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SUMMARY

Two projects have been carried out, both using Saccharomyces cerevisiae (baker's 

yeast) as the experimental host organism.

The first, and main project (Chapters 1 and 3), was the construction of a novel 

in vivo system for performing directed molecular evolution. At present, evolution of 

proteins/enzymes towards a desired functional goal is carried out in vitro, the favoured 

technique for doing this being DNA shuffling (described in Section 1.2). However, 

although powerful, DNA shuffling and other related techniques require numerous 

DNA manipulation steps and the use of expensive reagents. The aim of this project 

was to overcome these limitations by the creation of a cell-based system designed to 

mimic natural processes for the creation of diversity (e.g. antibody production in 

chickens), that, once constructed, would allow repeated cycles of selection against a 

specified target. The strategy uses the inherent gene conversion mechanism of 

S. cerevisiae - which is usually used to change mating-type - in order to effect T)NA 

shuffling' between two (in the first instance) heterologous genes, integrated at 

synthetic loci in the yeast genome. The genes chosen for shuffling, OR17-40 and 

OR17-228, putative human odorant receptors, represent ideal substrates; they are 

homologous (>80% identical at the nucleotide level); are involved in molecular 

recognition (could be evolved to recognize a molecule of interest); and are G-proteins 

(allowing them to be coupled, via a signal transduction pathway, to a reporter gene). 

Two strains containing the experimental model system (Section 1.3) were constructed, 

one strain being a mismatch repair defective mutant of the other (for reasons described 

in Section 1.3). These strains were designed to look at the efficacy of the in vivo 

'DNA shuffling' reaction (the odorant receptor genes were not coupled to a reporter 

gene at this stage). Also constructed were two control strains for looking at different 

aspects of the experimental reaction. Preliminary experiments are reported for all the 

strains made. In the experimental strains the desired gene conversion reaction was not 

observed. Reasons for this are discussed in light of evidence from the control strains 

that l-Scel - the endonuclease responsible for initiating the reaction - was not being 

expressed. Possible remedies to this problem are suggested.

The second, subsidiary, project was to investigate the efficacy of a Cre-based 

double recombination system to target DNA site-specifically into the yeast



genome (Chapter 4). The model system used for this project comprises of an 

antibiotic resistance marker (the kanMX4 module) integrated at the chromosomal 

location to be targeted {leul) and a plasmid carrying the gene to be positioned at the 

locus (OR1 7-228). Both the OR17-228 gene and the kanMX4 module are flanked on 

one side by a loxP site and on the other by a loxP 511 site. With this model system it 

is shown that a single copy of the OR17-228 gene can be targeted to the leu2 locus in 

a little over 20% of yeast cells induced to undergo the exchange. Analysis of several 

targeted loci shows that the integrated gene is in the intended orientation, and that 

there are no ectopic copies present. Ways in which the system might be optimised are 

suggested, with the hope that it will provide a valuable new method for creating 

integrated repertoires in yeast.
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CHAPTER 1

INTRODUCTION

There are a number of important areas where the ability to rapidly evolve a protein in 

the laboratory would be extremely beneficial, e.g. therapy, diagnostics and biosensors. 

Probably the best way to evolve a protein is by homologous recombination in 

conjunction with a small amount of random mutation. DNA shuffling ('sexual PCR') 

is a very clever in vitro method which achieves just this (reviewed in Section 1.2). 

The technique entails digesting the gene encoding the protein of interest with DNasel 

and then reassembling the gene in a primerless 'inverse chain reaction', in which the 

homologous pieces of DNA prime on themselves. During reassembly a small number 

of mutations may be introduced as a result of the infidelity of the polymerase. The 

recombinant genes are transformed into bacteria and selection performed. The genes 

of improved mutants are collectively treated to 2 - 4 further rounds of 

digestion/assembly/transformation and selection. In these additional rounds, 

advantageous mutations from different mutants may be combined to give new, vastly 

improved mutants. It is because of this combinatorial potential that DNA shuffling is 

so powerful. However, despite the evident efficacy of the process, it suffers from a 

number of disadvantages, notably the expense of the reagents and having to extract 

and retransform the DNA during each round. In certain cases, e.g. where the 

usefulness of a mutant repertoire created by shuffling was such that it was required for 

a variety of different selection purposes, these disadvantages may prove serious. In 

this study an alternative recombination/protein evolution strategy is attempted which 

avoids these disadvantages. The strategy relies on gene conversion.

Gene conversion

Gene conversion can be simply defined as the conversion of one gene's sequence to 

that of another (Weaver and Hedrick, 1992). This occurs in a non-reciprocal manner, 

such that the donor gene remains unaffected. The effects of gene conversion 

are observed during analysis of fungal recombination. When fungi such as 

Neurospora crassa (pink bread mould) sporulate, two haploid nuclei fuse, producing a

1



Chapter 1 - Introduction

diploid nucleus that undergoes meiosis to give four haploid nuclei These nuclei then 

experience mitosis to produce eight haploid nuclei, each appearing in a separate spore. 

In principle, if one of the original nuclei contained one allele {A) at a given locus, and 

the other contained another allele (a) at the same locus, differing by a single point 

mutation, then the mixture of alleles in the spores should be equal: four A's and four 

a's (corresponding to a segregation ratio of 4:4) However, due to postmeiotic 

segregation and gene conversion events (shown diagrammatically in Figure 1.1) 

aberrant ratios (3:5 and 2:6) are observed 0.1% to 1% of the time (depending on 

fungal species).

No recombination
©

OOo
w

4:4 parental 
ratio

Hybrid DNA

3:5 postmeiotic 
segregationOne hybrid 

remains

2:6 gene 
conversionHybrid is 

converted
to a

Figure 1.1 Spore formation in the fungus Neurospora. The four copies of each allele following 

meiosis are shown (top left). Note that each chromatid (represented by 'railroad track') contains two 

copies of each allele (one on either DNA strand). Following recombination, mitosis results in each 

individual strand (8 in total) being duplicated, giving the spores shown (RHS) Diagram reproduced 

from Lewin (1994).

Gene conversion events can apply to the conversion o f a single point mutation, 

as in Figure 1.1, or to the conversion of a whole gene or DNA tract (of most interest 

here), as described below.
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Chapter 1 - Introduction

The protozoan flagellate parasite Trypanosoma brucei is the paradigmatic 

species of African trypanosomes (Payes and Nolan, 1998). Transmitted by tsetse fly, 

it causes sleeping sickness in humans (more than 50,000 death cases per year) and 

nagana disease in cattle (as a consequence of the disease 10 million square kilometres 

of potential grazing land, in 37 countries of sub-Saharan Africa, are rendered 

unsuitable for livestock breeding). The devastating effect of the pathogen lies in its 

ability to evade its host's immune system by repeatedly changing its surface coat, the 

only parasite structure exposed to host antibodies (Borst and Greaves, 1987). The 

surface coat consists mainly of a single protein species, the variant surface 

glycoprotein (VSG). The frequency with which the new coat arises ranges from 10'2 

to 10"6 per division (Van der Ploeg et a l, 1992). In a similar manner, another disease 

causing organism, the bacterium Borrelia hermsii (which causes relapsing fever in 

humans), also relies on antigenic variation to escape from host antibodies (Restrepo 

and Barbour, 1994). In Borrelia the immunodominant surface protein is called the 

variable major protein (VMP), the appearance of new serotypes occurs at an estimated 

frequency of 10'4 per division (Stoenner et a l 1982) In both organisms the change in 

the surface protein is associated with rearrangements in the genome driven by 

gene conversion mechanisms, whereby a functional gene - expressing the 

surface protein - is converted into a different functional gene. This occurs by 

transfer of information from one or more homologous silent donor genes or 

pseudogenes (Figure 1.2).

Donor genes________________ Expressed gene

y ........ | | I | P

i

V
Gene 

1 conversion

t

l i e  i P

Figure 1.2 Generalised representation of the process of antigen switching in T. brucei and B. hermsii. Potential 

donors for templated gene conversion of the functional gene (light grey rectangle) are located upstream of the 

expression site as a pseudogene cluster (dark rectangles). Only the gene at the expression site is expressed due to 

the presence of the promoter (P) element. Only 3 potential donor genes are shown, although (for trypanosomes) 

this number may represent 1000 or more. Gene conversion, resulting in a different surface protein being 

expressed, may result from two processes: 1. the entire expression linked gene being replaced with a silent copy, 

or 2. in parts of the gene being replaced (as shown) by information from one or more donor genes, resulting in a 

'mosaic' gene.
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Chapter 1 - Introduction

By creating 'mosaic' genes, both T. brucei and B. hermsii increase the diversity 

further of the surface proteins they are capable of expressing. It is interesting that this 

is also the method employed in the avian immune system in order to generate antibody 

diversity. Reynaud and co-workers (1987) demonstrated that chickens follow a route 

to immunoglobulin production that differs radically from that found in mammals 

(mammalian antibody production is reviewed by Alt et a l, 1992). In chickens there is 

only a single functional V-J-C region for the lambda light chain of the 

immunoglobulin, which are joined in a precise way. Upstream of the functional Vxi 

gene lie 25 pseudogenes (lacking either the coding segment at one or both ends, or 

a proper signal for recombination) organised in either orientation. Diversity in the 

light chain genes is created solely by somatic mutations, brought about by multiple 

rounds of segmental gene conversion (analogous to that shown in Figure 1.1), in 

which the segments (between 10 and 120 b.p. in length) are derived from the 

pseudo-V genes. Gene conversion takes place at a frequency of 0.05 - 0.1 per cell 

generation. At the end of the immune maturation period, a rearranged Vxi sequence 

has 4 - 6  converted segments spanning its entire length, derived from different donor 

pseudogenes; this allows (if all pseudogenes participate) 2.5 x 108 combinations.

Experimental Aim

If the same process used to generate antigen and antibody variation (above) could be 

mimicked in a suitable host organism, using the inherent recombination machinery of 

that organism to effect gene conversion at a synthetic donor/acceptor gene locus, the 

disadvantages of DNA shuffling would be overcome.

The possibility of imitating the process of gene conversion (adopted 

by birds) in order to generate large repertoires was first proposed by Winter and 

Milstein (1991).

It is the aim of this project to create such an 'in vivo DNA shuffling system' 

using the host organism Saccharomyces cerevisiae (baker's yeast), since is genetically 

tractable and since in the mating-type switch it already has an operational (and well 

characterised) gene conversion mechanism. Furthermore, homologous recombination 

in this organism is extremely efficient (Orr-Weaver et al., 1981).

The proposed donor/acceptor locus and the experimental strategy are described 

in detail in Section 1.3. The host organism, gene conversion therein, and a brief 

review of in vitro DNA shuffling are presented next.
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Chapter 1 - Introduction

1.1 THE HOST ORGANISM: Saccharomyces cerevisiae

Saccharomyces cerevisiae, a unicellular fungus, is one member of a genus containing 

some forty species, each of which produces spherical to ellipsoidal cells by budding, 

produce ascospores in asci and are capable of the efficient conversion of sugars to 

alcohol (Berry, 1982). Initially the name Saccharomyces was applied to all yeasts 

isolated from alcoholic beverages, three species were recognised by Meyen (1837) by 

their origin; Saccharomyces vini from wine, S. cerevisiae from beer and S. pomorum 

from cider (in 1870 the genus Saccharomyces was restricted to those yeast which 

produce spores). The most important Saccharomyces species in brewing was isolated 

in 1881 by the micro-biologist Emil Hansen, and described as Saccharomyces 

cerevisiae var ellipsoideus. Strains classified as S. cerevisiae have been widely used 

for brewing, distilling, wine making, the production of baker's yeast and biomass 

production.

By virtue of several of its features, Saccharomyces cerevisiae has become an 

important experimental organism for the study of eukaryotic molecular genetics. 

Because it divides by budding, it is easy to follow the progress of the cell cycle in a 

living cell (Murray and Hunt, 1993). It is able to propagate happily in either the 

haploid or the diploid state (described further below), so the effects of cell type or 

ploidy on gene activity can be determined. It can be grown on defined media, 

allowing the investigator complete control of its chemical and physical environment. 

Further, it has powerful and fast genetics, making it easy to isolate mutants in cellular 

processes and to clone the genes identified. Specific genes of interest can be deleted 

or overexpressed at will.

The complete DNA sequence of Saccharomyces cerevisiae chromosome III 

was produced in 1992, representing the first entire chromosome from any organism to 

be analysed (Oliver et a l, 1992). Four years later, as a result of an international 

effort, the sequence of the entire genome was published (Goffeau et a l, 1996; Goffeau 

et a l, 1997); making Saccharomyces cerevisiae the first eukaryotic organism to have 

its genome completely sequenced. The -13.5 Mb. sequence revealed, distributed 

somewhat unevenly amongst yeast's 16 haploid chromosomes, approximately 6000 

genes (average size 1450 b.p ). Features of the genome include, a high level of 

compactness (a protein encoding gene is found for every 2 k.b.p. of the yeast genome, 

in comparison to every 6 k.b.p. for the nematode worm and every 30 k.b.p. for the

5



Chapter I - Introduction

human sequence), the presence of few introns and little repetitive DNA. The 

sequence also showed that the yeast genome contained significant redundancy, with 

53 duplicated gene clusters representing more than 30% of the genome (Clayton et a l , 

1997). Further, of the genes identified, about 2000 represent orphan genes, having no 

known function or structural homologues of known function; it is noted by B. Dujon 

(1996) that the sequence has served to highlight the great extent of what remains to be 

understood, in an otherwise extensively studied organism. Determining the biological 

role of such orphan genes is the focus of international efforts, such as the EUROFAN 

(European Functional Analysis Network) project, which aims to study 1000 of the 

unknown genes, by the creation of deletion strains.

The complete S. cerevisiae DNA sequence is freely available on the internet, 

from the S. cerevisiae Genome Database (SGD), heralding an exciting new 

'post-genomic' era in yeast genetics and research. One that, using powerful new 

technologies, such as DNA chips (oligonucleotide arrays) [Pease et a l, 1994; 

Che et a l, 1996; Ramsey, 1998], will allow us to simultaneously monitor the 

expression level of every gene in the yeast genome (Wodicka et a l, 1997). Providing 

previously unimaginable amounts of information about gene function and the 

interrelationship of genes in biological pathways.

1.1.1 Gene conversion in Saccharomyces cerevisiae: the mating-type switching

reaction

Barring natural cellular events, gene conversion is not used by Saccharomyces 

cerevisiae to generate diversity within its genome, as for, e.g. B. hermsii. Instead it is 

used to effect a change in the sex, or mating-type, of a cell. The mating-type locus of 

S. cerevisiae (one of the first genetic loci in yeast to be studied), the genetic 

rearrangements at the locus, and the genes expressed thereof, have been the subjects 

of extensive research; for reviews see e.g., Haber (1983), Haber (1998a). The brief 

review presented below is intended only to describe the most salient points of the 

system, and that work of relevance to this project.

The alternation of haploid and diploid phases in the life cycle of yeast was 

established by Winge and Hjort (1935). Lindegren and Lindegren (1943) isolated 

stable haploids that could be distinguished by their ability to mate with each other and 

form non-mating diploids. The two mating types, designated a and a, were
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Chapter 1 - Introduction

determined by two alleles of a single genetic locus, MA 7a and MA 7a (located on the 

right arm of chromosome III; Mortimer and Hawthorne, 1969). The two alleles were 

found to be co-dominant, because the MATa/MATa diploids formed by conjugation 

had a distinctly different phenotype from either haploid; diploids were nonmating. 

When placed under nitrogen starvation conditions in the presence o f acetate 

(non-fermentable carbon source), MA Ta/MA Ta diploids undergo meiosis and form an 

ascus containing four haploid spores, two MA Ta and two MA Ta (Roman and Sands, 

1953). The complete life cycle of yeast (reflecting also later discoveries), is shown 

in Figure 1.3.

Figure 1.3 The life cycle of S. cerevisiae. Yeast can reproduce asexually by budding, as either haploid 

or diploid cells. Haploid cells exist in two mating types, a and a, and cells of opposite mating-types 

can mate to form diploid cells. Haploid budding cells secrete mating factors that bind to receptors on 

each other's surface. This chemical signalling induces cell cycle arrest and the expression of genes that 

carry out the physical process of mating. Under starvation conditions, the diploid cells sporulate to 

yield four haploid spores. Spore germination results in haploid budding cells that can mate with each 

other to restore the diploid state. Diagram reproduced form Murray and Hunt (1993).

( ° >  haploid ©  ©  A haploid < ° )

a  factor-► a factorCONJUGATION

STARVATION

|  SPORULATION

GERMINATION GERMINATION
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Producing spores of different mating-type within a single ascus ensures that 

when the spores germinate, those of opposite mating-type have a good chance o f 

mating, restoring the diploid state The diploid state provides protection from the 

burden of harmful mutations (Resnick and Martin, 1976; Chlebowicz and 

Jachymczyk, 1979; Fairhead and Dujon, 1993), and allows rapid sporulation in 

response to unfavourable environmental condition. A second strategy also ensures 

rapid diploidization, haploid cells of one mating-type are able to switch to the other 

mating-type. Mating-type switching (homothallism) ensures that even if a spore 

germinates in isolation, it will be able to find a partner with which to mate.

Mating-type switching in homothallic yeast was studied by Strathem, Hicks 

and Herskowitz who deduced rules defining the pattern of switching (Hicks and 

Herskowitz, 1976; Strathern and Herskowitz, 1979) First, only those cells that have 

previously budded are capable of switching. Second, cells switch in pairs; i.e., if a 

cell undergoes mating-type interconversion, then both mother and daughter produced 

from that cell are switched Third, a cell capable of switching will switch to the 

opposite mating-type around 85% of the time Shown diagrammatically in Figure 14

Parent cell Daughter cell.

Figure 1.4 The pattern of mating-type switching as determined by Strathem, Hicks and Herskowitz.

In most laboratory strains (as developed by Lindegren and Lindegren, 1943), 

the mating-type alleles are essentially stable (heterothallic strains), although rare 

conversions of MA 7a to MA Ta (or vice versa), of the order of 1CT6 can occur (Klar et 

al., 1982).
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The frequency of switching in homothallic strains, almost every other cell 

division, is much more rapid than could be anticipated by any mechanism involving 

conventional spontaneous mutations. Initially it was proposed that the rapid switching 

of mating-type might be due to a flip-flop type mechanism (similar to that used by the 

bacteria Salmonella to express two different proteins within its flagella), where 

transcription at MA T could be directed to copy either a or a  sequences that were both 

present at M AT  (Hawthorne, 1963; Brown, 1976). Later genetic analysis, which 

showed that mutations at the M AT  locus could be healed (e.g., Strathern and 

Herskowitz, 1979), ruled out such explanations.

An explanation of the high frequency of sex reversal came from genetic 

crosses, that showed that chromosome III possesses both an active MA T gene and two 

unexpressed mating-type loci, HML and HMR (Naumov and Tolstorukov, 1973; 

Harashima et al., 1974) An a to a  switch requiring HMLa, located on the left arm of 

chromosome III, and an a  to a interconversion requiring HMRa, located at the far end 

of the right arm of chromosome III. Genetic and physical analysis of the M AT  loci 

revealed that interconversion occurs by a replacement of information (a cassette) 

present at MA T with a copy of information (a cassette) of the opposite mating-type 

present at one of the HM  loci (Hick et a l, 1977, Strathern et al., 1980, Nasmyth and 

Tatchell, 1980). In other words, HMLa is a silent or unexpressed copy ofMATa,  and 

HMRst is a silent or unexpressed copy of MATst. This is the cassette model of 

mating-type switching, and is shown diagrammatically in Figure 1.5.

HML MAT HMR

a

Old cassette
r e m o v e dNew cassette inserted 

by transposition

a -f/~ a ~fh
Change in mating phenotype

Figure 1.5 The cassette model of mating-type switching. HML and HMR contain silent mating-type 

information. Here the a  cassette from HML replaces the a cassette at the expressed MAT locus. Most 

laboratory strains have the a information at HML and a information at HMR (type II arrangement) as 

shown; variants containing the opposite //A/La HMRa configuration (type I) have been isolated (Klar et

a l, 1982).
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Analysis of cassette switching showed that it occurred in a non-reciprocal 

manner, such that the donor information at either HML or HMR replaces the 

information present at the MAT locus, but does not exchange with it. Thus, the 

genetic information needed to promote subsequent mating-type switches is preserved.

Cassette exchange is a directed process, dependent on the phenotype of the cell 

(Klar et al, 1982). Switching usually involves replacement of MATa by the copy of 

the cassette from HMLa, or replacement of MATa by the copy of the cassette at 

HMRa. The dependence on the cell's phenotype (a or a) rather than the nature of the 

sequence present at either of the donor loci, was shown in strains possessing the 

reverse HMLa HMRa arrangement, which switched phenotype inefficiently (at a 

maximum of ~6%), as a result of futile MAT locus switches, that is MATa to MATa 

and MATa to MATa. The high frequency of mating-type interconversion reported by 

Strathern, Hicks and Herskowitz (discussed earlier) is explained by donor preference 

during the switching reaction (purely random donor selection would have resulted in a 

maximum frequency of observable switches of 50%). The cellular mechanisms 

resulting in directed switching, as determined by the phenotype of the cell, are 

described later.

Mating-type information

The four loci, HMRa, MATa, MATa and HMLa were isolated using recombinant 

techniques (Nasmyth and Tatchell, 1980; Hicks et al, 1979). DNA heteroduplex 

analysis was used to define the dimensions of the loci and their physical relationship 

(Nasmyth and Tatchell, 1980; Strathern et al, 1980). The exact dimensions 

(nucleotide length) of the loci were determined by Astell et al (1981). Thus: the 

MATa and MATa loci are about 2500 nucleotide pairs in length. Each contains a 

central unique sequence, 642 nucleotide pairs in a and 747 in a. These unique 

sequences are bound by homologous sequences of about 1400 nucleotide pairs on the 

left (centromere proximal) and 320 on the right. The HMLa locus, on the left arm of 

chromosome III, is homologous with MA Ta in structure; HMLa and MATa are also 

homologous. However, HMRa (and HMRa) on the right arm of chromosome III 

between MAT and the telomere, lacks about 700 nucleotide pairs from the left end and 

about 90 from the right end when compared with MATa (and MATa). The segments 

of the cassette have been designated, from left to right, W, X, Ya (Ya), Z1 and Z2,
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and all are present in HML* and M A7a (and HMLa and MA 7a). Only X, Ya (Ya) and 

Z1 are present in HMRa (and HMRa). Shown diagrammatically in Figure 1. 6 .

HML MAT HMR

constitutive a mating
ai_  HAPLOID

1 1 i l l
— / F C h 1 l_ _ CD------------------* / —

W X Y a Z,Z2 *
/  sporulation

I a l/a 2
^ 7 ------ 'v  D IP L O ID

W i i

X  Ya

~ n — / k > / / — i i i T f i ------------------/ / — f------ -------- ---------- LJJ
W X Y a Z,Z2

1__1_______ 1----------l_U
~ « 2 *  “ o f *  H A P L O ID

Jr \
repression o f  a induction o f  a  
mating phenotype mating phenotype

_ _ _ _ _ _ _ L
X Ya

Figure 1.6 An overview of yeast mating-type loci on chromosome III and control of cell type by 

MATa and M4 7a Boxed area refers to the activity of MATa and MA7 a in their determination of a, u. 

or a/a cell types. Positive controls are represented by arrows, negative control by arrows interrupted by 

a bar. Diagram and legend reproduced from Nasmyth et at. (1981).

The position and orientation of the two major transcripts produced at MATa 

(al and a2) and aXMATa (a l and a2) were determined by Nasmyth et al. (1981) The 

al mRNA is encoded entirely within the a-specific DNA sequence (the a l protein, 

containing 148 amino acids, results from a readthrough of a UGA at codon 45). The 

a2 mRNA, which is transcribed divergently from a l mRNA, is encoded in a region 

common to both M4 7a and MATa. The a l and a2 mRNAs are also transcribed 

divergently and have their 5' starts about 240 nucleotides apart (centred toward the left 

end) within the a-specific sequence. Most of the a l transcript is encoded in Ya, with 

the 3'-end encoded in the Z segment. Most of the a2 segment is encoded in the W 

segment.

The MA T locus determines cell-type by the control of unlinked a or a  specific 

genes, rather than by direct expression of all structural information required for 

mating (Strathern et al., 1981). The MAToA gene product (in conjunction with a 

constitutive protein, Mcmlp; Hagen et a l,  1993) is necessary for the expression of 

genes unlinked toM 4Tthat specify an a  mating-type (e.g., the a-factor structural gene 

MFa, and the a-factor receptor gene, STE3). M ATal is necessary (in conjunction with
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Mcmlp; Keleher et al, 1989) for repressing a specific genes, which are otherwise 

expressed constitutivley and would therefore antagonize the expression of an 

a  mating-type. M47a plays no part in the specification of an a mating-type, as the 

genes necessary are constitutivley expressed in the absence of the a2 gene (e.g., the 

a-factor structural gene MFm, and the a-factor receptor gene, STE2). However, the 

MATal gene is necessary for specifying, in conjunction with the a2 gene, the 

non-mating a/a diploid cell-type and the ability to sporulate (Figure 1.6). No 

biological role has been assigned to theMATn2 gene (Haber, 1998b).

Silencing o f HML and HMR

The donor loci, HML and HMR, contain complete copies of the mating-type genes, 

including their promoters, but are not expressed. Regulation of the silent mating-type 

genes depends on c/s-acting sequences, termed silencers (below), as well as several 

/raws-acting factors, including histones H4 and H3 (Kayne et al., 1988; Thomson 

et al., 1994), the proteins Raplp (repressor activator protein 1; Kurtz and Shore, 1991; 

Kyrion et al., 1993) and Abflp (autonomous replicating sequence [ARS] binding 

factor 1; Buchman et al., 1988) and four SIR (silent information regulator) proteins 

(SIRI-4; Rine et a l, 1979; Klar et a l, 1979). Failure of any one of the fram-acting 

factors to act result in the constitutive expression of the a  and a genes at HML 

zn&HMR.

Deletion analysis of regions adjacent to HML and HMR defined the czs-acting 

silencing elements, known as E  and I  (for essential and important), found 

approximately 1 kilobase to either side of the internal promoter regions (Abraham 

et al., 1984; Feldman et al., 1984). These sites, each less than 150 b.p., are required 

for regulation of HML and HMR by the trans-acting factors (excluding histones H4 

and H3). The roles that the two silencers play in silencing the adjacent mating-type 

genes differs at the two loci. At HML, the presence of either the E  or I  site alone is 

sufficient to silence HMLa, whilst at HMR, a deletion of the I  site does not abolish 

silencing but a deletion of the E  site does.

The silencers function in an orientation-independent manner over a reasonable 

distance (>4000 b.p.) to promote repression on the silent mating-type loci (Brand et 

al., 1985; Boscheron et al., 1996). This repression occurs in a region-specific, rather 

than a gene-specific manner (Schnell and Rine, 1986; Brand et al., 1985). Each of the 

four silencers is composed of various combinations of clearly defined elements (Shei
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and Broach, 1995). The HMR E  silencer encompasses distinct recognition sites for 

the DNA binding proteins Raplp and Abflp as well as an ARS consensus recognized 

by the origin recognition complex (ORC). Deletion of any one of these elements has 

little effect on repression, while deletion of any two causes complete derepression. 

Similarly, both HML E and HML I  silencers each encompass two of these three 

elements: HML E  contains a Raplp binding site and an ARS element, and HML I  

contains an Abflp binding site and an ARS element. Thus, the silencers can be 

defined as collections of any two of three well-defined elements, shown in Figure 1.7.

E HML I MAT E HMR I

1 W X Ya Z,Z2 X Ya Z,

Figure 1.7 Positions of the four silencers with respect to the HM-loci, and organisation of the elements 

within the silencers. B, R, and A refer respectively, to Abflp binding site, Raplp binding site, and 

ARS core consensus sequences. Reproduced from Shei and Broach (1995).

Silencing of the HM  mating-type loci (also subtelomeric regions) is caused by 

the localised formation of an altered chromatin structure (Triolo and Stemglanz, 

1996). The first suggestion that chromatin structure might be important in repression 

came from experiments by Nasmyth (1982), comparing the DNasel digestion profiles 

of HML, HMR, and MAT in Sir+ and Sir' strains. A strong «S7/?-dependent difference 

in the DNasel nuclease sensitivity pattern of HML and HMR was seen, indicating that 

the placement of nucleosomes might play a role in repression. A causal connection 

between changes in chromatin structure and gene expression in S. cerevisiae came 

from the demonstration that amino-terminal deletion mutations encoded by the gene 

for histone H4, that removed much of the conserved basic region, led to the 

derepression of the HM loci (Kayne et al., 1988). Much evidence has now been 

gathered, relating to accessibility of the silent loci to various DNA modifying agents 

and acetylation levels of histones H3 and H4 (hypo-acetylated), suggesting that 

transcriptional silencing derives from a heterochromatin-like organisation of these loci 

(e.g. Gottschling et a l, 1992; Braunstein et a l, 1993). By means of high-resolution 

micrococcal nuclease mapping, Weiss and Simpson (1998) and Ravindra et al (1999), 

demonstrated directly the presence of continuous arrays of well positioned 

nucleosomes (closely packed dimers with a linker of <5 b.p.) spanning both HMLa
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and HMR*, in contrast to the random organisation of MAT* and regions adjacent to 

the silencers.

Establishment of modified chromatin at the HM  mating-type loci begins at 

'initiation sites', which correspond to the E  and I  silencers, and spreads across the loci 

(Hecht et a l ,  1995). Modified chromatin is achieved through the binding of Sir3p and 

Sir4p to histones H3 and H4, which results in a highly positioned array o f 

nucleosomes. The E  and I  silencers serve to seed the formation of a Sir3p-Sir4p array 

by the binding of Sir3p to Raplp (Moretti et al., 1994) and of Sir4p to the origin 

recognition complex via Sirlp (Triol and Sternglanz, 1996). It is thought that Sir2p, 

which has been shown to interact with Sir4p, may help to stabilise the Sir3p-Sir4p 

array, also to play a role in regulating the level of histone hypoacetylation (Moazed 

et al., 1997; Strahl-Bolsinger et al., 1997). The onset of repression has been shown to 

be strongly associated with the cell cycle and replication of DNA (Miller and 

Nasmyth, 1984, Bi and Broach, 1997) A model showing the interactions of the 

various trans-acting factors is shown in Figure 1.8

SIR2

SIR1

ORC1

Origin
recognition
complex RAP1 Histones

ABF1

HMR-E

Figure 1.8 A model for the establishment of silencing at HMR-E. Seeding of the Sir3p-Sir4p array 

begins at the silencer and spreads to silence nearby genes. B, R  and A are as described in Figure 1.7. 

The role of Abflp in silencing was demonstrated by Loo et al. (1995), although its interactions in this 

model are unknown and are therefore ignored. Adapted from Triolo and Sternglanz (1996).

Molecular mechanism o f M AT switching

The conversion of one mating-type to another involves the replacement at the M AT  

locus of Ya with Ya, or vice versa. Evidence for physical pairing of the loci (as 

opposed to a replacement event mediated via a mobile genetic element) came from 

observations of reciprocal recombination events between M AT  and HMR in
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mat&UMA Ta-inc diploids (which are a-mating, due to the matal mutation, and 

undergo switching) [Haber et a l, 1980b], The formation of MAT!HMR deletions 

during mating-type switching argued that the donor (HMR or HML) and recipient 

(MAT) sequences must physically pair during the transposition event. The switching 

process is initiated by a double-strand cut made in the recipient MAT locus by an 

endonuclease encoded by the HO gene (Strathem et al., 1982; Kostriken et al., 1983; 

Kostriken and Heffron, 1984). The HO endonuclease recognises a 24 b.p. DNA 

sequence just to the right of the Y-Zl junction (Nickoloff et a l, 1986). Such breaks 

are only made in homothallic (HO*) strains, heterothallic (HO ) strains do not switch 

mating-type because they fail to make this enzyme.

The pattern of mating-type switching deduced by Strathem, Hicks and 

Herskowitz (Figure 1.4) is explained by the regulation of the HO endonuclease. In 

homothallic yeast, endonuclease activity is limited to the G1-phase of the cell cycle 

and restricted to haploid mother cells that have divided at least once; a single switched 

cell gives rise to two progeny cells with the new mating-type, indicating that the 

switch occurs prior to replication of the MAT locus (Nasmyth, 1983). The HO gene is 

under the control of c/s-acting sites found in the 1500 b.p. upstream of the gene 

(Nasmyth and Shore, 1987). The general pattern of control is that repression at any 

one of many sites, responding to several regulatory circuits, may prevent transcription 

of HO. Mating-type control resembles that of other haploid-specific genes, 

transcription is prevented (in diploids) by the al/a2 repressor.

The conversion process (Ya—>Ya, Ya—>Ya) is highly directional, in that the 

sequences at MAT are replaced by copying new sequences from either HMLa or 

HMRa, while the two donor loci remain unchanged by the transaction (Haber, 1998b). 

Directional gene conversion reflects the fact that HO endonuclease cannot cleave its 

recognition sequence at either HML or HMR, as these sites are apparently occluded by 

nucleosomes in silent DNA (Nasmyth, 1982; Weiss and Simpson, 1998).

In the experiments of Orr-Weaver et a l (1981) the stimulation of 

recombination between plasmids and a homologous chromosomal site by a double 

strand DNA break (or gap) was investigated. In their experiments, an internal 

segment of a cloned yeast gene was excised and the plasmid not religated. When this 

broken, gapped DNA was used in a transformation experiment, it was repaired by a 

gene-conversion event involving an intact homologous sequence on the chromosome. 

The initiation by the HO endonuclease of a double-strand break at MAT creates a
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somewhat analogous situation in which homologous sequences are interrupted, not by 

a gap, but by nonhomologous sequences. Early models (e.g. Watson et a l ,  1987) for 

repair events at M AT  were based on the experiments of Orr-Weaver et al. (1981) and 

the mechanism of double-strand break repair proposed by Szostak et al. (1983); such a 

model is shown in Figure 1.9.

w X Ya Z

Double-stranded cul by 
HO protein

Invasion of homologous Z region

a*#*»*/**
* * *  /  Degroded

D egradation of Y segment and 
invasion of homologous X region

\  f

Extension of 3 ' ends 
(Repair synthesis)

\  f

Newly synthesized 
DNA |

Equals

W  , X Ya | Z

= y ~ — - y

Conventional Holliday-structure representation

i
 Resolution to  reconstitute 
linear chromosome with a  
sequence a t  MAT

H M la

W , X Ya , Z

W X Ya Z

MATa

Figure 1.9 A basic model for MAT switching based on the double-strand break repair model of 

Szoztak et al. (1983). Described in main text. Reproduced from Watson et al. (1987).
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Cassette switching (described with respect to Figure 1.9) is initiated by a 

double-strand break at the Y-Zl junction by the HO endonuclease. The 

non-homologous Ya segment is 'chewed back' by exonuclease activity, leaving the 

free ends of the Z and X segments to invade the homologous regions of the HMLa 

gene, creating short heteroduplexes. The 3' extension during DNA repair replaces the 

missing Y segment with that of the invading HM gene. A symmetric heteroduplex is 

formed containing two Holliday junctions (Holliday, 1964) that must be resolved for 

the completion of switching. An unusual aspect oiM AT  switching is that it is very 

rarely (1%) accompanied by crossing-over (which would create a lethal deletion of a 

large chromosomal region), in contrast to gene conversion by double-strand gap 

repair, which is associated approximately 50% of the time with crossing-over (Klar 

and Strathem, 1984; Szostak et a l, 1983). In order to prevent isomerization (in this 

model) the Holliday junctions; must be resolved in the same orientation, i.e. either the 

two noncrossed strands or the two crossed strands must be cut. This could 

theoretically occur via the action of a resolvase, specific for the mating-type switch 

reaction (Paques and Haber, 1999). Other mechanisms proposed to account for the 

low frequency of crossing-over include the action of topoisomerases, which might 

unwind both newly synthesised strands from their HML template strand, so that HML 

contains its original DNA and MAT carries the two newly synthesised regions, and 

there is no crossing-over (McGill et al., 1989), or resolution of the two strands by a 

replication fork passing through the intermediate (Strathem et a l, 1982). However, 

this final proposal was disproved by Raveh et al. (1989), who demonstrated that 

heterothallic cells arrested im G1 with a-factor were able to successfully switch 

mating-type, when HO was expressed from a galactose inducible plasmid. Raveh 

et al. (1989) further demonstrated that the HO-cleaved MAT intermediate was stable 

over significant lengths of time, i.e. HO cleavage is not coupled to the subsequent 

gene conversion event, and that rad52 mutants (defective in DNA damage repair) did 

not produce MAT DNA of the; opposite mating-type, indicating that the block is prior 

to the gene duplication stage off the switch.

By using a galactose inducible HO endonuclease and physical monitoring 

techniques, the sequence of molecular events that follow the production of the 

double-strand break have beem followed in considerable detail (reviewed by Haber, 

1995). A key study by White and Haber (1990) identified several intermediate steps 

in the switching process (which was found to take 60 minutes from the appearance of
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the double-strand break to the appearance of the switched product), thus: A long

3' single-stranded tail is produced in the Z region (and into unique sequences distal to 

MAT) by a slow ( 1 - 2  nucleotides per second) exonuclease, with no equivalent 

degradation of the proximal side of the double-strand break. The 3' end of MAT- Z is 

not significantly degraded Once a 3' single-stranded tail has been produced, it can 

invade the donor locus and initiate repair of the double-strand break. An intermediate 

that can only be detected following strand invasion and DNA synthesis can first be 

detected 30 minutes before the completion of switching (this step is prohibited in 

rad52 mutants). The removal of the original Y region, which must be excised before 

switching can be completed, only occurs as the completed product appears The 

intermediates identified and the physical monitoring techniques used to do so, are 

summarized in Figure 1.10.

Z probe

MAT*
M4T-proximal % I

HMLa

MATa

HMLa

MATa

%l 4  M47'-distal
HO endonuclease cleavage

Ya

PCI**,
&

T ------ PCRo

(donor)

5 'to 3'
exonudease
degradation

Strand invasion and 
primer extension

HMLa

MATa
PCR,

PCRrf
Styl

Replacement of 
Ya with Y a

Figure 1.10 Molecular model of MAT switching based on the results of White and Haber (1990). HO 

endonuclease induces a double-strand cut within the MAT locus at the Y/Z junction. Exonucleolytic 

degradation to the right of the double-strand break creates a 3' single-stranded tail that invades the 

homologous sequences of the silent copy donor HML-Z region. Strand invasion and DNA extension 

can be monitored by a PCR assay using primers in HMLa and distal to MAT-Z (labelled PCRod and 

PCRd). When strand extension reaches the X region of HMLa, the displaced strand anneals to the X 

sequence from MATa and serves as a template for the replacement of the Ya sequence with Ya 

sequence. Formation of the new MAT-XIYa junction can be monitored using PCR primers located in 

the unique MAT proximal sequence (PCRp) and in the Ya sequence (PCRop). The kinetics of strand 

degradation can be followed by Southern hybridization using a probe that hybridizes to MAT and to the 

adjacent distal fragment. As the single-stranded tail is produced, a larger restriction fragment, 

refractory to Styl cleavage, at one or more distal sites, is produced. Reproduced from Sugawara et al. 

(1995).
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The sequence of events (above) contrast to those described for the simple 

double-strand gap repair model for switching (Figure 1.9). MAT switching is driven 

by recombination events initiated by MAT-Z, with both the removal of the original Y 

region and the joining of the newly copied sequences to MAT-X being late events. 

Other studies have revealed further insights into the switching reaction, thus: The 

region replaced during MAT switching is substantially longer than the Y region itself. 

McGill et al. (1989) used artificial restriction sites inserted at different places in the X 

and Z regions to show that replacement of the Y segment often extends into the 

flanking homologous regions. They further showed that there was no reciprocal 

transfer of markers from MAT to the donor. This observation was supported by 

studies of a single base pair mutation only 8 b.p. from the 3' of the HO cut, in the Z 

region (Ray et a l t 1991). In the absence of mismatch repair (Section 1.3), this 

mutation was most often retained during switching (thus confirming physical studies 

showing that there was almost no 3' to 5' removal of the 3'-ended tail). Usually, only 

one of the two daughter cells carried the mutation. Kinetic analysis (Haber et al., 

1993) further demonstrated that, in repair-proficient cells, mismatch correction 

occurred very rapidly (as quickly as the PCR-amplified intermediate could be 

detected), suggesting that correction occurred soon after the strand invaded the donor 

locus. Moreover, the heteroduplex DNA was corrected in a highly biased way, such 

that mutant sequence in the invading Z DNA was corrected to the genotype of the 

donor. Sugawara et a l (1995) used physical monitoring of DNA to show that MAT 

switching is completely blocked at an early step in recombination in strains deleted for 

the DNA repair genes RAD51, RAD52, RAD54, RAD55 or RAD57 (initially identified 

because of their role in repairing X-ray induced damage). When the donor sequence 

was simultaneously not silenced and located on a plasmid, only the RAD52 gene was 

required. RAD51, RADS4, RAD55 and RAD57 are still required when the same 

transcribed donor is on the chromosome. One puzzling feature of MAT switching is 

that ends of HO-cleaved MAT DNA are able to invade the same region of HML or 

HMR where HO cannot cut. It was shown that RAD51, RAD54, RAD55 and RAD57 

are all required to facilitate strand invasion into otherwise inaccessible regions of 

DNA.

Physical monitoring of MAT switching has made it possible to identify the 

early steps in the process, but exactly what happens in some later steps remains 

unclear. For example, how are the original Y sequences, which are not homologous to
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the incoming Y sequences, removed? The investigation by White and Haber (1990), 

had suggested that neither strand of Ya was degraded until just before switching is 

completed, whereupon both strands disappeared (Figure 1.10). However, later 

analysis suggests that, as on the distal side of the double-strand break, one strand is 

degraded 5' to 3', producing a long single-stranded tail (Wu et al., 1997). Physical 

analysis of the rate of 5' to 3' degradation has implicated the proteins, Rad50p, 

M rellp and Xrs2p, in this process (Ivanov et a l, 1994; Sugawara and Haber, 1992; 

Tsubouchi and Ogawa, 1998). It is suggested by Haber (1998b) that removal of the 

single-stranded tail occurs by endonucleolytic cleavage at its junction with paired, 

homologous sequences. A process that is dependant on two proteins from the 

nucleotide excision repair pathway (Radlp/Radl Op) and two proteins from the 

mismatch repair pathway (Msh2p/Msh3p) [Fishman-Lobell and Haber, 1992],

Physical analysis has also made it possible to analyse conditional lethal 

mutants to ask what DNA replication enzymes are required for MAT switching. Many 

of the proteins required for origin dependent DNA replication are required for MAT 

switching, which include the single-strand binding protein RPA, the clamp protein 

PCNA (an elongation factor), and possibly all three major DNA polymerases (Haber, 

1998b). The most striking result is that MAT switching appears to involve both 

leading and lagging strand synthesis, mutations in primase and polymerase a 

drastically impair the completion of switching.

The absence of crossing-over, the lack of transfer of genetic information from 

MAT to the donors during recombination, and the involvement of lagging strand 

synthesis are consistent with a new family of double-strand break repair models 

(reviewed by Paques and Haber, 1999), known collectively as synthesis-dependent 

strand annealing (Haber, 1998b). One version of this mechanism that accounts for the 

involvement of lagging strand synthesis is illustrated in Figure 1.11. In this

mechanism, the strand invasion sets up a replication fork in which there is both

leading and lagging strand synthesis. Unlike normal origin-dependent DNA 

replication, however, branch migration is postulated to displace both newly

synthesised strands so that they are both inherited by the recipient (MAT) locus,

leaving the donor completely unchanged. This mechanism does not lead to the 

formation of a pair of Holliday junctions that can be resolved by crossing-over, so that 

crossing-over would rarely accompany MAT switching.
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Figure 1.11 Synthesis-dependent strand annealing model for MAT switching. Proteins involved at 

different stages in the process are shown. In this mechanism, &4Z)52-dependent strand invasion 

initiates new DNA synthesis, requiring RFC (replication factor C), PCNA, and either Pol5 or Pole. The 

newly synthesised strand is displaced and eventually anneals with the second broken end, without the 

formation of a Holliday junction that would permit crossing-over to accompany MAT switching. A 

second strand may be synthesised by lagging strand replication. Removal of the original Y region is 

excised by a 'flap' endonuclease including Rad lp/Radl Op and Msh2p/Msh3p. Reproduced from Haber, 

1998b).

Donor pre ference

As previously discussed, the mating-type switching reaction is a directed process, one 

that is independent of the sequences at the silent donor loci. Thus, MATa cells 

preferentially recombine with HML, whilst MATa cells chose to recombine with 

HMR, ensuring that recombinational repair of the double-strand break will lead to a 

switch to the opposite mating-type The underlying mechanism governing donor 

selection have been investigated, principal aspects of which are described below.
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Wu and Haber (1995) investigated donor preference in MATa cells. By 

deleting HML and inserting a donor at other chromosome III locations, it was found 

that MATa activated a large (>40 k.b.p.) region near the left end of the chromosome, 

such that a donor placed at several sites within this domain was strongly preferred 

over HMR. When inserted outside of this domain, the donor was used equally with 

HMR. However, MA Ta donor preference for HML was found to be abolished by the 

expression of the negative regulator, MATal (although HML regained its preferred 

status when the donor was unsilenced). It was also shown that mating-type dependent 

activation of the left end of the chromosome applied to other recombination events. 

Spontaneous recombination between two leu2 alleles was found to be 20 - 30 times 

higher in MATa than in MATa when one of the leu2 alleles was inserted instead of 

HML.

In order to locate czs-acting elements responsible for the preference of MATa 

cells for HML, Wu and Haber (1996), created a series of terminal truncation (by 

including a telomere sequence) or internal deletions. A 2.5 k.b.p. deletion located 

17 k.b.p. proximal to HML was found to completely reverses donor preference, so that 

a MATa cell used HML only 10% of the time instead of 90%. By re-inserting 

subfragments of this deleted region, a 700 b.p. 'recombination enhancer' (RE) 

sequence that controls MATa and MATa donor preference was defined. The 

recombination enhancer was found not only to activate HML at its normal location but 

also to activate either HML or HMR sequences placed at several different locations 

along the entire left arm of chromosome III. In each case, HMR became the strongly 

preferred donor, if the recombination enhancer was deleted, as 'mMATa cells. Thus 

the left arm of chromosome III was shown to be recombinationally inactive mMATa 

and somehow activated in MATa. The 'cold' state in MATa, whether the 

recombination enhancer is present or not, also being the default state in MATa cells 

deleted for the recombination enhancer. The recombination enhancer acting to reverse 

the unusual inaccessibility of donors on the left arm of chromosome III. The role of 

the recombination enhancer is summarized in Figure 1.12.
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Figure 1.12 Donor preference is regulated by the recombination enhancer RE. A. In MATa cells, a 

donor placed anywhere along the left arm of chromosome III is used preferentially in competition with 

HMR. B InM 47a cells, the RE is turned off and the entire left arm and part of the right arm become 

cold, allowing HMR to be the preferred donor C. When the RE is deleted in a MATa cell, the left arm 

becomes inaccessible and HMR becomes the preferred donor. Reproduced from Haber (1988a).

By comparing the recombination enhancer sequences of S. cerevisiae and 

S. carlsbergensis (which is functional in S. cerevisiae), the recombination enhancer 

was narrowed down to 244 b.p., and found to contain four well-conserved 

sub-domains (Wu et al., 1998) Deletion of three of the regions, A, C or D, abolished 

recombination enhancer activity. Region C contained a highly conserved binding site 

for the Mata2p-Mcmlp co-repressor (the repressor of a-specific genes 'mMATa. cells) 

The Mata2p-Mcmlp co-repressor has been shown to play a key role in repressing the 

activity of the recombination enhancer in MATa cells, whilst Mcmlp (transcriptional 

activator of a-specific genes) has been shown to play a definitive role in activation of 

the recombination enhancer in MAT* cells (Szeto etal.,\991, Wu et al., 1998).

The genetic studies of how the recombination enhancer is regulated (above) 

are supported by analysis of the chromatin structure of the recombination enhancer. 

In MATa cells, the recombination enhancer is covered by a very highly positioned set 

of nucleosomes on either side of the (occupied) Mata2p-Mcmlp binding site (Weiss 

and Simpson, 1997). The ordered array extends across the entire 2.5 k.b.p. interval 

containing the recombination enhancer, and ends at two flanking open reading frames. 

In MATa cells, the recombination enhancer exhibits several distinctive footprints 

indicative of protein binding and a region of closely spaced DNasel hypersensitive 

sites In MATa cells, when mutations of the MATa2p binding sites of the 

Mata2p-Mcmlp binding domain markedly increase the use of HML as a donor, the
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chromatin structure of the recombination enhancer region becomes indistinguishable 

from that seen 'mMATa cells (Wu and Haber, 1995).

It is proposed by Haber (1998a) that the recombination enhancer might 

function by changing the nuclear localisation or the higher-order folding of the entire 

left arm of chromosome III to make it more 'flexible' in locating and pairing with the 

recipient site in MATa cells. In this view, the chromosome arm would be sequestered 

or immobilized (perhaps by being bound to the nuclear envelope) in such a way that 

HML is unavailable 'mMATa cells even though the chromatin structure at HML itself 

remains unchanged.
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1.2 IN VITRO DIRECTED MOLECULAR EVOLUTION

The stunning array of features and functions exhibited by proteins and enzymes makes 

them valuable and attractive resources for use in medical applications and industrial 

processes. However, proteins isolated from natural sources, when recruited for new 

tasks, e.g. as catalysts in industrial processes or as additives in laundry detergent, are 

often not well suited. Desirable features might include higher thermal stability, the 

ability to function in organic solvents, in extremes of pH or under oxidative 

conditions, as well as high catalytic activity to (or the ability to recognize) non-natural 

substrates (Arnold, 1999).

The possibility of designing a new protein from first principles to perform a 

specific task is remote. Despite extensive investigation, our understanding of the 

mechanisms of protein folding and function in relation to the structure is in its infancy 

(Harayama, 1998). To this end, protein engineers have attempted to modify the 

properties of existing proteins, a process made possible by two techniques: 

site-directed mutagenesis (Reidhaar-Olson et a l , 1991) and computer-assisted 

modelling (Clealand, 1996). However, this approach is only applicable to protein 

families in which the three-dimensional structure of at least one member protein has 

been resolved. Furthermore, many attempts to alter the properties of enzymes by 

'rational design' have failed, because the introduced amino acid substitutions exerted 

unexpected influences on the structure and function of the target enzymes.

