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Abstract

Fvl is a gene of mice known to restrict the replication of Murine Leukaemia virus 

(MLV) by blocking integration by an unknow n mechanism. The gene itself is 

retroviral in origin, and is located on the distal part of chromosome 4.

The sequence of m arkers known to flank Fvl in the mouse was used to identify 

sequence from the hum an homologues of these 2 genes. The construction of 

primers to these sequences permitted the screening of 2 YAC and a PAC hum an 

genomic libraries for clones containing either of these genes. The YAC libraries 

were negative for both markers. The hum an region was finally cloned as 2 

overlapping PAC clones. This region was sequenced, and the comparison of this 

sequence and the analogous region in rat to the Fvl region in mice allowed the 

determination of what sequence had been lost and gained during the formation 

of the gene.

The Fvl ORF of mice from across the Mus genus was PCR-amplified, cloned and 

sequenced. The analysis of this sequence has shown how Fvl has evolved during 

the spéciation of the Mus genus. By combining this data with what is known of 

the distribution of endogenous MLV and Fvl activity among the Mus genus, a 

scheme of how and why Fvl has evolved activity has been proposed.

The mouse genome was screened for a 'progenitori sequence(s) that may have 

given rise to Fvl during its germline infection of Mus. A  mouse 129/SvJ genomic 

library was screened by hybridisation for the sequences bearing hom ology to 

Fvl. Sequences obtained were shown to be the Fvl gene itself, m embers of the 

murine endogenous retroviral-L (MERV-L) family, or had no known sequence 

homology as determined by BLAST searching. A polymorphism at an EcoRI site 

was identified in the Fvl gene of the 129 mouse that appears to be responsible 

for the presence of 2 bands that hybridise with an Fi?!-specific probe in a 129 

genomic southern blot.

FvV"^  ̂cell lines expressing m utant Fvl ORFs were established and assayed for 

Fvl activity in an assay b^s^d pseudotyped MLV. This allowed the contribution 

of the 3 changes known to be important betw een the 2 main alleles to be 

assessed. The first amino add change in the Fvl ORF was found to be the major



determinant of Fvl phenotype, with the difference in the C-terminus 

contributing to a lesser extent. Fvl^ allele, a less common allele of Fvl, was 

shown to be mediated by a single amino add change and not by a change in the 

level of Fvl expression.
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Chapter 1 Introduction

Fvl is a gene in mice that restricts the replication of a certain class of m urine 

retroviruses, the Murine Leukaemia Viruses. The gene lies on the distal part of 

chromosome 4 and was cloned in this laboratory 4 years ago. The aim of this 

project was to elucidate the evolution of this gene in the Mus genus, and to 

investigate how  changes that have occurred during the evolution of this gene 

relate to Fvl restriction.

This introduction vrill begin with a description of the Murine Leukaemia virus 

group (MLV), focusing chiefly on the biology of its lifecycle during infection, 

followed by a brief summary of the discovery and significance of endogenous 

retroviruses, in particular endogenous MLV. Next, the evolution of host 

responses to retroviral infection will be discussed, and this will be followed by 

short synopsis of the properties of the retroviral restriction gene Fvl, one 

example of such a host response to retroviral infection. The theme will be 

changed m the subsequent 2 sections, which deal m ore with the process of 

evolution. First, the evolution of retroposons- the DNA sequences present in the 

genome derived from reverse transcription -is discussed, from the appearance of 

the progenitor RT marking the end of the RNA world, to the colonisation of the 

genome by apparently 'junk' repetitive DNA, and the emergence of the 

retroviruses. This section is then followed by a sum m ary of what we know about 

the evolution of the genus Mus. Although these 3 sections relate to each other 

only to a limited extent, they are all required in order to understand the nature of 

how Fvl has evolved in the Mus genus.

1.1 General Retroviral Biology

1.1.1 Taxonomy

Retroviruses can be divided into 2 groups depending on the complexity of the 

genetic organisation of the viral genome. These 2 groups are the simple and the 

complex retroviruses: simple retroviruses contain only the genes coding for the 3 

major retroviral proteins. Gag, Pol and Env, as well as a smaller coding sequence, 

pro, encoding a protease. Additionally, the genome of these viruses sometimes
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code for a dUTPase (dut). In complex retroviruses, this basic genetic complement 

is supplemented with additional regulatory accessory proteins derived from 

multiply spliced messages.

