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Summary

Efforts are being made to find alternative and more efficient means of generating

transgenic livestock, to perform precise genetic modifications in mammals, other

than the mouse, such as a gene "knock-out", and to insert a new gene or replace a

defective gene, as required for successful gene therapy in humans.

Current methods for producing transgenic farm animals rely on the use of

microinjection into fertilised eggs which has several inherent disadvantages as the

site of insertion is random, the copy number uncontrollable and gene expression is

subject to position effects from the surrounding DNA context. In contrast,

homologous recombination to generate transgenic mice has been very successful in

contributing to our understanding of basic biological phenomena such as

mammalian physiology and development, and for producing animal models of

human disease. Currently this technology is dependent on the availability of

embryonic stem cells which do not yet exist for any livestock species. Although

homologous recombination has been tried in fertilised mouse eggs the success rate

is too low for consideration as a routine method. The Crellox and FLPÆRT

recombinase systems have been shown to operate in eukaryotic systems via

microinjection into fertilised mouse eggs (excision), but the drawback with these

systems is their non-directionality, one protein directs both excision and integration.

Nuclear transfer has been used to produce cloned sheep (Dolly), cows and mice

from adult cells. Combining the techniques of homologous recombination in a

foetal primary cell line, and nuclear transfer, Schnieke's team (1991) successfully

produced transgenic sheep. At present the technology is inefficient. Furthermore,

successful homologous recombination demands construction of a targeting vector

containing vast regions of isogenic homology (species specific), a time consuming

and onerous task.
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The temperate coliphages like 7", P2 and 186 can enter either a lytic or lysogenic

lifecycle upon infection of their Escherichia coli host. As different combinations of

proteins mediate the excisive and integrative pathways these systems have the

directionality lacking in the one protein systems like Cre and FLP. However, none

have been shown to function in a eukaryotic environment. The recombinase

systems may offer an altemative route to homologous recombination for the initial

introduction of the target site, and that is by using closely matching, naturally

occurring targetsites in combination with an altered integrase, one could bypass the

homologous recombination step altogether

The aim of the work described in this thesis was to characterise the 186 integration

reaction and, to conduct preliminary investigations into the possible use of such a

system for targeted transgenesis in livestock species. In Chaptet 2 the in vitro

requirements for 186 integrative site-specific recombination were investigated.

Chapter 3 details characterisation of the 186-atlB site in which I located its precise

position, sites of strand cross-over, order of strand exchange and conducted

preliminary mutational analysis to identiff bases important for recombination.

Chapter 4 describe s in vitro mouse genomic DNA recombination experiments using

naked DNA and chromatin containing attB sites. Lastly, ín v¡vo investigations were

conducted whereby active 186-intasomes were microinjected into fertilised mouse

eggs containing genomic copies of 186-attB. The resultant progeny were then

analysed for 1 86-mediated integration events.
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Chapter I

Introduction

llenetics is a powerful tool þr studying the functíon of dffirent gene products
V or well as the developmental and physiological consequences of a normal or

aberrant protein. (Jntil recently, the most potent genetic applications have been

confined to relatively simple organisms whose genomes are more easily

manipulated. Currently there are only a few tools available to precisely modify

the genetic make-up of animals, and then predominantly only in míce.

Consequently the widespread use of such technologt for the fficient and precise

modification of a livestock animal's genome awaits further developments and

refinements.

1.1 Transgenesis

Technological advances in biology have enabled the development of methods that

allow foreign genes to be introduced into the germline of animals. Animals

containing foreign DNA inserted into their genomes are said to be transgenic

(Gordon et al., 19S0) and the foreign DNA is referred to as the transgene (for

reviews see Palmiter and Brinster, 1986; Jaenisch et al., 198S). Transgenic animals

provide new insights into the mechanisms of development and developmental gene

regulation that arenot evident from studies in cultured cells (Brinster et al., 1988)'

1.1.1 Biotechnological applications

Transgenesis also offers a number of biotechnological applications such as genetic

engineering of livestock. In addition to improving existing traits (Vize et al', 1988;

Palmiter et al., lg82), animals with entirely new properties can be produced'

Presently there is a considerable amount of interest in transgenic animals for the

production of recombinant biomedical proteins and for the generation of transgenic

pigs as organ donors (xenotransplantation). One approach to the production of

recombinant proteins involves targeting transgene expression to the mammary

epithelial cells, permitting harvesting of the protein product from milk (Whitelaw er

IIntroduction



al., lggl; \üilmut et al., 1994). Such a powerful technology will enable transgenic

animals to produce high-value human biomedical proteins that contain the correct

post-translational modif,rcations that are essential for their function. For example,

Paleyander and coworkers (1997) recently reported the successful production of

functional human factor VIII, vital for prophylactic treatment of haemophiliacs, in

the milk of transgenic pigs.

There exists a world-wide organ shortage for lifesaving transplantation operations,

and one approach to solving this problem could be xenotransplantation - the

transplantation into humans of organs from other species. Pigs are currently

considered the most likely source of organs for human xenotransplantation due to

their anatomical and physiological similarity to humans, and the relative ease with

which they can be bred in large numbers. Many research groups around the world,

including BresaGen (Australia), are investigating the feasibility of pig to human

organ donation. A severe form of rejection known as hyperacute rejection has

been a major barrier to the use of xenografts (Platt et al., l99l). All rnammals

express on the endothelium of their organs galactose q1-3 galactose moeities,

known as GAL epitopes, which are generated by crl-3 galactosyltransferase.

Humans (and Old World monkeys) have lost the expression of this enzyme (Galili

et al., 1991) and by exposure to the GAL epitopes, via food/bacteria in the gut,

have naturally circulating anti-GAL antibody, demonstrated to be central to the

hyperacute rejection (Tearle et al., 1996). Also implicated in the hyperacute

rejection response is the incompatibility between human complement and porcine

complement regulatory factors (CRF). Recently, van Denderen (1997) showed

that mice transgenic for the human complement regulator decay-accelerating

factor (DAF), which also had the cr,1-3 galactosyltransferase gene knocked out,

when challenged with human blood or plasma, had higher levels of protection

from complement-mediated injury. Generating transgenic pigs for organ

transplantation will involve precise genetic manipulation to ablate the al-3

galactosyltransferase gene and to introduce human DAF and membrane-bound

human CRF genes. At the present time there exists no technology to achieve a

2Introduction



precise modification of an animal's genome, apart from mice, for which embryonic

stem cells are available.

Genetic engineering of livestock is expected to have a profound effect on the

future of the agricultural industry. Exploitation of the technology has been used to

create transgenic animals which express either extra growth hormone (GH) or the

insulin-like growth factors (IGFs), both of which regulate biological processes that

influence growth rate and feed efficiency. In particular, pigs transgenic for the GH

gene have been shown to have alterations in carcass composition that results in a

marked reduction in subcutaneous fat (Vize et al., 1988; Pursel et al., 1989).

Despite the encouraging success there has been in creating transgenic animals of

agricultural and biomedical importance there remains to be addressed the need to

improve the efhciency and ease of introducing genes into the germline of animals

and to develop techniques to introduce single copies of genes at precise locations.

L.2 Microinjection

Microinjection of exogenous DNA into a pronucleus of fertilised eggs is the current

method employed to create transgenic farm animals. Fertilised oocytes are

collected from superovulated donors by flushing the oviducts and the exogenous

gene construct is injected into a pronucleus of zygotes before transfer into the

oviducts or uteri of synchronised recipients. The resultant progeny then have to be

tested for integration and expression of the foreign gene. The success in using this

technique was first shown in mice by Gordon (1980), and followed later by Brinster

(1981) and Constantini (1981). Furthermore, evidence was provided that at least

some of the transgenes could be expressed (Brinster et al., 1981) and importantly

that the foreign genes were incorporated into the germline (Gordon et al., 1981;

Palmiter et ø1., 1982 and 1983). Additionally, Palmiter (1982) demonstrated the

transmission of the transgene to 50%o of the founder animal's offspring, suggesting

that these genes are stably integrated into one of the chromosomes.

3Introduction



1.2.1 Mechanism of integration of a transgene by microinjection

The average frequency of success (transgenic animals per eggs injected and

transferred) is estimated to be 2-5o/o for mice and only 059% for pigs and 0.74o/o

for sheep (Grosveld and Kollias, 1992). Such low frequencies constrain the

adoption of this technology by the livestock industry. Although improvements in

micromanipulation and microsurgical techniques for embryo re-implantation into

pseudopregnant recipients may achieve a greater success rate in the future, the

major constraint in using the microinjection technique remains that the mechanism

for foreign DNA integration into the genome is not fully understood and occurs in

a random and uncontrollable manner. The integration of one or more copies

usually occurs at a single chromosomal site and if multiple copies are integrated

tlrey usually occur tandemly as a head to tail anay. Multiple copies are thought to

promote the inaetivation of the inserted gene, via DNA mcthylation (Mehtali et al',

1990) and/or heterochromatin f,ormation (Dorer et al.,1994; Garrick el a1.,1998).

It =was thought that random chromosomal breaks may serve as integration sites for

the foreign DNA (Brinster et al., 1985), but the frequencies that diffbrent

chromosomes are targeted suggests that there may be preferential sites for

integration, although the number characterised so far is small (Rijkers et al., 1994)'

At the site of transgene integration the host cellular sequences have frequently

undergone multiple reaffangements such as duplications, inversions, deletions and

even chromosomal translocations. A number of workers have characterised the

junctional sequences (Mark et al., 1992; Mu Chen. et al., 1995). One relationship

found has been the presence of very short (l-6 nucleotide), regions of homology at

some genome-transgene junctions. Also, in a number of transgene integration sites,

one feature of the cellular DNA which has been found is the presence of

topoisomerase I consensus sites (Wilkie and Palmiter, 1987; Hamada et al', 1993).

Eukaryotic type 1 topoisomerase induces single strand nicks in DNA and catalyses

rejoining of the 3' end of the nicked DNA to the 5' hydroxyl of another DNA

fragment. If it cut close to another nick it could produce double strand breaks.
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Topoisomerase I has been proposed to have a role in strand exchange during

recombination (Hallig en et al., 1982).

l.2.l.i Mosøicism

Pronuclear injection can generate hemizygous or mosaic embryos with respect to

the transgene depending on when the injected DNA integrates into the genome

(Wilkie et a\.,1936). If the integration event occurs before the f,rrst round of DNA

replication, hemizygous transgenic animals are produced. If integration occurs

after replication mosaic embryos are produced. Depending on whether the

trophoectoderm andlor inner cell mass (ICM) cell lineages of the blastula carry the

transgene determines if the animal will be transgenic. Only those embryos with

ICM cells which carry the transgene have a chance of generating a transgenic

animal.

1.2.2 Position effects

Gene expression can be influenced by the chromosomal position of the gene, and

this is termed a position effect. The eukaryotic genome is arranged into functional

domains that influence gene expression. Euchromatin regions are highly

transcribed, whereas heterochromatin regions are not. Transcriptionally quiet

regions are often close to centromeres (eg. Drosophíla melanogaster; Hazelrigg et

at.,1984) or telomeres (eg. Saccharomyces cerevisiae; Gottschling et a1.,1990).

It has been demonstrated in mice that the site of integration of the transgene

influences its expression (Nandi et al., 1988). For example, some transgenic mice

produced do not express the foreign gene at all, which may be due to its

integration into heterochromatin domains or its proximity to a silencer element.

Of those mice that do express the gene, the levels of expression are influenced by

the surrounding chromosomal context, independent of copy number. There is also

the possibility of the foreign DNA integrating into an endogenous gene and

disrupting its function, or inappropriately activating a gene by providing an
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enhancerþromoter element. Creating animals homozygous for the transgene by

interbreeding of the F I progeny can reveal undesirable secondary effects, such as

severe abnormalities and even lethality depending on the site of integration. Such

an undesirable result is costly in both time and money. Some of the transgene

expression problems have been overcome by including regulatory elements such

as the p-globin locus control region (Grosveld et a1.,1987) or 'insulator' elements

which protect the transgene from the effects of nearby regulatory elements

(Eissenberg and Elgin, 1991).

1"2.3 Summary

Currentiy microinjection has several major limitations that thwart its widespread

use t¡ creating fransgenic animals for the agricultural industry, these primarily

treing;

i inefïï.ciency,

?:. the random site of integration, '

3. the variable copy number,

4. expression of the transgene is subject to position effects,

5. the possibitity of insertional inactivation of an endogenous gene.

It becomes apparent that new approaches must be developed and optimised to

overcome these limitations for transgenesis to become a viable option for the

agricultural and biomedical industries. Approaches being undertaken include the

use of embryonic stem cells, homologous recombination and, relevant to the work

presented in this thesis, the targeted insertion of transgenes using site-specific

recombination systems.
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1.3 Embryonic Stem Cells and Transgenesis

1.3.1 Embryonic stem cells

Murine embryonic stem (ES) cells are pluripotent (each can give rise to a whole

embryo) stem cell lines established from the inner cell mass of the 3.5 day

blastocyst (Jackson et al., 1989). The cells retain their pluripotency following

culture (in the presence of the growth factor leukaemia-inhibiting factor) and

manipulation in vitro, and upon re-implantation into a host mouse blastocyst can

contribute to all cell lineages, including the germline of the resulting chimeric

animal. Results have shown that the cultured ES cells can recolonise embryos

eff,rciently and integrate uniformly to give a widespread distribution in the resulting

animals (Robertson et al., l9S6). Evans and Kaufman (1981), and independently

Martin (1981), were the first researchers to dernonstrate the establishment in culture

of ES cells from early mouse embryos. The technique of culturing ES cells has also

been established for the hamster (Doetschman et al., 1988). Porcine ES cells have

been cultured in vitro, however conditions and techniques for maintaining porcine

(and bovine and ovine) ES cells remain to be optimised (Shim et al., 1997), and it

has not yet been demonstrated that they can colonise a host blastocyst to form

germline chimeras (pers. comm. Dr. P Wigley, BresaGen, Australia). Technology

in this area is advancing rapidly as demonstrated by the recent report of the isolation

of human pluripotent stem cells (Shamblott et a1.,1998).

1.3.2 Transgenic ES cells

Embryonic stem cells provide an invaluable tool for manipulating the mammalian

germline. Modified murine ES cells can be used as a vehicle to generate mice of

any desired genotype. The major advantage of creating transgenic ES cells is that

they can be identified and characterised before injection into host blastocysts to

generate chimeras. This directly contrasts with the conventional method of

transgenesis discussed in section 1.2 whereby transgenic animals can only be

identified at the post-implantation stage, either by characterising tissue from the

animal post-natally or from the foetus in utero'
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Genes can be introduced into ES cells by standard transfection methods but, as

with microinjection into fertilised eggs, this results in random integration of the

DNA into the genome, giving rise to variable gene expression due to chromosomal

position effects and copy number variations between clones. The site-specif,rc

integration of a single copy of the transgene into a pre-selected site in the genome

should provide a means of creating clonal transgenic lines of animals with

identical gene expression patterns.

1.3.3 Homologous recombination: Gene targeting in ES cells

Gene targeting in ES cells allows the modif,rcation of any cloned gene to be

introduced into the germline of an animal. Briefly, a target vector containing the

modif,red gene, flanked by homologous chromosomal DNA, is introduced into FIS

cells by standard transfection methods. Since there is a bias towards randotrl

insertion, in the order of 10r to 103 fold higher than that of insertion tr¡'

reconlbinatiorr between the introduced DNA and the complernenTary seguonee

present in the genome (Danks, 1994), only in a small percentage of the cells dr:es

the targeting vector pair with the cognate chromosomal DNA sequence and by

homologous recombination the modified gene is transferred to the genome

(Thomas et al., 1987; Capecchi et al., 1989; Joyner, 1991 and 1992)- Enrichment

and screening procedures can be used to select only ES cells containing the

correctly integrated modified gene. For instance, a promoter trap targeting vector,

designed to use the transcriptional machinery of the endogenous target gene to

drive the positive selection cassette (cloned in-frame with the endogenous

translated product) in the targeting vector can yield an enrichment of about 100-

fold for targeted clones (Joyner, 1992). The correctly targeted ES cells are then

clonally expanded, maintained as pure populations and injected into host

blastocysts. The resulting animals are chimeric, consisting of cells from the host

blastocyst and the altered ES cells. If there is contribution to the germline,

heterozygotes can be generated, and interbreeding of the heterozygous siblings

will generate animals homozygous for the gene.
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1.3.3.i Antibiotic resistønce: A cautionøry note

Screening procedures used to select for homologous recombination events involve

the inclusion of a genetic marker in the target vector that produces a selectable

change in cell phenotype. One commonly used selectable marker is the bacterial

neomycin resistance (neoR) gene. Provided the target vector has significant

homologous DNA (> l-2 kb) on both sides of the altered gene, and overall

contains 5-10 kb of homologous DNA, at least 10-20% of the cells, and possibly

as high as 80o/o, that are r"oRwill contain the conectly targeted mutation.

Although homologous recombination will minimise the problems of random

integration and variable copy number effects, a successful targeting event often

results in the inclusion of a selectable marker such as the neoR gene in the

genome. Creating transgenic animals of agricultural importance with antibiotic

resistance markers may not be permitted by regulatory bodies such as the Genetic

Manipulation Advisory Council (GMAC) in Australia. Neomycin is still used

today for the treatment of some human disease states (Vita et al., 1998; Connolly

et al., lgg/), therefore to preserve the life-saving potential of antibiotics, the

spread of resistance genes at all levels needs to be halted. Refraining from the use

of selective antibiotics in animal husbandry will help to prevent the entry of

transmittable antibiotic-resistance genes into the human food chain (Perreten et al.,

lggT). Precise gene insertion without incorporating a resistance gene could be

achieved using site-specific recombination systems.

1.4 Male Stem Cell-Mediated Gene Transfer

A novel approach for potentially producing transgenic animals was reported by

Brinster and Zimmermann (1994) and by Brinster and Avarbock (1994) and

involved the use of male stem cells. Both report that stem cells isolated from the

testes of donor mice could repopulate sterile testes of a recipient when injected

into seminiferous tubules.
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Preceding puberty and continuing through adult life, stem cell spermatogonia

undergo continuous replication in a process known as stem cell renewal.

Additionally, a small fraction of this population undergo differentiation to produce

spermatozoa. After fertilisation with the female counterpart, their genes contribute

to embryogenesis and ultimately to the differentiation of every cell in the body.

Stem cell spermatogonia are basically the only self-renewing cell type in the adult

capable of genetic contribution to the next generation, and in this sense can be

thought of as being totipotent. Brinster and Avarbock (1994) reported that

progeny can result from transplanted donor spermatogonia. The production of

offspring from transplanted stem cell spermatogonia indicates this method may

provide an additional path to producing transgenic livestock. One drawback of

this technique is that currently there is no method to culture the cells in vítro, with

drug selection, following transfection with exogenous DNA. Recently Kim, et al

(Igg7) addressed this issue and reported on a new method of transferring foreign

DNA into male germ cells of both mice and pigs. Using liposome/bacterial LacZ

gene complexes they injected directly into the seminiferous tubules. In both mice

and pigs DNA was incorporated into male germ cells and, in mice, 7-l3Yo of

epididymal spermatozoa \ryere confirmed to contain foreign DNA. No offspring

have been reported to be produced by this method as yet, however it may become

a powerful technique for producing transgenic livestock in the future given the

current absence of ES cells for livestock species.

L.5 Nuclear Transfer and 'Reprogrammingr

Over the last decade nuclear transfer techniques have been developed for a number

of mammalian species including sheep, co\rys' pigs, rabbits, mice, and, more

recently, Rhesus monkeys (Meng et al., 1997) and goats (Yong and Yuqiang'

1998). The technique involves transferring a nucleus to afl enucleated

(chromosome-free) unfertilised egg and using electrical pulses to fuse the two

together. As a consequence of this process the donor nuclei is 'reprogrammed' by

factors present in the cytoplasm of the egg to,behave as a zygotic nucleus. The
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exact molecular mechanism involved is not known but is speculated to involve

DNA modifications such as methylation, involved in the regulation of gene

expression (Kono, 1997).

Willadsen (1986), was the first to demonstrate this technique in sheep and later in

cows (1989), and to date, it is in sheep and cows that the method remains the most

successful. Recently Campbell et al, (1996) showed that lambs could be produced

from an established cell line of sheep foetal derived cells. Previously, only early

embryo derived cells have been used successfully as the nuclear donors in other

species. Campbell's technique involved serum starvation of the donor nuclei cells

before transfer to induce quiescence, which may help in the nuclear

reprogramming. Hence, the significance of this report was that an already

differentiated cell could be reprogrammed, essentially back in time, to early

embryo status. More significantly, Wilmut and colleagues (1997) used the same

method and demonstrated nuclear transfer using an adult mammary gland cell

resulting in the birth of the farned 'Dolly'. Although at present time a rather

inefficient procedure (l in 277 fi.rsions), it remains a scientific breakthrough in the

area of cloning. Wakayama and coworkers (1998) have recently demonstrated the

creation of cloned mice (full'term: 2-2.5%) by introducing the nuclei from adult

somatic cells (cumulus cells) into enucleated oocytes, and following closely

behind, Kato's research team (1998) reported the successful cloning of cows using

adult somatic cells. Both reports illustrate that the technique of nuclear transfer,

using terminally differentiated somatic cells, is likely to be possible in other

mammals, including pigs.

Despite the success of nuclear transfer in many livestock species using non-

terminally differentiated cells, the eff,rciency remains low, especially for the pig.

In cows and sheep the efficiency is around l%o of fusions, and even lower than this

for pigs (pers. comm. Dr. M. Nottle, BresaGen, Australia). With further research a

greater understanding of the processes involved in reprogramming will be gained,

hopefully leading to greatly improved efficiencies.
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1.5.1 Homologous recombination: Gene targeting in cultured cells

Schnieke and coworkers (lgg7) have demonstrated the feasibility of using

homologous recombination in primary (untransformed) somatic cells (foetal

fibroblasts) to introduce a specific gene, human factor IX, into the germline of

sheep. Furthermore, they demonstrated the production of transgenic sheep by

nuclear transfer from foetat fibroblasts identified as containing the correctly

targeted transgene.

One can envisage a time in the future where perhaps, by f,rrstly utilising the

technique of homologous recombination with an established somatic cell line, and

followed by nuclear transfer, one could produce clonal transgenic pigs canying a

precisely located, single-copy genetic change. The advantages of this approach are,

as for gene targeting in ES cells, there is a single-copy insertion and the cells can be

characterised prior to the nuclear transfer step. Therefore, although a frequency of

l-2% for the nuclear transfer efficiency (Schnieke et al', 1997) may seem low' in

compariso n to -5Yo for microinjection [number of transgenic animals per total

animals born (Dam ak et al., 1996)] in fact 100% of the ofßpring are transgenic

making this approach more economical than microinjection as there is no gestation

of non-transgenic animals. However, one disadvantage with using homologous

recombination to insert genes into livestock species is the time consuming task of

characterising and cloning isogenic DNA (from the same strain; te Riele et ol',

lggÌ) suitable for constructing a targeting vector containing extensive regions of

homology. Furthermore, every new transgene would require another homologous

recombination steP.

L.6 Site-Specific Recombination Systems

1.6.1 Introduction

Genetic recombination can be defined as the production of a new DNA molecule

from two parental DNA molecules involving the physical reorganisation of the
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DNA sequences involved. Genetic recombination can be further subdivided into

homologous recombination and site-specific recombination. In homologous

recombination there is a requirement for extensive homology between the two

reacting DNA substrates (Thaler and Stahl 1988; Smith, 1988). Homologous

recombination occurs naturally during meiosis and mitosis of eukaryotic cells, and

in the last decade it has been exploited, with great success, to achieve targeted

gene disruption in mouse ES cells (Craig et al.,1988; reviewed in Joyner, 1991).

Site-specific recombination involves specific DNA sequences on at least one of

the two interacting DNA molecules. Important to my thesis research are site-

specific recombinase systems requiring specific DNA sequences on both DNA

molecules (Sadowski, 1986; Gellert and Nash, 19S7) and I will not discuss the

other (tralsposition) class. The recombination is achieved by phosphoryl transfer

involving precise strand cleavage and religation in the absence of any high-energy

cofactors (Kikuchi, Nash 1979). Instead there is conservation of the bond energy

in a covalent phosphotyrosine (integrases) (Argos et al., 1986), or phosphoserine

(resolvase/invertases) (Grindley, 1993) linkage.

1.6.2 The cre and FLP site-specific recombination systems

FLP and Cre belong to the integrase family of recombinases. The enzymes

recognise specific nucleotide sequences and function through a transient DNA-

protein covalent linkage. The FLP protein is encoded by the 2-pm circle plasmid

of Saccharomyces cerevisiae. lts in vivo function is to maintain equal segregation

of plasmid molecules during mitosis (Volkert et aL.,19S6). The FLP recombinase

target site (FRT) has been defined to a 48 bp region within each of two 599 bp

long inverted repeats on the plasmid. Each FRT site region encompasses three l3

bp repeats with the first inverted relative to the other two and separated from them

by an 8-bp spacer (overlap) region (Jayaram, 1985; Cox, 1988). Deletion analysis

has shown that the minimal, fully functional FRT site consists of 28 bp which

includes the 8 bp spacer and l0 bp of each flanking repeat (Senecoff et al., 1985;

Gronostajski et al., l9S5). Cre is a bacteriophage P1-encoded recombinase that
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catalyses recombination between two 34 bp repeats, called /oxP sites. Its in vivo

function is to dissociate bacteriophage dimers following replication (Ambreski and

Hoess, 1983 and 1934). In both systems, intermolecular recombination between

sites on different DNA molecules results in insertion, generating one DNA

molecule. Intramolecular recombination of a DNA molecule with directly

repeated sites results in excision, and between two inverted sites results in

inversion of the DNA between the two sites. The non-palindromic nature of the

overlap regions in loxp and FRT determines the alignment of the recombination

sites (Hoess et a1.,1986; Senecoff et al.,1988).

1.6.2.i The development snd utilisation of Cre and FLP

Since the advent of homologous recombination 10 years ago many genes have

been knocked out in mouse ES cells, however some of these are null mutations

that result in developmental defects causing embryonic lethality. Recently it has

been possible to mutate these genes and analyse the effect at a specific

developmental stage or in a particular cell type or tissue. Rajewsky and coworkers

(1993) introduced DNA, flanked by two /oxP sites, into mouse ES cells via

homologous recombination. Transiently expressing Cre they efficiently deleted

the DNA between the loxP sites. Later (Rajewsky et al., 1994) they produced a

'conditional' knockout by having Cre expression under the control of a T-cell-

specific promoter and specifically deleted genomic DNA in the T-cell lineage'

More recently Feil (1996) demonstrated inducible gene inactivation, and

Tsurushita (1996) the engineering of synthetic antibody libraries, using the

CrelloxP system.

Although FLP has been shown to work in a number of eukaryotic systems

lDrosophila (Golic and Lindquist, 1989), mosquitoes (Monis et al', l99l),

mammalian cell lines (O'Gorman et a\.,1991) and in murine ES cells (Jung et al',

I993;Dymecki, 1996)1, its usefulness has lagged behind cre significantly due to

its different thermostability. while cre is optimally efhcient at37"C, FLP has an

optimum near to 35oC, and unknown to many researchers until 1996 a
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commercially available FLP expression plasmid had a mutation making the FLP

protein thermolabite at temperatures above 30oC, (Buchholz et al., 1996) and thus

made its use in many cell lines, including ES cells very difficult. Recently,

Buchholtz (1993) reported the generation of an improved FLP recombinase

(FLPe), generated by cycling mutagenesis, with improved thermostable properties

in E. coli, human 293 andmouse ES cells.

1.6.2.ä Excision versus integration

The major drawback with the FLP and Cre systems is the difficulty in controlling

the direction of recombination. Cre and FLP can mediate excisive

(intramolecular) and integrative (intermolecular) recombination. However, the

integration reaction is very inefficient because the integrated DNA, which has

target sites (FRT or loxP) at both ends, consequently has a tendency to undergo

excision soon after it integrates. That is to say, the excision and integration

reactions are reversible (Figure 1.1) and the excision reaction is highly favoured

over insertion as it is intramolecular as opposed to intermolecular. Experiments in

bacteria using FLP have shown stabilisation of an integrant by delivery of a pulse

of FLp activity (Huang et a1.,1991). However, for the reason mentioned above

(L6.2¡), very little progress has been made with the FLP system in recent times.

Encouragingly, Araki and coworkers (1997) used mutant /oxP sites (Albert et al',

1995) to stably integrate DNA into mouse ES cells and achieved a frequency of

l6Yo integration compared to less than 0.5% for the wild-type loxP sites. Albert

(1995) identified three sets of mutant /ox sites that favour integration over the

excision reaction and later made nucleotide changes into the left 13 bp element

(LE mutant lox site,ts I or the right 13 bp element (RE mutant lox site,Çf I

Recombination between aLE mutant site and a RE mutant site produces a wild-

type loxP site at one end of the integrated DNA and a double (LE+RE) mutant site

at the other end. The LE+RE mutant site has a reduced binding afhnity for Cre

recombinase and therefore the inserted DNA is relatively stable. This added

flexibility of the Cre system gives it greater attraction for future use in stably

integrating transgenes, although if one could avoid using a reversible system in the
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first place the frequency of integration events achieved may be even higher'

Today in mouse ES cells, integration via homologous recombination, where the

frequency of insertion events achieved, with selection, can be up to 50% or

greater, remains the system of choice.

The major application of these systems is clearly in the area of excision. For

instance, when used alone, homologous recombination often results in the

inclusion of a selectable gene like ,roo, but when complemented with a

subsequent Cre or FLP mediated excision reaction the bacterial antibiotic

resistance gene can be removed. In the future this may permit the generation of

transgenic livestock species able to be approved by regulatory bodies such as

GMAC. Further, both Cre and FLP have been demonstrated to work in fertilised

mouse eggs (Araki et a1.,1995: Ludwig et al.,1996l. Sunaga et al',1997; de'Wit e/

al., Lg98) which suggests they may be exploited to manipulate the genome of

animals for which ES cells are currently unavailable; However, the target site

must first be inserted into the animal's genome either fa4dqIdy by microinjection,

or via homologous recombination. To date, there have been no reports of

homologous recombination in fertilised eggs of any livestock species þers. comm-

Dr. I. Lyons, BresaGen, Australia) and only two literature reports of using

homologous recombination in fertilised mouse eggs (Brinstet et al., 1989: Susulic

et al., 1995) in which the success rate was very low, 1 in approximately 500

transgenic mice and moderate, 1 in 23 transgenic mice respectively, and

furthermore many reports of other unsuccessful attempts have been made þers.

comm. Dr. I. Lyons, BresaGen, Australia). Consequently the use of homologous

recombination in fertilised eggs to insert a target site at a specific genomic location

is not an available option at present.

