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Abstract
The first part of this project describes the engineering of a pair of yeast strains, of the
species Saccharomyces cerevisiae, for use in selection of peptide agonists and
antagonists to G protein-coupled receptors.

The mutations to the yeast genome

necessary to create these strains were generated by gene replacement by homologous
recombination.
The second part of the project is the production of a library of synthetic peptide
genes via the polymerisation o f chemically synthesised DNA.

The penultimate

section is the combination of these two areas, where active peptides were selected
from the library using the engineered yeast strains.
The final part of the project is the attempted replacement of the yeast G proteincoupled receptor (Ste2) with a human chemokine receptor (CCR5).
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1.0 Introduction

1.1 Aims and Objectives

The first aim of this project is to produce a system which uses genetic selection to
identify genes, from a peptide gene library, which encode peptide agonists and
antagonists to a G protein-coupled receptor. The use of genetic selection as opposed
to a screening method allows a library of a greater size to be screened in a given time.
G protein-coupled receptors are an important class of receptors. They are used to
mediate many biological responses and are implicated in many disease states (see
Section 1.4). Agonists and antagonists to this class of receptors are therefore useful as
lead compounds for the development of pharmaceuticals.
The second aim is to produce a library of synthetic peptide genes, to be used in the
aforementioned selection system. The coding regions of the peptides are produced by
the polymerisation of short sections (6 to 18bp) double stranded DNA. The design of
the blocks and the construction method, is such that the genes produced can encode
peptides of any size between 8 and 30 amino acids. The other important design feature
is that the peptides should all contain an even number of cysteines. This means that the
peptides can form an integral number of cross linking disulphide bonds.
The selection system is a pair of genetically modified yeast strains of the species
Saccharomyces cerevisiae. The system works by expressing a human receptor in place
of an S. cerevisiae receptor, in a manner in which it can interact with a yeast signalling
pathway. In order to allow the system to be used for selection the pathway must be
slightly altered. Separate strains are used to screen for agonists and antagonists each
containing different combinations of gene knockouts.
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Before the exact experimental strategy is discussed it is first necessary to discuss a
number of topics on which the strategy is based. These topics include the use of yeast
as an experimental organism, the yeast pheromone response pathway, G proteincoupled receptors and peptide venoms of the marine cone snails (conotoxins).

1.2 Yeast as an Experimental Organism

A number of yeast species have been widely studied including; Kluyveromyces lactis,
Schizosaccharomycespombe, and Saccharomyces cerevisiae. In addition a number of
other yeasts have been investigated, particularly for use in heterologous gene
expression, for example, Hansenula polymorpha, Pichia pastoris and Yarrowia
lipolytica (Ramanos et a l, 1992). By far the most highly studied of these species is S.
cerevisiae.

The Saccharomyces yeasts have been exploited by man for many

thousands of years for use in baking and brewing.

More recently the species S.

cerevisiae was the first eukaryote to have its genome completely sequenced (Goffeau
etal., 1996).
There are a number of very good reasons for studying yeasts.

First, as they are

industrially important it is useful to understand their biology in order to fully utilise
their potential.

Second, as the yeasts are eukaryotic cells, like those of all higher

organisms, an understanding of the functioning of the yeast cell can provide insights
into the functioning of higher organisms.
A good question to address at this point is why work with yeast cells rather than the
cells of a higher organisms? The answer to this question is the relative simplicity of the
S. cerevisiae cell coupled with the ease of growing and manipulating the species. The
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life cycle of S. cerevisiae is also an important factor, as it has made the species
amenable to classical genetic techniques.
Culturing the cells is relatively simple using adaptations of the techniques applied to
bacteria. Importantly S. cerevisiae can be grown on defined synthetic media allowing
the conditions used to grow the cells to be tightly regulated. Elucidating gene function
in S. cerevisiae is greatly simplified by the ease with which mutations can be created in
the genome.

Unlike mammalian cells S. cerevisiae undergoes the process of

homologous recombination with high efficiency. This means that any chosen location
in the genome can be targeted for replacement by a heterologous or in vitro mutated
yeast sequence.

The only knowledge needed to produce such a mutation is the

genomic sequence at the target location (Baudin et al., 1993, Wach et al., 1994).
Analysis of the phenotype of mutant strains created in this way can then be used to
begin the process of assigning a function to the targeted gene.

A Europe wide

network of collaborative research laboratories, termed EUROFAN (European
Functional Analysis Network) is currently undertaking a systematic effort to assign
functions to novel S. cerevisiae genes (Oliver, 1996).
Many yeast genes have been found to have homologues in higher organisms. This
means that assigning the function of yeast gene can be used to predict the function of
gene products from other organisms such as those identified during the human genome
project. Two areas in which key experiments regarding protein and cellular function
have been pioneered in yeast are cell cycle regulation and signal transduction. The
S. cerevisiae mating pheromone response pathway (discussed below, Section 1.3) is
one of the most well-understood and best characterised signalling pathways of any
organism.
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The yeast genome sequence has been used as a trial system to develop a number of
experimental and theoretical techniques for whole genome analysis. The S. cerevisiae
genome is good model for such systems as the genome is relatively small at just over
12 Mbp (around 200 times smaller than a mammalian genome). The gene density is
also high in the S. cerevisiae genome at around one ORF per 2kb of sequence
(GofFeau et al., 1996), compared to one per 6kb for C. elegans (Hodgkin et al., 1994).
Identification o f genes within the S. cerevisiae genome is simplified by the low
abundance of introns.

In the region of 4% of S. cerevisiae genes contain introns

compared to around 40% in S. pombe (Dujon, 1996).
Notable experimental approaches to studying the expression of genes on a genome
wide scale have included comparisons of mRNA’s under different growth conditions
by Serial Analysis of Gene Expression (SAGE) (Velculescv et a l, 1997) and Gene
Chip Technologies (Wodicka et a l, 1997).
The SAGE technique is a strategy in which a cDNA library is produced with a linker
added to the 5'-end of each molecule. The linker is then used to remove a short
sequence of the coding region of each cDNA molecule.

The short sequences or

expression tags are then polymerised, cloned and sequenced. By comparing the tags to
the genome expressed genes are identified, along with their relative abundance.

A

significant benefit o f this technique is that it assumes nothing about the sequences of
the genes being expressed.

It is therefore capable of discovering novel genes, not

previously identified in the genome.
Gene chips or DNA micro-arrays are silicon wafers containing an array of
oligonucleotides.

The surface of the chip has defined areas containing a specific

oligonucleotide, which corresponds to a unique sequence in a single gene. cDNA is
then produced from yeast cells prepared under defined conditions and labelled with a
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fluorescent chromophore. The labelled cDNA is then hybridised to the chip. Analysis
of the fluorescent intensity of each area on the surface of the chip reveals the mRNA
level of a specific gene.
This technique has been used to compare gene expression under a number of growth
conditions. These have included a comparison of growth in minimal and complete
synthetic media (Wodicka et a l, 1997) and shifts from fermentation to respiration
(DeRisi et a l, 1997). The effect on gene expression of the mitotic cell cycle (Cho et
al, 1998) and DNA damage (Jelinsky et a l, 1997) have also been studied using DNA
micro-arrays.
An interesting recent development in theoretical biology has been to attempt to
identify pairs of proteins which interact by looking for homologous genes from other
genomes corresponding to the fusion of the two genes (Enright et a l, 1999). The
hypothesis on which this technique is based is that if two proteins interact in order to
function then there is an evolutionary advantage for them to become a single protein.
A technique which has been widely used to acquire information about protein
function is the yeast two hybrid system for detecting interacting proteins (Fields et al,
1989). The system works by fusing a yeast DNA sequence encoding a transcriptional
activator DNA binding domain to a sequence encoding a target protein (or a part of
the target protein). A library of fusion proteins is then produced by cloning cDNA
fragments into a plasmid which contains an in frame sequence encoding a
transcriptional activation domain.

The target plasmid and the library are co

transformed into a yeast strain containing a reporter gene with a binding site for the
yeast transcriptional activator. The target fusion binds to the reporter gene but can not
activate transcription as it lacks an activation domain. However if the member of the
library which was co-transformed encodes an interacting protein then the two fusions
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will be brought together activating transcription of the reporter gene. This system has
been widely used to screen for interacting yeast and mammalian genes.
In a recent study Uetz et a l, (2000) screened 192 yeast genes against an S. cerevisiae
genomic library to identify their interacting partners. In order to carry out such a large
screen the assay was automated in a 96 well plate format. This approach detected 957
putative interactions.

One drawback of the yeast two hybrid system is that the

interactions discovered need to be verified by other means. This is because although
the proteins interact in the assay under normal growth conditions they may be
geographically separated in the cell.
As in the two hybrid system the work presented in this thesis makes use of the wealth
of information and understanding of the molecular biology and genetics of
S. cerevisiae. This study does not intend to further the understanding of S. cerevisiae,
but rather to use the yeast as a vehicle to identify potential significant gene products.

1.3 The M ating Pheromone Response Pathway
of the Yeast Saccharomyces cerevisiae

Haploid cells of Saccharomyces cerevisiae exist as one of two mating types, MATa
and MAT ql. Cells o f opposite type can "mate" to form diploid cells. Cells signal to
prospective mating partners by the release and recognition of pheromones, known as
a-factor and a-factor. Signalling is necessary both to enable the cells to polarise their
growth towards one another and to induce the cellular changes needed to allow mating
to occur.
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M AT cl strains release the mating pheromone a-factor, a 12 amino acid peptide and
recognise a-factor.

Similarly MAT r strains release a-factor, a 13 amino acid post

transcriptionally modified peptide and recognise a-factor. Recognition of pheromone
occurs by the binding of the pheromone to a cell surface receptor. The two receptors,
used by the two types of cells, belong to the seven transmembrane G protein-coupled
receptor superfamily (Section 1.4). The a-factor and a-factor receptors are encoded
by the STE2 and STE3 genes respectively (Nakayama et a l , 1985).
The mating signal is then transmitted to the cell nucleus by a kinase cascade. The
eventual destination of the signal is the STE12 gene product. The Stel2 protein is a
transcriptional activator which once activated induces the expression of the many
genes which prepare the cell for mating.

The signalling cascade beginning at the

pheromone receptors and culminating in activation of these genes is known as the
pheromone response pathway (Figure 1.1). With the exception of the pheromones and
their receptors the pathway is conserved in both mating types.

7

plasma membrane
Cdc42 Y
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Cdc24
Beml

GDP

nucleus

Cdc28 I Cln
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AAAAAA,
Pre

Pheromone Responsive Gene

Figure 1.1. Diagram showing the components of the pheromone response
pathway, shown without regulatory elements. MA 7a strains contain the a-factor
receptor (STE2 gene product), MAT cl strains contain the a-factor receptor
(STE3 gene product). The rest of the pathway is common to both mating types.
The curved arrows shown depict the order in which the signal is passed by
phosphorylation. An asterisk denotes a members of this pathway which has been
activated by phosphorylation. The functions of each member of the pathway is
described in the text. Diagram adapted from Bardwell et al., (1994) and Leeuw
etal., (1998).

The a-factor receptor, the STE2 gene product, is expressed at a basal number of
approximately 8,000 receptors per cell (Blumer et al., 1988). Following pheromone
binding the receptor is rapidly phosphorylated in the C-terminal region.

Following

phosphorylation the receptors with bound pheromone are rapidly endocyctosed. This
leads to an initial loss of pheromone binding sites (Jenness et a l, 1986).
After pheromone treatment for 20 to 30minutes, receptors begin to re-accumulate in
the plasmamembrane.

The reappearance of receptors is caused by an increase in

receptor synthesis which out-paces endocyctosis.

Unlike a number of mammalian

receptors, Ste2 and Ste3 are not recycled to the cell surface following endocytosis
(Davis et a l, 1993). As the receptors reappear they do so in a polarised manner, at the
site on the cell surface which is exposed to the highest concentration of pheromone.
This site becomes the mating projection or shmoo (Dorer et a l, 1995).
As the cells growth becomes polarised in this manner it is firstly the cyctoskeleton
which becomes polarised. This directs the secretion of new cell wall material and the
newly synthesised receptors to the mating projection (Chenevert, 1994). The signal
which directs cytoskeletal rearrangement is discussed later.
It has been shown that in order to become polarised the yeast must contain an intact
actin cytoskeleton, for in the absence of the cytoskeleton the receptors reappear in a
non-polarised manner (Ayscough et a l, 1998). The ability of the cell to respond to
gradients of pheromone allows growth in the direction of their nearest prospective
mating partner. In locating the nearest mating partner it is not however sufficient to
simply grow along the gradient. If there are a number prospective mating partners the
gradient will be aligned in the direction of the mean gradient from each cell.

In

selecting the true direction of the nearest partner the M 4 7a cells are aided by the
secreted protease Bari, (discussed below). The protease brakes down a-factor in a
degradation pattern which is related to the distance that the pheromone has diffused
(Barkai e ta l, 1998).
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In a uniform solution of pheromone (cells growing in liquid culture) the shmoo
appears adjacent to the bud scar, the site which would have become the next bud site
in the absence of pheromone (Dorer et a l, 1995).

This behaviour shows that the

polarity of the cytoskeleton is not changed under these conditions. In order to utilise
this default mating partner selection the cell requires the SPA 2 gene product (Dorer et
a l, 1995). The Spa2 protein is localised to centres of cell growth, including the shmoo
tip, and is believed to interact directly with the cytoskeleton (Gehrung et a l, 1990).
Following the receptor, the next component of the pathway is a heterotrimeric
guanosine nucleotide binding (G) protein complex. The complex consists of Ga , Gp
and Gy subunits, encoded by the GPA1, STE4 and STE18 genes respectively (Dietzel
et a l, 1987; Whiteway et a l, 1989). On pheromone binding the receptor becomes
activated due to a conformational change. The receptor then catalyses the exchange of
the nucleotide which is bound to the G protein complex. The G a subunit exchanges
the guanosine diphosphate (GDP) it has been binding for a guanosine triphosphate
(GTP) molecule. This exchange causes the G a subunit to change conformation, and
thus dissociate from the other subunits. The Gp and Gy subunits remain associated
and mediate the activation of the first of the kinases. It has been shown by Pryciak et
a l, (1998) that the Gpy complex remains associated with the plasma membrane. This
was demonstrated to be necessary for functional coupling with the next link in the
pathway. The complex interactions which take place to transmit the signal immediately
downstream of the G protein complex are only now being elucidated.
The Gpy complex interacts with two members of the pathway, Ste20 and Ste5
(Leeuw et a l, 1998, Whiteway et a l, 1995). It was initially thought that Ste20 acted
upstream of Ste5. However it has now been shown that a simple linear, Gpy-»Ste20
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—»Ste5 relationship does not exist. Many references infer this type of relationship,
particularly in schematic representations of the pathway ( e.g. Bardwell e ta l, 1994).
Ste20 is a serine/threonine protein kinase which exists as a plasma membrane-bound
complex, with Cdc42, Cdc24 and Beml. Cdc42 and Cdc24 are a Rho-type GTPase
and its associated GDP-GTP exchange factor respectively. Cdc42 mutants in which
Cdc42 does not interact with Ste20 are still capable of signalling through the pathway
(Leberer et a l, 1997). However the level of signalling is reduced. The reduction in
signalling reflects a failure of the Ste20 protein to become polarised in the absence of
Cdc42 and Cdc24 (Peter et a l, 1996). The Beml protein is involved in the cell wall
remodelling which is necessary both for mating and bud emergence (Chenvert et al,
1992).
The Cdc24 protein plays a crucial role in the selection of the shmoo site.

By

interacting with the free Gpy complex the Cdc24 exchange factor becomes localised to
sites o f receptor occupancy. This is believed to then locate Cdc42 to this site which in
turn leads to polarisation of the cytoskeleton (Nern et al, 1998).
The Ste20, Cdc42, Cdc24, Beml complex is also active in bud emergence and the
signalling pathways for pseudohypal and invasive growth (Leberer et a l, 1997).
Interaction of Ste20 with Gpy has no effect on the activity of Ste20. The activity of
Ste20 is however regulated in a cell cycle-dependent manner by the cyclin dependent
kinase formed by the association of Cdc28 with Cln2 (Wu et a l, 1998).
Ste5 acts as a scaffold protein, mediating the interaction of the next kinases in the
cascade. This function is necessary to prevent cross-talk between the yeast signalling
pathways, which have several common molecules.

Following activation by

pheromone, Ste5 is transiently relocated from its usually subcellular location in the
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nucleus to the plasma membrane (Pryciak et a l, 1998), where it interacts with Gpy
(Whiteway et a l, 1995)
It has been proposed (Leeuw et al., 1998) that the interaction of Ste5 and Ste20 with
Gpy allows Ste20 to phosphorylate S tell, the next member of the pathway. It has
been demonstrated, using the yeast two hybrid system, that Ste20 can form an
interaction with Stel 1 (Wu et a l, 1995). However it has not yet been shown whether
S te ll or any of the other members of the pathway relocate to the plasma membrane
with Ste5.
Following activation of S te ll, by phosphorylation, it goes on to phosphorylate Ste7
(Stevenson et a l, 1992, Cairns et a l, 1992).

Ste7 is also a kinase and in turn

phosphorylates Kssl and Fus3 (Gartner et a l,

1992).

Both Fus3 and Kssl

phosphorylate the transcriptional activator Stel2 (Song et a l, 1991). Fus3 however
also has a second target Farl.
Farl is a Cdk cyclin inhibitor which negatively regulates the kinase complexes formed
between Clnl, Cln2, or Cln3 with Cdc28. The action of Farl prevents the Cln/Cdc28
complex signalling to enter the start phase of the cell cycle. This leaves the cell stalled
in the G1 growth phase (McKinney et al, 1993, Peter et al, 1994). Cells not already
in G1 phase are insensitive to pheromone, and will complete the cell cycle before the
mating process is triggered. This is necessary to ensure that the a/a zygote resulting
from successful mating will have the correct ploidy.
The S tel2 transcriptional activator controls pheromone induced expression of the
many pheromone inducible genes. Prior to activation, the unphosphorylated form of
S tel2 controls the basal expression level of many of these genes (Kirkman-Correia et
a l, 1993, Dolan et a l, 1990). The expression of a number of the signalling molecules
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in the pathway are themselves pheromone inducible. The increase in expression of the
pathway on pheromone binding has an amplification effect on the signal.
The Stel2 protein is made up of separate DNA binding and activation domains. The
DNA binding domain, which is contained within the amino terminus, shows some
limited homology to the homeodomain (Yuan et a l, 1991). The Stel2 protein has
been extensively mapped to identify its functional regions. Stel2 acts by binding to the
pheromone

response

element

(PRE),

which

has

the

consensus

sequence

TTTGAAACA (Yuan et al, 1991). The PRE sequence is located, usually in multiple
copies, in the promoter regions of pheromone inducible genes. Stel2 usually binds as
a homodimer, but can act co-operatively with other transcription factors.

This is

particularly seen in the expression o f mating type specific pheromone inducible genes
(Kirkmann-Correia et a l, 1993, Yuan et al., 1993).
The description of the pathway so far has dealt only with how the pathway is
activated.

O f equal importance is regulation of the pathway during mating and

deactivation of the pathway, in the event of the cell failing to mate. Adaptation or
desensitisation to pheromone occurs by a number of mechanisms: proteolysis of mating
pheromones, receptor phosphorylation and uncoupling, G protein deactivation, and
MAP kinase dephosphorylation.
The first adaptation mechanism to be identified was a-factor proteolysis (Ciejek et
a l, 1979). This occurs by the action of a secreted protease encoded by the BARI (also
called SST1) gene (MacKay et al., 1988). There is no corresponding protease for the
degradation of a-factor.

However a-factor is inherently less stable as it is post

transcriptionally modified by famesylation and the addition of a carboxyl terminally
methyl ester group. Loss of the added famesyl side chain leads to a loss of specificity
on binding to the receptor. Hydrolysis of the carboxyl methyl ester has a greater effect
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leading to complete loss of activity (Anderegg et a l, 1988). The mechanism by which
a-factor is degraded has not yet been identified.
The G protein complex is also targeted in the process of adaptation and recovery
(Figure 1.2).

The Ga sub-unit can undergo a reverse reaction in which GTP is

hydrolysed to GDP.

Subsequently the Get sub-unit can reassociate with the Gpy

complex, thus deactivating the signal from Gpy.

This process is catalysed by the

pheromone inducible SST2 gene product (Dietzel et a l, 1987a; Dohlman et a l, 1996).
In the absence of Sst2, re-association does occur but the rate of this process is
extremely slow.

Sst2 was the founder member of the GTPase-activating proteins

(GAPs) family, with homologues subsequently being identified in nematodes and
mammals (Dohlman, etal., 1997).

Cell Exterior
Plasma
Membrane

receptor
GDP

GTP

Cell Interior

GDP) a
C> Signal

Sst2

Figure 1.2.

The catalytic cycle in which the activated receptor catalises

exchange of GDP for GTP on the G Protein. The GTP is then hydrolysed to
GDP by the Sst2 protein, leading to the formation of inorganic phosphate (Pi)
and re-association of the G protein sub-units.
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In addition to its role in G protein recycling Sst2 also activates Mpt5. Mpt5 functions
in the regulation of Cln-Cdc28 complexes, which allow the cell to re-enter the
vegetative cell cycle (Chen et al, 1997)
The MAP-kinase Fus3 is dephosphorylated by three phosphatases.

The tyrosine-

specific Ptp2 and Ptp3 phosphatases, which are not pheromone-inducible, regulate the
basal activity of Fus3 as well as contributing to recovery and adaptation (Zhan et al.,
1997).

The third phosphatase is the dual-specific tyrosine-threonine phosphatase,

Msg5, which like Sst2 is pheromone-inducible and therefore plays a major role in
adaptation and recovery (Doi et a l, 1994).
The final element of the pathway which is regulated is the Stel2 transcriptional
activator.

There are two regulatory proteins Rstl and Rst2 (also called Digl and

Dig2) which bind to and negatively regulate Stel2. In the absence of these proteins
expression of pheromone-inducible genes becomes constitutive (Tedford et a l, 1997).
These proteins are inactivated by phosphorylation, which is carried out by Fus3 and
Kssl (C o o k e/a l, 1996).
The complete pheromone response pathway as it is currently understood, including
regulator elements, is shown schematically overleaf (figure 1.3).
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Pheromone
Responsive
Gene

Schematic representation o f the pheromone response pathway,

including regulatory elements.

MATa. strains contain the a-factor receptor

(STE2 gene product), M A Ta strains contain the a-factor receptor (STE3 gene
product). The rest of the pathway is common to both mating types. The curved
arrows shown depict the order in which the signal is passed by phosphorylation.
An asterisk denotes a members of this pathway which has been activated by
phosphorylation. The regulatory elements of the pathway are depicted as shaded
shapes. The functions of each member o f the pathway is described in the text.
Diagram adapted from Bardwell et al., (1994) and Leeuw et al., (1998).
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1.4 G protein-coupled Receptors

The G protein-coupled receptors (GPCR’s) are an evolutionary ancient group of
molecules which are used to regulate a very wide range of processes in higher
organisms. This class of receptors are the main sensory molecules in the senses of
sight and smell. They also play key roles in both the immune and central nervous
systems. The receptors are not however restricted to the vertebrate kingdom with
examples from plants, worms, slime mould, protozoa and a number of yeast species
(Bockaret etal., 1999).
There are approximately 2000 currently identified members of the GPCR superfamily.
These are responsible for transducing signals from a large number and variety of
stimuli such as glycoproteins, peptides, small organic molecules, calcium ions and even
light into cellular responses (Tae et al, 1998). The superfamily can be sub-divided
into three major sub types, A, B and C based on key sequences (Gether et a l, 1998).
Type A are the rhodopsin like receptors, these are the largest sub-family including the
p-adrenergic receptors. The type B and C receptors are the secretin-like receptors and
receptors related to metabotropic receptors respectively.

1.4.1 Structure
All members of the superfamily are predicted to share a common structure.

The

receptor is a single polypeptide chain containing seven transmembrane a-helices (TM
regions) connected by a series of three extracellular and three cytoplasmic loops. The
uneven number of membrane spanning regions leaves the receptors containing an
N-terminal extra-cellular tail and a C-terminal cytoplasmic tail (Figure 1.4).
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Figure 1.4. Schematic representation of the structure of a G protein-coupled
receptor, the transmembrane a-helices being represented as cylinders.

The individual domains within the receptor are not locked into a rigid structure but
rather they are able to move relative to one another.

It is this movement which is

believed to be at the heart of the mechanism o f receptor activation on ligand binding.
Although the receptors are all predicted to share the same structure there is virtually
no homology between receptors from different classes. Even receptors from the same
classes show very little homology with the exception o f a few key positions involved in
ligand binding and coupling to G proteins.

This has led some to propose that the

different families represent convergent evolution (Bockaert et al., 1999). At the very
least the receptor genes must have diverged very early in the evolution of living
organisms. The incredible range of organisms which use GPCR’s is further evidence
that they represent a truly ancient protein family.
The structures of all membrane proteins are notoriously difficult to determine as they
do not readily crystallise and are therefore difficult to study by X-ray crystallography.
The best structures so far determined are for the rhodopsin receptor which was studied
as a two-dimensional crystal (Schertler et al., 1993; Unger et al., 1997). A number of
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computer models have also been derived for GPCR’s (Attwood et a l, 1991;
Overington e ta l, 1992; Baldwin, 1993).
The ligand binding site for small molecules is a pocket at the centre of the receptor,
formed from the TM regions. Peptide and protein ligands bind to a site which is
known to be made up of the extracellular loops and tail. However, it is believed that
the binding site for these larger ligands may contain the same pocket used by small
ligands (Gether et al, 1998). Although not a strict rule larger ligands tend to have
receptors with larger N-terminal tails.

1.4.2 Receptor Activation
The rhodopsin receptors which detect light in the eye are scientifically important
GPCR’s as bovine opsin was the first GPCR to be cloned (Nathans, et a l, 1983). The
rhodopsins have been some of the most widely studied GPCR’s which have been used
for studies to identify their structure and mechanisms of activation. The rhodopsins
use a slightly modified strategy for activation. The chromophore cz's-retinal binds in
the central pocket but does not activate the receptor. On absorbing a photon of light
the chromophore isomerises to /raws-retinal with kinetics in the order of femtoseconds.
Unlike the cis isomer, trans-retinal does activate the receptor leading to signalling. As
activation o f the receptor is independent of the receptor-ligand binding step the speed
of the response is greatly increased.
Mutational studies have shown that key amino acid residues for ligand binding and
receptor activation are located in TM regions 3 and 7 (Javitch et a l, 1995).
Experiments in which fluorescent tags were attached to these regions showed that the
local environments around TM regions 3 and 7 changed on activation (Strader et al,
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1994).

Following activation the fluorescence became quenched consistent with

moving the tag from a non-polar environment within the receptor to the polar
environment of the cell membrane. Similar findings were also found from experiments
to look at the spectroscopic absorbances of tyrosine residues (Lin et al., 1996).
The generally accepted hypothesis for the mechanism of activation is that the
receptors are in a state of equilibrium between an active and inactive state.

The

inactive receptor is held in the inactive conformation by a number of intramolecular
interactions, including salt bridges and hydrogen bonds. This shifts the equilibrium
preventing signal generation. On ligand binding the interactions within the receptor are
perturbed allowing the receptors conformation to change.

This change in

conformation reveals the G protein binding site on the cytoplasmic side of the receptor
(Oliveira et a l, 1999).
The tripartite G protein is then able to bind to the receptor which catalysis the
nucleotide exchange, leading to dissociation of the G protein subunits.

The exact

mechanism by which the receptor catalysis this process is not currently understood.
Despite the massive range of GPCR’s that have been identified which share very little
homology there are only a small number of G proteins to which they are coupled.
There are only 16 Got, 5 Gp and 11 Gy encoding genes (Bourne, 1997). It is the G a
subunit which associates with the receptor through an interaction of the C-terminal tail
of the G a subunit with a small number of residues in the third cytoplasmic loop of the
receptor. Mutations of only 3 amino acids in the G a subunit have been shown to be
capable o f changing which receptor the G protein couples to (Conklin et a l, 1993).
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1.4.3 GPCR ’s as Drug Targets
As already discussed the GPCR’s regulate many processes in the human body. A
failure of the body to produce one of the signalling molecules recognised by a GPCR
or to overproduce one can lead to disease. Over production is a common cause of
many inflammatory diseases. As well as incorrect signalling the receptors can be used
by a number of pathogens as a means to invade cells. Agonists and Antagonists which
are directed specifically to single GPCR targets within the body would therefore be
useful pharmaceuticals for correcting these signalling imbalances or for blocking the
entry of pathogens.
The receptor considered in this project is the human CCR5 receptor which belongs to
the family of chemokine receptors.

This family of receptors are of particular

pharmacological significance as they are implicated in a number of diseases.
Chemokines (chemotactic cytokines) function in the regulation of immune cells. The
chemokines are small proteins (70-90 amino acids in length) which are released by proinflammatory cells (leukocytes and endothelial cells) at sites of infection.

The

chemokines acts as an attractant for new leukocytes to cross from the circulation into
tissues.

Improper chemokine regulation has been implicated in a large number of

inflammatory diseases, such as rheumatoid arthritis,, multiple sclerosis, angiogenesis
and ischemic reperfusion injury, to name but a few (Saunders et a l, 1999, Locati et al,
1999).
The chemokine receptors are also involved in infectious diseases.

The human

immuno deficiency virus (HIV) uses a number of chemokine receptors as co-receptors
when infecting cells. The virus glycoprotein 120 (gpl20) binds to the CD4 receptor on
the surface of CD4+ T-Cells. Maddon et a l (1986) demonstrated that this interaction
alone was not sufficient to allow viral entry. It was not until 1996 that a number of
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groups showed almost simultaneously that the secondary interaction occurred with one
of a number of related chemokine receptors (reviewed in D ’Souza et a l, 1996). In the
early stages of the disease it is usually the CCR5 receptor which acts as the coreceptor. However some isolates can also use other related CCR chemokine receptors
(CCR3 and CCR2b). Later in progression of the infection strains emerge which use
the CXCR4 receptor to invade an increased range of cell types, in particular targeting
macrophages.
The HIV envelope glycoprotein 120 is associated with a second envelope protein,
gp41. On binding to CD4 and a co-receptor the interaction between g p l20 and gp41
is weakened allowing gp41 to contact the cell surface, leading to viral entry (Figure
1.5).
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Figure 1.5. Schematic representation o f HIV entry. A) gpl20 attaches to CD4.
B) gpl20 then forms a secondary interaction with the chemokine co-receptor.
C) gp41 is then free to attach to the cell surface.
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The Cytomegalovirus (CMV) contains 3 open reading frames that encode putative
GPCR’s. One o f the receptors is known to be a functional chemokine receptor with
limited homology to CCR1. It is not known what function the receptors play, but it is
known that chemokines can activate viral replication (Saunders et a l, 1999).

A

number o f other herpes viruses as well as poxviruses also express GPCR-like receptors
that are sensitive to chemokines.
Even without considering other groups of GPCR’s it can be seen that there would be
significant therapeutic applications for molecules which bind to chemokine receptors.

1.5 Conotoxins
1.5.1 Introduction
The conotoxins are a group of peptide venoms produced by marine snails of the
genius Conus. The cone snails are carnivorous predators which inhabit tropical reefs
where they use their venoms for hunting. There are around 500 species of cone snails.
Each is specialised in hunting either other molluscs, worms or fish.
The initial study of the venoms of Conus geographus and Conus magus by Olivera, et
al., (1985) revealed that the venom was made up of a complex mixture of peptide
toxins, each o f which has a different biological effect. This is a contrast to venoms
produced by spiders and snakes which normally contain only a single toxin.