A more powerful method of altering a protein toward a desired goal is directed 

molecular evolution. Here no structural information is required and there is no need 

to identify amino acid residues that are important to function. Instead the protein or 

enzyme is subjected to repeated operation of three processes: selection, amplification 

and mutation, fundamentally Darwinian evolution, until the desired protein is 

obtained.

One way this can be achieved is by using error-prone polymerase chain 

reaction (PCR), which allows the introduction of random mutations, followed by 

selection/screening'1' for desired variants. Chen and Arnold (1993) used this approach 

to engineer the protease subtilisin E to function in high concentrations of the polar 

organic solvent dimethyl formamide (DMF), in which it catalyses peptide bond 

formation. Three sequential rounds of mutagenesis and screening (starting with a

25



Chapter 1 - Introduction

variant containing four effective amino acid substitutions) yielded a variant containing 

ten amino acid substitutions that exhibited more than 150 times the activity of 

wild-type subtilisin in 60% DMF. Two additional rounds of mutagenesis and 

selection (You and Arnold, 1994) allowed the isolation of a mutant enzyme containing 

three further amino acid substitutions that was 471 times more active in 60% DMF 

than the wild-type enzyme. The 13 amino acid substitutions resulted from 27 DNA 

base substitutions distributed across the 800 b.p. portion of the gene sequenced.

A critical point of this method, as discussed by Moore and Arnold (1996), is 

that the mutation frequency must be carefully tuned: generally beneficial mutations 

are rare, while deleterious mutations are common; because the combination of a 

beneficial mutation and a deleterious mutation may result in the formation of an 

inactive enzyme, the mutation frequency should not be high if the maximum number 

of improved enzymes are to be obtained. The mutation frequency should also not be 

too low, otherwise the wild-type sequence would predominate in the population.

The problem of deleterious mutations accumulating with successive rounds of 

mutagenesis was overcome by the DNA shuffling’ technique devised by 

Willem Stemmer (Stemmer, 1994a; Stemmer 1994b). The technique, described 

briefly earlier, is combinatorial in its approach: A gene (or pool of mutated genes) is 

randomly fragmented with DNasel. These fragments (30 b.p. - 300 b.p. in size) are 

then reassembled into a full-length gene by repeated cycles of annealing in the 

presence of DNA polymerase. The fragments prime with each other based on 

homology, and recombination occurs when fragments from one copy of a gene prime 

on another copy, causing a template switch. The method produces a point 

mutagenesis rate of 0.7%, similar to error-prone PCR. As in random mutagenesis, 

mutants are screened, and improved variants used as templates for recursive rounds of 

shuffling, assembly and selection (Figure 1.13).

v Selection strategies are, in principle, much more powerful than screens for analysing and improving 

molecular functions, because huge number of variants can be screened simultaneously. In a screen, 

variants are assayed individually for a given property to identify the best. In a selection, a pool 

containing all the variants is subjected to a selection step that yields the best' molecule directly 

(Clarkson and Wells, 1994). Most of the experimental effort of directed evolution is devoted to 

devising, validating and implementing a suitable screen, this is due to the first law of random 

mutagenesis "you only get what you screen for" (Arnold, 1998a).
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The technique is more powerful as it introduces an element missing in random 

mutagenesis, but prevalent in natural evolution: sex (correspondingly the technique 

has also been called 'sexual PCR' [Smith, 1994]; although the term 'chain reaction' is a 

misnomer, as there is no autocatalytic amplification). Recombination between 

different DNA lineages allows beneficial mutations to come together and the 

elimination of deleterious ones DNA shuffling also permits a 'backcross' (with an 

excess of the wild-type strand) to be made, allowing selection against any mutations 

that are not important for function.

Parent gene(s) -------------------------------------------------------

Random mutagenesis 
(or DNA shuffling)

’ ' and screening 
•--------

Family of related •  •  -  O  —
DNA sequences □ □ » m

 0 — ♦ ----------

Random fragmentation

Pool o f random 
DNA fragments

8-es

Reassembly PCR

Recombined 
DNA sequences

—o — •-----□---- ---□---• -

r-i

----- □----------•---- □-------- •—

Detect combinations o f Eliminate negative
positive mutations mutationsA '

Select or screen

---□-----—o— —
- -- -  =- -
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Figure 1.13 In vitro recombination by DNA shuffling. Random fragments of a single parent gene or 

pool of genes containing different mutations are reassembled in a PCR reaction, during which they are 

allowed to act as primers for one another. The fragments elongate, producing a family of DNA 

sequences containing different combinations of the mutations contained in the parent pool. Beneficial 

mutations are accumulated and deleterious mutations eliminated during recursive cycles of shuffling 

and screening or selection. Reproduced from Arnold (1997).

In his study, Stemmer started with a |3-lactamase gene, TEM-1, with very low 

activity against the antibiotic cefotaxime. The minimum inhibitory concentration for 

Escherichia coli expressing the gene from a plasmid was 0.02 pgml'1 The gene was
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subjected to DNA shuffling, the PCR product spliced back into the plasmid vector, the 

spliced vector transformed into E. coli, and the transformed bacteria selected on 

various concentrations of cefotaxime. Several hundred colonies showing the highest 

levels of resistance provided the starting DNA for another cycle of the same four 

steps. After three cycles of mutagenesis, recombination and selection, the minimum 

inhibitory concentration for the most resistant clones was 640 pgml'1, a 32,000-fold 

increase. Following two backcross cycles, with a 40-fold excess of wild-type, the 

mutant gene conferring high resistance contained six amino-acid changes, plus a 

promoter change. A control experiment using error-prone PCR but no shuffling 

resulted in a minimum inhibitory concentration, after three selection cycles, of only 

0.32 pgml"1, a 20-fold increase.

Diversity in the DNA shuffling reaction originates from random point 

mutations, a result of the polymerase reaction. Most of these mutations are (as 

discussed above) deleterious or neutral. Naturally occurring homologous sequences, 

however, are pre-enriched for 'functional diversity', because deleterious variants have 

been selected against over billions of years of evolution. Crameri et a l (1998) 

showed that shuffling gene families (Figure 1.14) was an effective way to accelerate 

the process of directed evolution: Four cephalosporinase genes - 58 to 82% identical 

at DNA sequence level - from four microbial species were evolved separately, and as 

a mixed pool, for increased resistance against the antibiotic moxalactam. Following a 

single round of shuffling, clones originating from the four single gene libraries 

showed up to eightfold increases in moxalactam resistance, as compared to those 

expressing the wild-type genes. In contrast, the best clone originating from the gene 

family library showed a 540-fold increase (0.38 - 200 pgml"1) to the 'best' wild-type 

genes, and a 270-fold increase (0.75 - 200 pgml'1) to the 'worst' wild-type genes. 

Thus 'family shuffling' accelerated the rate of functional enzyme improvement 34- to 

68-fold in a single cycle.

The utility of family DNA shuffling was demonstrated by Chang et a l (1999). 

Human alpha interferons (Hu-IFN-as) are encoded by a family of over 20 tandemly 

duplicated nonallelic genes that share 85 - 98% sequence identity at the amino acid 

level. These proteins have potent antiviral and antiproliferative activities that have 

clinical value as anticancer and antiviral therapeutics, e.g. Hu-IFN-a2a is marketed as 

a $600 million/year drug by Schering-Plough of Berlin (Coghlan, 1998). Following 

two rounds of DNA shuffling, in which all of the Hu-IFN-a genes, including
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pseudogenes, were shuffled, the most active clone was improved 285,000-fold relative 

to Hu-IFN-a2a, as measured by its ability to protect cultured cells against a mouse 

virus.

Ancestral gene

1 I
N ^ Natural evolution (primarily neutral)

~  ~  _  100s of millions o f years
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S N " I speci es 4

\  species 3

^  I I species 2

I I species 1

DNA shuffling

1 1 I I M&
t i r  ~b i t

i i ' i 1 " ~ i " i
□ ' :  i ■ _ i m
I" I 1 1 — T □

chimeric genes

Figure 1.14 Family DNA shuffling. Homologous proteins are descended from a common ancestral 

protein and share its overall three-dimensional structure. Recombining homologous genes creates 

chimeras, some fraction of which should also fold into that structure. Such family shuffled libraries 

could be rich in novel function Reproduced from Arnold (1998b).

The applicability of DNA shuffling to the evolution of different characteristics 

has been demonstrated, for example: Following three rounds of DNA shuffling, the 

fluorescence of the green fluorescent protein (GFP) of the jellyfish was improved 

45-fold relative to that of the initial GFP (Crameri et a l ,  1996). Substrate specificity 

of the E. coli lacZ gene was changed, following seven rounds of shuffling, from a 

p-galactosidase into an efficient, 1,000-fold improved, p-fucosidase (Zhang et al., 

1997). An arsenate detoxification pathway, conferred by a plasmid borne operon, was 

improved 40-fold following three rounds of shuffling, enabling E. coli cells to grow 

on 0 5 M arsenate. (Crameri et al., 1997). Using a combination of DNA shuffling, 

random mutagenesis and recombination via restriction sites, Giver et a l (1998) 

increased the thermostability of an esterase by >14°C, whilst maintaining catalytic 

activity at low temperatures.

DNA shuffling has also been applied to another important protein engineering 

technology; phage display. Devised by McCafferty et a l  (1990), phage display
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(described briefly here) is a method for making antibodies in vitro by mimicking the 

immune system. The strategy relies on the surface display by filamentous 

bacteriophage of a combinatorial library of antibody fragments. There are many 

versions of the phage-display technique (Winter et al., 1994), a typical one (as devised 

by Marks et a l, 1991), is as follows: A diverse library of immunoglobulin heavy (V h) 

and light (V k and V%) chain variable (V) genes (which code the antigen-binding site of 

antibodies) are prepared from peripheral-blood cells by PCR amplification, using 

universal primers. Genes encoding single chain Fv fragments are made by randomly 

combining heavy and light chain V-genes using PCR, and the combinatorial library 

(>107 members) cloned for display on the surface of a phage. Rare phage that bind to 

an antigen of interest (with good affinity) are selected by rounds of growth and 

panning with antigen.

Combinatorial infection (Waterhouse et a l, 1993) has been used to generate 

large phage libraries (up to 1012 members) allowing high-affinity antibodies to be 

selected directly. However, rather than prepare a large library of V l  and Vh genes, 

Crameri et a l (1996) showed that a strategy based on DNA shuffling might be used to 

evolve V l and V h genes. V l  and Vh consist of three hypervariable regions 

(complementarity-determining regions, or CDRs) flanked by four relatively conserved 

regions (framework regions, or FRs). DNA shuffling was designed so that mutated 

CDRs were randomly recombined at FRs to create new combinations. In this way 

high-specificity antibodies recognising a specific human receptor were obtained, 

following eight cycles of shuffling and selection.

In vitro recombination by staggered extension

An alternative strategy to that of DNA shuffling for recombining mutated sequences 

was devised by Zhao et al (1998). The staggered extension process (StEP) does not 

require fragmentation of the template sequences, instead, recombination is promoted 

between templates in a modified PCR type reaction. StEP consists of priming 

template sequences followed by repeated cycles of denaturation and extremely 

abbreviated annealing/polymerase-catalysed extension (Figure 1.15). In each cycle 

the growing fragment can anneal to different templates based on sequence 

complementarity and extend further to create 'recombination cassettes'. Due to the 

template switching the growing polynucleotides contain sequence information from 

different parental genes. StEP is continued until full-length genes are formed.
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Figure 1.15 StEP recombination. Only one primer and single strands from two parent genes 

(templates) are shown. A Denatured template genes are pnmed with one defined primer B Short 

fragments are produced by brief polymerase-catalyzed primer extension. C. Through another cycle of 

StEP. fragments randomly prime the templates (template switching) and extend further. D. Process is 

repeated until full-length genes are produced. E Full-length genes are purified and (optionally) 

amplified in a PCR reaction with external primers. Reproduced from Zhao et al. (1998).

Following a round of mutagenic PCR and selection, StEP represents a 

convenient method to recombine variant (improved) sequences. Unlike DNA 

shuffling, the StEP reaction itself is not mutagenic, point mutations arise at the same 

frequency as observed for Taq polymerase, -0.1%. In their study, Zhao et al. (1998) 

showed that the staggered extension process could efficiently recombine mutations as 

close as 35 b.p., a similar efficiency as that obtained for DNA shuffling. StEP 

recombination of five thermostable subtilisin E variants (isolated following mutagenic 

PCR and selection) yielded a second-generation subtilisin E variant that possessed a 

half-life 50-times that of wild-type subtilisin E, at 65°C.

Molecular evolution using a combination of mutagenic PCR and StEP has 

been successfully applied. Examples (among others) include: Zhao and Arnold 

(1999), who used StEP to probe the relationship between enzyme structure and 

thermostability; Lin et a l (1999), who evolved horseradish peroxidase so that it was
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functionally expressed in E. coli, and Joo et al (1999), who evolved the 

monooxygenase cytochrome-P450 so that it functioned in the absence of its cofactors.

Other strategies

The number of strategies devised for performing directed evolution and for the 

engineering of novel proteins continues to grow. Some of these strategies are 

introduced below.

Random-priming recombination (RPR), is a recombination strategy similar to 

StEP, except that random primers (hexamers) are used instead of specific primers 

(Shao et a l, 1998). Frequent template switching occurs as the primers extend, and 

prime each other (in a similar manner to fragment reassembly in DNA shuffling) 

resulting in full-length shuffled genes. The number of cross-overs per gene for RPR 

ranges from one to six, compared with one to four for StEP.

RACHIT (random chimeragenesis on transient templates) is a technique that 

aims to maximise the frequency of crossing-over (Pelletier, 2001). A pool of 

homologous genes are fragmented by digestion with DNasel. However, unlike DNA 

shuffling, the DNAs used are single stranded. Full-length genes are reassembled by 

hybridisation (in the absence of polymerase) to a single stranded scaffold, designed to 

be homologous, but not identical, to any of the fragmented parental genes. Overlaps 

in the hybridised fragments are removed by digestion, and the gaps between fragments 

filled in by polymerase. The fragments are then ligated, yielding a pool of full-length, 

diversified single strands hybridised to the scaffold, with an average of 14 cross-overs 

per gene (compared with one to four for DNA shuffling). A unique feature of the 

technique is that the scaffold can be digested (due to incorporation of uracil), 

precluding its subsequent amplification, thus reducing the background of unshuffled 

genes.

In random elongation mutagenesis (REM), randomized oligonucleotides are 

incorporated ahead of the stop codon, exploiting the stabilising effect (in certain 

proteins) of terminal arms of amino acids that fold across the susceptible part of the 

structure (Matsuura et a l, 1999). This technique allows the 'fitness landscape' of the 

protein being evolved to be expanded, overcoming one of the limitations of DNA 

shuffling and random mutagenesis, where large jumps in sequence space cannot be 

made.
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Another limitation of DNA shuffling is that the total combinatorial space 

cannot be exploited, as crossing-over only occurs in regions of relatively high 

homology. ITCHY (incremental truncation for the creation of hybrid enzymes) is a 

method that allows access to more diverse sequence space (Ostermeier et al., 1999b). 

The strategy relies on a slow (<10 bases/min) exonuclease digestion to create 

a random-length 5' fragment library of the gene encoding protein A and a 

random-length 3' fragment library of the gene encoding protein B The truncated 

fragments are then ligated, forming a library of gene fusions, in which cross-overs 

occur in a manner independent of sequence homology (Figure 116).

REl  A____  B_________ RE1

1 © I
_____________i i _____________
_____________[ " " I  _____________

3 1 © 1

\  © /

Figure 1.16 The ITCHY procedure. Genes A and B are cloned into two unique expression vectors and 

linearized. 1. An incrementally truncated library (ITL) is generated by slow exonuclease digestion. 2. 

The linear ITLs are digested with a restriction enzyme RE 1. 3. The fragments containing the ITL of B 

are ligated into the vector containing the ITL of A  this proceeds via sticky end ligation at the asterix 

and a blunt end ligation between the truncated genes. Reproduced from Ostermeier et al. (1999a).

The ITCHY strategy, however, suffers from the drawback, namely that gene 

length is not conserved, as random-length fragments are fused to other random-length 

fragments. Only a tiny fraction of the cross-overs connect the two parent genes at 

sites where the sequences align and are structurally related. An alternative (and 

possibly simpler) strategy to ITCHY, which retains proper sequence alignment, 

has recently been reported by Sieber et al. (2001) In SHIPREC (sequence 

homology-independent protein recombination) two parent genes are fused to form a
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gene dimer, the gene dimer is then digested with DNasel to form an ensemble of 

random-length fragments Fragments corresponding in length to either of the parent 

sequences are isolated (ensuring that the two amino acids that meet at the cross-over 

are in similar positions in the parent structure), blunt ended, and the remaining ends 

fused by circularization. The gene that was at the 5' position in the dimer will now be 

at the 3' position and will donate the C terminus of the hybrid protein The completed 

library is generated by linearization of the circular DNA pieces by restriction 

digestion (Figure 1.17).

Figure 1.17 The SHIPREC procedure. A gene dimer is constructed that consists of (from 5' to 3') the 

gene of protein A. a linker sequence containing restriction sites, the gene for protein B. 1. The dimer is 

fragmented by digestion with DNasel and treated to produce blunt ends. 2. Fragments of the length of a 

single gene (plus the length of the linker sequence) are separated from the pool. 3. Single-gene length 

fragments are circularized by intramolecular blunt-end ligation. 4. Linearization of the circular DNA 

pieces by restriction digestion in the linker region creates a library of chimeric genes with members 

having an N-terminal from protein B and a C-terminal part from protein A  the cross-overs being 

distributed over the entire length of the gene. Finally the chimeric genes are cloned into an expression 

vector. Reproduced form Sieber et al. (2001).

Finally, another interesting approach for the creation of novel enzymes is exon 

shuffling, reviewed by Kolkman and Stemmer (2001). Mosaic proteins, e.g. proteins
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involved in blood-clotting (Figure 1.18), are composed of a number of discrete 

domains. The individual domains are often involved in specific functions that 

contribute to the overall activity of the protein. The domains found in mosaic proteins 

are evolutionarily mobile and occur in otherwise unrelated proteins. The mobile 

domains are characterised by their ability to fold independently, which is essential 

because it prevents misfolding when they are inserted into a new protein environment 

Further, in many mosaic proteins each domain is encoded by one (or a combination) 

of exons. Rearrangements of exons, by recombination in the intervening intron 

sequences, was first proposed by Gilbert (1978), as a way in which genes for novel 

proteins arise in the eukaryotic genome In exon shuffling this process is copied in 

vitro, with the aim of producing novel proteins, or improved variants of existing ones 

More than 60 different mobile domains have been identified (Kolkman and Stemmer, 

2001) which can be recombined, using PCR-based techniques, in a variety of different 

formats (Table 1.1) to produce libraries of exon shuffled genes, which can be screened 

for desirable functions or properties

Plasminogen

G I—I K I—I K I— T Tissue-type plasminogen activator

Protein C 
Factor IX 
Factor X

Urokinase

0 - 0 - 0 T Z 1 Prothrombin

Figure 1.18 Exchange of modules by exon shuffling in proteases involved in fibrinolysis and blood 

coagulation. Plasminogen, tissue plasminogen activator, protein C, factor IX, factor X, urokinase and 

prothrombin consist of a trypsin-like serine-protease domain (T) and other distinct structural functional 

domains (K, kringle-domains; F, finger domains; G. epidermal-growth-factor-related domains; C, 

vitamin-K-dependent calcium-binding domains). Each domain can fold independently and is 

functionally autonomous. The structures of these proteases suggests that they were assembled from 

modules that had been encoded independently in discrete DNA fragments (exons). Figure and legend 

reproduced from Harayama (1998).
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Examples of library formats based on exon shuffling

Orthologous exon shuffling Substitution o f exons with equivalent exons from the same gene o f different species

Paralogous exon shuffling Substitution o f exons with homologous exons from different genes o f the same species

Orthologous domain shuffling Substitution o f domains with equivalent domains encoded by the same gene of different

species

Paralogous domain shuffling Substitution o f domains with homologs encoded by different genes o f the same species

Domain number variation Deletion duplication or insertion o f protein domains

Functional homolog shuffling Substitution of domains with non-homologous domains that are functionally related

De novo protein assembly Assembly o f multiple, independent domains into novel proteins

Table 1.1 Reproduced from Kolkman and Stemmer (2001).
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1.3 EXPERIMENTAL STRATEGY

The synthetic donor/acceptor gene locus to be constructed is illustrated in Figure 1.19. 

The 'donor' and 'acceptor' genes (described below) will be integrated into the yeast 

genome (chromosome III). Initially, for simplicity, only one 'donor' (hereafter donor) 

gene will be present. To prevent donor gene expression it will be flanked by the E  and 

/  silencer elements, which ordinarily repress the mating-type genes (Section 1.1.1), 

this will be achieved by integrating the donor gene at the HML locus. The 'acceptor' 

(hereafter acceptor) gene will be integrated at the LEU2 locus. Immediately following 

the termination codons of both the donor and acceptor genes is a rare restriction site 

(cut by the yeast mitochondrial endonuclease, l-Scel [described below], this will be 

maintained separately on a plasmid, under the control of the inducible promoter, 

GAL1). On induction it is intended that the endonuclease makes a double-strand break 

in the acceptor gene (as for the mating-type genes at HML, the silencer elements, as 

well as repressing the donor gene, will also protect the restriction site from being cut). 

The double-stranded break will then be repaired using the donor gene as template (the 

mode of this repair reaction is discussed below)

I-Scel endonuclease

- *  o  -

GAL1 l-Sce\

expression vector

Donor gene at 
E  HML locus

OR17-228

A U J  
I-Scel site

regions of homology 
(-400  b.p.) to LEU2 
locus

OR] 7-228 F

Gene
conversion

ms'4 
  —

Acceptor gene at 
LEU2 locus ▼

HIS4 | | | OR17-40 I I I

▲
l-Scel site

51 - TAGGG ATA/tC AGGGTAAT - 3' 
3’-ATCC C TATTGTCCC ATTA-5'

direction o f  conversion

i

Figure 1.19 The synthetic donor/acceptor locus, described in main text (Figure is not to scale).
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Similar experiments to that proposed have been successfully carried out with 

identical donor and acceptor genes (Ray et al., 1988; NickolofF et a l, 1989). In these 

experiments, deigned to investigated the association of intra-chromosomal crossing- 

over with gene conversion, a double-strand break was imparted in vivo (by the HO 

endonuclease) to one copy of a directly repeated gene. The proposed experiment 

differs from these previous experiments in that the donor and acceptor genes are 

homologous, not identical (although spontaneous recombination between homologous 

genes has been investigated, e.g. Bailis and Rothstein (1990), Datta et al (1996); these 

experiments are discussed later in relation to mismatch repair processes). A potential 

problem with the proposed scheme is highlighted by the experiments of Ray et al and 

Nickoloff et a l ; repair of the double-strand break may result in crossing-over between 

the donor and acceptor genes, with loss of the intervening DNA (through the 

formation of an unstable plasmid, or by means of a nonconservative reciprocal 

exchange mechanism [Fishman-Lobell et a l, 1992; Santos-Rosa and Aguilera, 1994]). 

The frequency of such events, which can be as much as 50% for distant loci, are 

substrate-dependent: depending on the length/sequence of the duplicated and 

intervening region, and the chromosomal location of the duplication. A special case 

(as discussed previously) is presented by MAT and the HM  loci, between which 

crossing-over rarely occurs. In order to guard against such deleterious reciprocal 

exchange events here, the HIS4 gene, located between the synthetic donor/acceptor 

gene loci (Figure 1.19), will be used as a selectable marker. Its loss would mean that, 

under selective pressure, the host would die.

The donor and acceptor genes

The genes chosen on which to perform DNA shuffling by gene conversion, OR17-40 

and OR17-228, are two members of the human odorant receptor (OR) family. These 

putative odorant receptor genes were cloned from chromosome 17 by Ben-Arie et al. 

(1993), as part of an olfactory receptor gene cluster, comprising 16 genes in one 

0.35 M.b. contiguous sequence.

Odorant receptors are presumptive G-protein coupled receptors that are 

expressed in olfactory sensory neurones in the mammalian nose (Buck, 2000). 

Several of their features make them attractive targets for DNA shuffling here: 1. Like 

antibodies, they are involved in molecular recognition (albeit of small molecules, 

<310 daltons), and are capable of detecting millions of different molecular species,
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often at extremely low concentrations (Mombaerts, 1999). Because of this 

extraordinary molecular recognition capability, odorant receptors may have some use 

in biosensor devices, e.g. for the detection of narcotics or explosives. 2. Odorant 

receptor genes have intronless open reading frames that are approximately 1 k.b.p. in 

length. Further, they are homologous, with sequence identity ranging from 45% to 

>80% (Dryer and Berghard, 1999), making them ideal substrates for DNA shuffling. 

Also, the gene family is extremely large, estimated between 500 - 1000 OR genes in 

rat and mouse, and 500 - 750 in humans; surpassing the complexity of the 

immunoglobulin and T-cell antigen receptor gene families. 3. The genes are entirely 

heterologous to the yeast genome, where no counterparts have been identified.

Because of the biosensor potential of the odorant receptors, the repertoire may 

be required for frequent selection against different targets. This might therefore be a 

good instance of where the gene conversion strategy for creating an appropriate 

repertoire might come into its own.

The genes of interest here (OR17-40 and OR17-228) are members of the same 

subfamily (>80% identity), possessing 85.6% homology over their 951 b.p. open 

reading frames. In the experimental system, the OR17-40 ORF will be integrated at 

the LEU2 locus, and the OR17-228 ORF at the HML locus, as shown in Figure 1.19. 

The methods used to integrate the genes are described in their relevant sections 

(Chapter 3). Note that the OR17-228 ORF at the HML locus is flanked by sequences 

(-400 b.p.) homologous to the sequences found at either end of the OR17-40 ORF at 

the LEU2 locus (discussed below). In this first experiment it is not intended that the 

genes be expressed - no promoter elements have been incorporated - of concern here 

only is the efficacy of the gene conversion reaction.

The rare cutter endonuclease, I-Scel

The \-Sce\ endonuclease (originally the omega transposease) has been termed a 

meganuclease, as it is one of only a few endonucleases that recognise a very long 

restriction sequence (Thierry and Dujon, 1992). The sequence of the unsymmetrical 

18 b.p. recognition site was first determined by Colleaux et a l (1988a) and is shown 

in Figure 1.19. Cleavage of the site results in staggered 4 b.p. cuts, with 3'-OH 

overhangs (Colleaux e ta l, 1988b).

The endonuclease is encoded by an optional Saccharomyces cerevisiae 

mitochondrial intron, Sc LSU.l, of the 21S rRNA gene (Macreadie et al., 1985;
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Jacquier and Dujon, 1985). The endonuclease is responsible for mobility and 

propagation of the intron (which behaves as a transposable genetic element), initiating 

a double-strand break at the intron insertion site. By means of site-directed 

mutagenesis, Colleaux et al. (1986), created a universal code equivalent (necessary 

due to the unusual codon usage in mitochondria) of the 235 codon long l-Scel ORF, 

allowing the protein to be expressed from a suitable plasmid. Thierry et al (1991) 

demonstrated (by digestion of total DNA) that no l-Scel sites occur naturally in the 

yeast genome. Further, the ability of the endonuclease to enter the yeast genome 

(presumed to be a consequence of its small size) and to generate a double-strand break 

at a nuclear site was shown by Plessis et al. (1992). It was also shown, and of 

importance here, that the repair events induced by l-Scel are identical to those initiated 

by the HO endonuclease.

The l-Scel rare cutter endonuclease has been used to investigate various 

aspects of recombination and DNA repair in yeast (Fairhead and Dujon, 1993; Galli 

and Schiestl, 1998; Ricchetti et al, 1999). l-Scel induced double-strand breaks also 

increase recombination frequencies in plant (tobacco plant), mammalian 

(mouse/human) and insect (Drosophila) cells (Puchta et al., 1993; Rouet et al., 1994; 

Brenneman et al., 1996; Rong and Golic, 2000).

Mode o f the DNA shuffling event

As mentioned above, gene conversion at the acceptor locus will be initiated by a 

double-strand break at the l-Scel recognition site, by the l-Scel endonuclease. These 

events are designed to mimic events at the MAT locus, whereby the HO endonuclease 

initiates gene conversion, resulting in switching of the mating-type genes (Figure 1.9). 

Other aspects of the experimental system are also designed to copy the mechanistic 

principles of the mating-type switch. Thus, the donor gene, OR17-228, is flanked by 

regions of homology (-400 b.p.) to the acceptor gene, OR17-40, at the LEU2 locus. 

In the same way that the mating-type genes - found in the distinct Ya and Ya regions - 

are flanked by the homologous W, X and Z regions (comprising -1.5 k.b.p. of 

homology for the W and X regions, and -0.3 k.b.p. for the Z region). It is hoped 

however, that the gene conversion events at the synthetic donor/acceptor locus will 

differ from those at the MAT locus in one crucial aspect: whilst mating-type switching 

results in the Ya sequence being replaced by the entire Ya sequence (or vice versa), 

gene conversion at the synthetic acceptor locus will occur in a stochastic manner, the
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difference resulting from the homologous nature of the donor and acceptor genes, i.e 

unlike the situation with Ya and Ya, exonuclease degradation of the cut strands will 

not have to proceed as far as the flanking regions before finding homology from 

which to initiate repair, and may in fact be initiated at any tract of homology between 

the two genes.

Gene conversion of the acceptor locus proceeds from the \-Sce\ site, as shown 

in Figure 1.20. As described above, the extent of the conversion reaction, in any
o

given induced cell, is unknown. Within an induction culture, potentially 10 cells, 

every possible conversion event (those allowed by the mechanics of the repair 

processes) might be expected to occur. After just one round of shuffling (one gene 

conversion event) it is conceivable that a receptor may have evolved to recognises a 

new target ligand. For instance, it was found that a mouse odorant receptor (17), 

unlike the rat receptor, as a result of a single valine-to-isoleucine substitution, prefers 

heptanal instead of octanal (Krautwurst et al., 1998). The result of several rounds of 

gene conversion (when multiple donor genes are present) is the creation of a mosaic 

acceptor gene, similar to that described for the antigenic surface proteins of B. hermsii 

and T. brucei, illustrated in Figure 1.2

Donor genes Acceptor gene

OR] 7-93 | O RH -82  | OR] 7-228 OR] 7-40

'---------T--------- 1 1
1 1st gene 
1 conversion 
▼ step

OR 17-93 O RH -82 OR] 7-228 U

'— l - i  1\
1 2nd gene 
I conversion 
▼ step

O R] 7-93 OR] 7-82 | OR] 7-228 1 1

Figure 1.20 A simplified representation of the synthetic donor/acceptor locus. In this instance three 

donor genes are present, each of which can be used as a template for repair of the acceptor gene. 

Following the first repair event, -80% of the acceptor gene has been converted to the OR 17-228 

sequence, it is worth remembering that this represents the event in only one cell in an induced culture; 

other cells may have used 'more' or 'less' of the OR17-228 gene, or have utilised either of the other two 

donor genes in the same way, from which to repair the acceptor gene. A colony selected showing 

improved ligand binding from the first round is then used as the seed strain for the second round of 

DNA shuffling; a 'mosaic' receptor gene is created when repair is initiated from a different donor gene, 

e.g. OR17-93, as shown.
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Mismatch Repair

One potential inherent problem with the experimental system - crossing-over - has 

already been discussed. However, a second potential barrier to efficient repair of the 

acceptor gene (following induction) also exists. It has been shown (in yeast) that 

homeologous sequences (similar but not identical; Carpenter, 1984), containing 27% 

sequence divergence, recombine at about 5 - 10% of the frequency observed for 

homologous sequences (Bailis and Rothstein, 1990). Further, it has been shown that 

the presence of only a few mismatches (0.1% sequence divergence) can discourage 

recombination by as much as 50% (Borts et a l, 1990). This effect was first 

demonstrated in Escherichia coli (E. coli), where recombination between sequences 

that diverge by 10% was found to be 1000-fold lower than between homologous 

sequences (Rayssiguier et a l, 1989; Shen and Huang, 1989). However, in mutants 

defective for mismatch repair {mutS, mutL, and mutH mutants), the frequency 

of recombination events increase to nearly the frequency observed between 

homologous sequences. The regulation of recombination between diverged sequences 

is hypothesised to play several important roles, e.g., in maintaining integrity and 

diversity within gene families, by acting as a balancing force between mutation and 

conversion; in chromosome stability, preventing ectopic recombination between 

repeated sequences; and in speciation, reducing gene flow between diverging 

chromosomes (Alani et al., 1994; Hunter et a l, 1996). Homologues of the bacterial 

genes MutS and MutL have been identified in organisms ranging from yeast to man. 

PM SI (Kramer et a l , 1989) and MSH2 (Reenan and Kolodner, 1992) are yeast 

homologues of the bacterial mismatch repair genes MutL and MutS, respectively. 

Identified originally by the dramatic increase in frequency of post-meiotic segregation 

(PMS) of genetic markers, in pmsl and msh2 mutants (Williamson et a l, 1985; 

Reenan and Kolodner, 1992). This being indicative of unrepaired heteroduplex, and 

suggesting a role for these genes in the process of gene conversion.

The effects of null mutants of PMS1 and MSH2 upon the frequency of mitotic 

recombination between directly repeated homeologous sequences (Bailis and 

Rothstein, 1990; Selva et a l, 1995; Datta et a l, 1996), and meiotic recombination 

between homeologous chromosomes (Resnick et a l, 1992; Hunter et al., 1996), has 

been investigated. The investigations of Datta et al (1996) and Hunter et al (1996) 

found a 10-fold enrichment effect for pmsl recombination, in sequences that diverged 

by 8 - 20%. Although other workers, using even more diverged sequences, e.g. Bailis
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and Rothstein (1990), Resnick et al (1992), did not find a clear effect for pmsl. 

However, in these studies Msh2, and a second MutS homologue, Msh3, were shown to 

increase the frequency of recombination. It is suggested by Hunter et a l (1996) that 

the method of processing recombination intermediates depends upon the degree of 

divergence between the participating molecules. Where, at relatively high levels of 

divergence (10 - 30%) MSH2 appears to have a greater role than PMS1 in preventing 

homeologous recombination.

Because of the very clear possibility that recombination will be reduced 

between the odorant receptor substrates (-15% diverged), an experimental strain will 

be constructed containing null mutations (for the reasons described above) of the 

mismatch repair genes. In the first instance (for the initial investigation) a pmsl 

knock out strain will be created, for comparison against a wild-type experimental 

strain. Further work will involve the creation of MSH2, MSH3, and potentially 

multiple knock-out mutants (as evidence suggests that the effects of the genes may be 

additive).

A mismatch defective strain, if proven to be more effective than the wild-type 

strain in recombination, may itself, due to its nature, pose a problem. In this strain, 

mis-matched bases will not be corrected during the intended gene conversion reaction. 

This could lead, via multifarious repair processes (reviewed by Paques and Haber, 

1999), to co-conversion of the donor gene repertoire, illustrated in Figure 1.21.
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Figure 1.21 Mechanism leading to co-conversion of the donor gene in a mismatch repair deficient 

strain. A. The donor and acceptor gene are represented by medium and thick lines, respectively. 

Intervening DNA is shown as a thin line. Vertical bar: l-Scel recognition site, and boundary between 

homologous sequence (to the right), and homeologous sequence (to the left). Mutations: square, circle 

and cross. B. A double-strand break at the I-Sbel site results in strand degradation via exonuclease 

activity (for simplicity here, both strands are shown as being degraded uniformly; discussed in 

Section 1.1.1). C. Repair synthesis of acceptor gene, leading to incorporation of the 'cross' mutation 

via gene conversion. A base pair mis-match (circle) within the heteroduplex DNA region is not 

corrected. Resolution, via symmetrical cleavage (crossed-strands in this example), of the Holliday 

junctions, leads to structure D. resulting in mis-matches at both donor and acceptor loci. DNA 

replication leads to the structures shown in E and F. In F. DNA repair has resulted in co-conversion of 

the donor gene, and a loss of sequence diversity.
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Monitoring gene conversion

Gene conversion of the acceptor locus will be demonstrated by loss/gain of a unique 

restriction site (or sites): the acceptor gene will be amplified via PCR from selected 

colonies, digested by restriction enzyme, and the bands analysed by agarose gel 

electrophoresis (described in detail in Chapter 4). Colonies showing evidence of the 

desired reaction will be further analysed by DNA sequencing.

Future work

The eventual aim of this project is to create an in vivo DNA shuffling system, upon 

which multiple rounds of selection can be performed. Here, the first step in the 

construction of such a system, the creation, in a suitable host organism, of a synthetic 

donor/acceptor locus, that can be induced for gene conversion, is described. Future 

work, following successful demonstration of gene conversion in either a wild-type, or 

a mis-match repair defective strain (pmsl, or a multiple knockout strain; discussed 

above), would involve the creation of a strain containing a repertoire of donor, odorant 

receptor genes (such a system would have to be studied carefully for any bias in the 

repair of the acceptor gene). At this stage the project would coincide with work done 

by other members of the group, involving expression of odorant receptors and their 

coupling of to signalling pathways. In this way, the binding of a ligand to an 

expressed odorant receptor would result in activation of a reporter gene, e.g. the green 

fluorescent protein of Aequorea victoria (Niedenthal et al., 1996); thus allowing the 

crucial step of selection to be performed.

Other work

The work pertaining to that introduced in this chapter is described in Chapters 3 and 4. 

A second subsidiary project, investigating the efficacy of a Cre-based double 

recombination system to target DNA site-specifically into the yeast genome, is 

presented in Chapter 5.
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CHAPTER 2

GENERAL MATERIALS AND METHODS

The general experimental techniques used throughout this project are given in this 

chapter. Any materials and methods specific to a particular chapter are described 

within that chapter.

2.1 MATERIALS

2.1.1 Chemical reagents

Except where stated otherwise chemical reagents (analytical grade) were obtained 

from Sigma, Fisions Ltd. or BDH Ltd.

The water used throughout this project was Millipore Q-Plus filtered water.

2.1.2 Molecular biological enzymes and reagents

T4 DNA ligase, T4 polynucleotide kinase, P-agarase I and all restriction 

endonucleases were purchased from New England Biolabs Inc (NEB). 

DNA polymerases were obtained from Bioline Ltd. (Taq DNA polymerase, obtained 

as BIOTAQ™), and Roche (Taq/Pwo DNA polymerase mix, obtained as Expand™ 

High Fidelity PCR systems). Ultrapure 2'-deoxynucleoside 5'-triphosphates (dNTPs) 

were purchased from Amersham Pharmacia Biotech as was [y-32P]ATP, obtained as 

5'-[y-32P]triphosphate, triethylammonium salt (250 pCi, 10 mCi/ml, -3000 Ci/mmol). 

Ultrapure™ agarose, Ultrapure™ low melting point agarose and 1 k.b.p. Plus DNA 

ladder were supplied by Life Technologies. Lyticase (5,000 - 20,000 units/mg 

protein; catalogue number L2524) and 5-fluoroorotic acid (5-FOA) were obtained 

from Sigma as were salmon sperm DNA, mineral oil and pancreatic RNase A.
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2.1.3 Culture media and antibiotics

Bacto-agar, Bacto-yeast extract, Bacto-peptone, Bacto-tryptone, and Bacto-yeast 

nitrogen base without amino acids were all purchased from Difco Laboratories. The 

antibiotics ampicillin and geneticin (G418), the sugars glucose and galactose 

(minimum 99% pure), the base uracil and all amino acids were purchased from Sigma.

2.1.4 Other materials

Nylon membrane was obtained as MCI magna charge nylon transfer membrane from 

Genetic Research Instrumentation. Autoradiography film was obtained as 

X-Omat AR from Sigma, and 3MM paper was obtained from Whatman 

Scientific Ltd.

2.2 MOLECULAR BIOLOGICAL METHODS

Unless stated otherwise centrifugation was done in an MSE Micro-Centaur microfiige.

2.2.1 Design of oligonucleotide primers

Primers for amplifying from S. cerevisiae genomic DNA were designed with 

reference to DNA sequences obtained from the Saccharomyces Genome Database at 

Stanford (http://genome-www.stanford.edu/Saccharomyces/). Primers used to 

amplify from genomic DNA were at least 20 nucleotides in length. Primers used to 

amplify from vector DNA were shorter, typically 18 nucleotides in length (due to the 

lower sequence diversity of the vector). General considerations when designing 

primers included: choosing a target site with good base diversity; ensuring that the 

(G + C) base content of the primer was at least 50% to ensure stability of the 

primer-template duplex; and checking primer pairs for regions of complementarity to 

each other in order to avoid 'primer dimer' formation, which can lead to a reduction of 

the amount of available primers within a reaction.

If a restriction site was required at the end of a PCR product, 6 - 1 0  extra 

nucleotides were added after the enzyme recognition site to increase the efficiency of 

cutting. The reference section in the latest NEB catalogue "Cleavage Close to the End
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of DNA Fragments" was consulted to decide the number and sequence of bases to 

flank the recognition site.

The sequences and descriptions of individual primers are given in their 

relevant chapters.

2.2.2 Synthesis of oligonucleotide primers

Oligonucleotides were synthesised by Perkin-Elmer Applied Biosystems and were 

supplied in 20% (v/v) acetronitrile/water and stored at -20°C.

An aliquot of each oligonucleotide was used throughout as a working stock to 

prevent contamination and repeated freeze-thawing. Oligonucleotides were used as 

supplied (i.e. as 20% (v/v) acetonitrile/water solutions).

2.2.3 The Polymerase Chain Reaction (PCR)

All PCRs were carried out in an M. J Research Inc PTC-100 programmable thermal 

controller. The precise cycling parameters for individual reactions were optimised 

according to the following guidelines (based on the Expand™ High Fidelity PCR 

Systems information sheet supplied by Roche):

• DNA denaturation was carried out at 94°C.

• The annealing temperature used depended on the melting temperature of the 

primers used If a PCR product was not obtained, the annealing temperature was 

decreased If any non-specific products were observed the annealing temperature 

was increased.

• For amplifications up to 3 k.b.p. an elongation temperature of 72°C was used. For 

amplification of sequences longer than 3 k.b.p. an elongation temperature of 68°C 

was used.

• Elongation times were based on the below table:

Elongation time 45 s 1 min 2 min 4 min 8 min

PCR fragment length (k.b.p.) up to 0.75 1.5 3 6 10

• To reduce the possibility of replicative errors the number of cycles was kept to a 

minimum
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Typically, analytical PCRs - looking for the presence of a particular DNA element - 

were done using BIOTAQ™ Taq polymerase (error rate 2.85 x 10'8errors/b.p./cycle). 

Where greater fidelity was required - such as in the amplification of fragments for 

sequencing purposes or for transformation - Expand™ DNA polymerase was used. 

Expand™ DNA polymerase has a lower error rate (8.5 x 10-6 errors/b.p./cycle) due to 

the 3' - 5' exonuclease proofreading activity of the Pwo polymerase.

To check for contamination of PCR reagents a negative control (no template 

DNA) was done for each reaction; any bands in the negative control reaction would 

indicate contamination. For problematic reactions, where no product was obtained, a 

positive control (template DNA producing a known product) was included to show 

viability of reagents.

For reactions done in the thermal cycler without the heated lid one drop of 

mineral oil was added to each tube to prevent evaporation.

All reactions were analysed by agarose gel electrophoresis (Section 2.2.4).

A) Taq polymerase chain reactions

The reagent amounts for Taq DNA polymerase amplifications were: Each primer 

(25 pmol) and 5x Taq buffer (10 pi) [80 mM (NH^SO^ 335 mM Tris-HCl (pH 8.8),

0.05% (v/v) Tween 20, 100 pM dATP, 100 pM dCTP, 100 pM dGTP, 100 pM dTTP, 

7.5 mM MgCk]. These reagents were mixed in a thin-walled PCR tube (0.2 ml) with 

50 - 250 ng of template DNA. BIOLINE™ Taq polymerase (0.5 pi) [5 units/pl] was 

added and the mixture was made up to a final volume of 50 pi with water.

The generalised PCR programme used for a Taq polymerase amplifications is 

given below:

1. Template denaturation (94°C for 2 minutes).

2. Template denaturation (94°C for 30 seconds).

3. Primer annealing (usually at 40 - 65°C for 30 seconds).

4. Elongation (72°C for 45 seconds to 8 minutes).

5. Steps 2 to 4 are repeated for 25 to 30 cycles.

6. Prolonged elongation (up to 7 minutes).
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B) Expand™ polymerase chain reactions

The reagent amounts for an Expand™ DNA polymerase amplification were: Each 

primer (25 pmol), lOx Expand™ buffer (5 p.1) [20 mM Tris-HCl (pH 7.5), 100 mM 

KC1, 1 mM dithiothreitol, 0.1 mM EDTA, 0.5% (v/v) Tween 20, 0.5% (v/v) Nonidet 

P40, 15 mM MgCl2], 200 pM dATP, 200 pM dCTP, 200 pM dGTP and 200 pM 

dTTP. These reagents were mixed in a thin-walled PCR tube (0.2 ml) with 

50 - 250 ng of template DNA. Expand™ DNA polymerase (0.75 pi) [3.5 units/pl] was 

added and the mixture was made up to a final volume of 50 pi with water.

The generalised PCR programme used for Expand™ polymerase 

amplifications is given below:

1. Denaturation (94°C for 2 minutes).

2. Denaturation (94°C for 15 seconds).

3. Annealing (usually at 40 - 65°C for 30 seconds).

4. Elongation (72°C for 45 seconds to 8 minutes).

5. Steps 2 to 4 are repeated for 10 cycles.

6. Denaturation (94°C for 15 seconds).

7. Annealing (usually at 40 - 65°C for 30 seconds).

8. Elongation (72°C for 45 seconds to 8 minutes with cycle elongation of 

20 seconds per cycle for each subsequent cycle).

9. Steps 5 to 7 are repeated for 15 to 20 cycles.

8. Prolonged elongation (up to 7 minutes).

2.2.4 Agarose gel electrophoresis

Agarose gel electrophoresis permits separation of DNA fragments by size exclusion. 

When a voltage is applied across the agarose gel the negatively charged DNA 

fragments migrate towards the positive terminal. The smaller the DNA fragment the 

faster it can migrate through the gel matrix; DNA fragments of different size therefore 

migrate at different speeds and are separated accordingly. The percentage of agarose 

in the gel is dependent on the size of the DNA fragments to be separated (or 

analysed). In this project 1% (w/v) agarose gels were most routinely used. 1% 

agarose gels permit good separation of DNA fragments between 500 b.p. and 4 k.b.p.
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For analysis of DNA fragments <500 b.p., 1.5% (w/v) agarose gels were used. For 

DNA fragments between 4 k.b.p. and 10 k.b.p., 0.8% (w/v) agarose gels were used. 

Agarose gels were made up as follows: Ultrapure™ agarose (0.4 g - 0.75 g)

[depending on percentage gel required] was dissolved in TBE buffer (50 ml) [90 mM 

Tris-borate, 2 mM EDTA] by boiling in a microwave oven (750W, full power for 

2 min). Ethidium bromide was added to a final concentration of 0.5 pg/ml. Ethidium 

bromide is included in the gel for visualisation of the DNA fragments under ultra 

violet (UV) light. Gels were prepared in Bio-Rad™ Mini-sub® Cell Gel Trays. After 

setting, the gels were submerged in TBE buffer.

Typically 2.5pi, 3 pi or 5pl of PCR product was loaded onto a gel for analysis. 

Prior to loading on the gel, the samples were mixed with 6x gel loading buffer (1 pi) 

[0.25% Bromophenol blue, 0.25% Xylene cyanol, 40% (w/v) sucrose in water]. The 

purpose of the loading buffer was to add colour and increase the density of the sample, 

allowing easier handling and ensuring that the sample dropped evenly into the well of 

the gel. The dyes in the loading buffer move at predictable rates towards the anode in 

the electric field, allowing visual inspection of how far the gel has run. Bromophenol 

blue migrates at the same speed as linear dsDNA 300 b.p. in length, whilst Xylene 

cyanol migrates at the same speed as linear dsDNA 4 k.b.p. in length (Sambrook 

et al, 1989). This relationship holds for the range 0.5% to 1.4% agarose. Gels were 

typically run for 45 minutes at 70 volts (~7.0 V/cm).

To allow the size and concentration of DNA fragments to be determined the 

samples were run alongside a DNA ladder - the 1 k.b.p. Plus Marker (Figure 2.1). 

Typically 3 pi of marker (made up to a concentration of 0.16 pg/pl) was run on a gel. 

Estimates of sample DNA concentration were made by comparison of sample band 

brightness with that of the 1,650 b.p. marker band, which contains 10% of the total 

mass added to the gel (corresponding to 48 ng of DNA for 3 pi loaded).
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Figure 2.1 The 1 kb.p. Plus Marker

A) Purification o f DNA samples using LMP-agarose gels

DNA fragments to be purified were resolved on low-melting point (LMP) agarose 

gels, from where the desired fragment could be excised and recovered

LMP-agarose gels were prepared by dissolving Ultrapure™ LMP-agarose 

(0.5 g, for a 1% w/v gel) in TAE buffer (50 ml) [40 mM Tris-acetate, 1 mM EDTA] 

by heating in a microwave oven. Ethidium bromide was added to a final 

concentration of 0.5 pg/ml Gels were prepared at 4°C in the cold room in Bio-Rad™ 

Mimi-sub® Cell Gel Trays After forming gels were submerged in TAE buffer.

So that all o f one DNA sample could be loaded into a single well of a gel 

samples were concentrated by alcohol precipitation (Section 2.2.5), typically to a final 

volume of 20 pi. Prior to loading, the samples were mixed with an appropriate 

volume of 6x LMP-gel loading buffer (0.25% Bromophenol blue, 40% (w/v) sucrose 

in water) Gels were run at 4°C for several hours at 40 volts (~4.0 V/cm). To ensure 

the correct size DNA fragment was excised from the gel, samples were run alongside 

1 k.b.p. Plus Marker (5 pi) [0.16 pg/pl]. When possible, samples were visualised with 

a long wavelength (366 nm) hand-held UV lamp to avoid DNA damage. DNA
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fragments were cut from the gel using single edged razor blades. A new razor blade 

was used for each DNA fragment.

Two techniques were used to recover the DNA of interest from an excised 

LMP-agarose gel slice: digestion with P-agarase I (next Section) and DNA extraction 

kits (Section 2.2.4c).

