plasmids differ only in that
pMW40 has more of the upstream sequence between the promoters and the coding
sequence. The translation signal was expected to be the wild type amiR Shine Dalgarno
sequence. Plasmid pGEMA4Z was not designed an expression vector, however, T7 RNA
polymerase in vivo is known to circumscribe plasmids bearing the promoter several times
producing relatively stable mRNAs that can accumulate to levels of rRNA (Studier and

Moffat, 1986).
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Hindl
plac amiR
pSW24
pUC19
Amp resist. HindII /EcoRI
digestion

purification of 1.5 kb

fragment
HindIHSalGI/XhOI Clal Clal Xhol/SalGl EcoRI
w .................................................................................................... — pGEMA4Z
amiR
HindIll/
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digestion
Ligation
HindHISalGI/XhOI Clal Clal XhoI/SalGIECORI
plac  pT7 amiR pSP6
= o -
pMW40
pGEM4Z
Amp resist.

Fig 4.1 Construction of plasmid pMW40. The 1.5 kb
amiR gene fragment from pSW24 was subcloned into
pGEM4Z.
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I.IS’alGI/XImI Clal Clal Xhol/SalGl EcoRI
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plac amiR
pSW24
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Amp resist. Clal/EcoRI
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purification of 1 kb
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Clal Xhol/SalGIEcoRI
L 1 pGEM4Z
amiR
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pMW41
pGEM4Z
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resist.

Fig 4.2 Construction of plasmid pMW41. The 954 bp Accl/EcoRI
DNA fragment from pSW24 was subcloned into pPGEM4Z.
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4.2.2 Protein expression from pMW40 and pMW41

Plasmids pMW40 and pMW41 were transformed into competent E. coli JM109 (DE3)
(Promega) with selection on ampicillin nutrient agar plates. Transformants were grown in
liquid media and DNA isolated by the miniplasmid protocol. The plasmids were checked by
restriction enzyme mapping with HindIIl and EcoRL. As a control for subsequent protein

expression analysis, pPGEMA4Z was transformed into the same strain.

E.coli TM109 (DE3) has a single copy of the T7 gene 1 in the chromosome under lac UV5
promoter control. The T7 gene is inserted into an engineered BamHI site within the int
gene of the lambda cloning vector D69 : . and the Integrase
function during strain construction was provided by a helper lysogen of heterologous

immunity (Studier and Moffat, 1986).

Total cell extracts were prepared from 50 ml cultures of JIM109 (DE3) pGEM4Z, IM109
(DE3) pMW40 and JM109 (DE3) pMW41 as described in Materials and Methods. The
cells were sonicated for 5 minutes (15 seconds bursts followed by 15 seconds cooling
intervals) at amplitude 14 and then centrifuged to remove membranes and cell debris. The
extracts were analyzed on a 15% SDS-polyacrylamide gel after a 1:1 dilution in loading
buffer and denaturation. The Coomassie stained gel is presented as Fig 4.3. A new 23
kDa AmiR band, the calculated size from the DNA sequence, was anticipated in the fourth
and fifth tracts which were loaded with extracts from JM109 (DE3) pMW40 and
JM109(DE3) pMW41 respectively. However, these lanes were identical to the controls.
To eliminate the possibility that AmiR was associating with the cell debris in an insoluble
form, whole cell extracts were made by boiling pellets from cultures grown in an identical
manner to the ones above in 1/10 of culture volume, 1 x gel loading buffer and once again

run on a similar gel. No new band was observed that could represent AmiR (data not
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Fig 4.3 SDS-polyacrylamide gel of extracts of
JIM109(DE3).

Cell free extracts were analysed on a 15% SDS-polyacrylamide gel
and stained Coomassie blue. Lanes: 1) molecular weight markers; 2)
IM109(DE3) extract; 3) IM109(DE3) (pGEM4Z) extract; 4) IM109
(DE3) (pMW40) extract; 5) IM109(DE3) (pMW41) extract.

The molecular weight markers are expressed in kDa.
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shown).

To determine whether these constructs were expressing AmiR, plasmid pTM1 (amiE)
(Wilson et al 1993) was transformed into the strain JM109 (DE3) pMW40 and JM109
(DE3) pMW41. Potential transformants were selected on chloramphenicol/ampicillin plates
and resistant colonies patched onto the same medium then grown in liquid media for
miniplasmid preparation. Isolated DNA was digested with HindIII and run on an agarose
gel. Double transformants were thus identified and used for amidase assays. Plasmids
pMW40 and pMW41 were also transformed into E. coli DH1 previously transformed with

pTMI and the strains identified in a similar manner.

Table 4.1 shows results of amidase assays performed on overnight nutrient broth cultures
of these strains together with the controls in the presence and absence of IPTG. Strain DH1
pTM1 gives 0.7 units of activity. DH1 pTM1 pMW40 gave high constitutive levels (29.8
u) of amidase which rose only modestly in IPTG induced culture (40.8 u). This result is
not seen in strain JM109 (DE3). IM109 (DE3) pTM1 gave O units. JM109 (DE3) pTM1,
pMW40 gave 1.2 units and 0.2 units with and without IPTG respectively. DH1pTMI1,
pMW41 gave 0.9 units and 0.8 units with and without IPTG respectively.

Strain -IPTG +IPTG
TM109 (DE3) pTMI 0. 0.0
IM109 (DE3) pTM1 pMW40 1.2 0.2
IM109 (DE3) pTM1 pMW41 0.1 1.2
DH1 pTM1 0.7 -
DH1 pTM1 pMW40 29.8 40.8
DH1 pTM1 pMW41 0.9 0.8

Table 4.1 Amidase trans complementation, bioassays, for AmiR expression by T7 promoter constructs
pMW40 and pMW41, The cultures were grown in nutrient broth. The results are expressed as pmoles
acetylhydroxamate/minute/mg bacteria
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Plasmid pMW41 also showed poor transcomplementation in JM109 (DE3) giving 0.1 units
without IPTG and 1.2 units with IPTG. The cell density was similar in all the cases as
determined by measuring the O.D. at 450 nm. In strain DH1, the transcription initiates
entirely from the pGEMA4Z lacZ promoter which is located upstream from the T7 RNA
polymerase promoter. In strain JM109 (DE3), some transcription would be expected to
start from lacZ promoter, however, due to the high activity of T7 RNA polymerase the vast
majority of transcripts would be expected to initiate from the T7 RNA polymerase promoter
both in the presence and absence of IPTG because of the leaky nature of the lacUV5
promoter. The amiR coding sequence is located more than 700 bp from the transcription
start site of both promoters. Sequence analysis of both constructs indicates that there are
unlikely to be any alternate reading frames in the amiR upstream region that would lead to

translation of an alternative protein.