The

conotoxins are similar to snake and spider venoms in that the active components are
peptides with a rigid structure of small loops which are locked into position by
disulphide bonds. This type of loop structure is very similar in nature to the binding
domains found in antibodies.
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The main difference between conotoxins and other venoms is the size of the peptides.
Conotoxins are in the size range of 10 to 35 amino acids, compared to 40 to 100
amino acids for most other animal venoms.

This size range makes the conotoxins

some o f the smallest “proteins” to have a defined structure.

Like many secreted

proteins and peptides the initial translation products of the conotoxin messenger RNA
contain a pre/pro signal sequence. The signal sequence is subsequently cleaved during
secretion of the mature toxin.
The small size of the toxins allows them to rapidly migrate to their target within the
prey organism. The fast action is of particular importance to the cone snail as it must
avoid being injured by the envenomed prey. The snail is also unable to pursue fast
moving prey should they escape before the toxin has taken effect.
The cone snails envenomate their prey by packaging their venom into a hollow
harpoon like radial tooth. The tooth is injected from the end of a proboscis into the
prey but remains attached to the cone snail by means of a fine ligament.
The fish-hunting cone snails use a number of strategies when hunting. The reef-living
species Conus geographus approaches sleeping fish before engulfing the fish with a
large distensible mouth before stinging. Conus striatus prefers sandy areas, normally
close to a reef where it lies in wait under the sand, with only its proboscis showing
(this looks a lot like a worm). When the snail senses a passing fish it harpoons it
before “reeling it in” using the attached ligament. There have been a number of human
fatalities caused by cone snail stings many attributed to the species C .geographus
(Cruz etal., 1985a).
A single cone snail venom contains between 40 and 200 different conotoxins (Olivera,
1997). Peptides from different species show little homology with the exception of the
cysteine residues. The peptides can be classified by their cysteine arrangement and
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pharmacological properties as either a , \x or co conotoxins (Table 1.1). The connecting
regions between the cysteines exhibiting hypervariability. This aside conotoxins from
the same group target receptors or ion channels of the same class as discussed below.

Toxin class

Cysteine Arrangement

Target

a

| | —I |
CC... C ... C

Acetylcholine receptors at
neuromuscular junction

p

|
j [
|
C(p...C...C...(pC

voltage gated sodium channels
in muscle

neurological calcium channels
co

Table 1.1.

The cysteine arrangements of conotoxins are depicted above

hypervariable regions are represented by rows of dots. The lines linking pairs of
cysteines depict the connectivity of the disulphide bonds with in the venoms.

By comparing the number of differences in cDNA sequences from homologous
conotoxins from different Conus species, Duda et al, (1999) calculated that the
conotoxin genes are the fastest evolving genes so far discovered from any species. The
homology of the toxins from any of the groups increases greatly if the pre/pro regions
are also included in the comparison rather than just the mature toxin.

The fast

evolutionary rate of the toxin coding regions is presumed to stem from the great
selective pressure derived from the prey-predator relationship.
An unusual feature of conotoxins in comparison to other translation products is the
large number of post-translational modifications which they contain.

The

modifications found in conotoxins include C-terminal amidation, proline hydroxylation,
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sugar attachment, glutamate y-carboxylation, sulphation, inclusion of D-amino acids,
Bromination o f tryptophan (to give 6-BrTyp) and N-terminal glutaminyl ring closure to
give pyroglutamate (Myers et al., 1993; Jimenez et a l, 1996; Jimenez et a l, 1997). It
is believed that the significant level of post-translational modification is a novel
evolutionary strategy for generating and honing the specificity of the toxins.

1.5.2 Targeting
All o f the conotoxins studies thus far are ligands for large multi-subunit receptor
complexes.

The conotoxins show great specificity for their target, for example

p-conotoxins show -1000 fold specificity for muscle sodium channels compared to
neuronal sodium channels (Cruz et a l, 1985). Homologous toxins show a different
but overlapping specificity for the receptor sub-types from a complex neurological
system (such as a mammalian brain).

These differences have been exploited in a

number o f studies to investigate the expression patterns of receptor in particular cell
types (Cruz et a l , 1985, Ramilo et a l, 1992).
A number of the conotoxins which lead to paralysis and death when injected
intraperitoneally into fish have no effect when they are administered to mouse. When
the same peptides are injected intracerebrally into mouse they cause symptoms that
include shaking, convulsions, sleep, and scratching.

The difference in symptoms

between fish and mouse is presumed to reflect inter-species differences in the target
receptors.

1.5.3 Conotoxins in Drug Discovery
As each of the toxins has a biological activity and a very great specificity for a
particular receptor they are a good starting point for the design of novel bio
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pharmaceuticals.

Only a relatively small number of the Conus species have been

investigated thus far. The remaining species will undoubtedly yield new toxins with
novel target discrimination properties.
The biological effect of the conotoxins has been achieved through natural selection
over a period of millions of years. However, this biological activity is optimal in the
targeted prey species. In order to be used as a pharmaceutical the conotoxin would
need to specifically bind to a target receptor in man. Although this means that not all
conotoxins will have a biological activity in man, many will have and since there are a
great number of conotoxins the probability of finding a ligand for a large multi-subunit
receptor are very good.

However it is not easy to collect and purify significant

quantities of the individual toxins from the venom. A number of investigations of the
properties of conotoxins have included chemical synthesis of the peptides to produce
significant quantities of material.
The use o f peptides as pharmaceuticals requires the use of novel delivery methods as
they can not be given orally. One to-conotoxin (MVIIA) isolated from C. magnus
venom is currently under going clinical trials for use in chronic pain management (Shen
et al., 2000). This blocks N-type calcium channels involved in neurotransmitter release
in the neural pathways that mediate pain. The company manufacturing the product
(Elan Pharmaceuticals, Dublin) are using an implanted pump delivery system.

The

peptide is packaged into a reservoir with an attached pump which is surgically
implanted under the skin releasing the peptide at a predetermined rate.

A possible

further draw back of peptides which is not so easily overcome is there in vivo
degradation by proteolysis.
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Despite these draw backs the early results from the MVIIA clinical trial are very
promising.

There appears to be no side effects, acquired tolerance or withdrawal

symptoms (Shen et al., 2000).

1.6 Experimental Strategy

The first part of the project, described in Chapter 3, is the modification of the yeast
pheromone response pathway. Two sets of strains were generated termed the agonist
and antagonist strains. In the agonist strains the pathway was altered so that activation
led to a growth response on appropriate selective media. This was achieved by placing
an amino acid biosynthesis gene under the control of a pheromone responsive
promoter. The antagonists strains exhibit the opposite response in that they were
modified to stop growing in response to activation of the pathway.

Selection of

antagonists looks for substances that can over come the effect of an agonist to allow
growth to occur.
The next stage in the project was to produce the library of peptide encoding genes for
screening with the engineered yeast strains (Chapter4). The method used to construct
the genes involved the polymerisation of double stranded chemically synthesised DNA.
The design of the experiment placed certain controls on the types of constructs which
were able to form. The intention of this design element was to produce peptides which
have the general features of conotoxins, in terms of their size and in that they should all
contain an even number of cysteine residues.
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The library was then screened (Chapter 5) to find ligands to a naturally occurring
yeast receptor (Ste2). This was intended as a “proof-of-principle” experiment to show
that the library contains genes which produce active products.
Finally an attempt was made to replace the yeast receptor with a human GPCR
(CCR5) so that the library could be screened for new ligands to this receptor
(Chapter 6).
All o f the above parts of the project are discussed in more detail at the start of the
appropriate chapters.
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2.0

Methods and Materials

This chapter describes the general methods and protocols that were used throughout
the project. The methods described here apply to all work described in subsequent
chapters, unless otherwise stated. Methods relating specifically to one chapter will be
described at the start o f the appropriate chapter.

2.1

The Polymerase Chain Reaction

All polymerase chain reactions (PCR) were carried out using an M J. Research Inc.
PTC-100 programmable thermal controller. All oligonucliotide primers used in this
project were synthesised and purified by HPLC, by PE-Applied Biosystems UK, and
were supplied in 20%v/v acetonitrile/water.

Screening by the PCR for the

incorporation o f constructs into the yeast genome and for the introduction of plasmids
into yeast and E. coli were carried out using Taq DNA polymerase (Bioline). Other
PCRs were carried out using the Expand® High Fidelity PCR System from Boehringer
Mannheim. The methods used for these reactions are described below.

2.1.1 PCR using the Expand® High Fidelity PCR System
This system was used for amplifications in order to reduce the frequency of PCRderived point mutations compared to that observed with Taq polymerase. The error
rate for Taq polymerase is one incorrectly incorporated base for every 2.6x10^ correct
bases, compared to one for every 8.5x10^ bases with the expand system
(manufacturers data). The system uses a mixture of Taq and Pwo DNA polymerases,
the latter having 3-5' exonuclease proof-reading activity. It has been shown by Barnes
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(1994) that mixtures of polymerases such as this are more efficient for the
amplification of larger DNA fragments (greater than lkb) than either of the individual
enzymes.
Unless otherwise stated, reactions were carried out in a total reaction volume of 50}il.
The reaction mixture contains: lOnmol of each dNTP (Pharmacia), 15pmol of each
primer, lx working concentration of HF buffer (containing M gC ^ final MgCl2
concentration 1.5 mM), 2.6U of enzyme mix, template DNA (approximately 3fmol
[-0.1 pg] o f genomic yeast DNA or 3fmol [~10ng] of plasmid DNA).
composition of the HF buffer has not been released by the manufacture.

The

The final

volume was made up to 50pl using sterile water.
The thermal cycle used for amplification was as follows: 94°C, 2min; [94°C, 15s; 4060°C, 30s; 72 or 68°C, lmin per 1.5kb of target sequence] x 10; [94°C, 15s; 40-60°C,
30s; 72 or 68°C, lmin per 1.5kb of target sequence + 20s per additional cycle] x 1020; 72°C, 5min.
A minimum elongation time of 45s was used for any product of under lkb in length.
An elongation temperature of 72°C was used for products of up to 3kb in length, for
longer products elongation at 68°C was used.

2.1.2 PCR Screening
Screening reactions were carried out in a total reaction volume of 20pl, overlaid with
one drop o f light mineral oil (Sigma). For the screening of bacteria, single colonies
were picked using a sterile tooth pick and the cells were resuspended directly in the
reaction mixture. Screening of yeast was carried out either by pre-treatment of cells by
microwaving (Wach et a l, 1994) or DNA extraction.
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Pre-treatment by microwaving was carried out by transferring the cells into 20fil of
water and microwaving at full power for lmin. The cells were then collected by brief
centrifugation in a microfuge and then the cell pellet was resuspended in the reaction
mixture. The protocol used for DNA extraction during this project is described later.
Reactions mixtures were made up using lOpmol of each of the forward and reverse
primers, lunit of Taq, and 4(il o f 5x Taq Buffer (20nmol of each dNTP, NH4 buffer
[Bioline] 5x working concentration, MgCl2 7.5mM). The volume was then adjusted to
20pl with sterile water.
The thermal cycle used for screening was as follows: 94°C, 5min for bacteria or 2min
for yeast; [94°C, 30s-lmin; 40-60°C, 30s-lmin; 72°C, lmin per kb of target sequence]
x 25-30; 72°C, 5min. A minimum elongation time of lmin was used for targets of
under lkb.

2.2 Electrophoresis and DNA Purification
DNA samples were visualised for analytical purposes by agarose gel electrophoresis,
carried out using a horizontal mini submarine gel tank (Flowgen) or a mini-sub cell GT
gel tank (BioRad).

Gels were of a composition of 0.8 to 3% w/v agarose

(electrophoresis grade, Gibco BRL or BioRad), 0.5figmH ethidium bromide (Sigma)
and lx TBE buffer (Sambrook et a l 1989). Size and concentration estimation was by
comparison to known molecular weight standards, typically 0.5fig of 1 kbp, 1 kbp plus
or 50 bp DNA ladder (Gibco BRL®). A 20% volume of 6x loading buffer (0.25%
bromophenol blue, 0.25% xylene cyanol FF, 40% w/v sucrose in water) was added to
all samples before loading (Sambrook et a l 1989).

Gels were run at a constant
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voltage of 75 to 85 V (depending on the percentage agarose content, higher percentage
gels being run at higher voltage). Gels were visualised by illumination with short wave
length ultraviolet light.
Purification of samples by electrophoresis was carried out using gels with a
composition of 0.8 to 2% w/v low melting temperature agarose (Gibco BRL),
0.5pgml-1 ethidium bromide (Sigma) and lx TAE buffer (Sambrook et a l, 1989).
Molecular weight standards were run alongside the samples to be purified. A 20%
volume o f 6x loading buffer was added to all samples before loading. Loading buffers
containing only one dye were normally used to prevent contamination of the DNA with
the dye and to increase visibility of the DNA. Loading buffer containing xylene cyanol
FF was used to load DNA molecules of less than 1.5kbp, larger molecules were loaded
using buffer containing bromophenol blue. Gels were run at a temperature of 4°C and
a constant voltage of 40V. Gels were visualised by very brief illumination with short
wave length ultraviolet light. Sections of the agarose gel containing bands of DNA of
the desired size were excised with a clean razor blade and transferred to a 1.5ml
Eppendorf tube.
Removal of DNA from LMP agarose was achieved either by the use of Wizard DNA
Clean-Up or PCR preps kits (Promega), or by p-agarase digestion.
The Wizard PCR preps kit was used for purification of DNA fragments of 200bp to
1.5kb, larger fragments were purified with the Wizard DNA clean up kit. Both Wizard
kits were used according to the manufacturer’s protocols.
p-Agarase was purchased from New England Biolabs and was supplied with a lOx
reaction buffer. p-Agarase digestion was carried out by the following protocol. The
gel slice, in a 1.5ml Eppendorf tube, was melted at 75°C, a 10% volume of lOx
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p-agarase buffer (lOmM Bis Tris-HCl [pH6.5] ImM Na2EDTA) was then added,
mixed thoroughly and cooled to 40°C. One unit of P-agarase per lOOmg of 1% gel or
1.5U per lOOmg of 1.5% gel was then added. The reaction was then incubated at
40 °C for 2h or overnight. A 10% volume of 5M NaOAc pH 5.2 was then added and
the reaction cooled on ice for 15 minutes. Any undigested gel was then collected by
centrifugation at maximum speed in a microfuge for 5minutes. The supernatant was
removed to a fresh tube and 2 volumes of isopropanol, pre-cooled to -20°C, was
added. The sample was incubated at -20°C for 30minutes, the DNA was collected by
centrifugation at maximum speed in a microfuge for 15minutes at 4°C. Most of the
isopropanol was then removed (leaving the last ~50jj1) using a pipette. The pellet was
then washed with lml of 70% ethanol, most of the ethanol was removed (leaving the
last ~50pl).

The DNA was either air dried overnight or dried under vacuum for

~20min. The DNA was then resuspended in 10 to 20pl of sterile water.

2.3 Restriction Digestion
All restriction endonucleases were purchased from New England Biolabs®.

All

enzymes were supplied with one of the four standard NEB buffers, or in the case of
BamH I, EcoK I and Sal I a special buffer, at 10 x working concentration (NEB
catalogue). Enzymes requiring the addition of BSA to reactions were supplied with a
lOOx working concentration solution (lOmg/ml).
Unless otherwise stated reactions were incubated at a temperature of 37°C overnight.
The reaction mixture was made up of between 0.5 and 1.5pg of DNA, lx reaction
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buffer, 5 to 20 U of enzyme, and where specified by the manufacture lx BSA, made up
to 40pl with sterile water.

2.4 Ligation
Ligation reactions were carried out using T4 DNA ligase, purchased from New
England Biolabs, supplied with the following buffer at lOx concentration: 50mM TrisHC1, lOmM MgCl2, lOmM DTT, ImM ATP, 25p.g/ml BSA. Prior to ligation plasmid
and PCR-amplified DNA was digested with restriction enzymes. Purification was either
by gel electrophoresis, as described above (section 2.2), or by use of the Wizard PCR
Preps or DNA Clean-Up kits. The ligation reaction mix was typically made up of
approximately 0.03pmol (~0.1pg) of cut plasmid DNA, 0.3pmol of cut PCR product,
lx T4 DNA ligase buffer and 400U of T4 DNA ligase, made up to a volume of lOpl.
The reaction was carried out at 16°C overnight and the enzyme was then inactivated
by heating to 65°C for lOminutes.

2.5 Growth of Cell Cultures
Yeast strains without episomal plasmids were grown in YPD medium.

Strains

containing episomal plasmids were grown in synthetic complete medium lacking
appropriate amino acids to maintain selection for the plasmid. Yeast cultures were all
grown at a temperature of 30°C, with shaking on a rotary platform at ~250rpm.
Unless otherwise stated all yeast medium contained 2% glucose as the carbon source.
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E. coli bacterial cultures were grown in LB medium, at a temperature of 37°C, with
shaking on a rotary platform at ~250rpm. Strains containing plasmids were grown in
medium containing 100mg/l ampicillin, to ensure retention of the plasmid.
Yeast and bacterial culture medium were made up according to the protocols in the
Cold Spring Harbor Laboratory course manual (1996) and Sambrook et al. (1989)
respectively.

Bacto-yeast extract, bacto-peptone and yeast nitrogen base without

amino acids were from Difco, bacto-tryptone was from Difco or Sigma and bacto-agar
was from Difco, Oxoid or Fisher. Amino acids, nucleosides and vitamins used for the
preparation of yeast synthetic medium were all purchased from Sigma.
Agar used in the preparation of synthetic yeast medium was only from Difco. It has
been observed that agar from other sources can contain significant levels of uracil,
Guthrey and Fink, (1991).

2.6 Measurement of Cell Densities
The cell density in yeast cell cultures was either measured directly by counting cells
using an improved heamocytometer or measured indirectly by measuring the
absorbance of the culture.
In order to count the cells in the culture a dilution of between lOx and lOOx was first
made in water. The dilution factor used depended upon the density of the cells in the
culture, saturated cultures typically being diluted lOOx. One drop of the diluted cell
culture was applied to the surface of the heamocyctometer and the cover slip was
applied. The cover slip was pressed lightly until Young’s fringes were observed at the
side of the cover slip (indicating the depth of the liquid containing the cells was
0.1mm). The number of colony forming units were then counted in a medium sized
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square (A x A in figure 2.1 below), made up of 16 of the smallest squares. This was
repeated until the number of colony forming units in at least ten medium squares had
been counted. The volume of liquid above one medium square is 4 x 10"^ml. The
number of cells per ml of culture was calculated by multiplying the mean number of
colony forming units per medium square by 2.5 x 10^ x the dilution factor.

Figure

2.1.

The

above

diagram

shows the

grid

structure

o f the

heamocyctometer used for counting yeast cells during this project. The medium
sized square (A x A) is covered by 4 x l0 “6ml of liquid.

Absorbance measurements were recorded at either 600 or 660nm. The absorbance
maximum is recorded at 660nm the use of measurements at 600nm allows for the
measurement of dense cultures without dilution. Measurements were recorded using a
Helos y spectrophotometer with disposable plastic (polystyrene) cuvettes.
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2.7 Transform ation of E, coli
All cloning steps were carried out using the TOPI OF' E. coli strain from Invitrogen.
The genotype of this strain is F'flacN, TnlO(TetR)} mcrA A(mrr-hsdRMS-mcsBC)
<J)80/acZAM15 AlacX74 decR rechi araD\39 A(ara-leu) 7679 galU galK r/?sL(StrR)
end h i rtupG.

2.7.1 Transformation by Heat Shock; Protocol modified from Sambrook et a l (1989).
Preparation of competent E. coli.
50ml o f LB media in a sterile 500ml conical flask was inoculated with either 0.5ml of
a fresh overnight culture or several colonies freshly grown on LB agar medium. The
culture was grown at 37°C with vigorous shaking (~250rpm) until an A55o of 0.4 was
reached (3-5hrs). The cells were collected by centrifugation at 1700g for lOmin in a
clinical centrifuge at 4°C and

the supernatant was discarded.

The cells were

resuspended in 25ml of ice-cold 50mMCaCl2 and incubated on ice for 20min. The
cells were collected by centrifugation as in the pervious step and the supernatant was
discarded. The cells were resuspended in 5ml of ice-cold 50mM CaCl2/15% glycerol.
The cells were quickly dispensed, in lOOpl aliquots, into pre-chilled 0.5ml Eppendorf
tubes. The cells were quickly frozen in an acetone-dry ice bath and stored at -70°C
until needed.

Transformation
One aliquot of cells per transformation was allowed to thaw on ice for 30min. DNA
in a volume o f not more than 5pi was added to the cells and mixed by gentle stirring
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with a Gilson pipette tip. The cells were then incubated on ice for 2hours, followed by
a heat shock at 42°C for 90 seconds and a further 2 minutes on ice. The cells were
then transferred to a 6ml culture tube containing 400^1 of 2xTY or SOC medium and
incubated at 37°C with shaking for lh. The recovered cells, 100 to 200pl, were plated
on to selective agar plates (2xTY or LB, containing lOOmgl”1 ampicilin [Sigma]).

2.7.2 Transformation by Electroporation, Dower et a l, (1988)
Preparation of competent E. coli
Modified LB medium (500ml) containing a reduced salt content (5g/l) in a sterile 21
conical flask was inoculated with 2ml of a fresh overnight culture. The culture was
grown at 37°C with vigorous shaking (~250rpm) until an A^0o of between 0.5 and 0.7
was reached (3-5hrs). The cells were then cooled on ice for ~20min. The cells were
collected by centrifugation at 1700g for lOmin in a clinical centrifuge at 4°C and the
supernatant was discarded.

The cells were resuspended in 500ml of ice-cold 10%

glycerol. The cells were collected by centrifugation as in the previous step, and the
supernatant was discarded. A second wash step was carried out using 250ml of icecold 10% glycerol. The cells were then resuspended in ice-cold 10% glycerol to a final
volume of between 1 and 1.5ml. The cells were quickly dispensed, in 40|il aliquots,
into pre-chilled 0.5ml Eppendorf tubes. The cells were quickly frozen in an acetonedry ice bath and stored at -70°C until needed.

Transformation
Transformations were carried out using a BioRad Gene Pulser with Pulse Controller.
One aliquot o f cells per transformation was allowed to thaw on ice. DNA in a volume
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of not more than 2(il of water was added to the cells and mixed by gentle stirring with
a Gilson pipette tip.

The mixture was then transferred to a sterile, pre-chilled,

electroporation cuvette with an electrode gap of 0.1 or 0.2cm (BioRad or Invitrogen).
Cuvettes from both manufactures produced transformation efficiencies of the same
order o f magnitude in parallel transformation (data not shown). The cells were shifted
to the bottom o f the cuvette by tapping the base o f the cuvette. The cuvette was then
placed into the chamber slide, and pushed into the chamber so that the cuvette made
contact with the electrodes. The Gene Pulser was set to 25 p.F, the Pulse controller
was set to 200f2, and one pulse was applied of 1.8 or 2.5kV respectively for cuvettes
gaps o f 0.1 or 0.2cm. The cells were diluted with lml of SOC medium and transferred
to a 6ml culture tube and incubated at 37°C with shaking for lh. In order to facilitate
a very quick transfer of the medium to the cuvette a lml aliquot was prepared prior to
application of the pulse.

Recovered cells, 100-200|il or 500|il, were plated on

selective agar plates (2xTY or LB, containing lOOmgH ampicillin [Sigma]) of 9 or
14cm diameter respectively.

2.8 Yeast Transform ation by Electroporation, Becker and Guarente, (1991)
Preparation o f competent veast cells
YPD medium, 50ml or 100ml, in a sterile 250ml or 500ml conical flask respectively,
was inoculated to a density of lx l05 cells/ml with cells taken from a fresh overnight
pre-culture. The culture was then grown overnight with vigorous shaking at 30°C to
an A^oo o f between 1.3 to 1.5 or a cell density of 1x10s cells/ml. A 50ml aliquot of
the culture was transferred to a sterile falcon tube and the cells were harvested in a
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clinical centrifuge at 4000g for 5min at 4°C. The cells were resuspended in an equal
volume of ice-cold water using a p5000 Gilson pipetteman.

The cells were then

collected again and washed in a half volume of ice-cold water.

A final wash was

carried out using 4ml of ice-cold 1M sorbitol. The cells were then resuspended in 50|il
of ice-cold 1M sorbitol. The cells were then used immediately for transformation.

Transformation
A 40 pi aliquot of cells were transferred to a pre-chilled Eppendorf tube and 0.03pmol
(~0.1pg) of plasmid or linear DNA, in a volume of not more than 5pi of water was
added. The cells and DNA were mixed by gentle stirring with a pipette and were then
incubated on ice for 5 min. The mixture was then transferred to a sterile, pre-chilled
electroporation cuvette with an electrode gap of 0.2cm. The cells were shifted to the
bottom of the cuvette by tapping the base of the cuvette. The cuvette was then placed
into the chamber slide, and pushed into the chamber so that the cuvette made contact
with the electrodes. The Gene Pulser was set to 25 pF, the Pulse Controller was set to
200Q and one pulse was applied of 1.5 kV. The cuvette was immediately removed
from the Gene Pulser apparatus and lml of ice-cold 1M sorbitol was added to the cells.
In order to facilitate a very quick transfer of the sorbitol to the cuvette a lml aliquot
was prepared prior to application o f the pulse. Aliquots of 100-200pl or 500pl were
immediately spread on selective plates of 9 or 14cm diameter respectively, containing a
final concentration of 1M sorbitol. The plates were incubated at 30°C for 3 to 6 days.
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2.9 Plasmid DNA Preparation from E. coli
Plasmid preparations were carried out using commercially available kits. Plasmids
intended for use in automated DNA sequencing reactions were extracted using the
SNAP (Simple Nucleic Acid Preparation) kit from Invitrogen. Plasmids intended for
other uses (such as restriction digestion or transformation into yeast) were prepared
using the Wizard minipreps kit from Promega.

Both kits purify plasmid DNA by

selective binding to resin. The SNAP kit uses resin pre-packed into mini-spin columns
to which a clear lysate is applied. The Wizard kit uses a resin suspension which is
mixed with a clear lysate before loading onto a minicolumn, containing a silica
membrane. Both kits were used according to the manufacturer's protocol.

2.10 DNA Sequencing
Sequencing o f plasmid DNA was carried out by automated DNA sequencing using an
Applied Biosystems 377 DNA sequencer.

Samples for DNA sequencing were

prepared containing 3pmol of the sequencing primer with ~0.8pmol of plasmid DNA
prepared using the SNAP kit.

2.11 DNA Preparations from Yeast
All yeast genomic DNA preparations were carried out using the ten minute DNA prep
protocol (Kaiser et al., 1994). In brief, cells grown in liquid culture were lysed by
vortexing in a lysis buffer containing SDS and Triton X -100, in the presence of a
phenol:chloroform:isoamyl alcohol mixture (25:24:1) and glass beads. The aqueous
fraction containing the nucleic acids was removed and the DNA and RNA were
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precipitated with ethanol.

The RNA was removed by digestion with RNaseA,

followed by a second precipitation of the DNA with ethanol. The only modification to
the protocol found in the above reference was that cell lysis was carried out in a screw
cap Eppendorf tube to prevent leakage and RNase treatment was for 30min rather than
5min.
Plasmids were released from yeast using a modification of the above protocol. Yeast
cells were collected, washed and lysed as above. The aqueous fraction containing all
of the nucleic acids was then added to lml of Wizard DNA Clean-Up resin. The resin
suspension was then treated as other samples purified using the Wizard DNA CleanUp kit. The majority of the RNA passed through the column due to its small size. The
majority of the genomic DNA is retained on the column after the plasmid is eluted due
to its large size.
In order to prepare highly pure plasmid suitable for use in DNA sequencing the
plasmid extracted from yeast was transformed into E. coli by electroporation as
described in section 2.8.

2.12 M easurement of DNA Concentrations
DNA concentrations were measured by measuring the absorbance of a dilution of the
DNA solution at 260nm.

The concentration of plasmid DNA was then calculated

using the following equation:
[DNA] = (A260) (0.05 mg/ml) x D
where D is the dilution factor.