Alternatively, the retrovirus family can be divided into seven basic groups or 

genera defined by their evolutionary relatedness to one another, as determined 

by sequence analysis of their pol gene (see Table 1.1). The first five genera listed 

in the Table can cause oncogenic disease during the course of infection and were 

formerly know n as the oncoretroviruses. The lentiviruses cause disease 

principally by killing or inducing loss of function of specific cells and tissues. AH 

classes of vertebrates contain m embers of some or aU of these six genera. Much 

less studied are the spumaviruses and no disease as yet has been ascribed to 

these retroviruses.

Table 1.1 Taxonomy of retroviruses

Genus* Genome Example

1. Avian sarcoma and leukosis simple Rous sarcoma virus (RSV)

viral group (ALSV)
2. Mammalian B-type viral group simple mouse mam m ary tum our

virus (MMTV)

3. Murine leukaemia-related viral simple Moloney murine leukaemia

group (Mo-MLV)

4. Hum an T-cell leukaemia-bovine complex hum an T-cell leukaemia virus

leukaemia viral group (HTLV)

5. D-type viral group simple Mason-Pfizer monkey virus

(MPMV)

6. Lentiviruses complex hum an immimo-defidency

virus (HIV)

7. Spumaviruses complex hum an foamy virus HFV)

* Recently, the International Committee on Taxonomy of Viruses has renam ed the genera: the ALSV group has become 

the alpharetroviruses, the B-type and D-type genera have combined as the betaretroviruses, the M urine leukaemia- 

related viral group (or mammalian C-type viruses) has become the gammaretroviruses and the HTLV/BLV group has 

become the deltaretroviruses. New genera will be named according to the Greek alphabet.

1.1.2 Virion structure

The generalised virion structure is shown in Figure 1.1. Electron microscopy has 

revealed some distinct differences during virion synthesis and budding, and

18



Figure 1.1 Schematic representation of the structure of the retrovirus particle

Lipid
B i la y e r

The lipid bilayer is host-derived and, together with the products of the env gene, 
make up the viral envelope. These products are the Transmembrane (TM) 
proteins and the Surface (SU) proteins, linked together by a disulphide bond. 
The internal structure is formed from the products of the gag gene, and 
comprises Matrix (MA), Capsid (CA) and Nucleocapsid (NC) proteins. The 
enzymes Reverse Transcriptase (RT) and Integrase (IN) are encoded by the pol 
gene, ans Protease (PR) is derived from the pro gene located between gag and pol. 
(Reproduced from Retroviruses (Coffin, J.M., Hughes, S.H. and Varmus, H., 
eds.))
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these have been used to distinguish among various retroviral groups, leading to 

the original classification into 4 morphological groups (types A-D)k This 

classification is used to a limited extent today, although it has largely been 

superceded by more m odern molecular methods.

The virion is around lOOnm in diameter and consists of a nucleocapsid or core 

surrounded by a matrix coat. The core consists of a capsid 'shell' containing the 

RNA genome, nucleoprotein, various enzymes and tRNA; these are required for 

reverse transcription and integration of the viral DNA into the host genome. 

This is coated with a host membrane-derived Upid envelope which has been 

modified by the insertion of viral envelope proteins (see Figure 1.1); these are 

involved in receptor-mediated cell entry and the m em brane envelope serves to 

protect the core during the extracellular phase of the virus.

1.1.3 The retroviral genome
Retroviruses contain a plus-stranded RNA genome and replicate via a DNA 

intermediate which is integrated into the host genome (reviewed in The
processes of reverse transcription of RNA into DNA and the subsequent 

integration of this DNA represent the hallmarks of the Retroviridiae. They are 

also unique among viruses in several other respects: they have the only diploid 

virus genome; the only virus genome to be synthesised and processed by the cell 

mRNA handling machinery; the only virus genome to be associated with a 

specific host RNA whose function is to prime replication; and the only plus- 

strand RNA genome that does not serve as mRNA early after infection. Given 

the intimate association between the retroviral genome and the host 

transcription machinery, it is unsurprising to find several shared physical features 

with eukaryotic mRNA. Both have a 5' capping groups» ^ (presumably 

im portant for translation of those molecules which serve as messages). Both are 

modified post-translationally by méthylation on the 6 position of occasional A 

residues^» Not aU positions are methylated, however, and the suggestion that 

these sites might be involved in the regulation of splicing remains to be proven. 