One possibility for low expression of AmiR from these constructs could have been due to a
inefficient translation initiation. A potential SD sequence has been identified upstream of
amiR which has several mismatches with the 3’ end of 16S rRNA (Lowe et al.,1989;
Wilson, 1991). The organization of the amiR and amiC genes is striking in that the
termination codon of the latter overlaps the initiator codon of the former a property usually
seen where the relative levels of two gene products is tightly controlled by programmed
ribosome frame shifting whereby only a fraction of the initial ribosomes continue into the

downstream gene (Studier and Studier, 1983).

4.2.3 Cloning of the amiR coding sequence.
The wild type amiR gene was PCR amplified with oligonucleotides which generated EcoRI
(5’) and Xbal (3’) restriction sites on the ends of the gene. This PCR product was

subcloned into the maltose binding protein fusion vector pmal CRI to generate plasmid
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pSW50. Large quantities of pure AmiR-MBP fusion were produced by amylose affinity
chromatography but following cleavage of the fusion with Factor Xa, the AmiR precipitated

and was not refolded efficiently (S.A Wilson, personal communication ).

The PCRd amiR gene was excised from plasmid pSWS50 with EcoRI and HindIII and
purified from an agarose gel. It was then ligated into HindIII/EcoRI cut pGEM3Z
(Promega) and the ligation mixture transformed into competent E. coli JIM109. The
transformants were plated onto X-gal/IPTG/Amp plates. White colonies were grown for
MPP and plasmid pMW45 was identified by restriction enzyme mapping with HindIII and
EcoRI.

4.2.4 Construction of pMWS50

The next set of over expression experiments were designed to provide an optimal RBS for
amiR in addition to selective transcription by the T7 RNA polymerase. Plasmid pMW45
was double digested with EcoRI/HindIII and the 600 bp amiR DNA fragment purified by
agarose gel electrophoresis. The fragment was cloned into EcoRI/HindIIIcut vector pT7.7
(Fig 4.4) (Tabor, 1990) . The ligation mixture was used to transform E.coli JM109 to
ampicillin resistance. DNA was isolated from transformants by the MPP protocol and
characterised by restriction mapping with HindIIl and EcoRI. The recombinant plasmid

pMWS50 was identified (Fig 4.5).

The T7 expression vector pT7.7 contains the ¢ 10 T7 promoter and the translation start site

for T7 gene 10 protein. By cloning with different enzymes within the engineered multiple
cloning site, fusions to the gene 10 protein can be expressed ( Tabor, 1990). The amiR

gene in pMW S50 is out of frame for expression in this way and required further
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Fig 4.4 T7 expression vector pT7.7 contains a T7 RNA polymerase promoter and a SD
sequence upstream of the multiple cloning site.
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Fig 4.5 Construction of plasmid pMWS50. The 600 bp amiR coding
sequence was subcloned into pT7.7 downstream of the vector T7 promoter

and SD sequence
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EcoRI

Xbal RBSNdeI XbaIHindIII
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pT7 i amiR
pMWS0
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Fig 4.6 Construction of plasmid pMW351. pMWS50 was modified to put
amiR in the correct reading frame.

The junction was sequenced.—AAGAAGGAGATATACATGAGCGCC—
—
SD amiR
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manipulations (Fig 4.6). The plasmid was double digested with Ndel and EcoRI followed
by trimming of the overhangs with mung bean nuclease. To ensure that both enzyme
digests went to completion, pilot digests with each were set up and analysed on an agarose
gel alongside an aliquot of the double digest. The digest was phenol:chloroform extracted
and ethanol precipitated prior to setting up the ligation. The ligation mixture was
transformed into E.coli JM109 and ampicillin resistant transformants were selected.The
constructs were initially analyzed by digestion with EcoRI/HindIlI and Ndel/HindIII for the
absence of the EcoRI and Ndel sites.

To check that the modified plasmid was correct, the junction of one of the constructs
(pMW51) was sequenced. Plasmid DNA was purified from 100 ml culture using the
Qiagen plasmid Midi protocol (Qiagen Inc). The double stranded DNA was denatured by
alkali before annealing a 20-mer T7 promoter primer (Promega). Sequencing was

performed with the sequenase version 2.0 kit (USB).

The sequence obtained &% the join has the correct reading frame with the AGGA SD
sequence located 11-7 bp upstream of the AmiR initiation codon AUG. The last C and A
from the 3’ and 5’ ends of the join respectively were evidently lost during the
manipulations. This is not expected to affect expression because the optimal SD location is

centred 11-7 bp upstream of the initiation codon ( Shine and Dalgarno, 1975).

In the following experiments, the T7 RNA polymerase was supplied on a second plasmid
pGP1-2 (Tabor and Richardson, 1985). This plasmid has a p15A origin of replication and
is hence compatible with pMWS51 which is Col E1 based. The T7 RNA polymerase is

expressed from the A Pp promoter under the control of the thermolabile A repressor CI-
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857. The repressor in turn being expressed constitutively from a lac promoter.

Plasmids pT7.7, pMW51, pGEM4Z and pMW40 were used to transform E.coli C600
pGP1-2. Potential double transformants were selected on kanamycin/ampicillin plates.
Single well isolated colonies were patched and plasmid DNA isolated for restriction enzyme
analysis to confirm presence of the plasmids. Crude cell free extracts were prepared from
C600 pGP1-2, pT7.7; pMW51; pGEMA4Z; pMW40 as described earlier (Tabor, 1990) .
50 ml TB broth media at 300C was seeded with 1 ml overnight cultures. The cultures were

aerated at 300C to an ODys0 of 0.4-0.5 and induced by incubation with occasional shaking

at 420C for 30 minutes. The cultures were then grown with vigorous shaking at 370C for
a further 90 minutes and harvested at 40C. The cells were broken by sonication as
described elsewhere and the supernatants diluted in 2 X SDS-PAGE loading buffer. The
samples were denatured by boiling for 2 minutes and loaded onto a 15% SDS-
polyacrylamide gel (Fig 4.7). Lane 2 was loaded with the pGP1-2 pT7.7 extract and lane 3
with pGP1-2 pMW51 extract. A single major new band of 23.17 kDa, as estimated from a
standard curve of log mwt Vs distance of migration is seen on lane 3. This compares well
with the predicted size of AmiR (21.8 kDa) from DNA sequence studies (Lowe et al.,
1989) and with the 23 kDa-radiolabelled product from in vitro transcription/translation
(Cousens 1985). The new band accounts for approximately 20% of the total soluble
protein as determined by densitometry scanning and was presumed to be AmiR. Lanes 4
and 5 loaded with pGP1-2 pGEMA4Z and its amiR derivative pMW40 are virtually identical
and contain no visible AmiR band. This result is similar to that where the T7 RNA
polymerase was provided by a DE3 lysogen (above). This is in spite of good trans
complementation by pMW40. The critical difference between pMWS51 and pMW40 is that

in the latter, the amiR coding sequence is located more than 700 bp downstream of the T7
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Fig 4.7 SDS-polyacrylamide gel of extracts of E. coli C600.