44

2.13 Yeast Strains Used and Constructed

DBY747

M A T a h is3-1 leu2-3/112 ura3-52 trpl

FY833

MATa his3A200 ura3-52 leu2Al lys2A202 trplA63

MRY1

MATa his3A200 ura3-52 leu2Al lys2A202 1rplA63 sst2A

MRY2

MA Ta his3A200 ura3-52 leu2Al lys2A202 trplA63 farlA::LEU2

MRY3

MATa

his3A200

ura3-52 leu2Al

lys2A202 trplA63

sst2A

farlA::LEU2
MRY4

MATa his3A200 ura3-52 leu2Al

lys2A202 trplA63 farlA::LEU2

fusl::H IS3
MRY5

MATa

his3A200

ura3-52 leu2Al

lys2A202 trplA63

sst2A

lys2A202 trplA63

sst2A

farlA::LEU 2 fusl::H IS3
MRY6

MATa

his3A200

ura3-52 leu2Al

farlA::LEU 2 fusl::H IS3 barlA
MRY8

MATa his3A200 ura3-52 leu2Al

lys2A202 trplA63 farlA::LEU2

fusl::H IS3 barlA
MRY9

MATa his3A200 ura3-52 leu2Al lys2A202 trplA63 sst2A barlA

MRY10

MATa his3A200 ura3-52 leu2Al

lys2A202 trplA63 sst2A barlA

ste2AkanMX4
MRY11

MATa

his3A200

ura3-52 leu2Al

lys2A202 trplA63

sst2A

farlA::LEU 2 fusl::H IS3 barlA ste2AkanMX4
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2.14 Primer Sequences
SST2 deletion
SST2F1

5 '-T GT GT CATTAGGTATAT GTT -3'

SST2F2

5'-AGATGAGTAAGACTCTCAATGAAACTTACAACTCTATCTTTAAT-3'

SST2F3

5 ’-CAGATGCCTCCATGGCCAATACTTTTGATCTTCAAA-3'

SST2B1

5'-TTTCATTGAGAGTCTTACTC-3'

SST2B2

5'-CAGATGCCACTCAGGCGCCATGAAGTATGCGAAGTT-3'

SST2B3

5'-CGTTGTCTCTATTAATGAAG-3‘

URAKLBglF

5'-CAGATGCCTGAGTGGCGTGATTCTGGGTAGAAGA-3'

URAKLBglF

5'-CAGAT GC CAT GGAGGCAGTTGAT C CATT GT GT GC-31

FredF

5 '-AGACT GTTT GT CATCCAA-3'

MableB

5'-GCTCGAGGCAAGTAATGT-3'

SST2SF

5'-ACTGCGGTGCTACAGGAGAG-3'

SST2SB

5'-CTTCCACTTAAGTTAACTCG-3'

FAR1 deletion
FarlFl

5'-ATTAGCCACATCGACGTTT-3'

FarlBl

5'-AAGTTCCCAACCTCTAGTAG-3'

FarlF2

5'-TAATAGATTGCCTTCTTACG-3'

FarlB2

5 -C A T CACT GTAGGAGC GACTA-31

Leu/FarF

5'-CGAACTACTAGAGGTTGGGAACTTGACGGTCGAGGAGAACTT-3'

Leu/FarB

5-TGGGCGTAAGAAGGCAATCTATTATCGACTACGTCGTAAGGC-3'

S.Con.3.Fl

5'-AGTACACGCTGACCCGTTTC-3'

S.Con.3.Bl

5'-CTTGAATCAGGCGCCTTAGA-3'

S.Con.3.F2

5'-AGGAGGAGGGCACCACACAA-3'

S.Con.3.B2

5 '-AAGT TAGAAGAT C GT CTAGG-3'
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FUS1 replacement with HIS3 ORF
FuslPF

5'-AGACAATTTTGTT GT CAGT G-3'

FuslPB

5-TTTGATTTTCAGAAACTTGATG-31

FuslTF

5'-TGATGAAAATAATATTGACGTT-3'

FuslTB

5'-ACGACAAGGTAACTGAAAAG-3'

His/FusF

5-GCCATCAAGTTTCTGAAAATCAAAATGACAGAGCAGAAAGCCCT-3

His/FusB

5'-CGAACGTCAATATTATTTTCATCACTACATAAGAACACCTTTGG-3'

FuslSF

5'-CAGAACCGCTACTGAACGAT-3'

FuslSB

5 '-AAGT TT GGGAC GAAGT GACT -3'

SST1 deletion
SST1F1

5'-TTCCGGTACGGTACACATTT-3'

SST1F2

5 '-AAGAGT GT CTAGAAGG GT CATAT AGAAAT CT GGAGTACAAT T T C -31

SST1F3

5'-CAGATGCCTCCAAGGCGTTGCATTTATTATATTAGA-3'

SST1B1

5 '-TAT AT GACCCTT CTAGACAC-3'

SST1B2

5'-CAGATGCCACTCAGGCTTAATGGTCAGAATGGGCGC-3'

SST1B3

5'-CACATCTAATATTCCGTGAT-3'

SST1SF

5'-CTTAAGAAGGCCGTTGAAGG-3'

SST1SB

5'-ATACGTTTGGTTAGTTCAGC-3'

SST1SB2

5'-AGGGAAGTAACGAGCTGTCA-3'

UraklSF

5 '-CCAGACT GTTT GT CAT CCAA-31

UraklSB

5'-GCTCGAGGCAAGTAATGTGT-3'

STE2 disruption
STE2F1

5'-TCTCGTGCATTAAGACAGGC-3'

STE2B1

5'-AGAATCACGCCACTCAGGCATCTGACTAGTTTTGATTCTTGGATATGGT-3

STE2F2

5'-GATCAACTGCCTCCATGGCATCTGCTAGCTCAAAATTTACGGCTTTGAA-3

FredB

5'-GGATACACCACTTGGTGAAC-3'

Ste/kanF

5'-AACGAGCTCGAATTCATCGATGATATCAAAATTTACGGCTTTGAA-3'

Ste/kanB

5'-GGGGATCCGTCGACCTGCAGCGTACTTTTGATTCTTGGATATGGT-3'

MableF

5 '-c tg a tta g ta tg a a a ta a tg -3 '

STE2SB

5'-GTGCCATTAACATCCCTATC-3'

Cloning o f Synthetic Genes
T7

5'-TAATACGACTCACTATAGGG-3'

SP6

5'-GATTTAGGT GACACTATAG-31

PCR3seq

5'-AGGTCTATATAAGCAGAGCT-3'

PCRL(A)

5'-CCCAAGCTTCATGAGGTCAACAGGTGC-3'

PCRL(B)

5 '-T GCT CTAGAGCT GACT GC CAT GAGACA-3'

pPEP(SF)

5'-ACTATTGCCAGCATTGCT-3'

pPEP(SB)

5'-GAGCTAAAAGTACAGTGG-3'

pPEP(SBl)

5'-GGGAACAAAGTCGAGTTAA-3'

Construction o f the pPEP plasmids
ADH1(FE)

5-CGGAATTCAGGTGGCGGAGGGGAGATAT-3'

ADH1(B)

5 '-T GTAT AT GAGATAGTT GAT T GT -3'

MF/ADH(F)

5'-ATACAATCAACTATCTCATATACAATGAGATTTCCTTCAATTTT-3'

MF(B)

5'-GTACATTGGTTGGCCAGGTT-3'

MFT(FX)

5'-TCCGCTCGAGTAAGCCCGACTGATAACAAC-3'

MFT(BN)

5'-GCTAGCTAGCGGATTCGATTCACATTCATC-3'

pYXBACK

5'-TCATTGTTCCTTATTCAG-3'

PYXBACK2

5'-TTAATACTAGGAACAAGA-3'

Construction ofpP E P aS
alphatop

5'-AGCTTGGCATTGGTTGCAACTAAAACCTGGCCAACCAATGTACTAAC-3

alphabottom

5 '-tc g a g tta g ta c a ttg g ttg g c c a g g tttta g ttg c a a c c a a tg c c a -3

Construction o f pYES2[STE2]
Ste2FH

5'-GCGAGAAGCTTATGTCTGATGCGGCTCCTTC-3'

Ste2BXh

5'-CGCTAGCTCGAGTCATAAATTATTATTATCTTCAGTCC-3'

Construction o f the pYES2 LacZ control plasmid
Lac(HF)

5 '-c c c a a g c tta tg a c c a tg a tta c g g a ttc a -3 '

pYES2(For2)

5-TTCGGTTAGAGCGGATGT-3'

pYES2(Back)

5'-AATACGACTCACTATAGG-3'

Construction o f pKEM
Kem(top)

5 '-a g c ttc tc c a ta c tc t tc c g a c a c ta c tc c c g c g g c c ttc g c c ta c a t a tg a g -3 '

Kem(bottom)

5 '- t c g a c t c t a t a t g t a g g c g a a g g c c g c g g g a g t a g t g t c g g a a g a g t a t g g a g a - 3 '
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3.0 Strain Constructions and Testing

3.1 Introduction; Aims and Strategy
In order to select peptide agonists of the yeast pheromone receptors the yeast
signalling pathway needs to be altered so that activation of the pathway can be easily
detected. A separate, related strain is needed for the selection of antagonists, in which
deactivation of the pathway is detectable.
The strategy chosen for construction of the agonist screening strain is to connect a
reporter gene to the pheromone response pathway by means of a pheromone-inducible
promoter. The reporter gene chosen is the S. cerevisiae HIS3 gene, which encodes
imidazole glycerol-phosphate dehyratase which functions in histidine biosynthesis.
Strains which are his3~ auxotrophy and carry this construct can then respond to
activation of the pathway by growth on medium lacking histidine.
For ease of testing the strain a MATa mating type is preferred as the a-factor mating
pheromone needed to stimulate the MATa strain is more stable than a-factor and is
commercially available.

In order to produce the required strains a number of gene

deletions and replacements need to be made.

3.1.1 Agonist Screening
The first alteration required is the replacement of the coding region of a pheromone
inducible gene with the ORF of the HIS3 gene (Figure 3.1).

The yeast regulatory

elements to be used in this way are those of the FUS1 gene, which encodes a surface
protein involved in cell fusion during mating (McCaffrey et al., 1987; Trueheart et a l ,
1987). The FAR1 gene must also be disrupted in order to allow continued growth on
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activation of the pathway. The FAR1 gene product is a Cdk cyclin inhibitor the action
of which prevents the Cln/Cdc28 complex signalling to enter the start phase of the cell
cycle (Peter et al., 1994). These two mutations alone will then give a strain which will
meet the primary aim of responding to activation of the pathway by growth.
In order to produce a strain that will respond to low levels of pheromone it is also
necessary to delate the BARI and SST2 genes.
which degrades a-factor (MacKay et a l, 1988).

Bari (Sstl) is a secreted protease
Sst2 is a GTPase protein which

catalyses G-protein recycling (Dohlman et a l, 1996). More detail on both of these
proteins can be found in Chapter 1, Section 1.3.
In order to allow the strain to be used for the expression of heterologous G-protein
coupled receptors it is necessary to remove the natural yeast a-factor receptor (STE2
gene product). This deletion prevents any contaminating signals from the natural yeast
receptor and also prevents competition for the G-protein thus enhancing the sensitivity
(Price et a l, 1995).
It is planned to use the natural yeast heterotrimeric G-protein (Gpal/Ste4/Stel8)
which has been shown to be capable of coupling to heterologous receptors (Price et
a l, 1995; Klein et a l, 1998). The deletion of SST2 should also help maximise the
effect of this coupling, which may not be as efficient as that between the native yeast
receptor with the G-protein.
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Figure 3.1. The principle of the agonist screen represented in schematic form.

3.1.2 Antagonist Screening
This strain makes use of the natural FAR1 gene.

The strain is constructed by

disruption o f the supersensitivity genes BARI and SST2.

With the supersensitivity

genes disrupted the strain will remain sensitive to pheromone after stimulation. The
cells will not recover from pheromone-induced growth arrest, unless the pheromone is
removed or its action is inhibited.

This strain can then be used in the presence of

pheromone to screen for antagonists. The presence of an antagonist blocks the binding
of pheromone to the receptor and therefore stops signalling allowing the cell to resume
vegetative growth (Figure 3.2). As for the agonist screening strain it is also necessary
to remove the STE2 gene, so that a heterolgous receptor and agonist can be used.
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The principle o f the antagonist screen represented in schematic

form.

3.1.3 Construction o f Gene Deletions/Replacements
Each o f the gene disruptions or replacements necessary to construct the strains was
made by integrating foreign DNA by homologous recombination (Hinnen et al., 1978;
Scherer et al., 1979; Orr-Weaver et al., 1981). The first step of the deletion process is
to create a DNA cassette of a selectable marker gene flanked by sequences from 5' and
3' to the gene being deleted (Figure 3.3).

The cassettes used in this project were

constructed by the PCR based technique of splicing by overlap extension (SOE)
(Horton et a l, 1989; Baudin et al., 1993; Wach, 1996). The constructs contain a
selectable marker gene flanked by ~300bp of sequence from either side of the target
site. The cassette is transformed into yeast with appropriate selection for the marker
gene.
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Gene
Chromosome

Marker

Chromosome
Marker

Figure 3.3. Diagram showing the principle o f gene replacement by homologous
recombination.

The strategy used for the deletion of the BAR 1 and SST2 genes is a modification of
this strategy which makes use of a recyclable URA3 gene.

The deletion cassette

contains repeated sequence on either side of the URA3 marker gene to allow excision
o f the marker, by means of a second homologous recombination event (Alani et a l,
1987; Baudin et a l, 1993; Langle-Rouault et al., 1995) (Figure 3.4).

Counter

selection for the loss of LIRA3 can be performed using medium containing 5'fluoroorotic acid (5'-FOA) (Boeke et al., 1984). 5'-FOA is broken down into a toxic
product by the action of orotidine-5' phosphate decarboxylase, the URA3 gene
product.

The URA3 gene used is from the fission yeast Kluyveromyces lactis

(klURA3) rather than the native S. cerevisiae gene. The use of a heterologous gene
reduces the frequency of miss-incorporation at the URA3 locus in the S. cerevisiae
genome due to gene conversion (Wach et al., 1997).

54

BARI

Chromosome

\

\

C =*

klURA3
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UURA3
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Selection on medium
containing 5-FOA

------------

Figure 3.4. Schematic showing the process used to remove the coding regions
of BARI and SST2.
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3.2 Methods
Strain Construction

3.2.1 Deletion o f the SST2 Gene
The construction of the disruption cassette was performed as shown schematically in
Figure 3.5. Four fragments were amplified by the PCR from genomic DNA prepared
from strain FY833, two from the 5' non-coding region of the SST2 gene (fragments 1
and 3, Figure 3.5) and two from the 3' non-coding region (fragments 2 and 4).
Fragments 1 and 3 were amplified with primers SST2B1 with SST2F1 or SST2F3
respectively. All of the reactions used the following thermal cycle; 94°C 2min, [94°C,
15s; 50°C, 30s; 72°C, 45s] x 10; [94°C, 15s; 50°C, 30s; 72°C, 45s + 20s per cycle] x
15; 72°C, 5min.

Fragments 2 and 4 were amplified with primers SST2F2 with

SST2B2 or SST2B3 respectively. All four fragments were purified using the Wizard
PCR preps kit. Fragment 1 was then joined to fragment 2 and fragment 3 was joined
to fragment 4 by SOE. The SOE reactions used primer pairs of SST2F1 with SST2B2
(fragments 1 and 2) and SST2F3 with SST2B3 (fragments 3 and 4). The thermal cycle
used was the same as the initial amplification of the fragments.

The fragments

generated by SOE were then purified on a 1.5% LMP gel, the DNA being removed
from the gel using the Wizard PCR Preps kit.
The klURA3 gene was amplified from plasmid pTG5756 (a gift from Transgene S. A.,
Strasbourg) using primers URAKLBglF and URAKLBglB.

The PCR product was

purified using the Wizard PCR preps kit.
The purified SOE products and the klURA3 gene were then digested with the
restriction enzyme Bgl I. The Bgl I recognition site (GGCNNNNTNGGC) is located
either side o f the cut site, this means that Bgl I sites can be engineered to produce any
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3bp, 3' overhang desired. The Bgl I sites added at either end of the klURA3 gene
produced non-identical overhangs.

The use of non-identical sites meaning only the

desired construct should form, in an analogous way to using different restriction sites
at each end (with the advantage that only a single restriction enzyme is required).
The digested products were purified using the Wizard PCR preps kit.

The three

fragments were ligated in a reaction using ~0.2pmol of each fragment with 800U of
ligase, carried out at 16°C overnight. The ligated product was purified on a 1% LMP
gel, the DNA being recovered by (3-agarase digestion. Due to the low yield from this
ligation the finished cassette was further amplified by the PCR with primers SST2F1
and SST2B3. The reaction used the following thermal cycle; 94°C 2min, [94°C, 15s;
50°C, 30s; 72°C, 2min 30s] x 10; [94°C, 15s; 50°C, 30s; 72°C, 2min 30s + 20s per
cycle] x 15; 72°C, 5min. The finished cassette was purified on a 1% LMP gel, the
DNA being recovered by p-agarase digestion.
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Figure 3.5.

The process used to construct the SST2 deletion cassette.

The

darker and lighter shaded areas represent respectively, the 5' and 3' non-coding
regions adjacent to the SST2 ORF. In the first step of the construction 4 DNA
fragments were generated by PCR these were then joined by SOE as indicated
above. The SOE products were restriction digested and ligated to the klURA3
gene.
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The finished cassette was transformed into yeast strain FY833 (Winston et al., 1995)
by electroporation. Genomic DNA was prepared from 10 transformants, to be used as
the template for PCR screening for transformants containing the correct insertion of
the cassette.

Primers SST2SF with mableB and fredF with SST2SB were used to

screen for correct integration at the 5' and 3' ends respectively.

The reaction with

primers SST2SF and mableB used the following thermal cycle; 94°C, 2min; [94°C,
30s; 45°C, 30s; 72°C, lmin] x 30; 72°C, 5min. The reaction with primers fredF and
SST2SB used the following thermal cycle; 94°C, 2min; [94°C, 30s; 40°C, 30s; 72°C,
lmin] x 25; 72°C, 5min. The primer binding sites are shown schematically in Figure
3.6.

SST2SF SST2F1

fredF
ill

1 I kiURA3 I km rnm m l
V"
mableB

Chromosome
SST2B3 SST2SB

Figure 3.6. Binding sites for the SST2 screening primers.

Three colonies containing the correctly integrated cassette were re-streaked onto
segments o f a single YPD plate and grown at 30°C for 3 days.

The re-streaked

colonies were then replica plated onto 5'-FOA containing medium supplemented with
only the necessary aminoacids and nucleosides, and were grown for 4 days at 30°C.
Genomic DNA was prepared from 5 colonies as the template for PCR screening.
Primers SST2SF and SST2SB were used to carry out the screen using the following
thermal cycle; 94°C, 2min; [94°C, 30s; 42°C, 30s; 72°C, 3min] x 30; 72°C, 5min..
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Excision of the klURA3 marker was detected by the large size difference in the
products produced. The strain (FY833 sst2A) was named MRY1.

3.2.2 Disruption o f the FAR1 Gene
The FAR1 gene was disrupted by insertion of a LEU2 selectable marker gene. The
LEU2 gene (including promoter and terminator) was amplified by the PCR from
plasmid pYX243 (R&D Systems) using primers Leu/FarF and Leu/FarB. The reaction
used the following thermal cycle; 94°C 2min, [94°C, 15 s; 55°C, 30s; 72°C, 2min] x 10;
[94°C, 15s; 55°C, 30s; 72°C, 2min + 20s per cycle] x 10; 72°C, 5min. The primers
used were designed to add regions with complementarity to the FAR1 promoter and
terminator. The product was purified on a 1.0% LMP gel, the DNA being recovered
using the Wizard DNA Clean Up kit.
Fragments from the 5' and 3' non-coding regions of FAR1 were amplified by the PCR
using primers FarFl with FarBl and FarF2 with FarB2 respectively. The reaction used
the following thermal cycle; 94°C 2min, [94°C, 15s; 50°C, 30s; 72°C, 45s] x 10;
[94°C, 15s; 50°C, 30s; 72°C, 45s + 20s per cycle] x 20; 72°C, 5min. Template DNA
was from strain DBY747. The products were purified by electrophoresis on a 1.5%
LMP gel, the DNA was recovered from the gel using the Wizard PCR preps kit. The 3
DNA fragments were combined in an SOE reaction using a thermal cycle with 20
repeats. The product was purified on a 1.0% LMP gel, the DNA was recovered by
p-agarase digestion. The construction is shown schematically in Figure 3.7.
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Figure 3.7. Schematic representation of the construction of the cassette used for
the disruption of the FAR1 gene.

The FAR1 disruption cassette was then transformed into yeast strains FY833 and
MRY1 by electroporation. Genomic DNA was prepared from 20 of the transformants,
5 from the transformation into MRY1 and 15 from the transformation into FY833.
PCR screening of the DNA was used to check for correct integration of the LEU2
gene.

Integration at the 5' and 3' ends were checked with primers S.Con3Fl with

S.Con3Bl, and S.Con3F2 with S.Con3B2 respectively.

The reaction used the

following thermal cycle; 94°C 2min, [94°C, 30s; 50°C, 30s; 72°C, lmin] x 30.

S.Con3Fl
—^
FARJ

S.Con3F2
—^
FARJ
LEU2__________________
S.Con3Bl

Chromosome
S.Con3B2

Figure 3.8. Arrangement of the primers used for PCR screening for integration
of LEU2.
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The Strain FY833 farlA::LEU2 was named MRY2, the strain MRY1 farlA::LEU2
(FY833 sst2A farlA::LEU2) was named MRY3.

3.2.3 Replacement o f the FUS1 ORF with the HIS3 ORF
The HIS3 coding region was amplified by the PCR from plasmid pMA424 (a gift
from Prof. M Pashant Harvard medical school) using primers his/fusF and his/fusB.
Fragments from the 5' and 3' non-coding regions of FUS1 were amplified by the PCR.
The template DNA for this reaction was from strain MRY1, the primers used were
fuslPF with fuslPB and fuslTF with fiislTB respectively.

The reaction used the

following thermal cycle; 94°C 2min, [94°C, 15s; 40°C, 30s; 72°C, 45s] x 10; [94°C,
15s; 40°C, 30s; 72°C, 45s + 20s per cycle] x 10; 72°C, 5min. The reactions were
carried out using thermal cycles with only 20 repeats to minimise any PCR-derived
point mutations. The fragments were purified using the Wizard PCR preps kit.
The three fragments were joined in an SOE reaction using primers fuslPF and
fuslTB. The reaction used the following thermal cycle; 94°C 2min, [94°C, 15s; 42°C,
30s; 72°C, lmin 30s] x 10; [94°C, 15s; 42°C, 30s; 72°C, lmin 30s + 20s per cycle] x
10; 72°C, 5min. The product of the reaction was purified on a 1% LMP gel, the DNA
being recovered by p-agarase digestion.
The cassette was transformed into strains MRY2 and MRY3, by electroporation. For
each transformation cells were plated on SC-His plates containing 1M sorbitol and on
the same plates which had been previously spread with 20nmol of synthetic a-factor
(Sigma).
PCR screening to confirm integration of the HIS3 coding region was carried out
directly on yeast cells using the microwave method. Screening for the 5' and 3' ends
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was carried out using primers fiislSF with his/fUsB and his/fusF with fuslSB
respectively. The reaction used the following thermal cycle; 94°C 2min, [94°C, 30s;
45°C, 30s; 72°C, lmin] x 30; 72°C, 5min.

fuslSF fuslPF his/fusF
—
\
--— — 1
11
HIS3 ORF
FU Slpro

FUSlterm
1
' I
his/fusB

Chromosome

fiislTBfiislSB

Figure 3.9. Arrangement of the primers used for PCR screening for correct
integration of the HIS3 ORF.

The products of the transformations into MRY2 and MRY3 were named MRY4
(FY833 farlA::LEU2 fusl::H IS3)

and

MRY5

(FY833

sst2A farlA::LEU2

fusl::H IS3) respectively.

3.2.4 Deletion o f the BARI (SST1) Gene
The BA RI gene was deleted using the same two-step strategy used to delete SST2.
Four fragments were amplified from genomic DNA extracted from yeast strain MRY1
in a 25 cycle PCR. Fragments equivalent to 1 and 3 (Figure 3.5) from the 5' non
coding region of BARI were amplified with primers SST1B1 with SST1F1 and
SST1F3 respectively. Fragments from the 3' non-coding region, equivalent to 2 and 4,
were amplified with primers SST1F2 with SST1B2 and SST1B3 respectively.

The

reactions used the following thermal cycle; 94°C 2min, [94°C, 15s; 45°C, 30s; 72°C,
45s] x 10; [94°C, 15s; 45°C, 30s; 72°C, 45s + 20s per cycle] x 15; 72°C, 5min. The
fragments were then purified using the Wizard PCR preps kit. The fragments were
assembled by SOE in the same way as the equivalent SST2 fragments.

The SOE
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reactions used the following thermal cycle; 94°C 2min, [94°C, 15s; 45°C, 30s; 72°C,
lmin] x 10; [94°C, 15s; 45°C, 30s; 72°C, lmin + 20s per cycle] x 15; 72°C, 5min.
The resulting products were purified with the Wizard PCR preps kit.

The spliced

fragments were then digested with Bgl I and again cleaned with the Wizard kit.
The two digested fragments were then ligated to the klURAS gene (preparation
described above). The full cassette was purified on a 0.8% LMP gel, the DNA being
recovered by P-agarase digestion. Due to low yield of product the cassette was further
amplified by the PCR using primers SST1F1 and SST1B3.

The reaction used the

following thermal cycle; 94°C 2min, [94°C, 15s; 45°C, 30s; 72°C, 2min 30s] x 10;
[94°C, 15s; 45°C, 30s; 72°C, 2min 30s + 20s per cycle] x 20; 72°C, 5min.

The

finished cassette was purified on a 1% LMP gel the DNA being recovered by Pagarase digestion.
The cassette was initially transformed into yeast strain MRY5 (FY833 sst2A
farlA::LEU2 fusJ::HIS3).

Genomic DNA was prepared from 8 transformants for

PCR screening This failed to produce double positive colonies (see results below).
PCR screening for the 3' end only was then carried out with primers fredF and
SST1SB directly on yeast cells from 15 new colonies. Positive colonies were then
screened with primers SST1SF and mableB to check for integration at the 5' end.
Both reactions used the following thermal cycle; 94°C 2min, [94°C, 30s; 42°C, 30s;
72°C, lmin] x 30; 72°C 5min. A single double positive colony was then re-streaked
onto a 5-FOA plate. PCR screening with primers SST1SF and SST1SB was then
carried out on 4 colonies to check for excision of the klURA3 gene. The reaction used
the following thermal cycle; 94°C 2min, [94°C, 30s; 44°C, 30s; 72°C, 3min] x 30;
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72°C, 5min. The new strain was named MRY6 (FY833 barlA sst2A farlA::LEU2
fusl::H IS2).
The mutations made previously in MRY6 were then confirmed by the PCR using the
screening primers described previously to confirm each mutation.

These reactions

were all carried out simultaniously using the thermal cycle; 94°C 2min, [94°C, 30s;
44°C, 30s; 72°C, 3min] x 30; 72°C, 5min. The strain MRY1 was also included in
these screens.
The cassette was then transformed into strains MRY1 (FY833 sst2A) and MRY4
(FY833 farlA::LEU2 fusl::HIS3). PCR screening with primers fredF and SST1SB
was carried out directly on yeast cells as described above, from a total of 46
transformants from each transformation. Positive colonies were then screened with
primers SST1SF and mableB to check for integration at the 5' end, as described above.
The transformation into MRY1 failed to produce any double positive colonies (see
results below).
A single double positive colony from the transformation into MRY4 was then restreaked onto a 5-FOAplate. PCR screening with primers SST1SF and SST1SB was
then carried out on 10 colonies to check for excision of the klURA3 gene.

The

reaction used the following thermal cycle; 94°C 2min, [94°C, 30s; 45°C, 30s; 72°C,
3min] x 30; 72°C, 5min.

The new strain was named MRY8 (FY833 barlA

farlA::LEU2 fusl::H IS3)
In order to improve the efficiency with which this mutation could be made in the last
strain, MRY1, a new modified cassette was constructed. In order to increase the size
of the 3' flanking region used for integration primer SST1B3 was replaced with primer
SST1SB. The construction o f the cassette was then carried out as before, with the
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exception that the SOE reaction used only 20 cycles in order to reduce PCR-derived
point mutations.

Following ligation of the fragments an increased amount of the

finished cassette was produced, and this meant that an additional amplification step
was not necessary.
The finished cassette was transformed into strain MRY1.
produced from 8 transformants.

Genomic DNA was

PCR screens were then carried out using primers

SST1SF with UraklSB and UraklSF with SST1SB2 to check for integration at the 5'
and 3' ends respectively. The reactions used the following thermal cycle; 94°C 2min,
[94°C, 30s; 45°C, 30s; 72°C, lmin] x 30; 72°C, 5min. A single colony was then restreaked onto a 5-FOA plate. Genomic DNA was prepared from 6 transformants for
PCR screening with primers SST1SF and SST1SB2. The reaction used the following
thermal cycle; 94°C 2min, [94°C, 30s; 44°C, 30s; 72°C, lmin] x 30; 72°C, 5min. The
strain was named MRY9 (FY833 barlA ssi2A).
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Figure 3.10. Arrangement of the primers used for the construction o f the two
versions of the BARI deletion cassette.

3.2.5 Disruption o f the STE2 Gene
The STE2 gene was disrupted by the replacement of the coding region with the
kanMX4 cassette (Wach et al., 1994). The kanMX4 cassette consists o f the coding
region o f the kanamycin resistance gene from E. coli transpon 7>z903, which encodes
an aminoglycoside phosphotransferase, flanked by the promoter and terminator from
the TEF gene of the filamentous fungus Ashbya gossypii.
Fragments from the 5' and 3' non-coding regions o f the STE2 gene were amplified by
the PCR with primer pairs STE2F1 with Ste/kan(B) and Ste/kan(F) with fredB. The
reactions used the following thermal cycle; 94°C 2min, [94°C, 15s; 45°C, 30s; 72°C,
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45s] x 10; [94°C, 15s; 45°C, 30s; 72°C, 45s + 20s per cycle] x 15; 72°C, 5min. The
template DNA was from strain MRY1. The fragments were then purified using the
no
Wizard PCR preps kit. The katiMX4 cassette was released from plasmid pFA6a (a gift
from Dr A. Wheals, University of Bath) by digestion with Not I. The fragment was
purified on a LMP gel the DNA being recovered using the Wizard PCR preps kit. The
two flanks were then spliced to the kanMX4 cassette in an SOE reaction using the
following thermal cyc^0R4°C 2rnin, [94°C, 15s, 45°C, 30s; 72°C, 2min] x 10; [94°C,
15s; 45°C, 30s; 72°C, 2min + 20s per cycle] x 15; 72°C, 5n^n^

The finished

constructed was also purified using the Wizard PCR preps kit.
The construct was transformed into yeast strains MRY6

and MRY9 by

electroporation. Selection was by plating on YPD plates containing 200mgl_1 G418
(Sigma). Eight colonies per transformation were re-streaked onto YPD G418 plates in
order to ensure colony purity. PCR screening was then used to confirm integration.
Six colonies from the transformation into MRY6 and 8 from MRY9 were used.
Primers mableF with FL2B and STE2SB with FL1F were used to screen for the 5' and
3' ends respectively. The reaction used the following thermal cycle; 94°C 2min, [94°C,
30s; 40°C, 30s; 72°C, lmin] x 30; 72°C, 5min.

MableF STE2F1
v v

Ste/kan(F)
STE2

Ste/kan(B)

FredB STE2SB

Figure 3.11. Arrangement of the primers used for construction o f the STE2
disruption cassette and for PCR screening for correct integration.
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The products of the transformations into MRY6 and MRY9 were named MRY11
(FY833 barlA sst2A farlA::LEU2 fusl::H IS3 ste2A::kanMX4) and MRY12 (FY833
barlA sst2A ste2A::kanMX4) respectively.

3.2.6 Strains Constructed
Parent strain; FY833 M AT r his3A200 ura3-52 leu2Al lysA202 trplA63
Strain

Background

MRY1

FY833 sst2A

MRY2

FY833 farlA::LEU2

MRY3

MRY1 farlA::LEU2

MRY4

MRY2 fusJ::HIS3

MRY5

MRY3 fusJ::HIS3

MRY6

MRY5 bar]A

MRY8

MRY4 bar IA

MRY9

MRY1 bar! A

MRY10

MRY9 ste2A::kanMX4

MRY11

MRY6 ste2A::kanMX4

3.2.7 Response o f the Agonist Screening Strains to a-factor
Strains tested MRY4, MRY5, MRY6, MRY8 and MRY11
Molten SC-His agar medium was incubated at 50°C. 3-Amino-l,2,4-triazole (Sigma)
was added to final concentrations between 0.2 and 20mM from a 1M filter-sterilised
stock solution made up in water. The medium was then inoculated to a cell density of
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lx l0 4 cells/ml, from a fresh overnight culture grown in YPD. The medium was mixed
by inversion and poured immediately into 9cm diameter round plastic Petri dishes.
Discs of sterile filter paper (5mm diameter cut from Watmann number 4 filters,
sterilised by autoclaving) were placed on the top of the agar when set. Solutions of a factor in water were then applied to the filter paper. A positive control was carried out
by the addition of 20nmol of L-histidine to one of the sterile filters. The amount of
a-factor with which the strain was challenged was dependent on the sensitivity of the
strain being tested, and was in the range of lnmol to lpmol. All solutions applied were
of a volume of lOpl.
The plates were inverted and incubated at 30°C for 2 to 3 days. A permanent record
of the plates was produced by scanning the plates on a Microtec flat bed colour
scanner at 400dpi resolution.

Images from the scanner were imported to a power

Macintosh PC using the adobe PhotoShop program.

3.2.8 Response o f the Antagonist Screening Strains to a-factor
Strains tested MRY9 and MRY10
Molten SD agar medium supplemented with His, Ura, Leu, Lys and Trp at 50°C was
inoculated with l xl 04 cells/ml, mixed by inversion and immediately poured into 9cm
diameter round plastic petri dishes. Once set lOp.1 aliquots of a-factor in water were
applied directly to the surface of the plate. Once the spots of pheromone had dried the
plates were inverted and incubated at 30°C for 2 to 4 days. The assay on strain MRY9
was then repeated in duplicate. One plate was incubated at 30 °C, the other at room
temperature. A permanent record of the plates was again produced by scanning the
plates on a flat bed scanner.
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3.3 Results and Discussion
3.3.1 Deletion o f the SST2 Gene
O f the 10 colonies which were screened 3 gave PCR products of the correct size for
correct integration at both ends of the cassette. O f the other seven transformants 3
gave the correct product for the 3' end the remaining 4 had the correct 5' end. The 3
transformants with the correct 3' end gave PCR products o f approximately 3.5kb in the
screen for the 5' end.

