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Abstract

The mouse Fv-1 gene restricts the replication of m urine leukaem ia viruses 
(MuLVs) and has been m apped to the distal region of chromosome four. This 
gene somehow prevents integration of viral DNA into the host genome.

Several genes, notably four endogenous proviral elements (Xmvs) and Pnd 
were linked to Fv-1 and so offered a route to clone the gene by a positional 
approach. A backcross was analysed to position Fv-1 more accurately relative 
to the linked genes. This data revealed that Pnd and X m v-9  were w ithin 
~1,200 kilobases of Fv-1. Yeast artificial chromosome (YAC) clones carrying 
linked genes were isolated. Attempts were m ade to generate a contig of the 
area, this but was complicated by the presence of m ouse Bl, LINE and zinc 
finger repeats, and an area of instability in the clones.

YACs judged to lie closest to Fv-1 were introduced, by fusion, into mouse 
cells. It was anticipated that the presence of Fv-1 on a YAC would be detected 
by the ability to restrict an infectious virus. Of the cell lines tested, L cells gave 
the best fusion results, with a high frequency of complete YAC integration. 
The L cells p roduced  their ow n reverse transcrip tase  (RT) from  an 
endogenous virus. The virus infectivity assay, w hich m onitored virus 
production by RT activity, was unusable. An alternative assay was developed 
which used colony form ation as an m easure of infection. This led to the 
identification of a 190 kilobase YAC which conferred Fz?-1 activity.

Identification of the Fv-1 gene is currently underway. Cloning Fv-1 will allow 
the biochemical mechanisms involved in virus restriction to be investigated, 
and will offer a w ider insight into the mechanisms of retroviral integration. 
The im plications for the prevention  of hum an retrov iral disease are 
potentially important.
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Chapter 1 
Introduction

The m ouse Fv-1 gene restricts the replication of m urine leukaemia viruses 

(MuLVs) and has been m apped to the distal region of chromosome four. The 

aim of this project was to clone the gene which w ould enable the molecular 

events causing restriction to be investigated.

The introduction will deal firstly with the nature of the MuLVs and their life 

cycle. This w ill be follow ed by an account of the discovery of these 

re tro v iru se s  and  th e ir ab ility  to  induce  tu m o u r fo rm ation  and  

leukaem ogenesis in the m ouse. M ouse genes p lay  a m ajor role in 

determ ining susceptibility to infection by these viruses and the existence of 

several such genes has been dem onstrated. Of particular importance is the 

m ouse retroviral restriction gene Fv-1, whose presence has been recognised 

for over tw enty years. The mechanisms by which these genes interfere w ith 

viral replication has been explained in some cases, but the way in which Fv-1 

functions rem ains unknown. An account of the discovery of Fv-1 and the 

other viral restriction genes will be presented. Next, the effect that Fv-1 has 

upon the outcome of infection and the possible mechanisms by which this is 

achieved will be discussed. Finally, the proposed means to clone and study 

Fv-1 will be explained.

1.1 Overview of Retrovirus Replication

In order to understand the mechanism by which the Fv-1 gene product might 

interact w ith a leukaemia virus, it w ould be useful to outline the genomic 

structure of the retrovirus and the basic events which take place during the 

retrovirus life cycle. The particular aspects discussed here concerning the viral
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genome apply specifically to M urine Leukaemia Viruses, bu t the general 

principles apply equally well to other retroviruses. The inform ation in 

sections 1.1.1 to 1.1.3 has been draw n together from extensive reviews on 

retrovirus biology (Coffin, 1990; Varmus, 1988; Varmus and Brown, 1989).

The MuLVs are a group of type C retroviruses in the sub-family Oncovirinae. 

They induce a num ber of different types of leukaemias and lymphomas in 

mice. How ever, no extracellular, or exogenous, exam ples of the C-type 

viruses have been isolated from humans.

1.1.1 The Structure of the Virus

The extracellular virus particles are -90-100 nm in diam eter and consist of 

an outer envelope w ith  an inner m atrix  coat below , su rround ing  a 

nucleoprotein core consisting of an icosahedral shell containing genomic 

RNA, protein and other nucleic acids. The genomic RNA consists of two 

identical single strands 7-9 kb in length. These are positive-sense molecules 

(like cellular mRNAs) and have other features characteristic of eukaryotic 

mRNAs. They include a 5' capping group, m éthylation of some adenine 

residues and a stretch of about 200 A-residues at the 3' end. Associated with 

the RNA are single small tRNAs which initiate reverse transcription.

1.1.2 The Life Cycle

The basic retrovirus life cycle can be seen in Figure 1.1. Briefly, the 

extracellular virus particle enters a susceptible host cell via the attachment 

of viral envelope proteins to a host-encoded transm em brane receptor. The 

particle becomes internalized by receptor-mediated endocytosis. It has been 

demonstrated that entry of MuLV is pH  independent (McClure et al, 1990).
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Figure 1.1 Overview of the Retrovirus Life Cycle

The next step is reverse transcription, a complex process which generates a 

double stranded DNA molecule from the RNA tem plate. The DNA is 

transported in to the cell nucleus where it integrates stably into the host 

genome and is then know n as a provirus. Reverse transcription and 

integration into the cellular genome occur with apparently little or no help 

from the host cell. Both processes occur within a nucleoprotein complex left 

over from the infecting virion.

During reverse transcription, sequences at the 3' and 5' ends of the viral 

RNA are duplicated to generate identical long term inal repeats (LTRs) at 

both ends of the double stranded viral DNA. The LTRs contain cis-acting 

sequences necessary for integration and expression of the virus. The 

integrated provirus is dependent upon the host for transcription and 

translation in order for the viral life cycle to proceed. The final stages of the 

life cycle are the assembly and budding of a new virus particle. The nature of
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these processes are poorly  understood; how ever, capsid assem bly, 

incorporation of full-length RNA genomes and budding appear to occur 

sim ultaneously.

1.1.3 The MuLV Genome and Its Expression After Integration

The genomic organisation of the provirus can be seen in Figure 1.2. The 

ends of the viral genomic RNA consist of a short, ~60 bp repeats (R) which 

are required for DNA strand transfer during reverse transcription. The U5 

region (~75 bp) at the 5" ends and the U3 region (-500 bp) at the 3' end, 

contain signals for synthesis and polyadenylation of viral RNA, reverse 

transcription and signal recognition by the integration machinery. These are 

duplicated during reverse transcription to form the LTRs. A primer binding 

site of 18 bp follows U5 and binds the m inus-strand tRNA primer to allow 

initiation of reverse transcription. A leader of -475 bp follows which 

contains a splice donor site for mRNA processing. The packaging signal 

which specifies incorporation of the genomic RNA into budding virions is 

also located in this area, but probably extends 3' into the coding region.

LTR

U3 RU5

gag pro

gag pro

Splice
donor

Provirus

pal

I
pal

env
transcription 
and splicing

env

Splice
acceptor

}
LTR
mm

U3 RU5

Coding regions

poly A
mRNA

poly A

Figure 1.2 Genomic Organization of MuLV
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The coding regions of MuLV are know n as gag, pro, pal and env. The 

provirus is transcribed using cellular RNA polymerase II into a single RNA 

precursor which serves as both genomic RNA for a new  virus particle and 

as mRNA for the gag, pro and pol. Some transcripts are spliced to give an 

mRNA which codes only for env. The w ay in which the frequency of 

splicing is controlled is not understood. All of the mRNAs are transported 

to the cytoplasm where translation occurs. The spliced mRNA encoding the 

env (envelope) gene codes for a large 70 kDa surface glycoprotein (gp70 or 

SU) and a smaller non-glycosylated transmembrane protein of 15 kDa (TM 

or pl5). gp70 is the cell receptor-binding molecule which initiates receptor- 

mediated endocytosis required for uptake of the virus into the cell. It is this 

molecule to which neutralizing antibodies can be elicited and defines the 

host range (see below). The smaller hydrophobic TM protein is associated 

with gp70 and is probably involved in mediating fusion of the virus and the 

host cell membrane.

Translation of the full length mRNA is m ore complicated. Ribosomes bind 

upstream  of gag in the leader sequence bu t then move to the gag initiation 

codon where translation begins. At the end of gag, the ribosome encounters 

an amber translational term inator and 95% of translation stops. The gag 

polyprotein is then cleaved to form four protein products. The first is the 

matrix protein (MA), also known as p i 5 because it has a molecular weight of 

15 kDa. Following this is an acidic phosphoprotein  (pl2) of unknow n 

function. Next is the major capsid polypeptide (CA or p30), then a small 

basic nucleoprotein (NC or plO) which binds virion RNA and is implicated 

in RNA packaging and RNA dimer formation.

During translation, at a frequency of about 1 in 20, the gag amber stop codon 

is suppressed and read-through into pro and pol occurs, both of which are in
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the same reading frame as gag. This mechanism also occurs at the pro-pol 

boundary. The pro gene encodes PR, a protein which cleaves gag and pol 

precursor proteins. The pol gene encodes reverse transcriptase (RT), a single 

polypeptide of 70-80 kDa of which there are probably several per virion 

particle. It also encodes integrase (IN or p46). The end of the pol reading 

frame overlaps w ith env. The translation term ination signals ensure that 

the various proteins are synthesised in the correct proportion relative to 

one ano ther and  the bypassing  of w hich facilitates the com bined 

incorporation of the pro and pol encoded-enzymes into the m ature virion 

particle.

1.1.4 Endogenous Retroviruses

A cell is not killed following infection by a MuLV. Having integrated into 

the host genome, the provirus directs production of progeny virus. If a stem 

cell is infected, each daughter cell will receive a copy of the provirus. If the 

germ line becomes infected, then offspring will inherit the provirus in a 

stable M endelian fashion (Coffin, 1982; Stoye and Coffin, 1985). Such 

integrated viruses are term ed endogenous retroviruses and may be found 

throughout the chromosomes of probably all vertebrate species.

Endogenous retroviruses are usually transcriptionally silent and are often 

found to be defective due to deletions and point m utations acquired over 

tim e during the course of breeding of the host. M any are likely to have 

m utated prior to integration. Those endogenous retroviruses which are 

expressed and replication com petent are not generally thought to be 

pathogenic in the host, however exceptions do exist (see section 1.3.1). If 

pathogenic effects w ere common and severe, the endogenous viruses 

responsible would not be m aintained in the host species for any length of 

tim e (Coffin, 1990). The insertion  and m aintenance of endogenous
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retroviruses can also cause mutations, for example the dilute (Jenkins et al, 

1981) and hairless mutations (Stoye et al, 1988) in mice.

1.1.5 Host Ranges of C Type Retroviruses

M urine C-type retroviruses can be classified on the basis of their potential 

host range encoded in the env gene (Coffin, 1990). In other words, the env 

gene determines which cell type a particular virus can infect. Those viruses 

isolated from laboratory strains fall into two main groups, ecotropic and 

non-ecotropic. The ecotropic MuLVs are infectious only in the mouse, can 

be horizontally  and vertically transm itted , and can therefore be both 

exogenous and endogenous. The larger group of non-ecotropic viruses 

comprise a set of closely related viruses, which can be distinguished by the 

use of specific oligonucleotide hybridization probes (Stoye and Coffin, 1987; 

Stoye and Coffin, 1988). The first of these are the xenotropic viruses, which 

are also found as endogenous m urine viruses. They use different receptors 

to the ecotropic viruses and are not associated with disease. However, they 

can only replicate in non-mouse species (except in some wild mouse strains) 

due to receptor incom patibilities. M ost mice contain only one or no 

ecotropic viruses (Jenkins et al, 1982), whereas the num ber of xenotropic 

viruses is usually higher (Stoye and Coffin, 1988). Next am ong the non- 

ecotropic viruses are a group which were first identified by their ability to 

cause cytopathic foci on mink cells and are thus known as m ink cell focus- 

form ing (MCF) viruses (Hartley et al, 1977). MCF viruses are thought to 

arise by recom bination between endogenous ecotropic and non-ecotropic 

viruses but contain an altered env gene relative to ecotropic viruses (Khan, 

1984; Stoye et al, 1991b). These viruses use receptors allelic to those of the 

xenotropic viruses and can replicate in both mouse and non-mouse species; 

consequently they are also known as polytropic or dual tropic viruses. Based 

on sequence comparisons with the non-ecotropic viruses, a second group of
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MCF viruses, the m odified polytropic viruses, were identified (Stoye and 

Coffin, 1987). A final group of non-ecotropic viruses are the amphotropic 

retroviruses which can infect both m ouse and non-m ouse species. No 

endogenous examples have been found in inbred mice (O’Neill et al, 1987).

1.2 Aspects of the Virus Life Cycle Significant to Fv-1 Restriction 

It would be useful to focus briefly upon certain events in the virus life cycle 

which may be especially relevant to Fv-1 restriction. These concern the exact 

nature of the viral DNA which integrates into the host genome, the sub-viral 

structures which are present and the m ethod by which the virus can gain 

access to the nucleus. The role which Fv-1 m ight play in these situations will 

be discussed later.

1.2.1 Structures W hich M ediate Virus Integration

An im portan t aspect of the life cycle is to understand  how  all the 

components necessary for reverse transcription and integration are kept in 

proximity to one another. If the enzymes and nucleic acids required for 

these steps were, after entry of the virus, to be dispersed in the cell's 

cytoplasm, successful completion of the cycle w ould be virtually impossible 

because of this dilution. In addition, a m echanism  m ust exist which 

prevents the v irus DNA from  undergoing  auto in tegration  (see later). 

Integration of the provirus has been extensively studied  (reviewed by 

Brown, 1990; Grandgenett and Mumm, 1990; Goff, 1992). Using a cell-free 

integration system it was possible to show that the structure of the reaction 

product is the same as that expected from an authentic MuLV integration 

reaction (Brown et al, 1987). It was suggested that this was possible only in 

the presence of a sub-viral structure which m aintained a high degree of 

order during infection, and in which the retroviral DNA in an infected cell
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w as tigh tly  associated w ith  the enzym atic  m achinery requ ired  for 

integration. Direct evidence for such a structure became apparent when, 

using the cell-free integration m ethod, it was shown that viral DNA and 

integration activity could be co-purified as a large (160 S) nucleoprotein 

complex, both from the cytoplasm and nucleus (Bowerman et al, 1989). This 

w ould  avoid the dilution of essential factors in the cytoplasm  and the 

nucleus. Analysis of this structure by im m unoprécipitation revealed that 

the major capsid protein p30 was a part of this complex. However, the 

overall conformation was different to that of the extracellular capsid since 

the complex was recognised by only a sub-set of anti-capsid sera. It was also 

dem onstra ted  tha t the viral DNA was susceptible to nuclease attack, 

indicating that this complex was probably a more "open" structure within a 

cell than when in its native extracellular conformation.

1.2.2 Integration of the Viral DNA into the Host Genome

A nother im portant aspect of the viral life cycle is the form of viral DNA 

which takes part in the integration step. Up to three unintegrated forms of 

viral DNA can be found in an infected cell. The first is the linear double 

stranded DNA with an LTR at each end, which is the immediate product of 

reverse transcription. The two other form s are circular molecules w ith 

either one or two tandem ly repeated LTRs. Finally, there is the integrated 

proviral DNA which has an LTR at either end. The circular DNAs appear in 

the nucleus soon after the linear DNA and are probably formed as a result of 

hom ologous recombination or ligation events betw een the LTRs. Because 

these mechanisms require nuclear enzymatic activity, circle formation can 

probably be seen as a marker for entry of the virus into the nucleus. Since all 

these unintegrated forms can apparently be found in the nucleus, it has 

been difficult to determine which is involved in integration.
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Using an in vitro integration assay, it was discovered that cytoplasmic 

extracts of infected cells were more active than nuclear extracts for viral 

in tegration  (Brown et al, 1987). They found that integration activity was 

proportional to the am ount of linear form of viral DNA in their extract, 

rather than the quantity of one- or two-LTR circles. In fact, no circles were 

found in the cytoplasm. This phenomenon was further investigated to see if 

the linear viral DNA integrated directly, or via an in term ediate DNA 

structure (Fujiwara and M izuuchi, 1988). N o interm ediates were found, 

indicating that the linear form could integrate directly, although this could 

no t ru le  ou t completely the possibility of circular forms being able to 

integrate. Viral constructs were generated which contained an internal LTR- 

LTR junction such as is found in the 2-LTR circles which were originally 

thought to be the precursors of integration (Lobel et al, 1989). It was found 

that the LTR-LTR junction was used at least 1000 fold less efficiently than 

the natural sequences at the ends of the genome. Studies w ith Moloney 

MuLV dem onstrated the requirem ent for the integrase enzym e in this 

reaction and pointed to a specific interaction between IN and the viral DNA 

ends (Brown et al, 1989; Roth et al, 1989; Craigie et al, 1990). Integration of 

the linear form was also confirmed. It w ould appear, therefore, that the 

circular forms of viral DNA are in fact dead-end by-products and cannot 

take part in integration.

The precise biochem ical reaction m echanism s for in teg ration  w ere 

suggested which involved DNA cutting and joining steps (Brown et al, 1989; 

Fujiwara and Craigie, 1989). Briefly, two bases are removed from each 3' end 

of the linear double-stranded viral DNA followed by the introduction of a 

staggered break in the target DNA and subsequent DNA strand transfer to 

join the recessed 3' ends to the 5' ends of nicked target DNA strands; 

review ed by Goff (1992). It is integrase alone which carries ou t these
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reactions and it has been show n that the cleavage, strand-transfer and 

joining reactions occur by a one-step mechanism w ithout involvement of a 

protein-DNA structural interm ediate (Engelman et al, 1991). After joining, 

host enzymes remove the unpaired bases from the 5' ends of the viral DNA, 

fill in the gaps and then repair the nicks.

1.2.3 Entry of the Virus into the Nucleus

A problem is posed by the nucleoprotein complex, in that how  does it pass 

through the nuclear membrane? One possibility, although highly unlikely 

considering its size, is that it enters by passive diffusion through a nuclear 

pore. Or perhaps, an active transport system using nuclear localization 

signals m ay be employed. A m ore likely alternative is that the complex 

enters the nucleus when the nuclear membrane is transiently disassembled 

during mitosis. The predicted dependence of integration on mitosis was 

dem onstrated. By treating cells w ith nocodazole (a m icrotubule-disrupting 

agent) or aphidicolin, both of which arrest cells reversibly in metaphase, 

retroviral in tegration w as prevented  (Roe, 1993). Viral nucleoprotein 

complexes isolated from arrested cells contained full-length viral DNA and 

were integration competent in vitro. On relieving the mitotic block, nuclear 

m em brane breakdow n occurred and in tegration  com m enced. Further 

evidence that a virus m ust w ait for envelope disassembly comes from the 

fact that only one of the daughter cells, from a single freshly infected cell, 

contains in tegrated  virus (Hajihosseini et al, 1993). W hen the envelope 

breaks dow n and the virus can enter, DNA replication has already taken 

place. If the virus were to enter before mitosis, both daughter cells would 

inherit a copy of the virus.

The hum an immunodeficiency virus (HIV) however, solves the problem  

by the use of a nuclear localization signal encoded in the amino terminus of
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the gag m atrix protein. This facilitates active nuclear transport of the pre

integration complex in non-proliferating cells (Bukrinsky et al, 1993; Lewis 

et al, 1992).

1.3 MuLV Infection and Its Control by the Host Genome

Since the discovery of the role which MuLVs play in leukaemogenesis it was 

apparent that the host genetic constitution played an im portant part in 

influencing the outcome of infection. There follows a brief account of the 

discovery of such leukaemogenic viruses, the pathology of the disease they 

cause and the subsequent discovery of the host genes which were involved.

1.3.1 The Discovery of the Viral Nature of M urine Leukaemias 

The first indication that a virus could induce tum our formation came near 

the beginning of this century. While studying the cause of a spontaneous 

chicken sarcoma, it was discovered that cell-free filtrates from tum ours were 

able to produce tum ours in previously healthy chickens (Rous, 1911). In 

subsequent years, certain laboratory stains of mouse were generated which 

also had a high incidence of spontaneous leukaemias. It had been assumed 

that only genetic factors played a role in the cause, susceptibility and 

developm ent of leukaemia. A viral cause was suspected, however, it was 

not until 1951 that the existence of just such a leukaemogenic virus from 

these strains was demonstrated (Gross, 1951).

Gross found that leukaemia could be induced in low-leukaemic C3H mice 

by infecting new-born mice with cell-free extracts obtained from the organs 

of high-leukaemic AKR mice. High leukaemic strains develop an 80-90% 

incidence of spontaneous thymic lym phom a betw een six and

twelve m onths of age (Mayer et al, 1978). After day 16 of gestation, these
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mice begin to express endogenous ecotropic MuLV at high levels in many 

tissues (Rowe and Pincus, 1972).The disease is a thym us-dependent 

lym phom a originating in the thym us at about six to twelve m onths and 

progresses to disease involving the spleen, liver, lym ph nodes and 

som etim es the peripheral blood in late disease (Lilly and Pincus, 1973). 

Inheritance of endogenous ecotropic proviruses is one prerequisite to 

disease. How ever, in AKR mice, the actual leukaem ogenic agent is a 

recom binant MCF virus generated following a complex pathw ay of events 

(Stoye et al, 1991b). Integration of the MCF virus leads to activation of

a num ber of cellular oncogenes (Nusse and Berns, 1988).

Acceptance of the existence of a leukaemogenic virus was not immediately 

universal, since some mouse strains could not be infected. It was, however, 

eventually  realised that this was due, in part, to host range restrictions 

w hich existed, i.e., the genetic m akeup of the m ouse could influence the 

outcom e of infection.

1.3.2 A Second Group of Leukaemia Viruses and Their Pathology

In 1957, a second group of leukaemia viruses was identified from cell-free 

extracts of leukaemic Swiss mice (Friend, 1957). In contrast to the Gross 

leukaem ia virus, which induced a chronic leukaemia w ith a relatively long 

latency period. Friend virus (FV) could induce disease in adu lt mice, as 

opposed to just in new-born mice, after only a short period of incubation, 

i.e.. Friend virus was an acutely transform ing virus. The disease was 

characterized by m arked proliferation of im m ature m ononuclear cells 

which invaded the spleen, liver, bone m arrow, kidney, lung and appeared 

in the peripheral blood. After two to three weeks post infection, mice would 

develop enlarged spleens, followed by death after one to three months. The 

term inal stages of the disease were characterized by greatly elevated white 

cell blood counts, anaemia, and highly enlarged spleen and liver. Death
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w ould usually be caused by splenic rupture (Friend, 1957; Teich et al, 1984). 

In contrast also to Gross virus induced disease. Friend virus disease 

appeared not to involve the thym us or lym ph nodes, bu t predom inantly 

involved the spleen, bone m arrow and later the liver. Since the major cell 

type involved was an erythroid precursor, this disease was referred to as an 

erythroleukaem ia (Lilly and Pincus, 1973). A num ber of m urine leukaemia 

viruses have also been shown to induce central nervous system pathology 

w hen inoculated into susceptible strains of neonatal mice. These MuLVs 

can infect neuronal, glial and endothelial cells (Park et al, 1993). However, 

in common with Gross virus, the pathogenicity of Friend virus was again 

restricted to certain strains of mice, with Swiss and DBA/2 strains found to 

be most susceptible, whereas C57BL strains were observed to be resistant. 

Another im portant factor was also noted; susceptibility to the Friend virus 

was not necessarily an all-or-none phenomenon. Depending on the virus- 

mouse combination, varying degrees of susceptibility and resistance could 

be observed. Once more this pointed tow ards genetic factors which could 

influence leukaemogenesis.

1.3.3 The Complex Nature of Friend Virus Disease

How Friend virus induces such rapid erythroleukaemia in mice is not clear, 

how ever w ork on the erythropoietin receptor has suggested a possible 

mechanism (see section 1.4.4). In other leukaemic viruses, several methods 

exist whereby they can cause pathogenesis. Some viruses contain non-virus 

related sequences (oncogenes) which initiate transform ation. Others cause 

insertional activation of oncogenes in cis or activation of proto-oncogenes 

in trans often through a m ulti-step process and by expressed viral gene 

products which act as transcription factors (Varmus and Brown, 1989). The 

insertion of a retrovirus lacking oncogenes m ay bring proto-oncogenes 

under the transcriptional control of the LTR.
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During subsequent studies of Friend virus disease, it was observed that 

different derivatives of the original virus produced different manifestations 

of the disease. One preparation w ould induce rapid  splenomegaly, w ith 

m arked  increase in  levels of red  cells in  the  p e rip h e ra l b lood 

(polycythaemia, hence FV-P). O ther preparations w ould, instead, induce 

varying degrees of anaem ia (hence FV-A), as was the case in the first 

thymus-independent disease described (Friend, 1957).

Following the developm ent of an in vivo spleen focus assay for Friend 

virus it was shown that FV-P gave high titres in the assay, whereas FV-A 

gave far lower, if any, titres (Mirand et al, 1968). The separable component of 

Friend virus responsible for focus form ation was thus term ed SFFVp or 

SFFVa (for spleen focus forming virus). It had also been found that Friend 

virus could induce lymphatic leukaemia in rats, although when extracts of 

these leukaemias were reintroduced into mice the original erythroblastic 

disease reappeared. Subsequently it was dem onstrated that after several 

serial passages of the virus through rats, the result was a virus which 

induced only lymphatic leukaemia in mice, w ith the erythroblastic disease 

having been lost (Lilly and Pincus, 1973). The lym phatic leukaem ia 

component of Friend virus was similar to that found in the original virus 

isolated by Gross, neither of which had the capacity to form spleen foci.

It thus appears that the lymphatic com ponent and the SFFV component 

were separable and that together they formed the Friend virus complex. The 

relationship betw een the two is that of helper v irus and replication- 

defective virus. The replication-defective viruses, in this case SFFVa and 

SFFVp, have been cloned and sequenced and were found to lack a portion of 

the MuLV genom e involved in envelope synthesis, so blocking the 

replication cycle (van Beveren et al, 1985). SFFV m ust therefore be "rescued"
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by a helper virus replicating in the same cell, in this case. Friend MuLV, 

which supplies SFFV w ith the m issing proteins and thereby allows the 

SFFV replication cycle to by-pass the block. The oncogenicity of the SFFV 

virus is a result of the altered env sequence (see section 1.4.4), rather than 

being due to the acquisition of a new sequence (Coffin, 1984).

So, it is the defective SFFV component which causes the acute oncogenic, 

short-latency disease and the Friend MuLV component which gives rise to 

the long-latency, chronic, thym us-dependent leukaemia.

1.4 Genetic Determ inants Governing Susceptibility to Friend Virus 

It quickly became apparent from the first studies w ith Friend virus that host 

genetic factors could influence the outcome of infection since viral isolates 

could be transmitted to some mouse strains but not others.

1.4.1 The Discovery of Fv-1 (and Fu-2)

In 1962, the first investigation of a genetic factor which could influence the 

susceptibility to Friend virus was carried out (Odaka and Yamamoto, 1962). 

By analysing crosses of a resistant strain (C57BL/6) with a susceptible strain 

(RF), it was concluded that a single autosom al gene, w ith  two alleles, 

controlled susceptibility and resistance and that the allele for susceptibility 

was dom inant over the allele for resistance. This gene was given the symbol 

Fv, w ith dom inant allele Fv^ (for Friend virus susceptibility) and resistance 

allele Fv^ (for resistance; Odaka, 1969). Later, however, results emerged 

which indicated that the picture was m ore complex that had previously 

been thought. Using the spleen focus assay (Axelrad and Steeves, 1964) it 

was found that FI hybrids of resistant C57BL/6 (Fr^/^) x susceptible DBA/2 

(Fi;s/s) showed an intermediate susceptibility. This was also true for Balb/c
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mice although these are supposedly homozygous at all autosomal loci (Lilly, 

1967). There was now a pôssibility that more than one gene was involved in 

Friend virus response.

The problem was resolved using two isolates of Friend virus (the original F- 

S and a variant, F-B) to investigate the inheritance of susceptibility as 

measured by the spleen focus-forming property of Friend virus (Lilly, 1970). 

Two independently segregating genes were shown to be responsible for the 

complex pattern of inheritance of susceptibility to Friend virus. The genes 

were named Fv-1 and Fv-2. Fv-1 controlled relative resistance to F-S, where 

the allele for resistance was dom inant (Fv-lO and susceptibility (Fv-P) was 

recessive. This gene did not, however, influence the outcome of infection 

with F-B virus. Fv-2 governed absolute resistance to focus formation by both 

F-S and F-B viruses, at which the allele for susceptibility was dominant. Fv- 

2 was also shown to be linked to the dilute locus on chromosome 9, but was 

not linked to Fv-1. So, it emerged that Fv-2 appeared to act on the SFFV 

component of Friend virus, since homozygosity for the resistance allele (Fv- 

20 caused the host to be resistant to focus formation by SFFV, but this did 

not affect the lymphatic leukaemia component (the helper virus) which could be 

isolated from Fv-2^ mice under certain conditions (Lilly, 1973 #38). In 

retrospect, the first studies by Odaka appear to have identified Fv-2, and not 

Fv-1.

1.4.2 The Alleles of Fv-1

In separate work, a tissue culture assay, developed to study viral replication, 

was used to examine MuLV replication in various cell types (Hartley et al, 

1970). Different laboratory and field virus isolates were used and it was 

found that all viruses fell into one of three categories w ith respect to their 

ability to propagate in cells of NIH Swiss and Balb/c mouse embryo cultures. 

One group of viruses replicated 100-1000 fold better in N IH  cells than in

27



Balb/c and were thus nam ed N-tropic. A second group of viruses showed 

the opposite pattern of infection and were nam ed B-tropic. A third category 

of virus replicated equally well in both cell types and were nam ed NB- 

tropic. In a subsequent series of studies, the tissue culture assay was used to 

show  that a single genetic locus, w ith  tw o alleles, w as the major 

determ inant in the mouse cells for in vitro infection w ith MuLV (Pincus et 

al, 1971a). All cells tested resembled either NIH Swiss or Balb/c with respect 

to virus replication, i.e., they were either N-type or B-type. It was possible to 

show that resistance was dom inant in regard to both N- and B-tropic virus 

(co-dominant alleles). It became apparent that this genetic locus was the 

same, or closely linked to the gene which had already been described for 

resistance to Friend virus infection, namely Fv-1 (Pincus et al, 1971b). Fv-2, 

however, which had been earlier found to govern sensitivity to spleen- 

focus induction in vivo by both F-S and F-B variants of Friend MuLV, did 

not exert an effect in vitro. This indicated that perhaps the fibroblasts used 

d id  no t express F v-2 ,  w hich w as m ost likely a p ro p erty  of the 

haematopoietic target cells of the virus (see section 1.4.4). In addition, the 

presence or absence of the SFFV com ponent of Friend virus show ed no 

detectable influence upon the assay, which supported the view that Fv-2 

affected the SFFV component. It was therefore only Fv-1 which influenced 

the in vitro assay by acting on the helper component of the virus (Lilly and 

Pincus, 1973). The assay showed that F-S virus was N-tropic and that F-B 

virus was NB-tropic, which explained the fact that Fv-1 had no influence 

upon the outcome of F-B virus infection (Lilly, 1970). The Fv-1 gene system 

had first been described using the N-tropic F-S virus, giving rise to the gene 

symbols F v-V  for resistance and Fv-1^ for sensitivity. However, now that 

Fv-1 was known to have co-dominant resistance alleles, they were renamed 

Fv-P  (resistant to N-tropic virus, but susceptible to B-tropic virus) and Fv-P  

(resistant to B-tropic virus, but susceptible to N-tropic virus) respectively.
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Since the Fv-1 phenotype could be detected in both mice and cultured cells, 

this suggested that the resistance to infection had to be on a cellular level 

and could not involve mechanisms requiring complex cellular interactions, 

immunological or other hormonal pathways (Jolicoeur, 1979).

1.4.3 O ther Alleles of Fv-1

Fv-1^^ : A  th ird  allele of Fv-1, Fv-1^^ has been reported (Steeves and

Lilly, 1977) in strains 129, RF/J, RFM /U n, NZB and NZW. These had 

previously been characterized as Fv-1^ (susceptible to N-tropic virus) but 

were in fact ten-fold more resistant to some endogenous N-tropic MuLVs 

than other Fv-1^ strains. In crosses between CBA (Fv-1^) and 129 mice it was 

found that Fv-1”̂  was dom inant over Fv-1^. Further evidence for another 

allele came from studies in crosses betw een the high leukaemic AKR/J 

mouse strain and RF/J mice. Animals were typed by preparing spleen and 

thymus extracts and using these to infect susceptible SC-1 cells (Hartley and 

Rowe, 1975) followed by the XC plaque assay (Rowe et al, 1970). Both strains 

were found to be of the Fv-1^ type, i.e., resistant to B-tropic virus. However, 

they were found to differ in their response to AKR-derived N-ecotropic 

MuLV infection (Mayer et al, 1978). The Fv-1^^^ allele was found to reduce 

the expression of the N-tropic MuLV when compared to F v-l^^^K  This was 

observed w hen the RF strain and (AKR x RF)F1 hybrid mice displayed a 

m uch lower and later lymphom a incidence than did  AKR parental mice. 

The same was also true in their i effect on xenotropic MuLV expression and 

lym phom a developm ent. The conclusion w as th a t the Fv-1^  type 

represented a category of alleles rather than a single allele. A sub group of 

N-tropic viruses are not restricted by Fv-1^^ hosts; these are called N**- 

tropic (Heitman et al, 1991).
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However, the Fv-1^^ phenotype may not be encoded by Fv-1, Investigations 

into the phenotype of embryonal carcinoma (EC) cell lines derived from the 

129 strain (Fv-1^^) found that one of these (F9 cells) were apparently Fv-1^, 

i.e., more permissive for most N-tropic viruses than Fv-1^^ (Heitman et al, 

1991). Another line (PCC4.azalR) was found to be phenotypically silent for 

Fv-1 expression . Furtherm ore , som e d iffe ren tia ted  deriva tives of 

PCC4.azalR did  restrict viral replication and were found to be Fv-1^^. In 

other words, different cell lines derived from the same m ouse strain were 

differentially expressing Fv-1^ and Fv-1^^ alleles. Unpublished results from 

crosses of Balb/c (Fv-l^) and RFM /Un (Fz?-1”0  suggested that the Fv-1^^ 

allele segregated independently of the Fv-1^ locus (Yang W.K. et al; cited in 

H eitm an et al, 1991). The experiments w ith F9 cells, because they restricted 

B-tropic virus but no longer displayed the Fv-1^^ phenotype, also suggested 

that these two alleles were separable. Alternatively, the Fv-1^^ phenotype 

could be the result of a separate gene(s) which is not expressed in F9 cells, 

bu t modifies norm al Fv-1^ function. The Fv-1”̂  phenotype was therefore 

not actually due to an Fv-1 allele. The viral tropism  of this additional 

restriction does appear, however, to m ap to the same region of the viral 

genome (Boone L.R. cited in Heitman et al, 1991; see section 1.6.1).

Fv-1 analysis of wild mice has revealed another allele (Kozak, 1985). 

For exam ple. M us spretus and M us musculus praetextus do not restrict 

either N- or B-tropic MuLV. Genetic analysis dem onstrated that this non- 

resistance phenotype was controlled by the novel allele Fv-1

Fv-l^^^h Some other cell lines appear to have lost Fv-1 restriction. One 

such is the 3T3FL line, which originated from a Swiss m ouse embryo 

(Todaro and Green, 1963). The line was originally designated as Fv-1^ 

(Todaro, 1972). It was dem onstrated that 3T3FL cells were susceptible to
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virus of either tropism, which suggested that Fv-1 was either missing or not 

expressed (Krontiris et al, 1973; Gisselbrecht et al, 1974). A further cell line 

called SC-1 (Hartley and Rowe, 1975) likewise showed particular sensitivity 

to N- and B-tropic viruses. This line had, however, been derived from a Fv- 

1” embryo culture.

1.4.4 Other Fv Genes

In addition to Fv-1, mice posses o ther genetic loci w hich affect viral 

replication and spread. It would be useful to set Fv-1 in the context of these 

restriction genes so they will be outlined briefly.

Fv-2

The discovery of Fv-2 and its control over SFFV pathogenicity has already 

been discussed, but the normal function of Fv-2 in the absence of infection 

rem ains unresolved. A function for the gene product in relation to viral 

restriction has now been suggested (Axelrad et al, 1981). It was shown that 

the removal, by washing, of a molecule norm ally present in erythropoietic 

progenitor cells (BUF-E) in mice of the Fv-2^1^ genotype, resulted  in a 

dram atic increase in DNA synthesis. These results were confirmed (Suzuki 

and Axelrad, 1980) and extended to show that the effect was restricted to 

only this particular cell type. This work implied the presence of a negative 

grow th control m echanism  in these cells. The w ashable extract, w hen 

applied to Fv-2^1  ̂ cells, induced the negative growth regulation which was 

characteristic of Fv-2^1^ cells. It was postulated that Fv-2^ was the negative 

growth regulator acting only in the absence of the Fv-2^ product. Several 

years later it was demonstrated that the gp55 envelope glycoprotein of SFFV 

associated w ith  erythropoietin  receptors (EpoR) to cause inappropriate 

proliferation of infected erythroblasts (Li et al, 1990). In other words, gp55 

mimicked the action of erythropoietin by binding to its receptor. This effect
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was also independently dem onstrated (Hoatlin et al, 1990), and it was also 

determined that the Fv-2 gene did not encode EpoR (in fact both genes map 

to chromosome 9 but on opposite ends). It was suggested that Fv-2^ down- 

regulated EpoR signal transduction. Interestingly it was noted that the 

down-regulation signal for the BUF-E erythropoietic progenitor cells in Fv- 

2 /̂  ̂ strains did  not cause erythrocyte insufficiency in  uninfected mice 

m aintained in normal conditions. So, in Fv-l'!^ mice the proliferative effect 

of gp55 is blocked. However, a Friend virus m utant was obtained w ith a 

truncated envelope protein that overcame this block and could specifically 

bind to and activate EpoR (Kozak et al, 1993). A m odel was proposed in 

which the Fi;-2 ̂ -encoded protein could associate w ith EpoR to control its 

activation by various ligands including  envelope glycoproteins and 

erythropoietin. The Fv-2^ protein could perhaps no longer interfere w ith 

and prevent the action of the m utant envelope ligand. This m odel is 

compatible w ith the down-regulation of DNA synthesis by the Fv-2^!^ factor 

(Axelrad et al, 1981).