AmiR overexpression using T7 RNA polymerase/promoter two plasmid system. Whole cell
extracts were separated on a 15% SDS-polyacrylamide gel and stained with Coomassie blue.
Lanes: 1) molecular weight markers expressed in kDa; 2) C600 (pGP1-2)(pT7.7) extract; 3)
C600 (pGP1-2) (pMWS51) extract ; 4) C600 (pGP1-2) (pGEMA4Z) extract; 5) C600 (pGP1-2)
(PMW40) A major new band in lane 3 is indicated by arrow R .
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promoter and translation would utilize the WT amiR SD. This result suggests that the WT

AmiR translation signal is rather inefficient.

4.3 AmiR purification attempts

The isolation and characterization of AmiR has been a long term aim of the investigations of
the amidase regulatory system. Previously encountered problems have included the lack of
a suitable in vitro assay and lack of strains able to overproduce the polypeptide (Farin,
1976; Wilson 1991). The T7 expression system described above was promising in that,
due to the relatively large quantities of the protein produced, the purification process could
be followed with Coomassie stained SDS-Polyacrylamide gels. 500 ml cultures were
grown in 3 litre shakeflasks as described elsewhere with the induction and growth

conditions being identical to those described above.

4.3.1 Ammonium sulphate fractionation

The cells were harvested by centrifuging at 5000 rpm in a Sorvall GSA rotor at 40C ,
washed once in TES buffer (50 mM Tris-Cl, pH8.0, 2 mM EDTA, 20 mM NaCl) and
sonicated in 10-20 ml cell lysis buffer (described in Materials and Methods) followed by
clarification by centrifugation in a Sorval SS34 rotor at 15000rpm for 15 mins at 40C. The
supernatant was transferred to an Erlenmeyer flask on ice and fractionated with ammonium

sulphate in 10% steps as detailed in Materials and Methods.

The AmiR fractionated almost exclusively in the 20% precipitate (Fig 4.8) and remained as
a suspension even in copious amounts of buffer. At this stage it was impossible to tell
whether the ammonium sulphate treatment was denaturing the protein rendering it insoluble

or whether AmiR was aggregated within the cells.
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1 2 3

Fig 4.8 SDS-polyacrylamide gel of AmiR ammonium sulphate
fractions stained with Coomassie blue. Ammonium sulphate
fractionation of C600 (pGP1-2) (pMWS51) extract. The fractions were
analysed on a 15%SDS-polyacrylamide minigel. Lanes: 1) 30% ammonium
sulphate pellet; 2) 20% ammonium sulphate supernatant; 3) 20% ammonium
sulphate pellet. The relative molecular weights are expressed in kDa. arrow R
indicates AmiR.
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4.3.2 Ion exchange chromotography I
Another attempt at AmiR isolation was made by fractionation of a crude cell free extract
prepared as above by ion exchange fast protein liquid chromatography (FPLC)

(Pharmacia). The protein concentration in the crude extract was assayed by the Biorad

miniprotein assay and 200 pl (17.3 pg) was loaded onto a monoQ HR 5/5 ion exchange

column prewashed with elution buffer [200 mM Tris/HC1 pH7.5, 1mM EDTA, 0.5 mM
PMSF]. The column was eluted with a linear salt gradient of 0-1 M NaCl at a flow rate of
1 mVmin. The fractions representing the major peaks as estimated with a UV monitor were
run on 15% SDS-polyacrylamide gels and stained with Coomassie blue. AmiR was not
detected in any of these fractions although as estimated from the starting material it should
have been the major peak. The flow through was not investigated because AmiR was

expected to bind given its calculated pI of 6.8.

4.3.3 Ion exchange chromatography II

A third attempt to fractionate the crude extract using a +ve ion exchange resin was made by
first binding AmiR to a DE52 column which also removes lipids and carbohydrates which
might interfere with the performance of Mono-Q column. A fresh pellet was sonicated in
Tris buffer [20 mM Tris/HCL pH7.2, 1mM PMSF] centrifuged and the supernatant loaded

onto a pre-equilibrated DES2 column. The column was eluted with a linear gradient of 0-1

M NaCl. 50 pl samples from fractions with a significant OD at 280 were run on 15% SDS-

polyacrylamide gels and those that contained a significant amount of AmiR were pooled.
The experiment did not however result in an enrichment of the protein despite the fact that
AmiR with a pI of 6.8 was expected to bind to DE52 resin at a pH of 7.2. The pooled
fractions were precipitated with ammonium sulphate as described above and the fractions

run on a 15% SDS-polyacrylamide gel. Protein with an appropriate molecular weight of
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AmiR was spread over a wide range of fractions and as such no purification was achieved.
Evidently most of the AmiR was not binding to the column presumably because of

aggregation.

4.3.4 Ammonium sulphate/gel filtration fractionation

In the next purification attempt, it was decided to fractionate only the soluble material from
the 20% ammonium sulphate pellet. A 2.7g cell pellet was resuspended in 20 ml of cell
lysis buffer (described in Materials and Methods), sonicated and clarified by centrifugation
as described above. The supernatant was fractionated with ammonium sulphate as
described above and the fractions analyzed on a 15% SDS-polyacrylamide gel. AmiR was
again identified in the 20% cut and this material was resuspended in gel filtration buffer [50
mM Tris/HCL pH7.2, 150 mM NaCl, 1mM DTT and 1mM EDTA] and clarified by
centrifuging at 12000 rpm in a microfuge at 40C. The supernatant was loaded onto a

Superdex 200 FPLC gel filtration column and 2 ml fractions collected. Fractions covering

tubes 10-80 were selected and 20 pl samples were run on a 15% SDS-polyacrylamide gel

alongside the crude extract, ammonium sulphate 20% pellet and supernatant. We did not
detect significant amounts of AmiR in any of the fractions collected in significant amounts

indicating that almost all of the 20% ammonium sulphate precipitated AmiR was insoluble.

At this point it was clear that the over expression system was in some way leading to
aggregation of the protein. In some cultures most of the protein appeared in the pellet after

sonication and centrifugation and some intermediate situations were also observed.

4.4 Denaturation and refolding of AmiR

It was assumed that the AmiR was present in cells in an aggregated, denatured form. At

144



this time a rabbit antisera raised against the purified MalE-AmiR fusion became available
(S.A. Wilson personal communication). The antisera was used to monitor purification of
any AmiR that remained in solution. A 20% ammonium sulphate pellet was made as
described above from 3 g of cells and resuspended in gel filtration buffer (above) then
denatured by addition of urea to 6 M. The protein was refolded by 100 fold dilution in Tris
buffer [SO mM Tris/HCL pH8.0, 150 mM NaCl, 15% glycerol, 1 mM EDTA, 1 mM DTT,
1 mM PMSF]. The refolded protein was concentrated using an Amicon with PM10
membrane and loaded onto a superdex 200 gel filtration column. The fractions eluting from

the column were run on 15% SDS-polyacrylamide minigels alongside the 20% (NH4)2SO4
pellet and crude extract. The proteins were electroblotted using Novablot kit with

MultiphorlI electrophoresis system (LKB) onto a nitrocellulose membrane (.45W) and the

blots blocked and developed. The result presented on Fig 4.9 shows AmiR spread over
fractions 10 to 22. A minor crossreacting product is seen above the AmiR band which was
presumed to be MalE. The refolding process did not yield material that could be purified by
gel filtration. Thus AmiR appears to be aggregating and forming multimers and refolding

has not been successful.

