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ABSTRACT

Green fluorescent protein (gfp) and bacterial luminescence (/ux) reporter genes have
been used to construct a variety of reporter plasmids for Gram positive bacteria with
the aim of using these for bacterial localisation and gene expression studies. The
native gfp and luxCDABE genes were cloned into a shuttle vector and the resulting
plasmids used to transform Listeria monocytogenes. However, the bacterial
populations were found to be weakly fluorescent or luminescent compared to E. coli

harbouring the same plasmids.

When L. monocytogenes expressing gfp were examined by fluorescence microscopy,
only a small proportion of the population was seen to fluoresce. This phenomenon
was observed regardless of the gfp variant used in the cloning procedure. However,
when gfp3 was placed downstream of P4, slightly more individual fluorescent cells
were observed compared to when gfp3 was expressed from P,,,, but the majority of
the population was still non-fluorescent. Northern blot analysis and subsequent
analysis by SDS PAGE and immunoblotting lead to the supposition that translation
of GFP was limiting in L. monocytogenes. A variety of factors could potentially lead
to poor translation of the protein, for example poor codon usage, the presence of a
ribosome stall site, or poor initiation of translation by the ribosomes. These were all
investigated in turn to determine why translation of gfp3 was limiting. Modification
of the translational initiation region of gfp3, resulted in a homogeneously fluorescent
L. monocytogenes population when the modified gene was expressed from P, .
Individual /ux genes, luxA, luxC and luxE were also translationally enhanced in a
similar way to gfp3, and reorganised into an operon where the luciferase genes were
adjacent to, but separate from the aldehyde genes. This engineered luxABCDE
operon was also expressed from P,,4 and highly luminescent populations of L.

monocytogenes and Staphylococcus aureus obtained.

Having optimised translation for expression in Gram positive bacteria, these

reporters were used to construct a variety of reporter plasmids that were successfully

XVii



employed to observe the intracellular invasion and to monitor agr expression in S.

aureus.
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Aims of the Project

The aims of this project were to clone and efficiently express the two reporter genes,
gfp and lux, in Gram positive bacteria with particular reference to L. monocytogenes
and S. aureus. After demonstrating these genes could be expressed at high levels in
these organisms they could be used to observed expression of particular genes, for
example agr in S. aureus, and also to track the organisms during the infectious

process within eukaryotic cell lines.
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INTRODUCTION



CHAPTER 1: INTRODUCTION

1.1. Green Fluorescent Protein

1.1.1. Background

Green fluorescent proteins (GFP) are spontaneously fluorescent proteins originally
isolated from coelenterates. Several bioluminescent coelenterates, such as the
jellyfish Aequorea victoria emit green light from a green fluorescent protein (Morin
and Hastings, 1971). In Aequorea, the green fluorescence is due to the action of two
closely associated proteins, a Ca’* activated photoprotein (acquorin) and GFP.
Aequorin is a 21.4kDa complex consisting of a Ca’* binding apoprotein
(apoaequorin), molecular oxygen and coelenterazine (Johnson and Shimomura,
1978; Charbonneau et al., 1985; Inouye et al., 1985). Purified aequorin, isolated
from A. victoria photocytes was found to generate blue rather than green light
(Shimomura et al., 1962). When aequorin is activated by Ca?', it catalyses the
oxidation of coelenterazine to coelenteramide, which is in an excited state.
Coclenteramide returns to its ground state by emitting light at 470nm, which is the
blue light generated by purified aequorin. In vivo, an energy transfer occurs from the
excited state of the coelenteramide (complexed with aequorin and Ca’") to GFP,
which is the green fluorescence observed. However, aequorin is not an essential part
of the green-light reaction, purified GFP can be induced to emit green light by
excitation directly with blue light (Ward, 1979).



1.1.2. Properties of GFP

The GFP of the jellyfish 4. victoria is a 27kDa polypeptide comprised of 238 amino
acid residues (Ward, 1979). The dequorea GFP absorbs blue light maximally at
395nm and exhibits a minor excitation peak at 470nm, and emits green light at
508nm with a shoulder at 540nm (Morise et al., 1974; Ward et al., 1980), this is
illustrated in Figure 1.1.2.1. Excitation with 395nm UV light results in rapid
photobleaching of GFP fluorescence, whereas excitation with 470nm light results in

relatively stable fluorescence.

Figure 1.1.2.1: Excitation and Emission spectra of the GFP from Aequorea.
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1.1.3. The GFP Chromophore

The intense fluorescence of GFP can be attributed to a chromophore, which is
composed of modified amino acids within the polypeptide. Unlike other
bioluminescent reporters this chromophore is intrinsic to the primary structure of the
protein. Before GFP is able to fluoresce, the newly synthesised GFP molecules need
to be processed into the mature fluorescent form (Inouye and Tsuji, 1994; Cubbit et
al, 1995). The fluorescent chromophore is generated by post-translational
modification from the primary amino acid sequence, by cyclisation and oxidation of
the serine-tyrosine-glycine sequence at residues 65-67 within the polypeptide (Cody
et al., 1993). Chromophore formation is oxygen dependent, occurs gradually after
translation (Inouye and Tsuji, 1994), and does not appear to be enzymatic (Heim et
al., 1994). Since fluorescent GFP forms in a wide range of organisms, the steps for

chromophore formation are either autocatalytic or use factors that are ubiquitous.

The fluorescent chromophore is stable to a variety of harsh conditions, including
heat, extreme pH and chemical denaturants. If GFP is subjected to base or acid
treatment or addition of guanidine hydrochloride, fluorescence is lost. However upon
neutralisation of the pH or removal of the denaturant, fluorescence returns with an
identical emission spectrum (Bokman and Ward, 1981; Ward and Bokman, 1982).
Data obtained from the renaturation experiments suggests that the chromophore
remains intact when GFP is denatured, upon proper protein refolding, the
chromophore returns to a suitable environment and fluorescence is restored. The
stability of GFP appears to be due to its unique three-dimensional structure (Yang et
al., 1996) which provides the correct environment required for the fluorescent

chromophore.



1.1.4. The three-dimensional structure of GFP

The crystal structure of the wild-type GFP protein was determined by Yang et al.
(1996). The structure of GFP revealed a regular B-barrel with 11 strands on the
outside of the cylinder. These cylinders have a diameter of approximately 30 A and a
length of about 40 A (Yang et al., 1996). Inside the B-barrel, near the geometric
centre, is an o-helix, which contains the chromophore (Yang et al., 1996). Short
helical segments cap the top and bottom of the 3-can and also provide a scaffold for
the chromophore. This structure is illustrated in Figure 1.1.4.1 and provides the
proper environment for the chromophore to fluorescence by excluding solvent and
oxygen. This folding motif, with sheet outside and helix inside, represents a new

class of proteins, which has been named the -can (Yang ef al., 1996).

Figure 1.1.4.1: The cylindrical B-can structure of GFP (taken from Yang ef al.,
1996)

The regularity of the B-can is unique, with the 11 strands of the sheet forming an

almost seamless structure. The tightly constructed -barrel appears to have two roles,



protecting the chromophore and providing overall stability and resistance to

unfolding by heat and denaturants.

1.1.5. Limitations of wild-type GFP

The wild-type GFP has several unfavourable properties that limit it as a reporter of

gene expression and as a fluorescent tag, and these will be discussed in turn.

1.

The wild-type GFP excitation spectra 1s not optimal for use with commonly used
filter sets. The presence of GFP can be monitored in cells using standard
fluorescein isothyocyanate (FITC) excitation emission filter sets, which make use
of the minor absorption peak at 470nm. This absorption peak can also be utilised
by argon lasers commonly found in flow-cytometers and laser scanning
microscopes, which emit with a wavelength of 488nm. Irradiation of wild-type
GFP with 395nm light can cause two spectral changes over time,
photoisomerisation (Cubitt ef al., 1995) that progressively decreases the 395nm
absorption peak and increases the 470nm absorption peak, as well as
photobleaching that causes both peaks to decline by approximately equal
proportions (Cubitt et al., 1995).

The 470nm absorption peak is subject to less photoisomerisation and
autofluorescence compared to excitation at 395nm (Cubitt et al., 1995).
However, the protein has a much higher extinction coefficient when excited with
395nm light, that is to say that the fluorescence generated from excitation at
470nm is much lower than when the protein was excited with 395nm light

(Cubitt ez al., 1995).

The chromophore in the wild-type GFP forms rather slowly, this potentially
limits its use to detect fast transcriptional events and changes in promoter
activity. (Heim et al., 1994; Heim et al., 1995). Another limitation is the high
stability of the protein, which again would limit gfp as a reporter to detect

changes in gene expression (Cubitt ef al., 1995).



In order to overcome some of these problems a large variety of GFP mutants have

been created.

1.1.6. GFP Mutants

In order to create GFP mutants a wide variety of different strategies have been
performed, for example site directed mutagenesis (Heim et al., 1995; Ormé et al.,
1996) and randomisation of a pre-determined stretch of residues (Delagrave et al.,
1995; Cormack et al., 1996). As there are numerous GFP mutants available only a
few will be discussed, particularly those used in the course of this study. Mutagenesis
of wild type (gfpwr) revealed two broad classes of mutants (Heim ef al., 1994), those
that fluoresce blue (emission wavelength 458nm) when excited by UV light, and

those where the excitation wavelength has been shifted (to a maximum of 490nm).

1.1.6.1. Red Shifted GFP Mutants

Red shifted gfp variants contain mutations in their chromophore which shift the
maximal excitation peak to around 490nm. The major excitation peak of all the red
shifted gfp variants encompasses the excitation wavelength of many commonly used
FITC filter sets, similarly the argon laser used in many fluorescence activated cell
sorters (FACS) and confocal scanning laser microscopes emit at 488nm, so the
excitation of the red shifted gfp variants is more efficient than that of gfpwz. This
means that the limits of detection in microscopy and FACS are lower with the red
shifted gfp variants compared with gfpwt. Whilst the excitation peak of the red
shifted gfp variants has been shifted by approximately 100nm, the emission spectra
are virtually identical to that of gfpwt, as illustrated in Figure 1.1.6.1. Through the
use of selective excitation, co-expression of gfpwt and the red shifted gfp will enable

the analysis of two proteins or two promoters in one cell or organism. The possible

uses of gfp variants will be discussed in a later section.



Figure 1.1.6.1: Excitation and emission spectra of gfpwt (black) and red
shifted gfp variants (green). Taken from Clontech Living Colours User

Manual

Excitation: dashed lines. Emission: solid lines. The emission for gfpwt was
obtained with excitation at 475nm. (The emission peak for gfpwt is several
fold higher when illuminated at 395nm).
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Cormack et al. (1996) constructed a library of mutant GFP molecules through the use
of an oligo-directed codon-based mutagenesis method (Glaser et al., 1992; Cormack
and Struhl, 1993). Through this method, random amino acid substitutions, NNK
(where N is any base and K is G or T), were introduced in the 20 amino acid region
(54-74) surrounding the chromophore (65-67) with a 10% probability of substituting
NNK for each wild type codon. The resulting mutants were then screened by FACS,
to select for variants of GFP that fluoresced more intensely than GFPwt when excited
at 488nm. The differences in fluorescence intensity between GFPwt and the mutant
GFPs could have been due to a number of factors, for example, increased expression
of the protein, more efficient protein folding, increased absorption at 488nm, faster
chromophore formation or greater solubility of the protein. Several classes of

mutants were identified, all of which were shown to have markedly shifted excitation



spectra compared to that of GFPwt. Two of the mutants have been used in this study

and are described in more detail below.

One mutant, designated GFPmutl (Cormack et al., 1996) was found to contain a
double amino acid substitution, F64L and S65T. This variant was selected on its
increased fluorescence in FACS assays relative to GFPwt, this is primarily due to an
approximately 35-fold increase in its extinction coefficient (Em) relative to GFPwt.
One of the factors responsible for this observed greater fluorescence output is that the
mutations present in GFPmutl enhance the folding and solubility of the protein. To
further enhance this reporter, the gfpmutl coding sequence has been codon optimised
for higher expression in mammalian cells, through the virtue of 190 silent base pair
mutations (Haas et al., 1996), this "humanised" variant of GFPmutl was termed
EGFP. The combined effect of these improvements increases the sensitivity of EGFP

up to 350 times compared to GFPwt.

Cormack et al. (1996) isolated another GFP mutant, this was termed GFPmut3b. This
too has a double amino acid substitution, this being S65G and S72A, and was
isolated on its ability to fluoresce with a greater intensity upon excitation at 488nm

compared to GFPwt.

The mutations isolated in these two gfp variants were found to have a significant
effect on protein folding. Heim et al. (1994) observed that much of the GFPwt was
found in the cell as non-fluorescent insoluble protein enclosed in inclusion bodies.
When the mutant gfp variants were expressed, GFPmutl was found to be 90%
soluble, with virtually all GFPmut3 being soluble (Cormack et al., 1996), this in part
contributes to the increase fluorescence observed from bacteria expressing these
mutant GFP proteins. When the mutant proteins were analysed by fluorescence
spectroscopy, the excitation spectra was found to be different compared to that of
GFPwt, ranging between 480-501nm, whilst the emission spectra was essentially
unchanged, ranging from 507-511nm. This major shift in the absorption spectra is

responsible for most of the increased fluorescence. Measurements obtained from



spectral analysis of equal amounts of soluble GFP have shown that when excited at
488nm, fluorescence per soluble unit of GFP is between 19 and 35-fold higher for
the GFP mutants compared to GFPwt. This is illustrated in Table 1.1.6.1.

Table 1.1.6.1: Excitation and Emission Spectra for GFPwt and Mutant GFPs

Protein Emission maxima | Excitation maxima | Fluorescence Intensity
(nm) (nm) (relative to wild type)

GFPwt 395 508 1

GFPmutl 488 507 35

GFPmut3 501 511 21

Although the fluorescence data from analysis per unit soluble protein suggests that
GFPmutl has the highest fluorescence intensity, it is interesting to note that bacteria
expressing GFPmut3 fluoresce with more than twice the intensity than those
expressing GFPmut1 (Cormack et al., 1996). This difference is most likely to be due
to the folding characteristics of the protein. This is consistent with the fact to some
GFPmut] is found in inclusion bodies in an insoluble form, whereas virtually all
GFPmut3 is soluble (Cormack et al., 1996). So the increase in fluorescence of
bacteria expressing GFPmut! and GFPmut3 is due to a shift in the absorption spectra
and also due to an increase in soluble protein as a result of more efficient protein
folding (Cormack et al., 1996). The enhanced protein folding or chromophore
formation may be due to the second mutation in the protein. Heim ef al. (1994)
showed that the mutation S65T resulted in a six-fold increase in fluorescence
intensity of the mutant protein. The GFP mutants of Cormack ez al. (1996) whilst
having a mutation at position 65, (S65T and S65G), the protein also contains a
second mutation (F64L and S72A respectively). As these mutants fluoresce with a
much greater intensity than those having a single mutation (Heim et al., 1994) it
appears as though this second mutation is critical for maximal fluorescence. It is

possible that this second mutation may be necessary for protein folding or
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chromophore formation, alternatively it may have a direct effect on the absorption

efficiency (Cormack et al., 1996).

1.1.6.2. Blue Emission GFP Variants

Heim et al. (1994) performed random mutagenesis on the gfp cDNA by
hydroxylamine treatment and error prone PCR. The resulting bacterial colonies were
screened using illumination with alternating 395nm and 475nm excitation, and
screened for altered excitation and emission properties. The mutants isolated fell into
two distinct groups, those where the excitation maxima had been altered as described
in Section 1.1.6.1 and those that emitted light with a different wavelength compared
to GFPwt. Heim et al. (1994) isolated a mutant that was excitable with shorter
wavelength UV light, and fluoresced bright blue, in contrast to the green emission of
GFPwt. The emission and excitation spectra of this blue mutant are similar to those
observed by other blue emission variants (Heim and Tsien, 1996; Mitra et al., 1996).
The mutated DNA was found to contain five mutations, but only one of these was
shown to be critical, this being Y66H (Tyr66His). As the blue emission variants are
excited by UV light, photobleaching of the signal occurs quite rapidly (within
seconds), so these mutants may not be of great use in microscopic studies. This
problem has been overcome to some extent by the virtue of a new blue variant (Yang
et al., 1998) supplied by Clontech as EBFP. The rate of photobleaching from this
variant has been reported to be one-half to one-third that of other blue variants,
making this protein more stable EBFP contains the substitution Y66H as well as
three others, F64L, S65T Y145F. It is thought that these other three substitutions
enhance the brightness and solubility of the protein, probably due to improved
folding properties of the protein and increased efficiency of chromophore formation

(Cormack et al., 1996; Heim and Tsien, 1996; Yang et al., 1998).
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1.1.6.3. Yellow-Green Emission Variant (YFP)

One other GFP variant with many potential applications was described by Ormé et
al. (1996). This variant was termed clone 10C (available as EYFP, Clonetech) and it
contains four different amino acid substitutions, S65G, V68L, S72A, T203Y. These
mutations shift the fluorescence from green (508nm) to yellow-green (527nm). The
excitation maxima of this protein is 513nm, however it can be efficiently excited at

488nm, thus allowing excitation by standard lasers.

1.1.7. Potential uses of GFP and GFP Variants

The green fluorescent protein of A. victoria can be used as an in vivo reporter for
monitoring dynamic processes in cells or organisms (Gerdes and Kaether, 1996).
GFPwt has been shown to produce green fluorescence in a wide variety of diverse
organisms, such as bacteria, plants and mammals (Cubitt et al., 1995). It has
numerous applications, including using GFP as a reporter for gene expression
(Chalfie et al., 1994), as a marker to study cell lineage during development
(Tannahill et al., 1995) and as a tag to study protein localisation, function and
dynamics in living cells (Wang and Hazelrigg, 1994). The development of a wide
range of GFP variants has opened up a wide range of applications that were not

possible with GFPwt alone.

The red shifted GFP variants generate a brighter signal compared to that of GFPwt,
so by using these it is possible to increase the sensitivity and decrease the lag time of
detection of fluorescent activity. In bacteria growing in log phase at 37°C, GFPwt is
not detectable until 1-2 hours after induction, whereas the signal generated from the
red shifted GFP variants was reported to occur four times faster than that from

GFPwt under identical conditions (Heim et al., 1994; Cormack et al., 1996).
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The different excitation and emission spectra shown by the GFP variants makes it
possible to perform dual labelling experiments. The GFP variants can all be
separated by the wavelength of light needed for excitation or the resulting emission

wavelength of light generated, this is illustrated in Figure 1.1.7.1a.

Figure 1.1.7.1a: Excitation (left panel) and Emission (right panel) spectra
of EGFP, EBFP and EYFP. (Adapted from Clontech Living Colours User
Manual) The emission data were obtained with excitation at 488nm (390nm
for EBFP) These spectra show that, for microscopy, it is easier to distinguish
between EBFP and EYFP or EGFP than between EGFP and EYFP.
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Double labelling experiments with GFPwt and other GFP variants has several
promising applications. These include microscopy of multiple cell populations in a
mixed consortia; monitoring gene expression from two different promoters in the
same cell, tissue or organism; monitoring the localisation of multiple proteins in the
same cell, tissue or organism (Kain ef al., 1995; Rizzuto et al., 1996); the monitoring
of different cell lineages in a single tissue or organism; FACS analysis of mixed cell
populations e.g. a mixture of cells expressing EGFP/ EBFP (Yang er al., 1998),
EGFP / EYFP (Lybarger et al., 1998). The GFP variants could also be used to give
real time analysis, by fluorescence resonance energy transfer (FRET), of protein-
protein interactions of two distinct protein fusions (Heim and Tsien, 1996; Mitra et

al., 1996). FRET involves labelling one protein with a donor fluorophore and the
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other protein with an acceptor fluorophore. The emission spectrum of the donor must
overlap significantly with the excitation spectrum of the acceptor, however, the
overlap between the two excitation and emission spectra should be minimised. For
example, a blue GFP variant could be the donor (excitation maximum 382nm,
emission maximum ~450nm), whilst red shifted mutants could be the acceptor
(excitation maximum 488nm, emission 510nm). This is illustrated schematically in
Figure 1.1.7.1b. Wild type GFP would not be a favourable acceptor, because UV
excitation of the blue variant near its 382nm absorption peak would also directly

excite wild type GFP at its 395nm absorption peak without any energy transfer.

Figure 1.1.7.1b: Schematic representation of FRET
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1.1.8. Unstable GFP Variants

A major drawback of GFP is its stability once formed (Tombolini ef al., 1997), this
makes the protein less valuable for real time gene expression studies. Properly
matured GFP is a very stable protein and as such may be unable to reflect dynamic
bi-directional changes in gene expression within the cell, thus a real time
representation of gene expression would not be obtained. Based on a natural protein
degradation system (Keiler et al., 1996), Anderson et al. (1998) constructed variants
of gfp3 which were shown to have different functional half lives in E. coli.

Keiler et al. (1996) showed that a specific C-terminal oligopeptide extension caused
an otherwise stable protein to degrade by certain intracellular tail-specific proteases.
The construction of unstable gfp3 variants has been based on this natural protein
degradation system, which is based on SsrA mediated tagging of prematurely
terminated polypeptides at the COOH end (Anderson et al., 1998). The SsrA
molecule is a stable 362 nucleotide RNA molecule that has features of both a tRNA
and a mRNA, including the ability to be charged with alanine, bind 70S ribosomes
and to encode sequences found at the C-terminal of some intracellular proteins
(Komine et al., 1994; Ushida et al., 1994; Tu et al., 1995; Felden ez al., 1996; Keiler
et al., 1996, Muto et al., 1996; Tadaki et al., 1996; Williams and Bartel, 1996;
Feldon et al, 1997; Muto et al, 1998; Williams and Bartel, 1998). Genes
homologous to ssr4 have been identified in Gram positive (Ushida et al., 1994) and
Gram negative (Brown et al., 1990, Tyagi and Klinger, 1992) bacteria, implying this
peptide tagging system mediated by SsrA may be conserved in all bacteria (Williams

and Bartel, 1996).

Keiler er al. (1996) proposed that in E. coli, the alanine charged SsrA RNA binds in
the A site of ribosomes stalled on damaged mRNA or mRNA that lacks a termination
codon. Through cotranslational switching of the ribosome, the ribosome donates the
charged alanine to the nascent polypeptide chain and then replaces the damaged

message as a surrogate mRNA (Keiler et al., 1996). The resultant translation product
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carries an 11-residue C-terminal peptide tag (AANDENYALAA), which is
recognised and rapidly degraded by intracellular proteolytic systems. The Tsp
protease specifically recognises these tagged polypeptides both in vitro and for
periplasmic proteins in vivo (Keiler and Sauer, 1996), but Tsp does not degrade
tagged cytoplasmic proteins in vivo (Silber and Sauer, 1994). In the cytoplasm, the
addition of this C-terminal peptide tag makes the tagged protein a substrate for
proteolysis by C-terminal specific proteases (Tu et al., 1995; Keiler et al., 1996;

Gottesman et al., 1998).

Unstable GFP mutants have been constructed with minor alterations in the Tsp
consensus sequence. This has resulted in gfp3 variants with an additional C-terminal
peptide tag (Anderson et al., 1998). As GFP accumulates within the cytoplasm, it is
thought that the addition of this C-terminal tag causes this tagged protein to become
a substrate for intracellular proteases (Tu et al., 1995; Keiler et al., 1996; Gottesman
et al., 1998). Gottesman et al. (1998) suggested that ClpAP and ClpXP proteases
were responsible for degrading proteins carrying a carboxy-terminal peptide tail

added by the SsrA tagging system.

The Clp family of proteins constitutes a large family of closely related peptides that
are found in both prokaryotic and eukaryotic cells (Schirmer et al.,, 1996). Several
members of the Clp family are chaperones that are also able to target specific
proteins for degradation by association with ClpP (Squires and Squires, 1992;
Wawrzynow et al., 1996; Gottesman et al., 1997). By itself ClpP has only peptidase
activity, however upon association with other members of the Clp family, ClpA or
ClpX (Gottesman et al., 1993; Katayama et al., 1998), the resulting Clp complex has
serine protease activity (Maurizi et al., 1990). Several E. coli proteins have been
shown to be degraded in vivo by either CIpAP or ClpXP protease, including those
that have a C-terminal peptide tail that was added by the SsrA-tagging system
(Gottesman et al., 1998).
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I T kel Mt el A L

As previously mentioned, in order for full proteolytic activity to occur ClpP has to
associate with one of two related ATPase subunits, ClpA or ClpX, both of which are
members of the Hsp/Clp family of molecular chaperones (Schirmer et al., 1996). Of
the two ATPase subunits in E. coli, ClpA was the first identified (Katayama et al.,
1988) and is thus best characterised. The proteolytic complex is composed of two
central heptameric rings of ClpP flanked by one or two rings of ClpA. CIpA has
approximately twice the binding affinity for ClpP than ClpX (Grimaud et al., 1998).

The ClpAP protease complex is able to degrade large proteins to short peptides
comprised of approximately seven to ten amino acids without any apparent sequence
specificity (Thompson and Maurizi, 1994; Thompson ef al., 1994), but the process
does require both Mg?>" and ATP hydrolysis (Katayama et al., 1988). ATP binds to
two distinct sites on the ClpA protein, and ATP hydrolysis at one is sufficient to
allow protein degradation by the CIpAP complex. The ATP molecule bound to the
other domain is primarily required for ClpA oligomerization (Singh and Maurizi,
1994; Seol et al., 1995). CIpA also binds the protein that has been targeted for
degradation, and in steps that require ATP, is able to unfold the protein in order to

increase its accessibility to the CIpP proteolytic active sites (Wang et al., 1997).

CIpP is also able to form an active protease with ClpX, a smaller protein than ClpA,
which has only one ATP binding domain (Gottesman et al., 1993). As E. coli
possesses only one type of ClpP protein, association of ClpA and CipX
simultaneously may increase the proteolytic efficiency and the range of the resulting

enzyme (Porankiewicz et al., 1999).

The unstable GFP variants are degraded intracellularly by Clp proteases. These
proteins are based on cell proteins in E. coli that have been co-translationally
modified by the addition of the peptide sequence ANDENYALAA at the C-terminal
end (Anderson et al., 1998). It is these C-terminally tagged proteins that are targeted
for degradation by both the ClpAP and ClpXP proteases (Gottesman et al., 1998).
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1.1.9. Advantages to Using GFP as a Reporter

GFP is a non-invasive marker, which allows gene expression or protein localisation
to be followed in vivo. Wild type GFP when expressed in both prokaryotes and
eukaryotic cells yields bright green fluorescence upon excitation with UV or blue
light. It requires no other substrates, co-factors or additional gene products from A.
victoria for detection and fluorescence occurs in a species independent fashion. That
the GFP fluorescence is generated in the absence of other factors was conclusively
demonstrated when the GFP cDNA was heterologously expressed in bacteria and
Caenorhabditis elegans, giving rise to bright green organisms when excited with
blue light (Chalfie et al., 1994). The fluorescence of GFP can be detected and
measured non-invasively in living tissues. GFP is an extremely stable protein, and
the purified protein retains its fluorescence under many different harsh conditions,
both when expressed in vivo and in vitro. For example fluorescence is retained even
after samples have been fixed in gluteraldehyde or formaldehyde. GFP is also
resistant to heat, temperatures up to around 70°C, alkaline pH (greater than pH12),
detergents, organic solvents and most common proteases, except pronase (Bokman
and Ward, 1981; Ward, 1981; Roth, 1985; Robart and Ward, 1990). Upon exposure
of GFP to high temperature, extreme pH or guanidinium chloride the GFP is
denatured and fluorescence is lost, however this can be partially recovered if the
protein is allowed to renature (Bokman and Ward, 1981; Ward and Bokman, 1982).
In order to aid renaturation of the protein into a fluorescent form a thiol compound
may need to be added (Surpin and Ward, 1989). Whilst strong reducing agents, such
as 2mM FeSO,; convert GFP into a non-fluorescent form, fluorescence is fully
recovered after exposure to atmospheric oxygen (Inouye and Tsuji, 1994). As well as
GFP being extremely stable, it is also a sensitive marker. Although GFP has a lower
extinction coefficient than fluorescein, Wang and Hazelrigg (1994) found that using
fluorescence microscopy, GFP fusion proteins gave greater sensitivity and resolution
compared to staining with fluorescently labelled antibodies (Wang and Hazelrigg,
1994). GFP fusions have the advantage of being more resistant to photobleaching
and of avoiding background caused by the non-specific binding of primary and

secondary antibodies to targets other than the antigen (Wang and Hazelrigg, 1994).
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1.1.10. Disadvantages to using GFP as a reporter

Although GFP has a number of advantages for use as a reporter gene there are also
some problems associated with using it, as GFPwt has many non-optimal properties.
These include low signal output, a significant delay between protein synthesis and
fluorescence development (Heim et al., 1994) and the complex process of
photoisomerisation. Although many of the weaknesses of GFPwt have been
ameliorated through the development of GFP variants, GFP fundamentally lacks one
stage of amplification built into a true enzymatic reporter system in which each
protein molecule can generate thousands of chromophore or fluorophore molecules.
Each GFP molecule represents one fluorophore, thus relatively high levels of GFP
expression, as much as 10° molecules per cell (Rizzuto et al., 1995) may be

necessary to generate bright signals.

Aequorea GFP owes its visible absorbance and fluorescence to a chromophore
(Prasher et al., 1992; Cody et al., 1993) which is formed by cyclisation of Ser6S,
Tyr66, and Gly67 and 1,2-dehydrogenation of the tyrosine. This modification of the
protein occurs post-translationally and is a crucial constraint with which GFP can
report changes in gene expression. The process of chromophore formation is oxygen
dependent, therefore if oxygen is limiting in the environment this may by the rate-
limiting step in chromophore formation. Expression of GFP in anaerobic
environments is therefore not possible. However, a red shifted GFP mutant has been
expressed in L. lactis, Enterococcus faecalis and Streptococcus gordonii (Scott et al.,
1998). When grown anaerobically these colonies were able to fluoresce following
subsequent exposure to air (Scott et al., 1998). Thus it was determined that highly
anaerobic environments will prevent GFP fluorescence but not GFP synthesis. This
suggests that even obligate anaerobes marked with GFP should be able to be detected

upon exposure to oxygen.

The slow rate of chromophore formation and the apparent stability of GFPwt may

preclude the use of GFPwt as a reporter to monitor fast changes in promoter activity.
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This has been reduced to some extent through the use of GFP variants, where
modification to the coding sequence has resulted in proteins, e.g. EGFP, which
acquire fluorescence at a faster rate compared to GFPwt. In order to overcome the
problem of stability of GFPwt, protease recognition sequences have been placed at
the C-terminal of GFPmut3 to reduce the half-life of the protein (Anderson et al.,
1998). GFPmut3, a red shifted GFP variant, fluoresces with a greater intensity
compared to GFPwt, is more soluble and if the unstable variants are turned over in
Gram positive bacteria then these variants will be improve the ability of GFP to
report on changes in gene expression. In addition to the unstable GFP variants of
Anderson et al. (1998), Clonetech produce vectors that contain an unstable variant of
EGFP, which has been shown to have a half-life of approximately 2 hours when

expressed in mammalian cells.

Although fluorescent GFP is highly thermostable, formation of the GFP
chromophore appears to be temperature sensitive. It has been noticed that E. coli
expressing GFP showed stronger fluorescence when grown at 24°C or 30°C
compared to 37°C (Heim et al., 1994). Mammalian cells expressing GFP have also
been shown to exhibit stronger fluorescence at 30°C compared to higher temperature
of approximately 37°C (Pines, 1995; Ogawa et al., 1995). This would limit GFP in

intracellular environments, possibly with weaker fluorescence levels being observed.
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1.2. Bacterial Bioluminescence: Organisation, regulation and Application of the

lux genes.

1.2.1. Introduction

Bioluminescence refers to the ability of living organisms to produce light through the
action of an enzyme catalyst. The enzymes that catalyse the bioluminescent reactions
in these organisms are called luciferases and the substrates are often referred to as
luciferins. Bioluminescent organisms are ubiquitous in nature and are comprised of
many different species, including bacteria, dinoflagellates, fungi, fish, insects and
algae. However, whilst all these organisms emit light, significant differences occur
between the light emitting reactions, structure of the luciferases and luciferins from
different organisms. The only common component between all the bioluminescent

systems so far studied is the requirement for oxygen.

1.2.2. Luminescent bacteria

Luminescent bacteria are the most common light emitting organisms. They are found
in a wide variety of environments, including marine, freshwater and terrestrial
habitats. Although their primary habitat is in the ocean as free-living species they are
also found in saprophytic or parasitic habitats (on the surface of fish, crustacea and
mollusca), commensal (as gut bacteria of fish), or symbiotic habitats (specialised
light organs of fish). Almost all the luminescent bacteria have been classified into
three genera, Vibrio, Photobacterium, which are marine in nature, and Photorhabdus
(previously known as Xenorhabdus) (Baumann et al., 1983; Hastings et al., 1985;
Campbell, 1989, Meighen, 1988). Only the Photorhabdus genus contains terrestrial
species (Colepicolo et al., 1989; Farmer et al., 1989).
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1.2.3. Physiological function of Bioluminescence

The mechanism of bacterial bioluminescence has many implications in terms of
survival, physiology and metabolism (Hastings et al, 1985). For example,
luminescence observed by bacteria living in symbiosis with marine organisms may
be advantageous for the organism by serving as system for communication, defence,
and/or attraction. The host in turn provides a constant source of nutrients for the

bacteria.

1.2.4. The Genetic Basis of Bioluminescence

The light emitting reaction in bacteria requires relatively simple compounds as
substrates from a biochemical point of view, these being a source of energy in the
form of reduced flavin mononucleotide (FMNH;), molecular oxygen (O2), and a long
chain fatty aldehyde molecule (tetradecanal in vivo). In bacteria the light emitting
reaction involves the oxidation of the FMNH, and a long-chain fatty aldehyde with

the emission of blue-green light. The reaction is summarised in Figure 1.2.4.1.

Figure 1.2.4.1: The bacterial bioluminescence system
Adapted from Meighen (1993)
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The structural genes that encode the proteins necessary for the bioluminescent
reaction are all found on one single operon, the J/ux operon. This single
transcriptional unit contains genes that code for the o and B subunits of the bacterial
luciferase, luxA and luxB, and also luxC, luxD and /uxE which encode the fatty acid
reductase complex which is required for biosynthesis of the long chain fatty acid
substrate (tetradecanal). These five genes appear to be universally conserved and
associated in all /ux systems of bioluminescent bacteria, and the order of these genes
is conserved. The luxCDE genes flank the luxAB genes in the different luminescent
species, with transcription always occurring in the order of uxCDABE. The order of

these structural genes of the /ux operon is shown schematically in Figure 1.2.4.2.

Figure 1.2.4.2: The organisation and function of bacterial /ux genes
(Adapted from Silverman et al., 1989)

Direction of transcription
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B
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As mentioned, the /uxA and luxB genes code for the o (40kDa) and B (36kDa)
subunits of luciferase, a heterodimer (af§) with the o subunit dictating the primary
kinetic properties. These two polypeptides have approximately 30% identity in the
amino acid sequence, indicating that these genes arose by a tandem gene duplication
of an ancestral gene (Baldwin et al., 1979; Foran and Brown, 1988). The synthesis of
aldehyde for the bioluminescent reaction is catalysed by a multienzyme fatty acid

reductase complex containing three proteins, a reductase (54kDa), a transferase
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(33kDa) and a synthetase (42kDa) (Riendeau et al., 1982; Rodriguez et al., 1983a;
Rodriguez et al., 1983b). These three polypeptides are encoded by /uxC, luxD and
luxE respectively. The luxCDE genes code for the polypeptides that are required for
the conversion of fatty acids into the long chain aldehyde required for the

bioluminescence reaction.

Although the luciferase and fatty acid reductase genes are the only common lux
genes in luminescent bacteria, new /ux genes are continually being discovered which
adds to the complexity and diversity. The discovery of such genes and their
subsequent identification of their roles helps in understanding how the luminescence
system is connected with other metabolic pathways and related to the overall
physiology of the different bacteria. For example, in Vibrio the order of the operon is
luxCDABE, but in the case of Photobacterium the order is luxCDABFE (Engebrecht
and Silverman, 1984; Mancini ef al., 1988; Meighen, 1988, Soly et al., 1988)), where
luxF encodes a flavoprotein related in sequence to the luciferase genes. This gene
only appears to be found in Photobacterium strains. However, LuxF protein is not
necessary for bioluminescence, it may play a specific role in the luminescence of
Photobacterium species found in mid or deep water, but was found to be absent in a

P. leiognathi species that is a symbiont of a shallow water fish (Lee et al., 1991).
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1.2.5. Applications of /ux genes

The bioluminescence phenomenon provides a real time, non-invasive reporter for
measuring gene expression, marking bacteria so their progression and movement can
be monitored and also it can be used as a measure of intracellular biochemical
function, i.e. as a measure of cell viability. When the /ux genes are placed after a
suitable promoter and transferred into non-luminous organisms, they can be used as a
sensor for a wide variety of processes or substances and are limited only by the

properties of the expression system or the organism.

The strength and regulation of transcription from various promoters can be
monitored by using /ux genes as reporters of gene expression. For example
bioluminescence has been used to detect and measure the strength of promoters
under temporal and morphological or spatial regulation during sporulation, mycelium
development, and/or germination of Bacillus (Carmi et al., 1987, Stewart et al.,
1989; Cook et al., 1993). Carmi et al. (1987) were the first to use luciferase as a
marker for gene expression in Bacillus spp. The use of a non-disruptive reporter,
such as bacterial luciferase, is particularly valuable in developmental systems such as
sporulation where the integrity of the mother cell is directly dependent on spore
development. The results of Cook et al. (1993) demonstrated that B. subtilis strains
expressing /ux genes from V. fischeri and V. harveyi could be detected against a high
background of non-luminescent indigenous soil microbial colonies on agar plates
using a CCD camera. Expression of the /ux genes would allow environmental
detection of bacteria and also allow the metabolic activity of the released bacteria to
be monitored, thus information on the survival and spread of the genetically modified

organisms could be gathered.

As the production of light from recombinant bacteria containing the /ux genes
depends upon cells being biochemically active, it can be assumed that any substance
in the environment that impairs the biochemistry, and thus compromises the cellular

viability will lead to a reduction in luminescent emission. Thus there is the potential
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to use the /ux genes as environmental biosensors, for example to assess levels of soil
pollution by different metals (Paton et al., 1997). The lux tagged bacteria were
demonstrated to be sensitive to a variety of metals, such as cadmium, nickel, zinc and
copper, highlighting the potential use of /ux genes as a sensitive indicator of soil

pollution.

Other factors that may decrease cell viability can also be monitored through the
application of Jux genes. For example, the effect of antimicrobial agents or other
inimical process on industrial relevant bacteria may be studied in real time. This
could also be applied within the medical environment to observe the effects of
bactericidal regimes upon bacteria, for example those involved in biofilms, where the

organism may be more resistant to disinfection (Costerton, 1984).

One of the most important reasons for using /ux genes to mark expression, noted in
the work of Shaw and Kado (1986) and O’Kane et al. (1988) is to monitor bacteria
during host-pathogen interactions or host-symbiont interactions. Shaw and Kado
(1986) demonstrated that the distribution and viability of bacteria in plants could be
followed through the use of /ux genes. O’Kane et al. (1988) demonstrated that Jux-
containing Bradyrhizobium lead to the luminescence of soybean root nodules, this
ultimately gave the location of the bacteria. This would seem particularly important
in clinical diseases where the pathogenicity studies cannot be completed without

reference to the host-microbe interactions.

In order to advance our understanding of host-pathogen interactions and gene
regulation, non-invasive assays for monitoring the progression of infectious agents
and other biological processes in the living animal are extremely valuable. For more
than 100 years, researchers have used in vitro conditions that mimic host
environments to study virulence factors expressed by pathogens. Tissue culture cells
have also been used as a model system of infection, giving important information on
host pathogen interactions. However, in vivo there are complex and dynamic

interactions that occur which can never be replicated by in vitro model systems,
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which are deficient in reproducing much in not all the host immune system with
which pathogens have co-evolved. Therefore the intact animal remains the ultimate

model of choice.

The experiments of Contag et al. (1995) allowed bacterial movement to be viewed
non-invasively within the living animal. The researchers used three different strains
of Salmonella, which had been modified with genes from Photorhabdus luminescens
to produce bioluminescence, and inoculated these into mice. By using an intensified
CCD camera the bacteria were imaged and the course of each infection followed.
The intensity of light produced by the bacteria was enough to visualise some infected
tissues, particularly the caecum, and if the infection was not controlled by the
immune system of the animal, the bacteria appeared to spread out from this reservoir.
Also, by monitoring the mice over a fixed 8-day period it was possible to distinguish
between the different Salmonella strains. With the least virulent strain,
bioluminescence vanished, as the mice were able to eliminate it. Contag et al. (1995)
were also able to monitor a rapid decrease of fully virulent strains by naturally

occurring resistant mouse strains (Contag et al., 1995).

The results of Contag et al. (1995) could have a significant impact upon the
development of novel drugs, understanding gene regulation during development and
during infectious processes, as well as many other biological events. Optical methods
for assessing the efficacy of drugs would greatly impact development of new
antibacterial and antiviral agents, by both accelerating the process and utilising fewer
animals. In principal, the activity of any gene fusion to /ux can be followed in live
animal tissues. However, luciferase activity is highly sensitive to the concentration of
molecular oxygen (Contag ef al., 1995), thus making it difficult to draw correlation’s
between photon emission and the level of gene transcription, especially in oxygen
deficient tissues. Nevertheless, gene fusion to Jux should provide reliable

measurements of gene expression providing the substrates are not limiting.
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As lux genes in Gram negative bacteria have proved to be so useful, we have decided
to try and engineer similar constructs for use in Gram positive bacteria. Lux reporters
are useful in the fact that they permit monitoring of gene expression over time, as the
short half-life of the luciferases guarantees that photon emission observed represents
expression of the gene of interest. In addition, sensitive photon counting equipment

and cameras allows /ux expression to be visualised with single cell resolution.
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1.3. Listeria monocytogenes

1.3.1. Background

Listeria monocytogenes is a Gram positive non-sporing bacillus, which is an
intracellular pathogen of animals, and it is able to cause food-borne infections,
listeriosis, in a wide range of animals and humans (Gray and Klinger, 1966). L.
monocytogenes is widely distributed in animals (fish, birds, mammals and insects),
plants and soil, from these reservoirs it is transmitted to humans by contact with
animals or their faeces, by unpasturised milk and by contaminated vegetables. As the
consumption of refrigerated ready-to-eat foods, salads and ready to serve fresh
packed vegetables has significantly increased in recent years, these products might
cause concern as potential sources of L. monocytogenes. This bacterium has several
important properties that makes it an important food borne pathogen: its ability to
grow at refrigeration temperatures; its resistance to changes in pH and relative
resistance to other unfavourable conditions used for food preservation, for example
low water activity. The ability of the organism to survive refrigeration and freezing
temperatures has important implications within the food industry, as it permits the
slow multiplication of the organism to high infectious doses. For example, if bacteria
were introduced into food at the time of manufacture, an initial low inoculum could
give rise to a substantial dose of listeriae for the consumer, depending on the shelf
life and handling of the product. The most likely source of infections that arise
endogenously are via the gastrointestinal tract, i.e. through ingestion of contaminated
food. Whilst Listeria infections are not a major health issue for the majority of
healthy individuals, in some cases they may be responsible for a variety of health
problems, including severe encephalitis, meningitis, flu-like symptoms, low grade
septicaemia, pneumonia, urethritis and abortion. L. monocytogenes is an
opportunistic pathogen, particularly causing serious disease or possibly fatality in
immunocompramised persons, pregnant women and newborns (Gray and Killinger,

1966; Seeliger, 1988).
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1.3.2. Listeria monocytogenes as a pathogen

L. monocytogenes are able to invade and replicate in vitro in both phagocytic and
normally non-phagocytic mammalian host cells (Gaillard et al., 1987; Kuhn et al.,
1988; Tilney and Portnoy, 1989). Once the bacterium has been internalised, it
escapes from the phagosome into the cytoplasm through the action of a secreted
hemolysin (reviewed by Cossart and Mengaud, 1989) where it grows intracellularly.
Having grown in the host cytoplasm, the bacteria uses a host system of actin based
motility to mediate movement both within one cell and from cell to cell without
leaving the cytoplasm (Beradini et al., 1989; Tilney and Portnoy, 1989; Dabiri e? al.,
1990; Mounier et al., 1990, Theriot et al., 1992). Once the bacteria have entered the
cell cytoplasm they are surrounded by filamentous F-actin. This is arranged into a
‘comet tail” which protrudes from the bacterial cell end opposite to the direction of
movement (Beradini et al., 1989; Tilney and Portnoy, 1989; Dabiri et al., 1990;
Mounier ef al., 1990; Theriot et al., 1992). The bacteria when they move leave trails
of F-actin behind them, some of these bacteria then become incorporated into the tip
of pseudopod-like structures, which in turn are internalised by adjacent cells. So
ultimately cell to cell spread is via a double membraned vacuole. The two
membranes then surrounding the bacteria are lysed and the infection cycle begins

again in the new host (Tilney and Portnoy, 1989).

Several L. monocytogenes genes that are involved in cellular invasion and
intracellular parasitism have been identified and their function and products studied
in detail (reviewed in Portnoy et al., 1992). These include the pleiotropic regulator of
the virulence gene cluster prf4, members of the virulence gene cluster (plc4, hiyA,
mpl, actA and plcB), and the inl family of invasion genes (Gaillard et al., 1991;
Chakraborty et al., 1992).

The entry of L. monocytogenes into eukaryotic cells is mediated by a number of
proteins belonging to the internalin family. Analysis of transposon-induced non-

invasive mutants led to the identification of the genetic locus involved in the entry of
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L. monocytogenes into mammalian cells (Gaillard et al., 1991; Dramsi et al., 1993;
Dramsi et al., 1995). This locus is comprised of two genes, inl4 and in/B (Dramsi et
al., 1993). inlA encodes internalin, a protein comprised of 800 amino acids and
expression of this protein can confer invasiveness to L. innocua which is related to L.
monocytogenes but is non-invasive (Gaillard ez al., 1991). InlA is required for entry
of L. monocytogenes into the intestinal epithelial cell line Caco-2 (Gaillard et al.,
1991) and other cell lines expressing its receptor, the cell adhesion molecule E-
cadherin (Mengaud et al., 1996). Although a proportion of InlA is secreted into the
culture medium, the surface associated form of this protein can mediate entry into
cells (Lebrun et al., 1996). The carboxy-terminal of InlA contains an LPXTG motif,
a sequence necessary for sorting and cell anchoring of many surface proteins of
Gram positive bacteria, for example protein A of Staphylococcus aureus (Gaillard et
al., 1991; Schneewind et al., 1992). The second gene, inl/B, encodes a 630 amino acid
protein, this protein is homologous to InlA and is required for entry into cultured
hepatocytes (Dramsi et al., 1995; Gaillard et al., 1996; Gregory et al., 1996). InIB
has no LPXTG motif at its carboxy-terminal, but it does contain repeated sequences
of approximately 80 amino acids beginning with the dipeptide GW. These GW
repeats are sufficient to anchor InlB to the bacterial surface, even when the protein is
added externally (Braun ef al., 1997). A third gene has been identified that codes for
a protein of 297 amino acids. This protein was found to have high homology to InlA
and InlB and was termed InlC (Engelbrecht et al., 1996), and in fact the gene
sequence is related to the other internalins. It was suggested that InIC may play a role
in a late stage of L. monocytogenes infection rather than in the uptake of L.
monocytogenes by non-professional phagocytes, as in/C is strongly transcribed in the
cytoplasm of phagocytic cells (Engelbrecht et al., 1996), but its precise function is
still unknown.