B) Purification of DNA from LMP-agarose using P-agarase

Gel slices cut from LMP-agarose gels were melted at 75°C, then lOx P-agarase buffer 

added to a final concentration of 10% total volume of the gel slice (the volume of the 

gel slice was determined approximately by weighing). The gel slice was allowed to 

cool to 40°C then P-agarase I was added to a final concentration of 2 units/200 pi of 

1% LMP-agarose gel. The digest was incubated overnight at 40°C, then chilled on ice 

for 15 minutes in order to solidify any undigested agarose. Undigested agarose was 

removed from the digest by centrifugation in a microfuge (13 k.r.p.m for 15 minutes) 

at 4°C. The supernatant was transferred to a fresh polypropylene tube (1.5 ml) for 

alcohol precipitation (Section 2.2.5).

C) Purification o f DNA from LMP-agarose using DNA extraction kits

Two different Promega DNA extraction kits were used to recover DNA from 

LMP-agarose. For DNA fragments larger than 3.5 k.b.p. the Wizard™ DNA 

Clean-Up System was used. For DNA fragments between 200 b.p. and 3.5 k.b.p. the 

Wizard™ PCR Preps DNA Purification Kit was used. The kits were used in 

accordance with the manufacturer's instructions. DNA was eluted from the extraction 

kit columns in water (35 pi), and stored at -20°C.

The DNA extraction kits were also used to clean PCR products directly in 

order to remove primers and PCR buffers so that the DNA could be used for 

subsequent reactions, such as restriction digests.

2.2.5 Alcohol precipitation of DNA

3M sodium acetate solution (pH 5.5) was added to the solution containing the DNA to 

be isolated to a final concentration of 300 mM. To this solution pre-chilled (-20°C)
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isopropanol (2 volumes) was added. The solution was then incubated at -20°C for at 

least 1 hour. The DNA was pelleted by centrifugation in a microfiige (13 k.r.p.m. for 

15 minutes) at 4°C. The supernatant was carefully removed so as not to disturb the 

DNA pellet. The pellet was left suspended in the remaining supernatant (~30 pi). 

The pellet was washed once in 70% ethanol (500 pi) then centrifuged again as above. 

The supernatant was removed as above to leave the DNA suspended in the remaining 

supernatant (-30 pi). The supernatant was then removed under vacuum by Speedivac 

(Savant Speed Vac Concentrator connected to Edwards Freeze Dryer and Vacuum 

Pump) for 20 minutes. Finally the dried pellet was resuspended in the required 

volume of water, and stored at -20°C.

2.2.6 Escherichia coli strain used and culture conditions

The E. coli strain used throughout this project was TOP10F (F'{laclq 7«10(TetR)} 

mcrA A(mrr-hsdRMS-mcrBC) O80/acZAM15 AlacX74 deoK recAA araD\39A(ara- 

leu)l691 galU galK rspL endAl nupG). The strain was obtained as part of the 

Eukaryotic TA Cloning Kit (Version 1,0) from Invitrogen. New strains made by 

transformation of TOPI OF' with various cloning vectors are as described in the 

relevant chapters.

E. coli was cultured at 37°C in Luria broth (LB) [10 g/1 Bacto-tryptone, 5 g/1 

Bacto-yeast extract, 10 g/1 sodium chloride] liquid medium with shaking at 250 r.p.m., 

or on LB-agar plates (supplemented with 15 g/1 Bacto-agar) overnight. For strains 

carrying plasmids conferring ampicillin resistance the medium was supplemented with 

ampicillin to a final concentration of 100 pg/ml.

2.2.7 Saccharomyces cerevisiae strains and culture conditions

Saccharomyces cerevisiae strains used are as described in their relevant chapters.

Strains were cultured at 30°C in yeast-extract, peptone, dextrose (YPD; Adams 

et a l , 1996) [10 g/1 Bacto-yeast extract, 20 g/1 Bacto-peptone, 20 g/1 glucose, pH 5 to 

6 with 3M NaOH] liquid medium with shaking at 250 r.p.m. overnight, or on 

YPD-agar plates (supplemented with 15 g/1 Bacto-agar) for 2 to 3 days.
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Strains with auxotrophic selectable markers were cultured at 30°C in Synthetic 

Complete (SC, Adams et al., 1996) [(6.7 g/1 Bacto-yeast nitrogen base without amino 

acids, 20 g/1 glucose, 2 g/1 'drop-out' mix, pH 5 to 6 with 3M NaOH] liquid medium 

with shaking at 250 r.p.m. for 24 hours, or on SC-agar plates (supplemented with 

20 g/1 Bacto-agar) for 2 to 4 days. The SC medium was made up without the relevant 

amino acid(s)/base(s) in the drop out mix to select for the auxotrophic marker.

Drop out mix and other selective growth media used are described below:

A) Drop out mix

Drop out mix was made up as described by Adams et a l (1996):

L-Adenine 0.5 g L-Leucine 10.0 g

L-Alanine 2.0 g L-Lysine 2.0 g

L-Arginine 2.0 g L-Methionine 2.0 g

L-Asparagine 2.0 g L-Phenylalanine 2.0 g

L-Aspartic acid 2.0 g L-Proline 2.0 g

L-Cysteine 2.0 g L-Serine 2.0 g

L-Glutamine 2.0 g L-Threonine 2.0 g

L-Glutamic acid 2.0 g L-Tryptophan 2.0 g

Glycine 2.0 g L-Tyrosine 2.0 g

L-Histidine 2.0 g Uracil 2.0 g

L-Isoleucine 2.0 g L-Valine 2.0 g

The constituents were thoroughly mixed by crushing with a pestle and mortar 

and then by turning end over end for at least 15 minutes. Drop out mix was stored in 

powder form in a light-proof container at room temperature until required.

B) 5-fluoro-orotic acid selective medium

5-fluro-orotic acid (5-FOA) medium was prepared as described by Boeke et a l 

(1984): Yeast nitrogen base (7 g), 5-fluro-orotic acid (1 g), uracil (50 mg), glucose 

(20 g) were dissolved in water (500 ml) and filter sterilised (0.22 micron filter). The 

solution was mixed with 4 % autoclaved agar (500ml).
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Where necessary, to complement specific auxotrophic requirements, amino 

acid(s) were added to the 5-FOA mix. The final concentration of the supplemented 

amino acid(s) was the same as in synthetic complete medium (Section 2.2.7).

C) Sporulation medium

Sporulation medium was prepared as described by Guthrie and Fink (1991):

Glucose 0.5 g L-Histidine 20 mg

Yeast extract 2-5 g L-Leucine 20 mg

Potassium acetate 15 g L-Lysine 20 mg

Agar 20g L-Methionine 20 mg

L- Adenine 40 mg L-Tryptophan 20 mg

Uracil 40 mg L-Phenylalanine 100 mg

L-Tyrosine 40 mg L-Threonine 350 mg

Water 1L

2.2.8 Preparation of glycerol stocks

Glycerol stocks were made of all S. cerevisiae and E. coli strains for long term 

storage. Overnight culture (800 pi) was added to 80% glycerol (200 pi), vortexed 

briefly, then stored at -70°C.

2.2.9 Transformation of E. coli cells with foreign DNA

Two methods - transformation by 'heat shock', and electrotransformation - were used 

at different stages in this project to transform competent E. coli TOP10F' cells. Both 

methods are described below. When carrying out a transformation a negative control 

was always done in which no DNA was added.

A) Preparation o f heat shock competent E. coli cells

A single colony of TOP10F' was picked into LB (5 ml) [Section 2.2.6] and grown 

with shaking at 250 r.p.m. overnight until saturation. 500 pi of overnight culture was
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inoculated into LB (50 ml) and grown at 37°C with shaking (250 r.p.m.) to an A450 of 

0.4. The culture was then cooled on ice for 10 minutes before pelleting the cells by 

centrifugation (3 k.r.p.m. for 5 minutes) in a Sorvall GLC-4 general laboratory 

centrifuge, at 4°C. The pellet was resuspended in ice cold 0.1 M CaCh (25 ml). The 

resuspended cells were then incubated for at least 1 hour on ice. The cells were 

pelleted again (as previously), and as much as possible of the supernatant discarded. 

Finally, the cells were resuspended in 2 ml of ice cold 0.1 M CaCl2/18% (v/v) 

glycerol, snap frozen in aliquots (100 pi), and stored at -70°C. (Adapted from 

Sambrook et al, 1989).

B) Heat shock transformation of competent E. coli cells

'Heat shock' competent E. coli TOPI OF cells (100 pi) were gently thawed on ice. 

Their temperature was not allowed to go above 4°C. DNA [ligation mixture (5 pi) or 

plasmid (1 pi)] was added to the thawed cells and the cells incubated for 2 hours on 

ice. The cells were heat shocked at 42°C for 90 seconds, then returned to ice for 

2 minutes. The cells were transferred to 2x TY (400 pi) [16 g/1 Bacto-tryptone, 10 g/1 

Bacto-yeast extract, 5 g/1 sodium chloride, pH 7.0 with 3M NaOH] containing no 

ampicillin, and incubated for 1 hour at 37°C with shaking. An aliquot (150 pi) of 

each transformation was then spread evenly onto 2x TY plates (2xTY medium 

supplemented with 15 g/1 Bacto-agar) containing ampicillin (100 pg/ml). The plates 

were left to dry for 15 minutes, inverted, and incubated overnight at 37°C. (Adapted 

from Eukaryotic TA Cloning Kit instructions, Invitrogen).

C) Preparation o f electrocompetent E. coli cells

L-broth (400 ml) [1% Bacto-tryptone, 0.5% Bacto-yeast extract, 0.5% NaCl] was 

inoculated with 4 ml of fresh overnight culture. The cells were grown at 37°C with 

vigorous shaking to an A600 of 0.5 to 0.7. The cells were chilled on ice for 

30 minutes then collected by centrifugation (4 k.r.p.m. for 15 minutes). As much of 

the supernatant as possible was removed and the cells resuspended in ice-cold sterile 

10% (v/v) glycerol (400 ml), with care taken not to lyse the cells. The cells were 

centrifuged as previously and resuspended in ice-cold sterile 10% (v/v)
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glycerol (200 ml). The cells were centrifuged again as previously and resuspended in 

ice-cold sterile 10% (v/v) glycerol (8 ml). The cells were centrifuged again (as 

previously) and resuspended in ice-cold sterile 10% (v/v) glycerol to a final volume of 

800 pi. The cell concentration was in the range 1 - 3 xlO10 cells/ml. The cell 

suspension was frozen on dry ice in aliquots (40 pi) in polypropylene tubes (0.5 ml), 

and stored at -70°C. (Adapted from Pulse Controller Operating Instructions and 

Applications Guide, Bio-Rad.)

D) High efficiency electro-transformation ofE. coli cells

An aliquot of electro-competent TOPI OF' cells was gently thawed at room 

temperature and immediately placed on ice. An electroporation cuvette (0.1 cm) and 

the white chamber slide were placed on ice. The DNA to be transformed [ligation 

mixture (5 pi) or plasmid DNA (1 to 2 pi)] was mixed with the cell suspension 

(40 pi). The suspension was kept on ice until being transferred to the chilled 

electroporation cuvette. The Bio-Rad Gene Pulser apparatus was set to 25 pF and 

1.80 kV. The Bio-Rad Pulse Controller was set to 200 G. The mixture of cells and 

DNA were transferred to the cold electroporation cuvette, and gently tapped to the 

bottom of the cuvette, ensuring that the sample was in contact with both aluminium 

sides of the cuvette. The cuvette was placed in the chilled safety chamber slide, and 

the slide pushed into the chamber until the cuvette was seated between the contacts at 

the base of the chamber. One pulse was applied at the above settings (a time constant 

between 4 and 5 ms was obtained). The cuvette was removed from the chamber and 

SOC medium (1 ml) [2% Bacto-tryptone, 0.5% Bacto-yeast extract, 10 mM NaCl,

2.5 mM KC1, 10 mM MgCk, 10 mM MgS0 4 , 20 mM glucose] immediately added, 

and the cells resuspended by gently pumping up and down with a pipette. The cell 

suspension was transferred to a 5 ml screw cap tube and incubated at 37°C with 

shaking (225 r.p.m. for 1 hour). Aliquots (150 pi) of the incubated cell suspension 

were spread evenly onto 2x TY plates (Section 2.2.9b) supplemented with ampicillin 

(final concentration of 100 pg/ml). The plates were allowed to dry for 15 minutes, 

inverted, and incubated overnight at 37°C. (Adapted from Pulse Controller Operating 

Instructions and Applications Guide, Bio-Rad.)
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2.2.10 Transformation of S. cerevisiae cells with foreign DNA

Two methods - transformation using lithium acetate, and electrotransformation - were 

used at different stages in this project to transform S. cerevisiae cells. Both methods 

are described below. Cell densities were determined using a standard 

haemocytometer chamber (Section 2.2.11). When carrying out a transformation a 

negative control was always done in which no DNA was added.

A) Preparation o f lithium acetate competent S. cerevisiae cells

A YPD (Section 2.2.7) preculture (10 ml) was inoculated from a single colony of the 

chosen S. cerevisiae strain and incubated overnight at 30°C with shaking. The cell 

density of the pre-culture was determined and diluted to 5 x 106 cells/ml in YPD 

(50 ml, final volume). The cells were grown for two additional cell divisions

(~3 hours) and then recounted. The cell density was not allowed to exceed 1.7 x 10 

cells/ml. The cells were collected by centrifugation (4 k.r.p.m. for 5 minutes) in a 

Sorvall GLC-4 general laboratory centrifuge. The cells were washed once in water 

(20 ml) and centrifuged again (4 k.r.p.m. for 5 minutes). The pellet was resuspended 

in water (1 ml) and transferred to a polypropylene tube (1.5 ml). The cell suspension 

was centrifuged in a microfiige (5 k.r.p.m. for 5 minutes), the supernatant removed 

and the pellet resuspended in freshly made 100 mM lithium acetate to a final cell 

density of 2 x 109 cells/ml. The cells were then incubated for 20 minutes at 30°C to 

make them frilly competent.

B) Transformation of lithium acetate competent S. cerevisiae cells

Approximately 2.5 pg of the DNA to be transformed, and freshly boiled 

single-stranded salmon sperm DNA (10 mg/ml) [Section 2.2.19], was added to the 

lithium acetate competent cells (50 pi). The cells were vortexed briefly then 

incubated for 20 minutes at 30°C. A 40% (w/v) polyethylene glycol 3350/100 mM 

lithium acetate solution (300 pi) was added to the transformation mixture. The tubes 

were vortexed and incubated for 20 minutes at 30°C. The transformation mixture was 

heat shocked for 20 minutes at 42°C and the cells collected by centrifugation in a 

microfiige (5 k.r.p.m. for 1 minute). The supernatant was removed and the cells

59



Chapter 2 - General materials and methods

resuspended in YPD (4 ml) and incubated with shaking for 2 hours at 30°C. The 

transformation culture was aliquotted into four polypropylene tubes and centrifuged in 

a microfiige (5 k.r.p.m. for 1 minute) and the supernatant removed. The cells were 

resuspended in water (500 pi) and aliquots (200 pi) inoculated onto appropriate plates 

for selection of transformants. The plates were incubated for 2 - 3 days at 30°C. 

(Adapted from Gietz and Woods, 1994; Wach et al, 1996.)

C) Preparation o f electro-competent S. cerevisiae cells

A YPD (Section 2.2.7) preculture (10 ml) was inoculated from a single colony of the 

chosen S. cerevisiae strain and incubated overnight at 30°C with shaking. The cell 

density of the pre-culture was determined and diluted to 2.5 x 107 cells/ml in YPD 

(50 ml, final volume). The cells were grown for two additional cell divisions

(~3 hours) until a cell density of ~1 x 108 cells/ml was reached. All subsequent cell 

washing steps were done using ice-cold solutions; centrifugation was done in a GLC-4 

general laboratory centrifuge at 4°C. The temperature of the cells was not allowed to 

go above 4°C. The cells were collected by centrifugation (4 k.r.p.m. for 5 minutes) 

and resuspended in water (50 ml). Centrifugation was repeated (as before) and the 

cells resuspended in water (25 ml). Centrifugation was repeated (as before) and the 

cells resuspended in 1M sorbitol (1 ml). The cells were centrifuged for a final time (as 

before) and resuspended in 1M sorbitol (the resuspension volume was the same as the 

cell pellet volume, approximately 100 pi). The cells were kept on ice until they were 

used.

D) High efficiency electro-transformation o f S. cerevisiae cells

An electroporation cuvette (0.2 cm) and the white chamber slide were placed on ice. 

In a polypropylene tube the electrocompetent S. cerevisiae cells (40 pi) were mixed 

gently with the DNA to be transformed [plasmid DNA (2 pl)[~0.1 pg], linear DNA 

(5 pl)[—0.1 pg]. The suspension was kept on ice for 5 minutes until being transferred 

to the chilled electroporation cuvette. The sample was tapped to the bottom of the 

cuvette, making sure that the sample was in contact with both aluminium sides of the 

cuvette. The Bio-Rad Gene Pulser apparatus was set at 25 pF and 1.50 kV. The
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Bio-Rad Pulse Controller was set to 200 £1 The cuvette was placed in the chilled 

safety chamber slide, and the slide pushed into the chamber until the cuvette was 

seated between the contacts at the base of the chamber. One pulse was applied at the 

above settings. A time constant between 4 and 5 ms was obtained for the pulse. The 

cuvette was removed from the chamber and ice-cold 1M sorbitol (1 ml) immediately 

added. The cells were resuspended by gently pumping up and down with a pipette. 

Aliquots (150 pi) of the cell suspension were spread evenly onto appropriate selective 

plates containing 1M sorbitol. The plates were allowed to dry for 15 minutes, 

inverted, and incubated for 2 - 3 days at 30°C. (Adapted from Pulse Controller 

Operating Instructions and Applications Guide, Bio-Rad.)

2.2.11 Counting yeast cells with a standard haemocytometer chamber

Yeast cell density was determined using a standard haemocytometer chamber (Weber 

Scientific International Ltd., supplied by Camlab). To determine cell density all the 

cells in a 1 mm2 gridded area (volume 0.1 pi) were counted. Budding cells and cell 

clusters were counted as 1 cell (or 1 colony forming unit). Counting was done using 

the 40x microscope objective (with lOx ocular). To increase accuracy typically both 

chambers of the haemocytometer were counted. Cell density (cells/ml) was calculated 

using the formula below:

Number of cells x 104 x dilution factor = cells/ml in culture

The dilution factor was chosen according to the culture cell density. For 

exponential phase cultures (105 - 107 cells/pl) a dilution factor of 10 was used, for 

saturated cultures (108 - 109 cells/pl) a dilution factor of 100 was used.

2.2.12 PCR screening of transformants

In order to ascertain whether colonies growing on selective medium after 

transformation were bona fide positive colonies, i.e. contained the DNA element of 

interest correctly integrated (be it episomally or chromosomally), selected colonies 

where characterised by PCR screening. The methods used to rapidly screen E. coli for
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episomal sequences, and S. cerevisiae for episomal and chromosomal sequences are 

described below. Glycerol stocks (Section 2.2.8) were made of any new strains.

A) PCR screening ofE. coli for vector sequences

Typically ten colonies were screened at a time. Colonies were selected from the 

selective growth medium using a sterile cocktail stick and transferred to a PCR tube. 

The cocktail stick was then transferred to a numbered culture tube containing 

appropriate selective medium. The relevant Taq polymerase PCR mixture was then 

added to each PCR tube. PCR reagent amounts and cycling parameters were as given 

in Section 2.2.3a, except that the reaction volume was reduced to 20 pi and the initial 

denaturation step increased to 94°C for 5 minutes. The increased initial denaturation 

step was in order to disrupt the bacterial cells. PCR products were analysed by 

agarose gel electrophoresis, as described in Section 2.2.4.

B) Rapid PCR screening o f S. cerevisiae for episomal and chromosomal sequences

In order to rapidly screen large numbers of yeast colonies 'whole cell' PCRs were 

performed (as described below). Where greater accuracy was required screening was 

done using genomic DNA, prepared as described in Section 2.2.13, and analysed by 

agarose gel electrophoresis (Section 2.2.4).

Colonies to be screened using the rapid screening method were numbered and 

then transferred, using a sterile cocktail stick, to a PCR tube containing water 

(-25 pi). The cells (a pin-head sized amount, ~5x 105 cells) were dispersed in the 

water by stirring. The cells were pelleted by centrifugation in a microfuge 

(13 k.r.p.m. for 1 minute) and the supernatant removed. The cells were then heated in 

a microwave oven (750W) at full power for 5 minutes. The cells were then suspended 

in the relevant Taq polymerase PCR mixture (as described in Section 2.2.3a, except 

that the reaction volume was reduced to 20 pi) by vortexing briefly or by pumping up 

and down with a pipette. After addition of the PCR mix the reaction was started as 

quickly as possible in order to prevent proteolysis, or the reaction was kept on ice until 

ready. PCR products were analysed by agarose gel electrophoresis (Section 2.2.4). 

[Adapted from Wach et a l , 1994]
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2.2.13 Preparation of yeast genomic DNA

A 10 ml culture, started from a single colony of the relevant S. cerevisiae strain, was 

grown to saturation overnight in YPD (Section 2.2.7)[or appropriate selective 

medium] at 30°C. The cells were collected by centrifugation (4 k.r.p.m. for 

5 minutes) in a Sorvall GLC-4 general laboratory centrifuge. The supernatant was 

removed and the cells resuspended in water (0.5 ml). The cell suspension was 

transferred to a screw-capped polypropylene tube (1.5 ml) and centrifuged in a 

microfuge (13 k.r.p.m. for 30 seconds). The supernatant was removed and the cells 

resuspended in the residual liquid by vortexing. To the cell suspension, cell-lysis 

buffer (0.2 ml) [2% (w/v) Trition X-100, 1% (w/v) SDS, 100 mM NaCl, 10 mM 

Tris-HCl (pH 8.0)], phenol:chloroform:isoamyl alcohol (0.2 ml) [molar ratio 25:24:1; 

supplied by Life Technologies] and glass beads (0.3 g) [0.2 microns] were added. The 

mixture was vortexed vigorously for 4 minutes. Water (0.2 ml) was added, the 

mixture vortexed briefly then centrifuged in a microfuge (13 k.r.p.m. for 5 minutes). 

The top aqueous layer was transferred to a new polypropylene tube (1.5 ml) and 

absolute ethanol (1 ml) added to precipitate the DNA. The DNA solution was then 

vortexed briefly and centrifuged in a microfuge (13 k.r.p.m. for 2 minutes). The 

supernatant was discarded and the DNA pellet resuspended in water (0.4 ml). 

RNaseA (6 pi) [10 mg/ml; Section 2.2.18] was added and the solution incubated at 

37°C for 30 minutes. Absolute ethanol (1 ml) and 4M ammonium acetate (10 pi) 

were added, the solution vortexed briefly and centrifuged in a microfuge (13 k.r.p.m. 

for 2 minutes). The DNA pellet was washed with 70% (v/v) ethanol and left to air-dry 

overnight. Finally the pellet was resuspended in water (50 pi), to give a final DNA 

concentration o f-200 - 400 ng/pl. (Adapted from Adams et al, 1996.)

2.2.14 Restriction endonuclease digestion of DNA

All restriction enzymes were obtained from New England Biolabs (NEB) and used 

according to the manufacturer's instructions. Typically 1 - 1.5 pg of DNA was 

digested in a single reaction. Digestions were usually performed in a final reaction 

volume of 40 pi. The reaction mixture consisted of the required lOx NEB buffer 

(4 pi), and restriction enzyme (lpl) [3 - 20 units]. Where required, bovine serum 

albumin was added to the digest mixture, to a final concentration of 100 pgml'1. The
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reaction mixtures were incubated at the required temperature for 16 hours and then 

heat inactivated at 65°C for 20 minutes.

2.2.15 Ligation of sticky ended DNA

Ligation mixtures were prepared using 6 Weiss units (400 NEBunits/pl) of T4 DNA 

ligase, lOx NEB ligase buffer (1 pi) [500 mM Tris-HCl (pH 7.5), 100 mM MgCb, 

100 mM dithiothreitol, 10 mM ATP, 250 pg/ml bovine serum albumin], insert and 

vector DNA with compatible cohesive ends, in a final reaction volume of 10 pi.

The molar ratio of insert to vector used was approximately 10:1 (amount of 

DNA was estimated as described in Section 2.2.4). As a control to assess the degree 

of vector self-religation a 'cut vector only1 reaction was prepared each time. Ligation 

mixtures were incubated at 16°C overnight in the thermal cycler and then 

heat-inactivated at 65°C for 10 minutes.

Ligation mixtures were transformed directly into competent E. coli TOPI OF 

cells (Section 2.2.9).

2.2.16 Automated DNA sequencing and sequence analysis

DNA sequencing was done on an Applied Biosystems PRISM™ 377 DNA Sequencer 

using the fluorescent dye terminator protocol, based on the chain-terminator 

sequencing method devised by Sanger et al. (1977). Samples were prepared in 

thin-walled PCR tubes (0.2 ml). Each sample contained DNA template (-150 ng), 

and primer (10 pmol). The sample was made up to a final volume of 6 pi with water. 

Analysis of resulting DNA sequence chromatographs was done using the Sequence 

Editor (SeqEd™) programme (Version 1.03, Perkin-Elmer).

DNA sequence manipulation

For routine manipulation of DNA sequences, such as restriction analysis, codon usage 

analysis and in the construction of recombinant fragments, the MacVector™ 

programme (Version 7.0, Molecular Simulations Ltd) was used.
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2.2.17 Preparation of plasmid DNA

Plasmid DNA was prepared from an overnight culture of TOPIOF E. coli cells 

(grown in LB medium; Section 2.2.6) carrying the plasmid of interest using the 

S N AP.™ Miniprep Kit (Invitrogen), according to the manufacturer's instructions. 

The DNA was eluted from the S N A P.™ miniprep column with water (60 pi), and 

stored at -20°C. Plasmid concentration was determined using the formula below:

[DNA] = (A 26o)(0 .05  mg/ml) x dilution factor

Plasmid DNA was typically found to be in the range 0.1 - 0.5 pg/pl.

2.2.18 Preparation of pancreatic RNaseA

Pancreatic RNaseA (100 mg) was dissolved in 10 mM Tris-HCl (10 ml, pH 7.5), 

15 mM NaCl and heated at 100°C for 15 minutes. The mixture was allowed to cool to 

room temperature then dispensed into aliquots (0.5 ml), and stored at -20°C.

2.2.19 Preparation of salmon sperm DNA

Salmon sperm DNA (10 mg/ml) was prepared by dissolving salmon sperm DNA 

(0.2 g) in water (20 ml). The solution was stirred until the DNA had dissolved, the 

DNA was then fragmented by pushing the solution -30 times through a small gauge 

needle. The fragmented DNA was aliquotted and stored at -20°C.

2.2.20 Southern blotting

DNA samples for Southern blotting (Southern, 1975) and oligonucleotide probes were 

prepared as described in relevant chapters. Transfer of DNA from the agarose gel to 

the membrane and the hybridisation protocol are described below:

A) Agarose gel electrophoresis

For Southern blotting a 0.8 % (w/v) agarose gel (Section 2.2.4) was prepared in a 

Bio-Rad™ Mimi-sub® Cell Gel Tray. The gel composition was: Ultrapure™ agarose
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(1.6 g) dissolved in 0.5 x TBE buffer (200 ml). Ethidium bromide was added to a 

final concentration of 0.2 pg/ml. After setting, gels were submerged in 1 x TBE 

buffer containing ethidium bromide (0.1 pg/ml). To allow DNA fragment size to be 

determined 1 k.b.p. Plus Marker (5 pi)[Section 2.2.4] was run alongside the DNA 

samples.

B) Transfer o f DNA to nylon membrane

Transfer of DNA from the gel to the nylon membrane (MCI Magna charge nylon 

transfer membrane) was as described by Sambrook et al (1989), except at the final 

step the DNA was fixed to the membrane by UV-crosslinking. Crosslinking was done
a

in a CL-1000 ultraviolet crosslinker using 1200 preset energy units (xlOO pJ/cm ).

The crosslinked filter was stored at room temperature between two sheets of 

3MM paper wrapped in aluminium foil until used.

C) Hybridisation and pre-hybridisation

The membrane to be probed was laid face upwards on gauze and rolled carefully so 

that the side to be probed was innermost. The rolled membrane was inserted into a 

glass screw-capped hybridisation tube.

Salmon sperm DNA (10 mg/ml; Section 2.2.19) was denatured by boiling for 

5 minutes and immediately added to pre-hybridisation buffer (0.5 M Na2HP0 4 , 1 mM 

EDTA, 7 % SDS) to a final concentration of 100 pg/ml. The pre-hybridisation buffer 

(30 ml) was then added to the membrane. Pre-hybridisation was carried out in a 

Hybaid hybridisation oven at 42 °C for 2 hours, with the sample rotating slowly. The 

pre-hybridisation buffer was discarded and pre-heated hybridisation buffer (30 ml) 

added (the pre-hybridisation and hybridisation buffer were the same). Immediately 

prior to use, salmon sperm DNA (as for pre-hybridisation), and the radiolabelled 

oligonucleotide probe (30 pi), were added to the hybridisation buffer. Hybridisation 

was carried out overnight at 42°C, with the sample rotating slowly. The hybridisation 

solution was discarded and the membrane washed three times (as follows) using 

pre-heated solutions. Each wash was performed using as large a volume as possible. 

The first wash (5% SDS, 40 mM Na2HPC>4, 1 mM EDTA) was at 42°C for 

30 minutes, with the container slowly rotating. The second wash (1% SDS, 40 mM
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Na2HPC>4, 1 mM EDTA) was at 50°C for 2 hours, with the container slowly rotating. 

For the final wash (40 mM Na2HP0 4 ) the membrane was transferred to an open 

container, where it was gently agitated at room temperature for 5 minutes.

Excess solution was allowed to run off the membrane, which was then placed 

face up on paper towels and allowed to dry. The membrane was monitored at this 

stage with a Geiger counter. The membrane was then carefully mapped in Saran 

Wrap and exposed to photographic film (X-Omat AR) at -70°C. The exposed film 

was developed using an Amersham hyperprocessor.

Hybridisation and wash temperatures were chosen according to Tomlinson 

et al. (1992). The hybridisation protocol was adapted from Church and 

Gilbert (1984).
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CHAPTER 3

DIRECTED MOLECULAR EVOLUTION BY 

GENE CONVERSION: CONSTRUCTION 

OF EXPERIMENTAL STRAINS

3.1 INTRODUCTION

The aims and the overall experimental strategy for the Molecular Evolution by Gene 

Conversion strategy were described in Chapter 1. This chapter describes the 

construction of the experimental strains (as outlined in Section 1.3) and various 

control strains (described below) that are required. The experiments performed with 

the strains, once constructed, are presented in Chapter 4.

Experimental strains

Two experimental strains are to be constructed, based on the model shown in 

Figure 1.19. The second strain differs from the first in that a gene involved in 

mismatch repair, PMS1, has been disrupted (for reasons described in Section 1.3). 

The main steps to be described - with reference to Figure 1.19- are: 1. integration of 

the acceptor gene, OR17-40 (containing the 1-Scel recognition site) at the LEU2 locus.

2. integration of the donor gene, OR17-228 (containing the l-Scel recognition site, 

and flanked by regions homologous to the donor locus) at the HML locus.

3. Construction of a vector capable of expressing the rare-cutter endonuclease, l-Scel, 

under the control of the yeast GAL I promoter (described in Appendix A), and 

transformation of the vector into the experimental strains. Two control strains (one 

for each experimental strain) will also be constructed, where the open reading-frame 

of the l-Scel endonuclease is absent from the galactose-inducible vector (described as 

'vector-only' controls, where no endonuclease production can occur under any
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conditions). Other steps to be described include, the conversion of the experimental 

strain to a HISC, GAL+ genotype (for reasons described in appropriate sections), by 

transformation and mating experiments, respectively.

The four experimental strains (i.e., the two experimental strains and their 

respective 'vector-only' controls) are constructed in a step-wise manner from the 

parent strain, JRY50 (the reason for choosing this particular starting strain is described 

later, Section 3.3.3). A simplified overview of the main steps performed in the 

construction of the experimental strains is shown in Figure 3 .1. The steps shown are 

described in detail in their relevant sections.

Parent strain 
JRY50

I LEU2 T
A A

I Q R l? - 4 0 l

I  1 PMSl  1 (

pYES2 
Al!RA3\---

Figure 3.1 The main steps in the construction of the experimental strains from the parent strain. 

JRY50. The steps are shown in the order in which they were performed, and are described in the same 

order in following sections of this chapter The means by which each step is carried out is described in 

detail in the appropriate section. The four experimental strains constructed are: BGY11, containing the 

complete experimental system: BGY12. the pmsl (mismatch repair deficient) derivative of BGY11; 

BGY13. the 'vector-only' control for BGY11 (containing pYES2 only, instead of the l-Scel expression 

vector pYES2[l-Scel]); and BGY14, the 'vector-only' control for BGY12. Detailed descriptions of the 

genotypes of these strains (and intermediate strains) are given in Table 3.2.1. Filled rectangle: l-Scel 

recognition site. [A more detailed summary of the steps presented above, and for the construction of 

the control strains described below, is given in Appendix B ]

Control strains

The construction of two different control strains is described. Each control strain is 

designed to look at a different aspect or component of the reaction being performed in 

the experimental strains (above) As for the experimental strains, each control strain
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was also constructed with a 'vector-only' version (as above), giving a total of four 

strains.

The first control strain is based on the parent strain FY833 and is designed to 

show that l-Scel expression is occurring as intended. The FY833 control strain is 

designated the 'vector control', as expression of the endonuclease, from 

pYES2[I-,SceI], is intended to cleave an l-Scel recognition site on a second vector, 

pRS313 [I-Scel], rendering the strain his3\ and unable to grow on medium lacking 

histidine. In this simple experiment, endonuclease production is to be demonstrated 

by reduced cell viability (on medium lacking histidine) following induction in 

galactose-containing medium (described further in relevant sections and in Chapter 4).

The second control strain, designated the 'gene conversion1 control strain, is 

intended to act as a 'donor-deficient' control for the experimental strains. This strain - 

based on a strain constructed during the course of the work presented in Chapter 5 - is 

very similar to the experimental strain, BGY11, containing the ORI7-40 ORF 

(followed by the l-Scel recognition site) integrated at the LEU2 locus, but does not 

contain the donor gene (OR17-228) at the HML locus (which is wild-type). It is 

expected that endonuclease production in this strain will result in reduced cell viability 

due to a double strand break that cannot be repaired (described further in relevant 

sections and in Chapter 4).

A simplified overview of the steps performed in the construction of both 

control strains ('vector control' and 'gene conversion' control) is shown in Figure 3.2. 

The steps shown are described in detail in their relevant sections.

70



Chapter 3 - Construction o f experimental strains

Parent strain 
FY833

'vector-control'

r-\ORl 7-228 B-i r l  \-Sce\ h

pRS313 + pYES2 or pYES2
------1 HIS3\----- ------\URA3\— ± ------\URA3\-----

or pYES2 
 [URA3\---

Parent strain: 
BDY5

pYES2 
 \URA3\---

'gene conversion' control

Figure 3.2 Construction of the 'vector control' and 'gene conversion' control strains (steps are described 

in detail in appropriate sections). The parental strain for both control strains is given on the left hand 

side. The two 'vector control' strains are generated by transforming FY833 with pRS313 [I-Scel] and 

pYES2[I-&eI], to give BGY17, and with pRS313[I-&<?I| and pYES2 only, to give BGY18. The 'gene 

conversion' control strain - BGY15 - is generated by transforming strain BDY5 (constructed during the 

course of the work presented in Chapter 5) with pYES2[KS'ceI|. the 'vector-only' version of this strain - 

BGY16 - is generated by transforming BDY5 w ith pYES2 only Detailed descriptions of the genotypes 

of these strains (and intermediate strains) are given in Table 3 .2.1 Filled rectangle: l-Scel recognition 

site.

The steps shown in Figures 3.1 and 3.2 represent the main steps to be 

described in the construction of the experimental and control strains. At the beginning 

of each main step in the following Methods section an overview is presented, 

summarising what is to be described in that section.
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3.2 MATERIALS

3.2.1 Saccharomyces cerevisiae strains

Supplied Saccharomyces cerevisiae strains, and those constructed during the course of 

the work in this chapter, are described herein.

Strain Genotype Reference

JRY5 0 MA 7a his3-532 trp1-289 ura3-52 sir4-9

FY833 MATa his 3 A2 00 ura3-52 leu2Al lys2A202

trplA63 GAL2+

FY3 MATa ura3-52 GAL2+

INVSC2 MAI a his3A200 ura3-52 GAL+

MR9 MA 7a sstlA sst2A his3A200 ura3-52 leu2Al

lys2A202 trplA63 GAL2+

RC757 MATa sst2-l rme his6 metl canl cyh2 

BGY1 MA 7a his3-532 trp1-289 sir4-9 leu2A:: URA3

BGY2 MATu his3-532 trp1-289 ura3-52 sir4-9

leu2A::OR17-40 

BGY3 MATa his3-532 trp1-289 sir4-9

leu2A::OR17-40 hmlA::URA3 

BGY4 MA 7a his3-532 trpl-289 ura3-52 sir4-9

hmlA: :URA3

BGY5 MA7a his3-532 trpl-289 leu2A::ORl7-40

sir4-9 hml::pRS306[ORl7-228]

BGY6 MATa his3-532 trpl-289 ura3-52 sir4-9

leu2A::OR17-40 hmlA::ORl 7-228 

BGY7 MATa HIS3 trpl-289 sir4-9 ura3-52

leu2A::OR17-40 hmlAr.ORl7-228

Schnell and Rine, 1986. 

Winston eta l, 1995.

Winston e ta l , 1995. 

Supplied by Invitrogen®. 

Redfern, 2000.

Supplied by A. Wheals. 

This work.

This work.

This work.

This work.

This work.

This work.

This work.

continued next page.
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Strain Genotype Reference

BGY8 M47a HIS3 trpl-289 sir4-9 ura3-52 

leu2A::OR17-40 hmlA::ORI7-228 GAL+

This work.

BGY9 MATsl H1S3 trpl-289 sir4-9 ura3-52 

leu2A::OR17-40 hmlA::OR17-228 GAL+ 

pmsl: :pRS306[/JMS7A]

This work.

BGY10 M47a HIS3 trpl-289 sir4-9 ura3-52 

leu2A::OR17-40 hmlAr.ORl7-228 GAL+ 

pmslA

This work.

BGY11 BGY8: :pYES2[I-^ceI] URA3 This work.

BGY12 BGY10::pYES2[I-&*?I] URA3 This work.

BGY13 BGY8::pYES2 LIRA3 This work.

BGY14 BGY10::pYES2 URA3 This work.

BGY7Z BGY7::pYX243 LEU2 This work.

BGY8Z BGY8::pYX243 LEU2 This work.

FY10Z MATa ura3-52 leu2Al GAL2+ pYX243 LEU2 This work.

BGY15 BDY5::pYES2[I-&*?I] URA3 This work.

BGY16 BDY5::pYES2 URA3 This work.

BGY17 FY833: :pYES2[I-<SceI] URA3 

pRS313 [I-iSc Î] HIS3

This work.

BGY18 FY833::pYES2 URA3 

pRS313 [I-Scel] HIS3

This work.

The yeast strain JRY50 was chosen as the starting point from which to 

construct the experimental strain. The reason for choosing this particular strain is 

described in Section 3 .3 .3.

The yeast FY-strains represent the principal strains used in Chapter 5, and are 

described in Section 5.2.1.
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3.2.2 Plasmids

Supplied DNA vectors used in this chapter are described herein. Plasmids generated 

during the course of the work in this chapter are described in their relevant sections.

A) pYES2[ORl7-40]

Plasmid pYES2[OR 17-40] was constructed by Pvedfern (2000). It contains the open 

reading frame of the putative human odorant receptor, OR17-40, cloned between the 

Him1III and Xbal restriction sites in the multiple cloning region of plasmid pYES2 

(described below). The cloned gene is orientated such that the initiation codon is after 

the Hindlll site.

B) pYES2

Plasmid pYES2 as supplied by Invitrogen^ is shown in Figure 3.3. pYES2 is a yeast 

expression vector designed for high level expression in S. cerevisiae. The vector can 

be maintained in both yeast and E. coli It contains the yeast GALJ promoter for 

inducible expression of genes inserted into the multiple cloning site, and the yeast 

CYC1 transcription termination signal sequence. The auxotrophic marker for 

selection in yeast is the URA3 gene Other features are the ampicillin gene and E. coli 

origin from pUC19 as well as the T7 RNA polymerase promoter and fl origin, for 

maintenance, selection, transcription and single strand rescue in E. coli.

GALl

pYES2
5.9 k.b.p

SnaB I

Nhe IApa I

TCYC1

Figure 3.3 The yeast expression vector pYES2. Multiple cloning site (shaded box), unique restriction 

sites are shown (Figure is not to scale).
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C) pTG5756

Plasmid pTG5756 (Figure 3.4), as constructed by Langle-Rouault and Jacobs (1995), 

was a gift from Transgene S. A (Strasbourg). The plasmid was obtained by cloning 

the Kluyveromyces lactis URA3 gene (accession number D00431, n.t. 151 - 1652) 

between the Apal and Notl sites of pRS315 (Sikorski and Hieter, 1989).

Apa I  Not I

2tq

\ >

pTG5756
7.3 k.b.p.

CEN6/ARS4

K. lactis URA3

Figure 3.4 Plasmid pTG5756 containing the cloned K. lactis URA3 gene (orientation unknown). 

Figure is not to scale.

D) pRS306

The yeast integrating plasmid pRS306 as constructed by Sikorski and Hieter (1989) is 

shown in Figure 3.5. The vector contains the ampicillin gene for selection in E. coli 

and the URA3 auxotrophic marker for selection in yeast

x URA3 >

V
pRS306
4381 b.p.

A
-Nae I

lacZ

,§2_ w „ k _ m
s s s ’q  r  o  2
< q g ** cs

Figure 3.5 Plasmid pRS306. Multiple cloning site (shaded box), unique restriction sites are 

shown (Figure is not to scale).
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E) pPEX7

The l-Scel expression plasmid pPEX7 as constructed by Fairhead and Dujon (1993) is 

shown in Figure 3 . 6 . The plasmid contains the universal code equivalent of the \-Sce\ 

rare cutter endonuclease, under the control of the inducible GAL10-CYC1 promoter.

pPEX7
14.3 k.b.V V

I-Sce-I — Gal-Cyc

Figure 3.6 l-Scel expression plasmid pPEX7 The plasmid is maintained at a high copy number 

(100 - 200 per cell) as the LEU2d allele poorly complements leucine auxotrophy (Guthrie and Fink. 

1991). Figure is not to scale.

F) pYES2/OR17-228J

Plasmid pYES2[ORJ 7-228] was constructed by Crickett (1997). It contains the open 

reading frame of the putative human odorant receptor, OR17-228, cloned between the 

Hindlll and Xbal restriction sites in the multiple cloning region of plasmid pYES2 

(Section 3.2.2b). The cloned gene is orientated such that the initiation codon is after 

the Hindlll site

G) pYX243

Plasmid pYX243 as supplied by R&D Systems is shown in Figure 3.7. The vector 

contains the LacZ gene under the control of the yeast GAL I promoter
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LacZ

pYX243
8.5 kb.p

amp

GAL1

Figure 3.7 The P-galactosidase expression vector pYX243 The plasmid replicates autonomously due 

to the 2p-sequence. and is maintained between 25 - 100 copies per cell (Figure is not to scale).

H) pRS313

The yeast centromeric plasmid pRS313 as constructed by Sikorski and Hieter (1989) 

is shown in Figure 3 8 The vector contains the ampicillin gene for selection in E. coli 

and the HIS3 auxotrophic marker for selection in yeast.

HIS3

pRS313
4967 b p Nael

lacZ

CEN6/ARS4

HHI 2 ■—1 ® i—i *—1
S  O C J  n  O O  S  £ * 3  3 ' 5 3 ' i j
a ,  £  Q  Cl .O  <3 <3C /jR  <  Co ^

Figure 3.8 Plasmid pRS313. Multiple cloning site (shaded box), unique restriction sites are shown 

(Figure is not to scale).
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3.3 METHODS: GENERATION OF EXPERIMENTAL STRAINS 

FOR THE ANALYSIS OF M OLECULAR EVOLUTION BY GENE 

CONVERSION

Overview: The next section describes the steps performed in order to integrate the 

OR17-40 ORF (followed by the l-Scel recognition site) at the LEU2 locus in the 

parent strain, JRY50.

LEU2

OR1n-40 ■

3.3.1 Construction of a cassette for the integration of OR17-40 ORF at the 

acceptor locus LEU2

The yeast strain JRY50 (Section 3.2.1) was chosen as the strain in which to construct 

the experimental model system (Figure 1.20). The choice of this particular strain was 

dependent on the strategy to be used for the integration of the donor gene, the 

OR17-228 ORF, at the HML locus; this is discussed in Section 3.3.3

In this section the integration of the acceptor gene, the OR17-40 ORF, at the 

LEU2 locus is described The strategy used to achieve this is based on the method 

described be Alani et al. (1987) and later developed by Langle-Rouault and Jacobs 

(1995), thus: a URA3 gene is flanked by directly repeated sequences which contain 

homology to the desired target locus (LEU2), and the desired mutation (the 

OR17-40 ORF) After introduction of the fragment into the yeast genome by 

transformation, stable integrants are isolated by selection for Ura+ colonies In order 

to minimize non-desired recombination events with genomic ura3 sequences, the 

heterologous (-68%  identical n.t.) URA3 gene from the yeast Kluyveromyces lactis is 

used. Recombination between the flanking direct repeats, which occurs at a high 

frequency (-lO -4) in vegetatively grown cultures, results in marker excision and the 

stable integration of one copy of the desired mutation. Derivatives that have
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undergone the excision event are Ura", and can be selected directly with 

5-fluoro-orotic acid (5-FOA)[Boeke et al., 1984],

Two regions of homology to the target locus were incorporated into the 

flanking repeat sequences. A region homologous to the promoter region of the LEU2 

gene, and a region homologous to the terminator region of the LEU2 gene Each 

homologous region being approximately 300 b p in length The LEU2. sequences 

were separated by the desired mutation, the OR17-40 ORF (with an l-Scel restriction 

site after the termination codon). Successful cassette integration, followed by 

marker excision, should result in replacement of the LEU2 ORF with 

the OR 17-40 ORF

Leu2PF2 LeuTF LeuPFBgl LeuTF

Leu2(P) Leu2(T) Leu2(P) Leu2(T)

LeuPB LeuTB/Bgl

OR17-40F

LeuPB Leu2TB2

Splicing by overlap 
extension PCR OR 17-40

Splicing by overlap 
extension PCR

OR 17-40B

3gll

Leu2(P) OR 17-40 Leu2(T)

I-Sce-l
OR 17-40 Leu2(T)

UraKlBglF

URA3K. lactis

Digestion with 
BglI
follow ed by + 
ligation

Bgn Bgll

URA3K. lactis

Leu2(P) OR 17-40 Leu2(T) URA3K. lactis Leu2(P) OR 17-40 Leu2(T)

Figure 3.9 Schematic representation of the synthesis of the disruption cassette for the integration of the 

OR17-40 ORF at the LEU2 locus. The extreme flanking sequences in the completed disruption 

cassette, Leu2(P)/Leu2(T), contain at their ends, sequences not present in the internal repeats of these 

structures, allowing the cassette to be amplified by PCR.
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The reactions performed in the construction of the disruption cassette are 

described in detail next. The overall scheme showing the various DNA fragments, 

primer binding sites, and the steps involved in the construction of the completed 

disruption cassette, is shown in Figure 3 .9.

A) Primers to amplify the LEU2 promoter (P) and terminator (T) regions

The sequences of the primers (Table 3.1 and Table 5.3 [Leu2PF2/LEU2TB2]) used to 

generate the flanking regions in the disruption cassette were derived (as discussed 

above) from the promoter and terminator regions of the LEU2 locus. The DNA 

sequences were obtained from the Saccharomyces cerevisiae genome database 

(Section 2.2.1). The accession number for the LEU2 open reading frame is 

YCL018W.

The LeuPB and LeuTF primers were designed to have their 5-ends 

homologous to 24 nucleotides at either end of the OR17-40 ORF. This was to allow 

the LEU2 flanking sequences, once amplified, to be joined to the odorant receptor 

fragment via a 'splicing by overlap extension' PCR (Horton et al, 1989).

The LeuTB/Bgl and LeuPF/Bgl primers incorporated Bgtl sites in their 5' ends 

to allow the direct repeats, once amplified, to be ligated to the K. lactis URA3 gene 

(also flanked by BgH sites).

B) PCR amplification o f the LEU2 promoter and terminator regions

Four separate Expand™ PCRs (Section 2.2.3b) were performed to amplify the LEU2 

fragments (top of Figure 3.9) from yeast genomic DNA. The genomic DNA was 

prepared from the S. cerevisiae a-strain FY3 (Section 3.2.1) following the procedure 

outlined in Section 2.2.13.

The primer combinations Leu2PF2/LeuPB and LeuPF/Bgl/LeuPB were used 

to generate the promoter region fragments. For both primer combinations the reaction 

parameters were: [94°C, 2 min; (94°C, 15 s; 50°C, 30 s; 72°C, 45 s) x 10; (94°C, 

15 s; 50°C, 30 s; 72°C, 45 s + 20 s/cycle) x 15; 72°C, 5 min].

The primer combinations LeuTF/LeuTB/Bgl and LeuTF/Leu2TB2 were used 

to generate the terminator region fragments. For both primer combinations the 

reaction parameters were as for the promoter regions, above.

80



Chapter 3 - Construction o f experimental strains

All PCR products were purified using the Wizard™ PCR Preps DNA 

Purification Kit (Section 2.2.4c). The purified fragments were quantified by agarose 

gel electrophoresis (Section 2.2.4).

C) Amplification the OR17-40 ORF

The primer pair OR17-4OF/OR17-40B was used to amplify the OR 17-40 ORF from 

plasmid pYES2 [OR17-40] (Section 3.2.2a). The sequences of the primers (Table 3.1) 

were derived form the start and end of the OR17-40 open reading 

frame (Ben-Arie etal ,  1993).

An Expand™ PCR (Section 2.2.3b) was performed using the following 

parameters: [94°C, 2 min; (94°C, 15 s; 58°C, 30 s; 72°C, 1 min) x 10; (94°C, 15 s; 

58°C, 30 s; 72°C, 1 min + 20 s/cycle) x 15; 72°C, 5 min].