Both retroviral genomic RNAs and eukaryotic mRNAs are polyadenylated at 

their 3' end as a post-translational modification by the cellular mRNA processing 

machinery^, 9 Most retroviruses have the canonical polyadenylation signal 

AAUAAA within 20bp of the poly(A) addition site, although in some such as the 

HTLV-BLV group the nearest signal is over 250bp upstream; a high degree of

20



secondary structure in the intervening region is thought to bring this signal near 
to the point of polyadenylation. It is thought that polyadenylation is important 

in RNA stability and the transport of RNA out of the nucleus

Figure 1.2 A simple retroviral genome

MLV 5 ’ CAP AAA 3 ’
R U5

env
US R

gag pro pol

The genetic map of the MLV genome encodes the gag, pro, pol and env genes. The env gene is in a different reading to the 

other 3 genes. The terminal noncoding sequence comprises 2 direct repeats (R), a unique 5' region (U5), and a unique 3' 

region (U3).

1.1.4 Retroviral genes
All retroviruses code for the gag, pro, pol and env genes (shown in Figure 1.2; 

reviewed in  ̂ )̂. The gag gene codes for the internal structural proteins of the 
virion. This gene is translated as a single polyprotein which is subsequently 
proteolytically processed into the mature matrix (MA), capsid (CA) and 
nucleocapsid (NC) proteins. The pol gene encodes the enzymes reverse 
transcriptase (RT) which has DNA polymerase and associated RNase FI activities, 
and integrase (IN) which mediates integration of the viral DNA. The pro gene 
encodes the viral protease (PR) which is responsible late in viral assembly for the 
proteolytic processing and maturation of the immature virion. The env gene 
encodes the surface (SU) glycoprotein and transmembrane (TM) protein of the 
virion which are involved in interaction with the cellular receptor and fusion 
between the viral membrane and the ceU membrane. Another gene, dut 

(deoxyuridine triphosphatase or dU) is also present in a few retroviral groups. 
This enzyme enable the virus to replicate efficiently in certain cell types with low 

endogenous dUTPase activity The complex retroviruses also code for 
accessory genes, derived from multiply-spliced messages, that regulate and 
coordinate viral gene expression. Some of these proteins, such as the tax and bell 

genes of human T-cell leukaemia virus (HTLV) and human foamy virus (HFV) 
respectively, act as transactivators which increase the level of transcription of the 
provirus, whilst others such as the rev gene of human immunodeficiency virus
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(HIV) and the rex gene of HTLV serve a regulatory function by modifying the 
relative levels of various mRNAs. The function of others has yet to be 
determined.

1.1.5 The retroviral life-cycle

The basic retroviral life-cycle is outlined in Figure 1.3 below (reviewed in ^). 
Briefly, the extracellular virion attaches to a specific cell-surface receptor. The 
virion uncoats and the core penetrates into the cell by receptor-mediated 
endocytosis or fusion. Once in the cytoplasm the RNA genome within the core is 
reverse transcribed into DNA. This DNA then moves to the nucleus, still 
associated with the core proteins, and is integrated into the host genome more or 
less randomly. The integrated viral DNA, now termed the pro virus, is actively 
transcribed by the cellular RNA polymerases, and these transcripts are processed 
into genomic and messenger RNAs. The viral mRNAs are then translated into 
proteins, which are assembled at the cell membrane into virions that 
subsequently bud from the host cell. The final stage involves the proteolytic 
processing of the capsid proteins after budding.
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Figure 1.3 The basic retroviral life-cycle (see text for explanation)
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1.2 The M urine Leukaemia viruses

The murine leukaemia viruses are simple, C-type retroviruses and are the most 

studied example of the mammalian C-type retrovirus family. Much of our 

fundamental understanding of retroviral replication comes from studies, detailed 

below, of the MLV family.