Once the bacteria have become internalised, several genes are responsible for the
virulent phenotype observed by L. monocytogenes. The recognised virulence genes
of L. monocytogenes are localised in a single chromosomal cluster (Portnoy et al.,
1992) which is flanked by two housekeeping genes, prs (phosphoribosyl synthetase)
and /dh (lactate dehydrogenase) (Gouin et al., 1994; Lampidis ez al., 1994). This

gene cluster has been identified in all clinical isolates of L. monocytogenes tested,
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and consists of six genes in the order, prf4 (positive regulation factor A), plcA
(phosphatidylinositol-specifc  phospholipase C), hly (listeriolysin), mpl
(metalloproteases), actA (nucleator for polymerisation of F-actin) and plcB
(phosphatidylcholine-specific phospholipase C) (for reviews see Portnoy et al., 1992;
Sheehan et al., 1994; Kuhn and Goebel, 1995).

Upon uptake by epithelial cells the bacteria are located within a phagosomal vacuole
and thus have to be released into the cytoplasm. Lysis of this phagosomal vacuole is
essential for intracellular bacterial growth and virulence. It is mediated by a
haemolysin, listeriolysin O (LLO), encoded by hly, and also involves a
phosphatidylinositol-specific phospholipase C (PI-PLC) encoded by plcA (Camilli et
al., 1993). Once in the cytoplasm the bacteria divide. They are able to move within
the cell and also spread to adjacent cells through a processes involving
polymerisation of host cellular actin (reviewed by Tilney and Tilney, 1993; Cossart
and Kocks, 1994). Another intracellular infection cycle then begins in the second
infected cell. This direct cell to cell spread requires the act4 gene product, a protein
necessary for actin-based bacterial propulsion through the cell cytoplasm (Domann et
al., 1992; Kocks et al., 1992), and a phosphatidylcholine-specific phospholipase C
(PC-PLC), also called lecithinase (Vazquez-Boland et al., 1992). The PC-PLC is
encoded by the plcB gene, and this product lyses the double cell membrane which
forms a barrier in cell to cell spread (Vazques-Boland et al., 1992). The mpl gene
encodes a metalloprotease that processes the immature form of PC-PLC into a

mature form (Dorman et al., 1991; Poyart et al., 1993).

The transcription of these virulence genes is under the control of the transcriptional
activator PrfA, illustrated in Figure 1.3.2.1. PrfA also activates the expression of
other genes, including the in/4B locus (Leimeister-Wichter et al., 1990; Mengaud et
al., 1991; Chakraborty et al., 1992; Dramsi et al., 1993) and the inlC gene
(Engelbrecht et al., 1996). PrfA mediated activation requires binding of PrfA at a
conserved 14bp dyad-symmetric site in PrfA target promoters (PrfA box) (Freitag et
al., 1993; Sheehan et al., 1995). It has been shown that activation by PrfA is more
efficient at promoters that possess a perfectly symmetrical PrfA box than at
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promoters which have one or two base pair substitutions in the PrfA box (Sheehan et
al., 1995). For examples, the activation of transcription by PrfA is most efficient at
the divergently transcribed hly and plcA promoters, and is less efficient at the
virulence gene promoters which have one (act4, mpl) or two (inld) base pair
substitutions relative to the consensus PrfA site (Sheehan er al., 1996). It has been
shown that PrfA can be transcribed from three different promoters, the plcA promoter
and the P1 and P2 prfA specific promoters. Since PrfA activates transcription from
the plcA promoter, it can positively regulate its own expression. This is illustrated in

Figure 1.3.2.2.
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Figure 1.3.2.1: Schematic representation of the virulence gene cluster activated
by PrfA. Adapted from Renzoni et al., 1997.
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Figure 1.3.2.2: prf4 gene transcription. Arrows indicate prf4 transcripts
produced from the plc4 promoter and P1 and P2 promoters.
Adapted from Renzoni et al., 1997.
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1.4. Staphylococcus aureus

1.4.1. Background

Members of the genus Staphylococcus are Gram positive cocci, approximately 0.5-
1.5um, that occur singly, in pairs, tetrads, short chains and irregular ‘grape-like’
clusters. They are non-motile and non-spore forming, and most species are

facultative anaerobes, growing better under aerobic rather than anaerobic conditions.

Staphylococcus aureus is a pathogen with a broad host range and is a leading cause
of infections in humans and domesticated animals worldwide. S. aureus has been
implicated in a wide range of diseases ranging from superficial skin abscesses to a
number of more serious diseases, including septicaemia, meningitis, endocarditis,
osteomyelitis, septic arthritis, toxic-shock syndrome (TSS) and food poisoning
(reviewed by Projan and Novick, 1997). The infections associated with this organism
are extremely common and can be life threatening, therefore there is the potential for
§. aureus to cause increased morbidity and mortality. S. aureus is also the leading
cause of intramammary infections in ruminants, with approximately half the dairy
cows in the United States affected with some form of mastitis. This accounts for
around 70% of the total expenses for dairy farmers (Ferrow, 1980) and results in the

loss of billions of dollars each year (Blosser, 1979).

1.4.2. Resistant Isolates of S. aureus

Staphylococci have a record of developing resistance quickly and successfully to
antibiotics. This defensive response is a consequence of the acquisition and transfer
of antibiotic resistant plasmids and the possession of intrinsic resistance mechanisms,
which may have evolved. The acquired defence systems by staphylococci may have

originated from antibiotic-producing organisms, where they may have been

35



developed and then passed on to other genera. It is presumed that the genus
Staphylococcus has been one of the recipient genera as a consequence of coming into

contact with antibiotic producing bacteria and fungi in their natural habitat (Kloos et

al., 1981).

As S. aureus is able to cause a wide range of often fatal diseases, the increasing
emergence of antibiotic resistant isolates is causing considerable alarm within the
medical community (Bayles et al., 1998). The appearance of methicillin-resistant S.
aureus (MRSA) strains and also the recent emergence of S. aureus isolates that show

an intermediate level of resistance to vancomycin (VRSA) compound this threat.

The recent increase in antibiotic resistance and a lack of potential vaccine candidates
have highlighted the importance of finding new approaches to control this pathogen
and prevent staphylococcal disease. In order to develop novel antimicrobial agents
that are based on global regulatory networks it is necessary to understand the genetic
basis behind expression of virulence factors in S. aureus. Such an agent would help
preclude the use of antibiotics, which may decrease the rate of development of drug

resistant strains of bacteria.

1.4.3. The Regulation of S. aureus pathogenicity

In S. aureus, many exoproteins are synthesised and secreted at the end of exponential
growth under the control of several global regulatory loci, one of which is known as
the accessory gene regulator, agr (Recsei et al., 1986; Morfeldt et al., 1988; Peng et
al., 1988). The importance of the agr system is supported by in vivo studies, which
show that agr mutants are greatly attenuated with regards to virulence in several
animal models tested, including mammary infections (Foster et al., 1990), arthritis
(Abdelinour et al., 1993), subcutaneous abscesses in mice (Brag et al., 1992) and
endocarditis in rabbits (Cheung et al., 1994). The proposed function of this

regulatory system is to enhance the production of cell wall associated attachment and
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potential defensive factors during attachment during the early stages of infection,
followed by the expression of invasive factors (hemolysins, proteases etc) once the
infection has become established. Another important regulator of virulence
determinant production in S. awureus is the staphylococcal accessory regulator,

encoded by sar4 and will be discussed further on.

1.4.3.1. The agr Regulatory System

The agr locus is complex and consists of two divergent transcriptional units using
two promoters, P2 and P3. The P2 operon contains four genes, agrB, agrD, agrC and
agrA, all of which are required for the activation of the agr system (Novick et al.,
1995). The primary function of this operon is to activate the two major agr
promoters, P2 and P3 (Lofdahl et al., 1988; Peng et al., 1988; Kornblum et al.,
1990). However, the actual effector of agr-dependent exoprotein gene regulation is
the P3 transcript RNA III (Janzon and Arvidson, 1990; Komnblum et al, 1990,
Novick et al., 1993). RNA III up-regulates transcription of the secretory protein
genes and down-regulates transcription of the surface protein genes by an unknown
mechanism that possibly involves proteins encoded by genes outside the agr locus

(Novick and Muir, 1999). The agr locus is shown schematically in Figure 1.4.3.1.

The genes agrC and agrd code for a classical two-component signal transduction
pathway (Nixon et al., 1986), where AgrC corresponds to the signal receptor and
AgrA to the response regulator (Kornblum et al., 1990, Novick et al., 1995; Morfeldt
et al., 1996a). The other two genes agrB and agrD combine to produce an
autoinducer peptide. It was demonstrated that addition of this peptide to early
exponential cultures of the producing strain caused the immediate activation of
transcription from the two agr promoters (Ji e al., 1995). Both agrB and agrD are
necessary to form functional autoinducer peptide, it is thought that agrB encodes a

protein that is necessary for processing of the autoinducer (Ji et al., 1995).
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Before bacteria enter stationary phase, the P2 operon is transcribed at low levels and
the autoinducer peptide is produced by modification of the agrD peptide by the
membrane protein AgrB. The mature autoinducer peptides contain a thiolactone
structure and this feature is necessary for full biological activity (Ji e al., 1997,
Mayville er al., 1999). At this point in the bacteria the production of cell wall
associated pheromone proteins (fibronectin and collagen binding proteins) and of
potential defensive factors (protein A) is maximal in vitro (Novick et al., 1993).
Under undefined environmental conditions such as high cell density, the resultant
autoinducer peptide is thought to bind to the transmembrane receptor AgrC. AgrC is
a transmembrane histidine protein kinase with five transmembrane helices (Ji et al.,
1995; Lina et al., 1998). The ligand binding site is known to be located in the 16-18
aminoacyl residues of the final extracellular loop of AgrC (Lina et al., 1998).
Binding of the autoinducing peptide triggers a two-component signal transduction
event in which the AgrC receptor becomes autophosphorylated on a histidine residue
(Lina et al. 1998). This phosphate residue is then transferred to an aspartate residue
in the N-terminal region of the AgrA response regulator (Morfeldt et al., 1996a), this
leads to an allosteric shift in its C-terminal domain. The phosphorylated AgrA is
assumed to then activate transcription from both P2 and P3 agr promoters (Lina et
al., 1998). Therefore the primary role of the AgrAC signalling pathway is to
upregulate both major agr promoters, P2 and P3, which is does in conjunction with a
second transcription factor SarA (Cheung et al., 1992; Morfeldt et al., 1996b). The
subsequent RNA III transcript from the P3 promoter acts as the effector of the agr
system and is responsible for the upregulation of secreted virulence factors as well as
the down regulation of surface proteins (Novick et al., 1993; Morfeldt et al., 1995).
RNA III also encodes the agr-regulated d-hemolysin (hld) (Janzon et al., 1989)
which has no significant role in the regulation of other S. aureus virulence genes
(Arvidson et al., 1989). AgrA also activates P2 which leads to the synthesis of more
autoinducer peptide and hence further activation of the Agr4C signalling pathway,
this causes a rapid burst of autoinducer peptide synthesis as well as a rapid response

of RNA III (Ji et al., 1995).
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Figure 1.4.3.1: Genetic regulation of the agr system (adapted form Novick and

Muir, 1999). Diagram illustrates the autoinduction of the P3 regulon
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1.4.3.2. The Sar Regulatory System

The sar operon was first identified by Cheung et al. (1992) in a Tn917 screen for
fibrinogen binding protein deficient mutants (Cheung et al., 1992). The inactivated
locus was found to affect exoprotein and surface protein expression (Cheung e al.,
1992). The sar operon consists of three overlapping transcripts initiated from a triple
promoter system, P1, P2 and P3 (Projan and Novick, 1997). Transcriptional and
binding studies have shown that the SarA protein binds to both P2 and P3 of the agr
locus, increasing levels of both RNA II and RNA IH, hence altering the synthesis of
virulence factors (Heinrichs et al., 1996; Morfeldt et al., 1996; Cheung et al., 1997).

The mechanism by which §. aureus controls virulence determinant gene expression
is therefore complex, involving an interactive, hierarchical regulatory cascade

between the products of the sar and agr loci and possibly other components.
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1.4.4. Grouping of S. aureus strains

S. aureus uses a global regulator, agr, which is activated by secreted autoinducer
peptides, to control expression of most virulence genes. The majority of S. aureus
and other staphylococci produce and secrete a soluble inducer of RNA III
transcription, however between S. aureus strains and staphylococcal species the
interaction is inhibitory. That is to say that the autoinducer peptide produced by one
strain or species inhibits the activation of RNA III transcription in most others (Ji et
al., 1997). This inhibition constitutes a novel form of bacterial interference, as it
involves inhibition of a specific group of genes rather than inhibiting bacterial
growth (Ji et al., 1997). On this basis S. aureus strains have been divided into three
major groups, named I to III. Each of the secreted autoinducer peptide molecules can
activate the agr response in members within the same group and inhibit the agr
response in strains belonging to other groups (Ji er al., 1997). The structure of the

autoinducer peptides from S. aureus groups I to III are show in Figure 1.4.4a and b.

Figure 1.4.4a: The sequence of agrD (Taken from Novick, 1999). Diagram

illustrates an amino acid sequence alignment of agrD from different S. aureus groups

AgrD

Group I FITGI
Group 11 i FII
Group 111 KVIE LLVD

Figure 1.4.4.b: The chemical structure of the group I autoinducer peptide

(Taken from Mayville et al., 1999)

Agr D1 Thiolactone

rsﬁ
YSTCDFIM
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Mayville et al. (1999) showed that synthetic group II autoinducer peptides were able
to inhibit the agr response from other groups. The experiments also revealed a dose-
dependent relationship between the amount of autoinducer added to the bacterial
culture supernatant and the degree of activation or inhibition of the agr response
(Mayville et al., 1999). This critical threshold concentration of autoinducer which
was required for activation of the agr response, was consistent with the autoinduction
mechanism previously proposed (Novick et al., 1995). It has also been demonstrated
that a reactive thiol ester bond was necessary for activation of the agr response but
not for inhibition, and a cyclic structure present within the autoinducer peptides was
necessary for all biological activity (Mayville et al., 1999). The fact that it is possible
to inhibit but not activate the agr response is very significant in terms of exploiting

the agr response as a route to novel therapeutics for S. aureus infections.

1.4.5. 8. aureus as an intracellular pathogen: influence of agr

S. aureus is primarily known as an extracellular pathogen, however Hamill ez al.
(1986) showed that S. aureus was able to internalise and survive within non-
professional phagocytes such as bovine aortic endothelial cells (Hamill et al., 1986).
Subsequent to this, several other reports confirmed that S. aureus was able to
internalise and survive in a wide variety of mammalian cells (Vann and Proctor,
1987; Hudson et al., 1995; Almeida et al., 1996; Bayles et al., 1998). From these
results it was proposed that the intracellular survival of S. aureus plays an important
role in staphylococcal persistence and chronic staphylococcal disease (Vann and

Proctor, 1987; Hudson et al., 1995; Bayles et al., 1998).

Wesson et al. (1998) proposed a model for the function of agr-mediated quorum
sensing in staphylococcal disease. In that model extracellular S. aureus express cell
surface-associated proteins, such as fibronectin- or collagen binding protein, due to
the dilution of the autoinducer peptide molecule in the surrounding fluids. This
results in the bacteria being in a physical state which is optimal for binding to cell

surfaces and subsequent internalisation. Once the bacteria become internalised they
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are quickly surrounded by an endosomal membrane (Hudson et al., 1995; Bayles et
al., 1998). The presence of this endosomal membrane means that the bacteria are
now confined in a small space, the autoinducer peptide can now rapidly accumulate
and triggers expression of agr and its up-regulated exoproteins. Some of the
exoproteins (particularly the hemolysins) could play a role in escape from the
endosome. Bayles et al. (1998) showed that shortly after internalisation, S. aureus
was able to escape from the endosome via a process that resulted in lysis of the
endosomal membrane. Once the bacteria have escaped from the endosome, the
autoinducer peptide would become diluted resulting in a shift away from exoprotein
expression. This would lead to bacteria that were adapted to survive and grow within

the cytoplasm.

Once the bacteria are in the cytoplasm, Wesson et al. (1998) have proposed three
possible outcomes. The first pathway would lead to the production of an Agr-
regulated factor that triggers the induction of apoptosis, and the resulting apoptotic
bodies would then be engulfed by macrophages. The engulfment of these membrane
bound bacteria could provide a protective environment for S. aureus against host
defence systems and also drugs, which would allow the bacteria to persist and spread
to adjacent cells. Another alternative is that metabolically inactive small colony
variant (SCVs) would be formed (Proctor ef al., 1994). These SCVs cause little
damage to the host cell but lead to a more chronic and persistent disease (Proctor et
al., 1994). The final outcome is that if the bacteria can accumulate to a high
concentration within the cytoplasm, autoinducer peptide levels could reach a level
sufficient to promote expression of exoproteins through the agr-response. The
production of exoproteins, such as hemolysin, would result in lysis of the host cell.
This would provide a route for dissemination to distant sites where potential
metastatic infections may occur, for example abscess formation or a more
progressive and invasive disease. Entry into this final pathway depends on the ability
of S. aureus to replicate in the host. According to this model, any inhibition of
growth in the cytoplasm reduced the accumulation of the autoinducer peptide and
hence delays lysis of the host cell. Thus the commitment to advance towards a more
progressive infection is made within the cytoplasm and could be based on the

immunological status of the host.
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CHAPTER 2

MATERIALS AND METHODS



CHAPTER 2: MATERIALS AND METHODS

2.1. Bacterial Strains and Plasmids used.

The bacterial strains and plasmids used or constructed in this study are listed in Table

2.1.1 and Table 2.1.2.

Table 2.1.1: Bacterial strains used during the course of this study

STRAIN GENOTYPE REFERENCE / SOURCE
E. coli IM109 A(lac-proAB), recAl, Culture Collection
endAl, gyrA9b, thi, Y anisch-Perron (1985)
hsdR17, supE44, reldl, F'
[traD36, proAB, lacP,
lacZ AM15]
E. coli IM110 rpsL, thr, leu, thi, lacY, Culture Collection
galK, galT, dam, dem, ara, | Yanisch-Perron (1985)
tonA, reldl, \', (lac-
proAB), [F'traD36, proAB,
lacl’ZAM15)
L. monocytogenes NCTC | Wild type NCTC
7973 Serotypel/ 2a
B. megaterium NCTC Wild type Culture Collection at
10342 Sutton Bonington
B. subtilis 168 trpC2 mutant Bron and Venema (1972)

S. aureus RN4220

restriction deficient agr
mutant, derivative of

8325-4

Kreiswirth et al. (1983)

S. aureus 8325-4

Derivative of the
prototypic NCTC 8325
laboratory strain, cured of

prophages and plasmids

Novick (1967)
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Table 2.1.1: cont.

S. epidermidis 570

Wild type

Clinical isolate provided
by Roger Finch, City
Hospital, Nottingham

NCTC = National Culture Type Collection
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Table 2.1.2: Plasmids used in this study

Plasmid Relevant Features Source or Reference
pMK4 Gram positive shuttle vector, Ap", Cm" | Sullivan et al. (1984)
pGC4 pMK4 derivative; 8.2kb plasmid, contains | Dr. C. Rees
luxAB fusion from V. harveyi expressed unpublished
from Py, Ap" and Cm?
pSL1190 Superlinker plasmid, contains 64 Pharmacia
restriction sites, AmpR
pBluelux luxCDABE inserted into Smal site of | Dr. J. Throup
pBluescript IKS, Amp" Unpublished data
pHG327 Based on pHG165, contains pUC18 multi | Stewart ef al. (1986)
cloning site, AmpR
pSB354 Based on pHPS9, contains /ux4B fusion Hill et al. (1994)
with rrnB terminator inserted
downstream, EmR, CmR
pJBA33 Contains the red shifted gfp variant gfp3, | Kindly provided by Dr.
Amp®, Km® Anderson (Denmark)
pJBA41 pUC19-Notl based expression plasmid, Kindly provided by Dr.
contains gfp3 (LAA) Anderson (Denmark)
pJBA46 pUC19-Not1 based expression plasmid, Kindly provided by Dr.
contains gfp3 (ASV) Anderson (Denmark)
pJBA47 pUC19-Not1 based expression plasmid, Kindly provided by Dr.

contains gfp3 (AGA)

Anderson (Denmark)
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Table 2.1.2: cont.

pGFP

Contains wild type gfp from A. victoria

Clonetech

pEGFP

Contains gfp3 gene modified for

expression in eukaryotes (EGFP)

Clontech

pSB2002

pGC4 carrying gfp3, amplified by PCR
from pJBA33, inserted into Smal / Sall

restriction sites, Ap¥, Cm®

This study

pSB2003

pGC4 derivative containing gfp wild
type, amplified by PCR from pGFP1
(Clonetech) inserted into Smal / Sall

restriction sites, ApR, Cm®

This study

pSB2004

rrnB terminator excised from pSB354,
inserted downstream of gfp3 into Sall site

of pSB2002

This study

pSB2005

rrnB terminator excised from pSB354,
inserted downstream of gfp3 into Sall site

of pSB2003, Ap®, Cm"®

This study

pSB2006

gfp3 (LAA) amplified by PCR and
inserted into Smal / Sall restriction sites

of pGC4, Ap®, Cm®

This study

pSB2007

g/p3 (ASV) amplified by PCR and
inserted into Smal / Sall restriction sites

of pGC4, Ap®, Cm®?

This study
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Table 2.1.2: cont.

pSB2008

gfp3 (AGA) amplified by PCR and
inserted into Smal / Sall restriction sites

of pGC4, Ap¥, Cm®

This study

pSB2009

gfp3 amplified by PCR from pJBA33,
protein engineered to contain a poor Gram

positive RBS, Ap%, Cm®

This study

pSB2010

xyIR P,y4 fragment amplified by PCR
from B. megaterium NCTC 10342,
restricted Munl/ Smal and inserted into

EcoRI/ Smal site of pGC4

This study

pSB2011

luxAB excised from pSB2010 and
replaced with gfpwt gene from pSB2003,

Ap®, Cm"®

This study

pSB2012

luxAB excised from pSB2010 and
replaced with gfp3 gene from pSB2002,

ApR, Cm®

This study

pSB2013

Potential stall site removed from the 5
coding region of gfp3 and replaced with
corresponding sequence from egfp, PCR
product cloned into Smal/ Sall sites of

pGC4, Ap®, Cm®

This study
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Table 2.1.2: cont.

pSB2014

P, promoter excised from pSB2013 as
EcoRl/ Smal fragment and replaced with
xyIR P,y4 from B. megaterium Munl/

Smal, ApR, Cm®

This study

pSB2015

egfp amplified from pEGFP by PCR,

cloned into pGC4 Smal/ Sall, ApR, Cm®

This study

pSB2016

P, promoter excised from pSB2015 as
EcoRI/ Smal fragment and replaced with
xyIR Pyyi4 from B. megaterium Munl/

Smal, Ap®, Cm®

This study

pSB2017

Translationally enhanced gfp3 amplified
by PCR from pJBA33, inserted Smal/ Sall

sites of pGC4, Ap®, Cm"®

This study

pSB2018

Translationally enhanced gfp3 amplified
be PCR from pJBA33, inserted into Smal/
Sall sites of pSB2010 following excision

of lux4B, Ap~, Cm®

This study

pSB2019

P.y14-gfp3opt fragment excised from
pSB2018 EcoRV/ Sall, and inserted into

pGC4 restricted with EcoRV Sall, Ap®,

Cm®t

This study
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Table 2.1.2: cont.

pSB2020

Translationally enhanced gfp3 AGA
amplified by PCR from pJBA47, inserted
into Smal/ Sall restriction sites of

pSB2010, Apk, Cm®

This study

pSB2021

Translationally enhanced gfp3 ASV
amplified by PCR from pJBA46, inserted
into Smal/ Sall restriction sites of

pSB2010, Ap®, Cm"®

This study

pSB2022

luxCDABE fragment excised from

pBluelux and inserted into Smal/ Sall

sites of pGC4, Ap*, Cm"®

This study

pSB2023

Translationally enhanced /ux4B inserted
into MCS of pHG327

ApR

This study

pSB2024

Translationally enhanced /uxCDE inserted
downstream of /uxAB in pSB2023

ApR

This study

pSB2025

luxABCDE operon excised from pSB2024
and ligated with pSL1190

ApR

This study
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Table 2.1.2: cont.

pSB2026

luxABCDE excised from pSB2025 and
inserted into Smal/ Sall restriction sites

of pSB210, Ap®, Cm"®

This study

pSB2027

Pyua-luxABCDE inserted into Saml/ Sall

sites of pGC4, ApR, Cm®

This study

pSB2028

rrnB terminator amplified from JM109,
restricted Nsil/ Pstl and inserted into PstI

site in pSB2027, ApR, Cm®

This study

pSB2029

Py4-gfp3opt excised from pSB2018 with

Sall and inserted into Sall site of

pSL1190, Ap®

pSB2030

Pyuu-gfp3opt-luxABCDE  excised from
pSB2029 EcoRl/ Pstl and inserted into

EcoRI/ Pstl of pGC4, ApX, Cm®

This study

pSB2031

Py,» excised from pSB2017 and replaced
with P3 promoter amplified by PCR from

S. aureus 8325-4, ApR, Cm®

This study
(Neil Dickinson performed

cloning)

pSB2032

gfp3opt gene excised from pSB2031 with
Smal/ Pst] and replaced with luxABCDE

from pSB2025, Ap®, Cm"®

This study
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Table 2.1.2: cont.

pSB2033 gfp3opt excised from pSB2033 Smal/ | This study
Sall and replaced with translationally | (Emillie Counil performed
optimised gfp3 LAA amplified by PCR | cloning)
from pJBA41, Ap®, Cm®

pSB2034 gfp3opt excised from pSB2033 Smal/ | This study

Sall and replaced with translationally
optimised gfp3 ASV amplified by PCR

from pJBA46, ApR, Cm®

(Emillie Counil performed

cloning)
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2.2. Solutions utilised
2.2.1. Media
The media used, their abbreviations and reference/source are shown below:

LB : Luria-Bertani Medium, modified to 4gI" NaCl, Sambrook et al. (1989)

LA : LB plus 15gI"" agar number 1 (Oxoid)

BHI : Brain Heart Infusion (Oxoid)

BHI agar : BHI plus 15gI™" agar number 1 (Oxoid)

Blood agar : BHI + 5% defibrinated sheep blood (Oxoid)

BM : Basic Medium, IOgl" Peptone, 5 gl'1 Yeast extract, 1 gl'l Glucose, Sgl'l
NaCl, 1gl"" K;HPO,

BM agar : BM plus 15 gl agar number 1 (Oxoid)

All media was sterilised by autoclaving at 15 psi for 20 min.

2.2.2. Antibiotics and Supplements

Any supplements used, their abbreviations, source and working concentrations are
given below:
Ampicillin (Amp); (Sigma): 50ugml’
Chloramphenicol (Cm); (Sigma): 30ugml”’ for Gram negative organisms
7ugml” for Gram positive organisms
Xylose (Xyl); (Sigma): added to media at a concentration of 0.5%
IPTG (Isopropyl-B-D-thiogalactopyranoside) 0.5mM

53



2.3. Growth of bacterial cultures

Cultures were grown aerobically at 37°C; liquid cultures were shaken at 200rpm.
Liquid E. coli cultures were grown in LB and plated cultures on LA, B. subtilis 168
and B. megaterium NCTC 10342 were grown in the same manner. L. monocytogenes
strains were grown in BHI broth or on BHI agar plates. S. aureus and S. epidermidis
570 were grown routinely in BM media or on BM agar plates. Stock strains were

kept as 15% (v/v) glycerol in LB or BHI, depending on the organism, at —20°C and
-80°C.

2.4. Monitoring Growth of Bacterial Cultures

Growth of aerobically grown cultures was monitored by optical density readings at

600nm (unless otherwise stated) on a Cecil 2000 series spectrophotometer.

2.5. Preparation, Manipulation and Analysis of DNA

2.5.1. - Determination of DNA concentrations

The concentration of DNA in samples was determined using a GeneQuant

(Pharmacia Biotech).

2.5.2. Preparation of Plasmid DNA

Plasmid DNA was prepared by plasmid miniprep using the alkaline lysis method as
described in Sambrook et al. (1989). Large scale preparation of plasmid DNA was
carried out using Qiagen 500 maxiprep kits or Qiagen 100 midi kits according to the

manufactures instructions (Qiagen GmbH).
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2.5.3. Amplification of DNA using Polymerase Chain Reaction (PCR)

Polymerase chain reaction (PCR) originally described by Saiki et al. (1988) was used
for the amplification of specific regions of DNA. PCR was performed using 1U per
50ul reaction of Tag DNA Polymerase (Advanced Biotechnologies Ltd), 2mM
MgCl, 1xBufferlV (200mM (NH4):SOs4, 750mM Tris-HC1 pH9.0, 0.1% Tween),
each dNTP (Pharmacia) was added at a final concentration of 200uM (16pl of
625uM stock dANTP solution). Oligonucleotides were supplied by Genosys
Biotechnologies (Europe) Ltd. The dried oligonucleotides were resuspended in
sterile water to a final concentration of 1 pgul’, 1pg primers were then added to
each reaction. Taqg DNA polymerase was added to the reaction after a 5 min hot start
at 95°C. A typical run involved 30 cycles of template denaturation at 95°C for 30
sec, followed by annealing of primers to template at the required temperature for the
specified time (generally 1 min per kb DNA), followed by extension at 72°C (again 1
min per kb DNA). The run was finished with an extension at 72°C for 5 min to
ensure all strands were completed. The temperatures and primers used are detailed in

the relevant Results sections.

2.5.4. Cleavage of DNA with restriction enzymes

Plasmid DNA was digested with restriction enzymes obtained from Pharmacia and
Boehringer Mannheim and used according to the manufactures instructions. RnaseA
(Imgml'; Sigma) was prepared according to details described in Sambrook et al.
(1989) and used in digestions when necessary. Typically, 1pul of the RnaseA stock
was used in a total digest of 20pl, and incubated with the DNA for the duration of the

digest.
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2.5.5. Agarose gel Electrophoresis

Plasmids, DNA restriction fragments and PCR products were analysed by agarose
gel electrophoresis according to Sambrook et al. (1989). Molecular weight markers
were loaded onto the gel in order to determine fragment length. Markers used were
0.5ugml™ of A HindIIl (MBI Fermentas) and 100 base pair ladder (Pharmacia). All
samples and markers were loaded onto the gel using 5XDNA loading buffer
(10xTAE, 20% (w/v) Glycerol, 0.05% Bromophenol Blue). Depending on size of
fragment expected, agarose gels between 0.8-1.5% were prepared in 1xTAE buffer
(80mM Tris-acetate pH 7.8, 19mM EDTA) plus 0.5pgml’ ethidium bromide
(Sigma), and electrophoresis performed using 1XTAE buffer in horizontal tanks
(Anachem) at 50-90V for the required length of time. DNA fragments then visualised
using a UV transilluminator (UVP).

2.5.6. Phenol Chloroform extraction of DNA

This procedure was performed in order to purify restricted DNA prior to cloning.
The restriction digest was made up to a 200ul volume using sterile distilled water.
An equal volume of Phenol: Chloroform: Isoamylalcohol (mixed in the ratio 25:24:1)
was added to the DNA and mixed by inversion. This was centrifuged at 13,000 rpm
for Smin in a Biofuge 13 microcentrifuge (Heraeus Sepatech). The upper aqueous
phase was removed into a clean eppendorf, an equal volume of Chloroform :
Isoamylalcohol (ratio 24:1) was then added to this. This was then mixed and
centrifuged as before. Following the removal of the upper aqueous phase into a new
eppendorf, 1/10 volume 3M sodium acetate and 2 volumes absolute ethanol were
added, this was then incubated at -20°C for at least 1 hour in order to precipitate the
DNA. DNA was recovered by centrifugation at 13,000 rpm for 20 min in a Biofuge
13 microcentrifuge (Heraeus Sepatech). The DNA pellet was washed in 70% ethanol,

dried and resuspended in an appropriate volume TE buffer.
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2.5.7. Purification of DNA from a Low melting point agarose gel

If a DNA fragment was to be purified, e.g. restricted DNA or PCR products,
electrophoresis was performed using SeaPlaque low melting point agarose (FMC
Bioproducts) at 50V. DNA was isolated via the freeze-thaw extraction method
described by Qian and Wilkinson (1991). This involved excision of the fragment
from the gel into an eppendorf, followed by the addition of three volumes of 1xTE
buffer (10mM Tris-HCI pH7.9, ImM EDTA) to the gel slice. This was heated to
70°C for 10 min in an Intelligent Heating Block (Hybaid), frozen in liquid nitrogen
for 10 min, defrosted and then centrifuged in a Biofuge 13 microcentrifuge (Heraeus
Sepatech) at 13,000rpm for 10 min and the agarose free supernatant removed. DNA
was precipitated by the addition of 1/10th volume 3M Na-acetate pH 4.8 and 2
volumes of 100% ethanol. After incubation at -20°C for at least one hour the DNA
was recovered by centrifugation at 13.000rpm for 20 min in a Biofuge 13
microcentrifuge (Heraeus Sepatech). The resulting pellet was washed in 70% ethanol

and then dried at 37°C. DNA was then resuspended in 10ul 1xTE buffer.

2.5.8. Ligation of DNA fragments

T4 DNA ligase was used to catalyse the ligation of DNA ends by forming a
phosphodiester bond between the 3"-OH group and one of the 5’-phosphate groups
of another end (Weiss et al., 1968). Ligations of DNA into a suitable vector were
performed essentially as described in the Promega Protocols and Applications Guide
(Promega). Ligations were set up in a reaction volume of 10ul. The molar ratio of
fragment: vector used was typically 7: 1, using 1U T4 DNA ligase (lUp,l'], Promega)

and 1x ligase buffer (Promega). Ligations were incubated at 18°C overnight.
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2.5.9. Bacterial Transformation

Competent E. coli electroporation cells were prepared according to the protocol
described by Ausubel et al. (1994); Listeria monocytogenes cells were transformed
as described by Park et al. (1990). Competent Bacillus subtilis 168 were transformed
by the method of by the method of Boylan et al. (1972). Competent S. aureus and S.
epidermidis strains were made and transformed according the method of Augustin

and Gotz (1990).

Prior to electroporation of all bacterial strains, the DNA that was to be introduced
into the cells was dialysed to remove excess salt. Dialysis was achieved by pipetting
the DNA onto a 0.025um dialysis filter (Millipore), which was floating on distilled
water, for 15 min at room temperature. The DNA was added to a 40ul aliquot of
competent cells. The cell solution was mixed and then transferred to a 0.2cm
electroporation cuvette (BioRad). The cuvette was then placed in an ice cold safety
chamber slide and for E. coli, S. aureus and S. epidermidis, a pulse of 2.5uF, 2.5kV +
200Q was delivered using a BioRad gene pulsar™ electroporator. After the pulse
Iml of sterile LB was added to E. coli cells, for staphylococcal species 1ml of
SMMP50 (SMM buffer [1M sucrose, 0.4M Maleic acid, 0.04M MgCl, final pH 6.5],
7% Penassay broth (Antibiotic Media number 1, Oxoid) 10% BSA in the ratio
55:40:5) was added to the transformed cells. Following the addition of Iml fresh
medium, E. coli cells were incubated at 37°C (static) for 1 hour before being plated
onto antibiotic selective agar plates to isolate cells containing recombinant DNA.
Transformed staphylococci were incubated with 1ml SMMP50 at 37°C, shaking at
200rpm for 90 minutes. Cells were then plated onto selective agar plates in order to

isolated cells containing recombinant DNA.

For L. monocytogenes cells the voltage was changed to 2.0kV and competent cells

electroporated in the same way. After the pulse, 1ml of sterile broth, BHI+0.5%

sucrose was added to the transformed L. monocytogenes in the cuvette, the contents
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were mixed by gentle pipetting and then incubated at 37°C (static) for 1 hour. Cells
were then plated onto antibiotic selective agar to isolate cells containing recombinant

DNA.

Recombinant colonies of both E. coli and B.subtilis were obtained using selective LA
plates, L. monocytogenes transformants were isolated using selective BHI agar
plates. Recombinant staphylococcal species were isolated following selection on
antibiotic selective BM agar plates. All plates were incubated at 37°C for 1-2 days

depending on the cells that had been transformed.

2.6. Microscopy

Bacterial cells harbouring GFP expression vectors were examined by epifluorescent

microscopy using a Zeiss TV100 inverted microscope (Carl Zeiss Ltd).

2.6.1. Properties of Fluorescent Signals and Filters Used

GFP wild type: Excitation maximum 395nm
Emission maximum  509nm

Filter block used #2 (Carl Zeiss Ltd)

EGFP / GFP mut3 excitation maximum ~488nm
Emission maximum 509nm

Filter block used #9 (Carl Zeiss Ltd)
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2.7.  Analysis of RNA by Northern Hybridisation

2.7.1. mRNA Isolation from Listeria monocytogenes

Bacterial RNA was isolated by the method described with Trizol LS Reagent (Gibco
BRL). 10m] BHI was inoculated with L. monocytogenes culture, incubated overnight
at 37°C in a shaking incubator. The culture was then diluted 1: 50 in 100ml fresh
pre-warmed media and incubated at 37°C in a shaking incubator until ODggo = 0.5-
0.6. 10ml samples were taken and rifampicin added to a final concentration of
150pugml”. Samples were then centrifuged at 1560g for 10 min at room temperature
and the supernatant was then removed. The bacterial pellet was resuspended in 1ml
Trizol LS Reagent (Gibco BRL) and incubated for 5 min at room temperature. After
adding 260ul chloroform, the sample was shaken vigorously for 15 seconds and then
incubated at room temperature for 2-15 min, prior to centrifugation at 12,000g for 15
min at 4°C. The upper aqueous layer was then transferred to a fresh eppendorf
containing 660ul of isopropanol, mixed and incubated at room temperature to
precipitate RNA. RNA was recovered by centrifugation at 12,000g for 10 min at
4°C, the supernatant was poured off and the RNA pellet washed in 1ml 75% ethanol
in DEPC treated water (0.01% (v/v) diethylpyrocarbonate (DEPC); Sigma). After
removal of the ethanol, the RNA was vacuum dried for 5-10 min, redissolved in 10-

20ul of DEPC-treated water and stored at -70°C.

2.7.2. Preparation of a Digoxygenin-labelled hybridisation probe

Probes were generated using random primed labelling of DNA fragments in low
melting point agarose as described in the DIG Systems user’s guide for filter
hybridisation (Boehringer Mannheim), illustrated in Figure 2.7.2. The band of
interest was excised from a gel and heated to 95°C for 10 min to denature the DNA.

After rapidly cooling on ice, 2pul random hexanucleotides (Boehringer Mannheim),
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2ul DIG-labelled dNTP’s and 1pl Klenow (Pharmacia) was added to the heat-treated
DNA.

Figure 2,7.2: The principal behind random primed labelling

S 3
3 5

Heat denature DNA in heating
block (Hybaid), 100°C for 10 min

DNA

5[
Single Stranded Add random hexanucleotides (Boehringer),
(ss) DNA ' dNTP mix which includes DIG-dUTP
5'  (Boehringer) and Klenow enzyme (Pharmacia)
DIG dUTP Random hexanucleotides anneal to ss DNA.

dNTP’s then anneal to the DNA to fill in the
5 missing nucleotides due to the action of
Klenow (polymerase enzyme). Some of these
dNTP’s are labelled with DIG. Only one
strand of DNA is illustrated.

2.7.3. RNA Analysis by Northern Blotting

Total cellular RNA was analysed on 1% submerged agarose gel containing 2.2M
formaldehyde according to Ausubel et al. (1994) with electrophoresis in 1xXMOPS
buffer. Prior to loading, samples were mixed with 25ul sample buffer (129ul 10x
MOPS, 226l formaldehyde, 645ul formamide, 0.5ul Ethidium Bromide if required)
and heated at 65°C in a heating block (Hybaid) for 10 min in order to remove
secondary RNA structure. 4ul of loading buffer (ImM EDTA, 0.25% Bromophenol
Blue, 0.25% Xylene cyanol, 50% glycerol) was then added to the samples, which
were then centrifuged at 13,000 rpm for 20 sec in a Biofuge 13 microcentrifuge

(Heraeus Sepatech). RNA samples were then loaded onto the gel, which was then
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electrophoresed at 100V until the bromophenol blue had migrated 1/2 to 2/3, the
length of the gel.

Following electrophoresis the gel was washed 2x in DEPC-water in an Rnase free
container. The gel was then placed on 3MM Whatman paper with the wicks dipped
into 20x SSC (3M NaCl, 300mM Sodium Citrate pH7.0). Hybond N* Nylon
membrane (Amersham) was cut to the size of the gel, dampened with 20x SSC and
placed on top of the gel excluding air bubbles. This was followed by 2-3 pieces
3MM Whatman paper pre-wetted with 20x SSC, a stack of paper towels and a 1.5Kg
weight. The blot was left overnight at room temperature to achieve RNA transfer.
After transfer, the RNA was fixed to the membrane using a UV stratalinker
(Stratagene) using 12.5kJ of ultraviolet irradiation for 30 seconds. Both sides of the
membrane were fixed in this manner. In order to check that transfer to the membrane
had been successful, the membrane was stained for 2-3 min in a solution of
methylene blue (0.3M Na-acetate, 0.02% methylene blue, DEPC-treated), and then

destained using DEPC-water. The membrane was then probed or stored at -20°C

until required.

2.7.4. Prehybridisation and hybridisation

The membrane was incubated with 20ml DIG Easy-Hyb (Boehringer Mannheim) for
1 hour at 42°C. After removal of this pre-hybridisation solution, the probe was
denatured at 100°C for 10 min and then added to 15mi DIG Easy-Hyb, this solution
was then added to the membrane. Hybridisation was carried out at 42°C overnight

for L. monocytogenes samples.
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2.7.5. Stringency Washes and Detection

Following hybridisation the membrane was washed 2x15min at room temperature to
remove excess probe in 2x wash solution (2x SSC, 0.1%SDS), this was followed by

two 15min stringency washes at 68°C in 0.1x wash solution (0.1%SSC, 0.1%SDS).

Prior to detection the membrane was blocked by gentle agitation in 1x blocking
solution (Boehringer Mannheim) for 30 min at room temperature. This was followed
by incubation with a 1:20,000 dilution of Anti-Digoxigenin Fab fragments
(Boehringer Mannheim) diluted in 1x blocking solution for 30 min at room
temperature. After washing the membrane to remove excess antibody for 2x15 min
in washing buffer (0.1M maleic acid, 0.15M NaCl, 0.3% (w/v) Tween 20; pH7), the
membrane was then equilibrated at room temperature in detection buffer (100mM
Tris-HCI, pH9.5; 100mM NaCl) for 2 min. CDP-Star (Boehringer Mannheim) was
then diluted 1:100 in detection buffer and applied to the membrane between two
acetate sheets. This was incubated for 5 min at room temperature and the membrane
then observed under a Berthold luminograph camera (E, G+G Berthold).
Alternatively, the membrane was placed on Lumi-film (Chemiluminescent detection
film, Boehringer Mannheim) and exposed for 5-30 min according to the signal
strength. The chemiluminescent film was then developed by incubation in developer
(Iiford 2000 RT) for 2min, following a wash with water the membrane was placed in

fixer (Ilford 2000 RT) for 1min and washed again with water.

2.8. Colony Hybridisation

E. coli transformants were picked onto gridded Hybond N* membrane, and a replica
plate was also made. The membrane was then incubated on LA selective agar at
37°C for 3-4 hours until growth was visible. Cell lysis was achieved by placing the
membrane on Whatman 3MM filter paper soaked in 0.4M NaOH for 15 min and the

membrane was then neutralised by washing for 2x1min in 2xSSC. After 1 hour
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incubation in Pre-hybridisation solution (DIG Easy-Hyb) at 42°C, the membrane was
incubated with the probe overnight at the same temperature. Post hybridisation
washes and detection was performed in the same way as for Northern Blots (Section

2.7.5).

2.9. SDS PAGE (1 dimensional)

2.9.1. Preparation of E. coli Protein Samples

E. coli cells were grown overnight at 37°C in a shaking incubator. 1ml of the
overnight culture was removed and centrifuged for 2 min at 13,000 rpm in a Biofuge
13 microcentrifuge (Heraeus Sepatech). The pellet was then washed twice in PBS, in
order to remove peptides left behind from the medium, and resuspended in 1ml PBS.
10ul1 of cell suspension was placed into an eppendorf tube and mixed with an equal
volume of 2x sample buffer (0.25M Tris-HC1 pH6.8, 4% SDS, 20% Glycerol,
0.001% Bromophenol Blue, 100mM DTT). Samples were then boiled at 100°C for 5
min, followed by centrifugation at 13,000 rpm in a Biofuge 13 Microcentrifuge
(Heraeus Sepatech) for 1 min. The samples were then ready for loading onto an SDS-
PAGE gel. Low range pre-stained molecular weight markers (Bio-Rad) were also

loaded onto the gel.

2.9.2. Preparation of L. monocytogenes Protein samples

Cell lysis cannot be achieved from L. monocytogenes by boiling alone. L.
monocytogenes samples were grown up overnight. 50ml of each culture was then
centrifuged at 6,000g in order to pellet the bacterial cells. The resulting bacterial
pellet re-suspended in 0.5ml freshly made sonication buffer (20nmM Tris-HCI pHS,
ImM EDTA, 1mM PMSF). Samples were then subjected to 3x30sec-burst sonication
(Soniprep 150, MSE) at an amplitude of 5 microns. Between each round of

sonication the sample was kept on ice for an interval of 30sec. Sonicated samples
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were then centrifuged at 13,000rpm (Biofuge 13 microcentrifuge, Heraeus Sepatech)
for 10 min. The removed supernatant was then mixed with an equal volume of 2x

Sample buffer and boiled at 100°C for 10 min. Protein extracts were then run on an

SDS-PAGE gel.