Fv-4

A  new locus was first identified in the non-inbred mouse strain G (Suzuki, 

1975) which restricted N-, B- and NB-tropic viruses, and prevented the 

developm ent of splenomegaly by Friend virus (Kai et al 1976 in Teich et al, 

1984). Identity w ith Fv-1 or Fv-2 was excluded since the gene segregated 

independently of these. The gene was term ed Fv-4. (the name Fv-3 had been 

provisionally used by Odaka, 1973) but was abandoned because of its possible 

identity w ith Fv-1). The allele for resistance (Fv-4^) was dom inant over 

susceptibility (Fv-4^).

A  gene with similar properties to Fv-4 was described (Gardner et al, 1991; 

G ardner et al, 1980) which was characterized in a wild mouse population. FI
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hybrids of this Lake Casitas (LC) strain and the high-leukaemic strain AKR, 

revealed that this gene prevented viraemia and virus m ediated lymphoma. 

The gene was nam ed Akvr-1 (for AKR virus restriction). Later, Fv-4 and 

Akvr-1 were shown to be identical alleles of a single locus (O'Brien et al, 

1983) on chrom osom e 12 (Ikeda et al, 1981). A m echanism  for F v-4  

restriction became apparent w hen it was revealed that resistant Fv-4^ 

lymphocytes had a novel retroviral envelope glycoprotein on their surface, 

while Fv-4^ cells did not (Ikeda and Odaka, 1983; Kozak and Silver, 1985). 

Immunological characterization showed that gp70 was detectable on cells of 

the thym us, spleen, lymph nodes, bone m arrow and embryo fibroblasts of 

Fv-4^ animals and it was suggested this could be expressed by a provirus and 

thus lead to viral interference (Ikeda and Odaka, 1984). A truncated ecotropic 

MuLV pro virus was indeed discovered at the Fv-4 locus (Kozak et al, 1984), 

consisting of -850 bp of the 3' end of the pol gene, a complete env gene and a 

3' LTR. It was found that all Fv-4^ mice had the same piece of viral DNA 

which was always associated w ith the same flanking host DNA (Ikeda and 

Odaka, 1984). Fv-4 thus appears, as suggested earlier, to act by interference, 

i.e., the gene product (an envelope glycoprotein) blocks infection by 

competing w ith exogenous virus for cell surface receptors. The Fv-4 gene 

confers resistance to all ecotropic viruses including all N-, B- and NB-tropic 

MuLVs (Kai et al 1976 in Teich et al, 1984). Clearly, the Fv-4 gene affects 

m ore MuLVs of differing host ranges than Fv-1 does and hence masks the 

Fv-1 phenotype in G mice (Steeves and Lilly, 1977).

Fv-5

A nother host gene, F v-5 , has been im plicated in the a lteration  in 

erythropoietic response to Friend virus infection, i.e., w hether the early 

erythroid response to FV-P infection is polycythaem ia or anaemia. Those 

strains homozygous for allele Fv-5^ develop a rapid and transient anaemia.

33



whereas those of the Fv^Sp genotype undergo polycythaemia. As with Fv-1, 

the phenotype segregates as a single co-dominant locus (Shibuya and Mak in 

Teich et al, 1984).

Fv-6

Fv-6 determines the susceptibility of newborn mice to erythroleukaemia on 

infection with the helper component of Friend virus complex. Studies with 

crosses between susceptible and resistant strains indicate that resistance to 

Friend MuLV-induced disease is dom inant and segregates as a | single 

locus. It has been suggested that the mechanism of action is m ediated by an 

in terference phenom enon tha t blocks e ither the generation  or the 

replication of MCF virus following Friend virus MuLV infection (Ruscetti 

et al, 1981). This model supposes that the MCF virus plays a part in Friend 

MuLV disease (see section 1.3.1). MCF was show n to be im portant in 

erythroproliferative disease after inoculation of certain strains of newborn 

mice w ith Friend MuLV; furtherm ore focus-induction was blocked in mice 

expressing  endogenous MCF-like v iral envelope glycoprotein . The 

mechanism of action of Fv-6 may therefore be similar to that described for 

Fv-4 resistance, with an endogenous polytropic env gene substituting for an 

ecotropic gene.

Other genes

There are several other genes including Steel (SI), Dominant spotting (W) 

a n d  flexed (f) th a t affect suscep tib ility  to  F riend  v iru s induced  

ery th ro leukaem ia. These genes are invo lved  in  developm ent and 

differentiation, specifically haem atopoietic progenitor cell function. Any 

abnorm ality in the pathw ays of erythropoiesis caused by alleles of these 

genes could interfere with erythroleukaemic induction.
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1.5 The Pr-l-Sensitive Steps in  the Retroviral Life Cycle 

For m any years, investigators have been attem pting to define or narrow  

down the steps in retroviral replication which are affected by Fv-1 restriction. 

These efforts have mainly concentrated on comparisons of the levels of the 

various viral RNAs and DNAs during infection of permissive and restrictive 

cells. Investigations have been ham pered by the lack of specific virus probes 

and a poor understanding of the viral life cycle.

1.5.1 The Effect of Fv-1 Restriction on Virus Cell Entry 

One of the first experim ents which helped to narrow  dow n the Fv-1 

restriction step was the investigation of the role of the viral envelope 

(H uang  et al, 1973; Krontiris et al, 1973). Firstly, the level of adsorption of 

Friend MuLV to susceptible and resistan t cells was determ ined by 

incubating cells w ith virus and, after certain time intervals, rem oving the 

infection m edium  and m easuring the virus titre rem aining in the medium. 

It was clearly shown that virus of either N  or B tropism  adsorbed equally 

well to either cell type and that there were no significant differences in the 

rates of viral uptake. Then, pseudotype viruses were constructed containing 

vesicular stomatitis virus (VSV) genomes coated by envelopes from N- or 

B- tropic MuLV. Using these to infect cells, it was shown that VSV of both 

types replicated equally well on either restrictive or perm issive embryo 

culture cells. This led the investigators to the conclusion that Friend MuLV 

envelope proteins were not involved in the host-restriction mechanism  

and that restriction m ust be an intracellular event. These results were 

confirmed by infecting Fv-1^ and F v-P  cells w ith virus of either tropism  

which had radioactively labelled RNA (Sveda et al, 1974). It was found that 

equal am ounts of labelled RNA recovered from  both  restrictive and 

perm issive cells. This technique was designed to m easure virus genome 

entry into the cell only and could not m onitor viral mRNA synthesis. This
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result, therefore, show ed that virus could indeed enter a restrictive cell 

unim peded.

1.5.2 Levels of Viral Nucleic Acids in  Restrictive Infections 

Subsequently, investigations turned tow ards the levels of the various viral 

nucleic acids and enzyme activity in restrictive cells infected w ith MuLV. 

Reverse transcriptase levels were m easured as a direct indication of virus 

production, and were found to be 70-100 fold lower in restrictive cells than 

in permissive cells (Jolicoeur and Baltimore, 1976b). The same was true of 

levels of newly transcribed viral RNA in the cytoplasm and the nucleus. 

The conclusion was that the Fv-1 gene product could be either degrading 

v ira l RNA tran scrip ts , p rev en tin g  RNA tran sc rip tio n  or causing 

interference with a stage before viral transcription even started, for example 

at viral DNA synthesis or at integration of the provirus. Proviral DNA 

formation was then analysed (Jolicoeur and Baltimore, 1976a). Unintegrated 

viral DNA from  infected cells w as extracted using a technique that 

efficiently separates low-molecular w eight DNA (Hirt supernatant; Hirt, 

1967) from  high  m olecular w eight DNA (pellet). DNA levels were 

quantified by solution hybridization to radioactively labelled MuLV DNA. 

No restriction of viral DNA accumulation was observed using either N- or 

B-tropic MuLV in perm issive or restrictive cells. Integration of virus- 

specific DNA into chromosomal cellular DNA was also assayed and results 

show ed that integration of proviral DNA could be detected in permissive 

cells but not in restrictive cells.

Up to this point, there was no consensus as to the fate of viral DNA. Other 

workers had previously suggested that Fv-1 d id  no t prevent integration, 

based on evidence following the fate of input viral genomic RNA (Sveda et 

al, 1974). This w ould have suggested that Fv-1 restriction was a post
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integration event. However, using similar methodology to that used earlier 

(Jolicoeur and Baltimore, 1976a), the same investigators found that their 

initial results were not correct and that integration was indeed inhibited by 

Fv-1 (Sveda and Soeiro, 1976). The conclusion was that Fv-1 acted on the 

virus life cycle betw een synthesis of viral DNA and its integration. This 

supported the RNA expression studies which placed the block at a point 

prior to transcription.

Further investigations were carried out to confirm that Fv-1 restriction was 

not a late event, i.e., post-integration (Hsu et al, 1978). Total DNA was 

isolated from permissive SC-1 cells infected with N- or B-tropic virus. Both 

Fi7-1" and Fv-1^ cells were then transfected w ith the DNA preparations. 

Results revealed  that in contrast to norm al v irion  infection, virus 

production from restrictive cells was not inhibited using the transfected 

DNA. In other words, Fv-1 appeared not to affect transcription, translation 

or virus assem bly and budding. This conclusion was also reached by 

microinjecting unintegrated viral DNA into restrictive cells and showing 

that this could produce a successful infection (Chinsky et al, 1984). No 

conclusion could be draw n about the integration step, since the virus 

preparations were mostly in the integrated form flanked by adjacent cellular 

DNA sequences. These results did, how ever, h ighlight the difference 

betw een "norm al" infection and transfection. The conclusion from this 

work was that in order for the Fv-1 gene product to recognise and interfere 

with the early events in the virus life cycle, the viral DNA m ust be in its 

"native" cytoplasmic form, i.e., complexed to other viral structures.

Further w ork to define the point in the life cycle which is restricted was 

carried out (Duran-Troise et al, 1981). An amphotropic N-tropic MuLV was 

used to infect resistant Balb-3T3 cells and N-tropic virus-producing cloned
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cells were isolated and reinfected with ecotropic MuLV. It was demonstrated 

that Fv-1 was still being expressed, as shown by restriction of the new virus. 

Examination of virus production by the am photropic virus infected clones 

also showed that Fv-1 could have no effect on the expression of virus once 

it was integrated, therefore restriction m ust occur before integration takes 

place.

1.5.3 The Effects of Fv-1 on Linear and Circular Viral DNA

The effect of Fv-1 restriction was further investigated by comparing linear 

and circular forms of viral DNA in the infected cell, at the early stages of 

infection (Jolicoeur and Rassart, 1980; Yang et al, 1980). At the time these 

experiments were carried out, it was thought that the precursor to viral 

integration was the 2-LTR circle and not the linear form as is now known to 

be the case. It was observed that, as before, levels of linear double stranded 

viral DNA were not significantly reduced in restrictive cells. However, 

closed circular DNA (both 1 and 2-LTRs) molecules, which appear after 

linear DNA, were reduced by 25-50 fold in resistant cells. Several possible 

mechanisms of Fv-1 action were suggested: 1) Fv-1 prevented the formation 

of circular molecules from the linear precursor. 2) The circular form was 

being selectively degraded. 3) The transport of linear viral DNA to the 

nucleus was inhibited, thereby preventing  circular form  accum ulation 

which only occurred in the nucleus. 4) The double stranded linear DNA was 

damaged or defective as a result of Fv-1 action.

Which ever was the case, it was proposed that restriction occurred before the 

integration event itself. Although it was assum ed to be the circular form 

was the integration precursor it was impossible to be certain of a particular 

model or whether the block in circle formation was a prim ary or secondary 

effect of Fv-1 restriction.
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The questions were examined in more detail using pulse-chase experiments 

(Jolicoeur and Rassart, 1981). The levels of linear viral DNA in permissive 

and restrictive cells were found to decrease at the same rate in both cases, 

indicating that linear viral DNA was not being specifically degraded by the 

Fv-1 gene product. In permissive cells, levels of circular DNAs increased 

relative to levels of linear DNA, however, as expected from the earlier 

work, no circular forms could be detected in resistant cells. To test the 

hypothesis that there could be a block in nuclear transport of linear DNA 

into the nucleus, cells were fractionated into cytoplasm ic and nuclear 

com ponents. Levels of viral DNA w ere detected by Southern analysis. 

Levels of linear viral DNA were similar in both fractions of both permissive 

and restrictive cells. The circular form was found in the nuclear fraction of 

permissive cells, bu t could not be detected in the nucleus of resistant cells. 

W ith fu rther pulse-chase experim ents, it was show n that linear DNA 

accum ulated in nuclei of perm issive and restrictive cells (Jolicoeur and 

Rassart, 1981). However, as expected, circular DNA accumulated only in 

perm issive cells. The conclusion was that Fv-1 d id  not interfere w ith 

nuclear transport of linear viral DNA and that no degradation of this DNA 

was seen in restrictive cells. It was still assumed at that time that the circular 

form was the precursor to integration, so the conclusion draw n from these 

experim ents was tha t Fv-1 m ust be preventing the linear DNA from 

form ing the pre-integration circles and that this was the cause of the 

reduced levels of integrated provirus.

The above results were confirmed with respect to circular DNA formation 

(Chinsky and Soeiro, 1981). However, contradictions arose, in that levels of 

linear viral DNA also appeared to drop when B-tropic MuLV was used to 

infect N IH  (Fv-1”) cells. It was suggested that this effect m ight be due to 

another unidentified gene which modifies the Fv-1 effect, thus allowing it
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to restrict the virus at several points in the early stages of infection, bu t this 

could not be substantiated. Interestingly, although levels of circular DNA 

were observed to drop in restrictive cells, the reduction was only in the 

order of 2-3 fold w hen com pared w ith perm issive cells. This d id  not 

correlate quantitatively with the reduction of infectious virus recovered and 

was clearly different from the 25-50 fold reduction in circle form ation 

observed in the earlier experim ent (Jolicoeur and Rassart, 1980) which 

showed good correlation with fall in virus production.

The data generated by all these investigations seems to present a rather hazy 

picture of the point in the retroviral life cycle when Fv-1 restriction may act. 

On balance, it seems likely that restriction occurs between viral DNA entry 

into the nucleus and the integration of the provirus into the host genome. 

W hether the restrictive step is at or before in tegration rem ains to be 

discovered. The w ork by Brown et al (1987) and the other groups which 

helped to dem onstrate that the linear DNA, not the circular DNA was the 

molecule which integrated, does not necessarily help clarify the puzzle. It 

has been show n that the cytoplasm (where only the linear form is to be 

found) is a better source of active proviral precursors than the nucleus 

(where the circles are found), yet it is the circular form, not the linear form, 

which is reduced in restrictive cells. This does pose a problem  in the 

understanding of Fv-1 restriction. The reduced circle form ation is surely 

significant, even if it is merely a side-effect of the restriction mechanism.

A recent reinvestigation of the problem using different techniques and with 

a better understanding of the biochemistry of integration has been carried 

out (Pryciak and Varmus, 1992). Unfortunately, this has shed no further 

light on this problem. It was observed that in restrictive cells, cytoplasmic 

levels of viral DNA were reduced, a decrease which correlated well w ith the
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degree of restriction. However, no difference in the levels of linear DNA in 

the nucleus was observed, and viral DNA appeared fully competent in in 

v itro  in tegration  assays. There is no sim ple explanation  for these 

contradictory data.

1.6 How Does Fv-1 Interact With the Virus?

The question as to exactly when Fv-1 exerts its effect in the virus life cycle 

remains to be answered. The question as to how the Fv-1 gene product might 

interact physically with the virus has also been addressed.

1.6.1 The Fv-1 Tropism Determinant

It was known that ecotropic MuLVs could be classified according to their 

host range as either N-, B- or NB-tropic and that this phenotype was 

determ ined by Fv-1 (H artley et al, 1970). Virus w hich has been force- 

passaged through resistant cell lines can be converted to NB-tropism, i.e., 

the virus can replicate equally well in both Fv-1^ and Fv-1^ cells. The 

electrophoretic mobility on SDS polyacrylamide gels of three virion proteins 

of B- and NB-tropic viruses was investigated (Hopkins et al, 1977; Schindler 

et al, 1977). The three protein were p l5  (matrix), p30 (capsid) and gp70 

(envelope glycoprotein). In this experiment, proteins of B-tropic virus from 

Balb/c mice and six NB-tropic viruses derived from the B-tropic virus by 

serial passage through NIH cells, were used. The results revealed that while 

p l5  and gp70 remained the same in B- and NB-tropic preparations, p30 from 

NB-tropic virus m igrated m ore rap id ly  than  p30 from  B-tropic virus. 

W hether this change was directly responsible for altered tropism  was not 

clear. The involvement of a virus protein in the determ ination of tropism  

had also been suggested by earlier work (Bassin et al, 1975) where m urine 

sarcoma virus pseudotypes, which had been rescued by MuLV, acquired a
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determ inant specifying N  or B tropism  characteristic of the helper virus. 

This im plied that the determ inant was not viral RNA bu t was rather a 

protein product encoded by it. This was confirmed by w ork in which a 

helper virus-free Fu-l-sensitive packaging system was developed (Boone et 

al, 1989). By definition, no viral RNA was present, therefore a viral protein 

was the determinant.

Peptide maps were constructed of the p30 protein of more than 50 isolates of 

MuLV and showed that, in general, the prim ary structure of the protein was 

highly conserved, in contrast to a high degree of polym orphism  found in 

gp70 (Gautsch at al, 1978). However, a small structurally variable region of 

p30 was identified  involving only a single pep tide  w hich correlated 

precisely w ith the Fv-1 tropism  of the viral isolate and could therefore be 

used to reliably classify virus from any source. This finding supported the 

previous biochemical and genetic data suggesting that p30 was the viral 

determ inant of Fv-1 tropism  (Hopkins at al, 1977; Schindler at al, 1977). 

Using RNase T1 fingerprinting of the genomes of viruses (Faller and 

H opkins, 1977; Faller and H opkins, 1978) three large RN ase-resistant 

oligonucleotides were identified , each of which was associated with either 

N-, B- or NB-tropism and which were located in the 5' coding region of the 

v irus (in the p30 region). These o ligonucleotides w ere sequenced 

(R o m m e la e re  at al, 1979) and it was show n tha t they shared certain 

sequences indicating that they were allelic and  that certain nucleotide 

changes were characteristic of particular viral tropisms. Although p30 was 

now implicated in Fv-1 tropism, its biochemical function was unknown. At 

that time it was not even possible to determ ine the location of these 

sequences in the p30 coding sequence.
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Recombinant DNA techniques were used to locate the Fv-1 determ inants 

(Boone et al, 1983). Permissive SC-1 cells were infected w ith either N- or B- 

tropic virus, circular DNA was recovered, the viral DNAs digested at a 

conserved H in d lll site and cloned into pBR vectors. Precisely defined 

restric tion  fragm ents w ere then exchanged betw een the tw o clones. 

Infectious virus was recovered and assayed in Fv-1^ and Fv-1^ cells. The 

results revealed that the determ inant for Fv-1 was encoded by a 1.3 kb 

BamHl to Hiwdlll fragm ent extending from -120 bp into the p30 coding 

region up  to -380 bp inside the pol gene. Almost identical experiments were 

carried out independently  (DesGroseillers and Jolicoeur, 1983), and the 

determ inant was narrowed down to a 302 bp BamHl-BstXl 5' end fragment 

of p30. The sequence of this fragm ent confirmed that it coded for p30 and 

showed that two consecutive amino acids, at codons 109 and 110, together or 

singly, defined viral tropism. In the case of N-tropic virus, the sequence was 

glutam ine-arginine and for B-tropic virus it was threonine-glutam ic acid. 

The 1.3 kb BamHl-HindUl fragm ent was also sequenced, confirming the 

amino acid variations at codons 109 and 110 (Ou et al, 1983).

These changes, on the basis of their charge, explain the previously described 

electrophoretic properties of p30 (Hopkins et al, 1977; Schindler et al, 1977). 

Two different NB-tropic isolates have glutam ine at position 109 bu t 

different amino acids at 110. However, modifications both up  stream  and 

dow n stream  were also present. The involvem ent of other codons in NB- 

tropism was demonstrated by work in which the NB-tropic Moloney MuLV 

was m odified by site-directed m utagenesis (Pryciak and Varmus, 1992). 

Codons 109 and 110 (glutamine and alanine) of MoMuLV were changed 

either to the N- or the B-tropic codons. These m utations, however, did not 

convert the virus to N- or B- tropism.
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The rela tionsh ip  betw een N  and  B trop ic  de te rm inan ts and  their 

relationship to o ther endogenous non-ecotropic MuLVs was analysed 

(Boone et al, 1988). This study suggested that the B-tropic determ inant in B- 

tropic ecotropic MuLVs may have arisen from recombination between N- 

tropic ecotropic MuLVs and members of the abundant endogenous non- 

ecotropic proviruses.

1.6.2 Interaction of Fv-1 W ith the Pre-Integration Complex 

The Fv-1 gene product m ust somehow physically interact with p30. Initially 

it was unclear where this interaction took place. It was widely believed that 

complete dissociation of the viral RNA and its capsid took place following 

entry into the cell. How then could a p30-Fi;-l gene product interaction 

affect in tegration? The later d iscovery of an in tegration-com petent 

nucleoprotein  complex derived from the virion particle, prov ided  a 

solution to this problem. A means was suggested by the fact that integration- 

competent nucleoprotein complex could be isolated from infected cells. This 

sub-viral struc tu re  appeared  to be in  a relatively  open or relaxed 

conformation which was different to that of the core structure found in the 

extracellular virus. Most im portantly, it was shown to contain the capsid 

pro tein  p30 (Bowerman et al, 1989). Therefore the Fv-1 determ inant is 

present and associated w ith viral DNA intracellularly and is presum ably 

"visible" to the Fv-1 gene product. This implies that the Fv-1 gene product 

interacts directly w ith the nucleoprotein complex preventing integration 

from taking place.

The question of an interaction in restrictive cells w ith the nucleoprotein 

complex has been investigated (Pryciak and Varmus, 1992). Using an in 

vitro  integration assay, it was dem onstrated that viral complexes from 

nuclei isolated from  restrictive infections w ere just as com petent to
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integrate as those from perm issive infections. This m eant that the pre

integration complexes were not irreversibly damaged or affected by Fv-1, for 

example by proteolytic cleavage or disassembly. It was suggested that during 

preparation  of the extracts, the restrictive com ponent m ight become 

dissociated and could therefore no longer exert its effect in vitro. 

A lternatively, in vitro integration could bypass the block by following a 

slightly different integration m echanism  to that in vivo. Significantly, it 

was also found that the integrase-dependent trim m ing of the 3' ends of the 

viral DNA necessary for integration, occurred norm ally in restrictive cells. 

This suggested that Fv-1 was not interfering with the enzymatic machinery 

of integration. However, it could still be argued that the block was at a later 

stage.

1.7 Kinetics of Virus Infection in Permissive and Restrictive Cells

A further aspect of virus replication and its inhibition by Fv-1 is the amount 

of virus which is needed to overcome restriction in o rder to establish a 

successful infection. Many groups have studied the dose response curves and 

the kinetics of perm issive and restrictive infections. This work has been 

exhaustively review ed by Jolicoeur (1979). It is know n that if cells are 

inoculated at a high m ultiplicity of infection (MOI) that restriction can be 

overcome. It was found that resistant cells showed tw o-hit kinetics, while 

titrations in permissive cells gave a one-hit curve (Declève et al, 1975; Pincus 

et al, 1975). This phenom enon was term ed the "hitness factor" and was 

interpreted by supposing that one virus could not overcome the block to 

infection, bu t required a second virus. It was first reported that restriction 

could be overcome if a cell was co-infected with UV-inactivated MuLV of the 

same tropism  (Yoshikura, 1973). A part from revealing two-hit kinetics, this 

result also suggested that Fv-1 m ust act via the interaction w ith  viral
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structures other than its nucleic acids. The two-hit kinetics was confirmed, 

(Duran-Troise et al, 1977) and it was calculated that two MuLV partides were 

required to successfully infect resistant Balb/3T3 cells w ith N-tropic virus. 

The second particle had to enter the cell w ithin ~3 (lours of the first. The 

effect of the first particle knocking out Fv-1 restriction, and making way for a 

second particle to initiate a productive infection, was term ed "abrogation". 

There was no apparent need for the first virus to replicate for abrogation to be 

effective. It has also been showi> that genom e-deficient virions were able to 

abrogate Fv-1^ restriction, which allowed a second particle to establish an 

infection (Boone et al, 1990). This once again, showed that Fv-1 restriction was 

active in the absence of any viral genome-directed process and that another 

viral structure was involved.

In contrast, other workers have reported one-hit curves in restrictive cells 

(Jolicoeur and Baltimore, 1975; Boone et al, 1989) implying that it is possible to 

infect restrictive cells w ithout abrogating Fv-1 restriction. The reasons for this 

apparent contradiction are not clear. However, from previous work it does 

appear that it can be difficult for different laboratories to reproduce their own 

results, let alone each others (Jolicoeur, 1979). It seems quite likely that the 

experimental results are very sensitive to the strain of mice used, as well as to 

the strain-virus combination and the virus titre used.

On the other hand, it is not impossible that both one and two hit curves are 

correct, j  I argue that infection of a restrictive cell could take place either as a 

result of a stochastic leakiness in restriction, or as a result of abrogation. For 

example, it is possible that at a low, but constant frequency, the virus is able to 

evade Fv-1 restriction, and as long as the virus titre does not increase beyond 

a certain point, the num ber of infected cells will remain directly proportional 

to the num ber of virus particles added. If the inpu t virus titre increases
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beyond a certain point, then the single-hit kinetics will be replaced by two-hit 

kinetics, since those cells left which have not already been infected by a 

stochastic event will be restrictive and require abrogation of Fv-1 by one virus 

before another can successfully infect.

1.8 The Mechanism of Fv-1 Restriction

It is now possible to pu t forward possible models for the means by which Fv-1 

is able to restrict the replication of MuLV. Several facts have become clear:

a) It is known that the virus can enter a restrictive cell, so the envelope which 

is rem oved upon endocytosis cannot be involved in restriction.

b) The virus exists intracellularly as a nucleoprotein complex in both the 

cytoplasm and the nucleus.

c) The levels of linear DNA, which are the precursors to integration, are 

affected only to a lim ited extent, if at all, in restrictive infections. Circular 

viral DNA, which does not play a role in integration, is greatly reduced.

d) Virus production by cells transfected or microinjected w ith proviral DNA 

is not affected by Fv-1. In other words, in order for Fv-1 to have an influence, 

the viral DNA m ust be associated w ith other viral components which are 

m issing in "naked" DNA. This com ponent is the Fv-1 determ inant which

precisely m apped to two adjacent amino acids on the p30 protein which codes 

for the major capsid protein.

Taking these facts into account, we can postulate two models. In the first, we 

assum e that at some point after entry of the virus, the Fv-1 gene product 

interacts w ith the capsid structure, perhaps only weakly. This reflects the 

"relative resistance" phenomenon and the fact that the gene product appears 

to be lost w hen the nucleoprotein integration complexes are purified. The 

interaction m ight effectively lock the viral DNA inside the complex by

47



altering its conformation, so w hen the complex reaches the host DNA, the 

viral DNA may not be able to escape and integrate. Alternatively, the complex 

may just be physically held away from the host DNA by Fv-1. The mistakes, 

or dead-end byproducts of integration (the circles) could not be formed if the 

viral DNA is not released from the capsid structure. This w ould be reflected 

by the lack of circles in restrictive cells, even though the levels of linear viral 

DNA appear to be unaffected.

A second model is suggested by the need for mitosis to occur for integration to 

take place (Roe, 1993). The parallels between infection in aphidicolin-arrested 

cells (see section 1.2.3) and Fv-1 restricted cells are rem arkable and are as 

follows:

1) In both systems, normal amounts of linear viral DNA are observed.

2) There is a reduction, or complete block in the case of aphidicolin, of 

integration of the provirus.

3) The formation of circular viral DNA is not seen.

4) Integration-competent complexes can still be recovered in each system, so 

no physical degradation seems to occur.

Fv-1 restriction appears to precisely mimic the physical barrier of the nuclear 

membrane. This would suggest that Fv-1 m ight act by preventing access to the 

nuclear com partm ent during the time of nuclear m em brane breakdown. But 

mitosis m ust nevertheless take place. It is known that during the stage of 

mitosis know n as prom etaphase, nuclear envelope proteins become highly 

phosphorylated and thereby cause the disruption of the m em brane. This 

process is not a com plete destruction of the m em brane, bu t rather the 

m embrane is broken into fragments which remain visible around the spindle 

throughout mitosis. In telophase, the final stages of m itosis, the envelope
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fragm ents reassem ble around the tw o groups of daughter chromosomes 

(Alberts et al, 1983).

So, during a non-restrictive infection, the virus complex w ould travel to the 

nuclear m embrane, wait for mitosis, enter the cell and then integrate. In a 

restrictive infection, the virus might still travel to the nuclear envelope, but 

by the interaction of Fv-1 and p30, the virus complex could become more 

strongly attached to the envelope (or other structures outside the nucleus), 

than would otherwise be the case. In other words, Fv-1 could act like a kind of 

"glue". On envelope breakdown during mitosis, the complex m ight not be 

able to free itself in o rder to integrate. Following m itosis, the nuclear 

envelope w ould then reform, w ith the virus, perhaps still attached to the 

external surface of the nucleus, unable to complete its life cycle. This again 

w ould  account for the d rop  in in tegrated  prov irus and  lack of circle 

form ation.

The major objection to the cell cycle model is that m any investigators have 

observed linear viral DNA inside the nucleus of restricted cells. It has been 

suggested that this observation could well be an artifact of the cellular 

fractionation process (Pryciak and Varmus, 1992). The linear DNA, apparently 

present in the nuclear fraction, may only be attached to the outside of the 

nuclear membrane, perhaps in the complex framework of the cytoskeleton or 

the endoplasm ic reticulum  which is continuous w ith the nuclear envelope. 

This would again be supported by the fact that no circles are seen in arrested 

or restricted cells (which would be a marker for nuclear entry) and that this is 

the result of the failure of the linear DNA in the capsid complex to enter the 

nucleus in the first place.
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1.8.1 M odels of Fv-1 Action in Relation to Kinetic Data

Because restriction can be overcome by a high m ultiplicity of infection, 

perhaps even by the pre-infection of just a single virus particle (Duran- 

T ro ise  et al, 1977), this w ould mean that a critical am ount of Fv-1 gene 

product m ust be "used up" in that first encounter, thereby leaving a second 

virus free to carry out a successful infection. Both the models are consistent 

w ith this two-hit phenom enon observed in restrictive infections, i.e., the 

abrogation effect of the first v irus (see earlier). The one hit curves 

occasionally observed in restrictive infections m ight possibly be due to the 

virus fortuitously evading the Fv-1 gene product, an event which m ight be 

seen m ore often if infection occurs during  m itosis w hen the nuclear 

envelope is not intact. It would be interesting to synchronize the division of 

restrictive cells and to determ ine if successful infection occurs more 

frequently at a particular point in the cell cycle.

1.9 Approaches to Cloning Fv-1

These above models are obviously speculation bu t could be tested if the Fv-1 

gene were cloned, its sub-cellular location identified and the nature of its 

molecular interaction w ith the capsid resolved. U nfortunately, there is no 

obvious way to go about the task of cloning Fv-1,

1.9.1 The Cellular and Biochemical Approach

At least tw enty years ago the first experim ents w ere carried ou t in an 

attem pt to isolate the Fv-1 gene product. It was possible to block viral 

infection in infected permissive cells by fusing them  with Fv-1 restrictive 

cells w ith in  a few hours after infection (Tennant et al, 1974). It was 

suggested, therefore, that Fv-1 restriction might be a post-penetration event. 

Subsequently, the transfer of Fv-1 resistance was achieved by means of crude
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cell lysates (Tennant et al, 1974). Up to 500 |xg/m l of cellular protein was 

used to transfect susceptible cells w hich gave a m axim um  of 50-80% 

inhibition. This activity was lost after two hour incubation at 37°C or after 

30 minutes at 56°C. The most effective time period to inhibit infection was 2 

hours before or after infection w ith MuLV. (Yang et al, 1978) tested sub- 

cellular fractions for Fv-1 activity and found that cytoplasmic RNA could 

transfer the activity. The extract was effective for a five to six hour period at 

a time of -2 to +5 hours after infection. The active component in the cell 

extracts appeared  to be a polyadenylated RNA w ith  a sedim entation 

coefficient of 20-22 S. It was functional only if added w ithin a narrow  time 

period before and after infection, suggesting that restriction occurred early in 

the infection cycle. Genetic analysis revealed that the resistance transfer 

activity correlated w ith segregation of the appropriate Fv-1 genotype of the 

embryo cultures used (Tennant et al, 1976). This was confirmed using RNA 

preparations from pooled embryos of know n genotype to transfer Fv-1 

resistance. These assays involved transfection of susceptible SC-1 cells with 

the RNA preparations, followed by the XC plaque assay (Rowe et al, 1970). 

Although plaquing efficiency was poor, it was clear that RNA from Balb/c 

mice (Fv-l^l^) specifically inhibited N -tropic virus; N IH  (Fv-l^l^) RNA 

restricted B-tropic virus and FI hybrids of C3H (Fv-1 ”/”) x C57BL/6 (Fv-PI^) 

restricted both N- and B-tropic virus (Rascati et al, 1981). Further attempts to 

identify and characterize an RNA species has not progressed in recent years, 

ham pered no doubt by the unstable activity in cell-free extracts.

In addition to this lack of success, the in vitro integration assays have failed 

to duplicate Fv-1 restriction. N ucleoprotein  com plexes from  isolated 

restrictive infections are fully integration-com petent, due perhaps to the 

product of Fv-1 being lost during preparation (Pryciak and Varmus, 1992). 

According to our second model, however, these complexes which were
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isolated from nuclei of restrictive cells, w ould have evaded restriction, and 

w ould consequently always integrate norm ally in vitro. A ttem pts to detect 

inhibitory activity in non-restrictive cells have m et w ith no success. Had 

this approach worked, it might have provided a means whereby to purify 

Fv-1.

Attempts have also been made to identify Fv-1 by differential hybridization 

of cDNA libraries from Fv-1 restrictive and non-restrictive m ouse cell lines 

(Naito et al, 1992). A clone was isolated which was specific to restrictive cells, 

bu t this turned out to encode a heparin-binding molecule which failed to 

confer Fv-1 restriction on a susceptible cell.

Another approach being attem pted by a num ber of groups is to clone Fv-1 

directly by virtue of the physical interaction thought to occur between the 

Fv-1 gene product and the viral p30 protein. This m ethod relies on a novel 

system to detect protein-protein interactions called the yeast two- (or di-) 

hybrid  system  (Fields and Song, 1989). The yeast pro tein  G A L4  of 

Saccharomyces cerevisiae, is a transcriptional activator required  for the 

expression of genes encoding enzym es of galactose utilization. G AL4  

consists of a DNA binding  dom ain and  an activation dom ain. The 

endogenous GAL4 gene is deleted and a GALl-lacZ  fusion reporter gene is 

introduced into the yeast genome. The two components of GAL4 are then 

supplied separately, encoded on two separate plasmids. The first plasm id 

encodes a fusion betw een the GAL4 DNA-binding dom ain and the first 

protein of interest. The second plasm id encodes a fusion betw een the 

activation dom ain and the second protein (from a cDNA library) which 

could potentially bind to the first protein. If the proteins do interact, the two 

components of GAL4 are also physically brought together, which activates 

transcription from the lacZ gene. (Luban et al, 1993) used this system to
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detect proteins w hich interact w ith the HIVI gag protein. It has been 

reported that the same group has identified a host protein which binds to 

MuLV gag (Alin et al, cited in Klasse et al, 1993). How ever, this protein 

bound to gag of N- and B-tropic strains and did not m ap to the same 

chromosome as Fv-1, Several other groups are known to be attem pting this 

or a similar approach at the present time (W. Frankel, pers. comm.).

1.9.2 A Genetic Approach to Cloning Fv~l

Because no information so far available has proved useful concerning the 

nature of the Fv-1 gene which would help in its isolation, we planned to 

clone the gene by a positional approach. This relies on a detailed knowledge 

of the chromosomal location of Fv-1 and the fact that the gene, being 

dom inant, should have a readily measurable phenotypic effect.

The idea was to refine the genetic m ap location of m arker genes linked to 

Fv-1 by analysing a large back-cross. Markers proximal and distal to Fv-1 

w ould be defined and DNA clones spanning this region, in which Fv-1 m ust 

lie, would be obtained. To assay these clones for Fv-1 activity, they would be 

introduced stably into mouse cell lines of the appropriate Fv-1 phenotype. If 

say, the Fv-1^ allele were introduced into a cell lacking this allele, the cell 

w ould be rendered resistant to infection with N-tropic virus.