4.5 N-terminal sequencing

Protein N-terminal sequencing was carried out to confirm the identity of the major band in
the crude extracts. The 20% ammonium precipitate was resuspended in gel loading buffer,
boiled for 5 mins and separated on 15%SDS-polyacrylamide gel (Laemmli). The proteins
were then electroeluted onto protoblot. membranes, stained with amidoblack for 2 mins and
destained in 40% methanol until the bands were visible without background. The bands of
the correct size were cut out and subjected to solid phase sequencing. The sequence of the

first 20 amino acids was identical to that predicted from the DNA sequence.
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Fig 4.9 Western blot of refolded AmiR.

AmiR from the 20% ammonium fractionation step was denatured, refolded by
dilution and fractionated on Superdex G100 column. The column fractions
were analysed by western blotting. Lanes: 1) crude C600 (pGP1-2) (pMW51)
extract; 2) column fractions 10-12; 3) column fractions 20-22; 4) column
fractions 26-28 5) column fractions 38-40; 6) 20% ammonium sulphate pellet.
Relative molecular weights are expressed in kDa and the arrow R indicates
AmiR.
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4.6 Summary

The main incentive for this piece of work was to obtain AmiR in sufficiently pure form for
in vitro investigations of the transcription antitermination process (Chapter 5). Initial
difficulties in overproducing the protein have been overcome using the T7 RNA
polymerase/promoter system and the optimization of translation. Reports abound/ describing
poor expression of Pseudomonas genes in E.coli (Buckel and Zehelem, 1981; Clarke and |
Laverack, 1983; Milton et al, 1983). The theories advanced for this phenomena are poor
recognition of Pseudomonas promoters in E.coli due to significant variation in some
promoter sequences (Rothmel e al, 1991) and the absence of activators in the heterologous
host in case of positively regulated genes (Nakazawa and Inouye, 1986). Where large
quantities of specific and stable mRNA have been produced, poor expression has been
attributed to unfavourable distribution of rare codons caused by the high G+C content of

Pseudomonas DNA (West and Iglewski, 1988).

In this study, the level of expression of AmiR has been shown, by deduction , to be limited
only by the rate of initiation of translation. The AmiR levels achieved are apparently as
high as those for E.coli bacteriophage proteins expressed with this system (Tabor and
Richardson, 1985). This is in spite of a highly biased codon usage in the gene (Lowe et al,
1989) with only 41 of the possible 61 sense codons being used and only 8.7% having an A

or T in the third position.

Whether the AmiR produced is denatured remains to be shown. A time course
transcomplementation system set up by cotransforming pTM1 and pMWS51 into JM109
(DE3) was carried out (data not shown). The non-induced overnight culture gives 5.6 units

of activity which is about 10 fold less than obtained when the PCRd amiR gene was cloned
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into the pKK2.3 vector (Wilson S.A personal communication) to make pSW100. Only a
modest increase in expression was seen after addition of IPTG to the IM109 (DE3) pTM1,
pMWS51 culture which shows that at least some the AmiR is active given that pTM1 on its
own gives only 0.5 units of activity. Crude cell free extracts of pSW100 do not show a
major new band on SDS-PAGE but AmiR can nevertheless be detected on Western blots

indicating that only small amounts of AmiR are required for maximum amidase induction.

There is thus a possibility that AmiR requires very stringent conditions to remain in solution
when expressed in above trace amounts and further purification attempts should address
this problem first. There are reports of proteins that are only soluble during fractionation
depending on the buffer, salt and glycerol concentrations. In fact during purification of the
T7 gene S protein overexpressed using this system, as much as 2 M NaCl was initially
needed to produce a soluble product (Tabor and Richardson, 1985). Preliminary threading
of the AmiR sequence onto reported protein folds has shown structural resemblance of
AmiR to the E. coli Endonuclease III with a hydrophobic N-terminal end and a hydrophilic
C-terminus (Wilson personal communication) and presumably the hydrophobic domain is

responsible for the observed aggregation.
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CHAPTER 5

Investigation of the Leader mRNA/Protein Interaction

5.1 Introduction

Earlier studies of the amidase regulatory system showed that the amiE gene was subject to
positive control by the amiR gene product (Farin and Clarke, 1978; Drew, 1984).
However, these studies gave no insights into the mechanism of regulation. The better
studied transcription factors (activators) in both eukaryotes and prokaryotes act by binding
to DNA, atenhancer-like elements, and stimulating the isomerisation of the RNA
polymerase at the promoter from a closed complex to an open complex. A second class of
positive transcription regulators function by allowing readthrough of terminators or
attenuators upstream of the gene. This occurs by either modifying the transcription
complex, thus making it insensitive to terminators located at a distance from the point of
action, or by preventing the formation of an RNA secondary structure which functions as a

signal for termination in favour of a mutually exclusive antiterminator structure.

Sequencing of the amiE upstream region and construction of a 10 bp Smal deletion (Drew
and Lowe, 1989) led to the identification of a Rho-independenttranscription terminator
whose disruption led to constitutive amidase expression which was indepedent of AmiR.
The region upstream of the terminator shows some limited homology to the bgl operon of
E.coli which was known to be regulated by transcription antitermination (Mahadevan and
Wright, 1987). This led to the proposal of transcription antitermination by AmiR as the

basic mechanism for the regulation of amidase expression.

149



Protein/ligand interactions can be demonstrated by specific titration of one by the other
providing a method for assaying the unbound component exists. Initial experiments were
designed to compete out the AmiR available for trans complementation by producing an

excess of the leader RNA in vivo .