2.9.3. Preparation of an SDS-PAGE Gel

Protein profiles were visualised using 12.5% discontinuous SDS-PAGE gel
electrophoresis. A mini-gel was prepared using the following procedure: 2.9 ml of
Acrylamide/Bisacrylamide (37.5:1) solution (Boehringer Mannheim), 3.75ml Buffer
A (0.75M Tris-HCI ph8.8, 0.2% SDS), 0.825ul water, 30ul 10% APS (BDH), 2.5pl
TEMED (Sigma). The solution was mixed gently and then poured between two
ethanol cleaned glass support plates separated by 1mm spacers. The top of the gel
was then overlaid with 200pl sterile water and left to polymerise at room
temperature. After polymerisation the water was poured off and the top of the gel
dried with 3MM Whatman paper. The 7% stacking gel was then prepared as follows:
1.15ml of Acrylamide/Bisacrylamide (37.5:1) solution, 2.5ml Buffer B (0.25M Tris-
HCI pH6.8, 0.2% SDS), 1.3ml water, 25ul 10% APS, 5ul TEMED were mixed
gently, and then poured on top of the stacking gel. A comb was inserted and the gel
left to polymerise at room temperature. Running buffer (SmM Tris-HCI, 0.19% SDS,
0.192M Glycine) was then added to both chambers of the electrophoresis tank (Bio-
Rad), just before use the comb was removed and the resulting wells flushed out with
running buffer. The cell extracts that had been mixed with 2x sample buffer and then
heat treated (as in section 2.9.1) were then loaded into the wells. The gel was then
run at 150V using Bio-Rad Mini-Protean II apparatus, until the dye front had reached
the bottom of the separating gel (~2hours).

2.9.4. Detection of Protein Profiles

Following electrophoresis, the gel was removed from its support plates and stained in

Coomassie blue staining solution (0.25% (w/v) Coomassie blue R, 25% (v/v)
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Propan-2-ol, 10% (v/v) Glacial Acetic Acid) for at least 20 min. The gel was then
destained in a 10% (v/v) Propan-2-ol / 10% (v/v) 10% Glacial acetic acid solution

until the peptide bands were visible and the background colour minimal.

2.10. Western Blotting

2.10.1. Transfer of proteins to Nitrocellulose by Electroblotting

In order to determine if GFP was being translated in Gram positive bacteria two
12.5% SDS-PAGE gels were loaded in duplicate. One was stained using Coomassie
blue, the proteins on the other were transferred to BioTrace Nitrocellulose blotting
membrane (Gelman Sciences) and subjected to immunoblotting analysis. In order to
achieve this Nitrocellulose and six pieces of Whatman 3MM filter paper were cut to
the same size as the gel. Both the nitrocellulose and gel were then incubated in semi-
dry transfer buffer (Glycine, Tris-HCI, SDS, 20% (v/v) Methanol) for 10-15min. A
sandwich was then built on a Multiphore II electroblotter (Pharmacia Biotech) using
three pieces of Whatman paper saturated with transfer buffer, nitrocellulose
membrane, gel and the three remaining pieces of Whatman paper. Care was taken to
ensure no bubbles were present in the stack. Proteins were transferred to membrane
by electrotransfer for 30min at 100mA. In order to check transfer had been

successful, the membrane was stained for 1 min with Ponceau S (Sigma), and then

destained using several changes of water.

2.10.2. Immunodetection of proteins

For immunodetection of GFP the membrane was first incubated overnight at 4°C in
blocking solution (5% milk, PBS, 0.05% (v/v) Tween-20). Primary antibody
(Polyclonal GFP, Clontech) was then diluted 1:2000 in blocking buffer and the
membrane incubated for 1 hour at room temperature gently shaking. This solution

was removed and the membrane washed 1x5 min in a solution of 5%-milk, PBS,
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0.05% (v/v) Tween-20. This was followed by a further 2x 5 min washes in PBS,
0.05% (v/v) Tween-20). Secondary antibody (alkaline-phosphatase conjugated anti-
rabbit IgG; Sigma) was diluted to 1:10,000 in blocking buffer and the membrane
incubated at room temperature, gently shaking, for a further hour. The membrane
was then washed as before, and a further 2x1 min washes in PBS carried out. The
immunoblot was then equilibrated in Tris-buffered saline (100mM Tris-HCI pH9.5,
100mM NaCl, SmM MgCl) for Imin at room temperature.

For colorimetric detection 50ml colour reagent was made up using 125ul of both
BCIP (Boehringer Mannheim) and NBT (Boehringer Mannheim) diluted in Tris-
buffered Saline pH9.5. The blot was then incubated in the dark until the signal was

visible (usually about 1 hour).

Alternatively for chemiluminescent detection CDP-Star was then diluted 1:100 in
Iml detection buffer, applied to the membrane between 2 acetate sheets incubated at
room temperature for Smin. The chemiluminescent signal was then visualised using a
Berthold Luminograph 980 (E, G+G Berthold). The chemiluminescent signal could
also be visualised after exposure to Lumi film (chemiluminescent detection film,
Boehringer = Mannheim), or  Hyperfilm™ECL™  (hyper  performance
chemiluminescent film, Amersham Life Science). Exposures of 5-30 min were used,
and the chemiluminescent film was then developed using the same protocol as

described for chemiluminescent detection of an RNA signal.
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2.11. 2-dimensional gel electrophoresis (2-D PAGE)

Proteins were resolved on 2-D gels by the Method of O’Farrell (1975) with

modifications as recommended by the manufacturer (Pharmacia Biotech).

2.11.1. Preparation of L. monocytogenes whole cell extracts

L. monocytogenes harbouring lux expression vectors were grown to a point where the
luminescence reached a maximum. Cells were then washed in an equal volume of
Tris-EDTA buffer (0.1M Tris-HCI pH7.5, ImM EDTA), concentrated 10-fold in
sonication buffer (10mM Tris-HCI pH7.5, SmM MgCl;, 2mM PMSF) and then
disrupted using a mini-bead beater (Biospec products). Ten 30 sec bursts in the bead
beater were performed, with a 30 sec interval on ice. Samples were the centrifuged
for 10min at 13,000 rpm in a Biofuge 13 Microcentrifuge (Heraeus Sepatech) in

order to remove the beads. Samples were stored at -80°C until required.

2.11.2. First Dimension

The proteins were resolved by isoelectric-focussing in the first dimension using a
Multiphore II electrophoresis unit (Pharmacia Biotech). The first dimension involved
using pre-cast Immobiline DryStrips (Pharmacia Biotech) with a linear pH gradient
of pH4-7 according the protocol supplied by Pharmacia Amersham. This enabled the

cellular proteins to be separated according to charge.
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2.11.3. Second Dimension

The proteins were separated according to size by horizontal gel electrophoresis using
ExcelGel SDS (Pharmacia Biotech). With a 8 to 18% (wt/vol) polyacrylamide
gradient. Gels were run on a multiphore II electrophoresis unit (Pharmacia Biotech),

according to the protocol of Pharmacia Amersham.

2.11.4. Staining and destaining

Gels were stained with coomasie blue and destained as previously described in

Section 2.9.4.

2.11.5. Analysis of 2-D profile

Images of the gels were captured with a Sharp JX-330 scanner linked to an image
analysis software package (Image Master 2D Elite, Amersham Pharmacia Biotech)
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2.12. Tissue Culture
2.12.1. Maintenance of cell line

Human Umbilical Veined Endothelial Cells (HUVEC) were obtained from Queen’s
Medical Centre (Nottingham). Cells were cultured in RPMI-1640 (Sigma),
supplemented with 2mM glutamine (Sigma), 100 units ml™" penicillin (Sigma), 0.1

mgml™ streptomycin (Sigma) and 10% heat inactivated foetal bovine serum (FBS;
Sigma) and grown at 37°C in 5% CO,. Cells were maintained by changing the

medium every 48-72 hours until a monolayer was obtained.

2.12.2. Trypsinisation of Monolayer Cultures

When cells reached confluence the medium was removed. Cells were then washed
twice with 5-10ml of phosphate buffered saline (PBS; Oxoid). 1ml/50cm’ trypsin
EDTA (0.5g porcine trypsin, 0.2g EDTA; Sigma) was added to the flask, which was
then incubated at 37°C for Smin. On the addition of 5ml fresh pre-warmed RPMI-
1640 (Sigma) cells were removed by gentle tapping of the culture vessel, or by
flushing with a sterile pipette. The resuspended cells were then plated out at the
required cell density in fresh culture vessels. Cells were used to inoculate fresh flasks
in roughly 1 flask: 4-6 flasks or, cells were counted on a haemocytometer and then
re-seeded at a density of 10° cells ml”'. The maximum volume of medium used to

plate out cells is indicated:

25cm? flask: 10ml
75cm? flask: 20ml

10% Foetal Bovine Serum (Bibco BRL) was added to each flask which was then
incubated at 37°C in 5% CO,.
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2.12.3. Cell Freezing

For long term storage of cell lines, cells were harvested by trypsinisation and
centrifugation at 1200rpm (MSE bench-top centrifuge) for 5-10 min. The freezing
mixture was then made up containing 90% foetal bovine serum + 10% DMSO
(Sigma). As DMSO is toxic at room temperature, cells and freezing mixture were
placed on ice in order to reach a temperature of 4°C. 1ml of freezing mixture was
transferred to the vessel containing the pre-chilled cell pellet, and the cells were
resuspended using a Pasteur pipette. The cell suspension was then transferred to a

cryovial, which was then stored at -80°C.

2.12.4. Tissue Culture Cell Invasion Assay

The invasion of HUVEC cells with S. aureus was carried out using a minor
modification of the procedure described by Yao et al. (1995). Tissue culture cells
were harvested and seeded into 35mm glass bottom Microwell dishes (MatTek
Corporation, USA) or onto glass coverslips. These were left at 37°C in 5% CO; for
48 hours in order for cells to re-attach and to cover 80-90% of the surface. Medium
was removed from the cells and replaced with medium that did not contain
antibiotics and left for a further hour at 37°C. During this time the bacterial inoculum
was prepared. An overnight culture was centrifuged for 15 min, 4500 rpm, at 4°C.
The pellet was washed twice in fresh medium (BM) and then resuspended in 1
volume of fresh antibiotic medium (BM Cm?7) This was then diluted 1:20 into fresh
medium and grown for a further 1 hour period at 37°C. This culture was then diluted
1:20 into fresh BM Cm7 which was the incubated for a further 3 hour period.
Following this, Iml samples were taken, centrifuged at 13,000 rpm in a Biofuge 13
microcentrifuge (Heracus Sepatech), washed twice in PBS and resuspended in 9ml of
fresh unsupplemented RPMI-1640 medium (Sigma). Media was then removed from
the tissue culture cells and replaced with the prepared bacterial culture. This was then

incubated at varying times at 37°C for two hours. After this period, the tissue culture

cells were fixed with formalydehyde.
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2.12.5. Fixation of tissue culture cell using formaldehyde

The method was originally described by Knutton ez al. (1989) and has been modified
slightly. After incubation with S. aureus, tissue culture cells were washed 3x with
PBS to remove non-adhering bacteria. Cells were then fixed for 20 min with 3%
Formalin (Sigma). Cells were then washed 3x in PBS and mounted in glycerol-PBS
(Citifluor). Specimens were then examined by epifluorescence microscopy using the
appropriate filter sets (Section 2.6). Microscopy was performed using an Axiovert
135TV fluorescence microscope linked to an Improvisions® Openlab™ image

manager which controlled a Hamamatsu ORCA-2 cooled CCD camera.

2.13. Monitoring Bioluminescence of Bacterial Cultures

2.13.1. Measuring Bioluminescence from colonies on agar plates

Bioluminescent colonies expressing /ux4AB , grown on agar plates, were examined

under a Hamamatsu VIM3 camera after the addition of exogenous aldehyde.

Bacterial colonies expressing /uxCDABE or luxABCDE were examined under a
Hamamatsu VIM3 camera. No exogenous substrate needed to be added to these

cultures.
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2.13.2. Measuring bioluminescence from liquid cultures

Bacterial cultures harbouring /ux plasmids were grown overnight. This was diluted
1/100 into pre-warmed fresh culture media containing the necessary supplements.
Cultures were grown at 37°C in a shaking waterbath. Bioluminescence from 1ml

samples was measured using a Turner luminometer (Septech).

Alternatively, bioluminescent cultures were grown overnight at 37°C. These were
then diluted 1:100 and grown for 1 hour at 37°C. This was then diluted at different
concentrations into fresh antibiotic containing media. 200ul samples of each dilution
were loaded into a clear-bottomed 96-well microtitre plate, which was then placed
into an Anthos Lucy 1 photoluminometer. This was set to 37°C and was programmed

to measure OD at approximately 600nm and also to measure bioluminescence every

30 minutes after shaking.

2.14. Monitoring Fluorescence of Bacterial cultures

2.14.1. Observing fluorescence of colonies on agar plates

Colonies expressing GFP were examined under either UV light (UVP) or blue light

excitation. Those colonies expressing GFP were seen to fluoresce under the correct

excitation conditions.

2.14.2. Observing GFP fluorescence from a liquid culture

Bacterial cultures expressing GFP were grown overnight at 37°C, shaking. The

overnight culture was diluted 1/100 into fresh pre-warmed broth containing the

73



necessary antibiotics and supplements. A 1.5ml sample was removed from the
culture vessel, centrifuged at 13,000 rpm in a Biofuge 13 Microcentrifuge (Heraeus
Sepatech) for 2 min, washed twice in an equal volume of PBS, resuspended in 1/ 10"
volume of PBS and loaded into a microtitre plate. Fluorescence was then observed
using a excitation wavelength of 488nm and an emission wavelength of 510nm in a

Victor 1420 multilabel counter (Wallac, E G & G).

2.14.3. Observing degradation of the C-terminal Modified GFP variants

Bacterial cultures were grown overnight and diluted as previously described in
section 2.15.2. L. monocytogenes cells were then grown for a period of 8 hours, in
the presence of 0.5% xylose, it was known that as this point fluorescence had
reached a detectable level. Bacterial cultures were then washed in an equal volume of
PBS and diluted 1/5 in fresh pre-warmed media without added xylose. Fluorescence

measurements were then taken at hourly interval as previously described.
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CHAPTER 3: CONSTRUCTION OF GFP EXPRESSION VECTORS FOR
EXPRESSION IN GRAM POSITIVE ORGANISMS

3.1. Introduction

In order to express gfp in Gram positive organisms, the gene has to be stably
maintained within the organism. For this study the shuttle vector pMK4 has been
utilised as the basic cloning vector. pMK4 was generated from the fusion of pUC9
and pC194, and hence contains both a Gram negative and Gram positive origin of
replication (Sullivan et al., 1984)). The main advantage of using such a vector is that
all the initial cloning and screening can be carried out in E. coli, to facilitate the
process due to higher transformation efficiencies, and ease with which plasmid DNA
extractions can be performed. Once the correct plasmid construct has been identified
the DNA can be amplified and used to transform the Gram positive organisms of
choice. Initially it was decided to perform all the initial gene expression studies in L.

monocytogenes.

3.2. Construction of a Gram positive GFP expression vector

As stated previously, the basic shuttle vector used for all construction work was
based on pMK4. The plasmid used was pGC4 (C. Rees, unpublished) and is
illustrated in Figure 3.2.1, this contains the P,,, promoter from Bacillus pumilus and
a luxAB fusion from Vibrio harveyi. This promoter has previously been shown to be
active in L. monocytogenes and B. subtilis (Jacobs et al., 1991). In order to confirm
that P,,, was functional in E. coli and L. monocytogenes, plasmid DNA was
introduced into both bacteria by electroporation of competent cells. Upon the
addition of exogenous aldehyde to recombinant colonies on agar plates, as described
in the Materials and Methods, individual colonies were seen to bioluminescence

under a Hamamatsu VIM3 camera, due to the expression of the luxAB fusion within
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pGC4. All colonies showed a highly bioluminescent phenotype, indicating that the

Py promoter was functional within E. coli and L. monocytogenes.

Figure 3.2.1: Restriction map of pGC4

In order to construct the gfp expression vectors it was necessary to excise the /ux4B
fusion from pGC4 and replace it with the gfp coding sequence. Initially it was
decided to use two gfp variants, gfp wild type (gfpwf) and a red shifted gfp variant,
&fp mutant3 (gfp3) originally described by Cormack et al. (1996).

PCR was used to generate restriction sites at both the 5" and 3° ends of the coding

sequence of each variant. A Smal site was introduced at the 5 region and a Sal/l site
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at the 3’ region to facilitate the cloning process. Primers utilised were designated
primers 1 and 2 and are shown in Appendix 1. Primers were designed to homologous
regions of both gfpwr and gfp3, so the same sets of primers could be used to amplify
the DNA of the individual variants.

In order to amplify the gfp gene by PCR a DNA template was necessary in the
reaction. For gfpwt the gene template was derived from pGFP-1, a plasmid supplied
by Clontech, J. Anderson, Denmark, supplied the gfp3 (pJBA33, Anderson et al.
(1998). For the PCR, an annealing temperature at 50°C for one minute was used
followed by a period of DNA extension at 72°C, again for one minute. This resulted
in the production of a PCR product of approximately 800bp, which contained the

fore-mentioned restriction enzyme recognition sequences.

The PCR products containing the two gfp genes were restricted with Smal and Sall,
pGC4 was also digested with the same enzymes. The /uxAB fragment was excised
from pGC4 and the remaining vector DNA, and restricted PCR products purified
from a low melting point agarose gel. Following recovery of all DNA fragments, the
two gfp variants were ligated with pGC4, prior to introduction into E. coli IM109
competent cells by electroporation. The resulting transformants were screened for gfp

expression using either blue or UV excitation to identify positive clones.

Having isolated fluorescent colonies, these were inoculated into Sml LB amp5° and
grown overnight at 37°C. Plasmid DNA was extracted by plasmid miniprep, and the
resulting DNA was examined following restriction with Smal and Sa/l. From the
restriction analysis, a clear band of approximately 800bp could be seen on a 1%
agarose gel, shown in Figure 3.2.2. These data showed that both gfpwt and gfp3 have
both successfully been cloned into the vector pGC4. The new gfp3and gfpwt
expression vectors were designated pSB2002 and pSB2003 respectively and are
illustrated in Figure 3.2.3.
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Figure 3.2.2: Agarose gel showing presence of gfp insert in recombinant colonies
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Lane 1: 100 base pair ladder (Pharmacia)
Lane 2-8: Putative gfp3 constructs restricted with Smal / Sall
Lane 9-16:  Putative gfpwt constructs restricted with Smal / Sall

Figure 3.2.3: Restriction map of pSB2002 and pSB2003
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The recombinant plasmids pSB2002 and pSB2003 were prepared on a large scale by
plasmid maxi prep. This DNA was then used to transform electrocompetent L.
monocytogenes, however the resulting recombinant colonies were not seen to
fluorescence under the correct excitation wavelength. All individual E. coli cells
harbouring these constructs were seen to emit green light when subjected to
fluorescence microscopy. However, when the plasmids pSB2002 and pSB2003 were
introduced into L. monocytogenes, the population was found be heterogeneous with
regard to its fluorescence characteristics. Only a small proportion of the population
was seen to fluoresce upon excitation. This is different to observations noted from E.
coli cells expressing gfp, where every individual cell fluoresces. The differences in
the fluorescent characteristics of the two populations are indicated in Figure 3.2.4 a,
b, c, d.

It can be seen from Figure 3.2.4 that only a small proportion of cells within the L.
monocytogenes population are fluorescing compared to that of E. coli. It should also
be noted that the fluorescent signal generated from the wild type protein was of a
lower intensity than that from GFP3, the later of which appeared to generate a much
brighter signal in accordance with Cormack et al. (1996). But, it is known that
prolonged excitation of the GFPwt protein with UV light causes photobleaching of
the signal. Also, those L. monocytogenes cells that do show a fluorescent phenotype
appear to fluoresce with a lower intensity that E. coli cells expressing the same
protein, regardless of the gfp variant that they are expressing. However, this in part is
probably due to the fact that the plasmid has a lower copy number in Gram positive
organisms such as L. monocytogenes compared to that seen in Gram negative
organisms. If copy number is an issue then Gram positive cells may show lower
levels of fluorescence compared to Gram negative cells harbouring the same
constructs, the differences in plasmid copy number does not explain why all the L.

monocytogenes cells are not fluorescent.

There are many issues that may be responsible for the heterogeneous phenotype

exhibited by L. monocytogenes expressing gfp. One possibility is that the plasmid is

unstable within the Gram positive bacteria and those cells that are not fluorescent
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have actually lost the plasmid. Another possible explanation is that transcription of
gfp is being terminated prematurely resulting in a partial transcript and this has lead
to incomplete synthesis of GFP in most cells. It may be that translation of gfp is
poorly initiated or prematurely terminated within L. monocytogenes, again leading to
truncated non-functional protein. Another possibility is that L. monocytogenes are
over producing the protein and this has caused protein aggregation and non-

fluorescent inclusion body formation prior to chromophore formation within the

cells.
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Figure 3.2.4a and b: E. coli (pSB2002) and E. coli (pSB2003). The data illustrates

the higher fluorescent output seen when E. coli express gfpwt

Figure 3.2.4c¢ and d: L. monocytogenes (pSB2002) and L. monocytogenes

(pSB2003). Note the lower percentage of fluorescent cells compared to E. coli

harbouring identical constructs.
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3.3. Investigations of plasmid stability in L. monocytogenes

One possibility for the lack of fluorescent L. monocytogenes cells could be due to
plasmid instability. Do the non-fluorescent cells still contain the gfp expression
vectors, pSB2002 and pSB2003, or have they lost them due to the plasmid being
unstable? In order to investigate this, L. monocytogenes cells harbouring pSB2002
and SB2003 were grown overnight at 37°C in BHI broth both with and without
chloramphenicol selection present. Ten fold serial dilutions of the overnight cultures
were then prepared and these then plated onto BHI agar plates, again both with and
without chloramphenicol selection. As controls, L. monocytogenes cells containing

pMK4 and pGC4 were also subjected to the same analytical treatment.

From the data obtained (shown in Appendix 2) several things were apparent. In all
cases it is clear that antibiotic selection helped maintain the plasmid within the cells,
as when L. monocytogenes harbouring the plasmids were grown overnight with
chloramphenicol, the percentage loss of plasmid from the cells was reduced. It also
seems apparent that the expression of reporter genes within pMK4 also increased
plasmid instability. The expression vectors pGC4, pSB2002 and pSB2003 all show
greater instability than pMK4, this degree of instability was greater when cells were
grown without chloramphenicol selection. As pMK4 was stable when grown with
chloramphenicol selection, it appears as though the expression of the reporter genes,
either luxAB or gfp places a significant stress upon the cells resulting in plasmid

instability.

The plasmid pMK4 was originally constructed from pUC9 and pC194 (Sullivan et
al., 1984). Plasmid pC194 shows several properties unfavourable for cloning and
stability. It generates considerable amounts of single stranded DNA (ssDNA) in B.
subtilis, approximately 20% of the total plasmid DNA (te Riele ez al., 1986), and it
also generates large amounts of high molecular weight (HMW) DNA when carrying
heterologous inserts (Gruss and Ehrlich, 1998). HMW DNA consists of linear head-

to-tail multimers in which five of more plasmid copies are tandemly arranged. In

83



general the levels of HMW DNA production is related to plasmid size, it also
depends on the insert of DNA. However, as much as 90% of the plasmid DNA may
be present as HMW products. If this is occurring when the reporter genes are cloned
into pMK4, then this may explain why the plasmid stability is reduced compared to

that of pMK4 which contains no heterologous inserts.

When L. monocytogenes express gfp3 from pSB2002 approximately 30% of the cells
are seen to lose the plasmid when grown with chloramphenicol. Thus it might be
expected that around 70% of the cells would be fluorescent, however only a small
proportion of the cells are seen to fluoresce, perhaps 5%. So whilst the plasmid is
known to be unstable in L. monocytogenes, plasmid instability does not appear to be
the sole factor responsible for the lack of fluoresce observed when L. monocytogenes
express gfp. Some other factor appears to have a major factor on the lack of

fluorescence observed by L. monocytogenes expressing gfp.
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3.4. Cloning a terminator downstream of gfp

The apparent instability of the reporter plasmids may be due to the fact that there is
no transcriptional terminator downstream of the reporter gene. As there is no
terminator, transcription has no defined region at which to stop and readthrough into
the plasmid structure may be responsible for the observed heterogeneity of gfp
expression by the L. monocytogenes cells. It was decided to clone a terminator
fragment downstream of the gfp variants to see if this had any effect of the

fluorescent characteristics of the population.

The terminator that was cloned was the »rnBT terminator originally isolated from E.
coli (Orosz et al., 1991). This terminator had previously been cloned into the plasmid

pSB354 (Hill et al., 1994), which is illustrated in Figure 3.4.1.

Figure 3.4.1: Restriction map of pSB354
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The terminator was excised from pSB354 using Sall and then inserted downstream
of gfp in both pSB2002 and pSB2003, which had also been linearised with Sa/l. The
ligated DNA was used to transform E. coli JM109 competent cells, and recombinant
colonies were isolated following selection on ampicillin selective agar plates. DNA
was prepared from recombinant colonies by plasmid miniprep, this was then
restricted using BamHI and Smal to confirm whether the terminator had successfully
inserted downstream of the gfp and if so, which orientation the fragment was in. If
the terminator had been inserted into pSB2002 and pSB2003 in the correct
orientation then the resulting plasmid, when restricted with BamHI and Smal should
drop out a fragment of approximately 1.6kb. The restriction analysis of DNA isolated
from recombinant colonies thought to contain rrnBT downstream of gfp3 is
illustrated in Figure 3.4.2. It can be clearly seen that lanes 2 and 11 show the
presence of a 1.6kb insert, as this can only be obtained if rrnBT had inserted in the
correct orientation downstream of gfp, then it was assumed that these colonies

contained the correct recombinant DNA. Similar analysis was carried out for the

equivalent wild type construct based on pSB2003.

The resulting gfp3 and gfpwt expression vectors that contained a transcriptional
terminator downstream of the reporter gene were designated pSB2004 and pSB2005
respectively, and are illustrated in Figure 3.4.3. Having isolated the correct clones,
DNA was prepared by plasmid maxiprep. This was then used to transform
electrocompetent L. monocytogenes. Recombinant colonies were isolated following
selection on chloramphenicol selective agar plates, they were subsequently screened

for gfp expression using either blue or UV excitation, depending on the gfp variant.
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Figure 3.4.2: Restriction analysis of putative recombinant DNA containing the

rrnBT fragment
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Lane 1: Lambda HindIIl (MBI)

Lane 2-13:  Putative recombinant DNA restricted with Smal/BamHI
Lane 14: pSB2002 restricted with Smal

Lane 15: pSB2002 restricted with Sal/l

Lane 16: pSB2002 restricted with BamHI

Lane 17: pSB2002 restricted with Smal/BamHI
Lane 18: pSB2002 uncut DNA

Lane 19-20: Uncut recombinant DNA

Lane 21: 100 base pair ladder (Pharmacia)
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Figure 3.4.3: Predicted restriction map of pSB2004 and pSB2005
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E. coli cells expressing gfp from pSB2004 and pSB2005 all showed a highly
fluorescent phenotype when subjected to examination by fluorescence microscopy.
However, the same constructs in L. monocytogenes did not appear to improve the
fluorescence characteristics of the cells. Only a small percentage of the total number
of the Gram positive cells fluoresced under excitation conditions, again the signal of

those fluorescing was much lower than that seen in E. coli.

SO it appears that the gfp containing plasmid is not being made unstable by
transcriptional readthrough into the plasmid further downstream of the gfp coding
S€quence, as the addition of a transcriptional terminator into the gfp constructs makes

MO difference to the fluorescence characteristics of the L. monocytogenes population.
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3.5. Does Overexpression of GFP result in non-Fluorescent Cells?

One possible explanation for the small percentage of L. monocytogenes cells that
were expressing the GFP protein was that the peptide was actually synthesised, but
was then being packaged into non-fluorescent inclusion bodies prior to folding.
Another hypothesis was that GFP was being synthesised in large amounts, but the
levels made were toxic to the cells. In order to investigate both these possibilities
simultaneously, it was decided to reduce the levels of fluorescent protein within L.

monocytogenes. This was done using two different approaches.

3.5.1. Cloning unstable GFP variants

In order to investigate these hypotheses, it was decided to utilise the unstable gfp3
variants of Anderson et al. (1998). Keiler et al. (1996) demonstrated that specific C-
terminal oligopeptide extensions could render otherwise stable proteins to
degradation by certain intracellular tail-specific proteases. Anderson et al. (1998)
exploited this natural protein degradation system and created variants of gfp3 which
were degraded at different rates within the cell. This was achieved by the addition of
short peptide sequences to the C-terminal of the intact GFP protein, which rendered
the GFP susceptible to the action of indigenous house-keeping proteases. This
resulted in protein variants with half-lives ranging from 30 minutes to a few hours
When synthesised in E. coli and Pseudomonas putida (Anderson et al., 1998). So if
GFP is having an adverse effect on L. monocytogenes, then by using these variants
the overall concentration of protein within a cell will be decreased compared to the
Stable GFP3 due to the rapid turnover of the protein. These lower levels of GFP
Protein may be more favourable to allow efficient expression within L.
Mmonocytogenes and may prevent aggregation of excess protein, which can result in

the formation of inclusion bodies.
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Three unstable gfp3 variants were available for use, these being gfp3 (LAA), gfp3
(ASV) and gfp3 (AGA). These had reported half-lives of approximately 30, 60 and
300 minutes respectively in E. coli (Anderson et al., 1998). A new primer to the 3’
region of each of these variants was constructed, the primer was designed to a
homologous area downstream of the protease recognition tag, thus the same primer
could be used to amplify each unstable gfp3, and it also contained a Sal/l restriction
site to facilitate cloning. This primer was used in conjunction with the gfp forward
primer that has been used previously, details of the primers used, primers 1 and 3 are
given in Appendix 1. The PCR was performed as previously described in Section

3.2

The resulting PCR products were restricted with Smal and Sa/l. Following
purification these were ligated with pGC4 that had been restricted with the same
endonucleases and the luxAB fusion excised from it. The ligated DNA was then used
to transform E. coli IM109 competent cells, colonies containing recombinant DNA
were isolated following selection on ampicillin selective agar plates. Resulting
transformants were screened for gfp expression under blue light excitation (~488nm)
in order to identify possible clones. No individual colonies were seen to fluoresce, it
is probable that the protein was being turned over too rapidly within the cell to allow

accumulation.

In order to screen recombinant colonies, DNA was prepared from the cells by
plasmid miniprep. This was then restricted with Smal and Sa/l to excise the gfp gene
that had been cloned in place of the /ux4B. In some cases, when the DNA was
electrophoresed on an agarose gel, a band of 800bp was seen, indicating that the
DNA did contain the gfp downstream of P,,, These new unstable gfp expression
vectors were designated pSB2006 (gfp3 LAA), pSB2007 (gfp3 ASV) and pSB2008
(gfp3 AGA). Large scale DNA preparations were performed from E. coli cells

containing these expression vectors by plasmid maxi prep.
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Electrocompetent L. monocytogenes cells were transformed with pSB2006, pSB2007
and pSB2008. Cells containing recombinant DNA were isolated following selection
on chloramphenicol selective agar plates. Again, using fluorescence microscopy,
transformants were observed under blue light excitation to observe fluorescence
characteristics. With L. monocytogenes (pSB2006) no fluorescent cells were seen in
the population. This however is the protein with the shortest half-life and it is
possible that the protein was degrading before the chromophore could fold and
generate a fluorescent signal. Another possibility is that the level of fluorescence was
too low to be detected by eye, more sensitive equipment or a longer acquisition
period may have located a signal from L. monocytogenes harbouring this plasmid.
With L. monocytogenes (pSB2007) and L. monocytogenes (pSB2008) only a few
cells within the population exhibited a fluorescent phenotype upon excitation. It is a
possibility that in L. monocytogenes the proteins have different half-lives than those
observed in E. coli, resulting in the degradation of the protein before the

chromophore has been able to fold and generate a fluorescent signal.

The results of this experiment appear to suggest that the lack of fluorescence within
L. monocytogenes is not due to the protein being toxic to the cells and having and
adverse effect on their growth. It also suggests that the gfp is not being overexpressed
within the cells resulting in inclusion body formation, as lower levels of GFP
production within L. monocytogenes does not increase the overall fluorescence of the
population, heterogeneity is observed with only a small proportion of the cells
fluorescing. However, it may be possible that these variants simply turnover too
rapidly for a visible signal to be detected. All the cells may be producing GFP but at

levels the eye cannot detect.

3.5.2. Disrupting translation of GFP at the 5" coding region

Another method was employed to try and lower the levels of gfp expression within
the bacteria, Using PCR, the Gram positive ribosome binding site (RBS) at the 5°
coding region of the stable gfp3 was changed to one that would be poorly recognised
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by the bacteria. This was achieved by replacing the Gram positive RBS in the
forward PCR primer with one which would be poorly recognised, details of the
primers used, primers 2 and 4, are given in Appendix 1. It was predicted that this
approach would restrict the number of ribosomes attaching and initiation translation,
thus reducing total expression of the protein within the bacteria. Hence if over-
expression of the protein within the bacteria was an issue, then this procedure should

alleviate the problem.

The new primer, that would allow the protein to be poorly translated, was used to
amplify gfp3 by PCR, using a 30 cycle reaction with an annealing temperature of
50°C for one minute followed by a 1 minute period of DNA extension at 72°C. This
generated a PCR product of 800bp, named gfp3p/t.

The gfp3p/t PCR product contained Smal and Sall restriction sites at the 5" and 3’
ends of the coding sequence respectively. These enzymes were used to restrict the
gfp3p/t, which was then ligated with pGC4 that had been digested with the same
restriction enzymes. The ligated DNA was used to transform E. coli JM109
competent cells by electroporation, colonies containing recombinant DNA were
isolated following selection on ampicillin selective agar. The resulting transformants
were examined under blue light and any colonies that fluoresced green were isolated
for further investigation. DNA was prepared from some of the fluorescent colonies
by plasmid miniprep. This DNA was then restricted with Smal and Sa/l in an attempt
to drop out the cloned gfp3p/, electrophoresed on an agarose gel, which was then
examined for the presence of an 800bp fragment. Such a band was obtained from all
the fluorescent colonies investigated, suggesting that the gfp3p/t had successfully
integrated downstream of P,y the resulting construct was termed pSB2009. This gfp
expression vector was prepared on a large scale from recombinant E. coli cells by

plasmid maxi prep.

pSB2009 was then introduced into L. monocytogenes by electroporation, cells

containing recombinant DNA were isolated following selection on chloramphenicol
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selective agar plates. Those colonies obtained were not seen to fluorescence under
blue light excitation, so a single colony was mounted in PBS on a glass slide and
observed by fluorescence microscopy, but no fluorescent cells could be seen under
blue light excitation. This showed that lower levels of gfp3 expression did not
produce homogeneous fluorescent L. monocytogenes populations. This suggests that
the protein was not being packaged into non-fluorescent inclusion bodies as lower
expression does not increase the fluorescence of the population. Inclusion bodies
tend to form when the GFP is produced in excess, this can result in the chromophore
being unable to fold or folding incorrectly and the native protein aggregates and
occludes in the cell. However, it is possible that translation within the cell has been
disrupted to such an extent that the bacteria are no longer translating any gfp within

the cell.

3.6. Cloning a new promoter upstream of gfp

In order to try and increase the fluorescence characteristics of L. monocytogenes
expressing gfp, it was decided to express the reporter from a different promoter. The
promoter that was chosen was the xylose regulatable promoter from Bacillus

megaterium. This system is illustrated in Figure 3.6.1.

D-xylose is an abundant carbon source in nature, and many bacteria are able to utilise
it. The xylose utilisation genes xylA4 (encoding xylose isomerase) and xy/B (encoding
xyluolinase) are clustered and co transcribed in a number of organisms, including E.
coli (Lawlis et al., 1984) and Bacillus megaterium (Rygus et al., 1991).
Nevertheless, despite the uniformity in the xylose utilisation genes, there are large

differences in xylose uptake depending on the species concerned.
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Figure 3.6.1: Genetic organisation of the xylose-utilisation determinant in B.
megaterium, adapted from Schmiedel ef al. (1997). The genes involved in xylose
utilisation are indicated by arrows. xyIR encodes the Xyl repressor, xyl4, xyIB and
xYIT are co-transcribed from the xy!/ promoter. The xy! operator is denoted by O Or
indicating the fact that two overlapping binding sites for the Xyl repressor are present
(Dahl et al.,, 1994). cre indicates the catabolite responsive element (Hueck et al.,

1994; Hueck and Hillen, 1995).

OO0r cre :ﬁz
xyIR xylA xylB xyIT

The xyl operon in B. megaterium is negatively regulated by the xylose inducible Xyl
repressor (XyIR) (Rygus and Hillen, 1992; Dahl er al., 1995). The operon is also
subject to carbon catabolite repression mediated by the trans factor CcpA (Hueck et
al., 1995) which binds to the catabolite responsive element (cre) located in the

coding sequence of xylA.

It was decided to clone the xy/R repressor and the xyl4 promoter (Py4) from B.
megaterium, and then use the resulting promoter fragment in order to direct
expression gfp. PCR was used to amplify the promoter and generate restriction sites
at both the 5" and 3’ sequence of xy/R-P,. At the 5" end, a Munl site was
incorporated into the sequence, and at the 3" end, a Smal site was introduced. The

sequences of primers 5 and 6 utilised in the reaction are given in Appendix 1.

The PCR was carried out as described earlier in section 2.5.3. Bacillus megaterium
genomic DNA was prepared from the strain NCTC 10342, this was then utilised as a
DNA template in the PCR. In order to amplify the DNA an annealing temperature of
52°C for 1% minutes was employed in the reaction, followed by a period of DNA
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extension at 72°C for 2 minutes. The resulting PCR products were analysed by

agarose gel electrophoresis and were seen to be approximately 1.4kb.

Following electrophoresis of the PCR product on a low melting point agarose gel, the
DNA band was excised and purified by freeze thaw extraction. After re-precipitation,
the DNA was restricted using Munl and Smal, restriction enzymes were then
inactivated by phenol chloroform extraction. This digested PCR product was ligated
with pGC4 which had had the P,,, promoter excised by restriction with EcoRI and
Smal. The ligated DNA was used to transform E. coli JM109 competent cells by
electroporation, cells containing recombinant DNA were isolated following selection
on ampicillin agar plates with D-xylose added at a final concentration of 0.5%. The
resulting transformants were screened in the presence of exogenous aldehyde under a

Hamamatsu VIM3 camera and some highly luminescent colonies were observed.

From the phenotypic data, it was unclear as to which promoter the recombinant
plasmid contained upstream of /ux4B. PCR was used to re-amplify the xy/R-P4
fragment which had been cloned upstream of the reporter gene. The reaction was
performed as before using the primers designed to this xylose regulatable gene, the
sequences of primers 5 and 6 which were utilised in the reaction are given In
Appendix 1. Agarose gel electrophoresis of the ensuing PCR products showed that
some of the cells contained this new promoter upstream of /uxAB, as bands of
approximately 1.4kb were seen on the gel and these correspond to the size of the new

promoter.

Analysis of the recombinant plasmid showed it to be approximately 9.3kb, this
construct was designated pSB2010. DNA was prepared on a large scale by plasmid

maxiprep, further restriction analysis of the plasmid DNA confirmed the validity of

pSB2010, which is illustrated in Figure 3.6.2
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On introduction of pSB2010 into electro-competent L. monocytogenes, recombinant
colonies isolated on BHI agar plates containing chloramphenicol with 0.5% xylose,
were seen to be highly luminescent upon the addition of exogenous aldehyde.
However, when cells were grown in the absence of xylose, almost no luminescence
was seen when exogenous aldehyde was present. This shows that P, gives high,

well regulated, expression of genes downstream of the promoter in L.

monocytogenes.

Figure 3.6.2: Restriction map of pSB2010
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3.7. Expressing GFP from the xylose regulated promoter

Having isolated a regulated promoter that appeared to strongly express genes in
Gram positive bacteria, the next step was to determine whether this promoter would
give high expression of the gfp variants in L. monocytogenes. The aim of the
experiment was to excise the lux4B fragment from pSB2010 and replace it with the
gfp variants from pSB2002 and pSB2003. However, the presence of a second Sall
site downstream of the xyIR regulator made a direct exchange difficult. Instead a
different cloning strategy was employed to replace the promoter in pSB2002 and
pSB2003.

Both pSB2002 and pSB2003 were restricted with EcoRl and Smal and the P,,
promoter fragment excised from the DNA by purification from a low melting point
agarose gel. P,y and its regulator xy/R were amplified by PCR from B. megaterium
NCTC 10342 as described earlier in Section 3.6. Again, the ensuing PCR product
was restricted with Munl and Smal, following phenol chloroform extraction to
inactivate the restriction enzymes, this was ligated with the digested gfp expression
vectors, pSB2002 and pSB2003. Competent E. coli IM109 cells were electroporated
with the ligated DNA and recombinant colonies were isolated following selection on
ampicillin selective agar plates with 0.5% xylose. The resulting transformants were
screened under UV or blue light, depending on the gfp variant used, any fluorescent
colonies were isolated and further investigations carried out to verify whether these

plasmids contained the new xylose regulated promoter.

Those colonies that exhibited fluorescence characteristics under excitation conditions
were screened using PCR. The reaction was performed using primers 5 and 7 listed
in Appendix 1, these were the 5° primer to P,,;4 and a gfp reverse sequencing primer
which reads out from the 5° end of the coding sequence of gfp, this is illustrated in
Figure 3.7.1. It can be seen that the only way a PCR product could be generated was
if Pyyu4 had correctly ligated upstream of gfp. If the original P,,, promoter has not
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been excised fully from pSB2002 and pSB2003 then no PCR product will be

generated.

Figure 3.7.1: Diagram to show how PCR was used to screen for transformants
containing the new xylose promoter. Filled black arrows depict PCR primers and

their location with regards to the DNA sequence.

In order to carry out this reaction new PCR parameters had to be established. Again
30 cycles were utilised, these contained an annealing temperature of 50°C for 1%
minutes, followed by a period of DNA extension for 3 minutes at 72°C. Upon
analysis of the PCR products by agarose gel electrophoresis, it was apparent which
of the recombinant colonies contained the new promoter fragment, as bands of
around 1.4kb were present on the gel. The only way that a band of this size can be
generated is if P,y has inserted upstream of the gfp variant. The construct containing
gfpwt downstream of P,,;4 was designated pSB2011, and the equivalent one housing
gfp3 was named pSB2012. These gfp expression vectors were then prepared on a
large scale from recombinant E. coli cells by plasmid maxiprep. Both these plasmids
were been mapped and are essentially the same, except for the gfp variant that they

contain, and are illustrated in Figure 3.7.2.

Both pSB2011 and pSB2012 were introduced into L. monocytogenes by

electroporation of competent cells. Cells containing recombinant DNA were isolated
following selection on chloramphenicol selective agar plates containing 0.5% xylose,

however, these recombinant colonies were not seen to fluorescence under the correct
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excitation wavelength. The recombinant colonies were then examined by
fluorescence microscopy to determine the fluorescence characteristics of individual
cells. Once more, it was seen that when cells were grown in the presence of 0.5%
xylose, only a proportion of the cells fluoresced green upon excitation. However, the
number of fluorescent cells appeared greater when the gfp was expressed from P4
compared with expression from Py, so the overall fluorescence of the population
had been increased, but the population as a whole was still not homogeneously
fluorescent. When cells were grown on chloramphenicol agar plate with no added
xylose, a small percentage of the cells fluoresced green under excitation conditions,
but numbers were very small. This shows that the promoter does indeed appear to be
well regulated in L. monocytogenes although it cannot be completely inhibited. The

fluorescence characteristics of the cells are depicted in Figures 3.7.3a, b, c, d.

Figure3.7.2: Restriction map of pSB2011 and pSB2012
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Figure 3.7.3a and b: E. coli (pSB2012) and E. coli (pSB2011) Cells were grown in

the presence of 0.5% xylose

Comparison of fluorescence characteristics of E. coli expressing gfpwt and gfp3, note

the brighter signal from gfp3

Figure 3.7.3¢ and d: L. monocytogenes (pSB2012) and L. monocytogenes
(pSB2011) Cells were grown in the presence of 0.5% xylose

Note the brighter signal from cells expressing gfp3 compared to those expressing
gfpwt, also total number of fluorescent cells is lower compared to E. coli harbouring

the same constructs
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It could be seen that cells harbouring pSB2011, the wild type GFP construct,
fluoresced with a much lower intensity than cells expressing gfp3 from pSB2011.
The signal generated from cells expressing pSB2012 was also more stable than its
wild type counterpart, which tended to lose signal brightness upon excitation for
prolonged periods. These observations are in accordance with Cormack et al. (1996)
and prove that the signal generated from gfp3 is of a greater intensity than the

fluorescent signal generated from the wild type protein.

From the data gathered so far, it appears that fluorescence of GFP in L.
monocytogenes is partially limited by the strength of the promoter that is being used,
as P, appears to give a better signal compared to that generated from P,y, Some

other factor is limiting production of fluorescent protein within the cells.

A number of factors may be responsible for poor expression of gfp in the
recombinant organisms; 1. Transcription of the gfp gene may be truncated, resulting
in partial synthesis of the GFP protein; 2. Translation of the gfp could be poorly
initiated or prematurely terminated resulting in a truncated, non-fluorescent protein
within the cells; 3. The gfp may be translated but the chromophore is unable to fold

properly resulting in non-fluorescent protein.

3.8. Northern Blot Analysis of L. monocytogenes harbouring GFP expression

Vectors.

In order to determine whether a full length mRNA transcript was being transcribed
from gfp, RNA was extracted from L. monocytogenes cells harbouring the gfp
expression vectors, pSB2002 and pSB2003, and also E. coli JM109 cells containing
the same plasmids. RNA was taken from the E. coli cells in order to provide a
positive control form the Northern blot, as it is clear in these cells a full length
transcript is being generated as all individual cells were seen to fluorescence under

examination by fluorescence microscopy. These plasmids were chosen as L.
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monocytogenes harbouring these constructs were the least fluorescent of all those

obtained so far.

After transfer to nylon membrane, the blot was probed with a random primed DIG-
labelled gfp probe, made from the whole gene. In order to determine if any transcript
was present, CDP-Star was used as the chemiluminescent substrate to detect the
probe and the blot then exposed to film as described in the methods section.

Following development of the film, it could be seen that in samples taken from both
E. coli and L. monocytogenes a large amount of full length transcript was seen from

the transformed bacteria. This is illustrated in Figure 3.8.1.

The gfp gene is approximately 800bp and thus it would be expected that an RNA
transcript of at least the same length would be produced. It can be seen from the blot
that a transcript of around 2kb is produced, this is much greater than that expected.
However, it should be noted that these gfp expression vectors do not contain a
transcriptional terminator, thus there is no defined stop region for RNA transcription
to cease. This would explain the fact that the transcript is much larger than that
expected, also as there is no defined area for transcription to cease, it could also
explain why a smear is seen down the blot rather than a defined band although this
could also be attributed to degradation of the RNA. As there is no transcriptional
terminator, the RNA polymerase could have generated transcripts of many different
sizes, and hence the apparent smear down the blot. Nevertheless, these results
indicate that it is not transcription that is inhibiting to GFP production within Gram
positive cells, and it may be a translational problem. It is a possibility that the cells
are not translating the mRNA into GFP protein, or maybe only part of the mRNA is

being translated, resulting in a truncated non-fluorescent GFP protein.
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Figure 3.8.1: Northern Blot showing a full length mRNA transcript is generated

from transformed bacteria harbouring gfp expression vectors.
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Lanel: Dig labelled Markers (Boehringer Mannheim)
Lane2: E. coli (pSB2002)

Lane3: E. coli (pSB2003)

Lane4: L. monocytogenes (pSB2002)

LaneS: L. monocytogenes (pSB2003)
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3.9. Translational Analysis of Transformed Bacteria Harbouring gfp Expression

vectors

The results of the transcript analysis suggested that a full length mRNA was being
produced in L. monocytogenes harbouring gfp expression vectors. It appears that
there is some problem with translation of this mRNA into protein in these Gram

positive cells.