1.6.3 The temperate coliphage'directional' site-specific recombination

systems

The temperate coliphages like 7,",P2 and 186 (Bertani and Bertani, l97l) can enter

either a lytic or lysogenic lifecycle upon infection of their Escherichia coli host
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(Figure 1.2). Following adsorption to the cell's surface, the phage injects its DNA

into the host where it circularises and, if the lytic pathway is selected, early

transcription begins, leading to middle gene expression. This results in expression

of the phage DNA replicative genes and the phage genome is replicated. In the

final stage of lytic development the expression of the late genes allows synthesis

of phage morphogenic proteins, proteins required for phage assembly and proteins

needed for host cell lysis. The phage, once assembled, lyse the host cell releasing

about 100-200 progeny phage per iytically infected cell. Occasionally the phage

genome becomes integrated into the host cell DNA (prophage), the lysogenic state,

allowing automatic replication each time the bacterium divides. The prophage

state is extremely stable until repression of lytic transcription is removed

(clerepression), and the phage DNA is excised from the host genome where it can

re-entcr the l¡tic pathway, The integration and excision reactions of the ptrage

I)ì..lA involve siie-specif,rc recombination between sequences present otr the:

hacterial and phage genomes.

1.6.3.i Excision versus integrøtion

The best characterised directional site-specific recombination system is that of L

(Figure 1.3). The integration reaction requires two proteins: the phage-encoded

integrase (Int) and the host-encoded integration host factor (IHF). Int catalyses

strand exchange between the phage and bacterial attachment sites, called attP and

attB respectively. This produces the composite sites attL and attR flanking the

prophage. Excision requires Int, IHF and the phage-encoded excisionase (Xis)

protein (for reviews: Craig, 1988; Landy,l9S9). In addition, the presence of Xis

inhibits integration while Fis, a host protein, stimulates excision when the

concentration of Xis is limiting.

As different combinations of proteins mediate the excisive and integrative

pathways these systems have the directionality lacking in the one protein systems

like cre and FLP. In the case of 1,, in the absence of any Xis protein the

integrative reaction is essentially irreversible (Ambreski and Gottesman, 1981). It
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is possible that the extreme directionality of these systems (eg. À, P2 and 186) may

be exploited for the development of targeted transgenesis systerns. However, to

date none have been shown to operate in a eukaryotic context.

1.7 The ì, Site-SpecifTc Recombination System (Integration)

The best studied system is that of 1,, which will be described in more detail as the

prototype system (review, see Landy 1989).

1.7.1 The attachment sites ølfB and attP

The attB and attP attachment sites share a region of homology of l9l2I base pairs

(bp), the core sequence, within which recombination occurs. The sites of top and

bottom strand exchange are separated by a 7 basepair 'overlap' region, designated

'O'. The sequence of the overlap region is not critical, with the exception of one

basepair (Kitts and Nash, 1987), provided homology is maintainecl between the

two reacting partners (Mizuuchi et al., 1981; Craig and Nash 1983; IVeisberg e/

al., 1983). The common core sequence (COC') is flanked by non-homologous

DNA designated P and P' in attP and B and B' in attB. The minimal attP and attB

sites have been determined as 234 bp and 2l bp, respectively (Mizuuchi and

Mizuuchi; 1980 and 1935). The P and P' auns contain the binding sites for Int

(arm-type sites), IHF, Xis and Fis, while the core contains two core-type Int

binding sites C and C', present as two imperfect inverted repeats at the junction of

the core and arm sequences. The attB site consists of two core-type Int binding

sites in the short flanking arm sequences. A striking feature of the a/fP sequence

is its high AT content (73%), including several stretches of up to six consecutive

adenines known to cause intrinsic curvature of DNA (Landy and Ross, 1977:'Wu

and Crothers, 1984).
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1.7.2 lnt

The l, Int protein is a 40 kD protein with two discrete DNA binding domains

identif,red by limited proteolysis (Moitoso de Vargas et al., 1988; Tirumalai and

Landy, 1997). The amino-terminal domain (amino acid residues 1-64) specif,rcally

binds the arm-type sites with high affinity while the region of residues 65-169

binds the core-type sites, at the points of strand exchange, with low affinity. The

remaining residues, 170-356, contain the topoisomerase activity of the Int protein.

The accessory proteins, IHF, Xis and Fis, share one common feature, the ability to

dramatically bend DNA upon binding (Craig and Nash, 1984; Yin et al., 1985;

Thompson et al., 1987; Robertson and Nash, 1988; Thompson and Landy, 1988;

Kosturko et ol.,l9S9). Their sites of DNA binding lie between the arm and core-

type Int binding sites leading to the proposal that À Int forms DNA loops by

linking arm and core sites (Moisoto de Vargas et a|.,1989; Kim and Landy,1992)"

À Int belongs to the Int family of recombinases, which includes Cre and FLP, that

share a group of invariant residues, the arginine-histidine-arginine (Ìu: Arg212,

His308, Arg311) catalytic triad (Argos et al., 1986; Ambreski and Hoess,1992;

}Jan et al., 1994) and the tyrosine nucleophile (À: Tyr342). In all cases the

conserved Tyr residue becomes covalently linked to the DNA strands during the

recombination event (Pargellis et dl., 1988; Hoess and Ambreski, 1985;

Gronostajski and Sadowski, 1985; Evans et al., 1990). Two Int mutants, Int-h

(E174K) and IntF (Y342F), have been characterised in detail. Int-h can catalyse

recombination in the absence of IHF (Miller et al., 1980) and IntF, in which

Tyr342 is replaced by a Phe, retains its DNA binding properties but lacks the

topoisomerase and recombinase activities (Pargellis et a1.,1988; Burgin and Nash,

1992). The recently determined crystal structure of À Int revealed Tyr342 to lie on

a flexible loop of 17 amino acid residues, placing it in reach of the RHR catalytic

triad in either the cls or trans cleavage mode (Kwon et al., 1997). For c¡s

cleavage, a single protomer provides both the catalytic tyrosine and the RHR triad

for cleavage of one DNA strand (Landy, 1993; Nunes-Düby et a1.,1994), whereas

for trans cleavage the tyrosine from one protomer cleaves a DNA strand that is
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bound and activated by the RHR triad of a neighbouring protomer (Chen et al.,

1992). The crystal structure results helped rationalise two conflicting reports on

whether À Int worked in cls (Nunes-Diby et al., 1994) or trans (Han et al., 1993),

as the flexible loop, containing Tyr342, ean structurally accommodate both

mechanisms. Cre was thought to work in trans (Shaikh and Sadowski, 1997),

however the recently determined crystal structure, which capfured recombination

in the act, shows unequivocally that Cre acts in cls (Guo et al., 1997). HPl

integrase, a relative of the P2-186 family of temperate phages (Eposito et al 1996)

has had its structure determined by crystallography (Hickman et al., 1997) also

revealing a cls mechanism of action. Much evidence supports a trans mechanism

for FLP (Lee et al., 1992; Lee et al., 1994; Qian and Cox, 1995) but a crystal

structure for clarification of the trans mechanism is required.

1.7.3 IHF

Integration host factor (IHF) belongs to the class of histone-like proteins of

Escherichia coli. First discovered by Miller et al (1979) and Nash (1981) as being

essential for the integration of À DNA into the chromosome, it is now known to

influence many cellular processes (review, see Friedman, 1988), including

expression of the À cII gene (Hoyt et al., 1982), DNA replication (Gamas, 1986;

Hwang and Kornberg, 1992), À packaging (Kosturko et al., 1986), and activation

of transcription in E. coli (review, see Freundlich,1992).

IHF is a small basic protein consisting of two subunits, the cr,-subunit (11.2 kD)

encoded by the himA gene, and the p-subunit (10.6 kD) encoded by the himD (ot

hip) gene. The two proteins show 30o/o amino acid sequence identity, and share

amino acid sequence homology to HU, another histone-like protein from E. coli

(Drlica and Rouviere-Yaniv, 1987). Unlike HU, which binds DNA non-

specif,rcally, IHF recognises a specific sequence with the consensus

WATÇAANNNNTTR, where W is A or T, R is A or G and N is arly

deoxynucleotide (Craig and Nash, 1984), and CA aÍe the only two bases

absolutely conserved in all known IHF binding sites. An expanded binding site,
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which includes A/T rich elements upstream (5') of the core consensus element has

been determined by Goodrich et al (1990). Hales and coworkers (1994 and 1996),

determined that the A/T rich region, while essential for one binding site in )u attP,

is not essential for another, although it does enhance IHF binding if present.

Binding of IHF to L attP occurs at three sites, and can occur in the absence of Int,

whereas there are no IHF binding sites in attB (Craig and Nash, 1984). Protection

and interference studies indicate that IHF contacts its binding site in the minor

groove of DNA (Yang and Nash, 1989; Wang et a1.,1995). IHF's primary role is

to bend DNA, facilitating the formation of other protein-DNA interactions

(Prentki, 1987 Robertson and Nash, 1988; Thompson and Landy, 1988; Snyder er

at., 1989). Further, a recent report implicates IFtr as a major contributor to

chromosomal DNA condensation (Murtin et a1.,1998). It has been demonstrated

that IHF canpafüally be replaced by other DNA bending proteins, such as HU and

CRP (cyclic AMP receptor protein), and by sequence directed bends (Goodman

and Nash, 1989 and 1992; Segall et al., 1994; Perez-Martln et al., 1994; Parekh

and Hatfield 1996). The crystal structure of an IHF-DNA (35 bp) complex has

been determined (Rice et al., 1996) showing that the DNA wraps around the

protein, bending the DNA by >160" and causing a'U-turn' in the DNA structure.

This result confirmed that IHF facilitates the simultaneous binding of l" Int to two

distal sites.

1.7.4 The intasome

The hrst step in the integrative pathway involves the binding of Int and IHF

proteins to their specif,rc recognition sites in attP, forming a nucleoprotein

structure termed the intasome. Formation of a functional intasome is dependent on

the supercoiling of attP (Richet et a1.,19S6). Although the core-type Int-binding

sites are where Int catalyses strand exchange, specific Int bindingto attB core sites

is undetectable in vitro and hence, it is proposed thal" attB does not obtain its Int

from solution, but rather that a naked attB obtains its Int from the attP'intasome

(Ross and Landy, 1983; Richet et a1.,1988; Nash, 1990). How the intasome and
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attB actually synapse remains undetermined; one model favours random collision

and another the sliding of the attP-intasome along the host chromosome (Gellert

and Nash, 1987).

1.7 .5 Intermediates and the order of strand exchange

The use of substrates that trap the intermediates in the À recombination pathway

has established that recombination proceeds via a sequential mechanism, which

produces a partially single-stranded exchange intermediate known as a Holliday

junction (Holliday, 1964 and 1974). During the normal recombination reaction the

intermediate forms have been too transient to be easily detected. Two approaches

have been used to produce the intermediates. In the first, a nick was placed in the

targetDNA, either in the overlap region central to the two cleavage sites (Pargellis

et a|..,1988), or at the top or bottom strand cleavage positions (Nunes-Dvby et al.,

1987). A centrally placed nick identified Tyr342 as the specific residue of I Int

which covalently links with DNA. A nick placed at the bottom strand cleavage

position produced a Holliday intermediate known as the cr-structure, whereas a

nick placed at the top stran<l cleavage position produced no intermediates or

recombination products (Figure 1.4). This indicated that strand exchange proceeds

in a defined order: first the top strand is cleaved and exchanged followed by

cleavage and exchange of the bottom strand. The presence of the nicks at the

cleavage sites affects the chemistry of the recombination reaction as it stops Int

from using the energy from the phosphodiester bond. The second approach to

producing intermediates used phosphorothioate nucleotides (dNTPcr,s) (Kitts and

Nash, lgSS). Again, when located at the positions of strand exchange the presence

of a large sulphur atom in the dNTPas, which replaces a non-bridging oxygen

atom, affects the chemistry of the reaction, confirming that recombination

proceeds via a Holliday intermediate and that there is a set order of strand

exchange. Furthermore, a group of synthetic Holliday junctions in which the

branchpoint was constrained to the centre of the îu 7 bp overlap region gave strong

evidence to support a strand-swapping model whereby a central isomerisation step

shifts the Int-DNA complex from top strands swapped to bottom strands swapped
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Figure 1.4 Suicide øttB substrates and their products

In the supercoiled a//P substrates, the black boxes represent the overlap region of the common

."q.r"n""; it attB the overlap region is represented by the grey box. A. A nick placed in the top

strând of attB at the first Int cleavage site produces no product. B. A nick placed in the bottom

strand of attB at the second Int cleavage site produces a Holliday intermediate termed the cr-

structure. C. A medially placed nick in the attB overlap region produces covalent-Int DNA

molecules. D. Normal recombination between attB and supercoiled attP proceeds in a defined

order. First the top strands are cleaved succeeded by branch migration and strand exchange.

Following this, a second round of strand cleavage, branch migration and strand exchange of the

bottom strands takes place.
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thereby favouring cleavagelexchange and resolution respectively (Nunes-Düby et

al., 1995; Azarc and Landy , 1997; Nunes-Düby et al., 1997).

1.8 The 186 Site-Specific Recombination System

Coliphage 186 is a temperate phage, and belongs to a group of non-lambdoid

phages including coliphage P2 and satellite phage P4 (Bertani and Six, 1988). At

the commencement of my project the 186 site-specific recombination system was

only partially characterised, The 186 Int gene is required for both integration and

excision (Bradley et a1.,1975) and belongs to the integrase family of site-specif,ri:

reoombinases (Argos et al., 19S6)" T'he excision reaction requires the apl gene

proelirct, IHF v¡as clemonstrated to be required for integration and Fis was nol.

required Íbr either reactic¡n (M. Reed, Ph.D thesis, 1994; University of Adelaide,

Dcpt. oT Biochem.istry). The 186 baeterial attachment sile (Appendix, Figure i.j

lras 
-t:een 

rnapl'red l¡rrtween the phe{ and rua[B lt ci at the 57 rnin regiorr of the ,Ð.

colt clvcrnûsorne (Woods and Egan, 1972; lìeed, 1994'1" llowever, in vítro

studies, using purified components for integration, 186 Int and IHF, had not yet

been undertaken. Also, although the 186 attB site was thought to be positioned

somewhere in the common sequence region of attP and attB, according to the

Campbell model (1992), its exact location, sites of cleavage and length of overlap

sequence was unknown. By comparison of a/fR and attL sequences, the common

sequence has been located to position 681-716 of the phage sequence [numbered

from the Psfl site at 65.50/o of the 186 genome (Kalionas et al., 1986)l giving a

common sequence of 36 bp. In addition, the sequence identity between attR and

attL continues leftward for a further 12bp after a single base pair mismatch giving

a 48149 bp DNA sequence homology over the whole region (Appendix, Figure l),

and placingthe attP site in the lysogenic operon.
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1.9 Targeted Livestock Transgenesis

1.9.1 Current technology: Pro's and conts

Pronuclear microinjection of foreign DNA is the current technique used to produce

transgenic livestock animals (Gordon et a1.,1980), and involves microinjection of

several hundred copies of a specific DNA fragment into one pronucleus of each

one-cell zygote. Normally linearised DNA is used for the microinjection step.

Most of the microinjected DNA is rapidly degraded by cellular nucleases but in

some cells a few molecules successfully integrate into one, or more rarely,

multiple sites of the host chromosome. Inherent problems are that the integration

site is random and transgene expression is influenced by the surrounding DNA

context of the integration site. Further, the transgene can insert to form tandem or

inverted arrays from one to several hundred copies per site and there is no

correlation between transgene copy number and the expression level of the

transgene.

The Crellox and FLPÆRT recombinase systems may still hold a place in transgenic

livestock production either via microinjection into fertilised eggs or in a somatic

cell line. As with all the recombinase systems, including X.P2 and 186, their target

sites could be positioned into a somatic cell line via homologous recombination and

thereafter, once in place, the target site could be used to insert various transgenes

using the appropriate site-specific recombination system. Using mutant /oxP sites

Albert et al., (1995) achieved a l6Yo integration efficiency using mouse ES cells,

and utilising a promoter trap targeting vector system (1.3.3) Kolb et al., (1997 and

1999) achieved similar integration rates with Cre. If any of the directional

recombinase systems can be shown to operate in a mammalian environment, either

via microinjection into fertilised eggs or in a somatic cell line, it is likely the

integration frequencies achieved would be significantly higher due to their

directionality. FurtheÍnore, the recombinase systems may offer an alternative route

to homologous recombination for the initial introduction of the target site, and that

is by using closely matching naturally occurring target sites in combination with an

altered integrase, one could bypass the homologous recombination step altogether.
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This would offer a significant saving in both cost and time as the construction of

isogenic targeting constructs for different livestock strains is a major impediment to

the homologous recombination route.

Such a strafegy would be ideal for human gene whereby gene targeting in cultured

somatic celis (or haematopoietic stem cells) is potentially a very powerful tool f'or

treating human genetic diseases permitting one to make specific modifications in

endogenous genes to correct mutations. Recently, as an antiviral therapy Lee and

Park (1998) have postulated altering Cre recombinase to recognise the closest

matchiirg 'loxP'sites in the 5' and 3' long terminal repeats (LT'Rs) which surround

human immunodeficiency virus type I (HIV-l) proviral DNA to enable its excision,

1"9"2'fowards targeted transgenesis using directional recombinatit¡n

systems

i "9.,.:,¿,i 
(-')ut'rent applieotions for directional recornltìrcøliott sysÍems

The reccrnbinases (integrases) of temperate phages such as'l'",P2 and 186 have a

significant advantage over the use of Cre or FLP: they can insert DNA stably, as all

depend on additional proteins for excision. One aim of this project is to develop a

directional recombinase system for use in higher eukaryotes for either the precise,

single copy placement of transgenes, or inactivation of a gene, using the wild-type

186 attachment sites and Int/IFIF proteins. However, apart from mice and cultured

cells, utilisation of this technology in higher eukaryotes relies on the concomitant

development of methods to firstly introduce the wild-type attB target site into the

genome either via homologous recombination in fertilised eggs, or in ES cells, or

perhaps even in somatic cells, followed by nuclear transfer and reprogramming. To

date the first two methods do not exist for any livestock species, although with

future research it is likely one or both may well do. So far homologous

recombination in somatic cells followed by nuclear transfer and reprogramming has

only been successfully shown for sheep.
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1. 9. 2. ii D evelopment of ' mo diJied' direclionøl r ecombination systems

Until ES cell technology and homologous recombination in livestock animals,

especially in the case of pigs, is successfully developed, another approach is to use

existing 'natural' sites for site-specific recombination. We propose that

mammalian genomes have sequences that are closely related to the target

sequences of different integrases and that we can modiff the specif,rcity of the

integrases to recognise a native mammalian target sequence (mtBOB') and to

insert a transgene carrying an equivalently modihed mtPOP' site. This would

provide us with a 'stable' of integrases capable of operating on different, naturally

occurring att sites. Precedents exist for the modification of DNA binding proteins

to identiff mutated binding sites. Jamieson and coworkers (1994) demonstrated

that a DNA binding protein Øin6Ð could be randomly mutated to recognise an

altered DNA binding site. They generated and selected altered Zif268 proteins

that could bind to an altered DNA target site. Furthermore, it has been

demonstrated that although the Int proteins encoded by the bacteriophages À and

ILKA2} are 70o/o identical, and neither recombines the affachment sites of the other

phage, mutants of À integrase could be selected for increased ability to recombine

IJK022 sites (Dorgai et al., 1995) andvice versa (Yagil et al., 1995). Recently,

Hartung and Kisters-Woike (1993) constructed a Cre mutant which had reduced

recombination efficiency with the wild-type loxP target but was able to recombine

an altered loxP target sequence, in contrast, the wild-type Cre was incapable of

recombining with the altered /oxP site.

For our work, we could undertake computer analysis of the pig GalT gene (see

1.1.1) and select potential target sites (mtBOB's) for a particular integrase, in

which we have already characterised which bases in the native BOB' site are

essential for Int action. In 1., for the 2l bp native BOB' site, not all the bases

contribute to the l.Int binding determinants (Nagaraja and Weisberg,1990; Dorgai

et al., 1998), thus allowing us to select closely matching sequences in the GalT

locus to the actual integrase binding determinants, and then to modiff À Int to

recognise these. It has been shown in l. that only one basepair of the 7 bp overlap

Introduction 26



region is essential and cannot be altered even if homology is maintained between

pOP' and BOB' therefore providing an extra 6 bp with which to match to GalT

sequences.

Theoretically, we could use the pig GalT gene sequence to dictate the sequence of

the 7 bp overlap region in mtPOP'. Potentially such technology could be used to

inactivate the pig GalT gene by microinjection of Int, IFIF and the engineered

mtPOP' into fertilised pig oocytes, and more widely, to insert transgenes, or

inactivate genes in any livestock species. A further potential application of this

technology is the insertion of genes into human cultured cells for somatic gene

therapy (for reviews see Verma and Somia, L997; Choo, 1997)-

However, the att target site would need to be unique within a particular

mammalian genome. The pig genome is approximately 3xl0e bp. A natural site

would require 16 bp to be a unique attB site (4r6:4x10). Sitt"e we can use the 'O'

region sequence present in a natural target site to dictate the 'O' region sequence in

mtpOp' (in l, only one basepair of the 7 bp overlap region is an essential Int

determinant and cannot be altered even if homology is maintained between POP'

and BOB') then we require a maximum of 16-6:10 bp (410:1x106) for Int binding

determinants. If a close match to the maximum number of essential bases, for

instance 6-8 bp of the 10 bp required, can be found in a target gene then the Int

protein can be modified through successive rounds of mutagenesis (each time

changing a base in the wild-type att site toward the natural site) to recognise the

chosen genomic att site. A match of 6 bp would mean almost every gene' or

46:4096 bp, of a higher eukaryotic genome would contain a potential natural

target site. However, remembering that further specificity can be dictated by the 6

bp of the overlap region (46*6:412¡ we therefore theoretically need only modiff the

recognition of 4 basepairs to obtain a unique (416) attB site. This number could be

reduced further if a 7-8 bp match to the 10 bp required is found. We are optimistic

at achieving a level of modification of 3 to 4 basepairs, especially since Jamieson

and coworkers (lgg4) randomly mutated amino acids in the zinc finger protein

ZifZ68, and selected altered proteins that bound to a DNA site altered by 3
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basepairs (eg. GCG TGG ATA, rather than the native site GCG TGG GCG). An

alternative to mutagenesis would be to have available a stable of 256 (44) different

integrases each with 10 bp determinants to target specifically a gene of 46 bp, with

6 bp of the overlap region dictated by the target.

Considering an integrase with fewer determinants, ê9. 8 bp, then we would require

a stable of 16 integrases, or optionally, modif,tcation of the integrase to

accommod ate 2 bp, in order to target a genomic gene of 4096 g\ bp of coding

sequence, with 6 bp of the overlap region dictated by the target. On average we

would find such a site l1 (3xl0e+ 4la¡ times in the genome, necessitating a screen

of 1l cells to isolate the correctly targeted event. Furthermore, one could combine

the approach and use mutagenesis to accommodate a single bp in the I bp target

sequence of four integrases to gain the same result.

The following Table lists the calculations for the range of integrases with

determinants from 6 to 10 bp.

NO

DETERMINANTS

NO

BASES INVOLVEI)

FORMODIFIED INT

NO

INTEGRASES IN

STABLE

NO
9

SITES IN 3x10 bp

6 I 180

7 I 4 45

8 2 t6 11

9 3 64 3

10 4 2s6 I

1.10 Scope Of This Thesis

The l. site-specific recombinase system is the best characterised system at this

point in time. However we plan to characterise a number of phage systems to
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provide a 'stable' of integrases with greater flexibility for gene insertion. The

temperate bacteriophage 186 is one such system. At the beginning of my project

the 186 site-specific recombinase system was only partially characterised and in

vitro studies, using purif,red components for integration, 186 Int and IHF, had not

yet been undertaken. Also, although the 186 attB site was thought to be

positioned somewhere in the common sequence region of attP and attB, according

to the Campbell model (1992), its exact location, sites of cleavage and length of

overlap sequence was unknown. Moreover, at the start of this project it was not

known if any of the integrases, such as ?u,P2 and 186, could work in a eukaryotic

system, in the context of chromatin. While a colleague (8. Hopwood) was

investigating the î, system, to determine if a directional recombination system

could direct gene insertion in eukaryotic cells, I commenced characterisation of

the 186 system.

To this end, in vitro studies were conducted with cell-free and purified

components. These results are presented in Chapter Two, and demonstrate that

186 integration requires only Int and IHF proteins. Other characteristics of the

reaction were also investigated. Chapter Three describes a detailed analysis of the

186 øltB site. I defined the location of attB within the common sequence, using

deletion analysis, and precisely located the points of strand exchange using

phosphorothioate-containing oligonucleotides representing the BOB' site.

Furthermore, some initial mutagenesis studies were done to ascertain the Int

binding determinants and therefore the potential number of bases in BOB' which

would contribute to the uniqueness of a mammalian target site, mtBOB'. Chapter

Four describes some initial investigations to test whether the 186 system can work

in a eukaryotic cell. I first created lines of mice transgenic for the 186 ørrB site,

and later addressed whether microinjection of purif,red Int, IHF and an attP'

containing donor substrate into mouse fertilised eggs could result in the precise

and stable insertion of DNA into a eukaryotic chromosome'
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In vitro studies of the 186 site-specific

integration system



Chapter 2

In vitro studies of the 186 site-specific integration

system

2.1 Introduction

The bacteriophage 186 site specific recombination system is analogous to those of

7" and P2. In the P2 system the P2 Int protein and E. coli IIfF are required for

integration, while the Cox protein provides directionality as the excisionase and, in

contrast to Ìv, E. coliFis protein is not required, and does not enhance excision (Yu

and Haggård-Ljungquist, 1993a; Yu and Haggård-Ljungquist, 1993b). For 186 the

phage-encoded Int and E. coli IHF proteins catalyse insertion of the 186 genome

into a preoise location in the E. coli chromosome. Insertion is dependent upon

proteins binding to two attachment sites, ø/fP and attB. Excision of the prophage

only occurs in the presence of Int and another phage-encoded protein, Apl. Hence

inserted DNA remains stably integrated in the absence of Apl (Reed, L994).

For use in a site-specific recombination assay system, based on that of Leong er

al., (1985), Michael Reed (1994) from our laboratory constructed a plasmid,

pFLIP. This plasmid contains the phage and bacterial attachment sites orientated

such that recombination between the two sites inverts the DNA segment between

them (Figure 2.1). Two Xhol restriction sites, one within the invertible fragment

and the other in the uninvertible region of the plasmid, permit rnonitoring of the

recombination reaction by determining the levels of the integrative form pFLIP(f

and the excisive form pFLIP(X). The substrate pFLIP allowed in vivo analysis of

the directionality determinants of the 186 site-specific recombination system.

Reed (1994) showed that E. coli IHF+ßis- cells carrying a source of Int protein

were capable of displaying intra-molecular recombination between POP' and BOB'
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Figure 2.1 Schematic representation of the cis recombination assay. Shown_are the excised,

pf-1,n1¡;, and integrated, pFLIP(I), forms of pFLIP. Digestion of pFLIP(X) with XhoI generates the
^6.t 

tb'an¿ 1.6 kbhagments. Digestion of pFLIP(I) with XhoI generates the 4.8 kb and 2'9 kb

fragments.
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sites, carried on a plasmid such as pFLIP. Such an assay in which both sites are on

the same DNA molecule is known as a cis recombination assay.

pFLIP is a 7.7 kb derivative of pUIIE24-2 (Lanzer & Bujard, 19SB) carrying 307

bp attP and 333 attB fragments in inverted orientation with respect to each other.

XhoI digestion of the pFLIP(X) form generates fragments of 6.1 kb and 1.6 kb,

whereas in its integrated form, pFLIP(I), fragments 4.s kb and 2.9 kb are

generated (Figure 2. 1). The plasmid also contains the 186 int gene (a I .77 kb Sail-

BglI fragment) under an IPTG inducible promoter-operator sequence.

In this chapter I have used pFLIP to study in vitro the requirements for 186

integrative site-specific recombination firstly using cell-free extracts containing a

source of 186 Int and IHF proteins, and later using purified components. The

results of this work permitted me to confidently conduct recombination

experiments in fertilised mouse eggs (Chapter 4) knowing the exact protein

requirements and some important characteristics of the recombination reaction.

2.2 Results

2.2.1 In vitro assays for integrative recombination: Preparation of cell-

free extracts and plasmid substrates

I have examined the ability of cell-free extracts containing 186 Int and IHF to

promote integrative recombination in vitro using pFLIP(X) as the substrate.

Further, several different buffer conditions, in which the salt or pH was varied,

were examined for their ability to support or inhibit recombination.

2.2.I.i Preparøtion of cell-free exlrøcts

Preparation of the cell-free extracts will be described here briefly, however a more

detailed description can be found in 6.7.3. E. coli C600 (IHF+; and C600AhimA

(IHF-) cells were transfected with plasmid pFLIP(X). The cells, containing the
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186 ínt gene on pFLIP(X) under the control of an IPTG inducible promoter, were

at mid log phase induced with IPTG for 2 hours. The induced cells were

harvested, resuspended in cell sonication buffer and subjected to disruption by

sonication (3 x 1 min bursts, 5 min rest on ice between bursts). The two lysates,

IHF+/Int+ and IHF-/Inf*, were cleared by centrifugation (18000 rpm, 30 min, 4oC,

SS34 rotor) and aliquots frozen in dry ice and stored at -80oC. Samples of the

cell-free extracts were diluted 115,1/10 and ll25 in TE, and 5 pl aliquots run on a

l%o agarose-TAE gel to determine if any pFLIP plasmid DNA was visible, and

which may have contaminated the in vitro recombination assays performed later.

Results indicated no evidence of plasmid contamination in either of the cell-free

extracts at all dilutions investigated (data not shown). Similarly a control extract

from C600 (IHF+/Int-) was also prepared in the above manner, without IPTG

induction.