1.9.3 The Genomic Location of Fv-1

Over twenty years ago, an association was observed between Fv-1 phenotype 

and mouse coat colour (Rowe et al, 1973; Rowe and Sato, 1973). Coat colour 

is determined in part by the b locus, w ith a dom inant allele B (black) and a 

recessive allele b (brown). This locus was known to be on linkage group Vm  

(chromosome 4). There was also a possibility that Fv-1 m ight lie close to 

Gpd-1, a locus for an isozyme of glucose phosphate dehydrogenase. A three-
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po in t cross w as perform ed to carry o u t linkage analysis involving 

segregation of Fv-1, Gpd-1 and b. The recombination frequency between Fv- 

1 and Gpd-1 was <1% (1/107), between b and Gpd-1 it was 37% and between b 

and Fv-1 it was 36%. From this work the likely gene order was b->Fv- 

1—̂Gpd-1 or b—̂Gpd—̂Fv-1.

1.9.4 Other Linked Genes

Since the m apping of Fv-1 to the distal region of chromosome 4, several 

other genes have been m apped to the immediate area which could be of use 

in the positional cloning and m apping experiments.

Recombinant inbred (RI) strains of mice have proved invaluable m apping 

tools. RI strains are derived by inbreeding pairs of F2 progeny from two 

unrelated but highly inbred progenitor strains. Each brother-sister mating at 

the F2 generation is the beginning of an individual RI strain. After at least 

20 generations of inbreeding by brother-sister m ating, each inbred strain 

contains a unique combination of the progenitor alleles. Using a set of these 

strains enables genetic m arkers, w hich are polym orphic betw een the 

progenitors, to be m apped (Bailey, 1971). Since each RI strain is fully inbred, 

data obtained by different investigators are cumulative. This is a useful 

feature for a biological marker like Fv-1, which can be difficult to type. The 

C57BL/6J X C3H/HeJ and C57BL/6J x DBA/2J RI sets were typed in 1977 for 

Fv-1 (Taylor et al, 1977). It is possible to type these strains now  for linked 

markers, knowing that the Fv-1 typing will not need to be repeated.

RI strains w ere used to m ap all the endogenous xenotropic m urine 

leukem ia viruses (Xmvs) which are exam ples of endogenous C-type 

proviruses. These loci were defined by hybridizing a specific radio-labelled 

oligonucleotide to EcoRl or PuwII-digested DNA. These sites are conserved
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in  the pro viruses w ithin the env coding region, so the probe was able to 

react w ith uniquely sized provirus-cell DNA junction fragments. Four such 

proviruses were found to be closely linked to Fv-1^ (Frankel et al, 1989; 

F rankel et al, 1990). The four proviruses Xm v-8,9,14  and 44 show ed no 

recom bination  w ith  Fv-1 in 36 recom binant inbred  strains and were 

calculated to be less than 2.85 centimorgans (cM) from each other and Fv-1. 

They were, however, absent in all Fv-1^ and Fv-1^^ strains tested, in other 

words they were linked only to the Fv-P  allele.

A nother closely linked gene codes for atrial natiuretic  factor, m ore 

commonly known as pronatrial dilatin (Pnd; Seidman et al, 1984). Pnd is a 

potent vasoactive peptide synthesised in mammalian atria and is thought to 

play a key role in cardiovascular homeostasis. The gene was also m apped to 

w ithin 4.6 cM of Fv-1 (Mullins et al, 1987).

A nother gene codes for tum our necrosis factor receptor-1 (Tnfr-1). In 

hum ans, this receptor b inds tum our necrosis factors a and p. These 

molecules are cytokines and have quite diverse actions, which include 

cytotoxic effects against tum our cells, activation of neutrophils, roles in 

regulating lipid homeostasis, induction of secretion of interleukin-1 and as 

m ediators of inflam m ation and endotoxin-induced shock. Tnfr-1  was 

m apped to within 2.8 cM of Pnd (Goodwin et al, 1991). Zfec23 represents a 

cluster of zinc-finger genes and maps to this area of chromosome 4 (Crossley 

and Little, 1991).

1.9.5 The Choice of Cloning System

Since the precise location and size of Fv-1 is unknow n (if it is indeed only 

one gene), it seemed necessary to obtain very large clones m apping to this 

area in order to maximise the chance of picking up  the gene and to avoid
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the potential problem of 'losing" any part of Fv-1. Consequently, the use of 

cosmid clones was rejected since, even though they are easy to manipulate, 

they can carry only about 40 kb. Even the PI phage vector, which can carry 

up to 100 kb, was considered to have too small a capacity. The construction 

of a contig spanning the region of interest, a potential distance of several 

megabases, would require the use of yeast artificial chromosomes (YACs).

The pYAC4 vector (Burke et al, 1987) contains the m inim um  sequences 

necessary to stably maintain cloned DNA as a linear molecule in the bakers 

yeast Saccharomyces cerevisiae. The size of cloned DNA usually varies from 

50-1000 kb. However, the capacity of YACs is evidently far greater, as 

dem onstrated  by the construction of a 2.3 Mb Y AC by the in vivo 

recombination of several smaller overlapping YACs (Dunnen et al, 1992). A 

3 Mb YAC has also been constructed (R. Rothstein, pers. comm.).

TRP ARS GEN

Cloning Site 
EcoRl

Ori

Amp*"

SUP 4

pYAC4

BamHl BamHl

Figure 1.3 The pYAC 4 Yeast Artificial Chromosome Vector

The vector contains a bacterial origin of replication (ori) and ampicillin 

resistance gene (amp^) for propagation and selection in E. coli. A  functional 

centromere (CEN4) confers mitotic stability and correct meiotic segregation 

(by providing sites of attachment for the spindle) to the linear construct in 

the yeast host, at an average copy num ber of one per cell (Clarke and
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Carbon, 1980; M urray and Szostak, 1983). An autonom ous replication 

sequence (ARS) contains a functional origin of replication which initiates 

replication only once during the cell cycle (Stinchcomb et al, 1979; Struhl et 

al, 1979). Telomere (TEL) sequences at each end of the YAC contain the 

physical ends of chromosomes and allow replication and m aintenance of 

the linear molecule (Szostak and Blackburn, 1982). Also present on the YAC 

are two yeast markers (TRPl and UR A3) which allow the selection of YAC 

transform ants. The cloning of DNA into  a YAC involves the initial 

linearization of the vector w ith BamHl, which removes the HIS3 "stuffer" 

fragment. Exogenous high molecular weight DNA is then cloned into the 

EcoRl site which is located in the intron of the yeast SUP4  gene. This 

encodes an ochre suppressing tRNA'^y*' which suppresses the red colony 

colour phenotype (to white) of the ade2-l ochre m utation in the yeast host 

AB1380. As a result, yeast transformants containing YACs with an insert are 

usually red due to the disruption of the SUP4 gene. Thus, yeast can be 

transform ed with very large segments of exogenous DNA which can be 

stably m aintained under selection. The various m ethods for creating YAC 

libraries will not be discussed here. Several groups have undertaken this 

rather difficult task and have subsequently m ade these libraries available for 

screening in the last three years.

1.9.6 Introducing YACs into Mammalian Cells

Once YACs containing particular m arker genes w ere isolated, the crucial 

step would be to introduce them into a suitable cell line. This would enable 

a viral replication assay to be carried out in order to determine whether the 

exogenous DNA was able to confer an altered Fv-1 phenotype; in other 

words, whether it carried Fv-1. Prior to this, however, the YACs had to be 

fitted with a selectable marker in order to identify transform ed m ouse cells. 

YAC DNA can be m anipulated relatively easily in the yeast host by a

57



combination of homologous recombination and the use of yeast selectable 

markers. Using such methods, it is possible to generate alterations ranging 

from single base changes, deletions, gene replacement or insertions of any 

size (Rothstein, 1991). A m ost useful technique is the ability to insert a 

m am m alian selectable m arker (for instance the neomycin resistance gene, 

neo^) into the YAC arm , or if required, into the cloned DNA itself, by 

hom ologous recombination between repetitive or other known sequences 

(Pavan et al, 1990a).

Once the YAC of interest has been m odified to carry the m am m alian 

selectable m arker, it is ready to be introduced into the cell. In some cases, 

w here the YAC itself contains a gene which can be selected for, such as 

hypoxanthine phosphoribosyltransferase (HPRT; Huxley et al, 1991) or the 

phosphoribosylglycinam ide formyl transferase (CART; Gnirke et al, 1991; 

Gnirke and Huxley, 1991) the use of additional selectable m arkers can be 

avoided.

1.9.7 M ethods to Introduce YACs into Mouse Cells 

There are several m ethods for introducing YACs into m am m alian cells. 

One is by traditional calcium phosphate precipitation (D'Urso et al, 1990; 

Eliceiri et al, 1991). In the first study the YAC used was 40 kb and in the latter 

case, two YACs were used but their sizes were only 40 and 70 kb. Although 

this m ethod proved to be quite efficient, it is unlikely that large YACs would 

be transferred intact by this m ethod due to the extensive shearing of DNA. 

A nother m ethod is lipofection (Choi et al, 1993; Gnirke et al, 1991; Strauss 

and Jaenisch, 1992) which, as with the first m ethod, requires the purification 

of YAC DNA. The risk of substantial shearing of large YACs is great, 

consequently this is not the method of choice.
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M icroinjection of YACs into m am m alian cells has also been extensively 

used  as show n by (Gnirke and Huxley, 1991; Gnirke et al, 1993). More 

recently this m ethod has been used to generate transgenic mice (Schedl et al, 

1992; Schedl et al, 1993a; Schedl et al, 1993b). Again, the disadvantage of this 

m ethod is that the YAC DNA m ust be purified in large quantities and is 

sheared  to a g reater or lesser extent du ring  DNA preparation  and 

transform ation as it passes through the needle. For m any m am m alian 

genes, which are less than ~50 kb in length, this approach could, however, 

be quite acceptable. In addition, the micro-injection facilities to carry out the 

large num bers of such experiments needed to achieve complete integration 

of m any different YACs w ere not im m ediately available. W ith such 

methods, the YAC DNA m ust generally be isolated by gel purification. The 

m ain draw back of using gel purified YAC, however, is the low yield of 

DNA. This has been overcome by the recent system which can amplify YAC 

copy num ber 10-20 fold (Smith et al, 1990).

In our case, because the size and location of Fv-1 in any of the YACs relative 

to the m arker genes was unknown, a very gentle m ethod of YAC transfer 

seemed desirable in order to avoid shearing. This can be accomplished by 

fusion of yeast spheroplasts w ith m am m alian cells using polyethylene 

glycol (PEG). This can result in stable transfer of DNA from the yeast cell (a 

plasmid, for example) to the mammalian cell (Ward et al, 1986).

An impressive dem onstration of such a technique was the transfer of an 

entire yeast chrom osome (from Schizosaccharomyces pombe) into m ouse 

cells, resulting in this chromosome being able to replicate autonom ously in 

the m ouse cell (Allshire et al, 1987). This m ethod has proved very useful 

using a variety of m ouse cell lines and was first used for YAC transfer by 

(Travner et al, 1989). Several successful attem pts have already been m ade to
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transfer hum an-derived YAC DNA from yeast to m ouse cells using YACs 

m odified to carry the bacterial aminoglycoside phosphotransferase (neo^) 

gene linked to m am m alian control elements (Pachnis et al, 1990; Pavan et 

al, 1990b; Davies et al, 1992) or by transferring the larger selectable G ART or 

HPRT gene (Gnirke et al, 1991; Huxley et al, 1991; Jakobovits et al, 1993). The 

evidence to date, suggests that when stable integration is achieved, it occurs 

at a single, unique site in the genome (Pachnis et al, 1990). Also, even with 

its low frequency of transformation, at a certain, if variable frequency, the 

entire YAC was show n to integrate. Since there is no extraction and 

subsequent shearing of yeast DNA during this process, there m ight be no 

theoretical upper limit to the size of YAC which m ay be introduced into a 

m am m alian cell. In add ition , this technique does not requ ire  any 

specialized equipment.

A potential problem in using total yeast DNA is that upon introduction into 

mammalian cells, much of the yeast genomic DNA is stably retained (Pavan 

et al, 1990b). The yeast DNA can be detected on a Southern blot by 

hybridizing with a yeast repetitive element (Ty-1) of which there are about 

30 copies in the genome. For m any experiments, the yeast DNA is of no 

consequence; it represents a tiny percentage of DNA w hen compared to the 

mammalian genome. However, even if this DNA proves to be largely inert 

in m am m alian cells, each chromosomal segm ent represents a potential 

insertion m utagen.

Results presented here show the w ork done to refine the genetic m ap 

position Fv-1. The m ost closely linked of the m arker genes were used to 

isolate YACs m ade from F v-P  m ouse DNA, several of which were then 

introduced into cell lines lacking this allele. Using this approach, it was 

hoped that Fv-P  would be discovered on one of the clones.
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Chapter 2 
Materials and M ethods

2.1 Plasmid Propagation and Isolation in Escherichia coli (E, coli)

Plasm id propagation  and isolation w ere all perform ed using standard  

techniques and m edia (Sambrook et al, 1989). Routine transform ation of 

bacteria was performed by the CaCl2  method. Plasmid DNA was isolated by 

the alkaline lysis m ini-prep method.

2.1.1 Bacterial Transform ation by  Electroporation

For bacterial transform ations requiring a high degree of efficiency, for 

example in a rescue experiment when colony num bers were expected to be 

low, electroporation was used. Bacteria were prepared as follows: 1 litre of L- 

broth was inoculated w ith 20 ml of a fresh overnight culture and then 

incubated at 37°C with shaking until the culture reached an O.D.sso of 0.6. 

The culture was centrifuged at 4000 rpm  for 10 m inutes at 4°C, then the 

pellet w as resuspended  in an equal volum e of ice-cold w ater and 

centrifuged again. The pellet was washed once more w ith water, then twice 

with 50 ml of 50% glycerol in water. The pellet was finally resuspended in 2 

ml 50% glycerol and 100 p.1 aliquots were stored at -70°C.

For the transformation procedure, an aliquot of bacteria was thaw ed and 80 

pi placed in an electroporation cuvette (Bio Rad or Invitrogen: 0.1 cm gap) 

and held on ice until required. Transforming DNA pi) was added, the 

cuvette was tapped to mix the solution and placed into the electroporator 

(Invitrogen Electroporator). The bacteria were pulsed using the following 

parameters: 1500V, 1500, 50pF, 50mA, 50W. Immediately after pulsing, 1 ml 

of SOC m edium  was added and the bacteria were incubated at 37°C for 1 

hour. An appropriate volum e was spread onto L-agar plates containing
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ampicillin and methicillin (each at 50 pg /m l) or kanamycin (50 pg/m l). The 

plates were incubated overnight at 37°C.

2.2 Digestion and Isolation of DNA Fragments From Plasmids 

Plasm id was digested in a 20 |xl volum e w ith the appropriate restriction 

enzymes (Boehringer or NEB) according to the m anufacturer's instructions. 

One of two methods was used to gel purify DNA. The first was to electroelute 

the DNA onto DEAE paper, from which the DNA could be recovered. This 

m ethod worked best for fragments over 500 bp in size. For fragments smaller 

than 500 bp, the spin-column m ethod was used. DNA size m arkers can be 

seen in Appendix 6.

2.2.1 Purification by Electroelution Onto DEAE Paper

After digestion, plasmid DNA was separated by agarose gel electrophoresis. 

The percentage of the gel (0.8-2%) depended on the size of DNA to be 

isolated. The bands were visualised under long-wave UV and an incision 

m ade w ith a clean scalpel blade imm ediately in front of the band to be 

isolated. A piece of DEAE-cellulose NA45 membrane of the correct size was 

inserted into the incision. The membrane had been previously prepared as 

follows: strips of membrane were soaked for 5 minutes in 10 mM EDTA pH 

8.0 which was then replaced with 0.5 N  NaOH for a further 5 minutes. The 

strips were washed six times in sterile water and finally stored in sterile 

water. The DNA was electrophoresed onto the m em brane for 5 m inutes at 

lOOV. The m em brane was rem oved, rinsed briefly in sterile w ater to 

remove pieces of agarose, placed in 400 \il elution buffer (1.5 M NaCl, 20 

mM Tris-HCl pH  7.6, 1 mM EDTA) and incubated for 30 minutes at 65°C. 

The paper was discarded and the buffer extracted with phenol/chloroform . 

The DNA was ethanol precipitated before being resuspended in 20 pi of 

water. The isolated DNA was not generally quantified, however, an aliquot 

was run on an agarose gel to confirm its size and integrity.
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2.2.2 Purification by Spin-Column

For DNA fragments of less than about 500 bp, the m ethod of choice for 

purification was by the spin-colum n m ethod. DNA was digested and 

separated by gel electrophoresis for a suitable time. The gel was visualized 

under long wave UV and a rectangular section (about 1 cm x 2 cm) along the 

length of gel was cut out with a scalpel blade directly in front of the DNA 

band. The space was filled with molten 1% SeaPlaque LMP agarose (-2  ml). 

After this had  set, electrophoresis was continued until the DNA had 

m igrated into the LMP agarose. The DNA was then cut out of the LMP 

agarose and placed in a 1.5 ml Millipore Ultra-Free MC micro centrifuge 

tube fitted with a disposable 0.45 pm filter unit. The tube was placed on dry 

ice until the agarose had frozen after which the tube was centrifuged at 

room  tem perature for 10 minutes. The agarose particles rem ained in the 

filter unit, the gel buffer containing the DNA passed through the membrane 

and  collected in the bottom  of the m icrofuge tube. The DNA was 

phenol /  chloroform extracted, ethanol precipitated and finally resuspended 

in water.

2.3 Sub-Cloning into MIS and Sequencing

Bacteriophage M l3 DNA (either M 13mpl8 or M 13mpl9, depending on the 

orientation required) was digested w ith the appropriate restriction enzymes, 

phenol /  chloroform extracted, ethanol precipitated and then resuspended in 

10 pi of water. The M13 DNA was not quantified before use in the ligation 

procedure, nor was it purified from the excised fragm ent of linker DNA. 

Ligation was then carried out using T4 DNA ligase (BRL) according to the 

m anufacturer's instructions in a 10 pi reaction volume which contained 4 pi 

of the purified plasmid fragment and 4 pi of digested M13 DNA. The ligation 

was incubated at room  tem perature for 2 hours then stored on ice until
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required. JMlOl F' bacteria were m ade heat-shock competent and transformed 

w ith 1 /2  or l /2 0 th  of the ligation mix. The transform ed bacteria were 

transferred to 3 ml molten soft agar (7 parts LB agar to 8 parts LB medium) 

m aintained at 42°C. To this mixture, 100 pi of bacteria from the 1:200 culture 

(which had also been grown, with shaking for 120 minutes, at 37°C), 40 pi of 5- 

brom o-4-ch loro-3-indoyl-p-galactosidase  (X-gal; 40 m g /m l in dim ethyl 

formamide) and 40 pi of isopropyl-p-D-galactopyranoside (IPTG; 0.25M in 

water) were added. The mixture was swirled gently and poured onto a plate of 

L agar. Once the agar had solidified, the plates were incubated overnight at 

37°C.

Clear plaques (representing M l 3 DNA carrying an insert ) and a control blue 

plaque (representing M l3 DNA with no insert) were picked. Single-stranded 

DNA was prepared by the PEG precipitation method as described (Sambrook 

et al, 1989). The USB Sequenase kit and protocol were used to sequence the 

single-stranded DNA. The sequencing prim er used, unless otherwise stated, 

was the -40 universal prim er supplied  w ith the sequencing kit. Prior to 

loading onto a pre-run 6% denaturing polyacrylamide gel the samples were 

heated to >70°C for 2 minutes. Gels were run for 3-8 hours at 65 W, fixed for 

20 minutes in a solution of 10% m ethanol and 10% glacial acetic acid, dried 

and exposed overnight to X-ray film.

2.4 Polymerase Chain Reaction (PCR)

2.4.1 Design and Preparation of prim ers

When new PCR prim er pairs were designed, whenever possible, they were 

20 bp in length, with a G or C at the 3' base. Also a GC content of around 50% 

was desirable, which perm itted an annealing tem perature of at least 58°C. 

Oligonucleotides were synthesised and supplied detritylated and deprotected
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in 2 ml ammonia. The oligonucleotide solutions were transferred to plastic 

universal tubes and 4 ml of water was added to each. The tubes were placed 

in dry ice on a 60° slant and the contents allowed to freeze, after which they 

were lyophilized overnight and resuspended in 400 pi sterile distilled water. 

They were centrifuged in a microfuge for 30 seconds to remove debris and 

the supernatan t was retained. Optical density of a 1/400 dilution was 

determ ined at 260 nm. The following form ula, from the USB Sequenase 

protocol, was used to calculate concentration: pm oles/p l = OD 2 6 0 /O OI x 

num ber of nucleotides. All oligonucleotides were stored at -20°C.

2.4.2 Setting Up PCR Reactions

Reactions w ere generally set up on ice in 0.5 ml Eppendorf tubes and 

contained 5 pi lOx buffer (500 mM KCl, 100 mM Tris-HCl pH  8.3 and 10 to 25 

mM MgCl2 ), 5 pi 1 Ox dN ITS (2 mM each of dATP, dCTP, dGTP and dTTP), 

0.5 pi of each prim er (20 pm oles/pl), a known am ount of DNA and 0.5 pi 

Am plitaq (2 units). The reaction volume was m ade up to 50 pi w ith water 

and  overlayed w ith two drops light liquid paraffin from a yellow tip. If 

reactions of a different volume were required, then the ingredients were 

adjusted proportionately. The tubes were then placed in the therm al cycler 

(Techne Dri-Block or Perkin-Elmer) where the reactions proceeded under 

the control of a selected series of program m es. Reaction conditions for 

ind iv idua l PCR reactions are given w here they  are described. On 

completion of cycling, the PCR sample was run  on an agarose gel, visualized 

under UV, then photographed a n d /o r gel purified as necessary.

2.5 Screening Yeast Artificial Chromosome Libraries by PCR

Yeast artificial chromosome (YAC) libraries of m ouse genomic DNA were

screened by PCR to detect specific target DNA sequences through a hierarchy
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of pooled samples. Libraries have been constructed in several laboratories and 

DNA samples for screening were sent on request. An example of the basic 

construction of a YAC library  is as follows: after transform ing yeast 

spheroplasts w ith  YACs, indiv idual clones are transferred  onto grow th 

m edium  in the wells of microtitre plates. If there are a total of 300 96-well 

plates, this w ould give a total num ber of clones of 28,800. DNA is prepared 

from each well, then the row and column samples are pooled from each plate 

to give 12 column and 8 row  pools (20 samples per plate in all). An aliquot 

from each is taken and pooled into a single simple pool. One sim ple pool 

therefore represents a single m icrotitre plate. Com plex pools are then 

generated by further pooling aliquots of the simple pools in sets of 20. Because 

there are a total of 300 simple pools (from 300 plates), 15 complex pools are 

created.

In the first stage of screening, the panel of 15 complex pools is assayed by PCR. 

Each positive leads into the second stage simple pools, of which there are 20. 

The third and final stage is to screen the array of row  and column pools. A 

positive result at this level in both row and column w ould identify a clone 

strain coordinate containing the target DNA of the PCR reaction. However, 

because the YAC strains were not necessarily purified to single colony isolates 

prior to inclusion in the library, some of the YAC samples (about 5%) might 

represent more than one YAC clone. Colony PCR was used to establish clone 

purity (see section 2.6).
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Figure 2.1 A Typical YAC Library Screening Strategy 

2.5.1 The Princeton YAC Library

The first library was constructed at Princeton University, Princeton, NJ from 

C57BL/6J (Fv-1^) female mouse genomic DNA prepared from spleen cells. 

The DNA had been partially digested with Eco RI and cloned in the yeast 

host strain AB1380 using the vector pYAC4 (Burke et al, 1991; Rossi et al, 

1992). 28,000 YAC strains with an average insert size of 250-280 kb had been 

grown, which represented the equivalent of 2.8 haploid mouse genomes. 

Screening was carried out as indicated in three stages after successful 

completion of a series of controls. Upon sending the final results, Princeton 

sent culture stabs of the requested clone strains. At a later stage, an 

additional series of 19,200 YACs were made available as part of the Princeton 

library. These clones were prepared as before, however the insert size was 

now an average of 650 kb and provided the equivalent of approximately
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four haploid mouse genomes of cloned DNA. Screening of this library was 

also by the pooled hierarchy PCR except the first stage consisted of 25 super 

pools, followed by 28 sub-pools for each first-round positive. The sub-pools 

were arranged as 8 microtitre tray pools, 8 row pools and 12 column pools. A 

PCR positive reaction in each of the sub-pool sections, enabled the 

identification of a single clone coordinate.

2.5.2 The St Mary's YAC library

This library was constructed in essentially the same w ay as the Princeton 

library from C57BL/10J mice (Chartier et al, 1992) and contained 41,568 

clones w ith an average insert size of 240 kb, representing a greater than 

threefold coverage of the mouse genome. However, the yeast host used was 

a R ad52 strain . This stra in  is recom bination deficient and  so will 

theoretically reduce the frequency of YACs containing non-contiguous 

DNA.

2.5.3 Preparation of DNA from the St M ary's YAC Library.

The library was screened by PCR in a similar scheme to that of the Princeton 

libraries. DNA samples for all three stages of the Princeton library screen 

w ere sent through the post. However, the DNA for the final rows and 

columns screen of the St M ary's library had to be prepared for each simple 

pool positive found.

Each simple pool corresponded to two microtitre plates, i.e., a total of 192 

colonies w hich had been grow n on aAHC m edium  (a rich m edium  

deficient in uracil and tryptophan, thereby selecting for the YAC arms; see 

Appendix 1). To each well, 200 pi aAHC was added and the yeast were 

resuspended by pipetting. Then 80 pi was aliquoted into the corresponding 

"row tube" and 80 pi into the "column tube". The microfuge tubes (28 in all;
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12 "column tubes" and 16 "row tubes") were centrifuged for 5 minutes. The 

yeast were resuspended in water and centrifuged again. The pellet was then 

resuspended in 200 pi of lysis buffer (0.5 U /p l lyticase [Sigma L-5263; 50 U /p l 

in 50% glycerol, stored at -20°C], 0.45% Tween 20, 0.45% v /v  NP-40, 50 mM 

KCl, 10 mM Tris-HCl pH  8.3, 1.4 mM MgCl2 , 0.01% w /v  gelatin). The 

suspension was incubated at 37°C for 1 hour and then heated to 100°C for 10 

m inutes. Finally the tubes were centrifuged briefly to remove m ost of the 

cell debris. A 2 pi volume of the supernatant was used per PCR reaction.

2.6 YAC Isolation, Growth and Storage

Yeast stab-cultures from PCR-positive coordinates in the YAC screens were 

plated onto aAHC medium. These were incubated at 30°C for 3 days until 

single colonies were visible. Plates could be stored at 4°C for several days 

w ithout significant loss of yeast viability. Several colonies from each plate 

were analysed by PCR in order to identify pure colonies carrying the required 

YAC. Colonies could be assayed by PCR directly by simply removing a small 

num ber of cells from a colony on a plate w ith a yellow tip, and placing the 

cells directly into a PCR reaction m ixture, vortexing briefly to disperse the 

cells, adding the mineral oil and starting the reaction. No special pre-reaction 

incubations were required. Once positives had been identified, the rem ainder 

of the colony was inoculated into 5 or 10 ml aAHC m edium  and grown for 24 

hours at 30°C in an orbital shaker at 300 rpm  for subsequent DNA isolation or 

YAC m anipulation. Glycerol stocks for long-term storage were prepared by 

mixing 0.5 ml of the culture with 0.5 ml of 30% glycerol in SCE (IM sorbitol, 

O.IM sodium citrate pH  5.8,10 mM EDTA), freezing on dry ice and storing at 

-70°C. To revive a frozen stock, a small am ount of culture was scraped away 

with a sterile needle and spread onto an aAHC plate and grown as usual.
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2.7 H igh M olecular W eight DNA Preparation from YACs 

A 2 ml volum e of a 5 ml overnight culture was placed in a 2 ml micro- 

centrifuge tube and centrifuged at maximum speed in a micro-centrifuge for 

30 seconds. The supernatant was discarded and a second 2 ml volume of 

culture placed in the tube which was spun  again. The supernatan t was 

discarded and the pellet resuspended in 2 ml SCE. The tube was centrifuged as 

before and the pellet was resuspended, by vortexing, in 2 ml SCE. The tube 

was centrifuged as before and the pellet resuspended in SCE to a final volume 

of 180 pi. A 45 pi volume of pSCE (50 pi p-m ercaptoethanol per ml of SCE) 

was added followed by 100 units of lyticase. The cells were resuspended by 

vortexing and incubated for 1.5 hours in a 37°C water bath. Meanwhile a 1.5% 

low melting point agarose solution (Seaplaque"^^ EMC) in SCE was prepared 

and placed in a 45-48°C w ater bath to keep the agarose molten. The yeast 

spheroplasts were removed from the 37°C water bath and 200 pi of agarose 

solution was added. The cell solution was mixed gently by pipetting and 

imm ediately transferred to 80 pi moulds where the agarose was allowed to 

solidify. The blocks (4-5 per 5 ml yeast culture) were transferred to 8 ml of LDS 

solution (1% lithium  dodecyl sulphate, 100 mM EDTA pH  8.0, 10 mM Tris- 

HCl pH  8.0) in 15 ml tubes and incubated at 48°C for 24 hour w ith gentle 

rocking. The blocks could be stored indefinitely at room  tem perature in the 

LDS solution. Before the blocks were used in any way, they were washed at 

room tem perature with 2 x 30 ml water or the appropriate buffer for at least 1 

hour.

2.8 Pulsed Field Gel Electrophoresis (PFGE)

In order to visualise YAC DNA contained in agarose blocks, electrophoresis 

was carried out on a 1% pulsed field gel (Schwartz and Cantor, 1984; Carle and 

Olson, 1984; Chu et al, 1986; Barlow and Lehrach, 1987; Anand and Southern,
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1990). The LKB Pulsaphore apparatus was used and the running conditions 

were; 220V, 200 mA (max), switching time of 30 to 70 seconds (depending on 

the size-range resolution required), 0.75xTBE, w ith a run  time of 20-24 hours. 

Com m ercial size standards (NEB) used w ere Saccharomyces cerevisiae 

chromosomal DNA in low-melt agarose and a X.-DNA ladder. The gel was 

stained with ethidium  bromide, and viewed under UV light.

2.8.1 Pulsed Field Gel Hybridization

This was perform ed essentially as described (Stoye et al, 1991a). After 

photographing the gel, it was placed in 500 ml denaturing solution (0.5 N 

NaOH, IM  NaCl) for 30 minutes with gentle shaking, rinsed in water and 

placed in neutralizing solution (IM Tris-HCl, pH  8.0, 1.5 M NaCl) for 30 

m inutes w ith shaking. The gel was transferred onto 2 sheets of W hatman 

3MM paper and covered with Saran wrap. This was placed on a gel drier and 

dried  w ith vacuum , bu t no heat, until the gel w as nearly flat (30-60 

minutes). The drier was then set at 60°C for a further 15-30 minutes.

2.8.2 Preparation of Labelled Probe

DNA was labelled using the Mega Prime kit from Amersham according to 

the m anufacturer's instructions. Unincorporated [a-^^P] dCTP was separated 

from the labelled DNA as follows: the reaction volume was m ade up to 100 

|il with TE (10 mM Tris-HCl, pH  8.0; 1 mM EDTA) and applied to a 1 ml G- 

50 Sephadex colum n equilibrated w ith  TE and the eluate collected by 

centrifugation at 1000 rpm  in a Mistral 1000 MSE bench-top centrifuge. The 

specific activity of the probe was determ ined by scintillation counting. 

Sheared salmon sperm DNA (1 pg) was added and the sample adjusted to 

0.1 N  HCl by the addition of 1 /5  volume 0.5 N HCl. The probe was then 

incubated at 37°C for 30 minutes, after which an equal volume of IM  Tris- 

HCl, pH  7.5 was added. This acid incubation step has the effect of
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fragm enting the probe, thus allowing it to enter the gel more easily during 

hybridization.

2.8.3 Hybridization

The dried  gel w as placed in a hybrid ization  bag to w hich 5 ml of 

hybridization buffer was added (SxSSPE, 0.1% SDS). Sheared salmon sperm 

DNA (at a final concentration of 10 pg /m l) and acid-digested probe (final 

concentration of 2-4x10^ cpm /m l) was heated at 100°C for 5 minutes, chilled 

on ice, then added to the bag. Hybridization took place overnight in a water 

bath at 55°C. The gel was then washed for 5 minutes at room tem perature in 

2x SSC, 0.1% SDS and then in the same buffer at 55°C for 1 hour. The gel was 

sealed in a bag and exposed to X-ray film at -70°C (with screens) for around 

3-5 hours. Details of solutions SSPE and SSC are as described (Sambrook et 

al, 1989).

2.9 Separation of Double YACs and Transfer of St M ary's YACs to a RAD 52 

Yeast Strain

Occasionally, two different YACs were found in the same yeast cell. In order 

to work with the single YAC of interest, the two had to be separated. This was 

achieved by crossing w ith a non-Y AC containing yeast strain of opposite 

m ating type. Diploids from this mating were selected and forced to undergo 

meiosis. The four resulting haploid spores (contained in an ascus), each with 

a single YAC, were separated by tetrad dissection and could then be screened 

for the presence of the desired clone by PCR.

In order to introduce new selectable markers or m anipulate the St M ary's 

YACs by homologous recombination for any other purpose, these YACs had 

first to be transferred to a R A D 52 host background, as opposed to the
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re c o m b in a tio n -d e fic ie n t Rad52  stra in  w hich w ould  no t allow  these 

modifications to take place. This was achieved by m ating w ith a non-Y AC 

containing R AD 52 strain followed by sporulation and tetrad dissection as 

w ith the separation of double YACs.

2.9.1 M ating of Yeast

The YAC host strain is mating type a (MATa), so either YPH857 or CG379, 

both mating type a, were used in the cross (see Appendix 2 for genotypes of 

yeast strains). One fresh YAC colony was mixed with a fresh yeast colony of 

the opposite mating type on a YPD plate (see Appendix 1). This was left for 

5-6 hours, after which some of the cell m ixture was spread on minimal 

m edium  lacking histidine, uracil and tryptophan (-H-U-T; see Appendix 1) 

which enabled the selection of diploids. The plate was incubated at 30°C 

until single colonies could be picked.

2.9.2 Yeast Sporulation and Tetrad Dissection

A diploid colony was picked and grown overnight at 30°C with shaking in 

10 ml of YPD. This was then centrifuged at 2000 rpm  for 5 m inutes and the 

pellet washed in 10 ml of water. The yeast were resuspended in 2 ml of 

w ater and 100 |xl was removed and spread in a small patch onto a minimal 

sporulation plate (1% potassium  acetate; 2% agar). This was incubated at 

25°C for 3-5 days, at which time a small am ount of the yeast was viewed 

under a microscope to check for sporulation (asci carrying four closely 

packed spores). When sporulation was judged to have reached a sufficiently 

high level (a m inimum of -1%) a loopful of yeast were placed in 50 |xl of a 

5% glusulase solution (NEN) and incubated at room  tem perature for 25 

minutes. Half of the solution was then streaked onto a YPD plate and the 

spores from asci were separated using a Singer micro-dissection apparatus. 

The plate was incubated at 30°C until the spores had grown into colonies 

which could then be analysed to select for the desired genotype.
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2.9.3 Tetrad Analysis

Determ ination of M ating Type by PCR: the m ating types of the dissected 

spores was determ ined by PCR for future reference and to verify tetrads. 

This was done by colony PCR using the three m ating type-specific primers 

(Huxley et al, 1990; see Appendix 3)

Selection of YACs in a lys2 background (requiring lysine): in those cases 

where yeast CG379 had been used in the mating, half of the spores were LYS 

2 (from CG379) and half were lys2 (from AB1380). Because subsequent 

m anipulation of the YACs requires a lys2 background, the tetrads were 

replica p lated  both onto m edium  lacking lysine and onto aAHC and 

incubated at 30°C for 2-3 days. Those yeast which could not grow  on 

medium  lacking lysine but did grow on aAHC could therefore be identified 

as carrying YACs in a lys2 background. In addition, tetrads from St M ary's 

YACs were replica plated onto another YPD plate and then irradiated with 

50 kRads of y-radiation from a cobalt source. The plate was then incubated at 

30°C for 3 days. Those yeast which were recombination-deficient were killed 

and those which were RAD52 survived.

2.10 Yeast Transformation With Targeting Plasmids

YACs can be modified, for instance to carry new selectable m arkers or for 

insert end-rescue, by using plasm ids designed to undergo hom ologous 

recombination in vivo, in precisely defined regions of the vector or insert (for 

example see pRVl in Figure 5.1). Yeast cells were transform ed w ith these 

linearized targeting plasmids by electroporation.

A fresh overnight culture of yeast cells was used to inoculate 50 ml of YPD. 