This larger 3.5kb band is consistent with the cassette being

located adjacent to the SST2 gene rather than in place of it. This mode o f integration
could have occurred due to the 3' sequence being included at each end of the cassette
to allow excision o f the klURA3 gene. A schematic of this is shown in Figure 3.12.
The 4 transformants which showed correct integration at the 5' end did not give a
corresponding 3.5kb band in the screen for the 3' end. However the conditions used
for the screen were not favourable for the formation o f this product (the elongation
time was only 1 min). It is probable that these four transformants contain the cassette
integrated upstream of the SST2 cassette.

cer-)

T

Chromosome

UURA3

SST2SF
SST2

' I""

I

UURA3

TT

Chromosome

MableB
~3.5kb

>

Figure 3.12. Probable method o f integration in three of the transformants, from
transformation o f the SST2 deletion cassette.
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Following plating on 5'-FOA-containing medium 5 colonies were screened.

One

showed only a single band of ~ 900bp consistent with excision of the klURA3 gene
(actual size o f band should be 927bp). Two colonies gave mixed products, one band
corresponding to the UIURA3 gene (~3kb) and one corresponding to the deletion
product.

These most probably resulted from a mixed colony.

The remaining two

colonies showed only products corresponding to the kIURA3 gene. These could have
survived on the 5-FOA containing medium due to other mutations. Mutations within
the UIURA3 gene which prevent expression of the functional enzyme without
significantly altering the length of the gene would not have been detected. A second
possible explanation is a null-mutation of the FUR1 gene, which encodes uracil
phosphoribosyltransferase. Such a mutation would also confer 5-FOA resistance by
preventing 5-FOA uptake by the cell (Ramanos, 1991).

3.3.2 Disruption o f the FAR1 Gene
The transformation into MRY1 produced 2 colonies, out of 5 Leu+ colonies
screened, which gave the correct screen products for both the 3' and 5' ends. The
transformation into FY833 was not as successful producing only 1 positive colony
from 15 Leu+ colonies screened. This rate of correct incorporation is much lower than
expected. One possible reason for the incorrect integration is that the FAR1 flanks
were amplified from DNA produced from a strain not related to FY833 (DBY747).
Any sequence variation between strains would lower the homology between the flanks
and the integration site therefore lowering the efficiency with which the cassette was
incorporated. The transformants which presumably have the LEU2 gene integrated
elsewhere may have under gone gene conversion, incorporating the LEU2 gene at the
LEU2 locus in the genome.
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3.3.3 Replacement o f the FUS1 ORF with the HIS3 ORF
From the transformation into MRY2, 8 of the 10 transformants screened were
positive for integration at both ends. From the transformation into MRY3, 4 of the 8
colonies were positive for both ends, the other 4 were all positive for one end. The
transformants that show correct integration at only one end but not the other could
have resulted from failure of the PCR screen and therefore possibly do contain the
correctly integrated cassette.

3.3.4 Deletion o f the BARI Gene
Transformation into MRY5
The first 8 colonies screened were all negative for both ends. The next screen, on 15
new colonies, was for the 3' end only and this gave 6 positives. The 6 transformants
were then screened for the 5' end and this gave 1 positive. Following re-streaking of
this one positive colony on 5-FOA, 4 colonies were screened and 3 showed bands
corresponding to both the deletion product and the klURA3 gene.

The remaining

colony showed only a single band corresponding to the deletion product.
The newly created strain (MRY6) was screened by the PCR with 6 sets of primers to
re-confirm each of the mutations.

All of these reactions were carried out

simultainiously. The products of these reactions are shown in figure 3.13.
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Figure 3. 13. Products of the screening PCRs to confirm all of the allelic
replacements made in the MRY6 strain run on a 1% gel at 85V for
approximately 45min. Lanes 1-3, screen for sst2zl with primers SST2SF and
SST2SB. Lanes 4-6, screen for farlA::LEU2 intergration at the 5’ end with
primers S.Con3Fl and S.Con3Bl.

Lanes 7-9, screen for farlA::LEU2

intergration at the 3’ end with primers S.Con3F2 and S.Con3B2. Lanes 10-12,
screen for fusl::H IS3 intergration at the 5’ prime end with primers fuslSF and
his/fusB. Lanes 13-15, screen for fusl::H IS3 intergration at the 3’ prime end
with primers his/fusF and fuslSB. Lanes 16-18, screen for barlA with primers
SST1SF and SST1SB2. For each screen the first lane contains yeast cells of
strain MRY1 (FY833 sst2A), the second lane contains cells of strain MRY6
(FY833 barlA sst2A farlA::LEU2 jusl::H IS3) and the third lane is a no
template control. All of the bands produced are of the correct sizes to confirm
the allic replacements. Lanes marked M contain lkbp+ DNA ladder markers
(Gibco).
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Transformation into MRY4
A total of 46 colonies were screened for integration at the 3’ end in a number of
screens and this produced only 3 positive colonies. Two of the colonies appeared to
contain the klURA3 gene integrated alongside the BARI gene (see section 3.3.1 "SST2
gene deletion" for discussion).

The remaining colony contained the correctly

integrated cassette. Following plating on 5-FOA m edium 9 colonies were screened, a
single colony showed the correct deletion product.
Transformation into MRY1
A total of 46 colonies from the transformation of the first version of the cassette
were screened for the 3’ end, all proved negative.

Eight colonies from the

transformation of the second version of the cassette were screened for both the 3’ and
5’ ends. One colony was positive for both ends, no single positive colonies were
observed.

Following plating on 5-FOA medium 6 colonies were screened and 3

showed the correct deletion product.
The low efficiency with which both versions of this cassette were incorporated is
most probably related to a tRNA-Asp gene (SGDID S0006534 \S_accharomyces
Genome Database Identification Number]) which is located on the 3’ side of the BARI
gene. In order to produce flanking regions of sufficient size to allow recombination
the tRNA gene had to be incorporated into the flanks. In the case of the first version
of the cassette this meant that the natural tRNA gene in the genome would be replaced
with a copy which had been amplified in a total of 80 cycles of PCR. Any point
mutation acquired in the tRNA gene during this amplification could disrupt proper
function of the tRNA. Point mutations in the promoter and terminator of the tRNA
gene could also have a deleterious effect due to incorrect expression level.
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The other possible explanation for the low efficiency is that it has been shown by
Hull et al., (1994) that genes located adjacent to RNA polymerase II transcription
sites (tRNA genes) can be transcriptionally silenced.

In the finished cassette the

klURA3 gene is flanked on each side by a copy of the tRNA gene. If the klURA3 gene
was silenced transformants would not be able to grow on the SC-Ura selective
medium, despite having the integrated klURA3 gene.
The second version of the cassette worked at a much better incorporation frequency
than the first.

There are two possible explanations for this increased efficiency.

Firstly the larger homologous flank could have allowed better incorporation of the
cassette or because the cassette had been through less cycles of PCR it probably
contained less point mutations.

It is possible that the increased efficiency was a

product of both factors. This cassette was still not incorporated as well as the SST2
knockout cassette.

3.3.5 Disruption o f the STE2 G en e.................................................................................
The 6 colonies screened from the transformation into MRY9 produced 5 colonies
which were positive for both the 3’ and 5’ ends. The remaining colony screened was
positive for the 3’ end (figure 3.14).

Eight colonies were screened from the

transformation into MRY6. Five were positive for both ends, 2 were positive for one
end only and the remaining colony was negative. The colonies which showed correct
integration at one end only may have resulted from a failure of the PCR screen.
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Figure 3.14.

Products of the PCR screen for intergration of the kanMX4

cassette at the STE2 locus, in strain MRY9, run on a 1% gel at 85V for
aproximately lh. Lanes 1-9 screen with primers mableF and STE2SB. Lane
10-18 screen with primers FL1F and STE2SB. Lanes 9 and 18 are no template
controls. Lanes marked M contain lkbp+ DNA ladder markers (Gibco). All of
the bands observed are of the expected size to confirm the intergration of the
cassette.

3.3.6 Response o f the Agonist Screening Strains to a-factor
Strain

Genotype

MRY4

FY833 farlA::LEU2 fusl::H IS3

MRY5

FY833 sst2AfarlA::LEU2 fusl::H IS3

MRY8

FY833 barlAfarlA::LEU 2 fusl::H IS3

MRY6

FY833 barlA sst2AfarlA::LEU 2fusl::H lS3

MRY11

FY833 barlA sst2AfarlA::LEU 2fusl::H IS3 ste2A::kanMX4

The purpose of these tests is to ensure that activation of the signalling pathway does
lead to transcription of the integrated HIS3 ORF. It may also be useful to measure the
difference in sensitivity of the different strains. It is expected that MRY4 will have

the lowest sensitivity and MRY6 the highest. The reasoning behind this prediction is
that it has previously been reported that mutations in SST2 have a greater effect on
pheromone response than BARI mutants (Philippsen et al., 1991).

Strain MRY5

should therefore respond to lower pheromone levels than MRY8. MRY6 is predicted
to be the most sensitive as the SST2 and BARI mutations act in a complimentary
fashion. It is expected that MRY11 will not respond to a-factor as the STE2 gene
encoding the receptor has been disrupted.
The assays were carried out as described above (Section 3.2.7) using SC-His
medium, supplemented with 3-amino-l,2,4-triazole. Aminotriazole is a competitive
inhibitor of imidazoleglycerol-phosphate dehydratase (HIS3 gene product) and is
necessary to reduce the background growth which occurs due to the basal level
expression of HIS3 from the FUS1 promoter. Initially concentrations of 0.2, 0.5 and
ImM aminotriazole were used. A control plate without aminotriazole was also tested.
For strain MRY4 the highest concentration of aminotriazole tested, ImM, was needed
to stop background growth* The background growth of the remaining stains was
insufficiently inhibited, any growth response was not clearly visible over the
background growth. Concentrations of 1, 2, 5, 10 and 20mM aminotriazole were then
used with the remaining strains.

Strains MRY5 and MRY8 both required lOmM

aminotriazole to stop background growth. The MRY6 strain (BARI SST2 double
mutant) required 20mM aminotriazole to stop background growth (Figure 3.15).
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A

B MRY4 (FY833 farlA::LEU2 fu sl: :HIS3)
1mM Aminotriazole

1 = lnmol a-factor
2 = lOOpmol a-factor
3 = lOpmol a-factor
4 = 20nmol Histidine

B MRY5 (FY833 sst2AfarlA::LEU2

A

fu s l ::HIS3)
lOmM Aminotriazole

1=
2=
3=
4=

lOOpmol a-factor
lOpmol a-factor
lpmol a-factor
20nmol Histidine
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A

B MRY8 (FY833 barlAfarlA::LEU2
fusl::H IS3)
lOmM Aminotriazole

1 = lnmol a-factor
2 = lOOpmol a-factor
3 = lOpmol a-factor
4 = 20nmol Histidine

B MRY6 (FY833 barlA sst2AfarlA::LEU2

A

fusl::H IS3) 20mM Aminotriazole

1=
2=
3=
4=

lpmol a-factor
0.5pmol a-factor
0 .lpmol a-factor
20nmol Histidine
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A

B MRY11 (FY833 barlA sst2AfarlA::LEU2
fusl::HlS3 ste2A::kanMX4)
20mM Aminotriazole

1=
2=
3=
4=

lOOpmol a-factor
lOpmol a-factor
lpmol a-factor
20nmol Histidine

Figure 3.15. A) The amounts of a-factor and histidine applied to the plate. B)
Photograph of the agar plate.

Strains were grown in SC-His medium

supplemented with aminotriazole (concentrations specified above) for 3days at
30°C.

The higher amounts of aminotriazole required to reduce the background growth to a
minimal level indicate greater basal level expression of the HIS3 gene, MRY6
therefore has greater basal level expression than MRY5 or 8. All assays included a
positive control, in the form of 20nmol of L-histidine.

The control shows that

histidine is the limiting factor on growth, and that the embedded cells are viable.
As expected, on deletion of the supersensitivity genes the yeast respond to lower
levels of pheromone.

Deletion of SST2 had a greater effect than BARI deletion,

judged by the size of the halo produced from addition of the same amount of a-factor.
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The deletions showed a combinatorial effect on the sensitivity as the BARI SST2
double mutant responded to approximately ten times less pheromone than either of the
single mutants.
As expected the STE2 disrupted strain, MRY11, showed no growth response to
pheromone.

3.3.7 Response o f the Antagonist Screening Strains to a-factor
Strain

Genotype

MRY9

FY833 barlA sst2A

MRY10

FY833 barlA sst2A ste2A::kanMX4

As for the "agonist" strains the purpose of this assay was to check that the strains
shows the expected response to a-factor. Strain MRY9 should have shown growth
inhibition while MRY10 should be unaffected by the pheromone.
The assays were carried out as described above (Section 3.2.8). Figure 3.16, below
shows a scan (MRY9) or photograph (MRY10) of the agar plates treated with spots of
the indicated amounts of pheromone.
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B MRY9 (FY833 barlA sst2A)
Incubated at 30°C

1 = lnmol a -facto r
2 = lOOpmol a-facto r
3 = lOpmol a-facto r

A

B MRY9 (FY833 barlA sst2A)
Incubated at room temperature

1 = lnmol a -facto r
2 = lOOpmol a-facto r
3 = lOpmol a-facto r
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A

B MRY10 (FY833 barlA sst2A Ste2AkanMX4)
Incubated at 30°C

1 = lnmol a -fa cto r
2 = lOOpmol a -facto r
3 = lOpmol a -facto r

Figure 3.16. A) Amounts of pheromone added. B) Scans of the assay plates
for strain MRY9, reproduction of a polaroid photograph of strain MRY10. The
strains were grown in SD medium supplemented with His, Ura, Leu, Lys and
Trp. The plates incubated a 30°C and room temperature were grown for 2 and 4
days respectively.

In comparison to the growth response of the agonist strains a greater amount of
pheromone is required to produce growth arrest.

The plate incubated at room

temperature produced larger halos than the 30°C plate. Plates were incubated at room
temperature as it was previously reported to produce clearer halos in this type of assay
(Sprague, 1991)

The larger halos could have resulted from either a decreased

viability of the cells, an increased stability of the pheromone, or a product of both of
these mechanisms. As expected the STE2 disrupted strain, MRY10, did not show
growth arrest in this assay and produced a complete lawn of cells.
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3.4 Conclusion
A set of strains has been constructed which on SC-His medium show a growth
response to the presence of a-factor. The strains constructed show varying amounts
of growth, dependent on the presence or absence of the SST2 and BARI genes.
Deletion of the genes increases the magnitude of the response, SST2 having a greater
effect than BARI and both deletions acting in an additive manner.
Deletion of these genes also led to an increased basal level expression of the
pathway in the absence of pheromone.

The growth effect from this background

expression was suppressed by addition of aminotriazole.

This set of strains was

termed the agonist screening strains.
A second strain was constructed which showed inhibition of growth in response to
a-factor. This strain was termed the antagonist screening strain. This strain required
greater amounts of pheromone to produce a response compared to the agonist
screening strains.
The STE2 receptor gene was deleted from the antagonist and most sensitive agonist
screening strains. As expected these strains could not respond to pheromone.
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4.0

Library Construction

4.1 Introduction
The aim of this part of the project is to produce a library of genes encoding peptides
of between 8 and 30 amino acids in length containing an even number of cysteine
residues. This is an important design feature as it means that the peptides can form an
integral number of disulphide bonds. It is indended that the peptides will be similar in
structure to the naturally occurring conotoxins, produced by marine snails of the
genus Conus. This group of peptide toxins contain rigid structures of small loops
which are formed by cross-linking disulphide bonds. The conotoxins have a number
of properties which would be desirable in the members of the library such as binding
strength and specificity. Further discussion of conotoxin structure and function is
located in Chapter 1, Section 1.5.

4.1.1 Peptide Structure
In order to produce compounds with biological activity it is necessary for the
compounds to bind to target molecules, in the context of this project a G proteincoupled receptor. For binding to occur it must result in a favourable free energy
change. The free energy change contains both enthalpic and entropic contributions.
A favourable enthalpy change would result from the formation of strong interactions
between the target and the peptide. In order to form strong interactions the target and
peptide must have complementary shapes allowing them to come into close contact.
The conformation or fold adopted by a peptide is mainly controlled by the primary
structure. Unconstrained peptides can adopt many different conformations by rotation
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about the bonds of the peptide back bone. In order to produce peptides which bind
strongly to a single target it would therefore be desirable to restrict the peptide to a
single conformation. The introduction of cross-linking, by disulphide bonds between
cysteine residues within the peptide restricts the number of conformations which can
be adopted.
Following binding, the peptide is further constrained.
entropy.

This leads to losses in

Since a constrained peptide has less degrees of freedom than an

unconstrained, linear peptide, it has less entropy. This means that the entropy losses
on binding will be less for a constrained peptide. Binding by constrained peptides is
therefore entropically more favourable.
For medical applications constrained peptides also have the advantage of being more
resistant to proteolysis than their linear analogues (Creighton, 1993).

4.1.2 Construction o f the Peptide Genes
The method used to construct the coding region of the genes is the polymerisation of
short segments of double-stranded DNA by T4 DNA ligase. The DNA “building
blocks” used have 3bp single stranded 5' overhangs which encode cysteine residues.
The desired effect of only assembling genes encoding peptides containing an even
number of cysteine residues is achieved by alternating between the two cysteine
codons (Figure 4.1).
The blocks can be divided into two main groups, TGT blocks and TGC blocks. The
naming refers to the overhang at the 5' end of the Watson (top) strand. TGT and TGC
blocks have ACG and ACA “underhangs” respectively, at the 5' ends of the Crick
(lower) strand. This means that if the blocks follow correct base pairing then the
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cysteine codons within the assembled construct will have the form TGC, TGT, TGC...
etc.
In addition to the TGT and TGC blocks there are two further groups of blocks, the
[CC] blocks and the capping blocks. Blocks of the [CC] group contain a cysteine
codon adjacent to one of the overhangs (Figure 4.1). The overhangs on [CC] blocks
allow them to insert between the normal TGC and TGT blocks. As [CC] blocks add 3
cysteines (including overhangs) the overall even number of cysteines is maintained.
This type of block is included to allow constructs with two adjacent cysteine codons
to form.

This is important as naturally occurring conotoxins almost exclusively

contain pairs of adjacent cysteine residues (Myers et al., 1993).
The capping blocks are terminators which cap the growing chain after TGC blocks.
As termination occurs only when a TGC block is at either end of the chain the
finished gene will always contain an even number of cysteine codons. The capping
blocks also add restriction enzyme recognition sites to either end of the coding
sequence, allowing the construct to be cloned into an expression vector (Figure 4.1).
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Figure 4.1. Scheme for the construction of the genes from TGC and TGT
blocks. The dark rectangles represent the positions of unique restriction sites
used for cloning of the constructs.

The unfilled rectangles represent areas

encoding the aminoacids between cysteine codons.

The construction shown

encodes a peptide with four cysteines, but constructs can form with any even
number of cysteine codons. The two blocks shown in the box to the side of the
main figure add between the TGC and TGT blocks and allow constructs to form
with adjacent cysteine codons.

This technique was initially developed in our laboratory by Dr Simon Palmer and its
development has been described in detail elsewhere (Palmer, 1998; Palmer et al.,
1998). During the constructions carried out by Dr Palmer the smallest size blocks,
TGC2 and TGT2, were found to incorporate not at all or at low frequency
respectively. The first aim of my work was to investigate this phenomenon so a full
library containing maximum diversity could be constructed. This is significant as
without this class of blocks the peptides produced by the library could not contain
pairs of cysteine separated by two non-cysteine residues.
It was shown previously by Dr Palmer that blocks comprising three bp (equivalent to
one codon) of double-stranded DNA were not stable under the working conditions of
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this technique.

In order to form products containing pairs of cysteine codons

separated by one non-cysteine codon an extra set of supplementary blocks is needed,
the [CXC] blocks. This class of blocks contain an additional cysteine codon at either
the second double-stranded “codon” or the penultimate double-stranded “codon”.
This class of blocks are incorporated between the TGC and TGT blocks, in the same
way as the [CC] blocks.
Following the polymerisation of the blocks into synthetic ORFs the constructs are
separated by electrophoresis enabling constructs of particular size ranges to be
selected (Section 4.2.6). The size ranges were chosen so that the constructs would
encode sequences of 8 to 30 aminoacids.

This is consistent with the conotoxins

(Chapter 1, Section 1.5) on which the design of the peptides is based. This size range
is also important as polypeptides of greater than 30 aminoacids are not generally well
secreted from S. cerevisiae (this size is only a general guide as the protein structure
also has an effect) (Ramanos et al., 1992).
The technique allows the formation of any length of peptide within the chosen size
range. The distribution of cysteines within the peptide is also completely random.
The remaining “spacer” aminoacids between the cysteines are not however random.
It is intended that the nature of these “spacer” aminoacids would be optimised in any
active peptides selected. The means by which this optimisation would take place
could be by rational site-directed mutagenesis or by a random error prone PCR
mutagenesis coupled with further rounds of selection. The latter technique would
have the advantage that a large number of sequences modifications would be screened
in relatively short period.
In addition to construction of the main library, the TGC blocks will each be cloned
between the capping blocks. This sub-library of peptides genes containing only two
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cysteine codons each will be kept separate from the main library (containing 4 to 8
cysteines). This size of construct was excluded from the main library to prevent the
inclusion of pairs of capping blocks which had been ligated together. In addition to
my work, further development was also carried out by Jonathan Radford in our
laboratory. The construction of the final library was carried out in collaboration with
my supervisor Dr Jonathan Cox.

4.1.3 Expression o f the Library
In order for the expressed peptide to come into contact the extra-cellular domains of
the receptor it must be secreted from the cell. The plasmids used for cloning and
expression of the synthetic peptide coding regions contain the signal sequence from
the S. cerevisiae a-factor gene (M Fal). The signal sequence is made up of two parts,
the pre and pro regions.

The pre region marks the peptide for entrance into the

secretory pathway and the pro region directs the peptide to be secreted from the cell.
As the peptide is secreted the signal sequence should be removed by the action of the
signal peptidase, Kex2 and Stel3 peptidases. The positions cleaved by these enzymes
in the a-factor precursor {MFal gene product) is shown schematically in Figure 4.2.
The Kexl sites present in M fal are not present in the finished synthetic constructs.
In the secretion of a number of heterologous proteins and peptides from yeast it has
been found that this process is not always complete (Ramanos et al., 1992).
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Figure 4.2.

K exl

M fal cleavage sites.

Adapted from Ramanos et al., 1992.

Following translation of the M F al mRNA a precursor is formed made up of pre
and pro signal sequences and four copies of the mature a-factor peptide. The
precursor is processed into the mature peptide by the actions of a number of
peptidases as depicted in the figure.

The promoter chosen to drive the expression of the constructs is that of the yeast
ADH1 gene (ADH1(P)). This particular promoter was chosen as it leads to high level
expression, without the need for induction.

Although this promoter is not truly

constitutive in that its expression level varies with different carbon sources, it is not
tightly regulated (Ramanos et a l, 1992). A pair of largely homologous plasmids was
constructed which varied only in the yeast origins of replication which they contain.
One plasmid contains the CEN/ARS origin of replication and the other the 2|i origin of
replication.

These are designed to produce low and high plasmid copy numbers

respectively. The construction of these plasmids is described below.
The multiple cloning site use in these plasmids is derived from the pYX series of
yeast shuttle vectors from R&D Systems. It was originally indended to use the Hind
III and Xho I sites at either end of the multiple cloning site for the introduction of the
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synthetic ORF

However, preliminary work carried out in our laboratory by Jonathan

Radford with this vector showed that plasmid cut with Hind III and Xho I could
recombine without the introduction of an insert, leading to high background of
transformants which did not contain a synthetic ORF. This phenomenon is believed to
be due to a sequence after the Xho I site which has homology to the Hind III cut site
(Figure 4.3). This form of linkage could not be generated during ligation, but rather
cut molecules must have been transformed into the E. coli which joined the plasmid by
DNA repair. This form of mismatch joining has been exploited by others in cloning
strategies (Li et a l, 1997)

CCA
GGTTCGA

TCGAGCTGAT
CGACTA

CCAAGCTGAT
GGTTCGACTA.

Figure 4.3.

The interaction which is presumed to have allowed the pPEP

plasmid to re-circularise without the inclusion of an insert.
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4.2 Methods and Materials

4.2.1 Sequences o f the Double-Stranded Blocks used fo r Initial Investigative
Ligations.
TGC blocks

TGC2

5 ' TGCGTGTAT
3'

3'

CACATAACA 5 '

Xho I
TGC2[Xho]

5'
3'

TGCCTCGAG
GAGCTCACA

3'
5'

BsrB I
TGC2[Bsr]

5'
3'

TG CG AG CG G
CTCGCCACA

3'
5'

Ear I
TGC2[Ear]

5'
3'

TGCCTCTTC
GAGAAGACA

3'
5'

TGC3

5'
3'

TGCGTGGCATAT
3'
CACCGTATAACA 5 '

TGC4

5'
3'

TGCGCATACTGCTAT
3'
CGTATGACGATAACA 5 '

TGC5

. . .

5 ' •TGCAAACAGGACTCCGAC
3'

TGC6

5 ' TGCCCGCGTATCTGGATGGAA
3'

TGC[CC]5

3 ' .........................................................................

TTTGTCCTGAGGCTGACA 5 '

3'

GGCGCATAGACCTACCTTACA

5'

5 ' TGCTGTTCTACCAAAGGTGAA
3'
ACAAGATGGTTTCCACTTACA

3'
5'

The underlined codon in the TGC4 block indicates an additional cysteine codon,
which would disrupt proper functioning of the construction scheme.

TGT blocks
EcoR I
TGT2

5'
3'

TGT3

5'
3'

TGTGAATTC
CTTAAGACG

3'
5'

TGTGGTGAAACT
3'
CCACTTTGAACG 5 '

TGT4

5'
3'

TGTGCCACCTATACG
3'
CGGTGGATATGCACG 5 '

TGT5

5'
3'

TGTGGTCCGAACGGTTTC
3'
CCAGGCTTGCCAAAGACG 5 '

TGT6

5'
3'

TGTAAACAGTCTGGTGAAATG
3
TTTGTCAGACCACTTTACACG 5

TGT[CC]5

5 ' TGTTGCTCTACCAAAGGTGAA
3'

3'
ACGAGATGGTTTCCACTTACA 5 '

Capping blocks

Hind III
N-CAP

5'
3'

GCTATAGCCCAAGCTTCATGAGGTCAACAGG
3'
CGATACGGGGTTCGAAGTACTCCAGTTGTCCACG 5 '

C-CAP

5'
3'

TGTCTCATGGCAGTCAGCTCTAGAGCATACTATG 3 '
ACATACCGTCAGTCGAGATCTCGTATGATAC 5 '

X bal

4.2.2 Additional Blocks used in the Construction o f the Full Library
TGC[CC] blocks
TGT[CC] 1

5'
3'

TGCTGCGGC
3'
ACGCCGACG 5 '

TGC[CC]2

5'
3'

TGCTGTTTCGGG
3'
ACGAAGCCCACG 5 '

TGC[CC]3

5'
3'

TGCTGTGTTAACTAT
3'
ACACAATTGATAACG 5 '

TGC[CC]4

5'
3'

TGCTGTGACGCCTCAGGC
ACACTGCGGAGTCCGACG

TGC[CC]6

5'
3'

TGCTGTTCAGCCCCAGGAACACTT
3'
ACAAGTCGGGGTCCTTGTGAAACG 5 '

TGT[CC] blocks
TGT[CC] 1

5'
3'

TGTTGCAAC
3'
ACGTTGACA 5 '

TGT[CC]2

5'
3'

TGTTGTCCAGGC
3'
ACAGGTCCGACA 5 '

3'
5'

TGT[CC]3

5'
3'

TGTTGCAATCCTGCT
3'
ACGTTAGGACGAACA 5 '

TGT[CC]4

5'
3'

TGTTGCGATCTAATCTAT
3'
ACGCTAGATTAGATAACA 5 '

TGT[CC]6

5'
3'

TGTTGCACCTCCTGGTTCCCTAGA
3'
ACGTGGAGGACCAAGGGATCTACA 5 '

TGT1[CC]

5'
3'

TGTTCGTGC
3'
AGCACGACA 5 '

TGT2[CC]

5'
3'

TGTACACCATGC
3'
TGTGGTACGACA 5 '

TGT3[CC]

5'
3'

TGTCCGCCTAACTGC
3'
GGCGGATTGACGACA 5 '

TGT4[CC]

5'
3'

TGTAAGGATCGCCTATGC
3'
TTCCTAGCGGATACGACA 5 '

TGT5[CC]

5'
3'

TGTATAGTTAATTCGGGCTGC
TATCAATTAAGCCCGACGACA

TGT6[CC]

5'
3'

TGTAGTCGGCCAATGTACGATTGC
3'
TCAGCCGGTTACATGCTAACGACA 5 '

3'
5'

Capping blocks
The original capping blocks, N-CAP and C-CAP were replaced with the following
blocks prior to construction of the full library.............................................................

Hind III
N-CAP2

5'
3'

GATAAAAGAGAGGCTGAAGCT
3'
CTATTTTCTCTCCGACTTCGAACG 5 '

C-CAP2

5'
3'

TGTT A A C T C G A G C TGATAACAACAGTGTAGAT 3 '
ATTGAGCTCGACTATTGTTGTCACATCTA 5 '

Xho I

TGC4
The original TGC4 block contained an additional cysteine codon in the double
stranded region and would therefore lead to the formation of constructs with uneven
numbers of cysteines. This block was replaced with the following TGC4 block prior
to construction of the full library.
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TGC4

5'
3’

TGCGCATACAACTAT

3'

GCGTATGTTGATAACA 5 ’

4.2.3 Preparation o f the Oligonucleotides
The oligonucleotides used to produce the peptide “genes” were all phosphorylated at
the 5' end, with the exception of N-CAP and C-CAP upper and lower strands
respectively. The oligonucleotides used to make up the TGT4 and TGC4 blocks were
phosphorylated by the manufacturer (Perkin-Elmer). The other oligonucleotides were
phosphorylated using T4 polynucleotide kinase (NEB). The reaction mixture used to
kinase the oligonucleotides typically contained 300pmol of the oligonucleotide, 10U
of T4 polynucleotide kinase, and lx T4 DNA ligase buffer (Chapter 2, Section 2.4)
made up to 50pl with sterile water. The reaction was incubated at 37 °C for lh. The
reaction was carried out in ligase buffer in order to avoid buffer exchange before
ligation.

4.2.4 Annealing the Oligonucleotides
The oligonucleotide pairs were mixed in equimolar amounts in 0.5ml Eppendorf
tubes and the solutions adjusted to 25pi with lx T4 DNA ligase buffer. The amount
of residual glycerol in the solutions (from the phosphorylation ) was kept below
0.05pl, to allow proper lyophilisation. In the presence of greater amounts of glycerol
a gel is formed in the tubes and the oligonucleotides fail to anneal correctly. The
solution was thoroughly mixed by stirring with a pipette tip. The tops of the tubes
were then pierced using a sterile needle. The tubes were all labelled but as additional
identification the tubes containing the capping blocks were pierced twice (the labels
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were prone to smudging during the freezing process).

The solutions were then

quickly frozen in a dry ice/acetone bath. Excessive acetone was quickly removed
from the outside of the tubes with a tissue, before transferring the tubes to a pre
chilled 250ml round bottomed flask. The flask was then attached to an ICE Lyopre
3000 freeze drier. The vacuum was applied for a minimum of lh 30min. It has
previously been shown that a vacuum of at least 0.2mbar is required to achieve proper
annealing (Palmer, 1998). Each block was resuspended in 25p,l of pre-chilled (4°C)
sterile water. Resuspension was carried out in a cold room at 4°C. Annealed blocks
were used immediately for ligation, which was also performed at 4°C in the cold
room.