2.2.1.ä Preparøtion of pFLIP(X) and pFLIPQ) DNA

pFLIP(f and pFLIP(X) DNA was prepared from overnight cultures of E. coli

C600 (IHF+) and C600 LhímA (IHF-) cells transfected with plasmid pFLIP(X)

respectively. pFLIP(X), containing the 186 int gene inducible with IPTG, has a

sufficient amount of leaky expression of Int protein to convert 100% of pFLIP(X)

in vivo to pFLIP(f, in the presence of IHF. High quality DNA was prepared

according to 6.6.8.

2.2.2 In vilro assays for integrative recombination

Initial investigations demonstrated that a cell-free extract, IHF+/Int+, can mediate

site-specif,rc recombination in vitro (6.6.12.i). Incubation of the substrate

pFLIP(X) (300 ng) with an aliquot (2 ¡tI) of the cell-free extract, in a total volume

of 50 pl (30 mM Tris-HCl pH7.5, 5 mM NaCl, 90 mM KCl,2 mM EDTA, l%

glycerol) resulted in approximately 60% conversion of the substrate to the

integrative form (Figure 2.2(a); Track A). Moreover, incubation of pFLIP(X) with

the cell-free extract IHF-/Int+, showed integrative recombination to be dependent
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Figure 2.2(a) An ethidium bromide stained IYo agarcse gel of the cis in vitro recombination
assay (XhoI digested) using pFLIP(X) as substrate. The control track contains pFLIP(X) and

extract from C600 (II{F+/Int-). In track A pFLIP(X) was reacted with cell-free extract containing
186 Int and IIIF (from C600:pFLIP(I)) resulting in approximately 60%o conversion of pFLIP(X)
to pFLIP(I) as judged by the appearance of bands 4.8 kb arñ 2.9 kb, indicative of integrative
recombination. In track B pFLIP(X) was reacted with cell-ûee extract containing Int only (from
C600LhimX:pFLIP(X)).

Figure 2.2(b) An ethidium bromide stained I%o agarose gel of tlcLe cis in vitro recombination
assay (XhoI digested) using pFLIP(X) as substrate, cell-free extract (Int+,IlIF+) and the following
buffer conditions: 1. 10 mM Tris-HCl pH 7.5, 10 mM MgCl2. 2. 10 mM Tris-HCl pH 7.5, 10

mM MgC12, 50 mM NaCl. 3. 10 mM Tris-HCl pH 7.5,10 mM MgCl2, 100 mM NaCl. 4. 10 mM
Tris-HCl p}J7.5, 10 mMMgCl2, 100 mM KCI 5. 10 mM Tris-HCl pH 8.5, 10 mM MgCl2, 100

mM KCI . The conhol rack contains pFLIP(X)lXhoL



on the presence of IHF (Track B). The control track was pFLIP(X) incubated with

IHF+/Int- cell-free extract and indicated integrative recombination to be dependent

on Int, as evidenced from the lack of conversion of pFLIP(X) to (I). In track A

there is a noticeable decrease in the overall amount of DNA present and it is likely

to be due to losses incurred after the recombination reaction, such as during

phenol/chloroform extraction and ethanol precipitation, prior to XhoI digestion. In

the many reactions performed during the course of this project, and not necessarily

only those containing Int and IHF CE's, this effect \ilas sometimes observed to

occur, in a random fashion. The in vítro reaction demonstrated intramolecular

recombination between the attP and a//B sites carried on the same plasmid, the cls

reaction.

Further, by investigating the Yo conversion from the excised to integrative form of

the substrate pFLIP, in the presence of various pH and salt conditions, I found,

under the conditions tested, that there was approximately 50-60% substrate

conversion from the excised form to the integrative form in 30 minutes at 37"C

(Figure2.2(b)). Although we cannot alter the prevailing buffer conditions inside a

mammalian cell, it was reassuring to find that the recombination reaction worked

under a variety of conditions that varied with respect to the salt and pH conditions.

The buffer conditions in lane 4 (10 mM Tris-HCl p}l7.5,10 mM MgC12, 100 mM

KCl, 2 mM EDTA) were chosen as the recombination buffer for all further ìn vitro

recombination assays as they most closely satisfied the observations made for

optimal Ìu invitro recombination by Nash and Robertson (1981).

2.2.3 In vitro kinetics assay

A cis recombination reaction was terminated at various time points ranging from 1

minute to 2 hours to examine the kinetics of the reaction (Figure 2.3). To permit

analysis the gel was transferred to a Zeta-probe membrane via the alkali transfer

method (6.6.21) and the filter probed with random primed 3'P-pFLIP(X) DNA

(6.6.20). The extent of recombination in each lane was quantihed as the Yo of

pFLIP(I) to the total of pFLIP(I)+pFLIP(X) present using a phosphorimager and
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ImageQuant software. The initial peak of recombination (63%) was reached at

about 20 minutes after which the recombination rate slowed reaching a level of

80Yo after 2 hours.

The reaction in the lane marked (120) had, at the 5 minute time point, extra cell-

free extract added (2x) and the reaction allowed to proceed until termination at 2

hours. The results, 83%o integrative recombination, indicated that the addition of

more cell-free extract at 5 minutes did not increase the 7o conversion significantly

above 80% indicating that the levels of Int and IFIF proteins were not limiting..

Further to support this, the addition of more substrate pFLIP(X) at 30 minutes also

resulted inazo conversion of approximately 80yo, again indicating that the Int/IHF

activity in the cell-free extract is not exhausted (data not shown). Although not

shown, it is unlikely the reaction would reach 100% conversion to the integrative

form, if left for a longer period of time, as a nominal percentage of the substrate

does not exist in a supercoiled form. It is known for î. and P2 that topologically

a/lP needs to be supercoiled for recombination with attB (Mizuuchi and Mizuuchi,

1978; Yu and Haggård-Ljungquist,l993). Another feasible reason to account for

the lack of 100% conversion is the possible presence of other E. coli DNA binding

proteins in the cell-free extracts interfering with the binding of IHF and Int to their

respective sites.

Theoretically is was possible that the ín vitro integrative recombination assay

using cell-free extracts could be dependent upon host proteins in addition to IHF.

To investigate this possibility, in vitro site-specific recombination reactions using

purified Int and IHF proteins were pursued.
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2.3 Construction of an E. coli IHF Over-Expressing Strain and

Purification of IHF

2.3.1 Introduction

IHF is a small, basic DNA-binding protein consisting of the cr-subunit (11.2 kD)

encoded by the himA gene at 38 min in the E coli chromosome (Miller, 1981), and

a B-subunit (10.6 kD) encoded by the himD gene at 25 min (Flamm and 'Weisberg,

l9S5). Intracellular levels of IHF are low, making purification diff,rcult (Nash and

Robertson, 1981). Even though the levels are known to increase in stationary-

phase cells (Bushman und tho*pson, 1986), in order to obtain substantial levels

of protein it was necessary to construct an E. coli strain over-expressing both

subunits simultaneously. Although individually the HimA peptide can be over-

expressed and purified (Zulianello et al., 1994), depending on the expression

system and E. coli stain used, the over-expression of the HimD peptide alone

results in the accumulation of insoluble protein. This suggests that the presence of

HimA peptide helps to solubilise the HimD peptide (Nash et al., 1987; Zulianello

et a1.,1994).

2.3.2 Choice of expression system

The goal of this part of the project was to create an IHF over-expressing strain. A

number of promoter-plasmid combinations have proved suitable for the expression

of recombinant proteins in E. coli. The vectors can be of two major classes: l) the

ColEl-type plasmids such as pBR322 and pUC derivatives, which are maintained

at high copy number,2) the Rl-type plasmids which are more tightly regulated

and exist as 1 or 2 copies per cell. The high-copy number plasmids frequently use

the lac or trpJac fusion promoters, whereas transcriptional control by À phage

promoters, with heat-sensitive repressors, are often the choice for the low-copy

number plasmids.

To over-express IHF I chose the expression vector pEC611 (T.Brumby, 1986;

B.Sc Honours Thesis, University of Adelaide, Dept. Biochem.) as it has been used
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successfully by this research group to overexpress growth hormone (GH) from

various species (human, canine, cameline and equine GH; unpublished data). The

expression vector pEC6l I contains the strong trc promoter (Brosits et al., 1985),

a fusion between the promoters from the lactose and tryptophan operons, that is

controlled by a repressor protein, the product of the lacl gene.

pEC61l is a derivative of pKT52, a high copy-number expression vector based on

pBR322 and contains the trc promoter with a modified Shine-Dalgarno sequence

(AGGAGG), and a NdeI site overlapping the ATG start codon, CAJTATG. The

NdeI site close to the rep gerLe was removed by blunting, which both increased

copy number and made the NdeI site overlapping the ATG start codon unique (T.

'Brumby, 1986; B.Sc (Hons) Thesis, University of Adelaide, Dept. Biochem.). The

vector has strong transcriptional terminators (T[ù from the rrnB ribosomal RNA

operon (Brosius et aI.,1985) which are necessary to prevent transcription from the

trc promoter extending around the plasmid. With high copy number plasmids

carrying a trpJac fusion promoter, a relatively high number of lac repressor

molecules are required to maintain control of expression as low levels may result

in constitutive expression of the protein due to inadequate repression. Hence, E

coli carrying the pEC6l I vector also carry a vector pACYC:lacIq, a derivative of

pACYC 177, carrying the lac rcpressor gene (lacI) expressed from the Iq promoter

(Lanzer and Bunjard, 1988), an up-regulated promoter resulting from a single base

pair change, resulting in high levels of lac repressor molecules.

2.3.3 Results

2.3.3.i Cloning of the himA ond himD genes

The genes for himA and himD were PCR amplified using the listed primers below

and standard PCR conditions (6.6.11), using E. coli genomic DNA as the template.

In addition to appropriate restriction sites, a second ribosome binding site

(AGGAGG), incorporated into one of the PCR primers (HimD-l), was included

between the genes to enable translation of a dicistronic transcript.
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Primer Sequence (5'-3')
HimA-1

HimA-2

HimD-l

HimD-2

T CACCATaIgGCGCT TAC NUU\GC TG NU\T GT CA

ACT CCTGCAGT t a C TCGT CT T TGGGCGAAGCGT T

T CACCTGCAG (AGGAGG, TAACAT"tgACCAAGT CAGAAT T GATAGAA

C TAAC T CAAGCTTI t aAC C GTAAATAT T GCGAT C G C GCAGT T C T T T

Oligonucleotides used to clone IHF

The restriction sites //del (with overlapping start site), Hindlll and Pstl, are shown (underlined).
The second ribosome binding site is bracketed while the two start sites (ATG) and termination
sites (ATT) are in lowercase.

The resultant himA and himD DNA fragments were digested (6.6.2) with

NdeIlPstI and PstIlHindIII respectively. The vector pEC6ll was digested with

NdeI and HindIII and treated with calf intestinal phosphatase (6.6.4.í). Following

this the purified vector, himA and hìmD gene fragments (6.6.3) were then 3-way

ligated (6.6.5) and the reaction purif,red (6.6.6). An aliquot (l/20) of the mix was

electroporated (6.5.4) into competent NfvI294 fftACYC:lacIq) cells (6.5.3) and

selected on L+Amp (l0Oug/ml) + Kn (3Oug/ml). After ovemight incubation

several colonies were picked and inoculated into liquid media and after overnight

growth small scale isolation of plasmid DNA was performed (6.6.7). The DNA

\Mas analysed by restriction endonuclease digestion with HindIIl and clones

containing both genes identified. Further confirmation was made by dideoxy

sequencing(6.6.9.í) across both subunits, confirming the correct sequence of both

subunits and the second ribosome binding site. The IFIF expressing plasmid has

been designated pIHF (Figure 2.4).

2.3.3.ä Smøll-scale expression ønalysis of pIHF

Cells (MM294:pACYC(lacIq):pIHF) were grown to A6s6 : 0.6, induced with IPTG

(0.5 mM) and grown for a further 2 hours. SDS-PAGE analysis (6.7.2.i) of

extracts with and without IPTG showed high levels of two peptides running close

together at approximately 1l Kd and l0 Kd in the induced sample, while the

uninduced sample showed low levels of the two peptides indicating some
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Figure 2.4 Diagrammatic representation of the IIIF over-expressing pla¡m]d PIIf. T.hehimA

aidh¡^O genei were pCRamplified (6.6.11) from E. coli genomic DryA,purified and

digested *lhNd"l, Psfl and PstI, HindIII respectively, and cloned in tandem into pEC611

u.ãto. (NdeI, HindIII). A second ribosome binding site was included between the genes to

permit translation of a dicistronic transcript'

RBS

RBS

plHF
3.52 kb



leakiness in control of the trc promoter (Figure 2.5(a)). The size of the peptides

corresponds to the published molecular weights for HimA and HimD, and they

seemed to be present in stoichiometric amounts. Hence the pIHF construct

appeared to be synthesising abundant IHF protein and the second ribosome

binding site was indeed functional, permitting translation of the dicistronic

transcript.

2.3.3.iii Activiþ anølysis of cell-free exlrøcts of pIHF

To assess the activity levels of recombinant IHF, cell-free extracts (CE) were

made from IPTG induced MM294:pACYC(lacIq):pIHF and also lvßvl294, so as to

provide a source of wild-type levels of IHF for comparison. To maintain constant

levels of Int in each assay, CE (IHF-) from cells containing pFLIP(X) was used as

the source of Int. The pIHF and MM294 CE's were serially diluted from 1/10 to

1/5000 in TEG buffer containing 200p{ml BSA and I ul assayed in the c¡s

recombination reaction mix containing purified pFLIP(X) as substrate and Int

from the pFLIP(X) CE. After 30 min incubation at 37"C the samples were

purified by phenol:chloroform extraction and ethanol precipitation. Samples were

XhoI digested and run on a lo/o agarose gel which was transferred to Zeta-probe

membrane via the alkali transfer method and the filter probed with random primed
32P-pFLIP(X) DNA (6.6.22). An autoradiograph of the results is presented in

Figure 2.5(b).

Results indicated that the levels of integrative recombination activity of pIFIF at

1/500 dilution approximated that of the endogenous levels in MM294 at l/10

dilution, and pIHF at l/1000 dilution approximated the activity levels in MM294

at 1120. In lane A the control pFLIP(X) CE (Int+/IHF-) shows no conversion of

the excised form of substrate to the integrative form. In lane B CE from pFLIP(I)

(Int+/IHF+) shows conversion of the substrate to the integrative form as evidenced

by the presence of the DNA restriction fragments 4.8 and 2.9 kb, which align with

the integrative bands (if present) in other lanes. Alone lvINI294 CE (Int-/IHF+)

does not permit conversion of the substrate pFLIP(X) to pFLIP(I) as expected, and
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Figure 2.5(a) M+
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Figure 2,5(a\ l5o/o SDS-PAGE analysis of pIHF expression in the presence and absence of IPTG. Cells

frolrn t ml of (+/-) IPTG cultures rwere resuspended in 50 ul of water and 50 ul 2x SDS loading buffer.

Each track contains 20 ul ofheat denatured sample.

Figure 2.5(b) An autoradiograph of cis recombination assays using pFLIP(X) as substrate. pIHF CE was

¿iäte¿ (Tracks l-8) 1/10, t/r\, vl00,ll25o,ll500,l/750, l/1000 and l/2000.MM294 CE (+Int CE )
(wild-rype levels of IHF) was diluted (Tracks 9 and l0) l/10 and 1120. The controls are: A. pFLIP(X) CE

(Int+/IÈF-). B. p FLIP(I) CE (Int+/IHF+). C. MM294 (Inr/IHF+). D. No CE (Int-/IHF-).



similarly the control in lane D, no CE (Int-/IHF-) also fails to exhibit integrative

recombination activity indicating the starting substrate pFLIP(X) was indeed

100% the excised form. Therefore the recombinant IHF levels of my clone are in

the order of 50 fold higher than the normal endogenous level in E. coli, indicating

that this clone will be suitable for large scale purification of IHF.

2.3.3.iv Purìficøtion of IHF

Purification of IHF was based on the method of Filutowitz et al., (1994) with

modification:

Cell extract:- E. coli strain NfJvD94 containing pIHF and pACYC:lacIq was

grown in 2 litres of LB medium supplemented with lOOpg/ml ampicillin and

30pg/ml kanamycin at 37"C. At A6ss: 0.6, IPTG was added to 0.5 mM and

incubation continued for a further 2 hours. All operations from this point were

conducted at 4"C. Cells were harvested by centrifugation at 6000 rpm for 20 min.

and resuspended in 80 ml of Buffer A (25 mM Tris-HCl p}J7.4, I mM EDTA, 3

mM DTT, 50 mM NaCl, SYo glycerol) containing 20p{ml PMSF and 23pflml

DNaseI. The wet weight of cells was approximately 12 g. The cells were passed

once through a French pressure cell at 1500 psi and the cell debris was removed by

centrifugation at 17000 rpm for lhour. The supernatant was ultra centrifuged in a

Ti70 rotor using a Beckman J2-21 centrifuge for 2.5 hours at 42000 rpm.

Ammonium sulphate precipitation:- The supernatant (85 ml) underwent a two

step ammonium sulphate precipitation. Initially ammonium sulphate was added at

0.334 g per ml of supernatant and slowly stined for 2 hours, following which the

mix was centrifuged at 17000 rpm for 20 min. To the supernatant was added a

fuither 0.23 g of ammonium sulphate per ml. The mixture was allowed to stir

slowly for I hour after which it was centrifuged at 17000 rpm for 20 min. The

pellet containing IHF was resuspended in 5 ml of Buffer A and dialysed overnight

with gentle agitation against 4 litres of Buffer A. The dialysate was clarif,red by

centrifugation at 10000 rpm for 10 min and the supernatant filtered through a 0.2

¡rm Millipore filter.
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Heparin-sepharose chromatography:- A 0.9 x 10 cm Amicon column of

heparin-sepharose CL6B (Pharmacia) was prepared according to the

manufacturer's protocol and equilibrated in Buffer A. Using a Pharmacia FPLC

the clarified extract containing IFIF was loaded onto the column at a flowrate of

0.5 ml/min using a 5 ml bypass loop. The column was then washed with Buffer A

for 2 hours using the same flowrate. A 120 ml salt gradient of 50 mM NaCl to

1.65 M NaCl in Buffer A was applied to the column. Twenty four 5 ml fractions

were collected.

2.3.3.v Phastgel and aclivity ønølysis offraclions

Phastgel (8-25%) gradient gels with SDS buffer strips (6.7.2.ii) were used to

analyse eluted fractions from the heparin-sepharose column. It is important to

note at this point that the two subunits of IHF, c¿ (11.6 kD) and B (10.2 kD), are

not resolved into two distinct bands using the Phastgel system employed for this

section of work. Results indicated presumptive IHF protein to be present in

fractions 13,14,15 and 16 (Figure 2.6(a)), although fractions 13 and 14 appearcd

to contain some higher molecular weight contaminants. Fractions were assayed

for integrative recombination abilþ using pFLIP(X) as substrate and CE

(Int+/IHF-) prepared from cells carrying pFLIP(X). Samples of the Xhol digests

were run on a lYo agarose gel which indicated that fractions 14, 15 and 16

contained IHF activity (Figure 2.6(b)). Fractions 15 and 16 were each dialysed

against 4 litres of Buffer A overnight at 4"C. The next day 500p1 aliquots were

removed, and to the remainder, an equal volume of glycerol was added and all the

fractions (+/- glycerol) stored at -80oC.

2.3.3.vi Purily and concentrølíon

Purified human growth hormone (hGH) at250,100 and 50 ng per track was used

as a standard on a 8-25 Phastgel (Figure 2.7(a)) to measure the concentration of

IFIF in fractions 15 (data not shown) and 16 (both no glycerol). For analysis 10 pl

of the two fractions were mixed with l0 pl loading buffer (10 mM Tris HCI pH

8.0, I mM EDTA, 3.3 % SDS, l0 mM DTT, 0.01 % Bromophenol blue) and the
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Figure 2.6 (a)
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+ IHF

Figure 2.6 (b)
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Figure 2.6 (a) 8-25 Phastgel of IIIF elution off the Heparin-Sepharose column. PC refers to the

prã-colunn sample, W the wash fraction and l2-I7, fractions eluting off the colurnn when the

salt gradient was applied. The marker sizes arc 43 Kd,29 Kd, 18.4 Kd, 14.3 Kd, 6.2 Kd and 3

Kd.

X'igure 2.6 (b) Io/o agarcse gel of the c¡s recombination assay showing IIIF activity in fractions

PC,14,15 and 16.
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Figure 2.7(al (rPrG)
250 100 50 IHF M +

hGH +
IHF +

Figure 2.7(bl

C M lt1o 1t2o 1t4o 1t6o 1ßo

6.1 kb->
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<- 2.9 kb
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X'igure 2.7 (a) 8-25 Phastgel of purified IHF run against 250 ng, 100 ng and 50 ng pwe hGH.

The dried gel was scanned and using ImageQuant software the calculated concentration of IIIF
was 40 nglpl. The marker sizes are 43 Kd, 29Kd,18.4 Kd, 14.3 Kd, 6.2Kd and 3 Kd. Aliquots

of cells +/- IPTG are shown to indicate the relative position of induced IHF.

Figure 2.7 (b) I%o agarose gel of ttre cis recombination assay using the purified IHF which was

serially diluted from 1/10 to 1/80. A conservative estimate of the unit activþ of IIIF is 40 U/pl'



samples heated to 100"C for 5 min and microfuged for l0 seconds to bring down

condensation formed on the lid of the eppendorf tubes. Then I ul samples were

run on a Phastgel (8-25) gradient gel and a Molecular Dynamics Personal

Densitometer was used to scan the gel, and finally analysis of concentration was

performed using ImageQuant software (Table 2.1). The calculated IHF

concentration for fractions 15 and 16 was 37 ng/¡tl and 40 ngl¡tl respectively. As

each track contained a l:1 ratio of protein to loading buffer, each sample is

essentially diluted 50% on the gel, hence the actual concentration would be double

in the samples without glycerol but remains at3Tngl¡tl and 4Ûngl¡tl for the bulk of

the IHF fractions which contain 50%o glycerol. Further, the purity of the fractions,

combining the area of the peaks for both HimA and HimD and comparing the Yo

area to that of other minor peaks (combined), was 80%o and 860/o for fractions 15

(data not shown) and 16 respectively.

Table 2.1

Peak Area Percent Description
I 1.576 100 250ne hGH
2 0.701 100 100ne hGH
J 0.327 100 50ne hGH
5 0.2s9 100 16 conc

I 0.113 14.383 minor peaks

2 0.622 85.617 16 purity

2.3.3.vii Actìvity analysis

Fraction 16, containing IHF at a calculated purity of 86/o, was serially diluted with

Buffer A and assayed for its integrative recombination ability using pFLIP(X) as

substrate. One unit of IHF activity was defined as that amount of IHF required for

maximal intramolecular integrative recombination in the presence of non-limiting

amounts of 186 Int in 30 min at37"C using 300 ng of the substrate pFLIP(X). In

figure 2.7(b) the highest dilution of IHF to still exhibit maximal conversion of

pFLIP(X) to (I) is the I in 40 dilution, whereas the I in 60 and I in 80 dilutions

show a decrease in activity with higher levels of the 6.1 kb and 1.6 kb bands,

representing non-conversion of pFLIP(X) to pFLIP(f, and a corresponding
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decrease in the 4.8 kb and 2.9 kb bands. The IHF activity in fraction 16 was

conservatively estimated to be at least 40U/¡tl.

2.4 Purification of 186 Int F rom an Overproducing Strain

2.4.1 The expression system

The product of the 186 int gene is a member of the integrase family of site-specific

recombinases (Argos et al., 1986) required for both integration and excision. An

Int expression plasmid (t MRRIS) was constructed (M. Reed, 1994) by inserting a

Ndel-BamHI fragment of a 186 Int PCR product into the NdeI and BamHI sites of
the expression plasmid pET3a. The expression vector is harboured in E. coli

BL2I(DE3) (Studier and Moffat, 1986) which has the phage T7 RNA polymerase

gene controlled by the lacUYí promoter incorporated into the host chromosome.

IPTG induction of T7 RNA polymerase subsequently controls translation from the

strong Ø10 T7 RNA promoter and s10 translation site (Rosenberg et a1.,1987) of
pET3a.

2.4.2 Results

2.4.2.i Smøll-scøle expression onalysis

Cells (BL2I(DE3)pMRRIS) were grown to A6e¡:0.6 and induced with IPTG to a

final concentration of 0.5 mM and grown for a further 2 hours. SDS-PAGE

analysis (Figure 2.8(a)) of extracts, with and without induction, showed high

levels of a protein running at approximately 39 kD in the induced sample. The

uninduced sample showed low levels of the protein probably due to a small

amount of basal expression of T7 RNA polymerase from the lacUY5 promoter.
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Figure 2.8(a)
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Figure 2.8(a) 15% SDS-PAGE analysis of MRRIS expression in the presence and absence of IPTG.
Cells from I ml of (+/-) IPTG cultures \ryere resuspended in 50 ul water and 50 ul 2x SDS loading buffer.
Each track contains 20 ul ofheat denatured sample.

Figure 2.S(b) An autoradiograph of c¡s recombination assays using pFLIP(X) as substrate. MRRI8 CE

was diluted 11250 and 1/500. The control was DH5 ct CE.



2.4.2.i¡ Activity ønalysis of cell-free extrøcls of MRRIS

Cell-free extracts were made from IPTG-induced BL2l(DE3)pMRRI8, and also

from DH5cr in order to maintain a constant level of IHF in each crs recombination

assay using pFLIP(X) as substrate. The CE from MRR18 was diluted 11250 and

1/500 in TEG buffer containing 200 Velml BSA and lpl assayed in the

recombination reaction mix containing purified pFLIP(X) as substrate and IHF

from the DH5cr CE (2 pl). After 30 min incubation at 37oC the samples were

purified by phenol:chloroform extraction and ethanol precipitation. Samples were

Xhol digested and run on a lo/o agarose gel which was transferred to Zeta-probe

membrane via the alkali transfer method and the filter probed with random primed

"P-pFLIP(X) DNA. An autoradiograph of the results is presented in Figure

2.8(b).

Results indicated that the levels of Int activity obtained from the pMRRl8

expression vector would be suitable for purification of the protein, as the 11250

dilution of CE gave approximately 70%o conversion of pFLIP(X) to pFLIP(f while

the 1/500 dilution was still able to convert 40Yo of the substrate to the integrated

form. The control lane contained DH5a CE (Int-/IHF+) and showed no

conversion of the excisive form of the substrate to the integrative form. Hence,

the results suggested high levels of soluble and active 186 Int protein could be

obtained from pMRRlS.

2.4.2.i¡i PuriJication of 186Int

Heparin-sepharose is ideal for purifring DNA binding proteins and due to the

success of using heparin sepharose chromatography for puriffing IHF, I designed

a similar protocol for Int. The main alterations are the use of a different buffer

system and salt gradient for elution of protein from the column and the absence of

a ultra-centrifugation step. The salt gradient was changed from a NaCl gradient,

used in the IHF purification, to a KCI gradient (100 mM to 1.8 M KCI) as a trial

preparation indicated Int absorbed to the heparin-sepharose strongly (data not
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shown), necessitating the use of a stronger ionic salt for elution to avoid using

even higher concentrations of NaCl.

Cell extractz- E. coli strain BL2I(DE3) containing pMRRlS was grown in I litre

of LB medium supplemented with 100¡rg/ml ampicillin at 37"C. At A6es : 0.6,

IPTG was added to 0.5 mM and incubation continued for a further 2 hours. All

subsequent operations were conducted at 4"C. Cells were harvested by

centrifugation at 6000 rpm for 20 min and resuspended in 15 ml of Buffer AI (25

mM Potassium phosphate pH7.5, I mM EDTA, 3 mM DTT, 100 mM KCl, 5o/o

glycerol) containing 20 pglml PMSF. The wet weight of cells was approximately

4.5 g. The cells were passed once through a French pressure cell at 1500 psi. The

cell debris was removed by centrifugation at 17000 rpm for 30 min.

Ammonium sulphate precipitation:- The supernatant (17 ml) was subjected to

an ammonium sulphate cut. Ammonium sulphate was added to 40Yo (22.9 9/100

ml) slowly stirred for I hour, and the mix then centrifuged at 12000 rpm for 20

min. To the supernatant (16 ml) was added further ammonium sulphate to 75%o

(22.5 9/100 ml). The mixture was stirred slowly for 2 hours and then centrifuged

at 15000 rpm for 20 min. The pellet containing Int was resuspended in 2 ml of

Buffer AI and dialysed overnight with slow stining against 4 litres of Buffer AI.

The dialysate was clarified by centrifugation at 10000 rpm for l0 min, following

which the supernatant was f,rltered through a0.2 ¡tmMillipore filter.

Heparin-sepharose chromatography:- A 0.9 x l0 cm Amicon column of

heparin-sepharose CL6B (Pharmacia) was prepared according to the

manufacturer's protocol and equilibrated in Buffer AI. Using a Pharmacia FPLC

the clarified extract containing Int was loaded onto the column at a flowrate of 0.5

ml/min using a2 ml bypass loop. The column was then washed with Buffer AI for

2 hours using the same flowrate. A 100 ml salt gradient of 100 mM KCI to 1.8 M

KCI in Buffer AI was applied to the colurnn. Twenty 5 ml fractions were

collected.
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2.4.2.iv Phøstgel and øctivity onøIysis offrøctions

8-25 Phastgel analysis of fractions indicated presumptive 186 Int protein to be

present in fractions 8, 9 and 10, with the majority of protein present in fraction 9

(Figure 2.9(a)) and, more importantly, without visible levels of contaminants.

Fraction 9 was assayed for integrative recombination ability using pFLIP(X) as

substrate and CE prepared from DH5cr cells (IHF+). Samples of the Xhol digests

were run on a lo/o agarose gel, which indicated fraction 9 to contain high levels of

Int activity (Figure 2.9(b)). Fraction 9 was dialysed against 4 litres of Buffer AI

overnight at 4"C. The next day a 500u1 aliquot was removed and to the remainder,

an equal volume of glycerol was added, and the stock stored at -80oC.

2.4.2.v Purity and concenlrøtion

Purified human growth hormone (hGH) at 250, 100 and 50 ng per track was used

as a standard on a 8-25 Phastgel (Figure 2.10(a)) to measure the concentration of

Int in fraction 9 (no glycerol). For analysis 10 ¡rl of the fraction was mixed with

10 pl loading buffer (10 mM Tris HCI pH 8.0, I mM EDTA, 3.3 % SDS, l0 mM

DTT, 0.01 % Bromophenol blue) and the samples heated to 100"C for 5 min and

microfuged for 10 seconds to bring down condensation formed on the lid of the

eppendorf tubes. Then a 1 pl sample was run on a Phastgel (8-25) gradient gel

and a Molecular Dynamics Personal Densitometer was used to scan the gel, and

finally analysis of concentration was performed using ImageQuant software (Table

2.2).