The culture w as grow n at 30°C, w ith  shaking, un til a cell density  of 

approxim ately 1x10^ cells/m l was reached, corresponding to an O.D.600 of
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around  2.0, or as determ ined w ith a haem ocytom eter. The culture was 

centrifuged at 3000 rpm  for 10 minutes, then the cell pellet was resuspended 

in w ater and centrifuged once again. The pellet was resuspended in 1 ml 

water to which 50 pi of 0.5 M DTT was added. The cells were transferred to a 

1.5 ml Eppendorf and incubated at room tem perature for 15 m inutes. The 

cells were centrifuged at 6,500 rpm  for 4 m inutes and resuspended in 1 ml 

electroporation buffer (270 mM sucrose, 10 mM Tris-pH 7.5, 1 mM MgCl2 ). A 

100 pi volume of cells was placed in a 0.2 cm electroporation cuvette to which 

the transforming DNA was added (<1/10 volume). The cuvette was placed on 

ice for 5 minutes. Electroporation was carried out using the BioRad Gene- 

Pulser apparatus using the following parameters: 0.45 kV, 2000, 250pF. With 

these param eters it was necessary to attach a Pulse Controller to the BioRad 

apparatus. Immediately following electroporation, the cells were plated onto 

syn thetic  m edium  lacking the ap p ro p ria te  n u trie n ts  to  select for 

transform ants. This m edium  contained IM  sorbitol to ensure maximum cell 

recovery. The plates were incubated for 4-5 days, at which point, individual 

transformants could be isolated. Several colonies were picked and screened by 

replica plating onto a second selective m edium  to detect targeted disruption 

or introduction of a particular gene. In some cases PGR was used to identify 

new  sequences in clones which had  undergone successful integration and 

could therefore be used in subsequent YAC manipulations.

2.11 Isolation of YAC Insert Ends by "Bubble" FCR

"Vectorette" or "bubble" PCR (Riley et al, 1990; Arnold and Hodgson, 1991) is 

a m ethod to generate PCR products or DNA probes corresponding to the 

extreme ends of YAC inserts using ligation-mediated PCR (see Figure 4.8 in 

results and A ppendix 4 for prim er locations and nucleotide structure of 

'bubbles" used).
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2.11.1 Digestion of YAC and Ligation to "Bubble"

LMP agarose blocks which had been previously prepared for PFGE were 

used as the source of YAC DNA for bubble PCR. A block was taken from the 

LDS storage solution and washed for 1 hour in 2 x 30 ml water. The block 

was transferred to an eppendorf tube and heated at 65-70°C until molten. A 

10|il volume (~0.5pg) of D N A /agarose was then digested overnight at 37°C 

with one of a series of restriction enzymes in a 40|xl reaction volume. Upon 

complete digestion of the DNA, 160pl of water was added, the mixture was 

phenol/  chloroform extracted and ethanol precipitated and the DNA pellet 

was resuspended in water. All the DNA was then added to a 50p.l ligation 

reaction containing the appropriate "bubble" to be ligated to the insert DNA 

(see appendix 4 for bubble sequences). The ligation was carried out for 2 

hours at 37°C, after which time the volum e was m ade up  to 200|il w ith 

water.

2.11.2 PCR Reactions

The first round of PCR was as follows: 25pl reactions were prepared in the 

usual way using 2pl of the diluted ligation mix and the appropriate primer 

combinations for either the left or right side (see section 4.5.1 and Appendix 

4). A second round of PCR was then prepared as follows: an aliquot of the 

first round PCR was diluted 1:50 in water, Ip l of which was used to seed a 

second PCR. This reaction was set up  as before, except that the second, 

internal prim er combination was used for both left and right sides. Cycling 

conditions were as before. The samples were run  on 1% agarose gels and 

PCR products greater than 200 bp in size were isolated by the spin-column 

method and resuspended in 20pl water.
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2.11.3 Cloning and Sequencing of "Bubble" PCR Products

In order to generate high quality sequence data from the PCR products to 

allow further PCR primers to be designed, they were cloned into one of two 

commercially available vectors. The first was the TA Cloning^^ System 

from  Invitrogen and  the second was the pGEM-T V e c t o r k i t  from 

Promega. Both kits contained all the reagents and bacteria necessary for 

cloning and were used according to manufacturers instructions, except that 

half the recom m ended am ount of vector w as used in both  cases. The 

cloning procedure takes advantage of the non-tem plate, dependent activity 

of therm ostable polym erases used in PCR w hich adds single deoxy- 

adenosines to the 3 '-end of duplex molecules generated. The vectors are 

designed w ith a single 3' T-overhang at the insert site which facilitates 

cloning of PCR products possessing the 3' A-overhang. Once the PCR 

products were cloned into the vector, the plasmids were introduced into the 

supplied competent bacteria by the standard heat shock method. Blue/white 

selection was used to identify the desired transform ants, w ith  w hite 

bacterial colonies being those containing the cloned PCR product.

2.11.4 Isolation of Single Stranded DNA for Sequencing

Both the cloning vectors contained an M l 3 origin of replication, which 

allowed single-stranded rescue after infection with the helper virus M13K07 

(Promega). Fresh colonies were transferred to 3ml of TY m edium  and 5|il of 

M13K07 with a titre of p fu /m l was imm ediately added. The culture 

was grown at 37°C with shaking for 90 minutes after which kanamycin was 

added to 60 |ig /m l, the culture was then grown for a further 14-18 hours. 

Isolation of single stranded DNA was carried out as normal, except that the 

entire 3ml of supernatant was processed. One third of the DNA was used in 

a sequencing reaction. Sequence information generated using the M l 3 -40 

universal prim er was used to design new  PCR prim er pairs which were 

specific for either the left or the right arm of the YAC.
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2.12 Isolation of YAC Ends by Plasmid Rescue

A second m ethod was also used to isolate the ends of YACs (Hermanson et al,

1991). This involved the insertion, by hom ologous recom bination, of two 

plasm ids into the right and left vector arms of the YAC. These facilitated the 

rescue, in bacteria, of plasmids from the extreme ends of the YAC insert (see 

Figure 4.14).

2.12.1 Yeast Transformation

The pLUS vector was targeted to the URA (right) arm  of a YAC clone by 

digesting plasmid DNA with Sal I. The pICL vector was targeted to the CEN 

(left) arm  by linearizing the plasmid with Sea I. Each plasm id was digested 

in a 50|il reaction volume and gel purified by electroelution onto DEAE 

paper. YAC-containing yeast were electroporated with either pICL or pLUS. 

The transform ation mixture was plated onto synthetic m edium  containing 

IM  sorbitol, lacking lysine, uracil and tryp tophan  (sorb -L-U-T). PCR 

reactions were then carried out to determine which of the colonies obtained 

had  arisen as a result of the desired integration event or by a non-specific 

integration of the plasmids elsewhere within the yeast genome, as detailed 

in section 4.6.2.

2.12.2 YAC Mini-Preps

DNA was prepared from yeast colonies which showed correct integration by 

PCR analysis. A colony was inoculated into 5 ml of -L-T m edium  and grown 

overnight, with shaking, at 37°C. The cells were collected by centrifugation 

at 3000 rpm  for 5 minutes. The pellet was resuspended in 5 ml of SCE and 

then centrifuged once more. The pellet was resuspended in SCE to a final 

volum e of 150|xl in a 1.5 ml eppendorf tube. A 45 pi volume of pSCE (50 pi 

P-m ercaptoethanol per ml of SCE) was added followed by 100 units of 

lyticase (2 pi of a 50 U /p i 50% glycerol stock, stored at -20°C). The cells were
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thoroughly resuspended by vortexing and incubated for one hour at 37°C. 

The spheroplasted cells were centrifuged for 30 seconds, the supernatant 

discarded and the pellet resuspended in 350 pi of 50 mM Tris-HCl (pH 7.4), 

25 mM EOT A, 1% SDS. The tube was incubated at 65°C for 15 minutes, with 

occasional vortexing. A 200 pi volume of 5 M potassium  acetate was added 

and the microfuge tube was placed on ice for 30 minutes. The tube was 

centrifuged for 5 m inutes, then the supernatant w as transferred to a new 

m icrofuge tube and phenol /  chloroform  extracted twice. The DNA was 

precipitated by the addition of one volume of isopropanol. After mixing and 

allowing to sit at room  tem perature for 5 m inutes, the tube was briefly 

centrifuged for 10 seconds. The supernatant was discarded and the DNA 

pellet allowed to air-dry and was then resuspended in 50 pi water.

2.12.3 Plasmid Rescue

A series of 40 pi digests were set up for the pICL and pLUS preparations 

using 10 pi of DNA and 2 pi of the appropriate enzyme. The reactions were 

incubated overnight at 37°C. The following day, the digests were m ade up to 

100 pi w ith w ater, phenol /  chloroform extracted and  finally chloroform 

extracted. 200 pi ligation reactions were then set up using all of the digested 

DNA. The reations were incubated at room tem perature for 4-5 hours, after 

which the DNA was phenol /  chloroform extracted and ethanol precipitated 

in the usual manner. The DNA pellets were resuspended in 10 pi of water 

and used to transform  bacteria by the electroporation m ethod described in 

section 2.1.1. Bacteria transformed w ith DNA from the left side (pICL) were 

p la ted  onto L-agar containing am picillin (50 p g /m l), w hereas those 

transform ed with DNA from the right side (pLUS) were plated onto L-agar 

containing kanamycin (50 pg/m l). Plasmid m ini-preps were prepared from 

bacterial transform ants, followed by restriction digest analysis w ith 

appropriate enzymes (see section 4.6.2) to determine the size of YAC insert
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ends contained in the rescued plasmids. DNA fragments of interest were gel 

purified and sub-cloned into M13 for sequencing.

2.13 Mouse Cell Culture

Mouse cells were grown at 37°C (humidified 6% CO2  atm osphere) in DMEM 

(D ulbeco's M odified Eagles M edium , w ithou t sodium  pyruvate , high 

glucose), supplem ented w ith 10% heat inactivated fetal calf serum, penicillin 

(50 pg /m l) and streptomycin (80 pg/m l). Upon reaching -90-95% confluence, 

cells were split as follows: trypsin (2 ml) was added to each plate, rinsed and 

removed. A further 1 ml was added, and the plates were placed in a 37°C 

incubator for 4-5 minutes after which 5 ml of DMEM was added and the cells 

were resuspended by pipetting. If necessary the cells num ber was determined 

using a haemocytometer and then the appropriate volum e added to fresh 

m edium  in new  plates.

2.13.1 Freezing and Reviving Mouse Cells

Cells w hich w ere to be frozen in liquid nitrogen w ere harvested by 

trypsinization from nearly confluent 10 cm plates. The cells were washed in

5 ml complete m edium  and then resuspended in 5 ml 10% DMSO, 40 % 

PCS, 50% DMEM (no additives). The cells were then aliquoted into 5 1.5 ml 

freezing vials and held at -70°C for 2-3 days before being placed in liquid 

nitrogen for long-term storage. To revive cells, a vial was removed from the 

liquid nitrogen and placed in a 37°C waterbath to rapidly thaw the cells. The 

volume was m ade up to 5 ml with complete m edium  following which the 

cells were collected by centrifugation at 1000 im p in a bench-top centrifuge. 

The cells were then resuspended in 5 ml complete m edium  and plated onto

6 cm dishes and grown as usual.
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2.13.2 Genomic DNA Preparation from Cultured Cells

Cells were trypsinized, washed in full m edium  and pelleted. They were 

then resuspended in 2 ml of RSB (10 mM NaCl; 10 mM Tris-HCl pH  7.5; 25 

mM EDTA; 1% SDS and 125 pi of a 10 m g /m l pronase stock). The mixture 

w as incubated for 2-3 hours at 37°C. A 200 pi volum e of the now  viscous 

DNA preparation was sheared by passing several times through a syringe 

needle, then extracted twice w ith  pheno l/ch loroform . The DNA was 

precipitated by the addition of 2 volumes of ethanol, mixed and centrifuged 

for 1 m inute. The DNA pellet was allowed to air d ry  and  w as then 

resuspended in 100 pi of water. DNA concentration was not estim ated. 

W hen required, a 0.5 pi volume of this was used in PCR reactions.

2.13.3 Virus Infection of Cell Cultures

Cells were infected with virus either during virus stock production or for 

the Fv-1 assays. For each infection, a 6 cm plate of ~30% confluent cells from 

an over night incubation was prepared. The chosen volum e of virus was 

m ade up  to 1 ml w ith DMEM to which 1 pi of 15 m g /m l polybrene (final 

concentration of 15 p g /m l) was added. M edium  was rem oved from the 

cells, then the mixture was added drop wise, with gently swirling. The cells 

w ere incubated for 3 days, at w hich point they w ere confluent. The 

supernatant containing the virus was then harvested for stocks or for assay. 

If required for stock production, the cells were split and allowed to grow 

further until virus production had reached the desired level, as m easured 

by RT levels.

2.13.4 Reverse Transctriptase Assay

During preparation of virus stocks from infected cell cultures or to perform 

Fv-1 assays on infected cells (see below), reverse transcriptase activity in the 

cell culture m edium  was measured (Goff et al, 1981) to estimate of the levels
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of virus production as follows: an 800 |il volume of culture m edium  was 

placed in an Eppendorf and centrifuged for 30 seconds to remove any cells 

debris. From this, 600 pi of the supernatant was transferred into an 800 pi 

polycarbonate centrifuge tube which was centrifuged at 55,000 rpm  for 20 

m inutes at 4°C in a Beckman TL-100 bench top centrifuge (VTi 100.1 rotor). 

The supernatant was decanted and the virus pellet was allowed to drain dry 

for a few m inutes. A duplicate set of Eppendorf tubes was prepared  

containing 5 pi of the original culture m edium . A 500 pi cocktail was 

prepared as follows: 50 mM Tris-HCl pH  7.5,1.2 mM DTT, 0.3 mM EDTA, 5 

p g /m l oligo dT-poly rA, 0.12% NP-40, 72 mM KCl, 1.8 mM M nC l2 , 20 pM 

dTTP and 0.12 pC i/p l [a-^^P] dTTP. A 25 pi volume of this cocktail was 

added to all tubes which were then incubated at 37°C for 60-120 minutes. 5 

pi of each reaction was spotted onto a grid on DEAE-81 paper. This was 

allow ed to d ry  after w hich the paper w as w ashed 3 tim es at room  

tem perature for 10 m inutes in 200 ml of 2 x SCC and finally in 200 ml 

ethanol. The paper was allowed to dry then exposed to X-ray film, w ith 

screen, for ~2 hours at -70°C. Grids could also be cut out and counted in a 

scintillation counter for radioactive quantitation.

2.14 Yeast-Mouse Cell Fusion

In an attem pt to introduce the Fv-1^ allele on a YAC into m ouse cells, 

candidate YACs were fused with m ouse cells lacking this allele. YACs were 

transform ed w ith  the plasm id pRVl w hich in troduced  the neom ycin 

resistance gene into the right arm of the YAC. Integration of a YAC rendered 

m ouse cells resistant to the antibiotic G418 (Geneticin sulphate), thereby 

enabling the selection of cells which had undergone successful fusion events.
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2.14.1 Preparation of Yeast Spheroplasts

A 5 ml volume of -L-T medium was inoculated with a single colony of yeast 

and grown overnight at 30°C w ith shaking. This particular m edium  was 

used  to select for pR V l-transform ed yeast containing the neom ycin 

selectable m arker in the right vector arm. The next day, 50 ml of selective 

m edium  was inoculated w ith 100 or 200 |xl of the overnight culture and 

grown overnight as before. The following day, the cultures were counted in 

a haemocytometer and the one at a density nearest 2 x 10^ cells/m l was used 

in the following steps. A total of 1 x 10^ cells was transferred to a 50 ml 

conical polypropylene tube and centrifuged in a Mistral 1000 MSE bench-top 

centrifuge for 5 minutes at 600g at room tem perature. The yeast pellet was 

resuspended in 20 ml of water and centrifuged as before. This was repeated 

w ith 20 ml IM  sorbitol and again w ith 20 ml pSCE. Spheroplasting was 

achieved with the use of lOOOU of lyticase (stock solution of 10,000 U /m l in 

50% glycerol/SCE). The yeast were incubated in a 30°C w ater bath until 

about 90% spheroplasting had occurred. The degree of spheroplasting was 

m onitored every five minutes by mixing 20 pi of yeast w ith 80 pi of water 

(which lyse the spheroplasts) or SCE (which does not) and comparing a 10 pi 

volum e of each under a m icroscope w ith  x32 phase contrast. The 

spheroplasts lysed in water, leaving cell debris and any intact yeast behind. 

Spheroplasting usually took around 15 minutes, after which point the yeast 

were treated very gently. They were centrifuged for 5 m inutes at 240g at 

room tem perature and then resuspended in 2 ml of STC (IM  sorbitol, 10 

mM Tris-HCl pH  7.5, 10 mM CaCl2 ). The volume was m ade up  to 20 ml 

w ith STC and the yeast were centrifuged again, as above. This w ash was 

repeated twice more, after which the yeast were finally resuspended in 2 ml 

STC and left at room  tem perature until required (for no longer than 1 

hour).
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2.14.2 Preparation of Mouse Cells

For each fusion experiment, cells from two 10 cm tissue culture dishes, at 

-90% confluence, were harvested by trypsinization. The volume was made 

up  to 30 ml with DMEM and the cells were centrifuged for 5 minutes at 130 

g at room tem perature. The cells were washed a further 3 times in 20 ml 

serum-free medium. The cells were finally resuspended in 10 ml of serum- 

free m edium  and counted in a haemocytometer.

2.14.3 Fusion

Fusion was based on published m ethods (Huxley et al, 1991; Pachnis et al, 

1990). 1x10® yeast spheroplasts were placed in a 15 ml tube and pelleted for 5 

minutes at 240g. The supernatant was removed and 2x10^ mouse cells were 

carefully added so as not to dislodge the yeast pellet. The tube was then 

centrifuged for 5 m inutes at 240g. The supernatant was rem oved and the 

combined pellet was resuspended in 0.5 ml PEG solution (50% PEG 1500, 10 

mM CaCl2 , 10% DMSO) over a period of 1 minute by gentle mixing with the 

pipette as the PEG was added at a constant rate over that time. The cell 

m ixture was incubated at room  tem perature for a further m inute, after 

which 5 ml of serum-free m edium  was added slowly, w ith mixing, over a 

period of 2 minutes. The fusion was pelleted as above and resuspended in 

full medium. The fusion was plated in four 10 cm dishes. After 24 hours of 

incubation at 37°C, the supernatant was removed, along with unfused yeast 

and  cell debris, and replaced w ith full m edium  containing G418 at a 

concentration of 800 pg /m l. Every three days, the selective m edium  was 

changed. After about 12-14 days, resistant colonies could be clearly seen. 

Colonies about 2 mm in diameter were isolated by rem oving the m edium  

and, using sterile forceps, placing a small sterile metal cylinder, or cloning 

ring (with an inner diam eter of 0.5 cm), around the colony. A tight seal 

against the dish was achieved by coating one edge of the cylinder w ith
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silicone vacuum  grease. The cells w ere rem oved by placing 50 |xl of 

m edium , from a yellow tip inside the ring and, being careful not to disturb 

the cloning ring, pipetting the m edium  up  and dow n while scraping the 

end of the tip on the surface of the dish to dislodge the cells. The suspended 

cells were then transferred to a 6 cm dish containing 5 ml of DMEM and 

G418 at 400 pg /m l. Cells were allowed to grow to -90% confluence after 

which the cells were trypsinized and transferred to 10 cm dishes and again 

allowed to grow to -90% confluence in preparation for the Fv-1 assay and 

DNA preparation for PCR analysis.

2.15 Virus Stock Production for the Fv-1 Assays

Proviral clones (Boone et al, 1983) were supplied in ethanol and were as 

follows:

pWN41 (N-tropic) cloned into the HindUl site of pBR322

pWB5 (B-tropic) cloned into the HindlLl site of pBR325

JMlOl bacteria were transformed with the DNA and m ini-preps were carried 

out on the plasmids in the usual manner. Restriction digests were performed 

to verify plasmid structure. Approximately 1 pg of each of the two plasmids 

was digested w ith HindUl to free the virus insert. The DNAs were then 

phenol/ chloroform extracted, ethanol precipitated and resuspended in water. 

Self-ligation reactions were then perform ed using T4 DNA ligase (BRL) at 

37°C for 2 hours. M us dunni cells, at -30% confluence w ere lipofected 

according to m anufacturers instructions (BRL) w ith one of the viral clones. 

After 24 hours the cells were trypsinized and plated onto 10 cm dishes. The 

cells were passaged twice weekly and concentrated supernatant from each 

viral transfectant was assayed for reverse transcriptase activity to monitor 

levels of virus production. After four passages, each was then split onto four
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10 cm dishes. Once the cells had reached confluence, the supernatant was 

rem oved and replaced w ith fresh m edium . After a further 24 hours these 

supernatants were collected, filtered through a 0.45 pm filter and stored in 1 

ml aliquots at -70°C.

NB-tropic Moloney virus was a gift from J. Price (NIMR). NIH-3T3 cells were 

infected w ith this virus as described in section 2.13.3, and virus stocks 

prepared as above.

2.16 Fv-1 Assay by the Puromycin Resistance M ethod

A novel colony assay was developed which bypassed the need to m easure 

reverse transcriptase levels to m onitor Fv-1 activity. The following viruses 

were constructed by J.P. Stoye.

2.16.1 Preparation of NB-Tropic MCF-Puro Virus Stocks 

M ini-prep DNAs were prepared from plasm ids pBabe (M orgenstern and 

Land, 1990) and pMo-MCF-1 (Bosselman et al, 1983) in the usual manner. 

Mus dunni cells, at ~30% confluence, were co-lipofected w ith 10 pg of each 

plasmid. After 3 days, the cells were split 1 /10 on a 10 cm plate and the 

following day, puromycin was added to the m edium  at a concentration of 4 

pg /m l. Selection was maintained w ith medium change every 3-4 days. After 

10 days, the cells were split once more. Upon reaching -90% confluence, 

spen t m edium  was rem oved and  replaced w ith  fresh m edium . The 

following day the m edium  was collected, filtered through a 0.45 pm filter, 

and frozen at -70°C in 1 ml aliquots. These served as the NB-MCF-Puro 

virus stocks.
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2.16.2 Construction and Recovery of N and B-Tropic MCF Virus 

M ini-prep DNAs were prepared  from the plasm ids pWN41 (N-tropic), 

pWB5 (B-tropic) and p247W (Holland et al, 1985). The 5' halves of pWN41 

and pWB5 were sub-cloned into pGEM3 using conserved Pst I and Hind m  

sites. The 3' half of p247W (MCF envelope) was similarly sub-cloned into 

pGEM3. The pGEM3 plasmids were then digested w ith Pst I and Hind HI and 

the N  or B tropic 5' halves were ligated to the 3' half of p247W resulting in 

N-MCF and B-MCF clones. Mus dunni cells were lipofected w ith the virus 

ligation mixture. The cells were passed five times and tested for reverse 

transcriptase activity to assess successful virus production. The cells were 

found to be RT positive by the second passage.

2.16.3 Production of N and B-MCF-Puro Virus

The RT positive cells producing N- or B-MCF virus were lipofected with 

pBabe and placed under selection with puromycin at 5 pg /m l. Selection was 

m ain tained  for 14 days w ith  m edium  change every 3-4 days. The 

supernatant was collected, filtered (0.45 pm) and used to infect fresh Mus 

dunni cells. Following infection the cells were placed under purom ycin 

selection. After a further 12-14 days, purom ycin-resistant colonies were 

picked, expanded and assayed for RT to determ ine which lines had the 

h ighest levels of activity. U pon reaching -90% confluence the spent 

m edium  from RT positive cell lines was rem oved and replaced w ith fresh 

m edium . The following day the m edium  was collected, filtered through a 

0.45 pm filter, and frozen at -70°C in 1 ml aliquots. These served as the N or 

B-MCF-Puro virus stocks.

2.16.4 Cell Infections

Cells were plated at a density of 5 xlCP (for 3T3FL cells) or 1 xlO^ (for L cells) 

per 10 cm plate and infected w ith NB-, N- or B-tropic M CF-puro virus.
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Follow ing an o vern igh t incubation , pu rom ycin  w as a d d ed  to a 

concentration of 2.5 p,g/ml. Selection was m aintained, with m edium  change 

every three days, until colonies were clearly visible w ithout microscopy <~1 

m m  in diameter). To keep the cells for a perm anent record, the m edium  

was removed and the cells were fixed by adding 3 ml of a 1% crystal violet 

(R.A.Lamb #42558), 20% m ethanol solution. This was left on the cells for 1 

m inute then rinsed off w ith distilled water. The plates were allowed to air- 

dry leaving the cells dyed purple whilst retaining their natural morphology.
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Chapter 3 
Genetic M apping

F v-P  is closely linked to several genes, notably Pnd and four endogenous 

retroviral elements, Xmv-8, 9 , 14, and 44. The plan was to obtain genomic 

clones containing the markers most closely linked to Fv-1. This w ould result 

in the co-cloning of Fv-1 providing, of course, that the physical distance 

between the markers and Fv-1 was not too great. The first task, therefore, was 

to perform a genetic cross to refine the map position of Fv-1 relative to these 

marker genes.

3.1 Sub-Cloning and Sequencing the Xmv LTRs and Flanking Regions 

To allow typing of the Xmvs in the cross and for screening of YAC libraries, a 

PCR assay was designed to allow the sim ultaneous detection of these 

elements. This was possible by identifying one PCR prim er in the common 3' 

LTR region and four unique prim ers at different distances from the LTR 

corresponding to the flanking DNA for each provirus. Sequence information 

was therefore required from both the LTRs and the flanking DNA of the four 

pro viruses.

The Xmvs had previously been characterized using a specific oligonucleotide 

probe (Stoye and Coffin, 1988; Frankel et al, 1989). This m ade it possible to 

clone junction fragments into the pBS(+) vector, using a conserved EcoRl site 

in the 3' end of the provirus along to the next EcoRl site in the flanking 

region (see Figure 3.1). These cloning experiments had been perform ed prior 

to the start of the Fv-1 project.
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Attem pts were m ade to sequence the plasm ids directly using prim ers JS109 

and  Stoye2 in the LTR (which had  been designed previously  from  a 

consensus LTR sequence (O'Neill et al, 1985; see Figure 3.2), bu t it proved 

difficult to obtain high quality sequence data. This was probably due to a 

com bination of unpure tem plate and unsuitable prim er design. Since new 

prim ers w ere to be designed to amplify the Xmvs, it was essential to have 

completely reliable and high-quality sequence information.

For this reason, it was decided to sub-clone the junction fragments into M l3 

for single-stranded sequencing. Using the restriction m aps of the cloned 

Xmvs (see Figure 3.1), suitable double digests were chosen for subcloning into 

M l3 in the desired orientation. Sub-cloning of the Xmv-8  junction fragm ent 

w as not successful either w ith a Smal/Bam¥0. or a S m a l/H in d lU  digest. 

However, a -3  kb Smal/EcoRi fragment was cloned into M13mpl8. A -1.5 kb 

S m a l/S a d  fragment of Xmv-9 and a -0.9 kb Smal/EcoRl  fragment of Xmv-14 

w ere also cloned into M 13mpl8. A ttem pts to sub-clone S m a l/B g ll l  and 

S m a l /S a d  fragm ents of Xmv-44  were not successful, however, a -1.5 kb 

Kpnl/BglU  fragment was cloned into M13mpl9.

In all these cases, the M13 universal prim er was used to sequence the U5 LTR 

region of the Xmvs. Sequencing of the flanking region was achieved using 

prim ers Stoye2 and JS109 (see Figure 3.2). Even though there w ere mis

m atches betw een these prim ers and the Xmv LTRs, the single stranded 

sequence was clear. A new PCR prim er (SBl) was designed w ithin the U5 

region w hich w ould, in conjunction w ith prim ers in the flanking region, 

allow the unique amplification of each proviral junction fragment.
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Xmv-8
Xmv-9
Xmv-14
Xmv-44

Xmv-8

Xmv-9

Xmv-14

Xmv-44

— G' IS 10? Stnye 2

GGGTACCCGTGTTCCCAATAAA-GCCTCTTGCTGATTACATCCGAATCGTGGTCTCGCTGATCCTTGGGAGGGTCTCCTCAGATTGATTGACCACCCACCTCGGGGGTCTTTCA 
..............................................................A ....................................... G ........................................A . . .A .............T ...............................A ................................................ T ..................................A ......................

..............................................................- ................................T .  . G ....................................... A .........................T ................... A ............................................................T ................ T ..............A ......................

__________ SM_________ \
ATGCTACAGG CAGTTTTATA GGCAACTGTA GTTTCCTATG AGGCTTTATT AGTTTTCTAA GACATGCAAC CTGCAGCACT TCAATAAGAT ACCTGGTTCT

________ SÛS_______ h.
TTGGTATTCA GGTGGGCAAG GAGTCGGTGT TGAGTGACTA TCAGACTTTA ACACAAGGGA GTGTTGATCT GAATGTAATT TCTCAAAGTG ACCCAGTGGA

_________ SB 10_____________^
ATAATAAGGG GGGCCCAAGG ACAAGCATAG CCAACAGTCC TCAGTGGCAT CTGGATTTGT TCTATTGAGG GCATAGAAAG CTCCTCTCAC TAAATTAAAC

__________ sa il_________^
CCACAACATA ATTTATATTC TAGAAAACAT CTTTTGACTG CCTTTCCATT TACACTAACA CAACATTAAC ATCCTACGAA CTAGAAACAA CCATAAAATA

}LTR

Xmv-8

Xmv-9

Xmv-14

Xmv-44

Xmv-8

Xmv-9

Xmv-14

Xmv-44

TGTGCTGGTG GTGAGGTTAA TATTTGGCTT 
_______ SRB

TTCAGTCTGA

AAAGACAAGA TCAACTGGAA CTCCATCTCT 

ATTCTCTGTC CCGTCGTAGG GTTCGTTGGG 

TATTTTTCTG TAGAGGGCAA AAGGAAATTA

GTCAGTATTC

CCCGATTAGG

TGGTCAAGAA

GGGAGAAAGC 

AGAGACTTCA 

GGGTTTTGTA 

TAAGCACTAA 

________ SL2.

ATTCAGAGAT 

TTAGAATCAC 

AGGCGGCGGT

GTTAACCAGG GATGTAAAAC CACAGCGCTT TCTCTTCAGT

ACTGGCTGGT TCCAAACTGC ACCAGGCTAT 

TTTCGTACAC TTATAAGCTG GTTCTTTTTT 

GGGAATGAGA GTGGCAGTAT AAGAGGGGCC
z_______ sâ ______

CAGGTGGGGG

TTTTTTTTTT

CGTGGGCAGG

GCAAGAGAAG

GAGGGGAATT GAGGGTGTGT TGGAGGATAG

AGCCAGCCAA 

GCTGGCATTT GAGTCGGGAG TTTGGATTTG 

TACACTTTTT TTTTTTTTTA ACCAGAAGTA

TAAATTCCAA ACCATCTTTC 
z________Sfii________

AGGGGCAGGC

AGTCCATGGA

GCTGGAAGGC

AAGGAATGGA

CAAGAGATAA

GTCTTGTATC

CCTGTTCCAT

TGTAGTAAGC

CCAGCAGCCA AGAAAGCACC TATCCAACTA TGACTTAATT GATATGTTAA 

ATGGTGCTTT TCTATGCATT GGCAGAGCCA CAAGTGTAGC AATGCAGTGT 

AAGGACC

AGCTTGGTGA CCTGTGGTAG ATGTAGTGCC AAACCAAACC TGAAAGTCCA

Xmv-8

Xmv-9

Xmv-14

Xmv-44

CAGGTACCAG GTAGCATTCT TCCTGAATTT CTTTGAATTT 

ACAAAAGTTC TTACATTCTA ATAGATGGTGA

GACTATTAAG TTGTCCAGAC ATCATCCTAG ATCATG

Figure 3.2 Xmv LTRs and Flanking Sequences (sequencing and PCR primers are indicated)



However, before new PCR primers were synthesized for each of the flanking 

regions, the sequence inform ation was com pared to the EMBL sequence 

database using the GCG PASTA computer program, to search for homology to 

any known sequences, especially repeats of any kind which m ight interfere 

with unique amplification of the Xmvs. No such homologies were found, so 

prim ers specific for each Xmv were designed. Figure 3.2 shows the Xmv 

sequences together with the location of sequencing and PCR primers in each 

case. The mismatch in the Xmv-8  LTR sequence four base pairs from the 3' 

end of primer SB 1 had no adverse effect on the amplification of this junction 

fragment. Primers and amplification conditions are listed in Appendix 3

Primers SB 8-SB 11 were used in conjunction w ith SB 2-SB 5 to amplify the 

flanking DNA of each of the four proviruses, independently  of the LTR 

sequences. The assays were used to enable the detection of these integration 

loci in genomic clones from animals which did not possess the proviruses 

(see section 4.2).

To conserve DNA, conditions were tested in which all four Xmv sequences 

were am plified sim ultaneously. This was successful, although the band 

corresponding to Xmv-44  was slightly fainter than w hen it was amplified 

independently. The difference, however, was not great and all the bands were 

clearly visible. This PCR reaction was perform ed on DNA sam ples from 

various m ouse strains to confirm the presence or absence of these elements 

and their association with the Fv-P  allele (see Figure 3.3)
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2 3 4 5 6 7 8 9  10

Lane 1: 0 x 174-Hae III 
Lane 2: A /J (Fv-P)
Lane 3: AKR/J (Fv-1^) 
Lane 4: C57BL/6J (Fv-P) 
Lane 5: Balb/c (Fv-1^)

Lane 6: DBA/2% (Fv-P) 
Lane 7: C3H/HeJ (Fv-P) 
Lane 8: C57L/J (Fv-P) 
Lane 9: 129 {Fv-P^)
Lane 10: 0 x 174-Hag III

The lower lanes are all control Pnd PCR amplifications to ensure 
DNA samples can be amplified.

Figure 3.3 Xmv PCR on Several Mouse Strains

3.2 Genetic M apping Studies

A large backcross was analysed to refine the genetic m ap of the distal end of 

chromosome 4 using a num ber of markers surrounding the Fv-1 locus and 

including Fv-1 itself. The cross was set up by J.P. Stoye using C3H /H eJ (Fv-P) 

and C57BL/6J (Fv-P) mice. Backcross mice were derived by crossing C3H/HeJ 

female mice with (C3H/HeJ x C57BL/6J) FI males. A total of 368 animals were 

analysed. The cross was typed mainly by J.P. Stoye. My role was to analyse the 

Xmv loci.

94



3.2.1 Analysis of the Backcross

The following anchor markers were typed in all animals:

1) Fv-1: performed on tail fibroblast cultures.

2) Lck: a proximal anchor locus (Todd et al, 1991).

3) D4Smh6b: a distal anchor locus (Heame et al, 1991).

4) Xmvs.

5) Pnd (Wiseman et al, 1994)

Pnd typing was achieved by the use of primers located in the 5' untranslated 

region of the gene (see Appendix 3 for prim ers and PCR conditions) 

containing a polymorphic PvuTl site (Mullins et al, 1987). The amplified 257 

bp product from C57BL/6J DNA (Fv-P) can be cleaved to give 127 and 128 bp 

fragments. The C3H/HeJ allele cannot be cleaved by Pvu II.

Prior to this cross, no recombinations had been observed betw een the four 

Xmvs, Pnd and Fv-1 (Frankel et al, 1989). However, the result of typing the 

anchor lod  revealed that X m v-8 ,14 and 44 were separated from Xmv-9, Pnd 

and Fv-1 by a single recombination event.

Individuals which showed recombination between Lck and Pnd were tested 

w ith D4MH13 (Dietrich et al, 1992) and those recombining between Pnd and 

D4Smh6b were tested for D4Nds5 (Cornall et al, 1992). 14 individuals were 

found to be recombinant between this second set of markers. These were 

subsequently typed for the internal m arkers Pgd, Tnfr-1, a zinc finger gene 

cluster (using the Zfec23 probe; Crossley and Little, 1991), and  two 

intracistemal A type particle genes, lapSrclO and lapSrcll (Stoye et al, 1994). 

A sum m ary of the typing for the 14 anim als recom binant around Fv-1 is 

shown in Table 3.1.
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Table 3.1 Animals Recombinant Around Fv-1

S

L o c u s
A n i m a l

49 52 242 3 3 4 352 346 322 112 5 12 296 119 210 256

Lck h h h b h b h h h b b b b h

D4Mit13 h h h b h b ND ND ND ND ND ND ND ND
i X # m i x #

Tnfr-1 b b b h b b h h h b b b b h
X

Xmv8 b b b h b h h h h b b b b h
Xmv 14 b b b h b h h h h b b b b h
Xmv44 b b b h b h h h h b b b b h
Zfec23 b b b h b h h h h b b b b h

lavSrclO b b b h b h h h h b b b b h

Xmv9 b b b h b h b h h b b b b h
Pnd b b b h b h b h h b b b b h

V/W//A b b ND h b h b h h b b b b h
lax )3rc ll b b b h b h b h h b b b b h

Pad b b b h b h b b b h h b b h
m m #

D4Nds5 ND b b h b h b b b h h h h b
God-1 ND ND ND ND ND ND b b b h h h h b

D4Smh6b b b b h b h b b b h h h h b



N o recom binants were observed between Fv-1, Xmv-9, Pnd and lapSrcll. 

Taken in com bination w ith data from recom binant inbred lines it was 

concluded that four loci should lie within 0.6 cM of each other (with a 95% 

probability) which would correspond to approximately 1,200 kb (Stoye et al, 

1994). A genetic map of the distal end of chromosome 4 generated from this 

data is presented in Figure 3.5

3.2.2 Implications of the Genetic Mapping Results

The aim of this genetic m apping study was to determ ine if any m arker 

genes were in sufficiently close proxim ity to Fv-1 to allow a positional 

cloning approach of this gene to be undertaken. Results suggested that Xmv- 

9, Pnd and Fv-1 were separated by less than 1,200 kb. The potential distance 

(over a m egabase) which w ould need to be covered to be certain of 

encompassing all three genes was, therefore, still quite large. This effectively 

ruled out the use of cosmids, since very large numbers would be required to 

span the entire distance. The distance was small enough, however, to make 

use of YACs, with their large insert capacity, to physically link the genes and 

so make positional cloning feasible.
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Figure 3.4 Genetic Map of Distal Chromosome 4
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Chapter 4 
Screening YAC Libraries 

And Contig Building

Given that Xmv-9, Pnd and Fv-1 were w ithin 1,200 kb of each other, it was 

decided that YACs would offer the best chance of co-cloning Fv-1 with one of 

the m arkers because of their large cloning capacity (up to 2 Mb). The initial 

aim was to screen YAC libraries for clones containing the Xmvs and Pnd. 