4.2.5 Test Ligations o f the Double-Stranded Blocks
Prior to their use in multiple block ligations test ligations were carried out to confirm
that the oligonucleotides formed stable blocks which could be joined by ligation. The
ligations were carried out by annealing l Opmol of each half of the TGC block, 6pmol
of each half of the TGT block, and lpmol of each of the capping oligonucleotides,
annealing was as described above. For test ligations one of the propagating blocks
was either TGT4 or TGC4, depending on whether the block to be tested was a TGC or
TGT block.
The resuspended propagating blocks were combined and mixed by gentle pipetting.
T4 DNA ligase (400U) was then added. The reaction was incubated for lhr at 4°C,
as ligation at 4°C has been shown to give better results than ligation at 16°C as it
increases block stability (Palmer, 1998). After lhr the capping blocks were added
along with a further 200U of ligase. The reaction was then incubated for a further
2hrs at 4°C. A 0.5pl aliquot of the ligation mixture was then used as the template for
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a Taq PCR reaction with primers PCRL(A) and PCRL(B). The reaction used the
following thermal cycle; 94°C lmin, [94°C, lmin; 65°C, lmin; 72°C, lmin] x 25;
72°C, 5min. The products of the PCR were visualised on a 3% agarose gel.

4.2.6 Multiple Block Ligations.
All blocks to be used were resuspended in 25pi of ice-cold water. Once resuspended
all of the propagating blocks were transferred to a 1.5ml Eppendorf tube. The transfer
was carried out as quickly as possible to prevent preferential annealing of any pairs of
blocks (for this reason all of the blocks were resuspended before beginning to mix
them). Then 400U of ligase was added per lOOpl of reaction volume and the reaction
was incubated at 4°C for lhr. The capping blocks were then added along with a
further 200U of ligase. The reaction was incubated at 4°C for a further 2hrs.
The reaction mixture was then heated to 65°C for lOmin, in order to heat inactivate
the ligase.

A 10% volume of 3M sodium acetate (pH5.2) and 2 volumes of

isopropanol pre-chilled to -20°C were then added.

The solution was thoroughly

mixed by inversion and then incubated at -20°C for a minimum of lhr. The DNA was
collected by centrifugation for 15min at maximum speed in a microfuge at 4°C. The
supernatant was carefully removed by aspiration, leaving the last ~50pl in the tube.
The pellet was washed by the addition of 1ml of 70% ethanol. The ethanol was
carefully removed, again leaving the last ~50pl. The pellet was either air dried at
room temperature overnight or dried in a vacuum centrifuge. The DNA was then
resuspended in 40pl of sterile water and was restriction digested with Hind III and
either Xho I or Xba I (depending on which C-CAP was used).
The entire digested sample was then loaded onto a 3% analytical grade agarose gel,
alongside 50bp DNA ladder marker. During the investigative ligations a pair of PCR
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products of size 60 and 150bp were also run along side the digested sample. These
products were run in order to more easily identify the area to be excised from the gel.
The area of gel containing DNA molecules in the size range of 60bp to 150bp for
constructs made with the first set of caps, or 40bp to lOObp with the second set of
caps, was excised with a clean razor blade. The gel slice was rotated through 180°, so
that the direction of current flow through the sample was reversed, and was then set
into a 1.5% LMP gel. The DNA was then run out into the LMP gel by electrophoresis
(Figure 4.4). The use of an initial separation on analytical grade agarose gel produces
a greater resolving power. The section removed from this gel is reversed in the LMP
gel in order to reduce the size of the LMP gel section which contains the DNA. The
DNA-containing region was excised from the gel and the DNA recovered by Pagarase digestion. The constructs were then resuspended in 20pl of sterile water.
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©
3% Analytical grade gel

1.5% LMP gel
before running

1.5% LMP gel
after running

Figure 4.4. The process used to obtain DNA constructs of a defined size range. In
the first step the constructs are separated by electrophoreses on an analytical grade
gel, a segment is excised containing constructs of a pre-determined size range. The
segment of the first gel is then embedded into a LMP gel with the direction of current
flow through the segment reversed. The DNA is then electrophoresed into the LMP
gel, from were it is recovered by P-Agarase digestion.

4.2.7 Investigative Ligations
The first ligation carried out did not use the problematic TGC2 and TGT2 blocks.
The aim of this experiment was to check that the previous results within our
laboratory could be reproduced. The amounts of blocks used were as follows: 12pmol
each of TGC3 to TGC6, 7.2pmol each of TGT3 to TGT6, 6pmol each of TGC[CC]5,
TGT[CC]5, C-CAP and N-CAP.
The second ligation used 5x excess of the TGC2[Xho] and TGT2 blocks.

The

amounts of the blocks used were as follows: 30pmol of TGC2[Xho], 6pmol each of
TGC3 to TGC6, 18pmol of TGT2, 3.6pmol each of TGT3 to TGT6, TGC[CC]5 and
TGT[CC]5, 6pmol each of C-CAP and N-CAP.
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The third and fourth ligations used the same amounts of blocks as the second
ligation, with the exception of the TGC2[Xho] block. This block was replaced by the
TGC2 and TGC2[Bsr] blocks in the third and fourth ligations respectively.

4.2.8 Cloning o f the Constructed Genes
The products of the investigative ligations were ligated into plasmid pCR3
(Invitrogen).

Initially the constructs were transformed into E. coli by heat shock

treatment (Chapter 1, Section 2.7.1).

These transformations were subsequently

repeated by electroporation (Chapter 1, Section 2.7.2).

Screening of bacterial

colonies by the PCR was carried out using primers T7 and SP6. In order to detect the
TGC2 and TGT2 blocks, which contain restriction enzyme recognition sites, the
products from the screen were purified by alcohol precipitation before digestion with
appropriate enzymes.
For each set of constructed genes a number of positive colonies of varying construct
size were picked into LB medium for the preparation of plasmid DNA using the
SNAP kit. The plasmid DNA was then used as the template for sequencing with
primer pCR3seq.

4.2.9 Construction o f the Vectors fo r Cloning and Expression o f the Library
The first vector is based on the pYX131 plasmid from R&D Systems, the
construction is shown schematically in Figure 4.5. The 786 promoter was removed
from this plasmid by digestion with EcoR I and Nru I. The digestion products were
then purified using the Quiagen gel extraction kit, without the use of a LMP agarose
gel. This kit was used according to the manufacti|reJs^)rotocol. Briefly, the reaction
mixture was diluted with buffer A. The solution was then applied to the mini-spin
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column, which contains a silica membrane. The DNA was bound to the membrane by
centrifugation in a microfuge. The DNA was then washed by the addition of a wash
buffer and repeating the centrifugation. The DNA was eluted by the addition of water
to the column followed by centrifugation. The kit works by selective binding of the
DNA to the membrane only at high pH.
The 5’ overhang produced by digestion with EcoR I was refilled using the Kienow
large fragment of DNA polymerase I (NEB).

The Kienow reaction contained

approximately 0.25pmol of cut plasmid, lx NEBuffer 3, 40nmol of each dNTP and
10U of Kienow.

The reaction was incubated at 25°C for 20min before heat

inactivation at 75 °C for lOmin. The DNA was again purified using the Quiagen gel
extraction kit, without the use of an agarose gel. The plasmid was then re-circularised
by blunt end ligation, reforming the EcoR I site.
The plasmid was then transformed into E. coli. by electroporation. Ten colonies
were grown up in liquid culture and plasmid was extracted using the Wizard
minipreps kit. The extracted plasmids were then digested using a combination of
EcoR I, Nhe I, and Nru I, to check for removal of the 786 promoter and correct
reforming of the EcoR I site. This plasmid was named pYX131A786.
The ADH1(P) (the 612 bases upstream of the ADH1 start codon) was then amplified
by the PCR from genomic yeast DNA (extracted from strain MRY1) using primers
ADHl(FE) and ADH1(B). The DNA segment comprising nucleotides 1 to 306 of the
M F al gene containing the a-factor signal sequence was also amplified from genomic
yeast DNA (strain MRY1) using primers MF/ADH(F) and MF(B). Both reactions
used the following thermal cycle; 94°C 2min, [94°C, 15s; 45°C, 30s; 72°C, 45s] x 10;
[94°C, 15s; 45°C, 30s; 72°C, 45s + 20s per cycle] x 15; 72°C, 5min. The products
were purified on a 1.5% LMP agarose gel, the DNA being recovered by (3-agarase

digestion. The two fragments were then spliced together in a SOE reaction using the
following thermal cycle; 94°C 2min, [94°C, 15s; 45°C, 30s; 72°C, 45s] x 10; [94°C,
15s; 45°C, 30s; 72°C, 45s + 20s per cycle] x 10; 72°C, 5min. The product was then
purified on a 1% LMP agarose gel, the DNA was recovered using the Wizard PCR
Preps kit.
The SOE product and the pYX131A786 vector were both cleaved with restriction
enzymes EcoR I and Hind III. The M F al fragment is cleaved at a natural Hind III
site at position 266 (relative to the M F al start codon) leaving only the signal
sequence (prepro region). The digestion products were then purified on a 1% LMP
agarose gel, and the cut vector and SOE product were recovered using the Wizard
DNA Clean Up and PCR Preps kits respectively. The fused ADH1 (P)-MFa 1prepro
construct was then ligated into the cut vector and transformed into CaCl2 treated
competent E. coli by heat shock treatment.
PCR screening for the presence of insert was then carried out using primers
ADHl(FE) and pYX(back). The reaction used the following thermal cycle; 94°C
5min, [94°C, 30s; 55°C, 30s; 72°C, lmin] x 30; 72°C, 5min. Three positive colonies
were grown up in liquid culture and plasmid was extracted using the Wizard DNA
Clean Up kit.
The MF qlI terminator (the 300 bases downstream of the stop codon) was amplified
by the PCR from genomic yeast DNA (strain MRY1) using primers MFT(FX) and
MFT(BN). The reaction used the following thermal cycle; 94°C 2min, [94°C, 15s;
45°C, 30s; 72°C, 45s] x 10; [94°C, 15s; 45°C, 30s; 72°C, 45s + 20s per cycle] x 20;
72°C, 5min. The product was then purified using the Wizard PCR Preps kit. The
plasmid containing the ADHl(P):MFalprQpro fusion, and the PCR generated M F a l
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terminator region were both restriction digested using enzymes Xho I and Nhe I. The
cut vector and PCR product were purified using the Wizard DNA Clean Up and PCR
Preps kits respectively.

The fragment was then ligated into the plasmid and

transformed into CaCl2 competent E. coli. PCR screening to confirm the presence of
the insert was then carried out using primers MF/ADH(F) with pYX(back).

The

reaction used the following thermal cycle; 94°C 5min, [94°C, 30s; 55°C, 30s; 72°C,
lmin] x 30; 72°C, 5min. Two positive colonies were grown up overnight in liquid
culture and plasmid was extracted using the SNAP kit.
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Sequence of the mcs in pYX131
B am H I
E coR I

N co I

A v r II

H in d III

Sm a I

M lu I

GAA TTC ACC ATG GAT CCT AGG GCC CAC AAG CTT ACG CGT CGA CCC GGG TAT

Xho

EcoR V
N he
Sac I
TAT GAT GTG CCT GAC TAC GCA TGA TAT CTC GAG CTC AGC TAG CTA ACT GA
EcoR I
Nru I

Poly A
fl ori
’remoter

Col El,

TRP1

pY X 131
(5668bp)

AmpT

CEN/ARS

i) Nru I, EcoR I, digestion
_TCG
AGC

>

4

AATTC
G

) Kienow
_TCG
AGC

AATTC
TTAAG

iii) Ligate

EcoR I Hind III Xhol Nhe\
Poly

ADHl(FE)'

ADH1 promoter

1
ADH1(B)
MF/ADH(F)

C ol El

TRP1

ori

MF(B)
M F a pre/pro
CEN/ARS

EcoR I

JJ^iv)EcoR I, Hind III, digestion

ADHl(FE)

Hind III

_L

I
I

Ligate in ADH1 promoter, M F a pre/pro fusion

'

AD//7promoter M F a pre/pro

~l

MF(B)

^j^vi) Xho I, Nhe I, digestion
JJ^vii) Ligate in M F a terminator

AD H I

M Fa

M Fa

pre/pro

terminator

promoter

M F a terminator

Poly A
fl ori

C ol El

ori

TRP1

pPEP
(6025bp)

Ampr

CEN/ARS

Figure 4.5. Diagram showing the method used to constructien-of the pPEP
vector. Stages iv to vii resulted in the formation of cloning intermediates (not
shown). The pPEP plasmid contains only part of the pYX131 mcs.
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A

Sequencing was then carried out with primers ADH1(B), pPEP(SB) and
pYXBACK2.

The compilation of the sequences derived in this way covered the

ADH1(P), M Fa 1prepro region and the M F al terminator, all of which had been
obtained by the PCR.
A second vector was then produced in which the S. cerevisiae CEN/ARS origin of
replication had been replaced by the S. cerevisiae 2p origin of replication.

The

production of this plasmid started with the pYX131A786, the construction is shown
schematically in Figure 4.6. This plasmid was double digested with D m I and Nsp I.
This yielded an Nsp I fragment of 2440bp, containing the multiple cloning site, polyA
signal, fl origin of replication, and the TRP1 marker. The Dra I enzyme cuts the
remaining unwanted DNA into multiple small fragments, which can then be easily
removed from the desired fragment. The digestion products were separated on a 1%
LMP agarose gel, the DNA being recovered using the Wizard DNA Clean Up kit.
The pYX131 related plasmid pYX243 (R&D Systems) was restriction digested with
Nsp I. The desired fragment from this digestion contained the E. coli colEl origin of
replication, ampicillin resistance gene and the S. cerevisiae 2p origin of replication.
The digestion products were purified on a 0.7% agarose gel (analytical grade not
LMP) and the DNA was removed from the gel using the Quiagen gel extraction kit.
The two fragments were ligated together and transformed in E. coli by heat shock
treatment.

Ten colonies were picked into liquid culture and plasmid DNA was

prepared using the Wizard mini preps kit. Restriction analysis of the plasmid was
carried out by separate digests with Ear I and ApaL I. This showed that the ligation
product was a circularised form of the fragment from pYX243 (see results). This was
then re-cut with Nsp I to give the desired fragment, which was free from any
contamination. To prevent re-circularisation, the cut fragment was dephosphorylated
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with calf intestinal alkaline phosphatase (CIP, from NEB). The reaction was carried
out by the addition of 10U of CIP directly to the heat inactivated restriction digestion
mixture followed by incubation at 37°C for lhr. The DNA was then purified using
the Wizard DNA Clean Up kit.

The pYX131 and pYX243 fragments were then

ligated together, and transformed into CaCl2 treated E. coli by heat shock treatment.
Six colonies were picked into liquid culture and plasmid DNA was prepared using the
Wizard minipreps kit.

Restriction analysis with Ear I was used to confirm the

formation of the correct product and the direction of the Ampr/2p ori fragment.
The ADH1(P): ME a l signal sequence and M F a l terminator region were then sub
cloned into the new 2p plasmid from pPEP. The sub-cloning was carried out by
digesting both plasmids with EcoR I and Nhe I. Both the pPEP fragment and the cut
vector were purified on a 0.8% LMP agarose gel, whereupon the cut plasmid and
promoter/terminator fragment were recovered using the Wizard DNA Clean Up and
PCR Preps kits respectively. The fragment was then ligated into the cut vector before
transformation into E. coli by heat shock treatment. Five colonies were picked into
liquid culture and plasmid DNA was prepared using the Wizard minipreps kit.
Analysis by restriction digestion was carried out using Ear I, EcoR I with Hind III
and Xho I with Nhe I. The new plasmid was named pPEP2.
The two finished pPEP vectors are identical, apart from their yeast origins of
replication.
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Figure 4.6. Schematic representation of the construction of pPEP2. The pPEP2
plasmid contains only part of the pYX131 mcs.
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4.2.10 Library Construction
The set of blocks used in these constructions was different to the set used in the
investigative ligations. The number of different [CC] blocks was increased to allow
the formation of a greater diversity of constructs.

The capping blocks were also

redesigned so that there were less codons between the restriction sites and the initial
and last cysteine codon.

The purpose of these design changes was to give the

constructs a greater homology with the majority of conotoxins (Myers et al., 1993).
The ligations were carried out using the same method described in Section 4.2.6 with
the following change. The lyophilised blocks were all initially resuspended in 15pl of
ice-cold water. The resuspended blocks were then mixed. Each of the tubes used for
lyophilisation was then washed with a further IOjllI of ice-cold water. The washings
were then added to the blocks.

The order in which the blocks were mixed was

recorded, in order to check for preferential annealing.

4.2.11 Construction 1
The amounts of blocks used in the first full construction were as follows: 7.5pmol of
TGC2[Bsr], 3pmol of TGC2[Ear], 6pmol each of TGC3 to TGC6, 18pmol of TGT2,
3.6pmol of each TGT3 and TGT4 block, 7.2pmol of TGT5 and TGT6, 1.2pmol of
each TGT[CC] block, 2.4pmol of each TGC[CC] block and 30pmol of each C-CAP2
and N-CAP2 block.

4.2.12 Construction 2
The second full construction used the following amounts of blocks: lpmol each of
TGC2[Bsr] and TGC(E), 6pmol each of TGC3 to TGC6, 18pmol of TGT2, 3.6pmol
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each of TGT3 to TGT6, 1.2pmol of each TGT[CC] block, 2.4pmol of each TGC[CC]
block and 30pmol each of C-CAP2 and N-CAP2.

4.2.13 Constructions 3 and 4
The third and fourth ligations used the same amounts of oligonucleotides as the
second ligation.

A slight modification was made during the purification of the

products from the third and fourth full constructions. When cutting the constructs out
of the 3% gel two bands were cut out for each ligation, one from 40 to lOObp and one
from 25-40bp.

The size range of 25-40bp is sufficiently large to exclude most

constructs made up of a single TGC block flanked by the capping blocks. The TGC5
and TGC6 blocks would form constructs of 25 and 28bp respectively if flanked by the
cut capping blocks. The constructs in this band should encode peptides in the size
range of 7 to 12 aminoacids with 2, 4 or 6 cysteine residues. The band in the region
of 40 to lOObp should contain constructs encoding peptides in the size range of 12 to
30 aminoacids, with 4, 6 or 8 cysteine residues.

4.2.14 Construction 5: Cloning Single Blocks
These six genes were constructed using the following amounts of blocks lpmol each
of TGC2[Bsr] and TGC [Ear], 6pmol each of TGC3 to TGC6 and 30pmol of each
capping block. The blocks were mixed (including the capping blocks) and 800U of
T4 DNA ligase was added. The reaction was incubated at 4°C for 2h. The constructs
were then alcohol precipitated and restriction digested with Hind III and Xho I as
previously described, but these constructs were used directly in ligation without a gel
purification step (no size selection is required for this construction).
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4.2.15 Optimisation o f Bacterial Transformation
The transformation efficiency was determined by transformation of 0.28fmol of
plasmid pPEP2 in 2pl of water. The concentration of the plasmid was determined by
measuring the absorbance at 260nm.

Following transformation, 100pi of the

recovered cells and lOOpl of a lOx dilution of the cells (cells were diluted with SOC
medium) were spread on 2xTY ampicillin plates.
In order to maximise the transformation efficiency several areas were investigated.
Desalting of the DNA by alcohol precipitation was investigated with a test system in
which a known amount of plasmid DNA in lx Ligase buffer was alcohol precipitated
before transformation. As a control the same amount of plasmid DNA in lx ligase
buffer was used directly for transformation.
A modified protocol for competent cell preparation was also tested. The modified
protocol is the same as that described in Chapter 2, Section 2.6, with the exception
that the 10% glycerol was sterilised by filtration rather than autoclaving and that all
glassware was washed twice with distilled water before use (Zabarovsky et al., 1990).
Electrocompetent E. coli were also purchased from Invitrogen. These were the same
strain as used previously (TOPIOF’). All of the batches of cells (standard protocol,
modified protocol, and Invitrogen) were transformed with the same DNA sample in a
control experiment as described above.

4.2.16 Cloning o f the Constructed Genes
The products of the full construction were cloned into the plasmid pPEP
(construction described above, Section 4.2.9), which had been digested with Hind III
and Xho I, followed by Sal I. The ligation products were then transformed into E. coli
by electroporation.
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All library ligations were initially transformed into cells prepared by the modified
protocol (see above). A subset of the products of constructions 3 and 4 (25-40bp
band from construction 3 and the 40 to lOObp band from construction 4) were then
transformed into cells purchased from Invitrogen.
From the ligation of Construction 1, 20 colonies were PCR screened using primers
pPEP(SF) and pPEP(SB). The reaction used the following thermal cycle; 94°C 5min,
[94°C, 30s; 50°C, 30s; 72°C, lmin] x 30; 72°C, 5min. Plasmid DNA was prepared
from 5 colonies using the SNAP kit. The plasmids were used as the templates for
sequencing reactions using primer MF/ADH(F).
From Construction 2, 15 colonies were PCR screened. None of the colonies were
used for plasmid or library preparation.
Each of the two sets of products from Constructions 3 and 4 (40-lOObp, designated
U for upper and 25-40bp, designated L for lower) were separately ligated into the
pPEP vector.

Each ligation was transformed into cells prepared by the modified

protocol,(Section 4.2.14). Ten colonies were screened from each ligation. Plasmid
DNA was prepared from two colonies from construction 3L and three from 4U using
the SNAP kit. This DNA was then used as the template for DNA sequencing. A
further two ligations of Construction 4U into pPEP were then carried out in order to
increase the total number of transformants. Two transformations of 3L and 7 of 4U
into electrocompetent cells purchased from Invitrogen were then carried out. These
transformations were carried out as previously, with the exception that one 3L and
three 4U transformations were carried out using 0.2cm cuvettes (this was due to a
shortage of 0.1cm cuvettes). The recovered cells were divided in half, each half being
plated on a 14cm diameter 2xTY plate containing 100mg/l ampicillin. The number of
colonies on each plate was calculated. As the number of colonies was very high it
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was not possible to count all of the colonies. The number of colonies in a 2cm x 2cm
square were counted, this number was then multiplied by (7ir2)/4, where r is the radius
of the plate in cm.

4.2.17 Preparation o f a Mini Library from Construction 1
A plasmid DNA library was prepared from one transformation plate containing 256
colonies by the following method. LB medium (1ml) containing 100mg/l ampicillin
was added to the surface of the plate. The colonies were then resuspended in the
liquid medium by scraping the surface of the plate with a spreader. The agar plate
was then tilted and the liquid removed from the surface of the plate using a sterile
pipette.

A further 0.5ml of liquid medium was then added to the plate and the

resuspension was repeated, to ensure that as many cells as possible were removed
from the plate. The cells were then collected and plasmid DNA was prepared from
them using the SNAP kit.

In order to fully resuspend and lyse the cells it was

necessary to use twice the recommended volumes of resuspension and lysis buffers.
The cleared lysate was then divided in two and treated as two separate minipreps.

4.2.18 Preparation o f the Full Library
The full library was prepared from constructions 3L (25-40bp constructs) and 4U
(40-lOObp constructs), which had been transformed into TOPI OF’ cells purchased
from Invitrogen. The transformants from each of the 9 transformations (described in
Section 2.4.15) were resuspended using the method described (above) for preparation
of the mini library. The volume of the cell suspension was then adjusted to a final
volume of 4ml in LB medium containing 100mg/l ampicillin. To each cell suspension
lm l of 80% glycerol was then added. The cell density in each suspension was then
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determined by plating serial dilution’s on 2xTY plates containing 100mg/l ampicillin.
The suspensions were then stored at -70°C. A single 6ml liquid culture (LB, 100mg/l
ampicillin) was inoculated with cells taken from each library glycerol stock. The
liquid culture was inoculated with 4000 cells per original colony. The culture was
grown overnight before being used as the substrate for two plasmid DNA minipreps,
carried out using the SNAP kit.

4.2.19 Cloning o f Construction 5
The products of this construct were transformed into cells prepared by the modified
protocol (Section 4.2.14). Following transformation, 20 colonies were screened by
the PCR using primers pPEP(SF) and pPEP(SB). The reaction used the following
thermal cycle; 94°C 5min, [94°C, 30s; 50°C, 30s; 72°C, lmin] x 30; 72°C, 5min.
Four colonies were selected which produced bands in this screen which appeared to
all be of differing size. These colonies were grown up in liquid culture and plasmid
DNA was prepared using the SNAP kit.

DNA sequencing was carried out with

primer MF/ADH(F).

4.2.20 Cloning ofTGC2[Bsr]
This block was not found in the above constructions (see Results, Section 4.3.11) so
it was decided to clone it separately.

The TGC2[Bsr] block and capping blocks

(30pmol of each) were annealed, ligated and cloned as in Construction 5. Following
transformation 10 colonies were screened by the PCR using primers pPEP(SF) and
pPEP(SB). The reaction used the following thermal cycle; 94°C 5min, [94°C, 30s;
50°C, 30s; 72°C, lmin] x 30; 72°C, 5min.. One of colonies was used to inoculate a
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liquid culture from which plasmid DNA was extracted using the SNAP kit. The
presence of the TGC2[Bsr] block was confirmed by DNA sequencing.

4.3 Results
4.3.1 First Investigative Ligation (no small blocks)
The purpose of this construction was to check that the results achieved by other
members of the group could be successfully reproduced (that constructs of a variety
of sizes could be produced). The 3% agarose gel used to separate the constructs
formed by the ligation and the LMP gel used to recover the desired constructs is
shown in Figure 4.7. Of the 40 colonies screened, 24 showed bands in the expected
size range of 117 to 207bp (this range represents the 60-150bp of the original
constructs plus 57bp which are added during the PCR with T7 and SP6 screening
primers). Of the remaining colonies 11 showed bands corresponding to the MCS
(indicating incomplete cutting of the plasmid by the restriction enzymes) and 5 failed
to produce a product in the screening PCR. A number of the screening products (18)
are shown in the summary gel (Figure 4.8). These show a good size distribution
which is within the expected size range. DNA sequencing was carried out on plasmid
DNA from 2 of the colonies, which appeared to be the same size. The order of the
blocks in the two constructs was the same and is shown below.

1

TGC6, TGC[CC]5, TGT5, TGC3, TGT[CC]5

The fact that both constructs did in fact show the same sequence could have arisen by
one of two means.

The same construct could have been formed in two separate
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polymerisation events (statistically very unlikely). The more probable explanation is
that the during the cell recovery stage of the transformation (before plating) the cell
underwent cell division into two daughter cells which gave rise to the two colonies
with the same construct.
An interesting feature in these sequences is the presence of the TGC[CC]5 block in
the centre of the construct. In earlier constructions by Dr Palmer this block had only
been detected attached to the C-Cap (Palmer et al.y 1998)

200b —
15Ob
l()()b “
50bp —

Figure 4.7. A. Photograph of the 3% analytical grade agarose gel used to
separate the products of Construction 1. Lane 1, 50bp DNA ladder markers
(Gibco); lane 2, PCR products of sizes 60 and 150bp; lane 3 products of
construction 1. The gel was run at 85V for 45min. B. Photograph of the 1%
LMP gel into which the DNA containing gel fragment was embedded and
subsequently electrophoresed. Electrophoresis was carried out at 4°C, the gel
being run at 40V for lh 30min.
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Colony number
M 2

4

5

6

11 14 15 18 20 22 27 30 31 33 35 37 38 39 M

200bp —
150bp —
lOObp —

Figure 4.8.

The above gel (3% agarose) shows 18 of the positive screen

products from the first ligation, the gel was run at 85V for approximately
45min. Marker lanes (M) contain 50bp DNA ladder markers (Gibco).

4.3.2 Second Investigative Ligation (excess o f small blocks)
The purpose of this ligation was to try and determine whether the TGC2[Xho] and
TGT2 blocks could be incorporated into the constructs.

In order to increase the

probability of incorporating these blocks, their concentration in the ligation was
increased compared to that used previously for this size of block. The TGT2 block
contains an EcoR I restriction site. This was the same block used by Dr Palmer in his
earlier work. The TGC2[Xho] block was a new block which was designed with a
restriction site in order to aid detection (the previous TGC2 block did not contain a
restriction site).
PCR screening was carried out on 40 transformants from this construction. The
products gave a good range of construct sizes (Figure 4.9). Products from 18 positive
colonies were restriction digested separately with enzymes EcoR I and Xho I. The
results of the restriction analysis is summarised in Table 4.1 below.
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Colony number
M

3

4

8

12 15 18 19 20 22 24 25 27 31 33 35 36 37 40

200bp —
150bp —
lOObp —

Figure 4.9. Electrophoresis gel (3% agarose) showing the products of the PCR
screen from the second ligation (positive colonies only). Marker lane (M)
contain 50bp DNA ladder markers (Gibco).

Colony

Approximate

Number of

Approximate

Number

Approximate

size of screen

Xho I sites

size of Xho I

EcoR I sites

size of EcoR I

product/ bp
3
4
8
12
15
18
19
20
22
24
25
27
31
33
35
36
37
40

150
140
175
175
120
120
150
140
120
200
150
150
150
150
175
150
160
175

fragments / bp

fragments / bp
-

-

1
1

60, 90
30, 2x 70

-

-

-

-

-

-

-

-

1

3x 60

-

-

1
1

2x 60
55, 65

-

-

-

-

-

-

2

30, 50, 60

-

-

-

-

-

-

-

-

2
2

40, 2x50
3x 50

-

-

1
1

50, 100
60,110

1
1
1
1
2
1

60, 110
55,90
50, 100
50, 100
30, 2x 60
70, 120

-

-

-

-

1
1

80, 90
60, 90

-

-

1

100

Table 4.1. Results of restriction analysis carried out on the screen products
from the second construction. All sizes were determined by comparison with
50bp DNA ladder markers and are therefore only approximate.
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Plasmid DNA prepared from colonies 12, 20, 25, 27 and 33 was sequenced.
Sequencing revealed that in some instances the individual oligonucleotides which made
up the TGC2[Xho] and TGT2 blocks had self annealed. A block composed of the
self-annealed TGC2[Xho] top (Waston) oligonucleotide can only be present if a self
annealed TGT2 bottom (Crick) oligonucleotide is also present. This is also true for the
other strands of the TGC2[Xho] and TGT2 blocks. This is because the direction of
the blocks following a self-annealed block are reversed (Figure 4.10).

Without a

second self-annealed block the construct would have the same capping block at each
end and would therefore fail to be cloned into the plasmid. This result indicates that it
is preferable to use TGC2 and TGT2 blocks which are non-palindromic, i.e. anneal to
form only one double-stranded product.

TGCCTCGAGGCACGTATAGGTGGCACAATATGCCACGCAGAATTC
GAGCTCCGTGCATAT C CAC CGT GT TATACGGT GC GTCTTAAGACG

< = 3
Figure 4.10. The first block (from the left) is composed of the self-annealed
TGC[Xho] top strand (shown in bold type). The next two blocks (TGT4 and
TGC3) shown in blue and red are in a reverse direction (this may also be
considered as up side down). The final block is composed of the self-annealed
TGT2 bottom strand (shown in bold type). The arrows depict the direction in
which these blocks would normally be transcribed.