1.2.1 Host range of the MLV

These retroviruses can be classified according to the range of host cells they can 

infect. This host range is specified by their env gene^^. MLV isolated from 

laboratory strains can be divided into 2 groups, ecotropic and non-ecotropic 

virus, based on this host range specificity. Ecotropic virus can infect m ouse (and 

rat) cells only, and can be both exogenous and endogenous. This type of 

retrovirus can therefore subsequently be transmitted both vertically and 

horizontally. Ecotropic viruses use the CAT-1 receptor p r o t e i n f o r  cell entry. 

Non-ecotropic viruses form the larger of the 2 groups, and can be subdivided 

into 3 classes, xenotropic, polytropic, and amphotropic viruses. Xenotropic 

viruses use a different receptor to ecotropic viruses and are not assocated with 

disease. Although these viruses are found as endogenous viruses in mouse, they 

can only replicate in non-murine species, except for some wild mice species 1 ,̂ 

due to receptor incompatibility. These retroviruses probably inserted into the 

m ouse germ  line in a host background that encoded a receptor molecule with 

which the virus could interact to gain entry; this functional xenotropic retroviral 

receptor allele was subsequently lost, probably as a result of selection against 

xenotropic i n f e c t i o n X e n o t r o p i s m  has been observed in endogenous viruses 

of cats and primates, as well as in the subgroup E viruses of chickens. Polytropic 

viruses were first identified by their ability to cause cytopathic foci on m ink cells, 

and are therefore called mink cell focus-forming (MCE) viruses 1 .̂ As they are 

able to infect both murine and non-murine ceUs, they are also known as dual 

tropic viruses. These viruses are thought to be derived from recombination 

events between ecotropic and non-ecotropic viruses and contain an altered 

env gene relative to ecotropic viruses. Within this group is another distinct group 

called the modified polytropic viruses which have a characteristic deletion of 

27bp in their env gene^^. The xenotropic and poly tropic viruses apparently use 

different alleles of the same receptor, Rmcl, which has recently been cloned by 3 

groups2^"22. The receptor has multiple transmembrane domains and
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preliminary data suggest it functions as a transporter^®. The final group of non- 

ecotropic MLV are the amphotropic retroviruses. This group can also infect both 

mouse and non-mouse cells, but use a different receptor (Ram-1) to the 

xenotropic and poly tropic v iruses^ . Endogenous sequences of this group have 

not been found in m ice^ .

The receptor for ecotropic MLV (Rec-1) and amphotropic MLV (Ram-1) are 

similar proteins within minimal extra- and intracellular domains and multiple 

transmembrane domains. The ecotropic receptor is a basic amino add  

transporter 25, 26̂  and the amphotropic receptor for MLV is a sodium- 

dependent inorganic phosphate t r a n s p o r t e r 2 7 - 2 9  which is related to a protein 

that serves as a phosphate transporter in Neurospora^^. The gibbon ape 

leukaemia virus (GALV) receptor is also a sodium-dependent inorganic 

phosphate transporter that is related to bu t distinct from the amphotropic MLV 

receptor. The natural function of these proteins is unrelated to their role in viral 

infection. The GALV receptor is also used by FeLV (subgroup B) and simian 

sarcoma virus^l. All of these viruses are quite dosely related, and it wiU be 

interesting to see if all viruses of the same taxonomic group use receptors of 
similar structure.