5.2 In vivo competition studies with the amiE leader region

5.2.1 Transcompetition

It was initially suspected that AmiR bound to the leader transcript during growth under
inducing conditions and acted as the switch for the antitermination reaction. To test this
assumption, the full leader region (HindIIl/PstI) (Fig 5.1) and the HindIll/Smal fragment
(Fig 5.2) which encompasses the leader with just the upward face of the transcription
terminator were cloned into plasmid pGEM4Z and the effect of overjexpressing the leader
transcripts tested with amiE and amiR being carried on separate plasmids. Plasmid
pGEMA4Z has the lac promoter upstream of the the HindIII site in addition to the T7 and
SP6 promoters flanking the MCS. Expression of the leader in a strain lacking the T7 RNA
polymerase could proceed from either the amiE promoter or from the lac promoter.
These plasmids were then introduced into an E. coli host which carried two plasmids (amiE
[pTM1] and amiR [pSW35]) that together produce high constitutive amidase expression.
Titration out of AmiR caused by binding to the excess leader would be expected to reduce
the amount of AmiR available for trans complementation and thus cause a decrease in

amidase activity.
To make plasmid pMW42, the 450 bp HindIIl/Pst I fragment of plasmid pAS20 (Fig 5.1)

(Wison and Drew, 1991) was excised and purified from a 1.5 % agarose gel. It was

inserted into HindIIl/PstI cut pPGEM4Z, the recombinants transformed into E.coli JM109
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Hindr Pstl Xhol Kpnl Xhol Xhol

SalGl/
i |
. amiE amiB amiC amiR ami§
P
pBR322
fgsrilgt HindIII/PstI digestion
purification of 450 bp
fragment
HindIIl Pstl
ﬂé pGEMA4Z
HindIIl/Pst1 digestion
ligation
HindIII Terminator Pstl EcoRI
> amiE
plac pT7 pSP6
pMW42
pGEM4Z
Amp resist.

Fig 5.1 Construction of pMW42. The 450 bp HindIII/PstI fragment of pAS20 carrying the full
amiE leader and the first 63 codons of amiE has been inserted downstream of a T7 promoter in
plasmid pGEMA4Z.
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HindIII Smal T Smal PstIS’"”IrzcoRI
-

> p ami

plac pT7 leader amiE pSP6
pMW42
pACr}nEM4% . Xmal digestion
p resist. phenol:chloroform
extract and isopropanol
precipitate
ligate
HindIII Smal . RI
e i
ami
plac pT7 leader pSP6
pMW44
pGEM4Z
Amp resist.

Fig 5.2 Construction of plasmid pMW44 from pMW42. Plasmid pMW42 was
digested with the Smal isoschizomer Xmal and ligated. A Plasmid that had lost the 250 bp Smal
fragment was identified by restriction enzyme mapping.
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and the transformants selected on IPTG/X-gal/Amp plates. Plasmid DNA was isolated
from white colonies and restriction enzyme mapped with HindIll and EcoRI. E.coli
JM109 pMW42 was grown in a 100 ml culture for large scale plasmid DNA isolation and
purification by the PEG precipitation. To make plasmid pMW44, pMW42 was digested
extensively with Xmal, phenol:chloroform extracted twice , precipitated with isopropanol,
washed with 70% ethanol and dried. The digest was resuspended in sterile water, ligated
and transformed into E. coli JA221. A recombinant that had lost the 250bp Xmal/Xmal
fragment (Fig 5.2) was named pMW44.

Competent JA221 pSW35 was cotransformed with plasmid pTM1 and either, plasmid

pMW42 or pMW44. The transformants selected on Cm/Sm/Amp NA plates. The transformants
were analysed by restriction enzyme mapping with HindIII. Colonies carrying all three
plasmids were streaked out to single colonies for the hydroxamate transferase amidase

assays and the results are presented in Table 5.1.

JA221 pTM1 (amiE ) gives an average of 0.7 units of activity. JA221 (pTM1,pSW35)
gives an average of 28 units of activity, which falls to 5 and 6 units -/+ IPTG respectively
when plasmid pMW42 is present. This represents 17.8% and 21.4% of the original
activity. With pMW44, averages of 9.6 and 11.6 units representing 34% and 41% activity
respectively were obtained. There is no apparent effect of IPTG on the results which is
probably due to good expression of the leader from the amiE promoter. These results
clearly show competition by the two leader transcripts for AmiR available for trans
complementation. The difference between the results with pMW42 and pMW44, 20%
residual activity with pMW42 and 37% with pMW44 may indicate that part of the AmiR
binding site is missing in pMW44. The conclusion here is that AmiR binds to the leader

region upstream of the proximal Sma I site within the terminator.
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Growth Conditions

Plasmids IPTG Glucose Glucose/ Succinate  Succinate/ Succinate
+/- Lactamide Lactamide Butyramide

pTM1,pSW35 31.3 28.0 29.2 27.5 25.7
pTM1, pSW35,

pMW42 - 3.1 33 54 5.5 5.7
pTM1, pSW35,

pMW42 + 3.2 3.8 9.6 8.3 5.8
pTM1, pSW35,

pMW44 - 16.9 14.3 7.0 11.5 8.1
pTM1, pSW35,

pMW44 + 11.7 19.1 7.4 4.8 54

Table 5.1 In vivo competition assays in E. coli JA221 with the ami leader provided in
trans to amiR. The cultures were supplemented with tryptophan and leucine. The activities are
presented as p moles of acetylhydroxamate/minute/mg bacteria

Production of a regulator gene next to the point of action can amplify the response due to
proximity effects. It was necessary, therefore, to look at this situation by cloning the leader
region in cis to amiR. The amiR gene is normally located downstream of amiE and is
expressed in the same direction (Cousens 1985). There is no evidence for amiR having its
own promoter, however, DNA sequencing studies have identified two potential rpoN
dependent promoters upstream of amiC (Cousens, 1985; Wilson, 1991). Deletion of the
fragment carrying these promoters and part of amiC led to elevated amidase activity

compared to wild type (Wilson, 1991). These findings suggest that amiR is normally
expressed from the amiE promoter. However,a previously constructed plasmid (pCL54)

carrying a deletion from the Smal target at position 200 to the Smal target at 1700 which
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would have been predicted to be a good amiR expression vector did not trans complement

amiE (Drew and Lowe, 1989).

5.2.2 Construction and analysis of amiE leader/amiR fusions

Several plasmids were constructed which had varying lengths of the amiE leader sequence
stitched upstream of the 1.5 kb Xhol/Xhol amiR gene fragment. The AmiR produced from
the amiE gene promoter would be expected to bind to the leader sequence (if the binding site
was present) and residual AmiR could be assayed by transcomplementation with pTM1

(amiE).

Plasmid pMW40L (Fig 5.3) was constructed by ligating the HindIII/PstI (450 bp) leader
fragment into HindIII/PstI cut pMW40 (Fig 4.1). The ligation mixture was used to
transform competent E. coli IM109 to ampicillin resistance. Plasmid DNA was isolated
from potential transformants and pMWA40L identified by HindIII/EcoRI digestion compared
to pMW40 digested with HindIII/EcoRI. Plasmid pMWA40L thus contains the entire leader
region and the first 63 codons of amiE joined to the 1.5 kb amiR gene fragment. The
following constructs were then made to produce shorter 3’ ends of the leader region.
Plasmid pMW40L was digested with BsfEII and PstI and the overhangs made blunt with the
exonuclease activity of T4 DNA polymerase as described elsewhere. The digestion mixture
was phenol:chloroform extracted twice, ethanol precipitated and ligated. The ligation
mixture was transfomed into competent E. coli JM109 and plasmid DNA isolated from
potential transformants. pMW46 (Fig 5.4) was identified by restriction enzyme mapping
with HindIIl and EcoR1. Plasmid pMW46 thus has the amiE leader region up to the middle
of the terminator joined to the 1.5 kb Xhol/Xhol amiR gene fragment.