The PCR product was purified using the Wizard™ PCR Preps DNA 

Purification Kit (Section 2.2.4c) then quantified by agarose gel electrophoresis 

(Section 2.2.4).

D) PCR mediated generation o f the repeat sequences

Two separate Expand™ PCRs (Section 2.2.3b) were set up to amplify the left hand 

side (LHS) and right hand side (RHS) direct repeat sequences. Approximately equal 

amounts (~40 ng) of the appropriate LE£/2-promoter fragment and LEU2-terminator 

fragment (as shown for both splicing by overlap extension PCRs, Figure 3.9) and the 

OR17-40 fragment, were added together with either the primer pair 

Leu2PF2/LeuTB/Bgl, or LeuPF/Bgl/Leu2TB2. The reaction conditions were: 

[94°C, 2 min; (94°C, 15 s; 50°C, 30 s; 72°C, 1 min 30 s) x 10; (94°C, 15 s; 50°C, 

30 s; 72°C, 1 min 30 s + 20 s/cycle) x 15; 72°C, 5 min].

The assembled PCR products were purified using the Wizard™ PCR Preps 

DNA Purification Kit (Section 2.2.4c), and the fragments quantified by agarose gel 

electrophoresis (Section 2.2.4).

E) Primers to amplify the URA3 gene from K. lactis

The primers UraKlBglF/UraKlBglB (Table 3.1) were designed to amplify the 

K. lactis URA3 gene - the same fragment as used by Langle-Rouault and 

Jacobs (1995) - from vector pTG5756 (Section 3.2.2c). The URA3 DNA sequence
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was obtained from the National Centre for Biotechnology Information 

(www.ncbi.nlm.nih.gov). The accession number for the sequence is D00431.

Both primers contain a Bgtl restriction endonuclease site in their 5'-ends to 

allow subsequent ligation of the amplified fragment to the direct repeat sequences.

F) PCR amplification o f the URA3 gene from K. lactis

An Expand™ PCR (Section 2.2.3b) using the primers UraklBglF and UraKlBglB was 

performed to amplify the K. lactis URA3 gene from vector pTG5756 (Section 3.2.2c). 

The reaction was performed for 25 cycles using the following parameters: [94°C, 

2 min; (94°C, 15 s; 55°C, 30 s; 72°C, 1 min) x 10; (94°C, 15 s; 55°C, 30 s; 72°C, 

1 min + 20 s/cycle) x 15; 72°C, 5 min].

The amplified fragment was purified using the Wizard™ PCR Preps 

DNA Purification Kit (Section 2.2.4c), and quantified by agarose gel 

electrophoresis (Section 2.2.4).

G) Generation o f the completed disruption cassette

Approximately equal amounts (-0.3 pg) of the purified LHS direct repeat fragment, 

RHS direct repeat fragment and the K. lactis URA3 fragment were separately digested. 

Each was digested in a total digest volume of 20 pi, with Bgli (20 units) at 37°C 

overnight, then purified using the Wizard™ PCR Preps DNA Purification Kit 

(Section 2.2.4c), and quantified (Section 2.2.4).

Approximately equal amounts (-0,2 pg) of the cleaned digested fragments 

were then joined by ligation (Section 2.2.15). The ligation product was analysed 

(Section 2.2.4) and purified by LMP-agarose gel electrophoresis (Section 2.2.4b).

H) PCR Amplification o f the completed disruption cassette

In order to generate enough of the completed disruption cassette for transformation 

purposes the purified cassette was amplified via an Expand™ PCR (Section 2.2.3b) 

using the primers Leu2PF2 and Leu2TB2 (Table 5.3). The reaction conditions were: 

[94°C, 2 min; (94°C, 15 s; 55°C, 30 s; 68°C, 4 min) x 10; (94°C, 15 s; 55°C, 30 s; 

68°C, 4 min + 20 s/cycle) x 15; 68°C, 5 min].

The amplified PCR product was analysed (Section 2.2.4) and purified by 

LMP-agarose gel electrophoresis (Section 2.2.4b).
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Primer name Sequence (S' - 3') Description (S' - 3')

LeuPB ATTGGYCCCAGMTTCTGGCTSCATTA 

GAATGGT AT ATCCTTGAA

24 n.t. homology to template strand at the start o f the 

OR17-40 ORF; 20 n.t. homology to the LEU2 template 

strand immediately before the initiation codon.

LeuTF GGGAGGMGRTCACTGRCYTGATAAGT 

T ACGCT AGGG AT AAC AGGGT AAT AC 

TGTCGCCGAAG AAGTT AAG

24 n.t. homology (including an added TAA stop codon) to 

end o f  OR17-40 ORF (coding strand); 5 n.t. spacer; an 

l-Scel site; a 1 n.t. spacer; 20 n.t. homology to coding 

strand of LEU2, 3 5 - 1 5  b.p. upstream from the termination

codon.

I^euTB/Bgl C AG AT GCC ACT C AGGC AAATT AGG A 

ATC AT AGTTTC

5 n.t. overhang; a BglI site; 20 n.t. homology to template 

strand o f LEU2, 285 - 305 b.p. downstream from the 

termination codon.

I^uPF/Bgl CAGATGCCTCCATGGCATCAAATTC

GATGACTGGAA

5 n.t. overhang; a BgR site; 20 n.t. homology to coding 

strand o f LEU2, 300 - 280 b.p. upstream from initiation

codon.

OR17-40F ATGCAGCCAGAATCTGGGGC Binds to the first 20 n.t. o f the template strand of

the OR17-40 ORF.

OR17-40B TCAAGCCAGTGACCGCCTCC Binds to the final 20 n.t. o f  the coding strand of

the OR] 7-40 ORF.

UraKlBglF CAGATGCCTGAGTGGCGTGATTCTG

GGTAGAAGA

5 n.t. overhang; a BglI site; 18 n.t. homology to the coding 

strand o f the A", lactis URA3 gene. 333 - 315 b.p. upstream 

from the initiation codon.

UraKlBglB CAGATGCCATGGAGGCAGTTGATCC

ATTGTGTGC

5 n.t. overhang; a BglI site; 18 n.t. homology to the 

template strand o f  the AT. lactis URA3 gene, 333 - 315 b.p. 

downstream from the termination codon.

Table 3.1 Sequences of the oligonucleotides used in the construction of the cassette for the integration 

of OR 17-40 at the LEU2 locus. Restriction endonuclease sites are in bold. Degenerate bases are as 

follows: M: A or C, K: G or T, S: G or C, Y: C or T. and R: A or G.
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3.3.2 Integration of the OR17-40 ORF at the LEU2 locus of 

Saccharomyces cerevisiae strain JRY50

A) Transformation o f the disruption cassette into JRY50

The purified disruption cassette (~0.1 pg), was transformed into the yeast a-strain 

JRY50 (Section 3.2.1) using a lithium acetate/polyethyleneglycol transformation 

protocol (Section 2.2.10b). Transformants were inoculated onto SC-Ura plates 

(Section 2.2.7a) and incubated at 30°C for 3 days.

B) Verification o f correct cassette integration by PCR

Six Uraf colonies were selected from which glycerol stocks (Section 2.2 8) and 

genomic DNA were prepared (Section 2.2.13). Both novel joints (Figure 3.10) 

formed upon integration were screened via Taq PCRs (Section 2.2.3a). Correct 

integration of the LHS of the cassette into the genome was checked using the primer 

pair Leu2PF3 [Table 5 4]/Mable(B)[Table 3 .2], and correct integration of the RHS was 

checked using the primer pair Leu2TB3 [Table 5.4]/Fred(F)[Table 3.2]. For both 

reactions the cycling parameters were: [94°C, 2 min; (94°C, 30 s; 40°C, 1 min;

72°C, 1 min 40 s) x 35],

Leu2PF3
Fred(F)

- | Leu2(P) OR 17-40 ; | Leu2(T) URA3 K. lactis Leu2(P) OR 17-40 | Leu2(T)
^— I Leu2TB3

X Mable(B)

Leu20Rseq(F)

Recombination between 
repeat sequences

Leu2PF3
OR17-40(F) X

Leu2(P) OR 17-40 Leu2(T)

OR 17-40(B) Leu2XbaI
Leu2TB3

Figure 3.10 Position and orientation of the primers used to verify correct integration of the disruption 

cassette at the Leu2 locus. Symbol V  represents the junction between the introduced DNA fragment 

and the chromosomal DNA (thin line). Shaded box: l-Scel site (Figure is not to scale).

C) Selection and screening fo r  cassette recombination: loss o f  URA3 marker 

A single positive colony (from the above transformation) was grown overnight at 

30°C in YPD (10 ml). The cells were pelleted by centrifugation (2000 r.p.m., 5 min) 

and resuspended in water (10 ml). Approximately 2.5 xlO6 washed cells were spread 

evenly onto 5-FOA selective medium (Section 2.2 7b) and incubated for 5 days at
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30°C. After this period eight large distinct colonies were picked and restreaked (in 

order to avoid contamination from micro-colony background) onto fresh 5-FOA 

medium, and allowed to grow for 2 days. Individual colonies were picked into YPD 

(10 ml) and grown overnight at 30°C. Glycerol stocks (Section 2.2.8) and genomic 

DNA were prepared (Section 2.2.13) from the resulting cultures.

Correct loss of the URA3 marker following mitotic recombination was 

determined by Taq PCR screening (Section 2.2.3a). A 'straight through' screen using 

the primers Leu2PF3/Leu2TB3 was performed (Figure 3.10), the cycling parameters 

were: [94°C, 2 min, (94°C, 30 s; 42°C, 1 min, 72°C, 1 min 30 s) x 35], Using the

primers Leu2PF3/OR17-40(B) and Leu2TB3/OR17-40(F)[Figure 3.10] the novel 

junctions created following marker excision were examined, for both reactions the 

cycling parameters were as above

Primer name Sequence (5’ - 3') Description (5' - 3’)

Fred(F) AGACTGTTTGTCATCCAA Binds to the template strand of the K. lactis 

URA gene. 248 - 266 b.p. downstream from 

the termination codon.

Mable(B) GCTCG AGGCAAGT AATGT Binds to the coding strand of the K. lactis URA 

gene, 210 - 218 b.p. upstream from the 

initiation codon.

Leu20Rseq(F) GTGGTT AGC AATCGTCTT AC 20 n.t. homolog}' to coding strand of LEU2, 

89 - 69 b.p. upstream from initiation codon.

Table 3.2 Sequences of the oligonucleotide primers used for screening and sequencing of the 

disruption cassette at the LEU2 locus in JRY50.

D) Verifying the l-Scel site in the integrated fragment

By DNA sequencing: An Expand™ PCR (Section 2.2.3b) was performed using the 

primer pair Leu2PF3/Leu2TB3 to amplify the LEU2 locus from JRY50 genomic DNA 

(from above). The reaction conditions were: [94°C, 2 min, (94°C, 15 s; 50°C, 30 s, 

72°C, 1 min 20 s) x 10; (94°C, 15 s; 50°C, 30 s; 72°C, 1 min 20 s + 20 s/cycle) x 15;
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72°C, 5 min] The DNA fragment was analysed (Section 2.2.4) and then purified by 

LMP-agarose gel electrophoresis (Section 2.2.4a). The sample was recovered from 

the gel by P-agarase digestion (Section 2.2.4b). Using the purified DNA fragment 

three sequencing reactions were performed (Section 2.2.16) using the primers 

Leu20Rseq(F) [Table 3.2], Leu2XbaI (Table 5.5) and Leu2PF2 (Table 5.3). The 

relative positions of the sequencing primers is shown in Figure 3 .10 (the binding site 

of Leu2PF2 has been shown previously, Figure 3.9).

By restriction digest: Approximately 80 ng of the above purified DNA

fragment was digested in a total volume of 20 pi with I-Sc<?I (5 units) at 

37°C for 1 hour. Digested DNA (3 pi) was analysed by agarose gel 

electrophoresis (Section 2.2.4).

Overview: The next section describes the steps performed in order to integrate the 

OR17-228 ORF (followed by the l-Sce\ recognition site) at the HML locus in the 

experimental strain under construction.

3.3.3 Strategy for the integration of the OR17-228 ORF at the donor 

locus HML

Two different gene targeting strategies were attempted in order to integrate the 

OR17-228 ORF at the donor locus, HML A direct gene replacement strategy 

(Boeke et al., 1984, Rothstein, 1991, Wach, 1996) and a two-step 'pop-in/pop-ouf 

strategy (Scherer and Davis, 1979). The original strategy adopted, the direct gene 

replacement method, was to prove unsuccessful However, its application is described 

here (in addition to the 'pop-in pop-out' strategy), as it is of interest, and relevance, to 

the construction of the experimental system, particularly to the choice of yeast strain 

JRY50 (Section 3.2.1).
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The direct gene replacement strategy was simpler overall (involving the 

construction of less cumbersome DNA fragments) than the method used to target the 

OR17-40 ORF to the LEU2 locus (Section 3.3.1). The strategy was still based upon 

counter selection of a URA3 marker (Section 3.3.1), except that marker loss in this 

case was a result of a second transformation reaction and not mitotic recombination. 

Thus, a UR A 3 gene is first integrated within the locus to be mutagenized, and then the 

recipient strain transformed with linear, mutated DNA, spanning the point at which 

URA3 is inserted, followed by 5-FOA selection. In order for the strategy to work it is 

of course necessary that the URA3 gene be transcriptionally active; for the initial 

selection of Ura+ cells, and the subsequent counterselection step. As described in 

Section 1.1.1, the HML locus is maintained in a transcriptionally silenced state due to 

the action of the SIR proteins and other trans-acting factors at the E  and /  regulatory 

elements. Yeast strain JRY50 was chosen as it contains a temperature sensitive 

mutation in the gene SIR4 (Schnell and Rine, 1986), whereby silencing is not 

maintained at the restrictive temperature (34°C), allowing constitutive expression (of 

URA3) from the HML locus. Later, repression at the HML locus must be 

re-established to prevent the endonuclease I-Scel, when induced, from cutting the 

donor gene (Section 1.3). This is achieved by growing JRY50 at the permissive 

temperature (24°C). The steps involved in the construction of the necessary DNA 

fragments for the direct gene targeting strategy, i.e. a K. lactis-URA3 containing 

cassette, and a 'mutated-DNA' cassette, are shown in Figure 3.11, and described in 

detail in subsequent sections.

The second integration strategy, the 'pop-in/pop-out' replacement method, is 

similar to the method used to target the ORI7-40 ORF to the LEU2 locus, involving 

homologous recombination between direct repeats. The desired mutation (the 

OR17-228 ORF, followed by an l-Scel restriction site) is flanked by regions of 

homology to the desired target, the HML locus. This fragment is then cloned into an 

integrating vector that contains the URA3 selectable marker. Integration of the 

circular molecule results in direct repeats of the homologous sequences, with one 

mutant copy and one wild-type copy (Figure 3 .13). Pairing of the homologous direct 

repeats and recombination results in loss of the plasmid sequences. As before, this 

event is selected on 5-FOA medium. Cross-overs that occur on the appropriate side of 

the mutant site replace the wild-type chromosomal site with the mutant sequence. The
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fragment used for cloning into the integrating vector was the one made for the 

'direct replacement' strategy (Figure 3.11b). The fragment was modified to include 

appropriate restriction sites at its 5'- and 3'-ends for ease of cloning. The steps 

involved are described in detail in the appropriate sections.

a

Splicing by overlap 
extension PCR

URA3K. lactis

HML(LF) UraKlBglF HML(R/URA)

UraKlBi

URA3K. lactis

Leu2PF2 OR17-228F

Leu2(P)

LeuPB

OR 17-228

OR17-228B

Splicing by overlap 
extension PCR

LeuTF

Leu2(T)

Leu2TB2

I-Sce-1

Leu2(P) OR 17-228 Leu2(T)

HML(LF) HML(R/LeuT)

F. -► Splicing by overlap <-----------------
extension PCR

1

I

HM L(L/LeiipK

HML(LF)Xho

HML(RB)

E Leu2(P) OR 17-228 ^  Leu2(T) I

HML(RB)Xba

Figure 3.11 a. Schematic representation of the synthesis of a cassette for the integration of the K. lactis URA3 

gene at the HhfL locus, b The steps involved in the synthesis of a cassette for the introduction of the 

OR17-228 ORF at the HSfL locus. Note that the OR17-228 ORF is immediately flanked by regions of homology 

to the acceptor locus, i.e. the Leu2(P) and Leu2(T) fragments, for the reasons described in Section 1.3. The 

primers shown on the completed cassette, HML(LF)Xho and HML(RB)Xba, were those used to amplify the 

fragment for subsequent cloning into the integrating vector (Figure is not to scale).
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3.3.4 Construction of the E-URA3-IHML disruption cassette

A) Primers to amplify flanking segments from the E and I  regions o f the HML locus 

The sequences of the primers (Table 3 .3) used to generate the flanking segments in the 

disruption cassette were derived from the E  and /  regions of the HML locus. The 

DNA sequences were obtained from the Saccharomyces cerevisiae Genome 

Database (Section 2.2.1) coordinates 10782 to 16309 (corresponding to HMLALPHA- 

1 ± 2500 n.t.). Primer binding sites are described with respect to the ALPHA1 ORF.

The HML(L/URA) and HML(R/URA) primers were designed to have their 

5'-ends homologous to the BgtV 'tails' of the primers UraKlBglF and UraKlBglB, 

respectively. This was to allow the E  and I  sequences, once amplified, to be joined to 

the odorant receptor fragment via a 'splicing by overlap extension' PCR.

Primer name Sequence (5* - 31) Description (5' - 3*)

HML(LF) TAGAAGACAAGTAGCGCAGT Binds to the template strand, 2212 - 2192 b.p. 

upstream from a l  initiation codon.

HML(RB) G ACCTC AACTT AGT AAAATG Binds to the coding strand, 1152 - 1132 b.p. 

downstream from a l  termination codon.

HML(L/URA) AGAATCACGCCACTCAGGCA

TCTGTTTCATTCTATGTGCGCT

AG

24 n.t. homology to the 5'-end of primer 

UraKlBglF; 20 n.t. homology, 1828 - 1848 

b.p. upstream of a 7 initiation codon.

HML(R/URA) GATCAACTGCCTCCATGGCA

TCTGTGAGTAACTAACTCTCA

TGG

24 n.t. homology to the 5'-end of primer 

UraKlBglB; 20 n.t. homology, 646 - 666 b.p. 

downstream of a 7 termination codon.

Table 3.3 Sequences of the oligonucleotides used in the construction of the E-URA3-I HML disruption 

cassette. Restriction endonuclease sites are indicated in bold.
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B) PCR amplification of the E  and I  regions

Two separate Expand™ PCRs (Section 2.2.3b) were performed to amplify the E  and I  

DNA fragments (top of Figure 3.11a) from yeast genomic DNA. The genomic DNA 

was prepared from JRY50 (Section 3.2.1) following the procedure outlined 

in Section 2.2.13.

The primer pair HML(LF)/HML(L/URA) was used to generate the E  DNA 

fragment, and the primer pair HML(R/URA)/HML(RB) to generate the /  DNA 

fragment. For both reactions the cycling parameters were: [94°C, 2 min; (94°C, 15 s; 

52°C, 30 s; 72°C, 45 s) x 10; (94°C, 15 s; 52°C, 30 s; 72°C, 45 s + 20 s/cycle) x 15; 

72°C, 5 min].

The PCR products were purified using the Wizard™ PCR Preps DNA 

Purification Kit (Section 2.2.4c), and quantified by agarose gel electrophoresis 

(Section 2.2.4).

C) PCR mediated generation o f the E-URA3-I HML disruption cassette 

Approximately equal amounts (-15 ng) of the K. lactis URA3 DNA fragment (Section 

3.3. If), the E  DNA fragment and the I  DNA fragment were added together with the 

primers HML(LF) and HML(RB) [Table 3.3] in an Expand™ PCR. The reaction 

conditions were: [94°C, 2 min; (94°C, 15 s; 48°C, 30 s; 72°C, 2 min) x 10; (94°C, 15 

s; 48°C, 30 s; 72°C, 2 min + 20 s/cycle) x 15; 72°C, 5 min].

The amplified PCR product was analysed (Section 2.2.4) and purified by 

LMP-agarose gel electrophoresis (Section 2.2.4b).

3.3.5 Integration of the E-URA3-IHML disruption cassette

A) Transformation of the disruption cassette into strain BGY2

The purified E-URA3-I HML disruption cassette (-0.4 pg) was transformed by 

electroporation (Section 2.2.lOd) into strain BGY2 (Section 3.2.1). Transformants 

were inoculated onto SC-Ura plates (Section 2.2.7a) and incubated at 30°C for 3 days.

B) Verification o f correct cassette integration by PCR

Twelve Ura+ colonies were selected from which glycerol stock (Section 2.2.8) and 

genomic DNA were prepared (Section 2.2.13). Both novel joints (Figure 3.12) 

formed upon integration were screened via Taq PCRs (Section 2.2.3a). Correct
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integration of the LHS of the cassette into the genome was checked using the primer 

pair SHML(LF)[Table 3 4]/Mable(B)[Table 3.2], and correct integration of the RHS 

was checked using the primer pair SHML(RB)/UraKLSF (Table 3.4). For both 

reactions the cycling parameters were: [94°C, 2 min; (94°C, 30 s; 38°C, 1 min,

72°C, 45 s) x 35]

UraKlSF
SHML(LF)

E URA3K. lactis I
^—

Mable(B) ^
SHML(RB)

Figure 3.12 Position and orientation of the primers used to verify correct integration of the E-URA3-I 

disruption cassette at the HML locus. Symbol V  represents the junction between the introduced DNA 

fragment and the chromosomal DNA (thin line). Figure is not to scale.

Primer name Sequence (5* - 3’) Description (5' - 3')

UraKlSF CCAGACTGTTTGTCATCCAA Binds to the template strand of the K. lactis 

URA3 gene. 266 - 246 b.p. downstream from 

the termination codon.

SHML(LF) TAAGAACGTAll 1TGGATGG Binds to template strand, 2329 - 2308 b.p. 

upstream from a l initiation codon.

SHML(RB) TTACGTAGAATTTGACACAA Binds to coding strand. 1222 - 1202 b.p. 

downstream from a l termination codon.

Table 3.4 Sequences of the oligonucleotide primers used to screen for correct cassette integration 

at the HML locus.

3.3.6 Construction of the E-OR17-228-1 gene replacement cassette

A) Amplification o f the OR] 7-228 ORF

The primer pair OR17-228F/OR17-228B (Table 3.5) was used to amplify the 

OR17-228 ORF from plasmid pYES2[(9/?77-228] (Section 3.2.2f). The sequences of
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the primers (Table 3.5) were derived form the start and end of the OR17-228 open 

reading frame (Ben-Arie et a l, 1993).

An Expand™ PCR (Section 2.2 3b) was performed using the following 

parameters: [94°C, 2 min; (94°C, 15 s; 50°C, 30 s; 72°C, 45 s) x 10, (94°C, 15 s; 

50°C, 30 s; 72°C, 45 s + 20 s/cycle) x 15, 72°C, 5 min].

The PCR product was purified using the Wizard™ PCR Preps DNA 

Purification Kit (Section 2.2.4c), then quantified by agarose gel electrophoresis 

(Section 2.2.4)

Primer name Sequence (5* - 3’) Description (5* - 3’)

OR17-228(B) TCAGGTCAGTGATCTCCTCC Binds to the final 20 n.t. of the coding strand 

of the OR17-228 open reading frame.

OR17-228(F) AT GGAGCCAGAAGCTGGGAC Binds to the first 20 n.t. of the template strand 

of the OR] 7-228 open reading frame.

HML(R/LeuT) ATTT AT ATATTGGAGGATIT 1 

CTCTG AGT AACT AACTCTC AT 

GG

24 n.t. homolog}' to the 3'-end of the 

LEf/2-terminator fragment (as with primer 

Leu2TB2); 20 n.t. homolog}’. 646 - 666 b.p. 

downstream of a 7 termination codon.

HML(L/LeuP) TGATTCTGTGCGAT AGCGCCC

CTGTTTCATTCTATGTGCGCTA

G

24 n.t. homolog}’ to the 5'-end of the LEU2- 

promoter fragment (amplified with primer 

Leu2PF2); 20 n.t. homolog}’. 1828 - 1848 b.p. 

upstream of a l initiation codon.

Table 3.5 Sequences of the oligonucleotide primers used in the construction of the E-OR17-228-1 gene 

replacement cassette.

B) Generation o f the 'central portion' o f the gene replacement cassette 

Approximately equal amounts (~40 ng) of the L£f/2-promoter fragment (amplified 

with the primers Leu2PF2/LeuPB [Section 3.3.1b]) and L£T/2-terminator fragment
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(amplified with the primers LeuTF/Leu2TB2 [Section 3.3.1b]) and the OR17-228 

fragment (above Section), were added together in an Expand™ PCR (Section 2.2.3b) 

with the primers Leu2PF2 and Leu2TB2. The reaction conditions were: [94°C,

2 min; (94°C, 15 s; 50°C, 30 s; 72°C, 1 min, 30 s) x 10; (94°C, 15 s; 50°C, 30 s; 72°C, 

1 min 30 s + 20 s/cycle) x 15; 72°C, 5 min].

The assembled PCR product was analysed (Section 2.2.4) and purified by 

LMP-agarose gel electrophoresis (Section 2.2.4b).

C) PCR amplification o f the E and I  regions

The E  and /  regions of the gene replacement cassette were constructed as described in 

Section 3.3.4b except that the primers HML(L/URA) and HML(R/URA) were 

replaced with the primers HML(L/LeuP) and HML(R/LeuT) respectively. The new 

primers (Table 3.5) were designed with their 5-ends homologous to the 5-end of the 

LETO-promoter fragment [primer HML(L/LeuP)] and the 3'-end of the LEU2 

terminator fragment [primer HML(R/LeuT)], enabling the E  and I  fragments, once 

amplified, to be joined via a 'splicing by overlap extension' PCR to the (above) 'central 

portion'.

D) PCR mediated generation o f the E-OR17-228-1 gene replacement cassette 

Approximately equal amounts (-20 ng) of the E  DNA fragment, the I  DNA fragment 

and the 'central portion' (Section 3.3.6b) were added together with the primers 

HML(LF) and HML(RB) (Table 3.3). An Expand™ PCR (Section 2.2.3b) was 

performed with the following cycling parameters: [94°C, 2 min; (94°C, 15 s; 

50°C, 30 s; 72°C, 2 min) x 10; (94°C, 15 s; 50°C, 30 s; 72°C, 2 min + 20 s/cycle) 

x 15; 72°C, 5 min].

The assembled PCR product was analysed (Section 2.2.4) and purified by 

LMP-agarose gel electrophoresis (Section 2.2.4b).

3.3.7 Integration of the E-OR1 7-228-1 gene replacement cassette

A) Transformation o f the gene replacement cassette into BGY3

The purified disruption cassette (-0.4 pg), was transformed into BGY3 (Section 3.2.1)

using a lithium acetate/polyethyleneglycol transformation protocol (Section 2.2.10b).
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The final incubation step was increased from 2 h to 4 h in order to allow expression of 

the Ura‘ phenotype The cells were then inoculating onto 5-FOA plates 

(Section 2.2.7b) and incubated at 30°C for 5 days.

B) PCR screening o f transformants fo r  integration o f the gene replacement cassette 

Gene replacement events at the HML locus were analysed by means of a 

'straight-through' PCR screen (Section 2.2.12b). An Expand™ PCR was performed 

using the primers SHML(LF) and SHML(RB) [Table 3.4], the cycling parameters for 

the reaction were: [94°C, 2 min; (94°C, 15 s; 55°C, 30 s; 68°C, 3 min) x 10,

(94°C, 15 s; 55°C, 30 s; 68°C, 3 min + 20 s/cycle) x 15; 68°C, 5 min],

3.3.8 Construction of integrating vector pRS306(0/?/ 7-228]

A) Primers to allow cloning o f the E-OR17-228-1 gene replacement cassette 

In order that the previously made E-ORJ 7-228-1 gene replacement cassette 

(Section 3.3.6d) could be cloned into the integrating vector pRS306 (Section 3.2.2d) 

two new primers were designed. The primers were the same as those used in the 

construction of the replacement cassette, HML(LF) and FIML(RB), except that the 

new primers incorporate in their 5'-ends either a Xho\ or Xbal restriction endonuclease 

site (Figure 3 .1 lb). The sequences of the primers is given in Table 3 .6.

Primer name Sequence (5* - 3’) Description (5' - 3’)

HML(LF)Xho CAGATCTCGAGTAGAAGACAAG

TAGCGCAGT

5 n.t. spacer; a Xhol site; binds to the 

template strand, 2212 - 2192 b.p. 

upstream from al initiation codon.

HML(RB)Xba CAGATTCTAGAGACCTCAACTTA

GTAAAATG

5 n.t. spacer; a Xbal site; binds to the 

coding strand. 1152 - 1132 b.p. 

downstream from al termination codon.

Table 3.6 Sequences of the oligonucleotide primers used to clone the E-OR17-228-1 gene replacement 

cassette into the integrating vector pRS306. Restriction endonuclease sites are shown in bold.
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B) PCR amplification o f the E-0R17-228-1gene replacement cassette for cloning 

An Expand™ PCR (Section 2.2.3b) was performed using the E-OR17-228-1 gene 

replacement cassette (Section 3.3.6d) and the primers HML(LF)Xho and 

HML(RB)Xba. The cycling parameters were: [94°C, 2 min; (94°C, 15 s; 55°C, 30 s; 

72°C, 2 min) x 10; (94°C, 15 s; 55°C, 30 s; 72°C, 2 min + 20 s/cycle) x 15; 

72°C, 5 min].

The amplified product was purified by LMP-agarose gel electrophoresis 

(Section 2.2.4b) and analysed (Section 2.2.4).

C) Cloning o f the gene replacement cassette into pRS306

Plasmid pRS306 (~0.8 pg)[Section 3.2.2d] was double-digested (Section 2.2.14) with 

Xhol (30 units) and Xbal (30 units) at 37°C overnight. The cut-vector was purified by 

LMP-agarose gel electrophoresis (Section 2.2.4a) and recovered by P-agarase 

digestion (Section 2.2.4b). The E-ORJ7-228-1 gene replacement cassette (from 

above) was digested and purified in the same manner. Both double-digested products 

were quantified by agarose gel electrophoresis (Section 2.2.4). The gene replacement 

cassette (-40 ng) was then ligated into the vector (-20 ng)[Section 2.2.15] and 

transformed directly by electroporation into competent E. coli (Section 2.2.9d). 

Thirteen ampicillin resistant colonies were PCR screened (Section 2.2.12a) for the 

presence of the cloned fragment using primers T7 and M l3 (Table 5.2). Positive 

transformants were grown overnight in 4 ml LB (Section 2.2.6) from which glycerol 

stocks (Section 2.2.8) and plasmid DNA (Section 2.2.17) were prepared.

3.3.9 Integration of vector pRS3O6[0JW 7-228] into yeast strain BGY2

In order to ensure that a transformed plasmid integrates at the desired chromosomal 

location, the integration event is targeted by the introduction of a double-strand break 

in the plasmid (Orr-Weaver et al., 1981). When the double-strand break is made 

within the yeast sequence on a plasmid without an ARS sequence, the frequency of 

transformation increases 10- to 1000-fold compared to uncut plasmid. The 

double-strand break directs plasmid integration to the chromosomal region 

homologous to the cut sequence.
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Prior to transformation, for the reasons given above, the vector (~0.5 pg) was 

digested overnight (Section 2.2.14) with the restriction enzyme EcoRl (40 units). The 

enzyme makes a single cut in the E  region of the cloned DNA fragment (and nowhere 

else in the vector) to produce free 5'- and 3'-ends that have 168 b.p. and 235 b.p. 

homology to the target locus respectively. Successful digestion was checked by 

agarose gel electrophoresis (Section 2,2.4). The cut vector was purified using the 

Wizard™ DNA Clean-Up System (Section 2.2.4c).

The linearized vector (-80 ng) was transformed by electroporation 

(Section 2.2.lOd) into strain BGY2 (Section 3.2.1). The transformed cells were 

inoculated onto SC-Ura plates (Section 2.2.7a) and incubated at 30°C for 3 days.

A) Verification o f correct integration o f plasmidpRS306[OR17-228]

Six Ura+ colonies were selected from which glycerol stock (Section 2.2.8) and 

genomic DNA were prepared (Section 2.2.13). Correct integration of the vector at the 

HML locus was first checked by means of a 'straight-through' PCR screen using the 

primers SHML(LF) and SHML(RB) [Table 3.4], An Expand™ PCR (Section 2.2.3b) 

was performed, the cycling parameters for the reaction were: [94°C, 2 min;

(94°C, 15 s; 55°C, 30 s; 68°C, 6 min 30 s) x 10; (94°C, 15 s; 55°C, 30 s; 68°C,

6 min 30 s + 20 s/cycle) x 15; 68°C, 10 min].

In addition to the above screen, both novel joints (Figure 3.13) formed upon 

integration were also verified via Expand™ PCRs. Correct integration of the LHS of 

the vector into the genome was checked using the primer pair SHML(LF)/T7 

[Table 5.2], the cycling parameters were: [94°C, 2 min; (94°C, 15 s; 50°C, 30 s; 

72°C, 2 min) x 10; (94°C, 15 s; 50°C, 30 s; 72°C, 2 min + 20 s/cycle) x 15;

72°C, 5 min]. Correct integration of the RHS was checked using the primer

pair SHML(RB)/M13 (Table 5.2), the cycling parameters were: [94°C, 2 min; 

(94°C, 15 s; 50°C, 30 s; 72°C, 3 min) x 10; (94°C, 15 s; 50°C, 30 s; 72°C, 3 min 

+ 20 s/cycle) x 15; 72°C, 5 min].

All PCR screening products were analysed by agarose gel 

electrophoresis (Section 2.2.4).
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SHML(LF) M13__k
Leu2(P)

y
E OR17-228 SI Leu2(T) I

T7

c TJd 1

Recombination between 
repeated I  regions

SHML(LF)
Leu20Rse(F) OR17-228(F)

E Leu2(P) OR 17-228 0  Leu2(T) I f-
i i —

SHML(RB)

X OR17-228(B) Leu2XbaI
SHML(RB)

X

Figure 3.13 Position and orientation of the primers used to verify correct integration (and subsequent 

loss) of plasmid pRS306[O/?7 7-228] at the HML locus. Symbol V  represents the junction between the 

introduced DNA fragment and the chromosomal DNA (thin line). Shaded box: I-Scel site. pRS306 

DNA: thick line. Note that excision of the integrated DNA can proceed via two routes: recombination 

between the repeated E  regions, resulting in the wild-type HML locus (not shown), and recombination 

between the repeated /  regions (as shown) resulting in integration of the OR17-228 ORF at the HML 

locus (Figure is not to scale).

B) Selection and screening fo r  vector recombination: loss o f URA 3 marker 

A single positive colony (from the above transformation) was grown overnight at 

30°C in SC-Ura (10ml). A loopfull o f cells was streaked onto 5-FOA selective 

medium (Section 2.2.7b) and incubated for 5 days at 30°C. After this period eight 

large distinct colonies were picked and restreaked (in order to avoid contamination 

from micro-colony background) onto fresh 5-FOA medium, and allowed to grow for 

2 days Individual colonies were picked into YPD (10 ml) and grown overnight 

at 30°C. Glycerol stocks (Section 2.2.8) and genomic DNA were prepared 

(Section 2.2.13) from the resulting cultures

Excision of vector sequences from the picked colonies was first confirmed by 

means of a 'straight through' PCR screen. The primers and the reaction conditions 

were as used initially for the verification of correct integration of 

pRS306[OR17-228] (Section 3.3.9a).

A single colony showing excision of the vector to leave the transgene at the 

target locus was further characterised by PCR screening using Expand™ 

(Section 2.2.3b). Both novel junctions formed upon vector excision were examined 

(Figure 3.13). The LHS junction was examined using the primer pair 

SHML(LF)[Table 3.4]/OR17-228(B)[Table 3.5], and the RHS junction was examined 

using the primer pair SHML(RB)[Table 3.4]/OR17-228(F)[Table 3.5], The cycling
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conditions for both reactions were: [94°C, 2 min; (94°C, 15 s; 50°C, 30 s; 72°C, 

2 min) x 10; (94°C, 15 s; 50°C, 30 s; 72°C, 2 min + 20 s/cycle) x 15; 72°C, 5 min],

C) Verifying the I-Scel site in the integrated fragment

By DNA sequencing: An Expand™ PCR (Section 2.2.3b) was performed using the 

primer pair SHML(LF)/SHML(RB) to amplify the HML locus from BGY2 genomic 

DNA (from above). The reaction conditions were: [94°C, 2 min, (94°C, 15 s,

50°C, 30 s; 72°C, 1 min 20 s) x 10; (94°C, 15 s; 50°C, 30 s; 72°C, 

1 min 20 s + 20 s/cycle) x 15; 72°C, 5 min]. The DNA fragment was analysed 

(Section 2.2.4) and then purified by LMP-agarose gel electrophoresis (Section 2.2.4a). 

The sample was recovered from the gel by p-agarase digestion (Section 2.2.4b). 

Using the purified DNA fragment three sequencing reactions were performed 

(Section 2.2.16) using the primers Leu20Rseq(F) [Table 3.2], Leu2XbaI (Table 5.5) 

and Leu2PF2 (Table 5 .3) The relative positions of the sequencing primers is shown 

in Figure 3 13 (the binding site of Leu2PF2 has been shown previously, Figure 3 .9)

By restriction digest: Approximately 80 ng of the above purified DNA

fragment was digested in a total volume of 20 pi with \-Sce\ (5 units) at 

37°C for 1 hour Digested DNA (3 pi) was analysed by agarose gel 

electrophoresis (Section 2.2.4)

Overview: The next section describes the conversion o f the experimental strain under 

construction to a His4 phenotype

3.3.10 Conversion of the experimental strain to a His+ phenotype

As described in Section 1.3, the HIS4 gene, located between the donor and acceptor 

loci, is to be used as a selective marker against undesired recombination events 

following induction of gene conversion For this strategy to work it is of course a
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requirement that the experimental strain be His JRY50, the parent strain, is His' due 

to a mutation in the gene HIS3. In order that the HIS4 maker could still be used as 

intended the below work was carried out to render the experimental strain His+

A) Primers to amplify the HIS3 locus

The DNA sequence of the HIS3 ORF (including upstream and downstream sequences) 

was obtained from the Saccharomyces cerevisiae genome database (Section 2.2.1), 

coordinates 721944 - 722606 on chromosome XV. The primers to amplify the HIS3 

locus (Table 3.7) were designed with reference to this sequence. The primers were 

designed to amplify the HIS3 ORF and a proportion of upstream and downstream 

sequences. Approximately 1 k.b.p. of promoter sequence was incorporated into the 

amplified fragment, and -300 b.p of terminator sequence. The His3TB primer was 

positioned so as not to encroach on the nearby ORF of the DED1 gene

B) PCR amplification o f the HIS3 locus

Using the primer pair HIS3PF/HIS3TB and genomic DNA from the His" strain FY10 

(Section 5.2.1), an Expand™ PCR was performed. The cycling parameters for the 

reaction were: [94°C, 2 min, (94°C, 15 s, 39°C, 30 s; 72°C, 1 min, 30 s) x 10; 

(94°C, 15 s; 39°C, 30 s, 72°C, 1 min 30 s + 20 s/cycle) x 15; 72°C, 5 min].

The amplified fragment was analysed by agarose gel electrophoresis 

(Section 2.2 4) and purified using the Wizard™ PCR Preps DNA Purification 

Kit (Section 2.2.4c).

Primer name Sequence (5' - 3') Description (5* - 3’)

HIS3PF GTT ATTTC ATCC AGAT AT AA Bind to the template strand. 986 - 966 b.p 

upstream from the HIS3 initiation codon.

HIS3TB TTCTTGTTGTTCTTACGGAA Binds to coding strand. 289 - 269 b.p. 

downstream from the HJS3 termination codon.

Table 3.7 Sequences of the oligonucleotide primers used to amplify the HIS3 gene
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C) Transformation o f strain BGY6 with the HIS3 DNA fragment 

Strain BGY6 (Section 3.2.1) was transformed by electroporation (Section 2.2. lOd) 

with approximately 0.2 pg of the (above) purified HIS3 DNA fragment. Transformed 

cells were inoculated onto SC-His plates and incubated at 30°C for 3 days.

Overview: The next section describes the conversion of the experimental strain under 

construction to a Gal phenotype by mating with an appropriate strain, followed by 

sporulation and spore analysis.

GAL-

3.3.11 Conversion of the experimental strain to a Gal+ phenotype

IRY50 is Gaf; the cause o f this phenotype is unknown (J. Rine personal 

communication) The expression strategy for the l-Scel endonuclease is reliant upon 

galactose utilisation, the promoter of choice being GALl. It is therefore necessary to 

convert JRY50 to a G af phenotype The mutation causing the Gaf phenotype could 

be in any one (or more) genes in the galactose utilisation pathway. Because of this it 

was decided that the best way to convert JRY50 from a Gaf to a G af phenotype 

would be to mate JRY50 (or more precisely the experimental derivative BGY7) with a 

suitable G af strain, followed by sporulation to produce a new haploid strain (BGY8) 

with the desired characteristics.

The new strain (hereafter BGY8) must of course contain the odorant receptor 

genes integrated at the donor and acceptor loci, as well as being HIS3+ and GAL+. It 

is also important that BGY8 be M4 7a, due to the 'recombination proficient' state in 

which the HML locus, i.e. the donor locus, is maintained (Section 1.1.1). BGY8 must 

also possess one or more auxotrophic markers (e.g. trp1-289 ura3-52) to allow 

selection and maintenance of transformed plasmids (see below). The strain to be 

crossed, BGY7, also contains the (now) undesired allele sir4-9, however this 

characteristic cannot be easily selected against (see Results)
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The steps undertaken towards creating the new Gal+ strain, BGY8, are 

described below.

A) Mating o f BGY7 with a G a t strain

The Gal+ a-strain INVSC2 (Section 3.2.1) was chosen as the strain with which to 

cross BGY7. This strain contains the same non-reverting URA3 mutation as BGY7, 

i.e. ura3-52, also suitable markers for the selection of diploid cells following mating, 

LEU2 his3A200, which complement/are complemented by (respectively) the 

auxotrophic markers in BGY6, leu2A::ORJ7-40 HIS3, thus allowing diploids to be 

selected on synthetic medium lacking leucine and histidine.

Fresh BGY7 and INVSC2 cultures were grown on YPD medium (Section 

2.2.7) at 30°C. From single colonies of each strain a small amount was transferred - 

using a sterile cocktail stick - to a fresh YPD plate, where the cells were mixed and 

spread evenly over a 1 cm2 area. As a negative control for the mating process both 

strains were also transferred and spread out individually (no mixing) in separate 1 cm 

areas on the same YPD plate. The cells were incubated overnight at 30°C.

In order to confirm successful mating and formation of diploids a small 

amount of incubated cells from each 1 cm2 patch was transferred (as previously) onto 

a SC-Leu-His plate (Section 2.2.7), and incubating overnight at 30°C. (Adapted from 

Guthrie and Fink, 1991).

B) Sporulation

Fresh single colonies of the diploid strain (from above) were grown on SC-Leu-His 

medium (Section 2.2.7). From a single colony, a small number of cells were 

suspended in water (100 pi), and inoculated onto sporulation medium (Section 2.2.7c). 

The cells were incubated at 30°C for 4 days to promote spore formation.

C) Digestion of ascospores

Spores (from above) were scraped from the sporulation medium using a sterile 

cocktail stick and resuspended in 50 mM Tris-HCl (200 pi). Lyticase (13 mg/ml in 

50 mM Tris-HCl) was added to a final concentration of 2 mg/ml, and the spores 

incubated at 30°C for 30 minutes, with shaking at 100 r.p.m. The spores were then 

cooled on ice for 5 minutes before being sonicated in a water bath for 2 minutes. The
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spores were then cooled on ice for a further 5 minutes. (Adapted from Campbell and 

Duffus, 1988.)

D) Selective killing o f vegetative cells

Diethyl ether (200 pi) was added to the spores (from above) and the suspension 

shaken by slow vortexing for 10 minutes. The spores were then sat on ice for 

5 minutes to allow the layers to separate. The lower aqueous layer was transferred to 

a fresh polypropylene tube (1.5 ml) and YPD (1.2 ml) added. The spore density of the 

suspension was determined using a haemocytometer (Section 2.2.11). After making 

an appropriate dilution, YPD plates (Section 2.2.7) were inoculated with spores to a 

density of -500 spores/plate. The spores were incubated for 4 - 5 days at 30°C. 

(Adapted from Dawes and Hardie, 1974.)

E) Random spore analysis

Resultant colonies (from above) were picked - using sterile cocktail sticks - onto 

gridded YPD plates (Section 2.2.7) in preparation for genetic analysis, and grown as 

usual. The sizes of the colonies being picked were recorded (as either 'big' or 'small') 

as an aid in the assignment of diploidy (where big colonies may represent unwanted 

diploid survivors).

Genetic analysis was performed by transferring each of the colonies growing 

on the gridded YPD plate onto gridded selective media plates, those being: SC-Leu, 

SC-Trp, SC-His (Section 2.2.7), in order to select for the auxotrophic markers of 

interest; and YPG (10g/l Bacto-yeast extract, 20 g/1 Bacto-peptone, 20 g/1 galactose 

[added after autoclaving as 20% w/v filter sterilised solution], pH 5 - 6 with 

3M NaOH) in order to select for galactose utilisation. The selective media plates were 

incubated for 3 days at 30°C and the picked colonies inspected for growth.

The colonies were also transferred onto 'mating-type tester' plates in order that 

mating-type of the colonies could be determined. The 'mating-type tester' plates were 

YPD plates embedded with either the yeast strain MR9 or RC757 (Section 3.2.1), to a 

final concentration of 104 cells/ml [cultures (10 ml) of both strains were grown 

overnight and added to the YPD plate medium after it had been allowed to cool to 

40°C]. Both 'mating-type tester' strains, MR9 and RC757, are defective in recovery 

from exposure to the mating pheromones (Section 1.1.1): the a-strain RC750 is
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unable to grow in the presence of a-factor, whilst the a-strain, MR9, is unable to grow 

in the presence of a-factor [these Super Sensitive phenotypes are a result of mutations 

in the genes SST1 (Dietzel and Kurjan, 1987) and SST2 (also called BARI; MacKay 

et a l, 1988)]. Thus, the mating-type of picked colonies transferred onto the 

'mating-type tester' plates can be identified by a lack of growth (or 'halo') in the 

underlying embedded cells (following incubation). Diploid cells (that do not produce 

mating pheromones) are identified by the lack of any 'halo' on either tester plate. The 

'mating-type tester' plates were incubated for 2 - 3 days and then inspected for 

'halo' formation.

Any colony showing the desired growth characteristics (Section 3.4.10) was 

further screened by PCR for the presence of the OR17-228 ORF at the HML locus. 

Screening was performed as described previously (Section 3.3.9b). Glycerol stocks 

(Section 2.2.8) were prepared from any positive colonies.

3.3.12 The galactose inducible nature of strain BGY8

The efficiency of galactose induction in strain BGY8 (Section 3.2.1) was investigated 

by assaying P-galactosidase activity (following expression from the galactose 

inducible vector pYX243). In order that a comparison could be made the Gaf parent 

of BGY8, namely BGY7, and the known G af strain FY10 (Section 5.2.1) were 

similarly assayed.

The three strains were transformed with the pYX243-LacZ expression vector 

(Section 3.2.2g), and assayed for P-galactosidase activity, as described below.

A) Transformation of BGY7, BGY8 andFY10 with pYX243

The vector pYX243 [-100 ng] was transformed by electroporation (Section 2.2. lOd) 

into yeast strains BGY7, BGY8 (Section 3.2.1) and FY10 (Section 5.2.1). Leu+ 

transformants (for each strain) were selected, from which glycerol stocks 

(Section 2.2.8) and genomic DNA were prepared (Section 2.2.13). The presence of 

the vector was confirmed by PCR screening (below).

B) PCR screening o f BGY7, BGY8 and FY10 for pYX243

Using the primers LacZ(XhB)/Lac(HF) [Table 3.8], and the genomic DNA prepared 

from each Leu+ strain (above), three Taq PCRs (Section 2.2.3a) were performed. The
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cycling parameters in each case were: [94°C, 2 min, (94°C, 30s; 50°C, 30 s;

72°C, 30s) x 30].

The bands produced were analysed by agarose gel electrophoresis 

(Section 2.2.4).

Primer name Sequence (5* - 3’) Description (5* - 3’)

LacZ(X'hB) CGCTAGCTCGAGTT AACC AG 

GCAAAGCGCCATT

5 n.t. spacer; a Xhol site; binds to the coding 

strand of the LacZ ORF, 200 - 220 b.p. 

upstream from the initiation codon.

Lac(HF) ACCCAAGCTTATGATCCTAGG

GCCCCCGT

4 n.t. spacer; a HindRl site; binds to the 

template strand of the LacZ ORF starting at the 

initiation codon.

Table 3.8 Sequences of the oligonucleotides used to screen for the presence of the LacZ expression 

vector pYX243. Restriction endonuclease sites are in bold

C) Assay for fi-galactosidase activity

A single colony o f the strain to be assayed was picked from an SC-Leu plate 

(2% glucose) into 1 ml of the same medium and grown for 24 hours at 30°C, with 

shaking at 800 r.p.m. The cells were washed twice with 1 ml o f water and 

resuspended in 1 ml of water. P-galactosidase production was then induced by 

inoculating 10 ml o f fresh liquid SC-Leu (2% galactose) medium with 5 x 107 

resuspended cells and incubating for 24 hours at 30°C, with shaking at 250 r.p.m As 

a control experiment 5 x 107 resuspended cells were transferred to fresh liquid SC-Leu 

(2% glucose) medium instead of SC-Leu (2% galactose) medium, and grown as 

previously. The cell densities of the cultures were determined using a 

haemocytometer (Section 2.2.11). Approximately 1 -  2 x 107 cells from each culture 

were harvested by centrifugation (5 k.r.p.m. for 5 minutes) and resuspended in 

water (1 ml). The A6oo for each culture was then determined The cells were collected 

by centrifugation (5 k.r.p.m. for 5 minutes) and resuspended in 1 ml of Z-buffer 

(Na2H P04 7H20  90 mM, NaH2P 0 4 2H20  35 mM, KC1 10 mM, M gS04 7H20  1 mM,
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p-mercaptoethanol 38 mM). Three drops of chloroform and two drops of 0.1 % SDS 

were added, and the cells vortexed vigorously for 10 seconds. The sample was then 

pre-incubated at 28°C for 5 minutes. The assay was started by adding 200 pi of

o-nitrophenyl-p-D-galactopyranoside (ONPG, 13 mM in Z-buffer). The reaction was 

incubated for 1 minute 30 seconds at 28°C, before being stopped by the addition of 

1M Na2C(>3 (0.5 ml). The reaction was centrifuged (13 k.r.p.m. for 1 minute) and the 

A420 of the supernatant measured, p-galactosidase activity was then determined using 

the formula: A42o/(A6oo x volume assayed x time in minutes). [Adapted

from Adams et a l ,  1996 ]

Overview: The next section describes the deletion of the PMSJ gene from the

experimental strain under construction.