1.2.2 Entry of the virus into the cytoplasm

Like aU retroviruses, MLV gains access to the host cell by receptor-mediated 

fusion (section 1.1.5). The predse mechanism by which this occurs, however, 

remains the most poorly understood aspects of the retroviral life cycle. No 

active role appears to be played by the receptor itself. Fusion is probably 

mediated by the region of hydrophobic amino adds at the amino terminus of the 

TM protein in a way reminiscent of the equivalent components of other viruses 

e.g. influenza virus HA2, SemHki forest virus (SFV) El protein, and the Sendai 

virus fusion protein F2 (reviewed in ^2) For influenza, this occurs after 

endocytosis and following fusion of the virus-containing vesicles with an addic 

endosome. For the majority of mammalian and avian retroviruses the 

mechanism of cell entry appears to be pH-independent. Entry into the cell 

results in the uncoating of the virion particle and penetration of the core into the 

cytoplasm. However, this is not true for ecotropic MLV, where fusion betw een 

the viral and cellular membrane occurs within an addified endosomal

compartment following internalisation via an endocytic pathway^^. It is
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interesting to note that ecotropic MLV entry is pH-independent on rat XC cells, 

perhaps due to the presence of factors on these cells (such as proteases) that 

negate the need for pH-induced fusion. The exact structure of the core after 

penetration remains undetermined. However, it m ust contain the retroviral 

genome associated with the products required for reverse transcription and 

integration (RT, IN, NC- see Figure 1.1), as it is difficult to see how these 

processes could still occur if the core's constituents were diluted into the 

cytoplasm. To address what components are needed for the integration reaction, 

a cell-free assay was developed in which amber mutations in a bacteriophage 

lambda genome that served as the target for integration were suppressed by 

integration of an MLV derivative that carried the E. coli supF gene^^. 

Experiments using this integration system showed that the structure of the 

reaction product was the same as that obtained from an authentic MLV reaction. 

This can best be explained by the presence of a subviral structure which 

maintains a high degree of order during infection, and in which the retroviral 

DNA must be in close association with the enzymatic machinery required for 

integration. This was shown to be true with the finding that, in a cell-free extract 
from the cytoplasm and the nucleus of newly-infected cells, integration activity 

and viral DNA co-purified as a large (160S) nucleoprotein complex, much larger 

than the size expected for DNA alone^^. This structure (the preintegration 

complex, or PIC) also appears to contain the major capsid protein CA (p30), as 

shown by the efficient immunoprécipitation of this structure with antisera 

specific to the CA protein. In addition, the retroviral determinants for Fvl 

restriction are known to lie in CA, and as Fvl is thought to interact directly with 

the nucleoprotein complex prior to integration (see section 1.5), this provides 

further evidence for the presence of CA in this complex. However, the am ount 

of CA associated with the PIC has been found to decrease during the uncoating 

of the viral core, and PICs isolated from nuclear extracts have lost almost aU CA 

proteins^^. The presence of CA in the viral PIC is in direct contrast to the HIV 

preintegration complex, which appears to contain no CA^^"^^. It should be 

noted, however, that although this is good evidence for the presence of CA in 

the MLV core structure, only a subset of anti-CA sera recognise this complex in 

these extracts, and that the viral DNA is susceptible to nuclease attack. This 

indicates that the CA remaining in the MLV PIC is of a different overall 

conformation in the core than in the virion, and that this structure may be in a
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more "relaxed" state than the virion particle. The MA protein would be expected 

to remain associated with the membrane, although with HTV, some of this 

protein appears to remain with the newly-synthesised retroviral DNA and m ay 

play an additional role in nuclear im p o rt^ .

Once in the cytoplasm, the viral RNA genome is reverse transcribed into DNA, 

an idea that was originally thought heretical when first proposed and for m any 

years afterwards^ 1, but subsequently validated with the discovery of an RNA- 

dependent DNA (RT) activity associated with the virion'^^» The process of 

reverse transcription of the retroviral genome has been exhaustively studied, 

and is outlined in the next section.

1.2.3 The reverse transcription reaction

Reverse transcription of the RNA retroviral genome into DNA is the keystone of 

retroviral biology (reviewed in ^). Only after this event can the retrovirus 

integrate into the genome and initiate transcription. The reaction begins w hen 

the viral core enters the cytoplasm of the target cell. The exact structure of this 

core has not been well-characterised. The reaction itself generates a DNA duplex 

via a series of intricate steps summarised below. The linear DNA molecule 

represents an almost exact copy of the RNA template, the only inconsistencies 

being the terminal duplications in the DNA molecule known as long terminal 

repeats (LTRs) that are not present in the RNA (see Figure 1.4). The LTRs are 

identical sequences consisting of 3 elements: U3 is derived from the sequence 

unique to the 3' end of the genomic RNA, R is from the sequence repeated at 

both ends of the genomic RNA, and U5 is derived from the sequence unique to 

the 5' end of the genomic RNA. The site of transcription, initiation is at the U 3/R  

boundary, and the site of poly (A) addition is at the R/TO boundary. U3 contains 

most of the transcriptional control elements of the provirus, such as the 

prom otor and enhancer elements.