Having obtained these clones, the next stage was to isolate YAC-ends in order 

to establish overlap between the YAC to assemble a contig. The results from 

the genetic m apping w ould then be used to select a sub-set of ordered YACs 

from that part of the contig in which Fv-1 was thought to lie. This would 

allow us to test each candidate YAC for the presence of the gene in a 

systematic manner.

4.1 Screening the YAC Libraries

Three YAC libraries were available for screening. The first was the ICRF 

library which was made from C3H (Fv-1^) DNA and contained inserts w ith an 

average size of 700 kb (Larin et al, 1991). The second library, from Princeton, 

was m ade from C57BL/6J (Fv-P) DNA with an average insert size of 250 kb 

(Rossi et al, 1992). The third library, from St M ary's, was m ade from C57BL/10 

(Fv-P) DNA and had an average insert size of 240 kb (Chartier et al, 1992). The 

first library could be screened by hybridization, whereas the second two were 

screened by PCR.

The decision as to which of the libraries should be screened was based partly on 

the need, in future experiments, to detect the presence of an Xmv-containing 

YAC in a transform ed mouse cell lines lacking these pro viruses. The Xmvs,
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being linked to the Fv-1^ allele, could only be found on the Princeton and St 

M ary's YACs. The use of the Xmv YACs therefore also dictated the choice of a 

recipient cell line for these experiments, i.e., one lacking the F v-P  allele. By 

transfecting suitable clones into a cell line lacking the Fv-P  allele, it would be 

possible to cause a phenotypic change in the cell line characteristic of the Fv-P  

allele making it resistant to N-tropic virus.

The Princeton YAC library was screened for the Xmvs and w ith prim ers to 

uniquely amplify the second exon of Pnd (non polymorphic; see Appendix 3). 

These prim ers were designed from sequence information obtained from the 

EMBL database deposited there by (Seidman et al, 1984). The St M ary's library 

was screened for the following markers: Xm v-9 ,44 and Pnd,

Stringent controls had to be perform ed as a precondition to screening the 

Princeton YAC library. They were designed to ensure that the target DNA 

could be amplified in the concentration range expected, in the presence of 

excess yeast genom ic DNA w ith o u t sp u rio u s p ro d u c ts  obscuring  

amplification. Since the DNA pools were limited, it was necessary to avoid 

the possibility of wasting precious DNA samples. The first control was to 

amplify 5 ng and 0.5 ng of total m ouse genomic DNA. The second control 

required the amplification of the target DNA in the presence of known 

concentrations of total yeast genomic DNA to determ ine if any amplification 

could occur from the yeast which would interfere w ith the m ouse PCR. No 

interfering yeast bands were observed in this experiment, although there was 

an slight increase of non-specific high molecular w eight product as yeast 

DNA concentration increased. The th ird  control w as a DNA blank (no 

template DNA) and finally the fourth, 200 ng of yeast on its own. A sub-set of 

the Xmv controls can be seen in Figure 4.1. All other prim er pairs that were 

used to screen the libraries underw ent these control assays and functioned 

well under identical conditions.
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2 3 4 5 6 7 8 9  10

Xmv-8 (297 bp) 
Xmv-14 (259 bp) 
Xmv-44 (227 bp) 
Xmv-9 (174 bp)

Figure 4.1 Controls for the Xmv PCR Reactions
Lane 1: 0xl74-Hae III Lane 6: 5 ng mouse + 200 ng yeast
Lane 2: No DNA Lane 7: 0.5 ng mouse + 200 ng yeast
Lane 3: 400 ng yeast Lane 8: 5 ng mouse + 100 ng yeast
Lane 4: 200 ng yeast Lane 9: 0.5 ng mouse
Lane 5:100 ng yeast Lane 10: 0x174-Hag III

The screening strategy for both libraries was detailed in section 2.5. Here, an 

exam ple of screening for a Pnd YAC from the Princeton library will be 

presented (this particular YAC turned out to be central to the success of this 

project). The screen can be seen in Figures 4.2-4.4. Two PCR amplifications 

unrelated to the Fv-1 project were perform ed in parallel to Pnd in the first 

stage complex pool screen (for the Hairless and Hox 2.9 genes).
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11 12 13 14 15 16 17 18 19

Figure 4.2 First-Round Complex Pools Screen for Pnd

Lane 1: 0x174 
Lane 2: CP 15 
Lane 3: CP 14 
Lane 4: CP 13 
Lane 5: CP 12

Lane 6: CP 11 
Lane 7: CP 10 
Lane 8: CP 9 
Lane 9: CP 8 
Lane 10: Genomic

Lane 11: CP 7 
Lane 12: CP 6 
Lane 13: CP 5 
Lane 14: CP 4 
Lane 15: CP 3

Lane 16: CP 2 
Lane 17: CP 1 
Lane 18: Genomic 
Lane 19: 0x174

Here, only the Pnd positive reactions are of interest Pnd positives can be seen 
in Complex Pools 1,2, 4, 8 and 11 at 323 bp.
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1 2 3 4 5 6 7 8 9 10 11 12 13

Lane 1: 0xl74-Hae III 
Lane 2-6: SP 1-SP5 
Lane 7: 0xl74-Hae III 
Lane 8-12: SP 6-SPlO 
Lane 13: 0xl74-Hae III 
Lane 14: 0xl74-Hae III 
Lane 15-19: SP 11-SP15 
Lane 20: 0xl74-Hae III 
Lane 21-25: SP 16-20 
Lane 26: 0xl74-Hae III

A single Pnd positive 
can be seen in simple 
pool 1

14 15 16 17 18 19 20 21 22 23 24 25 26 

Figure 4.3 Second-Round Simple Fool Screen for Pnd  From Complex Pool 11

1 2 3 4 5 6 7 8 9 10 11 12 13

Lane 1: 0x174 
Lanes 2-13: Columns 1-12 
Lane 14: 0xl74-HaeIII 
Lanes 15-22: Rows A-H

Pnd positives can be seen 
in Column 11 and Row D 
(a microtitre plate well)

14 15 16 17 18 19 20 21 22

Figure 4.4 Rows and Column Screen for Pnd  From Simple Pool 1
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On completion of rows and columns PCR the clone strains were sent as stab 

cultures by post. Colony PCRs were perform ed on these samples to identify 

single, pure YAC clones.

The Princeton library was screened for all four Xmvs and Pnd, however, at 

the third stage of screening the PCR reactions failed to amplify Xmv-44. The 

St M ary's library was screened for this locus, and also for Xmv-9 andPnd.

4.2 YAC Size and Stability

The size of each YAC w as determ ined. H igh m olecular w eight DNA in 

agarose blocks was prepared from each YAC which could then be run  on a 

pulsed field gel. Figure 4.5 shows typical results w ith several of the Xmv-8  

clones. These gels were stained with ethidium  brom ide and visualized under 

UV light after which they were dried  and probed w ith pBR322 DNA. 

Hybridization occurred with vector arms of the YAC, but not with other yeast 

chrom osom es.

Most of the YACs (see Table 4.1) appeared to behave normally with respect to 

stability. However, YAC X8 HIO for example occasionally gave rise to two 

separate YACs of either 370 or 290 kb, even from the same isolate. More such 

cases of instability were found later. All YACs were in the expected size range 

for the two libraries.
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550 kb
375 kb

295 kb
225 kb

#  #  m  -

Figure 4.5 Pulsed Field Gel and Autoradiogram of Xmv-8 YACs

Gel probed with pBR322 DNA. PFGE conditions: 0.75 x TBE, 50 second switch time, 22 hour run time.

Lane 1: Marker DNA Lanes 2-5: X8 G7 (320 kb)
Lanes 6-8: X8 G8 (320 kb) Lanes 9-12: X8 C9 (310 kb)
Lanes 13-16: X8 D4 (180 kb)



Table 4.1 Sizes of YACs Isolated from the Princeton and St Mary's

Locus YAC Size Source

Xm v-8 X8 HIO* 370/290 kb Princeton
X8G7 320 kb Princeton
X8G8 320 kb Princeton
X8C9 310 kb Princeton
X8C7 220 kb Princeton
X8F1 180 kb Princeton
X8D4 180 kb Princeton

Xm v-9 X9J1 350 kb St Mary's
X9I11 300 kb St M ary's
X9B2 250 kb Princeton

Xmv-14 X14 B12 290 kb Princeton
X14F6 150 kb Princeton

Xmv-44 X44M2 380 kb St Mary's
X44F8 280 kb St M ary's
X44B9 215 kb St M ary's
X44M9 180 kb St M ary's

Pnd Pnd C9** 360 kb St M ary's
Pnd G7 210 kb Princeton
Pnd D11+ 190 kb Princeton
Pnd ElO 180 kb Princeton
Pnd D5 160 kb Princeton
P ndH 3 120 kb Princeton

*=consistently shows a second smaller YAC derived from the original 
**=at least 90% loss of YAC in culture
t=m ildly unstable shown by faint bands on autoradiogram below the YAC

In addition to the Princeton and St M ary's YACs, three other YACs were 

obtained from the | ICRF library which had been isolated by screening w ith a 

zinc finger probe known as Zfec 23 (provided by P. Little). This gene cluster 

was known to map to the same chromosomal region as Fv-1. The sizes of the 

three YACs were as follows:

Zn 5 (800 kb)
Zn 37 (550 kb)
Zn 38 (400 kb)
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All three YACs were slightly unstable, Zn 5 more so than the other two, as 

m anifest by the appearance of smaller, fainter bands on autoradiographs of 

pulsed field gels. Because the Zfec YACs were cloned from C3H DNA, they 

could not contain any of the Xmvs which were linked to Fv-P. These YACs 

w ere therefore not intended for positional cloning of the F v-P  allele, but 

w ould rather be of use in the building of a contig by virtue of their large insert 

size.

4.3 Beginning the Assembly of a Contig

As an aid to the positional cloning of Fv-1, attem pts were m ade to generate a 

YAC contig which it was hoped would span the most closely linked markers, 

as defined by the genetic m apping experiments.

N one of the Princeton or St M ary's YACs appeared to contain more than one 

m arker gene, judging from the screening results, a fact which m ade contig 

build ing m ore difficult. To confirm this, a panel of DNA samples in LMP 

agarose from each of the YACs was assembled and PCR reactions carried out 

using the Xmv and Pnd primers. A cocktail of all the prim ers was added to 

each reaction. These PCR results showed that indeed none of the m arker 

genes appeared  on the same YAC (see Figure 4.6). However, these data 

obviously did not exclude the possibility that overlap could exist.
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1 2 3 4 5 6 7 8 9  10 11 12

13 14 15 16 17 18 19 20 21 22 23 24 25

Figure 4.6 Xmv and Pnd PCR on Princeton and St M ary's YACs

1. X8H10 6. X8 04 11. X14F6 16. Pnd G7 21. -
2. X8G7 7. X9J1 12. X44M2 17. Pnd ElO 22. -
3. X8C9 8. X9 111 13. X44M9 18. Pnd 05 23. Zn 37
4. X8C7 9. X9 B2 14. X44B9 19. Pnd O il 24. Zn 38
5. X8F1 10. X14 B12 15. Pnd C9 20. Pnd H3 25. Z n 5

4.4 New Large-Insert YACs

At a later stage, an additional YAC library was made available by Princeton for 

screening by PCR. This library was generated from C57BL/6J female mouse 

DNA (Fv-P) and had an average insert size of 650 kb. Because of the apparent 

lack of overlap of YACs from the first two libraries, it was hoped that the 

large-insert clones would prove more useful in starting the construction of a 

contig. The library was screened for Xmv-9, Xmv-44 and Pnd. Several positive 

clones were located at the second level of screening. On perform ing colony 

PCRs on the clone stabs obtained, in several cases it was found that PCR-
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positive colonies could not be identified. From those vs^hich were identified, 

DNA in LMP agarose was prepared and run on pulse field gels. From  the 

hybridization results, it became apparent that all the YACs, with the exception 

of one or two, were highly unstable. Figure 4.7 shows three of these YACs.

1 2 3 4 5 6

Figure 4.7 Unstable Large-insert YACs
Lanes 1-2: X44 F2 Lanes 3-4: Pnd C6 Lanes 5-6: Pnd G8

In m any cases, although the yeast could be m aintained in culture, the 

autoradiographs showed no sign of a YAC. This indicated

either that these YACs were less than 40 kb in size, or that upon loss of the 

YAC, the vector arm s containing the selectable m arkers had  m anaged to 

integrate into the host genome. Table 4.2 shows a list of the YACs which were 

analysed. Despite their instability, some of the YACs could still used for PCR 

analysis and end-rescue experiments (see later). Only one of these YACs 

showed overlap; X44 FI was positive for Xmv-8.
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Table 4.2 Sizes and Stability of Several Large-insert YACs

Locus YAC Size C om m ents

Pnd PndC6 800-900 kb Highly unstable
Pnd G8 230-290 kb Highly unstable

Xm v-9 X9C9 690 kb M oderately unstable
X9G11 450-600 kb Highly unstable
X9C8 - Lost completely
X9F6 - Lost completely

Xmv-44 X44F2 700-900 kb Highly unstable
X44 A9 630 kb M oderately unstable
X44F1 500 kb Highly unstable

4.5 Contig Building Using YAC Ends

Several m ethods exist to establish the overlap betw een YACs. One involves 

the use of m ouse repeat PCR to generate a "finger p rin t" for each YAC. 

Com m on products w ould  then  indicate shared  DNA sequences. This 

approach was attem pted w ith some YACs from the Pnd locus, however, 

results were unsatisfactory and overlap could not be estim ated (data not 

shown). A second method requires the isolation of YAC insert ends for use as 

either DNA hybridization probes against other YACs or to generate PCR 

assays from sequences of these ends. It was decided to generate PCR assays 

from the ends as it was considered that this m ethod m ight yield results more 

reliably and rapidly than any other method. The largest Pnd and Xmv-9 YACs 

were used to start the overlap analysis. The Zfec YACs, because of their large 

size, were also used.

4.5.1 Isolation of YAC Ends by "Bubble" PCR

Several m ethods exist to isolate the ends of YAC inserts, adjacent to the 

arms of the vector. One of these is known as "vectorette" or "bubble" PCR
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(Riley et al, 1990). Despite their instability, Pnd C9, Pnd C6 and X44 A9 were 

used in this approach, as well as Pnd G7 and Pnd D ll. See Figure 4.8 for the 

theory behind this method. Primer locations in the YAC vector arms and 

the nucleotide structure of the "bubbles" used can be seen in Appendix 4.

Briefly, YAC DNA from LMP agarose blocks was digested to completion 

with either Hinf  I or one of a series of blunt-end cutters (Rsa I, Eco RV, Hinc 

II or Stu I). An appropriate double-stranded linker, or "bubble", containing 

an internal mismatch was then ligated to the YAC DNA. If DNA was blunt- 

end digested, then the Rsa I 'bubble" was used and if DNA was cut with 

H inf  I, then the H inf  I "bubble" was used. This w ould give rise to some 

molecules consisting of a section of YAC vector (either the left or the right 

arm) w ith a fragm ent of insert DNA w hich then term inated w ith the 

appropriate ligated "bubble"

A first round  of PCR was perform ed using the ligated m ixture as the 

template. One of the two primers in the PCR reaction (HYAC-C for the left 

arm  or HYAC-D for the right arm) anneals to the pBR322 region of the 

vector and extends, using the lower strand as its template. On reaching the 

ligated "bubble" the strand  com plem entary to the "universal bubble 

bottom" is synthesized. Only now can the other "bubble"-specific universal 

prim er (224) anneal and extend the other way, back tow ards the vector 

sequence, through the insert. This mechanism ensures a high degree of 

specificity in that only "bubbles" ligated to YAC vector sequences, via the 

insert, can serve as a template for PCR.
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HmcII or Stul
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HYAC-C HYAC-D

224

LS-2

224

1st
round
PCR
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round
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H in f  I s ite
224

RA-2d.___

Figure 4.8 Isolation of YAC Insert Ends by "Bubble" PCR



A second round of PCR was then performed using the 224 prim er together 

w ith primers internal to those previously used in the pBR322 region of the 

vector (LS-2 for the left side and RA-2 for the right) which further increased 

specificity and resulted in the synthesis of a short section of insert, flanked 

by a section of vector on one side and a section of '"bubble" on the other. The 

resulting PCR products were run on a 1.5% agarose gel and PCR products of 

a suitable size were purified by the spin-column m ethod and sub-cloned 

into a T-tailed vector. Typical second round "bubble" PCR results can be 

seen in Figure 4.9.

1 2 3 8 9 10

Figure 4.9 Second Round "Bubble" PCRs for the Left Side of YACs
Pnd G7 andPnd D l l

Lane 1: 0x17A-Hae III Lane 6: Pnd G7 {Rsa I/Rsa I)
Lane 2: Pnd D ll {Rsa l/Rsa  I) Lane 7: Pnd G7 {Rsa l/Eco RV)
Lane 3: Pnd D ll {Rsa I /Eco RV) Lane 8: Pnd G7 {Rsa I f  Hinc II)
Lane 4: Pnd D ll {Rsa l/H inc  II) Lane 9: Pnd G7 {Rsa l /S tu  I)
Lane 5: Pnd D ll {Rsa l/S tu  I) Lane 10: 0xl74-Hac III 

Note: the first enzyme indicates the "bubble" used and the second 
indicates the enzyme used to digest the YAC (see Table 4.3 for further 
details)
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Table 4.3 summarizes the YAC ends which were isolated by this method and 

shows the 'T>ubble" and restriction enzyme digest combinations which were 

used for each case.

Table 43  "Bubble PCR" Results

Product sizes with all combinations of "bubble" and enzyme are shown

Insert end Digest Bubble YAC
PndG7 Pnd Dll PndC9 PndC6 x44 A9

Left Hinf I Hinf I - - -700 bp - -600 bp*
Left EœR  V Rsa I 387 bp* -1300 bp t - - -

Left HmcII Rsa I -1500 bp - - - -

Left Rsal Rsa I 306 bp* 222 bp* -290 bp* 353 bp* -

Left S tu l Rsa I -1400 bp + - - - -

Right EcoRY Rsa I - - - - -300 bp
Right Hinc 11 Rsa I - - - 313 bp* -600 bp*
Right Rsa I Rsa I -1000 bp* - -270 bp* -100 bp -

Right S tu l Rsa I - -500 bp* - -590 bp

* = Sub-cloned into TA vectors and sequenced 
t  = Could not be sub-cloned

Only products of a certain size could be amplified w ith the PCR conditions 

used, i.e., ^ 2 kb. Some combination of digest and bubble usually gave a PCR 

product corresponding to either the left or right side. One limitation of this 

m ethod is that the Hinf  I 'bubble" cannot be used to isolate sequence from 

the right side of the YAC because H inf  I cuts betw een the HYAC-D PCR 

prim ing site and the YAC cloning site.

As indicated earlier, two rounds of PCR gives clearer results since, for 

example, if the RA-2 prim er were used without the first round of PCR, the 

homology of RA-2 to the endogenous yeast Sup4 gene w ould result in large 

amounts of non-specific priming.
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Single-stranded DNA was generated by rescue with helper phage M13K07 

w hich w as then sequenced in order to design new  PCR prim er pairs. 

Prim ers w ere tested on m ouse genomic DNA to determ ine optim um  

cycling conditions and to confirm the predicted  size of PCR product. 

Detailed analysis of each YAC end rescue is given below. The sequence 

generated and all resulting PCR prim er pairs and cycling conditions can be 

seen in Appendix 5.

Pnd G7: The 306 bp and 387 bp products from the left side of Pnd G7 were

sequenced. These products were of the correct structure. However, computer 

searches using the GCG PASTA program  revealed that approxim ately the 

first half of the sequence was homologous to a segm ent of a m ouse B1 

repeat element. The rem aining sequence was not sufficient to design a 

suitable prim er pair for this end of the Pnd G7. The ~1000 bp product from 

the right side of Pnd G7 was also sequenced in both orientations. From the 

"bubble" end, computer searches revealed that the first -300 bp contained 

extensive homology to a mouse LINE repeat element. The YAC vector end 

of the product, however, appeared to be free of any repetitive elements. PCR 

prim er pairs were designed which would amplify a 216 bp fragm ent from 

the right side of the YAC insert.

Pnd D ll: The 222 bp product from the left end of Pnd D ll  was sequenced

and found to contain elements of a mouse B1 repeat. It was therefore not 

possible to create a PCR assay for the left side of Pnd D ll. The -500 bp 

product from the right side did, however, yield suitable sequence. Primers 

were designed to amplify a 255 bp fragment.
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PndC9: Both the -290 bp left side product and the -270 bp right side

p roduct w ere sequenced, w hich allow ed prim ers to be designed that 

amplified a 135 bp and a 214 bp fragm ent respectively. W hen the 214 bp 

p rim er p a ir (righ t side) w as tested  on m ouse genom ic DNA, no 

amplification was observed. This pair did, however, amplify using Pnd C9 

YAC DNA taken from a LMP agarose block. An EcoRl site was discovered 

between the two PCR prim er sites, so it was probable that this YAC was a 

chim eric co-ligation p roduct (see discussion), m aking am plification of 

genomic DNA impossible. This prim er pair was of no further use for contig 

building. The left side primers worked well.

Pnd C6: Sequence from the 353 bp left side product revealed more mouse

B1 repetitive DNA. Homology was weak however, so a prim er pair was 

designed to amplify a PCR product of 206 bp. The right side 313 bp product 

gave sequence which allowed prim ers to be designed to amplify a 228 bp 

fragment. On testing the left side 206 bp prim er pair using m ouse genomic 

DNA, instead  of a [discrete band , a sm ear of DNA w as observed 

characteristic of the amplification of a repetitive element (see Figure 4.10).

X44 A9: The -600 bp product from the left side of X44 A9 was sequenced.

Once again, com puter searches revealed m ouse B1 repetitive elem ent 

homology with much of the sequence. The 5' end did  not appear to show 

homology, so one prim er was designed here and a second was designed 

inside the area of B1 homology which would amplify a 254 bp fragment. The 

-600 bp product from the right side was also sequenced. This showed no B1 

or LINE homology, so a prim er pair was designed to amplify a 255 bp 

product. Figure 4.10 shows test assays using the new PCR primers from the 

ends of Pnd C6 and X44 A9 on mouse genomic DNA.
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Figure 4.10 Testing PCR Primers from the Ends of YACs Pnd C6 and X44 A9
Lane 1: 0x174-Hag III 
Lane 2: Pnd C6 left (L cell DNA) 
Lane 3: Pnd C6 left (B6 DNA) 
Lane 4: Pnd C6 right (L cell DNA) 
Lane 5: Pnd C6 right (B6 DNA)

Lane 6: X44 A9 left (L cell DNA) 
Lane 7: X44 A9 left (B6 DNA) 
Lane 8: X44 A9 right (L cell DNA) 
Lane 9: X44 A9 right (B6 DNA) 
Lane 10: 0x174-Hag III

4.5.2 Testing YAC Chimerism

It was possible that some of the YACs analysed were chimeric, i.e., contained 

non-contiguous DNA. If this were the case, then the PCR products designed 

from the ends of these YACs would not correspond to loci on chromosome 

4 and w ould thus interfere with contig assembly. To resolve this matter, 

DNA from a series of hamster-mouse fusion hybrid cell lines was made 

available. Each cell line contained a un ique com plem ent of m ouse 

chromosomes so the PCR pattern  generated across this panel m ade it 

possible to determine with a reasonably degree of certainty whether a PCR 

reaction was am plifying DNA from m ouse chrom osome 4. These DNA 

samples were a gift from Y. Boyd (MRC Radiobiology Unit, Didcot).
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The hybrid cell panel included DNA from 15 hybrid lines and 6 control 

reactions. The chromosome distribution for the panel was not revealed for 

control purposes. Results were sent to Y. Boyd who indicated which 

particular amplification was derived from chromosome 4. Figure 4.11 shows 

a PCR results pattern consistent with a chromosome 4 product.

Figure 4.11 PCR Analysis of the Hamster/Mouse H ybrid Cell Panel

This particular assay is from an Xmv-9  YAC show ing a chrom osome 4 
pattern

The assay results for each primer pair are given below.

Pnd G7 right side (216 bp): It can be seen in Figure 4.12 that nearly every

sample produced a PCR band. This non-specific priming in the absence of a 

chromosome 4 pattern can probably be attributed to the presence of the LINE 

repeat element found in adjacent DNA (see earlier). U nfortunately for the 

purposes of defining overlap, this PCR reaction was not usable. The left side 

"bubble" PCR had B1 repeat sequence, so Pnd G7 proved fruitless.
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Figure 4.12 PCR of the Hybrid Cell Panel for Pnd G7 (right side)

Pnd D ll right side (255 bp) and Pnd C9 left side (135 bp): these PCR reactions 

showed that both prim er pairs were specific to chromosome 4.

Pnd C6 right side (228 bp) and X44 A9 left (254 bp) and X44 A9 right side (255 

bp): all three pairs of primers gave patterns inconsistent w ith chromosome 

4. The patterns seen suggested the presence of repetitive DNA or another 

chromosome (Figures 4.13 shows the result for Pnd C6 right).

In sum m ary, therefore, only the right side of Pnd D ll  and the left side of 

Pnd C9 gave useful PCR assays w ith which to help in the assembly of a 

contig. Results using these primer pairs on contig assembly can be seen in 

Table 4.5.
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Figure 4.13 PCR of the Hybrid Cell Panel for Pnd C6 (right side)

4.6 Isolation of YAC Ends by Plasmid Rescue

Although ""bubble" PCR was simple and quick to perform, in most cases it did 

not yield sequence information usable for contig building. Therefore, a second 

end-rescue m ethod developed by was tested (H erm anson et al, 1991). 

Linearized plasmids (pICL and pLUS) are introduced into yeast cells which 

then undergo hom ologous recombination into the YAC vector sequences. 

Once integrated, a plasmid composed of a section of insert flanked by a stretch 

of vector sequence can be rescued in E. coli (see Figure 4.14). The amount of 

DNA from which to select suitable PCR primers w ould, in theory, be greater 

than that obtained using ""bubble" PCR. The advantages and disadvantages of 

both methods will be discussed.
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Figure 4.14 Rescue of Insert DNA From the Left and Right Side of YACs Using pICL and pLUS



4.6.1 Transfer of St M ary's YACs into a RAD52 Background

Two of the YACs whose ends were to be rescued because of their relatively 

large size were from the St Mary's library (X9 J1 and X9 111). The yeast host 

has a rad52 genotype, which prevents homologous recombination. Because 

pICL and pLUS m ust integrate by hom ologous recombination, the YACs 

w ere transferred to a R A D 52 w ild-type background. This procedure is 

detailed in section 2.9. Briefly, YACs were m ated w ith yeast strain CG379, 

diploids selected and sporulated followed by dissection of several tetrads 

from  each YAC onto YPD plates. After several days growth, tetrads were 

replica-plated and selected for the presence of YACs and lys 2. The rescue 

plasm ids carry the LYS 2 gene to enable selection for recombinants on a lys 2 

background. A set of replica-plated tetrads was also y-irradiated. Yeast which 

w ere recom bination-deficient (jad52) were killed and those which were 

RAD52  (wild-type) survived. Only those yeast which were lys 2, survived 

irradiation  and contained a YAC were used for recombination. Suitable 

YACs w ere taken from the original plate on which the tetrads had been 

dissected. A summary table of the tetrad analysis is presented in Table 4.4.

All the  tetrads analysed in this case appeared  to be genuine tetrads. 

O ccasionally , d u ring  selection of te trad s from  a g lusu lase-trea ted  

sporulation mixture, it is possible to pick accidentally a false tetrad in which 

free spores have grouped together to form w hat appears to be a tetrad. If, as 

in this case, all the tetrads showed a 2:2 segregation for desired characteristics 

(YAC or the Lys gene for example) it was reasonable to assum e that they 

w ere genuine. For unknow n reasons, not all of the spores having the 

correct genotype grew well. Consequently, only spores l.c, 11.a, 15.a and 17.b 

could be used for recombination experiments.
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Table 4.4 Tetrad Analysis of St Mary's YACs X9 111 and X9 J1

Spore

Tetrad a b c d

1 YAC LYS 7 LYS WÆ lys

2 lys YAC LYS 7 lys YAC LYS 7

3 lys YAC LYS 7 LYS

4 LYS Y YAC lys YAC LYS lys Y

5 lys YAC LYS 7 lys YAC LYS Y

6 YAC LYS Y YAC LYS lys lys Y

7 YAC lys lys Y YAC LYS LYS Y

8 YAC LYS Y lys lys YAC LYS Y

9 YAC lys YAC LYS LYS 7 lys Y

10 YAC LYS Y LYS 7 YAC lys lys

11 lys LYS YAC LYS 7

12 YAC LYS Y lys YAC LYS 7 lys

13 lys Y LYS 7 YAC lys YAC LYS

14 lys Y YAC LYS 7 YAC LYS lys

15 LYS YAC LYS 7 lys

16 LYS WÆ. lys YAC LYS Y

17 lys WÆYAC LYS 7 LYS

18 YAC LYS 7 lys lys YAC LYS Y

> x 9 I ll

> x9Jl

YAC=Growth on 
aAHC medium

LYS=growth on 
-Lys meduim

y=growth after 
y-irradiation

O nly those spores having 
symbols YAC, lys and y can 

lys=no growth on be used for reœmbination 
-Lys meduim
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4.6.2 Transform ation of YACs w ith pICL and pLUS

YACs X9 Jl, X9 111, Zn 5 and Zn 37 were transformed with either linearized 

pICL (for the left side) or pLUS (for the right side) plasm ids. pICL was 

linearized at a Seal site within the amp gene and pLUS was linearized with 

Sail w ithin the YAC4 sequence (see Figure 4.14). YAC transform ants were 

selected on m edium  lacking lysine. Colony PCR was perform ed on several 

transformants in each case to determine which of the colonies obtained had 

arisen as a result of the desired integration event or by a non-specific 

in tegration of the plasm ids elsew here w ith in  the yeast genome. The 

primers and amplification conditions used can be seen in Appendix 4. In the 

case of a pLUS transform ant, an amplification product of 1855 bp was 

obtained only if integration had occurred into the YAC arm. No product was 

obtained from parental YAC DNA or from the pLUS vector. In the case of 

pICL transformants, following PCR, these products were digested with Pst I 

and the DNA run on a 1.5% gel. In cases where pICL integrated correctly, the 

PCR reaction generated an 870 bp product which could be cleaved by P s tI  

into 702 and 165 bp fragments. If pICL integrated into the endogenous lys2 

gene, the PCR product could not be cleaved. The parental YAC did  not 

amplify. Figures 4.15 and 4.16 show typical PCR results for X9 111 pICL 

transformants and X9 111 pLUS transformants.

DNA was prepared from the correctly transform ed YACs by the mini-prep 

method. Individual restriction digests were then carried out using one of a 

series of enzymes contained in the polylinker which had been introduced 

w ith the integration of pICL or pLUS (see Figures 4.14). Each of these 

enzymes cut w ithin the m ouse insert DNA at varying distances from the 

vector arm. Following digestion, the insert-vector fragm ents w ere self

ligated and used to transform E. coli by electroporation.
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1 2 3 4 5 6 1 2 3 4 5

870 bp 
705 bp

165 bp

1855 bp

1855 bp

Figure 4.15
FCR to Analyse Six X9 111 pICL Transformants

Colonies 1,2,4 and 6 gave 870 bp PCR products which 
when cut by Pst I gave 705 and 165 bp fragments which 
was indicative of correct integration. Colony 3, 
however, did not cleave implying that the plasmid had 
integrated into the endogenous lys2 gene. Colony 5 
gave no product, which suggested that this colony was 
a Iys2-^LYS2 revertant.

6 7 8 9 10

Figure 4.16
FCR to Analyse Ten X9 111 pLUS Transformants

Only those cases in which pLUS integrated correctly was 
a 1855 bp product amplified.



The bacteria w ere plated on appropriate antibiotic-containing medium. 

Plasmid m ini-preps were analysed from bacterial transform ants, to assess 

the structure of the plasmids, and the length of insert DNA which had been 

rescued with each particular enzyme. Figure 4.17 shows an example of the 

digests of several X9 111 plasm ids rescued with both pICL and pLUS. All 

plasmids were digested w ith Eco R1 and with Eco R1 plus the enzyme used 

to digest the Y AC DNA.

1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 4.17 Digests of X9 111 pICL and pLUS Rescued Plasmids

Lane 1: 0xl74-Hae III Lane 2: X-HindUl
Lane 3: BamHl pICL rescue, digested with EcoRl
Lane 4: BamHl pICL rescue, digested w ith EcoRl and BamHl
Lane 5: Sad  pICL rescue, digested with EcoRl
Lane 6: Sad  pICL rescue, digested with EcoRl and Sad
Lane 9: Sad  pLUS rescue, digested with EcoRl
Lane 10: Sad  pLUS rescue, digested with EcoRl and Sad
Lane 11: Kpnl pLUS rescue, digested with EcoRl
Lane 12: Kpnl pLUS rescue, digested with EcoRl and Kpnl
Lane 13: oxl74-Hac III and X-Hindlll
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W ith double digests of the pICL rescued plasmids, the release of the 5.3 kb 

vector fragm ent can be observed w ith the remaining fragments comprising 

the m ouse insert DNA. Similarly, a double digest of the pLUS rescued 

plasm ids reveals 1.8 and 2.3 kb vector fragments. The smaller fragments are 

the m ouse insert DNA. Restriction m aps of the rescued plasm ids from X9 

111, X9 Jl, Zn 5 and Zn 37 were constructed using the data from the single 

and double digests and can be seen in Figures 4.18 and 4.19.

4.6.3 Sequencing YAC Ends for PCR Primer Design

These sequences, PCR prim er pairs and amplification conditions can be seen

in Appendix 5.

X9 111: The 2.3 kb EcoRl fragm ent from X9 111 pICL B am H l-rescued

plasm id and the 1.4 kb SflcI-EcoRl fragment from the pLUS Sacl-rescued 

plasm id were sub-cloned into M13 and sequenced. The right side (pLUS) 

revealed extensive hom ology to a LINE repeat elem ent by com puter 

analysis, thus a PCR prim er pair could not be designed. PCR primers for the 

left side (pICL) revealed no such homology and a primer pair was designed 

to amplify a 244 bp fragment.

X9J1: The Sac I-rescued pLUS plasm id was sequenced directly using

the pLUS prim er (see Appendix 4). The quality of the sequence was such 

that only the first ~200 bp could clearly be read. This, however, revealed a 

series of at least three 84-86 bp repeat elements each containing an Eco R1 

site and  several sm all sequence differences betw een the elem ents. A 

computer search showed that these tandem repeats were, in fact, zinc fingers 

sequences.
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Figure 4.18 Restriction Digest Maps of Rescued Plasmids From X9 111 and X9 Jl
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The m ouse insert DNA appears to have been cloned on the right side at one 

of the repeated Eco R l sites. The 2.5 kb Eco R l fragm ent at this end of the 

YAC was sub-cloned into M l3 and sequenced. Due | to conserved Eco Rl 

site in the repeat, the tandem  repeats were lost in this subcloning. The 

adjacent sequence in the 2.5 kb fragment still showed some homology to the 

repeats for approxim ately 100-120 bp. The clone was sequenced from the 

o ther end which revealed no apparent hom ology to either the tandem  

repeat or to other m ouse repeat elements. How ever, for reasons given 

below, this sequence could not be used for prim er design. From the pLUS 

Sac I-rescued plasm id, the 5'-m ost 0.9 kb Sac I-Eco R l fragm ent was 

sequenced. This showed no adverse homology against the com puter data 

base so a primer pair was designed to amplify a 243 bp fragment.