Table 2.2

Peak Area Percent Description
I 1.386 100 250ns hGH
2 0.589 100 l00ne hGH
3 0.258 100 50ne hGH
4 1.592 100 9 conc.

I 0.0326 4.346 minor peaks

2 0.699 95.654 9 puriW
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Figure 2.9 (a)
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Figure 2.9(b)
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Figure 2.9(a) 8-25 Phastgel of 186 Int elution off the Heparin-Sepharose column. PC refers to
the pre-colu:nn sample, W the wash fraction and 7-10, fractions eluting off the column when the
salt gradient was applied.

Figure 2.9(b) l%o agarose gel of the c¿,s recombination assay showing 186 Int activity
predominantly in fraction 9.
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Figure 2.10 (a)
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Figure 2.10 (b)
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Figure 2.10(a) 8-25 Phastgel of purifred Int run against 250ngl¡tl, 100ng/pl and 5Ong/pl pwe

hGH. The dried gel was scanned and using ImageQuant software the calculated purity of Int was

288ng/pl. The marker sizes are 43 Kd, 29Kd,18.4 Kd, 14.3 Kd, 6.2Kd and 3 Kd'

X'igure 2.10(b) l%o agarose gel of the cis recombination assay using the purifred Int which was

serially diluted from 1/5 to 1/150. A conservative estimate of the unit activity of 186 Int is
50U/pl.



The calculated Int concentration for fraction 9 was 288 nglpl. Since the track

contained a I :l ratio of protein to loading buffer, the sample is in essence diluted

50% on the gel, hence the actual concentration would be double in the sample

without glycerol but remains at 288 ng/Vl for the bulk of the purified Int protein

which contains 50o/o glycerol. Further, the purity of the fraction, taking the area of

the peak for Int and comparing the % area to that of other minor peaks

(combined), was 96%o for fraction 9.

2.4.2.vi Actìvìty anolysis

Fraction 9 containing 186 Int, at a calculatedpurity of 96%o, was serially diluted

and assayed for its integrative recombination ability using pFLIP(X) as substrate.

One unit of Int activity was defined as that amount of Int required for maximal

intramolecular integrative recombination in the presence of non-limiting amounts

of E. coli IFIF in 30 min at 37"C using 300 ng of the substrate pFLIP(X). In figure

2.10(b) maximal activity is maintained up to the I in 50 dilution, whereas the I in

75 dilution shows a decrease in activity with higher levels of the 6.1 kb and 1.6 kb

bands representing non-conversion of pFLIP(X) to pFLIP(I), and a corresponding

decrease in the 4.8 kb and 2.9 kb bands. The Int activity in fraction 9 was

conservatively estimated to be at least 50 U/pl.

2.5 In Vítro'trans' recombination assays using purifred 186 Int and

IHF'

2.5.1 Introduction

The 186 integrative recombination reaction has so far been studied using the cis

reaction, where the phage and bacterial attachment sites are located on the same

DNA molecule. This section describes a new set of substrates which were utilised

for studying the in vitro integrative recombination assay of phage 186 in the trans

mode. For trans recombination the attP site is contained on a circular

(supercoiled) plasmid while the attB, used in this section of work, is contained on
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a separate small linear molecule, an oligonucleotide 132P-labelled¡. Trans

recombination produces a linear molecule, containing both attL and attR, of a

length equal to the sum of the two substrates (Figure 2.Il). The in vítro trans

recombination assays using purified Int and IHF proteins allowed me to determine

the requirements for efficient integrative recombination.

2.5.2 The atlP and altB substrates

A plasmid, pPgkP'OPNeo (5.25 kb), was created (Dr. P. Wigley, BresaGen,

Adelaide, Australia) containing the 186 attP site and the Neomycin resistance gene

under the constitutive control of the murine phosphoglycerate kinase promoter and

polyadenylation cassette. This would permit me to select for NeoR mammalian

cell lines in future experiments, and thereby determine if the insertion was a

random event or a 186 directed event at a specific target site. The 186 attP site

used was the same 307 bp fragment utilised in the construction of pFLIP substrates

(M. Reed, 1994). The attB substrate used was a 45 bp linear molecule created by

annealing (6.6.18) two oligonucleotides (V/T-T and WT-B) representing the top

and bottom strands of wild-type attB:

WT-T

V/T-B

5' . GCGACCAAGCGATTATGAGTC GC C T GC T C TAAC CAC T GAGC T NU\ - 3 I

5' - T T TAGC T CAGT GGT TAGAGCAGGCGACTCATAÀTCGCTTGGTCGC - 3 I

The bases in bold represent those falling within the 48149 bp identity sequence

(see 1.8 and Appendix, Figure l) between attP and attB. In Chapter 3, I show that

the attB site lies within these 45 base pairs. Utilising this information allowed me

to develop a simple trans recombination assay, used in the following section of

work, once the purified proteins became available.
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Figure 2.11 Schematic representation of lhe trans recombination assay. Shown is a

supercoiled POP'- containing plasmid (pPOP') and a linear "P-end labelled (*) duplex
oligonucleotide containing BOB'. In the presence of Int and IIIF integration can occur

resulting in a "P-labelled linear molecule containing BOP' and POB', and of a length equal
to the snm of the two substrates. On a lo/o agarose/TAE gel the recombination product runs

with slower mobilþ than the linear'?-end labelled duplex oligonucleotide containing
BOB'.



2.5.3 Results

2.5.3.i Units of Inl snd IHF requiredfor trans recombinøtion

The duplex attB linear fragment was kinased with y-"P-ATP (6.6.19) and reacted

with supercoiled pPgkP'OPNeo in recombination buffer in the presence of varying

amounts of Int and IHF proteins at 37"C for 60 min (ó.6.l2.ii). The resultant

recombination product is a linear molecule of approximately 5.3 kb detected by

agarose gel electrophoresis and autoradiography. For trans recombination one

unit of Int or IHF is def,rned as the minimal amount of protein required to achieve

maximal recombination in the presence of non-limiting amounts of the other

protein. One trans unit of IHF was approximately quantified as a I in 20 dilution

of the purified IHF stock, giving an activity of 20 U/¡,rl (Figure 2.12(a)). One trans

unit of Int was approximately quantified as a 1 in 5 dilution of the purified stock,

resulting in an activity of 5 U/pl (Figure 2.12(b)).

The results strongly indicate that integtative recombination exhibits no

requirement for additional proteins or factors other than Int and IHF. In the

control track of figure 2.12(a) only IHF is present, whereas in the control track of

figure 2.12(b) only Int is present, and neither reaction gives rise to the

recombination product. Importantly too, these results indicate that an excess of

either IHF (100 U) or Int (25 U) protein is not inhibitory to the reaction. In

addition to the expected recombination product band, one or two bands with

slower mobility are evident. These are likely to be Holliday intermediates, such as

the cr-structure, which results when only the first strand exchange occurs (1.7.5).

2. 5. 3.ii Kin etics of ìnlegrøtive recombinøtion

In order to examine the kinetics of integrative recombination, I used lU (trans) of

both Int and IHF, and terminated the reaction at various time points from 5

minutes To 75 minutes (Figure 2.13(a) and (b)). At 30 minutes the level of trans

recombination was approximately 22% and rose to 24Yo around 45 minutes (where

o/oRecombination:RP ltotal radioactivity), after which the appearance of
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Figure 2.12(a)
5 I 1t5 1t10 1t20 1t50 1t75 l/100 1/150 C

RP+

"P-BoB'+

Figure 2.12(b) s 1 1t5 1tlo ,tt2o ltso 1t7s lt1oo r/1s0 c

RP+
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Figure 2.12(a) Autoradiograph of the trans recombination assay in which IIIF activity was titrated.

The positions of the recombination product band (RP) and free "P-BOB' are indicated. Purified IFIF
protein was assayed from 5ul down to lul ofthe ll5 to lll50 dilutions and 10 ul of assay (50 ul) run on a

7%o agarose-TAE gel, transferred to Zeta-probemembrane and autoradiographed, An excess ofpwified
Int (20 U) was used in all assays. The conhol lane (C) contains Int protein only'

Figare2,l2(b) Autoradiographofthetransrecombinationassayinwhichlntactivitywastitrated. The

positions ofthe recombinationproduct band (RP) and free "P-BOB' are indicated. Purifiedlnt protein
was assayed from 5ul down to lul of the Il5 to llI50 dilutions and 10 ul of assay (50 ul) ntrs. on a 7o/o

agarose-TAE gel, transferredto Zeta-probe membrane and autoradiographed. An excess of purified
Ittr (80 U) was used in all assays. The control lane (C) contains IIIF protein only.



Figure 2.13(al A
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Figure 2.13(b)
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F igure 2.13(a) A kinetics assay of trans recombination using lU of Int and lU of IFIF
proteins. The reaction was performed in duplicate (A and B) and aliquots of the assay

terminated at the indicated time points. The autoradiograph was developed after 18 hr
exposure at room temperafure. RP is the recombination product band.

F igure 2.13(b) Using a phosphorim ager, a shorter exposure (5 hr) of the above results was
analysed using ImageQuant software, and the results depicted as a graph of the Yo

recombination (RP/total radioactivity) against time (minutes).
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recombination products did not signif,rcantly increase beyond 25-26%. Using

approximately 2-5ng (0.07-0.17 pmoles) of end-labelled attB and 300 ng (0.09

pmoles) of pPgkP'OPNeo I could achieve a level of trans recombination of around

25Yo roltinely.

2.6 Discussion

The 186 site-specific recombination system is analogous to the 1, andP2 systems

and is involved in the switch between lytic and lysogenic lifecycles. My aim is to

exploit the 186 recombinase system for the stable insertion of DNA at specific

locations in the genomes of higher eukaryotes. The major advantage of the

recombination systems like À and P2 is their directionality. This directionality is

due to different combinations of proteins rnediating integrative and excisive

recombination. Reed (1994) demonstrated this directionality for the 186 system

using the pFLIP crs recombination assay in vivo. Transformation of the plasmid in

the excised form into an ¡hf+ E. coli cell, carrying a source of Int, led to the

integrated form of the plasmid, while the reverse reaction was dependent also on a

source of Apl (the excisionase), but independent of IHF. However, either of these

two reactions may have been dependent upon other host factors. In order to

investigate this possibility it was necessary to conduct in vitro experiments using

purified proteins.

A good starting point for the project was to assess whether I could urse in vitro the

same crs recombination assay, using the pFLIP(X) substrate and cell-free extracts

containing Int and IHF proteins. Indeed this was the case, and the assay system

permitted assessment of some requirements for efhcient recombination in vitro.

Results indicated that different buffers, in which the salt and pH conditions were

varied, could all support efficient crs recombination. I did not assess the

difference in the rates of the reactions only the final extent of recombination.

Nevertheless, the results showed 186 recombination to operate in various salt and

pH conditions and in the absence of spermidine. Spermidine was not used in the
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assays as it has been in others (Kikuchi and Nash, 1978, Yu and Haggård-

Ljungquist, 1993a) since it has been shown not to be an absolute requirement but

as an enhancer of recombination (Nash and Robertson, l98l), and I wished to

assess the efficiency of reactions in vitro under conditions more likely to exist in

eukaryotic cells. There was no significant difference in the final extent of

recombination achieved in all five buffers used. Even in the simplest of buffers

(10 mM Tris-HCl pH7.5, l0 mM MgCl2), approximately 50Yo recombination

could be achieved in the absence of an accompanying salt. In the crs assay, using

cell-free extracts, we could routinely achieve integrative recombination rates of 50

to 80/o, over a 30-60 minute incubation time, a result similar to that obtained by

Mizuuchi and Nash (197 6).

The establishment of a cis recombination assay in vìtro permitted me to assess

whether the cloned proteins were functional before purification and remained so

after the purification procedure. Elution of IHF, off the heparin-Sepharose

column, occurred in the range of 0.95 M to 1.08 M NaCl, in agreement with the

results obtained by Filutowitz (1994). The calculated purity was 86% with a

specific activity of 1000 UlVg of protein.. The 186 Int protein eluted off the

heparin-Sepharose column in the range of 0.76 M to 0.95 M KCl. The calculated

purity was 960/o, with a specific activþ of 172 Ulpg of protein. The amount of

protein required to convert 300 ng of pFLIP(X) to at least 5040% pFLIP(f, in 30

minutes aI37"C, was I ng of IHF and 5.76n9 of Int. Both IHF and 186 Int, at

86% and 96% purity respectively, were deemed suitable for all further

investigations involved in this project.

The trans recombination assays, demonstrated here to work with reasonable

efficiency in vitro, permitted me to evaluate the potential of the 186 site-specific

recombination system to promote recombination in the cellular environment of a

higher eukaryote (Chapter 3). In the trans recombination assays, using lU of Int

and lU of IHF, I could achieve levels of integrative recombination of

approximately 25Yo after 45 minutes, a result akin to that obtained by Yu et al.,

(1993b) forP2. In the P2 results (attB x attP), using lU of IHF and lU of P2Int,
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they obtained levels of trans recombination of about 35o/o at 90 minutes (data for

the 45 min time point was not shown). For 186 the minimal amount of Int and

IHF protein needed to carry out trans recombination to at least 20-25yo, using 300

ng of a//P substrate (pP'OPNeo) and 50 ng of attB, in 30 minutes and 37"C, was 2

ng of IFIF and 57.6n9 of Int. The levels of IHF required for maximal cís and

trans integrative recombination are similar. In stark contrast, the amounts of Int

protein required for cis and trans recombination were significantly different (Table

2.3). This may reflect the ease with which cr's recombination can occur by

comparison to the trans reaction, where the attP intasome needs to collide with

attB molecules that are at a greater distance away in solution, and effectively the

attB concentration is diluted in the trans mode. It has been estimated that

intermolecular (trans) recombination in the À system occurs 25-fold less

frequently than intramolecular (cis) recombination (Nash, 1,975).

Table 2.3

Protein
Requirements

crs assay trans assay

Int 50 U/¡rl (or 5.76 ng) 5 U/¡rl (or 57.6 ng)
IHF 40Ul ¡il (or I ng) 20Ul¡i (or 2 ng)

186 integrase absolutely requires IHF for the integration reaction, as judged in

both the crs and trans in vitro assay systems. The same is true for the À (Miller er

ol., 1979; Nash, 1981) and P2 systems (Yu and Haggard-Ljungquist, 1993a)

whereas for HPl, a phage related toP2 and 186 (Esposíto et a1.,1996),IHF is not

essential however its presence stimulates recombination (Goodman and Scocca,

1989; Astumian et a1.,1989).

In the P2 system it was found that the integration reaction was extremely sensitive

to the levels of P2Int protein with inhibition dramatic when 2-3 U of Int was used

instead of the optimal I U (Yu and Haggård-Ljungquist, 1993b). My findingthat

excess levels of Int and IHF proteins are not inhibitory to the 186 integrative

recombination assay will be advantageous to using this system in a higher
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eukaryotic cell, as we may not need to fine tune the exact amount of protein to

deliver to a cell.

2.7 Conclusions

In order to better understand 186 integrative recombination, two in vitro assays,

the crs and trans systems, were developed, and together with the purified proteins,

Int and IHF, established that these are the only proteins required for efftcient in

vitro integrative recombination. Further, the elucidation of the levels of Int and

IHF proteins needed for efficient trans in vitro recombination will permit

optimisation of intasome formation prior to delivery into a eukaryotic cell system,

and more generally, permit a more detailed analysis of 186 recombination to be

pursued. For instance, undertaking characterisation of the phage attachment site,

and relevant to this study, characterisation of the bacterial attachment site.
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Chapter 3

Localisation and characterisation of the 186 attB site

3.1 Introduction

In the well studied À site-specific recombination system the minimal attB

sequence required is 21 bp, sharing a region of identity to attP of l5 bp (Mizuuchi

and Mizuuchi, 1985). Recombination is executed by the phage-encoded integrase

protein (Int), a type I topoisomerase with DNA nicking and rejoining activity.

Both processes do not require any high-energy cofactors (Kikuchi and Nash,

1979), instead Int conserves the bond energy in a covalent phosphotyrosine

linkage with the 3' end of the cut strand (Craig an,J Nash, 1983, Pargellis et al.,

19SS). In À, the overlap region is comprised of 7 base pairs within the region of

identity between attP and attB.'['he cleavage, exchange and religation steps occur

at the edges ofthe overlap sequence.

Following assembly of the intasome and the capture of a protein-free attB, the

reaction begins with the cleavage of one strand of each of attB and attP (Figure

3.1). The cleavage reaction is performed by the conserved tyrosine residue (À:

Tyß42) which nucleophilically attacks the phosphate backbone resulting in the

formation of a covalent bond between the Int protein and the 3' phosphoryl group

at the site of strand cleavage, leaving a free 5' hydroxyl group. The cleaved

strands from attP and attB then exchange positions, and the free 5' hydroxyl

groups of the broken DNA attack the covalent bond between Int and the 3'

phosphoryl groups releasing Int and religating the cleaved strands. The outcome

of this sequence of events is the formation of a Holliday junction, which is

subsequently resolved when the cleavage, exchange and religation steps are

repeated with the remaining two stands.
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Figure 3.1
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l. Int has two DNA binding domains which recognise two different DNA

sequences. The amino-terminal domain of Int bind the "arm-type" sites of arrP

with high affrnity while the carboxyl-terminal domain binds to the "core-type"

sites of attP with low affinity (Moisoto de Vargas et al., 1988). Integration host

factor Gm) is required for both excision and integration, and functions as a

sequence-specific Dò{A bending protein, stimulating the formation of Int protein

bridges (Gardner andNash, 1986; Robertson andNash, 1988; Goodman andNash,

1989; Snyder et al., 1989; Goodman et al., 1992). The attB site does not bind any

proteins directly, instead it acquires them from the attP intasome which contains

two Int molecules with empty "core-type" binding sites (Richet et al., 1988).

Although the four core binding sites for l. Int have slightly different sequences

from each other, the consensus dyad symmetry associated with C' C', B and B' is

thought to permit positioning of the topoisomerase activity of Int at either end of

the overlap region (Ross andLandy, 1982; Leong et a1.,1985 and 1986; Nash and

Robertson 1989).

The 186 Int protein is a member of alarge family of integrases that share a group

of invariant residues, the arginine-histidine-arginine catalytic triad (Argos et al.,

1986; Ambreski and Hoess, 1992;Han et at., 1994) and the tyrosine nucleophile

(pargellis et al.,19SS). Within the family of integrases the C-terminal domain is

the most highly conserved, particularly in a region of 40 residues containing two

of the three invariant residues of the catalytic triad and the active tyrosine residue

(Argos et a1.,1986; Ambreski and Hoess,1992). It is likely thatmany members of

the Int family will share structural properties similar to l, Int, such as possessing

two DNA binding domains which recognise two different DNA sequences.

Indeed, Yu (1993) has demonstrated for P2 klt that it also contains two DNA

binding domains with different sequence specificities. P2 and 186 are highly

related (Bertani and Bertani,IgTl), and although no limited proteolysis of the 186

Int protein and DNA footprint analysis has been undertaken at this stage, by

comparison with the location of the P2Int sites in attP withthe 186 attP sequence,

Reed (I9g4) identified five highly conserved Int arm-type sequences. If we are to

develop the 186 system for chromosome manipulation in higher eukaryotes we
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will need to identifu precisely the position of the attB site and the bases that are

important for 186 integrase action. Once we know the binding determinants for

186 Int in BOB'and have demonstrated 186 integrative recombination in a higher

eukaryote, we can search for a closely related sequence in a mammalian genome,

and later via mutagenesis of the Int protein, "evolve" a modified Int that will

rnediate recornbination between a pre-existing mammalian BOB' site and an

engineered POP'site.

In this Chapter, I tlescribe deletion analysis to locate the BOB' site, and further,

using du¡llex oligonucleoticles representing the BOB' sçquence, containing single

¡lhosphorothioate nucleotide substitutions, the precise locations of the top and

bottom strand crossovers are identified. Finally, mutagenesis of the B and B' Int

cor:e-typc binding sites revealed base pairs important for recombination.

Surprisingly, within the dyad, the important bases in B are different to those of E|'-

irrdicatin¡4 esvrnmelry in the action of lnt at the junc.tions of the overlap.

3.2 Results

3.2.1 Localisation of BOB' within the common sequence as determined

by deletion analysis

The attachment sites attP and attB for 186 share a common sequence of 36 bp.

However, after a single base pair mismatch, the sequence identity continues

leftward for a further 12 bp, giving a 48149 bp match over the region of homology

(Appendix, Figure 1.). Following the Campbell model of integration, it is within

this region of homology that the crossover must take place during the

recombination event. To locate BOB' a series of PCR primers (Table 1(b)) were

designed to enable the construction of a series of fragments progressively deleted

across the common sequence in 10 bp increments from the 5' and 3' ends (Figure

3.2). The digested (EcoRUHindIlI) and purified PCR products (size range;25-

l77bp) were cloned into a Bluescript vector, pBS SKII+, and a PvuII fragment
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Figure 3.2
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Figure 3.2 Diagrammatic representation of the BOB' deletion fragments generated by
PCR and cloned into pBS SKII+ (6.6.4) The horizontal lines represent the sequences

not deleted. The DNA sequence of the primers used are shown in 6.4.7 (Table l(b)).
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containing the specific deletion (size range;461-6l3bp) was isolated and 5' end-

labelled (6.6.19). In the trøns in vitro recombination assay linear end-labelled

deletion fragments were incubated with plasmid pP'OPNeo and IFIF and 186 Int

proteins. I was only interested in whether each deletion fragment could recombine

or not, as such, no attempt was made to exactly quantiff the amount of 5' end-

labelled product recovered after purification to remove unincorporated label,

hence there is variation in the intensity of bands seen due to the variation of losses

incurred through the purification procedure.

The expected linear recombination product resulting from reciprocal exchange

between pP'OPNeo (5.25 kb) and a labelled linear (PvulI) BOB' deletion fragment

would be a labelled molecule migrating with the mobility of a 5.78 kb (t 76 bp)

linear DNA fragment. In Figure 3.3 a contaminating band, present in all tracks,

running with slower mobilþ than the correct recombination product band, is a

result of vector sequence present in the Pvull fragment of pBS SKII+ having

significant homology to the BOB' sequence, with incomplete recombination

resulting in the formation of a Holliday intermediate, an cr-structure (discussed

later).

All 5' deletions from L-5 to L35 (taking into account that the leftward cloning into

a EcoRl site reconstructed the wild-type bp at position 35) of the common region

gave rise to the correct recombination product (Figure 3.3(a)), However, 5'

deletion of sequence beyond this point, as inL46, resulted in the absence of the

correct recombination product band. Therefore, I deduced that sequence between

L35-L46 was needed for a functional attB site. All 3' deletions from R+5 to R4

failed to give rise to the recombination product band, hence it was deduced that the

fu1l sequence of BOB' lies further 3' than the R+5 deletion start point. The

deletion results indicate the qttB site for 186 lies toward the extreme 3' end of the

common sequence and that 3' sequence, greater than 5 bp beyond the common

sequence, is required to form a functional attB site.
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Figure 3.3(a)

c¿-structure>
RP>

(o(oro(o(oN(9\t
JJJJJ

õ
c
oo
Jt

(b)

cr-structure >
RP>

tt
o
-t
(ú

E

oL#ç
oooR
-Nclt+++YÉ. É. É. u,

(bp)
23130

9416

6557

4361

2322
2027

32P-attB >

tr'igure 3.3 Autoradiographs showing results fromtrans in vitro integrative recombination

assays. Supercoiled attP and linear, 32P-5'-end-labelledPvull attB deletion fragments were

incubated as described in Materials and Methods (6.6.12.ii). (a) attB deletion fragments

L-5 to L35 generate the correct recombination product (RP) band. attB deletion fragments

R+5 to R4 failed to generate the RP. A slower migrating band (a-structure) is present in all
tracks arising from vector sequence (discussed in text). (b) Additional in vitro integrative
assays tsing attB deletion fragments R+10, R+20 and R+30 locate attB between L35 and

R+10. The vector control track shows the contaminating band. Free 32P-attB is unreacted

substrate.



Additional deletion clones were constructed containing sequence starting at L35 of

the common sequence and ending at either R+10, R+20 or R+30 (Figure 3.2). In

the in vitro recombination assay all three clones gave rise to the recombination

product band indicating that sequence between L35 and R+10 (outside of the

common region) is required to form a functional BOB' site (Figure 3.3(b)).

The contaminating band, present in all tracks, running with slower mobility than

the conect recombination product band, is a result of vector sequence present in

the PvuII fragment of pBS SKII+ having significant homology to the BOB'

sequence. A PvuII fragment isolated from pBS SKII+ gave rise to the slower

migrating band seen in the above results (Figure 3.3(b), Track 4). A homology

search between the pBS SKII+ PvuII fragment sequence and the BOB' sequence,

L35 to R+10, revealed two sequences with significant homology to BOB', either to

the right or left (Figure 3.4), which may have resulted in the formation of the c¿-

structure (1.7.5). One of these homologous regions, starting at position 552 inthe

pBS SKII+ vector, contains a high region of homology if the extra 'G' in the 5'

region is igncred. At the present time we do not know if 186 Int would tolerate an

extra basepair insertion at this position thus it seems appropriate to include it as a

possibility.

552

pBS SKll+ CAAG g CGAT ÎAAGT T GGGÎAAC GCCA

I l|llIt
186 BOB'

L35 Rlo

CAAG CGATTATGAGTCGCCTGCTCT

llllllll
pBS SKll+ GGGT GCCTAATGAGTGAGCTAACTC

e03

Figure 3.4 The PvuII fragment of pBS SKII+ contains two sequences with

significanthomology to the 186.8'. coli attB site (in bold print). The start site of
the region of homology is indicated by an underline and the location in pBS SKII+
by the site number. The lowercase 'g' represents the extra base; if this is ignored

homology continues on further rightward. All sequences are shown 5'to 3'.
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Confirmation of which homologous region in the vector contributed to the cr-

structure formation was made by determining the cleavage sites (3.2.2) and the

order of strand exchange (3.2.6). From the data generated I concluded that

sequence at the 903 start site of the region of homology was responsible for the

formation of the q-structure. Specifically, since the 903 region of homology only

contains the bottom strand cleavage position, the site of first strand exchange for

186 Int, and no second strand cleavage position, an aborted product, a Holliday

intermediate is produced known as the a-structure.

3.2.2 Precise location of the crossover sites using phosphorothioate

containing oligonucleotides.

A phosphorothioate nucleotide differs from a normal nucleotide by having one of

the thioester oxygen atoms on the phosphate replaced by an atom of sulphur, In

attB-k (Kitts et a1.,1984; Kitts and Nash, 1988), øtfB-HK022 (Kolot et al., 1994)

and atÍB-LS (Féna et al., 1996) the presence of an ø-phosphorothioate at the Int

cleavage positions inhibits in vitro integrative recombination, whereas o-

phosphorothioate substitutions at other positions are not inhibitory. Initially I

showed that two annealed 45mer oligonucleotides (L30-R+25) representing the

attB-186 site could be used as a substrate for the in vitro trans recombination

reaction (data not shown). Oligonucleotides (Table 1(b)) were synthesised to

contain a single a-phosphorothioate nucleotide (dNTPas) substitution in the top

strand at position 40, 41, 42 or 43 of the common sequence and annealed to a

bottom strand oligonucleotide containing normal dNTPs. Similarly,

oligonucleotides were synthesised to contain a single dNTPcrs in the bottom strand

at position 46,47,48 or 49 and annealed to a top strand oligonucleotide containing

normal dNTPs.

In Figure 3.5, the reaction products resulting from in vitro integrative

recombination using the single dNTPcrs substituted oligonucleotides are shown.

The expected linear recombination product (RP) of 5.29 kb was obtained in all

reactions but was markedly inhibited where a dTTPcts replaced a dTTP at position
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Figure 3.5

L30

GCGACCAAGC ATGAGT
CGCTGGTT T

R10

CGCCTGCTCT
GCGGACGAGA_

.\--
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l-@O)$sf\t

fL
(Os

FFfL fLo
$l+

F
fL
c\l
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.o
l-LirE(f) oso

TOP

f igure 3.5 The sequence of the two 45mer oligonucleotides used as substrate for the trans in

vilro assay is partly shown. The open-ended box indicates sequence present fn th9 coÍlmon
region. The þosition of nucleotides, 40 to 43 in the top strand, and 46 to 49 in the bottom
strand, singly iynthesised as c-phosphorothioate nucleotides (dNTPcrs) are underlined (6.4.7,

Table 1(b)) ánd indicated by the dashed lines. The âutoradiiograph shows the results of the in

vitro recombination reaction using the dNTPcrs substituted oligonucleotides, and the arrows

depict the deduced cleavage sites.

BOTTOM



42 in the top strand, and where a dCTPcrs replaced a dCTP at position 48 in the

bottom strand. I concluded that top strand exchange results from cleavage

between positions 41 and 42 and bottom strand cleavage occurs between positions

48 and 49 of the common sequence. I was not able to definitively determine the

order of strand exchange as neither showed a marked level of a-structure band.

3.2.3 BOB and B'OB' can substitute for BOB'

The core-type sites, B and B', are imperfect dyads with a single basepair mismatch

(Figure 3.6). 'We 
asked the question, can BOB or B'OB' substitute for the wild-

type BOB' site?

L35 V
B ACCAAGCGA

Rt0 V
B' AGAGCAGGCGA

Figure 3.6 The vertical line indicates the basepair mismatch in B and B'. The

horizontal anows represent the imperfect dyad. In B, the bases in lowercase are

those that lie outside of the known sequence requirements (as determined from the

deletion data results). Sequences are 5'to 3'.