In order to investigate translation of mRNA into protein, whole cell extracts were
prepared of L. monocytogenes cells harbouring the gfp expression vectors pSB2002
and pSB2003. As control samples, protein was extracted from non-recombinant L.
monocytogenes cells, and also from L. monocytogenes (pGC4). In addition to the L.
monocytogenes cell extracts, whole cell protein extracts were prepared from E. coli
harbouring the same gfp expression vectors. As these cells are green under excitation

conditions they are producing full length functional protein, and would thus act as a

positive control on the Western blot.

Protein samples were run on a 14% SDS PAGE gel and then transferred to
nitrocellulose membrane by semi-dry blotting. A polyclonal antibody to GFP,
(Clontech), was used to detect whether the bacteria were producing any GFP peptide.
The GFP primary antibody was used at a dilution of 1:2000. After removal of excess
primary antibody, the membrane was then incubated with an anti-rabbit alkaline
phosphatase secondary antibody conjugate. Upon incubation with substrate, in this
case CDP-Star, if protein was present on the membrane, the substrate would react
with the bound secondary antibody, thus causing the production of a
chemiluminescent signal. The results of the immunoblots from cells harbouring

pSB2002 and pSB2003 are shown in Figure 3.9.1. and 3.9.2. respectively.
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Figure 3.9.1a: SDS PAGE gel of bacteria harbouring pSB2002.

All samples are whole cell extracts taken from overnight bacterial cultures

Markers kDa
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Layout of Samples on SDS Page gel:
Lanel: low range molecular weight markers (Biorad)
Lane 2: E. coli (pSB2002), GFP indicated by arrow on gel
Lane 3: Blank
Lane 4: L. monocytogenes (pSB2002)
Lane 5: Low range molecular weight markers
Lane 6: L. monocytogenes (pSB2002)
Lane 7: L. monocytogenes (pGC4)
Lane 8: L. monocytogenes (pSB2002)
Lane 9: L. monocytogenes (non-recombinant cells)

Lanel0: L. monocytogenes (pSB2002)
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Figure 3.9.1b: Western blot of bacteria harbouring pSB2002

All samples are whole cell extracts taken from overnight bacterial cultures

Markers 1 2 3 4 5 6 7 8 9 .10

(kDa)
104
81

47.7

34.6

28.3

19.2

Layout of Samples on Western Blot:
Lanel: low range molecular weight markers (Biorad)
Lane 2: E. coli (pSB2002) GFP indicated by arrow on blot
Lane 3: Blank
Lane 4: L. monocytogenes (pSB2002) GFP indicated by arrow on blot
Lane 5: Low range molecular weight markers
Lane 6: L. monocytogenes (pSB2002) GFP indicated by arrow on blot
Lane 7: L. monocytogenes (pGC4)
Lane 8: L. monocytogenes (pSB2002)
Lane 9: L. monocytogenes (non-recombinant cells)

Lanel0: L. monocytogenes (pSB2002)
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Figure 3.9.2a: SDS PAGE gel of bacteria harbouring pSB2003.

All samples are whole cell extracts taken from overnight bacterial cultures
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Layout of Samples on SDS Page gel:
Lanel: low range molecular weight markers (Biorad)
Lane 2: E. coli (pSB2003) GFP indicated by arrow on gel
Lane 3: Blank
Lane 4: L. monocytogenes (pSB2003)
Lane 5: Low range molecular weight markers
Lane 6: L. monocytogenes (pSB2003)
Lane 7: L. monocytogenes (pGC4)
Lane 8: L. monocytogenes (pSB2003)
Lane 9: L. monocytogenes (non-recombinant cells)

Lanel0: L. monocytogenes (pSB2003)
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Figure 3.9.2b: Western Blot of bacteria harbouring pSB2003

All samples are whole cell extracts taken from overnight bacterial cultures

Markers kDa

9.2

Layout of Samples on Western Blot:
Lanel: low range molecular weight markers (Biorad)
Lane 2: E. coli (pSB2003) GFP indicated by arrow on blot
Lane 3: Blank
Lane 4: L. monocytogenes (pSB2003)
Lane 5: Low range molecular weight markers
Lane 6: L. monocytogenes (pSB2003)
Lane 7: L. monocytogenes (pGC4)
Lane 8: L. monocytogenes (pSB2003)
Lane 9: L. monocytogenes (non-recombinant cells)

Lanel0: L. monocytogenes (pSB2003)
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It can be seen from Figures 3.9.1 that the E. coli cells harbouring pSB2002 produce a
large amount of full length protein. It is known that this is functional protein as cells
expressing gfp from this plasmid are all green. However, as well the full length
protein, there is also a large amount of a smaller peptide which also cross reacts with
the antibody. This may be a truncated GFP so is non-fluorescent, as the whole GFP
protein is needed to provide the correct environment for the chromophore. Another
possibility for the appearance of these smaller products is that an E. coli protein has

cross reacted with the antibody.

When L. monocytogenes cells express gfp from pSB2002, a faint band around 30kDa
can be seen on the membrane after the detection process has been carried out, shown
in Figure 3.9.1b. However, levels of protein appear to be much lower than
comparable samples from E. coli. This suggests that translation within the L.
monocytogenes cells is not as efficient as that in E. coli. In the L. monocytogenes

samples, no truncates or evidence of a degraded GFP protein can seen on the

membrane.

Similar results were observed from bacteria harbouring pSB2003, the gfpwe
expression vector, illustrated in Figure 3.9.2. Again, with the whole cell extracts
prepared from E. coli, a large amount of protein was seen at around 30kDa on the

immunoblot, in this case almost no protein of the predicted size was detected from

equivalent samples of L. monocytogenes.

The data gained from analysis of mRNA by Northern blot, illustrated in Figure 3.8.1,
showed that a large amount of full length mRNA was produced by L. monocytogenes
harbouring the gfp expression vectors. As no truncated GFP was seen from protein
samples of L. monocytogenes cells harbouring the gfp expression vectors, it appeared
unlikely that translation of the gfp was terminated prematurely. Nevertheless, it is
known from the Western blots that translation of the protein is poor within the L.
monocytogenes cells, as almost no protein was detected from the immunoassays.

There are several possible explanations for the lack of GFP protein in the L.

109



monocytogenes cells and these will be discussed in detail throughout the rest of the

chapter.

It may be that poor codon usage within the bacteria or secondary mRNA structure is
responsible for lack of fluorescent protein. The Western blots suggested the
translation was not prematurely terminated, however, if a hungry codon (Kurland and
Gallant, 1996) was nearer the start of the gene, then this would result in a partial GFP
protein that would be too small to resolve on a 14% gel. Another possible
explanation for the lack of fluorescent protein within the L. monocytogenes cells
could be poor initiation of translation by the ribosomes within the cells. Perhaps the
Shine-Dalgarno sequence is not strong enough for translation to initiate efficiently in

Gram positive organisms.

3.10. Removal of a Potential Ribosome Stall site from GFP

A sequence with high similarity to a Gram positive ribosome binding site (RBS) was
identified five base pairs downstream of the start codon of both GFPwt and GFP3. In
Gram positive bacteria such sequences can function as ribosomal stall sites thus
leading to an overall decrease in the protein yield (Spanjaard and Van Duin, 1988).
The sequence of a strong Gram positive RBS is AGGAGG, and there is a
homologous sequence at the start of gfp. At such sites, the ribosome may cease its
progression along the mRNA and as a consequence of this translation would cease. If
in Gram positive organisms the majority of ribosomes were stalling at this RBS at
the start of gfp, this may explain why only low levels of protein can be isolated from
L. monocytogenes. As this potential stall is close to the start, this may explain why no
truncated GFP was isolated from whole cell extracts of L. monocytogenes, translation
may be terminating prematurely, but the resulting truncate may be too small to
resolve on an SDS-PAGE gel. It was therefore decided to remove this sequence,
from the GFP3 protein, and replace it with the corresponding sequence from egfp

(Clontech) which does not contain a potential stall site. gfp3 was chosen as this
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variant of gfp produces a much brighter signal upon excitation compared to that of

the wild type protein (Cormack et al., 1996)

PCR was used to generate a new protein where the potential stall site had been
replaced with the equivalent sequence from egfp, another red shifted gfp variant
which has been codon optimised for maximal expression in mammalian systems
(Hass et al., 1996). The primer to the 5" end of the gene incorporated a Smal
restriction site and seven bases of the gfp3 gene were exchanged for equivalent bases
from the egfp sequence. The bases that were replaced corresponded to the potential
stall site that was five base pairs downstream from the ATG start. The rationale for
the primer design is illustrated in Figure 3.10.1, and a more detailed description of
the primers used, primers 2 and 8, is given in Appendix 1. The 3 end of the gene

was amplified so as to contain a Sall restriction site. The same PCR conditions that

have been described previously were used to amplify the altered gfp3 gene.

Figure 3.10.1: Rational behind removal of the potential stall site from gfp3

g/p3 Sequence:
Potential Stall Site

5 ATG AGT AAA GGA GAA GAA CTT TTC ACT GGA G

Proteins: M S K G E E L F T G
egfp Sequence:

5 ATG GTG AGC AAG GGC GAG GAG CTG
Protiens: M V S K G E E L

g3 sequence where potential stall site has been replaced with corresponding
sequence from egfp:

exchanged bases
5 ATG AGT AAC AAG GGC GAA CTT TTC ACT GGA GTT G

Proteins: M S N K E E L F T G \'4
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Following amplification of this altered gfp3 gene (gfp3r/s), the PCR product was
restricted with Smal and Sa/l. This was then ligated with pGC4 that had been
restricted with the same enzymes and the /uxAB fusion excised from it. The ligated
DNA fragments were then used to transform competent E. coli JM109 cells.
Recombinant colonies were isolated following selection on antibiotic agar plates.
The resulting transformants were screened for gfp expression using blue light in
order to identify positive clones. Fluorescent colonies were isolated and DNA
extracted from the cells by plasmid miniprep. The resulting DNA was restricted with
Smal and Sall to excise the 800bp gfp3r/s fragment that had been cloned into the
plasmid vector. A few of the DNA samples did map correctly, one was chosen and a
large-scale preparation of the DNA was made by plasmid maxiprep. This plasmid

was designated pSB2013.

Figure 3 10.2: Restriction map of pSB2013.

Smal

pSB2013
7000 b.p.




Further restriction analysis was then carried out on the plasmid pSB2013 to verify
the validity of the construct. Analysis with a number of restriction endonucleases
confirmed that the gfp3r/s had successfully integrated into the plasmid downstream
of Py, pSB2013 is illustrated in Figure 3.10.2. This plasmid, pSB2013, was then
introduced into L. monocytogenes cells by electroporation of competent cells,
recombinant cells were isolated following selection on chloramphenicol selective
agar, however when subjected to excitation conditions these were not seen to be
fluorescent. Individual recombinant colonies were examined by fluorescence
microscopy. It was noticed that the L. monocytogenes were not uniform in their
fluorescence characteristics, the GFP protein appeared to be localised at the bacterial
poles and fluorescence was not regular along the length of the cell. The same plasmid
was also introduced into B. subtilis 168 cells to see if this phenomenon was seen in
other Gram positive bacteria or whether it was specific to L. monocytogenes cells.
Upon examination under fluorescence microscopy, the B. subtilis also showed

localisation of GFP at the bacterial poles. This is illustrated in Figure 3.10.3.

Figure 3.10.3: Gram positive bacteria harbouring pSB2013. Figure A: shows L.
monocytogenes (pSB2013), Figure B: shows B. subtilis (pSB2013). Note the

localisation of fluorescent GFP at the bacterial poles.
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It was not understood why fluorescent protein was seen at specific locations along
the length of the cell. Several explanations have been proposed. The work of Nealson
and Escher (1998), suggests that the aggregation of GFP within the bacterial cells is
due to expression of chaperonins. Through the use of a 104kDa luciferase-GFP
fusion protein, they postulated that overexpression of both groES and groEL genes
caused an increase in both soluble and aggregated luciferase-GFP fusion protein
amounts, with an with an overall increase in GFP fluorescence. When cells
expressing this fusion protein alone also overexpressed groEL only, lower levels of
soluble and aggregated luciferase-GFP protein amounts were seen. The fact the GFP
was functional in both the soluble and aggregated forms suggested that the
aggregation and solubility of the fluorescent protein was dependent on its luciferase
moiety, as no foci could be observed when gfp alone was expressed. Their results
indicated that the GFP protein could be used to visualise chaperonin-mediated
folding in situ. However, this gfp3r/s only contains 3 changed amino acids compared
to that of gfp3 and so this theory seems unlikely as the same event does not occur

when other GFP vectors have been expressed in Gram positive bacteria.

In order to investigate why this was occurring, a reverse sequencing primer was
made to the start of the gfp in order to sequence back out into the plasmid, primer 7
in Appendix 1. Examination of the sequence data suggested that a fusion protein was
being made to the start of gfp. This sequence was then compared with other
sequences in the ‘owl’ database, and the fusion protein was found to have a 94%
identity to XynB Bacillus pumilus beta-xylosidase. It appears that gfp3r/s is
translationally fused to the Bacillus pumilus XynB’ peptide downstream of Pyy,. The
construction of this fusion has caused the localisation of GFP3r/s at the bacterial

poles, perhaps indicating the localisation properties of XynB.

As cloning gfp3r/s downstream of P,;, appeared to have caused the production of a
fusion protein that targeted specific areas of the bacteria, it was decided to express
gfp3r/s from Py from B. megaterium. This was done to see if the fusion protein was
responsible for the aggregation of GFP or whether changing the 3 amino acids near

the start of the coding sequence had created a targeting motif, which was responsible
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for the localisation of the protein. If this was the case, then the protein would be

expected to localise regardless of which promoter it was expressed from.

Pyis and its regulator xy/R were amplified by PCR from genomic B. megaterium
DNA as previously described in Section 3.6. The resulting PCR product was
restricted with MunI and Smal and ligated with pSB2013 which had had P,,, excised
from it following digestion with EcoRI and Smal. Following ligation of the two
purified DNA fragments, the DNA was introduced into E. coli JM109 competent
cells by electroporation. Recombinant colonies were isolated following selection on
ampicillin selective agar plates. The resulting transformants were screened with blue
light excitation in order to identify positive clones. However, as one promoter had
been exchanged for another, it was impossible to determine from phenotypic analysis
of the transformants whether the new promoter had been successfully cloned into the
plasmid. Colonies that were seen to fluoresce under excitation conditions were
examined by restriction analysis of plasmid DNA. DNA was prepared from cells by
plasmid miniprep, this was digested with EcoRI and Sa/l in an attempt to excise Py,
and gfp3r/s, a fragment of 1.3kb. One DNA sample appeared to contain the new
promoter upstream of gfp3r/s, but in order to confirm this another PCR was carried
out using those colonies thought to contain the new promoter. This time, the xy/R
forward primer was used in conjunction with the gfp reverse sequencing primer that
was available, primers 5 and 7 respectively in Appendix 1, the reaction was
performed as described in section 3.6. The resulting PCR products were
electrophoresed on an agarose gel, some were seen to contain a product of
approximately 1.3kb. This was assumed to be the promoter fragment and a small
segment of the 5° coding region of gfp3r/s. This PCR proved that some of the
recombinant colonies did indeed contain the new promoter upstream of gfp3r/s. This

can be seen in Figure 3.10.5.

After positive identification of recombinant colonies containing the new plasmid,
designated pSB2014, DNA was prepared on a large scale by plasmid maxiprep, this
was then examined further by restriction analysis. The restriction map of pSB2014 is

illustrated in Figure 3.10.6.
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Figure 3.10.5: Agarose gel of PCR products amplified from colonies thought to

contain P,,,, upstream of gfp3r/s.

AMarker 1 2 3 4 5 6 7 8 910 111213 14 1516 17
(kb)

23
94
6.5

2.3
2.0

Lane 1: Lambda HindIII (MBI)

Lane 2 2-16: PCR product from colonies thought to contain Py, upstream
of gfp3r/s

Lane 17: Negative Control (no DNA template in PCR reaction)
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Figure 3.10.6: Restriction map of pSB2014.

The gfp expression vector, pPSB2014 was then introduced into L. monocytogenes by
electroporation of electrocompetent cells, recombinant cells were isolated following

selection on chloramphenicol agar plates. In order to de-repress P,,4, xylose was
added to the BHI agar plates at a concentration of 0.5%. Individual L.
monocytogenes colonies were not seen to fluoresce under excitation conditions, when
individual cells were observed by fluorescence microscopy, not all cells showed a
fluorescent phenotype, a large percentage of the cells were non-fluorescent.
However, with those cells that were fluorescent the fluorescence was uniform along

the length of the cell and not localised at specific areas along the cell.

These data suggest that it is the fusion of gfp3r/s to the XynB’ peptide that is causing
the protein to localise within the bacteria. The XynB’ peptide itself may localise
within the bacteria. It seems unlikely that replacing three amino acids near the start

of the gene has created a protein-targeting motif, as when the gfp3r/s is expressed
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from a different promoter that does not have xynB downstream from it then these
localisation patterns are abolished. The results of this experiment also suggest that
the RBS at the start of gfp is not acting as a stall site, as removal of this site from the
sequence does not affect the fluorescence characteristics of L. monocytogenes cells

harbouring the plasmid, that is to say a homogenous fluorescent population has not

been achieved.

3.11. Codon Usage and secondary mRNA Structure.

Another possible cause for a lack of functional GFP within all L. monocytogenes
cells may be codon usage. If the gfp contains a number of codons that are found
rarely in L. monocytogenes, then this may explain why only a small amount of full
length GFP can be isolated from the cells. All species have their own set of biases in
the use of the 61 amino acid codons. They also have a tRNA population that is
closely matched to the overall codon bias of the resident mRNA population
(Ikemura, 1981; Dong et al., 1996). The cell only contains a limited number of
tRNAs for each amino acid, but there is at least one tRNA present for each amino
acid. Within the organism some amino acids are used more frequently than other
rarer ones. The set of tRNAs responding to the various codons for each amino acid is
distinctive for each organism, and multiple tRNAs may respond to a particular
codon. A tRNA has two crucial properties; it is able to represent only one amino acid
to which it is covalently linked and it contains a tri-nucleotide sequence, the
anticodon, which is complementary to the codon representing the amino acid. The
anticodon enables the tRNA to recognise the codon via complementary base pairing.
So, if the cloned gene, in this case gfp, is markedly different in its codon bias to that
of its host, the translation of the gene may not proceed to completion or translational
errors may be incorporated into the protein. This is due to the fact that high level
expression of the gfp may place demands on the host protein synthetic apparatus that

is not matched to its normal tRNA population.
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Study of codon utilisation tables did not show any apparent rare codons within L.
monocytogenes compared to the sequence of gfpwt or gfp3, but by using a different
gfp variant, namely egfp, it was possible to determine whether codon usage was

affecting translation of gfp.

egfp is a red shifted gfp variant, which has been codon optimised for maximal
translational efficiency in mammalian systems (Cormack et al., 1996). This was
achieved by virtue of approximately 190 silent base pair mutations along the length
of the gene (Hass ez al. 1996). Due to the presence of these numerous changes, the
codon usage within L. monocytogenes is very different to that of gfpwt and gfp3.
Thus if expression of gfpwt or gfp3 places a demand on the tRNA population of L.
monocytogenes, then expression of egfp should result in an entirely different set of

tRNAs being used to synthesis protein within the host.

Another possible explanation for the lack of full length GFP produced by L.
monocytogenes is inhibition of translation by secondary mRNA structure. Normally,
aribosome attaches to mRNA at or near the 5" end of the coding region. As it moves
towards the 3" end of the RNA it translates each triplet code into an amino acid. As
the ribosome proceeds, the appropriate aminoacyl-tRNAs associate with it, donating
their amino acids to the polypeptide chain. At any given moment, the ribosome
accommodates the two aminoacyl-tRNAs corresponding to successive codons, which
makes it possible for a peptide bond to form between the two corresponding amino
acids. If the mRNA has a large amount of secondary structure associated with it, this
may prevent, or limit ribosome progression along the mRNA, which may result in

little or no full length GFP produced by the L. monocytogenes cells.

egfp can also be used to investigate whether mRNA secondary structure is
responsible for lack of full-length GFP protein in L. monocytogenes cells. Due to the
number of differences that egfp contains within its coding sequence, its mRNA
secondary structure will be altered compared to that of both gfpwr and gfp3 and thus

any premature translational termination should be overcome.
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Therefore, in order to investigate whether codon usage or mRNA secondary structure
were responsible for low levels of active GFP protein in L. monocytogenes, egfp was

expressed from the xylose inducible promoter P,y;,.

3.11.1. Cloning EGFP

egfp was amplified via PCR using plasmid EGFP-1 (Clontech) as template DNA.
Primers were designed to the N and C terminal region of the gene, these were
designated primers 9 and 10 respectively, and are listed in Appendix 1. The PCR
primers incorporated Smal and Sall restriction sites at the 5 and 3’ ends of the
coding region respectively to facilitate the cloning process. A 30 cycle PCR was
carried out that utilised a 1 minute period at 56°C to allow primer annealing and a 1%
minute interval of DNA extension at 72°C. This resulted in the amplification of the

800bp egfp gene, that was flanked by the fore-mentioned restriction sites.

The egfp PCR product was restricted with Smal and Sall. Following inactivation of
the restriction enzymes by phenol chloroform extraction, the restricted PCR product
was ligated with pGC4 which had also been restricted with the same enzymes and
subsequently purified from a low melting point agarose gel in order to excise the
luxAB fusion. Following ligation of the purified DNA fragments, the DNA was
introduced into competent E. coli JM109 cells by electroporation, recombinant
colonies were then isolated by plating onto agar plates containing ampicillin.
Following incubation at 37°C, resulting transformants were then screened using blue
light in order to identify any positive clones. DNA was prepared from fluorescent
colonies by plasmid miniprep, this was then subjected to restriction analysis to
confirm that the egfp had correctly inserted downstream of P,y,. Having isolated a
colony that appeared to contain the egfp insert, DNA was prepared on a large scale
by plasmid maxiprep. Restriction mapping was performed to verify that this new
expression vector was correct, this is illustrated in Figure 3.11.1. This plasmid was

designated pSB2015 and is illustrated in Figure 3.11.2.
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Figure 3.11.1: Restriction analysis of pSB2015

I 203 4 .5 87 A Marker
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Lane 1: 100 base pair ladder (Pharmacia)
Lane 2: pSB2015 restricted with Sa/l

Lane 3: pSB2015 restricted with EcoR1/Sall
Lane 4: pSB2015 restricted with EcoRI/Pst1
Lane 5: pSB2015 restricted with EcoRl/Smal
Lane 6: pSB2015 restricted with Smal/Sall
Lane 7: Lambda HindIII (MBI)

Figure 3.11.2: Restriction map of pSB2015
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This egfp vector, pSB2015 was then introduced into L. monocytogenes competent
cells by electroporation. Following isolation of recombinant colonies on
chloramphenicol selective agar plates, individual colonies were examined by
fluorescence microscopy, this revealed a very strange feature. A high proportion of
the population was seen to be fluorescent, but the fluorescence characteristics were
not uniform along the length of the cell. The brightest areas of fluorescence were at
either one or both of the bacterial poles, with weak fluorescence sometimes seen
across the rest of the cell. It was decided to see if this strange phenomenon was a
feature of expression of the protein in L. monocytogenes or whether the same thing
could be observed in other Gram positive bacteria. The plasmid pSB2015 was used
to transform B. subtilis 168 and transformants were examined under blue light
excitation. Again it was noticed that the fluorescence was not uniform and the
protein appeared to be localising at specific points, namely the bacterial poles. This

can be seen in Figure 3.11.3.

Figure 3.11.3: Expression Characteristics of two Gram positive bacteria
harbouring pSB2015. Figure A: B. subtilis 168 (pSB2015), Figure B: L.
monocytogenes (pSB2015).
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There are several possible explanations for this occurrence of GFP localisation, but it
is still not known what is occurring within the cell. The most likely explanation is
that a translational fusion has occurred with egfp to the Bacillus pumilus XynB’
peptide downstream of P,,». The same localisation patterns of GFP were observed
when a similar translational fusion was created between gfp3r/s and the XynB'
peptide, this was described in Section 3.10. It appears as though it is the construction
of this translationally fused protein which is responsible for the localisation of EGFP
at the bacterial poles, perhaps indicating where XynB’ is localised within the

bacterial cell.

In order to determine whether a fusion protein was being made to the XynB’ peptide,
and to also create a regulatable expression system, it was decided to excise P,,, from
pSB2015 using EcoRI / Sall and replace it with the xylose regulatable promoter P,y
from B. megaterium, allowing egfp expression from a different promoter.
Amplification of this promoter has been described earlier in Section 3.6. The
resulting PCR fragment contained Munl and Smal restriction sites at the 5" and 3°
ends respectively. The PCR fragment was restricted using these enzymes, purified by
phenol chloroform extraction and ligated with pSB2015, which had previously had
Py» excised from it following restriction with EcoRI and Smal and subsequent

purification from a low melting point agarose gel. Ligated DNA was used to

transform E. coli IM109 competent cells and recombinant colonies were selected on
their ability to confirm ampicillin resistance on the bacteria that housed them. The
resulting transformants were then observed under blue light in order to screen for

positive clones.

As one promoter has been exchanged for another, there was no phenotypic variations
between recombinant cells to confirm whether the new promoter had been
successfully inserted upstream of egfp. It was unsure at this stage if those colonies
that fluoresced green under excitation conditions contained P, or if carry through

of P, had occurred.
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In order to investigate this the recombinant colonies were checked by colony
hybridisation using a Dig-labelled P,,;4 promoter fragment as a probe. Both positive
(Pyxy14) and negative (pSB2015) control samples were included on the blot. Once the
colony blot was developed it could be seen that several samples were homologous to
the probe as they gave a positive signal. This suggested that these colonies contained
P14 and its regulator upstream of egfp. Results from the colony blot are depicted in

Figure 3.11.4.

Although the results of the colony hybridisation suggested that these colonies
contained P,,4, plasmid DNA was prepared by plasmid miniprep from some colonies
thought to contain the new expression vector. The resulting DNA was then restricted
with EcoRI / Sall, as a control pSB2015 was restricted in the same manner. If the
plasmid contains the new promoter upstream of egfp, the restriction analysis would

reveal an excised band approximately 400bp smaller than if Py, was upstream of

egfp. Results of the restriction analysis are illustrated in Figure 3.11.5.

Figure 3.11.4: Colony hybridisation of Putative colonies thought to express egfp

from P,

+ve control -ve control
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Figure 3.11.5: Restriction Analysis of Putative DNA thought to express egfp

from P,

1 2354 8.6 7

A Marker

(kb) Lane 1-4: Putative DNA containing P4
3 upstream of egfp

9.4

6.5 Lane 5: pSB2015 restricted with

EcoRl/Sall
2.3
2 Lane 6: Lambda HindIIT (MBI)

Lane 7: 100 base pair ladder (Pharmacia)

It can be clearly seen from the gel that all recombinant colonies when restricted with
EcoRI and Sall yield a band of approximately 1.3kb, this is a smaller band than that
excised from pSB2015 restricted with the same restriction enzymes, suggesting that
these colonies contain P, upstream of egfp. So the restriction analysis of plasmid
DNA confirms the results obtained from the colony hybridisation, this new

expression vector was designated pSB2016.

Following isolation of cells containing the correct construct, DNA was prepared on a
large scale by plasmid maxiprep. This plasmid, pSB2016, was then used to transform
L. monocytogenes competent cells by electroporation. Recombinant colonies were
isolated following selection on chloramphenicol selective agar, the resulting colonies
were screened under blue light but no fluorescence was observed. Individual colonies
were then examined by fluorescence microscopy using blue light excitation. Under

these conditions only a few cells exhibited a green phenotype, but the fluorescence
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along these cells was uniform, no localisation of EGFP was observed in the bacteria.
Due to the fact that all the L. monocytogenes cells were not fluorescent, the plasmid
pSB2016 was checked by restriction mapping to confirm plasmid structure. The
results obtained matched those predicted and are illustrated in Figure 3.11.6.

Figure 3.11.6: Restriction map of pSB2016

pSB2016
7800 b.p.

When egfp was expressed from P,y no localisation of egfp was observed. As the
XynB’ peptide is not present in pSB2016, the data gathered does suggest that when
egfp was cloned downstream of P,,,, a translational fusion was created with the
XynB’ peptide that caused the protein to localise within the bacterial cell. It is not
egfp itself that is localising within the cell, but the egfp may mark the position of
XynB’ within the cells.
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Since only a small number of individual L. monocytogenes cells expressing egfp
exhibited a fluorescent phenotype under excitation conditions, it may be concluded
that codon usage and mRNA secondary structure are not responsible for the lack of
translated protein. However, this is not conclusive as the use of egfp may still result
in codon usage problems within L. monocytogenes cells, although studies of codon
usage tables suggest that egfp places no demand on the host protein synthetic
apparatus, i.e. although egfp has different codon usage to gfp3, like gfp3 it does not

appear to be markedly different in its codon bias to that of L. monocytogenes.

3.12. Enhancing translational initiation of gfp

From the plasmid constructs generated so far, very little fluorescent protein has been
generated when gfp is expressed in Gram positive cells. Previous experiments appear
to suggest that the problem is one of translation and not transcription within the cells
as full length mRNA is produced from cells harbouring the gfp plasmids. The protein
does not appear to be truncated and use of a different variant of gfp with altered
codon usage and secondary mRNA structure appears to have no affect on the

fluorescence characteristics of the population.

One factor that has not been considered as yet is the initiation of translation. Is
translation actually being initiated effectively within Gram positives? If the
ribosomes are not recognising the Shine-Dalgamo sequence on the mRNA near the
5" end of the coding sequence, then they will not be able to translate each codon into
an amino acid. If the Shine-Dalgarno sequence is weak, it is possible that only a few
of the ribosomes are able to initiate translation, this would explain why in Gram

positive bacteria only low levels of fluorescence are seen under excitation conditions.

Vellanoweth has previously described all the individual elements that are required
for efficient initiation of translation in B. subtilis (Vellanoweth, 1993). He postulated

that in B. subtilis a strong Shine-Dalgarno sequence was necessary for efficient
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translation, this was determined to be AAGGAGG. The spacing between the Shine-
Dalgarno sequence and the initiation codon was also found to be critical, with the
optimum being between 7-9 base spacings. It was suggested that the bases between
the Shine-Dalgarno sequence and the initiation codon should be either A’s or T’s,
preferably A’s, with no C’s or G’s between the spacer region. All these factors make

up the optimal B. subtilis translational initiation sequence.

Taking all this into account a new forward PCR primer to gfp was designed, that
incorporated all factors necessary for efficient initiation of translation in Gram
positives as well as Smal and Hpal restriction sites to facilitate cloning of the gene
into the shuttle vector pGC4. The details of this new primer, primer 11, and the
reverse primer, primer 2, which incorporated a Sall site, are given in Appendix 1.
The gfp3 gene was amplified using these primers as previously described in Section
3.2. The resulting translationally optimised gfp3 gene, gfp3opt, was restricted with
Smal and Sall, the DNA was then purified by phenol chloroform extraction. This
restricted PCR product was then ligated with pCG4 that had previously been digested
with the same restriction enzymes and the /ux4B excised from it following
purification from a low melting point agarose gel. The ligated DNA was used to
transform E. coli JM109 competent cells, and the resulting transformants were

screened under blue light excitation to identify any positive clones.

To confirm that these fluorescent colonies did contain gfp3opt, DNA was prepared
by plasmid miniprep. The resulting DNA was restricted with Smal and Sa/l in order
to excise the cloned gfp3opt. All the fluorescent colonies were seen to contain this
insert, suggesting that the cloning had been successful and gfp3opt had been inserted
downstream of P,,, the resulting plasmid was named pSB2017 and was introduced
into L. monocytogenes by electroporation of competent cells. The resulting
recombinant colonies were screened with blue light but individual colonies were not
seen to fluoresce. Upon examination by fluorescence microscopy, some individual
cells were seen to fluoresce but the population was still not 100% fluorescent. The
proportion of fluorescent L. monocytogenes (pSB2017) appeared to be greater than L.
monocytogenes (pSB2002) indicating that translation of gfp3 was more efficient in
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these cells. Previous work, described in Section 3.7, had suggested that the use of a
different promoter increased the fluorescence characteristics of cells expressing gfp.
Thus it was decided to express the translationally optimised gfp3 from P, to see if a

combination of factors would increase translation of gfp3 in L. monocytogenes.

PCR was used to amplify P, from the B. megaterium genome, as described
previously in Section 3.6. After purification from a low melting point agarose gel,
the promoter fragment was restricted with Munl and Smal. The restricted PCR
product was then purified by phenol chloroform extraction and ligated with pSB2017
which had already undergone restriction with EcoRI and Smal and had been purified

from a low melting point agarose gel in order to excise Pyy,.

Following ligation of the two fragments the DNA was introduced into competent E.
coli JM109 cells by electroporation, recombinant colonies were isolated following
selection on ampicillin selective agar plates. Once again, resulting recombinants
were screened under blue light excitation to see if any of the colonies fluoresced
green. As one promoter was being exchanged for another, plasmid DNA was
prepared from fluorescent cells by plasmid miniprep and then subjected to restriction
analysis using EcoRI and Sall to ascertain which promoter was in the plasmid
construct. As a control, pSB2017 was restricted with the same enzymes. As the Pyy4-
gfp3opt fragment is smaller than that of P,y,-gfp30pt, analysis of restricted DNA was
fairly straightforward. The restricted DNA was electrophoresed on an agarose gel

and the ensuing banding patterns are depicted in Figure 3.12.1.
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Figure 3.12.1: Agarose gel showing Putative colonies expressing gfp3opt from

nylA
A Marker 1 2.3 4 8§ 61 88851011 12
(kb)
23 Lane 1: Lambda HindIII (MBI)
9.3
6.5
Lane 2-11: Putative constructs
23 expressing gfp3opt from P,
2.0 restricted with EcoRI/ Sall

Lane 3: pSB2017 restricted with
EcoRl1/Sall

As can be see from Figure 3.12.1, several of the recombinant colonies contain the
new promoter, these being those run in Lanes 2, 3, 4, 7, 8, 10, 11. The excised
fragment in these colonies is approximately 400bp smaller than the restricted control

plasmid pSB2017. The only way a smaller band can be excised is if Pyy4 is upstream

of gfp3opt.

The act of optimising gfp3 translational initiation and then expressing the gene from
P4 resulted in E. coli colonies that were highly fluorescent upon excitation. In-fact
the gene was being translated so efficiently that colonies harbouring recombinant
DNA were yellow in appearance compared to non-recombinant colonies. However, it
should be noted that in the E. coli this promoter is not regulated by xylose. No
difference in fluoresce was observed when cells were grown on media without
xylose compared to when 0.5% xylose was present. It appears that the regulation of

this promoter is poor in E. coli and growth without xylose cannot repress Py 4.
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This translationally enhanced gfp expression vector was designated pSB2018, DNA
was then prepared from recombinant colonies by plasmid maxiprep. This was then
investigated by further restriction analysis in order to confirm the validity of the new
construct pSB2018. pSB2018 was introduced  into electrocompetent L.
monocytogenes cells, recombinant colonies were isolated following selection on
chloramphenicol agar plates containing 0.5% xylose. Recombinant colonies were
then examined using fluorescence microscopy. When cells were grown in the
presence of 0.5% xylose in order to induce Py, the majority of the population was
seen to fluoresce, although some cells showed much brighter fluorescence
characteristics than others. When cells grown in the absence of xylose were viewed
under excitation conditions, only a small proportion of the population was seen to
fluoresce. This suggests that the promoter is not completely repressed in all the cells
of the population. Nevertheless, the main aim seemed to have been achieved and
almost all the L. monocytogenes population exhibit a fluorescent phenotype upon
excitation with blue light. Thus it appears that in order to express gfp in L.
monocytogenes, the reporter has to be placed downstream of a strong promoter and

translation of the reporter has to be efficiently initiated.

Having expressed gfp3 in L. monocytogenes effectively, it was decided to see if the
translationally enhanced vector pSB2018 could be expressed in other Gram positive
bacteria. The plasmid was introduced into two other Gram positive bacteria, these
being Staphylococcus aureus RN4220 and Bacillus subtilis 168. S. aureus RN4220
were transformed by electroporation as described by Augustin and Gotz (1990); the
Bacillus are naturally competent bacteria and are able to take up DNA in exponential
growth and were transformed by the method of Boylan et al. (1972). After
transformation of both bacteria with pSB2018, recombinant colonies were selected
on agar plates containing chloramphenicol. Any colonies obtained were then
screened under blue light excitation and the fluorescence properties observed. Both
sets of colonies harbouring the plasmid were seen to fluoresce under blue light when
Pyi4 was induced by the addition of 0.5% xylose. The B. subtilis cells were the most
fluorescent, and these colonies were yellow compared to non-recombinant colonies
under white light. It might be expected that the B. subtilis fluoresced with the

greatest intensity compared to the other Gram positive bacteria tested, as
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enhancement of the translation process was based on observations originally made in

B. subtilis.

3.13. Constructing a constitutive gfp reporter for expression in Gram positive

bacteria.

Having optimised the translation of gfp for expression in Gram positive bacteria, it
was decided to construct a vector with a constitutive promoter for gfp3opt, as cells

containing pSB2018 require the addition of xylose to de-repress Py, and allow

expression of gfp3opt.

The xyIR gene contains an EcoRlI site approximately 350bp from its 5° end. This is
about 400bp before the start of Py The plasmid pSB2018 was restricted with
EcoRI and Pstl, which generated a fragment of approximately 1.3kb, which
contained P4 and gfp3opt. This is shown in Figure 3.13.1.

Figure 3.13.1: Linear diagram representing the promoter fragment of
pSB2018

EcoR{ /SalI Pstl
<= I WJ—
xyIR Pryia gfp3opt Sall
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Following restriction of pSB2018, the DNA was electrophoresed on a low melting
point agarose gel, this was then purified by freeze thaw extraction. This purified
fragment was then ligated with pGC4 which had also been restricted with EcoRI /
Pstl and then purified from a low melting point agarose gel in order to excise the
Pyn-luxAB fragment from the plasmid. The ligated DNA was used to transform E.
coli JM109 competent cells by electroporation and recombinant colonies isolated
following selection on ampicillin selective agar plates. The resulting transformants
were screened under blue light excitation and green fluorescent colonies isolated for
further investigation. DNA was prepared from a few of the colonies that were seen to
fluoresce upon excitation by plasmid miniprep. The resultant DNA was restricted
with Sall to identify the correct recombinants. The digests were analysed on an
agarose gel and a band of approximately 1.3kb identified. This corresponded to the
Pyi4-gfp3opt fragment, suggesting that the recombinant colonies contained the
correct construct, this plasmid was designated pSB2019. Using the recombinant
colonies, DNA was prepared on a large scale by plasmid maxiprep, this was

subjected to further restriction mapping and is illustrated in Figure 3.13.2.
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Figure 3.13.2: Restriction Map of pSB2019

pSB2019
6800 b.p.

Ccmr

Following the introduction of pSB2019 into L. monocytogenes competent cells by

electroporation, the resulting transformants were mounted onto glass slides and
observed using fluorescence microscopy. All individual cells presented a fluorescent
phenotype upon excitation with the correct wavelength of light, indicating that

g/p3opt was being efficiently expressed in all the bacterial cells.

The construction of a constitutive Gram positive gfp expression vector has been
accomplished. All cells harbouring this plasmid display a fluorescent phenotype
upon excitation. When bacteria containing pSB2019 are grown on media both with
and without xylose there is no apparent difference in the fluorescence intensity.
Xylose appears to have no effect on the action of the promoter in this plasmid, this is

to be expected as the xylose regulator is not present in this construct.
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3.14. Construction of an Unstable GFP Plasmid for use as a reporter in Gram

positive bacteria

As GFP is such a stable protein, none of the gfp vectors built so far for use in Gram
positive bacteria will give an accurate representation of promoter kinetics or gene
expression studies within the cell. Anderson et al. (1998), have developed a set of
unstable gfp variants. As described earlier, these are all based on gfp3, but the last 3
amino acids have been changed to an E. coli protease recognition sequence which
enables the protein to be turned over within the cell at different rates depending on
the protease recognition sequence utilised. Thus protein is generated and is turned
over within the cell and therefore does not accumulate. So if a promoter was active in
the cell a fluorescent signal would be generated, if that promoter was switched off,
no more GFP would be made and that already existing within the cell would be
degraded and this would indicate that the promoter was no longer active. If the stable

protein was used, no idea of the promoter kinetics could be obtained as the half-life

for gfp3 is greater than one day (Anderson et al., 1998).

In order to determine whether these unstable gfp variants were active in Gram
positive bacteria, it was decided to clone translationally optimised unstable gfp
variants downstream of the xylose regulatable promoter P,,.4. As this is a regulatable
promoter it would allow expression of the gfp3 unstables and when the promoter is
repressed by the removal of xylose from the medium, any accumulated protein would
degrade. This would allow determination of the half-lives in Gram positive bacteria,
which could then be compared to observed rates determined in Gram negative

bacteria.

Previously in Section 3.5.1, details of the construction of non-translationally
optimised unstable gfp3 variants has been described. Sequence analysis of both gfp3
and pMK4 revealed the presence of a unique Ncol restriction site. In gfp3 this was
approximately half way through the gene and in pMK4 this site was found to be

within the chloramphenicol resistance gene. In order to construct unstable gfp3
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variants that were optimised for translation in Gram positive bacteria, it was decided
to excise the Ncol fragment from the P,y,-gfp3 unstable vectors, pSB2007 and
pSB2008 and purify the fragment from a low melting point agarose gel. These were
then ligated with pSB2018, which had also been restricted with the same enzymes,
the Ncol fragment excised and the remaining DNA purified from a low melting point
agarose gel. This would mean that the 3" end of the translationally optimised gfp3opt
would be replaced with an equivalent sequence that contained the protease
recognition sequence, thus creating translationally enhanced unstable gfp3 expression
vectors that could be regulated by xylose. Only two of the unstable gfp3 genes were
chosen, gfp3 (ASV) and gfp3(AGA), as these were the two where only a few
fluorescent cells had been observed when the gene was expressed from Py, It was
thought that gfp3 (LAA) had a half-life that was too short to be able to observe

fluorescence by eye, and so this variant was not used.

Following ligation of these two DNA fragments the DNA was introduced into E. coli
JM109 competent cells by electroporation and recombinant colonies were selected
by plating cells onto media containing chloramphenicol. Although cloning of this
Ncol fragment was not directional, only colonies containing the unstable gfp3 could
be obtained, because if the insert was to go in the wrong orientation the
chloramphenicol resistance gene would be disrupted, so colonies would not grow on
media containing chloramphenicol. The recombinant colonies were screened under
blue light excitation and DNA prepared by plasmid miniprep from any that showed a
fluorescent phenotype. This DNA was then restricted using EcoRI and Stul to
confirm if these colonies contained the correct construct. The unstable GFP vector
that expressed gfp3 (AGA) from P,,, was designated pSB2020, the equivalent
expression vector containing gfp3 (ASV) was named pSB2021. The basis behind the
cloning procedure resulting in construction of pSB2020 and pSB2021is illustrated in

Figure 3.14.1.
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Figure 3.14.1: Procedure for cloning the unstable gfp3 variants downstream of
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The plasmids pSB2020 and pSB2021 were introduced into L. monocytogenes by
electroporation of competent cells, recombinant colonies were isolated following
selection on chloramphenicol selective agar plates. The resulting transformants were
grown on media containing 0.5% xylose in order to induce P, and cells were
observed under blue light excitation. L. monocytogenes harbouring pSB2021
(gfp3opt ASV) appeared to be less fluorescent than equivalent cells harbouring
pSB2020 (gfp3opt AGA). This may be due to the fact that in E. coli gfp3 ASV has a
reported shorter half-life compared to that of gfp3 AGA (Anderson et al., 1998), so it
would not be surprising if the same effects were noticed in L. monocytogenes.
However, the half-lives of the proteins cannot be assumed to be the same as those
observed in E. coli due to the possible differences in the protease recognition
systems. If the same trends in protein instability, originally observed by Anderson et
al. (1998), can be demonstrated in L. monocytogenes, then cells harbouring pSB2021
will probably have less protein in them at any one time as the protein has a shorter

half-life compared to that in pSB2020, thus it would be expected that cells would be

less fluorescent.

3.15. Discussion

PCR was used to generate restriction sites at both the 5 and 3" ends of the coding
sequence of two gfp variants, wildtype gfp (gfpwr) and a red shifted variant (gfp3).
These products were then cloned into the shuttle vector pGC4, which contains the
P,,, promoter (Boylan et al., 1972). When these constructs, pSB2002 and pSB2003,
were introduced into L. monocytogenes by electroporation of competent cells,
recombinant colonies were not seen to fluoresce and only a small percentage of the
total population was seen to fluoresce using fluorescence microscopy. It was noticed
that from the cells that were fluorescent a much stronger signal was generated from
cells expressing gfp3 compared to those expressing gfpwt. This was expected
however, as Cormack et al. (1996) reported that gfp3 fluoresced with an intensity 21
times greater than that of gfpwt when excited at 488nm. In part, this was found to be
due to the fact that much of the GFPwt was found in inclusion bodies as non-

fluorescent insoluble protein. In contrast, Cormack et al. (1996) showed that when
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gfp3 was expressed under identical conditions, virtually all GFP3 was soluble. This
in part contributes to the increased fluorescence of GFP3. So the increase in
fluorescence observed by cells expressing gfp3 is due to a shift in absorption spectra

and also due to an increase in the amount of soluble protein due to more efficient

protein folding.

One reason suggested for the lack of fluorescent L. monocytogenes cells was that
read-through into the plasmid, due to the lack of a transcriptional terminator
downstream of the reporter gene was causing plasmid instability and therefore loss of
the plasmid from the bacteria. The addition of the rrnB transcriptional terminator
downstream of gfp3 did not result in a homogeneous fluorescent population,
suggesting that this was probably not the problem and some other factor was

responsible for the poor fluorescence shown by L. monocytogenes expressing gfp.