3.3.13 Creation of a PMS1 deletion strain

The reason for the creation of an experimental strain in which the PMSJ locus has 

been deleted is described in Section 1.3. The same 'pop-in/pop-ouf strategy as 

described previously (Section 3.3.3) will be used again here. The integrating vector 

once constructed will contain the promoter and terminator regions of the PMSJ gene, 

where the intervening PMSJ ORF has been almost completely deleted (leaving only 

the last 346 n.t ). Integration of the PMSJ deletion vector, followed by subsequent 

excision, should result in a PMSJ A strain.

A) Primers to amplify the PMSJ promoter and terminator regions 

The primers were designed with reference to the PMSJ locus sequence, coordinates 

473295 - 476009 on Chromosome XIV, obtained from the Saccharomyces cerevisiae 

Genome Database (Section 2.2.1). The primers (Table 3.9) were designed to amplify 

two approximately 400 b.p sequences corresponding to the promoter and terminator
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regions of the PM  S I  locus. The primers PMSlPF(Xho) and PMSlTB(Bam) 

incorporated Xhol and BamWl restriction sites, respectively, to allow the fragments, 

once amplified, to be cloned into the integrating vector pRS306 (Section 3.2.2d). The 

primer PMSl(PB) incorporated homology to the end of the promoter fragment and to 

the start of the terminator fragment, allowing both fragments, once amplified, to be 

joined together via a 'splicing by overlap extension' PCR.

Primer name Sequence (5' - 3’) Description (5’ - 3’)

PMSl(PF)Xho CAGATCTCGAGGCTAGAAAGG

GAAGGTTATC

5 n.t. overhang; a Xhol site; 20 n.t. 

homology to the coding strand of the PMSl 

locus, 409 - 389 b.p. upstream from the 

initiation codon.

PMSl(PB) CTCTGGAGCCAAACTCTTCTTC 

TT AG AG AG ACGCGTCTTTTC

24 n.t. homology to the template strand of 

the PMSl locus, 346 - 370 b p upstream 

from the termination codon; 20 n.t. 

homology to the PMSl locus, 40 - 20 b.p. 

upstream from the initiation codon.

PMSl(PF) AAGAAGAAGAGTTTGGCTCC 20 n.t. homology to the coding strand of the 

PMSl locus, 370 - 350 b.p. upstream from 

the termination codon.

PMSl(TB)Bam CAGATGGATCCTGTGTTGTCAC 

TCCCTGT AT

5 n.t. overhang; a BamW  site; 20 n.t. 

homology to the template strand of the 

PMSl locus, 65 - 45 b.p. downstream from 

the termination codon.

Table 3.9 Sequences of the oligonucleotides used in the construction of the PMS1 knock-out vector 

pRS306 [PMS1A]. Restriction endonuclease sites are in bold.
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B) PCR amplification o f the PMSl promoter and terminator regions

Using genomic DNA (Section 2.2.13) from strain BGY8 (Section 3.2.1) two Expand™ 

PCRs were performed. The first using the primer pair PMSl(PF)Xho/PMSl(PB) to 

amplify the PMSl promoter fragment, and the second using the primer pair 

PMSl(TF)/PMSl(TB)Bam to amplify the terminator fragment. For both reactions the 

cycling parameters were: [94°C, 2 min; (94°C, 15 s; 50°C, 30 s; 72°C, 45 s) x 10; 

(94°C, 15 s; 50°C, 30 s; 72°C, 45 s + 20 s/cycle) x 15; 72°C, 5 min].

Both fragments were analysed by agarose gel electrophoresis (Section 2.2.4), 

and then purified using the Wizard™ PCR Preps DNA Purification

Kit (Section 2.2.4c).

C) Splicing o f the PMSl promoter fragment to the PMSl terminator fragment 

Equal amounts of both fragments (-10 ng), were mixed in an Expand™ PCR with the 

primers PMSl(PF)Xho and PMSl(TB)Bam. The cycling parameters for the reaction 

were: [94°C, 2 min; (94°C, 15 s; 50°C, 30 s; 72°C, 1 min) x 10; (94°C, 15 s; 

50°C, 30 s; 72°C, 1 min + 20 s/cycle) x 15; 72°C, 5 min].

The spliced PCR product was purified by LMP-agarose gel electrophoresis 

(Section 2.2.4a) and analysed (Section 2.2.4).

D) Cloning o f the PMSl spliced product into the integrating vector pRS306

In separate reactions the spliced PMSl fragment (-0.6 pg) and the vector pRS306 

(-0.8 pg) were double-digested (Section 2.2.14) with BamHL (15 units) and Xhol 

(10 units) at 37°C overnight. The digested DNAs were purified by LMP-agarose gel 

electrophoresis (Section 2.2.4a) and recovered by P-agarase digestion (Section 2.2.4b). 

The purified double-digested products were quantified by agarose gel electrophoresis 

(Section 2.2.4). The PMSl fragment (-40 ng) was then ligated (Section 2.2.15) into 

the vector (-20 ng), and transformed directly by electroporation into competent 

E. coli (Section 2.2.9d).

Ten ampicillin resistant colonies were PCR screened (Section 2.2.12a) for the 

presence of the cloned fragment using primers T7 and M l3 (Table 5.2). The cycling 

parameters for the reaction were: [94°C, 5 min; (94°C, 30 s; 48°C, 30s; 72°C, 1 min) 

x 30]. Positive transformants were grown overnight in 4 ml LB (Section 2.2.6) from
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which glycerol stocks (Section 2.2.8) and plasmid DNA (Section 2.2.17) were 

prepared.

E) Integration o f vector pRS306[PMSIS]  into yeast strain BGY8 

Prior to transformation the pRS306[PMS7A] vector (0.5 pg) was linearized by 

digestion with the restriction enzyme EcoBJ (40 units), at 37°C overnight (for the 

same reason as described in Section 3.3.9). The restriction enzyme makes a single cut 

in the vector within the promoter segment of the cloned PMSJ fragment, producing 

free 5'- and 3'-ends that have 225 b.p. and 164 b p. homology to the target locus 

respectively. Successful digestion was checked by agarose gel electrophoresis 

(Section 2.2.4). The cut vector was purified using the Wizard™ DNA Clean-Up 

System (Section 2.2.4c).

The linearized vector (~0.3 pg) was transformed by electroporation 

(Section 2.2.lOd) into strain BGY8 (Section 3.2.1) The transformed cells were 

inoculated onto SC-Ura plates (Section 2.2.7a) and incubated at 30°C for 3 days.

Primer name Sequence (5* - 3') Description (5’ - 3’)

PMS1/SCR(B) AT ATTCTT AATGGCT AAGCT Binds to the coding strand of the PMSl 

locus, 137 - 117 b.p. downstream from the 

termination codon.

PMS1/SCR(F) GTGGAACTGT AGGAGCTTCT Binds to the template strand of the PMSl 

locus, 530 - 510 b.p. upstream from the 

initiation codon.

Table 3.10 Sequences of the oligonucleotides used to screen for correct integration of vector

pRS306[PA/S/A].

F) Verification o f correct integration o f plasmid pRS306[PMSJA]

Six Ura+ colonies were selected from which glycerol stock (Section 2.2 8) and 

genomic DNA were prepared (Section 2.2.13). Correct integration of the vector at the 

PMSJ locus was first checked by means of a 'straight-through' PCR screen using the
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primers PMS1/SCR(F) and PMS1/SCR(B) [Table 3.10] An Expand™ PCR 

(Section 2.2.3b) was performed, the cycling parameters for the reaction were: 

[94°C, 2 min, (94°C, 15 s, 46°C, 30 s; 68°C, 6 min 30 s) x 10; (94°C, 15 s; 46°C, 

30 s, 68°C, 6 min 30 s + 20 s/cycle) x 15, 68°C, 10 min].

Both joints (Figure 3 .14) formed upon integration were also verified via Taq 

PCRs (Section 2.2.3a). Correct integration of the LHS of the vector into the genome 

was checked using the primer pair PMS1/SCR(F) [Table 3 .10]/T7 [Table 3.2], 

the cycling parameters were: [94°C, 2 min; (94°C, 30 s, 46°C, 30 s, 72°C, 2 min 30 s) 

x 30], Correct integration of the RHS was checked using the primer pair 

PMS1/SCR(B) [Table 3.10]/M13 (Table 5.2), the cycling parameters were: 

[94°C, 2 min; (94°C, 30 s; 46°C, 30 s; 72°C, 3 min 30 s) x 30],

The PCR screening products were analysed by agarose gel electrophoresis 

(Section 2.2.4)

PMS1/SCR(F)
PMSJ(T)

M13

T7
PMSJ(?) PMSJ ORF PM SKJ)

PMS 1/SCR(B)

Recombination between 
repeated PMSl terminator 
regions

PMS 1/SCR(F)
PMS1( P) PM SKJ)

PMS1/SCR(B)

Figure 3.14 Position and orientation of the primers used to verify correct integration (and subsequent 

loss) of plasmid pRS306[PMS7A] at the PMSl locus. Chromosomal DNA (thin line), pRS306 DNA: 

thick line. Note that excision of the integrated DNA can proceed via two routes: recombination 

between the repeated PMSl promoter regions, resulting in the wild-type PMSl locus (not shown), and 

recombination between the repeated PMSl terminator regions (as shown) resulting in deletion of the 

PMSl ORF (Figure is not to scale).

G) Selection and screening fo r  vector recombination: loss o f  URA3 marker 

A single positive colony (from the above transformation) was grown overnight at 

30°C in SC-Ura (10ml). A loopfull of cells was streaked onto 5-FOA selective 

medium (Section 2.2.7b) and incubated for 5 days at 30°C. After this period ten large 

distinct colonies were picked and restreaked (in order to avoid contamination from 

micro-colony background) onto fresh 5-FOA medium, and allowed to grow for
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2 days Individual colonies were picked into YPD (10 ml) and grown overnight at 

30°C Glycerol stocks (Section 2.2.8) and genomic DNA (Section 2.2.13) were 

prepared from the resulting cultures.

Genomic DNA prepared from the Ura' colonies was PCR screened for loss of 

the pRS306[PMS7A] vector, resulting in a PM Sl A genotype. A 'straight through' Taq 

PCR (Section 2.2.3a) was performed using the screening primers PMS1/SCR(F) and 

PMS1/SCR(B). The cycling parameters for the reaction were: [94°C, 2 min, (94°C, 

30 s; 46°C, 30 s; 72°C, 3 min) x 30],

PCR products were analysed by agarose gel electrophoresis (Section 2.2.4).

Overview: The next section describes the construction of a vector capable of

expressing the \-Sce\ endonuclease, and its subsequent transformation into the 

experimental strains under construction Both experimental strains (the PM Sl strain 

and the pm slA  derivative) are also transformed with an expression vector lacking the 

\-Sce\ ORF, to create the 'vector-only' controls.

or

3.3.14 Construction of an \-SceI expression vector

The role of the rare cutter l-Sce\ endonuclease within the experimental system is 

described in Section 1.3. The l-Scel expression vector pPEX7 (Section 3.2.2e), 

containing the universal code equivalent of the l-Scel gene, was supplied by B. Dujon. 

This vector was unsuitable for use in the experimental strain as the auxotrophic 

marker present, LEU2d, might provide an alternative pathway for repair following 

double strand cleavage by l-Scel at the chromosomal LEU2 locus. For this reason the 

\-Sce\ ORF was sub-cloned into the expression vector pYES2 (Section 3.2.2b), which 

contains the alternative marker, URA 3.
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A) Primers to amplify the I-Scel ORFfrom vector pPEX7

The sequence of the l-Scel ORF was obtained from the Saccharomyces cerevisiae 

Genome Database (Section 2.2.1), coordinates 61022 - 61729 (mitochondria). This 

sequence was then altered to the universal code equivalent (Colleaux et al, 1986). 

The primers (Table 3.11) to amplify the l-Scel ORF were designed with reference to 

the universal sequence (Note that there are no differences between the sequences in 

the regions bound by the primers; see Results). The primers were designed with either 

an EcoRl or a Xhol restriction site at their 5'-ends to allow the l-Scel ORF, once 

amplified, to be cloned into vector pYES2.

B) Amplification o f the I-Scel ORF from vector pPEX7

Using the primers SceIEcoRI(F)/SceIXhoI(B) [Table 3.11], and the pPEX7 vector 

(Section 3.2.2f) as template, an Expand™ PCR was performed with the following 

cycling parameters: [94°C, 2 min; (94°C, 15 s; 38°C, 1 min; 72°C, 1 min) x 10; 

(94°C, 30 s; 38°C, 1 min; 72°C, 1 min + 20 s/cycle) x 15; 72°C, 5 min].

The amplified fragment was analysed by agarose gel electrophoresis 

(Section 2.2.4), and purified using the Wizard™ PCR Preps DNA Purification 

Kit (Section 2.2.4c).

C) Sub-cloning o f the I-Scel ORF into pYES2

The (above) amplified l-Scel ORF fragment (~0.3 pg), and the vector pYES2 

(-10 ng), were separately double-digested with the enzymes Xhol (30 units) and 

EcoRI (30 units), overnight at 37°C. The digested DNAs were purified by 

LMP-agarose gel electrophoresis (Section 2.2.4a), and recovered from the gel by 

p-agarase digestion (Section 2.2.4b). The purified double-digested products were 

quantified by agarose gel electrophoresis (Section 2.2.4). The l-Scel ORF fragment 

(-30 ng) was then ligated (Section 2.2.15) into the vector (-10 ng), and transformed 

directly by electroporation into competent E. coli (Section 2.2.9d).

Ten ampicillin resistant colonies were PCR screened (Section 2.2.12a) for the 

presence of the cloned fragment using primers Shuffle(F) and Shuffle(B) [Table 3.11]. 

The cycling parameters for the reaction were: [94°C, 5 min; (94°C, 30 s; 48°C, 30s; 

72°C, 1 min) x 30]. Positive transformants were grown overnight in 4 ml LB
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(Section 2.2.6) from which glycerol stocks (Section 2.2.8) and plasmid DNA 

(Section 2.2.17) were prepared.

Primer name Sequence (5* - 3') Description (S’ - 3’)

ScelEcoRI(F) CAGATGAATTCATGAAAA 

AT ATT AAAAAAAATC AA

5 n.t. overhang; an EcoJU site; 25 n.t. homology 

to the start of the l-Scel ORF (coding strand).

SceLXhoI(B) GGCTAGCTCGAGTTA1TTT

AAAAAAGTTTCGG

6 n.t. overhang; a Xhol site; 20 n.t. homology to 

the end of the l-Scel ORF (template strand).

Shuffle(F) T ACTTT AACGTC AAGG AG Binds to the pYES2 vector, 76 - 58 b.p. 

downstream from the end of the multiple cloning

site.

Shuffle(B) TTCGGTT AGAGCGGATGT Binds to the pYES2 vector, 70 - 52 b.p. upstream 

from the start of the multiple cloning site.

Table 3.11 Sequences of the oligonucleotides used to amplify the I-Scel ORF from vector pPEX7, and 

those used to confirm successful sub-cloning of the fragment. Restriction endonuclease sites are in 

bold.

D) Verification of the sub-cloned I-Scel ORF by DNA sequencing 

Plasmid DNA from one positive colony (above) was sequenced (Section 2.2.16). Two 

sequencing reactions were performed using the primers Shuffle(F) and 

Shuffle(B) [Table 3.11]

3.3.15 Transformation of the l-SceI expression vector pYES2[I-5ceI] into the 

experimental strains BGY8 and BGY10

The (above) vector pYES2[I-1SceI] (~0.1 fig) was transformed by electroporation 

(Section 2.2. lOd) into the experimental strains BGY8 and BGY10 (Section 3.2.1). In 

the same manner both strains were also transformed with the vector pYES2 only
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(Section 3.2.2b) [for use as negative control strains where l-Sce\ endonuclease 

expression cannot occur]. Transformants were inoculated onto SC-Ura plates 

(Section 2.2.7) and incubated for 3 days at 30°C.

Ura+ transformants were PCR screened (Section 2.2.12b) for the presence of 

the vector using the primers Shuffle(F) and Shuffle(B) [Table 3.11]. The cycling 

parameters for the reaction were: [94°C, 5 min; (94°C, 30 s; 48°C, 30s, 72°C, 1 min) 

x 30], Glycerol stocks (Section 2 .2 .8) were made of positive transformants.

Overview: The next section describes the construction of a plasmid containing the

l-Scel recognition site and its transformation (along with the l-Scel expression vector 

or the 'vector-only’) into parent strain FY833, to generate the 'vector control' strains. 

The next section also describes the construction of the 'gene conversion' control 

strains by the transformation of strain BDY5 with the l-Scel expression vector, or with 

the 'vector-only'.

H I-Scel h
+ pYES2 or pYES2

----\UM3\-̂ L- ■ —\URA3\

or pYES2-\URA3\

Parent strain 
FY833

-\QR1228 i - 
pRS313 

—I HIS3V-

'vector-control'

Parent strain 
BDY5

H l-Scel V  
pYES2 

 \URA3\-----
'gene conversion' control

3.3.16 Construction of control strains

Two control strains were constructed The first strain, containing the l-Scel 
expression vector pYES2[I-SecI] and a second vector bearing the l-Scel recognition 

site, was a means to establish that l-Scel induced DNA cleavage was occurring as 

expected. The second strain was to act as a control to the experimental strains (and 

the gene conversion process), this strain contains a similar acceptor locus arrangement 

(described below) to the experimental strains, but does not contain a donor locus. 

This strain also contained the l-Scel expression vector pYES2[I-1SceI] As for the
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experimental strains (above) both control strains were also constructed containing the 

pYES2 only vector

The construction of both control strains, and of a vector containing the \-Sce\ 

restriction site, are described below

A) Construction of a vector containing the I-Scel restriction site 

This was achieved by amplifying a segment from a previously made DNA fragment 

(containing the I-Scel site) and cloning of the fragment into a suitable vector Thus, 

the primers Leu2XbaI (Table 5.5) and OR17-228(FX) [Table 3.12] were used to 

amplify the I-Scel site (and the proceeding OR17-228 ORF) from the previously made 

HML disruption cassette (Section 3 .3 .6d). The primers introduced the restriction sites 

Xhol and Xbal at either end of the fragment for ease of cloning The HML disruption 

cassette is shown again, with the positions of the primers, in Figure 3.15. An 

Expand™ PCR (Section 2.2 3b) was performed with the following cycling parameters: 

[94°C, 2 min; (94°C, 15 s; 55°C, 30 s; 72°C, 1 min) x 10; (94°C, 15 s; 55°C, 30 s; 

72°C, 1 min + 20 s/cycle) x 15; 72°C, 5 min]

OR17-228(FX)
s k l-Sce-\

E Leu2(P) OR17-228 H  Leu2(T) I

Lau2XbaI

Figure 3.15 The HML locus gene disruption cassette showing the positions of the primers used to 

amplify a fragment containing the \-Scel recognition site for cloning into vector pRS313 (Figure is not

to scale).

The amplified product was analysed as usual (Section 2.2.4), then 

double-digested (Section 2.2.14) with restriction enzymes Xbal (10 units) and Xhol 

(10 units), at 37°C overnight The digested fragment was then purified by 

LMP-agarose gel electrophoresis (Section 2.2.4a). The vector pRS313 

(Section 3.2.2h) was similarly digested and purified The insert (-50 ng) was ligated 

(Section 2.2.15) into the cut vector (-20 ng) and transformed directly into 

E. coli (Section 2.2.9d).

Ten ampicillin resistant colonies were PCR screened (Section 2.2.12a) for the 

presence of the cloned fragment using primers T7 and M l 3 (Table 5 .2). The cycling
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parameters for the reaction were: [94°C, 5 min; (94°C, 30 s; 50°C, 30s; 72°C, 1 min) 

x 30], Positive transformants were grown overnight in 4 ml LB (Section 2.2.6) from 

which glycerol stocks (Section 2.2.8) and plasmid DNA (Section 2.2.17) were 

prepared.

Plasmid DNA from one positive colony was sequenced in order to check the 

integrity of the cloned l-Scel site. Two sequencing reactions (Section 2.2.16) were 

performed using the primers M l3 and T7 (Table 5.2).

Primer name Sequence (5’ - 3’) Description (5’ - 3’)

OR17-228(FX) CGATCCCTCGAGATGGAGCCA

GAAGCTGGGAC

6 n.t. overhang; a Xhol site; 20 n.t. 

homology to coding strand of OR 17-228 

ORF starting at the initiation codon.

Table 3.12 Sequence and description of the oligonucleotide primer OR17-228(FX). Restriction 

endonuclease site is shown in bold.

B) Construction of a strain to show l-Scel induced DNA cleavage 

Two sequential transformation were performed to introduce the vectors of interest into 

yeast strain FY833 (Section 3.2.1). In the first transformation, the engineered vector 

(from above) containing the I-Scel restriction site, pRS313[I-Scel], was introduced. 

Transformants were selected on SC-His plates (30°C for 3 days). His" transformants 

were PCR screened for the presence of the vector as described in Section 3 .3 16a, 

positive colonies were then transformed with the l-Scel expression vector, 

pYES2[I-SccI] His" colonies were also transformed with the control vector pYES2 

only. In both cases transformants were selected on SC-His-Ura plates (30°C for 

3 days) His+ Ura+ transformants were PCR screened for the presence of the vector 

pYES2[I-5ccI] or pYES2 only, as described in Section 3.3.15. A third transformation 

was also performed where the His+ strain (containing the vector pRS313[I-iS'ccI]) was 

transformed with the original l-Scel expression vector, pPEX7 (Section 3.2.2e). 

Transformants were selected on SC-His-Leu plates (30°C for 3 days) [no screening 

was performed, see Results], For each transformation described, approximately

0.1 pg of DNA was used.
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C) Construction o f the gene conversion control strain

The strain used to construct the gene conversion control strain was BDY5 

(Section 5.2.1). This strain was constructed in the course of the work presented in 

Chapter 5 and is described in detail therein. Briefly, BDY5 is a Gal+ strain possessing 

a wild-type HML locus. Integrated between two lox sites at the LEU2 locus is the 

OR17-228 ORF followed by the l-Scel recognition site (in the same orientation as the 

experimental strains described in this chapter)].

In two separate transformations, strain BDY5 was transformed with vectors 

pYES2[I-,SceI] and pYES2 only. In both cases approximately 0.1 pg of DNA was 

used. Transformants were inoculated onto SC-Ura plates (Section 2.2.7) and 

incubated for 3 days at 30°C.

Ura+ transformants were PCR screened for the presence of the vectors as 

described in Section 3.3.15. Glycerol stocks (Section 2.2.8) were made of positive 

transformants.
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3.4 RESULTS: GENERATION OF EXPERIMENTAL STRAINS 

FOR THE ANALYSIS OF MOLECULAR EVOLUTION BY GENE 

CONVERSION

3.4.1 Construction of a cassette for the integration of OR17-40 at the acceptor 

locus LEU2

The main steps undertaken in the construction of the disruption cassette are shown 

diagrammatically in Figure 3.9.

The first step involved the amplification of two regions of the LEU2 locus to 

flank the transgene (the OR17-40 ORF) in the left and right hand side direct repeat 

sequences. Each region of the LEU2 locus was amplified twice (as shown) in order 

that different 5'- and 3'- ends could be incorporated into each direct repeat (see below). 

The four fragments of interest were amplified from yeast genomic DNA 

(Section 3.3.1b), and the sizes of the fragments determined by agarose gel 

electrophoresis. Each fragment was in accordance with that expected, thus: Leu2 

promoter fragment for the LHS repeat sequence, 344 b.p., and for the RHS repeat, 

324 b.p.; Leu2 terminator fragment for the LHS repeat sequence, 406 b.p., and for the 

RHS repeat, 324 b.p. An l-Scel restriction site was incorporated into the LEU2 

terminator fragments by the primer LeuTF.

The OR17-40 open reading frame was amplified from vector 

pYES2[ORl7-40] (Section 3.3.1c). The size of the generated PCR fragment was in 

accordance with that expected: 948 b.p.

The appropriate LEU2 fragments were joined to the OR 17-40 open reading 

frame by means of a 'splicing by overlap extension' reaction. Each repeat sequence,

i.e. LHS and RHS, was generated in a separate reaction, the sizes of the products were 

as expected, 1650 b.p. for the LHS, and 1634 b.p. for the RHS.

The fragments generated, as indicated by their slight differences in size, were 

not identical. In order that the repeat sequences could be (in the subsequent step) 

joined to the K. lactis URA3 gene, the LHS repeat incorporated a Bgtl site at its 3'-end 

(introduced by the primer LeuTB/Bgl), and the RHS repeat a BglI site at its 5'-end 

(introduced by the primer LeuPF/Bgl). Also, at the opposite ends to the BglI sites, 

each fragment incorporated ~20 n.t. of unique sequence, i.e. the Leu2(P) fragment and 

the Leu2(T) fragment at the extreme 5'-end and 3'-ends of the completed cassette
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contained sequences not present at the 'internal' copies of these fragments. This was 

to enable the completed disruption cassette to be amplified by PCR, using primers that 

bind only to the unique sequences at the ends of the fragment.

The K. lactis URA3 selectable marker was amplified from vector pTG5756 

(Section 3.3. If), producing a fragment (1448 b p.) with a BglI site at each end. The 

completed disruption cassette was generated by ligating the URA3 fragment 

(following BglI digestion) to the LHS and RHS repeat sequences (similarly digested 

with BglI, Section 3.3.1 g). The completed cassette (4690 b.p.) is shown 

in lane 2, Figure 3.16.

Figure 3.16 1% agarose gel showing the completed LEU2 gene disruption cassette (Lane 2; 4690 b.p.) 

and various bands confirming correct cassette integration: Lanes 1 and 8, 1 k.b.p. DNA marker 

(Figure 2.1); Lane 3, the wild-type LEU2 locus (1930 b.p ); Lane 4, OR17-40 ORF at the LEU2 locus 

(1847 b.p ); Lane 5, the LHS novel junction at the LEU2 locus (1348 b.p ); Lane 6, the RHS novel 

junction at the LEU2 locus (1447 b.p ); and Lane 7, the bands produced (482 b.p. and 1365 b.p.) 

following digestion of the DNA fragment (lane 4) with l-Scel endonuclease.

3.4.2 Integration of the OR17-40 ORF at the LEU2 locus of Saccharomyces 

cerevisiae strain JRY50

The gene disruption cassette (previous section) was transformed into yeast strain 

JRY50 using a lithium acetate/polyethyleneglycol transformation procedure 

(Section 3.3.2 a) After three days incubation -20  colonies were observed growing on 

each plate, corresponding to approximately 60 Urar transformants per 0.1 pg of DNA.

1 2 3 4 5 6 7 8

M - 3,000 b.p. 

U -  1,650 b.p.

M - 1,000 b.p.
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A variety of colony sizes were observed, with most of the colonies being either 

small or medium in size. Six of the largest colonies were selected and screened by 

PCR in order to confirm correct cassette integration (Section 3.3.2b); the screens were 

designed to amplify across the two novel junctions created (Figure 3.10). In only one 

of the six colonies did the screen produce the expected PCR products for both 

reactions, i.e. 1779 b.p. for the LHS junction, and 1813 b.p. for the RHS junction. 

This colony, containing the disruption cassette correctly integrated at the LEU2 locus, 

was designated BGY1 (Section 3.2.1).

Following overnight growth in non-selective medium, approximately 2.5 x 106 

BGY1 cells were plated onto 5-FOA medium, in order to select Ura' colonies. After 

five days growth each selection plate (4 in total) contained approximately 500 distinct 

colonies, giving a recombination frequency of -SO"4 (close to the 1CT4 reported by 

Alani et al., 1987; Section 3.3.1). Eight colonies were PCR screened (Section 3.3.2c) 

in order to ascertain that recombination had occurred as intended (Figure 3.10). A 

'straight through' screen revealed that the 'full' disruption cassette was no longer 

present in any of the colonies; each producing a band of 1847 b.p. (lane 4, 

Figure 3 .16), that expected if the OR17-40 ORF only was present at the LEU2 locus 

(the wild-type LEU2 locus [1930 b.p.] is shown for comparison in lane 3, Figure 3.16; 

the 83 b.p. difference between the two sequences being just discernible). The two 

'new' novel junctions created were also screened, once again all of the colonies 

produced the expected bands: 1348 b.p. for the LHS junction (lane 5, Figure 3.16) and 

1447 b.p. for the RHS junction (lane 6, Figure 3.16). The new strain was designated 

BGY2 (Section 3.2.1).

The integrity of the integrated ORJ7-40 ORF was further verified by DNA 

sequencing (Section 3.3.2d) in order to check for mutations that might have arisen 

during construction of the disruption cassette. Four mutations were noted in the 

sequence (Table 3.13).

Mutation Position (downstream) w.r.t. OR17-40 initiation codon

T—G 13

G—A 19

C-*A 934

G—A 936

Table 3.13 Mutations found in the OR17-40 ORF integrated at the LEU2 locus in BGY2.
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The mutations at positions 13 and 19 were introduced by the degenerate primer 

LeuTB (Table 3.1) and those at positions 934 and 936 by the degenerate primer 

LeuTF (Table 3.1). These primers, LeuTB and LeuTF, were designed so that an 

amplified sequences (the LEU2 promoter or the LEU2 terminator fragment) could be 

spliced to both the OR17-40 and OR17-228 open reading frames, which differ from 

each other by four bases in the 21 n.t. region incorporated into the LeuTF primer, and 

by three bases in the 24 n.t. region incorporated into the LeuTB primer.

Sequencing also revealed the \-Scel recognition site to be free from mutations. 

The viability of the site was further demonstrated by digesting the DNA fragment 

amplified for sequencing purposes (lane 4, Figure 3.16), with the l-Scel endonuclease 

(Section 3.3.2d). After 1 hours digestion the two expected bands, 482 b.p. and 

1365 b.p. were produced (lane 7, Figure 3.16).

3.4.3 Construction of the E-URA3-1HML disruption cassette

The E  and I  flanking regions (Figure 3.11) were individually amplified from yeast 

genomic DNA (Section 3.3.4b), and the sizes of the fragments determined by agarose 

gel electrophoresis. Both fragments were in accordance with that expected, 428 b.p. 

for the E  DNA fragment and 535 b.p. for the I  DNA fragment. The disruption cassette 

was generated by joining the E  and /  DNA fragments to the previously amplified 

K. lactis URA3 gene by means of a 'splicing by overlap extension' reaction. The size 

of the completed cassette when checked by agarose gel electrophoresis was as 

expected: 2363 b.p.

3.4.4 Integration of the E-URA3-I HML disruption cassette into Saccharomyces 

cerevisiae strain BGY2

The E-URA3-I disruption cassette (previous section) was transformed into yeast strain 

BGY2 by electroporation (Section 3.3.5a). After three days incubation a total of 

twelve colonies were observed growing on the transformation plates.

All 12 Ura+ colonies were PCR screened in order to confirm correct cassette 

integration (Section 3.3.5b). The screens were designed to amplify across the two 

novel junctions created (Figure 3 .12). One colony produced the expected screening 

bands for both reactions, i.e. 611 b.p. for the LHS junction, and 678 b.p. for the RHS
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junction. This colony, containing the K. lactis URA3 gene integrated at the HML 

locus, was designated BGY3 (Section 3 .2.1).

The E-URA3-I disruption cassette was also transformed and successfully 

integrated (with similar results to above) into the parent strain JRY50, producing 

strain BGY4 (Section 3 .2.1). [The growth characteristics of strain BGY4, growing on 

SC-Ura medium, were investigated at 24°C and 34°C. It was expected that the strain 

would not be able to grow at the lower temperature due to silencing of the URA3 gene 

at HML, as described in Section 3 .3.3. However, no clear effect was observed The 

colonies grew more slowly at 24°C, but no more slowly than JRY50 only (growing on 

SC medium). This result (and the sir4-9 effect observed during spore analysis; 

Section 3.4.10) are considered further in the Discussion (Section 3.5.1).]

3.4.5 Construction of the E-ORl 7-228-1 gene replacement cassette

The steps involved in the construction of the gene replacement cassette are shown 

diagrammatically in Figure 3.11b. In the first step, the construction of the 

'central portion', the OR17-228 ORF - amplified from vector pYES2[0/?7 7-228] 

(Section 3.3.6a) - was joined via a 'splicing by overlap extension' reaction 

(Section 3.3.6b) to the previously made LE£/2-promoter and L£T/2-terminator 

fragments The spliced product was of the expected size (1658 b.p.) when analysed 

by agarose gel electrophoresis

3.000 b.p. 

1,650 b.p.

1.000 b.p.

Figure 3.17 1% agarose gel showing the completed gene replacement cassette (Lane 2; 2573 b.p.) and 

various bands confirming correct cassette integration: Lanes 1 and 8, 1 k.b.p. DNA marker

(Figure 2.1); Lane 3, the wild-type HML locus (4081 b.p ); Lane 4. the gene replacement cassette 

integrated at the HML locus (2752 b.p ); Lane 5, the LHS novel junction at the HML locus (1792 b.p ); 

Lane 6, the RHS novel junction at the HML locus (1914 b.p ); and Lane 7, bands produced (950 b.p. 

and 1805 b.p ) following digestion of the DNA fragment (lane 4) with \-Scel endonuclease.

1 2 3 4 5 6 7 8
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The E  and I  flanking regions were individually amplified from yeast genomic 

DNA (Section 3.3.6c). Both fragments were of correct size when analysed, 428 b.p. 

for the E  DNA fragment and 535 b.p. for the I  DNA fragment.

The three DNA fragments were joined to one another via a 'splicing by overlap 

extension' reaction (Section 3 .3.6d). The size of the completed cassette was in 

accordance with that expected, 2573 b.p. The amplified fragment is shown in 

lane 2, Figure 3.17.

3.4.6 Integration of the E-OR17-228-1 cassette into BGY3: direct gene 

replacement

Four attempts were made to transform the E-OR17-228-1 cassette directly into strain 

BGY3; three times by electroporation and once using the lithium 

acetate/polyethyleneglycol transformation protocol (Section 3.3.7a). Each attempt 

produced a few colonies (mostly small and slow growing) on the 5-FOA selective 

medium. However, when screened (Section 3.3.7b), none of the colonies produced 

the expected sized band corresponding to cassette integration (2757 b.p.), instead 

producing a band indicative of the continued presence of the URA3 gene (2547 b.p.). 

These 5-FOA resistant colonies presumably arose due to spontaneous genomic 

mutations.

3.4.7 Construction of the integrating vector pRS306[ORl 7-228]

A modified gene replacement cassette was produced, incorporating a Xhol restriction 

site at its 5'-end and a Xbal restriction site at its 3'-end. The fragment was 

double-digested with the Xhol and Xbal enzymes and ligated into the integrating 

vector pRS306, bearing compatible cohesive ends. The ligation was transformed 

directly into competent E. coli cells. Twelve ampicillin resistant colonies were 

PCR screened, of which 2 were found to contain the insert, producing a fragment 

corresponding with that expected: 2740 b.p. The new vector, pRS306[ORl7-228], 

was as for pRS306 (Section 3.2.2d), except that the OR17-228 gene replacement 

cassette (Figure 3 .11b) was cloned at the multiple cloning site between the Xhol and 

Xbal restriction sites.
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3.4.8 Transformation of the integrating vector pRS3O6[0/W 7-228] into BGY2

The linearized vector was transformed by electroporation into strain BGY2 

(Section 3.3.9b). After three days growth 17 Ura+ colonies were 

obtained, corresponding to a transformation efficiency of approximately 

500 colonies/0.1 pg DNA.

Six Ura+ colonies were screened via a 'straight through' PCR (Section 3.3.9a), 

two colonies produced the -10 k.b.p. band corresponding to the vector integrated at 

the HML locus. The other four colonies produced a band corresponding to the 

wild-type HML locus (-4 k.b.p.).

The novel joints formed upon vector integration were further verified in one of 

the colonies. Both screens produced the expected sized products when analysed by 

agarose gel electrophoresis: 2747 b.p. for the LHS junction, and -4  k.b.p. for the RHS 

junction. The new strain, containing pRS306[ORI7-228] integrated at the HML locus, 

was designated BGY5.

Strain BGY5 was streaked onto 5-FOA medium and incubated at 30°C for 

5 days. After this period 8 distinct colonies were observed growing, from which 

glycerol stocks and genomic DNA were prepared. A 'straight through' PCR screen of 

the colonies (Section 3.3.9b) revealed that for each one the vector sequence had been 

excised: in 4 of the colonies vector excision had resulted in reversion to the wild-type 

locus, producing a band of 4081 b.p. (lane 3, Figure 3.17); whilst in the remaining 

colonies vector excision has produced the desired integration event, producing a band 

of 2757 b.p. (lane 4, Figure 3.17), corresponding to the OR17-228 ORF (flanked by 

LEU2 sequences) at the HML locus.

In one colony, correct vector excision was further verified by checking both 

novel joints created: A band of 1792 b.p. (lane 5, Figure 3.17) was produced for the 

LHS screen and 1914 b.p. (lane 6, Figure 3.17) for the RHS screen; both 

corresponding to those expected.

The new strain, containing the OR17-40 ORF at the acceptor locus, and the 

ORl7-228 ORF at donor locus, was designated BGY6 (Section 3.2.1).
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Verifying the integrity of the integrated DNA sequence

The integrity of the OR17-228 ORF integrated in strain BGY6 was further verified by 

DNA sequencing (Section 3.3.9c). Five mutations were noted in the 

sequence (Table 3.14).

Mutation Position (downstream) w.r.t. OR17-228 initiation codon

A—>G 487

G—*A 828

A-*G 936

A—>G 943

C—*T 945

Table 3.14 Mutations found in the OR17-228 ORF integrated at the HML locus in BGY6.

As for the mutations found at the end of the OR17-40 ORF (Section 3.4.2), the 

mutations at positions 936, 943, and 945, in the OR17-228 ORF, are again due to the 

degenerate primer LeuTF (Table 3.1), for the reason described previously. The A—»G 

and G—>A mutations at positions 487 and 828, respectively, represent polymerase 

errors in replication that have arisen during construction of the integrating vector.

Sequencing showed the l-Scel recognition site after the OR17-228 ORF to be 

mutation free. As for the l-Scel site incorporated after the OR17-40 ORF, the viability 

of the site after the OR17-228 ORF was demonstrated by digesting the DNA fragment 

amplified for sequencing purposes (lane 4, Figure 3.17) with the l-Scel endonuclease 

(Section 3.3.9c). After 1 hours digestion the two expected bands, 950 b.p. and 

1805 b.p. were produced (lane 7, Figure 3.17).

3.4.9 Conversion of the experimental strain to a His+ phenotype

A ///Si-containing DNA fragment was amplified from the yeast strain FY10 

(Section 3.3.10b). When analysed by agarose gel electrophoresis the fragment size 

was in accordance with that expected: 1937 b.p. Following purification, the fragment 

was transformed directly into strain BGY6 (Section 3.3.10). After 3 days growth 

approximately 200 His+ colonies were obtained, corresponding to a transformation 

efficiency of approximately 600 colonies/0.1 pg of DNA.
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Due to the untargeted nature of this transformation, it was not possible to 

verify integration of the transformed DNA fragment at the HIS3 locus (see 

Discussion). However, the transformed cells exhibited the desired phenotype - they 

were able to grow on medium lacking histidine - and were therefore selected for use in 

the next step in the construction of the experimental strain: conversion to a Gal+ 

phenotype. The new His* strain was designated BGY7 (Section 3.2.1).

3.4.10 Conversion of the experimental strain to a Gal+ phenotype

For the reason described in Section 3.3.11 the experimental strain BGY6 was crossed 

with the Gal+ strain INVSC2 (Section 3.3.1 la). Successful mating was demonstrated 

by the ability of the resultant diploid cells to grow on SC-Leu-His selective medium. 

Neither BGY6 nor INVSC2 alone were able to grow on this medium.

The diploid cells were sporulated by incubating on 1.5% potassium acetate 

medium (Section 3.3.11b). After 4 days incubation approximately 50% spore 

formation was observed. Ascospores were scraped from the sporulation plate and 

subjected to digestion with lyticase and sonication (in order to release individual 

spores) [Section 3.3.11c], The spores, having been released from their ascus, were 

then subjected to diethyl ether treatment in order to kill any vegetative cells 

(Section 3.3.lid). The spores were plated onto YPD medium and incubated. 

Approximately 5% of the inoculated spores grew to give colonies. [The low number 

of spores growing to give colonies was not a problem. Dawes and Hardie (1974) 

reported 50% spore survival following optimisation of exposure time to diethyl ether ]

Eighty-five colonies were picked for analysis onto the various selective media 

(Section 3.3.lie). Of these, 29 did not show any 'halo' on either mating-type tester 

plate, indicating that they were diploid. These colonies were discarded from the 

segregation results presented below. No correlation was observed between diploidy 

and those colonies initially characterised as being either 'big' or 'small'. The diploid 

colonies (above) most probably do not represent surviving (pre-sporulation) 

vegetative cells; instead they are most likely to have arisen by mating of individual 

spores (some remain associated after treatment with lytic enzyme and sonication). 

This is evident in the fact that only one of the diploid colonies was Gal+ His* Leu* and 

Trp*. The segregation analysis of the remaining 56 haploid colonies is shown 

in Table 3.15.
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Genotype 

(a-mating type 

colonies)

Number 

of colonies 

(24°C)

Number 

of colonies 

(34°C)

Genotype

(a-mating type 

colonies)

Number 

of colonies 

(24°C)

Number 

of colonies 

(34° C)

Leu" Trp1 His" Gal" 2 2 Leu+ Trp His+ GaT 2 1

Leu+ Trp1 His GaT 2 2 Leu Trp His Gal' 2 2

Leu+ Trp His Gal 2 2 Leu' Trp+ His+ GaT 1 0

Leu Trp+ His GaT 1 1 Leu1 Trp His’ GaT 2 1

Leu Trp' His+ GaT 4 3 Leu Trp' His+ Gal' 2 1

Leu Trp His1 GaT 2* 2 Leu' Trp His+ GaT 4 3

Leu Trp His Gaf 1 0 Leu1 Trp His GaT 2 0

Leu+ Trp' His' GaT 3 3 Leu Trp' His' GaT 1 1

Leu" Trp Hish GaT 3 3 Leu1 Trp His1 GaT 3 3

Leu Trp' His' GaT 1 1 Leu Trp1 His' Gal 2 1

Leu Trp His+ GaT 4 4 Leu Trp His' GaT 1 1

Leu Trp His1 GaT 3* 3 Leu1 Trp1 His1 GaT 1 1

Leu Trp His1 Gal' 

Leu Trp His' Gal'

2

3

33 total

2

3

31 total

23 total 15 total

Table 3.15 Segregation analysis results of 56 haploid colonies. Colonies are divided into two main 

groups according to mating-type (a or a). Those colonies marked with an asterisk (*) have the desired 

characteristics (as described in Section 3.3.11), those being: a-mating type. Leu (due to presence of 

OR 17-40 at locus). His . GaT and either Trp or Trp Analysis of mating-type was performed at two 

growth temperatures - 24 and 34°C - in order to look for the effect of the sir4-9 mutation. The 

temperature sensitive sir4-9 mutation is manifested as a 'pseudo-diploid' phenotype at 34°C (see main 

text), resulting in fewer haploid colonies being recorded.

Five of the colonies had the desired combination of attributes (before PCR 

screening). However, when cultures of these colonies were prepared - with the aim of 

preparing genomic DNA from which to screen the HML locus - a previously unknown 

(and unwanted) phenotype was observed. The cells in all but one of the cultures 

exhibited flocculating growth (cells growing in clusters). This was found (by 

microscope inspection) to be a property of the parent strain, INVSC2.

The HML locus of the one colony showing normal growth was PCR screened 

for the desired sequences, all of which were shown to be present and correct The new 

Gal strain (also Trp ) was designated BGY8 (Section 3 .2.1).
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The earlier growth study using strain BGY4 (Section 3.4.4) had shown no 

discernible temperature dependent growth pattern due to the sir4-9 mutation. 

However, in the analysis of the mating-type of the (above) colonies, a clear 

temperature dependent effect was observed. At 34°C the number of diploid colonies 

counted was more than when the same colonies were counted at 24°C (Table 3.15). 

This effect, observed in 8 of the 23 MATa colonies, and in 2 of the 33 MATa colonies, 

was as expected (due to colonies containing the sir4-9 mutation). At 34°C the 

silenced loci in these colonies are derepressed, resulting in a 'pseudo-diploid' 

phenotype, due to expression of both sets of mating-type genes. This effect is 

reversed at the lower temperature, when the HML and HMR loci are again silenced. 

The greater number of 'pseudo-diploids' amongst MA Ta colonies compared to MATa 

colonies was also as expected. There should be twice as many 'pseudo-diploid' 

MATa colonies as MATa colonies, as two possible MATa strains: 

HMLa MATa HMRa sir4-9 and hmlA.ORl7-228 MATa HMRa sir4-9, but only one 

possible MATa strain: HMLa MATa HMRa sir4-9, can exhibit the 'pseudo-diploid' 

phenotype. The second MATa strain, hmlA .ORl7-228 MATa HMRa sir4-9 (which 

may correspond to BGY8), does not show this effect, as derepression of HML and 

HMR still results in a MA Ta phenotype, hence the nature of the SIR4 allele in BGY8 

remains unknown (this problem, and the above effect observed due to the sir4-9 allele, 

are considered further in the Discussion).

3.4.11 The galactose inducible nature of strain BGY8

The LacZ control vector pYX243 was transformed by electroporation into strain 

BGY8, and also into the Gal' parent strain BGY7 and the known Gal+ strain FY10 

(Section 3.3.12a). After three days incubation numerous Leu+ colonies were observed 

for each strain. A single colony of each strain was PCR screened for the presence of 

the vector (Section 3.3.12b), each colony produced the expected 210 b.p. screening 

band. The three new strains were designated BGY8Z, BGY7Z and FY10Z 

(Section 3.2.1).

The P-galactosidase assay was performed on each strain as described in 

Section 3.3.12c. The results from two experiments are presented in Table 3.16.
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Strain BGY7Z BGY8Z FY10Z

Activity 1. 0.19 1. 0.20 1. 0.25

(g m o l'1)A42o(gm or1)'lA6oo m l'1 min"1 2. 0.20 2. 0.16 2. 0.27

Table 3.16 (J-galactosidase activity for galactose induced cultures. For each strain (and both 

experiments) no activity was observed for the glucose controls.

The validity and meaning of these results are discussed in Section 3.5.1.

3.4.12 Creation of a PMS1 deletion strain

Two fragments, corresponding to the promoter and terminator regions of the PMSI 

gene, were individually amplified from genomic DNA (Section 3.3.13b). Both 

fragments were as expected when analysed: 432 b.p. for the promoter fragment and 

424 b.p. for the terminator fragment. The fragments were jointed to one another by 

means of a 'splicing by overlap extension' PCR (Section 3 .3 .13c). The spliced product 

when analysed was in accordance with that expected: 832 b.p.

The PMSI promoter/terminator fragment was double-digested with Xhol and 

BamUl enzymes and ligated into the similarly digested pRS306 vector 

(Section 3 .3 .13d). The ligation was transformed directly into competent E. coli cells. 

Ten ampicillin resistant colonies were PCR screened, 5 of which produced the 

expected screening band of 952 b.p., corresponding to correctly cloned insert. The 

new vector, pRS306[PMS7A], was as for pRS306 (Section 3.2.2d), except that the 

PMSI promoter/terminator fragment (Section 3.3.13d) was cloned at the multiple 

cloning site between the Xhol and BamVLl restriction sites.

Following linearization by EcoRl digestion, the pRS306[/)MS7A] vector was 

transformed into yeast strain BGY8 (Section 3.3.13e). After 3 days incubation six 

Ura+ colonies were observed. These colonies were screened for the presence of the 

integrating vector at the PMSI locus (Section 3.3.13f). Only one colony indicated the 

presence of the vector, producing a band ~5 k.b.p., the remaining colonies all 

maintained the wild-type PMSI locus and were presumably Ura+ due to 

misintegration of the vector at another locus, or possibly gene conversion of the 

ura3-52 locus. A few (~5) Ura+ colonies were also obtained on the negative control
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plate (no DNA transformed), a third possibility, therefore, is that the Ura colonies 

represent mutant colonies that have spontaneously reverted to a Ura phenotype.

-4-3,000 b.p. 

-4-  1,650 b.p. 

-4-  1,000 b.p.

Figure 3.18 1% agarose gel showing the wild-type PMSI locus (Lane 2; 3382 b.p ), and the PMSI 

locus as amplified from strain BGY10, in which the PMSI ORF has been deleted (Lane 3; 982 b.p ). 

Lanes 1 and 4, the I k.b.p. DNA marker (Figure 2.1).

For the colony showing the presence of the vector, correct integration was 

further verified in the usual manner, by screening the novel junctions formed 

(Figure 3.14). Both the LHS and RHS screens produced the expected sized bands, 

970 b p. and 3342 b.p. respectively. The new strain containing the correctly integrated 

vector was designated BGY9 (Section 3 .2.1).

Strain BGY9 was grown on 5-FOA medium in order to counter-select for the 

presence of the integrated vector (Section 3.3.13g). After 5 days incubation several 

colonies were observed growing, 10 of which were PCR screened Recombination in 

9 of the colonies had resulted in reversion to the wild-type locus, producing a 

3382 b p band in the PCR screen (Lane 2, Figure 3.18). The remaining colony 

contained the desired chromosomal deletion, producing a band of 982 b p., 

corresponding to loss of the PMSI ORF in this colony (Lane 3; Figure 3 .18) The new 

pm slA colony was designated BGY10.