Unlike the original TGC2 block, the TGC2[Xho] block was incorporated at
approximately the same frequency as the TGT2 block. The order of the blocks in the
five sequenced clones was as follows.
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12

TGC4, TGT[CC]5, TGT[CC]5, TGT[CC]5, TGT3, TGC6

20

TGC2[Xho], TGT5, TGC2[Xho], TGT[CC]5

25

TGC2[Xho]*, TGT4R, TGC3R, TGT2*, TGC2[Xho]

27

TGC2[Xho]*, TGT2*, TGC4, TGT5, TGC2[Xho]

33

TGC2[Xho]*, TGC4R, TGT2*, TGC3

* = self-annealed block

R = direction of block reversed

This experiment shows that the smallest size blocks can be successfully
incorporated. It does not however explain why the original TGC2 block failed to be
detected. In order to develop a hypothesis about why the original block failed, and
therefore improve future block designs, the sequences of the blocks were compared.
It was interesting to note that the successful blocks both contained G:C base pairs at
either end of the double-stranded section where as the unsuccessful block did not have
a G:C base pair at either end of this section:

TGC2

5'
3'

TGCGTGTAT
3'
CACATAACA 5'

TGT2

5'
3'

TGTGAATTC
3'
CTTAAGACG 5 '

TGC2[Xho]

5'
3'

TGCCTCGAG

3'
GAGCTCACA 5'

It was thought that this gave theTGT2 and TGCfXho] blocks an increased stability
compared to the TGC2.
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4.3.3 Third Investigative Ligation (excess o f small blocks, with redesigned TGC2)
The TGC2 block was redesigned to incorporate an Ear I restriction site. This site
was chosen as it is non-palindromic and therefore prevents self-annealing (Section
4.3.1).

Like the TGT2 and TGC[Xho] blocks, the new TGC[Ear] block (shown

below) contains a G:C pair at either end of the double-stranded region.

Ear I
TGC2[Ear]

5'
3'

tgcctcttc

GAGAAGACA

3'
5'

Of the 25 colonies screened by the PCR, 21 gave products within the expected size
range of 117 to 207 bp. Plasmid DNA was prepared from 5 of the colonies. The
inserted synthetic gene in these constructs was sequenced.

Colony numbers
1

TGC3 ............................................................................................................

3

TGC5, TGT4, TGC3, TGT[CC]5, TGT[CC]5, TGT[CC]5

10

+TGT3, TGC3, TGT[CC]5

16

TGC3, TGT4, TGC6, TGT5,

17

TGC6, TGT4, TGC6

TGC6

+ = frame shift mutation.

Construct 1 was a single TGC3 block flanked by the capping blocks. This should
have been removed during the gel purification. Construct 3 is also unusual in that it
contains three TGT[CC]5 blocks ligated together. This probably reflects imperfect
mixing prior to the addition of the ligase. Construct 10 starts with a TGT block and
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contains a frame shift mutation at the junction between this block and the N-Cap.
This construct should not have formed as it does not follow correct base pairing at the
junction of these two blocks. In this construct the first base of the TGT3 double
stranded region is missing and the first cysteine codon is a TGC codon. The initial
ligation product most probably contained miss-matched base pairs which would have
been removed by the bacteria following transformation.

This is presumably the

source of the frame shift mutation.
None of the sequenced constructs contained either the TGC2[Ear] or TGT2 blocks.
From the frequency of incorporation of TGT2 in the previous ligation (approximately
two TGT2 blocks in three constructs) it would be expected to find 3 TGT2 blocks
within the 5 sequences. As 5 sequences is a relatively small sample of the constructs
formed it is probable that the failure to detect this block was caused by the small
sample rather than a failure of the block to become incorporated. Subsequently the
screen products were digested with EcoR I to check for the presence of the TGT2
block. Three of the constructs each contained one TGT2 block.

4.3.4 Fourth Investigative Ligation
This ligation used a third design of the TGC2 block, containing a BsrB I site. Like
the TGC2[Xho] and TGC [Ear] block the new block TGC[Bsr] (shown below)
contains a G:C base pair at either end of the double-stranded section.

BsrB I
TGC2[Bsr]

5'
3'

3'
CTCGCCACA 5 '

tgcgagcgg

PCR screening was carried out on 20 colonies, 19 gave products within the expected
size range of 117 to 207 bp. The remaining construct was larger than expected. This

123

may have been formed by an irregular joining of two constructs during the ligation
with the plasmid. The screen products were restriction digested with BsrB I, to check
for the presence of the TGC2[Bsr] block. Four colonies were found to each contain a
single BsrB I site. This suggests a frequency of incorporation which is slightly less
than previously observed for the TGT2 block, however it does demonstrate that the
block can become incorporated. Plasmid DNA was prepared and sequenced from two
of the colonies containing constructs with BsrB I sites. The order of the blocks in
these constructs is shown below. Both were confirmed as containing the TGC[Bsr]
block.
TGC6, TGT[CC]5, TGT2, TGC2[Bsr]
TGC6, TGT4, TGC2[Bsr]

4.3.5 Plasmid Construction
pPEP
Following digestion, blunt ending and religation of pYX-131, plasmid DNA was
prepared from 10 colonies. Digestion of the plasmids with EcoR I, Nru I and Nhe I
resulted in the release of a fragment of ~100bp from nine colonies (consistent with the
size of the multiple cloning site (MCS)). The remaining fragment released a fragment
of ~900bp (consistent with the MCS and 786promoter joined together).
Following ligation of the ADHl(P)/MFaprepro construct into this plasmid, 10
colonies were screened by the PCR. Nine showed bands of the correct size to indicate
the presence of the insert. Following the ligation of the MF(T) fragment with this
plasmid 15 colonies were screened by the PCR. Four showed bands of the correct
size for inclusion of the insert.
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DNA sequencing was then carried out using three primers. The combined sequences
covered all of the inserted yeast sequences.

The sequences were in complete

agreement with the sequences held in the S. cerevisiae genome database.

pPEP2
Following the initial ligation of the pYX243 fragment with the pY X l31-derived
fragment plasmid DNA was prepared from two transformants. Both of the resulting
plasmids appeared to be of a small size as determined by electrophoresis. Digestion
of the plasmids with Ear I and ApaL I gave products which were in agreement
with
the fragment sizes expected for the digestion of the 2p-containing fragment from
pYX243 (Figure 4.11). It was therefore determined that the 2p-containing fragment
had circularised into a plasmid form.
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A

M 1 2

M 1 2

c

2818bp
1288bp

1246bp

Figure 4.11. Products of the digestion of 2p,-containing plasmid. A. Ear I
digest, run on 1% gel. B. ApaL I digest, run on 1% gel. C. Bands expected for
digestion of a circularised 2p fragment. The extra band in the Ear I digest is
consistent with incomplete digestion.

Lanes one and two contain digested

samples from minipreps 1 and 2 respectively. The marker lane (M) contains
lkb DNA ladder marker (Gibco).

Following the second ligation (preceded by the dephosphorylation of the pYX243
derived fragment) plasmid DNA was prepared from 6 transformants.

Two of the

plasmids gave the desired restriction pattern when digested with Ear I. Of the other 4
plasmids, 3 gave products indicating that the 2\i fragment was orientated in the
opposite direction.
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Following sub-cloning of the ADH1(P), MFaprepro and MFa(T) region from the
pPEP plasmid, DNA from 5 transformants was digested with Ear I, EcoR I with Hind
III, and Xho I with Nhe I. All of the plasmids gave the same pattern for Ear I digest
which was consistent with the presence of the 2p origin. There was therefore no
contamination with the CEN/ARS origin from pPEP. The double digests confirmed
the presence of the sub-cloned fragment. Since the DNA had not been amplified by
any further PCRs the insert was not sequenced.

4.3.6 Optimisation o f Bacterial Transformation
The transformation efficiencies of cells prepared by the standard protocol (Chapter
2, Section 2.6), modified protocol (Section 4.2.14) and purchased from Invitrogen are
shown below.

The number of transformants from the transformation into cells

prepared by the modified protocol or by Invitrogen was such that the number could
not be accurately counted for those plated without dilution.
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Cells

DNA

Number of

Number of

Efficiency/

Efficiency/

Preparation

Present

Colonies

Colonies

Transformant

Transformants

Method

In

lOx dilution

No Dilution

s p g '1 pPEP2

mol-1 pPEP2

Standard

Water

79

640

5.2 x 106

2.644 x 1019

Modified

Water

632

-

4.5 x 107

2.288 x 1020

Invitrogen

Water

1500

-

1.1 x 108

5.593 x 1020

Modified

Ligation

8

100

7.2 x 105

3.661 x 1018

Buffer

Table 4.2.

Summary of the results from the bacterial transformation

optimisation experiments.

The standard preparation method is described in

Chapter 2, Section 2.7.2. The modified protocol uses filter sterilised glycerol
and double washed glass wear, described in Section 4.2.15. Where

is shown

this indicates there were too many colonies to count.

The Invitrogen cells are reported to give an efficiency of greater than lx 109
transformants per pg of pUC18 by the manufacturer (~1021 transformants per mol).
The experiment described above produced an efficiency of ~6 x 1020 transformants
per mol of pPEP2 (the transformation efficiencies should be compared in
transformants per number of plasmid molecules rather than amount of DNA as the
plasmids are different sizes).

However as reported by Dower et al., (1988)

transformation efficiency decreases with increasing plasmid size.

The pUC18

plasmid is 2690bp compared to the much larger pPEP2 plasmid which is 7690bp.
The increased plasmid size most probably accounts for difference in transformation
efficiency.
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As can be seen from the above table the use of double-washed glassware and filter
sterilised glycerol did cause a large increase in the transformation efficiency as
reported by Zabarovsky et al., (1990). Resuspension of the DNA in lx Ligase buffer
(simulated ligation mixture) caused the efficiency to be reduced by approximately 60fold. An attempt was made to remove the salt by alcohol precipitation, but this failed
(most probably due to disruption of the pellet). However, it was reported by Jacobs et
al., (1990) that ethanol precipitation had no effect on the transformation efficiency,
and for this reason the experiment was not repeated.

4.3.7 Cloning o f the Constructed Genes
It was decided that the low copy number pPEP vector would be used for cloning of
the constructed genes. It has been reported that the MFaprepro signal sequence is not
always completely removed form peptides/proteins which are secreted from yeast
using this sequence (Ramanos et al., 1992). It is desirable to have complete removal
of this sequence from the expressed constructs in order to avoid expressing a mixture
of products. In such a mixture not all of the peptides may be active and the mixture
would need to be separated in order to determine which was the active ligand. It was
reasoned that due to the limited number of processing enzymes complete removal of
the signal sequence was more likely to occur if the constructs were less highly
expressed. For this reason the pPEP vector was used in preference to the multicopy
pPEP2 vector.
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4.3.8 Construction 1

The first full construction produced a total of 1148 transformants. PCR screening
was carried out on 20 transformants. Of these 18 were within the expected size range,
one was too large, and one too small, this was considered an acceptable proportion of
correctly sized constructs.

Plasmid DNA was prepared, and sequenced, from 5

positive colonies.

1

TGC4, TGT1 [CC], TGT5, TGC5, TGT1 [CC]

2

TGC4, TGT5, TGC3, TGT2, TGC[CC]5, TGC2[Bsr]

3

TGC2[Bsr], TGT5, TGC[CC]4*, TGC2[Ear]

4

TGC2[Bsr], TGT5, TGC2[Bsr], TGT2, TGC4+

5

TGC2[Bsr], TGT4, TGC3, TGT6, TGC5
* = Frame Shift Mutation

+ = Substitution

The third sequence contained a frame shift mutation in the TGC[CC]4 block in
which the G:C base pair at the seventh position in the block had been removed. The
fourth sequence also contained a mutation, this time a substitution. The first thymine
base of the final cysteine codon in this construct was mutated to an adenine. These
mutations most probably arose due to a mistake during the processing of the
constructs in which the 3% gel used to separate the constructs was exposed to UV
light for an extended period during visualisation of the samples.
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4.3.9 Construction 2
The second full construction produced only 399 transformants. Of these 15 were
screened by the PCR. Only three produced positive results. This inferred that there
had been a problem with this construction. During previous experiments it has been
found that the ligase used to polymerise the blocks is very susceptible to damage due
to warming, this is one possible reason why the construction had failed.

This

construction was not processed any further

4.3.10 Constructions 3 and 4
The initial transformation of the third and fourth constructions produced the
following numbers of transformants: 3L 529, 3U 1205, 4L 38, 4U 1891. The PCR
screen of 10 colonies from each transformation showed that all but one contained
constructs within the desired size range. Surprisingly there was considerable overlap
between the upper and lower constructs. This may have occurred due to interactions
between DNA molecules during the gel separation, therefore preventing proper size
resolution. A similar observation was reported by Kenzelmann et al., (1999) while
separating polymerised DNA fragments by electrophoresis. Sequences were obtained
from two 3L and three 4U transformants. One of the sequences from the 3L group
showed that the construct consisted of the N-CAP2 in the reversed direction which
had been joined to the TGT5[CC] block. The sequence at the junction showed that
one base had been lost from the end of the N-CAP and that the TGT block had lost the
TGT overhang.
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Colony Number
3L

3

N-CAP2R, TGT5[CC]

3L

20

TGC5, TGT[CC]2

4U

31

TGC3, TGT5, TGC5

4U

32

TGC3, TGT3[CC], TGT3, TGC4, TGT1[CC]

4U

33

TGC6, TGT6, TGC[CC]5, TGC5

R = direction of block reversed

DNA sequence of construct number 3
AAGCTTCAGCCTCTCTTTTATATAGTTAATTCGGGCTGC

N-CAP2r

TGT[CC]5

Constructs 3L and 4U were then transformed into cells purchased from Invitrogen.
The numbers of transformants are shown below.

3L, 38000, 12500*
4U, 46000, 56000, 61000, 60000, 26000*, 33000*, 32000*,
* indicates that the transformation was carried out using 0.2cm cuvettes rather than
0.1cm. The total number of transformants was 314000.

4.3.11 Construction 5, Cloning o f the TGC Blocks
Following transformation 20 colonies were picked and screened by the PCR. Of
these 18 produced bands of the correct size to indicate the presence of a single block
ligated between the capping blocks. The remaining two colonies produced bands
corresponding to the multiple cloning site of the vector. The screen products from 4
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colonies which appeared to be of different sizes on the initial gel were re-run next to
one another on a fresh 3% agarose gel. This again appeared to show the bands as all
being of different sizes (Figure 4.12). DNA sequencing of plasmid DNA prepared
from these colonies confirmed that the plasmids were all different, and covered 4 of
the 5 TGC blocks included in the construction.

The missing block was the

TGC2[Bsr] block. Of the original screened colonies there were no colonies which
appeared to be of the correct size for this block. It was decided that for simplicity this
block would be cloned separately.

M 1 2 34 M

200bp
150bp
lOObp
50bp_

Figure 4.12. Screen products from 4 E. coli colonies which appeared to be of
different sizes in the initial screen, run on a 3% agarose gel.

The blocks

contained in these constructs were lane 1: TGC4, lane 2: TGC5, lane 3: TGC6
and lane 4: TGC3.

Marker lanes contain 50bp DNA ladder markers from

Gibco.
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4.3.12 Cloning o f TGC2[Bsr]

Following transformation into E. coli 10 colonies were screened by the PCR. Of
these 9 produced bands consistent with the presence of the desired construct. The
remaining colony produced a band consistent with the size of the multiple cloning
site. One of the colonies was picked into liquid culture from which plasmid DNA was
prepared using the SNAP kit. The insert in this plasmid was sequenced using primer
MF/ADH(F). This confirmed that the plasmid contained the desired construct. The
TGC2[Ear] block was not cloned in this construction as it had been previously cloned
during a multiple block ligation carried out in our laboratory.

4.4 Conclusion
It was demonstrated that double-stranded DNA blocks with only 6bp double
stranded regions could be successfully ligated together. It is probable that the failure
of the original TGC2 block was due to its low G:C content, and the arrangement of
the G:C base pairs within the block
The library construction showed that the blocks could be arranged in a random
fashion and that by the use of electroporation a large library could be generated. The
final library contained -3.2 x 105 constructs. The number of constructs which could
theoretically be formed in these constructions has been calculated to be in the region
of 107.

The number transformants actually generated was reduced from this

potentially large number due to the reduction in the electroporation efficiency caused
by transforming the DNA directly from ligation mixtures.
As it has been reported that alcohol precipitation of DNA does not remove enough
salt from ligations to increase their transformation efficiency an alternative method
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would need to be found to increase the transformation efficiency. The library size
could have been increased by simply repeating the transformations. However, as the
transformation efficiency of yeast (105 to 106 transformants per pg) is significantly
lower than E. coli (108 to 1010 transformants per pg) the library size achieved is more
than adequate for the number of constructs that can be reasonably transformed into
yeast.
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5.0 The Autocrine Selection System

5.1 Introduction
The principle of autocrine selection is that individual cells each produce a single
unique peptide from a library which potentially acts on the cell to produce a detectable
change. The principle of the autocrine systems is shown schematically below (Figure
5.1). Individual yeast strains have been constructed which will respond by growth to
the presence of agonists and antagonists (Chapter 3).

The library which will be

screened has also been constructed (Chapter 4).

Agonist

CMD>
Receptor

Receptor

Agonist

Antagonist

H1S3

Plasmid with
Synthetic
Peptide Gene

Plasmid with
Synthetic
Peptide Gene

Figure 5.1. Schematic representation o f the mechanisms of autocrine selection
for A) agonists and B) antagonists. The arrows above the HISS and synthetic
peptides genes represent transcription o f these genes.

Screening will be carried out to find agonists and antagonists of the native yeast Ste2
receptor. This is intended as a proof of principle experiment to show that the library

136

contains genes which encode active ligands for a G protein-coupled receptor. Before
screening can begin, a number of control experiments need to be carried out.
The first objective was to show that the pPEP and pPEP2 plasmids (Chapter 4
Section 4.2.9) can be used to secrete functional a-factor. This shows that the plasmids
are working as intended. As a-factor is a known agonist of the STE2 receptor, the
plasmids will be transformed into the agonist strain. The strain will then be tested for
the ability to grow on aminotriazole containing SC-His medium. This will show that
the autocrine agonist screening system works.
No equivalent controls were carried out with the antagonist strain. However, the
agonist test will have proved that the pPEP plasmids are functional and it has been
shown that MRY9 does stall in response to agonists (Chapter 3).

The minimum

amount o f a-factor needed to inhibit growth must also be determined prior to
beginning the antagonist screening process.

This is important since the antagonist

should only have to compete with the minimum amount of agonist (a-factor) for a
sensitive assay.

5.1.1 The Selection Process
Agonists
The first step in the screening process is to select colonies which can grow on SC-His
medium containing aminotriazole. Controls are then needed to check that the His+
phenotype is due to the binding of a peptide to the receptor, and not due to reversion
of the His" phenotype or constitutive activation of the pathway.
The first control is to carry out a paracrine assay. The His+ colony is patched on top
of a SC-His/ammotriazole plate containing the agonist screening strain (MRY6
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[FY833 barlA sst2A farlA::LEU2 fusl::HIS3]) embedded in the agar. If the His+
phenotype was due to the action of a secreted product then the embedded cells around
the patch will grow.

The aim of the next controls is to check that the activity is

dependent on both the receptor and the plasmid.
Receptor dependence can be verified by carrying out a paracrine assay in which the
embedded cells are of strain MRY11, which does not contain the receptor. If these
cells also show a growth response then the secreted product is acting on a cellular
component other than the receptor.
To check for plasmid dependence, the plasmid is first recovered from the original
colony by DNA preparation, and then transformed into E. coli, so that good quality,
highly concentrated plasmid can be prepared. This is then transformed into a fresh
sample o f the agonist screening strain. The recovered plasmid should confer a His+
phenotype on the yeast transformants.
If all of these tests are positive then the constructed gene is very likely to encode a
peptide agonist; The first step in characterisation of the agonist is to sequence the
peptide gene encoded by the recovered plasmid.

Subsequent characterisation steps

would first require the actual peptide to be purified.

Antagonists
The initial step in the antagonist screen is to plate the cells on media containing the
minimum amount of a-factor necessary to cause the growth of MRY9 cells to stall.
As for the agonists, control tests then need to be carried out to check that the colony
contains a true antagonist.
In order to test whether growth in the presence of a-factor is due to the production
o f a secreted product, a paracrine assay can be carried out. The colony to be tested is
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patched onto a plate containing a-factor and embedded cells of the antagonist
screening strain (MRY9, [FY833 barlA sst2i1]). As for the agonist paracrine assay, if
the secreted product is active then the embedded cells around the patch will respond by
growth.
It is not possible to test for receptor dependence as the antagonist assay works by
deactivating the pathway and the receptor is necessary for activation of the pathway.
It is, however, possible to test for plasmid dependence by recovery and retransformation of the plasmid.
A final test is to check whether the construct is a pure antagonist or has some agonist
character.

5.2 M ethods and M aterials
5.2.1 Cloning the a-factor Gene
A fragment of the M F a l gene including the coding region (including pre:pro region)
and the terminator region (300bp downstream of the stop codon), was amplified by the
PCR with primers MF/ADH1(F) and MFT(BN) from genomic DNA extracted from
strain MRY5. The reaction used the following thermal cycle; 94°C 2min, [94°C, 15s;
45°C, 30s; 72°C, 45s] x 10; [94°C, 15s; 45°C, 30s; 72°C, 45s + 20s per cycle] x 15;
72°C, 5min. The product of this reaction was then purified using the Wizard PCR
Preps kit. The ADH1 promoter was amplified by the PCR with primers ADH1(FE)
and ADH1(B) from genomic DNA extracted from strain MRY1. The reaction used
the following thermal cycle; 94°C 2min, [94°C, 15s; 45°C, 30s; 72°C, 45s] x 10;
[94°C, 15s; 45°C, 30s; 72°C, 45s + 20s per cycle] x 15; 72°C, 5min.

The PCR

products were purified on a 1.5% LMP gel, the DNA being recovered by p-agarase
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digestion.

The two fragments were then joined in an SOE reaction using primers

ADH1(FE) and MFT(BN). The reaction used the following thermal cycle; 94°C 2min,
[94°C, 15s; 45°C, 30s; 72°C, lmin] x 10; [94°C, 15s; 45°C, 30s; 72°C, lmin + 20s per
cycle] x 10; 72°C, 5min. The SOE product was then purified using the Wizard PCR
Preps kit. The purified product was then restriction digested with enzymes EcoR I and
Nhe I. The cut product was again purified with the Wizard PCR Preps kit. The cut
construct was ligated into the promoterless plasmid pYX2p (Section 4.2.9), which had
been digested with the same enzymes. The plasmid was transformed into E. coli by
heat shock treatment. Three colonies were picked and plasmid DNA was prepared
using the SNAP kit.
PCR screening was not carried out as no suitable primers were immediately available.
The plasmids were digested with Hind III in order to confirm the presence of the
insert.

The insert of one plasmid was then sequenced using primers ADH1(B),

pPEP(SF), pPEP(SB) and MFT(BN). The compilation of these sequences covered the
entire PCR-derived fragment. The resulting plasmid was named pPEPa.
Plasmids pYX131A786 (Section 4.2.9) and pPEPa were then digested with enzymes
EcoR I and Nhe I.

The cut pYX131A786 plasmid and the sequenced insert from

pPEPa were then purified on a 1% LMP agarose gel, the plasmid and insert being
recovered using the Wizard DNA Clean-Up and PCR Preps kits respectively.

The

insert was ligated into the pYX131A786 plasmid and transformed into E. coli by the
heat shock method. Plasmid DNA was prepared from 3 transformants using the SNAP
kit. The plasmids were then digested using restriction enzymes Hind III and Ear I.
The new plasmid was named pPEPa2.

The construction of these two plasmids is

shown schematically in Figure 5.2.
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Figure 5.2. Schematic representation of the construction o f plasmids pPEPa
and pPEPa2.

A second pair of a-factor secreting plasmids were then constructed by insertion of
single copies of the a-factor encoding sequence into pPEP and subsequent sub-cloning
into pYX2|i.

Oligos alphatop and alphabottom were 5'-phosphorylated separately

using PNK (NEB). The reaction mixtures contained 150pmol o f the oligo and 10U of
T4 Polynucleotide Kinase (NEB) made up to 50pl in ligase buffer. The reaction was
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incubated at 37°C for lhr, before heat inactivation at 65°C for 20 minutes. Each oligo
(7.5pmol) was then mixed and annealed by freeze drying (carried out using the method
described in Section 4.2.4).
The annealed oligos were then ligated into plasmid pPEP, which had been digested
with enzymes Hind III, Xho I and Sal I. The plasmid was transformed into E. coli by
the heat shock method. Plasmid DNA was prepared from 3 transformants using the
SNAP kit. Presence o f the insert was confirmed by double digestion with Hind III and
Nhe I. The insert was then sequenced with primer MF/ADH(F). The finished plasmid
was named pPEPaS.
A multiple copy version of pPEPaS was then constructed, by sub-cloning the EcoR I,
Nhe I fragment from pPEPaS into pYX2p.

The sub-cloning was carried out as

described above for the construction of pPEPa2.

The finished plasmid was named

pPEPaS2. The construction of pPEPaS and pPEPaS2 are shown schematically in
Figure. 5.3.
The properties of the four a-factor gene containing plasmids are summarised in table
5.1. Plasmid maps o f the plasmids are shown in Figure 5.4.
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Schematic representation of the construction of pPEPaS and
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Plasmid

Yeast Origin

Number of a-factor

of Replication

Coding Sequences

pPEPa
PPEPa2
pPEPaS
PPEPaS2

4
4
1
1

2n
CEN/ARS
CEN/ARS
2p

Table 5.1. Summary of the a-factor gene containing plasmids constructed.
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Figure 5.4. Plasmid maps of the four a-factor encoding plasmids created (not to
scale).

5.2.2 Test o f A utocrine and Paracrine Assays fo r Agonists
The 4 a-factor plasmids and the empty pPEP and pPEP2 plasmids were all
transformed into strain MRY6. The presence of each plasmid was confirmed by PCR
screening with primers pPEP(SF) and pPEP(SBl).

The reaction used the following
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thermal cycle; 94°C 2min, [94°C, 30s; 45°C, lmin; 72°C, lmin] x 30; 72°C, 5min.
The PCR was carried out directly on yeast cells which were pre-treated by
microwaving (Chapter 2, Section 2.1).
Each strain was grown overnight in 5ml of SC-Trp medium. The cell density was
determined by counting using a haemocytometer (Chapter 2, Section 2.6). The cells
were diluted 10,000x in water and 20fil of each cell suspension was spread on 4.5cm
diameter SD plates supplemented with Lys and Ura and the same plates containing
5mM aminotriazole. The plates were then incubated at 30°C for 6 days.
Paracrine assays were carried out by patching each strain on top of an SD plate
supplemented with His, Leu, Lys, Trp, and Ura, and containing embedded MRY9 cells
(lxlO 4 cells/ml, embedded as described in Chapter 3, Section 3.2.7). The paracrine
assay plates were incubated at 30°C for 3 days.

5.2.3 Preparation o f the Mini-Library In Yeast
The mini-library prepared from construction 1 (Chapter 4, Section 4.2.17) was
transformed into strains MRY6 and MRY9 by electroporation.

The MRY9

transformants were plated onto five 9cm diameter SC-Trp plates (200pl of cells per
plate) supplemented with 1M sorbitol.

The MRY6 transformants were plated onto

three 9cm diameter and one 14cm diameter SC-Trp plates (200 and 400p.l of cells per
plate respectively) supplemented with 1M sorbitol. The colonies from the 9cm plates
were preserved by replica plating onto fresh SC-Trp plates which were grown
overnight at 30°C.
The colonies from the replica plates (with the exception of the 14cm diameter plate,
in which the master plate was used) were resuspended in SC-Trp liquid medium. The
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resuspension was carried out by adding 0.5ml (1ml for the 14cm plate) of liquid
medium to the surface of each plate. The colonies were then scraped off the surface of
the plate using a sterile spreader. The plate was tilted and the liquid was removed from
the plate using a Gilson p i000 pipetteman.

The plates were washed by adding a

further 0.5ml (1ml for the 14cm plate) of medium and repeating the resuspension. The
resuspended transformants from each original transformation were combined and the
volume adjusted to 5ml. Subsequently, 1.25ml of 80% glycerol was added and the
suspension was thoroughly mixed by vortexing. The transformants were then stored at
-70°C.

5.2.4 Attempted Selection o f Agonists from the Mini-Library
From the glycerol stock of MRY6 containing the mini-library, lOOOx and lOOOOx
dilutions were prepared.

Each dilution (100pl) was spread on a SD plate

supplemented with Ura, Lys, and on an identical plate containing 5mM aminotriazole.
Following incubation at 30°C for 3 days, Colonies which grew oh the aminotriazdle
media were picked into 1ml of SC-Trp liquid medium and grown overnight at 30°C.
The liquid cultures were then spotted onto the surface of a SC-Trp plate (lOpl of
culture per spot, 12 spots per plate). These were then grown for 2 days at 30°C.
A paracrine assay was then carried out by replica plating the spotted colonies onto
SD plates supplemented with Leu, Lys, Trp, Ura, and containing 5mM aminotriazole
and embedded MRY6 cells (1 x 104 cells/ml). The replicas were then incubated at
30°C for 3 days.

The paracrine assay was then repeated by patching each colony

directly onto SC-His plates containing 20mM aminotriazole with embedded MRY6
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cells (1 x 104 cells/ml) and identical plates containing the STE2 deleted strain MRY11
(lx l0 4 cells/ml). The plates were incubated at 30°C for 2 days.
The colonies were each picked into 5ml of SC-Trp liquid medium and were grown
overnight at 30°C. Plasmid DNA was then released from the yeast cells grown in the
liquid culture. The plasmid was prepared by following the cell lysis method described
in the DNA preparation protocol in Chapter 2 Section 2.11. The released nucleic acids
were not treated with RNase, but instead were purified using the Wizard DNA CleanUp kit.
The released plasmids were screened by the PCR using primers pPEP(SF) and
pPEP(SBl).

The products of the PCR screen were then separately digested with

EcoR I, Ear I and BsrB I. The digestions were carried out by dividing the screen
products and adding the restriction enzymes directly to the products in the PCR
mixture (restriction enzymes that can be used in this way are listed in the New England
Biolabs catalogue, 1998/99 edition).

The PCR products and the digests were

visualised on 3% agarose gels (it should be noted that this modified method did not
produce such clear results as when the alcohol precipitation step was included).
Plasmids extracted from 14 yeast colonies were transformed into E. coli by
electroporation. For each transformation two colonies were PCR screened. Plasmid
DNA was prepared from one positive colony per transformation using the SNAP kit.
This was then used for transformation into the agonist strain (MRY6) and for DNA
sequencing with primer MF/ADH(F).
In order to verify that transformation of MRY6 with the recovered plasmids
conferred a His+ phenotype, the following assay was used.
After re-transformation of the isolated plasmids, more than 20 of the colonies were
scraped from the surface of the transformation plate and were combined by
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resuspension in 0.2ml of water. The cell suspensions were diluted lOOx, before plating
20pl aliquots on 4.5cm diameter SC-His-Trp plates and identical plates containing
20mM aminotriazole (to check for His+ phenotype).

Strains MRY6[pPEPaS] and

MRY6[pPEP] were both plated in the same way to act as positive and negative
controls respectively.

5.2.5 Attempted Selection o f Antagonists from the Mini-Library
Dilutions o f lOOOx and lOOOOx were made from the glycerol stock prepared from the
transformation o f the mini-library into MRY9.

Each dilution (150pl containing

approximately 104 and 103 cells) was spread onto 9cm diameter SD plates
supplemented with His, Leu, Lys, Trp, Ura and lpM a-factor.

The colonies were

picked into 1ml o f SC-Trp medium and grown overnight at 30°C.

10ml of each

culture was spotted onto the surface of a SC-Trp plate and grown at 30°C.
Cell free supernatants from these cultures were prepared by filtration through 0.22pm
single use sterile filters. A SD plate supplemented with His, Leu, Lys, Trp, Ura and
lpM a-factor and embedded MRY9 cells (lxlO 4 cells/ml) was prepared. The surface
of this plate was spotted with 20pl spots of each cell free supernatant and 20pl of fresh
medium as a control. Once the applied spots had dried, the plates were inverted and
incubated at 30°C.
A second true paracrine assay was then carried out. The colonies were patched onto
the surface o f a SD plate supplemented with His, Leu, Lys, Trp and Ura containing
lpM a-factor and embedded MRY9 cells (lx l0 4 cells/ml) and the plate incubated at
30°C.
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5.2.6 Maximising Yeast Transformation Efficiency
It was reported by Becker et al., (1991) that growth phase has a major effect on the
transformation efficiency of yeast. For this reason, as a first step towards maximising
the transformation efficiency of MRY6 and MRY9 and therefore creating the largest
library possible, growth curves for both strains were recorded. Growth curves were
measured by inoculating 20ml of YPD in a 100ml conical flask to a cells density of
~2xl06 cells/ml, with cells from a fresh overnight culture.