The results, presented in Figure 3.7, demonstrated that both BOB and B'OB' can

substitute equally well for BOB'. Therefore, the data implied that this basepair is

not an important binding determinant for 186 Int, since an A/T to G/C basepair

change is well tolerated when B' behaves as B in B'OB'. One can observe from the

autoradiograph that B'OB' appears to function better than both BOB and BOB',

which function equally well as each other. The experiment has been repeated

three times (data not shown) and it appears to be a reproducible result. Therefore

the inference is that although an NT to G/C change is tolerated at t8, it would

appear that the G/C basepair actually enhances the recombination competency of

the site.
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Figure 3.7(a)

2nd

B \-. 
-2-1 o123 B'

5' gAj\ÇCGA TTATGAG TCGCCTGCT
GTTCGCT AATACTC AGCGGACGA

\
1st

(b)

3'

o
E
oo

oIo
d¡
oo

(Ë

5' cc ceccAAcccATTATcacrcccrrccrc cc
CGCTGGTTCGCTAATACTCAGCGAACCAGC G

3'
BOB

B'oB, 
s' taceccAccccATTATcAcTccccrccrcre 3

ATCTCGTCCGCTAATACTCAGCGGACGAGAT

Figure 3.7(a) The attB site and the locations of the lst and 2nd 186 Int cleavage sites;

thã positions of the -3 to +3 bases of the overlap region and the relative positions of B
and B', (b). The autoradiograph shows the results of the trans in vitro integrative
recombination assay using the synthetic substrates BOB, B'OB' and the control BOB',
and the sequence ofthe oligonucleotides used.



3.2.4 Mutagenesis of bases in B and B'

The C and C' segments of attP-186 and the B and B' segments of attB-186

presumably provide the binding sites for 186 integrase for strand cleavage and

transfer reactions. In this section of work some initial progress has been made in

determining the bases in B and B' that are important for 186 recombination.

Earlier, the deletion data results indicated that sequence L35-R+10 was required to

form a functional attB site, therefore it was likely that duplex BOB'

oligonucleotides representing this sequence range would be sufficient for this

section of work. Initially, comparisons of the trans in vitro recombination ability

of three duplex BOB'-oligonucleotides of varying length, a 30mer (L31-R+11),

25mer (L35-R+10) and the control 45mer (L30-R+25) were undertaken. Results

indicated (datanot shown) that a 30mer was as proficient as the 45mer, while the

25mer failed to generate the recombination product.

For an initial mutational analysis of B0B'-186, I made single basepair changes

(A+C, T-+G, G+T, C+A) in the 30mer oligonucleotide representing the 186

BOB' srte (6.4.7; Table 1(c)) and analysed the effect the substitution had on the

recombinational competency of BOB' in the trans in vitro assay. The base pairs to

the left of the 7bp overlap sequence were designated -7 to -1, and to the right, +1

¡s -rI2, with the dyad 7bp either side of the overlap region. Examples of

autoradiographs obtained ate shown in Figure 3'8(a), (b) and (c), and ate

representative of four independent experiments'

The most striking feature of the results is the asymmetry of bases (apparently)

important for recombination in the dyad. The bases, in B, at positions -7, -6, -5,

-4, and-l, were very highly important (a bp change results in >80% decrease in

recombination). In B', by comparison, the only bases highly important were at *1,

+6 and*9, while +4 (conserved in all four half-sites) and+7 were only moderately

important (50-70% decrease in recombination). This data was consistent with the

deletion results which indicated sequence between L35 and R+10, outside of the

coÍrmon region, to be important. Furthermorc, a GIC to T/A basepair change aI

position +3 appears to enhance the recombinational competency of the site,
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Figure 3.8

(b)

RP>

CONTROL

dl)r.*.{rr* r}

fl|f n- ü

-1-2-3-4-5-67 +1 +2 +3 +4 +5 +6 +7

TCGCCTG
ÀGCGGAC

wl rC A A G C G At"qLc r r c c c r
(a)

RP>

wl
seq

. +8 +9 +10 +11 +12

-c T C T ALG A G A T CONTROL(c)

RP>

Figure 3.8(a), (b) and (c). Mutagenesis of bases in attB. The wild-type (w) attB
reqo"n"" is shown and the numbers above, -7 to -l and +1 to +t2, correspond to the

baies to the left and right ofthe 7bp overlap sequence respectively. The autoradiograph
shows the results of the in vitro integrative recombination assay when mutagenesis of the

wt sequence (A to C, G to T, C to A and T to G) was performed singly at each position.
See 6-.4.7, Table 1(c) for the synthetic oligonucleotides used for B and B'mutagenesis.
The two basepairs conserved in B, B', C and C' are indicated in bold print and the arrows

indicate the dyad in B and B'. Panels (a) and (b) represent the same experiment
performed in duplicate. The cont¡ol is wt a#B duplex oligonucleotides, used as substrate

1n the trans in vitro recombination assay. RP is the recombination product band.



probably by intensiffing the bending of the site by increasing the A/T base

content. A summary of the important base pairs in B and B' is given below

(Figure 3.8(d));

L35 R+8
(-7-65-4 & -1) (+1 +4 +6 +7 +9)

CAAGCGA ttatgag TCGCCTGCT

GTTCGCE AAIACIC AGCGGACGA

B o B'

Figure 3.8(d) The base pairs showing a very high degree of importance (a bp

change results in >80% decrease in recombination) are shown in bold, +4 (the

conserved basepair in all four half-sites) and '17, showing a moderate level of
importance (50-70% decrease in recombination) are indicated by an underline.

It is interesting to note that the important T/A basepafu at the 3'end in B'(+9)

aligns with an extended BOB' dyad sequence in B (-9) i.e.

-9 +9

TGGTT CGCTa a t a c t cAGCGGACGA

where the bases of the dyad are indicated in bold type.

3.2.5 Minimal DNA sequence required to form a bacterial attachment

site (BOB')

The two outermost important bases lie at -7 þosition 35 of the common sequence

and to +9 (Sbp outside the common sequence). This corresponds to the deletion

data as sequence L35 to R+10 was required for a fi¡nctional 186 BOB' fragment,

taking into account that the leftward cloning into a EcoRl site reconstructed the

wild-type sequence from position 35. Hence the minimal DNA sequence needed

for a fully functional 186 bacterial attachment site (BOB') is 23 bp.

However, 25mer annealed oligonucleotides (-7 to *9 or L35 to R+10) containing

the BoB' site (CAAGCGATTATGAGTCGCCTGCTCT) cannot tunction as a

substrate for the in vitro recombination assay whereas 3Omers are able to. This

suggests that the 186 Int recombinase requires the extra length of DNA, either side

of the minimal sequence, for steric reasons only'
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3.2.6 Mutagenesis of bases in'O'

To ascertain if any bases in the overlap region are important it was necessary to

mutagenise individually each of the seven base pairs of 'O' in BOB' and pP'OPNeo

to maintain homology. Oligonucleotides were used for BOB' (6.4.7 Table 2(a)).

site-directed mutagenesis (6.6.23) was performed on pP'oPNeo (6.4.7 Table 2(b))

and clones representing the appropriate change in each of the seven bases in 'O'

were confirmed by sequencing (6.6.9.ii). The trans in vitro recombination assay

showed the basep atr at position 6 in the overlap region (TTATGAG) was

important for recombination (Figure 3.9(a)).

Furthermore, recombination between the seven BOB' overlap mutants and the

wild-type POP' site showed, as with À (Kitts and Nash, 19SS) and HK022 (Kolot,

Igg4), that strand exchange proceeds in a defined order (Figure 3.9(b). Non-

homology in the right of the overlap region blocks the formation of all products

indicating this to be the point of first strand exchange. In contrast, non-homology

in the left of the overlap only blocks formation of completed recombination

products, but permits accumulation of cr-structures, indicating this point to be the

location of the second strand exchange. By determining the order of strand

exchange, it allowed me to choose between the two alternatives of the pBS SKII+

vector sequences (Figure 3.4) contributing to the cr-structure band in the deletion

data results. It would appear 903 (pBS SKII+) with homology at the right end is

the one as the presence of the cr-structure relies upon successful first strand

exchange and aborted second strand exchange. The 903 sequence only contains

significant homology around the location of first strand exchange.

3.2.7 Insertion of an extra helical turn (10 bp) of DNA into the POP'

and BOBt overlaP sequence

The results in 3.2.3 demonstrated that both BOB and B'OB' can substitute for

BOB'. Mutagenesis data indicated that of the 23 bp required for a functional BOB'

site, we had at most 14 bp which could be altered from the wild-type sequence.

However, there is evidence of some sequence degeneracy in the system because at
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Figure 3.9(a)

coNrRoL1234567

ü>
RP>

(b)

1 2 3 4 5 6 7 coNrRoL

Í'igure 3.9 Tracks 1-7 correspond to bases in the overlap region (5'- TTATGAG -3') of
aiB. The autoradiograph shows the results of the trans in vitro recombination assay

when mutagenesis oflné wt sequence (A to C, G to T, C to A and T to G.) is performed

singly at eãch position and the mutant a//B sites are reacted (a) with homologously
mltant auP supèrcoiled substrates in the presence of Int and IHF (b) with wild-t)¡pe atlP

supercoiled substrate in the presence of Int and IHF'

c[ l>
RP>



least at one position (-5) an A-> G change was well tolerated in B'OB' (Figure

3.6), while an A->C was not tolerated in the mutagenesis data (Figure 3.8(d)).

The implication of this result is that we would need to test all three base changes at

each position in BOB' in order to fully analyse which alterations are not permitted.

At present, of the 23 bp for the minimal attB-186 site, we have at l l sites which

cannot have a particular bp at a given site, and consequently calculations relying

upon Yo probabîlity at a given site are in doubt until all three base substitutions are

checked. One way of increasing the chances of finding an existing and unique

mammalian target BOB' site would be to insert an extra helical turn (10 bp) of

DNA into the overlap regions of BOB' and POP'. If the system permitted such a

change our chances of finding a unique site in a mammalian genome would be

highly probable as the 7 bp overlap region, carrying one integrase determinant,

would give us the 16 bp required for uniqueness.

The insertion of l0 bp, an extra helical turn, into the two overlap sequences may

preserve the correct phasing of the integrase protein action at the four core-binding

sites B, B', C and C'. A DNA sequence of 10 bp was inserted into both overlap

regions 5' to the central basepair [TTA(gatacatcat)TGAG]. The 5'position, rather

than the 3'position, was chosen as the A/T basepair at position +6 of the overlap

had been demonstrated to be important for recombinational competency (this

work) and therefore, it was thought that the greater the distance between this site

and the site of first strand exchange, and the insertion of l0 bp, the more likely it

was that the insertion might be tolerated by the system. The actual sequence

chosen for the insertion was essentially random, except that a sequence low in

homology to existing core-type sequences and with a high A/T content was

preferentially selected. Duplex oligonucleotides were used for attB while site-

directed mutagenesis was performed on pP'OPNeo to insert the identical l0 bp

sequence (6.4.7 Table 3). The correct insertion of the 10 bp sequence for attP was

confirmed by sequencing.

Initial results showed that for the sequence used, and the position of insertion of

the extra 10 bp, two homologously reacting attBYr0 X attPYro were not
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recombinationally competent (Figure 3.10). No correct recombination product

resulted from the trans in vitro recombination assay (repeated twice).

Furthermore, no Holliday intermediates (cr-structures), indicative of first but no

second strand exchange, were evident indicating that 186 Int cannot function on

the atfBYr0 X attPYr0 substrates at all. This was somewhat a surprising result

given that the 903-pBS SKII homologous region to 186-attB does give rise to the

cr-structure having 5 bp of the right side of the overlap region in common, while

attBYr0 having 4 bp does not. Therefore it is likely that the insertion of this

particular extra l0 bp sequence in the overlap caused a steric distortion of Int

action at the site of first strand cleavage. If the 186 recombination system can be

shown to operate in a eukaryotic environment per se, at a later date a more

comprehensive series of mutational analysis would be undertaken, varying the

position, sequence and number of base pairs inserted.

3.3 Discussion

3.3.1 The minimal sequence and location of BOB'

Early experiments showed that a DNA segment of 333 bp containing the attB 36

bp common core \ryas a good substrate for recombination in vitro (this work).

However it was unlikely that the entire segment was needed for integration.

Indeed for À, only 2l bp of alfB DNA is required for l, integrase-mediated

recombination (Mizuuchi and Mizuuchi, 1985), and for the temperate

bacteriophage L5, only 29 bp is needed (Peña et al., 1996). To determine the

precise location of attB and the minimum amount of DNA sequence necessary for

attB function, I performed deletion and mutagenesis analysis and tested the

resulting substrates in the trans in vitro recombination assay. Taken together, the

data indicated that a 23 bp sequence of attB DNA (L35-R+8) was required for

proficient integrative recombination, which included DNA 8 bp to the right of the

common sequence.
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Figure 3.10

BOB'
X

POP'

cr-structure
RP

+ free "P-attEl

Figure 3.10 An autoradiograph showing results from a trans in vitro integratíve

recombination assay using supercoiled wild-type (wt) orv'oattP, and"P-end-

labelled wild-type orV'o attB. The positions of recombination product and o-
structures is shown.



3.3.1.i A consensus sequencelor lhe core-type sites cannot be derived

A surprising result from this work was that a consensus sequence could not be

derived for the core-type sites B, B', C and C' (Figure 3.11).

Gore-type binding s¡tes
V

B

Br

C

C'

'Consensus sequence'

acCAAGCGA

AGCAGGCGA

ACCAAGCGA

TTGT

Figure 3.11 The core-type sequences B, B', C and C'are shown. The lower case

letters in the B core-type site represent the bases that, from the deletion data, are

known to be non-essential for a firlly functional BOB' site. The horizontal arrow
shows the region of dyad symmetry. The diagonal arrow shows the position of 186

Int cleavage fcrr all four sites. The vertical lines show the two base pairs conserved

in all four sites, while the lowercase letters in the consensus indicate a % consensus

for that site. All sequences are shown in the 5'to 3' direction.

Alignment, by the points of strand cleavage, of the C, C', B and B' sites does not

give a good consensus sequence for 186 integrase action at the four cleavage

positions. Surprisingly, there are only two conserved basepairs for all four sites.

Notably, C'has almost no similarify, apart from these two bp, to the other three

sites and does not contain a consensus dyad sequence. In the phage Lí-attB site,

much of B and C also lie outside of the common region like 186 B' and C' (Pefra et

al., L997), and the consensus sequence (anCtAgtJ¡ is only marginally better than

the 186 consensus for all four sites. The requirement for dyad symmetry was

thought to be a highly conserved aspect of bacteriophage recombination systems

and to permit recognition by the core-type binding domain of the integrase at the

junctions of the overlap sequence. Furthermore, in contrast to 1,, it is likely that

COC'-186 would not be able to substitute for BOB' (Mizuuchi and Mizuuchi,

19S0). The prediction is easily testable, but has not undertaken as part of this

project.

Direct identification of the P2 Int core sites has not been undertaken, however

Campbell (1992) has suggested the position of a7 basepair overlap (CGTGTAA)

AGGAAtl
ancaaGcgA
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region within the common sequence of P2 which gives C, C', B and B' (locI)

almost perfect dyad symmetry. Reed (1994) predicted the 186 Int consensus core

binding site to be 5' YYGCTGG 3' (C, C', B and B'), present as inverted repeats,

separated by 7 base pairs and positioned at the left end of the common sequence

(Appendix, Figure 1). In disagreement with Reed's (1994) prediction for the

location of the øttB site, the data presented in this work locates the attB toward the

extreme right end of the common sequence, and that sequence (8bp) beyond the

common region is required to form a functional attB site.

Although only 186 and L5 appear to be the exceptions to the rule at this stage,

perhaps others should be wary of predicting attB sites based on the notion of a

consensus dyad symmetry for core-binding sites, until the actual sites of cleavage

are confirmed.

3.3.2 Determination of the order and positions of strand exchange

The positions of strand exchange in the 186 attB site were determined using a

similar experimental strategy employed for attB of À (Kitts et al., 1984; Kitts and

Nash, 1988), attB-IIKl22 (Kolot et al., 1994) and attB of L5 (Péna et al., 1996).

The strategy is based on the observation from the À recombination system that a

phosphorothioate-substituted nucleotide (dNTPcts) at the position of strand

cleavage inhibits recombination, whereas a dNTPcrs at other positions does not.

The system employed for the 186 recombination system was a variation on that

used by others. In my system a series of oligonucleotides were used which had a

single phosphorothioate nucleotide substitution, either in the top or bottom strand

of attB, where as others have synthesised a//B substrates using the incorporation

of a particular dNTPas resulting in multiple sites containing the dNTPas. One

assumption is made that because 186 belongs to the Int family of recombinases

then it too is likely to share similar chemistry for cleavage, thus the results

indicated that 186 integrase cleaves DNA to produce 7 bp 5'staggered cuts

analogous to those produced by À, HK022, HPI and P22 integrases (Kitts et al.,

1984; Kitts and Nash, 1988; Kolot et al., 1994; Hauser and Scocca, 1992;Péna et
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a1.,1996). Taken together the results show, as for other members of the Integrase

family ?,",IHK022 and L5, that 186 has a 7 basepair overlap sequence resulting

from a 186 Int-induced 5'-staggered cut. Furthermore, analysis of the a//B site

revealed that 186 DNA integrates into the anticodon (Figure 3.12) of a putative

novel isoleucine tRNA gene closely related fo ileX. The use of IRNA genes as

sites of insertion is a phenomenon common to many lysogenic phage (Reiter et al.,

1989; Hauser and Scocca,1992; Brown et a1.,1994; Smith-Mungo et al.,1994).

3.3.2.i 186 attB lies in ø putative novel isoleucine íRNA gene

The attB site had been previously mapped between the pheA and na[B loci (57

min) on The E. coli chromosome (Woods and Egan, 1972). Reed (1994) undertook

a DNA sequence data base search with the a//B sequence which revealed striking

similarity (74/76 bp identity) with the E. coti ileX gene for tRNAIr". The

identification of the 186 Int cleavage sites locates them to the anticodon loop (this

work). The sequence in common with attP is located in the 3' half of the putative

tRNA gene.. Reed (1994) identif,red a potential weak promoter sequence some 200

bp upstream of the gene, but no likely terminator sequence following the gene was

found.

Expression studies of tRNA genes ín E. coli (Komine et at.,1990) did not identiff

a tRNA gene in the locus described here. Given the high degree of conservation

between fhe iteX gene and the putative gene identihed by Reed (1994) it is

possible that the íleX gene could also function as a 186 attachment site as the A to

G change in ileXrelative to 186 attB is outside of the minimal 23 bp 186 allB site

identified (this worþ. The two single base pair mismatches between this gene and

the iteX gene replace a G-C pair with an A-U pair in the acceptor stem of the

tRNA, while in a lysogen the sequence of the tRNA gene is changed again such

that the A-U pair is replaced by a G-U pair (tolerated in RNA secondary

structures). Both changes may not alter the functionality of the molecule.

However, at least eight independent 186 lysogens have mapped to the 57 min

region of the E. coli chromosome (Woods and Egan, 1972; Reed, 1994), whereas
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Figure 3.12
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iteX is at 67 min (Komine et at., 1990), suggesting that any use of ileX as an

attachment site is infrequent, or more probably, that a prophage integrated at the

ileX siterenders the ileX gene inactive and the resultant E. coli (ilex-) is no longer

viable.

3.3.2.¡i Position of attP

The left breakpoint of a phage deletion isolated from a prophage (18641; Kalionis

et a1.,1936) was predicted to have a common end-point in the core of the att site.

Results from work presented in this Chapter confirm this to be correct, the left end

of the detl deletion does locate the rightside of the common sequence in attP.

3.3.3 Analysis of the mutagenesis data

3.3.3.i Overlap mutants

In section 3.2.6, the trans in vitro recombination assay showed the basepatr at

position 6 in the overlap region (TTATGAG) was important for recombination

(Figure 3.8(a)). For the -1 site of the À overlap region (TTTATAC), it too has

also been shown that base substitution results in reduced recombination even if the

same change is made tn attP (Kitts and Nash, 1987). It is interesting to note that

for both 1g6 and )," that the site of first strand exchange lies to the side closest to

this basepair in the overlap region (see below).

\}, TTTATAC
AAATATG

1.e

186 TTATGAG
AATACTC-ì

3.3.3.ä Asymmetric importance of bases in the B and B' dyad

I investigated, by limited mutagenesis, the important base pairs in B and B' for

maintaining recombinational competency of the attB shte. The data generated

indicated asymmetry with respect to the important bases within the almost perfect

dyad for B and B'. When the same basepair changes were made in each equivalent
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position of the dyad, and the substrates reacted separately with the wild-type POP'

site, results indicated that only at two equivalent positions in the dyad (-1,-6, +l

and +6) were all highly important, of which one is the basepair in each dyad

adjacent to positions of strand cleavage. Mutagenesis of other base pairs within

the B half-dyad produced a different profile of importance compared to the profile

produced by the same mutations in the B' half-dyad. The result raises two

questions: What is the role of the dyad? Further, if it is unimportant to have a

conserved dyad, provided only the positions of important base pairs are

maintained, then how does 186 Int interact with two highly related sites so

differently?

The apparent non-equivalent recognition of B-186 and B'-186 by Int questions the

notion that the dyad permits recognition by the core-type binding domain of the

integrase at the junctions of the overlap sequence. Mutagenesis has also been

perf'ormed on the FRT site of the FLP recombination system which showed a

direct correlation between decreases in recombination activity and in FLP binding

(Senecoff et al.,19SS). Further it was shown that, at least at one position within a

FRT site, an identical change in the FLP binding sites (double mutant) produced a

significantly different effect than the single mutant. The double mutant exhibited

greatly decreased reactivity when present in both inverted repeats (FLP binding

sites) than when present in only one. From the data presented it is not known

whether this is an additive effect of the double mutant, or whether the mutation of

one site had a more deleterious effect than the same mutation in the other site

indicating asymmetry in their importance to FLP binding. Other double mutants

were analysed however, when the single mutant produced a large deleterious

effect this masked the effect of the other site, experiments using single (half-site)

mutants of left and right sites were not undertaken. Hence the extent of the

asymmetry of important bases for FLP binding in the two inverted repeats is not

known.

Kim and Landy (1992) found that the same, single base substitution in either of the

attL corc sites resulted in a lower level of excisive recombination than the
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equivalent substitutionln attRcore sites. Experiments have been conducted on the

highly related l, and lil<022 core-type sites to locate the base pairs involved in the

specif,rcity difference for the two integrases (Nagarap and Weisberg, 1990; Dorgai

et a1.,1998), and again both studies indicated non-equivalent recognition of the

four core-type sites. Nagaraja and Weisberg (1990) found the replacement of B'-1.

by qil<022 sequences repressed recombination more severely than the

conesponding replacement of B-fu and similarly, the substitution of B'-HK022 by

l, sequences repressed recombination more severely than the corresponding

replacement of B-IIK022. Dorgai (1998) also found that the same nucleotide

substitutions within a core-site had different effects depending on which core-site

was changed, indicating that the integrase does not recognise the core-sites

equivalently, and further, Dorgai suggested that the differences in sequence

recognition among core binding sites are likely to be confined to only a few

positions. In my results, the profiles for Int recognition of B-186 and B'-186 are

different at most positions within the consensus dyad for B and B'. It would be

interesting to perform similar mutagenesis anaþsis on the l, and Lil<022 core sites

to determine the degree of non-equivalent recognition by integrase.

3.4 Conclusions

In this Chapter, I precisely located the 186 attB site, identified the positions of

strand cleavage and the order of strand exchange. The mutagenesis conducted on

the BOB' site determined the position and numbers of bases important for

integrase action and further, some sequence degeneracy in the system was

identified. Taken together, the data indicated that we would not find a unique,

naturally occurring mammalian target site (mtBOB') and that more extensive

mutagenesis analysis would need to be conducted. Further, I investigated whether

insertion of an extra helical turn of DNA sequence could provide the extra

sequence necessary for selecting a potential unique genomic mtBoB' and found'

on a first analysis, that it was unsuccessful. At this stage no further examination of
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the BOB' site would be pursued until the 186 integrative recombination system

had been shown to operate in a eukaryotic environment.
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Chapter 4

Studies of 186 site-specific integration using transgenic

mice containing genomic copies of the 186 uttB site

4.I Introduction

I have investigated an alternative means of efficient transgenic animal production,

which may also have applications in human gene therapy. To this end I have been

characterising a directional site-specific recombinase system which may permit

precise and stable single-copy genetic manipulation of a mammalian genome. To

date, no directional systems have been shown to operate in a eukaryotic

environment. Related systems, such as the non-directional Cre/lox and FLPÆRT

systems (one protein mediates both excision and integration), have been shown to

operate in a number of eukaryotic cells (see 1.7.2.i and L7.2.ii), including fertilised

eggs (via microinjection), indicating that such integrases can operate successfully in

the presence of chromatin.

The aim of this section of the project was to investigate whether a directional

integrase system, namely the 186 site-specific recombinase system, could function

in a eukaryotic environment. Two possible approaches for accomplishing this were:

1. Transfect a mammalian cell line with a//B DNA, select a stable cell line

containing at least one genomic copy of attB (randomly placed), transfect

with pP'OPNeo and the purified proteins Int and IIIF, select NeoR cells

and, by PCR and Southern analysis, determine if any resulted from site-

specific insertion into attB rather than arandom insertion.

2. Create transgenic attB mice by microinjection of attB DNA into a

pronucleus of fertilised mouse egg, identify attB Fo progeny by PCR, mate

the transgenic (TG) male pups to wild-type (WT) females, isolate the
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fertilised eggs, microinject pP'OPNeo and the purified proteins Int and IIIF

into a pronucleus, transfer to a pseudopregnant female and test resultant

pups by PCR and Southern analysis for 186 site-specif,rc or random

insertion of pP'OPNeo.

While both approaches have advantages and disadvantages, I chose the second

method, the primary reason being that the transfer of molecules into a fertilised

egg by microinjection is an efficient procedure for studying the activity of

molecules in a non-native environment as it permits the transfer of molecules

directly into the nuclei of a recipient cell. Hence a pre-formed intasome could be

delivered straight to the nucleus where the harget sile (attB) is located. It is likely

that an intasome, consisting of several IIIF and Int proteins bound to supercoiled

a//P DNA, would be too large to permit passive diffusion into the nucleus, as

would be required for the first approach, if introduced by standard transfection

methods such as lipofection and electroporation. It is likely that such large

protein/DNA complexes would require a nuclear localisation signal for active

transportation to the nucleus, with the one caveat that during cell division the

intasome may be permitted access to the nucleus. Microinjection into the nucleus

can be accomplished in somatic cell lines using specialised equipment (computer-

automated microinjection systems), but such equipment was not available to me at

the commencement of this section of work. Due to existing limitations in

technology, for most livestock animals only a genetically manipulated fertilised

egg can produce a transgenic animal. In the future, if nuclear transfer and

'reprogramming' of somatic cells becomes routine, then genetic manipulation of

somatic cells to produce a transgenic animal will be possible. The disadvantage of

the second approach is that, by comparison to the first, only relatively low

numbers of cells (pups) can be assessed, however given current equipment

limitations, the advantage of delivering intasomes directly to a nucleus of a

fertilised egg by microinjection, in my opinion, outweighed this disadvantage.

The question of how the intasome might access the attB sites in nucleosomally

organised DNA needs to be addressed. All eukaryotic chromosomes consist of a
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regularly repeating protein-DNA complex called the nucleosome (Kornberg,

1977). Each nucleosome consists of a protein octamer, made of two copies each

of histones H2A, HzB, H3 and H4, which, together with the fifth histone, Hl,

organises about 200 bp of DNA. Further organisation involves the assembly of

nucleosomes into higher-order chromatin structures. During transcription, the

chromatin must unfold to permit the transcriptional machinery access to the DNA.

Increased acetylation of histone tails is associated with transcriptional activity, and

under-acetylation has been linked with repression (Turner, 1993). Furthermore, it

has been discovered that both acetyltransferases and deacetylases form complexes

with certain transcription factors, providing a mechanism by which the appropriate

region of chromatin can be targeted for 'remodelling' (Gregory et al., 1998). The

prevailing view is that acetylation promotes the disruption of the higher:ordor

structure of chromatin (Walia et al., 1998; Luger et al., 1997) and constitutes arr

important point at which transcription, and presumably other nuclear processes,

can be regulated.

If att$ is located in an area of non-silenced chromatin (euchromatin) it is likely the

intasome will be able to gain access for recombination to take place. In the

likelihood attB is located in aî area of silenced chromatin structure

(heterochromatin), one can imagine that during cell cycle progression some areas

of heterochromatin are remodelled to an open configuration (euchromatin)

concomitant with gene activation, and thereby possibly permitting access of the

intasome to att9. Successful recombination would then depend upon the stability

of the intasome through various cell cycles.

In Chapter Four I report the creation of lines of transgenic mice containing

randomly located 186-attB sites, and examination of whether microinjection of

active intasomes (pre-tested in vítro) into transgenic fertilised eggs can mediate

integrative recombination. However, initially I tested for integrative

recombination using isolated genomic DNA (naked) containing øflB, sites and

later performed similar experiments on chromatin isolated from the livers of

transgenic mice. The results of these analyses are presented below.
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4.2 Results

4.2.1 Creating lines of transgenic mice for the 186 ø/fB site

4.2.1.¡ Source of attB DNA

At the time of creating lines of transgenic mice the minimal attB site had not yet

been fully defined, therefore the clone containing the RL fragment, pRL (Figure

3.2), shown to permit in vitro integrative recombination with pP'OPNeo (Figure

3.3(a), Control), was used as the source of DNA. pRL contained a 177 bp

tiagrnent of attB, cloned into pBS SKII+ (2.96 kb). The pRL clone was linearised

rvith,Scal (located in the ampicillin gene), purified (6.6.13) and the resultant 3.14

kb fragrnent, containing the 186-attB site, used for microinjection into fertilised

rnouse eggs (6.6.13.i). The presence of extra 5' and 3' vector sequence woulcl

buffer the effect of any exonuclease activity on the fragment after rnicroinjecticrn

and prior to random integration into the mouse genome.

4.2.liii PCR detection of transgenic mice

Pups (approximately 6 weeks old) were analysed by removal of a small section of

tail from which genomic DNA was prepared (6.6.15) and used for PCR analysis

(6.6.11). The primers 2RRl and LHIII 6.a.7; Table 1(b)), used for the initial

construction of the pRL clone, were used to detect mice transgenic for the RL

fragment (BOB'). Initially 38 pups were analysed and three were found to be

transgenic by PCR analysis (data not shown), giving a 7.9Yo frequency of

transgenesis. The mice #23 (female), #29 and #31 (both male) all generated a

fragment of 203 bp representative of RL, as did the positive control reaction

containing pRL DNA (100 pg). The negative control (no DNA) and all other

genomic DNA reactions failed to generate a band.