1 2  3 4
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3.4.13 Construction of an I-Scel expression vector

The expected sized fragment (720 b.p.) corresponding to the l-Scel ORF was 

amplified from vector pPEX7 (Section 3 .3 .14b). By means of the EcoKL and Xhol 

restriction sites introduced at either end of the amplified fragment, the fragment was 

ligated into the yeast expression vector pYES2, and transformed by electroporation 

into E. coli (Section 3.3.14c). Ten ampicillin resistant colonies were PCR screened, 

9 of the colonies contained vector with insert, each producing the desired 928 b.p. 

band. Plasmid DNA was prepared from one such colony and the sub-cloned fragment 

checked by DNA sequencing (Section 3.3.14d). Comparison of the sequence obtained 

form the sub-cloned DNA fragment with the universal code equivalent of the l-Scel 

gene (Section 3.3.14a) produced a surprising result. It appeared at first that the cloned 

fragment was awash with mutations, containing 161 differences to the expected 

sequence. However, analysis of the amino acid sequence from both sequences 

revealed them to be translationally identical (except that two threonines at positions 

123 and 156, changed to leucines in the original universal code equivalent [Colleaux 

et al., 1986], were now once again threonines). The comparative analysis of the two 

DNA sequences (and their translation products) is shown in Figure 3.19.

The DNA sequence obtained is an alternative universal code equivalent of the 

l-Scel ORF to the one expected [it had been presumed that the synthetic sequenced 

(unpublished) used by A. Thiery and B. Dujon in the construction of the vector 

pPEX7 (Section 3.2.2f) would represent the same sequence as constructed by 

Colleaux et al (1986)]. Apart from the difference noted, the fragment cloned into 

vector pYES2 contained no other mutations, and was therefore deemed suitable for 

transformation into the experimental strains (see below). The new vector, 

pYES2[I-£ceI], was as for plasmid pYES2 (Section 3.2.2b) except that it contained 

the l-Scel ORF cloned between the EcoRA and Xhol sites in the multiple cloning 

region.
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ATGAAAAATA TTAAAAAAAA TCAAGTAATG AATCTGGGTC CTAATTCTAA ATTATTAAAA GAATATAAAT CACAATTAAT TGAATTAAAT

100

ATTGAACAAT

M K N  I  K  K  N Q V M  N L  G P N S K  L L K  E Y K S Q L I  E L N  I E Q  F  E A  G
ATGAAAAATA TTAAAAAAAA TCAAGTAATG AACCTGGGTC CGAACTCTAA ACTGCTGAAA GAATACAAAT CCCAGCTGAT CGAACTGAAC ATCGAACAGT TCGAAGCAGG 

M K N  I K K N  Q V M  N L G  P N S K  L L K  E Y K  S Q L I  E L N  I E Q  F E A G

l jO  130 1 | 0  1^ 0  ISO  170 1 ^ 0  190 2<j0 2 ^ 0  2 ^ 0

TATTGGTTTA ATTTTAGGAG ATGCTTATAT TCGTAGTCGT GATGAAGGTA AAACTTATTG TATGCAATTT GAGTGGAAAA ATAAGGCATA CATGGATCAT GTATGTTTAT

I G L  I L G  D A  I  I  R S R  D E G  K T Y C  M Q F  E N K  N K A Y  M D H  V C L
TATCGGTCTG ATCCTGGGTG ATGCTTACAT CCGTTCTCGT GATGAAGGTA AAACCTACTG TATGCAGTTC GAGTGGAAAA ACAAAGCATA CATGGACCAC GTATGTCTGC 

I G L  I L G  D A Y I  R S R  E E G  K T Y C  H Q F  E N K  N K A Y  M D H  V C L

2 ^ 0  2 ^ 0  2 ^ 0  2 ^ 0  2 1 0  2 ^ 0  2 ^ 0  3(j0 3 |0  3^ 0  3 ^ 0

TATATGATCA ATGGGTATTA TCACCTCCTC ATAAAAAAGA AAGAGTTAAT CATTTAGGTA ATTTAGTAAT TACCTGGGGA GCTCAAACTT TTAAACATCA AGCTTTTAAT

L Y D Q  N V L  S P P  H K K E  R V N  H L G  N L - V I  T N G  A Q T  F K H Q  A F N
TGTACGATCA GTGGGTACTG TCCCCGCCGC ACAAAAAAGA ACGTGTTAAC CACCTGGGTA ACCTGGTAAT CACCTGGGGC GCCCAGACTT TCAAACACCA AGCTTTCAAC 
L Y D Q  N V  L  S P P  H K K E  R V N  H L G  N L V I  T N G  A Q T  F K H Q  A F N

3 J 0  3^ 0  3 ^ 0  3 ^  3 ^ 0  3^ 0  4 (|0  < |0  4^ 0  CjO 4 j0

AAATTAGCTA ACTTATTTAT TGTAAATAAT AAAAAACTTA TTCCTAATAA TTTAGTTGAA AATTATTTAA CACCTATGAG TCTGGCATAT TGGTTTATGG ATGATGGAGG

K L A  N L F I  V N N  K K L  I P N N  L V E  N I L  T P M S  L A Y  H F M  D D G G
AAACTGGCTA ACCTGTTCAT CGTTAACAAC AAAAAAACCA TCCCGAACAA CCTGGTTGAA AACTACCTGA CCCCGATGTC TCTGGCATAC TGGTTCATGG ATGATGGTGG 

K L A  N L F I  V N N  K K T  I P N N  L V E  N Y L  T P M S  L A Y  N F M  D D G G

TAAATGGGAT TATAATAAAA ATTCTCTTAA TAAAAGTATT GTATTAAATA CACAAAGTTT TACTTTTGAA GAAGTAGAAT ATTTAGTTAA AGGTTTAAGA AATAAATTTC

K H D  Y N K  N S L N  K S I  V L N  T Q S F  T F E  E V E  Y L V K  G L R  N K F
TAAATGGGAT TACAACAAAA ACTCTACCAA CAAATCGATC GTACTGAACA CCCAGTCTTT CACTTTCGAA GAAGTAGAAT ACCTGGTTAA GGGTCTGCGT AACAAATTCC

K N D  Y N K  N S T N  K S I  V L N  T Q S F  T F E  E V E  Y L V K  G L R  N K F

S20

GATAATTAAATTG TTATGTTAAA ATTAATAAAA ATAAACCAAT TATTTATATT GATTCTATGA GTTATCTGAT TTTTTATAAT TTAATTAAAC CTTATTTAAT TCCTCAAATG

Q L N C  Y V K  I N K  N K P I  I I I  D S M  S Y L I  F Y N  L I K  P Y L I  P Q M
AACTGAACTG TTACGTAAAA ATCAACAAAA ACAAACCGAT CATCTACATC GATTCTATGT CTTACCTGAT CTTCTACAAC CTGATCAAAC CGTACCTGAT CCCGCAGATG
Q L N C  Y V K  I N K  N K P I  I Y I  D S M  S Y L I  T Y N  L I K  P Y L I  P Q M

0 1 0  6 ^ 0  0 9 0  7 ^ 0  7 jO  7^0  7:j0  7^ 0  7^ 0  7 ^ 0  7^ 0

ATGTATAAAC TGCCTAATAC TATTTCATCC GAAACTTTTT TAAAATAA

M Y K  L P N T  I S S  E T F  L K O  
ATGTACAAAC TGCCGAACAC TATCTCCTCC GAAACTTTTT TAAAATAA 

M Y K  L P N T  I S S  E T F  L K O

Figure 3.19 Comparative analysis of the universal code equivalent of the l-Scel ORF as constructed by 

Colleaux et al. (1986) [upper sequence], with the DNA sequence obtained from the fragment 

sub-cloned from vector pPEX7 into pYES2 [lower sequence]. Base differences between the two 

sequences are indicated by (*). The translation product from both sequences are identical except for 

two leucine to threonine substitutions (see main text) at positions 123 and 156.

3.4.14 Transformation of the KScel expression vector pYES2[KVceI] into the 

experimental strains BGY8 and BGY10

The experimental strains BGY8 and BGY10 were transformed by electroporation with 

the \-Sce\ expression vector pYES2[I-,Scel], also with pYES2 only (Section 3.3.15). 

Following incubation several hundred Ura+ colonies were observed growing for each 

transformation One colony from each strain was PCR screened for the presence of 

the desired vector In each case the expected band was produced, a band of 928 b p 

confirming the presence of the vector pYES2[I-iSceI], and a band of 245 b.p. 

confirming the presence of vector pYES2 only.

131



Chapter 3 - Construction of experimental strains

Strains BGY8 and BGY10, transformed with vector pYES2p-5ceI] were 

designated as strains BGY11 and BGY12, respectively (Section 3.2.1). Strain BGY11 

contains the completed experimental system, as described in Section 1.3. Strain 

BGY12 is the PMSI A derivative of BGY11.

Strains BGY8 and BGY10, transformed with vector pYES2 only, were 

designated as strains BGY13 and BGY14, respectively (Section 3.2.1). These strains 

are the negative control strains for BGY11 and BGY12, where no l-Scel endonuclease 

expression can occur.

3.4.15 Construction of control strains

A fragment (1022 b.p.) containing the l-Scel restriction site was amplified from a 

previously made DNA fragment (the HML gene disruption cassette) and ligated into 

the vector pRS313, and transformed into E. coli (Section 3.3.16a). Ten ampicillin 

resistant colonies were PCR screened, 5 of which contained vector with insert, 

producing the expected screening band of 1242 b.p. Plasmid DNA was prepared from 

one such colony and the l-Scel restriction site verified by DNA sequencing (the 

concomitantly introduced OR17-228 ORF was shown to contain the same mutations 

as noted in Section 3.4.8).

The new vector containing the l-Scel restriction site was designated 

pRS313[I-£ceI]; the vector is as for vector pRS313 (Section 3.2.2h) except a fragment 

containing the l-Scel restriction site has been cloned between the Xbal and Xhol sites 

in the multiple cloning region.

The first control strain - to show l-Scel induced DNA cleavage - was 

constructed by transforming yeast strain FY833 with the vector pRS313 [I-Scel] and 

then with the l-Scel expression vector pYES2[I-£ceI] (Section 3.3.16b). A second 

strain was transformed with pRS313 [I-Scel] and pYES2 only. The presence of the 

vectors was confirmed by PCR screening. The expected bands of 1242 b.p., 928 b.p. 

and 245 b.p. were obtained for pRS313[I-£ceI], pYES2[I-1S'ceI] and pYES2 only, 

respectively. The new strain containing vectors pRS313[I-£ceI] and pYES2[I-,SceI] 

was designated BGY17 (Section 3.2.1), the second strain containing vectors 

pRS313[I-Scel] and pYES2 only was designated BGY18 (Section 3.2.1). In a third 

transformation the vector pPEX7 was transformed into FY833::pRS313[l-Scel], This
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transformation was repeated twice, on both occasions only slow growing petite 

colonies were observed on the SC-His-Leu selective medium (see Discussion).

The second - gene conversion - control strain was constructed by transforming 

yeast strain BDY5 with the vector pYES2[I-*SceI] or pYES2 only (Section 3.3.15c). 

Once again, the presence of both vectors was confirmed by PCR screening, each 

vector producing the expected sized band, as given above. Strain BDY5 containing 

pYES2[I-*SceI] was designated BGY15 (Section 3.2.1). Strain BDY5 containing 

pYES2 only was designated BGY16 (Section 3.2.1). The nature of these 'gene 

conversion' control strains is discussed further in Section 3.5.1.
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3.5 DISCUSSION

3.5.1 Generation of experimental strains for the analysis of molecular evolution 

by gene conversion

A) Construction o f experimental strains

The disruption cassette for the incorporation of the OR17-40 ORF at the LEU2 locus, 

and an integrating vector for the incorporation of the OR17-228 ORF at the HML 

locus, were both successfully made using routine recombinant methods. Similar 

strategies, involving counter-selection of a URA3 marker, were successfully employed 

to leave both odorant receptor sequences integrated at their respective loci. Correct 

integration was confirmed by PCR screening of the novel joints created at either locus, 

and by DNA sequencing. Four mutations were noted in the OR17-40 sequence 

(Table 3.13) and five in the OR17-228 sequence (Table 3.14), resulting in a slight 

increase (0.4%) in overall homology between the two sequences. The viability of the 

\-Sce\ sites at the new acceptor and donor loci was demonstrated, in each case, by 

successful digestions with \-Scel enzyme.

The first method attempted to integrate the OR17-228 ORF at the HML locus, 

direct gene replacement (Section 3.4.6), was unsuccessful. In this strategy a 

previously integrated URA3 gene at the HML locus (in strain BGY3) was to be 

removed by a second transformation experiment, followed by selection on 5-FOA 

medium. It is unclear why this approach did not work. Possibilities include low 

transformation efficiency (or gene targeting efficiency) or insufficient pre-incubation 

of cells (to allow expression of a Ura' phenotype) prior to plating on 5-FOA medium. 

It was expected that strain BGY3, when grown on medium lacking uracil, should 

exhibit temperature dependent growth (due to the sir4-9 mutation; Section 3.3.3). 

Evidence of such temperature dependent growth was investigated using the closely 

related strain BGY4, but was not observed (Section 3 .4.4). An increase in the distance 

between the E  and I  elements at HML can result in a lessening of SIR regulation 

(Schnell and Rine, 1986), however, in this instance, the introduced URA3 gene 

resulted in the distance between the two silencing elements being reduced (by 

approximately 1.5 k.b.p.), thus ruling out this effect. A likely explanation for the 

absence of a temperature dependant growth effect, is that the onset of repression at 

HML (at the permissive temperature; 24°C), was prevented by the locus being
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maintained in a transcriptionally active (unrepressed) state, due to strong induction (in 

the absence of uracil) of the URA 3 gene at the locus.

Although the effect of the sir4-9 mutation was not apparent for URA 3 at HML, 

during the construction of the Gal+ experimental strain (discussed below) its effect 

was observed; where certain colonies showing a haploid phenotype at 24°C 

(producing a 'halo' on the mating-type tester plate), appeared as diploids at 34°C (no 

'halo'). The more pronounced effect may reflect better regulation (silenced/unsilenced 

state) of the native HML and HMR loci, or the nature of the effect being observed, i.e. 

whereas the URA 3 gene is normally regulated as part of a metabolic pathway (and was 

maintained in an induced state, as described above) the mating-type genes were 

responding to changing levels of their natural regulator: al/a2 protein

formation (Section 1.1.1).

In order to convert the experimental strain to a His+ phenotype, strain BGY6 

was transformed with a linear fragment containing the HIS3 gene. This strategy was 

successful, resulting in numerous His+ colonies, one of which was selected for the 

next step in the construction of the experimental strain. However, whilst being 

relatively simple to implement, this strategy is untidy in its outcome, in that the nature 

of the integration event cannot be easily determined. But it seems highly probable 

that the fragment would have been targeted to the intended his3-532 locus of strain 

BGY6.

A Gal+ experimental strain (BGY8) was successfully created by mating strain 

BGY7 with strain INVSC2, followed by sporulation and analysis (Section 3.4.10). 

Although the effect of the sir4-9 allele had been revealed during the mating-type 

analysis (above), for the newly created experimental strain it was not possible to 

determine if the allele was present. Because of this uncertainty it was necessary to 

induce the experimental strains at the lower temperature of 24°C, to ensure silencing 

at the donor locus.

The galactose inducible nature of strain BGY8 was investigated by means of a 

p-galactosidase assay (Section 3.4.11). The expected range of values for the 

P-galactosidase activity is unknown. However, the assay was performed with the aim 

of comparing the newly created Gal+ strain with the known galactose inducible strain 

FY10. The Gal' parent strain (BGY7) was also compared. The assay itself was found 

to be more qualitative than quantitative in nature, and originally quite subjective in the
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determination of the 'end-point' (defined as the time when the assay turns bright 

yellow). To remove this uncertainty each assay was stopped after a pre-determined 

amount of time (1 min 30 s). The highest activity, 0.25 - 0.27 ml^min'1 was seen for 

the strain FY10Z (Table 3.16). P-galactosidase activity, although lower, 

0.16 - 0.20 ml’1 min'1, was also demonstrated for the new Gal+ strain, BGY8Z. 

Seemingly, activity in the same range was also shown for BGY7Z, 

0.19 - 0.20 ml'1 min'1, however, this result may not be an accurate indicator, as the 

cells for this assay were recovered in a different fashion to the two other strains; thus 

for FY10Z and BGY8Z approximately 250 pi from the 10 ml induction culture was, in 

each case, sufficient to provide the required number of cells for the assay, whereas for 

BGY7Z it was necessary to centrifuge the entire induction culture (10 ml) to collect 

the required number of cells, i.e. BGY7Z exhibited no growth in galactose medium. 

Because of this clear difference in growth between BGY7Z and BGY8Z, and the 

demonstrated p-galactosidase activity shown by the BGY8Z cells, it was deemed 

satisfactory to proceed using strain BGY8 as the galactose inducible experimental 

strain.

A PMS1A derivative of the experimental strain was successfully created using 

the pop-in/pop-out gene replacement strategy (Section 3.3.3). The strain thus 

constructed, BGY10, was found to grow approximately 3 times slower than its 

parental strain, BGY8. When grown on solid medium a large variety of colony sizes 

was observed. The aberrant growth of BGY10 is most likely due to an accumulation 

of harmful mutations, as a result of the PMS1 gene knock-out, which has been shown 

to have a mutator phenotype (Kramer et al., 1989).

Strains BGY8 and BGY10 were transformed with the l-Scel expression vector 

pYES2[I-£ceI], creating the completed experimental strains BGY11 and BGY12, 

respectively.

B) Construction o f control strain BGY15

Strain BGY15, the control strain for the gene conversion process (no donor locus 

present), was created by transforming strain BDY5 (an FY-based strain) with 

the vector pYES2[I-,SceI]. Although BGY15 contains the desired attributes 

(Section 3.3.11), it would have been preferable to have constructed the strain using a 

JRY50 based derivative (as for the experimental strains) to allow a more valid 

comparison to be made [the order in which the experimental strains were constructed
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was prohibitive to this task]. However, strain BGY15 is a satisfactory control strain 

for the preliminary experiment reported.

3.5.2 Conclusions

The strain required for the gene conversion experiments, containing the model system 

shown in Figure 1.19, was successfully made (strain BGY11). A mismatch repair 

defective derivative of this strain, containing a deletion of the PMSI open reading 

frame, was also successfully made (strain BGY12). Additionally, two 'vector-only' 

control strains for BGY11 and BGY12, namely BGY13 and BGY14, respectively, 

were also successfully made. Also described in this chapter is the construction of two 

types of control strains, for looking at various aspects of the experimental reaction: the 

'vector control' strain BGY17 (and its 'vector-only' partner, BGY18); and the 'gene 

conversion' control strain BGY15 (and its 'vector-only' partner, BGY16).

The experiments performed with each of the strains constructed are described 

in the next chapter.
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CHAPTER 4

DIRECTED MOLECULAR EVOLUTION BY 

GENE CONVERSION: INDUCTION OF 

EXPERIMENTAL AND CONTROL STRAINS

4.1 INTRODUCTION

This chapter describes the experiments performed with each of the strains - 

experimental and control - constructed in the previous chapter. A brief description of 

the experiments to be carried out is given below. The experimental protocol, for each 

experiment, is described in detail in the Methods section.

Experimental strains

Naturally, the aim of the experiment using the experimental strains is to demonstrate 

gene conversion at the acceptor locus, as described in the experimental strategy 

(Section 1.3). In this first experiment, gene conversion events are monitored by loss 

of a restriction site, HindSR, that is unique to the acceptor locus (the arrangement of 

the donor and acceptor loci is shown in Figure 1.19). The HindUl site is convenient as 

it lies towards the 3-end of the OR17-40 ORF (146 b.p. upstream from the 

termination codon) and is thus likely to be lost early on in the 'shuffling' process. The 

presence or absence of the Hindlll restriction site following induction will be 

monitored by amplifying the acceptor locus by PCR, followed by restriction digest 

and analysis of the fragments produced by agarose gel electrophoresis.

Two principal experimental strains were constructed, BGY11 and BGY12, 

also constructed were 'vector-only' controls for both of these strains, BGY13 and 

BGY14. In the experiment described, only the principal experimental strain, BGY11 

and its mismatch repair deficient derivative, BGY12 are used. For both strains
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induction of shuffling is by 24 h growth in galactose medium (for both strains a 

control experiment is performed where induction is performed in glucose medium 

instead of galactose).

Control strains

’Vector c o n t r o l The experiment using the 'vector control' strain BGY17 (and its 

'vector-only' counterpart, BGY18) is designed to show l-Scel activity by means of a 

vector-loss assay: induction of the endonuclease, by 24 h growth in galactose

containing medium, should result in cleavage of the vector - pRS313 [l-Scel] - 

containing the \-Sce\ recognition site. Subsequent loss of the vector (containing the 

HIS3 auxotrophic marker) will be followed by the resulting growth deficiency on 

selective growth medium (for both strains a control experiment is performed were 

induction is carried out in glucose containing medium instead of galactose). The 

experiment is described following induction in liquid medium and on solid medium. 

Possible repair events following induction, e.g. non-homologous end-joining, are 

monitored by PCR screening (selected colonies).

'Gene conversion' control. The second control experiment, using the 'gene 

conversion' control strain BGY15 (and its 'vector-only' counterpart, BGY16) is 

designed to look at the kinetics of l-Scel induced chromosomal double-strand 

cleavage. It is expected that a double-strand breakage, where no chromosomal 

homologue exists for repair, should result in a reduction in cell viability with time 

(Fairhead and Dujon, 1993). Induction is performed in galactose medium, and in 

glucose medium as a control. At various time points following induction (see 

Methods), cells are plated onto complete medium (glucose) in order to determine 

plating efficiency. In a second experiment, cells are plated onto complete medium 

containing galactose, again in order to look at plating efficiency. The cells for the 

second experiment are taken (at two time points) from the glucose induced control 

cultures for the first experiment. As for the 'vector control' experiment (above), 

possible repair events in the induced cells are monitored by PCR screening (selected 

colonies).

The experiments described above, for both the experimental and control 

strains, represent the initial experiments performed with each of the strains 

constructed (see Discussion).
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4.2 METHODS: INDUCTION OF EXPERIMENTAL AND

CONTROL STRAINS

4.2.1 Induction of experimental strains

A single colony of the experimental strain (experiment was performed with strains 

BGYI1 and BGY12; Section 3.2.1) was picked from an SC-Ura plate (2% glucose) 

into 1 ml of SC-Ura (2% raffinose) and grown for 24 hours at 24°C [this induction 

temperature was a result of the unknown nature of the sir4-9 allele; see Discussion], 

with shaking at 250 r.p.m. The cells were washed twice with 1 ml of water and 

resuspended in 1 ml of water. l-Scel endonuclease production was then induced by 

inoculating 10 ml of fresh liquid SC-Ura (2% galactose) medium with 5 x 107 

resuspended cells and incubating for 24 hours at 24°C, with shaking at 250 r.p.m. 

After this induction period, approximately 300 cells were spread on a YPD plate 

which was then incubated for 3 days at 24°C. A control experiment in which 5 x 107 

resuspended cells were transferred to fresh liquid SC-Ura (2% glucose), medium 

instead of SC-Ura (2% galactose), with subsequent growth of cells on a YPD plate, 

was also performed.

Selected colonies (see Results) were chosen for analysis. From those colonies 

the acceptor loci were amplified via Expand™ PCRs (Section 2.2.12b) using the 

primers Leu2PF3/Leu2TB3 (Table 5.4). The cycling parameters for the reaction was: 

[94°C, 5 min; (94°C, 15 s; 50°C, 30 s; 72°C, 2 min) x 10; (94°C, 15 s; 50°C, 30 s; 

72°C, 2 min + 5 s/cycle) x 22; 72°C, 5 min], PCR products were analysed by agarose 

gel electrophoresis (Section 2.2.4) then purified using the Wizard™ PCR Preps DNA 

Purification Kit (Section 2.2.4c). Cleaned PCR fragments (~0.1 pg) were then 

digested (Section 2.2.14) with HindlH (10 units), at 37°C for 4 hours. Digested 

fragments were analysed by agarose gel electrophoresis (Section 2.2.4).

4.2.2 Induction of control strains

A) Vector loss experiment

A single colony of BGY17 (Section 3.2.1, also performed with BGY18) was picked 

from an SC-Ura-His plate (2% glucose) into 1 ml of SC-Ura-His (2% raffinose) and 

grown for 24 hours at 30°C, with shaking at 800 r.p.m. The cells were washed twice
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with 1 ml of water and resuspended in 1 ml of water. l-Scel endonuclease production 

was then induced by inoculating 10 ml of fresh liquid SC-Ura (2% galactose) medium 

with 5 x 107 resuspended cells and incubating for 24 hours at 30°C, with shaking at 

250 r.p.m. After this induction period, approximately 300 cells were spread on a 

SC-Ura (2% glucose) plate which was then incubated for 3 days at 30°C. Vector loss 

was determined by picking the resultant colonies (100) onto SC-Ura-His (2% glucose) 

medium. The transferred colonies were incubated at 30°C for 2 days and inspected 

for growth. A control experiment in which 5 x 107 resuspended cells were transferred 

to fresh liquid SC-Ura-His (2% glucose) medium instead of SC-Ura-His 

(2% galactose), with subsequent growth of cells on a SC-Ura (2% glucose) plate and 

transfer of a 100 colonies to an SC-Ura-His (2% glucose) plate, was also performed.

The above experiment was also performed where the liquid induction of the 

cells was substituted for induction on solid medium. Hence, -300 resuspended cells 

(as above) were inoculated onto a SC-Ura (2% galactose) plate and incubated at 30°C 

for 3 days. Resultant colonies were then picked onto SC-Ura-His (2% glucose) 

medium, as above. As for the liquid induction, a control induction was performed 

where the resuspended cells were inoculated onto a SC-Ura (2% glucose) plate, 

instead of a SC-Ura (2% galactose) plate, with subsequent transfer of cells onto 

SC-Ura-His (2% glucose) medium, as above.

Selected colonies (see Results) were chosen for analysis. From those colonies 

vector sequences (containing the l-Scel recognition site) were amplified via Taq PCRs 

(Section 2.2.12b) using the primers T7/M13 (Table 5.2). The cycling parameters for 

the reaction was: [94°C, 5 min; (94°C, 30 s; 48°C, 30 s; 72°C, 1 min 30 s) x 30]. 

PCR products were analysed by agarose gel electrophoresis (Section 2.2.4) then 

purified using the Wizard™ PCR Preps DNA Purification Kit (Section 2.2.4c). 

Cleaned PCR fragments (-0.1 pg) were then digested (Section 2.2.14) with l-Scel 

(5 units), at 37°C for 2 hours. Digested fragments were analysed by agarose gel 

electrophoresis (Section 2.2.4).

B) Reduction in viability following a chromosomal DSB

A single colony of BGY15 (Section 3.2.1; also performed with BGY16) was picked 

from an SC-Ura plate (2% glucose) into 1 ml of SC-Ura (2% raffinose) and grown for 

24 hours at 30°C, with shaking at 800 r.p.m. The cells were washed, and l-Scel
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expression induced as described above (Section 4.2.1). At time intervals of 2, 3, 4, 6, 

8, 10 and 24 hours, approximately 300 cells (Section 2.2.11) from the induction 

culture were inoculated onto two YPD plates (Section 2.2.7), and grown for 3 days at 

30°C. A control experiment in which the resuspended cells were transferred to fresh 

liquid SC-Ura (2% glucose), medium instead of SC-Ura (2% galactose), with 

subsequent plating onto YPD medium (at the above time intervals) was also 

performed. For the control assay, at the 10 and 24 hour time points, approximately 

300 cell were also plated onto YPG medium (Section 3.3.1 le).

Selected colonies (see Results) were chosen for PCR analysis. From those 

colonies the acceptor locus (although there is no donor locus in this strain) was 

amplified and purified as described above (Section 4.2.1). The cleaned PCR products 

were then digested with \-Sce\, as described above (Section 4.2.2a).
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4.3 RESULTS: INDUCTION O F EXPERIM ENTAL AND

CONTROL STRAINS

4.3.1 Induction of experimental strains

The experimental strains BGY11 and BGY12 were induced as described in 

Section 4.2 1 The acceptor locus from 5 galactose and 5 glucose induced colonies 

(for each strain) growing on YPD medium were amplified and analysed by agarose 

gel electrophoresis Each colony produced a band of the expected size: 1847 b p 

The PCR products were purified, then digested with the restriction enzyme HindlW to 

look for evidence of gene conversion (loss o f  the restriction site). Each sample, for 

both strains and both induction conditions (galactose/glucose), produced the digest 

fragments corresponding to the presence of the HindWl site, i.e. no evidence of gene 

conversion at the Hin<\\\\ site was observed. The acceptor loci amplified from BGY11 

colonies, and the fragments obtained following Hin<\\\\ digestion of the amplified 

fragments, are shown in Figure 4.1. The same pattern was observed for BGY12.

1 2 3 4 5 6 7 8 91011121314 1 2 3 4 5 6  7 8 9  1011121314

■3,000 b.p. 
•1,650 b.p.

■1,000 b.p.

Figure 4.1 1% agarose gel showing screening bands for the induced experimental strain BGY11. The 

bands at 1847 b.p. in the LHS gel represent the acceptor loci amplified from 5 galactose induced 

BGY11 colonies. Next to each acceptor locus band are the expected bands (1207 b.p and 640 b.p.) 

obtained following HindUL digestion of each fragment The RHS gel shows the same PCR screen and 

subsequent HindlU digestion for 5 glucose induced BGY11 colonies. Lanes 1 and 14 (both gels), the 

1 k b.p. DNA marker (Figure 2.1). [Bands in lanes 12 and 13 (RHS gel) represent controls for the PCR 

amplification].
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4.3.2 Induction of control strains

A) Vector loss experiment

The control strains BGY17 and BGY18 were induced as described in Section 4.2.2a. 

For each strain 100 galactose and 100 glucose induced colonies were picked onto 

SC-Ura-His selective medium and inspected for growth Induction was performed on 

both liquid medium and solid medium The percentage of colonies growing for each 

experiment is shown in Table 4.1; discussed in Section 4 4.1.

Strain Galactose (liquid) Glucose (liquid) Galactose (solid) Glucose(solid)

BGY17 50% 61% 76% 71%

BGY18 93% 85% 92% 93%

Table 4.1 The percentage of colonies growing on SC-Ura-His selective medium following induction in 

liquid and on solid medium Each figure represents the combined results of two experiments

Figure 4.2 1% agarose gel showing screening bands for the induced control strain BGY17 The bands 

at 1242 b.p. in the LHS gel represent the vector sequence amplified from 5 solid (galactose) induced 

BGY 17 colonies. Next to each band is the expected fragment (1107 b.p.) obtained following I -Seel 

digestion (the smaller 135 b.p. digests fragment is not observed). [Bands in lanes 12 and 13 represent a 

control l-Scel digestion of known DNA], The RHS gel shows the same PCR screen and subsequent I- 

SceI digestion for 5 solid (glucose) induced BGY17 colonies. Lanes 1 and 14 (LHS gel) and 1 and 12 

(RHS gel), the 1 k.b.p. DNA marker (Figure 2.1).

1 2 3 4 5 6 7 8 910 111213 14 1 2 3 4  5 6 7 8 9  101112

<*-3,000 b.p. 
<*-1,650 b.p. 
<*-1,000 b.p.
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Five BGY17 colonies growing on the SC-Ura-His selective medium, from 

each of the induction procedures (liquid galactose/glucose, solid galactose/glucose), 

were analysed for evidence of vector repair (change in expected PCR product/loss of 

l-Scel recognition site). Vector sequences were amplified by PCR and analysed by 

agarose gel electrophoresis. Each colony produced a band of 1242 b.p., corresponding 

to the original, unmodified, vector sequence. The PCR products were purified and the 

l-Scel recognition site checked by digestion. The expected digestion bands (following 

cleavage at an intact l-Scel site) were observed for each sample. Figure 4.2 shows the 

amplified vector sequences from the five solid (galactose) and five solid (glucose) 

induced BGY17 colonies, and the fragments obtained following l-Scel digestion. The 

same pattern was observed for the liquid induced colonies.

B) Reduction in viability following a chromosomal DSB

The control strains BGY15 and BGY16 were induced as described in Section 4.2.2b. 

At each time point approximately 300 cells were transferred from the induction 

medium (glucose and galactose induction done for both strains) and inoculated onto 

two YPD plates, where they were incubated at 30°C for 3 days. The plates were then 

inspected for colony formation. At every time point, for both strains, and both 

induction conditions (galactose/glucose), the same number of colonies were observed 

growing on each YPD plate; no reduction in cell viability was observed. Five 

galactose and 5 glucose, 24 hour induced BGY 15 colonies were screened for evidence 

of repair at the acceptor locus (change in expected PCR product/loss of l-Scel 

recognition site). The acceptor loci were amplified by PCR and analysed by agarose 

gel electrophoresis. Each colony produced a band of 2036 b.p., corresponding to an 

unmodified acceptor locus. The PCR products were purified and the l-Scel recognition 

site checked by digestion. The expected digestion bands (following cleavage at an 

intact l-Scel site) were observed for each sample. Figure 4.3 shows the acceptor loci 

fragments amplified from 24 hour galactose induced BGY15 colonies, and the 

fragments obtained following l-Scel digestion. The same pattern was observed for the 

24 hours glucose induced colonies.
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1 2 3 4 5 6 7 8 9 1011 12

3.000 b.p. 

1,650 b.p.

1.000 b.p.

Figure 4.3 1% agarose gel showing the screening bands obtained from the induced control strain 

BGY 15. Bands at 2036 b.p. represent the acceptor loci amplified from 24 hour galactose induced 

BGY 15 colonies. Next to each band are the expected fragments (540 b.p. and 1496 b.p.) obtained 

following I-Scel digestion. Lanes 1 and 12, 1 k b.p. DNA marker (Figure 2.1).

Cells grown in glucose induction medium (as well as being inoculated onto 

YPD plates, above) were also inoculated onto galactose containing YPG plates 

(300 cell/plate), in order to look for a reduction in viability Plating onto YPG 

medium was performed at two (convenient) time points, 10 and 24 hours. Plated cells 

were incubated at 30°C for 5 days, and the number of colonies determined The 

results are presented in Table 4.2; discussed in Section 4 4.1.

Strain Galactose (solid) Glucose (solid)

BGY 15 10 hours 160 316

24 hours 140 269

BGY16 10 hours 221 283

24 hours 252 287

Table 4.2 The number of colonies of BGY 15 and BGY 16 growing on galactose and glucose 

containing solid medium. The expected number of colonies per plate is 300. Each number represents 

the average number of colonies from two plates

The acceptor locus from five BGY 15 colonies growing on a YPG plate and 

from five growing on a YPD plate were analysed by PCR, with subsequent digestion 

of the amplified fragments with \-Sce\ As for the 24 hour liquid induced BGY 15

146



Chapter 4 - Induction of experimental and control strains

colonies (above), no differences were observed in the size of the fragments amplified 

from the colonies grown on galactose containing medium compared with those grown 

on glucose containing medium. Each colony producing a band of 2036 b.p. Digestion 

revealed the l-Scel site to be intact in the amplified fragments. The same pattern of 

amplified fragments and digestion products as shown for 24 hour liquid induced 

BGY15 colonies (Figure 4.3), was again observed.

The results presented above for both the experimental and the control strains 

are discussed in the next Section.
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4.4 DISCUSSION

4.4.1 Induction of experimental and control strains

The experimental strains BGY11 and BGY12 were induced for l-Scel expression by 

growth in liquid galactose-containing medium for 24 hours. The induced cells were 

then grown on YPD medium and evidence of gene conversion events determined by 

PCR screening and restriction digestion (Section 4.3.1). Five galactose and five 

glucose induced colonies were screened for both strains. Disappointingly, no 

differences were observed between the cells grown in either medium; for both strains 

the Hin&lll restriction site remained intact, indicating that the intended gene 

conversion reaction had not taken place.

It seems likely, however, that failure of either of the experimental strains to 

perform the intended reaction is not due (in this instance) to a flaw in the 

experimental strategy, but rather due to failure of one of the components of the 

experimental system, namely l-Scel expression, as demonstrated by both control 

experiments (below).

In the first control experiment, evidence of vector cleavage following l-Scel 

expression was examined, with induction performed in liquid and on solid medium 

(Section 4.3 .2a). In the second control experiment, cleavage of a chromosomal l-Scel 

site was examined, again induction was performed on solid and in liquid medium 

(Section 4.3.2b). For both experiments, growth analysis (Table 4.1, 4.2 and 

Section 4.3.2b) revealed no (significant) difference between galactose and glucose 

induced cells (or between the second set of control strains carrying the pYES2 only 

vector). Further, PCR screening of selected colonies (both experiments) revealed the 

l-Scel recognition site to be intact, and there to be no change in the expected PCR 

product, i.e. no evidence of repair (vector or chromosome). This strongly indicated 

that l-Scel expression from the constructed expression vector, pYES2[I-iSceI], was not 

occurring as intended.

It would have been particularly useful to have been able to perform either of 

the control experiments using the original l-Scel expression vector, pPEX7. Several 

attempts were made to construct a Vector control' strain using pPEX7, where the 

vector was transformed into FY833::pRS313[I-Scel] with subsequent selection on 

SC-His-Leu medium (Section 3.3.16b). On every occasion no viable colonies were 

produced (pPEX7 was also transformed into FY833 only, with selection on SC-Leu

148



Chapter 4 - Induction o f experimental and control strains

medium, with the same result). It is unclear why these transformations failed. 

Possibly pPEX7 (carrying the LEU2d marker) failed to complement the leu2Al allele 

found in FY833 [although this explanation is inconsistent with the observations of 

Fairhead and Dujon (1993), where pPEX7 was successfully used in another FY-strain, 

FY23, carrying the same leu2Al allele]. No attempt was made to transform pPEX7 

into an alternative strain (discussed in Chapter 6).

Future work

Naturally, the immediate aim of any future work must be to establish whether poor 

endonuclease expression from vector pYES2[I-^ceI] (upon galactose induction) is the 

cause of the unsatisfactory results reported. For the experimental strategy to succeed 

it is imperative that l-Scel be expressed correctly and in a tightly controlled manner. 

A potential first step in this investigation would be to look at the expression profile by 

means of a Northern blot.

4.4.2 Conclusions
The results presented in Section 4.3 represent the initial experiments performed with 

each of the strains constructed (experimental and control). A great deal more work is 

needed, firstly to rectify the immediate problem of poor l-Scel expression, then later 

to investigate the ability of the experimental systems to perform the intended gene 

shuffling reaction. The limited nature of the results to date, and a general perspective 

on the construction of the experimental strains, is discussed in Chapter 6.
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CHAPTER 5

TOWARDS A CRE-BASED RECOMBINATION SYSTEM 

FOR GENERATING INTEGRATED DNA REPERTOIRES 

SITE-SPECIFICALLY IN YEAST

5.1 INTRODUCTION

The Crq- I o x  recombination system is a recent addition to the ever expanding tool-box 

of the molecular biologist, allowing site-directed recombination to be induced in vitro, 

or in vivo, in a variety of organisms.

The system has been used in yeast to delete genes and to epitope tag them. It 

has also been used to integrate - via a single cross-over - exogenous DNA elements 

into the yeast genome. As will be seen, a drawback of the last application is that 

plasmid DNA is cointegrated with the exogenous element. The aim of the work 

presented in this chapter is to investigate the efficiency of a more precise 

Cre-mediated integration reaction, one based on a double recombination event 

(described in detail later). It is envisaged that the double cross-over reaction will 

allow exogenous DNA elements to be integrated site-specifically into the yeast 

genome with greater efficiency than is possible with current gene replacement 

methods (discussed later).

A brief review of the Cre-lox recombination system is given below. This is 

followed by details of the overall experimental strategy.

5.1.1 The Cre-lox site-specific recombination system

The site specific recombination system of bacteriophage PI was first characterised in 

1981 by N. Sternberg and D. Hamilton (Sternberg and Hamilton, 1981). A 6.5 k b.p. 

EcoRl fragment (designated as fragment 7) of PI DNA was cloned into a X vector. 

This fragment was shown to efficiently reassort X markers flanking the fragment in
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bacteria lacking recA and recBC functions The study identified two components 

necessary for this recombination activity, a site called loxP (for locus of crossing-over 

(x), P I), and a trans-acting function called ere (for causes recombination). The loxP 

site and the ere gene were found to be confined to separate, but adjacent regions 

within a 3 k.b.p segments of the EcoRl-1 DNA fragment In a second paper 

(Sternberg et a/., 1981), the efficiency of recombination between a A,-P1 hybrid phage 

(?cPl:7) and the bacterial chromosome was investigated. It was found that integrative 

recombination between X-?\J(loxP) DNA and the bacterial chromosome (at a site 

called loxB) resulted in an integrated X prophage, flanked by two hybrid lox sites: loxL 

and loxR (Figure 5 .1). The recombination potential o f all four sites (P,L,R and B ) was 

determined. The crosses revealed PxB , LxR  and PxR  to be inefficient in 

recombination, whilst LxL  and PxL  were as efficient as PxP  recombination. The 

recombination frequency between the loxP and loxB sites was found to be very low, 

this suggested that prophage formation did not play a significant role in the life 

cycle o f PI.

loxP )  hybrid phage
A,P1:7

loxB

Crc

bacterial
chromosome

—o
11loxL | ▼ loxR

integrated 
prophage

hybrid lox sites

Figure 5.1 Integrative recombination between the hybrid phage X.P1:7 and the bacterial chromosome.

Thus, unlike other phage (such as >.) the recombination machinery o f PI is not 

required for integration into the genome of its host (E. coli). Instead, the virus exists 

as a circular DNA molecule maintained at one to two copies per cell (Ikeda and 

Tomizawa, 1968). Sternberg et al. (1981), showed that loxP recombination could 

promote (but was not required for) circularization of injected DNA. However, the 

primary role of the recombination system in PI was demonstrated to be in the stable 

maintenance of the PI plasmid during replication, pairs of homologous DNA
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molecules are created, between which recombination can occur by exchange o f sister 

DNA strands. The consequences of such a reciprocal recombination event for a unit 

copy replicon, such as PI, is the formation of a replicon dimer. A single dimer in a 

cell about to divide cannot be partitioned before cell division, resulting in one 

daughter cell that lacks the plasmid. In E. coli cells that harbour PI, fewer than one in 

104 cell divisions produces a cured cell Austin et al. (1981), showed that this fidelity 

was due to the C tq-IoxP  recombination system. The system promotes rapid 

recombination between two loxP sites on dimer molecules, resolving them into 

monomeric substrates for proper partition. It was found that intramolecular 

recombination was more efficient than the intermolecular event, promoting dimer 

breakdown faster than dimer production. This difference in efficiency between the 

two recombination reactions has also been noted in vitro (Abremski and Hoess, 1984).

The sequence of the loxP site (also the loxB, loxL and loxR sites) was 

determined by Hoess et a l  (1982). The 34 b.p. site is composed of two perfect 13 b p 

inverted repeats, separated by an asymmetric 8 b p spacer region (Figure 5.2). The 

loxB site was found to be an imperfect version of this site, having 65% homology to 

the loxP site within the inverted repeats, and 50% homology in the spacer region. The 

main difference was the addition of an extra residue in the spacer region, making 

it 9 b.p. long (Figure 5.2).

ATAACTTCGTATAN
TATTGAAGCATAT/

^ -ill
ATGTATGC
TACATACG

T

TATACGAAGTTAT 
.ATATGCT TCAATA loxP

ATCGCTTCGGATAXACTTCCTGT 
TAGCGAAGCCTAT/ TGAAGGACA

TATCCGAAACATA
.ATAGGCTTTGTAT loxB

Figure 5.2 DNA sequences of the loxP and loxB sites. The inverted repeats are enclosed within the 

large arrow's and separated by the spacer region. The points at which Cre cleaves the loxP site during 

recombination are denoted by the small vertical arrows. The positions of the bases with respect to the 

axis of dyad symmetry are numbered. Differences between the two sites are highlighted in bold.

Analysis of the loxL and loxR sites (formed by loxPxloxB recombination), 

revealed that the sites were, as expected, hybrids of loxP and loxB. An important
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observation was that the cross-over point was within the spacer region (although 

undefined at this point). The differences noted in the recombination potential of the 

four sites (discussed above), was attributed to differences in the spacer region: loxL, 

having an 8 b.p. spacer like loxP, is proficient in recombination, whilst loxB and loxR, 

both containing a 9 b.p. spacer, are inefficient. By cloning the loxP site into a plasmid 

and constructing a series of deletion mutants, it was shown that all the information 

required for efficient Cre mediated recombination was located within a 63 b.p. 

sequence (+23 to -40; numbering as Figure 5.2) that flank the region of dyad 

symmetry. However, by means of a nuclease protection assay, it was later shown by 

Hoess and Abremski (1984) that only the 34 b.p. Cre recognition site was required. 

This study also revealed that the lox sites serve as a DNA binding domain for Cre 

proteins, each inverted repeat, and 4 b.p. of the contiguous adjoining spacer region, 

being bound (and protected from nuclease degradation) by Cre. The absolute 

stoichiometry was confirmed to be one molecule of Cre bound per inverted repeat in a 

later study by Mach et al. (1992).

Comparison of the DNA sequence of the loxP site (above) with the recognition 

site of other site-specific recombinases reveals an evolutionary relationship. The FRT 

site, recognised by the yeast 2-pm FLP recombinase, has an identical organisation to 

that of loxP, i.e. two 13 b.p. repeats (homologous to those of loxP), separated by an 

8 b.p. spacer region (Senecof et a l, 1985). Homology is also seen (to a lesser extent) 

between the inverted repeat of loxP and the att site of the X integrase.

The Cre recombinase gene was isolated by Sternberg et a l (1986). Using the 

EcoRl-7 DNA fragment from the original study (the fragment shown to reassort 

markers in a X vector), a series of deletion mutants were created and screened for Cre 

activity. As a result, a 1.1 k.b.p. DNA sequence was localised which encoded a 

343 amino acid (38 kDa) protein.

The requirements of the C tq-Iox system have been shown to be very simple 

(Abremski et a l, 1983). Requiring only the Cre protein, Mg2+, and no other cofactors, 

the system can successfully catalyse recombination in vitro. Furthermore, the 

conformation of the DNA substrate containing the lox site is not important; 

recombination occurs in vitro between lox sites on supercoiled, nicked circular or 

linear DNA molecules. In addition, the intramolecular loxPxloxP reaction occurs 

efficiently regardless of the orientation of the two sites relative to one another.
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Figure 5.3a Mechanism of the Cre-loxP recombination reaction. Two Cre molecules bind to loxP sites 

which then associate to fonn a recombination synapse (1). Tyr-324 cleaves each substrate to form a 

covalent 3'-phosphotyrosine intermediate in an antiparallel arrangement (2). (Cleavage of the 

substrates could precede synapsis.) The 5'-hydroxyl groups released by cleavage of the phosphodiester 

linkages become nucleophiles in a strand transfer reaction, in which they attach the phosphotyrosines of 

the partner substrates, yielding a Holliday-junction intermediate (3). A second round of cleavage and 

strand exchange reactions gives recombinant products (4). The reaction intermediate shown in 2 

represents the Cre-/ox4 synapse structure crystallised by Guo et al. (1997). Diagram reproduced from 

the latter study

Sequence analysis of the loxL and loxR sites (generated upon integration of PI 

into the loxB site of E. coli) had shown that the cross-over point during recombination 

was located somewhere within the 8 b.p spacer region. The exact position of 

cleavage and strand exchange during recombination was determined by Hoess and 

Abremski (1985). By systematically replacing the phosphates in the DNA backbone
TOof the spacer region with P, and studying the products formed by recombination 

between a labelled and an unlabeled loxP site, the point of strand exchange during 

recombination was located (this was shown to coincide with the bond cleaved). It was 

found that Cre makes a 6 b.p. staggered cut within the loxP spacer during
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recombination (Figure 5.2), resulting in a 5' protruding terminus. It was also shown 

that during strand exchange Cre becomes covalently attached to its DNA substrate via 

a phosphate, producing a free 5'OH. The nature of the covalent intermediate was 

revealed by Guo et al. (1997), who determined the three dimensional crystal structure 

(2.4 A resolution) of the Cre protein bound to a loxP site In this elegant study a 

'suicide' loxP substrate (termed loxA) was used that halted the recombination reaction 

after strand cleavage, allowing an intermediate in the recombination reaction to be 

observed. The crystal structure of the trapped recombination complex revealed that 

four recombinases, and two loxP sites, form an antiparallel synapsed structure 

Within this structure the DNA resembles a four-way Holliday-junction intermediate 

The covalent linkage between the Cre protein and its DNA substrate is via a 

3'-phosphotyrosine linkage, formed when a catalytic tyrosine residue (Tyr-324) 

cleaves its DNA substrate The mechanism proposed by Guo et al. for strand 

exchange within the Cre recombination complex, and the modus operandi of the 

suicide loxA substrate are described in Figure 5.3a:b.

b Tyr 324

Cre Cre
03'

5'-TATAACT TCG TATAG ATATGC TATACGAAGTTAT-3'
3'-TAT TGAAGC ATAT CGTATA0G ATATGC T TCAATAT-5'

Figure 5.3b The trapped 3' phosphotyrosine intermediate formed when Cre cleaves the loxA substrate. 

(The loxA substrate was formed by annealing two modular loxP half sites through 4 b.p. 5' overhangs). 

The Cytidine3 residue on the 3' side of the cleaved phosphate is able to diffuse away, eliminating the 

5'-hvdroxyl group that would normally serve as a nucleophile in the subsequent strand exchange step of 

the reaction. Diagram reproduced from Guo et al. (1997).

The catalytic Tyr residue of the Cre protein, and three other residues required 

for catalysis (Arg-His-Arg), are strictly conserved amongst the >60 members o f the 

integrase family of recombinases The members of the family [which includes FLP 

(yeast) and Int (>,)] are characterised by their ability to carry out a complete 

site-specific recombinase reaction between two DNAs in the absence of any cofactors. 

This is achieved through the transient covalent recombinase-DNA linkage, which
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conserves the high energy of the broken phosphodiester bond (Craig, 1988; 

Kwon et al., 1997).