As Py, had previously been shown to be constitutively active at a high level in L.
monocytogenes and B. subtilis it was possible that the lack of fluorescent cells was
due to the production of too much protein resulting in the formation of non
fluorescent inclusion bodies within the cells. The other hypothesis was that GFP was
being synthesised in large amounts, but the levels made were toxic to the cells. These
issues were addressed in two ways, by using the unstable gfp3 variants available, and
making a GFP protein that contained a poor RBS at the 5° coding region. The
unstable gfp3 variants are modified at the C-terminal in such a way that they have
become susceptible to indigenous house keeping proteases within the cell. In using
these variants, the overall concentration of the protein within a cell will be decreased
compared to the stable gfp3 due to the rapid turnover of the protein. It was hoped that
these lower levels of protein would be more favourable to allow efficient expression
of gfp3 within L. monocytogenes and may prevent aggregation of excess protein prior
to chromophore formation, resulting in the formation of non-fluorescent inclusion
bodies. GFP was also modified in such a way, so it would be translated inefficiently
by the bacterial cell. This was achieved by creating a poor ribosome binding site,
through the incorporation of a poor Shine-Dalgarno recognition sequence and the use

of a non-optimal spacer region between the Shine-Dalgamo sequence and the
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initiation codon. Again it was hoped that this would lower the translational efficiency
of gfp within L. monocytogenes, thus reducing the total amount of protein within the
cell hopefully attaining more favourable conditions for efficient expression of gfp.
However, neither of these new vectors made a difference to the fluorescence
characteristics of L. monocytogenes, where only a small proportion of the total

population was seen to fluoresce under excitation conditions.

All gfp expression vectors constructed to date had been based on the shuttle vector
pGC4 and contained Py, To confirm that the poor expression of gfp was not due to
non-homogenous promoter activity, an alternative promoter was cloned upstream of
luxAB in pGC4. This was P, from B. megaterium, which is regulated by the
repressor xylR, which can be de-repressed by the addition of xylose to the culture
media. Addition of exogenous aldehyde to recombinant L. monocytogenes colonies,
grown in the presence of 0.5% xylose, resulted in a high luminescent output,
indicating that this was a strong promoter that was constitutive in its action. When
gfp was cloned downstream of this promoter, again recombinant colonies did not
show a fluorescent phenotype under excitation. Upon examination by fluorescence

microscopy, individual cells were seen to fluorescence, but these were only a small

percentage of the overall population.

Northern blot analysis of L. monocytogenes harbouring the gfp expression vectors
PSB2002 and pSB2003 confirmed that the transformed bacteria generated a large
amount of full length gfp transcript. This indicated that fluorescence was either
limited by the efficiency of translation or poor post-translational modification within

the cell.

To address these issues, whole cell extracts of L. monocytogenes bearing the gfp
CXpression vectors, pSB2002 and pSB2003 were subjected to SDS PAGE and
irllmunoblotting using a polyclonal anti-GFP antibody. These results showed that

Only small amounts of full length GFP peptide were present in L. monocytogenes cell
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extracts. No evidence was seen of a truncated or degraded protein by Western blot

analysis. These data suggest that translation of gfp was the limiting factor.

A number of molecular techniques were employed in an attempt to optimise
translation of gfp in Gram positive bacteria. These included the removal of a
potential stall site from the start of the gfp coding sequence (gfp3r/s) and the use of
egfp to investigate whether codon usage or secondary mRNA structure was
responsible for the lack of fluorescence in L. monocytogenes. These altered gfp genes
were placed downstream of Py, and upon introduction of these new vectors into L.
monocytogenes, highly fluorescent cells were observed but the fluorescence
characteristics of these was surprising, as fluorescence was not uniform along the
length of the cell. In each case areas of fluorescence occurred towards one or both
poles of the bacterial cell with weak fluorescence sometimes seen across the rest of
the cell. Sequence analysis of gfp3r/s showed that a translational fusion had been
made to the XynB~ peptide. It is not certain if this peptide accumulates naturally
within bacterial poles or whether this translational fusion has created an intrinsic
protein targeting motif causing protein aggregation towards the bacterial poles. In
order to check that this altered gfp sequence did not contain a targeting motif, it was
placed downstream of P,4. In this case fluorescence was uniform along the length of
the bacteria, but these cells still only represented a proportion of the population. The
same was observed when egfp was cloned downstream of P,y This led to the
supposition that altering the gfp sequence was not responsible for protein
aggregation, but that fusion of the protein to the XynB’ peptide either caused the
GFP to follow the natural aggregation patterns of the peptide, or generated a protein

targeting motif causing the protein to localise in a polar manner.

Another technique employed to overcome limitations in translation was to make gfp
expression constructs in which all the elements required for efficient initiation of
translation in B. subtilis were present, as identified by Vellanoweth, (1993). He
postulated that in B. subtilis a strong Shine-Dalgamo sequence was necessary for
efficient translation, this was determined to be AAGGAGG. The spacing between the

Shine-Dalgarno sequence and the initiation codon was also found to be critical, with
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the optimum being between 7-9 base spacings, it was preferable that these bases be
either A’s or T’s, preferably A’s, with no C’s or G’s between the spacer region
(Vellanoweth, 1993). This translationally enhanced gfp gene, gfp3opt, was placed
downstream of P,,;4 and introduced into L. monocytogenes. Recombinant colonies
harbouring this translationally enhance plasmid pSB2018, when grown in the
presence of 0.5% xylose showed a fluorescent phenotype upon excitation. All
individual cells were also seen to fluoresce by fluorescence microscopy, although
some were much brighter than others were. pSB2018 was also introduced into S.
aureus RN4220 and B. subtilis 168, again all individual cells were shown to be
fluorescent by fluorescence microscopy, suggesting that a gfp expression vector had
been constructed which gave efficient translation of gfp. This construct, pSB2018,
was then used to generate a constitutive gfp plasmid by removal of the xy/R gene
from upstream of P,,4, here no xylose was needed to generate fluorescent colonies

indicating that the repressor gene had been successfully removed from the plasmid.

Having solved the problem of gfp translation in Gram positive bacteria, the unstable
gfp3 genes (Anderson et al., 1998) were amplified by PCR so as to contain this
enhanced translation region for expression in Gram positive bacteria. These were
then expressed from the xylose regulated promoter P,y and recombinant cells
showed a fluorescent phenotype upon excitation. The cells appeared to generate a
weaker signal compared to cells expressing gfp3opr. This may be expected as the
unstable gfp3 have been shown to be rapidly turned over in Gram negative bacteria
(Anderson et al., 1998) due to the protease recognition tag at the C-terminal end,
therefore protein does not accumulate within the bacteria. Anderson ez al. (1998)
reported gfp3 ASV to have a half-life of 60 minutes while gfp3 AGA had a half-life
of approximately 300 minutes in E. coli so it is not unexpected that L.
monocytogenes expressing gfp3 AGA from pSB2020 appeared to generate a greater
fluorescent signal than L. monocytogenes expressing gfp3 ASV from pSB2021. It is
hoped that these constructs will be of more use in gene expression studies due to
their unstable nature, so will more readily reflect any bi-directional changes in gene

expression.
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EVALUATION AND EXPRESSION OF GFP REPORTERS IN
GRAM POSITIVE ORGANISMS



CHAPTER 4: EVALUATION AND EXPRESSION OF GFP REPORTERS IN
GRAM POSITIVE ORGANISMS

4.1. Growth characteristics of L. monocytogenes (pSB2018)

The construction of pSB2018 has been described previously in Section 3.12. This
plasmid contains xy/R and P,,,. On addition of xylose P, is de-repressed and the
translationally enhanced gfp3 gene (gfp3opt) downstream of the promoter is

expressed.

In order to confirm that the promoter could be regulated by xylose, two overnight
cultures of L. monocytogenes harbouring pSB2018 were grown overnight at 37°C in
BHI broth. Both were grown with chloramphenicol selection, but only one culture
was grown in the presence of 0.5% xylose. From the overnight cultures, cells were
diluted 1/100 into pre-warmed medium containing chloramphenicol, one flask also
contained 0.5% xylose. All cultures were incubated at 37°C and the OD,,, and
fluorescence measured every hour. In-order to determine whether expression of
gfp3opt affected bacterial growth rate, a culture of non-recombinant L.
monocytogenes 7973 cells were grown in BHI overnight and measurements made in

the same way.

In order to measure bacterial GFP fluorescence a sample of the bacterial culture was
washed and resuspended in PBS. This was then loaded into a microtitre plate and
fluorescence measured using a Victor 1420 multilabel counter (Wallac, E G & G) as
described in the Material and Methods, section 2.14.2. Both optical density and
fluorescence measurements were made during the experiment over a period of 10
hours. The measured values of green fluorescence of L. monocytogenes expressing
gfp3opt from pSB2018 were corrected for background fluorescence by subtracting

the corresponding measured values of fluorescence from the control culture of L.
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monocytogenes, this gave the relative fluorescence (RFU) for each test culture. The
corresponding OD values were then divided into the background-corrected values of
fluorescence (RFU) values in order to take into account the effect of dilution on
bacterial fluorescence (RFU/OD). As the cells grow, if no new protein is being made
then the amount of fluorescence relative to the number of cells in the culture will
decrease. The RFU/OD were then plotted as a function of time on an arithmetic plot,
in addition to this, the OD values were also plotted on the same graph as a function
of time on a log scale. This was done so the amount of fluorescence relative to the
growth rate of the cells could be compared. A representation of the data obtained is

shown in Figure 4.1.1 and Figure 4.1.2.
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Figure 4.1.1: Growth and Fluorescence of
L. monocytogenes (pSB2018)
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The results of the experiment reveal that P, ,, was not completely repressed when
xylose was absent from the culture medium. Expression was reduced considerably,
but levels of fluorescence were higher than the background fluorescence shown by
non-recombinant L. monocytogenes cells, indicating that some GFP production was
occurring within L. monocytogenes (pSB2018), even when the promoter was
repressed. When L. monocytogenes harbouring pSB2018 were grown in the presence
of the inducer, 0.5% xylose, the level of gfp3opt expression increased by
approximately ten-fold, due to the induction of P, ,,, although it took around 5 hours
before an increase in GFP fluorescence was seen within the bacterial culture (Figure
4.1.1 and 4.1.2). This increase in fluorescence occurred towards the end of
exponential growth suggesting that the promoter was activated towards the end of the
growth period, but it should be remembered that there is a delay between translating
gfp and forming functional protein. After the protein has been initially translated,
post-translational modification occurs in order for the chromophore to fold, and it is
this chromophore that is responsible for fluorescence. In prokaryotes it has been
reported that the post-translational formation of functional chromophore occurs
approximately two hours after synthesis of GFP (Heim et al., 1995), although this
again varies according to the variant of gfp used. It was thought that as cells entered
stationary phase the increase in relative fluorescence of the bacterial culture would
begin to plateau, due to stability of the protein, as only sufficiently metabolically
active cells appear to be able to accumulate detectable levels of green fluorescence
(Anderson ez al., 1998). However, even when cells have been in stationary phase for
around 3 hours, the RFU/OD has not stopped increasing, suggesting that functional

new protein is being generated.

Upon examination of the growth curves of L. monocytogenes cells harbouring
pSB2018, both when it is induced and not induced, it appears that gfp3opt expression
does not place a significant energy drain upon the cells, as the exponential phase of
growth between the two cultures does not appear to be affected. The two curves
obtained from L. monocytogenes (pSB2018) grown with and without xylose can be
almost superimposed on each other, indicating that expression of gfp3opt within L.
monocytogenes places no extra metabolic load upon the cell resulting in a decreased

growth rate. The mean exponential growth rates of bacteria harbouring the gfp3opt
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expression vector are shown in Table 4.1.1. The growth rate of the culture was

determined by the gradient of the line in exponential phase.

The exponential growth rate of non-recombinant L. monocytogenes 7973 cells, i.e.
cells harbouring no plasmids, was slightly increased compared to L. monocytogenes
(pSB2018) although this increase is only very slight. This again suggests that
expression of gfp3opt does not significantly affect the exponential growth rate of L.

monocytogenes (pSB2018).

Table 4.1.1: Average Growth rates of L. monocytogenes cells harbouring
pSB2018
Growth rates are shown as an increase in OD per hour

t-test performed, using non-recombinant L. monocytogenes 7973 as a control

L. monocytogenes | Mean Standard P
cells Growth Rate | Deviation

pSB2018 (-xyl) 0.186 7.07 x 10 >0.05
pSB2018 (+xyl) 0.168 1.44 x 10 >0.05
non-recombinant 0.196 4.95x 10

The data obtained suggests that expression of gfp3opt by L. monocytogenes places no
significant energy drain upon the cells as the exponential growth rate does not
dramatically change between cells expressing gfp3opt and those that don’t. Any
slight differences observed between the cultures can be attributed to the initial
inoculum size and not due to an increased load upon the cells. Although the
overnight cultures were diluted to approximately the same starting OD, due to the
small number of cells within the culture, the spectrophotometer is unable to provide

very accurate readings. At this level, only an estimate of cell density can be obtained.

148



4.2. Evaluation of Fluorescence Characteristics of L. monocytogenes cells

containing the inducible reporter pSB2018 and the constitutive reporter

pSB2019

This experiment was performed to check the promoter kinetics of both pSB2018 and
pSB2019 and the fluorescence characteristics of L. monocytogenes cells harbouring
both expression vectors. When pSB2019 was constructed, as described in Section
3.13, P, a small segment of the xy/R gene and the translationally optimised gfp3
gene (gfp3opt) were excised from pSB2018 and inserted into pGC4. These growth
experiments were performed in order to confirm that the construct pSB2019 was
constitutive in its expression and that xylose was not needed in order to obtain

expression of the gfp3opt gene, also to check that the level of expression from both

plasmids was the same.

L. monocytogenes (pSB2018) and L. monocytogenes (pSB2019) were grown in BHI
broth with chloramphenicol selection to maintain the plasmid, L. monocytogenes
(pSB2018) was also grown in the same conditions but with the addition of 0.5%
xylose. As a control non-recombinant L. monocytogenes 7973 cells were cultured in
BHI. The experiments were performed as previously described in Section 4.1, with
both optical density and relative fluorescence being measured every hour. The
obtained from the non-recombinant L. monocytogenes strain were classed as
background fluorescence, and were subtracted from the equivalent data points from
the other cultures expressing green fluorescence. Thus any autofluorescence of the

bacterial cultures was accounted for.

In order to compensate for the effect of cell number on the fluorescence readings, the
background corrected fluorescence values (RFU) were divided by the corresponding
optical density values. Both the RFU/OD and OD values were plotted as a function
of time, in order to see how bacterial fluorescence changed during the growth cycle.

Figures 4.2.1 and Figures 4.2.2 illustrate a representation of the data obtained.
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Figure 4.2.1: Growth and Fluorescence Characteristics of L
monocytogenes harbouring an inducible and constitutive gfp reporter
10

{

Figure 4.2.2: Growth and Fluorescence Characteristics of L. monocytogenes
harbouring an inducible and a constitutive gffo reporter
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The data presented in Figures 4.2.1 and 4.2.2 demonstrates a number of points. When
pSB2018 was not induced by xylose the levels of observed green fluorescence were
very low, approximately 4000 units. The fact that some fluorescence was observed
showed that the promoter was not completely repressed and some low-level
transcription of gfp3opt was occurring. The level of fluorescence observed from L.
monocytogenes cells harbouring un-induced pSB2018 was higher than that of the
parent strain, showing this was GFP fluorescence and not just auto-fluorescence of
the bacterial cells. When L. monocytogenes cells harbouring pSB2018 were grown
with 0.5% xylose a ten-fold increase in relative fluorescence was perceived. This
showed that the xylose regulator (xy/R) present on this plasmid was a functional
repressor. When xylose was added to the culture it bound to the repressor, thus de-
repressing P_,,. However, when L. monocytogenes (pSB2019) were grown in
medium without xylose there was a high level of GFP fluorescence from the cells.
This was approximately the same or higher than that observed when pSB2018 was
induced by xylose. This indicated that although both P,,, and P,,, are present on
pSB2019, the xylose repressor has been successfully removed from the plasmid, as
xylose is not needed to induce gfp3opt expression and the level of fluorescence

observed was equivalent to that seen when pSB2018 was induced by xylose.

When cells are expressing gfp3opt, the level of fluorescence does not start to increase
until about 5 hours into growth, this corresponds to when the bacterial cells are
approaching stationary phase. Fluorescence begins to increase exponentially after
approximately 6 hours, as cells are in stationary phase (Figures 4.2.1 and 4.2.2). The
accumulation of fluorescent protein within the bacterial culture can be compared to
the growth rate of the cells. There is a lag phase when only a small amount of new
protein is being made, an exponential phase where fluorescent protein is generated at
a much greater rate, and there also appears to be a phase where a reduction in the
amount of increase in fluorescence is observed. This decrease in the rate of
fluorescent protein production corresponds to cells that are less metabolically active,
i.e. cells that have been in stationary phase for at least 3 hours. If fluorescence was
measured for a longer time period, a plateau of fluorescence may be reached, where
no new cells or protein is being made. However, fluorescence does not directly relate

to the number of cells present, as there is a delay (Heim er al., 1995) between
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translating gfp and forming functional fluorescent protein. So the protein that is
translated from cells in mid-exponential phase may not be seen as fluorescent protein

until 2-3 hours later due to the cyclisation and oxidation reactions that have to occur

in order for the chromophore to fold.

In order to asses whether expression of gfp3opt affects the rate of bacterial growth,
the exponential growth rates were determined empirically from the gradient of each

line and are represented in Table 4.2.1.

Table 4.2.1: Comparative Growth rates of L. monocytogenes (pSB2018) and L.
monocytogenes (pSB2019)

Growth Rates are shown as an increase in OD per hour
t-test performed, using non-recombinant L. monocytogenes 7973 as a control

Bacterial culture | Mean Growth | Standard Deviation | P
Rate

pSB2018 (-xyl) 0.186 7.07 x 10° >0.05

(BHI cm?7)

pSB2018 (+xyl) 0.168 0 >0.05

(BHI cm?7)

pSB2019 0.129 2.12x 107 >0.05

(BHI cm7)

Non-recombinant | 0.259 0.040

L. monocytogenes

From the data in Table 4.2.1, it appears as though expression of gfp3op: does slow

down the bacterial growth rate, as all cells harbouring gfp3opt expression vectors
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have lower growth rates compared to non-recombinant cells. However, expression of
gfp3opt cannot be solely responsible for the lowered growth rates, as L.
monocytogenes (pSB2018) when grown without xylose also exhibit a slower growth

rate even though P_,, has been repressed, although this may in part be due to poor

xylA

regulation of P, ,,.

The data suggests that it is not expression of gfp3opt per se that is responsible for the
decreased rate of exponential growth, but the presence of the actual plasmid in the
cells. Gruss and Ehrlich (1988), suggested that the insertion of heterologous DNA
into pMK4 can cause the production of high molecular weight DNA (HMW DNA), it
is possible that this is the factor responsible for decreased growth rate. The
production of HMW DNA tends to depend on the nature of the inserted fragment and
the size of the plasmid (Gruss and Ehrlich, 1988), this will be discussed further in

Chapter 8.

As mentioned previously, another explanation for the slight differences in growth
rate may be due to inoculum size. It is difficult to inoculate all cultures with the same
starting number of bacteria due to limitations of the spectrophotometer, which is
unable to accurately measure low cell densities. As viable counts were not recorded
at each stage it is difficult to say whether this increased lag phase is due to inoculum

size, but this seems unlikely as the same trends were seen during each repetition of

the experiment.

One other salient feature that can be observed from the data represented in Figures
4.2.1 and 4.2.2 is that initially lower fluorescence is observed from L. monocytogenes
(pSB2018) when grown with xylose. This could possible be attributed to incomplete
activation of P_,, by xylose. It might be considered that if P, ,, was not completely
de-repressed then the overall level of fluorescence of L. monocytogenes (pSB2018)
would be lower than from L. monocytogenes (pSB2019). This however is not the
case and cells harbouring the different expression vectors reach approximately the

same level of fluorescence towards the end of the growth period. This may be due to
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the fact that only a specific threshold level of fluorescence can be reached. It is
possible that at higher levels the GFP aggregates within the cytoplasm prior to
chromophore formation to form non-fluorescent inclusion bodies. If this were the
case then no difference in the overall level of fluorescence would be seen between L.

monocytogenes harbouring the two expression vectors.
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4.3. Fluorescence Characteristics of L. monocytogenes cells harbouring the

unstable gfp plasmids

The construction of the unstable gfp3opt plasmids, pSB2020 and pSB2021, has
previously been described (in Section 3.14). These translationally optimised gfp3
variants are downstream of the xylose regulatable promoter P,,,, and hence the
promoter can be de-repressed by the addition of xylose to the culture media. These
experiments were performed to see if GFP fluorescence could been seen with L.
monocytogenes harbouring these constructs and also to determine if these variants
were indeed unstable by comparing the overall fluorescence characteristics of L.
monocytogenes expressing gfp3opt (ASV) and gfp3opt (AGA) to gfp3opt encoded by
pSB2018 which is stable.

In order to examine the growth and fluorescence characteristics of the bacterial
population experiments were performed as previously described in Section 4.1 with
optical density and relative fluorescence measurements being taken at hourly
intervals. To compensate for any auto fluorescence by the L. monocytogenes
population, fluorescence measurements were taken of non-recombinant L.
monocytogenes 7973 at each sampling period. These values were then subtracted
from the test samples to give a value of relative fluorescence (RFU) for cells
harbouring the different gfp constructs. Also, to compensate for the effect of optical
density (OD) on fluorescence, the RFU were divided by OD to give RFU/OD. In
order to observe the fluorescence characteristics of the bacteria through the growth
period, both OD and RFU/OD were plotted as a function of time on the same graph.
Each set of data was plotted on one graph to give an overall picture of fluorescence
of L. monocytogenes harbouring the C-terminal modified gfp plasmids; this is shown
in Figures 4.3.1 and 4.3.2,however these graphs are quite difficult to interpret due to
the number of data sets that have been plotted. To ease interpretation of the results,
each data set has been split into three groups and then plotted as described earlier.
Each graph represents the growth and fluorescence of L. monocytogenes cells
harbouring pSB2018 (gfp3opt), pSB2021 (gfp3opt ASV) and pSB2020 (gfp3opt

AGA) grown both with and without xylose in the culture media. To determine
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whether growth rate was affected by expression of gfp, the OD,, values of the non-
recombinant L. monocytogenes strain were also plotted on all graphs. These graphs

are illustrated in Figures 4.3.1a, b, ¢ and Figures 4.3.2a, b, c.
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Figure 4.3.1: Gowth and Fluoresoence of L monocyfogenes harbouring unstable gip3opt
plasmids
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Figure 4.3.1b: Growth and Fluorescence of L. monocytogenes (pSB2020)
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Figure 4.3.2 Growth and Fluorescence of L. monocyfogenes harbouring unstable gip3opt
plasmids

Figure 4.3.2a Growth and Fluoresoence of L monocytogenes (pSB2018)
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From the representative graphs that have been drawn using data obtained from these
experiments, the overall fluorescence characteristics of the bacterial populations
harbouring different gfp plasmids were the same on all occasions. The maximum
relative fluorescence output for cells grown with and without xylose is shown is

Table 4.3.1.

Table 4.3.1: Mean maximum relative fluorescence values for L. monocytogenes

harbouring stable and unstable gfp3opt expression vectors

Plasmid Maximum RFU/OD Maximum RFU/OD
+ xylose - xylose

pSB2018 312473 31387

pSB2020 112450 10237

pSB2021 22513 2323

The L. monocytogenes cells that show the highest level of fluorescence are those
containing pSB2018. This is a stable variant of gfp3 that has been translationally
optimised for efficient expression in Gram positive organisms (gfp3opt). When
xylose is not added to the culture media the level of fluorescence observed is
approximately ten-fold lower than when P, is induced. This shows that P, is
regulated by xylose and in its absence only a low level of expression of genes
downstream of the promoter is observed, indicating that P_,, cannot be completely

repressed.

L. monocytogenes (pSB2020) and L. monocytogenes (pSB2021) show lower levels of

fluorescence compared to L. monocytogenes (pSB2018). These plasmids encode

161



translationally optimised gfp3 AGA and gfp3 ASV respectively. This suggests that
the gfp3 variants on these plasmids are indeed unstable. The fact that the GFP3
protein is turned over and cannot accumulate within the bacterial cells is reflected in
the overall fluorescence levels. Cells expressing gfp3opt AGA show approximately a
three-fold reduction in fluorescence compared to cells expressing gfp3opt; this is
increased to a seven-fold reduction when gfp3opt ASV is expressed. There is also a
difference in fluorescence between cells that are expressing the different unstable
gfp3 variants. Cells harbouring pSB2021 show much lower levels of fluorescence,
about four-fold lower, compared to cells containing pSB2020. This result is not
surprising, as it is known that in E. coli the unstable GFP variant (gfp3 ASV) used in
the construction of pSB2021 has a shorter half-life (60 minutes) than the equivalent
unstable gfp3 AGA in pSB2020 (300 minutes) (Anderson et al., 1998). The data
obtained from the growth experiments with pSB2020 and pSB2021 also showed that
fluorescence is increased by a factor of ten when cells are grown with xylose added
to the media to induce P, ,,. The fact that some low level fluorescence was detected
with all cultures when no xylose is added to the cells, shows the promoter is not fully

repressed and some read-through of gfp genes downstream of the promoter occurs.

One phenomenon that can be noticed from the graphs (Figures 4.3.1 and 4.3.2) is that
the increase in overall fluorescence appears to decrease in all cases approximately
three hours after entering stationary phase. With the unstable variants the
fluorescence does not appear to increase any further and a plateau has been reached.
This suggests that an equilibrium has been attained between synthesis and
degradation. It is clear that protein is still being synthesised within the cells due to
the fact that levels of fluorescence are not seen to decrease. If cells were to proceed
further into stationary phase the activity of P_,, may be down regulated, if this was to
occur a decrease in fluorescence should be observed due to degradation occurring at a

faster rate than synthesis of new fluorescent protein.

Examination of the growth rates of L. monocytogenes harbouring these gfp3opt

expression vectors suggests that growth rate is affected slightly by expression of the
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unstable gfp3opt variants. The mean growth rates of L. monocytogenes cells

harbouring these xylose induced plasmids are shown in Table 4.3.2.

Table 4.3.2: Average growth rates of L. monocytogenes cells harbouring stable
and unstable gfp3opt expression vectors
Growth rates are shown as an increase in OD per hour

t-test performed, using non-recombinant L. monocytogenes 7973 as a control

Plasmid Mean Growth Rate | Standard P
+xylose Deviation

pSB2018 0.262 5.66 x 107 >0.05

pSB2020 0.251 2.82x 107 >0.05

pSB2021 0.229 8.48 x 107 >0.05

Non-recombinant 0.277 (BHI only) 2.12x10°

L. monocytogenes

When xylose was added to the bacterial cultures it could be seen that L.
monocytogenes expressing the unstable gfp3opt variants had a lower rate of growth
compared to those expressing the stable gfp3opt or non-recombinant cells. This is not
unexpected as it is known that these C-terminal modified proteins are degraded by
Clp proteases which are ATP dependent, thus the more unstable the protein the

greater the energy drain upon the cell which is reflected in the decreased growth rate.

One other point can be noted from examining the growth curves depicted in Figures
4.3.1 and 4.3.2, this is the fact that the more unstable the protein the slower the
growth rate at the beginning of the growth cycle. This is unlikely to be due to
expression of gfp3 placing a large energy drain upon the cells, as initially levels of
GFP within the cell are very low. L. monocytogenes (pSB2021), the protein with the
shortest half-life, appears to have the slowest rate of growth initially. It is possible
that at the start of growth, energy is directed into degrading any existing protein that

is present within the cells, thus there may be a large initial ATP requirement by the
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cells and this could be responsible for the initial slower growth rate. The more
unstable the protein the higher the ATP requirement by the cell to degrade the protein
via Clp proteases thus the slower the initial growth rate. The levels of fluorescent
protein are seen to decrease in the first four hours of growth with cells harbouring
pSB2021, with cells harbouring pSB2020 and pSB2018 the level of fluorescence
within the first four hours does not change dramatically and remains fairly stable.
This may explain why the growth rates of cells harbouring pSB2020 and pSB2018
are approximately the same, whereas a much slower initial growth rate is noticed

when cells express gfp3opt ASV from pSB2021.

The possible ATP requirement by the cells harbouring the unstable gfp3opt vectors
may explain this slower initial growth, but L. monocytogenes (pSB2018) also have a
slightly decreased overall growth rate compared to that of non-recombinant L.
monocytogenes cells whether gfp3 expression is induced or not. This suggests that
some other factor contributes to the decreased growth rate and it cannot not all be
attributed to an ATP requirement by the cell to degrade the C- terminal modified
GFP proteins as gfp3opt encoded by pSB2018 is stable. It appears as though the
presence of the gfp3 expression vectors decreases the growth rate of bacteria
harbouring them, especially at the beginning of the growth cycle, this will be
discussed further in Chapter 8.

From these experiments it is clear that both pSB2020 and pSB2021 are plasmids that
encode unstable gfp3 variants, as the level of fluorescent protein acquired L.
monocytogenes harbouring these vectors is much lower than cells that harbour
pSB2018, the stable gfp3 variant. However, the protein is not seen to degrade within
the cells, the levels of fluorescence reaches a plateau, which suggests a point is
achieved where rate of synthesis equals that of degradation, but as the promoter is
constantly synthesising new protein the level of degradation does not exceed that of

synthesis.
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4.4. Investigating the Degradation Rate of the unstable gfp Variants

In order to estimate the degradation rates of the unstable GFP proteins, L.
monocytogenes harbouring pSB2018, pSB2020 and pSB2021 were grown for a
period of 8 hours in xylose. Previous experiments (Section 4.3) showed that at this
time levels of fluorescence within the cell were approaching a maximum. The
bacterial cultures were washed in an equal volume of PBS, and then concentrated 10-
fold in fresh media. These were then used to inoculate fresh media, both with and
without 0.5% xylose, at a 1/5 dilution. All cultures were then incubated at 37°C and

optical density and fluorescence measured at intervals after the shift.

The measured values of green fluorescence of L. monocytogenes expressing gfp3 or
the C-terminal modified gfp3 genes were corrected for background fluorescence by
subtracting the corresponding measured fluorescence values of non-recombinant L.
monocytogenes 7973 cells. When L. monocytogenes harbouring the unstable gfp3
variants were downshifted to media that did not contain the inducer (0.5% xylose),
the background corrected values of fluorescence (RFU) were seen to decrease with
time. As it is known that only low levels of protein are produced when the promoter
1s repressed, this suggested that protein previously accumulated within the cells, prior
to the downshift, had been degraded within the cells. When L. monocytogenes cells

expressed the stable gfp3opt from pSB2018, no overall loss in RFU was seen,

indicating that this protein was stable.

In order to estimate the kinetics of fluorescence and degradation rates of the C-
terminal modified GFP proteins, the background corrected RFU were examined. The
RFU at time zero was arbitrarily set to 100% and the RFUs at later intervals were
calculated as a percentage of this (%RFU). The resulting values are shown in Table
4.4.1. The % RFU was then plotted as a function of postshift time on an arithmetic

plot illustrated in Figure 4.4.1.
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Table 4.4.1: %RFU for gfp3 variants in L. monocytogenes following a downshift

into medium without 0.5% xylose

Time After | % RFU %RFU %RFU
downshift | pSB2018 | pSB2021 | pSB2020
(hrs) (-xyl) (-xyD) (-xyD

0 100 100 100

1 113 44 78

2 103 14 74

3 113 -4 67

% RFU

Figure441: Sahility of gfp3 variants in L nonocyfogenes
fdlowing a doanshift to medium without xylose

120

5T e —+=%RFUpSRYIY

-5 % RFUpSEARI

4 %%RFUpSENX]

Time after doanshift (hrs)
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From Figure 4.4.1 it could be seen that the fluorescence of L. monocytogenes
(pSB2018) did not decrease below the starting level. Levels of fluorescence were
seen to increase slightly, probably due to poor regulation of P,,, by xylose. This
indicated that the gfp3 variant in pSB2018 was stable and the protein did not degrade
within cells expressing it. This was as expected as gfp3opt contains no C-terminal
modification, and therefore contains no SsrA protease recognition sequences. This is
in accordance with observations by Anderson et al. (1998), who demonstrated that
colonies and liquid cultures, derived from E. coli MV1190 (A-pir), encoding the
stable gfp3 variant, remained fluorescent after several weeks of incubation. The in

vivo half-life of GFP3 was therefore estimated to be greater than one day.

The fluorescence characteristics of L. monocytogenes cells expressing gfp3opt ASV
from pSB2021 and gfp3opt AGA from pSB2020 are also shown in Figure 4.4.1. It
could be seen that the cells exhibited a significant decrease in green fluorescence
after the shift into new media, due to repression of P,,. The gradients of the curves
suggested that GFP3 ASV was a more unstable GFP protein that GFP3 AGA. This
data backs up the total fluorescence data acquired from these proteins, with cells
producing GFP3opt ASV having a lower fluorescent output than GFP3opt AGA.
These data suggest that gfp3 ASV is a more unstable variant than gfp3 AGA. From
the data shown in Figure 4.4.1, the half-lives of the proteins can be determined. The
half-life has been estimated as the time taken for a 50% loss to be seen in
fluorescence output. The half-life of GFP3 ASV, encoded by pSB2021, was
determined to be approximately 54 minutes, the half life for GFP3 AGA, encoded by
pSB2020, could not be determined accurately from the graph as it can not be
assumed that a linear relationship exits between degradation of the protein with
respect to time, but it can be said that the half life is greater than 3 hours. In E. coli
Anderson et al. (1998) reported half-lives of approximately 60 and 300 minutes
respectively for GFP3 ASV and GFP3 AGA. In P. putida the in vivo half-life of
GFP3 ASV was reported fo be approximately 190 minutes (Anderson et al., 1998).
The half-lives generated from L. monocytogenes cells encoding pSB2021 (GFP3
ASV) corresponds well with the reported half-life of the same protein in E. coli by
Anderson et al. (1998). However, P. putida expressing the same gfp3 variant (ASV)
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was reported to have a much longer half-life compared to expression in E. coli
(Anderson et al., 1998). These data suggest that there is species independent
instability of the C-terminal modified peptides, nevertheless, all C-terminal modified

peptides have to shown to be more unstable than the wild type equivalent (GFP3).

These results suggest that the C-terminal modified gfp3 genes may be more useful as
reporter genes than gfp3. These reporters could be used to reflect bi-directional
changes in gene expression, as such an event would lead to a decrease in fluorescent
output from the cells. However, the fluorescence generated by the C-terminal
modified proteins is much weaker than that generated from the stable GFP3 protein,
so there is likely to be more problems with background fluorescence and sensitivity
of the reporters. For example, it is possible that in an intracellular environment, the

fluorescent signal generated from the unstable GFP3 proteins may be too weak to see

through any autofluorescence of the eukaryotic cells.

Although the proteins appear to be unstable, the results suggest that the proteases
degrading tagged proteins in L. monocytogenes may differ in specificity from those
in E. coli, hence the altered half-lives. It appears as though the protease reactions
resulting in degradation of GFP may be dependent on a number of factors, for
example strain, growth conditions, competing targets within the cell etc.
Nevertheless, what is known is that a protein that is known to be very stable has been
converted to an unstable variant through the use of a natural protease activity, which
is found in many different bacteria. The unstable characteristics of these C-terminal
changed proteins have been observed in E. coli, P. putida (Anderson et al., 1998) and

also in L. monocytogenes.
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4.5. Tagging bacterial cells with GFP to monitor bacterial movement in an

intracellular environment

Although primarily known as an extracellular pathogen, S. aureus has been shown to
internalise and survive within a wide range of mammalian cells, especially
endothelial cells (Vann and Proctor, 1987, Almeida, 1996). Menzies and Kourteva
(1998) proved that, in addition to their presence within vacuoles (Hamill, 1986), they
could exist free within the cytoplasm. This pilot experiment was performed in order
to determine whether S. aureus RN4220 could become internalised in a tissue culture
cell line and whether the bacteria appeared to grown and divide in an intracetlular
environment and also to determine whether the GFP protein could generate a
fluorescent signal in an intracellular environment.. This was achieved through using

S. aureus (pSB2018) and a human umbilical veined endothelial cell line (HUVEC).

HUVEC cells were seeded onto glass coverslips, these were grown until the cells
were approximately 80-90% confluent. S. aureus RN4220 (pSB2018) were grown
overnight in BM Cm?7. This was centrifuged and the pellet washed twice in fresh
medium. This was then diluted 1:20 and grown for a further 1 hour period. Following
this, the bacterial culture was diluted again 1:20 and grown for 3 hours at 37°C. In
the meantime, the medium on the HUVEC cells was replaced with un-supplemented
RPMI (no antibiotics). 1ml samples of the bacterial culture were centrifuged and
resuspended in 10ml RPMI, this was the added to the HUVEC cells which were then
incubated for a further two hour period as described in Section 2 12. After
incubation, HUVEC cells were washed in PBS and fixed with 3% formalin as
described in the Materials and Methods, Section 2.12. The mounted coverslips were
then observed by fluorescence microscopy in order to locate intracellular bacteria.

The resulting images are illustrated in Figures 4.5.1a, b, c, d.
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Figure 4.5.1: Intracellular GFP tagged S. aureus expressing gfp3 from pSB2018
(Pxyua-xylR-gfp3opt)
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It can be clearly seen from the images (Figure 4.5.1) that S. aureus RN4220 cells
have become intracellular following contact with the cell surfaces of HUVEC cells.
Bayles ez al. (1998) showed that S. aureus that had been introduced to a MAC-T cell
line were associated with the cell surface through a pseudopod-like structure. These
structures were assumed to be involved with engulfing the bacteria, leading to the
formation of membrane bound endosomes. Although not very clear from these
illustrations, it appeared as though some of these intracellular bacteria were
surrounded by a membrane whilst some were free in the cytoplasm. A better
representation of the cellular structures could be obtained from confocal microscopy,

this would also give unquestionable data concerning the location of the tagged

bacteria.

Having shown that GFP can be used to follow the movement of bacteria in an
intracellular environment, then it may be possible, through the use of the unstable
GFP variants, to build expression vectors that could report on gene expression within

the cell.
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4.6. Discussion

L. monocytogenes (pSB2018) were grown in BHI both with and without the addition
of 0.5% xylose. During the course of the experiment growth and fluorescence
characteristics of the cells were examined. It was determined that the promoter was
well regulated by xylose although expression was not completely repressed when the
inducer was not present. When xylose was absent from the culture media, production
of GFP3opt was reduced ten-fold to about 4000 units, but these levels of
fluorescence were higher than the background fluorescence shown by non-
recombinant L. monocytogenes cells, suggesting that this was GFP fluorescence and
not just auto-fluorescence of the bacterial cells. The low-level fluorescence of the
bacterial population when cells were grown without inducer has been confirmed by
fluorescence microscopy, which showed that a few fluorescent cells were present
within the population. These data indicated that some GFP3 production was
occurring within the cells harbouring pSB2018, even when xylose was absent, which
implied that P, was not fully repressed. When L. monocytogenes (pSB2018) were
grown with 0.5% xylose, production of GFP3 increased 10-fold. This showed that
the xylose dependent regulator, xy/R, present on this plasmid, bound xylose which
was added to the culture, thus de-repressing P,,,. Although the promoter had been
induced by xylose, it took a period of around five hours before an increase in GFP3
fluorescence was seen within the bacterial culture. This initial delay in fluorescence
was expected, as once gfp3opt has been translated, post-translational modification
has to occur in order for the chromophore to fold resulting in fluorescent protein. Due
to this delay in forming fluorescent protein and its resultant stability within the cell, it
is impossible to determine the promoter kinetics within the bacteria in real time. If
the promoter is repressed or down regulated late in the growth cycle, no difference in
the fluorescence characteristics of the cells would be seen due to the stability of
GFP3opt. However, if the promoter was repressed early on, a decrease in RFU may

be observed, due to dilution of the signal as the cells divide.

When L. monocytogenes (pSB2019) were grown in medium without xylose a high

level of GFP3 fluorescence was seen from the cells. This was approximately the
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same or higher than that observed when L. monocytogenes (pSB2018) was induced
by xylose. This indicated that although both the P, and P,,, promoters are present
on pSB2019, xy/R has been successfully removed from the plasmid, as when no
xylose was present in the media high expression of gfp3opt was seen from the
bacterial cells. This is unlike L. monocytogenes expressing gfp3opt from pSB2018,

which showed only low levels of GFP3 production when grown without xylose.

A major drawback of GFP is its stability once formed (Tombolini et al., 1997), this
makes the protein less valuable for real time gene expression studies. The stable GFP
is unable to reflect bi-directional changes in gene expression within the cell. The
expression of gfp3opt from both pSB2018 and pSB2019 gives no reflection on the
promoter dynamics within the cell due to the stability of the protein produced, neither

of the expression vectors could be used to reflect any bi-directional changes in gene

expression.

Keiler et al. (1996) showed that specific C-terminal oligopeptide extension caused an
otherwise stable protein to degradation by certain intracellular tail-specific proteases.
The construction of the unstable gfp3 variants was based on this natural protein
degradation system, which is based on SsrA mediated tagging of prematurely
terminated polypeptides at the COOH end. The ssrd transcript is a stable 362
nucleotide RNA molecule that exhibits some tRNA properties and can be charged
with alanine (Komine et al., 1994). Genes homologous to ssr4 have been identified
in Gram positive (Ushida et al., 1994) and Gram negative bacteria, (Brown et al.,
1990, Tyagi and Klinger, 1992) implying this peptide tagging system mediated by
ssrA is conserved in bacteria. The COOH terminal tail sequence of the ssr74 encoded
peptide tag (YALAA) are similar to a COOH terminal tail sequence (WVAAA)
recognised by Tsp (Silber and Sauer, 1994), a periplasmic endonuclease and by a
cytoplasmic protease that degrades proteins in a tail dependent manner (Silber and
Sauer, 1994). Thus it was reasoned that tagging with the ssr4 encoded peptide might

target proteins for degradation by COOH terminal specific proteases.
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Keiler et al., (1996) proposed that in E. coli, the ssrd transcript targets peptides
translated from mRNA lacking a termination codon. Subsequently, a peptide tag with
the sequence AANDENYALAA is attached to the COOH terminus of the nascent
polypeptide chain by cotranslational switching of the ribosome from the damaged
DNA to the ssrA transcript. The resulting protein carries the C-terminal tag, is
recognised and rapidly degraded by intracellular tail-specific proteases (Keiler et al.,
1996). In the periplasm, the degradation of this C-terminal modified protein is
executed by the tail specific protease Tsp, whereas tagged proteins located in the

cytoplasm are thought to be broken down by Clp proteases.

gfp3 mutants were made by constructing variants with minor alterations in the Tsp
consensus sequence (Anderson et al, 1998). As GFP accumulates within the
cytoplasm, it thought that the degradation process of the C-terminally tagged proteins
occurs through the action of Clp proteases, which are ATP dependant enzymes

whose mode of action has been previously described in the introduction.

In order to create gfp vectors that could be used in gene expression studies, two
unstable gfp3 variants were studied; these encode proteins that have a much shorter
half-life compared to GFP3. L. monocytogenes cells harbouring pSB2020 and
pSB2021, encode translationally optimised gfp3 AGA and gfp3 ASV respectively,
and were seen to show lower levels of fluorescence compared to cells expressing
gfp3opt from pSB2018. There is also a difference in fluorescence levels between
cells that are expressing the two unstable GFP proteins. Cells harbouring pSB2021
showed much lower levels of fluorescence, about four-fold lower, compared to cells
containing pSB2020. Cells harbouring pSB2020 showed approximately a three-fold
reduction in fluorescence compared to cells expressing gfp3opt from pSB2018; this
is increased to a seven-fold reduction when gfp3opt ASV is expressed from
pSB2021. These data are not surprising and support the observation made by
Anderson er al. (1998) who showed that in E. coli the unstable gfp3 variant used in
the construction of pSB2021 has a shorter half-life (60 minutes) than the equivalent

unstable gfp3 in pSB2020 (300 minutes).
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In all cases, when cells were grown without added xylose, levels of fluorescence
decreased by approximately 10 fold. Again this showed that the P, ,, promoter is not
completely repressed and some read-through of the downstream gene occurs. One
other point that was observed was that when cells expressed gfp3opt ASV, the most
unstable gfp3 variant, the initial growth rate of the bacteria was decreased, indicating
that some energy drain or metabolic load was being placed upon the cells early in the
growth experiment. This may be due to the high ATP requirement necessary for
degradation of the protein by Clp proteases. Another possible explanation for the
decreased growth rates shown by L. monocytogenes expressing the different gfp3
variants in the actual plasmid. Gruss and Ehrlich (1988) showed that pC194, which
makes up part of the expression vectors, generated large quantities of high molecular
weight (HMW) DNA upon insertion of heterologous DNA fragments, the quantity of
the HMW DNA depended on the nature of the inserted fragment. If this was true then
this may be reflected in the overall growth rates of bacteria harbouring the gfp3

expression vectors, this will be discussed in greater detail in Chapter 8.

The data gained from observing fluorescence of the unstable gfp3 variants suggested
that P, ,, is constitutive, as fluorescence from the unstable gfp3 expression vectors
does not decrease, but is seen to plateau suggesting equilibrium has been attained
between synthesis and degradation of the protein. If the promoter had been
downregulated the level of fluorescence from L. monocytogenes harbouring the
unstable gfp3 vectors may be expected to decrease, due to the degradation of the

protein and also due to dilution of the signal by dividing bacteria.

Experiments have shown that the fluorescence of L. monocytogenes (pSB2018) did
not decrease and in fact levels of fluorescence were seen to increase slightly probably
due to incomplete repression of the P, promoter, suggesting the GFP3 protein was
stable. This was as expected as this gfp3 variant contains no C-terminal modification,
and therefore contains no protease recognition sequences. The fluorescence of L.
monocytogenes containing pSB2020 and pSB2021 was seen to decrease significantly
after repression of P, ,,. As the action of the P,,, promoter has been repressed, little

new GFP is made and hence the degradation of existing protein could be observed
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and the half-lives of the proteins resolved using the method of Anderson et al.
(1998). The in vivo half-lives were determined to be approximately 54 minutes for
mature GFP3 ASV and greater than 3 hours GFP3 AGA. Anderson ef al. (1998)
reported half-lives of approximately 60 and 300 minutes respectively for GFP3 ASV
and GFP3 AGA in E. coli, and in P. putida the in vivo half-life of GFP3 ASV was
reported to be approximately 190 minutes. So it does appear as though in L.
monocytogenes these unstable GFP3 proteins are turned over within the cell and have
a shorter half-life compared to GFP3opt. The observed degradation of rates of GFP3
ASV in E. coli and L. monocytogenes compare well, however a much longer
degradation rate was observed in P. putida (Anderson et al., 1998). The observed
degradation rate appears to depend on the species expressing the protein. This
suggests that the proteases degrading the tagged proteins in L. monocytogenes may
differ in specificity from those in other bacteria, hence the altered degradation rates.
Due to their unstable nature, these gfp3 expression vectors could be used to
determine more accurately the promoter kinetics within bacterial cells or used as an
indicator of gene expression. However, they still do not provide a real time indication
of events occurring within the cell, as time is still needed for fluorescent protein to
fold after its initial translation. Nevertheless, the unstable gfp3 variant with the
shortest half-life should be able to report any down regulation of gene expression, as

such events would be marked by a decrease in fluorescent output.