To make a shorter version of pMW46, plasmids pMW40 and pMW42 (Fig 5.1) were
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HindIII Pstl Xhol/Sall

plac pT7 amiR plac pTT  gmi

pMW40 pMW42 leader
pGEM4Z

%%%Lf;%st Amp resist.
Lt HindIl Pt
purification of Dlg_?_suop ¢
4.4 kb fragment e

’ 450 bp
fragment
ligation

Smal  Smal

HindIIl O Xhol/Sall
- — B
plac pT7 ]
pMWA40L leader
pGEM4Z
Amp resist.

Fig 5.3 Construction of plasmid pMW40L

Plasmid pMW40 was digested with HindIII and PsI and ligated to the HindIII/Pst1
leader region excised from pMW42

156



SmalV  Smal

HindIII Xhol/Sall

- —
plac pT7 ami amiR
pMW40L leader
pGEM4Z
Amp resist.
BstEIl/Pstl
digestion
T4 polymerase digestion
ligate
Smai
HindIII Xhol/Sall
- -
plac pT7 ami amiR
pMW46 leader
pGEM4Z
Amp resist.

Fig 5.4 Construction of plasmid pMW46. Plasmid pMW40L was digested
with BstEII and Pstl, the ends made flush and ligated.
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digested with PstI and Banll respectively and the overhangs made flush with T4 DNA
polymerase. The digests were then phenol:chloroform extracted twice, ethanol precipitated
and resuspended in x 1 buffer for digestion with EcoRI. The 1.5 bp pMW40 and 2.9
pMW42 fragments were purified by AGE, ligated and transformed into competent E. coli
JM109. MPP DNA from ampicillin resistant colonies was restriction enzyme mapped with
HindIII and EcoRI. Plasmid pMW47 (Fig 5.5) which is similar to pMW46 but has a further

9 bp deletion within the amiE leader region was thus identified.

The final deletion made went up to the Fspl target in the leader region at position 140 and
therefore the leader terminates only 7 bp downstream of the transcription start site (Wilson,
1991). This construct, pMW48 (Fig 5.6), was made by digesting pMW42 with Fspl and
purifying the 1.6 kp fragment from an agarose gel. The fragment was then extensively
digested with HindIII and ligated into pMW40 which had been digested with Ps¢I to
completion, the overhangs made blunt with T4 DNA polymerase and then digested with
HindIIl. Plasmid pMW48 was identified by restriction enzyme mapping with HindIII,
EcoR1, HindIll/EcoRI, Clal and HindlIl/Clal. Plasmids pMW40, pMW40L, pMW46,
pMW47 and pMW48 were finally checked by digestion with HindIII and EcoRI to show the

insert size (Fig 5.7).

All of these constructs together with pMW40 the positive control were transformed into E.
coli JA221 pTM1 (amiE) (Wilson et al., 1993). The cells were plated onto Cm/Amp/LA
plates and resistant colonies patched on the same plates then grown in liquid medium for
MPP and restriction enzyme analysis. Transformants were streaked out to single colonies
on appropriate antibiotic plates and used for amidase assays. The results of the assays are
presented in Table 5.2 are the averages of 5 duplicate assays carried out on different days.

The full leader construct (pMW40L) gives 9.7 units of activity which is 28.9% of the
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Banll Smal Smal
HindITI PstI Xhol/Sall HindITI

lac pT7 amiR plac pT7 am
pvas 40 pMW42 leader
L pGEM4Z
PUERIEE Pstl digestion Amp resist. > L
Amp resist. T4 DNA polymerase Banll digestion
treatment ;1‘4 ItDNAtpolymerase
reatmen
EcoRI digestion o
Purification of 1.5 kb EcoRI digestion
fragment Purification of 2.9 kb
fragment
ligation
HindIII Xhol/Sall
in
- - g -
| ami iR
plac pT7 leader ami
pMW47
pGEM4Z
Amp resist.

Fig 5.5 Construction of plasmid pMW47. The amiR gene was excised from
pMW40 with PstI (made blunt) and EcoRI and cloned into pMW42 cut with
Banll (made blunt) and EcoRI.
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Smal  Smal

: Xhol/Sall \_4
HindIII Pstl FspLy aiff’ Potl peom Fspl
l ' I I co

plac pT7 amiR plac pT7 ami

pMW40 pMW42  leader

pGEMA4Z pGEM4Z

Amp resist. Amp resist.

2 Fspl digestion and

Pstl digestion purification of 1.6 kb
T4 DNA polymerase fragment
treatment
HindIII digestion Digestion with HindIII

ligation
Xhol/Sall
HindIIl e
- @ —= -

plac pT7 i""éE ] amiR
pMw4g 4t
pGEM4Z
Amp resist.

Fig 5.6 Construction of plasmid pMW48. The leader region fused to
amiR carries only 6 bp from the transcription start site.
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Fig 5.7 Ethidium bromide stained agarose gel of ami leader/
amiR fusion constructs.

Plasmid DNA was digested with EcoRI and HindlIII and separated on a
0.8% agarose gel. Lanes: 1) lambda HindIIl markers; 2) pMW40; 3)
pMW48; 4) pMW47; 5) pMW46; 6) pMWA40L
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positive control (pMW40) indicating that the initial basal readthrough of the terminator
produces enough AmiR to positively regulate the fused terminator and to trans complement
amiE. The reduction from the pMW40 value (33.6 units) could result from, reduced
transcription of amiR due to the presence of an upstream transcription terminator, an
undefined reduction of transcription from the lac promoter caused by the presence of amiE
promoter between it and amiR or titration of AmiR by the presence of a binding site(s) in the
leader region. E. coli JA221 pTM1 pMW46, which has half of the terminator, gives 3.3
units of activity which is 10.0% of the pMW40 result. pMW46 has no functional terminator
upstream of amiR and as such the reduction in activity could only be attributed to titration of
AmiR by a binding site(s) located upstream of the BstEIl target in the leader region or the
effect of amiE promoter. E. coli JA22, pTM1, pMW47 ( with a further 9 bp deletion from
pMW46 ) gives 12.4 units of activity which is 36.9% of the pMW40 result. E. coli JA221
pTM1 pMW48 gives an average of 15.8 units which represents 47% of the pMW40 (33.6

units).

Plasmid(s) Specific Activity
pTM1 0.7
pTM1, pMW40 33.6
pTM1, pMW40L 9.7
pTM1, pMW46 3.3
pTM1, pMW47 12.4
pTM1, pMW48 15.8

Table 5.2. Amidase assays of E.coli, JA221, pTM1.