The recombination reaction catalysed by Cre exhibits directionality (Abremski 

et al., 1983; Hoess and Abremski, 1984) When two loxP sites on the same DNA 

molecule are directly repeated, recombination results in the excision of the DNA 

between the sites However, if the sites are in an inverted orientation with respect to 

each other, then upon recombination, the DNA between the sites undergoes inversion 

rather than excision. These events are shown diagrammatically in Figure 5.4.

a 1 M B  raws ZD

I

^  Recombination

b I M i l  M
I

^  Recombination

i ja il =̂=D mm z j

Figure 5.4 Excision and inversion promoted by Cre recombination, a When two lox sites (dark 

rectangles) are directly repeated (arrows), recombination results in excision of the intervening DNA.

b. When the lox sites are in opposite orientation, the intervening DNA element is inverted upon 

recombination (large arrow). Note that during synapsis (middle figures a and b) the lox sites have an 

antiparallel arrangement with respect to each other
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The loxP site is symmetrical except for the 8 b.p. spacer region. How does the 

asymmetry of the spacer region confer directionality on the site? Is the directionality 

achieved by DNA-DNA homology between the two recombining sites? These 

questions were addressed by Hoess et al (1986) who constructed a series of mutant 

loxP sites containing single base pair alterations in the spacer region. Recombination 

analysis in vivo and in vitro revealed that homology was required between 

recombining loxP sites. Mutant sites (with changes at the +2 and +3 positions; 

numbering as Figure 5.2) were shown to recombine efficiently with themselves but 

not with a wild-type site. The study also revealed that the +1 position was critical for 

recombination. If the mutation was at this position, homology was found not to be 

sufficient, abolishing any recombination. The +1 position and its mirror image across 

the dyad axis of symmetry -1, form the dinucleotide TpA. A likely explanation, 

proposed for the role of the +1 site, is that the TpA sequence (which is predisposed to 

melting) is critical for unwinding of the loxP site, either during the pairing or the 

strand exchange step of recombination.

Cre recombinase in eukaryotes

Unlike the genome of prokaryotic cells, which is usually a single circular 

chromosome, the eukaryotic genome is typically larger, composed of multiple linear 

chromosomes, and is structurally more complex. A distinctive eukaryotic feature is 

that the DNA is organised into nucleosomes by intimate association with histones and 

other proteins to form chromatin. The ability of the Cre recombinase to act on a 

eukaryotic genome was first demonstrated by Sauer (1987). A selectable marker 

(LEU2) flanked by loxP sites was integrated into the yeast genome at two locations 

and in different orientations. Cre was induced from a vector under the control of the 

yeast GAL1 promoter. The production of functional Cre was assayed by the 

appearance of leucine auxotrophs, which were shown to arise by excision of the LEU2 

marker. After 24 h induction, 98% of cells in the induced culture had a Leu’ 

phenotype. In a subsequent study, Sauer showed that Cre was also functional (and 

non-toxic) in cells from a higher eukaryote, the mouse, effectively promoting 

recombination between lox sites placed on an introduced vector or between sites 

integrated at a chromosomal locus (Sauer and Henderson, 1988; Sauer and 

Henderson, 1989).
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Because Cre normally acts in bacteria, it is unlikely to have any localisation 

signals to direct it to a eukaryotic nucleus. The functional radius of the nuclear pore 

has been measured to be 45 - 55 A , sufficient to allow the passage of a spherical 

protein as large as 50 - 60 kDa (Barnes and Rine, 1985). Cre has a molecular weight 

of 38 kDa, and its ability to enter the nucleus may therefore be a consequence of 

its size (Sauer, 1987; Le e ta l, 1999).

The ability of the Cre recombinase to function in eukaryotic organisms, 

combined with the overall simplicity of the system, marked the way for its use as a 

tool for genetic analysis and chromosome engineering.

DNA manipulation by site-specific recombination

Applications of the Crq- I o x  system have so far included: the creation of site-directed 

chromosome translocations in plants and mice (Qin et a l , 1994; van Deursen et al,

1995), the engineering of synthetic antibody libraries in phage (Waterhouse et al., 

1993; Tsurushita et al., 1996), recombination activated gene expression (RAGE) in 

mice (Lasko et al., 1992; Sauer, 1993), and the development of efficient multipurpose 

transposons, and disruption cassettes, for repeated gene disruption and epitope tagging 

in yeast (Hoekstra et a l, 1991; Ross-MacDonald et a l, 1997; Gtildener et al., 1996; 

Delneri et al., 2000; Antoni and Gallwitz, 2000).

The examples presented above are based on the excision or rearrangement of 

DNA, caused by Cre induced recombination between chromosomally integrated lox 

sites. The strategy for generating antibody libraries in phage was slightly different, 

being an adaptation of the natural role of the Cre-lox system, whereby it is used to 

resolve a plasmid cointegrate, resulting in a more diverse library. However, of most 

interest to our own work is the use of the Cre-lox system as a means of introducing 

DNA constructs site-specifically into the genome.

Sauer (1996) showed that Cre could carry out such integrative recombination 

in yeast cells. A leu2 auxotrophic strain was engineered to contain a single loxP site 

on chromosome VII, near PDR1 (a permeability regulatory gene). It was shown that 

transformation with a LEU2 targeting vector, bearing a single loxP site (with 

concomitant expression of Cre from a GALl-cre expression vector), resulted in Leu+ 

colonies via site-directed integration of the vector at the PDR1 locus. Integration had 

occurred via a single intermolecular cross-over between the vector borne and 

chromosomal lox sites (Figure 5.5).
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Targeting
vector

A

cre1 L

C/s

Figure 5.5 Cre-mediated site-specific integration of exogenous DNA into the yeast genome via a 

single cross-over event between identical lox sites (filled circle). X: DNA segment for insertion. 

C/s: chromosome. Arrow: nutritional marker gene. e.g. LEU2.

In the same study Sauer also investigated the ability of the Cre recombinase to 

target a cryptic lox site identified in the yeast genome. The lox-like site was located 

upstream of the FAS1 gene (encoding the p subunit of fatty acid synthetase), giving 

the site its name, loxFASl. The site was shown to have 9 b p of identity adjacent to 

the loxP core on one side, and a single mismatch in the 10 b.p. adjacent to the core on 

the other, with the core itself bearing almost no homology to the loxP core The 

targeting vector was modified to contain the loxFASl core (and two functional 

inverted repeats), producing a new site, mock loxFASl (Figure 5.6). Sauer 

demonstrated that Cre targeting of the endogenous FAS1 locus with the mock lox 

vector was only 2-fold less efficient than the loxP vector targeting of an authentic loxP 

site. Furthermore, integration was found to be specific, the presence of the loxP site 

not misdirecting integration of the mock loxFASl plasmid Importantly, this result 

demonstrates the feasibility of constructing heterospecific lox sites that are proficient 

for recombination. Also, as shown by Hoess et a l  (1986) in the prokaryotic system, 

homology appears to be required for efficient recombination between recombining 

sites.
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<  -  - I  < .........- >
loxP 5' ATAACTTCGTATA ATGTATGC TATACGAAGTTAT 3'
loxFASl 5' TTGCCTTCGTATA TACCTTTC TATACCAAGTAAT 3'
mock loxFASl 5’ TA AGCTTC GTATA TACCTTTC TATACGAAGTTGT 3'

Figure 5.6 Sequences of the loxP, loxFASl and modified mock loxFASl site. Differences between the 

wild-type loxP site are highlighted in bold. Arrows show the inverted repeat sequences.

Sauer proposed that by placing multiple, independently acting lox sites into the 

genome at defined locations (by homologous recombination) it might be possible to 

target different transgene constructs to different chromosomal locations in the same 

cell, by specifying the corresponding lox site on the targeting vector, and that such a 

strategy would be of particular utility in a mammalian system in which variability of 

transgene expression is observed depending on the site of transgene integration (the 

feasibility o f using Cre-mediated site-directed integration in a mammalian system had 

been shown in an earlier study by Fukushige and Sauer [1992]). The intriguing 

possibility of targeting an endogenous /ox-like site in the human genome, as an 

alternative gene therapy strategy, is also suggested This would eliminate problems 

due to random DNA integration by permitting precise and stable integration of 

exogenous DNA at a defined genomic locus.

5.1.2 Experimental strategy

The main drawback of integration via a single cross-over is that plasmid DNA is 

cointegrated with the desired transgene. A more precise Cre-based method for 

integrating a foreign DNA into the genome, that avoids the simultaneous introduction 

of unwanted plasmid DNA, involves a double cross-over event between pairs of 

different lox sites. Recombination results in site-directed exchange of the transgene 

between the targeting vector and the chromosomal locus (Figure 5 .7)
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Figure 5.7 Site-specific integration of exogenous DNA via a double cross-over event between two 

different lox sites (circles). M: antibiotic resistance marker. X: DNA segment for insertion. 

C/s: chromosome. Arrow: nutritional marker gene. The recombination reaction can proceed via two 

intermediates: A and B Intermediate A is derived from intermolecular recombination between the 

filled circle lox sites, whilst B represents the intermediate formed by crossing-over between the empty 

circle lox sites.

The double recombination strategy has been successfully applied in a mouse 

cell line (Bethke and Sauer, 1997), but not in yeast. Such a strategy would be 

valuable for establishing stable (i.e. integrated) DNA repertoires (Figure 5.8). 

Alternatively it could be used to target several different reporter constructs to a 

particular locus. The effectiveness of the double recombination system is reliant upon 

the fidelity of lox site recombination, i.e. that pairs of identical lox sites recombine 

efficiently whereas different lox sites do not As discussed, homology has been 

repeatedly shown to be necessary for efficient recombination. However, 

Ross-Macdonald et al. (1997) reported that the very different lox sites, a loxP site and 

a modified loxR site (Figure 5.10), do undergo efficient (>90%) intramolecular 

recombination in yeast, suggesting that a Cre-mediated double recombination system 

might not work in this organism. The aim of the study presented here was to 

investigate whether a double recombination system could be successfully applied in 

yeast, and to what extent, if any, undesirable lox site recombination might play in 

reducing the efficiency of the desired reaction
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Figure 5.8 Integrating DNA repertoires site-specifically with the double recombination system, lox 

sites are represented by circles. White rectangles: antibiotic resistance marker gene. The numbers refer 

to different members of the DNA repertoire: black rectangles, which could be a collection of different 

reporter genes, or a library of mutant genes. Although only four different elements are indicated, the 

maximum size of the library would in principle only be limited by the efficiency of the plasmid 

transformation.

Why is it worth developing a double cross-over strategy for yeast, when 

alternative methods for introducing exogenous DNA elements already exist? The 

principal current technique, PCR-mediated direct gene replacement (Wach et al.,

1996), is summarised in Figure 5.9. In PCR-mediated direct gene replacement and the 

proposed Cre-mediated double cross-over strategy, the first step is the same: 

integration of a PCR-generated DNA fragment (containing a counterselectable or 

selectable marker) at a desired genomic locus. However, a potential limiting step in 

direct gene replacement is the second transformation reaction to introduce the 

transgene and to remove the counterselectable marker Using a lithium acetate 

protocol and positive selection, Wach et al. (1996) reported a transformation 

efficiency of 138 transformants per pg of PCR-synthesised DNA. In a control 

transformation with a CEN-ARS plasmid, containing the same positive selection 

marker, the yield of transformants was 2 x 105 per pg of DNA. It is hoped that the 

double cross-over strategy, which utilises a CEN-ARS targeting vector, will allow an 

efficiency of gene replacement - following Cre-mediated exchange - closer to the 

efficiency obtained for plasmid transformation. This improvement would be 

particularly useful when introducing DNA libraries into the yeast genome, as shown 

in Figure 5.8.
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a 1 counterselectable marker |

1 1 gene o f interest | |

f )  | counterselectable marker [

1
c 1 . _ 1 _J . . gene o f  interest

Figure 5.9 PCR mediated direct gene replacement, a. The gene to be replaced is first disrupted with a 

PCR generated DNA fragment containing a counterselectable marker, e.g., URA3 from K. lactis. 

b The recipient strain is transformed with a second PCR generated fragment containing the transgene,

c. Counterselection for loss of the marker leads to integration of the transgene. [Note that this method 

w as attempted for the introduction of OR 17-228 at the HML locus in the work presented in Chapter 3.]

Naturally the loxP and modified loxR sites used by Ross-Macdonald et a l  

(1997) would be an unsuitable combination for the double recombination strategy 

For this study, the loxP site was used in conjunction with one of the mutant loxP sites 

made by Hoess et al. (previous section), a site termed loxP 511 (Figure 5.10). This 

site, with a base substitution at the +3 position (numbering as Figure 5.2), was shown 

to be 100% proficient in self x self recombination, but did not show any 

recombination activity with the loxP site in bacteria (Hoess et al., 1986). The 

loxP x  loxP 511 combination was also chosen by Bethke and Sauer for their double 

cross-over strategy in mouse cells, where no illegitimate recombination between the 

different lox sites was reported

< — ........... ■ = i >
loxP 5' ATAACTTCGTATA GCATAC AT TATACGAAGT TAT 3'
loxP 511 5' ATAACTTCGTATA GTATAC AT TATACGAAGT TAT 3'
Modified loxR 5' ATAACTTCGTATA GCAGGAGT TATCCGAAGCGAT 3'

Figure 5.10 Sequences of the loxP, loxP 511 and modified loxR site. Differences between the

wild-type loxP site are highlighted in bold. Arrows show the inverted repeat sequences.
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The construction of the experimental yeast double cross-over system, based on 

the model shown in Figure 5 .7, is described in detail in the next section (Materials and 

Methods). The main steps to be described are: 1. the construction of a gene

disruption cassette containing an antibiotic resistance marker (M), flanked by two 

different lox sites (loxP and loxP 511), and sequences that would allow subsequent 

integration of the cassette at a chosen chromosomal locus (LEU2), by homologous 

recombination (Wach, 1996). M: the antibiotic resistance marker was the dominant 

kanMX4 module (Wach et a l, 1994), allowing positive transformants to be selected 

by their resistance to the antibiotic geneticin (G418); 2. the construction 

and transformation of the targeting vector containing the loxP, loxP 511 flanked 

transgene (X). The transgene was the putative human odorant receptor OR17-228 

(Ben-Arie et a l, 1993), chosen in this case as it is heterologous to the yeast genome, 

eliminating the possibility of misincorporation by general recombination; and 3. 

transformation of the experimental strain with a vector capable of expressing Cre, 

followed by molecular analysis of any recombination events. The vector used 

contained the cre ORF fused to the yeast GAL1 promoter, allowing Cre production to 

be regulated by the carbon source. Cre-induced recombination in the model system 

was monitored by PCR and Southern blot analysis.
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5.2 MATERIALS

5.2.1 Saccharomyces cerevisiae strains

Supplied Saccharomyces cerevisiae strains, and those constructed during the course of 

the work in this chapter, are described herein.

Strain Genotype Reference

FY10 MATa uraS-52 leu2Al GAL2+ Winston et al, 1995.

FY22 MATa uraS-52 his3A200 GAL2+ Winston ef al, 1995.

MRY1 MATa his3A200 ura3-52 leu2Al lys2A202 

trpIA63 sst2A GAL2+

Redfern, 2000.

CAY1 MATa saglA::kcmMX4 ura3-52 leu2Al 

GAL2+

Adams, 1999.

BDY1 MATa ura3-52 leu2A::kanMX4 GAL2+ This work.

BDY2 MATa ura3-52 his3A200 leu2A::kanMX4 

GAL2+

This work.

BDY3 BDYl::pBS39 URA3; pRS315[OR17-228]

LEU2

This work.

BDY4 BDYl::pBS39 URA3 This work.

BDY5 MATa ura3-52 leu2A::OR17-228 GAL2+ This work.

The yeast FY-strains constructed by Winston et al (1995), are a convenient set 

of Saccharomyces cerevisiae that are isogenic to strain S288C (Mortimer and 

Johnston, 1986), from which all common laboratory strains are derived. The strains 

are GAL2+ and contain non-reverting mutations in genes commonly used for the 

selection of recombinant plasmids. The strains have been shown to be very strongly 

induced in the presence of galactose (F. Winston, personal communication). In cells 

grown in raffinose and induced by the addition of galactose, mRNA levels go from 

virtually undetectable to greater than lOOx increased within 60 minutes. 

Representative strains from the FY collection were the source of DNA for the 

European Union Yeast Genome Sequencing Programme.
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5.2.2 Plasmids

Supplied DNA vectors used in this chapter are described herein. Plasmids generated 

during the course of the work in this chapter are described in their relevant sections.

A) pFA6a-kanMX4

Plasmid pFA6a-kanMX4 as constructed by Wach et al. (1994) is shown in 

Figure 5.11 The plasmid is one of a series of reporter/marker plasmids 

(pFA, plasmids for Functional Analysis, Wach et al., 1996) The marker in the vector 

is the kanMX4 module which is a hybrid o f the coding sequence of the kanr gene, from 

the E. coli transposon Tn903, and the transcriptional and translational control 

sequences from the TEF gene of the filamentous fungus Ashbya gossypii.

Sea I

amp E. coli oh H

pFA6a-kanMX4
3942 b.p.

Figure 5.11 Plasmid pFA6a-kanMX4. ?TEF and JTEF indicate the promoter and terminator of the 

A. gossypii TEF gene. Shaded boxes represent the multiple cloning site, unique restriction sites are 

shown (Figure is not to scale).

B) pRS315-lox D 1.3

Plasmid pRS315-/ojt D 1.3 was constructed by Adams (1999): A 907 b p fragment 

amplified from plasmid pYX243-/<xc D 1.3 (not shown) was inserted (after removal of 

a URA3 marker) between the Apal and Notl sites of vector pTG5756 (Section 3 .2.2c) 

to yield pRS315-/ox D1.3 (Figure 5.12).
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Apal Nhe I  Sph I Not I

SAG1 scFv D 1.3

A V
CEN6/ARS4

Figure 5.12 Plasmid pRS315-lox D 1.3. Closed and open circles represent lox P and lox P 511 sites respectively. 

Thick lines represent pYX243-/ojc D 1.3 vector sequence. SAG1 and scFV D 1.3 are as described in the main text. 

Relevant unique restriction sites are shown (Figure is not to scale).

The cloned fragment contains the leader sequence (first 57 nucleotides from 

start of the initiation codon) of the S. cerevisiae SAGJ gene, spliced to a single chain 

antibody fragment D 1.3 (scFv D 1.3). The gene fusion is flanked on one side by a 

loxP site and on the other by a loxP 511 site Also present at either end of the cloned 

fragment are remnants of the parent vector pYX243-/ox D 1.3. Relevant sequence 

information about the cloned fragment, including orientation of the lox sites is 

presented in Figure 5.13.

pYX243  loxP______________

5'- C AGAT GGGCCCTGT AACT GAGCT GTCATT AT AACTTCGTATAGCAT AC ATTAT ACGA 
Apa I

SAG 1 leader sequence

AGTT AT A AGCTT AT GTT C ACTTTT CT C AAAATT ATT CTGT GGCTTTTTT C CTT GGC ATT G 
Hind III

scFv D 1.3

11 / /  1 r  GCTAGCGCTCAGGTGCAGCTGCAGGAG//AAGCTCGAGATCAAACGGGGGCATGCAATA
N heI Sph I

loxP511 pYX243

ACTTCGT AT AGT AT AC ATT AT ACGA AGTT ATCTCG AGCTC AGCGGCCGC AGT ATCTC AG-3'
Xho I Not I

Figure 5.13 Sequence of lox flanked SdG7-leader/scFV D 1.3 gene fusion cassette. Relevant restriction sites to 

this work are represented in bold. The Apal and Notl sites at the 5' and 3' ends of the fragment respectively were 

those used by Adams (1999) for cloning the fragment into pRS315-lox D 1.3.
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C) pBS39

Plasmid pBS39 as constructed by Sauer (1987), is shown in Figure 5.14 The vector 

contains the cre gene o f coliphage PI under the control of the yeast GAL I promoter 

region. The GAL I gene is expressed at high levels in galactose but is completely 

repressed in the presence of glucose, allowing controlled expression of cre 

recombinase

GALl promoter

pBS39
9.6 k b.p.

CEN4/ARSI

Figure 5.14 The Cre recombinase expression vector pBS39 (Figure is not to scale).
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5.3 METHODS: GENERATION OF EXPERIMENTAL STRAINS 

FOR THE ANALYSIS OF CRE-MEDIATED RECOMBINATION

5.3.1 Construction of the loxP-kanMX4-loxP 511LEU2 gene disruption cassette

The gene disruption cassette was constructed in two stages. Firstly the kanMX4 

module from vector pFA6a-kanMX4 was sub-cloned into vector pRS315-/ox D1.3 in 

order to flank the marker module with the required lox sites. In the second step the 

loxP-kanMX4-loxP 511 fragment was excised from the new vector and joined via 

PCR to the LEU2 flanking sequences, generating the completed cassette. Both stages 

are described below.

Stage 1: Construction o f the vector pRS315-loxP-kanMX4-loxP 511

A) Primers to amplify the kanMX4 module from pFA6a-kanMX4

The sequences of both primers (Table 5.1) used to amplify the kcmMX4 module were 

derived from the multiple cloning site of vector pFA6a-kanMX4 (Section 5.2.2a). 

The DNA sequences were obtained from Wach et al. (1994; Figure 1).

The fundamental design parameters for primers were as described in 

Section 2.2.1. The primers kanMX4F(Nhe) and kanMX4F(Sph) were designed to 

anneal to the pFA6a-kanMX4 vector either side of the kanMX4 module, encompassing 

the fragment of the plasmid recommended for the replacement of target open reading 

frames (Wach et al, 1996).

Both primers contained either a Notl or Sphl restriction endonuclease 

recognition site at their 5' ends to allow subsequent cloning of the amplified fragment 

into vector pRS315-lox D 1.3 (Section 5.2.2b).

B) PCR amplification o f the kanMX4 module

An Expand™ PCR (Section 2.2.3b) using the primers kanMX4F(Nhe) and 

kanMX4(Sph) was used to amplify a 1541 b.p. fragment from vector pFA6a-kanMX4. 

The reaction was performed for 25 cycles using the following parameters: 

[94°C, 2 min; (94°C, 15 s; 55°C, 30 s; 72°C, 1 min) x 10; (94°C, 15 s; 55°C, 30 s; 

72°C, 1 min + 20 s/cycle) x 15; 72°C, 5 min]. The PCR product was quantified by 

agarose gel electrophoresis (Section 2.2.4).
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Primer name Sequence (5' -  3') Description (5* -  3’)

kanMX4F(Nhe) GCGATGAACTGCTAGCG

TACGCTGCAGGTCGACG

10 n.t. overhang: a Nhel site; 18 n.t. 

homology to vector pFA6a-kanMX4. Binds 

to template strand of kanMX4 cassette, 433 

to 416 b.p. upstream from kanr gene 

initiation codon.

kanMX4F(Sph) GCGATGAACTGCATGCT

ATCATCGATGAATTCGA

10 n.t. overhang; a Sphl site; 18 n.t 

homology to vector pFA6a-kanMX4. Binds 

to coding strand of kanMX4 cassette, 249 to 

266 b.p. downstream from kari gene 

termination codon.

Table 5.1 Sequences of the oligonucleotides used to amplify the kanMX4 cassette from vector 

pFA6a-kanMX4. Restriction endonuclease sites are in bold.

C) Cloning o f the kanMX4 modide into pRS3J5-lox D 1.3

Plasmid pRS315-/ox D 1.3 (-1 pg) [Section 5.2.2b] was double-digested 

(Section 2.2.14) with Nhel (5 units) and Sphl (5 units) at 37°C overnight. The vector 

was purified from the excised fragment (the single chain antibody fragment D 1.3) by 

low melting point agarose gel electrophoresis (Section 2.2.4a) and recovered by 

P-agarase digestion (Section 2.2.4b). The amplified kanMX4 module (from above) 

was digested and purified in the same manner Both double-digested products were 

quantified by agarose gel electrophoresis (Section 2.2.4). The katiMX4 module 

(-20 ng) was then ligated into the vector (-30 ng)[Section 2.2.15] and transformed 

directly by electroporation into competent E. coli (Section 2.2.9d). Ampicillin 

resistant colonies were PCR screened (Section 2.2.12a) for the presence of the 

kanMX4 module using primers T7 and Ml 3 (Table 5.2). PCR products were analysed 

by agarose gel electrophoresis (Section 2.2.4). Positive transformants were grown 

overnight in 4 ml of LB (Section 2.2.6) from which glycerol stocks 

(Section 2.2.8) and plasmid DNA (Section 2.2.17) were prepared.
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The construct from one transformant was checked for correct integration and 

for the presence of any mutations by sequencing (Section 2.2.16) using primers T7 

and M13.

Primer name Sequence (5' - 3') Description (5' -  3’)

T7 GT AAT ACG ACTC ACTATAGGGC Binds to template strand of 

pRS-vector, relative co-ordinates on 

coding strand 3096 - 3117 b.p. 

(Sikorski and Hieter. 1989).

M13 GG AAAC AGCT AT G ACC AT G Binds to coding strand of pRS-vector, 

co-ordinates 3297 - 3278 b.p. 

(Sikorski and Hieter. 1989).

Table 5.2 Sequences of the oligonucleotides used for screening and sequencing of vector 

pRS315-loxP-kanMX4-loxP 511.

Stage 2: Generating the completed gene disruption cassette

D) Construction o f the loxP-kanMX4-loxP 511 cassette

The vector vKS5\5-loxP-katiMX4-loxP 511 (~0.1 pg) was digested (Section 2.2.14) 

overnight with Apal (10 units) at 37°C. The cut vector was purified using the 

appropriate DNA extraction kit (Section 2.2.4c) and then further digested with Noil 

(10 units). The released loxP-kanMX4-loxP 511 cassette was purified using low 

melting point agarose gel electrophoresis (Section 2.2.4a). The cohesive ends of the 

cassette generated by the double restriction digest were end-filled using Expand™ 

(dNTPs and lOx Expand™ buffer were added to the DNA to the same concentration as 

for an Expand™ PCR [Section 2.2.3b] and the reaction incubated at 72°C in the 

thermal cycler for 5 min.) The resultant end-filled fragment was quantified by 

agarose gel electrophoresis (Section 2.2.4).
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E) Primers to amplify LEU2 flanking sequences

The sequences of the four primers (Table 5 .3) used to generate the disruption cassette 

were derived from the promoter and terminator regions of the LEU2 locus. The DNA 

sequences were obtained from the Saccharomyces cerevisiae genome database 

(Section 2.2.1). The accession number for the LEU2 open reading frame 

is YCL018W

The Leukan(F) and Leukan(B) primers were designed to have their 5' ends 

homologous to 24 nucleotides at each end of the loxP-kanMX4-loxP 511 cassette. 

This was to allow the LEU2 flanking sequences, once amplified, to be joined to the 

central portion of cassette via a 'splicing by overlap extension' PCR. The scheme to 

generate the completed disruption cassette is illustrated in Figure 5.15.

Prim er name Sequence (5* -  3’) Description (5' -  3’)

Leu2PF2 AC AGGGGCGCT ATCGC AC AG Binds to the template strand. 321 to 302 b.p. 

upstream from LEU2 initiation codon.

Leukan(F) G AAGTT ATCTCG AGCTC AGCG 

GCCCTGTCGCCGAAGAAGTTA 

AG

24 n.t. homology to end-filled Noll end of 

loxP-kanMX4-loxP 511 cassette; binds to 

template strand with respect to kanr gene. 20 

n.t. homology to template strand, 35 to 15 b.p. 

upstream from LEU2 termination codon.

Leu2TB2 GAGAAAATCCTCCAATATAT Binds to the coding strand 325 to 305 b.p. 

downstream from LEU2 termination codon.

Leukan(B) GTT AT AATGAC AGCTC AGTT A 

C AGT AGAATGGT AT ATCCTTG 

AA

24 n.t. homology to blunt-ended Apal end of 

loxP-kanMX4-loxP 511 cassette; binds to 

coding strand with respect to kanr gene. 20 

n.t. homology to coding strand immediately 

before LEU2 initiation codon.

Table 5.3 Sequences of the oligonucleotides used in the generation of the loxP-kanMX4-loxP 511 

LEU2 gene disruption cassette.
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Leu2PF2
loxP loxP 511

Leu2(P) kanMX4

Leukan(F)

Leu2(T)

Leukan(B) Leu2TB2

Splicing by overlap 
extension PCR

loxP loxP 511

Leu2(P) [  kanMX4 [  Leu2(T)

Figure 5.15 Schematic representation of the synthesis of the loxP-kanMX4-loxP 511 LEU2 gene 

disruption cassette. Leu2(P): the promoter region of the LEU2 gene. Leu2(T): the terminator region of 

the LEU2 gene (note that the terminator region contains the last 35 b.p. of the LEU2 ORF). The 

amplified promoter and terminator regions were joined to the lox flanked kanMX4 cassette (excised 

from vector pRS3\5-loxP-kartMX4-loxP 511) via a splicing by overlap extension PCR.

F) PCR amplification o f the LEU2 flanking sequences

Two separate Expand™ PCRs (Section 2.2.3b) were performed to amplify the 

promoter (P) and terminator (T) regions of the LEU2 gene from yeast genomic DNA. 

The genomic DNA was prepared ffom the & cerevisiae a-strain MRY1 (Section 5.2.1) 

following the procedure outlined in Section 2.2.13.

The primer combination Leu2PF2/Leukan(B) was used to amplify the 

promoter region of the LEU2 gene. The reaction was performed for 25 cycles using 

the following parameters: [94°C, 2 min, (94°C, 15 s, 50°C, 30 s; 72°C, 1 min) x 10; 

(94°C, 15 s, 50°C, 30 s, 72°C, 1 min + 20 s/cycle) x 15; 72°C, 5 min].

The terminator region was amplified using the primer combination 

Leukan(F)/Leu2TB2 with the same PCR condition as above.

Both PCR products were purified by LMP-agarose gel electrophoresis 

(Section 2.2.4a) and recovered by digestion with P-agarase I (Section 2.2.4b). The 

purified fragments were quantified by agarose gel electrophoresis (Section 2.2.4).

G) PCR mediated generation o f the LEU2 disruption cassette 

Approximately equal amounts (-50 ng) of the LEU2-promoter fragment, the 

LEU2-terminator fragment and the end-filled loxP-kanMX4-loxP 511 cassette were 

added together in an Expand™ PCR (Section 2.2.3b) with the primer pair
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Leu2PF2/Leu2TB2. The reaction conditions were: [94°C, 2 min; (94°C, 15 s;

55°C, 30 s, 72°C, 2 min) x 10, (94°C, 15 s; 55°C, 30 s; 72°C, 2 min + 20 s/cycle) 

x 15; 72°C, 5 min]. The assembled PCR product (2.3 k.b.p.) was separated from the 

other non-specific bands by LMP-agarose gel electrophoresis (Section 2.2.4a) and 

recovered by digestion with (3-agarase I (Section 2.2.4b).

5.3.2 Integration of the loxP-kanMX4-ioxP 511 LEU2 gene disruption cassette 

into Saccharomyces cerevisiae strains FY10 and FY22

A) Transformation o f the gene disruption cassette into FY10 and FY22

The assembled LEU2 disruption cassette (previous section) was transformed into two 

yeast strains, the a-strain, FY10 and the a-strain, FY22 (Section 5.2.1) using a lithium 

acetate/polyethyleneglycol transformation protocol (Section 2.2.10b). Approximately 

0.1 pg of DNA was used to transform each strain. Transformants were inoculated 

onto YPD plates (Section 2.2.7) containing G418 (400 pg/ml) and incubated at 30°C 

for 3 days.

B) Verification o f correct cassette integration by PCR

Two geneticin resistant transformants from each strain were selected from which 

glycerol stocks (Section 2.2.8) and genomic DNA were prepared (Section 2.2.13). 

Both novel joints (Figure 5.16) formed upon integration were screened via Taq PCRs 

(Section 2.2.3a) using two sets of primers (Table 5 .4).

Correct integration of the LEU2-promoter end of the disruption cassette into 

the genome was checked using the primer pair Leu2PF3/FL2B. The cycling 

parameters were: [94°C, 2 min; (94°C, 30 s; 50°C, 1 min, 72°C, 1 min) x 30],

Leu2PF3

Earl

Leu2PF2 Earl FL1F

Leu2(P) kanMX4 I Leu2(T)

X
loxP

FL2B
loxP 511 Leu2TB2

Earl

Leu2TB3

Figure 5.16 Diagrammatic representation showing the position and orientation of the primers used to 

verify correct cassette integration at the LEU2 locus. Symbol V  represents the junction between the 

introduced DNA fragment and the chromosomal DNA (thin line)[Figure is not to scale].
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Integration events at the LETO-terminator end of the cassette were examined 

using the primers FL1F and Leu2TB3. Reaction conditions were the same as above 

All PCR products were analysed by agarose gel electrophoresis (Section 2.2.4).

Prim er name Sequence (5' -  3’) Description (5' -  3')

Leu2PF3 G AAT ACTC AGGT ATCGT AAG Binds to the template strand, 400 to 381 

b.p. upstream from the LEU2 initiation 

codon.

FL2B GGCGACAGTCACATCATGCC Binds to the coding strand of the 

kanMX4 cassette, 272 to 291 b.p. 

upstream from the initiation codon.

Leu2TB3 TGAGGGAACTTTCACCATTA Binds to the coding strand. 435 to 415 

b.p. downstream from the LEU2 

termination codon.

FL1F CCTCGACATCATCTGCCC Binds to the template strand of the 

kanMX4 cassette, 115 to 133 b.p. 

downstream from the termination 

codon.

Table 5.4 Sequences of the oligonucleotides used to verify correct cassette integration at the LEU2 

locus.

C) Verification o f correct cassette integration by Southern blotting 

Southern blot analysis was performed on one of the transformants from each new 

strain (above Section). The oligonucleotide FL2B (Table 5.4) was chosen as the 

probe as it binds specifically to the loxP-kanMX4-loxP 511 cassette. The restriction 

endonuclease Earl was chosen to digest the genomic DNA as it cuts the target 

sequence to produce a fragment (1339 b.p.) that should be resolved well by the 

Southern blot. Earl cuts just outside (-200 b p )  either end of the introduced DNA
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fragment and once internally, 238 b.p. downstream from the kanr gene's initiation 

codon. The relative positions of the Earl cut sites (and the FL2B binding site) are 

shown diagrammatically in Figure 5.16.

The agarose gel was prepared as described in Section 2.2.20a. A comb was 

used producing wells with approximate dimensions of 3 x 1 3 x 1 0  mm.

Fresh genomic DNA was prepared of each new strain and from wild-type 

FY10 and FY22 (to be used as negative controls for the analysis). The DNA was 

prepared as described in Section 2.2.13, except after the final resuspension step 

undissolved material was removed by centrifugation (13 k.r.p.m. for 5 min.).

Earl (3pl, 30 units), lOx NEB reaction buffer 1 (10 pl)[10 mM Bis Tris 

Propane HC1, 10 mM MgCh, ImM dithiothreitol (pH 7.0 @ 25°C)] and water (37pl) 

were gently mixed with the genomic DNA preparations (50 pi). The digests were 

incubated overnight at 37°C.

6x LMP-agarose gel loading buffer (20 pi) was mixed with each sample and 

the samples loaded onto the gel. The gel was run for 12 hours at 30 volts (~1 V/cm).

The DNA was transferred to the nylon membrane as described 

in Section 2.2.20b.

FL2B, was end-labelled with 32P using T4 polynucleotide kinase (PNK) and 

[y-32P]ATP: FL2B (30 pmol), PNK (1 pi, 10 Richardson units/pl), [y-32P]ATP (9 pi, 

90 pCi), lOx PNK buffer (6 pl)[70 mM Tris-HCl (pH 7.6), 10 mM MgCl2, 5 mM 

dithiothreitol] were made up to a final volume of 60 pi with water. The reaction was 

incubated at 37°C for 1 hour (adapted from Tomlinson et al, 1992). To remove 

unincorporated [y-32P]ATP the reaction was alcohol precipitated (Section 2.2.5) and 

resuspended with water (60 pi). Percentage incorporation of P into FL2B was 

determined by performing a scintillation count: 1 pi was removed before and after 

alcohol precipitation, added to scintillation fluid (10 ml) and counted (at 40%) on a 

NE-6500 liquid scintillation counter.

Pre-hybridisation, hybridisation and film development (exposed for 3 days) 

were as described in Section 2.2.20c

D) Verification o f the disruption cassette in FY10 by DNA sequencing

The primer pair Leu2PF3/Leu2TB3 was used to amplify the locus containing the

integrated disruption cassette from FY10 genomic DNA. An Expand™ PCR
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(Section 2.2.3b) with the following parameters was performed: [94°C, 2 min,

(94°C, 15 s; 50°C, 30 s; 72°C, 2min) x 10, (94°C, 15 s; 50°C, 30 s; 72°C, 

2 min + 20 s/cycle) x 15; 72°C, 5 min]. The PCR product was analysed by agarose 

gel electrophoresis (Section 2.2.4). The sample was then purified by LMP-agarose gel 

electrophoresis (Section 2.2.4a) and extracted by p-agarase digestion (Section 2.2.4b).

Two separate DNA sequencing reactions (Section 2.2.16) were carried out to 

check the integrity of the lox sites in the integrated cassette. The primer Leu2PF2 was 

used to analyse the loxP site and the primer Leu2TB2 to analyse the loxP 511 site

5.3.3 Construction of targeting vector pRS315[OR17-228j

A) Primers to amplify OR17-228

The primers Leu2XbaI and OR17-228(Sph) were used to amplify the open reading 

frame of the putative human odorant receptor, OR17-228, from a previously made 

DNA fragment, the HML disruption cassette (Section 3 .3 .6d). The sequences of the 

primers (Table 5.5) were derived from the start of the OR17-228 ORF and the 

terminator region of the LEU2 gene. The HML disruption cassette is shown again, 

with the position of the primers, in Figure 5 .17. The DNA sequences for the primers 

were obtained from the SGD (for Leu2XbaI) and Ben-Arie et al. (1993) 

[for OR17-228(Sph)] For subsequent cloning steps each primer had either a Sphl or 

Xbal restriction endonuclease recognition site in its 5' end.

\O R 17-228(S p h )

Leu2(P) OR17-228 Leu2(T)

L au 2X b al\

Figure 5.17 The HML locus gene disruption cassette showing the position of the primers used to 

amplify the OR17-228 ORF for cloning into the targeting vector pRS315 (Figure is not to scale).

B) Amplification o f OR17-228

Using the OR17-228(Sph)/Leu2XbaI primer combination, an Expand™ PCR 

(Section 2.2.3b) was performed to amplify the OR17-228 ORF. The DNA was the 

HML disruption cassette. The reaction was performed for 25 cycles using the 

following parameters: [94°C, 2 min, (94°C, 15 s, 55°C, 30 s; 72°C, 1 min) x 10;
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(94°C, 15 s, 55°C, 30 s, 72°C, 1 min + 20 s/cycle) x 15, 72°C, 5 min]. The PCR 

product was analysed (Section 2.2.4) and purified by LMP-agarose gel 

electrophoresis (Section 2.2.4b).

C) Cloning o f OR17-228 into pRS3J5-lox D 1.3

The purified PCR. product (~1.2 pg) was double-digested (Section 2.2.14) in a total 

digest volume of 100 pi with Xbal (40 units) and Sphl (20 units) at 37°C overnight; 

then purified by alcohol precipitation (Section 2.2.5) and quantified (Section 2.2.4). 

The plasmid pRS315-/ox: D1.3 (Section 5.2 2b) was prepared as described in Section 

5.3.1c. The OR17-228 insert (-180 ng) was then ligated into the vector 

(-50 ng)[Section 2.2.15] and 2 pi transformed directly into competent E. coli 

TOPI OF cells (Section 2.2.9d). Ampicillin resistant colonies were PCR screened 

(Section 2.2.12a) using the T7/M13 (Table 5.2) primer combination. PCR products 

were analysed by agarose gel electrophoresis (Section 2.2.4). Positive transformants 

were grown overnight in 4 ml of LB (Section 2.2.6) from which glycerol stocks 

(Section 2.2.8) and plasmid DNA (Section 2.2.17) were prepared

The construct from one transformant was checked for correct integration and 

for the presence of any mutations by sequencing (Section 2.2.16) using the primers, 

T7 and M13.

Prim er name Sequence (5* - 3’) Description (5* - 3’)

OR17-228(Sph) CTGAGAT ACTGCATGCAT 

GGAGCCAGAAGCTGGG

10 n.t. overhang; a Sphl site; 18 n.t. homology 

to coding strand of OR17-228 ORF starting at 

the initiation codon

Leu2XbaI GCTACCTCTAGATTAACTT

CTTCGGCGACA

6 n.t. overhang; a Xbal site; 18 n.t. homology 

to template strand of LEU2 locus, 15 - 35 b p. 

upstream from LEU2 termination codon.

Table 5.5 Sequences of the oligonucleotide primers used to amplify the OR17-228 ORF from the HML 

disruption cassette. Restriction endonuclease recognition sites are in bold.
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5.3.4 Transformation of the LEU2 disrupted FY10 strain with pBS39 and 

pRS315[f>/?/ 7-228]

The vector pRS315[0/M7228] (-100 ng) and the Cre recombinase expression vector 

pBS39 (-100 ng)[Section 5.2.2c], were co-transformed (Section 2.2.lOd) into the 

FY10 strain containing the loxP-kanMX4-loxP 511 cassette integrated at the LEU2 

locus (BDY1, Section 5.2.1). Ura+ Leu transformants were selected and then grown 

at 30°C for 24 hours in SC-Ura-Leu (10 ml), from which glycerol stocks (Section 

2.2.8) and genomic DNA were prepared (Section 2.2.13). Vector pBS39 was also 

transformed individually into BDY1. Ura colonies were selected and grown at 30°C 

for 24 hours in SC-Ura (10 ml), and again glycerol stocks and genomic DNA were 

prepared from these cultures.

Genomic DNA from the transformants was screened via Taq PCRs 

(Section 2.2.3a), plasmid pBS39 was detected with the primers pYX(FOR2) and 

Cre(Back) [Table 5.6] and pRS315 [OR17-228] was detected using primers T7 and 

M l3 [Table 5.2], For both reactions the cycling parameters were: [90°C, 2 min, 

(90°C, 30 s, 50°C, 30 s; 72°C, 1 min) x 30], All PCR products were analysed by 

agarose gel electrophoresis (Section 2.2.4).

Prim er name Sequence (5* - 3’) Description (5* -  3’)

Cre(Back) TTGAAGGCTCTCAAGGGC Binds to the coding strand, 4 b.p. after the 

Safi site on vector pBS39.

pYX(FOR2) TGT ATT ACTTCTT ATTC A Binds to the template strand in the GAL I 

promoter region of vector pBS39.

Table 5.6 Sequence of the oligonucleotide primers used to screen for the presence of the Cre 

recombinase expression vector pBS39.
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5.4 METHODS: CRE-MEDIATED RECOMBINATION

5.4.1 Liquid galactose induction of Cre recombinase

A single colony of BDY3 (Section 5.2.1) was picked from an SC-Leu-Ura plate 

(2% glucose) into 1 ml of the same medium and grown for 24 hours at 30°C, with 

shaking at 800 r.p.m. The cells were washed twice with 1 ml of water and 

resuspended in 1 ml of water. Cre recombinase production was then induced by 

inoculating 10 ml of fresh liquid SC-Leu-Ura (2% galactose) medium with 5 x 10 

resuspended cells and incubating for 24 hours at 30°C, with shaking at 250 r.p.m. 

After this induction period, approximately 300 cells were spread on an SC-Leu plate 

which was then incubated for 3 days at 30°C. A control experiment in which 5 xlO7 

resuspended cells were transferred to fresh liquid SC-Leu-Ura (2% glucose) medium 

instead of SC-Leu-Ura (2% galactose), with subsequent growth of cells on an SC-Leu 

plate, was also performed. One hundred colonies from each SC-Leu plate were 

picked and streaked onto a YPD plate containing 200 pg/ml G418.

5.4.2 Analysis of recombination events by PCR screening

A) Screening primers used

PCR screens of the 100 Leu+ colonies were mostly carried out using the primers 

LEU2PF3 and LEU2TB3 (Table 5.4), which were designed to amplify the entire leu2 

locus. These primers also amplified the LEU2 gene from the pRS315[OR17-228] 

plasmid (see Discussion). Plasmid screens were carried out with primers T7 

and M l3 (Table 5.2).

The locations of the oligonucleotide binding sites with respect to the model 

system are shown in Figure 5.18.
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CEN6/ARS4

pRS315 
[0R 17-228]

M13

OR17-228
T7

LEU2PF3

Hpa I
kanMX4

LEU2TB3

Cre

CEN6/ARS4

M13

kanMX4
T7

LEU2PF3

OR17-228
Hpa I

OR17-228(F)
^----- Hpa I

K > — ^
LEU2TB3

Figure 5.18 The vector and target structures of the Cre-mediate double recombination system showing 

positions of the oligonucleotides and Hpal cut sites used for PCR screening and Southern blot analysis. 

Closed and open circles represent loxP and loxP 51L  sites respectively. Thick lines represent part of 

the leu2 locus (Figure is not to scale).

B) Amplification o f target sequences

The whole-cell PCR screening method (Section 2.2.12b) was used to amplify the leu2 

locus and vector sequence from each of the Leu" colonies. The leu2 locus was 

amplified using the primer pair LEU2PF3/LEU2TB3 with the following PCR cycling 

parameters: [94°C, 2 min, (94°C, 30 s; 50°C, 30 s; 72°C, 2 min 30 s) x 30], The 

vector sequence was amplified using the primer pair T7/M13 with cycling parameters 

as above, except the annealing temperature was 48°C.

C) PCR analysis o f recombination intermediates

The primers GCvCO and LEU2TB4 (Table 5.7) were used to determine whether 

intermediates in the exchange process were due to integration of the pRS-targeting 

vector at the leu2 locus. LEU2TB4 was designed with reference to the terminator 

region of the leu2 locus, crucially binding to the LEU2 sequence not present in the 

pRS-targeting vector. GCvCO was designed with reference to the pRS-targeting 

vector, binding immediately before the start of the LEU2 sequence. The positions of 

the primer binding sites is shown diagrammatically in Figure 5 .25.

Genomic DNA (Section 2.2.13) from the colonies of interest was prepared and 

a Taq PCR (Section 2.2.3a) performed The cycling parameters for the reaction were: 

[94°C, 2 min; (94°C, 30 s, 48°C, 30 s; 72°C, 3 min) x 30], All PCR products were 

analysed by agarose gel electrophoresis (Section 2.2.4).
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Primer name Sequence (5* - 3’) Description (5’ - 3')

GCvCO TCTGTGCGGTATTTCACACC Binds to coding strand of pRS-vector, 

co-ordinates 2467 - 2487 b.p. (Sikorski and 

Hieter, 1989).

LEU2TB4 GGT AAGG ATG ATGC ATT AGC Binds to the coding strand, 547 to 527 b.p. 

downstream from the LEU2 termination codon.

Table 5.7 Oligonucleotides used to analyse intermediates in Cre-induced exchange.

5.4.3 Analysis of recombination events by DNA sequencing

The method for sequencing the lox sites at the leu2 locus in Cre-induced strains is the 

same as that described for verifying the disruption cassette in FY10 (Section 5.3.2d).

For sequencing of the lox site in colonies where the DNA element had been 

deleted, the template was amplified as above, except that the extension time was 

reduced to 1 minute. The primer LEU2PF2 was then used in the sequencing reaction.

5.4.4 Southern blot analysis of exchangeants

Southern blot analysis was performed on 5 colonies that PCR screening and DNA 

sequencing revealed had undergone the desired exchange event The oligonucleotide 

OR17-228(F) (Table 3.5) was chosen as the probe as it binds specifically to the 

integrated DNA element, the OR17-228 ORF The restriction endonuclease Hpal was 

chosen to digest the genomic DNA, this enzyme makes a double-stranded cut either 

side of the integrated /ox-flanked OR17-228 ORF (and outside the LEU2 segment 

employed for integration of the kanMX4 module), to produce a fragment (2281 b.p.) 

that should be resolved well by the Southern blot gel. The positions of the 

OR17-228(F) binding site and the Hpal cut sites is shown diagrammatically in 

Figure 5.18.

The agarose gel was prepared as described in Section 2.2.20a. A comb was 

used producing wells with approximate dimensions of 3 x 5 x 10 mm.
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Before preparing the genomic DNA for analysis the pRS315 vector was 

outgrown in the 5 colonies of interest (see Discussion). Vector outgrowth was 

achieved by successively growing the colonies in non-selective medium [each colony 

was picked into YPD (10 ml) and grown overnight (30°C, 250 r.p.m.), from the 

resulting culture 10 pi was transferred to fresh medium and grown as before. This 

was repeated 3 times before selecting for 'vector-loss' colonies by plating onto YPD 

medium, from which colonies were picked onto SC-Leu medium, in order to select 

non-growing (vector-loss) colonies; designated as BDY5], Two genomic DNA 

samples were prepared for each of the five colonies (Section 2.2.13), these were 

combined into a volume of 40 pi using the Promega Wizard™ DNA Clean-Up Kit 

(Section 2.2.4c) [this step was done as it had originally been intended to digest the 

genomic DNA in as small a volume as possible and to load the sample directly onto 

the Southern blot gel (see Discussion): instead a larger digest volume (see below) was 

used and the DNA resuspended in a smaller volume by alcohol precipitation.

Hpal (5 pi, 25 units), lOx NEB reaction buffer 4 (10 pl)[50 mM potassium 

acetate, 20 mM tris-acetate, 10 mM magnesium acetate, lmM dithiothreitol 

(pH 7.9 at 25°C)] and water (45 pi) were gently mixed with the genomic DNA 

preparations (40 pi). The digests were incubated overnight at 37°C.

The Hpal digested DNA was alcohol precipitated (Section 2.2.5) and 

re-suspended in water (42 pi), 6x LMP-agarose gel loading buffer (8 pi) was mixed 

with each sample and the samples loaded onto the gel. The gel was run for 12 hours 

at 30 volts (~1 V/cm).

The DNA was transferred to the nylon membrane as described 

in Section 2.2.20b.

OR17-228(F) was end-labelled with 32P using T4 polynucleotide kinase (PNK) 

and [y-32P]ATP: OR17-228(F) [15 pmol], PNK (1 pi, 10 Richardson units/pl),

[y-32P]ATP (3 pi), lOx PNK buffer (3 pl)[70 mM Tris-HCl (pH 7.6), 10 mM MgCfe, 

5 mM dithiothreitol] were made up to a final volume of 30 pi with water. The 

reaction was incubated at 37°C for 30 minutes (adapted from Tomlinson et ah, 1992). 

The end-labelled probe was then added directly to the hybridisation 

buffer (see Discussion).

Pre-hybridisation, hybridisation and film development (exposed for 3 days) 

were as described in Section 2.2.20c.
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5.5 RESULTS: GENERATION OF EXPERIMENTAL STRAINS 

FOR THE ANALYSIS OF CRE-MEDIATED RECOMBINATION

5.5.1 Construction of the loxP-kanMX4-loxP 511 LEU2 gene disruption cassette

Stagel: construction o f vector pRS315-loxP-kanMX4-loxP 511 

Vector pRS315-loxP-kanMX4-loxP 511 was constructed by sub-cloning the 

kanMX4 module from vector pFA6a-kanMX4 (Section 5.2.2a) into vector 

pRS315-/cw; D 1.3 (Section 5.2.2b).