Experiments utilising S. aureus RN4220 (pSB2018) showed that a signal from the
gfP3opt could be observed in an intracellular environment when the bacteria were
grown with xylose to induced P,,,. Thus it is hoped that similar experiments may be
performed using other gfp3 expression vectors to investigate gene expression within
the bacteria. However, in order to observe gene expression in real time, the unstable
gfp3 variants would have to be utilised, but there is some doubt as to whether the
signal from these would be able to be seen above the background fluorescence

observed from the HUVEC cells.
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CHAPTER 5: CONSTRUCTION AND EVALUATION OF A LUX BASED
REPORTER FOR EXPRESSION IN GRAM POSITIVE BACTERIA

S.1. Expression of the Photorhabdus luminescens lux operon from the P,y

Promoter

The luxCDABE operon from P. luminescens ATCC29999 had previously been
inserted into the Smal restriction site of pBluescript II KS (unpublished, J. Throup),
this resulted in the construction of pBluelux which is illustrated in Figure 5.1.1. This
plasmid contained the /uxCDABE operon in the opposite orientation to the lacZ

promoter, and thus E. coli IM109 cells harbouring this construct showed only low

levels of bioluminescence.

Figure 5.1.1: Restriction map of pBluelux
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The lux operon was excised from pBluelux upon restriction with SnaBI and Sall. The
purified DNA was then ligated with pGC4 which had previously been digested with
Smal / Sall in order to excise the /uxAB fusion from the plasmid. Following ligation
of the two DNA fragments the DNA was introduced into E. coli IM109 cells by
electroporation. Colonies that contained recombinant DNA were isolated on
ampicillin selective agar and then observed under a Hamamatsu VIM3 camera to
ascertain the bioluminescent properties of the cells. DNA was prepared by plasmid
miniprep from those colonies that were seen to be highly bioluminescent and the
resulting DNA investigated by restriction analysis with EcoRI and Sa/l. Analysis of
restricted DNA by agarose gel electrophoresis showed that all the colonies contained
the 5.8kb /ux insert into the plasmid, restriction analysis of the DNA and a resulting
restriction map of the new plasmid construct, named pSB2022, are shown in Figures

5.1.2a and Figures 5.1.2b

Figure 5.1.2a: Restriction Analysis of DNA thought to contain the /ux operon
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Figure 5.1.2b: Restriction map of pSB2022
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L. monocytogenes were transformed with pSB2022 by electroporation. After
incubation on BHI agar containing chloramphenicol at 7ugml’ some recombinant
colonies were isolated. When these were examined under a Hamamatsu VIM3
camera, the bioluminescent emission from the recombinant organisms was found to
be extremely faint. It was unclear why when pSB2022 was introduced into L.
monocytogenes the cells were not as bioluminescent as E. coli cells harbouring the
Same construct. It is known that the P,y, promoter is strongly expressed in Gram
positives as high bioluminescent levels are observed from L. monocytogenes cells
harbouring pGC4, due to the expression of /uxAB, which is downstream of P,,. The
low luminescence levels could be attributed to a lack of FMNH; or molecular oxygen
within the cells, but this too appears unlikely, again due to the fact that expression of

luxAB can be observed in L. monocytogenes cells.

There are several issues that could be responsible for the poor luminescence emission
observed from L. monocytogenes. It is possible that transcription of the /ux operon is

being terminated prematurely resulting in the production of a partial transcript, this
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would lead to an incomplete set of Lux proteins beings synthesised. Another possible
explanation is that translation of one or more of the /ux genes is poorly initiated or
prematurely terminated which would again lead to an incomplete set of Lux proteins
present within the cell. An additional suggestion for the low light levels produced
from L. monocytogenes harbouring pSB2022 is that both transcription and translation
are efficient but the Gram positive organisms is unable to produce sufficient amounts

the fatty acid substrate molecules that are used for aldehyde production, resulting in

limiting levels of aldehyde within the cell.

The latter of these explanations is clearly incorrect as addition of exogenous
aldehyde to L. monocytogenes cells harbouring pSB2022 did not increase the
luminescent output. This suggests at least one of the luciferase subunits (LuxA or

LuxB) must be present in limiting amounts due to inefficient transcription or

translation within the cells.

In order to determine whether the problem was one of inefficient translation, it was
decided to try and identify the different protein products of the 5 genes of the /ux
operon using SDS PAGE. In order to isolate proteins from L. monocytogenes, cells
were subjected to sonication as described in Section 2.9.2. As a control E. coli cells
expressing /ux from pSB2022 were also run on the same gel. The resulting gel is

depicted in Figure 5.1.3.

Upon examination of the gel it could be seen that some of the 5 polypeptides of the
lux operon could be seen in E. coli (pSB2022). The /ux operon produces individual
peptides of the following molecular weights, LuxC, 54kDa; LuxD, 34kDa; LuxA,
40kDa; LuxB, 37kDa; LuxE, 44kDa. In the E. coli cells containing pSB2022 there
appeared to be at least 3, possibly 4, novel peptides, these are indicated on the gel
which is represented in Figure 5.1.3. It is thought that these bands correspond to the
peptides LuxA, B, D and E. However, it is clear from examination of the gel that
none of the genes of the /ux operon were being highly expressed in L. monocytogenes

cells carrying the plasmid borne Jux operon, pSB2022, as no bands could be
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identified that correspond to the size of the gene products expected. This data
suggests that the limiting factor to /ux operon expression in Gram positive bacteria is
either limited transcription of the /ux genes or limited translation of the /ux genes. If
transcription was prematurely terminated it would lead to the formation of a partial
transcript and subsequently to the production of an incomplete set of Lux proteins. If
the low luminescent levels were attributed to translation of one or more of the lJux
genes being prematurely terminated or poorly initiated, this too would lead to the
production of an incomplete set of Lux proteins. Previous experience of gene
expression in such organisms (Jacobs ef al., 1991; Hill et al., 1994; Qazi et al., 1998)
led to the surmise that the problem was most likely to be that of inefficient

translational initiation within the cell.
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Figure 5.1.3: SDS PAGE gel of E. coli (pSB2022) and L. monocytogenes
(pSB2022)

Unique bands seen in the whole cell extracts of cells expressing Lux proteins are
indicated with an arrow
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5.2. Reconstruction of the P. luminescens lux operon

Analysis of the Jux operon DNA sequence suggested that JuxA, luxC and luxE were
poorly translated within Gram positive bacteria. In order to circumvent this problem
PCR primers were designed that incorporated enhanced translational initiation
signals for the genes which DNA sequence analysis suggested might be poorly
translated, as described by Vellanoweth (1993). So that the individual genes of the
lux operon could be cloned, the PCR primers also incorporated restriction sites at
both the 5" and 3" ends of the coding sequence. The restriction sites on each primer

are indicated in Table 5.2.1.

Table 5.2.1: Restriction sites incorporated into the primers for amplification of
the lux operon

The sequences of the primers are given in Appendix 1.

Primer Restriction Site

5" luxA (forward) primer 12 | EcoRI/ Sall

3’ luxB (reverse) primer 13 Kpnl

5" luxC (forward) primer 14 | Kpnl

3" luxD (reverse) primer 15 BamHI
5" luxE (forward) primer 16 | BamHI
3" luxE (reverse) primer 17 Pstl | EcoRV

The primer pairs were used in PCR reactions in which /uxAB, luxCD and luxE were
amplified from pBluelux, the details of which have previously been described in
Section 5.1. The plasmid pBluelux was used in the reaction at a concentration of
Ingpl”, this provided a source of template DNA for all the /ux genes. The PCR
reaction was set up essentially as described in Section 2.5.3, primers used were 12
and 13, 14 and 15, and 16 and 17. As all the primer pairs were used separately

in one reaction to amplify their specific genes, this was reflected in the
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annealing temperature and DNA extension time that was used. The reaction
parameters incorporated an annealing temperature of 60°C for 3 minutes and an
extension period for 3 minutes at 72'C. The resulting PCR products were examined
by agarose gel electrophoresis, which confirmed the presence of DNA bands of 2.2,
2.4, and 1.1kb, which corresponded to /uxAB, luxCD and luxE respectively.

The PCR product that encodes the /uxAB genes was purified from a low melting
point agarose gel by freeze thaw. The purified DNA was then restricted with Kpnl
and EcoRI. After inactivation of the restriction enzymes using phenol chloroform
extraction, the digested PCR product was ligated with pHG327, previously restricted
with the same enzymes. The plasmid pHG327 is based on pHG165 (Stewart et al.,
1986) and has the pUC18 multi-cloning site within the /acZa peptide gene and is
illustrated in Figure 5.2.1.

Figure 5.2.1: Restriction Map of pHG327
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The ligated DNA was then used to transform E. coli JM109 competent cells by
electroporation. Cells containing recombinant DNA were isolated following selection
on ampicillin agar plates. Those colonies that grew on the antibiotic plates were then
screened under a Hamamatsu VIM3 camera in the presence of exogenous aldehyde
in order to detect any bioluminescence from the cells. DNA was prepared by plasmid
miniprep of the one colony that did show a luminescent phenotype along with a dark
colony as a control. These were then analysed by restriction analysis with EcoRI and
also by using Sall / EcoRI. After the restriction digests were electrophoresed on an
agarose gel it could be seen that the plasmid DNA from the colony that exhibited a
luminescent phenotype contained a 2.2kb insert, this being the /uxAB genes, this
construct was named pSB2023 and is pictured in Figure 5.2.2.

Figure 5.2.2: Restriction Map of pSB2023
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In order to create a construct where no additional substrates need to be added for
bioluminescence to occur it was necessary to clone the IuxCD and luxE genes
downstream of JuxAB. It was decided to reorganise the Jux operon such that the
luciferase was separate, but adjacent to the aldehyde genes on the plasmid. This
would mean that either the aldehyde or the luciferase genes could be excised

independently from the expression vector.

Both /uxCD and luxE had previously been amplified by PCR, using primers14 and
15, and 16 and 17 respectively which are detailed in Apeendix 1, in order to
incorporate an enhanced translational signal at the 5° coding region of /uxC and IuxE.
The PCR products were electrophoresed on a low melting point agarose gel and each
band excised. The DNA was then purified from the gel slice by freeze thaw
purification. Purified luxCD was then restricted with Kpnl/BamHI, and luxE was
digested with BamHI/Pstl. All the restriction enzymes were inactivated using phenol
chloroform extraction. Following re-precipitation of the restricted DNA, both luxCD
and JuxE were ligated with pSB2023, which had previously been restricted with
Kpnl/Pst] and then purified from a low melting point agarose gel by freeze thaw. The
ligated DNA was then used to transform E. coli JM109 competent cells by
electroporation, recombinant colonies were then isolated by selection on agar plates
containing ampicillin and IPTG. Colonies that grew following subsequent incubation
on these plates were then screened using a Hamamatsu VIM3 camera to determine if
any of the transformants were bioluminescent. A few colonies were seen to be highly
bioluminescent without the addition of exogenous aldehyde, indicating that both
luxCD and luxE had inserted downstream of luxAB in pSB2023. DNA isolated from
the bioluminescent colonies was subsequently restricted with EcoRI/EcoRV to excise
the cloned /ux operon from the plasmid backbone of pHG327. Agarose gel
electrophoresis indeed showed that these digests resulted in the formation of two
products of approximately 5.6kb and 3.4kb, corresponding to the /ux operon and
PHG327 respectively. Having confirmed that some of the transformants contained
the new /ux operon construct, named pSB2024, a large-scale DNA preparation was
performed by plasmid maxiprep. This DNA was then investigated further by
restriction analysis in order to verify the new construct. The DNA was restricted with

a variety of restriction enzymes, which were then analysed by agarose gel
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electrophoresis. The resulting gel from the restriction analysis of pSB2024 and the

determined restriction map are illustrated in Figures 5.2.3 and 5.2.4 respectively.

Figure 5.2.3: Restriction Analysis of pSB2024
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Figure 5.2.4: Restriction Map of pSB2024
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The restriction analysis showed that uxCD was downstream of luxAB and that luxE
was downstream of both these sets of genes. Reconstruction of the /ux operon
appeared to have been achieved, with the aldehyde genes now separated from the

luciferase genes, but both were adjacent on the plasmid.

The activity of pSB2024 cannot be observed in Gram positive bacteria due to the fact
that it doesn’t have a Gram positive origin of replication, or an antibiotic resistance
gene that is suitable for use in Gram positive organisms. In order to look at

expression of the /uxABCDE operon in Gram positives it was necessary to excise the
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Iux genes from pSB2024 and insert them into a Gram positive shuttle vector.
However, there were no convenient restriction sites in the shuttle vectors that were
available, into which the excised luxABCDE cassette could be inserted, so it was
decided to first insert the /ux operon into the super linker plasmid pSL1190
(Pharmacia) to create new restriction sites around the operon. This plasmid contains

all 64 hexamer recognition sequences and is hence useful in vector construction.
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5.3. Cloning the luxABCDE operon into the superlinker Plasmid pSL1190

pSL1190, supplied by Pharmacia, was restricted with Munl / Pstl, this was then
electrophoresed on a low melting point agarose gel and purified by freeze thaw
purification. The luxABCDE operon was excised from pSB2024 upon restriction with
EcoRI / Pstl, after electrophoresis on a low melting point agarose gel the band
corresponding to the /ux operon was excised and purified by freeze thaw. Following
ligation of these two DNA fragments the ligated DNA was used to transform E. coli
JM109 competent cells by electroporation. Colonies containing recombinant DNA
were selected by plating the transformation mix onto agar plates containing
ampicillin. Although the /uxABCDE operon had been inserted into pSL1190, the
recombinant colonies were not expected bioluminesce due to the fact that the
reporter fragment had been inserted in the opposite orientation to the promoter.
Nevertheless, colonies obtained were screened under a Hamamatsu VIM3 camera to

look for any luminescence produced from the cells and a few colonies showed a very

faint bioluminescent phenotype.

These weakly bioluminescent colonies were isolated and DNA prepared from the
recombinant cells by plasmid miniprep. The resulting DNA was subsequently
restricted with Pyull, which confirmed the luxABCDE operon was present within
these recombinant colonies. As this recombinant DNA, named pSB2025, was
required for further manipulation, pure DNA was prepared by maxiprep and was then
subjected to further investigations by restriction analysis. The restriction map of
pSB2025 is shown in Figure 5.3.1. Having now successfully integrated the
luxABCDE operon into pSL1190, due to the number of unique restriction sites at
both ends of the coding sequence, the operon could now be excised and inserted into

the Gram positive shuttle vector of choice.
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Figure 5.3.1: Restriction map of pSB2025
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5.4. Cloning the luxABCDE operon into a Gram positive shuttle vector

It was decided to clone the lux4BCDE operon downstream of xy/R P, This would

result in a reporter plasmid whose promoter could be induced by the addition of 0.5%

Xylose to the bacterial culture medium resulting in bioluminescent expression of cells

containing the plasmid. The most effortless to acheive this was to clone the lux

operon into an existing construct, in this case the gfp expression vector pSB2018 was
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chosen. This plasmid is based on the Gram positive shuttle vector pMK4 (Sullivan et

al., 1984) and the construction of which has been described earlier in Chapter 3,

Section 3.12.

The gfp3opt gene was excised from the reporter plasmid pSB2018 after restriction
with Smal / Pstl. The digested vector was then purified from a low melting point
agarose gel and ligated with the Jux operon, which had been excised from pSB2025
and purified from a low melting pint agarose gel following digestion of the DNA
with Smal / Pstl. The ligated DNA was subsequently transformed into E. coli by
electroporation of JM109 competent cells, recombinant colonies were then isolated
after incubation on ampicillin selective agar. Any resulting transformants were also
screened under a Hamamatsu VIM3 camera. With the recombinant colonies, some
were seen to be more luminescent than others, it was thought that the ones that were
less luminescent were colonies containing pSB2025 and were present due to carry
through of the original Jux cloning vector. To check if these bioluminescent colonies
contained the new Jux shuttle vector or whether they contained pSB2025, those
colonies that exhibited a luminescent phenotype were isolated onto agar plates
containing chloramphenicol. This would allow for selection of the new /ux plasmid
as pSB2025 does not contain a chloramphenicol resistance gene, so cells harbouring
this plasmid would not grow. A number of colonies grew under chloramphenicol
selection, these were also shown to be highly bioluminescent. To verify that these
cells contained the correct construct, DNA was prepared from the cells by plasmid
miniprep, this was subsequently checked by restriction analysis, which showed that
all the bioluminescent chloramphenicol resistant cells contained the Gram positive
lux plasmid, designated pSB2026. After amplification of the DNA by plasmid
maxiprep, the DNA was investigated further by restriction analysis, which resulted in

the production of the restriction map depicted in Figure 5.4.1
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Figure 5.4.1: Restriction map of pSB2026
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The lux reporter pSB2026 was introduced into L. monocytogenes by electroporation
of competent cells, recombinant colonies were obtained after selection on BHI agar
plates containing xylose and chloramphenicol. These were then screened under a
Hamamatsu VIM3 camera and the luminescent output from the cells noticed.
Although the bioluminescence generated from the Gram positive bacteria did not
appear to be at parity with E. coli cells expressing lux from the same plasmid, the
observed light levels were much greater than anything previously observed in L.
monocytogenes. When cells had been plated onto medium that did not contain added
Xylose, only very low levels of luminescence were observed from the cells,
compared to cells that when grown with added xylose which were highly
luminescent, this is illustrated in Figure 5.4.2. It is already known that this promoter

appears to be well regulated in L. monocytogenes, as investigations performed on L.
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monocytogenes cells expressing gfp from pSB2018 showed that P,z could be

repressed by the addition of xylose to the culture media allowing expression of

gfp3opt from P,y4.

Figure 5.4.2: L. monocytogenes (pSB2026) recombinant colonies when grown on
media with and without added xylose.
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To determine whether a bioluminescent phenotype could be obtained from other
Gram positive bacteria harbouring pSB2026, the plasmid was introduced into S,
aureus RN4220 by electroporation according to the method of Augustin and Gotz
(1990). The resulting transformants, obtained following selection on
chloramphenicol selective agar plates containing 0.5% xylose, showed a
bioluminescent phenotype when examined under a Hamamatsu VIM3 camera,

indicating the plasmid containing the /ux operon, pSB2026, had been successfully

introduced into the S, aureus cells.

In addition to expressing Jux genes from pSB2026 in S. aureus RN4220, it was also
decided to express the /ux genes in another laboratory strain, namely S. aureus
8325-4. However, attempts to introduce DNA isolated from E. coli by
electroporation were unsuccessful. Subsequently, DNA was isolated from S. aureus
RN4220 (pSB2026) by plasmid miniprep, this was then used to transform S. aureus
8325-4 by electroporation of competent cells. The recombinant colonies that were
isolated following selection on chloramphenicol agar plates with 0.5% added xylose,

were seen to be highly bioluminescent.

So, it has been shown that this reconstructed /ux operon can be efficiently expressed
in Gram positive bacteria. It is planned to apply these bioluminescent organisms to in
vivo imaging experiments to look at gene expression of the organisms during
pathogenesis. As expression of the /ux operon is dependent on the presence of added
xylose, it was decided to make a constitutive /ux reporter by excision of the xy/R
gene from the promoter region. This would give bacteria that were light without the

added need for xylose.
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5.5. Construction of a Constitutive /ux Reporter for Expression Studies in Gram

positive bacteria

To create a constitutive /ux-cloning vector, the P,y,-luxABCDE fragment was
excised from pSB2025 following enzymatic restriction with EcoRI and Psfl. This
was then ligated with pCG4, which had had the P,,, promoter, and /uxAB fusion
genes excised after the DNA had been digested with both EcoRI and Pstl. After
transformation of E. coli IM109 competent cells with the ligated DNA, recombinant
colonies were selected on their ability to grow on antibiotic media and produce light
without the addition of exogenous aldehyde or added xylose. In order to confirm that
the xyIR regulator gene had been excised from the DNA, colonies that showed a light
phenotype were grown in antibiotic selective media and DNA prepared from the
cells by plasmid miniprep. Studies of the xy/R DNA sequence revealed a unique X#ol
restriction site upstream of the £coRI site, which had been used to excise Pyy4. Thus
if the xyIR gene had been successfully removed from the promoter-/ux fragment, the
plasmid DNA from the new recombinant colonies should not contain a Xhol site,
therefore upon restriction with X#ol and Pstl the DNA should only be linearised.
This is illustrated in Figure 5.5.1. Some recombinants were identified which
produced only one band upon restriction with Xhol and Pstl, indicating that the xy/R
gene had been excised. This constitutive plasmid was referred to as pSB2027 and
subsequent restriction analysis with a variety of endonucleases confirmed the

positions of enzymes on the restriction map depicted in Figure 5.5.2.

Figure 5.5.1: Linear restriction map of the xylR-luxABCDE fragment
from pSB2026

EcoR1 Pstl

e

xyIR P xylA luxAB luxCD

Xhol
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Figure 5.5.2: Restriction Map of pSB2027

Kpnl

pSB2027
11600 b.p.

EcoRV

luxCD

Pstl
EcoRV

Restriction mapping confirmed the validity of pSB2027 and showed that xy/R had

been successfully removed from the DNA. The cloning vector pSB2027 was then

introduced into two different Gram positive species by electroporation, these being L.

monocytogenes 7973 and S. aureus RN4220. Recombinant colonies of each bacterial

strain were obtained following selection on chloramphenicol agar plates, all of which

were seen to have a highly bioluminescent phenotype when examined under a

Hamamatsu VIM3 camera. As DNA prepared from E. coli IM109 cells could not be

directly introduced into S. aureus 8325-4, DNA was prepared from S. aureus

RN4220 (pSB2027) by plasmid miniprep and subsequently introduced into S. aureus
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8325-4 by electroporation. In this case all the resulting transformants showed a
highly luminescent phenotype indicating that the /ux genes were efficiently translated

within the cell.

All Gram positive bacteria showed a luminescent phenotype on medium that did not
contain xylose, showing xylose was not required for P, to be active, thus it appears

as though expression of the /ux genes is constitutive.

5.6. Cloning a transcriptional terminator downstream of the /ux operon

As no transcriptional terminator was cloned downstream of the /ux genes, it was
decided to clone the rnnB terminator from E. coli downstream of the /ux expression
vector pSB2027, to see if this had any apparent effect on reporter activity and
stability within cells expressing lux. The termination region of the rrnB gene is large
and complex and the whole region can be employed as an efficient terminator of

transcription.

In this study, PCR primers were designed to the DNA sequence of the rrnB gene
such that the inverted repeats forming the T1 and T2 terminators and the two smaller
repeats, IR1 and IR2 would be amplified by the ensuing PCR reaction. It was
decided to amplify this whole region as Orosz et al. (1991) showed that this fragment
containing both terminators and both inverted repeats gave high termination
efficiency when cloned in either orientation. Details of the primers used, primers 18

and 19 are given in Appendix 1.

In order to clone this terminator fragment, restriction sites were incorporated into the
PCR primers, a Nsil site at the 5” end of the coding sequence and a Pstl restriction
site at the 3" end. As Nisil is compatible with PszI this would enable the orientation of

the inserted fragment to be determined as illustrated in Figure 5.6.1.
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Figure 5.6.1: Strategy used for cloning the rnnB terminator
downstream of the luxABCDE operon

EcoRI Smal EcoRV EcoRV Pstl
l T1 T2 i
300bp
Pou luxABCDE operon
Destroyed
Pstl Site

Using primers 18 and 19, PCR was used to amplify the ranB terminator fragment
from the genome of E. coli IM109. The reaction was performed essentially as
described in the Materials and Methods, Section 2.5.3, using an annealing
temperature of 50°C for 1 minute followed by an equivalent period of DNA
extension at 72°C. The ensuing PCR product was restricted with Nsil and Pstl and
subsequently ligated with pSB2027 which had been linearised upon restriction with
Pstl. The ligated DNA was introduced into E. coli JM109 competent cells by
electroporation and recombinant colonies acquired following selection on agar plates
containing ampicillin. These colonies were then screened under a Hamamatsu VIM3
camera to determine those colonies that exhibited a bioluminescent phenotype. Some
light colonies were picked into fresh broth and DNA isolated from them by plasmid
miniprep. This DNA was then restricted with EcoRV / Pstl to determine whether the
recombinant DNA contained the rnnB terminator downstream of the /ux operon, and
if so, the orientation of the cloned insert. As shown in Figure 5.6.1, if the terminator
had inserted in the correct orientation, upon restriction with EcoRV and Pstl, a small
band of around 300bp would be excised along with bands of approximately 3kb and
9kb. One of those colonies isolated did indeed show the presence of this 300bp insert

indicting that the rnnB terminator fragment had been inserted downstream of the
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luxABCDE operon, this new construct was designated pSB2028, and is depicted in
Figure 5.6.2:

Figure 5.6.2: Restriction Analysis of /ux recombinant colonies thought to

contain the rnnB terminator

pSB2028
11900 b.p.

Cm
luxCD
Pstl rmn A‘ JuxE
EcoR
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This new expression vector pSB2028, was introduced into L. monocytogenes by
electroporation of competent cells. The resulting recombinant colonies were seen to
be bioluminescent under a Hamamatsu VIM3 camera, but by eye it appeared as
though colonies containing pSB2028 were not as light as the equivalent colonies

expressing Jux from pSB2027.

In order to determine the reporter activity of each of these /ux plasmids and to also
determine whether expression of these 5 proteins affects growth of cells harbouring
them, growth curves were carried out with L. monocytogenes harbouring each of

these new expression vectors.
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S5.7. Growth of L. monocytogenes harbouring the xylose inducible /ux plasmid

pSB2026

L. monocytogenes containing the xylose inducible lux plasmid (pSB2026), were
grown overnight in BHI containing chloramphenicol both with and without 0.5%
xylose. Overnight cultures were then diluted 1/100 to approximately the same
starting OD into fresh pre-warmed broth containing the same supplements and grown
at 37°C in a shaking water-bath. As a control, L. monocytogenes (pMK4) were
grown and subcultured in the same way, but in this case lacZ expression was induced
by the addition of 0.5mM IPTG to the culture medium. Both optical density (OD)
and bioluminescence readings were taken at hourly intervals with bioluminescence
being measured as soon as the sample was taken from the flask. The

bioluminescence was represented as relative light units (RLU).

To take into account the effect of growth on the bioluminescence readings, the RLU
values obtained were divided by the appropriate OD values to give RLU/OD. The
RLU/OD values were plotted against time on an arithmetic graph, also the OD values
were plotted against time, this showed both the bioluminescent and growth properties
of cells expressing different plasmids, a representation of the data is shown in

Figures 5.7.1 and 5.7.2.

From the data illustrated in Figures 5.7.1 and 5.7.2 it could be seen that expression of
Pyis was well regulated by xylose, as when no xylose was added to the culture
medium little luminescence was seen from the cells expressing /ux from pSB2026.
This data also shows that when cells harbouring pSB2026 were grown in the
presence of 0.5% xylose a bioluminescent phenotype was exhibited. The light was
seen to peak after approximately 5 hours, which corresponded to cells in mid
exponential phase. As cells approached stationary phase, the luminescence had
decreased rapidly, indicating that no new or only low levels of Lux proteins were
being generated. These data suggest that Py, is not acting in a constitutive manner,

as the light levels do not remain high throughout the whole growth cycle. The
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promoter only appears to be active up to mid exponential phase, and then it seems to

be downregulated, as shown by the rapid decrease in luminescent output.

When the same growth curves were performed with the equivalent GFP3 reporter,
pSB2018, levels of GFP did not reach a high level until early stationary phase, levels
of GFP also remained high and were not seen to decrease. This is probably due to the
time needed for the GFP chromophore to form fluorescent protein, the time needed
for enough GFP to be formed to produce a fluorescent signal and also due to the fact
that once formed GFP is an extremely stable protein and has a long half-life
(Tombolini et al., 1997). That GFP fluorescence was observed shows that the
promoter was active, but as fluorescence levels remain high due to the stability of the
protein (Tombolini ef al., 1997) it cannot be determined whether or not the promoter
was active during the whole growth cycle or whether at some point activity of the
promoter was reduced. When Jux is used, due to the fact that the light levels peak and
then decrease to a low output, this indicates that the promoter is downregulated
during late exponential growth. However, the decrease in bioluminescence may be
attributed to a lack of energy in the cells. In order for the bioluminescent process to
occur energy is required, this is derived from the bacterium’s electron transport
chain. Thus if the metabolic activity of the cells has been downregulated then this
may explain the decrease in bioluminescence. However, this appears unlikely, as
when the bioluminescence decreases the cells are in exponential phase, therefore
energy requirement should not be an issue. Nevertheless, by using /ux, promoter
kinetics and dynamics can be studied in real time as when the promoter is
downregulated a corresponding decrease in light output is observed. Thus /ux would
appear to be a better real time reporter and would readily reflect any bi-directional

changes in gene expression within the cell.

One phenomenon that can be noticed from the data illustrated in Figures 5.7.1 and
5.7.2 is the slower initial growth rate of cells harbouring pSB2026. It may be thought
that this was due to expression of the /ux genes, but this phenomenon was observed
when cells were grown both with and without xylose. When cells were grown

without xylose the initial slower growth rate was not as marked as when xylose was
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added to the bacterial culture, but growth was still decreased initially. This suggests
that whilst expression of the /ux genes does appear to slow down the initial growth
rate, bioluminescence cannot be entirely responsible, as when L. monocytogenes
(pSB2026) were grown without xylose very little luminescence was observed. This
suggests that some other factor may be responsible for this initial slower growth rate.
Gruss and Ehrilch (1988) suggested that pC194, from which pMK4 is derived
produced HMW DNA upon the insertion of heterologous DNA fragments. The
amount of HMW DNA appeared to depend on the size and nature of the inserted
DNA fragment. This may explain why cells harbouring pSB2016 show an initial
slower growth rate even when Pyy4 has not been activated., as if the cells contain
large amounts of HMW DNA it will take longer for the plasmid DNA to replicate.
This appears to be backed up further from experiments where L. monocytogenes
(pPMK4) were grown with and without the inducer IPTG, here no differences were
observed in the initial growth rate. This will be discussed in greater detail in Chapter
8.

Another possible explanation for the initial slower growth rate could be the initial
inoculum size used to set up the experiments. Although it was thought that all
cultures were inoculated to the same level, at this low optical density only an
estimate can be made by the spectrophotometer and so values obtained at this low
level cannot be deemed accurate. This however seems unlikely as the same general

trends were seen each time that the experiment was performed.

The decreased initial growth rate suggests an increased metabolic load upon cells
expressing lux. If expression of lux was placing a significant energy drain upon the
cells then this would be reflected in the exponential growth rates of the bacteria. The

exponential growth rates are given in Table 5.7.1.
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Table 5.7.1: Mean Exponential Growth Rates of L. monocytogenes harbouring
pSB2026 with pMK4 as a control culture

Growth rate is shown as increase in optical density per hour

t-test performed using L. monocytogenes (pMK4) grown without inducer as a control

Plasmid | Growth Growth rate | Standard | Standard
rate + inducer Deviation | Deviation
- inducer - inducer |+ inducer
pSB2026 | 0.159 0.161 9.19x 10° | 2.12x 107
P>0.05 P> 0.05
pMK4  |0.238 0.219 9.90 x 10~ | 0.024
control P>0.05

From the exponential growth rates of all the bacterial cultures shown in Table 5.7.1,
it can be seen that there is no difference in the growth rates between L.
monocytogenes (pSB2026) that are bioluminescent and those that are not. This
suggests that expression of /ux does not affect the growth rate of exponentially
growing cultures. Whilst the bacteria are not luminescent throughout exponential
growth, some light is produced, so if expression of /ux did place an extra energy
drain upon the cells this might be expected to be reflected in the bacterial growth
rates. The exponential growth rates of bacteria harbouring pSB2026 are lower than
equivalent cells harbouring pMK4. As pSB2026 is approximately 7kb bigger than
pPMK4, plasmid size may have an effect on the bacterial growth rate, as it takes

longer to transcribe, translate and replicate a bigger plasmid.

From this experiment it was determined that P.,.4 was not constitutive as previously
thought, but is only expressed up to late exponential phase before it is down-
regulated within the cell. Expression of the /ux genes appears to place some
metabolic load upon the cell, demonstrated by the decreased initial growth rate,
however, some of this load could be attributed to the plasmid size and the nature of

the plasmid, this will be discussed further in Chapter 8.
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Figure 5.7.1: Growth and Bioluminescence of L. monocytogens (pSB2026)
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Figure 5.7.2: Growth and Bioluminescence of L. monocytogenes (pSB2026)
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5.8. Comparison of Growth and bioluminescence of L. monocytogenes

(pSB2026) and L. monocytogenes (pSB2027)

These experiments were performed to observe any differences in light output
between an inducible /ux plasmid, pSB2026, and one where the promoter was
thought to be constitutive in its action, pSB2027. The experiment was carried out as
before, L. monocytogenes harbouring pSB2026 were induced to express /ux by
adding 0.5% xylose to the culture medium, but cells harbouring pSB2027 were
grown only in antibiotic selective broth. L. monocytogenes (pMK4) were grown with
and without the inducer IPTG so it could be sure that expression of genes from, and
maintenance of the plasmid within the bacteria had no adverse effect on the growth
of the cells. Optical density and relative bioluminescence (RLU) were measured as
before, and once again the RLU values obtained were divided by OD to take into
account the effect of cell number on the bioluminescence values. The RLU/OD
values were then plotted against time on an arithmetic graph; in order to compare
growth of the bacteria to the luminescent output the OD values were also plotted on

the same graph on a log scale, a representation of the data obtained is shown in

Figures 5.8.1 and 5.8.2.

Upon examination of these data, the most striking observation is the difference in
light output between the L. monocytogenes cells containing the two /ux plasmids.
Expression of the /ux genes from L. monocytogenes (pSB2027) was seen to be
approximately 10-fold higher, as shown by a ten-fold increase in luminescent output,
than L. monocytogenes expressing lux from pSB2026. It is not really understood why
this occurs, as essentially the two plasmids are the same except for the absence of
xyIR from pSB2027. It may be that when xy!R is present, even when xylose is added
to the culture medium, Py is not fully de-repressed, hence levels of luminescence
are lower, a higher concentration of xylose in the media may give rise to a higher
luminescent output. When the repressor is not present, as in the lux reporter
PSB2027, lux expression occurs without the need for any inducers, indicating the
constitutive nature of the promoter. As expected due to the absence of /ux genes in

the plasmid, no bioluminescence was observed from the cells harbouring pMK4.
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It can be seen from the data that the luminescence peaks when the bacteria are in mid
exponential phase and then decreases fairly rapidly. There are two possible
explanations for this. It is possible that Py4 1s a growth phase dependent promoter
and is downregulated at a specific point in the growth cycle, in this case mid
exponential phase. Another explanation is that the cells cannot produce enough
energy to drive the bioluminescent reaction. This appears unlikely as when
bioluminescence is downregulated within the cells, the bacteria are still growing
exponentially, thus there should still be sufficient energy available to drive the

bioluminescent reaction.

One other factor that can be seen from Figure 5.8.1 and 5.8.2 is the slower initial
growth rate of bacteria that express /ux from both pSB2026 and pSB2027, the
longest being from cells containing pSB2026. It seems feasible to suggest that
luminescent output is not responsible for this slower initial growth rate, as L.
monocytogenes (pSB2026) when grown with xylose are approximately 10 fold less
luminescent that L. monocytogenes (pSB2027). The only difference between these
two plasmids is the presence of xy/R on pSB2026. It is possible that the observed
initial slower growth rate of L. monocytogenes (pSB2026) is due to the size of the
plasmid, which is approximately 500bp bigger than pSB2027. Gruss and Ehrlich
(1988) suggested that insertion of DNA fragment into pC194, from which these
expression vectors are comprised, lead to the production of HMW DNA. If L.
monocytogenes (pSN2026) are producing more HMW DNA compared to L.
monocytogenes (pSB2027) then this may explain the observed initial slower growth
rate. If L. monocytogenes (pSB2026) do contain large amounts of HMW DNA then
this may also explain the lower luminescence levels observed. This will be discussed

further in Chapter 8.

Although the initial growth period varies between cells harbouring the different
expression vectors, the actual exponential growth rate does not appear to vary

significantly; this is illustrated in Table 5.8.1.
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Table 5.8.1: Mean exponential growth rates of L. monocytogenes (pSB2026) and
L. monocytogenes (pSB2027)
Growth rate is shown as an increase in optical density per hour

t-test performed using L. monocytogenes (pMK4) grown without inducer as a control

Plasmid Mean Growth | Standard Deviation | |
rate

pSB2026 |0.164 2.12x 107 > 0.05
pSB2027 [0.174 0.021 > 0.05
pMK4 0.219 0.024 > 0.05
(+ve)

pMK4 0.238 9.90 x 107 control
(-ve)

It can be seen from the above data that expression of the Jux genes does appear to
slightly lower the exponential growth rate. However, it is not clear whether this
decreased growth rate is due to the production of Lux proteins or whether the actual
presence of the plasmid slows down growth. L. monocytogenes (pSB2027) are
approximately 10-fold more luminescent than L. monocytogenes (pSB2026) and yet
the exponential growth rates are not significantly different. This suggests that
expression of /ux does not place a significant energy drain upon the bacteria, but the
reduced growth rates are due to some other factor, possibly the size of the plasmid

that the cells contain.
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Figure 5.8.1: Growth and bioluminescence of L. monocytogenes harbouring
constitutive and inducible lux plasmids
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Figure 5.8.2 Growth and bicluminescence of L. monocyfogenes harbouring constitutive and inducible
Jux plasmids
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5.9. Comparison of growth and bioluminescence of L. monocytogenes (pSB2028)

and L. monocytogenes (pSB2027)

The purpose to this experiment was to determine whether placing a terminator
downstream of the /ux operon had any effect on light output of the cells harbouring
the plasmids. It was thought that the presence of the transcriptional terminator might
increase light output from the cells by increasing plasmid stability. Without a
terminator, there is no defined point for transcription to cease, so transcription can

proceed into the vector and may decrease the stability of the expression vectors.

The growth experiments were carried out as described previously, with cells
harbouring the plasmids being grown overnight at 37°C. The bacterial suspensions
were then diluted 1/100 to approximately the same optical density into fresh pre-
warmed medium. At hourly intervals both the optical density and bioluminescence
were measured with the RLU/OD being calculated for each time point. The RLU/OD
and the OD values were then plotted with respect to time, a representation of the data

obtained is presented in Figures 5.9.1 and 5.9.2.

From the data shown it can be seen that cells harbouring pSB2027 and pSB2028
show a bioluminescent phenotype in the absence of xylose, indicating that the xylose
repressor is no longer upstream from the xylose promoter. When cells express /ux
from pSB2027 light levels peak around 3-4 hours compared to cells expressing fux
from pSB2028 where maximum output is reached around 4-5 hours. In both cases
light levels fall to a low level around two hours after maximum output has been
achieved, possibly indicating that the promoter is no longer active, and no new or
only low levels of new Lux proteins are generated. Another possible explanation for
the decrease in bioluminescence is a lack of FMNH,, which is needed to drive the
bioluminescent reaction. This however seems unlikely, as when the bioluminescence
decreases the cells are still growing exponentially, so energy requirement should not

be an issue.
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When the rnnB terminator was placed downstream of the Jux operon light levels were
much lower, approximately five-fold, than the equivalent construct pSB2027,
without the terminator. Two possible reasons could be responsible for the decrease in
light output demonstrated by L. monocytogenes expressing the lux genes encoded by
pSB2028. It may be that the overall transcript levels within the cell have been
reduced, but this is unlikely as the promoter is the same as that in pSB2027. A more
plausible explanation is that mRNA is transcribed at the same rate but degraded more
rapidly when the rmnB terminator is present. Bacterial mRNA is unstable and is
constantly degraded by ribonucleases. In bacteria both endonucleases and
exonucleases are involved in the degradation of mRNA. Susceptibility to degradation
is conferred by sequences that are targets for endonucleolytic attack. The overall
direction of degradation is 5°-3’, which probably results from a succession of
endonucleolytic cleavages following the last ribosome. Degradation of the released
fragments of mRNA proceeds by exonucleolytic attack from the free 3°-OH end

towards the 5 terminus (i.e. the opposite direction to transcription).

It is possible that be placing a terminator downstream of the /ux genes a sequence has
caused structural rearrangements that determine a cleaveage site. Once the
endonuclease has cleaved the mRNA, exonucleolytic degradation starts at the new 3°
end and degrades the 5 fragment. If the mRNA transcript was degraded, this would
reduce the overall levels of Lux proteins transcribed within the cell, depending on the
extent of the degradation luminescent output would decrease accordingly. If the
stability of the mRNA has been decreased, i.e. the mRNA has a shorter half-life, then
it can only be translated a limited number of times before it is functionally

inactivated.

~Ht-can be-netieed-that-L. monocytogenes expressing the Lux proteins appear to have a
slower initial growth rate than L. monocytogenes expressing lacZ, i.e. cells
harbouring pMK4 whose growth rate does not appear to be affected upon induction
with IPTG. This slower initial growth rate is much greater for L. monocytogenes
(pSB2028) than L. monocytogenes (pSB2027), this is reflected by the increased time

taken for the bacteria to enter stationary phase. It may be that these differences in

213



growth rate at the start of the growth cycle may be due to the initial inoculum size, as
at such low levels an accurate reading from the spectrophotometer cannot be
obtained. However, it seems unlikely that this is the case as each time the experiment

was repeated the same trends were seen.

It seems unlikely that these differences in the initial growth rate are due to expression
of lux placing an energy drain upon the cells, as L. monocytogenes (pSB2028) that
have the slowest initial growth rate are approximately 6 times less luminescent than
L. monocytogenes (pSB2027). Some other factor, maybe in combination with Jux
expression is responsible for this decreased initial growth rate observed from L.

monocytogenes harbouring the Jux expression vectors.

It is clear that the differences at the start of the growth period are not due to
expression of the Jux genes as both the /ux plasmids are the same, except for the
presence of the terminator on pSB2028. It may be that the instability of the Jux
transcript places a metabolic load upon the cell, with energy being used to degrade
the transcript and also to make more RNA to replace that being degraded. As the
transcript is unstable, more has to be made overall in order to have sufficient
transcript available from which protein can be translated, hence the extended lag
phase. This however seems unlikely as initially levels of luminescence within the cell

are not that high.

Another possible explanation for the decreased initial growth rate could be due to the
size of the plasmid that the cells contain. The expression vector pSB2028 is only
~300bp larger than pSB2027. It is possible that a limit has been reached whereby
cells can efficiently transcribe, translate and replicate plasmid DNA. It is also
possible that this extra 300bp causes a significant increase in the levels of HMW
DNA that are produced within the cell (Gruss and Ehlrich, 1988). If HMW DNA
production has been increased then this too may explain the longer initial growth
period as it would take longer for cells to replicate the plasmid. This will be

discussed further in Chapter 8.
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Although the initial growth period appears to vary between cells harbouring the
different /ux plasmids, the exponential phase of growth does not appear to differ

significantly. The exponential growth rates are given in Table 5.9.1.

Table 5.9.1: Exponential growth rates of L. monocytogenes cells harbouring
pSB2027 and pSB2028.
Growth rate is shown as an increase in optical density per hour

t-test performed using L. monocytogenes (pMK4) grown without inducer as a control

Plasmid Mean Standard P
Growth rate | Deviation

PMK4 (-ve) | 0.238 9.90 x 107 | Control

pMK4 (+ve) |0.219 0.024 >0.05

pSB2027 0.174 0.021 > 0.05

pSB2028 | 0.164 0.041 <0.05

L. monocytogenes (pSB2027) and L. monocytogenes (pSB2028) have lower
exponential growth rates compared to L. monocytogenes (pMK4). It is thought that
this is not entirely due to expression of /ux, as luminescence observed from cells
harbouring pSB2027 is much greater than cells harbouring pSB2028. It does appear
as though the size of the plasmid that the cells contain does affect the bacterial
growth rate as growth rate is significantly decreased from cells with pSB2027 and

pSB2028 compared with cells harbouring pMK4.
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Figure 5.9.1: Growth and bioluminescence of L. monocytogenes harbouring constitutive /ux plasmids with
and without a transcriptional terminator
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5.10. Two-dimensional gel Electrophoresis (2-D PAGE) of L. monocytogenes
(pSB2026)

A lux operon has been constructed that can be expressed effectively in Gram positive
organisms, however as light emission is still not at parity with Gram negative
equivalents it is believed that expression can be further enhanced. The design of the
reconstructed Jux operon was based upon independent assessment of translation
initiation of the separate genes in the /ux operon and subsequent enhancement of the

translation initiation regions of JuxA, luxC and luxE, no modifications were made to

the start of /uxB or luxD.

In order to determine whether the 5-/ux genes were being translated with the same
efficiency it was decided to assess the relative amounts of the separate Lux proteins
produced using 2-D PAGE. This was achieved by making whole cells protein from
L. monocytogenes cells containing pSB2027 (lux operon downstream of P,y
promoter). As a control, whole cell extracts of L. monocytogenes expressing GFP
from pSB2019 were also prepared, this plasmid contained the same promoter, the
only difference was the reporter gene, which in this case was gfp3opt. Overnight
cultures of L. monocytogenes cells harbouring the two plasmids were grown
overnight, these were then used to inoculate fresh broth at a 1/100 dilution. Cells
expressing the /ux genes were harvested when the light reached a maximum level, at
this point /ux proteins would also be present at a high concentration within the cell,
and this corresponded with an optical density of around 0.3-0.4. Cells harbouring the
GFP plasmid were also harvested at approximately the same ODgyo as cells
expressing the bioluminescent plasmid pSB2027. Cells were washed in an equal
volume of PBS, concentrated 10-fold in sonication buffer and then disrupted using a
mini-bead beater (Biospec Products). A total protein assay (Bio-rad) was then
performed in order to calculate the concentration of protein in the samples so that the

Same concentration of protein could then be loaded onto the gel.
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The horizontal 2-D gel electrophoresis was performed using the Immobiline DryStrip
kit according to the instructions provided by Pharmacia. The first dimension was
performed with the Multiphore II electrophoresis unit using Immobiline DryStrips of
pHA4-7 as the isoelectric points of the individual Lux proteins were already known.
Following separation of proteins according to isoelectric point, they were then
separated by molecular weight by horizontal SDS electrophoresis using ExcelGel
SDS polyacrylamide gradient gels. The gel consisted of a stacking gel followed a
polyacrylamide gradient of 12-14%, these were run on the Multiphore II
electrophoresis unit. 2-D gels were then stained with Coomassie blue and separated
proteins subsequently visualised following destaining of the gel. The gels obtained
are illustrated in Figures 5.10.1 and 5.10.2, this shows the 2-D protein profile from L.
monocytogenes cells harbouring pSB2019 and pSB2027 respectively. Using the
protein profile from L. monocytogenes cells expressing GFP from pSB2019 as a
reference gel, the two gels were compared using the ImageMaster software version
1.1 (Pharmacia), which allows protein spots to be detected and quantified, and any

novel spots to be identified. Dr Sara Movahedi kindly performed the gel analysis.