4.2.1.iii Breeding of transgenic mice

The three founder mice#23,#29 and #31 were bred with wild-type mice and the
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FI progenv
23.t -23.t6
29.t -29.10

3t.l - 31.26

F 1 pups analysed as in 4.2. Li, the results of which are presented below

F'

#23r

#29m

#3lm

23.2,4 and l6

0

31.3, 5, 6,7,10,11, 13, 14,17,21,25 and26

33%

45%

s4%

43%

No transgenic pups were identified for the founder #29; it appeared to be a mosaic

giving non-germline transmission. Founder #23 gave rise to three transgenic (TG)

pups giving a frequency of transmission of l9Yo. Founder #31 gave rise to twelve

TG pups giving a frequency of transmission of 460/o. We would expect 50% of the

Fl progenytobe TG. Why the rate of transmission for #23 is lowerthanthis is

unknown but perhaps it too is a mosaic with only half the germcells carrying the

construct. Further breeding and PCR analysis gave rise to the following:

Fl x WT %TG
23.2 r

31.3 m

31.5 f
31.7 f

At this point enough TG mice had been generated for the required experiments in

this section of work to commence, and no further breeding of mice took place.

4.2.2 Investigating site-specific recombination in genomic DNA ín vitro

4.2.2.¡ Generøting a positìve control template ønd a PCR øssay for detecting site-

specitic recombination in genomic DNA

In order to detect a possible 186 site-specific integration event of pP'OPNeo into a

randomly placed genomic BOB' site by PCR, I first needed to generate a positive

control template. This was accomplished by performing the trans in vitro

recombination assay (6.6.12.ii) using pP'OPNeo, linearised (^Scøl) pRL and

TransgenicsProgeny
23.2.2and23.2.5

31.3.5, 6, 8,9, 10, I 1, 13, 14 atd 17

31.5.1, 3,5,6,8 and 9

31.7 .1,5 and 7

23.2.1 -23.2.6

31.3.1 -31.3.20

31.5.1 - 31.5.11

31.7.r -31.7.7
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purilred Int and IIIF proteins (Figure 4.1). The reaction was diluted 1/10 with

sterile IIzO and 1 pl used in a standard PCR reaction, using the primers 66

(Appendix, Figure 1) and 2RR1 (6.4.7, Table 1(b) and Figure 3.2) to detect the

P'OB composite site generâted by the reciprocal exchange of the second strands

(3.2.6) which complete integration of pP'OPNeo into BOB' (pRL). Results of the

PCR reactions are presented rnFigure 4.2. úrtegration of pP'OPNeo into BOB'

had occurred as evidenced by the presence of a band of 260 bp representative of

P'OB in track one. Another band of slower mobility was also present. It was non-

specific as it also appeared in the control reaction which had no proteins added,

and hence was likely to be a result of cross-reactivity with vector sequence in

either pP'OPNeo or pRL. A trans in vitro control reaction containing no DNA

indicated, by PCR, that no contamination of equipment or solutions had occurred.

The primer control reactions, using either 63 and 66 or LHIII and 2RR1, both

detected the correct POP' (307 bp) and BOB' (203 bp) bands respectively.

Figure 4.1

B'O P P'OB

ryLHIII->

++X
Int/IHf,' 63 2RRI

B'O B

F'igure 4.1 A schematic representation of the integration of pP'OPNeo into pRL (BOB'), in the

presence of Int and IIIF, to generate the composite sites B'OP and P'OB. The PCR primers 66

ànd 2RR1 detect P'OB which results from the exchange of the second stoands, and the controls

LHIII and 2RR1 detect B'OB, and66 and63 detect P'OP.

P'C'OC P
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Figure 4.2
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4.2.2.ii Detection of site-specitic integratìon into alÍB-containing genomíc DNA

ín vitro

Isolated and purified genomic DNA from transgenic mouse #31.25 (4.2.1.iii) was

used in lhe trans in vitro recombination assay (5 pl and 2 VD using pP'OPNeo and

the purif,red proteins Int and IHF. The genomic DNA from #31.25 had been

shown (PCR) to contain at least one randomly located a/fB site. PCR using the

primers 66 and 2RRl was performed on 1 pl of the trans recombination assays.

The data (Figure 4.3) indicated that site-specific recombination had taken place in

vitro rcsvlting in the integration of pP'OPNeo into attB site(s) located in genomic

DNA for both the 2 pl and 5 pl samples. A trans in vitro control recombination

assay using the plasmid pRL was performed and PCR showed the presence of a

band specific for BOP' and a non-specific (cross-reacting) band. A trans in vitro

negative control reaction (minus DNA) indicated that no contamination of

equipment or solutions had occurred prior to PCR analysis. The non-specif,rc band

is likely to arise from cross-reacting sequences present in pP'OPNeo or the mouse

genomic DNA. Later I show the non-specific band is due to sequences in

pP'OPNeo (4.2.3.iì).

4.2,3 Investigating site-specific recombination into chromatin in vitro

Chromatin was prepared from nuclei isolated from livers of transgenic mice

(6.6.16). The purihed chromatin(186-attB) was assessed for its abilþ to undergo

site-specific recombination with intasomes þP'OPNeo * Int + IHF) in the trans in

vitro recombination assay by PCR designed to detect the composite sites B'OP and

P'OB,

4.2.3.i Microccocøl nuclesse assessment of chromatin quo@

In order to assess the quality of the isolated chromatin, Microccocal nuclease

digestion was performed (6.6.17). The nucleosomal ladder generated (Figure 4.4)

showed that much of the chromatin was intact, as indicated by a strong band at

200-210 bp representative of the presence of whole nucleosomes, and at the higher
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Figure 4.3
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Figure 4.4
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Figure 4.4 The qualþ of liver chromatin preparation was assessed using

miirococcal nuclease digestion (6.6.11) at amounts of 5,1,1/10 and 1/100,

wher se-TAE

gel. eosome

dime



levels of Mícroccocal nuclease a faster migrating band of approximately 140-160

bp indicating areas of chromatin that have perhaps lost linker histones and consist

only of the core nucleosome. The prepared chromatin was considered suitable for

in vitro recombination assays.

4.2.3.ä In vitro 186 site-speciftc recomhinølion occurs in chromøtin

The trans in vitro recombination assay was conducted using 30 pl of prepared

intasome mix(6.7.4) and l0 pl of chromatin diluted ll3, lll0, 1/100 and l/200

and incubated at 37"C for 60 minutes. Without purification of the recombination

reaction, I initially tested whether PCR could detect the 186-attB sites known to be

present in the chromatin and if the presence of histone proteins was inhibitory to

the:PCR reaction. Using the primers LHIII and 2RRl PCR was conducted, ffid

the results (Figure 4.5(a)) indicated that, at a l/3 dilution of the recombination

reaction,,,the chromatin was inhibitory to PCR. The further dilutions of 1/10,

l/100 and l\Aï'.adequately overcame any inhibitory effect, permitting the

detection of,attB. The 'PCR controls consisted of a positive using the template

generated in 4.2.2.i, a spiked positive control consisting of the 1/100 chromatin

dilution and the template generated in 4.2.2.ì, and a negative control using no

chromatin. All gave the expected results.

PCR was performed on the same samples using primers 66 and 2RRl to detect

P'OB which results from reciprocal exchange of the second strands. The results

(Figure 4.5(b)) indicated that 186 site-specific integrative recombination had

occurred in vitro using chromatin as a source of attB DNA. The PCR controls

consisted of a positive using the template generated in 4.2.2.i a spiked positive

control consisting of the 1/100 chromatin dilution and the template generated in

4.2.2.i, and a negative control reaction using no chromatin. Using primers 66 and

2RRl the negative control showed that in the absence of chromatin (attB) no site-

specific recombination could be detected as expected. Again a non-specific band

(4.2.2.i) was evident and therefore it could be concluded it must arise from cross-

reacting sequence present in the pP'OPNeo plasmid. I could detect site-specific
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Figure 4.5

spk+ + neg 1t31t101t10011200 M

BOB'¡>

M spk+ + neg l/3 111011100 11200

+ BOP'

Figure 4.5 A 3% agarose-TAE gel showing PCR analysis of
chromatin diluted ll3,lll0,1/100 andll200 andused inthe trans in

vitro recombüration assay using A) primers LHIIV2RR1 to detect

I86-attB sites and B) using primers 66l2RR1 to detect BOP',. The

controls consisted of a positive control using the template generated

in4.2.2.i (+), a spikedpositive control containingthe 1/100 chromatin

dilution (spk+), and a negative control containing no chromatin. The

markers (M) are DMW-PI.

B



recombination in both the positive and spiked positive control reactions. In the

samples using chromatin as the only source of attB DNA, site-specific

recombination was detectable in the diluted chromatin samples lll0, lll00 and

11200. The reaction containing a 1/3 dilution of chromatin was inhibitory to both

the PCR reaction, with a very low level of the non-specific band detectable, and

the initial recombination reaction, with no P'OB band detectable.

4.2.4 Investigating 186 site-specific recombination in transgenic

fertilised mouse eggs

The f,rnal part of my project involved initial investigations into whether 186 site-

specific recombination could be demonstrated to occur in fertilised mouse eggs

containing randomly located BOB' sites. The approach was to microinject

(performed by S. Macllfattrick, BresaGen) pre-formed 186 intasomes into the

fertilised mouse eggs, place them back into pseudopregnant female mice þerformed

by Dr. Zhong Tao Du, BresaGen) and analyse the resultant progeny, via PCR and

Southern analysis, for precise integration of pP'OPNeo. Ideally for the

microinjection process, which took place for 2-3 hours each day over a 3-4 week

period, aliquots of the pre-formed intasomes would be required to maintain their

recombinational ability after being frozen and then kept on ice. Hence the stability

of pre-formed and frozen intasomes was investigated.

4.2.4.i Intøsome stability

For microinjection into fertilised mouse eggs, intasomes were prepared in I x PBS

(phosphate-buffered saline). These contained approximately a 1.5-fold excess of

purilred Int and IHF proteins based on trans in vítro assay data, whereby 300 ng of

pP'OPNeo in 50 pl required 57.6 ng of Int and2 ng of IHF proteins (minimally) for

maximal integrative recombination. Therefore, for stability analysis, 250 ¡tl of pre-

formed 186 intasomes (10 ng/pl pP'OPNeo,768 ngInt,26.8 ng IHF) were prepared

(6.7.4) in both PBS and recombination buffer (10 mM Tris-HCl pH7.5, l0 mM

MgCl2, 100 mM KCI). After 15 minutes incubation at 4oC, a 50 pl aliquot was
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removed from each, placed in liquid nitrogen and stored at -80oC for 2 hours, while

a second 10 ¡rl aliquot was removed from each and added to 40 pl of a trans in vitro

recombination assay, containing kinased 30mer BOB', and incubated at 37"C for 60

min prior to analysis (6.6.12.ii). The remainder of the two pre-formed intasome

mixes were further incubated at 4oC for 60 min and 120 min and 10 pl aliquots were

removed for analysis. After 2 hours at -80oC the samples \ilere thawed on ice for 30

min and l0 pl aliquots \ilere removed and assayed as above.

Results (Figure 4.6) indicated that pre-formed 186 intasomes were stable when

frozen and thawed, and maintained their recombinational competency after I and 2

hours af 4oC. Further, at 15 min the level of recombination achieved was lower than

all later time points indicating that maximal intasome formation requires greater

than 15 minute incubation at 4"C to allow protein binding. Furthermore,

recombinational activity was identical for intasomes prepared in either PBS or

recombination.buffer, indicating that PBS does not have a detrimental affect on

intasome activity.

4.2.4.ä Intøsome loxicity test

Three sets of intasome mixes were prepared (6.7.4) containing either 2.5, 5 or l0

ndpl pP'OPNeo DNA. A number of fertilised mouse eggs \ilere microinjected

with each mix for toxicity analysis þerformed by S. Macllfattrick, BresaGen).

The controls consisted of PBS-injected and non injected fertilised eggs. The

toxicity test results are presented below:

%

l0 ng/pl

5 ng/pt

2.5 nglþl

PBS injected

non injected

72%

56%

79%

65%

t00%

Development to
2 cell blastocysl

I cell
iniected

l8

t4

23

t7

22

23

25

28

24

22

25

25

29

26

22
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Figure 4.6
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The data indicated that no component, in all three intasome mixes, was toxic to the

fertilised eggs (>50% of injected eggs developed to blastocyst stage). To

maximise the possibility of insertion, intasomes with the highest DNA content (10

ndpl) were used for the following microinjection studies.

4.2.4.äi Anølysis of pups generated from microinjection of intøsomes into

transgenic fertilised moase eggs

Prior to injection of the intasomes into fertilised mouse eggs, an aliquot of the

frozen l0 nglpl intasomes was analysed for recombinational activity as described

previously (4.2.4.i). Results indicated that the intasomes maintained their ability

to generate the correct recombination product, with no observed decrease in the

level of product generated (data not shown).

Eggs were generated from the crossing of TG males (heterozygotes) to WT

females, and after injection, placed back into pseudopregnant'WT females. Hence,

50% of the eggs injected would contain 186-a/fB sites. A total of 119 pups were

generated from the microinjection of 186 intasomes into transgenic fertilised

mouse eggs.

PCR to detect BOB' transgenic mice

Initially PCR was used to identiff mice transgenic for BOB', as described

previously in section 4.2.1.ii. A total of 62 positive BOB' transgenic mice

(transmission frequency : 52%) were identified. Since the 62 mice, transgenic for

BOB', all arose from the breeding of three founder mice it \ilas reasoned it was

highly unlikely that any would contain a single-copy, randomly inserted BOB'

such that a 186 site-specific insertion of pP'OPNeo would eliminate detection of

the BOB' site (using microinjection such single-copy insertion events are rare).

An example of the PCR results obtained is given in Figure 4.7. The controls

consisted of a plasmid control, a genomic DNA (BOB'-minus) spiked positive

control and ano DNA negative control. All controls gave the expected results.
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Figure 4.7
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Figure 4.7 An example of the PCR results obtained for the identification
ofBOB' transgenic mice (underlined) using the primers LHIII and 2RR1.
The controls were the plasmid control, pRL (+), a no DNA negative
control (-) and a genomic DNA spikedpositive plasmid control (spk+;.

-i*.-- {-

t
fl
ãl

¡* ill -.d ü*



Listed below are the identified BOB'transgenic mice:

Mice: #1, 3, 4, 6,'1, 8, 9, I l, 17, I 8, 19, 21, 23, 25, 27, 29, 31, 33, 35, 36, 37, 43,

45, 46, 47, 48, 50, 53, 54, 55, 59, 60, 63, 64, 65, 67, 70, 7 l, 72, 7 5, 7 6, 77,

78, 80, 81, 85, 91,92,95,97,98, 100, 101, 103, 105, 107, 108, 109, 112,

Il4, IL6 and ll7.

PCR to detect 186-med ated intesration events

PCR analysis could have been conducted on just the 62 transgenic BOB' mice

however, I performed PCR on all 119 genomic DNA tail samples to firstly,

provide internal BOB'-minus genomic DNA negative controls and secondly,

because of the small possibility of there being multiple site-specihc insertions

which also would have eliminated BOB'detection by PCR.

If 186 recombination had occurred there would be, at minimum, one copy of

correctly integrated pP'OPNeo in the mouse genome. Initially it was important to

ascertain that the PCR system (using primers 66l2RR1) could detect a single-copy

integrant. In 4.2.2.ii I showed detection of site-specific integration into attB-

containing genomic DNA in vitro. The actual number of copies of BOP' that were

detected in this system was signif,rcantly higher due to firstly, the amount of

genomic DNA used and secondly, it was likely that integration occurred multiple

times within one copy of the mouse genome.

The mouse genomic DNA tail preparations routinely contained approximately 100

ng/pl DNA. Given that one copy of the mouse genome approximates 3.3 pg of

DNA, 100 ng would be equivalent to 3.3xl0a copies. The positive control

template (8.4 kb:pRL+pP'OPNeo) generated in 4.2.2.i was calculated to be 5

ngl¡tl (UV spectroscopy). Given that the Mw of one basepair is 660, then I pg of

8.4 kb positive control template would equal 1.8x10-13 moles/pg or l.llxlOlr

copies/pg (where Avogadro's number:6.023x1023). Hence, 5 ng of positive

control template equals 5.5x108 copies. The positive control template was serially
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diluted down to 2.8x104 copies per pl, and tested in the PCR reaction, which was

also spiked with I pl of genomic DNA (BOB' negative). The results are presented

in Figure 4.8.

I surmised I would be able to detect a single-copy integration event by PCR

analysis, since the correct PCR product was detectable down to 2.8x104 copies

(Lane 8). Furthermore, in these results the non-specific band, evident in earlier

experiments, was absent. This may be attributed to either a new batch of primers

or Taq DNA polymerase, both of which had changed since performing the same

assays earlier, under identical PCR conditions.

Results showed no positives for BOP' were detected (data not shown). The

controls, a spiked positive control, positive control and a no DNA negative control

all gave the correct results. The BOP' band was evident in the two positive

controls, spiked and unspiked, while the negative control showed no band,

ind,icating no contamination of samples had occurred. Again the presence of the

non-specific band was eliminated.

Southern analysis

Although the PCR data strongly indicated no positives for 186-mediated

recombination in fertilised mouse eggs (in this experiment), further confirmation

was made by Southern analysis. Only the 62 mice identified as transgenic for

BOB'were analysed. Analysis was conducted using 3 pg of genomic DNA which

was digested with HindI\I or EcoRI restriction enzymes. 186 site-specific

integrants of pP'OPNeo would give a def,rned fragment of 5.1 kb EcoRI or 2.0 kb

HindIIl (Figure 4.9) when analysed with a neomycin gene specif,rc probe (XmaIIl'

NcoI fuagment of neo 1526 bpl; courtesy of R. Faast, BresaGen, Adelaide). In

contrast, single random integrants of pP'OPNeo would give rise to a randomly

sized fragment, depending on where the next restriction site is in the mouse

genome for the end repeat, whereas multiple insertions of pP'OPNeo would give

one randomly sized fragment and a band of 5.25 kb representative of pP'OPNeo

head to tail repeats.
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Figure 4.8
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F'igure 4.8 PCR using the positive control template serially diluted to give the
copies/reaction:1. 1.1x10',2. 5.5x10u, 3. 1.lx10u, 4. 5.5x10', S.2.2xl0s 6. 1.1x10', 7.
5.5x100 8. 2.8x104. The markers (M) are DMW-PI. The negative control (no DNA)
showednoband.
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Figure 4.9
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Figure 4.9 Recombination between pP'OPNeo and a genomically placed BOB' results in the

formation of the illustrated recombination product. For 186 mediated site-specif,rc insertion

Southern anaþsis of either HindlII and EcoRl digested DNA, using a neo specifrc probe (- ¡
would detect a 2.0 kb (4.) or 5.1 kb (8.) fragment respectively. Random integration of
pP'OPNeo would detect a 5.25 kb fragment for head to tail multiple copies, or a random sized

fragment for a single copy.

Southern results, using HindIII-digested DNA (Figure 4.10) showed no 186 site-

speciflc integration events. The control lane contained approximately 0.5 pg of

HindIII digested positive recombination control template, pRL+pP'OPNeo

(generated in 4.2.2.i). Two bands are present in the positive control track: the

slower migrating band represents pP'OPNeo lHindlII (5.25 kb), equivalent to head

to tail affays of randomly integrated pP'OPNeo, and a faster migrating band,

representative of the correct 186 Recombination product/ HindIII (2.0 kb). In

mouse #85, random integration of pP'OPNeo was observed, as evidenced by the

presence of a strong band aI 5.25 kb (head to tail repeats) and a larger band of

approximately 6.5 kb, characteristic of a randomly sized HindIII fragment

generated by the end repeat of the randomly integrated pP'OPNeo, the size of

which depends on the position of the next genomically located HìndIII sIIe.

Southern analysis of EcoRl-digested #85 mouse genomic DNA further confirmed

that this mouse had a random integration of pP'OPNeo (data not shown), as again

a strong band at 5.25 kb was present, and a Iargt band of approximately 8 kb,

characteristic of a randomly sized EcoRI fragment generated by the end repeat of

P'OBB'OP pgkNEO

B'OB
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Figure 4.L0
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Figure 4.10 Southem anaþsis of genomic DNA digested with HindlII from a subset of the
identifred BOB' transgenic mice, where the oocyte was microinjected with 186-intasomes, and
when analysed with a neomycin gene specific probe. The control template (4.2.2.i) has two
bands, the slower of which represents pP'OPNeo/IftndIIl (5.25 kb) equivalent to the random,
head to tail insertion of pP'OPNeo, and a faster migrating band representing the correct
Hindlllhecombination product band (2.0 kb). Mouse #85 has a random insertion of pP'OPNeo
(5.25 kb) and a slower migrating band at approximately 6.5 kb, representing a randomly sized
HindlllfragmentgeneratedbytheendrepeatofpP'OPNeo. Themarkers(M)areDMW-S1.



the randomly integrated pP'OPNeo, the size of which depends on the position of

the next genomically located EcorRI site'

4.3 Discussion

Promisingly, the trans in vitro recombination data showed integration of pP'OPNeo

firstly into naked genomic DNA and secondly into chromatin. The integration into

chromatin was a significant step forward for my project as it strongly indicated that

186 intasomes could access nucleosomal structure. However, it is possible that the

only integration that occurred was because there was, unavoidably, low levels of

DNA that had lost enough histones, or even whole nucleosomes, to allow

integration to take place. Nevertheless, the results were encouraging.

Microinjection studies of intasomes into fertilised mouse eggs were pursued. To

detect site-specific integrants, the two methods of PCR and Southern analysis were

undertaken. No site-specific integrants were detected, although random integration

of pP'OPNeo was found (1162:1.6%). The frequency of random integrants, via

microinjection, was significantly lower than that routinely obtained (5-25%) by this

laboratory, using other constructs at the same concentration (10 ngl¡rl). This result

may indicate that the proteins, Int and IHF, when bound to pP'OPNeo forming an

intasome, may help to prevent the random integration of DNA by sequestering the

DNA, sterically precluding it from integrating. If the 186 recombination system can

be shown to work in mammals, this finding, if proven correct, would be highly

advantageous since random integrants would be minimised.

4.4 Conclusions

The present study has been a preliminary examination of 186-mediated integration

into mammalian genomic DNA, in vítro and in vivo. Encouraged by positive in

vitro results, microinjection sfudies were undertaken, combining the accumulated
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knowledge gained from the work presented in each chapter of this thesis.

Although the final outcome has been a negative result on this occasion, it does not

necessarily mean there exists a fundamental problem with the 186 system in a

eukaryotic environment per se. The system may require further ltne tuning of the

conditions used, such as increasing the amount of intasomes delivered. The

problem could simply be one of frequency, investigations using greater numbers

of injected eggs, or microinjection into cells could be pursued in the future.

Thereafter, a positive result would provide a starting point to enable further fine

tuning of the conditions used.
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Chapter 5

Final Discussion

5.1 Transgenic technology: Where are we today?

The development of transgenic technology, whereby genes, or modifications, can be

stably introduced into the germline of experimental mammals, now permits

scientists to assess the consequences of these genes (modifications) in the

developing mammat. The development of techniques that allow modification of the

mammalian genome have made a considerable contribution to many areas of bottr

basic and applied biological science. Despite this, for efhcient livestock

production, challenges remain in two key areas of transgenic technology, namely

gene regulation and precise gene transfer or modification.

The technique of microinjection is so far the only routine method of gene transfer in

farm animals. In contrast to the traditional "gain of function" mutations typically

created by microinjection of the gene of interest into the one-celled zygote, gene

targeting via homologous recombination in pluripotent ES cells allows one to

modiff precisely the gene of interest. To date the lack of pluripotent embryonic

stem cell lines in farm animal species hampers the development of this area of

work. Possible alternative methods for generating transgenic livestock involve the

use of homologous recombination in fertilised eggs, although the frequency of

success is currently too low for consideration as a routine method. The Crellox and

FLPÆRT recombinase systems have been shown to operate in eukaryotic systems

and importantly, via microinjection into fertilised mouse eggs (excision). The

drawback with these systems is their non-directionality, one protein directing both

excision and integration.

The development of successful nuclear transfer techniques provides a means of

manipulating a farm animal's genome. This can be accomplished by f,rrst

homologous followed by nuclear
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transfer and reprogramming of the nucleus. A drawback with using homologous

recombination to insert genes into livestock species is the arduous task of

constructi ng a targeting vector containing expansive regions of isogenic homology'

As already discussed (1.9.1), the target sites for cre, FLP, )\, P2 and 186

recombinase systems could be positioned into a somatic cell line via homologous

recombination and thereafter, the genomically placed target site could be used to

insert various transgenes using the appropriate site-specific recombination system.

Further, the recombinase systems may present an alternative path to homologous

recombination for the initial introduction of the target site, and that is by using

closely matching naturally occurring tatget sites in combination with an altered

integrase, one could bypass the homologous recombination step altogether. If any

of the )",P2 or 186 recombinase systems can be shown to operate in a mammalian

environment it is likely the integration frequencies achieved would be significantly

higher than either Cre or FLP due to their extreme directionality'

5.2 Targeted transgenesis and the 186 site-specific recombinase

system

The initial aims of this project were two-fold: to characterise the 186 integration

reaction and to conduct preliminary investigations into the possible use of such a

system for targeted transgenesis. The development of a directional recombinase

system for use in higher eukaryotes for precise, single copy placement of

transgenes, or inactivation of a gene, would be beneficial to both pure and applied

research. Prior to this study, to the best of my knowledge, there have been no

reports of using a directional recombination system, such as 7'",P2 or 186 for the in

vlvo site-specific integration of DNA into a mammalian genome.

In this study I have examined in vitro the requirements for 186 integrative site-

specific recombination, firstly using cell-free extracts containing a source of 186

Int and IIIF proteins, and later using purified components. Furthermore, I have
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characterised the bacterial attachment site, attB,located its exact position, sites of

cross-over, order of strand exchange, and with preliminary mutational analysis,

identified bases important for recombination. Knowing the exact protein

requirements and some important characteristics of the recombination reaction, the

data from this work permitted me to pursue genomic DNA recombination

experiment s in vitro, using naked genomic DNA and chromatin, and in vivo using

fertilised mouse eggs. Encouragingly, I was able to demonstrate 186-mediated

integration into both naked genomic DNA and chromatin. In contrast, the first

attempt at microinjecting active intasomes into fertilised mouse eggs, harbouring

anattB site, did not show a specific 186 integration event. However, it is early

days, further experiments are poised to begin and there remains much cause for

optimism.

5.2.1 A 186-mediated "knockout" of the pig cr1-3-galactosyltransferase

gene using closely matching, naturally occurring 186'øfitr- sites.

To demonstrate the feasibitity of using a directional recombination system to insert

DNA into a gene to modiff, disrupt, or insert an entirely new function, using closely

matching, naturally occurring phage target sites, I have performed a preliminary

homology search of the porcine cr1-3GalT coding sequence for mammalian genomic

target sites akin to the bonahde 186-attB site which could enable insertion of DNA,

using 186-intasomes, to disrupt the gene's function.

The coding sequence and structure of the porcine ø¡-3GalT gene is known

(Dabkowski et al., 1993). There are nine exons, the f,rrst three are non-coding,

while exons four through nine encode discrete structural regions of the protein.

Importantly, exon 9 encodes the catalytic domain which will be the major target

for disruption (Figure 5.1 A and B). In mice, which share 76Yo amino acid identity

to the pig gene (Strahan et al., lgg5), it has already been demonstrated that the

targeted disruption of the catalytic domain significantly reduces the hyperacute

rejection response (Tearle et a1.,1996; van Denderen et a1.,1997).
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Figure 5.1

A.