From the X9 Jl pICL clones (left side), the 1.0 kb Eco Rl-Bam  H I and the 

2.5kb Eco R l fragments were sub-cloned into M l 3 and sequenced from the 

YAC cloning end. Surprisingly, this proved to be the almost identical to the 

sequence just obtained from the 2.5 kb Eco R l fragment from the pLUS end 

350 kb away, but with several point mutations in the readable sequence (see 

Figure 4.20). The sizes of the two 2.5 kb fragments from opposite ends of the 

YAC w ere show n to be identical w ith in  the lim its of agarose gel 

electrophoresis. The 1.1 kb Eco Rl fragment from the Sac I pICL plasmid was 

sequenced in an attem pt to bypass the area of repeats. This fragm ent, 

however, also showed zinc finger homology. Finally, the most 3' 1.2 kb Eco 

Rl-Sac I fragm ent was sequenced. Com puter searches found no homology 

and a prim er pair was designed to amplify a 255 bp fragment.
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1 g a a t t c . . . c a t g t t t c t t t g a g t g t t c c t a c t a t g t g c t t a t g t a a a t g  4 6 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

1 g a a t t c c t t t t a c t t t c t t t g a g t g t t c c t a c t a t g t g c t t a t g t a a a t g  50

47 c t c t g a g a t a t c c a g a g a c t c c t g a a t g a g g g a a a t t c t a g t t a a a a t c a  96 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

51 c t c t g a g a t a t c c a g a g a c t c c t g a a t g a g g g a a a t t c t a g t t a a a a t c a  100

97 t a a c t t t t t c a t t g t g t t t c c t t t a c a t t t c t c t g c t t t c t t t g g a a a a g  14 6 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

101  t a a c t t t t t c a t t g t g t t t c c t t t a c a t t t c t c t g c t t t c t t t t g a a a a g  150

147  t a a c c a c t g c t a t a t t c t c t g a g g t c a c t c c t t a t c t c t t a t c t a g c t t c  196  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

151  t a a c c a a t g c t a t a t t c t c t g a g g t c a c t c c t t a t c t c t t a t c t a g c t t c  200

197 a g t g a a g t t a a a a a a g t t c a a g a a a a a a t t t a a a t a t c c a g a a c a a g a a a  24 6 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

2 0 1  a g t g a a c t t a a a a a a g t t c a a g a a a a a a t t t a a a t a t c c a g a a c a a g a a a  250

24 7  t t a t a t t t c t a t a c a t a t a a t a g t t g c a t t t a t . a a a a a t c t t a c t a t t g  295  
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

2 5 1  t t a t a t t t c t g t a c a t a t a a t a g t t g c a a t t a t a a a a a a t c t t a c t a t t g  300

2 96 c a t t a a a a t g t a c c c t t a t t t a t g a a t g t a a a a t a t a c a a g g  337  
I I I I I I I I I I I I I

3 0 1  c a t t a a a a t g t a t c .........................................................................  314

Figure 4.20 A Comparison of Sequences Obtained from X9 J l

These sequences are from 2.5 kb fragments from opposite ends of the YAC:

Zn 5: A 1.1 kb Eco Rl-Sph  I and a 1.2 kb EcoRl-EcoRl fragm ent from

the Sph I and BamHl-rescued pICL plasm id respectively were sub-cloned 

and sequenced. These contained no repeats so PCR primers were designed to 

amplify a 1000 bp fragment. From the pLUS Xba I-rescued plasm id a 0.3 kb 

Eco R l fragm ent was sub-cloned and sequenced. Again this showed no 

adverse homologies so a PCR prim er pair was designed to amplify a 229 bp 

fragm ent.
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Zn 37: A 0.7 kb EcoR l-Sph l  fragm ent from the Sp/il-rescued pICL

plasm id was sequenced. No adverse repeat element homologies were found 

by com puter searches. PCR prim er pairs were designed to amplify a 226 bp 

fragm ent. The 0.45 kb Eco R l fragm ent from the Bam H I-rescued pLUS 

plasm id was sub-cloned and sequenced. Again, no homologies were found 

and PCR prim er pairs were designed to amplify a 240 bp fragment.

4.6.4 Testing YAC Chimerism

As w ith  the YAC ends isolated by "bubble" PCR, the ends isolated by 

plasm id rescue were tested for chimerism using the hamster-mouse hybrid 

panel. The PCR prim er pairs were first tested on genomic DNA (data not 

shown) to dem onstrate that they functioned correctly. PCR prim ers and 

assay conditions can be seen in Appendix 5

The PCR resu lts for X9 111 (left side) are  show n in Figure 4.21. 

Unfortunately, as w ith several previous cases, the product appeared to be 

either a repeat element, which was not indicated by com puter homology 

searching, or this end was in fact chimeric with the mouse X chromosome. 

This chromosome was known to appear in all samples except the negative 

and ham ster control ON As. These data, together with the right side of X9 111 

being homologous to a LINE repeat element, m eant that this YAC could not 

be used  in  contig build ing. Both ends of X9 Jl gave PCR patterns 

characteristic of chromosome 4. This was also the case for both ends of Zn 5 

and Zn 37 although the levels of background in the Zn 5 reactions were 

quite high (not shown).
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Figure 4.21 PCR of the Hybrid Cell Panel for X9 111 (left side)

4.7 Contig Building By PCR Analysis

From nine YACs, PCR assays were only available from 8 of the possible total 

of 18 ends:

Pnd D ll (right): 255 bp 

Pnd C9 (left): 135 bp 

X9 Jl (left): 255 bp 

X9 Jl (right): 243 bp

Zn 5 (left): 1000 bp 

Zn 5 (left): 229 bp 

Zn 37 (left): 225 bp 

Zn 37 (right): 240 bp

Reactions were carried out using the above PCR reactions to determ ine 

overlaps with the same YAC panel as that described in Figure 4.6. In addition, 

the most stable of the new large-insert YACs were included in the PCR assays. 

Although the Zfec YACs had been included in the earlier PCRs, they were 

known to be negative for the Xmvs, since they are absent from C3H DNA (the 

source of DNA for the ICRF library). How ever, the loci at w hich the
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proviruses integrated should be present in all strains of mice. By designing 

new PCR oligonucleotides from flanking sequence immediately following the 

LTRs from each of the Xmvs (see Figure 3.2), it was possible to use the Zfec 

YACs in contig building by virtue of the presence or absence of these loci in a 

given YAC.

U nfortunately it was evident from the X9 Jl and Zfec PCRs that repetitive 

elements were being amplified by these prim ers in almost all YACs tested. 

This m ade their use in contig building extremely limited. In several cases, the 

PCR products were of different sizes to those predicted from the sequence 

information used to design the prim er pairs. This was particularly noticable 

with both ends of X9 Jl. Figure 4.22 shows the assay for the right side of X9 Jl.

As indicated from earlier results, no two of the provirus elements appeared 

in the same YAC, however, on the inclusion of X44 FI (one of the new large 

YACs) it was revealed that both Xmv-44  and Xmv-8  were present on this 

YAC. Although this YAC was highly unstable, its maximum observed size of 

500 kb. This m eant that the two Xmvs m ust lie w ithin this distance of each 

other, unless of course, this YAC was formed as a result of deletions from a 

larger YAC. Some of the most informative reactions were those using the 

Xmv flanking PCRs on the Zfec YACs. These reactions revealed a precisely 

defined overlap betw een the three YACs. They did not, however, apear to 

contain the Pnd locus.
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3 4 5 6 7 8 9 10 11 12 13 14

15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

Figure 4.22 PCR Analysis of YAC DNAs for Contig Building

This PCR assay from the right side of X9 Jl generates a 243 bp product. This 

assay, however, gives products of several sizes, notably in Pnd G7 (lane 17).

1. 0x174 7. X8D4 13. X44 B9 19. Pnd D5 25. -

2. X8H10 8. X9J1 14. 0x174 20. Pnd D ll 26. Zn 37
3. X8G7 9. X9 111 15. 0x174 21. Pnd H3 27. Zn 38
4. X8C9 10. X9 B2 16. Pnd C9 22. X14 B12 28. Z n 5
5. X8C7 11. X44M2 17. Pnd G7 23. X14F6 29. 0x174
6. X8F1 12. X44M9 18. Pnd ElO 24. -

The results of the PCR analysis using the Xmv primers and those from the 

YAC ends listed above, can be seen in Table 4.5.

135



Table 4.5 PCR Results Used for Contig Assembly

x8 x9 xl4 x44 Pnd Zfec
HIO G7 C9 C7 FI 04 Jl 111 B2 C9 Gll B12 F6 M2 B9 M9 F2 A9 FI C9 G7 Dll ElO D5 H3 C6 5 37 38

Xmv-8 + + + + + + + + + +

Xmv-9 + + + + + +
Xmv-14 + + 4- +

Xmv-44 + + + + + + + + +

Pnd + + + + + + +

Pnd Dll right + +

Pnd C9 left + +

x9 Jl left + a ± a + a ± a + a + a ± a + a + a + a + a + b + b + b + a + b +  a +  a + at
x9 Jl right + a + a + b + b + a + a + a + a + a + b + a + b + a + a + a + c + a +  a + a + a

Zfec 5 left + + + + + + + ± + + + + + + + + +

Zfec 5 right + + + + + + + + + + + + + + + + + +

Zfec 37 left + + + + + + ± + + + ± ± ± ± + ± + + +

Zfec 37 right ±b ±b ±b + a ±b + a + a

+ Positive PCR reaction
± Weakly positive PCR reaction

Note: The Xmv PCRs carried out on the Zfec YACs are, in 
fact, reactions of the Xmv flanking PCR and detect only 

a,b,c Occurence of more than 1 size of product locus at which the proviruses integrated.



Attempts to combine all this information into a viable contig proved to be far 

from satisfactory. However, a ''best guess" is presented in Figure 4.23 which 

also takes into account information from the genetic m apping data, which 

separates X m v-8 ,14 and 44 from Xmv-9 and Pnd. Zn 5 is the only YAC which 

spans the recombination point for certain, because of the presence of all four 

Xmv integration loci. We have placed Xmv-14  at the left of the contig, but 

this locus could also be to the right of Xmv-8 and 44. The position of X44 FI is 

determined solely by the fact that it contains Xmv-8  and 44; its overlap with 

X9 Jl cannot be established on the basis of this data. The position of X9 Jl was 

not clear, because of the polymorphic nature of the PCR reactions generated 

from its ends. The most useful X9 Jl PCR result came from the fact that X9 Jl 

(right side) appeared to overlap w ith two of the Pnd YACs, which was not 

observed with any other YAC end. The size of the product amplified from the 

Pnd C9 YAC (243 bp) was of the size expected, whereas that from Pnd G7 was 

different (-400 bp; see Figure 4.22). We therefore positioned X9 Jl so as to 

overlap w ith Pnd C9 but not Pnd G7. There was also some contradiction in 

the positioning of the Pnd YACs: in order for all these YACs to contain the 

Pnd locus, the right side assay for Pnd D ll  had to coincide with both Pnd G7 

and Pnd C9, even though Pnd C9 was negative for this PCR.

It had been hoped that assembling a contig w ould enable the systematic 

screening of a group of overlapping YACs, so that the area in which Fv-1 was 

thought to lie could be covered in the most efficient manner. A lthough we 

achieved limited success in contig building, the m apping information, which 

positioned Xmv-9, Pnd and Fv-1 w ithin 1,200 kb of each other, proved most 

valuable in narrowing down the position of Fv-1.
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Zn5

Zn37

Zn38

X44F1

lOOkb

> X 9 J1

>  PndC9

Pnd G7 

Pnd D ll
/  \% X

X14 X8 X44 X9 X9 Pnd Pnd Pnd

one
Jl left Jl right D ll right C9 left

recombinant
V -------------------------- V ------------------------------

Fv-1 lies within 1,200 kb of Xmv-9 and Pnd

Figure 4.23 "Best Guess" YAC Contig 

Note: The YACs are draw n to scale but the degree of overlap m ay not be 

correct. Pnd C9 and X44 FI cire included, despite their instability.
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Chapter 5
Introducing YACs Into Mouse Cell Lines 

and Using a M odified Assay 
to Detect F v -1  Activity

In order to assay particular YACs (derived from Fv-1^ DNA) to determine if 

they carried the Fv-1 gene, they had to be transfected into a cell line lacking 

this allele. If Fv-1 was successfully introduced it w ould cause a phenotypic 

change in the cell line, i.e., causing it to restrict N -tropic virus. It was 

im portan t to be able to introduce the YACs in their entirety (spheroplast 

fusion w ou ld  achieve this) to ensure that a YAC could not be mis- 

characterized as not carrying Fv-1, merely because it had failed to integrate 

completely. The choice of cell lines used for fusion depended not only upon 

their ability to fully integrate YACs at a high frequency, bu t also for these 

events to be detectable simply by PCR analysis.

This chapter describes the w ay in which YACs were m odified to allow 

selection following fusion, and the PCR analysis which was used to identify 

successful fusion events. The use of three different cell lines, the degree of 

success w ith each, and the Fv-1 assays carried out following fusion will be 

described.

5.1 Retrofitting YACs

The plasm id pRVl was used to transform  the YACs, which were thereby 

m odified to carry the neo^ gene, by the process of one-step gene disruption. 

This w ould enable their selection after entry into a mouse cell. The plasmid 

was digested with HindlLl to remove a small stuffer section, leaving a linear 

fragm ent w ith truncated URA ends (see Figure 5.1).
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LYS2

URA’

pRVl
12.5 kb

EcoRl^^^ 

H in d ll l '— ^  URA' 
EcoRl

H indlll

Hindlll

URA'

Amp TRP1-CEN4

Amp TRP1-CEN4 _ irisert

insert ys

j

EcoRl ^

Electroporate

URA'

URA

URA' n e o "  LYS2 URA'

Figure 5.1 Retrofitting a YAC With neo^ by One-Step Gene Disruption

YACs w ere electroporated w ith linearized pRVl and p lated onto -L-T 

m edium  upon which transform ants grew. Usually between 50-200 colonies 

appeared per 500 ng plasmid. Several -L-T colonies were replica plated onto 

-U-T m edium  to determine whether the URA3 gene had been disrupted by 

the insertion of pRVl (only untransform ed YACs can grow only on -U-T 

plates). In most cases, about 70% of the picked colonies could not grow on -U- 

T, indicating that these transformants were appropriately targeted. This figure 

w as in good agreem ent w ith p revious experim ents (Srivastava and 

Schlessinger, 1991). It is probable that the 30% unsuccessful transform ants 

(ones which grew on both -L-T and -U-T) had arisen due to insertion of pRVl 

into the inactive UR A3  gene in the yeast host chromosome, instead of 

disrupting the YAC URA3 gene.
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5.2 The Choice of Mouse Cell Line for the First Fusion Experiments 

The YACs which were available for cloning Fv~l were from Fv-Pf^ mouse 

DNA. To detect phenotypic change upon introduction of a YAC carrying this 

allele, the cell line to be used had to be either Fv-1^^^^ or Fv-1^/^. The cell line 

3T3FL appeared to be appropriate for this purpose, and could

potentially also be used to clone the Fv-1^ allele from the large C3H YACs. If 

necessary, NIH-3T3 cells (Fv-1^/^) were also available for fusion.

PCR reactions were carried out on 3T3FL DNA to ensure that this line was of 

a suitable genotype to enable the detection of YACs carrying the Xmvs 

associated w ith Fv-P. Figure 5.2 shows a PCR analysis of the 3T3FL DNA 

using both the Xmv and Xmv flanking PCR assays.[These data revealed that 

3T3FL DNA genotypically resembled Fv-1^ DNA and was therefore suitable 

for use in the fusion experiments. Since the mouse cell line already had the 

Pnd locus, a method was needed which would make it possible to distinguish 

the endogenous Pnd from the incoming Pnd locus on a YAC. The use of the 

polymorphic Pnd PCR assay used in the genetic m apping experiments made 

this possible. 3T3FL DNA also resembled Fv-1^ DNA with respect to its Pnd 

allele (data not shown). These genetic data cannot explain the fact that the 

original cell line from which 3T3FL cells were derived was designated as Fv-1^ 

(Todaro, 1972; see section 1.4.3).

5.3 Fusions Using 3T3FL Cells

The genetic m apping data indicated that of the m arkers used to screen the 

YAC libraries, Xmv-9 and Pnd were the closest to Fv-1 (lying at most 1,200 kb 

from one another). At the time the fusion experiments were started however, 

these data were not yet available.
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2 3

9 10 11 12 13 14

Figure 5.2 Control PCRs on 3T3FL DNA

DNA Primers 
Lane 1: 0x174-Hag III 
Lane 2: Fv-P  All Xmvs 
Lane 3: 3T3FL
Lane 4: Fv-P Xmv-8  flank 
Lane 5: 3T3FL
Lane 6: Fv-1^ Xmv-9 flank 
Lane 7: 3T3FL

DNA Prim ers 
Lane 8: 0x174-Hag III 
Lane 9: 0x174-Hag III 
Lane 10: Fv-1^ Xmv-14 flank 
Lane 11: 3T3FL
Lane 12: Fv-P Xmv-44  flank 
Lane 13: 3T3FL 
Lane 14: 0x174-Hag III

Consequently, the following YACs were the first to be retrofitted with pRVl: 

X8 G7, X14 B12 and Pnd D ll. Each YAC was then fused with 3T3FL cells. For 1- 

2 days after the fusion, under G418 selection, the mouse cells continued to 

divide normally. After this time, there was a sudden halt in growth at about 

-60-70% confluence. Over the next 10-12 days, the cells died and detached 

from the plate leaving no cell colonies.

The fusions were repeated using varying degrees of spheroplasting of the 

yeast cells and different PEG incubation tim es, these were, however.
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unsuccessful. After a final experiment in which the original conditions were 

again tried, the Pnd D ll  fusion yielded G418-resistant colonies. Of the 1x10^ 

m ouse cells used in the fusion, only two actively growing colonies were 

isolated on day 14. They were recovered with a cloning ring and expanded to 

-90% confluence in 6 cm dishes. G418 selection was m aintained throughout. 

The grow th characteristics of these cells appeared to be norm al. Several 

slower-growing colonies were also isolated. These, however, d id  not grow 

when expanded to 6 cm dishes, even though the cells initially adhered to the 

plate; these cells were discarded. The cells from the healthy colonies were split 

further, ready for the Fv-1 assay. It was noticed that after 3 days growth, on all 

bu t two of the plates, the growth characteristics of the G418-resistant lines 

appeared to have altered slightly. The cells grew rapidly, bu t on reaching 

about 60% confluence, in one or two places the cells would clump together on 

the plate and form small irregular-shaped foci, as though contact inhibition 

had been lost due to a spontaneous transform ation process (Todaro, 1972). 

This effect did not appear to cause any problems and was not noticeable once 

the cells were confluent.

5.3.1 PCR Analysis of G418 Resistant Colonies

Pnd D ll-transform ed cells were harvested from a 5 cm dish from which 

DNA was prepared for analysis by PCR to determine if the fusion had been 

successful. To detect unique YAC sequences, several PCR reactions were 

carried out. Firstly for the neo^ gene in the right arm, whose PCR primers 

gave a product size of 130 bp. Secondly, left arm-specific primers which gave 

a product size of 200 bp  which were designed to am plify the junction 

betw een pBR322 sequence and the yeast SUP4 gene sequence in the left 

vector arm. Finally a PCR for the marker gene (in this case the polymorphic 

Pnd  PCR assay) w as perform ed. Prim er sequences and am plification 

conditions can be seen in Appendix 3.
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In both Pnd D ll  lines the neo^ sequence was present, as expected by their 

G418 resistance. The polym orphic Pnd PCR, after digestion w ith P vull, 

showed that the original 3T3FL cell line did not have the Pvull site, leaving 

the full length 257 bp product. W ith the fusion cell line, how ever, in 

addition to the 257 bp band, the smaller band could be seen (127 and 128 bp) 

which was characteristic of Fv-1^ DNA and resulted from the YAC PCR 

product having been cut at the Pvull  site. The PCR for the left arm was, 

however, negative in both. Figure 5.3 shows the assay results for the first of 

these cell lines.

1 2 3 4 5 6  7 8 9  10

Figure 5.3 PCR Analysis of the Fusion Cell Line Pnd D l l

Lane 1: 0x174-Hag IE Lane 6: Left arm PCR on 3T3FL DNA
Lane 2: Pnd PCR on 3T3FL DNA Lane 7: Left arm PCR on Pnd D ll  DNA
Lane 3: Pnd PCR on Pnd D ll DNA Lane 8: Positive control for left arm
Lane 4: neo^ PCR on 3T3FL DNA Lane 9: Xmv PCR
Lane 5: neo^ PCR on Pnd D ll DNA Lane 10: 0x174-Hag III
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It was evident, therefore, that part of the YAC had not integrated, although 

how much to the left of the Pnd locus was lost could not be determined. A 

negative control Xmv PCR was also performed.

5.3.2 Virus Infectivity Assay

The Pnd D ll  resistant cell lines were infected separately with NB-, N- and B- 

tropic MuLV, followed by a reverse transcriptase assay to quantify the level 

of viral replication which had taken place in the cells. All three virus types 

should replicate well in the 3T3FL cells, however, if the Fv-1^ gene is 

introduced on the YAC, the N-tropic virus titre should drop -100 fold. Both 

the NB- and B-tropic titres acted as positive controls. Scintillation counting 

results of the first assay is shown in Table 5.1. The second Pnd D ll  line gave 

similar results. The RT levels suggest that there was no reduction in N- 

tropic viral replication, therefore im plying that the Fv-1^ gene was not 

present on the section of the Pnd D ll  YAC which had integrated.

Table 5.1 Reverse Transcriptase Assay on the Pnd D ll Fusion Cell Line

(two days post-infection)

V irus Quantity of Virus CPM from Concentrated Virus

Used for Infection Recovered from Culture M edium
NB 500 pi 12,808
NB 2 5 pi 6,611
N 500 pi 17,247
N 25 pi 5,229
B 500 pi 12,203
B 25 pi 4,957
- - 5,419
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5.4 Fusions Using NIH-3T3 Cells

Due to the extremely poor levels of successful fusion using 3T3FL cells, the 

NIH-3T3 cell line was used as an alternative. The YACs Pnd G7 and X9 B2 

were chosen for this experiment.

5.4.1 Retrofitting Pnd G7 and X9 B2

Both Pnd G7 and X9 B2 were transform ed with pRVl. However, when the 

X9 B2 transform ation m ixture was plated onto -L-T, to select for pRVl 

transform ants, there was a lawn growth instead of discrete colonies. Upon 

analysis of the original X9 B2 clone stocks, it was found that the one selected 

for transform ation was a Lys 2->LYS revertant. This allowed the culture to 

grow  in the absence of lysine. An alternative culture stock was used which 

worked as expected.

A problem  was also encountered upon replica plating transform ed -L-T 

colonies from  Pnd G7 onto  -U-T m edium , to select for genuine 

transform ants. All colonies grew  instead of the -30%  expected. No 

explanation of this could be pu t forward, so high molecular weight DNA 

was prepared from several of these to see if it was possible to determine the 

fate of the YAC. Pulsed field gels were run and probed with pBR322. From 

both the ethidium  stained gels and autoradiograms, it became evident that 

the problem  was caused by the presence of two YACs of very similar size in 

the same yeast cell. Upon close examination of the original autoradiograms 

used for sizing Pnd G7, this YAC appeared to be "fatter" than other YACs, a 

fact w hich had not been noticed before. Both of them  appeared to be 

m aintained in a stable fashion. Only one of the two YACs appears to have 

integrated pRVl (indicated by an increase in size; data not shown), leaving 

the other URA  sequence in the second YAC intact, so allowing the yeast to 

grow  on -U-T plates. O thers have reported finding double YACs after 

retrofitting with other plasmids (Davies et al, 1992).
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5.4.2 Separation of Double YACs

Because Pnd G7 was potentially very useful, it was decided to separate and 

isolate the YAC of interest from the culture. Pnd G7 was m ated w ith the 

non-Y AC containing strain YPH857, sporulated, dissected (in the same 

m anner as that used in m anipulation of the St M ary's YACs) and YACs 

selected on -U-T medium. Of the 20 tetrads dissected, in only five of these 

did  all four spores grow. The reason for this poor spore viability is not 

known. The fact that in five cases all spores did grow, confirmed that there 

were indeed tw o YACs present, since a single YAC (because of a 2:2 

segregation pattern) would have only allowed two spores to grow.

A Pnd colony PCR reaction was carried out on three tetrads to demonstrate 

that Pnd G7 was present in only two of the four spores in each tetrad (2:2 

segregation). The other two spores gave negative results, which confirmed 

the presence of an unidentified  YAC. A m ating type PCR w as also 

perform ed to confirm that the tetrads were genuine. The a and a m ating 

type genes also segregated 2:2 as expected. Figure 5.4 shows these assays on 

the tetrads. It was then possible to select a pure Pnd G7 YAC which could be 

retrofitted.

5.4.3 Fusing Pnd G7 and X9 B2 W ith NIH-3T3 CeUs

Fusions were carried out as before, bu t again, several attempts were needed 

before any G418-resistant colonies were obtained. Four colonies of X9 B2 

cells and only one from the Pnd G7 fusion were isolated and successfully 

expanded. Again, several slow growing colonies were lost upon expanding 

onto 6 cm dishes.
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a a a a a a a a

Pnd PCR 
(323 bp)

MAT a 
(544 bp)

MAT a  
(404 bp)

Figure 5.4 Pnd and Mating-Type FCR Analysis on Pnd G7 Tetrads

Three tetrads are shown: 1st tetrad (lanes 1-4), 2nd tetrad (lanes 5-8), 3rd tetrad (lanes 9-12). 
The first gel shows the Pnd PCR results. The unidentified YAC did not amplify. The second 

gel shows the MAT PCR results. All products give a 2:2 segregation pattern.



5.4.4 PCR Analysis of G418 Resistant Colonies

PCR analysis on G418-resistant colonies was carried out as before using the 

neo, left side and polym orphic Pnd or Xmv-9 primers. Figure 5.5 shows the 

PCR assay results.

1 2 3 4  5 6 7 8 9

10 11 12 13 14 15 16 17 18

Figure 5.5 PCR Assays on NIH-3T3 Fusion Cells Lines

Product sizes:Xmv-9 (174 bp), neo (130 bp), left arm (200 bp), Pnd (323 bp)
Poly Pnd (257 bp cuts with Pvull to give 128+129 bp if the Fp-1 M inked allele 
has integrated; the Fi?-1 ̂ -linked allele remains uncut).

Cell line PCR +/- Cell line PCR +/

Lane 1: X9 B2#l X m v-9 + Lane 10: X9 B2#3 left arm -

Lane 2: .. ne o + Lane 11: X9 B2#4 Xmv-9 +
Lane 3: .. left arm - Lane 12: .. neo +
Lane 4: X9 B2#2 Xm v-9 - Lane 13: .. left arm -

Lane 5: .. ne o + Lane 14: Pnd G7 poly Pnd +
Lane 6: .. left arm - Lane 15: Pnd +
Lane 7: Xm v-9 - Lane 16: neo +
Lane 8: .. ne o + Lane 17: left arm -

Lane 9:0x174-Hae III Lane 18: 0x174-Hae III
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The PCR revealed that neo  ̂was present in all cases, but as before, in no case 

d id  the entire Y AC integrate (as shown be the absence of the left arm 

product). In fact, in the second and third X9 B2 colonies, neither the left side 

or the Xmv-9  locus had integrated. The smaller bands in the polymorphic 

Pnd PCR shows that the Pnd allele carried on Pnd G7 did integrate.

5.4.5 Virus Infectivity Assays

The five G418-resistant cell lines were assayed for Fv-1 activity by infection 

with NB-, N- and B-tropic virus as before. The results of this assay can be 

seen in Figure 5.6. As with the 3T3FL cells, the NB-tropic virus acted as the 

positive control, however in this case, the B-tropic virus acted as a negative 

control since NIH-3T3 cells were Fy-Ï”/" and therefore restrict B-tropic virus.

NB N B
No

500 25 500 25 500 25 virus

Pnd G7

X9 B2 #1

X9 B2 #2

X9 B2 #3

X9 B2 #4

Figure 5.6 RT Assays on X9 B2 and Pnd G7 Cell Lines

Note: numbers indicate |il of supernatant assayed
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It is evident from the autoradiogram  that the levels of N -tropic virus were 

not affected, so the conclusion was that those sections of Pnd G7 and X9 B2 

YACs which had  integrated d id  not include a functional Fv-1^ allele. 

Because of the partial integration of these YACs here and in the earlier 

experiment, it was not possible to say that these YACs did  not contain Fv-1^. 

This problem could only be resolved by achieving complete integration.

5.5 Fusions Using L Cells

It was vital to achieve complete integration of YACs at a reasonable frequency. 

3T3FL and NIH-3T3 cells did not meet either of these criteria, so a th ird  cell 

line was chosen for the fusion assay, namely L cells (LM TK ). As w ith the 

previous cell lines, DNA from L cells was analysed by PCR to determ ine 

w hether the introduction of Fv-1^ DNA on a YAC could be detected. The 

Xmvs w ere show n to be absent and the polym orphic P nd  PCR was 

characteristic of Fv-1^ DNA (data not shown). As will be show n later, L cells 

were also of the correct Fv-1 genotype to be used for fusion experiments w ith 

Fv-P-derived  YACs.

The previously retrofitted YACs Pnd G7 and X9 B2 were fused w ith L cells 

using the unmodified protocol. On the first attempt, after 10-12 days of G-418 

selection, several G418-resistant colonies w ere observed in bo th  fusion 

experiments. The growth characteristics of these cells was quite different from 

either of the cell lines used earlier. Colonies w ere com posed of sm aller, 

tightly associated cells, as opposed to the more loose aggregations of the 3T3 

cells types. This also m ade it much easier to identify G418-resistant colonies a t 

an earlier stage.
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Eight X9 B2 and twelve Pnd G7 L cell colonies were picked and expanded. 

Once again, several m ore colonies did not survive this process. PCR assays 

were carried out on DNA preparations from all twenty G418-resistant lines to 

test for the presence of neo, the left side and the marker gene (Figure 5.7).

1 2 3 4 5 6 7 8 9  10

Left side (200 bp) 

neo (130 bp)

Left side (200 bp) 

neo (130 bp)

11 1213 14 15 16 1718 19 20

Figure 5.7 PCRs to Detect YAC Sequences in X9 and Pnd Fusion Cell Lines

Lanes 1-8: X9 B2 fusion cell lines 
Lanes 9-20: Pnd G7 fusion cell lines

In 11 out of the 20 clones, both PCR products were detected. In 8 other cases, 

only neo was amplified and in one case (lane 5), neither product was seen. 

Since this last clone grew in the presence of G418, it is difficult to see how this 

line could have been negative for neo. This rather curious phenom enon has 

also been seen by other workers (C. Huxley, pers. comm.). Figure 5.8 depicts 

the Xmv-9  assays. The polym orphic Pnd assays on the Pnd G7 clones are 

shown in Figure 5.9.
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1 2 3 4 5 6 7 8

Xmv-9 (174 bp)

Figure 5.8 PCRs to Detect Xmv-9  M arker Genes in Fusion Cell Lines

Lanes 1-8: X9 B2 fusion cell lines

1 2 3 4 5 6

Poly Pnd (257 bp)

+ 128 and 129 bp 
for the YAC

Poly Pnd (257 bp)
+ 128 andl29 bp 

for the YAC

7 8 9 10 11 12

Figure 5.9 PCRs to Detect YAC Pnd Sequences in  the 12 Pnd G7 Cell Lines
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The same five clones of X9 B2 which were positive for both neo and the left 

side were also positive for Xmv-9, whereas the rem aining three were not. Of 

the nine lines which were positive for Pnd, six had also been positive for the 

neo and left side sequences (see Figure 5.7). In other w ords, six cell lines 

appear to have integrated the entire Pnd G7 YAC, and five appeared to have 

integrated the entire X9 B2 YAC. This information is sum m arized in Table 

5.2. These cell lines were frozen in liquid nitrogen. They were also prepared 

for the RT assays.

Table 5.2 Summary of Pnd G7 and X9 B2 Fusion Results 

X9B2 (210kb)

1 2 3 4 5 6 7 8

Neo gene v / ✓ ✓ X >/ ✓

Marker gene v / X ✓ X X ✓

Left YAC arm X v / v / X X v /

Pnd G7 (190kb)

1 2 3 4 5 6 7 8 9 10 11 12

Neo gene ✓ ✓ s / ✓ ✓ ✓ n/ v / % /

Marker gene v / > / v / v / ✓ ✓ X v / v / X X

Left YAC arm ✓ % / X n/ X v / X X X X

From this work, it was evident that L cells worked extremely well in the 

fusion experiments, and appeared to achieve a high frequency of complete 

integration of the YACs. This was im portant since this w ould not only allow 

YACs (large numbers, if necessary) to be efficiently screened, bu t would also 

ensure that Fv-1 could not be overlooked accidentally if integration was not 

complete. Table 5.2 shows a summary of the fusion results w ith L cells using 

X9 B2 and Pnd G7.
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5.5.1 Virus Infectivity Assays

An RT assay was carried out on L cells (LM TK" and L-929 cells) and two of 

the newly fused cell lines from Pnd G7 and X9 B2. However, none of the 

cells was infected with virus. This experiment was perform ed to see if there 

was endogenous virus activity in the L cells. The possibility of virus 

production from uninfected L cells had been anticipated; the reason for this 

will be discussed. The results of this assay can be seen in Figure 5.10. These 

results clearly show that uninfected L cells were producing high levels of 

RT.

Pnd G7 X9 B2 BlankLMTPC L929 r r X

600pl

Figure 5.10 RT Assay on Uninfected X9 B2 and Pnd G7 Cells

The num bers indicate the volumes of cell supernatant harvested
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5.6 D evising an Alternative Virus Assay

Even though the L cells gave excellent fusion results, it now  emerged that 

this cell line could not be assayed for virus susceptibility by RT activity. The 

3T3 cell types used earlier gave incom plete and very  low  frequencies of 

fusion, so a further attem pt at fusion using these lines w as not considered 

worthwhile. The potentially large num ber of YACs which m ight have to be 

tested for Fv-P  activity was also taken into account.

An alternative virus infectivity assay was therefore required which did not 

rely on RT activity, bu t m easured a characteristic unique to a newly infecting 

virus, for example, introduction of drug resistance into an infected cell. In 

addition, an assay was required which could avoid possible receptor-mediated 

in terference from  the endogenous virus; in o ther w ord , the use of an 

infecting virus which could use non-ecotropic receptors (see discussion).

Such an assay was developed by J.P. Stoye. N- and B- tropic viruses were 

constructed in which the envelope-coding region of the original ecotropic 

viruses used was substituted for that of the MCF virus (polytropic envelope). 

This ensured that these viruses w ould be able to infect L cells w ithout the 

possibility of encountering receptor-mediated interference from the expressed 

endogenous ecotropic L cell virus. NB-tropic-MCF virus d id  not have to be 

constructed since such viruses occur naturally. An example (pMo-MCF-1) had 

already been m ade cloned (Bosselman et al, 1983). The MCF viruses were used 

as helpers to enable the introduction of a replication-deficient virus carrying 

the purom ycin resistance gene. Because the helper viruses contain the Fv-1 

de te rm inan t, in troduc tion  of purom ycin w ou ld  still subject to Fv-1  

regulation. Infection w ith  the purom ycin resistance virus w ould  enable 

infected cells to grow and form colonies in m edium  containing puromycin. 

Restriction of either N- or B-tropic MCF-puro virus w ould be m anifest by a 

reduction in the num ber of puromycin-resistant colonies.
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5.7 Control Assays

The NB-, N- and B-tropic MCF-puro virus stocks were tested to establish if 

they had comparable titres. This was to ensure that the Fv-1 assay w ould 

function correctly and any variation in colony num ber w ould be due to the 

action of Fv-1 and not the virus stock used. Since L cells were expected to 

inhibit B-tropic virus replication (see discussion), the 3T3FL cell line 

was used for this purpose. 3T3FL cells were infected with varying volumes of 

stock virus. The volumes used for the NB-tropic virus were 20-fold lower 

than for the N- and B-tropic viruses because it was already known that the 

NB-tropic virus titres tended to be correspondingly higher. Figure 5.11 shows 

the assay using 3T3FL cells.

These data showed that the N- and B-tropic stocks had similar titres and that 

titres of NB-tropic virus were several fold higher. A prediction of the relative 

titres on 3T3FL and L cells could not be made with any degree of confidence 

because of the very different growth characteristics of the two cell types. This 

experiment, however, served as an indication of the am ount of virus which 

m ight be suitable for the L cell assay. It was also im portant to have similar 

virus stock titres so any difference in levels of infectivity could be attributed 

solely to the action of Fv-1 activity in the L cells.
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Figure 5.11 Control Fv-1 Colony Assay on 3T3FL Cells
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5.8 Fv-1 Assays on Pnd D l l  and X9 J1 Fusion Cell Lines 

A t the time this first experiment took place, the NB-tropic MCF-puro virus 

stock was not yet available. G418-resistant cells were infected with 1000 |xl of 

N- or B-tropic MCF-puro virus. Un-fused L cells infected w ith N- or B-tropic 

virus were used as controls. Figure 5.12 shows the results of this assay. Only 

one of the Pnd D ll assays is shown.

The L cell control dem onstrated an approxim ate 10 fold restriction in the B- 

tropic titre com pared to the N-tropic titre as revealed by the reduction in 

colony numbers. As expected, the L cells were based both on the typing

of the Xmvs and Pnd and their genetic origin (see discussion). In this assay, 

therefore, Fv-1 activity is manifest by only a 10 fold reduction in virus titre 

and not the 50-1000 fold observed in the RT assays. Therefore if Fv-1^ were 

introduced on a YAC, the N-tropic titre would be expected to show a similar 

reduction.

The X9 J1 cell line behaved exactly like the control, showing no reduction in 

N-tropic titre. In all three Pnd D ll lines however, the N-tropic virus appeared 

to have been restricted, almost to the level of the restricted B-tropic controls. 

This first assay therefore, dem onstrated the possible presence of the Fv-P  

allele in the YAC Pnd D ll.
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Figure 5.12 Fv-1 Colony Assays on Pnd D l l  and X9 J1 Cell Lines
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5.9 Confirm ing the Presence of the Fv-1^ Allele in  Pnd D l l

Further fusion experiments were set up  to obtain new L cell lines containing 

Pnd D ll .  M any G418-resistant colonies were obtained of which fourteen were 

isolated and expanded. Before the PCR analysis was carried out, the first five 

cell lines picked at random  were prepared for the Fv-1 assay. It was assumed, 

judging from previous fusion results, that at least one or two of these lines 

w ould have integrated the entire YAC. These cell lines were also frozen in 

liquid nitrogen in case of future need.

5.9.1 Problems W ith the L Cells

The cells were infected with the MCF-puro viruses as normal. However, cell 

colonies which appeared after several days of puromycin selection started to 

die for no apparent reason. The m orphology of m any of these cells was 

dram atically changed. Whereas healthy L cells were quite compact and dark 

in appearance, the dying cells were flattened, larger and more translucent, 

w ith  w hat appeared to be highly enlarged nuclei. Figure 5.13 shows a 

com parison betw een a healthy colonies and these "sick" colonies. Similar 

changes have been observed by other workers, where the L cells have been 

described as having a "fried egg" m orphology (C. Huxley, pers. comm.). 