On comparison of the whole cell extracts of L. monocytogenes (pSB2027) to L.
monocytogenes (pSB2019), several additional spots were detected. It was hoped that
only 5 new spots would be present, each one representing one of the Lux proteins.
However a total of 15 unique spots were present. This was far more than predicted
and it is thought that this is either due to loss of the sample when being loaded onto
the first dimension, or it is due to the fact that the control protein samples were not as
concentrated as the sample containing the Lux proteins and hence some of the

cellular proteins have not been detected on the reference gel.

Those bands that have been isolated as being unique are shown on Figure 5.10.2 with
those thought to be the Lux proteins labelled A-E. The known details of these Lux
proteins are compared to values obtained from the 2-D analysis in Table 5.10.1. Also

represented in this table are the relative volumes of each spot, i.e. the relative

concentration of each protein spot.
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Table 5.10.1: Comparison of known and calculated properties of the individual

Lux proteins

Protein | Known Measured | Known Measured Volume
Mwt Mwt Isoelectric | Isoelectric | of Spot
kDa kDa point (IEP) | point (IEP)

LuxA (1) | 40.99 42.98 6.1 6.58 10.18

2) 43.85 6.55 5.96

LuxB 37.59 39.52 4.76 5.15 3.22

LuxC 54.95 55.02 6.2 6.6 4.84

LuxD 34.65 34.56 5.2 5.58 1.83

LuxE 45.47 46.2 5.8 6.15 6.39

Although the protein analysis does not clearly show the 5 unique Lux proteins, other
spots have been eliminated from either their molecular weight data or their position
on the gel. There are two possible spots, both approximately the same molecular
weight and IEP on the gel that could correspond to LuxA, the only real difference is
between the intensities of the spots, with one being much bigger. As LuxA is part of
the luciferase complex and a large amount of light is seen from cells harbouring this
plasmid, it is thought that spot A1 is correct. Nevertheless, which ever spot is correct
both are of a greater intensity than the spot thought to correspond to LuxB,
suggesting that translation of the /uxB gene is less efficient that that of /uxA. The
spots thought to correspond to LuxC and LuxE are marked on the gel, both these are
more concentrated than LuxB. This may be expected however as the start of luxA,
luxC and IuxE were all translationally enhanced, therefore more protein may be
expected. The one band that was not easily identifiable was that corresponding to
LuxB. The gel analysis equipment did isolate one possible spot, but this one spot was
very faint on the gel. It may just be that translation of the /luxD gene is poor due to

poor initiation of translation, as this had not been enhanced for /uxD.
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Data obtained from the 2-D PAGE is not clear-cut. It appears as thought /uxB and
luxD are not being translated with such efficiency as the other /ux genes, but this may
be expected as translation of these genes has not been enhanced for expression in
Gram positive bacteria. In order to properly asses the relative amounts of Lux
proteins produced by L. monocytogenes cells, more concentrated cell extracts need to
be obtained. This could be achieved by freeze drying the protein samples and then
reconstituting them in a smaller volume. Another way to obtain a more concentrated
sample would be to lyse the cells by sonication instead of using the bead beater. This
has been done for protein samples used in one-dimensional gels and resulted in
concentrated samples that actually had to be diluted in order to resolve individual

bands.

Also, it would be better to observe expression of the /ux genes from the plasmid that
contains xy/R P,y (pSB2026). As it is known that expression of the lux genes is
almost completely inhibited in the absence of xylose it would be better to compare
expression of the genes from cells grown with and without xylose. However, this
may not be as good as using the constitutive /ux plasmid (pSB2027), as section 5.8
showed light levels from pSB2026 were significantly lower than cells expressing Jux

from pSB2027.

Once the separate amounts of Lux proteins have been analysed it can then be
determined whether the /ux operon needs to be engineered further. Any genes that
are found to be poorly translated, indicated by low levels of protein, will be
engineered via PCR to translationally enhance the 5 coding region of the gene for

expression in Gram positive bacteria.
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Figure 5.10.1: 2-D analysis of whole cell extracts of L. monocytogenes
harbouring pSB2019
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Figure 5.10.2: 2-D gel analysis of whole cell extracts of L. monocytogenes
harbouring pSB2027
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5.11. Discussion

The lux operon of P. luminescens was placed on a plasmid under the control of a
strong promoter, in this case Py,,. When this reporter plasmid was used to transform
Gram positive bacteria the light emission from the recombinant organism was
extremely faint. Upon addition of exogenous aldehyde to cells expressing this
plasmid the light levels did not increase, this showed that it was not an inability of
the cell to synthesis substrate. Analysis of whole cell extracts of L. monocytogenes
harbouring this plasmid by SDS PAGE suggested that only very low levels of Lux
proteins were being generated. Previous experience of gene expression in such
organisms (Jacobs et al., 1991; Hill et al., 1994; Qazi et al., 1998) led to the

supposition that the problem was one of inefficient translation initiation.

The P. luminescens Iux operon was therefore reconstructed by incorporating
enhanced translational signals for those genes that the DNA sequence suggested may
be poorly translated, in this case /uxA, /uxC and luxE. The 5’ region of these genes
were engineered via PCR to enhance translational initiation in Gram positive
bacteria. The reconstructed /ux operon was placed downstream of Py, both in the
presence and absence of the xy/R regulator gene upstream of this. These constructs
were introduced into L. monocytogenes and two strains of S. aureus, RN4220 and
8325-4, with the result that the bioluminescence was significantly increased. Growth
experiments using L. monocytogenes harbouring these plasmids showed that higher
levels of luminescence were obtained when xyIR was not present on the plasmid, i.e.
with pSB2027, suggesting that P, has not been fully de-repressed, however in each
case the cells were not bioluminescent throughout the period of growth. The
bioluminescence peaked as cells were in mid exponential phase and then dropped,
suggesting that this promoter was not constitutive and was only active in the early
stages of growth, or that energy was limiting in the bacteria. This seems unlikely as
the bacteria are still growing exponentially, therefore there should be enough
FMNH; that the bacteria can used to drive the bioluminescent reaction. For bacterial
tracking studies etc, an alternative promoter that is both strong and constitutive in its

action, but also regulatable, is desirable to give high luminescence levels throughout
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growth. One approach to identify such promoters is to use the reconstructed Jux
operon on promoter probe vectors. However, a high bacterial transformation
efficiency is required, and as this cannot be attained with L. monocytogenes, S.
aureus and S. epidermidis the studies would possibly be performed in B. subtilis due
to its relatively high transformation efficiency. Analysis of the separate Lux proteins
by 2-D gel electrophoresis suggested that /uxB and /uxD are translated with less
efficiency than the other /ux genes. However, due to the fact that the cell samples did
not appear to be of an equal concentration and also that the samples were not
concentrated enough, no definite results could be obtained. Ideally the experiment
needs to be repeated using more concentrated cell samples. On the basis of the
information gained the 5° coding sequence region of any genes that appear to be
poorly translated will be engineered by PCR to enhance translation initiation in Gram
positive organisms. However, if all the /ux genes are found to be translated equally
well, this would suggest that the lower levels of light seen from the organisms is due

to sub-optimal transcription within the cell.

In order to advance our understanding of host-pathogen interactions and gene
regulation, non-invasive assays for monitoring the progression of infectious agents
and other biological processes in the living animal are required. Although tissue
culture models do provide important information on host pathogen interaction, the in
vitro model system is deficient in reproducing most if not all the host immune system
and can never replicate the complex dynamic interaction that occur in vivo. The
experiments of Contag et al. (1995) allowed bacterial movement to be viewed non-
invasively within the living animal. However, the reporter constructs available gave
very poor luminescent output when expressed in Gram positive organisms thus
making such in-vivo experiments impossible, and to this end it was decided to
optimise expression of individual /ux genes for expression studies in Gram positive

organismes.

The [ux reporters constructed during the course of this project have resulted in much
greater luminescent output from cells harbouring the expression vectors. However, it

appears as though the /ux genes are only expressed throughout early exponential
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phase. Once a lux reporter has been constructed that is constitutive when induced, the
construct can be used to track Gram positive pathogens during pathogenesis by using
animal models, e.g. the erythema / subcutaneous abscess model (Kinsman, 1986) in
mice to study staphylococcal infection. Photonic imagining during the course of
infection should provide data on the growth and spread of constitutively
bioluminescent bacteria (Contag et al., 1995). The use of the reconstructed lux

operon in reporter constructs should also provide information about the temporal and

spatial induction of specific genes.

These newly constructed reporters have many other potential uses, for example they
could be of value in studies that concern the spread and survival of genetically
modified micro-organisms in soil environments, and to gain a better understanding of
how the engineered organisms move through the soil and interact with the
indigenous microbial community. One specific example for utilising the Jux genes is
to follow bioremediation of contaminated areas within the environment. When
observing the performance of an introduced degrader, it is important that the spread
of the bacteria can be monitored and also that information can be obtained
concerning their metabolic activity. By using /ux, these issues are addressed, as
bioluminescence is only observed in metabolically active cells. The lux reporter
system also allows single cell detection and its activity can be monitored non-

destructively and in situ.
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CHAPTER 6: CONSTRUCTION OF A DUAL REPORTER FOR
EXPRESSION STUDIES IN GRAM POSITIVE BACTERIA

6.1. Creating a dual reporter

So far reporter plasmids have been constructed that encode either the gfp3 gene or
the engineered /uxABCDE operon from P. luminescens. As each reporter has its own
advantages and disadvantages it was decided to construct a plasmid that would
confer both a green fluorescent and bioluminescent phenotype upon cells harbouring
the expression vector. Such a construct would reveal a greater amount of information
when performing any in situ studies. For example, during an infection process the
bioluminescent marker would provide data on the growth and spread of
constitutively luminescent bacteria as well as providing information about the
temporal and spatial induction of particular genes at the macro level. The gfp3
reporter cannot give a real time representation of gene induction and expression due
to the time taken for the chromophore to fold and generate fluorescent protein.
Nevertheless, gfp3 does provide an excellent positional marker on those cells
expressing the gene, even on fixed samples, and thus individual bacteria could be
located within an animal following sectioning. This would provide data on how

individual bacteria contribute to the infection process and how infection proceeds.

As microorganisms are exploited in many areas of environmental biotechnology,
including bioremediation and biocontrol, genetically engineered microorganisms are
being constructed for these environmental applications. A dual reporter system has
previously been developed by Unge ef al. (1999) by utilisation of the /uxAB and gfp
genes. The bioluminescence phenotype of the luxAB reporter is directly related to
the metabolic activity of the cell. Bacterial luciferase catalyses the following
reaction:

RCHO + O, + FMNH, - RCOOH + H,0 + FMN + light (490nm), where R is a
long chain fatty aldehyde. Due to the requirement of reducing equivalent (FMNH)),
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the bioluminescence phenotype of the /uxAB marker is dependent on the cellular
energy status. Thus the bioluminescence is directly related to the metabolic activity
of the cells, and as such can be used to assess the relative metabolic activity of
specific bacterial populations upon the addition of exogenous aldehyde to the
sample. In contrast GFP fluorescence has no requirement for energy and does not
require additional substrates to fluoresce (Chalfie et al., 1994). The expression of gfp
in this dual reporter system allows fluorescent cells to be rapidly enumerated by flow
cytometry ((Ropp er al., 1995). However, in this system only the /uxAB genes have
been utilised which requires the addition of exogenous aldehyde to the samples
before luminescence is observed. Whilst this does give a good representation of the
metabolic activity of the cells, it would be more advantageous to use cells expressing
the whole operon, so the metabolic acﬁvity can be measured immediately upon
sampling and also continuously. Such a reporter whilst being valuable in the
enumeration and evaluation of the active proportion of a bacterial population in

environmental studies could also be used for gene expression studies and localisation

studies in vivo.

In order to build a dual reporter plasmid, two existing expression vectors were used.
These were pSB2018 (the Gram positive gfp3 vector) and pSB2025 (luxABCDE in a

superlinker plasmid). These starting plasmids are shown in Figure 6.1.1.
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Figure 6.1.1: Expression vectors pSB2018 and pSB2025

pSB2018
7800 b.p.
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Both pSB2018 and pSB2025 were restricted with Sa/l. With pSB2018 a band of
approximately 1.3kb was generated upon restriction, this contained the P14 promoter
and the translationally optimised gfp3 gene. The fragment excised from pSB2025
following restriction with Sa/l was too small to see on an agarose gel, however the
plasmid DNA (approximately 9kb) was still purified to prevent re-ligation of this
small fragment into the rest of the vector. Purification of the appropriate DNA was
achieved by freeze thaw purification of excised DNA bands following
electrophoresis of the DNA on a low melting point agarose gel. The purified DNA
fragments were then ligated together and subsequently used to transform E. coli
JM109 competent cells by electroporation. Cells containing recombinant DNA were
isolated following selection on ampicillin LB agar plates. Recombinant colonies that
contained the dual expression vector were observed to fluoresce green under
excitation conditions and were also seen to have a bioluminescent phenotype
following examination under a Hamamatsu VIM3 camera. Although the phenotype
of the recombinant colonies suggested that the new expression vector was correct,
DNA was prepared from some of the colonies by plasmid miniprep. The resulting
DNA was restricted with EcoRI and Ps¢l, which produced bands of approximately
7kb and 3.4kb which were presumed to be the P, -gfp3opt-lux fragment and the

plasmid backbone respectively. This new construct was named pSB2029.

The dual expression vector pSB2029 only contains a Gram negative origin of
replication. Due to this it will not replicate in Gram positive bacteria. In order to
express both reporter genes in Gram positive organisms they were placed onto a
Gram positive shuttle vector, in this case pGC4 was chosen. Both pGC4 and
pSB2029, illustrated in Figure 6.1.2, were restricted with EcoRI / Pst] in order to
excise the P,,~luxAB fragment and the Pyya-gfp3opt-lux fragments respectively. All
DNA was purified by freeze thaw following electrophoresis on a low melting point

agarose gel.
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Figure 6.1.2: Restriction maps of pSB2029and pGC4
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Following purification, the two fragments of DNA were ligated together.
Recombinant colonies were isolated following selection on ampicillin agar plates.
When examined, some of these were observed to fluoresce under blue light
excitation and were also seen to be bioluminescent following examination under a
Hamamatsu VIM3 camera. In order to check that these cells contained the new
plasmid, and not the starting plasmid pSB2029, colonies exhibiting the two
phenotypes were picked onto agar plates containing chloramphenicol. Only
derivatives of pGC4 were able to grow on this due to the presence of a
chloramphenicol resistance marker on the plasmid. DNA was isolated from those
colonies that grew on chloramphenicol by plasmid miniprep, this was subsequently
restricted with both EcoRI / Pstl and EcoRI / Sall which proved that the constructs

were correct, the new plasmid was designated pSB2030.

One recombinant colony was chosen and DNA prepared by plasmid maxiprep. As a
final check of pSB2030 the DNA was examined by restriction analysis, and the
resulting agarose gel analysis is illustrated in Figures 6.1.3. All the enzymes digested
the plasmid as predicted apart from Smal, which did not appear to be restricting the
DNA efficiently, shown by the presence of a large amount of uncut DNA from this
single digest. However, as all the other digested appeared to map correctly, it was
presumed that the construct was correct. The restriction map of pBS2030 is

illustrated in Figure 6.1.4.
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Figure 6.1.3: Restriction Analysis of pSB2030
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Figure 6.1.4: Restriction Map of pSB2030

EcoRl

Pstl
EcoRVvV

The plasmid pSB2030 was introduced into L. monocytogenes by electroporation of
competent cells, and recombinant colonies were isolated following selection on
chloramphenicol agar plates. These colonies were then screened under a Hamamatsu
VIM3 camera to examine the bioluminescence. All colonies were seen to be
constitutively bioluminescent as illustrated in Figure 6.1.5. However, it appeared as
though cells harbouring pSB2030 were not as luminescent as the equivalent /ux
reporter, pSB2027. Individual colonies that were seen to be bioluminescent were
mounted on a glass slide in PBS and examined under a fluorescence microscope. All
individual cells were seen to fluoresce green with relatively high intensity indicating

that the gfp30pt had been translated efficiently.
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Figure 6.1.5: Recombinant Colonies of L. monocytogenes (pSB2030)

Having successfully introduced pSB2030 into L. monocytogenes, it was decided to
introduce the plasmid into S. aureus. S. aureus RN4220 was transformed with
pSB2030 by electroporation of competent cells following the method of Augustin
and Gotz (1990). Recombinant colonies were isolated following growth, for 2 days at
37°C, on chloramphenicol selective agar plates. Resulting transformants were then
screened under a Hamamatsu VIM3 camera to observe bioluminescence. All
recombinant colonies were observed to be luminescent, and the luminescent
properties of a single colony are illustrated in Figure 6.1.6. DNA from S. aureus
RN4220 harbouring pSB2030 was prepared by plasmid miniprep. This was then used
to transform S. aureus 8325-4 by electroporation of competent cells. Following
selection on chloramphenicol selective agar plates, recombinant colonies were
screened under a Hamamatsu VIM3 camera in order to observe the bioluminescence.
The bioluminescence characteristics of a single recombinant colony are shown in
Figure 6.1.7. A single light colony of S. aureus RN4220 (pSB2030) and S. aureus
8325-4 (pSB2030) were also resuspended in PBS on a glass cover slip and observed
by fluorescence microscopy under blue light excitation, all individual cells were seen
to fluoresce green under these excitation conditions. This indicated that both reporter

genes were being translated efficiently within the Gram positive bacteria.

7238



Figure 6.1.6: Colonies of S. aureus RN4220 (pSB2030)

Figure 6.1.7: Colonies of S. aureus 8325-4 (pSB2030)

In order to verify that these two strains of staphylococci harbouring pSB2030 were
different, a single colony of each was streaked onto a chloramphenicol selective

blood agar plate. The results of this are illustrated in Figure 6.1.8.
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Figure 6.1.8: Haemolytic activity of two different strains of S. aureus

S. aureus
RN4220
(pSB2030)

S. aureus
8325-4
(pSB2030)

From Figure 6.1.8 it can be seen that the two colonies exhibit different haemolytic

properties indicating that these are two different strains of staphylococci. S. aureus

8325-4 is haemolytic whereas S. aureus RN4220 is not, and shows no signs of blood

haemolysis. Both colonies were shown to be bioluminescent and also fluoresced

green under blue light excitation due to the expression of /ux and gfp3opt from

pSB2030.
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6.2. Comparison of growth and fluorescence of L. monocytogenes (pSB2019) and

L. monocytogenes (pSB2030)

These experiments were performed to observe the fluorescence of L. monocytogenes
containing both pSB2019 and pSB2030, these plasmids express gfp3opt or gfp3opt-
luxABCDE respectively from P, L. monocytogenes (pSB2019) and L.
monocytogenes (pSB2030) were grown overnight in antibiotic selective BHI broth.
All cultures were diluted 100-fold into fresh culture medium and optical density and
relative fluorescence measured at hourly intervals. In order to observe whether
expression of gfp3 affected bacterial growth rate, a culture of non-recombinant L.
monocytogenes 7973 cells were grown overnight and measurements made in the
same way. The measured values of green fluorescence on L. monocytogenes
(pSB2019) and L. monocytogenes (pSB2030) were corrected for background
fluorescence by subtracting the corresponding measured values from the control
culture of L. monocytogenes. This gave the relative fluorescence (RFU) for each test
culture. To take into account the effect of dilution on bacterial fluorescence, the RFU
values were divided by the corresponding OD values (RFU/OD). The RFU/OD were
plotted as a function of time on an arithmetic plot, in addition to this, the OD values
were also plotted on the same graph on a log scale as a function of time. This was
done so the level of fluorescence relative to the bacterial growth rate could be

compared. A representation of the data is illustrated in Figure 6.2.1 and 6.2.2.

From the data shown in Figures 6.2.1 and 6.2.2 it can be seen that the fluorescence
between L. monocytogenes harbouring the two-gfp3opt expression vectors varies
markedly. Nevertheless, in both cases high levels of GFP fluorescence is observed in
the absence of xylose, indicating that P,y is derepressed as the xy/R regulator gene is
no longer present on the plasmid. L. monocytogenes (pSB2019) show a much greater
level of fluorescence than L. monocytogenes (pSB2030). When cells express gfp3opt
from pSB2019, the levels of fluorescence observed are approximately five times
greater than L. monocytogenes cells expressing both gfp3opt and lux genes from
pSB2030. In both cases fluorescence begins to increases once cells have entered

stationary phase. This delay in observing a fluorescent signal is probably due to two
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independent factors, the rate of synthesis of functional protein, and the dilution of the
fluorescent signal as cells divide. The post-translational formation of a functional
chromophore occurs approximately 2 hours after synthesis of GFP (Heim et al.,
1995) in E. coli, however as GFP is not an enzyme there is no signal amplification
derived from multiple substrate cleavage by one molecule of reporter protein. So
although the gfp gene is transcribed and subsequently translated from exponentially
growing cells, the signal does not start to increase until approximately six hours later

due to the post-transiational modification that occurs and the effect of dilution on the

signal by rapidly growing and dividing cells.

The fact that the fluorescence seen from L. monocytogenes expressing the dual
reporter gene was much lower than that from gfp3opt alone, suggests that a greater
metabolic load is placed upon the cells with pSB2030, resulting in lower translation
of the genes downstream of P,,,4. This possible extra energy drain on the cells may
be due to the fact that L. monocytogenes (pSB2030) express six recombinant proteins
compared to just the one GFP protein expressed by equivalent cells bearing
pSB2019. Also, cells harbouring pSB2030 have an extra 5.8kb segment of DNA
compared to those harbouring the single gfp3 expression vector, thus cells may
require more energy to transcribe, translate and replicate the plasmid DNA. It
appears unlikely that the levels of transcript from L. monocytogenes (pSB2030) have
decreased compared to L. monocytogenes (pSB2019), as the same promoter is

present upstream of the reporter genes in each plasmid.

Observations made from Figures 6.2.1 and 6.2.2 indicate that the exponential growth
rate of the fluorescent cultures is changed from that of the non-recombinant L.
monocytogenes. The gradient of the non-recombinant cells appears to be slightly
steeper compared to cells expressing either the single or dual gfp3 reporter,
indicating that the non-fluorescent L. monocytogenes have a faster growth rate. GFP3
levels in the cell tend to plateau in stationary phase, due to the delay between the
initial translation and formation of functional protein, this suggests that gfp3opt is
actively being transcribed and translated within the cell during exponential phase.

Thus if expression of gfp3opt and the dual reporter does place an energy drain upon
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the cells it should be reflected in the exponential growth rate. The exponential

growth rates are illustrated in Table 6.2.1.

Table 6.2.1: Mean exponential growth rates of L. monocytogenes (pSB2019) and
L. monocytogenes (pSB2030)
Growth rate is shown as an increase in optical density per hour

t-test performed using L. monocytogenes 7973 as a control

Plasmid Mean Growth | Standard | P
Rate Deviation

Non-recombinant L. monocytogenes | 0.332 0.0184 Control

7973

L. monocytogenes (pSB2019) 0.281 2.83x 10° | >0.05

L. monocytogenes (pSB2030) 0.198 8.49 x 10 | <0.05

From the data given in Table 6.2.1 it can be seen that non-recombinant L.
monocytogenes cells have a faster exponential growth rate than either population of
fluorescent bacteria. L. monocytogenes with the dual expression vector have the
slowest rate of growth, compared to both non-fluorescent bacteria and cells
containing pSB2019, supporting the theory that production of both GFP3 and Lux

proteins places a significant energy drain on the bacterial cell, much greater than

production of GFP3 alone.

One other feature that lends support to the thought that the dual reporter places a
metabolic load upon the cells is the slower initial growth rate shown by L.

monocytogenes expressing the dual reporter plasmid.

This initial slower growth rate could be attributed to differences in the amounts of

the initial inoculum used in the experiments, due to the limitations of the
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spectrophotometer, which is unable to give an accurate representation of bacterial
populations at low dilutions. This may be true, but it seems unlikely that the same

trends would be seen each time that the experiment was performed.

One possible explanation for the initial slower growth rate that was observed by L.
monocytogenes (pSB2030) could be plasmid size. This plasmid is quite large at
approximately 12kb, this may be beyond the limits that the bacterial cell can
efficiently transcribe, translate and replicate. As mentioned previously pC194, a
derivative of pMK4, tends to from high molecular weight (HMW) DNA following
insertion of heterologous DNA fragments. It has been shown (Gruss and Ehrlich,
1988) that pC194, which replicates by a rolling circle type replication with ssDNA
intermediates generates HMW DNA upon insertion of DNA fragments. It also
appeared that as the size of the DNA insert increased the amount of HMW DNA also
increased. The size difference between pSB2019 and pSB2030 is approximately
5.8kb. It is possible that insertion of such a large DNA fragment causes the
production of large amounts of HMW DNA within the bacteria and this slows down
the initial growth rate as cells start to divide and replicate, hence the extended lag

phase and decreased rate of exponential growth. This will be discussed further in

Chapter 8.
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Figure 6.2.1: Growth and Fluorescence of L. monocytogenes (pSB2019) c.f
L. 'monocytogenes (pSB2030)

Figure 6.2.2: Growth and fluorescence of L. monocytogenes (pSB2019) c.f.
L. monocytogenes (pSB2030)
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6.3. Growth and bioluminescence of L. monocytogenes (pSB2027) and L.
monocytogenes (pSB2030)

These experiments were carried out as previously described in order to observe the
growth and luminescent properties of L. monocytogenes harbouring the dual reporter
plasmid compared to cells containing the /ux expression vector (pSB2027). As a
control, L. monocytogenes (pMK4) were grown in the presence of IPTG to induce
expression of lacZ. Previous experiments had shown that induction of pMK4 did not
alter the growth characteristics of cells expressing the gene. With all cultures, both
optical density and bioluminescence were measured at hourly intervals. In order to
account for the effect of OD on the bioluminescence measurements (RLU), RLU
values were divided by the corresponding optical density readings. The generated
RLU/OD values were plotted on an arithmetic plot with respect to time, in order to
compare the luminescent output to growth, OD values were also plotted on the same

graph on a log scale. A representation of the data gained is illustrated in Figure 6.3.1

and 6.3.2

From the illustrated data it can be seen that xylose is not needed for expression of the
lux genes, this indicates that the xy/R regulator gene has been excised from the
promoter fragment so that P, is not dependent on xylose for its induction. The
levels of luminescence generated from the strains bearing the expression vectors
were very different. With L. monocytogenes (pSB2027), the lux expression vector,
cells were approximately five times more luminescent than L. monocytogenes
containing the dual reporter. This corresponds with fluorescence data gathered from
observing gfp3opt expression, with the dual reporter generating around five times
less fluorescent protein than observed with a single gfp3opt reporter. The fact that
when cells express both reporter genes, expression levels of both are reduced five-
fold, indicates that either an energy drain is placed upon the cells or the cells cannot
transcribe, translate and replicate the 6.5kb fragment of reporter DNA efficiently,
hence the lower fluorescence and luminescence signals. As a high luminescent
output is generated from cells harbouring the /ux plasmid, it does appear as though a

size threshold has been surpassed whereby DNA is efficiently transcribed and
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translated within the cell. It is possible that the extra 800bp when gfp3opt is placed
upstream of luxABCDE places a significant metabolic load upon the cell due to the
size of the plasmid which needs to be replicated within L. monocytogenes and the
possible production of HMW DNA within the cells. The formation of HMW DNA

within the cell depends on the size and nature of the inserted DNA and also the

plasmid size (Gruss and Ehrlich, 1988).

If the lower output from the reporter genes was due to an increased energy drain
being placed upon the bacterial cells, this may be manifested by a decrease in the
exponential growth rate. The average exponential growth rates of the cultures used in

the experiment are given in Table 6.3.1.

Table 6.3.1: Mean growth rates of L. monocytogenes harbouring lux expression
vectors.

Growth rate is shown as an increase in OD per hour

t-test performed using L. monocytogenes (pMK4) grown without inducer as a control

Plasmid Mean Standard P
Growth Rate | Deviation

L. monocytogenes (pMK4) 0.185 0.023 Control

L. monocytogenes (pSB2027) 0.174 0.021 >0.05

L. monocytogenes (pSB2030) 0.175 9.90x 10° | <0.05

It can be noticed that L. monocytogenes (pMK4) have the highest growth rate,
indicating that expression of LacZ places less of an energy drain upon the cells than
expression of the /ux genes or the dual reporter. There is no significant difference
between the exponential growth rates of L. monocytogenes (pSB2027) or L.
monocytogenes (pSB2030) which again supports the theory that expression of
gfp3opt places no significant energy drain upon the bacteria. When the exponential

growth rates of L. monocytogenes harbouring the dual reporter were compared to
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those of L. monocytogenes harbouring a gfp expression vector, growth rates were
seen to be significantly reduced when cells expressed the dual reporter. These data
suggests that of the two reporter genes it is /ux that places the increased energy drain
upon cells expressing the proteins. This is not unexpected as one of the substrates for

bioluminescence is reduced flavin mononucleotide (FMNH,) which is provided from

the bacterium’s electron transport chain.

The Lux proteins are not expressed throughout exponential phase, Lux proteins are
expressed to approximately mid-exponential phase and then rapidly decrease. It can
be noticed from the data that the larger the plasmid that the cells contain, the slower
the initial growth of the bacteria, thus the longer the delay until Lux proteins are
expressed within the cells. Although bioluminescence does place a significant energy
drain upon bacteria expressing /ux due to the requirement for FMNH,, this alone
cannot be responsible for the initial observed decrease in bacterial growth rate, as at
this point only low levels of bioluminescence are perceived. It is apparent that some

other factor contributes to this noticeable decrease in the initial growth rate of cells

expressing both reporter genes.

As previously stated, the size of DNA inserted into the original cloning vector can
cause the production of HMW DNA within the cells. This in turn appears to affect
the initial growth rate of the bacteria, when they are actively dividing and replicating
DNA within them. As the decrease in the initial growth rate is much more apparent
from L. monocytogenes expressing both reporter genes, this suggests that a limit has
been reached whereby DNA can be effectively replicated within the cells without
placing a significant metabolic load upon cells harbouring them. This will be

discussed further in Chapter 8.
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Figure 6.3.1: Growth and bioluminescence of L. monocytogenes (pSB2027) c.f.
L monocytogenes (pSE2030)
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6.4. Discussion

A dual gfp3-luxABCDE reporter has been constructed and placed on a shuttle vector
downstream of P,;4. The promoter had been cloned in such a way as to remove the
xyIR repressor gene, thus removing the need for xylose to be present to de-repress the

promoter in order to obtain gene expression.

The dual expression vector (pSB2030) has been shown to confer both luminescence
and fluorescence on different Gram positive bacteria, these being L. monocytogenes
and S. aureus. All recombinant colonies were highly bioluminescent, although levels
obtained did not appear to be as high as when the reconstructed /ux operon was
expressed from a similar plasmid (pSB2027) without gfp. Upon examination by
fluorescence microscopy, individual cells from recombinant bioluminescent colonies
were also seen to fluoresce under blue light excitation due to the expression of

gfp3opt. All individual cells were seen to have a fluorescent phenotype.

Experiments examining the growth and fluorescence of L. monocytogenes
(pSB2030) compared with L. monocytogenes (pSB2019) showed that the dual
reporter appeared to have a lower rate of exponential growth and was also
approximately five times less fluorescent than cells expressing gfp3opt on its own.
This suggests that L. monocytogenes producing GFP have less energy drain placed
upon them than cells expressing the five Lux proteins along with GFP. When the
growth rate of L. monocytogenes (pSB2030) was compared with L. monocytogenes
(pPSB2027) the difference in the rate of exponential growth was not significantly
different, however in this case the cells are producing around the same number of
different proteins (five and six respectively). When bioluminescence was examined,
cells harbouring the dual reporter construct showed lower luminescence levels (about

five-fold) than cells expressing Lux proteins from pSB2027.
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As well as the lower output generated by L. monocytogenes (pSB2030), cells
harbouring the dual reporter had a slower initial growth rate compared to that of the
single reporters. This decrease in growth rate cannot be entirely attributed to
bioluminescence, as at this point cells do not show a highly luminescent phenotype,
bioluminescence does not peak until mid-exponential phase, therefore there is no
large demand placed upon the cells for FMNH; early in the growth cycle. One factor
suggested to be responsible for this initial decreased growth rate is plasmid size,
which places an increased metabolic load upon cells harbouring the expression
vectors. It appears as though the larger the plasmid, the slower the growth of the
bacteria initially, this may be due to the production of HMW DNA which can form
when heterologous DNA inserts into the plasmid (Gruss and Ehrlich, 1988). As

previously mentioned this will be discussed at greater length in Chapter 8

To asses the merits of each reporter gene the RFU/OD and RLU/OD, obtained when
both lux and gfp3opt were expressed in L. monocytogenes from pSB2030, were
plotted arithmetically as a function of time. A representation of the data obtained is

illustrated in Figure 6.4.1 and 6.4.2.

From this data it can be seen that Lux proteins reach a peak level within the cell
approximately 5 hours into the growth period, whereas GFP levels do not begin to
plateau until a further 6 hours after this, approximately 11 hours into growth. This
suggests that the generation of functional Lux proteins is much quicker than
formation of fluorescent GFP. Lux is also amplified enzymatically within the cell,
whereas GFP is not and the fluorescence signal in a particular cell, therefore,
depends largely on two broad parameters: the rate of synthesis of functional protein
and, because GFP is very stable, the rate of dilution as the cells divide. So, although
it takes around 11 hours for a significant fluorescent signal to be generated, this is
not all due to the time taken for the chromophore to fold, rather a combination of

factors including growth rates of the bacterium and dilution rates of the protein.
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This data confirms that GFP cannot be used to monitor rapid changes in gene
expression due to the time needed for a fluorescent signal of sufficient intensity to be
generated. In order to monitor gene induction and expression /ux would appear to be
the reporter of choice, as the signal is generated much more rapidly within the cell
compared to that of gfp3opt. Due to their apparent instability within the cell, the Lux
proteins would also reflect down-regulation of the gene of interest was occurring, as
shown by a decrease in luminescent output. However, due to the stability of GFP,
this makes it the reporter of choice for monitoring bacterial progression and
accumulation within cells, for example during infection (Kinsman, 1986). It also

enables the precise location of individual bacterial cells to be established.

The data gathered shows that although these two reporters are very different in their
action, both have their own merits which makes this dual expression vector a
powerful tool for gene expression studies in vivo and bacterial localisation
experiments. These reporters as thay stand could be used for in vivo tracking
experiments. The experiments of Contag et al. (1995) allowed bacterial movement to
be viewed non-invasively within the living animal during the course of infection. Lux
reporters permit the monitoring of gene expression over time, as the short half-life of
the luciferases guarantees that the photon emission observed represents the gene of
interest. These points suggest that in theory the activity of any gene fusion to /ux
could be examined in live animal tissues. During an infection process the
bioluminescent marker of the dual reporter would provide data on the growth and
spread of constitutively luminescent bacteria as well as providing about the temporal
and spatial induction of particular genes, whereas expression of gfp3 provides an
excellent positional marker, allowing the precise location of the organism to be

determined.
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CHAPTER 7: CONSTRUCTION, EVALUATION AND USE OF
REPORTER SYSTEMS FOR THE AGR P3 PROMOTER
SYSTEM OF STAPHYLOCOCCUS AUREUS

This work was carried out with the technical assistance of Mr Neil Dickinson and

Miss Emillie Counil.

The agr regulatory locus controls a range of S. aureus extracellular virulence factors.
In order to derive a better understanding of the agr virulence system of S. aureus, a
variety of reporter systems for the agr P3 promoter were constructed. The agr locus
is composed of two divergent transcripts, RNAII and RNAIII, controlled by the P2
and P3 promoters respectively. RNAIII is the effector molecule of the agr regulon,
and it is this that is responsible for the virulence phenotype exhibited by S. aureus.
The regulation of the virulence phenotype is controlled in a cell-density dependent

manner and has been previously discussed in the Introduction, Section 1.4.

7.1. Construction of a gfp reporter for the agr P3 promoter of S. aureus

Previous work led to the surmise that the native gfp3 gene was transcribed efficiently
in Gram positive bacteria, but translation within the cells was limited, illustrated by
the fact that only a small proportion of the bacteria were seen to fluoresce when
examined by fluorescence microscopy. In order to enhance translation, a strong
Shine-Dalgarno sequence was incorporated upstream of the initiation codon via PCR
as described by Vellanoweth (1993). This lead to recombinant S. aureus and L.
monocytogenes cells where the majority of the population exhibited a fluorescent

phenotype upon examination by fluorescence microscopy.

In order to clone the P3 promoter, PCR primers were used to amplify the promoter

and generate restriction sites at both the 5" and 3" ends of the sequence in order to
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allow directional cloning. At the 5" end an EcoRlI site was introduced, with a Smal
site being incorporated at the 3" end, these were designated primers 20 and 21

respectively. Details of the primers are given in Appendix 1.

These PCR primers were used in a 30-cycle PCR to amplify the nucleotide sequence
of the intergenic regulatory region between the two-agr promoters. The PCR reaction
was performed essentially as described in the Material and Methods, Section 2.5.3
using S. aureus 8325-4 cells as template DNA. Incorporated into the reaction was an
annealing period of 1 minute at 52°C and a 1 minute period of DNA extension at
72°C. The resulting PCR products were analysed by agarose gel electrophoresis,
which confirmed the presence of a band of approximately 200bp which was assumed
to be P3. This P3 promoter fragment was purified by freeze thaw purification from a
low melting point agarose gel, subsequently restricted with EcoRI and Smal in order
to generate cohesive ends on each end of the fragment, following restriction the
DNA was purified further by phenol chloroform extraction. In order to clone this
promoter fragment, it was decided to use an existing gfp expression vector, the one
that was chosen was pSB2017, which contains gfp3opt downstream of Py,,; this is
illustrated in Figure 7.1.1. This plasmid pSB2017 was also restricted with EcoRI and
Smal to excise P,,,, the restricted DNA then purified from a low melting point
agarose gel. The two purified DNA fragments were ligated together, and used to
transform E. coli IM109 competent cells by electroporation. Recombinant colonies

were isolated following selection on ampicillin selective agar.

As one promoter had been exchanged for another, it was impossible to determine
from phenotypic analysis if any of the recombinant colonies contained the new clone.
DNA was prepared from the recombinant colonies by plasmid miniprep, this was
then restricted with EcoRI and Smal. The restricted DNA was analysed by agarose
gel electrophoresis and some of the samples showed the presence of a band of
approximately 200bp in length, this was assumed to be the P3 promoter as P, is
much bigger at 800bp. However, examination of recombinant colonies containing
this putative new gfp expression vector by fluorescence microscopy revealed that the

bacterial population was non-fluorescent.
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Figure 7.1.1: Restriction Map of pSB2017

pSB2017
7000 b.p.

Cmr

In order to confirm that these cells did contain P3 upstream of gfp3opt, PCR analysis
was performed. The reaction was carried out as described earlier, using the 5’
forward primer to P3 and the gfp reverse sequencing primer, these are primers 20 and
7 respectively and are given in Appendix 1. The PCR products were electrophoresed
on an agarose gel, in some cases a band of approximately 200bp was observed. The
only way that a band of this size can be generated is if P3 has inserted into the
cloning vector upstream of gfp3opt. The basis behind the reaction is illustrated in
Figure 7.1.2. These data suggested that some of the recombinant colonies did contain
the correct construct. The recombinant DNA was prepared on a large scale by
plasmid maxiprep and further restriction analysis confirmed the nature of the DNA.
This new gfp reporter of agr expression was designated pSB2031 and is illustrated in
Figure 7.1.3.
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Figure 7.1.2: Basis behind the PCR used to amplify putative DNA thought the
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It was decided to transform S. aureus 8325-4 with pSB2031 by electroporation of
competent cells. However, attempts to introduce DNA isolated from E. coli were
unsuccessful and no recombinant colonies were obtained. In order to overcome the
restrictions of DNA methylation, pSB2031 was introduced into S. aureus RN4220 by
electroporation of competent cells. S aureus RN4220 is a transformable mutant of S.
aureus 8325-4, this is due to the fact that it is restriction deficient. Colonies
containing recombinant DNA were isolated following selection on chloramphenicol
agar plates, all individual cells from a recombinant colony were seen to fluoresce
following examination by fluorescence microscopy. However S. aureus RN4220,
would be little use as a reporter of agr expression as it itself is an agr mutant, but
from the recombinant cells DNA was prepared by plasmid miniprep. This DNA was
then used to transform S. aureus 8325-4 as previously described. Cells from the

resulting recombinant colonies were also shown to be fluorescent following

examination by fluorescence microscopy.

7.2. In vitro evaluation of pSB2031 as a reporter of agr expression

To evaluate this system, it was first necessary to determine that P3 could be induced
in vitro resulting in expression of gfp3opt. This was achieved by adding spent
supernatant from S. aureus grown overnight to the fresh bacterial cultures and
observing the expression of gfp3opt. It was thought that if P3 was induced through
peptide signalling molecules present in the supernatant then the reporter activity
would be induced earlier within the experiment and also that a greater level of

fluorescence may be observed from the cells.

S. aureus 8325-4 (pSB2031) was grown overnight at 37°C in BHI broth containing
chloramphenicol (BHI Cm?7), following centrifugation, the spent supernatant was
transferred into sterile flasks and the cells were washed twice in fresh medium to
remove any autoinducer molecules present, this was then used to inoculate fresh BHI
Cm?7 at 1:100 dilution. The bacteria were grown for a further 1 hour period, this was

then diluted 1:25 into fresh BHI Cm7 and BHI Cm?7 containing supernatant at 10%
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and 50%. Both optical density and fluorescence were measured at intervals
throughout the experiment as described in Section 2.4 and 2.14 respectively. In order
to take into account the effect of bacterial growth on the fluorescence values, the
measured relative fluorescence was divided by the corresponding optical density
(OD) measurements for each time period (RFU/OD). The RFU/OD values were the
plotted arithmetically as a function of time, in order to assess how the fluorescence
changed relative to the growth of the bacteria the OD values were also plotted on the
same graph as a function of time. Although the assay was performed when 50% of
the culture supernatant was added to the bacterial cells, the bacteria in this flask
flocculated. Due to this the optical density and fluorescence could not be measured
accurately and the data obtained was anomalous, due to this the data is not shown on
the graph. It is possible that the observed clumping was due to the production of an
extracellular polysaccharide adhesin that S. aureus is known to produce. A

representation of the data obtained is illustrated in Figure 7.2.1.

From the data several salient points can be determined. It was noticed that the optical
densities from the two bacterial cultures were approximately identical although the
fluorescence characteristics were markedly different, with that obtained from the
culture grown in the presence of 10% supernatant being significantly higher that cells
grown in unsupplemented medium. Expression of gfp3opt does not produce an
energy drain upon the bacteria, shown by the fact that exponential rate of growth is
unchanged, suggesting that increased expression of gfp3opt does not slow down the

rate of bacterial growth.

Both bacterial cultures show an initial decrease in fluorescence at the start of the
experiment. This is most likely due to a combination of factors, these being a fall in
residual P3 activity due to dilution of the autoinducing peptide when the cells were
cycled, the rate of synthesis of functional protein, and the effect of dilution of
fluorescent GFP protein as the cells divide. If only low levels of new protein are
synthesised as the cells are growing and dividing, then the amount of fluorescent
protein per cell will decrease. It is suggested that only low levels of GFP3 will be

produced early in the growth cycle due to the fact that the autoinducer peptide
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(encoded by agrD) is secreted at low levels due to constitutive expression of agr. As
production of this protein is regulated in a cell density dependent manner, this means
that the more cells present the more peptide is produced. As the peptide positively
regulates its own production, it is not surprising that levels of GFP protein do not

start to increase until cell reach the end of exponential phase.

When S. aureus 8325-4 (pSB2031) were grown with no added bacterial culture
supernatant, levels of fluorescence were seen to increase slowly after approximately
300 minutes. The same phenomenon was seen when S. aureus 8325-4 (pSB2031)
were grown with 10% supernatant, although the rate of increase in the fluorescence
with respect to time observed (shown by a steeper gradient on the fluorescence
curve) was greater than that seen when cells were grown in the absence of
supernatant. This suggested that P3 was being activated to a greater extent when cells
were grown with 10% supernatant, the greater the activity of the promoter the greater
the increase in fluorescence output. Also when cells were grown with 10%
supernatant, the overall fluorescence was around twice the level seen when cells
were grown in unsupplemented BHI Cm7. This again demonstrates that the promoter

was more active in these cells, shown by the increased reporter activity.

That a higher level of fluorescence was observed when cells were grown with 10%
supernatant was not unexpected. It is known that S. aureus produced autoinducer
peptide in a cell density dependent manner, thus the bacterial supernatant would
contain the Groupl agrD-derived octapeptide-signalling molecule, thus it may be
expected that GFP fluorescence would be observed earlier when cells were grown
with 10% supernatant compared to the control culture, due to a more rapid activation
of P3. From Figure 7.2.1 it can be seen that this is the case, with cell grown in 10%
Supernatant starting to show an increase in fluorescence approximately 60 minutes
before the equivalent culture grown in 0% supernatant. These data together tend to
confirm the hypothesis that agr P3 activation is under temporal control as well as

being control in a density dependent manner (Chan and Foster, 1998; Cheung et al.,

1998; Chien et al., 1998; Manna ef al., 1998)
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7.3. Construction of a luxABCDE reporter for the agr P3 promoter of S. aureus

In order to build a Jux reporter of agr expression existing reporter constructs were
used. These were pSB2031 (gfp3opt reporter of agr expression) which is illustrated
in Section 7.1, and pSB2025 (luxABCDE in the superlinker plasmid pSL1190) the

restriction map of which is illustrated in Figure 7.3.1.

Figure 7.3.1: Restriction map of pSB2025

To perform the cloning pSB2025 was restricted with Sall / Pstl, the excised /ux
fragment was then purified from a low melting point agarose gel by freeze thaw

purification. The vector pSB2031 was restricted with the same enzymes to excise
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gfp3opt, this DNA fragment was also purified from a low melting point agarose gel.
The two DNA fragments were ligated, this was then used to transform E. coli IM109
competent cells. Recombinant colonies were isolated following selection on
ampicillin selective agar plates, which were then screened under a Hamamatsu VIM3
camera, any recombinants that presented a bioluminescent phenotype were isolated
and selected onto media containing chloramphenicol. This would confirm whether
the cells contained the new lux expression vector as pSB2025 does not contain a
chloramphenicol resistance gene, so cells harbouring this plasmid would not grow. A
number of the bioluminescent recombinants were resistant to chloramphenicol. To
verify that these cells contained the correct construct, PCR was performed using the
recombinant cells as template DNA. The reaction was performed using the 5°
forward primer designed to the P3 nucleotide sequence and the reverse primer
designed to the 3’ coding region of /uxB, these were primes 20 and 13 respectively,
details of which can be found in Appendix 1. So, if luxABCDE had been inserted
downstream of P3 then a band of approximately 2.2kb should be amplified by the
reaction. The 30 cycle PCR was performed essentially as described in the Materials
and Methods, Section 2.5.3, it incorporated an annealing temperature of 52° for 3
minutes followed by a 3.5 minute period of DNA extension at 72°C. The products of
the reaction were electrophoresed on an agarose gel which showed the presence of a
band approximately 2.2kb in size, this confirmed that the recombinant DNA was
correct and a new Jux expression system had been constructed. This new plasmid,

illustrated in Figure 7.3.2, was designated pSB2032 and was prepared on a large

scale by plasmid maxiprep.
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Figure 7.3.2: Restriction Map of pSB2032
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In order to observe the agr expression system, this plasmid was introduced into S.
aureus 8325-4. However, previous work had shown that DNA derived from E. coli
could not be directly introduced into S. aureus 8325-4, but had to undergo DNA
modification through the use of an intermediate staphylococcal species. Therefore
PSB2032 was introduced into S. aureus RN4220 by electroporation of competent
cells. Recombinant colonies were isolated by selection on agar plates containing
chloramphenicol and then screened using a Hamamatsu VIM3 camera to observe the
bioluminescent phenotype. DNA was prepared from bioluminescent colonies by
plasmid miniprep, this was then used to transform S. aureus 8325-4 electrocompetent
cells. Again, agar plates containing chloramphenicol were used to isolate
recombinant colonies, these were screened under a Hamamatsu VIM3 camera which

showed all the recombinant were bioluminescent, indicating that pSB2032 had been
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introduced into the bacteria and the lux genes were being efficiently expressed from

the plasmid.