The cells density was

measured indirectly by recording the absorbance of the culture at 600nm. Readings
were taken on inoculation and at times of 2, 4, 6, 9, 11 and 24 hours after inoculation.
Test transformations were carried out with strain MRY9 and plasmid pPEP. Four
separate batches of cells were prepared as described in Chapter 2, Section 2.8, with the
exception of the A^0o t0 which the cells were grown. The four batches of cells were
grown to A^qo of 0.76, 1.25, 1.40, and 1.56. Cells were transformed with 1.5xl0"14
mol (0.06pg) of pPEP in a volume of lpl of water. The concentration of the plasmid
was determined by measuring the absorbance at 260nm. For each transformation, two
SC-Trp plates supplemented with 1M sorbitol were each spread with lOOpl of cells.
A second set of test transformations was carried out with strain MRY9 and plasmid
pPEP.

For these transformations, a single culture was grown to an absorbance at

600nm of 1.44.

The cell preparation was carried out as described in Chapter 2,

Section 2.8, with the exception of the final resuspension.

The cells were initially

resuspended in the residual 1M sorbitol left from the final wash step. The cell pellet
had a total volume of ~200|il. The following volumes of cells were dispensed into pre
chilled Eppendorf tubes: 32pl, 26pl, and 20pl. Each cell suspension was then made up
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to 40pl with ice-cold 1M sorbitol. The cells were then used for transformation as
described previously.
Finally a modified protocol, recommended by Invitrogen in the information book
supplied with their pYES2 yeast shuttle vector, was tested. The protocol includes an
additional step ir which the cells are treated with dithiothreitol (DTT). Following the
initial collection o f the cells, they were resuspended in 10ml of fresh YPD. 200pl of
1M HEPES buffer (pH 8.0) and 250pl of 1M DTT were then added. The cells were
incubated at 30°C with gentle shaking (150rpm on a rotary platform) for 15 minutes.
The cells were then diluted to 50ml with ice cold water and again collected by
centrifugation. The wash steps were carried out as in the standard protocol. The final
resuspension was in 150pl of 1M sorbitol.

5.2.7 Transformation o f the Full Library Into Yeast
Strains MRY6 and MRY9 were transformed with the full library by the Invitrogen
modified protocol that includes DTT treatment of the cells. For each transformation,
the cells were divided in two and each half plated on a 14cm SC-Trp plate
supplemented with 1M sorbitol.
Initially, five transformations into MRY6 were carried out. The transformations used
the following amounts of plasmid DNA; 0.5pl (0.17pg), 3x lpl (0.33pg), and 1.5pl
(0.50pg). One transformation plate (from the transformation carried out with 1.5pl of
DNA) was replica-plated onto a SC-His-Trp plate supplemented with 20mM
aminotriazole. The colonies from the master plate were then resuspended to a final
volume of 1ml in SC-Trp liquid medium and turned into a glycerol stock by the
addition of 0.25ml o f 80% glycerol as previously described (Section 5.2.3).
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A further five transformations into MRY6 and five into MRY9 were then carried out.
Each strain was transformed with varying amounts of DNA; three transformations
were carried out with 1.5pl (0.50pg), one used 2.0pl (0.66j4g), and one used 3.0|il
(0.99pg). Five of the MRY6 transformation plates and one MRY9 transformation
plate were turned into glycerol stocks as described above.

5.2.8 Selection o f Agonists from the Main Library
Dilutions of lOOOx and lOOOOx were made from the MRY6 library glycerol stock,
prepared from the first transformation. Each dilution (500|il) was spread on a 14cm
SC-His-Trp plate containing 20mM aminotriazole. The plates were incubated at room
temperature (day-time temperature 24°C).

Colonies which were surrounded by

satellite colonies were picked and re-streaked onto SC-Trp plates to ensure colony
purity.

Paracrine assays were then carried out using strains MRY6 and MRY11

embedded in SC-His medium containing 20mM aminotriazole.
Plasmid DNA was extracted from 18 positive colonies.

PCR screening of the

extracted plasmids was carried out using primers pPEP(SF) and pPEP(SBl). Plasmid
DNA from 4 colonies was transformed into E. coli by electroporation. PCR screening
was carried out cn 2 colonies per transformation. Plasmid DNA from one colony per
transformation was prepared using the SNAP kit.

The insert in each plasmid was

sequenced using primer MF/ADH(F). Plasmid DNA was re-transformed into strain
MRY6. The growth o f transformants on SC-His-Trp agar containing aminotriazole
was then tested as previously described (Section 5.2.4).
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5.2.9 Selection o f Antagonists from the Main Library
Dilutions of lOOx, lOOOx and lOOOOx were prepared from the glycerol stock of
MRY9 containing the library. Three 14cm diameter SC-Trp plates containing l.OfxM
a-facto r were prepared. Each dilution (500jil) was spread onto one of the a-factor
containing plates and incubated at room temperature.

Initially, 11 colonies were

picked and re-streaked onto SC-Trp plates. The re-streaked colonies were then used
in paracrine assays. These were carried out by patching the colonies onto SD medium
supplemented with His, Leu, Lys, Trp, Ura and lpM a-factor and containing
embedded MRY9 cells (lxlO4 cells/ml). The paracrine assay plate was incubated at
30°C.
In order to improve the sensitivity of the assay, the minimum amount of a-factor
needed to prevent the growth of MRY9 was determined. SC and SD + His, Leu, Lys,
Trp, Ura, plates (4.5cm diameter) were prepared containing a-factor at concentrations
of OM, lOOpM, InM, lOnM, lOOnM and lpM. Cells from a fresh overnight culture of
MRY9 were diluted lOOOx with water and 20pl of the dilution was spread on each
plate. The plates were then incubated at room temperature for 1 week.
SC-Trp and SD + His, Leu, Lys and Ura assay plates (14cm diameter) were prepared
containing a-factor concentrations of InM and lOnM. Each plate was spread with
500jj1 of a lOOOx dilution of the MRY9 library glycerol stock. The plates were then
incubated at room temperature (day-time temperature ~24°C). Four 14cm diameter
SD +, His, Leu, Lys and Ura paracrine assay plates were prepared containing lOnM
a-factor and embedded MRY9 cells (lx l 04 cells/ml). From each of the four assay
plates 48 colonies were selected and re-spotted onto a paracrine assay plate.
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Three colonies which produced halos in the paracrine assay were re-streaked from the
paracrine assay plate onto SC-Trp plates. Plasmid DNA was extracted from the three
colonies as described previously (Section 5.2.4). The plasmid DNA was used as the
template for PCR screening using primers pPEP(SF) and pPEP(SBl). The products of
the PCR screen were separately digested with restriction enzymes BsrB I, Ear I and
EcoR I. Recovered plasmids from two of the yeast colonies were then transformed
into E. coli by electroporation. PCR screening of the E. coli transformants was then
carried out as in Section 5.2.4. Using the SNAP kit plasmid DNA was prepared from
one positive transformant per transformation. The inserts from the two re-transformed
plasmids were then sequenced using primer MF/ADH(F).
The plasmids were transformed back into yeast strain MRY9. In order to verify that
transformation of MRY9 with the recovered plasmids conferred a pheromone resistant
phenotype, the following assay was used.
After re-transformation of the isolated plasmids, more than 20 of the colonies were
scraped from the surface o f the transformation plate and were combined by
resuspension in 0.2ml of water. The cell suspensions were diluted lOOx before plating
20|il aliquots on 4.5cm diameter SD +, His, Leu, Lys, Ura plates and identical plates
containing lOnM a-factor. Strain MRY9[pPEP] was also plated in the same way to
act as negative control.

5.3 Results
5.3.1 Cloning the a-factor Gene
DNA sequencing of the constructed ADH1(P) M F a l gene fusion in plasmid pPEPa
showed the assembled gene to be in complete agreement with the sequence in the S.
cerevisiae genome database (available on-line at http://genome-www.Stanford.edu).
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The M F a l gene contains 4 copies of the a-factor coding sequence. The purpose of
constructing this plasmid was to check that the pPEP plasmid was capable of
expressing a peptide gene and correctly targeting the peptide for secretion.

The

synthetic peptide genes are cloned as a single copy of the coding sequence. For this
reason, the pPEPaS plasmid was created containing only a single copy of the a-factor
coding region, to act as a more representative control. Also, pPEPaS more closely
resembles the finished synthetic gene-containing plasmids in that the coding region was
cloned into the plasmid utilising a natural Sal I site, and therefore does not contain the
full terminator region.

5.3.2 Test o f A utocrine and Paracrine A ctivation
Autocrine and paracrine assays were initially carried out with plasmids pPEPa,
pPEPa2 and pPEPaS.

The autocrine assay demonstrated that all of the plasmids

allowed strain MRY6 to grow on media without histidine, but containing a normally
prohibitive quantity of aminotriazole (Figure 5.5).
The paracrine assay showed that pPEPa produced the greatest amount of a-factor
and pPEPaS the least, as judged by the size of the halo produced in the paracrine assay
(Figure 5.6). The assays were subsequently repeated using strains with all 4 a-factor
plasmids.

The pPEPaS2 plasmid was also active in the autocrine assay.

In the

paracrine assay, the pPEPaS2-containing strain produced a halo of approximately
equal size to that produced by pPEPa2 (data not shown).
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triazole
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Figure 5.5. Growth of MRY6 containing the a-factor secreting plasmids, plates
were incubated for 6 days at 30°C. Top row (from left to right): MRY6[pPEPa],
MRY6[pPEPa2], MRY6[pPEPaS], MRY6[pPEP], and MRY6[pPEP2], plated
on SD + Lys , Ura plates.

Bottom row as top row except that each plate

contains 5mM aminotriazole.

A

pPEP
pPEPa
pPEP2

pPEPaS

Figure 5.6. Paracrine assays to check for secretion of a-factor. The patches are
MRY6 containing the appropriate plasmid as depicted in the Key (A). The plate
(B) [SD + His, Leu, Lys, Trp, Ura media] contains lxlO 4 embedded MRY9
cells/ml.
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5.3.3 Attempted Selection o f Agonists from the Mini-Library
Transformation of the library produced 1021 MRY6 and 449 MRY9 colonies.
Screening of the MRY6 transformants produced 21 colonies, one of which was
surrounded by satellite colonies. In the first paracrine assay, the selected colonies were
re-spotted at 12 colonies per plate and then replica-plated onto the assay plate. The
paracrine assay plate produced a complete lawn of cells. This could have resulted from
the colonies being too close together or from including insufficient aminotriazole in the
media.
In the second paracrine assay, each colony was patched onto the paracrine assay plate
(5 patches per plate). All of the colonies showed positive results for activation of
embedded MRY6 cells. An example of a paracrine assay is shown in Figure 5.7(B).
The other colonies selected produced equivalent results in this assay (data not shown),
indicating that the source of the activation is a secreted product. Paracrine assays were
also carried out by patching the colonies onto plates containing the receptorless strain
MRY11 (MRY6 Ste2A::kanMX4). None of the colonies were able to activate this
strain.

This indicates that activation is receptor dependent.

An example of the

paracrine assay on strain MRY11 is shown in Figure 5.7(C), the other colonies
selected produced equivalent results in this assay (data not shown).
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A

B

colony numbers from
which patches derive

c

Figure 5.7. Paracrine assay plates. A) Key showing the identity of the patches.
B) SC-His medium containing lxlO 4 embedded MRY6 cells/ml. C) SC-His
medium containing lxlO4 embedded M RY11 cells/ml. Plates were incubated at
30°C for 2 days.

Following the paracrine assay PCR screening was carried out and the products
of the screen were restriction digested. The approximate sizes of the screen
products and restriction fragments are shown below (Table 5.2).

DNA

sequencing was carried out on the inserts from plasmids extracted from colonies
1,2, 3,4, 5, 7, 8, 9, 11, 12, 14, 15, 17 and 18.
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Colony no.

1
2
3
4
5
6

7
8
9
10

11
12
13

14
15
16

17
18
19

20
21

Screen product

BsrB I fragments

EcoR I fragments

size/bp

size/bp

size/bp

150
130
160
150
160

50, 100

-

-

-

-

2x 80

2x 75

-

-

25, 125

-

-

25, 150

-

-

-

-

-

-

-

-

-

2x 75

-

-

-

-

170
130
160
160
150
150
140
175
175
175
150
175
175
175
140

75,
75,
75,
2x
75,
75,

100
100
100
75
100
100

-

-

75, 100

-

-

Group

U
U
U
B
U
U
U

u
D
D
U
B
C
A
A
A
B
A
A
U

c

Table 5.2. A number of the colonies appear to contain the same fragments and
can be grouped in this way as follows: A) 14, 15*, 16, 18, 19, (* see sequencing
results below) B) 4,12, 17, C) 13, 21, D) 9, 10. The remaining colonies appear
to be unique and are marked as U in the group column. Colony numbers shown
in bold type indicate constructs which were sequenced. Screening of colony 6
failed.
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Order of the blocks in the sequenced constructs.
1

TGC2[Bsr], TGT5, TGC5

2

TGT5, TGC[CC]2, TGC5

3

TGC3, TGT2, TGC[CC]3, TGC2, TGT4, TGC3*

4

TGC2[Bsr], TGT6, TGC6, TGT[CC]2

5

TGC3, TGT5, TGC2[Ear], TGT2, TGC4

7

TGC4, TGT4, TGC[CC]4, TGC4, TGT4, TGC2[Ear]

8

TGT5, TGC[CC]4, TGC2

9

TGC6, TGT4[CC], TGT6, TGC5

11

TGC6, TGT3, TGC[CC]3, TGC5

12

TGC2[Bsr], TGT2[CC], TGT4, TGC5

14, 18 TGC2[Bsr], TGT5, TGC6, TGT6[CC], TGT1[CC]
15

TGC2[Bsr], TGT5, TGC[CC]5, TGC5, TGT[CC]2

17

TGC2[Bsr], TGT3, TGC2[Bsr], TGT[CC]2, TGT5

20

TGT2, TGC[CC]2, TGC6, TGT6, TGC3, TGT[CC]2

* = Frame Shift

underlined blocks = undesirable construction
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The amino acid sequences of the sequenced constructs in single letter for format.
These sequences assume that the peptides will be correctly translated with removal of
the signal sequences.

1

CERCGPNGFCKQDSDC

2

CGPNGFCCFGCKQDSDC

3

CVAYCEFCCVNYCERCATYICVHIVNS TLFPLYF

4

CERCKQSGEMCPRIWMECCPGC

5

CVAYCGPNG FCL FCE FCAYNYC

7

CAYNYCAT YICCDAS GCAYNYCAT YI CL FC

8

CGPNG FCCDASGCLFC

9

CPRIWMECKDRLCCKQGEMCKQDSDC

11

CPRIWMECGETCCVNYCKQDS DC

12

CERCT PCCATYICKQDSDC

14, 18 CSRCGTNGFCPRIWMECSRPMYDCCSCC
15

CERCGPNGFCCSTKGECKQDSDCCPGC

17

CERCGETCERCCPGCGPNGFC

20

CGFCCFGCPRIWMECKQSGEMCVAYCCPGC

Agonist 15 was shown to be different from agonists 14 and 18, which were found to
be identical. These constructs were intially grouped together by restriction analysis.
The sequence o f agonist 3 showed that one base (one of the guanines at positions 3
or 4 o f the double stranded region o f the TGC3 block) had been deleted causing a
frame shift mutation.

The amino acid sequence for this construct assumes that
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translation will continue until the first in-frame stop codon in the terminator is reached.
Construct 14 (and 18) also contains mutations. The TGT5 block contains a C to A
mutation, which changes the proline codon to a threonine codon. The same block also
contains a silent mutation in the glycine codon. The cause of the mutations in these
constructs is not clear. Possible explanations are that the DNA was damaged either
during freeze drying or by UV light during processing of the constructs.

Constructs 2, 8 and 20 are also unusual in that they contain an uneven number of
cysteine codons. This type of construct should not be able to form as it contains the
C-Cap2 block, which has a 5'-TGC-3' overhang joined to a TGT block, which has a
3-ACG-5' underhang.

However, this type of inappropriate construction has been

observed previously (Palmer et al., 1998).

Construct 17 also contains an uneven

number of cysteine residues, in this case it is the N-Cap2 block which been joined to a
TGT block.
The chromatogram from the sequencing of construct 5 showed two over-laid
sequences. One o f the sequences was the same as that of construct 18. It is unlikely
that this reflects a yeast colony containing a pair of plasmids, as during plasmid
recovery the vast majority of individual E. coli would have been transformed with only
a single plasmid. It is therefore more likely that this arose due to either contamination
of the culture used in the plasmid miniprep, or contamination of the sequencing
reaction. During the PCR screening and digestion, the patterns observed for agonist 5
were not the same as those of agonist 18.

It is therefore probable that the

contaminating DNA was that of agonist 18.
Following re-transformation of the recovered plasmids, the transformed colonies
were all able to grow on medium lacking histidine but containing aminotriazole. This
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demonstrates that the ability to grow on this medium is a function of the plasmid,
rather than a property associated with the cell into which it was transformed.

5.3.4 Attempted Selection o f Antagonists from the Mini-Library
The antagonist screen produced 3 colonies. However, all were inactive in both of the
paracrine assays carried out and were therefore abandoned. It is most probable that
these colonies became pheromone resistant by another means, such as mutation of one
of the STE genes.

5.3.5 Maximising Yeast Transformation Efficiency
Growth Curves
For each strain tested (MRY6 and MRY9), the growth of two cultures was
determined by measuring the absorbance of the culture at 600nm (Table 5.3).
Time/h

MRY9 No.l

MRY9 No.2

MRY6 N o.l

MRY6 No.2

0
2
4
6
9
11
24

0.153
0.192
0.344
0.745
1.456
1.779
2.197

0.553
0.619
0.792
0.999
1.241
1.489
2.088

0.109
0.152
0.310
0.590
1.176
1.548
1.868

0.370
0.507
0.815
1.274
1.776
1.763
1.853

Table 5.3. Absorbance reading for yeast strains MRY6 and MRY9 grown in
YPD liquid medium.
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Figure 5.8. Growth curves for strains MRY6 and MRY9.

The MRY9 strain reaches a greater final A ^ q than MRY6. This does not necessarily
reflect a greater cell density as the correlation between absorbance and cell density is
strain dependent.
Effect o f Growth Phase on Transformation Efficiency
Four transformations were carried out on MRY9 cells grown to different cell
densities. The numbers of transformants obtained are shown below (Table 5.4). It is
assumed that all Trp+ colonies have been transformed with the plasmid.
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A^oo of cells

Transformants

Transformation efficiency /

Transformation efficiency /

culture

per plate

transformants per mol of

transformants per pg of

plasmid DNA

plasmid DNA

0.76
1.25
1.40
1.56
Table 5.4.

6.9xl03
40
2.7xl015
2.1xl03
12
8.0xl014
1.3xl015
3.3xl03
19
l.oxiO15
4.2xl03
24
Transformation efficiencies achieved with cultures at differing

growth phases.

From the work of Becker et al, (1991), it is expected that the maximum efficiency
will be achieved with cultures having an A^oo of between 1.3 and 1.5. As can be seen
above, the maximum efficiency was achieved at an A^oo of 0.76. The volume of cell
pellet in this preparation was considerably less than in the other three samples, which
were all similar. As all of the cell preparations used the same amount of 1M sorbitol
for the final resuspension, the final cell density would have been least for the first
transformation.
The sorbitol in the cell suspension is critical to the survival of the cells during
electroporation as it increases the osmotic pressure around the cells preventing the
cells rupturing during the electroporation event.

It was decided to investigate the

effect of the cell density in the final suspension on the transformation efficiency.
It was found that decreasing the ratio of cells to sorbitol from 33:7 {this is the ratio
corresponding to the volumes specified in Becker et a l, (1991)} to 1:1 produced a
large rise in transformation efficiency (Table 5.5).

This most probably reflects the

inability of the sorbitol to properly osmotically stabilise the cells at high cell densities.
All of the cells were from the same cell preparation (Section 5.2.5).
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Volume cells/fil:

Transformants

Transformation efficiency

Transformation efficiency

sorbitol/jLil

per plate

/ transformants per mol

/ transformants per fig of

of plasmid DNA

plasmid DNA

20:20
27: 13
33:7
Table 5.5.

55
3.7xl015
18
1.2xl015
2.0xl014
3
Variation of transformation efficiency with the ratio

9.4xl03
3.1xl03
0.5xl03
of cells to

sorbitol.

A modified protocol, recommended by Invitrogen, was also tested in which the cells
were treated with the reducing agent DTT. The Invitrogen protocol was referenced to
Becker et a l, (1991). However, this is a mis-reference as the Becker protocol does
not include DTT treatment. This method appears to be a slight variant of that reported
by Meilhoc et a l, (1990), in that the DTT treatment is carried out in HEPES buffer
rather than a Tris EDTA buffer. Treatment of cells with DTT is known to reduce
disulphide bonds in cell-wall proteins.

It is presumed that this increases the

permeability of the cell wall to DNA molecules. The addition of the DTT treatment of
the cells increased the transformation efficiency by almost 10 fold (Table 5.6).

Protocol

Transformants

Transformation efficiency

Transformation efficiency

per plate

/ transformants per mol

/ transformants per fig of

of plasmid DNA

plasmid DNA

41
2.7xl015
7.1xl03
Standard
356
2.4xl016
6.2xl04
DTT treatment
Table 5.6. Comparison of the standard protocol for preparing electrocompetent
S. cerevisiae cells with the modified protocol including DTT treatment of the
cells.
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5.3.6 Transformation o f the Main-Library Into Yeast
The first batch of transformations into MRY6 used varying amounts of DNA because
when investigating transformation efficiency the amount of DNA used was not
investigated. The number of transformant produced are shown below (Table 5.7).

DNA used/pl (mol)

Numbers of Transformants per plate

0.5 (4.3xl0-14)
315
1.0(8.4xl0‘14)
852
1.0 (8.4xl0-14)
1760
1.0 (8.4xl0-14)
1156
1.5(1.3xl0-13)
5176
Table 5.7.
Numbers of transformants produced in the first round of
transformations.

The colonies from one o f the final transformation plates (5176 colonies) were
resuspended and turned into a glycerol stock. The remaining plates were discarded
due to mould contamination. The number of transformants increased dramatically as
the amount of DNA was increased. The other significant observation is the variation in
the number of transformants from the three transformations which used lp.1 o f DNA.
The next batch of transformations into MRY6 and the first batch into MRY9 used the
volumes o f plasmid DNA indicated in Table 5.8.
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DNA used/nl (mol)

Number of MRY6

Number of MRY9

transformants per plate

transformants per plate

1.5(1.3xl0->3)
1.5 (1.3xl0-13)
1.5 (1.3xl0-13)
6512
1752
2.0 (1.7xl0-13)
3856
3.0 (2.5xl0-13)
4472
Table 5.8. Numbers o f transformants produced in the second round of
-

-

-

-

-

-

transformations.

The first transformation into MRY6 failed due to arking in the cuvette, which was
probably caused by an air bubble (the other cause of arking is high salt concentration,
but since the others did not ark this is unlikely to have been the cause). The other
transformations for which no data are shown became contaminated with mould and
were discarded.

The colonies from the remaining plates were resuspended and

preserved as glycerol stocks. A total of 31000 MRY6 transformants and 1752 MRY9
transformants were obtained.

5.3.7 Selection o f Agonists from the Main-Library
The screens of the MRY6 library were carried out on only one glycerol stock made
from a single yeast transformation plate (representing 5176 transformants). This was
because work on screening this glycerol stock was commenced prior to completion of
the yeast transformations. Plating a lOOOx dilution of the glycerol stock produced 13
colonies with satellites, plating at lOOOOx dilution resulted in 5 colonies with satellites
(Figure 5.9).
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^

Figure 5.9. A) A scan of one screen plate, B), C), D), close ups of colonies
with satellites.

The plate contains SC-His-Trp medium supplemented with

20mM aminotriazole.

In the paracrine assay, the colonies were all positive for the activation of MRY6.
They were also all negative for activation of MRY11. PCR screening of the colonies
produced the bands described below (Table 5.9).

The sizes were determined by

comparison to 50bp DNA ladder markers and should therefore be treated as
approximate sizes.
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Colony
1
2
3
4
5
6
7
8
9
Table 5.9.

Size/bp

Colony

150
140, 175
150
160
150
150
150
140, 160
175
Sizes of the bands observed in

Size/bp

10
145
140
11
110
12
150
13
110
14
120
15
130, 160
16
150
17
18
the PCR screen of the agonist
-

colonies.

A number of the colonies produced double bands in the PCR reaction.

This was

probably caused by contamination from satellite colonies on the original screen plate.
The sizes of the screen products indicate the presence of at least 9 different plasmids.
Plasmids from colonies 12, 13, 14, and 15 were sequenced and then re-transformed
into MRY6. The re-transformed yeast colonies also became His+ on transformation,
judged by the ability to grow on SC-His-Trp medium containing 20mM aminotriazole.
The sequences of the constructs in the plasmids 12 and 14 were identical. All of the
sequences are shown below.

12, 14 TGC4, TGT4[CC]
13

TGC3, TGT6[CC], TGT2, TGC5

15

TGC[CC]2, TGC6, TGT1 [CC]
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5.3.8 Selection o f Antagonists from the Main-Library
Antagonist selection was also carried out on a glycerol stock made from the colonies
o f a single transformation plate (1752 colonies). In the first screen, varying dilutions
of the glycerol stock were spread on plates containing lpM a-factor. Eleven colonies
were isolated from this screen, none of the colonies were found to be active in the
paracrine assay for the ability to deactivate MRY9 in plates containing a-factor.
In order to improve the assay, the minimum amount of a-factor needed to stall the
growth of MRY9 was tested. It was found that on both minimal and complete media,
a concentration of lOnM a-factor almost completely inhibited the growth of MRY9
cells.

At this concentration, only a single colony grew, and was most probably a

pheromone resistant sterile mutant. Only very slight growth was observed on plates
containing InM a-factor (Figure 5.10). Again, a single large colony was observed as
well as a small area of tiny colonies, which may have represented imperfect distribution
o f the a-factor through the plate.
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no
a-factor

InM

Concentrations of a-factor

Figure 5.10. Plates used to determine the minimum amount of a-factor needed
to stop the growth of MRY9. Plates shown contain SC media, plates made with
minimal media were equivalent.

Plates were incubated at room temperature

(day-time temperature ~24°C).

Following the above test, the screening protocol was modified accordingly (Section
5.2.8). Cells from the glycerol stock were diluted lOOOOx and plated onto four 14cm
diameter plates. Two plates contained SC-Trp media supplemented with InM and
lOnM a-factor, the remaining two plates SD + His, Leu, Lys, Ura supplemented with
the same concentrations of a-factor. A large number of colonies grew up on each
plate (-1000). Paracrine assays were carried out by re-spotting 48 colonies from each
test plate onto an SD + His, Leu, Lys, Ura supplemented with lOnM a-factor and
containing lxlO4 embedded MRY9 cells/ml. Three colonies were found which were
active in this assay (Figure 5.11).

These were all isolated from the screen plate

containing minimal media, supplemented with InM a-factor.
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Figure 5.11. A) The paracrine assay plate used to screen 48 colonies from the
test plate containing SD + His, Leu, Lys, Ura supplemented with InM a-factor.
This plate was incubated at room temperature. B) and C) close up views of
positive and negative colonies respectively.

PCR screening of the colonies showed that all three contained constructs of the same
size (Figure 5.12). The screen products were all resistant to restriction digestion with
enzymes BsrB I, Ear I and EcoR I. Plasmids isolated from two of the colonies were
sequenced and then re-transformed into MRY9.

The re-transformed colonies also

became resistant to a-factor (Figure 5.13). The sequences of the two constructs were
the same. The sequence is shown below both in terms of the blocks forming the
construct and the amino acids which these encode.

Ant 1, 2

TGC[CC]4, TGC6, TGT1[CC]
CCDASGCPRIWMECSCC
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Figure 5.12. 3% agarose gel used to visualise the PCR screen products from
the antagonist colonies (the gel was run at 85V for lh). Lanes 1 to 3 contain the
screen products from antagonist colonies 1 to 3. Lanes marked M contain 50bp
DNA ladder markers (Gibco).

lOnM a-factor

no a-factor

MRY9[ANT]

MRY9[ANT]

/ lOnM a-factor \

( no a-factor \

J

\ MRY9[pPEP] /

V MRY9[pPEP]

Figure 5.13. The plates used to test for a-factor resistance in colonies re
transformed with plasmid isolated in the antagonist selection experiment from
colony 1(MRY9[ANT]), and control of MRY9[pPEP]. Growth conditions, SD
+ His, Leu, Lys, Ura supplemented with the indicated amounts of a-factor.
Plates were grown at room temperature for 3 days.

5.3.9 Comparison o f the Antagonist and Agonist Sequences
The peptide genes are here represented in terms of the amino acids they encode
(represented in single letter format). It is assumed that the peptides will be secreted
with correct removal of the leader sequence, but this point clearly needs to be verified
in future work.

Agonists- Mini-Library (m)
1m

CERCGPNGFCKQDSDC

2m

CG PNG FCCFGCKQDS DC

3m

CVAYCEFCCVNYCERCATYICVHIVNSTL FPL Y F

4m

CERCKQSGEMCPRIWMECCPGC

5m

CVAYCGPNGFCLFCEFCAYNYC

7m

CAYNYCAT YIC C D A S GCAYNYCATYI CL FC

8/77

CG PNG FCCDASGCLFC

9m

CPRIWMECKDRLCCKQGEMCKQDSDC

Urn

CPRIWMECGE TCCVNYCKQDS DC

12/77

CERCT PCCATYICKQDSDC

14/77, 18/77

CERCGTNGFCPRIWMECSRPMYDCCSCC

15/77

CERCGPNGFCCSTKGECKQDSDCCPGC

17/77

CERCGETCERCCPGCGPNGFC

20/77

CG FCC FGCPRIWMECKQS GEMCVAYCCPGC
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Agonists- full library (J)
12/

CAYNYCKDRLCC

13/

CVAYCSRPMYDCCEFCKQDSDC

15/

CCFGCPRIWMECSCC

Antagonist- full library (/)
A nt/ CCDASGCPRIWMECSCC

Although there is no general pattern to the sequences of the active peptides, there are
groups o f peptides which show homology. Agonists 2m and 8m share the same first
block which is followed by a block of the [CC] class. The number of cysteine residues
is also the same.
2m

CGPNGFCCFG--CKQDSDC

8m

CGPNG FCCDAS GCLF

C

Agonists 9m and 11m share the same first and last blocks and both have the same
cysteine arrangement. Agonists 12m and 13/ also show homology to this pair having
the same last block and cysteine arrangement.
9m

CPRIWMECKDRL— CCKQSGEMCKQDSDC

1 lm

CPRIWMECGET

CCVNY

12 m

CER

CTP

CCATYI--CKQDSDC

13/

CVAY

CSRPMYDCC— EF— CKQDSDC

CKQDSDC
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Agonists 13/ and 5m also show some homology, having the same first and
penultimate blocks. This pair also have the same number of amino acids and the same
number o f cysteines.
13/

CVAYCSRPMYDC— CEFCKQDSDC

5m

CVAY CG PNG F-C LFC E FCAYNY- C

The most closely related pair of genes were those of agonist 15/ and the antagonist.
The first block of each gene belongs to the TGC[CC] group and is followed by an
identical second and third blocks.
15/

CCFG— CPRIWMECSCC

Ant/

CCDASGCPRIWMECSCC

These comparisons may or may not be significant as no structural data has been
determined for any of the peptides. In order to better compare the peptides, it would
be useful to characterise the positions of any disulphide bonds within them. In this
way, the peptides could be compared in terms of their three-dimensional shapes rather
than simply the amino acid sequences. Peptides which do not appear homologous in
this simple comparison may in fact share loops which are highly homologous.
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5.4 Conclusions
A relatively large number of agonists to the Ste2 receptor have been isolated from the
peptide gene library. The action of the peptides has been shown to be dependent on
both the plasmid and the receptor, thus demonstrating that this is a genuine effect of
the peptide acting on the receptor.
A single antagonist was also discovered. The action of the antagonist was shown to
be dependent on the plasmid.