Reasons for these disturbed growth characteristics are not known.

A m ycoplasma test was perform ed on three of the cell cultures by NIMR 

m edia services, but no such contamination was detected. N ew  virus stocks 

w ere p repared  and  fresh m edium  was ordered. A control assay was 

perform ed on un-fused L cells to determine if the problem  had been solved. 

The result of this assay can be seen in Figure 5.14.
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Figure 5.13 Healthy and "Sick" Puromycin-Resistant L Cells
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NB N B

Figure 5.14 Control Assay on L cells

Cells were infected with 50|il of NB-tropic virus or 1000 pi of N- or B-tropic 
virus. The B-tropic virus is restricted when compared to the N-tropic virus. 
The same volumes of virus were used in the subsequent assays

The cells grew  well, although in some colonies, a g radual change in 

morphology was observed after an extended period of growth, although this 

was not as severe as before. To reduce the effects of this problem , it was 

decided to fix the cells on the plate one or two days earlier than was 

norm ally the case. As a result, the fixed colonies were sm aller than the 

optim um  size, bu t the assay could nevertheless be unam biguously  

interpreted. With this new assay, a restrictive phenotype w as seen as an 

approximate 20-fold reduction in colony formation, which w as in fact twice 

the effect seen in earlier assays.
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5.10 More Fv-1 Assays

PCR analysis for neo, the left side and Pnd, was carried out on DNA prepared 

from each of the 14 new Pnd D ll cell lines as before (see Figure 5.15).

al a2 c d e f g h i h2 i j k l k2 1

Left side (200 bp) 

neo (130 bp)

Poly Pnd (257 bp)
+ 128 andl29 bp 

for the YAC

al a2 c d e f g h i h2 i j k l k2 1

Figure 5.15 PCR Assays on Pnd D l l  L Cell Lines

Nine of the fourteen cell lines contained all three elements of the YAC and of 

the five which were initially selected for the assay, three (al, c and d) were 

complete. Cells from the five selected colonies were revived from liquid 

nitrogen storage, as were fusion lines from the following YACs used in earlier 

experiments: Pnd G7, X9 B2 and X9 Jl. The virus assay was repeated on all 

these cell lines. The results of assay can be seen in Figure 5.16. Of the six Pnd 

D ll  lines tested, five of these restricted the replication of the N-tropic virus. 

None of the Pnd G7 or X9 YACs were able to confer this ability. It can be seen 

that in the case of cell line D ll  (a2), N-tropic virus was restricted despite the 

absence of the left side and Pnd.
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Figure 5.16 Fv-1 Assays on X9 and Pnd G7 Fusion Cell Lines
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Figure 5.17 Fv-1 Assays on Pnd D l l  Fusim Cell Lines
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The modified assay was successful in the positional cloning of Fv-P  on a 190 

kb YAC from the Pnd locus. The single recombinant in the genetic m apping 

experim ent, which separated Xmv-9, Pnd and Fv-1 from the other Xmvs, 

proved extremely valuable in narrow ing dow n the num ber of YACs which 

has to be tested. The nature of the ongoing and future work which will be 

required to isolate the actual gene encoding Fv-P  will be discussed.
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Chapter 6 
D iscussion

In this project we set out to attem pt the positional cloning of Fv-l^ a mouse 

retroviral restriction gene. To go about this, the genetic m ap location of Fv-1 

was refined, which placed m arker genes Xmv-9  and Pnd w ithin 1,200 kb of 

each other and Fv-1. YACs were isolated which contained these and other 

closely linked m arker genes. An attem pt was m ade to establish overlap 

between YACs from these lod  by using PCR assays generated from the ends of 

several of the largest YACs. The assembly of a contig by this m ethod was 

ham pered by the presence of m ouse repeat elements and a cluster of zinc 

finger genes.

YACs m ade from F v-P  DNA were introduced into m ouse cells lacking this 

allele, by spheroplast fusion. The first two cell lines used, 3T3FL and NIH-3T3, 

gave poor fusion results w ith little or no fusion observed. Fusion cell lines 

which w ere recovered did not integrate the whole YAC. L cells, however, 

were found to give good frequencies of complete integration. The L cells used 

were found to produce RT activity which interfered w ith the Fv-1 assay. It 

was possible to devise an alternative assay, the use of which resulted in the 

identification of a YAC from the Pnd locus which encoded the b allele of Fv-1. 

This is the first reported case in which a YAC has been used for the positional 

cloning of a gene by virtue of its biological function.

6.1 The Genetic Mapping Studies

Four xenotropic m urine leukaem ia proviruses w ere know n to m ap to the 

same region as Fv-1. To facilitate genetic m apping and cloning studies, 

un ique PCR assays for the four elem ents w ere designed. Sequence
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inform ation was obtained from the 3' LTR and into the DNA immediately 

flanking the proviral integration sites. This enabled the design of unique 

prim ers for each Xmv.

In previous m apping experiments (Frankel et al, 1989) the Xmvs were shown 

to lie in very close proximity to one another so there was a possibility that 

they m ay have arisen by gene duplication. Such a phenom enon has been 

observed w ith retroviral elements in the mouse Y chromosome (Eicher et al, 

1989; H utchison and Eicher, 1989). How ever, all the proviral flanking 

sequences w ere unique, which indicated that each integration event had 

occurred independently of the others.

The backcross yielded one particularly im portant piece of information. Before 

this work was undertaken, no recombinants had ever been observed between 

the four Xmvs, Pnd and Fv-1. However, a single animal (#322) out of a total 

of 368, showed a recombination separating Xmv-9, Pnd and Fv-1 from Xmv-8, 

14 and 44 (see Table 4.5). It was this information which allowed the search for 

Fv-1 to be narrow ed to the Pnd and Xm v-9  YACs. Statistical calculations 

which also took into account previous m apping data, suggested that Fv-1, 

Xmv-9  and Pnd would probably lie within 1,200 kb of each other (Stoye et al, 

1994). This im plied that relatively few YACs w ould be needed to ensure 

com plete coverage of the area spanning all three loci. As stated above, 

constructing such a contig proved difficult. It was evident however, that if 

YACs containing these loci could be assayed for Fv-1 activity, regardless of 

w hether or not they could be physically linked to each other in a contig, the 

chances of co-cloning Fv-1 in one of these YACs was quite high.

169



6.2 Screening the YAC Libraries

Screening the YAC libraries proved to be a relatively easy task, if somewhat 

time consuming w ith respect to sending results and receiving the next set of 

sam ples to be screened. The num ber of clones obtained was generally 

satisfactory from the Princeton and St M ary's libraries. However, even with 

an average of -2.5 haploid genome equivalents contained in the libraries, the 

num ber of clones for each marker did vary considerably (from 0 to 8). Most of 

the Princeton and St M ary's YACs were stable (see Table 4.1). YAC X8 HIO 

occasionally gave rise to two separate YACs, even from the same clonal 

isolate, and Pnd C9 proved very difficult to isolate as a pure clone. Reasons for 

instability will be discussed below.

Finding a technique for preparing good quality high molecular weight YAC 

DNA for pulsed field gel electrophoresis was more difficult than anticipated. 

A lthough only one m ethod is detailed here, others were tried which used 

spheroplasting enzymes other than lyticase (for example zymolase); these did 

not give consistent results. Also, m ethods using proteinase K, and other 

washes following production of the agarose blocks, were unnecessarily time 

consuming. The use of lyticase and the single LDS w ash gave the m ost 

consistent and reliable results. N o other particular problem s in handling 

YACs, apart from instability, was encountered.

During the initial screening of the Princeton and St M ary's libraries, it became 

evident that no two m arker genes appeared on the same YAC, which would 

have m ade linkage imm ediately possible. In view of the num ber and size- 

range of YACs isolated and the m apping data which places these m arkers 

w ithin -1  cM of each other, this result was rather disappointing. Although 

none of the YACs was found to have more than one m arker, it was not 

unlikely that overlap exists between some of the YACs.
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It was hoped that screening of the new large-insert Princeton library, which 

was m ade available at a later stage, w ould make contig assembly a simple 

matter. This, however, proved not to be the case. Unfortunately, all but two of 

the eight YACs found in the screen (X44 A9 and X9 C9) were highly unstable 

in the yeast host. Even those which were only mildly unstable could not be 

m aintained in culture for any length of time. If, for example, a PCR-positive 

yeast colony was inoculated into selective m edium  and grown overnight, 

upon assaying individual clones from this culture, m ost were found to have 

lost their PCR marker. The fact that these clones were still able to grow in 

selective m edium  means that both the TRP  and URA  genes on the left and 

right vector arms of the YAC m ust have either stably integrated into the yeast 

genome, or the size of the YAC m ust have been reduced by deletions to such 

an extent that it was no longer detectable on pulsed field gels, i.e., less than 

-30 kb.

6.3 Contig Building

Attem pts were m ade to construct a contig by PCR analysis of all the available 

YACs. Initially, each YAC was assayed for the presence of any of the other 

m arker genes which had been used to screen the libraries. The only YAC 

w hich contained m ore than  one of the m arkers w as X44 FI. This YAC 

contained Xmv-8, but was of no further use because of its extreme instability. 

Three large zinc finger-containing YACs were also m ade available. These 2Tec 

YACs were derived from Fv-1^ DNA which lack the Xmvs. DNA from an Fv- 

2” animal does, however, contain the sites into which the Fp-2 ̂ -associated 

proviruses integrated. To enable the Zfec YACs to be assayed for the presence 

or absence of the integration loci, new PCR prim ers were designed which 

allowed amplification of the DNA adjacent to the proviral integration sites. 

Some or all of these loci were indeed found in each of the Zfec YACs which 

was of considerable help towards building the contig.
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6.3.1 "Bubble" PCR and Plasmid Rescue

The next task was to generate new PCR assays from sequence information 

derived  from the very ends of YAC inserts to establish overlap w ith 

neighbouring clones. Two m ethods were used for this cloning YAC ends, 

'ljubble" PCR and plasmid rescue. The first technique was attem pted with 

four of the largest Pnd YACs and the largest most stable of the X44 YACs. In 

all cases, PCR products, varying in size from -200-1500 bp, were generated 

from both the left and right sides of the YAC using one of the combinations 

of "bubble" and restriction enzyme.

The integrating plasmids pICL and pLUS were also used, to rescue the ends 

of YACs X9 111, X9 Jl, Zn 5 and Zn 37. Again these were the largest YACs 

available screened for the particular m arker genes and w ould perhaps 

maximize the probability of constructing a contig. This m ethod also worked 

well in all cases, giving a size range of rescued insert of between 1-9 kb in 

length.

6.3.2 Comparison of the End-Rescue M ethods

Despite the problem s encountered w ith the YAC ends (see below), both 

rescue m ethods worked well. There were advantages and disadvantages to 

both. "Bubble" PCR is by far less work intensive than plasm id rescue and 

several independent samples can easily be processed at once. Also, YAC 

DNA from PFGE agarose blocks can be used, as opposed to the need for 

DNA from fresh YAC cultures transformed with pICL and pLUS. The basic 

"bubble" method requires only a digestion, ligation and two rounds of PCR 

w hereas plasm id rescue requires transform ation of yeast followed by 

selection, PCR, digestion, ligation and rescue in E.coli. In addition "bubble" 

PCR can be performed on YACs from any yeast host, regardless of whether 

the yeast strain is rad52 or not.
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The m ajor advantage of plasm id rescue how ever, is tha t far larger 

fragments of DNA can be recovered. If repeat sequences are present at the 

YAC cloning site, "bubble" PCR may not provide enough DNA to allow the 

design  of PCR prim ers; plasm id rescue is m ore likely to allow  the 

identification of repeat free DNA. Obviously, if no such problem s are 

encountered, then '1?ubble" PCR would be the m ethod of choice.

The pICL and pLUS rescue of the St M ary's YACs was complicated by the 

need to transfer these YACs into a non-rad52 background to enable 

homologous recombination to take place. This was achieved by mating with 

a RAD52 wild type strain followed by sporulation and tetrad dissection and 

selection for the required genotype. Several m anipulations of YACs require 

homologous recombination, so this type of transfer may be unavoidable. An 

a lternative to te trad  dissection, which requires a dedicated dissection 

microscope, w ould be random  spore analysis. This, as the nam e implies, 

requires only that the yeast by m ated and sporulated. The sporulation 

m ixture is separated, diluted and plated, from which individual haploid 

colonies grow. The colonies can then be analysed at random  and the clones 

of the correct genotype selected. Obviously, the 2:2 segregation patterns of 

various genes and the YACs cannot be followed which could help to 

identify potential problems with, for example, m ultiple YACs.

6.3.3 Problems W ith YAC Ends

Problems arose upon sequencing the PCR products for the design of new 

PCR primers. Five of the ten ends isolated, using "bubble" PCR, showed 

hom ology to m ouse B1 or LINE repeat elements. This was an extremely 

disappointing outcome, which caused severe difficulties in contig building. 

To make m atters more difficult, upon testing the rem aining five YAC ends 

for chimerism, it was found that only the left side PCR assays from Pnd D ll
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and Pnd C9 w ere of use. Two pairs contained unidentified repetitive DNA 

which obscured the chimerism test. The third prim er pair, derived from the 

right side assay from Pnd C9, was able to amplify YAC DNA but was unable 

to amplify genomic DNA. An EcoRl site was discovered w ithin the segment 

of YAC insert w hich was am plified using these prim ers. It is possible, 

therefore, that this represented a co-ligation event of the partially EcoRl- 

digested genomic DNA during the construction of the YAC library. In other 

words this YAC was probably chimeric, i.e., DNA from two different regions 

of the genome had been joined to form a YAC. Obviously this m eant that 

genomic DNA could never amplify w ith these primers. Co-ligation as a 

cause of chimerism has always been presum ed but never demonstrated. The 

only other chimeric YAC, a 750 kb clone, ever to be characterized in detail, 

appears to have been form ed as a resu lt of in vivo h o m o lo g o u s 

recom bination betw een Alu repeats (Green et al, 1991b).

On analysis of plasmid-rescued X9 111 sequences, it appeared that the same 

problems were occurring as had been the case when 'T>ubble" PCR was used. 

The right side contained LINE repeat DNA and the left side PCR gave a non

chrom osom e 4 pa ttern  im plying that X9 111 is chimeric. Once more, a 

potentially useful YAC (it being one of the largest available from the Xmv-9 

locus) turned out to be unusable for contig building.

Analysis of X9 Jl proved to be even more surprising. Sequence from the 

right side of this YAC revealed w hat appeared to a zinc finger gene in the 

form of an 84-86 bp tandem  repeat region, followed by a non-repeated region 

of at least several hundred base pairs showing similarly strong homology to 

a zinc finger gene. A non-coding, apparently unique region of DNA from 

the right side of X9 Jl was also sequenced. Much to our surprise we found 

alm ost identical zinc finger and non-coding sequence at the other end of X9
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Jl, over 300 kb away. Further sequencing of the two end clones of X9 J1 

finally revealed non repeated sequences which were used for prim er design.

The relative frequency of B1 and  LINE repeats m ay have general 

implications for end-rescue experiments. LINE repeats contain conserved 

EcoRl sites, as do many B1 repeats (Hastie, 1989). It is though that there may 

be as many as 1x10^ LINE elements and 1.8x10^ B1 repeats (Hastie, 1989) in 

the m ouse genome.

The fact that in many cases, we found YACs with these repeats at their ends 

is therefore perhaps not entirely surprising. A rough calculation m ay help 

to illustrate this point: if the mammalian genome contains -3x10^ bp and an 

EcoRl site occurs every 4096 bp (4^) then there are a total of about 7x10^ such 

sites in all. If each LINE (1x10^) and B1 (1.8x10^) repeat is taken to have one 

EcoRl site, then 2.8x10^ EcoRl sites will occur in these elements. So, a 

significant fraction of a VAC library with EcoRl cloning sites contains ends 

t>elonging to one of these classes of repeat sequence.

6.4 An Area Of Instability Exists in This Region of Chromosome 4

In retrospect the first indication of an area of instability in the YAC clones 

became apparent when YAC Pnd C9 from the St M ary's library proved very 

difficult to isolate. Although the screening stages w ent well, upon streaking 

out the identified clone strain, fewer than ten colonies were isolated and of 

these, only two survived in liquid culture.

The next indication of an area of instability came when the new large-insert 

Pnd, Xm v-9  and Xm v-44  YACs were isolated. W ithout exception, all eight 

YACs showed some degree of instability, which varied from m ild instability
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to complete loss of the YAC (see Figure 4.7). It is also interesting to note that 

no YACs from the Pnd locus could be isolated from the ICRF library. The 

smaller YACs from the Princeton and St M ary's libraries d id  not show any 

great degree of instability, probably for one of two reasons: 1) these YACs did 

not extend into the region of apparent instability because of their size, or 2) 

many of these YACs were by-products of larger unstable YACs which, having 

lost these areas of instability, had now become stable. If the latter reason is 

true, this would make contig building with these YACs extremely difficult.

A cause of instability could be that certain mammalian sequences m ay have 

biological activity which is detrimental to the yeast host and w ould lead to 

loss or a lteration  of the sequences (Vilageliu and Tyler-Sm ith, 1992). 

However, such a mechanism has not been demonstrated to date.

Instability problem s have been reported  by other workers. In one case, 

deletions were detected which gave rise to a succession of smaller YACs 

(Palmieri et al, 1993). Just such a phenomenon was seen with YAC Pnd D ll , 

which was slightly unstable (see Figure 6.1). A lthough the identity of the 

offending sequences was not established, it was presum ed that the cause was 

the interaction of internal recombinogenic sequences.

In another case, YACs containing tandem ly repeated elem ents from the 

hum an Y chromosome were isolated. In all cases the YACs were structurally 

unstable (Neil et al, 1990). Such an explanation is not so readily available for 

the St M ary 's YACs (Pnd C9, for exam ple) since the YAC host is 

recombination deficient and should not allow these events to take place at 

any great frequency.
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Figure 6.1 Pnd D ll  Instability
The first two lanes both contain the 190 kb Pnd D ll YAC. The others are the 

Pnd ElO, Pnd D5 and Pnd H3. The gel was probed with pBR322

Several YACs used in the human Y chromosome study were transferred to a 

rad52 strain. This was found to improve the stability of some but not all 

YACs. It has been shown, however, that of YACs isolated from a region of 

instability around the Zfx  gene on the mouse X chromosome, a St Mary's 

clone was stable, whereas two others from the ICRF library were not (Hamvas 

et al, 1993). This locus encodes a zinc finger protein (Page et al, 1990).

Given the evidence of the Y chromosome tandem  repeat elements, the 

instability  of YACs at the Z fx  locus and the instability of our YACs 

encompassing a zinc finger gene cluster, it is tempting to speculate that the 

reason for the instability in these YACs was due to zinc finger tandem repeats 

which the yeast host could not maintain. However, others (Bellefroid et al, 

1993) have been able to isolate YACs containing clusters of zinc finger genes, 

so these per se do not cause instability. It is possible, of course, that the 

function of the individual zinc finger gene cluster may have a bearing on 

YAC stability.
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6.5 Contig Assembly

Despite instability and interspersed repeat element problems, we attem pted to 

assemble a rudim entary contig using primer pairs for both ends of X9 J l, Zn 5, 

Zn 37, the left end of Pnd C9 and the right end of Pnd D ll  as well as the 

Xmvs. Further difficulties w ith repeats were imm ediately encountered. Both 

ends of X9 Jl and the Zfec YACs produced positive PCR reactions in well over 

half the YACs tested. The appearance of PCR products of different sizes, 

particularly  in the X9 Jl reactions, was also surprising. Although the  PCR 

reactions w ere designed w ith the assum ption that they d id  not am plify 

repetitive sequences (as revealed by negative com puter homology searches) 

all except the ends from the Pnd YACs appeared to do exactly that. This 

confusing set of results made it extremely difficult to assemble a contig with 

any degree of certainty.

A potential explanation for this problem  comes from the presence of zinc 

finger protein genes in the region. It has been shown that zinc finger genes 

are often organised in large clusters (Crossley and Little, 1991; Bellefroid et al, 

1993) and it has been estimated that there are up to 1000 of these genes in the 

m ouse genome. They can encode from between 2 to 37 tandem  finger repeats, 

often organised in a single exon. These clusters evidently span very large 

distances, perhaps hundreds of kilobases, as demonstrated by the assembly of 

a partial YAC contig of such a cluster (Bellefroid et al, 1993).

The zinc finger probe, Zfec23, which was cloned from a cDNA library by low 

stringency hybridisation (Crossley and Little, 1991), reacts w ith several genes 

co-segregating with the Xmvs in the BXD RI set (P. Little, pers. comm.). Our 

analysis of YAC X9 Jl implies that m ultiple copies of non-coding as well as 

coding sequences are present. Taken together these data suggest that a cluster 

of zinc finger genes has arisen by a process of local gene duplication in which
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m ultiple copies of both introns and exons have been amplified. These genes 

are closely related to one another but different from the other clusters of zinc 

finger gene except in the finger region itself.

The benefit of carrying on with YAC end isolation was considered at this 

point. If the contig was to be further refined, the ends of other YACs would 

have to be isolated, w ith the additional task of m aking sure that they were 

repeat-free and not chimeric. It w ould also have probably been necessary to 

isolate new  YACs to close any gaps and to span the area of instability, if this 

was indeed possible. Other m ethods which do not rely on such "sequence 

tagged sites" (Green et al, 1991a), such as generating PCR fingerprints using 

inter-repeat PCR, and partial restriction digest m apping using YAC vector 

probes, were attem pted. Unfortunately this work was abandoned because it 

proved impossible to make reasonable sense of the data (not shown), which 

was possibly due to the regions of duplication. Alternatively, it m ay have 

been possible to sequence the polymorphic PCR products obtained with, for 

example, prim ers from the ends of X9 Jl. This might have allowed particular 

polym orphism s to have been assigned to individual YACs.

Taking into account the am ount of time which w ould be needed to improve 

the contig and  the inherent risk of failure w hich this entailed, it was 

considered unwise to devote any more of the rem aining time on this aspect 

of the project. Instead, a decision was made to rely on the genetic cross data 

and use those YACs which m apped closest to Fv-1 to try and co-clone the 

gene.
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6.6 Introducing YACs into Mouse 3T3FL and NIH-3T3 Cells

Before YACs could be introduced into mouse cells, they had to be retrofitted 

w ith pRVl which placed the neomycin resistance gene into the right arm of 

the YAC. They were then fused with mouse cells which were rendered G418- 

resistant if fusion was successful. The mouse 3T3FL cell line was used first in 

this experiment. This cell line was and was susceptible to both N- and

B-tropic virus. It is not clear why this line has lost its ability to restrict virus. 

One possibility could be that the Fv-1 locus has been lost or m utated or 

perhaps the gene has been silenced by m éthylation. M ethylation-induced 

silencing of non-essential genes appears a common feature of cultured mouse 

cells (Antequero et al, 1990). The possibility of a large-scale deletion would 

seem unlikely because the Xmv integration loci and Pnd were found to be 

present (see Figure 5.2). An alternative explanation may be that a trans-acting 

m echanism  has inactivated Fv-1 gene expression. Given this hypothesis, it 

m ay have been unwise, in retrospect, to use this cell line, since if Fv-1 had 

been introduced, it may also have been inactivated.

Frequencies of fusion w ith 3T3FL cells was extremely poor. After several 

a ttem pts w ith different YACs, only tw o Pnd D ll  fusion colonies were 

recovered. In neither of these did the entire YAC integrate, as demonstrated 

by the lack of left arm-specific sequences. An Fv-1 assay was carried out on 

these two lines, but no effect was observed on N-tropic titres. It is not known 

w hether failure to detect Fv-P  activity was due to incomplete integration or 

because the gene, although present, was not being expressed.

Because of the poor results using 3T3FL cells, fusions were attem pted with 

NIH-3T3 cells. D uring the course of retrofitting further YACs for these 

experiments it was discovered that YAC Pnd G7 was one of two YACs within 

the same yeast cell. Selection schemes following yeast transform ation with 

pRVl, for example, which rely on the disruption of particular m arker genes
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in a YAC (in order to select for successful transform ants) proved impossible 

in these cases. The same gene on the second YAC rem ained intact and thus 

the desired recom bination event could not be detected. To resolve this 

difficulty, Pnd G7 was isolated way from its unidentified partner YAC by 

m ating w ith a non-YAC containing yeast, followed by sporulation and tetrad 

dissection. Once separated, Pnd G7 was then able to be used for retrofitting 

and fusion as normal. How widespread the phenom enon of double YACs is 

unclear. This problem  only seems to come to light w hen retrofitting 

experim ents are attem pted which rely on selection (Davies et al, 1992). It is 

possible that these double YACs occur as a result of co-transformation during 

library construction. An alternative m ethod to rem ove an unw anted YAC is 

to transform  the yeast with, say, pRVl, which disrupts the URA  gene. At a 

certain frequency, the plasmid will integrate into the YAC of interest, but not 

into the unw anted YAC. 5-fluoro-orotic acid can then be used to select against 

the functional URA  gene on the unw anted YAC, which is then lost from the 

yeast (Heikoop et al, 1994).

After several fusion attem pts, only four colonies containing X9 B2 and only 

one from  a Pnd G7 fusion were isolated. Once again, in no case was 

integration complete and the results of the virus assays suggested that the Fv- 

P  gene was not present in the region of the YACs which had integrated.

6.7 Problem s W ith the 3T3FL and NIH-3T3 Cell Lines 

The reasons w hy fusion was so poor are not clear. The only reported case of 

YAC fusion w ith 3T3 cells made use of a very small 75 kb YAC (Travner et al, 

1989) and the type of 3T3 cell used was not specified. Three clones were 

recovered from 1 x 10^ mouse cells used. The YAC used in this investigation 

were far larger, which may have reduced fusion frequency.
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W orkers using different cell lines have reported better success. Using Chinese 

ham ster fibroblasts it was possible to recover 20 colonies from 1 x 10^ cells 

(Riley et al, 1992) and using Chinese ham ster ovary cells, 10 colonies were 

recovered although in this case the vector was a yeast plasm id (Ward et al, 

1986). Other workers who have used L cells have reported equal, if not better 

success w ith levels up  to 50 colonies per 1 x 10& m ouse cells (Huxley et al, 

1991; Pachnis et al, 1990). It is possible that L cells possess a nuclease activity 

which, by introducing a single break in the host DNA, allows YACs to 

integrate more easily than w ould otherwise be possible (V. Pachnis, pers. 

comm.).

6.8 Fusion Using L cells

A lthough the 3T3 cell lines were of the correct Fv-1 genotype to allow 

detection of integration of Princeton and St M ary's YACs and subsequent 

virus assay, their poor rates of fusion m ade their use impossible. Despite the 

risk that the L cells could harbour active endogenous viruses which might 

interfere with the Fv-1 assay (see below), we proposed to use them for fusion. 

Their reported  success in fusion and the necessity to achieve complete 

integration at a reasonable frequency (which was apparently not possible with 

the 3T3 cell lines) m ade them the only choice immediately available. Fusions 

w orked well, yielding m any G418-resistant colonies w ith several different 

YACs. Over half of the recovered clones show ed apparen tly  complete 

integration of the YAC as judged by YAC arm  and insert PCR assays. This 

frequency of fusion was approximately half that obtained by others (Pachnis et 

al, 1990), which may reflect the reliance of a selectable marker in the arm. In 

several of the reported above cases, the method of m ouse cell selection relied 

either on genes contained w ithin  the YAC w hich com plem ented cell 

deficiency, or an antibiotic resistance gene introduced into the YAC insert. It

182



has been suggested that reliance on a selectable m arker which has been 

inserted into one of the vector arms of the YAC (as in this work), as opposed 

to one in the insert, w ould lead to a m uch reduced frequency of fusion 

products that could meet the selection (Huxley and Gnirke, 1991). Of all clones 

analysed, it is interesting to note that in no case was the left side PCR detected 

w ithout both the right arm  and the m arker gene being present. It w ould 

therefore appear that the left arm is detected only if complete integration has 

occurred.

An interesting phenom enon was the appearance of apparently  healthy cell 

colonies after 10-12 days under G418 selection which then ceased to divide. 

This was seen also with the 3T3 cell fusions. As previously suggested (Pavan 

et al, 1990b) it is likely that these colonies were derived from transient neo^ 

transfections due to mitotically unstable unintegrated YAC DNA. By in situ 

hybridization studies it was observed that such extrachromosomal molecules 

were present for at least 27 cell divisions after fusion in half the cell lines 

recovered (Featherstone and Huxley, 1993). They w ere able to replicate 

extrachrom osom ally bu t segregated poorly. Alternatively it is possible that 

some YACs m ay have integrated into an essential gene which prevented 

sustained colony growth.

6.9 The Fv-1 Assay and the Nature of the L Cell Virus 

U pon assaying the fused L cells, it was discovered that this cell line was 

p ro ducing  its ow n reverse transcrip tase  activity  from  an expressed 

endogenous retrovirus which completely m asked the Fv-1 assay results. It 

had been hoped that these cells w ould not be RT positive, since it has been 

dem onstrated that not all L cell lines produce virus (Hall et al, 1967).
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Reports characterizing the L cell virus are present in the literature (Fenyo et 

al, 1973). C3H (Fv-1^) and C57BL (Fv-P) cells were infected with L cell virus. 

The results of an XC plaque assay indicated that the virus was able to replicate 

in C3H cells and could therefore be considered N-tropic. Positive results in 

the assay are normally seen by the formation of plaques in the XC cells. In this 

case however, plaques were not seen, but replication was detected only by the 

presence of occasional giant, m ulti-nucleate cell form ation. This suggested 

that the virus could be defective and consequently m ight be undetectable by 

RT assay. This turned out not to be the case. Further characterization of the 

virus by sucrose density gradient sedimentation and the presence of RNA- 

dependen t DNA polym erase show ed that it was a reverse transcriptase 

positive retrovirus (Fenyo et al, 1980). The virus is therefore almost certainly 

a partially defective endogenous N-ecotropic MuLV.

6.10 The New Fv-1 Assay Detects Fv-P Activity in the YAC Pnd D ll

An alternative Fv-1 assay was developed by J.P. Stoye which enabled virus 

activity to be m easured by counting the formation of purom ycin-resistant 

colonies after infection by N-, B- or NB-tropic viruses acting as helper to a 

defective virus carrying the purom ycin resistance gene. The Pnd D ll fusion 

cell lines caused an approximate 10-fold restriction in N-tropic virus, which 

was comparable to the restriction of B-tropic virus caused by the F v-P  allele 

already present in L cells. This suggested that YAC Pnd D ll  has introduced 

the F v -P  allele into the L cells. As expected, the NB-tropic virus was 

unaffected by the introduction of the Fv-P  allele on the YAC.

After some unexplained difficulties with poor L cell growth, the assays were 

repeated on new Pnd D ll  lines as well as several from other YACs. These 

results confirmed that Fv-P  had been cloned on the 190 kb YAC, Pnd D ll.
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An interesting observation was m ade regarding the relationship between Fv- 

1 ̂ -positive clones and the PCR analysis results on the fused cell line DNA. 

Despite apparently having only integrated neo and not Pnd or the left side, 

cell line Pnd D ll  (a2) still had Fv-1^ activity. This would suggest that Fv-P  lay 

between Pnd and the right arm of the YAC.

6.11 Isolating the Fv-1 Gene

The first task in the immediate future is to isolate the Fv-1 gene itself. The 

most straight forward way is to isolate a cDNA encoding Fv-1. There are a 

num ber of ways that this m ay be approached. One m ethod is the direct 

selection of cDNAs encoded by the YAC (Lovett et al, 1991; Parimoo et al, 1991; 

P a r im o o  et al, 1993). An entire cDNA library (blocked for repeats) is 

hybridized to gel purified YAC which has been immobilized on a filter. Non

specific cDNAs are washed away leaving the bound cDNAs to be eluted, 

amplified and cloned. It is also possible to carry out the reverse of this 

procedure and use YAC sequences as a probe for hybridizing to a cDNA library 

under conditions that reduce repeat hybridization. These approaches may 

present problems if the gene of interest is not highly expressed. This could 

well be the case with Fv-1 given that the gene product can easily be abrogated.

Alternatively, more indirect m ethods might be used. CpG islands m ark the 

start of m any genes (Bird, 1986; Lindsay and Bird, 1987). Using restriction 

enzym es w ith  tw o CpG dinucleotides in the recognition sequence, it is 

possible to search for such islands. Probes derived from neighbouring regions 

would be suitable for screening cDNA libraries. A technique known as "exon 

trapping" has recently been developed and has been successfully used in our 

laboratory to trap exons from the m ouse Hairless gene (Cachon-Gonzalez et 

al, 1994). The DNA fragm ent of interest is cloned into an intron of a gene
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contained in a vector. Splice sites flanking exons in genomic DNA are 

identified in transcripts and used in vivo to "trap" new  exons into the vector- 

derived  mRNA. Following synthesis of cDNA, the gene can then by 

amplified by PCR and sequenced (Buckler et al, 1991). This m ethod has been 

show n to identify genes from m ouse and hum an cosmid and genomic DNA 

in an expression independent m anner (Church et al, 1994).

A cosm id library has been constructed from the YAC Pnd D l l  to take 

advantage of one or more of these methods, since these smaller clones will be 

easier to m anipulate and analyse. Cosmids were introduced into NIH-3T3 

cells by lipofection. Cell lines from each transfection were assayed for Fv-P  

activity by the norm al RT m ethod. Several cosmids were identified which 

w ere Fr-1 ̂ -positive. Currently, DNA fragments from one of the cosmids is 

being used in the "exon trapping" vector in an a ttem pt to isolate and 

sequence the F v-P  coding region. So far, four potential exons have been 

cloned and sequenced.

6.12 Future Experiments

Once a full length cDNA has been isolated, its identity m ust be confirmed by 

rein troducing  it in to  F v-P -negà tive  cells to m ake sure that it confers 

resistance to N-tropic MuLV. Fv-1 from n and nr tropic cells will be cloned. 

Allelic sequence differences in the gene, characteristic of particular Fv-1 

alleles, should be present.

To investigate the models proposed for the mechanism of Fv-1 restriction it 

w ould be useful to discover the cellular sub-localization of the gene product 

and to w hat degree it is expressed. For this purpose, specific antisera to the 

gene product will be obtained. It would also be of interest to over-express Fv-1
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to see if retroviral restriction can be enhanced, in other w ords to force an 

increase the num ber of virus particles needed to produce a successful 

infection. The second model, described in the introduction, suggests that it 

may never be possible to entirely restrict the virus due to the theoretical 

possibility of it evading the Fv-1 product while mitosis is taking place, even if 

this does occur at a low frequency. On the other hand, if the Fv-1 product is 

soluble and ubiquitous in the cytoplasm, then the virus w ould almost never 

be able to evade Fv-1 if it were sufficiently highly expressed. However, it is 

conceivable that over expression might be detrimental to the cell or animal. It 

would also be useful to discover if Fv-1 plays another role in the cell. Since it 

appears to be constitutively expressed, it could have other im portan t 

functions.

Other studies will involve solving the molecular interaction between the Fv- 

1 product and the viral determinant p30. The GAL4 di-hybrid system could be 

used to study the interaction and would allow the effect of defined m utations 

in the Fv-1 gene to be investigated. This will not only help to understand the 

mechanism of restriction, bu t if this gene directly affects viral integration, it 

may help to clarify the role of the nucleoprotein complex in this step.

Perhaps the m ost im portant task will be to clone the hum an homologue of 

Fv-1. It is known that there is a large degree of synteny between the distal end 

of m ouse chromosome 4 and the proximal end of hum an chromosome 1 

(A bbott et al, 1992; Bahary et al, 1991). Specifically, the PND  locus has been 

m apped to hum an chromosome lp36. It is highly probable that Fv-1 will be 

found here. This gene has potential im plications in the trea tm ent of 

retroviral disease. It may even be the case that the hum an hom ologue is 

active in reducing the incidence of viral-induced tum ours /  leukaemias and 

other cancers. N o infectious examples of C type retroviruses have been
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isolated in hum ans (Weiss, 1984) how ever, particles resem bling C type 

v iruses and  o ther M uLV-related sequences have been found in large 

num bers (Martin et al, 1981; Repaske et al, 1983).

O ther groups of retroviruses are know n to cause disease in hum ans, 

however. The hum an T-cell leukaemia virus (HTLV) is now  established as 

the causative agent of adu lt T-cell leukaem ia-lym phom a, and  acquired 

immunodeficiency syndrom e is know n to be caused by the hum an 

immunodeficiency virus (HIV). Obvious targets for the Fv-1 gene product, or 

an engineered alternative, are the HTLV and HIV gag-encoded proteins. A 

therapeutic strategy which prevents retroviral integration could be of great 

benefit.

The existence of Fv-1 was discovered over twenty years ago. In 1973, Frank 

Lilly and Theodore Pincus wrote that "the problem  of the mechanism of 

action of the Fv-1 gene w ould seem to be a ripe one from the standpoint of 

the m olecular biologist." After only a slight delay, we now  have the 

o p p o rtun ity  to discover how  this gene functions. The im pact of this 

inform ation on the understanding and prevention of retrovirus infection 

will be potentially far-reaching.
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Appendix 1 

Yeast Growth and Sporulation Media

YPD;

For routine growth of non-YAC containing yeast strains

Glucose 20 g/1

Yeast extract 10 g/1

Peptone 20 g/1

In water

For plates, add 20 g/1 agar 

Synthetic Dropout (SO):

This is a synthetic m edium  containing only the required nutrients for yeast 

growth. By omitting certain nutrients, YACs having particular markers can be 

selected. For example, to select for a YAC which has the TR P l and URA3 

genes in the left and right arm s respectively, tryptophan and uracil are 

om itted from the medium.