In vivo competition by the ami leader fused to amiR. The assays were done in
nutrient broth overnight cultures and are expressed as as P moles of
acetylhydroxamate/minute/mg bacteria.
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These results suggest that AmiR interacts directly with the leader RNA. A significant
observation is that deletions upstream of the BstEIl (206) target led to a significant increase
in amidase activity which suggests the presence of more free AmiR compared to that present
with pMW46. A plausible explanation is that a binding site lies somewhere between the
Fspl target and the BstETl target. The full leader situation appears to be inconsistent with
the expected result, however, it could represent a mixed situation between limited
termination and, if it were proven that AmiR binds to an alternate structure to the terminator,
the presence of the majority of its binding site(s) trapped in the terminator structure. These
experiments are however only pointers and clearly, in vitro evidence for the interaction was

required. The following sections describe efforts towards that end.

5.3 In vitro transcription of the amidase leader region

5.3.1 Construction of Templates

The amidase leader region was cloned into pPGEM4Z to make pMW42 with two objectives.
Firstly, to use the construct for the in vivo titrations descibed above and secondly to use the
flanking T7 RNA polymerase promoter to synthesize runoff transcripts in vitro . 500 ml
E.coli JM109 pMW42 was grown overnight for a large scale plasmid DNA preparation

which was then purified on a CsCl gradient.

Two 10 pg aliquots of this DNA were digested to completion with EcoRI and BstEIl

respectively as determined by AGE. The digests were phenol:chloroform extracted twice,

ethanol precipitated, dried, and then resuspended in sterile water at a concentration of 1

mg/ml. High specific activity RNA probe was synthesized with a—32P CTP using the

Riboprobe Gemini kit from Promega as described by the manufacturer. The transcripts were
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purified on a 6% denaturing urea polyacryamide gel. To identify the location of the expected
probes pBR322 Hpall DNA fragments were dephosphorylated with CIP, end labelled with

Y-32P ATP using PNK and run alongside as markers.

The PstI linearized template yielded two transcripts one corresponding to the full length
leader and one shorter (Fig 5.8). By running a sequencing ladder alongside, the shorter
transcript was estimated to correspond to termination at the run of T’s immediately after the
amiE terminator loop (data not shown). This is consistent with the distance migrated by the
transcript from the BsfEIl linearized template which runs slightly slower (Fig 5.8 Lane 2).
This shows that the amiE leader terminator is recognized by the T7 RNA polymerase. This
has been observed with some rho-independent transcription terminators including the trp
attenuator but not others, although the reasons for discrimination are not clear (Jeng et al.,

1992).

5.3.2 Gel retardation analysis of AmiR/RNA complexes

5.3.2.1 Principles of gel retardation analysis

Gel retardation assays provide a convenient method for detecting specific RNA/protein
interactions (Konarska and Sharp, 1986). The principle of the technique is based on the
observation that nucleic acid/protein complexes exhibit reduced electrophoretic mobility in
non-denaturing polyacrylamide or agarose gels (Lane et al., 1992 ). The reasons for the
phenomena are given as; increased mass of the nucleic acid due to bound protein, change in
overall net charge caused by the protein contribution which is linked to the pH of
electrophoresis buffer, conformational changes induced in the nucleic acid by the bound
protein in addition to the gel concentration and composition. Elegant experiments have been

performed to study such phenomena and used to map bends in DNA caused by regulator
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Fig 5.8 Purification of in vitro synthesised RNA transcripts.

Internally labelled runoff transcripts were separated on a denaturing 6% urea polyacrylamide gel.
Lanes: 1) PstI (450) linearized template transcript; 2) BstEII (206) linearized template transcript;
3) Banll (198) linearized template transcript; 4) Avall (162) linearized template transcript 5) Fspl
(140) linearized template transcript. The terminated transcript in lane 1 is represented by the
arrow T and readthrough transcript by the arrow RT
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proteins. The absolute contribution of each of these factors is not known and is difficult to
measure. The complexes are very stable during electrophoresis and in some circumstances
they have been shown to have higher kinetic stability in the gel than in free solution (Fried

and Crothers, 1984).

A potential pitfall however exists in that all proteins that recognize specific sites on nucleic
acids also display some degree of non-specific affinity, the effect of which is to cause
smearing and formation of multiple bands (Lane et al., 1992). The techniques for
eliminating this drawback are the use of high salt to dissociate non-specific interactions,
having a high background of non-specific nucleic acid which include synthetic polymers for
DNA gel retardations and the use of heparin (Lane et al., 1992; Dall et al., 1990). RNAase
T1 has also been used in RNA bandshifts to digest away RNA nonspecifically bound to
protein (Konarska and Sharp, 1986).

Gel retardation assays have been used to detect and identify both DNA and RNA binding
proteins from crude cell extracts and have the advantage of requiring small quantities of
material (picomole range) (Lane et al., 1992). These factors were desirable because of the

difficulties encountered in purification attempts of AmiR (Chapter 4).

5.3.2.2 Preparation of extract containing AmiR

The extracts used in the RNA/bandshift studies were prepared from E.coli pSW100 (S.A
Wilson, personal communication). The cells were sonicated in cell lysis buffer and
centrifuged as described elsewhere. The crude supernatant was eluted from a Q-sepharose
ion exchange column with a 0-1 M NaCl gradient and fractions containing AmiR identified
by western immunoblotting with the anti-AmiR rabbit antisera. The AmiR containing

fractions were dialysed against the reaction buffer and concentrated by filtration in an
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Amicon concentrator with a PM10 membrane. On some occasions the fractions containing
AmiR from the Q-sepharose column were directly loaded onto a phosphate buffer
preequilibrated heparin column and elutedwith a 0-1 M NaCl gradient. AmiR containing
fractions were detected by Western blotting and concentrated for use in the gel retardation

assays.

5.3.2.3 Leader transcript/AmiR binding studies

To investigate whether AmiR bound the leader transcript, 10,000 cpm of the high specific
activity gel purified leader RNAs were incubated with the AmiR containing extracts as
described in Materials and Methods and the complexes detected by separation on 5% native
polyacrylamide gels followed by autoradiography. Each of the three probes, the full length
and the terminated from the Psfl linearized pMW42 and theBs?EIl run off transcript were
incubated with a 2 x serial dilution of the AmiR containing extract and electrophoresed. A
protein-free control was included as well an AmiR-free E.coli extract. Fig 5.9 shows the
autoradiograph of the BsgEII transcript. No complexes were detected in lanes 1 and 2
which were loaded with a protein-free mixture and an AmiR-free E.coli extract incubation
mixture respectively. Higher protein concentrations (towards the right) resulted in an
increase in the amount of complex formed. The lagging RNA band shown by the arrow
marked S is thought to be a result of secondary structure which is common when RNA is
separated on a nondenaturing gel. Fig 5.10 and 5.11 show similar experiments carried out
with the full length and terminated probes from the PstI cut template. Similar results were
obtained with no complex formation in lanes 1 and 2 loaded with protein free control and an
AmiR free total E. coli extract. However, there appears to be an affinity difference between
the Psfl linearized terminated probe and the BsfEII runoff transcript with the former having
a higher affinity. The reason for this is not known but could simply be due to minor

pippeting discrepances given the sensitivity of these assays.
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Fig 5.9 Bandshift assay for complex formation between AmiR and transcripts
from BstEII (206) linearized template.