B

Porcine cr-GalT cod¡ng sequence

4oxon 4
I lroeetçtcAAAGGAAcAGTccrrcrcrcAATccrccrrcrcrcAAcrcrAATGGTTcrcr
tac E tacagE E tccE E.ctcaccaagacagt tacgacgaacagagft Egacattaccaacaca

a I fxon 5 a-13exon 6
TTTGGGAATACATCAACAGCCCAGAAGGTTCTTTGTTCTGGATATACCAGTCAAAAAACCC
aaaccct ta EgEaqL Egtcgggtc E Eccaagaaacaagacc Ea ta EggEcagt t t tt tggg

rl#€xon 7
AGAAGTTGGcAGCAGTGCTCAGAGGGGCTGGTGGTTTCCGAGCTGGTTTAACÀATGGGACT
E c t. t caac cgE. cgE cacgagt c E cc ccgac caccaaaqgc t cgac caaaf !gEtacc c tga

CÀCAGTTACCACGAAGAAGAAGACGCTATAGGCAACGAAAAGGAACAAAGAAAAGAAGACA
gtgtcaatggtgct EcttcLEctgcgataEccgEtqcEEE Ecc EEgEE E.cEtttcttctglE

¡-¡4eron 8
cAGAGGAGAGCTTCCGCTAGTGGACTGGTTTAATCCTëAGÀÀACGCCCAGAGGTCGTGAC
tgtc Ecc Ect.cgaaggcgatcacc EgaccaaaE Eaggac tctttgcgggtc EccagcacEgf

CATAACCAGATGGAAGGCTCCAGTGGTATGGGÀAGGCACTTACAACAGAGCCGTCTTAGAT
gEaEEggEc Eacct Lccgaggtcacca Eaccc EEccgE.gaa tgE EgEcEcggcagaatcta

9
AATTATTA TACA
E Eaatâa Eacqg[. EtgtctE. E t.aa tggcacccgaac tgccaaaaacgacagccttcEatgt

mtBOB'l-+
TTGAGCATTACTTGGAGGAGTTCTTAATATCTGCAAATACATACTTCATGGTTGGCCAC4
a a c E c g E a a E gaac c t c c t ca a gaa t t a t a ga c q t c t a t g Ea E ga a gt a c c aa c c ss Ëg-Ë¿

AGTC AT CTTTT ACA TC ATGG ?CGATGATATCTCCAGGATGCCTTTGATAGAGCTGGGTCCT
E caq t a oaaaa E dE a qt a ccacc cactaEagaggtcc Eacggaaac Ea E.c t cgacccagga

mtBOB'3<- mtBOB'2-+
CTG CGTTC C TTTAÀAGTGTTTGAG ATCÀÀGTC CGAGAÀGAGGTG G EAASAEA!çAG C Xru
gacgcaaggaaatt tcacaaactc tagt. E.caggc Ec t t.ct.ccaccqttctgEagtcgtac t

TGCG CATS AAGACCATCGGGGAGCACATCCTGGCCCACATCCAGCACGAGGTGGACTTCCT
acgcqtac t t c tgqtagc cc c E cgEgtaggac cggg tqEaggt cgEgc L c cacc tgaaqga

CTTCTGCATTGACGTGGATCAGGTCTTCCAAAACAACTTTGGGGTGGAGACCCTGGGCCAG
gaagacgtaac Egcacc LagtccagaaggE t t LgE cgaaaccccacc LctgggacccggEc

TCGGTGGCTCAGCTACAGGCCTGGTGGTACAAGGCACATCCTGACGAGTTCACCTACGAGA
tgc caccgagt cga EgE c cggaccaccatgt t ccgtgtaqgac Egc t caagtqgatgc tc E

GGCGGAAGGAGTCCGCAGCCTACATTCCGTTTGGCCÀGGGGGATTTTTATTACCACGCAGC
ccgcc ttcc tcaqgcgtcggatgtaaggcaaaccgqEccccc E.aaaaa taa EggLgcgltcgf

CATTTTTGGGGGAACACCCACTCAGGTTCTÀAÀC ATCACTCAGGAGTGCTTCAAGGGAATC
gEaaaaaccccc EtgEggqtgagEccaaqa E E tgLagcgagtccCcacgaaqt Eccc t tag

mtBOB'¿l-+
CTCCAGGACAAGGAAAATG GCCGAGTGGCATGATGAÄÀGCCATCTAAACAAGT
gaqgEcctgt tcc t L t tacLgt.a tc Etcggc EcaccgEac Eac t E Ecggtagat t Egt tca

ATTTCCTTCTCAACAAACCCACTAAAATCTTATCCCCAGAATACTGCTGGGATTATCATAT
taaaggaagagttgt t Lgggtga t t EEagaa taggggtc t tatgacgaccctaa tagtata

AGGCATGTCTGTGGATATTAGGATTGTCÀÀGATAGCTTGGCAGAAAAAAGAGTATÀATTTG
Eccgtacagac accla@cgtc t E ttE tctcacaEtaaac

crrAGAÀATAAcATcrcA lll3 mtBoB'6<-

caaEc t E. E.aE tgtagact

12 3

L-----------lI catalytic domaln I

Figure 5.1 A. The porcine d-GalT coding sequence. The locations of exons 4

to 9 arc indicated. Mammatian target site sequences mtBOB'l-S are shown in the

boxes. B. A schematic diagram showing the structure of the porcine o-GalT
gene. Exons 1 to 3 are non-coding, while exons 4 ¡a 9 encode discrete stmctual

regions of the protein. The catalytic domain is encoded by exon 9.
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A homology search of the pig cr1-3GalT coding sequence and the eleven identified

(3.2.4) 186 Int determinants (CAAGnnl nnnnnan TnnCnTGnT) revealed three

sequences closely matching the native attB site, both contained in the 5'region of

exon 9, one of which is on the complementary strand. Furthermore, I identified

two sequences with a high number of 186 Int determinants, both contained in the

3' region, of which one is again on the complementary strand (below and Figure

5.1);

186-80B'

No Determinants +6(overlap) =sp""ifis!5l(>4tu)

5'CAÀGCGA ttatgag TCGCCTGCT 11 +6

mtBOB'l 5' A.AAGTCA tcttt.ta CATCATGGT

mtBOB'2 s' CAAGACA tcagcat GATGCGCAT

mtBOB'3 s' CATGATG taaaaga TGACTTTGT
(complementary strand)

mtBOB'4 s' CAGGACA aggaaaa TGACATAGA

mtBOB'5 s' CAAGCTA tcttgac AATCCTAAT
(complementary strand)

I
1

1

+l

+6

+l

+6

+6

:15

:13

=I4

=15

:15

(4")

(4tt)

(4'o)

(4tt)

(4't)

9

9

The sequences mtBOB'l and mtBOB'2 would prove most useful as integration

target sites as both are contained close to the start of exon 9 encoding the catalytic

region of the enzyme a-1-3GalT. An insertion into either of these two sites would

disrupt enzyme functionality more favourably than insertion into mtBOB'3. The

mammalian target sites mtBOB'4 and mtBOB'5 illustrate two sites that closely

match the native phage site. Although neither would be useful targets to knock-out

the cr¡-3GalT gene activity, they would be useful insertion sites for new genes as

only two rounds of mutagenesis of 186 Int would be required to evolve Int

recognition toward the new site. We know that any disruption of the cr¡-3GalT gene

would not be detrimental to the animal'

Although much emphasis has been placed on selecting sites which closely match

the Int determinants of the native phage site some caution may need to be exercised
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if altering bases in the other positions. The report by Dorgai et al., (1998) showed

that the specif,rcity difference between l" and HK022 can be attributed to the absence

of specif,rc bases in contrast to just the presence of integrase specific determinants'

Therefore, alteration of bases in positions other than the identified Int determinants

may restrict recombination. One can imagine docking of the Int protein onto the

core sites to be a two-step meshing mechanism. Firstly the Int determinants are

sterically aligned and secondly, as the protein nestles into position, further meshing

to the other bases occurs. In this scenario a base change in a position other than a

determinant could prevent correct second-step meshing and disrupt Int function.

Hence the importance of conducting more extensive mutagenesis of the 186'attB

site at all positions with all three base pair changes.

5.3 Future work

The results presented in this thesis provide a strong base from which further work

can be conducted into the development of an alternative transgenic technology,

namely targeted insertion using directional recombination systems. The primary

question which needs to be addressed is one of frequency, that is, was the lack of a

positive integration event in fertilised mouse eggs a frequency problem or a failure

of the system to operate in mammals per se? Therefore, initially we would wish to

examine a greatt number of cells by using a computer-automated microinjection

system (now available during the course of this work) with cells, either COS or

mouse ES cells given their large and accessible nuclei, in combination with

selection for neomycin resistant colonies. This would isolate any insertion events of

pp'OpNeo, both random and 186-mediated events, then PCR and Southem analysis

would be employed to identiff any specific 186 integration events. Furthermore,

modification of the proteins via fluorescent tagging could be to used to examine

specific problem areas such as intasome stability in the nucleus. Given the range of

fluorescent tags available today it will be possible to tag all three proteins with

different identifiable markers so that the fate of each protein can be individually

assessed.
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5.4 Concluding Remarks

The development of a proficient system for genetic modif,rcation of farm animals

(and human somatic cells) is of importance for agriculture, biotechnology and

human medicine. In this study I have characterised the 186 site-specific integration

reaction in vítro with the expectation that we could exploit its use in a mammalian

system, to insert genes, or modiff existing ones, to provide a much needed

alternative method for the production of transgenic livestock species. On a first

attempt we have not shown the 186 system to work in vivo, however further

investigations are on going, and in the near future we hope to show a directional

recombinase-mediated integration event in a mammalian genome in vivo, prior to

pursuing evolution of the integrase to recognise natural target sites, closely

matching the native phage site.
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Chapter 6

Materials and Methods

6.1 Abbreviations

Axxx

APS

BCIG

bisacrylamide

bp

BSA

CIP

ddNTP

DMF

DNase

dNTP

dNTPcrs

DTT

EDTA

IPTG

Kb

KD

min

PEG

PBS

RNase

r.p.m.

SDS

TEMED

absorbance at xxx nm

ammonium persulphate

5 -bromo-4-chloro-3 -indoyl- B -D-galactopyranoside

N,N'-methylene-bisacrylamide

base pairs

bovine serum albumin

calf intestinal phosphatase

dideoxynucleotide triphosphate

dimethylformamide

deoxyribonuclease

deoxynucleotide triphosphate

a-phoshorothioate nucleotide

dithiotheitol

ethylenediaminetetraacetic acid

isopropyl- p-D-thio-galactopyranoside

kilobases

kilodaltons

minutes

polyethylene glycol

phosphate buffered saline

ribonuclease

revolutions per minute

sodium dodecyl sulphate

N,N,N',N' -tetramethyletþlenedi amine
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UV

XXmer

6.2 Bacterial Strains

BL2I:

BL21(î"DE3)

C600 LhimA

DH5a

\/ßv1294

ultraviolet light

oligonucleotide of length xx bases

F- ompT r,-- rîE-lon- (Studier et al.' 1990).

1"DE3 lysogen of 8L21. For expression of pET clones l,DE3

carries a copy of the T7 RNA polymerase gene expressed from the

plac UV5 promoter (Studier et a1.,1990).

F- thr-\ leuB6 thi-r lacYl Lhim\::cat. I[IF- strain for use in

recombination assays (M, Reed., Ph.D. thesis)

F- endAl hsdRl7(r¡'mÖ supE44 thfr recyl g/rA(NaIR) relAl

L(laczYA-argv) U169. Used for routine cloning (Hanahan,

1e83).

F- supg,44hsdR17 endAl thít ?,"- (ATCC 33625)

6.3 Plasmids

pBluescript: General cloning and double-stranded sequencing vector

(Stratagene).

pEC611: A derivative of pKT52. PEC611 is a high copy-number

expression vector containing the powerful ptrc promoter @rosius

et al., 1935) with a modified shine-Dalgarno sequence

(AGGAGG), and a spacer region with a unique NdeI site adjacent

to the ATG start codon, TAACATATG (T. Brumby, unpublished

data). Strong transcriptional terminators (T[) fuom the rrnB

ribosomal RNA operon (Brosius et al., 1981) are necessary to

prevent transcription from ptrc exlending around the plasmid.
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pACYC(laclq):

pFLIP(X)

pFLIP(!

pIHF

pMRRlS:

pPgkP'OPNeo

pIJHE24-2:

6.4 Reagents

6.4.1 Enzymes

Enzymes used were obtained from the following suppliers:

Kanamycin resistant pACYCLTT deÅvative containing a 1.23kb

sall ftagment carryin g lacl (lac repressor) expressed from the Iq

promoter (Lanzer & Bunjard, 1988).

Used in the recombination assays (Chapter 1). Contains 186 attP

and attB oriented such that site-specific recombination between

the two sites inverts the DNA fragment between them.

The "integrated" form of pFLIP(X). It is the result of exposing

pFLIP(X) to 186 Int and E. coli IHF and contains attL and a//R in

an inverted orientation (M. Reed, Ph.D. thesis).

E. coli IHF expression plasmid created using pEC6l l (this work,

Chapter 2).

186 Int expression piasmid created using pET3a (Studier et al.,

1990) which carries a T7 promoter and ribosome binding site used

for expression of proteins from inserted DNA fragments' (M.

Reed, Ph.D. thesis).

pBS KSII+ vector containing the 307 bp attP site and the

Neomycin resistance gene under the constitutive control of the

murine phosphoglycerate kinase promoter and polyadenylation

cassette.

Contains a tightly controlled IPTG-inducible promoter (Lanzet tt'

Bujard, 1988).

Calf intestinal phosphatase: Sigma Chemical Co.

DNA polymerase I (Klenow fragment): Bresatec.

Lysozyme: Sigma Chemical Co.

Microccocal nuclease: Sigma Chemical Co.
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Pfu (cloned): Stratagene.

Polynucleotide kinase: Bresatec.

Proteinase K: Sigma Chemical Co.

Restriction endonucleases : Pharmacia, Bres atec, B oehringer Mannheim'

RNase: Sigma Chemical Co. lOmg/ml stock solutions were heated at 95oC for 20

min to inactivate DNases.

T4 DNA ligase: Bresatec.

Taq DNA polymerase: Bresatec.

6.4.2 Radiochemicals

1cr,-32t;-dATp and 1cr-32t;-dCTP of specific activity 3000 Cilmmol (radioactive

concentrations of lgmCi/ml) and 1y-32t;-,e.tt of specific activity 4000 Cilmmol

(radioactive concentration of lomCi/ml) were purchased from Bresatec.

6.4.3 Chemicals

All chemicals were of analytical grade or of the highest purity available

5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-gal): Sigma Chemical co.

Stock solutions at20 mglml in dimetþl formamide were kept at -20"C.

Acetic acid: B.D.H. Labs,. Australia.

Acrylamide: Sigma Chemical Co.

Agarose: Sigma Chemical Co.

Ammonium persulphate (APS): May and Baker Ltd. stock solutions at 25o/o

(w/v) in H2O were stored at -20oC'

Ammonium sulphate: May and Baker Ltd'

Ampicillin (sodium saþ: sigma chemical co. stock solutions at 100 mglml in

H2oweremilliporefiltersterilisedandstoredat-20"C.

B-mercaptoethanol: Sigma Chemical Co.

Bacto-tryptone, yeast extract and Bacto-agar; Difco Labs., U.S.A.

Bovine serum albumin @SA): Boehringer Mannheim'
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Bromophenol blue: B.D.H. Labs., Australia.

Calcium chloride: Sigma Chemical Co.

Chloramphenicol: Sigma Chemical Co. Stock solutions kept as 30 mglml in

ethanol and stored at'20"C.

Chloroform: B.D.H. Labs., Australia.

Coomassie blue R-250: Sigma Chemical Co.

Deoxyribnucleoside triphosphates: Sigma Chemical Co. Stock solutions at 20

mg/ml prepared in TE and stored at -20"C.

Di-potassium hydrogen orthophosphate : B.D.H. Labs', Australia.

Di-sodium hydrogen orthophosphate : B.D.H. Labs., Australia.

Dialysis membrane (18132): Union Carbide. Prepared by boiling l0 cm strips in

2%o sodium bicarbonate. I mM EDTA for l0 min and storing in 20Yo

ethanol.

Dithiothreitol (DTT): Sigma Chemical Co. Prepared as a 100 mM solution in

H2O and stored at -20"C.

Ethanol (95%): Redistilled before use.

Ethidium bromide: Sigma Chemical Co.

Etþlenediaminetetraacetic acid (EDTA): Disodium salt. Sigma Chemical Co.

Formamide: B.D.H. Labs., Australia. Deionised and stored in the dark at '20"C.

Glucose: Ajax.

Glycerol: B.D.H. Labs., Australia.

Glycogen: Boehringer Mannheim

Heparin-sepharose CL-68 : Pharmacia Biotech

Hydrochloric acid (HCl): B.D.H. Labs., Australia.

Isopropanol: May and Baker Ltd.

Isopropyl-B-D-thiogalactopyranoside (IPTG): Sigma Chemical Co. Stock

solutions of 1 M in H2O were millipore f,rltered and stored at -20oC.

Kanamycin (sulphate): Sigma Chemical Co. Stock solutions of 50 mg/ml in H2O

were millipore filtered and stored at -20"C.

Magnesium acetate: Ajax.

Magnesium chloride: Ajax.

Magnesium sulphate: Ajax.
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Methanol: B.D.H. Labs ., Australia.

N,N'-metþlene-bis-acrylamide(bis): Sigma Chemical Co.

N, N,N',N',-tetramethylethylenediamine (TEMED) : Eastern Kodak Co.

Polyethylene glycol (PEG) 8000: Sigma Chemical Co.

Phenol: B.D.H. Labs., Australia.

Phenylmethylsulfonyl fluoride (PMSF): Sigma Chemical Co.

Potassium acetate: B.D.H. Labs., Australia.

Potassium chloride: B.D.H. Labs., Australia.

Potassium dihydrogen phosphate: B.D.H. Labs., Australia.

rATP: Boehringer Mannheim.

Salmon sperm DNA: Sigma Chemical Co. Sonicated and stored as a 20 mglml

solution in TE at-20"C.

Sodium açetate: B.D.H. Labs., Australia.

Sodium chloride: B.D.H. Labs., Australia.

Sodium dihydrogen phosphate: B.D.FI. Labs., Australia.

Sc¡Cium dodecyl sulphate (SDS): Ajax

Sodium hydroxide: Ajax.

Spermidine: Sigma Chemical Co'

Spermine: Sigma Chemical Co.

Sucrose: Ajax

Thiamine: Sigma Chemical Co'

Tris acetate: B.D.H. Labs', Australia.

Tizmabase and Tris 7-9: Sigma Chemical Co'

Urea: Sigma Chemical Co.

Xylene cyanol: Sigma Chemical Co.

Zeta-Prcbe membrane: Biorad

Zinc chloride: MaY and Baker Ltd'

6.4.4 DNA molecular weight markers

DNA markers were obtained from Bresatec and 500 ng were routinely loaded on

an agarose gel.
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DMW-S1: SPPllEcoNI.

Fragment sizes in bp: 8510, 7350, 6110, 4840, 3590, 2810, 1950, 1860, 1510,

1390, I 160, 980, 720,480, 360.

DM\il-Ll z ?"lHindlll

Fragment sizes in bp 23 130, 9416, 6557, 43 61, 2322, 2027, 5 64, I25 .

DMW-PI: pUCl9lHpaIl

Fragment sizes in bp: 50 1, 489, 404, 331, 242, 190, 147, I 1 l, 1 L0, 67, 34, 34, 26'

6.4.5 Protein molecular weight markers

Pre-Stained Low Range Molecular Weight Markers were obtained from BRL.

ovalbumin 43lÐ, carbonic anhydrase 291{Ð, B-lactoglobulin 18.4 kD, lysozyme

14.3 kD, bovine trypsin inhibitor 6.2kD, insulin cr+B 3.0 kD.

6.4.6 Kits

QIAamp Tissue/Blood kit: QIAGEN

QlAquick PCR purification kit: QIAGEN

Maxi Plasmid kit: QIAGEN

QlAquick gel extraction kit: QIAGEN

T7 Super-base sequencing kit: Bresatec Ltd.

6.4.7 Oligonucleotides

The oligonucleotides used during the course of this work were constructed by

Bresatec (Australia) using an Applied Biosystems 3808 DNA synthesiser.

Table 1(a) Oligonucleotides used to clone IHF

OIigo-
nucleotide

Sequence
(5'-3')

HimD-1
HimD-2
HimA-1
HimA-2

T CACCT GCAGAGGAGGTAACATAT GACCAAGT CAGAAT T GATAGAA

C TAAC T CAAG C T T T TAAC C G T NU\TAT T GC GAT C G C G CAG T T C T T T

T CACCATATGGC GCT TAC A,UU\GCT G A'U\T GT CA

ACTCCTGCAGTTACTCGTCTTTGGGCGAAGCGT T
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Table 1(b) Detetion analysis and cleavage site oligonucleotides

UseSequence
(5'-3')

Oligo-
nucleotide

BOB'deletions
It

ll

ll

ll

il

il

il

il

il

ll

il

il

!t

il

ll

il

L-5RI
L6zu
Ll6RI
I.26RI
L35RI
L46RI
LHIII
R+-5HIII
R44I]III
R34HIIi
R2.4HIII
R 14HIII
R4HIII
2RRI
I{+l OHIII
Iì+2OI{III
R+3OHIII

TAGACTGGAAT T CTAAT GAT T T GG

TAGACT GGAAT T CGT GGCCCTT G

TAGACTGGAAT T C CT GGACT T GA

TAGACT GGAAT T CACCAGCGAC C

TAGACT GGAATT CAAGC GATTAT
TAGACTGGAATT CGAGT CGCCT G

ACGTAGCAAGCTTTGTTTATTGCG
ACGTAGCAAGCT TAGGCGACT CA

ACGTAGCAAGCT T TAAT CG CT T G

ACGTAGCAAGCT T GT CGC T GGT T

AC GTAGCAAGCT T CAAGT CCAGC

ACGTAGCAAGCT TAAGGGCCAC C

ACGTAGCAAGCT T A¡U\TCAT TAT

TAGACT GGAATT CTAGACCGCCAT

AC G TAG C/\AG TJT TAGAGCAG G C G

ACGTAGCAAGCT''I CT CAGT GGT T

ACGTAGCAAGCT T GGC C C T TTAG
cleavage site/

top stranC

il

ll

GCGACCA/\GCGAT TAT GAGT C G C C T G C T C T

A}\CCACJ'TGAGCI]AAA-

GCGAC CAAGC GAT TAT GAGTC GCC T GCT CT

AACCACTJGAGCTAA¡,
GCGACCAAGCGATTAT GAGT CGCCT GCT C T

AACCACTGAGCTryU\
GCGACCAAGCGATTAT GAGT C GCC T GCTCT

AACCACTGAGCTAiU\

4OPT-T

4 J PT"-ï'

42PT-T

43PT-T

cleavage site/
bottom strand

ll

TT TAGCT CAGTG GTTAGAGCAGGCGACTCA

TAATCGCTTGGTCGC
TT TAGCT CAGT GGTTAGAGCAGGCGACTCA

TAATCGCTTGGTCGC
TT TAGCT CAGT GGTTAGAGCAGGCGACT CA

TAATCGCTTGGTCGC
T T TAGCT CAGT GGT TAGAGCAGGC GACT CA

TAATCGCTTGGTCGC

46PT-B

47PT.B

48PT-B

49PT-B

wild-type seq.

top
wild-type seq.

bottom

GCGACCAAGCGATTATGAGT CGC CT GC T CT

AACCACTGAGCTNU\
T TTAGCT CAGT GGT TAGAGCAGGCGAC T CA

TAATCGCTTGGTCGC

WT-T

V/T-B
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Tabte 1(c) Synthetic oligonucleotides used for B and B' mutagenesis

Oligo-nucleotide Sequence (5'-3')

-7BOB'-T
-7BOB'-B
-68OB'-T
-68OB'-B
-5BOB'-T
-5BOB'-B
-4BOB'-T
-4BOB'-B
-3BOB'-T
-3BOB'-B
-2BOB'-T
-2BOB'-B
-iBoB'-T
-lBOB'-B
+lBOB'-T
+lBOB'-B
+2BOB'-T
+2BOB'-B
+3BOB'-T
+3BOB'-B
+4BOB'-T
+4BOB'-B
+5BOB'-T
+5BOB'-B
+68OB'-T
+68OB'-B
+7BOB'-T
+7BOB'-B
+8BOB'-T
+8BOB'-B
+9BOB'-T
+9BOB'-B
+l0BoB'-T
+10BOB'-B
+l lBOB'-T
+l lBOB'-B
+l2BOB'-T
+12BOB'-B

C GACAAAGCGATTAT GAGT C GCCT GCT CTA
TAGAGCAGGCGACTCATAAT C GC T TTGT C G

CGACCCAGCGATTAT GAGT C GC C T GCT C TA
TAGAGCAGGCGACT CATAAT C GC T GGG T C G

CGACCACGCGATTATGAGTCGCCT GCT CTA
TAGAGCAGGCGACT CATAAT CGCGT GGT CG

CGACCAATCGATTAT GAGT C GC CT GCT C TA
TAGAGCAGGCGACTCATAAT CGAT T GG T C G

CGACCAAGAGATTAT GAGT C G CCT GCT C TA
TAGAGCAGGCGACT CATAAT CTC T T GG T C G

CGACCAAGCTATTAT GAGT C GCCT GC T CTA
TAGAGCAGGCGACT CATAATAGCT T GG T C G

CGAC CAAGC GCTTAT GAGT CGC C T GCT CTA
TAGAGCAGGCGACTCATAAGCG C T T GGT C G

CGACCAAGCGAT TAT GAGGCGC C T GC T C TA
TAGAGCAGGCGCCTCATAATCGCT TGGT CG

C GACCAAGCGATTAT GAGTAGC CT GCT C TA
TAGAGCAGGCTACTCATAAT C GCT TGGT C G

CGACCAAGCGAT TAT GAGT CTCC T GC T C TA
TAGAGCAGGAGACTCATAAT C GCT T GGT CG

CGACCAAGCGATTAT GAGT CGACT GCT C TA
TAGAGCAGTCGACTCATAAT C GCT TGGT C G

CGACCAAGCGATTAT GAG T CGCAT GC T C TA
TAGAGCATGCGACT CATAAT CGCT TGGT C G

C GAC CAAGC GATTAT GAGT CGCCGGCT C TA
TAGAGCCGGC GACTCATAAT C G C T T GG T CG

CGACCAAGCGATTAT GAGT CGC CTTC T C TA
TAGAGAAGGC GACT CATAAT CGC T T GGT CG

CGAC CAAGCGATTATGAGT CGC CT GAT C TA
TAGATCAGGC GACTCATAAT CGCT T GGT C G

CGACCAAG CGATTAT GAGT C G CCT GCGC TA
TAGCGCAG C CGACT CATAAT CGCT TGGT C G

CGACCAAGCGATTAT GAGT CGC CT GC TATA
TATAGCAGGC GACTCATAAT C GCT TGGT C G

CGAC CAAG CGAT TAT GAGT C GCCT GCT CGA

TCGAGCAGGC GACT CATAAT CG C T T GGT C G

CGACCAAGCGATTATGAGT C GC CT GC T C TC

GAGAG CAG GCGACTCATAAT C GCT TGGT C G
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Olieonucleotide uence 5'-3

lBOB'T
lBOB'B
2BOB'T
28OB'B
3BOB'T
3BOB'B
48OB'T
4BOB'B
5BOB'T
5BOB'B
68OB'T
6BOB'B
TBOB'T
TBOB'B

C GACCAAGC GAGTAT GAGT C GCC T GCT CTA

TAGAGCAGGCGACT CATACT C GC T T GGT C G

CGACCAAGCGAT GAT GAGT C GC CT GCT CTA

TAGAGCAGGCGACT CATCAT C GCT T GGT C G

C GAC CAAGCGAT TCT GEõT CEC CT GCT CTA

TAGAGCAGGC GACT CAGAAT CGCT T GGT C G

C GACCAAGC GAT TAGGÃET C ECCT GCT CTA

TAGAGCAGGCGACTõCTAAT C GCT T GGT C G

CGAC CAAGC EET TETEAGT CGC CT GCT CTA

TAGAGCAGGC GACTAÃTAAT CGCT T GGT CG

cGAccAAGceerreFeccr c GC cr cc r crA
TAGAGCAGGC GACGCATAAT C GCT T GGT C G

C GACCAAGCGAT TAT GATT C GC CT GCT CTA

TAGAGCAGGCGAAT CATAAT CGCTT GGTCG

Table 2(a) Synthetic oligonucleotides used for BOB' overlap

mutagenesis

Table 2(b) Synthetic oligonucleotides used for POP' overlap

mutagenesis

nucleotide sequence (5'-3')

lPOP'T
lPOP'B
2POP'T
2POP'B
3POP'T
3POP'B
4POP'T
4POP'B
5POP'T
5POP'B
6POP'T
6POP'B
TPOP'T
TPOP'B

TT CTTGTAGGAACTCATACT CGCTT GGT CG

C GAC CAAGCGAGTAT GAGT T C CTAC AAGAA

T T CT T GTAGGAACT CATCAT CGCT T GGT C G

C GAC CAAGC GAT GAT GAGT T C C TAC AAGAA

T T CT T GTAGGAACT CAGAAT CGCT T GGT C G

CGACCAAGC GAT TCT GÃET t C CTECAAGAA

T T CTT GTAGGAACT CCTAAT C GCT T GGT C G

C GAC CAAGC GAT TAGGAGT T C C TACAAGAA

TT CT T GTAGGAACTÃATAAT CGCT T GGT C G

CGAC CAAGCEAT IEÍTAGT T C CTAC AAGAA

T T CT T GTAGGAACGCÃTAAT CGCT T GGT C G

CGAC CAAGC GAT TAT GCGTT C CTAC AAGAA

TT CT T GTAEENEAT CEIEET C GCT T GGT C G

CGACCAAGCGATTATGATTTCCTACAAGAA

Table 3 Synthetic oligonucleotides used to create 10 bp insertion in POP'

and BOB'

Oligonucleotide '-3

POP'V1OT
POP'V1OB
BOB'VlOT
BOB'VIOB

T T CTT GTAGGAACT CAAT GAT GTAT CTAAT C GCT T GGTCGCT

AGC GAC CAAGC GAT TAGATACAT CAT T GAGT T C CTACAAGAA

C GACCAAGCGAT TAGATACAT CATT GAGT C GCCT GC T C TA

TAGAGCAGGCGACT CAAT GAT GTAT CTAAT C GCT T GGT C G

103Materials and Methods



6.4.8 Growth media

6.4.8.¡ Liquid mediø

All media were prepared using glass distilled HzO and sterilised by autoclaving for

25 min at I20"C and 120 kPa.

LB medium (LB): LYobacto-tryptone, lYoyeast extract, 1% NaCl, pH 7.0

2YT medium (2YT): l.6Yobacto-tryptone,lYo yeast extract, 05% NaCl, pH 7.0

SOC medium (SOC): 2%tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCI

and H2O to 1 litre. The solution was autoclaved and

allowed to cool to room temperature before the addition of

10 ml of 2 M MgSOa and20 ml of I M glucose'

6.4.8.ü Solid mediu

LB plates: LB-agar plates contained LB-medium with 1.5%o (wlv) bacto-agar'

Antibiotic supplements: When required, filter sterilised antibiotics were added to

the media after it was autoclaved and had cooled. Ampicillin was added to 50-100

pùml,kanamycin to 50 pg/ml and chloramphenicol to 30 pglml'

6.4.9 Buffers and solutions

2x agarcse gel load buffer: 5Yo glycetol, I mM EDTA, 0-05% xylene cyanol,

0.05% bromoPhenol blue

10 x PNK: 500 mM Tris pH7.9,100 mM MgCl2,100 mM DTT, 100 mM EDTA.

Stored at-20"C.

10 x SD restriction buffer: 33 mM Tris acetate pH 7 '85, 0.65 M potassium

acetate,0.l M magnesium acetate,4 mM spermidine,20¡tm DTT.

10 x T4 ligase buffer: 500 mM Tris pH 7.5,25 mM DTT, 100 mM MgCl2, 10

MM ATP

10 x TAE: 0.4 M Tris-acetate,0.2 M Na acetate,l0 mM EDTA, pH 8'2

10 x TBE: 0.89 M Tris-HCl, 0.89 M boric acid,2.1 mM EDTA, pH 8'3

GET buffer: 50 mM gl
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NaOIVSDS buffer: 200 mM NaOH, 1% SDS

Formamide loading buffer: 95 % Formamide, 0.1%o bromophenol blue, 0.1%

xylene cYanol, 10 mM EDTA

Neutralisation buffer: 3 M Na Acetate pH 5.2

10 x Taq PCR buffer: 670 mM Tris-HCl pH 8.8, 166 mM (NII4)2SOa,2 mglml

gelatin, 4.5 % Triton X-100

TE: 10 mmTris pH8.0, 1 mMEDTA

Zela probetransfer buffer: 400 mM NaOH

Depurination buffer: 0.25 M HCl

phenol/Chloroform (1:1): To melted phenol was added 8-hydroxyquinoline to 0.1

%o finaI concentration. Buffer equilibration was performed by the

addition of an equal volume of 1 M Tris-HCl pH S.0 and the mixture

heated until the phenol and aqueous layers mixed. The phases were

allowed to separate and the aqueous phase removed. Two volumes

of TE was then added to the phenol phase, mixed and allowed to

stand until the two phases separated. This was repeated two more

times. After the removal of the last aqueous phase an equal volume

of chloroform was added to the buffered phenol, mixed and allowed

to stand. Equilibrated phenol/chloroform was stored under TE at 4C

in the dark. 10 ml aliquots were removed as required and allowed to

equilibrate to room temPerature.