Glucose 20 g/1

Yeast nitrogen base without amino adds 6.7 g/1

A denine 20 pg /m l A rginine 40 pg /m l

H istidine 20 pg /m l Isoleucine 40 pg /m l

Leucine 60 pg /m l Lysine 80 pg /m l

M ethionine 20 ^g /m l Tyrosine 40 pg /m l

V aline 100 pg /m l Phenylalanine 50 pg /m l

Uracil 20 pg /m l

In water. For plates, add 20 g/1 agar
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aAHC

This is a rich, high adeneine m edium  deficient in uracil and tryptophan, and 

hence selects for both ends of a YAC. YACs will grow  to alm ost the same 

density in a AHC as in YPD.

Glucose 20 g/1

Yeast nitrogen base w /o  amino acids 6.7 g/1 

Casein hydrolysate-acid (low salt) 10 g/1

A denine hem i-sulphate (1%) 4 ml/1

In water

For plates, add 20 g/1 agar

Sporulation M edium

Potassium acetate 20 g/1 

In water

For plates, add 20 /I  agar

Appendix 2 

Yeast Strains

AB1380 M ATaade2-l canl-100 /ys2-l trpl ura3 his5 (pYAC4 host)

YPH857 MATa Ieu2-Dl trpl-D63 ura3-52 ade2-101 his3-D200 /ys2-801 cyh2^ 

CG379 MATa. Ieu2-Dl ura3 his? trpl
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Appendix 3 

PCRs Used for YAC Screenings Analysis 

and Genetic Mapping

Origin Oligo Sequence

LTR SB 1 CCTCAGATTGATTGACTACC 3'

Xmv-8  flank SB 2 GGCTGCTGGTTATCTCTTGG 3'

Xmv-9  flank SB 3 ACTGACAGAGATGGAGTTCC 3'

Xmv-14 flank SB 4 TCCCGACTCAAATGCCAGC 3'

Xmv-44 flank SB 5 CTGAAGAGAAAGCGCTGTGG 3'

Xmv-8  flank SB 8 GCTACAGGCAG'ITTTATAGGC 3'

Xmv-9  flank SB 9 TGGTATTCAGGTGGGCAAGG 3'

Xmv-14 flank SB 10 ACAAGCATAGCCAACAGTCC 3'

Xmv-44 flank SB 11 ACATCITTTGACTGCCTTTCC 3'

Locus to be amplified Oligos 

X m v-8  SB 1+2

X m v-9  SB 1+3

Xmv-14  SB 1+4

Xmv-44  SB 1+5

Product size 

297 bp 

174 bp 

259 bp 

227 bp

Xmv-8  flank 

Xmv-9  flank 

Xmv-14 flank 

Xmv-44 flank

SB2+8

SB3+9

SB4+10

SB5+11

257 bp 

135 bp 

186 bp 

162 bp

The Pnd locus is amplified with SB 6+7 to give a 323 bp product. 

SB 6 GAACCTGCTAGACGACCTGG 3'

SB 7 AAGCTGTTGCAGCCTAGTCC 3'
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The polym orphic Pnd locus is amplified w ith Poly 1+2 to give a 257 bp 

product. The allele from C57BL/6J DNA (Fv-1^) can be cleaved by Pvu II to 

give 127 and 128 bp fragments. The C3H/HeJ allele cannot be cleaved.

Poly 1 CCTGTTGCCAGGGAGAAAGA 3'

Poly 2 TTGCAGCGATAAAGGGATGG 3'

Amplification conditions of all above primers: 1.5 mM MgClz

94°C, Im in

58°C, 30 sec x 32 cycles

72°C,30sec

Primers used to detect YAC integration into mouse cells:

Following integration of the plasmid pRVl into the right arm of the YAC to 

introduce the neo resistance gene, a neo sequence can be amplified to give a 

130 bp product (primers neo 1 and neo 2). The left arm-specific assay amplifies 

a 204 bp product and are designed to amplify the junction between pBR322 

sequence and the yeast SUP4 gene sequence (primers Left 1 and Left 2). 

Amplification conditions are as above.

neo 1 TGTCGATCAGCATGATCTGG 3' 

neo 2 CCACCATGATATTCGGCAAG 3'

Left 1 GCTACTTGGAGCCACTATCG 3'

Left 2 AAAGTCTTGCGCCTTAAACC 3'
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Mating Type PCR:

Three prim ers are added to a PCR reaction. M A Ta  gives a 544 bp product, 

whereas a M ATa  gives a 404 bp product. A diploid yeast gives both products.

AGTCACATCAAGATCGTTTATGG 3'

corresponds to a sequence at the right of and directed towards the M A T  locus.

GCACGGAATATGGGACTACTTCG 3'

corresponds to a sequence within the a-spedfic M A T  DNA.

ACTCCACTTCAAGTAAGAGTTTG 3'

corresponds to a sequence within the a-specific M A T  DNA.

The MgCl2  concentration is 2.0 mM, with the following cyding times:

94°C, 1 m inute

58°C, 45 sec x 32 cydes

72°C,45sec
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Appendix 4 

Primers and Oligonucleotides Used in 

YAC End Rescue

"Bubble" PCR rescue of YAC ends:

The sequence of the "bubble" oligonucleotides and prim er positions w ithin 

the YAC vector arms can be seen on the following pages. The PCR primers 

used are listed below.

224 ("bubble" specific primer):
CGAATCGTAACCGTTCGTACGAGAATCGCT 3'

HYAC-C (left arm specific):
GCTACTTGGAGCCACTATCGACTACGCGAT 3'

LS-2 (left arm specific):
TCTCGGTAGCCAGTTGGTTTAAGG 3'

HYAC-D (right arm  specific):
GGTGATGTCGGCGATATAGGCGCCAGCAAC 3'

RA-2 (right arm specific):
TCGAACGCCCGATCTCAAGATTAC 3'

The final MgCl2 concentration in all cases is 1.5 mM. The amplification 
conditions were as follows:

94°C,lm in 94°C,45sec

62°C,45sec x l cycle 62°C,45sec x30 cycles 

72°C,45sec 72°C,45sec
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Sequences Of The Oligonucleotides Used To Generate 
The "Bubbles” For "Bubble" PCR Components of the R sa  I bubble

N)
I— t

W

Left or Right 
arm 

of YAC

YAC insert digested with 
Rsa I, Eco RV, Hinc II or Stu I

Ligated to bubble

Blunt end

I
CTGTCGAAGGTAAGGAACG 

Rsa I top

5 ’ GAAGGAGAGGAC
I I I I I I I I I I I I

3 ' CTTCCTCTCCTG
GAGAAGGGAGAG 3 '
I I I I I I M  I I I I
CTCTTCCCTCTC 5 '

Universal 
bottom

r  AAGAGCATGCTTGCCAATG
T C

AAGAGCATGCTTGCCAATGV

Left or Right 
arm 

of YAC

Hinf len d

\
Components of the H inf I bubble

CTGTCGAAGGTAAGGAACG 
g ’’ Hinf I top \

YAC insert digested with Htnf I 5 , a n tg a a g g a g a g g a c
i I I I i 11  I 1 1  11

3 ' CTTCCTCTCCTG
  1

Ligated to bubble

GAGAAGGGAGAG 3 '
I I I I I I I I I I I I

CTCTTCCCTCTC 5 '

Universal
bottom

G

T c  r  A
AAGAGCATGCTTGCCAATG/

Q AAGAGCATGCTTGCCAATG ^



pYAC4 Sequences Adjacent to the YAC Cloning Site 
Showing Primer Positions Used in "Bubble" PCR

YIP5/pBR322 region

.CTCATGTTT GACAGCTTAT CATCGATAAG CTTTAATGCG GTAGTTTATC 
ACAGTTAAAT TGCTAACGCA GTCAGGCACC GTGTATGAAA TCTAACAATG 
CGCTCATCGT CATCCTCGGC ACCGTCACCC TGGATGCTGT AGGCATAGGC 
TTGGTTATGC CGGTACTGCC GGGCCTCTTG CGGGATATCG TCCATTCCGA 
CAGCATCGCC AGTCACTATG GCGTGCTGCT AGCGCTATAT GCGTTGATGC 
AATTTCTATG CGCACCCGTT CTCGGAGCAC TGTCCGACCG CTTTGGCCGC

_______________ HYAC-C____________ ^
CGCCCAGTCC TGCTCGCTTC GCTACTTGGA GCCACTATCG ACTACGCGAT 
CATGGCGACC ACACCCGTCC TGTGGATCAA TTCTTTAGTA TAAATTTCAC 
TCTG

Sup4 region
AACCATCTTG GAAGGACCGG ATAATTATTT GAAATCTCTT TTTCAATTGT 
ATATGTGTTA TGTAGTATAC TCTTTCTTCA ACAATTAAAT ACTCTCGGTA 

LS-2________ ^
GCCAAGTTGG TTTAAGGCGC AAGACTTTAA TTTATCACTA CG 

---------------------  cloning [GAATTC] s i t e ----------------- ---------------------

CGTAATCTTG AGATCGGGCG TTCGACTCGC CCCCGGGAGA TTTTTTTGTT

TTTTATGTCT CCATTCACTT CCCAGACTTG CAAGTTGAAA TATTTCTTTC 
AAGAATT

YIP5/pBR322 region
GATCCTCTAC GCCGGACGCA TCGTGGCCGG CATCACCGGA GCCAGAGGTG 
CGGTTGCTGG CGCCTATATC GCCGACATCA CCGATGGGGA AGATCGGGCT

 HVAC-1)-------------
CGCCACTTCG GGCTCATGAG CGCTTGTTTC GGCGTGGGTA TGGTGGCAGG 
CCCCGTGGCC GGGGGACTGT TGGGCGCCAT CTCCTTGCAT GCACCATTCC 
TTGCGGCGGC GGTGCTCAAC GGCCTCAACC TACTACTGGG CTGCTTCCTA 
ATGCAGGAGT CGCATAAGGG AGAGCGTCGA CCGATGCCCT TGAGAGCCTT 
CAACCCAGTC AGCTCCTTCC GGTGGGCGCG GGGCATGACT ATCGTCGCCG 
CACTTATGAC TGTCTTCTTT ATCATGCAAC TCGTAGGACA GGTGCCGGCA 
GCGCTCTGGG TCATTTTCGG CGAGGACCGC TTTCGCTGGA GCGCGACGAT 
GATCGGCCTG TCGCTTGCGG TATTCGGAAT CTTGCACGCC CTCGCTCAAG 
CCTTCGTCAC TGGTCCCGCC ACCAAACGTT TCGGCGAGAA GCAGGCCATT 
ATCGCCGGCA TGGCGGCCGA CGCGCTGGGC TACGTCTTGC TGGCGTTCGC 
GACGCGAGGC TGGATGGCCT TO...................
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Primers used in  p lasm id rescue of YAC ends:

The following prim ers are used to verify the correct integration of the end 

rescue plasmids pICL and pLUS. pICL PCR generates an 870 bp product which 

can be cleaved by Pstl into 702 and 165 bp products if the plasm id has been 

targeted correctly:

pICL 1 GCGCTTAATGCGCCGCTACAGGGCG 3'

pICL 2 GCTCACCGGCTCCAGATTTATCAGC 3'

Amplification conditions for pICL: 2.0 mM MgClz

94°C, 45 sec

70°C, 1 min x 32 cycles

The following primers amplify a 1855 bp product if the pLUS plasm id had 

targeted correctly:

pLUS 1 CTTGAGATCGGGCGTTCGACTCGC 3'

pLUS 2 TGAACGGTGATCCCCACCGGAATTG 3'

Amplification conditions for pLUS: 2.0 mM MgCl2

94°C, 45 sec

70°C, 1 min 30 sec x 35 cycles

(pLUS rescue sequencing primer: CAAGTCTGGGAAGTGAATGG 3')
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Appendix 5 

YAC Insert Sequences and PCR Primers

"Bubble" PCR Products (primers are underlined):

Pnd G7 Left: sequence from EcoRV/Rsal and Rsal/Rsal. Homology was found 
to a B1 repeat.

1 g a a t t c a c t c  t g t a g a c c a g  g c t a g c a t c a  a a c t c a t a g a  g a t g c c c c t g
51 c c c c t g c c c c  t g c t t c c c g a  g t t c t g g g g t  c a a a g g t g c g  c a t c c a c c a c

101 c a c a c c c a g c  c a c g t t c a t a  c c c c t g a t c c  a c t a c a g c a c  c c a g c a t g g t
151 a g a a c a g c t g  a c t g g a g a t a  g a a t c c a g a a  c c a c t g g g g c  t t c t c c a g t c
201 t c c a c c c a t g  c a g g t a c c c t  c t c c a g t c c a  c c a t c a a g c c  c a t c a g a g c t
251 c t g g g c c a c c  c a c a a a g t a t  c a a c a g g a g g  t a t g g g t t c a  c a g g a t - 3 '

Pnd G7 Right 1: sequence from 1000 bp Rsal/Rsal. Homology was found to a 
LINE repeat.

1 a c t c a c t g a t  a a g t g g a t a t  t a g c c c a a a a  g c t c a g a a t g  a c c a c g a t a c
51 a a c t c a c a g a  c c a t a t g a a g  t t t a a g a a g a  a g g a a g a t c a  a a g t g t g a a t

101 g c t t c a g t c c  t a c t t a g a a a  F g g g g a a c a a a  a t a a t a c a c a  g g a g g t a g a g  
151 g g a t g a a a g g  a t c t g g g a g g  g a g a g a g g a g  a g c g g g g a a g  a a g t g a g a g c
201 a g g a t c a g g t  a t a g g a a g a g  a t g g g a g a g a  a a t t c a g a t g  g t c a g g a a a t
251 t g c a a a a a c a  t g t a g c a g t g  g g a a a t g g g g - 3 '

PndG 7 Right 2: sequence from 1000 bp Rsal/Rsal. The PCR assay failed the 
hybrid panel chimera test.

1 g g a a t t c c a t  g g a g t g a c c t  g a a t t t t t g g  a a a a g g t t c c  c c t t c t c c c t
51 t a a a a c a t a t  c t a c t a a c a t  a a a c c a g c t t  g c t c a g t g a g  c t a a g t c t a c

101 a t a a c a g a c t  t g a c t t c c t g  c c t t c a t c t g  c a c t c g g c t t  c t c t c g g t g t
151 t t a c a t t a a a  g c t c t a t g t a  t t t a a a a a t a  t a a a t c t c t t  t c c t t g c t t c
201  t a c t a a g a a g  a t t c t g a g a t  t a a a t g t a a t  a a t g a t a g a a  a t t c t t c t a g
251 t t t c t t g t a a  c c a t a t t c - 3 ^

Pnd D l l  Left: sequence from Rsal/Rsal Homology was found to a B1 repeat.

1 g a a t t c t a g a  a c a g c c a g g a  c t g c a g a a a g  g a a c c t t g t a  g t g c c a g c c t
51 g t g g a a g a g t  c a a g g c t t g g  c c a a a g t g t g  a a t g a c t t t a  c t g g c t t c c t

101 g t g a a a t c a c  g g t a g t c g c a  t g g a a g g t t g  t - 3 '
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Pnd D l l  Right: sequence from Stul/Rsal.  The PCR assay performed well.

1 c c t t ç r c t t t a  a c t c c a y c c t  c c c t a g a a c t  a a t g c c t a g a  a g c c t t t a a c
51 t g c a g c a g a a  a g t g g a g a c a  g a t c a a a g g g  t t c c g a g a g a  a g g g c t a g g c

101 t g c a g c a g c c  a c a t a g c a g a  g g a g g c t g c c  t t c t t a g c a t  c t c t g g g g t a
151 a a g c c a t t g a  t g g c a g t t a a  a a g g c t a c a a  c a c a c a g a a a  a a c t a a c a a t
201  t a c a t g c a a a  t g a t g c t t a t  t a c t g a g a g a  g c c a a a a c c a  g a a a t a c a c a
251  g g a c a g g t g c  t t g g t t t t t a  g t c c c t g t c c  c - 3 '

Pnd C6 Left: sequence from R sal/R sal, Possible B1 repeat hom ology was 
found. The PCR assay gave a smear.

1 g a a t t c t a g g  c c a g c c a a g g  c t a c a c c g t c  g t g a g c a a t t  g t c t c a g a a a
51 c a t g a g t t g a  g g c c a g g c g g  t g g t g g c t c a  c g c c t t t a a t  a a c a a a a c t c

101 t g g g a g g c a g  a g g c a g g t g g  a t c t c t g a a c  t c t g g g c c a g  t c t a a t c c t a
151 g t g a g t t c c a  g g a g a g c c a g  g c a g g g c t a t  a c a g a a a g a t  c c t g t c t c a c
201 c a c c c t t a a c  c c c c t a c c c g  a a a a t t t a a a  a a c t g a g t t a  g c c a t g a a c c
251 a g a t a g a g c g  g t - 3 '

Pnd C6 Right: sequence from H in d i/R sa l, The PCR assay failed the hybrid 
panel chimera test.

1 a a c a a c a g a c  c c c g t t a t t t  a a t a t g c c c a  c t a g t t c t c a  t c t c t c t t g a
51 t a g g t c c t c t  c c t a g a t a a a  g a a g a t g a a a  g c c t g t g g a g  a t g a g a a g c a

101 a t g t t a a a a g  c a c a g a a g t g  a t t c t g g a g a  g a g g a g g c a t  t t a a g g a g a a
151 c c t t a g a t c t  a t t t g a g t c a  g g a t t g c a t a  a a g c a t g t a a  a a g t g a c t g g
201 a c t g a a a c c c  t a t g a t a g a a  a a c t a t a c a a  a a tc r tc r c a t t  t - 3 '

Pnd C9 Left: sequence from Rsal/Rsal. The PCR assay performed well.

1 a c c a c a c c c t  a a a c t g a a c a  t a t a c a a a c c  a t c a c a a g g a  g a t t a a g c c t
51 g a a a a c c t a g  g c t t c a g g c a  g c t a a t c a g a  a a c t a c c a c a  c c a c c t g a c c

101 t t a a g c a a g g  a c a a t g g g t c  a g c a g t t t c c  a g c c a g c c c a  t g c c c - 3 '

Pnd C9 Right: sequence from Rsal/Rsal. The PCR assay failed on genomic 
DNA.

1 a c t g t c t t t g  t t c t a t t g t g  t a t t t g t g a a  t t c t g t a a t c  a a a a a t c g g g
51 t g t c c t g a c a  t g g g t g g g g t  t g t g t c t g g g  t t t t c c a t t t  g a t t c c a t t g

101 a t g a t c a a c a  t t g t c t g a c t  t t a t g c c a a t  a c c a t g t a g t  t c t t t g g t t c
151 a g g a t t a t t t  t a g c a a t c g t  g g g t t t t g t t  a t t c c a t a t g  a a g g t g t t g g
201 a a t t c c g t a a  t c t t g a g a t c - 3 '
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X44 A9 Left: sequence from H infl/H infl, Some B1 homology in second half of 
sequence. The PCR worked well on genomic DNA but failed the hybrid panel 
chimera test.

1 a t t c t g t a t g  g t a t a t t a a t  g a c t t a t g t g t t a t c a g a c g  g a a a t a c a c a
51 t a g t t t c a g t  a t t t c t t a t t  a t t g t a t t g t  g g a g a t a a a t  t a c c a a t t g c

101 t g a c a g c a t a  t a g t t t a g c t  t t a g a a a a g g  c t t t c a t t c a  g c a t c t a t a g
151 c c a a a t a c t t  t c c a g t t a a g  a a t g t t g c a t  t g t t t g t t t a  t a t t t a g a t t
201 t g t a t t a t t t  t a t t t g t t t t  c c a a g a c a g g  a t c t c t c c c t  g t a g c c c t g g
251 c t a t c c t g a g  a c a t a c t a t a  t a g a c c a g g c  t g a c c t c a a a  c t c a g a g a t a
301 t g c c t a g a t t  t - 3 '

X44 A9 Right: sequence from H ind i/R sa l. Some zinc finger repeat homology 
in second half. The PCR worked well on genomic DNA but failed the hybrid 
panel chimera panel test.

1 g a c a t t a t c t  a a a a t t t a a a  c a t t a c a t a a  a a a t t t t c a a  a a g t t t t c a g
51 a t t c a t a a t t  c t c t a g t t t a  g a g c a c t a a c  t g t t g a a a a g  a a t a t t a c c t

101 g t g t a a a a c a  t a t g c c a c a t  t t c c c c a g g a  g a a c t a t t t t  t c c c a t a a a a
151 a a t a t t t t a c  a t a t t t t t t c  t g c a c t g a a a  t g a a g t c a a a  g a t a t t t c a g
201  c a t g t g t t a t  a t t t g t t a a g  a t t c t t g c c t  g t a t a a a t t a  t c t g t t a ^ i â t .
251  t c t a a g a g a t  a g g c c a a a a t  a a a g g a t t c a  a a c c a t c a a t  g t a t t t g a a a

Plasmid End Rescue Products:

Zn 5 pICL BamHl-rescue: sequence from a 1.2kb EcoRl fragment.

1 g a a t t c t t g a  g c a t g c a a c c  a c a g a a t t g t  t g t t g c g a t c  t a a a a g g g c c
51 a t a g c g a t g a  t t t t a g c a g g a a t g g c t g t c  c t g a t a g t t t  c t a t t a t g g t

101 t a c a g c a a t t  g c t t c t g t g t  c c t t a g t g c a  a a g t a t a c a c  a c t g c a g c a t
151 a t g t t a a t g a  c t t c g c t a t t  a g t t a c a a a a  g c t g t t g t t t  t t c t t c a g a a
201  t g t a t a t c t g  a g a t g t g c a a  a a t a t t a a g a  t t c c g t a g a t  g a t t t a a g a a
251  a a g a a t g g a a  a t c t a t t t t a  t t - 3 '

Zn 5 pICL Sp/fl-rescue: sequencefrom a l.lk b  Sphl/EcoRl fragment. This goes 
back towards the sequence above. One primer at each end was used to give a 
lOOObp PCR product. PCR assay performed well.

1 g a a t t c a t a c  a g g a g a g a t a  c c t t a g a a a t  a g t t t g t a t g  t g a c a a a t a c
51 a a t a c a a t g t  c a g t c t g a g a  a a t c a t c a g t  t t t t a a t a c a  g t a g a g a a t a

101 t t t a t a a a t g  a a g t g a a c g a  g a c a a t c c t t  t a c c a a g a t a  t a t c a t c t t a
151 a a a a t c a t t a  g a g a a t a c t t  a c a g a a g a g a  a a g c t t t c a a  t t a t c t t g a a
201  g g t a t g a a t c  c t t t a c t c t t  g g c c t a t t t c  c t a g a a t g t t  a a c a g t g a a t
251  a c t t a c a g g a  t a c a a a c t t - 3 '
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Zn 5 pLUS Xbfll-rescue: sequence from a 0.3kb EcoRl fragment. PCR assay
performed well.

1 g a a t t c a t a c  a g t a g a g a a a  a c t t a c a a a a  a t g c a g t g a a  t g t g a t a a a t
51 g c t t t a c t a a  t a a a g g c a g a  c t g a g a a t t a  a t c a g a t a a t  t t a t a c a t t t

101 a a a a a a a a c c  c t t a c a a g t a  t t t t g t a t g t  g a t a a a t g c a  g t a c c c a c a a
151 c a t c a g t c t g  a c a a a t c a a c  a g a t a t t t c a  a a c a g t a g a g  c a a c a t t a t a
201  a a t g a a a t g a  a t g a g a t a g t  c c t t t a a c a a  g a a a t a t c a t  c t t a a a a t t c
251 a c t a a a a a a t  t c g a g - 3 '

Zn 37 pICL Sp/il-rescue: sequence from a 0.7kb EcoRl-Sphl fragment. PCR 
assay performed well.

1 g a a t t c t g a a  a g a g a t g g a g  t t c c a g t t g a  t c t t g t c t t t  t c c a c t g t g t
51 t a c a t c a a g a  a a g t t g c t a g  c c a a a g t g g t  t t c a t a a a a a  t a t c c a a a g a

101 a t g c t g g c c a  g t g a c a a c a a  a a g g g g t t g c  t g c t t t c a c a  a a c t g a c a t t
151 a a g t c g t c a t  t g c t a a a g a c  a g g g c t g a c a  c a a a a c a c t g  t a t a t g a a a a
201 g g t c a a a c t g  g t g c c a a g a a  c a t t g a c t c t  t a t g t t c a g t  g t c t c t a t g g
251 a a g g t g c t t g  a a c g t a c a c a  a g g t g a a t a t  a t a c a c a g a a  c a c a a a t a g a
301 c g t t g a t c t a  t a t t t t c t c a  g c a a a t a g c t  a g g c a t g a t g  t c a t g a t t a c
351 t g g a t a c a t c  a t g t - 3 '

Zn 37 pLUS B am H l-rescue: sequence from a 0.45kb EcoRl-EcoRl fragment. 
The PCR assay performed well.

1 g a a t t c c a a t  a t c t g g a g c c  a c t g c a t t t t  a c a c t g a g g c  t a a t a a g t c a
51 g g a a a g g c a g  a a g a t t t g a g  t a a g g t g g c t  g a g a g t c c c a  g g a a a t c a g t

101 t c c a a a t c t t  a a t t a c g t g c  a a t a c t c a t g  g t g t t c t c a g  a t t t t c a a g t
151 g t c t t a a c a t  a g t a a c t g a c  t c t c a a t a t a  c a g a a a c g t t  t g t t t t a c a c
201 a t a g a g a c t g  t t g a t c t t a t  t t a g g a t g a t  t c t g a a t t g a  c t t c a c t a t t
251 t a t t c a a c t a  c a a c a a a t a a  g a g t a a a t g a  c t a c a t a t a a  c a c a t a t a a g
301 a t c c a t a c a g  a t t t g c c a g g  g c t c t c t g g c  a c a g a g t a a t  a a t g a a a t t g
351  a c c g t t a a t t  g a t a g - 3 '

X9 111 pICL Bam H l-rescue: sequence from a 2.3kb EcoRl-EcoRl fragment. The 
PCR worked well on genomic DNA but failed the hybrid panel test.

1 g a a t t c a t c a  g t g t t t a t g t  c t g t c c a c g t  t c t g a a g t g g  t g c t c t g t c a
51 t a g t c t c t a a  t g a c a a c t t a  c t c a t t c t g t  g a g t c t g t a a  a c c t t g a a a a

101 a c t a g a c t g t  t t t a c t t t g g  g g g g g g c g g t  c t t a a a c c a t  t t t a a c t t c a
151 c a a c c a a a g t  g a c c a t c a a a  t a t t a t g a t g  t t a a c g t t g t  g a t t t t t t t c
201 c a t t a t g t t t  t t c a t t a t g g  t t t t a t t a t a  g g a c t t t t c a  a a g g c a c t t g
251  a c t c c t a t g t  t a g t t t t t t t  t t a a t t g g a g  g t a t t c a a a t  t t a t g c t g a c
301 t a c t t g a a t g  g c t g g a t c c a  t t a a c a g g a g  c t c t g a g a g a  t c a a a c g t a t
351 t - 3 '
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X9 111 pLUS S a c l-re scu e : sequence from a 1.4kb SacI-EcoRl fragm ent. 
Homology to LINE repeat.

1 g a a t t c t c t g  t a t a g g t a t c  t a c c t c a t t t  t t t g a t t g g g  a t g t t t g g t t
51 t c t t g g t g g t  t a g c t t c t t g  a a t c c t t t a g  a t a t a t t g g a  t a t t a g c c t t

101 c t a t c a a g t g  t g g a g a t g g a  g a a g g g t t t t  t t t t t c c c c c  a a t c t g t a g g
151 t t g c c a c t t t  g t c c t a t t t g  c t a t g t c a t t  t g c c t g a c a a  a a g c t t t c t a
201 g t t t c a t g a g  g t c c c a t t t g  t c a a t t t c t c  a a c t t a g a g c  c t g a g c c a t t
251 t g a g t t c t t t  t t a g g a a a t t  t c c t c c t g t g  a a a g t c a g t t  t g g g g c t c t t
301 t - 3 '

X9 J1 pLUS S acl-rescue: direct sequencing from vector into the insert. A 
region containing two 84-86 bp tandem  repeats, containing EcoRl sites, were 
found which were homologous to a zinc finger gene. At least one more repeat 
unit was visible on the sequencing gel, but was not readable.

1 g a a t t c t c a g  a c t g c t t t t t  c a  s t a r t -------g t a a a g c a  t t t g c c a t a t
41 t c a c t g c a t t  t g t a a g g t t t  c t c t c c t g t a  t a a a t t c t c t  g a t g a a t a c t
91 a a g a c n g g a t  t g t t g g - e n d

107 ---- s t a r t ------ g t a a a g c c a t  t t g t c a c a t t  c a c t g c a t t t  g t a a g g t t t c
147 t c t c c t g t a t  a a a t t c c t a a  t g a a t a c t a a  g a t t n n g a t t  g t t t g g - e n d
193 g t a a a a - 3 '

X9 J1 pLUS Sacl-rescue: sequence from a 2.5kb EcoRl-EcoRl fragment. This 
sequence follows on from that above in the sam e orientation. A partial 
tandem  repeat is still present, but with m any m utations and with no internal 
EcoRl sites.

1 g a a t t c c c t g  a t g a a t a c t a  a g a t g g a t c t  g a t g g g t a a a  g c a t t t g t c a
51 c t t t t a c t a c  t t t t g t a a g g  t t t c t t t c c a  t g a t a a a t t c  t c t g c t g a c t

101 t t g t a g g t t t  t c t c t c t g g g  t a a g a t a t t t  g t g a a a t t c a  c t a c a t t t g t
151 a a g g g t t c c c  t g c a a t a t t g  t c t t t t t c a c  c a t g a c t t t a  t g t t t a g a a a
201  c a a a a t a t t g  t c t

X9 J1 pLUS Sacl-rescue: sequence from the other end of the above fragment. 
Sequence has >95% similarity to that obtained from a pICL clone (see below).

1 g a a t t c c t t t  t a c t t t c t t t  g a g t g t t c c t  a c t a t g t g c t  t a t g t a a a t g
51 c t c t g a g a t a  t c c a g a g a c t  c c t g a a t g a g  g g a a a t t c t a  g t t a a a a t c a

101 t a a c t t t t t c  a t t g t g t t t c  c t t t a c a t t t  c t c t g c t t t c  t t t t g a a a a g
151 t a a c c a a t g c  t a t a t t c t c t  g a g g t c a c t c  c t t a t c t c t t  a t c t a g c t t c
201 a g t g a a c t t a  a a a a a g t t c a  a g a a a a a a t t  t a a a t a t c c a  g a a c a a g a a a
251 t t a t a t t t c t  g t a c a t a t a a  t a g t t g c a a t  t a t a a a a a a t  c t t a c t a t t g
301 c a t t a a a a t g  t a t c
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X9 J1 pLUS Sacl-rescue: .sequence from a 0.9kb EcoRl-SacI fragment. The PCR 
assay performed well.

1 g a a t t c c t g t  c a t a t t c t g a  a a c c t a a t c a  a g a a c a g g a a  g t a t a t t a t a
51 t c a t g a g a a c  t a t g a g g c c a  t t t t a a g a a a  t g g t a g c a t c  t a a a a t t a t c

101 a t a g t c a t g t  t g t g t t c t c t  t c t c t c a g t a  a a g g t a g a t g  a g t t a a t g g a
151 c t c a g a c t c a  c a g c a t a a t t  t a g a c a c t g t  a a t g t a t a t a  t t t g a g g a c t
201  a c a t c c a g g a  a t a t a t g t t t  a t g a a c a c t t  t t t t g a t a a a  a a g a a c a a t t
251 c c a g t g t t a c  a t g t a g t t t a  c a a a t a a t a a  a a t a a t a a t a  a a t a a a c t a t
301 g c t c c a a - 3 '

X9 J1 pICL B am H l-rescue: sequence from a 1.0 kb EcoRl-BamHl fragment. 
This has ^95% sim ilarity to the pLUS Sacl-rescued 2.5kb E coR l-E coR l 
fragment and is in the same orientation.

1 g a a t t c a t g t  t t c t t t g a g t  g t t c c t a c t a  t g t g c t t a t g  t a a a t g c t c t
51 g a g a t a t c c a  g a g a c t c c t g  a a t g a g g g a a  a t t c t a g t t a  a a a t c a t a a c

101 t t t t t c a t t g  t g t t t c c t t t  a c a t t t c t c t  g c t t t c t t t g  g a a a a g t a a c
151 c a c t g c t a t a  t t c t c t g a g g  t c a c t c c t t a  t c t c t t a t c t  a g c t t c a g t g
201 a a g t t a a a a a  a g t t c a a g a a  a a a a t t t a a a  t a t c c a g a a c  a a g a a a t t a t
251 a t t t c t a t a c  a t a t a a t a g t  t g c a t t t a t a  a a a a t c t t a c  t a t t g c a t t a
301 a a a t g t a c c c  t t a t t t a t g a  a t g t a a a a t a  t a c a a g g - 3 '

X9 J1 pICL Sacl-rescue: sequence from a l .lk b  EcoRl-EcoRl fragment. Some 
zinc finger homology was found.

1 t t t a c c c a g a  a a t c c c a t g t  t a g t a t t c a t  c a g a a a a t t c  a t a c a g g a g a
51 g a a a c c t t a c  a a a t a g a t t g  t a t g t g a c a a  a t a c a a t a c t  c a c a a t g t c a

101 g t c t t a g a a a  t c a t c a g t t a  t t t c a t a c a g  t a g a g a a t c t  t t a t a a a t g a
151 a g t g a a c g a g  a c a a t c c t t t  a c c a a g a t a t  a t c a t c t c a a  a a t t c a t t a g
201  a g a a t a c t t a  g a g a a g a c a a  a c t t t t c a a a  t a t a t t g t a g  g t a t g a a t c c
251 t t t c c t t t t g  g c c t a t t t c c  t a g a c t g t a a  c a g t g a a t a c  t t a c a g g c t a
301 g a a a

X9 J1 pICL Sacl-rescue: sequence from a 1.2kb EcoRl-SacI fragment. The PCR
assay performed well.

1 g a a t t c a a t g  t c a g t a t t t a  g c a t t a a a a a  g t t a g a a a t a  c t a t t t t a c a
51 t a t g g t a c t t  t g t g t t a a c t  a a a a t a c g t a  a g a t t c a g t t  c a a t g t t c c a

101 g g c a a g t a t t  a c t a g g c t a a  g a t a a a a a g a  a a c a g a a a a t  a c g t a g a a g c
151 t t t c a g a g c c  t c a g c a a c a a  g t c t g c t c t c  t c t t g a g t t c  a a g g a a g t a t
201 g a a a g a a a a a  t c t a c a a a a a  t a a a t g a a a a  c c t g g a t a c a  t a g a t t t c a a
251 g g a t a g c t a t  c c a g a c t t t g  c t g t g t c t g c  a t g g t t c t g a  a g t c a t t a a t
301 t c c a t t t a t t  g a a c a a a g t c  c - 3 '
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PCR prim ers generated from YAC ends:

PndG 7R ight2(216bp)
CCTTGAAACATGTCTGCTAAC-3'
ATGGTTACAAGAAACTAGAAG-3'

Pnd D ll  Right (225 bp)
dTGCTTTAACTCCAGCCTC-3'
CTCAGTAATAAGCATCATTTGC-3'

Pnd C6 Left (206 bp)
AATTCTAGGCCAGCCAAGGC-3'
AAGGGTGGTGAGACAGGATC-3'

Pnd C6 Right (228 bp)
CCGTTATTTAATATGCCCAC-3'
AATGCACACTCCGTACAGTC-3'

Pnd C9 Left (135 bp)
ACCCTGGGCTGAGCATATAC-3'
TGGAAACTGCTGACCCATTG-3'

Pnd C9 Right (214 bp)
ACTGTCTTTGTTCTATTGTG-3'
CAAGATTACGGAATTCCAAC-3'

X44 A9 Left (254 bp)
ACTTATGTGTTATCAGACGG-3'
GTCTATATAGTATGTCTCAGG-3'

X44 A9 Right (255 bp)
GATTTGAACATTGCATGAAGG-3'
TrGGCCTATCTCTTAGAATG-3'

Zn5pICL(1000bp)
AGGAATGGCTGTCCTGATAG-3'
AACGAGACAATCCnTACC-3'

Zn 5 pLUS (229 bp)
TGCAGTGAATGTGATAATGC-3'
TTCTCCAGTGAATTTTAAGATG-3'

Zn37pICL(226bp)
TCTGAAAGAGATGGAGTTCC-3'
GAGTCAATGTTCTTGGCACC-3'

Zn37pLU S(240bp)
TCCAATATCTGGAGCCACTG-3'
GAAGTCAATTCAGAATCATCC-3'

X 9JlpLU S(243bp)
TGTCATGAGAACTATGAGGC-3'
CTCACCATCACTTTACTATCTG-3'

X9JlpICL(255bp)
CATATGGTGCTTTGTGTTAAC-3'
GGAATTAATGACTTCAGAACC-3'

Amplification conditions as for the Xmvs
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Appendix 6

DNA Size Markers (sizes are in base pairs):

0 x 174 (digested with HaeUl) X (digested with HindlU)
1^53 23,130
1,078 9,416

872 6,557
603 4,361
310 2,322
281 2,027
271 567
234 125
194
118
72
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