It was not possible in this system to show that the

peptide definitely acted at the receptor. It was, however, shown that the peptide was
secreted from the cell.
The sequences of the genes encoded by a number of the plasmids have also been
determined. However, no structural data has yet been acquired for the actual peptides.
The size of the libraries screened was relatively small, especially in the case of the
antagonist screen. There is little doubt that if the size of the libraries in yeast was
increased by further transformations, then the number of active compounds could also
be increased. However, the aim of these screening experiments was to demonstrate
that the library contains members which can act as agonists and antagonists to a G
protein-coupled receptor. This aim has been successfully achieved.
Another very pleasing observation is high “hit rate” (the number of active compounds
compared to the number screened). The mini-library only contained 256 constructs
and yet it produced 14 agonists.
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6.0 Replacement of the Yeast Ste2 Receptor with the
Human CCR5 Chemokine Receptor

6.1 Introduction
It has already been shown in the previous chapters that the yeast autocrine system
developed in this project can be used to select peptide genes which encode agonists
and antagonists from a library7. The next stage of the project was to replace the yeast
a-factor receptor (Ste2) with a human G protein-coupled receptor (CCR5). Screening
strains have been constructed in which the STE2 gene has been disrupted by insertion
of a selectable marker gene (Chapter 3) as the first step of this replacement.
As a control experiment, a plasmid-borne copy of the STE2 gene was introduced into
the agonist screening MR11. The purpose of this was to demonstrate that a plasmidborne copy o f the receptor gene can direct the functional expression of the receptor.
The transformation of both the receptor and an a-factor producing plasmid should
result in an autocrine test system, analogous to an expressed human receptor and
agonist gene.
The second objective of the work described in this chapter was to introduce a
plasmid-borne copy of the human CCR5 gene in combination with a plasmid encoding
a peptide agonist to the receptor. The transformants were then tested to check for
activation o f the pheromone response pathway. Controls were included to verify that
any activation of the pathway was dependent on both of the plasmids.
Three chemokines have been identified which activate the CCR5 receptor. These are;
M U M a, M IP-ip (Macrophage Inflammatory Proteins) and RANTES (Regulated on
Activation Normal T-cell Expressed and Secreted) (Combadiere et al.y 1996). It has
been determined that for all of these chemokines, the N-terminus is necessary for
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activation o f the receptor (Gong et al., 1996). Of these chemokines, RANTES has
been the most highly studied (Wells et al, 1995; Nishiyama et a l, 1997). In this work
Wells et a l, (1995), determined the exact amino acids which are responsible for
binding to the receptor and for activation. This was studied by synthesising a set of
truncated peptides which cover the whole chemokine.

6.2 M ethods and M aterials
6.2.1 Controls fo r Induction from the GAL Promoter
The receptor genes were cloned into the pYES2 vector (Invitrogen) under the control
o f the highly inducible GAL1-GAL10 promoter.

As a test of the induction of this

plasmid, a /acZ-encoding control plasmid was constructed.
The construction is depicted schematically over leaf (Figure 6.1). The lacL gene was
PCR amplified from the pYX243-Z,acZ control vector (R&D Systems) using primers
Lac(HF) and pYXBACK. The reaction used the following thermal cycle; 94°C 2min,
[94°C, 15s; 50°Cy 30s; 68°C, 3min] x 10; [94°C, 15s; 50°C, 30s; 68°C, 3min + 20s per
cycle] x 20; 68°C, 5min. The product was then purified using the Wizard DNA CleanUp kit before sequential digestion with Hind III and then Sal I. The pYES2 plasmid
was double digested with Hind III and Xho I. The digestion products were then both
purified on a 1% LMP agarose gel, the DNA being recovered using the Wizard DNA
Clean-Up kit. The lacZ gene was then ligated into the plasmid and transformed into E.
coli by the heal shock method.

PCR screening was carried out using primers

pYES2(For2) and pYES(back). The reaction used the following thermal cycle; 94°C
5min, [94°C, 30s, 50°C, 30s; 72°C, 3min] x 30; 72°C, 5min. Plasmid DNA was then
prepared from 3 positive colonies using the SNAP kit.
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Figure 6.1. Schematic representation o f the construction of the pYES2-LacZ
control plasmid.
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The lacZ control vector was then transformed into yeast strain FY833 (the MRY
series parent strain) by electroporation. Two colonies were picked into 5ml of SC-Ura
media containing 2% raffinose as the sole carbon source.

The cells were grown

overnight. A 0.75ml aliquot was removed from each culture before the addition of
0.5ml of 20% galactose. The cells which were removed were then assayed for the
presence o f lacZ. The assays were carried out using a permeable cell method with
ONPG (o-nitrophenyl-p-galactopyranoside) as the substrate for the enzyme (Bartel et
a l, 1995).
The exact method is as follows.

The absorbance of the culture at 600nm was

recorded. The cells were then transferred to a 1.5ml Eppendorf tube and collected by
brief centrifugation at maximum speed in a microfiige. The supernatant was removed
and the cells were resuspended in 800pl of Z-buffer (60mM Na2HP04 , 40mM
NaH2P0 4 , lOmM KC1, ImM Mg2S04, 50mM p-mercaptoethanol). Cells were then
permeablelised by the addition of 50pl each of chloroform and 0.1% SDS followed by
vortexing for ~30s. The substrate ONPG (160pl, 4mg/ml in Z-buffer) was then added
(t=0). The reaction was then incubated at 30°C until the solution had turned pale
yellow. The reaction was then stopped by the addition of 400jnl of 1M Na2C03, and
the time noted.

The cell debris was removed by centrifugation for 10 minutes at

maximum speed in a microfiige. The absorbance at 420nm of the supernatant was
measured. The lacZ activity was calculated using the following equation.

lacZ activity = A420 / (V . t . A^0o)
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Where V = the volume of culture assayed in ml and t = the time of the reaction in
minutes.
Aliquots o f cells (0.75ml) were removed at times of 3h, 4h 45min, and 24h after the
addition of galactose. Each aliquot was immediately assayed for lacZ activity.

6.2.2 Construction o f Yeast Strains fo r Expression o f STE2 from a Plasmid
The S. cerevisiae STE2 gene was cloned into plasmid pYES2 (Invitrogen) (Figure
6.2). The STE2 gene was PCR amplified from genomic Yeast DNA (strain MRY1) in
an Expand PCR using primers Ste2FH and Ste2BXh. The reaction used the following
thermal cycle; 94°C 2min, [94°C, 15s; 50°C, 30s; 72°C, 45s] x 10; [94°C, 15s; 50°C,
30s; 72°C, 45s + 20s per cycle] x 15; 72°C, 5min. The PCR product was then cloned
into pYES2 using Hind III and Xho I sites and the ligation mixture transformed into
E. coli. Plasmid DNA from a positive transformant was prepared using the SNAP kit.
The inserted STE2 gene was sequenced with primers pYES2(FOR2)

and

pYES2(BACK). The finished plasmid was named pYES2[STE2].
Three transformations into yeast strain MRY11 were then carried out using the
following pairs of plasmids; pYES2[STE2] with pPEPaS2, pYES2[STE2] with
pPEP2, and pYES2 with pPEPaS2.

Transformants were plated onto SC-Trp-Ura

medium supplemented with 1M sorbitol. Screening by the PCR was carried out on the
yeast colonies using the microwave method. Each colony was screened twice, once
with pYES(FOR2) and pYES(BACK) and once with ADH1(FE) and pYXBACK.
Both reactions used the following thermal cycle; 94°C 2min, [94°C, 30s; 50°C, 30s;
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72°C, lmin] x 30; 72°C, 5min. The colonies were re-spotted onto fresh SC-Trp-Ura
plates.

FGALl

TCYCl
I11CS

flori

pMBlori

pYES2
5867bp
Ste2FH
Amp1

STE2
Ste2BXh

URA3
PCR amplification o f the

\7

STE2 gene from genomic

Digest with Hind III
and Xho I

\ J/? yeast DN A
Xho I

TCYCl

FGALl
flori

STE2

pMBlori

Digest with Hind III
and Xho I
Amp1

b
URA3

ST

Ligation and transformation
into E. coli

\7
FGALl

STE2

JCYC1

flori

pMB 1ori

pYES2[Ste2]

Amp1

URA3

Figure 6.2. Schematic representation of the construction of the pYES2[STE2]
plasmid.
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6.2.3 Growth Tests for Activation of the Pathway by a Plasmid-Borne STE2 Gene
One double positive colony from each transformation was picked into 5ml of SC-TrpUra with 2% raffinose as the carbon source and grown overnight. A 0.5ml aliquot of
20% galactose was then added to each culture and the cells grown for a further 24
hours. The cells were then counted and dilutions prepared to give -5000 cells/ml.
Agar plates (4.5cm diameter) were prepared containing SC-His-Ura-Trp with 2%
galactose and 0.2% raffinose as the carbon sources. Prior to autoclaving, half of the
medium was adjusted to pH5.5 and the other half to pH6.8 by the addition of 1M
KOH. For each acidity, six plates were prepared, three of which contained lOmM
aminotriazole. Each cell dilution was spread onto each type of plate (each pH with and
without aminotriazole).
The experiment was repeated using the same strains, each plated in duplicate on SCHis-Ura-Trp plates (pH5.5) with 2% galactose and 0.2% raffinose as the carbon
sources, and on the same plates supplemented with lOmM aminotriazole. One set of
the plates was then incubated at room temperature (day time temperature 23-25°C)
and the other set was incubated at 30°C.

6.2.4

Construction o f the Plasmids and Yeast Strains fo r Expression o f CCR5 in
Combination with a Peptide Agonist

The CCR5 gene was cloned by Elizabeth Wheeley in our laboratory and has been
described in detail elsewhere (Wheeley, 1997). Briefly, the gene was PCR amplified,
with the addition of Hind III and Xba I restriction sites, from human genomic DNA (a
gift from Dr Jonathan Dixey, Bath Institute for Rheumatic Diseases). The amplified
gene was cloned into plasmid pYES2 between the Hind III and Xba I restriction sites
and the resulting plasmid named pCCR5.

The inserted CCR5 gene was fully
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sequenced and was in agreement with that reported in the literature (Combadiere et al,
1996).
A construct was then made by ligation of a pair of annealed oligos (Kem(top) and
Kem(bottom)} into plasmid pPEP.

The pair of oligos encode the first fifteen

aminoacids of the RANTES gene, with the modification that cysteine codons
(aminoacids 9 and 10) were replaced with alanine codons. The codons chosen were
not necessarily those of the human RANTES gene; instead most codons were chosen
to give the maximum expression level in yeast (Hoekema et al., 1987). Three of the
fifteen codons were rarely used codons; these were included in order to incorporate
restriction enzyme recognition sites into the construct to facilitate possible future
modification.
The oligos were 5'-phosphorylated using PNK (NEB).

The reactions contained

150pmol of each primer, 10U of PNK and lx ligase buffer, adjusted to 50}il with
sterile water. The oligos were then annealed together by freeze drying as described in
Chapter 4, Section 4.2.4.

The annealed construct (7.5pmol) was then ligated into

plasmid pPEP (~0.3pmol) which had been digested with enzymes Hind III and Xho I
followed by digestion with Sal I.

The ligation was transformed into E. coli by

electroporation. Bacterial colonies were screened by the PCR using primers pPEP(SB)
and pPEP(SF). The reaction used the following thermal cycle; 94°C 5min, [94°C, 30s;
55°C, 30s; 72°C, lmin] x 30; 72°C, 5min. Plasmid DNA was prepared from 4 positive
colonies using the SNAP kit. Plasmid DNA from one preparation was then used as the
template for a sequencing reaction with primer MF/ADH(F). The finished plasmid was
named pKEM.
A multiple copy version of this plasmid was then prepared by sub-cloning an EcoK I,
Nhe I fragment from pKEM into pYX2ji (Chapter 4, Section 4.2.9). Plasmids pKEM
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and pYX2|i were both double digested with EcoR I and Nhe I. The fragment from
pKEM and the cut plasmid were purified on a 1% LMP agarose gel, the fragment and
plasmid being recovered using the Wizard PCR preps and DNA clean Up kits
respectively. The fragment removed from pKEM was then ligated into pYX2fi, and
the ligation mixture transformed into E. coli by the heat shock method. Screening by
the PCR using primers MF/ADH(F) and pYXback was then carried out on 5 colonies.
The reaction used the following thermal cycle; 94°C 2min, [94°C, 30s; 45°C, 30s;
72°C, lmin] x 30; 72°C, 5min.

Plasmid DNA was prepared from three positive

colonies using the SNAP kit. A sample of each plasmid preparation was digested with
Ear I to confirm that the plasmid was the 2p version.

Plasmid pKEM was also

digested with Ear I as a comparison. The finished 2p plasmid was named pKEM2.
A total o f six transformations into yeast strain MRY11 were carried out by
electroporation creating the following strains:
MRY11[pCCR5, pKEM]

MRY11[pCCR5, pKEM2]

MRY11[pCCR5, pPEP]

MRY11[pCCR5, pPEP2]

MRY11[pYES2, pKEM]

MRY11[pYES2, pKEM2]

These were carried out by transforming both plasmids simultaneously with selection on
SC-Trp-Ura plates supplemented with 1M sorbitol.
The presence o f the plasmids was confirmed by PCR screening using the microwave
method. While picking the colonies for this screen, they were re-spotted onto fresh
SC-Trp-Ura agar plates.

Screening for pCCR5 was carried out with primers

pYES(BACK2) and pYES(FOR2). Screening for pKEM, pKEM2, pPEP and pPEP2
was initially carried out using primers pPEP(SF) and pPEP(SB).

Both of these

reactions used the following thermal cycle; 94°C 2min, [94°C, 30s; 50°C, 30s; 72°C,
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lmin] x 30; 72°C, 5min. The screen for plasmids pKEM, pKEM2, pPEP and pPEP2
was subsequently repeated (from the re-spotted colonies) using primers ADH1(FE)
and pYXBACK. The reaction used the following thermal cycle; 94°C 2min, [94°C,
30s; 50°C, 30s; 72°C, lmin 30s] x 30; 72°C, 5min.

6.2.5 Growth Tests fo r Activation o f the Pathway by CCR5
The initial test used strain MRYll[pCCR5, pKEM] (single copy agonist encoding
plasmid)

and the

appropriate

control

strains

(MRYll[pCCR5,

pPEP]

and

MRY1 l[pYES2, pKEM]). Each strain was picked from a SC -Trp-Ura agar plate and
resuspended in sterile water. The cell density was then determined by counting cells
using a haemocytometer.

The cells were diluted in water to an approximate cell

density of 5xl03 cells/ml. For each strain 20jil (~100cells) were plated onto 4.5cm
diameter SD plates supplemented with lysine and containing 2% galactose as the sole
carbon source, and on the same medium containing 5mM aminotriazole. The plates
were incubated at 30°C for 1 week.
The experiment was then repeated with the following modification.

Two sets of

plates were prepared as above with the exception of the carbon sources.

One set

contained 2% galactose/2% glycerol and the other set 2% galactose/0.2% sucrose.
These plates were also incubated at 30°C for one week.
Growth tests were then carried out using strain MRYll[pCCR5, pKEM2], (multiple
copy agonist plasmid) with appropriate control strains (MRYll[pCCR5, pPEP2] and
M RYll[pYES2, pKEM2]). All of the strains were picked into 5ml of SC-Trp-Ura
liquid medium containing 2% raffinose as the carbon source. The cultures were grown
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overnight before the addition of 0.5ml of 20% galactose.

The cells were then

incubated for a further 24hrs.
The pH of the media prepared for plating the cells was adjusted by the addition of 1M
KOH prior to autoclaving. Media of two different acidities were used; pH5.5 and 6.8.
The media used was SC-His-Trp-Ura, and for each acidity, plates were made up
containing 2% galactose only and 2% galactose, 0.2% raffinose as the carbon sources.
For each combination of carbon source and pH one set of plates was prepared
containing 20mM aminotriazole. The cell density of the galactose-induced cells was
counted using a haemocytometer and the cells diluted to ~5xl03 cells/ml in water.
Each dilution (20pl) was spread onto one of each type o f plate, and then incubated at
30°C.

6.3. Results
6.3.1. Expression o f lacZfrom pYES2
The data shown below (Table 6.1 {also shown graphically in Figure 6.3})
demonstrate that the expression of lacZ was effectively induced by the addition of
galactose. The time steps at which the expression was measured were not ideal. It is
likely that the maximum expression level was reached before 24hrs. However, this
experiment demonstrates that the promoter in the pYES2 plasmid is active in the
parent yeast strain from which all of the modified strains were derived. Expression
was measured in cultures derived from two separate transformants; both showed
similar expression levels at each induction time, with Culture 1 consistently showing a
slightly higher activity.

This most probably reflects a higher copy number for the

plasmid in this transformant.
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T/min
Activity
Time after
culture
^00
A 420
induction/h
1.87xl0-3
0
1.448
60
0.122
1
0
60
1.06xl0-3
0.069
2
1.452
0.0279
3
10
0.304
1
1.452
0.0266
10
0.296
3
2
1.484
0.188
0.0548
4.75
1.524
1
3
4.75
1.564
0.180
0.0512
2
3
24
0.386
0.208
1
1.647
1.5
0.132
24
1.669
0.289
2
1.75
Table 6.1. Data from the measurement of lacZ activity following induction of
FY833[pYES2-lacZ] with galactose.

The column labelled A^qo refers to the

absorbance of the culture at 600nm prior to carrying out the assay for pgalactosidase activity. The column labelled A4 2 0 refers to the absorbance of the
assay reaction mixture after termination o f the reaction.

The p-galactosidase

activity is measured in Millar units.

Induction of lacZ Expression
0.25

g . 0.20
£o 0.15

♦ Culture 1

5

□ Culture 2

° ' 10

J2 0.05
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A
*

0
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Figure 6.3.

Graph of lacZ activity versus time following the addition of

galactose to two colonies of FY833[pYES2-lacZ] grown in SC-Ura 2% raffinose
media.
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6.3.2. Expression o f Ste2 from a Plasmid
The DNA sequence of the cloned STE2 gene employed did not cover the entire
coding region. A 156bp segment from the centre of the gene was not sequenced. The
areas o f the STE2 gene which were sequenced showed three silent and one non-silent
point mutations, compared to the sequence obtained from the Saccharomyces genome
database.
None o f the plates containing media adjusted to pH6.8 showed any growth after
incubation for 1 week. Growth at this unusually high pH was tested as it was used by
Price et a l, (1995 and 1996), Bass et al., (1996) and Klein et a t, (1998), during the
expression o f heterologous receptors in yeast. Although none of the papers state the
reason for the use o f higher pH media, it is presumed that the intention is to keep the
environment around the mammalian receptor as close to physiological conditions as
possible. Although in this experiment a mammalian receptor is not being used, the
higher pH media was included for comparison with possible later experiments.
Of the pH5.5 plates, the two (with and without aminotriazole) spread with strain
MRYll[pYES2[STE2], pPEPaS] showed a large number of colonies.

The other

pH5.5 plates failed to produce any colonies after 1 week of incubation.
During the repeat o f this experiment, all of the strains grew on the medium without
aminotriazole. Only the MRY1 l[pYES2[STE2], pPEPaS] strain grew on the medium
containing aminotriazole (Figure 6.4). This result demonstrates that both the receptor
(Ste2) and an agonist to the receptor (a-factor) are necessary for growth. The plates
shown in Figure 6.4 were incubated at 30°C.

The plates incubated at room

temperature were similar to those shown, but the individual colonies were all smaller
(data not shown).
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Figure 6.4. Growth tests for the autocrine activation of pheromone response
pathway from a plasmid borne receptor.
M RY11 [pYES2[STE2],

pPEPaS],

Top row (from left to right)

MRY11 [pYES2[STE2],

pPEP2],

M RYll[pYES2, pPEPaS] grown on SC-Trp-Ura medium containing 2%
galactose, 0.2% raffinose.

Bottom row as top row but each plate is

supplemented with lOmM aminotriazole. All plates were grown at 30°C.

6.3.3 Construction o f the Plasmids and Yeast Strains fo r Expression o f CCR5 in
Combination with a Peptide Agonist
The coding region of the pKEM plasmid had the following sequence:
Ser Pro Tyr Ser Ser Asp Thr Thr Pro Ala Ala Phe Ala Tyr lie
TCT CCA TAC TCT TCC GAC ACT ACT CCC GCG GCC TTC GCC TAC ATA

The sequence was in agreement with that expected from the design of the
oligonucleotides used to make up the coding sequence.

It is assumed that the
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sequence was not mutated during sub-cloning to make the multiple copy plasmid,
pKEM2 (the PCR was not used during sub-cloning).
The complete RANTES gene was not cloned as it contains two introns, of
approximately 1.4 and 4.4kb in length (Nelson et a l, 1993). In any strategy to clone
the full gene it would therefore be preferable to produce a cDNA clone.
The sequence of the cloned CCR5 gene as determined by E. Wheeley was in
agreement with the published sequence (Combadiere et a l, 1996).

6.3.4 Growth Tests fo r Activation o f the Pathway by CCR5
The first growth test used a yeast strain with the pKEM (CEN/ARS plasmid) and
pCCR5 with appropriate controls. The cells were plated directly onto minimal medium
with 2% galactose as the only carbon source.

After one week of incubation, no

colonies were visible.
The experiment was repeated using minimal and complete medium containing various
different carbon sources. Minimal medium with 2% galactose/2% glycerol and 2%
galactose/0.2% sucrose was tested.

Both failed to produce any colonies after one

week of incubation. Synthetic complete media was prepared with both 2% galactose
only and 2% galactose/0.2% sucrose as carbon sources. After one week, colonies had
grown on the medium with galactose and sucrose as carbon sources, but not the same
medium supplemented with aminotriazole (data not shown).
A number of modifications were made prior to the next experiment.

Firstly, the

pKEM/pPEP plasmids were replaced with the multi-copy pKEM2/pPEP2 plasmids.
This was an attempt to increase the expression level of the agonist.

Secondly, the

sucrose in the media was replaced with raffinose. This was a precautionary measure in
case the sucrose contained any glucose contamination which could repress expression
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from pCCR5.

Thirdly, the cells were grown and induced with galactose in liquid

medium containing histidine prior to plating. This was intended to increase the initial
growth rate. The final modification was that the medium was pH adjusted prior to
autoclaving. Two acidities of media were used: pH5.5 (optimal for yeast growth) and
pH6.8 (physiological pH). After 5 days of incubation, colonies were visible on all
plates of pH5.5 without aminotriazole. After 7 days, a small number of colonies had
grown on all plates of pH6.8 without aminotriazole. None of the plates containing
aminotriazole showed any growth (data not shown).
This set of experiments was repeated with the modification that the aminotriazole
concentration used was lowered to lOmM.

The results of this experiment were

consistent with the previous experiment with the following exception; the colonies of
MRY 11 [pYES2, pKEM2] on medium of pH5.5 failed to grow after one week of
incubation. All of the plates were incubated for a further week to ensure that sufficient
time had been allowed for any response to occur.
Unfortunately, the expression of the CCR5 receptor was not demonstrated to be
successful.

There are a number of possible explanations for the failure of this

experiment which can be divided into two areas: problems with the receptor or with
the agonist. Due to the design of the experiment, there are a lot of variables which
would need to be investigated to find the cause of the problem. However, with regard
to the peptide agonist used, this may have been incorrectly processed or not expressed
at all. The majority of the amino acids required for the function of the peptide are
located in the amino-terminus. Failure of Stel3 to remove the pro-region from this
terminus would therefore be likely to prevent proper functioning of the peptide. A
possible control experiment to test the function of the peptide would be to chemically
synthesise the peptide and then carry out a halo test using strain MRY11 [pCCR5]
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(analogous to the halo assays carried out in Chapter 3, Section 3.2.7).

Another

interesting experiment would be to clone the complete RANTES encoding sequence
into pPEP/pPEP2. It would be necessary to clone the gene from the cDNA to prevent
potential complications from splicing o f the mRNA, which contains introns.
With regard to the CCR5 receptor, there are also a number of potential problems.
The receptor may not have been expressed or may have been expressed in the wrong
cellular location. Controls to check for expression and location of the receptor could
be carried out by tagging the receptor with a marker gene such as green fluorescent
protein (GFP) (Niedenthal et a l 1995, Carmeri et a l 1996) or by carrying out
immunofluorescence. If the receptor is correctly expressed in the plasma membrane it
may still not be functional. The most probable reason for loss of function would be if
the receptor can not interact with the yeast G protein (Gpal). It may be necessary in
this case to co-expressing a mammalian Ga -subuni (Kang et a l, 1990), or a chimeric
yeast/mammalian hybrid Ga -subunit (Price etal., 1995; Brown e ta l, 2000).
Brown et a l , (2000) showed that optimal coupling to a number of heterologous
receptors to the pathway was achieved by exchanging the last five amino acids of Gpal
for those of the receptors cognate G« subunit. Even with receptors that did couple to
the pathway via Gpal the use of the modified

resulted in a 20 to 30 times increase

in sensitivity to agonist.
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6.4 Conclusion
It has been shown that the genomic copy of the STE2 gene can be replaced with a
plasmid-borne copy under the control of a galactose-inducible promoter.

It was

demonstrated that an autocrine system in which both the receptor and agonist were
encoded by genes on separate plasmids can lead to activation of the pathway. This
was designed as a model system for the expression of a mammalian G protein-coupled
receptor and peptide agonist.
Unfortunately, it was not demonstrated whether the CCR5 receptor can be
functionally expressed in yeast. There are a number of reasons why this may have
failed (discussed above). One area which should be investigated further is the use of a
modified Ga subunit, as these have been shown to increase the sensitivity of this type
of assay (Brown et a l, 2000).
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7.0 Project Conclusions and Future Work

7.1 Conclusion
In Chapter 3, the construction of yeast strains which could be used for the selection
of agonists and antagonists to G protein-coupled receptors was described.

The

construction of these strains was by successive gene replacements effected by
homologous recombination.
The strains constructed were challenged by the addition of the Ste2 agonist a-factor.
All showed the expected phenotypes. The agonist strains (MRY4, MRY5, MRY6 and
MRY8) all showed transcriptional activation of the fusJ::HIS3 construct on the
addition of a-factor. The antagonist strain MRY9 showed inhibition of growth on
addition of a-factor.

The STE2 knockout strains MRY10 and MRY11 (MRY9

STE2A::kanMX4 and MRY6 STE2A::kanMX4 respectively) did not show any
response to the agonist.
Chapter 4, described the construction of a unique library of synthetic peptide,
produced by the polymerisation o f double-stranded chemically synthesised DNA
“building blocks” by T4 DNA ligase.

The main library prepared contained

approximately o f 3.2x105 constructs. The vast majority of these should be unique. A
small number are expected to be present in duplicate due to cell division during the
recovery stage of bacterial transformation (see Chapter 4, Section 4.3.1).

The

construction technique used to produce the library was initially developed by Dr
Simon Palmer in our laboratory.
Prior to construction of the library, further development was needed, as the
behaviour of some of the blocks was not as expected.

This development work

concentrated on the incorporation o f the smallest size blocks, the TGC2 and TGT2
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class (see Chapter 4, Section 4.4). Following this work, it was found that for this size
of block, the G:C content and position within the blocks were critical to inclusion in
the synthetic genes. This was presumed to be a due to the stability of the block.
Chapter 4 also described the construction of the plasmids used to express the synthetic
genes.
Prior to beginning selection experiments with the library, the autocrine system for
selection of agonists was tested. This “proof of principle” experiment, described in
Chapter 5, used plasmids containing genes encoding the natural Ste2 agonist, afactor.
Following these experiments, selection experiments were carried out to identify both
agonists and antagonists to the Ste2 receptor. The DNA sequences of 18 putative
agonists and 1 antagonist were determined. Control experiments were carried out to
show that the agonist/antagonist behaviour of the identified colonies was dependent
upon the plasmids. Control experiments were also carried out to show that the active
compounds manufactured by these colonies were secreted products. For the agonistsecreting colonies, it was shown that the secreted products required the a-factor
receptor for function.
In Chapter 6, it was shown that the genomic copy of the STE2 gene could be
replaced by a plasmid-borne copy under the control of the inducible GAL1-10
promoter. When combined with an a-factor encoding plasmid this was shown to
produce an autocrine system, capable of activating the pheromone response pathway.
This was a model system for replacement of the yeast receptor with plasmid borne
copy of a mammalian G protein-coupled receptor, in combination with a peptide
agonist.
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A plasmid containing the human CCR5 chemokine receptor gene was then
introduced into the receptorless strain MRY11, in combination with a plasmid
encoding a peptide agonist. This failed to produce a functional autocrine system. The
reason for this failure was not investigated, but is the subject of future work.

7.2 The Future of the Project
There are two main areas of the project in which there is scope for future work.
Firstly, the agonists and antagonist identified will need to be characterised further, and
secondly, the expression and coupling of the human chemokine receptor to the
pathway should be investigated.
The first step towards characterisation of the active peptides will be to isolate them.
This could be achieved either by purifying them from culture supernatants or by
chemical synthesis based on the predicted structure. Following isolation, it would be
useful to know if the peptides contain disulphide bonds and whether these are
required for activity. If, as expected, the peptides do contain disulphide bonds then
the connectivity of the cysteines should be established. If chemical synthesis was
used it would be necessary to check that the synthetic peptide was active.
In examining the expression of the human receptor, it would be useful to identify
whether the receptor is expressed and if so, to what cellular location.

This

information could be deduced by immunofluorescence (antibodies to CCR5 are
commercially available) or by constructing a CCR5:GFP fusion protein. Assuming
the receptor is expressed and directed to the correct location, the next areas to
investigate would be the agonist and the G a subunit. In order to remove a variable
from the experiment, it would be useful to chemically synthesize the peptide agonist
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rather than relying upon it being correctly expressed. Results from other laboratories
have indicated that the choice of G a subunit is very important for coupling of
heterologous receptors to the pathway (Price et a l, 1995; Bass et a l, 1996; Klein et
a l, 1998 and Brown et al, 2000). The Ga-subunits used do not necessarily have to
be human in origin, with a number of studies employing rat Got’s.
Recently, it was shown by Brown et a l, (2000) that optimum coupling of
heterologous receptors to the pheromone response pathway was achieved using
mutant Gpal proteins, in which the last five amino acids had been replaced with those
of the receptors native G a subunit. This was demonstrated to be optimal for coupling
as it maintains the interactions between the G protein subunits. The testing of such a
mutant in this system should be made a priority.
At this point, a large library of peptide genes has been produced which has been
shown to produce active, secreted peptides in a model system utilising a natural yeast
receptor. In order to make full use of this library, the problems of expressing the
human receptor need to be overcome. It is expected that these problems will not be
insurmountable and that this system will in the future yield new, novel ligands for the
CCR5 receptor.
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