The kanMX4 module was amplified from pFA6a-kanMX4 (Section 5.3.1b). 

The size of the generated PCR fragment was determined by agarose gel 

electrophoresis and was in accordance with the predicted theoretical size of 1541 b.p.

Vector pRS315-/ox D 1.3 was digested with Nhe I and Sphl in order to remove 

the single chain antibody fragment scFv D 1.3 (Section 5.3.1c). The exact position of 

the restriction sites used is shown in Figure 5.2. The kanMX4 module with NheUSphl 

cohesive ends was then ligated into the vector and transformed directly into E. coli. 

Five ampicillin resistant colonies were PCR screened and two produced the expected 

1708 b.p. band, corresponding to the sub-cloned kanMX4 module. The construct 

from one of these colonies was sequenced and shown to contain a correctly integrated 

kanMX4 cassette with no mutation. The constructed vector is as for pRS315-lox D 1.3 

(Figure 5.12) except that the single chain antibody fragment (scFv D 1.3) has been 

replaced by the kanMX4 cassette.

Stage 2: Generating the completed gene disruption cassette

The gene disruption cassette was constructed by means of a 'splicing by overlap 

extension' reaction (Figure 5.15) using the loxP-kanMX4-loxP 511 cassette (excised 

from plasmid pRS315-loxP-kanMX4-loxP 511) in conjunction with two sequences 

amplified from the LEU2 locus.

The loxP-kanMX4-loxP 511 cassette was released from vector 

pRS31 S-loxP-kanMX4-loxP 511 by sequential restriction digestion with Apal and 

Notl (Section 5.3. Id). The cohesive ends of the cassette were filled in, and the size of 

the resultant fragment checked by agarose gel electrophoresis. The size of the 

fragment was in accordance with that expected, 1679 b.p.
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The two regions of the LEU2 locus to be used as flanking sequences in the 

disruption cassette were individually amplified from yeast genomic DNA 

(Section 5.3. If). The sizes of both the generated PCR fragments were determined by 

agarose gel electrophoresis and were in agreement with the predicted theoretical sizes, 

i.e. 345 b.p. for the promoter region and 384 b.p. for the terminator region.

The three fragments were then joined to one another using a 'splicing by 

overlap extension' reaction. This was possible due to the presence of the 24 

nucleotides of homology each of the flanking DNA fragments contained to the 

loxP-kanMX4-loxP 511 cassette. The completed LEU2 gene disruption cassette was 

obtained whose size was in agreement with that expected, 2360 b.p.

5.5.2 Integration of the loxP-kanMX4-loxP 511 LEU2 gene disruption cassette 

into Saccharomyces cerevisiae strains FY10 and FY22

The gene disruption cassette (previous section) was transformed into two yeast strains, 

FY10 and FY22, using a lithium acetate/polyethyleneglycol transformation procedure 

(Section 5.3.2a). After three days incubation numerous transformants 

(-500 colonies/plate) were observed growing for both strains, corresponding to 

approximately 10 geneticin resistant (G418R) transformants per ng of DNA.

Two G418r colonies from each strain were selected and screened by PCR in 

order to confirm correct cassette integration (Section 5.3.2b). The screens were 

designed to amplify across the two novel junctions created (Figure 5.16). For both 

strains (and for each colony screened) the expected sized PCR products were 

obtained: 675 b.p. for the LHS junction and 678 b.p. for the RHS junction,

confirming successful integration of the lox flanked kanMX4 module at 

the LEU2 locus.

Southern blot analysis was performed on one transformant from each new 

strain (Section 5.3.2c). The oligonucleotide to be used as the probe, FL2B 

(Table 5 .4), was end-labelled with 32P by incubating with T4 polynucleotide kinase for 

1 hour at 37°C. Percentage incorporation of the radioisotope into the probe was 

determined by scintillation count and found to be 20% (see Discussion). The 

Southern blot is presented in Figure 5 .19. The size of the expected band is 1339 b.p., 

this is observed for both strains. A second fainter band is also seen for both strains at 

approximately 1.7 k b.p. (shown to be a product of incomplete digestion, see
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Discussion) No bands are observed, as expected, for the negative control lanes 

containing wild-type FY10 and FY22 genomic DNA.

The presence of single bands (excluding the incomplete digestion bands) at the 

correct marker position confirmed that no other copies of the loxP-karMX4-loxP 511 

LEU2 sequence had been inadvertently integrated into the genomes o f FY10 and 

FY22 and that the disruption cassette was correctly integrated at the LEU2 locus in 

both strains

Further, the integrity of each lox site in the disruption cassette of strain FY10 

was verified by DNA sequencing (Section 5.3.2d). The PCR fragment amplified for 

sequencing purposes (the entire disruption cassette locus) was found, when analysed 

by agarose gel electrophoresis, to be in agreement with the expected size; 2549 b.p 

Sequencing revealed both the loxP and loxP 511 sites to be correct, and free from 

mutations. The sequencing also showed that the upstream leu2 region contained two 

changes to the SGD sequence: a 5' CG 3' dinucleotide in the SGD sequence 

(coordinates 90740 - 90741) was found to be inverted.

2 3 4

k k.b.p.

2 - I

0 .5 - -0 .5

0 .2 - - 0.2

Figure 5.19 Southern blot analysis of strains FY10 (lane 2) and FY22 (lane 4) containing the 

loxP-kcmKtX4-loxP 511 LEU2 gene disruption cassette. The band at 1.3 kb.p. in both strains confirms the 

presence of the gene disruption cassette. FY10 only and FY22 only negative controls are shown in lanes 1 and 3 

respectively.
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5.5.3 Construction of targeting vector pRS315|0/?7 7-228]

The open reading frame of the putative human odorant receptor, OR17-228, was 

amplified (Section 5.3.3b) from a previously made construct, the HML disruption 

cassette (this was to allow the recognition site for the rare cutter endonuclease l-Scel 

to be incorporated at the 3'-end of the OR17-228 ORF, a requirement for other work). 

Incorporation of the l-Scel restriction site resulted in the fragment containing 20 n.t. of 

sequence (immediately after the \-Scel site) homologous to the LEU2 gene ORF (see 

Discussion). The size of the PCR product when analysed by agarose gel 

electrophoresis was in accordance with that expected, 1022 b.p.

The fragment was double-digested with restriction enzymes Sphl and Xbal 

(Section 5.3.3c) and ligated into vector pRS315-/ox D1.3 bearing compatible cohesive 

ends, resulting in the OR17-228 ORF being flanked by a loxP site and a loxP 511 site. 

The ligation was transformed directly into E. coli cells. Five ampicillin resistant 

colonies were PCR screened and all were found to contain the insert, each producing a 

fragment corresponding with that expected, 1289 b.p. The construct from one of these 

colonies was partially sequenced and the integrity of both lox sites verified (the l-Scel 

restriction site was also shown to be free from mutations, also the same three 

mutations at the 3'-end of the OR17-228 ORF as observed previously [Table 3.14] 

were again noted).

The new targeting vector containing the lox flanked OR17-228 ORF was 

designated pRS315 [OR17-228], the orientation of the OR17-228 ORF with respect to 

the lox sites in the vector is shown in Figure 5.20.

Apa I I-See I Sph I Not I

SAG1 OR17-228

pRS315[(77?7 7-228] 
7094 b.p.

CEN6/ARS4

Figure 5.20 The Cre-recombinase targeting vector pRS315 [0#7 7-228], Closed and open circles 

represent loxP and loxP 511 sites respectively. Other features are as described for vector 

pRS315-lox D 1.3 (Section 5.2.2b). Figure is not to scale.
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5.5.4 Transformation of the LEU2 disrupted FY10 strain with pBS39 and 

pRS315 [OR17-228\

The Cre-recombinase expression vector pBS39 and the targeting vector 

pRS315[ORI7-228] were co-transformed (Section 5.3.4) by electroporation into the 

FY10 strain containing the loxP-kanMX4-loxP 511 cassette integrated at the LEU2 

locus (BDY1; Section 5.2.1). Only 2 Ura+ Leu+ transformants were obtained; 

however, when PCR screened, each colony was shown to contain both vectors. The 

new strain was designated BDY3.

The individual transformation of vector pBS39 into BDY1 yielded a far 

greater number of transformants (-200 colonies/plate), 2 colonies were screened and 

both were shown to contain the vector. The new strain was designated BDY4.
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5.6 RESULTS: CRE-M EDIATED RECOM BINATION

The strain containing the recombination model system, BDY3, was grown in liquid 

medium containing galactose for 24 hours in order to induce Cre expression and 

promote lox site recombination (Section 5.4.1). After the induction period the cells 

were grown on SC-Leu medium from which 100 colonies were selected and 

transferred onto a gridded YPD plate containing G418, in order to identify 

G418-sensitive (G418s) colonies. Of the 100 colonies picked, 35 failed to grow.

Recombination events in the 100 colonies (from the original SC-Leu plate) 

were examined by PCR screening (Section 5.4.2a). The various screening bands that 

were obtained are shown in Figure 5.21.

1 2  3 4 5 6 7 8 9

1
4-3,000 b.p.

-4-1,650 b.p.

4- 1,000 b.p.

Figure 5.21 1% agarose gel showing the different bands obtained from PCR-screening of

recombination induced BDY3 cells. Screening of the DNA element between the lox sites at the leu2 

locus produced the bands shown in lanes 2 - 5 .  Note that the second band observed in lanes 2 - 4 

(1930 b.p.) corresponds to the LEU2 locus amplified from the vector pRS3\5[OR17-228] (see 

Discussion). Lanes 1 and 9, the 1 kb.p. DNA marker (Figure 2.1). Lane 2, the kanMX4 module 

(2549 b.p ). Lane 3, the OR17-228 ORF (2036 b.p ). Lane 4, deletion of the DNA element (939 b.p ). 

Lane 5, recombination intermediate (1930 b.p ). Screening of the DNA element between the lox sites 

of the targeting vector produced the bands shown in lanes 6 - 8  Lane 6, the kanMX4 module 

(1778 b.p). Lane 7, the OR17-228 ORF (1266 b.p ). Lane 8, deletion of the DNA element (194 b.p ).
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Of the 35 G418s colonies sixteen indicated the presence of the OR17-228 ORF 

(lane 3, Figure 5.21). Partial sequences of the leu2 loci from 5 of these colonies 

showed that the exchange had occurred as intended (Figure 5.18), with the 

ORl 7-228 ORF placed in the desired orientation, and each recombined lox site 

correctly formed The five colonies were further analysed by Southern blotting in 

order to confirm correct integration of just one copy of the target ORF Sauer (1992) 

had identified 10 cryptic lox sites in the yeast genome. However, hybridisation with a 

32P-end labelled oligonucleotide, OR17-228(F), showed that for all 5 colonies, no 

other copies of the ORl 7-228 ORF had been inadvertently integrated, each colony 

producing the expected single band at 2281 b.p (Figure 5.22).

1 2 3 4 5

Figure 5.22 Southern blot analysis of 5 colonies showing the desired exchange event. A single band at 

2.3 k.b.p. reveals that OR17-228 ORF has been correct!} targeted.
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For 16 of the other 19 G418s colonies, the PCR screen indicated that the 

chromosomal DNA element lying between the two loxP sites, either the kanMX4 

module or the O Rl7-228 ORF, had been excised (lane 4, Figure 5.21). Partial 

sequences of the leu2 loci from three of these colonies (Section 5.4.3) showed that 

excision has occurred to leave just a single lox site, presumably through 

recombination of the loxP and loxP 511 sites (1 sequence corresponded to loxP and 

2 to loxP 511). The remaining 3 G418s colonies represented intermediates in the 

exchange process, producing the bands shown in lane 5, Figure 5.21. The nature of 

these intermediates was further investigated (Section 5.7.2), see Discussion.

PCR screening of the 65 G418R colonies revealed only six colonies in which 

the kanMX4 module had been exchanged for the OR17-228 ORF. The majority 

(fifty-one) of G418R colonies retained the chromosomal copy of the kanMX4 module. 

The 8 remaining colonies were G418R as a result of an episomal copy of the kanMX4 

module; the leu2 locus PCR screen for these colonies indicated a lack of a 

/oxP-flanked element (see Discussion). Of the 51 G418R colonies with a 

chromosomal copy of the kanMX4 module, about half (twenty-three) contained 

pRS315 plasmid in which the OR17-228 ORF had been lost. The complete set of 

results of the PCR analysis of the 100 colonies is given in Table 5.8.

In the control for the above experiment, where BDY3 was grown in 

glucose-containing medium (in which Cre recombinase production should be 

suppressed), the colonies picked from the SC-Leu plate to the G418-containing YPD 

plate were all G418-resistant, as expected.

The above experiment was repeated several times, with similar results (see 

Discussion). However, the above experiment represents the most complete analysis.

Using strain BDY4 (Section 5.2.1), Cre induction was repeated in the absence 

of the targeting vector [Note that the method was as given in Section 5.4.2 for 

induction of strain BDY3, except that the selective growth medium was SC-Ura 

instead of SC-Ura-Leu]. 26/100 G418s colonies were produced (no G418s colonies 

were produced in the glucose control). PCR screening and partial sequences of the 

leu2 locus of three colonies showed that the G418s colonies had arisen due to 

excision of the /oxP-flanked kcmMX4 module (2 sequences corresponded to loxP 

and 1 to loxP 511).
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G 4 18s colony set G 418r colony set

ORl 7-228

t j

f )

OR17-228

81

12'

ORl 7-228

8
kanMX4

ORl 7-228 — o — OR17-228

kanMX4

ORl 7-228

k an MX 4

r

kanMX4

28

23

8 ‘

Table 5.8 Results of the PCR analysis of 100 colonies following Cre expression. In each case the top 

line represents the DNA element present between the lox sites at the leu2 locus and the bottom line the 

DNA element found between the lox sites in the targeting vector. loxP site (filled circle), loxP 511 site 

(empty circle). The PCR screen of the vector for some colonies produced an additional band or bands 

to the one shown (see Discussion), thus: (a) 3 colonies showed the OR17-228 ORF; (b) 3 colonies 

showed intramolecular recombination; (c) 2 colonies showed the OR17-228 ORF/1 colony the 

OR17-228 ORF and intramolecular recombination; (d) 1 colony showed the OR17-228 ORF and 

intramolecular recombination/1 colony showed intramolecular recombination. Three colonies, not 

represented above, were intermediates in the exchange process.
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Intramolecular recombination between loxP and loxP 511 sites was also 

investigated at a different chromosomal locus, SAG1, using strain CAY1 

(Section 5.2.1). In CAY1 the SAG1 locus has been disrupted with the 

loxP-kanMX4-loxP 511 cassette. CAYl::pBS39 was induced as for strain BDY4 

(above) and the number of G418s colonies determined. In two separate experiments 

13/100 and 18/100 G418s colonies were produced (for the first experiment 1 G418s 

colony was observed for the glucose control, and none for the second experiment).
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5.7 DISCUSSION

5.7.1 Generation of experimental strains for the analysis of Cre-mediated 

recombination

The LEU2 gene disruption cassette and the targeting vector pRS315 [ORl7-228] were 

successfully made using routine recombinant methods. In both cases the lox sites that 

flank the kanMX4 module and the ORl7-228 ORF were supplied by the vector 

pRS315-/ox D1.3. The loxP and loxP 511 sequences are directly repeated with 

respect to each other (discussed in Section 5.1.1), their orientation in the constructs 

made is shown in Figure 5.23.

loxP 5' ATAACTTCGTATA GCATACAT TATACGAAGTTAT 3'
loxP 511 5’ ATAACTTCGTATA GTATACAT TATACGAAGTTAT 3’

Figure 5.23 Orientation of the lox sites in the LEU2 gene disruption cassette and the 

pRS315[OR17-228\ targeting vector. Note that the sequences are inverted with respect to Figure 1 of 

Hoess et al. (1986) [reproduced in part in Figure 5.2],

Successful integration of the disruption cassette at the LEU2 locus of two 

FY-strains was confirmed by PCR screening of the novel joints created upon 

integration. It was further shown by means of Southern blot hybridisation, using a 

32P end-labelled oligonucleotide probe, that only one copy of the lox flanked kanMX4 

module had been integrated into the genomes of both strains, and that no 

illegitimate copies were present. The new strains were designated BDY1 and 

BDY2 (Section 5.2.1).

The targeting vector pRS315 [ORl7-228] and the Cre-recombinase expression 

vector pBS39 were successfully co-transformed into strain BDY1 (strain BDY2 was 

used by S. Aijaz for separate work). All the lox sites present in BDY1 were verified 

by DNA sequencing and shown to be correct. The new strain containing the 

completed model system (Section 5.1.2), was designated BDY3 (Section 5.2.1). 

Additionally, in order to study recombination events in the absence of the targeting 

vector, strain BDY4 (containing only pBS39) was created.
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General considerations

Genomic DNA for the Southern blot analysis was digested with the restriction 

endonuclease Earl, the position of the relevant cut sites is shown in Figure 5.16. The 

choice of an enzyme that cleaves in the middle (approximately) of the target sequence 

was not ideal, as any misintegration events at the 3-end of the cassette would not be 

revealed. The choice of an enzyme that only cleaved externally to the integrated 

fragment would have overcome this problem (e.g. Hpal, as used for subsequent 

analysis of exchange events).

The Southern blot hybridisation probe was generated by means of a kinase 

reaction in which 32Pi was incorporated into the primer FL2B. It was found by means 

of a scintillation count that the percentage incorporation of the radionucleotide into the 

primer, after 1 hour incubation with approximately lOOx excess of T4 polynucleotide 

kinase, was only 20%. Low sensitivity and indistinct bands were to prove a problem 

in later Southern blots; better end-labelling of the probe would undoubtedly have 

increased sensitivity and generated more reproducible results.

The Southern blot shown (Figure 5 .19) revealed, as well as the expected bands 

at 1339 b.p., second fainter bands at 1.7 k.b.p. A preliminary Southern blot is shown 

in Figure 5.24 (sample preparation and conditions were as previously) in which the 

amount of enzyme required to achieve complete digestion was investigated. It is 

clearly seen that as the amount of enzyme increases (left to right) the primary band 

becomes more intense and the secondary bands vanish. The secondary bands 

observed are therefore unquestionably due to incomplete sample digestion. It is 

unfortunate that the samples for the actual Southern blot failed to digest to 

completion; a second blot (not shown) revealed no secondary bands but had run 

too far.

Between the lox sites of the targeting vector is the DNA sequence intended 

for exchange via Cre-mediated recombination. This sequence (primarily the 

ORl 7-228 ORF) contains a sequence, 20 n.t. in length, homologous to the intended 

target, the LEU2 locus. The presence of this sequence might be judged undesirable as 

it could potentially interfere with recombination events by providing an alternative 

pathway, namely DNA repair by homologous recombination. However, this is most 

unlikely as the sequence is very short and surrounded by sequence heterologous to the 

LEU2 locus. Further, and perhaps more crucially, if recombination were to proceed as
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expected (Section 5.1.2) then the sequence would be in the wrong orientation with 

respect to the LEU2 sequence in order to recombine.

Figure 5.24 Preliminary Southern blot analysis to investigate the amount of restriction endonuclease 

(Earl) required for complete sample digestion. Lanes 1 to 5 correspond to 10, 20, 30, 40 and 50 units 

of enzyme respectively (in a 100 pi reaction volume).

5.7.2 Cre-mediated recombination

General considerations

PCR screening of the targeting vector occasionally resulted in two (and in two cases 

three) different bands being amplified from one colony (see Table 5.8). The targeting 

vector, although a low copy number plasmid (containing the ARS and CEN sequence 

elements), is present between 1 and 5 copies per cell (R&D Systems pYX131 

Catalogue). The double/triple bands observed were therefore as might be expected, 

each one being amplified from a separate vector, with each copy containing a different 

/ar-flanked (or deleted) DNA element (the nature of the recombination events
n

observed is discussed further in the next section). In the sixteen G418 colonies 

indicating the presence of the ORl 7-228 ORF at their leu2 loci, the existence of more
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than one copy of the vector was again evident, as 8 of the colonies also still 

maintained an episomal copy of the sequence (Table 5.8). Given that the 

chromosomal element must have arisen by reciprocal exchange of sequences between 

a targeting vector and the LEU2 locus (followed by loss of the kanMX4 element from 

the vector, i.e. the colonies are G418s), then it would be expected that the eight 

colonies showing a vector-borne copy of the ORl 7-228 ORF should also show a 

targeting vector with a deleted DNA element, unusually however, no such vector is 

observed.

To prevent the vector-borne copy of the O Rl7-228 ORF sequence interfering 

with the Southern blot, the targeting vector was outgrown in each of the 5 colonies 

analysed. This was successfully done by repeated culturing (3 times) in non-selective 

medium (Section 5 .4.4), after which it was found that approximately 95% of cells had 

lost the vector and were Leu'. Genomic DNA for Southern blot analysis was then 

prepared from these colonies.

As previously mentioned, the sensitivity of the Southern blot was to prove 

troublesome. In order to obtain bands of sufficient clarity it was necessary to combine 

genomic DNA preparations, and to run the samples in as small a volume as possible. 

The choice of autoradiography film was to prove important, with the best results 

obtained using X-Omat AR (Sigma). As already stated, sensitivity might have been 

improved by better end-labelling of the oligonucleotide probe. However, percentage 

incorporation of 32P into FL2B was not determined here (in order to avoid any 

unnecessary manipulation of the radioactive material); the kinase reaction was added 

directly, without removal of unincorporated [y-32P]dATP, to the hybridisation buffer. 

This did not appear to result in any increase in the observed background.

PCR screening of the /ox-flanked DNA element at the leu2 locus had revealed 

an unexpected secondary band at 1930 b.p. (Figure 5.21; lanes 2 - 4). This band was 

an unfortunate consequence of having chosen a /ew2A-based target in conjunction with 

a LEU2 targeting vector; the primers designed to amplify the target locus also 

amplified the LEU2 sequence from the vector! The band, although an undesirable 

competing reaction in the PCR screens, was fortunately easily resolved from those of 

interest.

The three intermediates observed in the exchange process also resulted from 

the /ew2A-target/LA7/2-vector choice. These G418s colonies produced no band for the 

vector screens, and a single band (corresponding in size to the LEU2 band from the
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vector) for the leu2 locus screen (lane 5, Figure 5.21). These colonies, which 

remained Leu+ after repeated growth in non-selective medium, appeared to be the 

result of either gene conversion of the leu2 locus (with concomitant loss of the 

targeting vector), or permanent integration of the targeting vector at the leu2 locus.

The exact nature of the intermediates was investigated using the primer pair 

GCvCO and Leu2TB4 (Section 5.4.4c). The PCR analysis showed that the 

intermediates were the result of several recombination events. With reference to 

Figure 5.25: intermediate A has undergone homologous recombination between 

episomal LEU2 and the chromosomal leu2 DNA, leading to excision of the kanMX4 

module and the formation of structure P (confirmed for each colony by the production 

of the expected size band; 2330 b.p.). Further PCR screening (using primer pairs 

Leu2PF3 (Table 5.4)/T7 (Table 5.2) and OR17-228(F)/OR17-228(B) [Table 3.5]) 

revealed that in two of the colonies an additional recombination event between the 

loxP and loxP 511 sites had resulted in removal of the intervening element, leading to 

the formation of structure Q. Structure Q could also have arisen from the intermediate 

formed by intermolecular recombination between loxP 511 sites (structure B, 

Figure 5.7). In this eventuality the excised intervening element would have been the 

kanMX4 module.

ORl 7-228 kanMX4 K > < >
L2PF3 OR17-228(B)

ORl 7-228

OR17-228(F)

CiCvCO__________ fs.

. T7 r  LEU2TB4

7- *

Figure 5.25 Recombination intermediates. Structure A is derived from recombination between loxP 

sites (see Figure 5.7). Broken arrows: chromosomal and episomal LEU2 DNA. Structures P and Q are 

as described in the text. The positions of the various primers used to determine the nature of the 

intermediates are shown (Figure is not to scale).

198



Chapter 5 - Towards a Cre-based site-specific recombination system

Efficiency of Cre-mediated exchange

It was found that just over 20% of cells exhibited the desired targeting event 

(Table 5 .8). This compares quite favourably with the 50% that would be expected if a 

1:1 equilibrium had been established between the exchanging species (Figure 5.7). 

Waterhouse et a l (1993), in a bacterial Ctq-Iox system utilising the same lox site 

combination as this study, noted a 3:1 bias in favour of the desired targeting event. 

This was attributed to differences in the efficiency of inter- and intramolecular 

recombination at the loxP and loxP 511 sites (it is unclear, however, how such 

differences would result in any bias towards the targeting event; although 

vector-based the system is analogous to that shown in Figure 5.7, where any bias 

would still result in a 1:1 equilibrium). A further 10% (approximately) of cells appear 

to have undergone exchange, but then subsequently lost the transgene through 

intramolecular lox site recombination. Amongst those cells that had retained the 

antibiotic marker (roughly 50% of the population), about half possessed a targeting 

vector from which the donor gene had been excised.

Ross-MacDonald et a l (1997) reported greater than 90% intramolecular 

recombination between the highly divergent loxP and loxR sites (Section 5.1.2). This 

suggested that the more similar loxP and loxP 511 sites might recombine at an even 

higher frequency, and, as previously suggested, render the double recombination gene 

targeting strategy useless. Although the above results showed intramolecular 

recombination between the loxP and loxP 511 sites to be a problem, the system works 

a lot better than expected. This is likely to be due to the unexpectedly low efficiency 

of intramolecular recombination observed between the loxP and loxP 511 sites (-25% 

at the LEU2 locus and between 15 and 20% at the SAG1 locus) and the competing 

intermolecular and intramolecular recombination between identical lox sites.

In this experiment 47% of the G418s colonies were found to be exchangeants, 

compared to 9% amongst the G418R colonies. Another experiment (in which 50 

colonies were PCR screened after Cre induction) revealed 31% of the G418s colonies 

to be exchangeants and none of the G418R colonies. This increased number of
c

exchangeants amongst G418 colonies was also observed in an experiment where 

Cre-expression was halted after 1 h and 5 h induction (here however, only 15 colonies 

were screened at each time point). After 1 h induction 25% of G418s colonies were 

exchangeants and 10% of the G418R colonies; after 5 hours induction 57% of G418s 

colonies were exchangeants and none of the G418R colonies. It was reasoned that it
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might be advantageous to increase the induction period of Cre expression beyond 

24 h. It was found that increasing the induction period did increase the number of 

G418s colonies (1 h: 0-4/100; 5 h: 1-7/100; 12 h: 7-8/100; 24 h: 28-37/100; 

36 h: 34-36/100; 48 h: 32-45/100; ranges quoted are the results of 3-6 experiments), 

although no G418s colonies from experiments involving induction periods longer than 

24 h were analysed in detail.

The results from several different experiments have been reported, those 

being: Cre-mediated exchange following 24 h galactose induction (strain BDY3); 

exchange following 1 h - 48 h galactose induction (above; strain BDY3); and 24 h 

galactose induction for lox site recombination in strains lacking a targeting vector 

(BDY4 and CAY1). For each of these experiments, a control was performed, where 

the same number of colonies (as for their galactose-induced counterpart) were plated 

on G418 medium following induction in glucose-containing medium. As expected, 

no recombination was observed for the control experiments (no G418s colonies were 

produced). For one experiment - 24 h induction of CAY1 - 1 G418s colony was 

observed for the glucose control, in a second repeat experiment no G418s colonies 

were observed. Importantly, therefore (for the stability of any integrated library), 

recombination between the two lox sites appears to be dependent upon the presence of 

the Cre recombinase, with spontaneous recombination (or recombination induced by 

transient expression of Cre) occurring at a maximum frequency of ~10" . It is likely 

that the actual frequency of recombination - in glucose-induced cells - is much lower 

than this. If the average recombination frequency is calculated from several similar 

24 h induction experiments (data not shown), then the spontaneous recombination 

frequency is probably <10'4.

Overall efficiency o f the double cross-over strategy

The maximum transformation efficiency achievable by standard integration methods 

is about 103 transformants per fig (Hill, 1989; Rothstein, 1991). In comparison, the 

maximum efficiency of episomal vector transformation - upon which the double 

cross-over strategy is based - is about 106 transformant per fig (Manivasakam and 

Schiestl, 1993). Potentially, the integration efficiency achievable with the Cre-lox 

system in this context, assuming a 1:1 equilibrium between the exchanging species, is 

~105 transformants per fig. Although the efficiency of the system reported here was 

reduced due to the competing intramolecular recombination (as discussed above), it
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remains about two orders of magnitude better than existing integration methods, such 

as PCR-mediated direct gene replacement (Wach, 1996).

It is acknowledged, however, that certain additional steps are required in the 

double cross-over system compared to, e.g., PCR-mediated direct gene replacement. 

Firstly, it is (of course) required that the recipient strain can express the Cre protein (in 

a controllable manner), requiring an initial transformation with a suitable vector. 

Secondly, following transformation with the targeting vector (containing the 

exogenous DNA to be integrated), the transformants must be induced for the exchange 

event (no reduction in cell viability was observed following induction, with glucose- 

and galactose-induced cells plating with the same efficiency onto SC-Leu medium). 

Other steps between the two processes remain comparable: Both require an initial 

transformation with a PCR-generated construct, containing a selectable or 

counterselectable marker, to target the genomic locus of interest; and secondly, 

constructs (if considering a library) containing the transgenes must be prepared. In 

PCR-mediated direct gene replacement, this entails adding regions of flanking 

homology - by PCR - to the library (the library might represent, for example, shuffled 

genes in a molecular evolution strategy). For Cre-mediated exchange, the parallel step 

would be to ligate the library of shuffled genes into a suitably digested targeting 

vector.

Although the model system was tested with construction of stable DNA 

repertoires in mind, it was also found to be very reliable in routine integrations 

(Adams, 1999). Its reliability stems primarily from the initial selection for 

antibiotic-resistant yeast, which is straightforward. PCR screening of 10-20 G418s 

colonies following Cre expression and replica plating onto G418-containing medium 

always results in a colony which exhibits the desired integration event. The main 

disadvantage is the need to initially make, and then integrate, the antibiotic resistance 

construct.

Possible ways o f improving the Cre-lox double recombination strategy in yeast 

If the double cross-over system were to be used as described here, it would be 

advisable to attach a selectable marker to the DNA elements being integrated, to 

facilitate identification of the desired integrants. It would also be advisable to remove 

the targeting vector by several rounds of growth in non-selective medium following 

Cre expression. However, if the efficiency of exchange could be improved then these
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additional steps could be avoided One obvious way in which to improve the Crz-lox 

double recombination system would be to find a pair of lox sites which recombine 

very poorly in yeast (or better still not at all) Combinations of known lox sites, both 

wild-type and mutant could be tried in a variety of different orientations. 

Albert et al. (1995) investigated the possibility of using pairs of lox sites with mutated 

inverted repeats to drive the Cre-catalysed reaction in favour of the desired integration 

event (Figure 5 .26).

wild-t>pe

f t t

Cre

tl-
LE+RE mutant

Figure 5.26 Site-specific recombination between a lox site on a plasmid and a lox site on a 

chromosome inserts the circular molecule into the chromosome. The lox site is depicted as a tripartite 

structure with an asymmetric 8 b.p. spacer (arrowhead) and two 13 b.p. elements (rectangles). Filled 

rectangles represent mutant elements. Recombination between a LE (left element) mutant site and a RE 

(right element) mutant site produces a wild-type and LE+RE mutant site. If the LE+RE mutant site is 

poorly recognised by Cre. then the inserted molecule is less likely to be excised (Albert et al., 1995).

This is an interesting strategy for improving the stability o f integrated elements 

that are formed via a single intermolecular cross-over event (such elements are 

unstable as they are usually flanked by identical lox sites, intramolecular excision of 

which is kinetically favoured). Araki and co-workers (1997) showed that this strategy 

could be successfully used to increase the targeting efficiency in embryonic stem 

cells, integration frequency via mutant lox sites reached a maximum of 16%, 

compared to <0.5% between wild-type loxP sites. Unfortunately however, due to the 

more complex nature of the intermediates involved in the double cross-over system 

(A and B, Figure 5.7), the implementation of a similar approach to drive product 

formation might prove to be very difficult indeed For such a strategy to work it 

would be necessary not only to have a pair of lox sites that do not recombine with one 

another, e.g. the hypothetical sites loxM  and loxN, but also left and right element
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mutants of each site, i.e. loxM(LE)/loxM(RE) and loxN(LE)/loxN(RE), that only 

recombine with their respective partners. To find such a combination of lox sites 

might prove impossible.

Finally, another possible approach would be to mutate the cre gene in order to 

increase specificity'1'. It was suggests by Kwon et al (1997), studying the catalytic 

core of the related lambda integrase, that alterations in the flexible delivery arm of 

catalytic residue Tyr-324 (which plays a critical role in DNA binding and site 

specificity amongst the Int family of recombinases) could be expected to significantly 

influence such parameters as the rate, reversibility, and specificity of DNA cleavage 

and ligation reactions. As part of a study investigating the amino acids involved in 

Cre-DNA recognition, Hartung and Kisters-Woike (1998) mutated an amino acid 

adjacent to the catalytic tyrosine residue: Asn-323—♦Arg-323. In this example 

however, the mutation resulted in a broadening of the recombination specificity.

v[Note added during corrections: The feasibility of altering the Cre recombinase has recently been 

demonstrated by Buchholz and Stewart (2001), who used a directed evolution strategy to successfully 

alter Cre's site specificity.]

5.7.3 Conclusions

The Crq- Io x  double recombination strategy has been successfully applied in other 

organisms (Section 5.1.2). The results presented here indicate that the strategy, with 

some refinement, could be an equally effective, and very useful tool, for genome 

engineering in yeast. However, some care may be needed before applying the system 

to a real situation. For instance, the lox sites might interfere with the expression of an 

ORF which they flank. In eukaryotes, translation initiation is believed to follow a 

scanning mechanism, whereby the 40S ribosomal subunit plus various co-factors bind 

to the 5' cap of the mRNA, then translate down the untranslated leader scanning for 

the first AUG codon (Kozak, 1999). In yeast the mRNA leader sequence has an 

average length of about 50 n.t. (Romanos et al, 1992). The most significant factor 

causing inhibition of translation is secondary structure formation within the leader 

sequence. A lox site, possessing two inverted repeats, has the potential to form just 

such inhibitory secondary structure (Figure 5.27). It would therefore be necessary to 

position the lox sites carefully in order to avoid this possibility. However, Fukushige 

and Sauer (1992), investigating C tq- I o x  genomic targeting in mammalian CHO cells,
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fused an ATG-loxP sites to their positive selection gene neo (removing the first 5 

codons of the neo gene which had previously been shown to be nonessential). A 

functional lox-neo fusion protein was produced which rendered the CHO cells 

resistant to G418 (which is an analogue of neomycin) It is unclear why such a 

strategy does not succumb to the above mentioned pitfalls o f secondary structure 

inhibition, it is nevertheless interesting and encouraging that an in-frame fusion 

resulted in a functional protein. A similar strategy was also successfully used by 

O'Gorman et al. (1991) who created a fusion protein between the yeast FLP 

recombinase recognition site, FRT, and the bacterial p-galactosidase coding sequence, 

producing an ATG-FRTPGAL fusion that showed good activity in monkey kidney 

cells and mouse embryonal carcinoma cells.

o
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o - <H
0-0

5 ' UAUUGAAGCAUAU ■ ■ ■ ■ AUAUGCUUCAATA 3'  ►
,-o  

o - o
p - p5-c
< - po~<

5 '--------^  ^ -------- 3'

Figure 5.27 The lox site as part of a mRNA leader sequence (thin lines: leader sequence; thick line: 8 

b.p. lox spacer region). The 13 b.p. inverted repeats have the potential to form a secondary7 hairpin 

structure which may inhibit efficient expression of a heterologous ORF.

Finally, another potential problem is the fact that the lox sites are introduced 

and remain in the genome. The integration of further constructs with the Crq-Io x  

system would need to be done using different lox sites from those already present in 

order to prevent misintegration at the original site and the possibility o f chromosomal 

translocations.

The above mentioned problems notwithstanding, the possibility of developing 

the Cr q-Iox  double recombination strategy further in the yeast is an attractive 

possibility. Immediate future work would be to investigate recombination between 

various heterologous lox sites. As demonstrated by Ross-Macdonald et al. using the
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loxP, loxR system, and here using the loxP, loxP 511 combination, Cre-mediated 

recombination might not be as straightforward and as clear-cut in yeast as in other 

systems, in that dissimilar sites recombine. An important question is thus posed: why 

is heterogeneity in the spacer region not sufficient to prevent unsolicited lox 

recombination in Saccharomyces cerevisiae?
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CHAPTER 6

GENERAL DISCUSSION

6.1 Directed molecular evolution by gene conversion

The projects aims, from an experimental perspective, were: a. the construction of an 

experimental strain containing the synthetic donor and acceptor loci (containing the 

heterologous genes to be shuffled) and a vector capable of expressing the \-Sce\ 

endonuclease in a controllable manner (as described in Section 1.3); and b., to study 

recombination events following induction of gene conversion (by galactose induced 

expression of 1-SceX). For the reasons described previously (Section 1.3), gene 

conversion events were also to be monitored in strains defective for mismatch repair. 

If gene conversion was shown to occur as intended (in either a wild-type or mismatch 

repair defective strain) then gene conversion events in strains carrying more than one 

donor gene could be investigated.

Two experimental strains were successfully constructed; one wild-type and 

one containing a deletion of the mismatch repair gene, PMS1. Additionally, two 

control strains, one containing no donor locus and the second containing a plasmid 

borne l-Sce\ recognition site, were also successfully made. In each case a 

combination of PCR-screening and DNA sequencing was used to show that the 

desired elements were present and correct. However, the time taken to create the 

strains was too long, and, in the end, only allowed the briefest study of recombination 

events in either the experimental or control strains. With only enough time to perform 

each experiment once or twice, it was then very disappointing not to observe any 

evidence of the desired gene conversion reaction in the experimental strains, or 

evidence that \-Sce\ was being expressed and cleaving its recognition site in either of 

the control strains.

The necessity to convert the experimental strain to a Gal+ phenotype was 

perhaps the biggest stumbling block in the route taken to the construction of the 

experimental strain. It would undoubtedly have been a much better choice to have 

started with a Gal+ strain, thus avoiding the time-consuming steps of mating,
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sporulation and subsequent spore analysis. The parental strain, JRY50, was also his3, 

requiring another step to convert the strain to a His+ phenotype.

JRY50 was chosen originally as it contained the temperature sensitive sir4-9 

mutation, allowing derepression of the donor locus (HML), a requirement for the 

direct gene replacement strategy, the first method attempted to integrate the 

donor gene (ORl7-228) at HML (Section 3.3.3). Although this strategy failed 

(Section 3.4.6), and the ability to derepress the HML locus apparently was not critical 

for the second strategy adopted (although this aspect was not investigated), the strain 

was continued in its use, as the acceptor gene (ORl 7-40), had already been integrated 

(after considerable effort) at the LEU2 locus. With hindsight, it might have been 

prudent at this stage to have changed to a more suitable strain, as, as well as being 

Gal' His', the presence of the sir4-9 mutation in the completed experimental strain is 

an unwanted, and potentially troublesome, complication.

Evidence from the preliminary experiments performed strongly suggests a 

problem relating to expression of the \-Scel endonuclease. DNA sequencing was used 

to show that the sub-cloned l-Scel ORF (from vector pPEX7 into pYES2) was correct, 

and the presence of the pYES2[I-*SceI] expression vector in all the strains made was 

confirmed by PCR screening. As suggested previously (Section 4.4.1), a Northern 

blot to look for evidence of expression of the endonuclease might be one way to 

address this problem. Firstly however, the promoter and terminator regions of the 

vector need to be sequenced (areas not covered in the sequencing already performed) 

to look for any deleterious mutations; alternatively the l-Scel ORF might be cloned 

into another expression vector, and the experiments repeated. It would also be 

valuable to be able to perform the control experiments using the original l-Scel 

expression vector, pPEX7. Attempts to create a Vector control' strain - using the 

yeast strain FY833 - were made without success (discussed in Section 4.4.1). 

Unfortunately, again, due to a shortage of time, no attempts were made to construct 

such a 'vector control' strain in an alternative strain. This is also an important avenue 

of investigation for any future work.

6.2 Towards a Cre-based site-specific recombination system

The aim of the C tq-Iox  work was to investigate the fidelity and efficacy of a 

double-recombination strategy as a means to introduce DNA constructs 

site-specifically into the yeast genome. This investigation was completed as intended.
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It was shown that the transgene (ORl 7-228) was targeted to the intended locus (leu2) 

in a little over 20% of the cells induced to undergo the exchange. PCR screening and 

Southern blot analysis of several of the targeted loci showed that the transgene had 

integrated correctly, and that there were no ectopic copies present.

Ways in which the double-recombination strategy might be improved have 

already been discussed (Section 5.7.2). Immediate future work (as previously 

suggested) would be to investigate recombination between different combinations of 

heterologous lox sites, with the aim of finding a pair that poorly recombine with one 

another (in order that the efficiency of the double-recombination strategy might be 

improved). However, as it stands, the screening strategy employed to look for 

exchangeants is quite laborious and time consuming, involving picking of individual 

colonies from YPD to YPD G418 plates, followed by extensive PCR analysis. Using 

this method the number of colonies that can be effectively screened in each 

experiment is limited. A more effective and rapid method for screening for 

exchangeants is needed if better lox-site combinations are to be identified. One way 

this might be achieved is to use the white —> red colour change when an adel ade4 

strain is converted to an adel ADE4 phenotype (Ray et al, 1988). Such a system 

could be implemented by substituting the ORl 7-228 ORF in the targeting vector with 

the open reading frame of the ADE4 gene. The /ox-flanked kanMX4 gene disruption 

cassette could be modified to include the ADE4 promoter exterior to the appropriate 

(depending on ADE4 orientation in targeting vector) lox site. The disruption cassette 

containing the /ox-sites to be investigated would then be transformed into an 

appropriate adel ade4 strain, in addition to the targeting vector and Cre-expression 

vector. Following induction, colonies that have undergone the desired exchange event 

could be easily identified by means of a colour change from white to red due to 

restoration of a functional ADE4 gene (Figure 6.1).
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Targeting v ector

adelkartMX4

ADE4 ORF -  white

C re-induced
exchan ge

ADE4ORF adel -  red

Figure 6.1 A possible mechanism by which exchangeants following Cre-mediated exchange might be 

identified, allowing better combinations of lox sites to be more easily identified without PCR screening. 

P.4DE4 is the ADE4 promoter, lox sites being investigated are shown as white and black circles. Correct 

targeted integration of the ADE4 ORF into the genome results in restoration of the ADE4 gene and an 

easily identifiable colour change from white to red due to the change in phenotype.

This strategy is similar to that devised by Call et al. (2000) for targeted 

integration in the mouse, whereby a vector containing a lox site, and a promoter for a 

gene conferring neomycin resistance, is targeted to a previously integrated lox site 

containing the promoterless neomycin resistance gene Successful integration in this 

case leads to cells resistant to the antibiotic neomycin.

Using the white —» red assay there would be no need to pick colonies from 

YPD to YPD G418 plates to identify G418s colonies (those that are most likely - in 

the present study - to have undergone exchange), or to PCR screen in order to identify 

exchangeants. In this way a large number of colonies could be screened for exchange 

events simultaneously, allowing the best combination of lox sites (and the best 

induction protocol) for the double-recombination strategy to be more easily identified.
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APPENDIX

A. The GAL1 inducible promoter

The nature and origin of the GAL1 inducible promoter is described briefly here, as it is 

used to drive expression of the l-Scel endonuclease (Chapter 3), and for expression of 

the Oe-recombinase (Chapter 4).

The GAL gene family is one of the best-studied systems in S. cerevisiae, 

providing a major model for the study of eukaryotic regulation (Lohr et al., 1995). 

The family is comprised of structural and regulatory genes that enable cells to utilise 

galactose as a carbon source. The structural genes are GAL2, GAL1, GAL7, GAL10, 

MELl and GALS, their gene products transport galactose into cells, convert 

intracellular galactose to the glycolytic substrate glucose-1-phosphate, and provide a 

galactosidase activity. The genes are strongly regulated at the transcriptional level by 

the carbon source, three main types of regulated states are observed: inactive- 

repressed (glucose); inactive, poised for induction (raffinose); active, induced to high 

level expression (galactose).

The specific regulatory genes GALS, GAL4, and GAL80, provide the major 

structural gene regulators. Gal4p is required for the galactose-induction of GAL gene 

expression. The protein binds via its amino-terminus to sequences located upstream 

(-100 to 400 b.p.) from each of the structural genes [upstream activation sequences 

(UAS)] and activates transcription through a specific carboxy-terminal domain. 

Gal80p binds to and masks the Gal4p transcription activation function in 

non-galactose carbon sources. Gal3p mediates the galactose-induced release of 

Gal80p inhibition of Gal4p. The regulatory strategy is shown diagrammatically 

below.
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Gal2p
Gallp C x 3

GAL 
Structural genes:

GAL 7 GAL1 GAL2GAL10 MEL I
auxiliary
activator
proteins

GAL1J; 
SWI1, -2, -3; 
SNF2, -5, -6

Active complex

GAL80 Gal3p GAL3
]-►

Gal80p
GAL 4 GALACTOSE (internal)

Inactive complex

GALACTOSE (external)Gal4p

Galactose induction pathways. The regulatory strategy is implemented by a network of activating and 

repressing activities. GAL structural gene are at the top. large arrows denote the transcription units for 

the various genes. Regulatory genes are shown on the left and right sides Arrows (thin, solid or 

dotted) refer to the regulation flow within the family Reproduced from Lohr et al. (1995).

The mechanisms that activates the genes is extremely powerful. Induction in 

galactose results in a xlOOO fold increase in expression levels (GAL1, -7 and - JO). In 

glucose or raffinose GAL1, -2, -7 and -10 are not detectably expressed, so the 

mechanisms that inhibit their expression under these conditions must also be highly 

effective.

The UAS (the Gal4p binding site) can confer the same levels of galactose 

inducibility on a heterologous gene, a property that has been widely used for 

heterologous expression. In this work the GAL I portion of the divergent GAL 1-10 

promoter was used to regulate expression via carbon source in the vectors used
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B. Summary of steps taken in the construction of strains for Chapter 3

)  I LEU2 1 / ? I HML I ( )  I his? I ?

Parent strain: 
JRY50

I OR1~-40M \ORl~-228 M HIS3 j
A counter selectable disruption 
cassette was used to integrate the 
acceptor gene, OR17-40, at the 
LEU2 locus. Construction of the 
cassette is described in Section 
3.3.1. Integration and selection is 
described in Section 3.3.2.

Four experimental strains were 
constructed:
BGY11 - contains the completed 
experimental system.
BGY12 - the PMS1S derivative 
of strain BGY11.
BGY13 - as for BGY11 except 
contains pYES2 only instead of 
the 1-5cel expression vector 
pYES2[I-S«?I],
BGY14 - as for BGY12 except 
contains pYES2 only. \

Two different strategies were The experimental strain was
attempted in order to integrate the converted from a his3 to a HIS3
donor gene, OR17-228, at the HML genotype by transformation with a
locus. A direct gene replacement linear DNA fragment containing the
strategy and a two-step HI S3 gene. Described in Section
'pop-i&'pop-out' strategy; both are 3.3.10.
described in Section 3.3.3. The
steps undertaken for the direct gene
replacement approach are described
in Sections 3.3.4 to 3.3.7. Steps
involved in the 'pop-inpop-out'
strategy are described in Sections
3.3.8 and 3.3.9.

I I sdI i'
‘GAL-

i i mEL i 7 
♦ ♦

[ A - — *

l-Scel ~T~ 
pYES2 
URA3\-

The experimental strain was The 'pop-in/pop-out' strategy was
converted to a G af genotype by used to knockout the PMSI gene
mating with a Gaf strain (INVSC2), in the experimental strain, 
followed by sporuiation and Described in Section 3.3.13.
random spore analysis for a strain 
with the desired characteristics.
The steps involved are described in 
Section 3.3.11.

The I-5ceI expression vector (above) 
was constructed by cloning the I-Scel 
ORF from vector pPEX7 into pYES2. 
Described in Section 3.3.14. The 
experimental strain and its PMSI IS 
derivative were both transformed 
with pYES2[I-SceI], Section 3.3.15. 
Both experimental strains were also 
transformed with pYES2 only.

Parent strain: 
FY833

AORl "-228 H~ 
pRS313 

~MS3\-

r l l-Scel h
or pYES2

U R A 3\

Two Vector control' strains were 
constructed; designed to show that 
I-Scel induced DNA cleavage was 
occurring as intended:
BGY17 - containing the l-Scel 
expression vector pYES2[I-SeeI] 
and vector pRS313[I-5ceI] 
containing the I-Sce\ recognition 
site. »
BGY18 - as for strain BGY17V 
except contains pYES2 only *, 
instead o f pYES2[I-5«rI].

A vector containing the l-Scel 
recognition site,
pRS313 [I-Scel], was constructed 
by cloning a previously made 
DNA fragment into vector 
pRS313; described in Section 
3.3.16a. Transformation of the 
vector into die control strain is 
described in Section 3.3.16b.

Constructed as described above. 
Transformation of the vector into 
the control strain is described in 
Section 3.3.16b.

As supplied by Invitrogen®, 
described in Section 3.2.2b. 
Transformation of the vector into the 
control strain is described in Section
3.3.16b.

Parent strain: 
BDY5 
(Table 4.2.1)

H l-Scel h
pYES2 or pYES2

*• \URA3\ " ----- \URA3\-----

Two 'gene conversion' control 
strains were constructed:
BGY15 - containing the I-Scel 
expression vector pYES2p-5ceI], 
BGY16 - containing pYES2 only. 
These strains contained an acceptor 
locus similar to the experimental 
strain, but no donor locus. \

Constructed as described above. 
Transformation of the vector into 
the control strain is described in 
Section 3.3.16c.

As supplied by Invitrogen®, 
described in Section 3.2.2b. 
Transformation of die vector into the 
control strain is described in Section
3.3.16c.

Summary of the main steps involved in the construction of the experimental and control strains for Chapter 3. The 

steps shown are in the same order as described in Section 3.3 - Methods: Generation of experimental strains - 

where each individual step is described in detail. The final completed experimental and control strains are briefly 

described on the left hand side. Detailed descriptions of the genotype of these strains, and of intermediate strains 

made, are given in Table 3.2.1. The l-Scel recognition site is represented by a filled rectangle.
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