PBS: Dissolve I g NaCl, 0.2g KCl, 1.44 gNa2IIPOa, 0.24 gKH2PO4.in 800 ml

glass distilled HzO. Adjust pH to 7.4 withHCl and add HzO to 1000

ml and filter.

6% PAGE/8 M ufea: Stock gel solution was prepared by dissolvng 57 g

acrylamide,3 g bis-acrylamide and 480.5 g urea in 400 ml glass-

distilled ;g.zO atroom temperature. The solution was made to 900 ml

with glass-distilled H2O. The solution was deionised by adding 10

% (wlv) of mixed bed resin and gently stirring the solution at room

temperature for 30 min. Mixed bed resin was removed by filtration.

The solution was de-gassed.
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6.5 Bacterial Procedures

6.5.1 Storage of bacterial stocks

For short term storage bacteria \ryere maintained on the appropriate plates at 4"C.

Long term storage of bacterial cultures was at -80'C after addition of glycerol to a

final concentration of 20Yo.

6.5.2 Growth of bacterial strains

Stationary phase bacterial cultures were prepared by inoculating broth with a

single colony of bacteria from a plate stock or a loopful of bacteria directly from a

glycerol stock, and incubating for 16 hours at the appropriate temperature (usually

30oC or 37'C).

6.5"3 Freparation of high efficiency electrocompetent cells

500 ml of LB-broth was inoculated with 5 ml of an overnight culture of DH5a.

Cells were grown at 37"C in a shaking incubator to an O.D. A6¡6 of 0.6. The flask

was cooled on ice for 15-30 minutes and the cells harvested by centrifugation at

3000 r.p.m. for 15 minutes in a Sorvall GSA rotor. The cells were washed in

500m1 (lx), 250m1 (1x) and lOml (1x) ice-cold 10% glycerol. The cells were

finally resuspended in 1.5 ml of cold LTo/o glycerol and 45 pl aliquots frozen and

stored at -80oC.

6.5.4 Bacterial electroporation procedure

The BIORAD electroporater was set at 2.0 kv, 200 ohms and25 uF. To 45 pl of

electroporation competent cells (DHSct) 1 ¡rl of purified ligated DNA was added'

The mix was placed into a cooled 0.1 cm cuvette and pulsed. Routinely time

constants of 4.7 msec were obtained. The cells were rescued with I ml of SOC

buffer and incubat ed at 37"C for 30 minutes. They were then spun in a microfuge
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for one minute at 6000 r.p.h., resuspended in 0.2 ml of SOC buffer and plated

onto LB + Amp (50 pglml) plates and incubated at 37"C ovemight. For colour

selection, once the cells had been resuspended in 0.2 ml of SOC buffer 20 pl of

IPTG (20 mglml) and 20 ¡tl of BCIG (20 mg/ml in DMF) was added and the cells

immediately plated as above.

6.6 DNA Techniques

6.6.1 Agarose gel electrophoresis of DNA

l% (wlv) agarose in TAE buffer (40 mM Tris-acetate,20 mM Na-acetate, I mM

EDTA pH 8.2) was poured onto an appropriately sized glass slide. An equal

volume of 2 x loading buffer was added to the DNA sample, mixed and an

appropriate volume loaded into each well. Electrophoresis was carried out in I x

TAE buffer at 100 mA until the bromophenol blue marker dye had run the

required distance. Gels were routinely stained in0.2 þg/ml Ethidium Bromide and

visualised under shortwave UV light (254nm).

6.6.2 Restriction endonuclease digestion of DNA

Restriction enzyme digests were performed using the conditions recommended by

the supplier. Analytical digests were performed in 20 pl reactions containing 500

ng of DNA and a two-fold excess of enzyme. Preparative digests were performed

in 100 ¡rl reactions containing2-5 Fg of DNA and a five-fold excess of enzyme.

Reactions were digested for one hour at the appropriate temperature for the

restriction enzyme, although for preparative digests this time was extended to

overnight to ensure complete digestion.

6.6.3 Isolation of DNA fragments from agarose gels

DNA to be isolated was visualised under longwave IJV light (304nm) and the

appropriate band excised. The DNA was purified using the spin column method.
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Siliconized glass wool was packed into a 0.5 ml eppendorf and a hole was made in

the bottom with a f,rne syringe needle. The excised DNA band was placed in this

eppendorf which was itself placed inside a 1.5 ml eppendorf and spun in a

microfuge 8000 r.p.m. for ten minutes. The eluate was collected and made up to

100 pl with sterile H2O and phenol/chloroform (1:1) extracted and ethanol

precipitated by the addition of 10 ¡rl of 7.5 M NHa acetate and 200 pl of ethanol.

The tube was spun at 14000 r.p.m, for 10 minutes and the pellet was washed once

with cold 70Yo ethanol and briefly vacuumed dried. Finally the DNA was

resuspended in 10-20 pl of TE buffer.

6.6.4 Subcloning of DNA fragments

6.6.4.i Dephosphoryløtion of vector ends

Vector DNA was linearised with the appropriate restriction enzyme(s) and

dephosphorylated with one unit of calf intestinal phosphatase for t hr at 37"C in a

50 pl reaction volume containing 50 mM Tris-HCl pH 9'0, 1 mM MgC12, 0'1 mM

znsoa. The vector was then purified as described in section 6.6.3.

6.6.4.ii End-jilling of vectors ønd Inserts For Blunt End Ligøtions

To 50 ¡rl of the restriction digest 10 ¡rl of 10 x Med salt buffer (100 mM Tris-HCl

pIJ7.4,100 mM MgCl2, 500 mM Nacl, 10 mM DTT), 10 pl of 250 ¡rM dNTPs,

H2O to 99 pl and I pl of DNA polymerase I (Klenow fragment) at 2Ulpl was

added. The reaction was incubated at 37"C for 30 minutes. End-filled vector was

then dephosphorylated as described in 6.6.4.L End-filled DNA fragments were

then purified by the spin column method (6.6'3)'

6.6.5 Ligations

Both sticky and blunt ended ligations were performed in a 20 pl reaction volume

containing 2 ¡i of 10 x Ligation buffer (supplied by Boehringer Mannheim) and

lU of T4 DNA ligase . Reactions contained 10-20 ng of vector and sufficient
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insert to give a 1:1 molar ratio. Reaction were incubated at 16"C overnight. A

vector-only control was always included to determine background ligation levels.

6.6.6 Purification of ligation reactions

Prior to electroporation ligation reactions were purified to remove salts which if

present results in a lower electroporation efficiency. To a 20 ¡i ligation reaction

80 pl of sterile H2O and I pl of 5mg/ml glycogen was added. The mix was

phenol/chloroform extracted (1:1) and ethanol precipitated. The pellet was

washed once in cold 7To/o ethanol and the pellet briefly dried under vacuum and

resuspended in 10 pl of TE.

6.6.7 Small scale isolation of DNA

A single cçlony was picked into 1.5 ml of LB + Ampicillin (50 pglml) and grown

overnight at 37oC, in a roller drum. The cells were pelleted for I minute at 12000

rpm in a microfuge and the supernatant discarded. The pellet was resuspended in

100 pl of GET buffer (50 mM Glucose,25 mM Tris-HCl pH7.6,10 mM EDTA)

and incubated at room temperature for 5 minutes. Following which 200 pl of

freshly made 200 mM NaOH/1% SDS was added and incubated on ice for 5

minutes. 150 pl of 3M Na Acetate pH 5.2 was then added, mixed by inversion

and incubated on ice for 10 minutes. The mix was then centrifuged 12000

r.p.m/10 minutes and the supernatant removed and phenol/chloroform extracted.

After spinning to separate the phases the top aqueous phase was carefully removed

and ethanol precipitated by the addition of 40 pl of 3M Na Acetate pH 5.2 and 900

¡rl of ethanol. This was incubated on ice for 10 minutes and spun in a microfuge

for l0 minutes at 12000 r.p.m. The pellet was rinsed in cold 70o/o ethanol, briefly

vacuumed dried and resuspended in 30 pl of TE and I pl of RNase A (10 mg/ml)'
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6.6.8 Large scale isolation of plasmid DNA

Cells from a 500 ml overnight culture were harvested by centrifugation at 6000

rpm for 5 minutes (Sorvall SS34 rotor). High purity DNA was obtained by using

eiagen plasmid purification columns (QIAGEN Maxiplasmid kit) and following

the manufacturer's recommended protocol.

6.6.9 Sequencing of DNA

6.6.9.i Dideoxy sequencing method

Double-stranded sequencing was performed using the T7 Super-Base sequencing

kit from BRESATEC following the supplied protocol. Products of the sequencing

reactions were separated by electrophoresis on 6% (wlv) polyacrylamide/8 M urea

gels containing I x TBE buffer. For polymerisation, to 80 ml of gel stock solution

was added 400 pl of freshly prepared 25%o (wlv) ammonium persulphate (APS)

and 100 pl of TEMED. The gels used were 40cm x 20cm x 0.25mm and were

pre-electrophoresed for 30 minutes at l2A0 Yl25 mA. The gels were run in 1 x

TBE buffer at 35 mA/1700 V until the bromophenol blue migrated off the bottom

of the gel. Gels were fixed vvith 200 ml of l0% (vlv) acetic acid/2ï%o (vlv)

ethanol and washed with 2 litres of 20Yo (v/v) ethanol. After drying the gels were

autoradio graphed overni ght at room temp erature'

6.6.9.ii Automated fluorescent sequencing

Toward the end of this study, sequencing was performed using an Perkin Elmer

373 Automated Fluorescence Sequencer located at the Institute of Medical and

veterinary science (IMVS), Adelaide. DNA samples were purif,red using a

eiaquick Spin kit following the supplied protocol. To a 0.5 ml PCR tube was

added 0.5 pg DNA template, 100 ng primer, 8 ul Dye Terminator mix (IMVS) and

H2O to 20 ¡1. Samples were placed into a PCR machine (PTC-100, MJ Research

Inc.) and the following program executed: Stepl, 96"C 30 seconds., Step2, 50'C

15 seconds., Step 3,60oC 4 minutes.,for25 cycles (Steps 1-3). The samples were
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purified by the addition of 2 ¡tl3 M Na acetate pH 4.6, 50 pl 95 % ethanol,

precipitated at -80"C for 15 min, spun in a microfuge for 20 minutes. The pellet

was washed in 70 % ethanol and vacuumed dried before delivery to the IMVS,

Adelaide.

6.6.10 Autoradiography, phosphorimaging and autoradiograph

scanning

"p-lab.ll.d DNA, which had been electrophoresed on polyacrylamide or agarose

gels (transferred to Zeta-Probe membrane) was visualised by autoradiography. A

sheet of Fuji RX medical X-ray film or Kodak XAR5 was placed over the gel in

an Ilford autoradiography cassette and exposed at room temperature for the

required amount of time. For detection of low levels of radioactivity,

autoradiography was carried out in a cassette with a tungsten intensifying screen at

-80.C" A Molecular Dynamics phosphorimager with ImageQuant software was

used for some analyses. For f,rgure preparation, autoradiographs were scanned

using an Apple ColorOne Scanner.

6.6.11 PCR amplifications

Each reaction contained PCR buffet (6.4.9),50 ng of each primer, 2.5 mM MgCl2,

0.2 mM dNTPs and 0.1-0.3 U Taq polymerase in a total reaction volume of 50 pl.

The amount of target template used was in the range of 50-200 pg DNA or a

fraction of a bacterial colony carrying the plasmid was used. The following cycles

were used for standard PCR amplifications: Stepl; 94"C12 min., Step2; 94'ClI

min., Step3; 55"C/30 sec., Step4;74'C130 sec., Repeat steps 2-4 for 30 cycles.
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6.6.12 In vitro recombination assays

6.6.12.i cis

Approximately 300 ng of pFLIP(X) plasmid was incubated with 2 ¡il of cell-free

extract (or lpl of purifìed Int or IHF, and I pl of CE of IHF or Int), in a total

volume of 50 pl (10 mM Tris-HCl pH7.5, l0 mM MgCl2, 100 mM KCI and 2 mM

EDTA), at 37"C for 60 min (or as indicated in the text). The mix was

phenoVchloroform extracted (l:l) and ethanol precipitated. The pellet was

washed once in cold 70% ethanol, the pellet briefly dried under vacuum,

resuspended in 20 ¡tl of 1 x SD and 2IJ of XhoI and incubated for 4 hours at 37"C.

To the digests was added 2 prl of 10 x loading buffer and then 8 ¡r1 was run on a

l%o agarose-TAE gel for analYsis.

6.6.12.ü trans

Approximatety 300 ng of pPgk(P'OP)Neo plasmid and a linear end-labelled attB

fragment (-2-5 ng) was incubated with Int and IFIF proteins (as indicated in the

text or figure legends) in a total volume of 50 pl (10 mM Tris-HCl pH7'5, l0 mM

MgCl2, 100 mM KCI), at37"C for 60 min (or as indicated in the text). To the mix

was added 5 ¡rl of 10 x loading buffer/1%SDs, the sample heated at 95'C for 5

min and 8 pl run on a lo/o agarose-TAE gel prior to transfer to Zeta-probe

membrane (6.6.21) for analYsis.

6.6.13 Preparation of DNA for microinjection into mouse fertilised eggs

Plasmid DNA was prepared using a QIAGEN Maxi Plasmid kit following the

manufacturer's protocol. The plasmid DNA was cut with the appropriate

restriction enzyme(s). The digested DNA was run on arr agarose gel with

appropriate markers, the gel stained in ethidium bromide, de-stained and

visualised on a medium wave UV light box. The appropriate DNA band was cut

out with a scalpel blade. The DNA was isolated from agarose using a QlAquick

gel extraction kit following the manufacturer's protocol. l0 x PBS was added to
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the purified DNA to make it I x PBS. The purity and concentration of the sample

was determined by using a spectrophotometer to scan a diluted sample from 210-

310 nm, and by running aliquots on an agarose gel against known standards. The

DNA was diluted in 1 x PBS to give a final concentration of 10 ngl¡rl.

6.6.13.i Microinjection of DNA

Microinjections \ryere performed by Steve Macllfatrick, Obstetrics and

Gynaecology Dept., University of Adelaide, South Australia. The prepared DNA

(6.6.13) was injected (1-3 pl) into zygotes using standard procedures (Hogan et al.,

1e86).

6.6.15 Preparation of genomic DNA from mouse tails

A 0.5 cm piece of tail was cut using surgical scissors, from 4-6 week old mice,

snap frozen in liquid N2 and stored at -80oC until required. Genomic DNA was

prepared using the QIAamp Tissue/Blood kit following the supplied protocol.

6.6.16 Isolation of chromatin from mouse livers

6.6.16.i Removøl of livers from trønsgenic mice

Mice were killed by dislocation of the neck. The abdomen was opened just below

the rib cage and the skin torn open up to the neck and down to the anus. Using

scissors, the abdomen lining was cut open up through the ribs and sternum,

exposing the liver (l-2 g/mouse). Livers were excised with scissors by cutting

away connective tissue. Livers were placed into 50 ml falcon tubes (3 livers/tube)

and snap frozenin liquid N2, ÍInd stored at -80'C until required.

6.6. 1 6.ii Isolation of nuclei/chromøtin

Using a mortar and pestle , frozen liver tissue (3 livers) was crushed under liquid

N2 to a powder. The powder was tipped into a 50 ml falcon tube and thawed in a

42"C water bath for 1 min. Following which 10 ml of ice-cold homogenisation
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buffer (10 mM HEPES p}J7.6,25 mM KCl, 1 mM EDTA,2M sucrose, l0 %

glycerol,0.15 mM spermine,0.5 mM spermidine, I mM DTT and 0.1 mM

PMSF) was added and mixed into a slurry. The tissue was homogenised using a

motor driven teflon-glass homogeniser, 5 strokes on low speed. The homogenate

was diluted to 32 ml with homogenisation buffer and layered (4 x 8 ml

homogenate) onto 4 x 4 ml cushions of homogenisation buffer in SW41 centrifuge

tubes. Samples were spun at 24K for 30 min. at 4oC in an SW41 swing-out rotor

in a Beckman ultracentrifuge. The supernatants were carefully aspirated with a l0

ml pipette followed by a pasteur pipette for the remaining 4 ml of supernatant.

The nuclei pellets obtained from this procedure were washed in 3 x 3 ml cold

nuclei lysis buffer (10 mM HEPES pH7.6,100 mM KCl, 0.1 rnM EDTA, 3 mM

MgC12, l0 % glycerol, I mM DTT and 0.1 mM PMSF) and finally resuspended in

a total volume of 800 pl of nuclei lysis buffer, aliquoffed into eppendorf tubes (16

x 50 pl), snap frozen in liquid N2 and stored at -80"C.

6.6.11 Microccocal nuclease digests

In a total volume of 50 pl, prepared chromatin (25 ¡rl) was resuspended in 5 mM

cacl2, 10 mM Tris-HCl pH7.5, l0 mM MgCl2, 100 mM KCI and I ¡rl of

prewarmed Microccocal nuclease serially diluted (1/10, 1/100, 1/1000) down from

0.5 U/pl. The reactions were incubated for 5 min at 37"C and terminated by the

addition of EDTA to 20 mM. Samples were RNAse treated for t hour at 37"C,

phenol/chloroform extracted (1:1) and ethanol precipitated. The pellet was

washed once in cold 70% ethanol, the pellet briefly dried under vacuum,

resuspended in 9 ¡rl of water, 1 pl of 10 x LB and then 5 pl was run on a 3Yo

agarose-TAE gel for analYsis.

6.6.1,8 Annealing complementary oligonucleotides

Duplex oligonucleotides (20 pl), each at a concentration of 200 ngl¡tl, were added

together (l:l), mixed and heat denatured for 5 min at95"C in a waterbath. The
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tubes were removed from the waterbath and allowed to cool to room temperature

to facilitate the annealing process.

6.6.19 Kinasing of DNA restriction fragments and oligonucleotides

Oligonucleotides were 5'-end-labelled with T4 polynucleotide kinase and y-32P-

ATP. Approximately 200 ng of oligonucleotide or annealed oligonucleotides were

kinased in a 50 pl reaction volume containing 50 uCi of y-32P-ATP and 2IJ of

PNK in 1 x PNK buffer. The reaction mix was incubated at 37oC for 30 min. The

reactions were purified by adding 1 ¡,rl of 5mg/ml glycogen, phenol/chloroform

extracting (1:1) and ethanol precipitating with 5 pl of 3 M Na acetate pH 5.2 and

110 pl of 95 Yo ethanoL The pellet was washed once in cold 70Yo ethanol, briefly

dried under vacuum, and resuspended in20 pl of TE.

6"6,20 End-labelling and end-fitling using the Klenow fragment of DNA

polymerase I

DNA restriction fragments to be used as radioactive size markers were end-

labelled by an endfilling reaction containing 10 mM Tris-HCl pH 8.0, 10 mM

MgCl2, 25 uM dGTP/dTTP and dATP or dCTP (added from stocks of 0.25 mM

dNTPs in 5 mM Tris-HCl pH 8.0, I mM EDTA and depending on which 32P-

labelled dNTP was used), I unit of Klenow fragment and 50 pCi ct-32P-dATP

andlor cr-3tP-dCTP. The reaction was incubated at 37"C for 30 min. and

terminated by heating at70oC for 15 min or by the addition of EDTA to a final

concentration of 50 mM. When a 3'overhang needed to be blunted or

radiolabelled, or a blunt end needed to be radiolabelled, a chew-back fill-in

reaction was performed by allowing2 min of Klenow fragment 3'-5'exonuclease

activity before adding the nucleotides. If the DNA was to be used for another

downstream reaction the reactions were purified by adding 1 ¡rl of 5mg/ml

glycogen, phenol/chloroform extracting (l:l) and ethanol precipitating with 5 pl

of 3 MNa acetate pH 5.2 and 110 pl of 95 Vo ethanoL The pellet was washed
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once in coldT}yo ethanol, briefly dried under vacuum, and resuspended in20 pl of

TE.

6.6.21 Transfer to Zeta-probe blotting membrane

Agarose gels were soaked in 0.25 M HCI for 10-15 min and rinsed with distillecl

water. Using a Hoeffer vacuum transfer apparatus, and following the

manufacturer's supplied protocol, the DNA was transferred from the gel to the

Zeta-probe blotting membrane in the presence of 0.4 M NaOH for 30 min.

6.6.22 Southern analysis

6.6.22.i OligoJøbelling of DNA

Oligo-labelling of DNA fragments was perfonned using the reagents and protocol

provided by Bresatec based on the method described by Feinberg and Vogelstein

(1983). Approxirnately 10-25 ng of a DNA restriction fragment was taken up in

12 ¡l of water and denatured by heating at 100'C for 3 minutes and snap chilling

on ice. The DNA was then added to 50 pci of lyophilised o-"P-dATP

resuspendedin12 pl of a solution containing 40 pM dATP, dCTP, dGTP, dTTP in

a buffer of 100 mM Tris-HCl pH7.6, 100mM NaCl, 20 mM MgCl2, 200 p{mI

BSA. Also contained in this solution was 6.5 pg of chemically synthesised

decamer primer. Then 5 units of DNA polymerase I, Klenow fragment was added.

After incubation at 37"C for 30 minutes the volume was increased to 100 pl with

water and the reaction terminated by phenol/chloroform extraction. Glycogen was

added to 100 nglml and l0 pl 7 M ammonium acetate and 300 pl ethanol also

added to precipitate the labelled DNA fragments. The probe was resuspended in

water and stored frozen until required. Before use, the probe was denatured by

boiling for 5 minutes.
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6.6.22.ii Hybridisølion of DNA immobilised on a membrane

Filters were placed in bottles and prehybridised at 42oC for at least 4 hours in a

solution containing l0% (wlv) Dextran sulphate, I M NaCl, lVo (wlv) SDS, 40%

(v/v) formamide, 50 mM Tris-HCl pH7.5,5 x Denhardts and 500 ¡rglml denatured

sonicated salmon spenn DNA (Maniatis et al., 1982). Heat denatured probe was

added and allowed to hybridise for 16-24 hours at 42"C. Filters were washed in 2

x SSC, 0.1% (w/v) SDS at 65"C and in 0.5 x SSC,O.1% (w/v) SDS at 65oC for 20

minutes each, prior to autoradiography or phosphorimaging'

6.6.23 Oligo nucleotide-d irected muta genesis

Mutagenesis was performed using the Stratagene QuikChange Site-Directed

Mutagenesis Kit and following the manufacturer's protocol.

6.'l Protein techniques

6.7.2 Polyacrylamide gel electrophoresis

6.7.2.i 15 % SDS polyøcrylømíde gels

The separating gels were 0.5 mm thick, and prepared from a 30 %o 38:1 acryl:bis

stock, diluted to 15 Yo with 0.75 M Tris HCI pH 8.8, 0.2 % SDS containing 10

pl/ml APS and 1 pl/ml TEMED. The stacking gel was prepared from the same

acrylamide stock but was diluted to 0.4 % with 0.44 M Tris HCI pH 8.8, 0.12 %

SDS containing l0 pl/ml APS and I pl/ml TEMED. Gels were run at 25 mAmp,

250 V in 125 mM Tris pH 8.5, 0.96 M glycine, 0-5 % SDS.

Gels were stained in Coomassie blue R-250, 50 % methanol, l0 % acetic acid,

destained for 2 hours in 50 o/o methanol, l0 Yo acetic acid and dried onto Whatman

3MM paper under vacuum at 65"C for one hour.
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6.7.2.ii Phøstsystem gels

1 ml of cells to be analysed were spun for 5 min in a microfuge and resuspended in

100 pl of loading buffer (10 mM Tris HCI pH 8.0, 1 mM EDTA, 3.3 % SDS, l0

mM DTT, 0.01 o/o Bromophenol blue). Samples were heated to 100'C for 5 min

and microfuged for 15 min, discarding any pellet. Then 1 ul samples were run on

Phastgel (S-25) Gradient gels with SDS buffer strips (Pharmacia Biotech). The

separation procedure used was described in the Pharmacia Phastsystems Users

Manual, Separation Technique File No. 110. Gels were stained with Coomassie

Blue and destained according to the development procedure outlined in

Development Technique File No. 200.

6.7.2.iä Protein gel scønning ønd ønalyses

A Molecular Dynamics Personal Densitometer was used to scan gels and analyses

were performed using ImageQuant software.

6.7 .3 Preparation of cell-free extracts/storage

Overnight cultures of E. coli C600 (IHF+¡, C600YhimA (IFIF-), C600/pFLIP(X)

(IHF+/Int+) and C600YhìmAlpFLIP(X) (IHF-/Int+) grown in LB containing

ampicillin (100 ¡rglml) at37"C,were diluted 200-fold into 50 ml of the same broth

and incubated with aeration at37"C. At an A6¡s:0.5, IPTG was added to 0.4 mM.

After 2 hours the cultures were chilled on ice and the cells harvested by

centrifugation (8000 rpm, 10 min, 4oC, JA20 rotor). The pellets were resuspended

in 3 ml of ice-cold cell sonication buffer (100 mM Tris-HCL pH7.8, 200 mM KCl,

0.1 mM DTT, I mM EDTA, I mM PMSF) and subjected to disruption by

sonication (3 x I min bursts, 5 min rest on ice between bursts) with a Branson

Sonic Power Co. B-30 Sonifer Cell Disrupter. The lysates were cleared by

centrifugation (18000 rpm, 30 min, 4'C, SS34 rotor) and aliquots (30 ¡rl) frozen in

dry ice and stored at -80oC.
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6.7.4 186 Intasome preparation and storage

Three sets of Intasome mixes were prepared containing either 2.5, 5 or l0 ngl¡tJ

pPgk(P'OP)Neo DNA. For microinjection into mouse oocytes intasomes were

prepared in I xPBS and contained approximately an 1.5-fold excess of purified

Int and IHF proteins based on in vitro tranr assay data whereby 300 ng of

pPgk(P'OP)Neo in 50 ¡rl required 57.6 ng of Int and 2 ng of IHF proteins

(minimally) for maximal integrative recombination. Therefore 250 ¡i of 2.5 nglpl

pPgk(P'OP)Neo contained 192 ng Int and 6.7 ng IHF, 5 ne/p\ pPgk(P'OP)Neo

contained 384 ng Int and 13.4 ngIlIF and 10 nglpl pPgk(P'OP)Neo contained 768

ng Int and 26.8 ng IHF. Each intasome mix was aliquotted out, l0 pl per

eppendorf tube, snap frozen in liquid nitrogen and stored at -80"C until required.

6.8 Containment facilities and animal ethics

All manipulations involving recombinant DNA were carried out in accordance with

the regulations and approval of the Australian Academy of Science Committee on

Recombinant DNA and the University Council of the University of Adelaide. All

procedures involving animals were carried out with the approval of the University

of Adelaide Animal Ethics Committee.
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Figure I

Phage and bacterial attachment sites of 186

attP
A

63
54r

CGCCCAÀ.AAÀÄ.AT

631-
common '720

CGAGAGÃGTGGCCTÀÀCTGTA
GCTCTCTCACCGGÀTTGÀCATACÀTAÀATGÀTGAATTTA.AACCACCGGGGACGACCTGAACTTGGTCGCTGGTTCGCTAATACTCAAGGA

7 2L 81o
ACAÀGAACAÀCCGAÀA.ATCAATÀGTATGCGTTATTTATCÀTTGACATAGATTGCCATTGTTTGCCÀATAÀÎTACCTATTATICGCC.A'TTT
TGTTCTTGTTGGCTTTTÀGTTATCATÀCGCAÀTA.AATAGTAACTGTÀTCTAACGGTAACAAACGGTTATTAATGGATAATÀAGCGGTAÀA

I 1_1_

CTÀCCGCCACTTT.ATCGCCATTCTATTATCTGTTACTCAGAACCÀTCGCCGACÀTAGGTTCCÀTCAGGTGCGAGATGATA
GATGGCGGTGAÀÀ,TAGCGGTÀ,CGATAATAGACAAI]GAGTCTTGGTÀGCGGCTGTATCCAÀGGTÀGTCCACGCTCTÀCTÀT.-66

B attB
Boll 9 0
1-

TGGCATAGCAGGCATTTTTTCCAGGTACTTTTGAATGÀGTACTGATGGÀTAÀATACÀTTGCAGTGGCGTGCCÀGTÀCCA.AAÄCACCAGCC
ACCGTÀTCGTCCGTAÀÀAAÀGGTCCATGA.AÀÀCTTACTCAIGACTACCTATTTATGTAÄCGTCACCGCACGGTCATGGTTTTGTGGTCGG

e1 2RR1 > r-Bo
-CTCATTCCAEECCACCCACCGCACTTCTTCCTTGAAATGGCGTTAGTCATGAÂATATÀGACCGCCÀTCGÀGTACCCCTTGTÀCCCTTAAC

GAGTAÀGCTTTGGTGGGTGGCGTGAÀGAAGGAÀCTTTACCGCÀÀTCÀGTACTTTATATCTGGCGGTÀGCTCATGGGGÀACATGGGAATTG
common seouence 270

1

ÀGAAGGÀCT

¿tr
GCTA.AAGGGCCTTGAGTGTGCATTÀÀCAATACTT

B o

+ tRNA LHIII

A). The attP common sequence (thick black line) located 681-716 bp from the PsfI site at

65.5% on the 186 map (Kalionas et a1.,1936). Identity between attP and attB extends 12

bp to the left of the common sequence following a single basepair mismatch (dashed line).

The locations of oligonucleotides 63 and 66 is shown. The leftbreak point of a deletion,

186 
^1 

(Kalionis et a1.,1986) is shown.

B). The attB common sequence (thick black line) is located in the 3'half of a putative lle
tRNA gene (underlined). The CAU codon is shown (open rectangle). Numbering is from

the BglI site. The locations of oligonucleotides LHIII and 2RR1 is shown. The predicted

locations of B and B'(Reed, 1994) are shown.
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