7.4. Construction of a dual reporter for the agr P3 promoter of S. aureus

In order to create a dual reporter to observe agr expression in S, aureus, rather than
using the stable gfp3 variant, it was decided to use the unstable gfp3 variants of
Anderson et al. (1998). It was thought that these gfp3 variants would provide a better
representation of real time gene expression within the cell, due to their unstable
nature. Two unstable gfp3 variants were chosen for this cloning, these were gfp3
(LAA) and gfp3 (ASV), kindly provided as pJBA41 and pJBA46 by J. Anderson.
These were amplified in a 30-cycle PCR using the translationally enhanced primer
designed to the 5° region of gfp (primer 11) and a reverse primer that was designed to
a homologous area of the unstable gfp3 variants downstream of the protease
recognition sequence (primer 3), both primers incorporated restriction endonuclease
recognition sequences to facilitate the cloning process, details of these primers are
given in Appendix 1. The PCR reaction incorporated a 1-minute annealing period at

50°C followed by a 1-minute period of DNA extension at 72°C.

Following the amplification of the unstable gfp3 genes by PCR, the resulting PCR
products were analysed by agarose gel electrophoresis. This confirmed the presence
of a band of approximately 800bp, which corresponded to the known size of gfp3,
therefore the reaction appeared to have been successful. Following purification from
a low melting point agarose gel, the DNA was restricted with Smal / Sall, the
restriction enzymes were then removed from the DNA by phenol chloroform
extraction. The restricted unstable gfp3opt genes were then ligated with pSB2032,
which had previously been restricted with the same endonucleases and subsequently
purified from a low melting point agarose gel. The ligated DNA was used to
transform E. coli JM109 competent cells by electroporation and recombinant
colonies were isolated by selection on ampicillin agar plates. The resulting

recombinants were screened under blue light excitation and also under a Hamamatsu
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VIM3 camera to identify positive clones, some colonies were found to be
luminescent, but colonies were not observed to be fluorescent. However, this was
expected as when the stable gfp3 variant was placed downstream of P3 recombinant
E. coli colonies did not fluoresce, this is probably due to poor activation of this
promoter in E. coli and also due to the fact that there is no signal amplification from
gfp as there is with Jux. DNA was prepared from these luminescent colonies by
plasmid miniprep and subsequently restricted with EcoRI and Sall. The restricted
DNA was analysed by agarose gel electrophoresis and in some cases a band of
around 1.1kb was isolated, which corresponds to the P3- gfp3opt unstable fragment,
the validity of the constructs was confirmed by further restriction mapping. The
resulting constructs were designated pSB2033 (gfp3opt LAA) and pSB2034 (gfp3opt
ASV) and are illustrated in Figure 7.4.1.

Figure 7.4.1: Restriction map of pSB2033 and pSB2034
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Having verified that pSB2033 and pSB2034 were correct by restriction mapping,
DNA was prepared on a larger scale by plasmid maxiprep. This was then introduced
into S. aureus RN4220 by electroporation of competent cells. The resulting
recombinant colonies were screened under a Hamamatsu VIM3 camera to determine
whether the cells contained the recombinant DNA. Having isolated bioluminescent
colonies, DNA was prepared from these by plasmid miniprep, this was then used to
transform electrocompetent S. aureus 8325-4. Once more recombinant colonies were
screened under a Hamamatsu VIM3 camera to establish whether cells contained the
recombinant DNA. Those colonies found to be bioluminescent were also examined
by fluorescence microscopy. S. aureus 8325-4 (pSB2033) were noticeably less
fluorescent than S. aureus 8325-4 (pSB2034), this was not unexpected as Anderson
et al. (1998) reported gfp3 LAA to have a shorter half-life than gfp3 ASV, 30 and 60

minutes respectively.
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7.3. In vitro Evaluation of pSB2033 and pSB2034 as a reporter of agr expression

through the use of bacterial supernatant and lux expression

7.5.1. Monitoring luxABCDE expression upon induction of P3

In order to confirm that the agr system could be induced by exogenous peptide
signalling molecules, similar experiments were performed as previously described in
Section 7.2. S. aureus 8325-4 (pSB2033) and S. aureus 8325-4 (pSB2034) were
grown overnight in BM Cm?7 and the supernatant harvested following centrifugation.
The cells were washed twice, diluted 1:100 into BM Cm?7, grown for a further 1 hour
at 37°C and then subcultured at a 1:100 dilution into fresh BM Cm7 containing the
spent supernatant at a final concentration of 0%, 10% or 50%. The diluted bacterial
cultures were then loaded into a 96-well microtitre plate (200ul per well) and
bioluminescence and optical density measurements taken over a 24-hour period at
37°C in an Anthos Lucy-1 photoluminometer. As a control, equivalent measurements
were made on un-inoculated media, but the luminescence output was found to be

negligible.

In order to take into account the effect of bacterial growth upon the bioluminescence
readings, the RLU values obtained were divided by the corresponding relative OD
values, to generate RLU/OD. The RLU/OD was then plotted arithmetically as a
function of time in order to compare the bioluminescent output from each culture.
Also, to compare luminescent output to the growth of the bacteria, the RLU/OD and
relative OD values were plotted on the same graph as a function of time. The data
obtained from S. aureus 8325-4 (pSB2033) and S. aureus 8325-4 (pSB2034) is
illustrated in Figures 7.5.1.1 and 7.5.1.2 and Figures 7.5.1.3 and 7.5.1.4 respectively.

Measurements made in this experiment provide data on the levels of luminescence
and thus the level of activation of P3 and generation of RNAIII transcript at any one

time within the growth experiment. With both plasmid-containing cultures the same
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general trends were seen, the most evident being that when 10% supernatant was
added to the bacterial culture the cells showed a much higher level of
bioluminescence compared to cells that were grown in the absence of added culture
supernatant. The luminescence was seen to be induced and reach a maximal level
when the bacteria were in stationary phase, this reflects the cell-density dependent
activation of P3 through the expression of agr. Having peaked, the levels of
luminescence decrease fairly rapidly. This is most likely due to a lack of energy
within the S. aureus which are now reaching the end of their growth cycle, as the
cells are no longer dividing and actively respiring. This lack of energy means the
bacteria cannot obtain FMNH, from their own electron transport chain to drive the
bioluminescence reaction. When no supernatant was added to the bacterial cultures,
although levels attained were much lower than when 10% supernatant was added to
the bacterial cultures, luminescence was increased during stationary phase of growth,
this corresponds with the auto-induced action of the agr locus and thus induction of
P3. Upon the addition of 10% supernatant it appears as though P3 has been induced
by the spent supernatant, illustrated by the fact that a 3-fold increase in luminescence
is observed. The rate of increase in fluorescence with respect to time is also greater
than that seen when no supernatant was added. These results can be explained by the
presence of the autoinducing peptide-signalling molecule in the culture supernatant
encoded by agrD. Due to the fact that the peptides are at a higher concentration when
the bacteria are grown with 50% supemnatant, it is somewhat surprising that the
bacteria only showed a low luminescent output. This may be explained by a lack of
nutrients in the media, therefore if the bacteria were not actively growing and
respiring there will be less FMNH, from which energy can be derived to drive the
bioluminescence reaction. This, coupled with the fact that the experiment was

performed in a very small volume to surface ratio (low O, concentration) may

explain why the luminescence was low.
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Relative OD

Figure 7.5.1.1: S aureus 83254 (pSB2033) grownin the presence of different
concentration of spent bacterial supematant (data represents RFUCD vs time)
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Figure 7.5.1.2: S. aureus 83254 (pSB2033) grown in the presence of different
concentration of spent bacterial supernatant
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Figure 7.5.1.3: S aureus 83254 (pSB2034) grown in the presence of different
concentrations of spent bacterial supermnatant (data represents RLUIOD vs time)
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Figure 7.5.1.4: S. aureus 83254 (pSB2034) grown in the presence of different
concentrations of spent bacterial supermnatant
(data represents RLWOD and OD vs time)
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7.5.2. Monitoring luxABCDE and gfp3opt expression upon induction of P3

When S. aureus 8325-4 (pSB2033) were examined by fluorescence microscopy, the
cells were seen to fluoresce with a very weak intensity compared to S. aureus 8325-4
(pSB2034). This is most likely due to the fact the gfp3opt LAA which is expressed
from pSB2033 has been reported to have a shorter half-life than cells expressing
gfp3opt ASV from pSB2034 (Anderson et al., 1998). For this reason it was
determined that this gfp3 variant (gfp3opt LAA) would be a better reporter of gene
expression, thus the fluorescent and luminescent properties of S. aureus 8325-4

(pSB2033) were investigated upon addition of spent bacterial supernatant.

An overnight culture of S. aureus 8325-4 (pSB2033) was washed and subcultured
into fresh BM Cm?7 at a 1:20 dilution. Following a further 1 hour period of growth at
37°C, this was diluted 1:25 into BM Cm7 containing 0%, 10% or 50% of the spent
supernatant from the original overnight culture. At measured intervals three sets of
data were gathered as described in Section 2.4, 2.13 and 2.14 which correspond to
optical density (OD), relative luminescence (RLU) and relative fluorescence (RFU)
respectively. Both the RLU and RFU were divided by OD to take into account the
effect of bacterial growth on reporter activity. The RLU/OD and RFU/OD were
plotted arithmetically on separate graphs as a function of time, and is illustrated in
Figures 7.5.2.1 and 7.5.2.2, additionally to compare the output from the two different
reporter genes, both sets of data have been plotted on one graph again as a function

of time and this is represented in Figure 7.5.2.3.

From the data represented, the two reporters appear to show the same pattern of
induction of P3, although that observed from monitoring gfp3opt LAA expression is
delayed by approximately 100 minutes compared to expression of /ux. This delay in
the production of fluorescent GFP is most likely due to the period required for the

chromophore to fold and form fluorescent protein.

269



One notable point derived from the data is that 50% added supernatant generates the
highest output from the reporter genes and thus indicates the highest level of P3
activation. This is not surprising as in 50% supernatant there is more autoinducing
peptide, thus more signal with which P3 can be activated. In all cases the maximum
reporter activity is reached when cells are in stationary phase, this reflects the cell
density dependent activation of P3 through the accumulation of autoinducing
peptide. However, the fact that the greatest signal was generated when 50%
supernatant was added to the culture medium is different to that observed in Section
7.5.1 when the luminescence from cells harbouring these expression vectors was
determined in the Anthos Lucy-1 photoluminometer, and 50% supernatant was found
to give poor induction of fux. This is most likely due to the different culture
conditions used in this experiment, with cells being grown in a larger surface area to

volume ratio and also with constant aeration.

When the luminescent output is examined it can be seen that when cells are grown
with 50% supematant the maximum output is attained when cells have stopped
exponential growth at approximately 475 minutes and after this levels of
luminescence rapidly decrease. This decrease in bioluminescence may be energy
related. As cells are no longer growing exponentially, they may not be generating
large amounts of FMNH, which is one of the substrates necessary for the
bioluminescent process. Another possibility for the decrease in the luminescent
output may be due to deactivation of the P3 promoter, this in turn would result in no
new Lux proteins being generated and therefore this decrease in luminescence could
be attributed to degradation of the existing mRNA and proteins within the bacteria.
The hypothesis of promoter repression is backed by the signal generated from the
unstable gfp3opt, which is also seen to decrease after maximum expression. As this
g/p3 is an unstable gfp3 variant, this data suggests that the level of degradation is
significantly greater than that of production. This tends to suggest that P3 is no
longer active, thus resulting in a lower expression of the downstream genes, hence
the lower signal generated from the reporters. If the promoter activity was
maintained at a constant level, previous experiments performed with a constitutive
Promoter suggest that the level of GFP within the cell would remain at a constant

level, with the rate of synthesis being equal to or greater than that of degradation.
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Figure 7.5.21: Lurrinescence data obtained from S aureus 83254 (pSE2033) groan
in the presence of different concentrations of spent bacterial superatant (data
represents RLLIOD vs Time)
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Figure 7.5.22: Ruorescence data obtained from S aureus 83254 (pSB2033) grown in
the presence of different concentrations of spent bacterial supematant (data
represents RFUCD vs Time)
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Figure 7.5.2.3: Fluorescence and luminescence data obtained from S. aureus 83254 (pSB2033)
grown in the presence of different concentrations of spent bacterial supematant (data represents
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7.6. Use of the dual reporter of agr expression to evaluate potential activators

and inhibitors of P3 activity

7.6.1. Determining the minimum concentration of a synthetic group-1 activator molecule

required to induce P3

In order to determine that the observed induction of reporter activity was due to
autoinducing peptide, the assay was repeated using a synthetic activator molecule.
The synthetic P3 activator (GP1) specific to Group 1 staphylococci, was kindly
provided by the department of Pharmaceutical Sciences, Nottingham. The induction
of P3 by this synthetic molecule (GP1) was assayed utilising S. aureus 8325-4
(pSB2033) and S. aureus 8325-4 (pSB2034) using bioluminescence as a reporter of
P3 activity,

§. aureus 8325-4 harbouring the 2 expression vectors were grown overnight at 37°C.
These were washed, resuspended in 1 volume of fresh medium and diluted 1:100 into
fresh BM Cm?7. The cultures were grown for a further 3 hours then diluted 1:10 into
fresh BM Cm7. The GP1 was then added to the diluted cells at varying
concentrations and the samples loaded into a 96-well microtitre plate. The
concentrations of the activator molecule used in the experiments are shown in Table
7.6.1.1. The plate was incubated for 24 hours at 37°C, shaking, in an Anthos Lucy-1

photoluminometer, with OD and bioluminescence measurements being measured

every 30 minutes.

Table 7.6.1.1: Concentrations of the GP1 used to induce P3 activity from S.
aureus 8325-4 (pSB2033) and S. aureus 8325-4 (pSB2034)

GP1 concentration | 100 |75 50 25 15 5 control
M)

Diluted culture (ul) | 181 186 190 195 197 199 (2)00

GP1 (ul) 19 14 10 5 3 1
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T . .
o take the effect of optical density (OD) on the bioluminescence readings (RLU),
the RLU were divided by the corresponding relative OD values, which generated

RLU/OD. To see how bioluminescence was altered with time, the RLU/OD were
plotted arithmetically as a function of time. Also, to compare how the luminescence
values changed through the growth curve with respect to time, the RLU/OD and
relative OD values were plotted on the same graph as a function of time. The results
of testing the efficacy of the activator molecule with S. aureus 8325-4 (pSB2033)
and S. aureus 8325-4 (pSB2034) are illustrated in Figures 7.6.1.1 and 7.6.1.2 and

Figures 7.6.1.3 and 7.6.1.4 respectively.

The results of the experiment shown that this synthetic activator molecule, GP1,

could induce luminescence, hence P3 activation, even at concentrations as low as
SuM. When the plasmid containing S. aureus 8325-4 were g

the activator molecule, luminescence was seen to induce after the bacteri
uminescent signal; was observed to peak and then

rown in the presence of

a has

entered stationary phase. The |
s thought that at this point, as the cells are no

ergy would be available, thus the cell

signal intensity was rapidly lost. It i
longer exponentially growing, little free en
would not be able to obtain enough energy from its electron transport chain to drive

the bioluminescent reaction.

The bacteria appear to show a dose response curve o the activator molecule, lower
levels of the activator molecule may lead to a lower lumincscent output. When no

activator was added to the bacterial culture the levels of luminescence obscrved were

comparatively low, approximately 10-fold lower than equivalent cultures where agr
expression had been induced by the addition of activator molecule to the bacterial

culture medium. These data indicated that both constructs were good reporters of

autoinducer dependent P3 expression.
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Figure 7.6.1.1: S. aureus 8325-4 (pSB2033) grown with different concentrations of a synthetic
activator (data represents RLU/OD vs Time)
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Figure 7.6.1.2: S. aureus 8325-4 (pSB2033) grown with different concentrations of a synthetic
activator (data represents RLU/OD and OD vs Time)
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Figure 7.6.1.3: S. aureus 83254 (pSB2034) grown with different concentrations of a synthetic
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Figure 7.6.1.4: S. aureus 83254 (pSB2034) grown with different concentrations of a
synthetic activator (data represents RLU/OD and OD vs Time)
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7.6.2. Determining the minimum concentration of a synthetic agr inhibitor from

S. lugdunensis required for inhibition of P3

Having proved that the P3 promoter could be activated, as shown by an increase in
bioluminescent output from S. aureus 8325-4 cells harbouring either pSB2033 or
pSB2034, it was decided to see if agr expression could be repressed through the
addition of a synthetic inhibitor, kindly provided by the Department of

Pharmaceutical Sciences.

S. aureus 8325-4 (pSB2033) and S. aureus 8325-4 (pSB3034) were grown overnight
at 37°C. The bacterial cells were washed in BM and resuspended in fresh media, this
was then used to inoculate fresh BM Cm7 at 1:100 dilution. After a further 3-hour
period of growth, the bacterial cells were diluted 1:10 into BM Cm7 containing 10%
of the overnight spent supernatant. The inhibitor was then added to the bacterial
cultures at various concentrations as illustrated in Table 7.6.2.1, samples were then
loaded into a microtitre plate and optical density and luminescence measured at 30
minute intervals in an Anthos Lucy-1 photoluminometer. The relative luminescence
values (RLU) were divided by the corresponding relative optical density
measurements (OD) to take into account the effect of bacterial growth. The RLU/OD
values were then plotted arithmetically as a function of time. To determine when the
Teporter was expressed with respect to bacterial growth, the RLU/OD and relative
OD values were also plotted on the same graph as a function of time. The data
obtained from the experiments with S. aureus (pSB2033) and S. aureus (pSB2034) is
illustrated in Figures 7.6.2.1 and 7.6.2.2 and Figures 7.6.2.3 and 7.6.2.4 respectively.
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Table 7.6.2.1: Concentrations of the inhibitor used to repress P3 activity from S.

aureus 8325-4 (pSB2033) and S. aureus 8325-4 (pSB2034)

Inhibitor 100 |50 10 5 1 0

concentration (uM)

Diluted culture (ul) | 137.6 | 143.8[ 238 [ 75 135 150

Inhibitor (1) 124 |62 |2 75 ulofthe | 15plofthe |0
10uM dilution| 10uM dilution

The assay was performed in the presence of the natural autoinducing peptide, as
Previous experiments had shown that higher levels of bioluminescence were attained
when the peptide was present within the supernatant. The results of these
experiments showed that the synthetic inhibitor from S. lugdunensis was efficient in
vitro against the natural autoinduced agr P3 activity. This was illustrated by the fact
that when S. qureus 8325-4 (pSB2033) and S aureus 8325-4 (pSB2034) were grown
in the presence of the inhibitor molecule the level of luminescence was observed to
be much lower than when no inhibitor was added to the culture medium. Levels as
low as 1uM were seen to significantly decrease the luminescent output suggesting a
decrease in P3 activity. Concentrations between 5-10uM completely inhibited the
action of P3 demonstrated by the absence of a luminescent phenotype of cells
harbouring the expression vectors. The response of the luminescent signal is seen to
mimic that observed in a dose response experiment, with a greater dosage appearing

to have a greater effect on the signal generated from the bacteria.
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1000

Figure 7.6.2.1: Utilising S. aureus 8325-4 (pSB2033) to determine the effective concentration of a
synthetic agr inhibitor (data represents RLU/OD vs Time)

Figure 7.6.2.2: Utilising S. aureus 8325-4 (pSB2033) to determine the effective concentration of a
synthetic agr inhibitor (data represents RLU/OD and OD vs Time)
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Figure 7.6.2.3: Utilising S. aureus 83254 (pSB2034) to determine the effective concentration of a
synthetic agr inhibitor (data represents RLU/OD vs Time)
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Figure 7.6.2.4: Utilising S. aureus 83254 (pSB2034) to determine the effective
concentration of a synthetic agr inhibitor (data represents RLUVOD and OD vs Time)
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7.7. Discussion

Having successfully expressed /ux and gfp in Gram positive bacteria, the reporter
genes have been used to create a series of reporter plasmids to study expression of
the P3 promoter of the agr operon of S. aureus. This has lead to the construction of
four new expression vectors, pSB2031 (gfp3opt), pSB2032 (luxABCDE), pSB2033
(gfp3opt LAA-luxABCDE) and pSB2034 (gfp3opt ASV-luxABCDE). All these
plasmids have been introduced into S. aureus RN4220 and S. aureus 8325-4,
although it should be noted when cells harbouring pSB2033 were examined by
fluorescence microscopy very few cells showed a fluorescent phenotype. This is
most likely due to the fact the this unstable gfp3 has the shortest half-life of all the
unstable gfp3 variants, approximately 30 minutes in E. coli (Anderson et al., 1998).
Therefore due to the nature of the protein it is not unexpected that bacteria

expressing gfp3opt LAA were noticeably less fluorescent than bacteria expressing

gfp3opt ASV.

Upon the addition of spent bacterial supernatant the S. aureus harbouring these agr
reporter plasmids, the activity of P3 was seen to be induced to a higher level. This
was illustrated by the fact that when bacterial supernatant was added to the culturc
media the output from the reporter gene increased. This indicated that the P3
promoter had been activated thus increasing the expression of genes downstrcam

from it.

Having proved that these reporter plasmids could be induced using culture
Supernatants, the activity of the P3 promoter was investigated through the usc of
specific synthetic activator and inhibitor molecules. It was seen that only low
concentrations of this synthetic activator molecule were necessary to induce the
activation of P3, which showed a dose response to the molecule and that
luminescence could not be increased past a certain threshold level. The action of the
P3 promoter could also be inhibited through the use of an inhibitor synthesiscd on

the basis of the S. lugdunensis agr activator molecule. This molecule was observed to
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block the cell density dependent regulation of agr expression, represented by the fact
that . aureus harbouring the expression vectors when grown in the presence of this

inhibitor were non-luminescent, reflecting inhibition of P3.

§. aureus is a pathogen with a broad host range and is a leading cause of infection in
humans and domestic animals world-wide. Infections associated with this organism
are very common and often life threatening. The emerging resistance of antibiotics,
such as methicillin (MRSA) and vancomycin (VRSA) resistant isolates by this
organism has caused considerable alarm within the medical community. Although
new antibiotics have been discovered that are potentially able to cure such infections
with a reduced selective pressure, there is an obvious need for developing altemative
therapies and thus avoiding the overuse of antibiotics which is one factor that hastens
the development of drug resistant bacteria. It is thought that if inhibitor molecules to
the promoter that induces expression of extracellular virulence factors could be

developed then this may lead to alternative therapies for staphylococcal infections,

hence reducing the need for antibiotics.
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CHAPTER 8

DISCUSSION



CHAPTER 8: DISCUSSION

Listeria monocytogenes and Staphylococcus aureus are Gram positive pathogens that
are significantly important within the medical community and in the case of L.
monocytogenes within the food industry. In order to advance our understanding of
host-pathogen interactions and gene regulation, non-invasive assays for monitoring

the progression of infectious agents and other biochemical processes in the living

animal are needed.

Both gene expression and bacterial movement can be monitored through the use of
reporter genes. Several factors must be considered when choosing the reporter gene,
the most important of which is that the reporter must code for a phenotype not
already displayed by the host. The phenotype of the reporter must be fairly casy to
detect and ideally it should be possible to assay the phenotype quantitatively. In this

study two reporter systems were chosen, these being bacterial biolumnescence (/ux)

and green fluorescent protein (gfp).

GFP3 is a red shifted gfp variant which is an extremely stable protein, and whilst it
cannot be used for real time gene expression studies per se it can be used to tag
bacterial cells and follow their progression in an intracellular environment, thus
gaining knowledge on how individual bacteria contribute towards the infection
process. Many gfp variants are now available, some of these contain a short peptide
sequence at the C-terminal end of the protein which renders it susceptible to
indigenous housekeeping proteases (Anderson et al., 1998). This degradation of C-
terminally modified proteins was first demonstrated by Keiler e al. (1996), who
showed that specific C-terminal oligopeptide extensions could render otherwise
stable proteins to degradation by certain intracellular tail-specific protcascs. This
System was exploited by Anderson et al. (1998) who created variants of gfp3 which
were degraded at different rates within the cell, the protein variants had half-lives

ranging from 30 minutes to a few hours when synthesised in £ coli and
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Pseudomonas putida (Anderson e al., 1998). As these unstable GFP proteins do not
accumulate within the cell then they should provide data on promoter kinetics and
gene expression within bacteria as well as providing a visual tag by which bacterial

movement and localisation can by studied.

&/p has been expressed in a wide range of Gram negative bacteria, including E. coli
(Chalfie ef al., 1994) and P. fluorescens (Tombolini ez al., 1996) and a number of
Gram positive bacteria, including Bacillus subtilis (for example Arigonin er al.,
1995) and Enterococcus faecalis, Streptococcus gordonii and Streptococcus bovis
(Scott er al, 1998). This study required the efficient expression of gfp in L.
monocytogenes and S. aureus for the use as a transcriptional reporter gene. However,
when gfp was placed downstream of a promoter that had been determined to be
strongly activated in L. monocytogenes, Py, the level of GFP produced within the
cells was very small compared to E. coli expressing gfp from the same promoter.
Analysis of mRNA by Northern blot indicated that the problem was that of
translation and different molecular techniques were employed to obtain
homogeneously fluorescent Gram positive bacterial populations. The problem was
resolved through a combination of factors, the use of a different promoter (Py4)
which was observed to give high, well regulated, expression of genes downstream of
the promoter in L. monocytogenes, and through translational enhancement of the 5’
coding region of gfp. Vellanoweth (1993) postulated that in B. subtilis a strong
Shine-Dalgarno sequence was necessary for efficient translation, this was determined
to be AAGGAGG. The spacing between the Shine-Dalgamo sequence and the
initiation codon was also found to be critical, with the optimum being between 7-9
base spacings. The combination of a well regulated promoter and a translationally
optimised gfp3 gene resulted in a high level of g/p3 expression in Gram positive

bacteria, will all individual cells exhibiting a fluorescent phenotype upon excitation,

demonstrated by fluorescence microscopy.

The other reporter that was utilised within the course of this study was bacterial
luminescence, luxCDABE from P. luminescens. Luciferase activity offers several

advantages over alternative systems (Carmi et al., 1989); superior sensitivity and
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ease of assay recommend luciferase as a real time, non-destructive reporter.
Previously it has been shown that a high level of bioluminescence can be achieved
from Bacillus subtilis, provided that the luciferase genes are efficiently expressed
(Jacobs et al., 1991). This was made possible by transcription from a strong Gram
positive promoter, and engineering of the lux4 together with the use of a /uxAB
fusion gene (Hill ez al., 1991). Such constructs have been shown to be active in a
wide range of Gram positive organisms, including S. aureus, S. epidermidis, Listeria
monocytogenes and Streptococcus pneumoniae. These constructs are useful for in
vitro studies, but the need for exogenous substrate for the luciferase makes them
problematic for in vivo bacterial pathogenicity studies in animals, hence the desire to

engineer the whole /ux operon for efficient expression in Gram positive bacteria.

When expression of the luxCDABE operon from P,,, (pSB2022) was observed in L.
monocytogenes the level of luminescence observed was much lower than E. coli
harbouring the same expression vector. It was unclear why when pSB2022 was
introduced into L. monocytogenes the cells were not as bioluminescent as E. coli
cells harbouring the same construct. It is known that the P,,, promoter is strongly
expressed in Gram positives as high bioluminescent levels are observed from L.
monocytogenes cells harbouring pGC4, due to the expression of a /luxAB fusion,
which is downstream of P,y,. The low luminescence levels could be attributed to a
lack of FMNH; or molecular oxygen within the cells, but this too appears unlikely,
again due to the fact that high expression of /uxAB can be observed in L.
monocytogenes cells. Additionally, when exogenous aldehyde was added to L.
monocytogenes harbouring this /uxCDABE expression vector, no increase in

luminescent output was observed, indicating that either /uxA or luxB or both were

limiting in the reaction.

Previous experience of gene expression in such organisms (Jacobs er al., 1991; Hill
et al., 1994; Qazi ez al., 1998) led to the surmise that the problem was most likely to
be that of inefficient translational initiation within the cell. From experience derived
from expression of gfp in Gram positive organisms, through PCR the 5’ coding

regions of luxA, luxC and luxE were translationally enhanced for expression in Gram
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positive bacteria as described by Vellanoweth (1993). The /ux operon was then
engineered such that /ux4B were adjacent to /uxCDE on a plasmid downstream of the
strong, regulatable promoter P,y;4. This lead to highly luminescent L. monocytogenes
and S. aureus cells, and whilst the luminescence is still not yet at parity with
expression in E. coli, levels of luminescence are higher than anything observed
previously in Gram positive bacteria. It has still to be determined whether expression
of luxABCDE could be increased further in Gram positive bacteria by further
translational enhancements. Analysis of total cellular proteins from bacteria
harbouring the /ux expression vectors was not conclusive, but it may be that either
luxB or luxD is being translated with lower efficiency than the other /ux genes in the

Gram positive organisms.

Having constructed these expression vectors, experiments were performed to observe
the output from cells harbouring the reporter genes. It was noticed that when cells
expressed gfp3, an increase in the fluorescent output was not noticed until
approximately 5 hours into the growth experiment. This corresponded to bacteria that
were in late exponential phase. Unlike /ux, gfp3 is not an enzyme and so there is no
signal amplification derived from multiple cleavage by one molecule of reporter
protein. The fluorescence signal in one cell depends on two factors, the rate of
synthesis of functional protein following post-translational formation of a functional

chromophore, and the dilution of fluorescent protein as the bacteria divide.

The data gathered from the fluorescence experiments while providing information of
the levels of fluorescent protein, it does not give an accurate representation of
promoter dynamics within the cell. Another problem with using gfp3 for gene
expression studies and studies of promoter dynamics is the stability of GFP3 which
Wwas estimated to have a half-life greater than one day (Anderson et al., 1998). This
can be overcome to a certain degree through the use of the unstable gfp3 variants,
which have been translationally enhanced for expression in Gram positive bacteria

and which were shown to degrade in L. monocytogenes at different rates depending

on the C-terminal extension.
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A more accurate representation of the promoter dynamics was obtained from L.
monocytogenes expressing luxABCDE. Here luminescence was seen to peak as cells
were in mid-exponential phase and then decrease. This suggests that the promoter is
not constitutive as first thought from the experiments with gfp3 but is in fact only
active during early exponential growth. It might be argued that the decrease in
luminescence is due to a lack of FMNH; from the bacteria, that is necessary to the
bioluminescent reaction and is derived from the bacterium’s electron transport chain.
However, this appears unlikely as when luminescence was seen to decrease the
bacteria are still growing exponentially and so obtaining energy in the form of

FMNH; should not be an issue, as the bacteria are actively growing and respiring.

This issue is backed up by data obtained from observing luminescent output from .
aureus 8325-4 expressing lux from pSB2033 and pSB2034, dual reporters of P3
expression. These bacteria were seen to express /ux in late exponential phase /
stationary phase. This is due to the fact that agr expression is cell density dependent,
therefore in later stages of growth more autoinducing peptide is present, thus a
greater activation of P3 is observed resulting in higher output from the reporter, in
this case /ux. The luminescence was observed to peak in stationary phase and levels
then decreased. This may be due to repression of the promoter, or possibly it could
be attributed to a lack of energy in the cells as they are no longer actively growing,
therefore there will be limited levels of FMNH; available for the bioluminescent

reaction.

The fact that bioluminescence can be observed from cells in stationary phase
illustrates the fact that P..4 is only active in the early stages of growth. The decrease
in bioluminescence from L. monocytogenes expressing lux in exponential phase is
more likely to be due to repression of the promoter and not due to a lack of FMNH,
in the bacteria. When observing gfp3 expression this down-regulation of promoter
activity is not observed, probably due to the stability of the protein and the delay

observed between expressing gfp3 and forming functional protein.
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One other factor was that was observed from expression of fux and gfp3 in L.
monocytogenes, was the slower initial growth rate when cells contained one of the
expression vectors. It appeared that expression of the genes was not responsible for
this initial slower growth rate, as in lag phase only a low level of reporter activity
was observed, so no significant energy drain would be placed upon the cells. This
decrease in the initial growth rate was also seen when L. monocytogenes harboured
the vector but expression of the genes was not induced, i.e. xylose was not added to
the bacterial culture medium. It appeared that the actual presence of the expression

vectors within L. monocytogenes contributed to the initial slower growth rate

observed by the bacteria.

All the expression vectors constructed during the course of this study are based on
pMKA4, this was generated from the fusion of pUC9 and pC194, and hence contains
both a Gram negative and Gram positive origin of replication (Sullivan et al., 1984)).
However, pC194 shows several properties unfavourable for cloning and stability. It
generates considerable amounts of ssDNA in B. subtilis, approximately 20% of the
total plasmid DNA (te Riele ef al., 1986) and it may also generate large amounts of

high-molecular DNA when carrying heterologous inserts (Gruss and Ehrlich, 1988).

The plasmid pC194 was originally isolated from S. aureus. Evidence exists that this
plasmid replicates by a rolling-circle mechanism similar to that described for ssDNA
E. coli bacteriophages (Baas and Jansz, 1988). The presence of ssDNA is an
important criterion for rolling circle replication plasmids. However, ssDNA is
generally only detectable with small plasmid derivatives, less than approximately 4-7
kb. With larger derivatives or with plasmids carrying inserts, the relative amount of
ssSDNA decreases, whereas the level of HMW DNA increases (Gruss and Ehrlich,
1988).

Gruss and Ehrlich (1988) reported that if foreign DNA is inserted into pC194, the
plasmid generates aberrant replication products of high molecular weight (HMW

DNA). They estimated that as much as 90% of the plasmid DNA might be present as
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HMW. HMW DNA consists of linear head to tail multimers in which five or more
copies are tandemly arranged. However, Gruss and Ehrlich (1988) observed that only
those plasmids that replicate by a rolling-circle type replication with ssDNA
intermediates generate HMW DNA, HMW DNA was not produced from a plasmid

with no ssDNA replicative intermediate.

The production of HMW DNA depends upon a number of factors, one of these being
the nature of the DNA fragment inserted. The experiments of Gruss and Ehrlich
(1988) suggested that inserts of a particular origin could cause production of HMW
whereas other inserts of approximately the same size did not. For example it was
found that inserts of several types of E. coli origin (e.g. pBR322 or pUC plasmids)
stimulated HMW DNA production whereas other types of DNA had little effect.
Their experiments showed that DNA inserts as small as 500 base pairs could result in
HMW DNA formation. In general the level of HMW DNA is related to plasmid size,
with small plasmids derivatives yielding low amounts of this product, i.e. the greater

the insert the greater the amount of HMW DNA produced in the cell.

From the experiments that observed growth of L. monocytogenes harbouring the
expression vectors it appears that the bigger the plasmid slower the initial growth
rate. As none of the reporters are expressed at high levels in lag phase or early
exponential phase, it seem unlikely that it is expression of the reporters that is

responsible for the slower initial growth rates that were observed.

It is possible that if the reporter plasmids form large quantities of HMW DNA then
this may be the limiting factor to growth in the early stages of the experiment.
Production of HMW DNA is a result of the termination sequence not being
recognised at the ori* sequence. If this is not recognised the DNA is not circularised
to form a dsDNA molecule, instead more linear copies of the plasmid are generated
and these products accumulate in the cell and possibly slow down the initial growth
rate. If the replicating leading strand is not closed through the action of Rep, then the

molecule of DNA gets longer in length. If this were the case then it takes longer for
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the cells to replicate the plasmid, this combined with the added factor of having to
make new cellular proteins in order to divide may result in the observed extended lag
period. Gruss and Ehrlich (1988) also suggested that the formation of HMW DNA
was dependent of the size of the heterologous insert, this would explain why the

plasmids with the bigger cloned insert had the slowest initial growth rate.

The production of HMW DNA may also be reflected in the plasmid instability of
these expression vectors. It was found that cells expressing lacZ from pMK4 were
stable, but when DNA fragments were cloned into pMK4 the stability of the plasmid
decreased. This again appeared to be related to size with the bigger plasmids being

much more unstable than ones where smaller DNA fragments had been inserted.

Having built these reporter constructs and showed that they can be expressed at high
levels in Gram positive bacteria, it is hoped that they can be used for bacterial
tagging experiments to observe how bacteria are able to invade cells and in the case
of L. monocytogenes to follow the progression of the bacteria as they move
intracellularly. They can also be utilised in gene expression studies and also for
studying pathogenicity in vivo. Through the use of mini-transposons it is hoped to
identify genes involved in pathogenicity of specific bacteria and observe expression
of these genes throughout the infective process to investigate how the bacteria causes

disease.

Whilst gfp3 provides an excellent positional marker, it is not the ideal reporter when
monitoring gene expression in real time. It is possible that the unstable gfp3 variants
may be more use as a real time reporter, especially in marking the downregulation of
genes as this would be accompanied by a decrease in fluorescent output. However,
the unstable gfp3 variants do still not provide a real time indication of events
occurring in the cell as time is needed for the chromophore to fold and generated
fluorescent protein. This delay between promoter induction and expression of the

reporter was reflected with S. aureus 8325-4 harbouring the dual reporter of agr

291



expression. Here the luminescent output was seen to peak approximately two hours

prior to that from observing gfp3 expression from the same plasmid.

The data gathered during the course of this study shows that although these two
reporters are very different in their action, both have their own merits which makes
the dual expression vector a powerful tool for gene expression studies in vivo and
bacterial localisation experiments. These reporters as they stand could be used for in
vivo tracking experiments. The experiments of Contag et al. (1995) allowed bacterial
movement to be viewed non-invasively within the living animal during the course of
infection. Lux reporters permit the monitoring of gene expression over time, as the
short half-life of the luciferase guarantees that the photon emission observed
represents the gene of interest. These points suggest that in theory the activity of any
gene fusion to Jux could be examined in live animal tissues. During an infection
process the bioluminescent marker would provide data on the growth and spread of
constitutively luminescent bacteria as well as providing about the temporal and
spatial induction of particular genes. Although the gfp3 cannot be use to give an
accurate representation of gene expression due to the stability of the protein formed,
it does provide an excellent marker on those cells expressing the gene even on fixed
samples. These two markers in combination would provide data on how individual
bacteria contribute to the infection process and how infection proceeds. This may
have a significant impact upon the development of novel drugs, understanding gene
regulation during development and during infectious processes, as well as many
other biological events such as monitoring bacteria within the environment in
processes such as bioremediation and biocontrol. Here the dual reporter would allow
simultaneous monitoring of the metabolic activity and cell number of a specific
bacterial population, and would allow monitoring of specific bacteria in situ in

environmental samples.

Whilst much of our understanding of the virulence factors of pathogenic bacteria has
come from experiments performed with the bacteria grown in culture, the culture
conditions are different from those in vivo. The in vitro model systems available,

whilst providing information on host pathogen interactions, they can never replicate
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the complex and dynamic interactions that occur in vivo. It is hoped that through the
use of these reporters a better understanding of how infection proceeds can be

determined and how genes involved in pathogenicity are regulated.
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APPENDIX 1: PCR PRIMERS USED IN THE COURSE OF THE

PROJECT

All primer sequences are given ina 5" to 3 direction

Restriction endonuclease sites are indicated in bold

[ Primer Forward or | Incorporated | Primer Sequence
Reference | Reverse Restriction
number Primer Site
Primer 1 Forward Smal CCG GAT CCC GGG AGG AGG AAC
gfp AAA GAT GAG TAA AGG AG
Primer 2 Reverse Sall TTA CGC GTC GAC ACA TTT ATT
g TGT ATA GTTC
Primer 3 Reverse Sall CTG GAT GTC GAC ACA GGA GTC
Unstable CAA GCTCAGC
gfp
Primer 4 Forward Smal CCG GAT CCC GGG AGC AAC AAA
gfp p/t GAT GAG TAA AGG AG
Primer 5 Forward Munl GGC TAA CAATTG CGTTGACTT
xyIR AACTAACTTATAG
Primer 6 Reverse Smal GTC ATT TCC CGG GTT GATTTA
xyIR AGT GAA CAA GTTTATC
Primer 7 Reverse gfp | None CAA CAAGAATTGGGACAAC
sequencing
primer
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APPENDIX 1: cont

Primer Forward or | Incorporated | Primer Sequence

Reference Reverse Restriction

number Primer Site

Primer 8 Forward Smal CCG GAT CCC GGG AGG AGG AAC

gfpr/s AAA GAT GAG TAA CAA GGG CGA
ACT TTT CAC TGG AGT TG

Primer 9 Forward Smal CCG GAT CCC GGG AAG GAG GGG

egfp TCGCCACCATGGTGAG

Primer 10 Reverse Sall GCT AGA GTC GACGCCGCTTTA

egfp CTT GTA CAG

Primer 11 Forward Smal CCG GAT CCC GGG TTA ACA AGG

gfp opt AGG AAT AAA AAA TGA GTA AAG
GCG AAG AACTTT TCA CTG GAG

Primer 12 Forward EcoRI/ Sall | GCA CGA ATT CGT CGA CAG GAG

luxA GAC TCT CTA TGA AAT TTG GAA
AC

Primer 13 | Reverse Kpnl CAA CTC GGT ACC TATTAGGTA

luxB TAT TTC ATG TGG

Primer 14 | Forward Kpnl CCC CGG TAC CAG GAG GAA GGC

luxC AAA TAT GAC TAA AAA AATTTC

Primer 15 Reverse BamHI CTC AGG ATC CTT TAA GAC AGA

luxD

GAA ATTGC
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APPENDIX 1: cont

Primer Forward or | Incorporated | Primer Sequence

Reference Reverse Restriction

number Primer Site

Primer 16 Forward BamHI CCC GGA TCC TGA GGA GGA AAA
luxE CAG GTA TGA CTT CAT ATG
Primer 17 Reverse Pstl / EcoRV | GGG TTA GCT GCA GGA TAT CAA
luxE CTA TCA AACGC

Primer 18 Forward Nsil GGA CCA GGC ATG CAT CGT AGC
terminator GCC GAT GGT AG

Primer 19 Reverse Pstl GCGGCCGATCTG CAGGAGTTIT
terminator GTA GAA ACGCAA AAAG

Primer 20 Forward EcoRI CAC CGA ATT CCT CAC TGT CAT
P3 TAT ACG

Primer 21 Reverse Smal CAT CAA CCC CGG GCC ATC ACA
P3 TCT CTG TCA TCT AG
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APPENDIX 2

Plasmid stability assays of L. monocytogenes harbouring vectors based on

pMK4: overnight cultures grown overnight without antibiotic and then plated onto

selective and none selective agar plates

plasmid Plates | Dilution | Dilution | Dilution | Dilution Mean | Percentage
used | 10® 107 10° 10”° Count | loss
pMK4 BHI 0 30 231 Not done | 237
0 27 243
25%
Cm7 |2 15 160 Not done | 177
2 12 193
pGC4 BHI | TFTC TFTC 103 TNTC 119
TFTC TFTC 134 TNTC
49%
Cm7 | TFTC TFTC 53 TNTC 61
TFTC TFTC 68 TNTC
pSB2002 | BHI TFTC TFTC 193 TNTC 194
(gfpwt) TFTC TFTC 194 TNTC
92%
Cm7 | TFTC TFTC TFTC 165 152.
TFTC TFTC TFTC 138
pSB2003 | BHI TFTC TFTC 141 TNTC 159
(g/p3)) TFTC TFTC 177 TNTC
47%
Cm7 | TFTC TFTC 79 TNTC 79
TFTC TFTC 78 TNTC
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Plasmid stability assays of L. monocytogenes harbouring vectors based on

pMK4: overnight cultures grown overnight with antibiotic and then plated onto

selective and none selective agar plates

plasmid Plates | Dilution | Dilution | Dilution | Dilution | Mea | Percentage
used |10® 10”7 10 107 n loss
Cou
nt
pMK4 BHI |7 44 TNTC TNTC 51
8 58 TNTC TNTC None
i.e. Stable
Cm7 |2 67 TNTC TNTC 53
3 39 TNTC TNTC
pGC4 BHI | TFTC 8 110 TNTC 107
TFTC 15 104 TNTC
19%
Cm7 | TFTC 9 101 TNTC 89
TFTC 10 76 TNTC
pSB2002 | BHI | TFTC 22 229 TNTC 258
(gfpwt) TFTC 25 286 TNTC
67%
Cm7 | TFTC 6 97 TNTC 87
TFTC 9 77 TNTC
pSB2003 |BHI | TFTC 9 177 TNTC 171
(g/p3) TFTC 16 165 TNTC
29%
Cm7 | TFTC 14 116 TNTC 123
TFTC 14 130 TNTC

TFTC: too few to count to give an accurate representation of viable count
TNTC: too many to count to give an accurate representation of viable count

To determine an accurate measure of viable count, numbers of colonies present

should be between 30-300.
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APPENDIX 3: Genetic Markers

Inability to utilise arabionose

ara

dam Cytosine methylation at GATC sequences abolished

dem Cytosine methylation at CC(x)GG sequences abolished

endA DNA -specific endonuclease I activity abolished

F Self transmissible, low copy number palsmid

galk Inability to utilise galactose

gyrA subunit A, resistant to nalidixic acid

hsdR host specific restriction and/or modification of endonuclease R

laclH repressor protein, overproduces lac repressor, turning off expression
from Py,

lacZAM15 | Expresses carboxyterminal fragment that complements the lacZo
fragment on many vectors, gives blue colour on Xgal

Lac-proAB | Deletion of whole lac operon and proAB, so cell requires proline
unless it carries F* proAB

lacY Galactosidase permease activity abolished

leu Requirement for leucine in minimal media

pro Requirement for proline in minimal media

recAl major recombination gene, also involved in A induction

recBCD Exonuclease V activity abolished (has exonuclease activity on double
stranded DNA, also cleaves single stranded DNA both exo- and
endonucleolytically)

reld permits RNA synthesis in absence of protein synthesis

rpsL Streptomycin resistance

supE suppressor of amber (UAG) mutations, inserts glutamine

thi Requirement for thiamine in minimal media

thr Requirement for threonine in minimal media

traD36 Inactivation of conjugal transfer of F’
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