Serially diluted Q-sepharose purified extracts were incubated with internally labelled
transcript and separated on a nondenaturing 5% polyacrylamide gel. Lanes 1) protein free
transcript; 2) transcript with AmiR free total E. coli extract; 3) transcript with 1/512 diluted
AmiR extract; 4) transcript with 1/256 diluted AmiR extract; 5) transcript with 1/128 diluted
AmiR extract; 6) transcript with 1/64 diluted AmiR extract; 7) transcript with 1/32 diluted
AmiR extract; 8) transcript with 1/16 diluted AmiR extract; 9) transcript with 1/8 diluted
AmiR extract; 9) transcript with 1/4 diluted AmiR extract; 10) transcript with 1/2 diluted
AmiR extract; 11) transcript with 1 ul undiluted AmiR extract; 12) transcript with 2 ul
undiluted AmiR extract. Free transcript is indicated by the arrow F and complex by the
arrow C. Arrow S is thought to be secondary structure
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Fig 5.10 Bandshift assay for complex formation between AmiR and the full length
transcript from Pstl (450) linearized template.

Serially diluted Q-sepharose purified extracts were incubated with internally labelled transcript and
separated on a nondenaturing 5% polyacrylamide gel. Lanes 1) protein free transcript; 2) tanscript
with AmiR free total E. coli extract; 3) transcript with 1/512 diluted AmiR extract; 4) transcript with
1/256 diluted AmiR extract; 5) transcript with 1/128 diluted AmiR extract; 6) transcript with 1/64
diluted AmiR extract; 7) transcript with 1/32 diluted AmiR extract; 8) transcript with 1/1€ diluted
AmiR extract; 9) transcript with 1/8 diluted AmiR extract; 9) transcript with 1/4 dilutel AmiR
extract; 10) transcript with 1/2 diluted AmiR extract; 11) transcript with 1 ul undiluted AmiR extract;
12) transcript with 2 ul undiluted AmiR extract; 13) transcript with 3 ul undiluted AmiR extract. Free
transcript is indicated by arrow F
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Fig 5.11 Bandshift assay for complex formation between AmiR and the
terminated transcript from PstI (450) linearized template.

Serially diluted Q-sepharose purified extracts were incubated with internally labelled
transcript and separated on a nondenaturing 5% polyacrylamide gel. Lanes 1) protein free
transcript; 2) transcript with AmiR free total E. coli extract; 3) transcript with 1/512 diluted
AmiR extract; 4) transcript with 1/256 diluted AmiR extract; 5) transcript with 1/128 diluted
AmiR extract; 6) transcript with 1/64 diluted AmiR extract; 7) transcript with 1/32 diluted
AmiR extract; 8) transcript with 1/16 diluted AmiR extract; 9) transcript with 1/8 diluted
AmiR extract; 9) transcript with 1/4 diluted AmiR extract; 10) transcript with 1/2 diluted
AmiR extract; 11) transcript with 1 ul undiluted AmiR extract; 12) transcript with 2 ul
undiluted AmiR extract. Free transcript is indicated by arrow F and complex by arrow C.
Band shown by the arrow S is thought to be due to secondary structure.
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The experimental conditions used to eliminate non-specific binding are discussed above.

These band shift experiments were carried out against a large excess of total yeast RNA (40

pg ) with respect to the labelled RNA (about 4 ng). This represents about 3200 molar

excess of nonspecific RNA, the same order of magnitude used in other studies (Otridge and
Golnick, 1993; Dall et al.,1990). This and the fact that the total extract from E.coli lacking

AmiR did not form a complex shows that the binding is specific.

5.3.2.4 Studies of the binding Specificity

To study the specificity of the binding reaction an attempt was made to compete out the
AmiR with specific cold leader mRNA. The reactions were set up with a constant amount of
the AmiR extract and 10,000 cpm of 32P labelled terminated probe from the Ps linearized
template. Fig 5.12 shows the result of the experiment. No shifts are apparent in lanes 1
and 2 which were loaded with free probe and the AmiR free E.coli control extract. Lane 3
shows a typical RNA protein complex indicated by arrow F. Lanes 4, 5, 6, 7 and 8 had in
addition, .35 ng, 3.5 ng, 35 ng, 140 ng and 210 ng of cold specific RNA which had been
purified on a denaturing polyacrylamide gel as described previously added at the same time
as the labelled probe. In lanes 4, 5 and 6 just as in lane 3, two bands were observed, one
migrating with the free probe and a lagging RNA/protein complex. Lane 7 which had in
addition to the probe, 140 ng of RNA representing a 35 fold molar excess of cold competitor
has only one band representing the free probe. Similarly one band representing protein free
RNA was observed in lane 8. Thus a 35 fold molar excess of cold competitor RNA totally
competed out the probe. This is a large excess but of course the reaction mixture contains a
high level of non-specific RNAwhich can be increased to 120 ug with complex formation

still occuring. Other workers have reported a requirement of up to 450 fold excess to obtain
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Fig 5.12 Cold specific competition of 'AmiR/BstEII template runoff
transcript ‘complexes.

The AmiR containing extract was incubated with the internally labelled transcript in the
presence of increasing amounts of cold specific RNA and separated on nondenaturing 5%
polyacrylamide gel. Lanes: 1) free transcript; 2) transcript incubated with AmiR free
protein extract; 3) transcript incubated with nonsaturating amounts of AmiR; 4) transcript
incubated with nonsaturating amounts of AmiR in the presence of 0.35 ng specific cold
RNA; 5) transcript incubated with nonsaturating amounts of AmiR in the presence of 3.5
ng specific cold RNA; 6) transcript incubated with nonsaturating amounts of AmiR in the
presence of 35 ng specific cold RNA; 7) transcript incubated with nonsaturating amounts
of AmiR in the presence of 140 ng specific cold RNA; 8)transcript incubated with
nonsaturating amounts of AmiR in the presence of 210 ng specific cold RNA. Complexes
are indicated by arrow C and free transcript by arrow F.
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complete specific cold competition for unclear reasons (Otridge and Gollnick, 1993).
Further evidence for the specific nature of the complexes will presented in the following

sections.

5.3.2.5 Determining the minimum size of leader RNA bound by AmiR

The Riboprobe transcription system offers the ability to produce desired lengths of RNA
runoff transcripts by linearizing the template with appropriate restriction enzymes and the
production of complementary transcripts by use of the opposing T7 and SP6 promoters.
Different lengths of 32P labelled RNA transcripts were made from pMW42 linearized with
Banll, Avall, and Fspl whose recognition sites are highlighted on Fig 5.13. The probes
were eluted from a denatur<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>