The enzyme required for the reverse transcription reaction is RT, which has 2 

distinct activities: a DNA polymeme activity that can use either DNA or RNA as 

template, and a ribonuclease activity (termed ribonuclease H) responsible for the 

specific degradation of the RNA strand in DNA:RNA heteroduplexes. Although 

all of the enzymatic requirements for reverse transcription are provided by RT 

alone, it is likely that other viral proteins, such as NC, increase the efficiency of
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Figure 1.4 The reverse transcription of the retroviral genome
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the reaction. The key steps involved in this reaction are summarised below, and 

a schematic of the reaction itself is shown in Figure 1.4.

L The 3' end of a partially unwound host transfer RNA (tRNA) annealed to 

the primer-binding site (PBS) of the genomic RNA is used to initiate 

minus-strand DNA synthesis. In general, the particular tRNA used is 

specific to retroviruses of different classes: ASLVs use tryp to phan^ , 

mammalian C-type viruses use proline^^’ ^  (and in some instances 

glutamine for endogenous viruses), and both MMTVs"^^ and HTV-1^> 

use lysine. However, this is not always the case: for instance, with the Pig 

Endogenous Retroviruses (PERV), PERV-A and -B groups use glycine 

whereas PERV-C use proline. Synthesis proceeds until the 5' end of the 

genomic RNA template is reached, generating a DNA intermediate 

termed minus-strand strong-stop DNA (-sssDNA). As the PBS is located at 

the 5' end of the genomic RNA template, the length of -sssDNA is 
relatively short, usually between 100-150bp long.

2. The RNase-H activity of the RT degrades the RNA strand of the RNA:- 

sssDNA heteroduplex. The -sssDNA strand is transferred to the 3' end of 

the viral genomic RNA. This transfer is m ediated by the presence of the 

repeated (R) sequence present in the 3' end of the RNA genome, and the 

complementary sequence in the -sssDNA (present as a result of the 

reverse transcription across the R sequence in the 5' end of the viral 

genomic RNA during the formation of -sssDNA). This annealing reaction 

appears to be facilitated by the NC protein.

3. As soon as the -sssDNA has annealed to the 3' end of the genomic RNA 

template, minus-strand DNA synthesis continues along the length of the 

remaining template strand. As the DNA strand is extended, the RNA 

template is digested by the RNase-H activity of RT. This digestion is not 

complete, however, as the genomic RNA template contains a relatively 

RNase-H-resistant area called the polypurine tract (PPT). The RNA strand 

that remains undigested at this position primes plus-strand DNA 

synthesis. As the PPT lies directly adjacent to U3, the site where the plus- 

strand primer is eventually rem oved marks the upstream  end of the LTR 

(and hence the end of the viral DNA). Plus-strand DNA synthesis
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terminates after a portion of the tRNA is transcribed, yielding a DNA 

termed plus-strand strong-stop DNA (+sssDNA).

4. The tRNA is removed by the RNase-H activity of RT, allowing the 

complementary PBS segments of the +sssDNA and the minus-strand DNA 

to anneal- this is the second strand transfer.

5. Both plus- and minus-strand synthesis is completed, each strand using the 

other as template. The linear DNA duplex form ed consists of the viral 

genome flanked by identical LTRs.

1.2.4 Entry of the virus into the nucleus

The exact mechanism by which the nucleoprotein complex derived from the 

retroviral core gains access to the nucleus is not known. Particles less than 5nm 

can passively diffuse through nuclear p o re s^ . A particle of 160S, with an 

estimated diameter of 30nm^^, is therefore unlikely to enter the nucleus by 

passive diffusion, and may be physically too large to pass through the nuclear 

pore altogether. It is possible that some active transport system for nuclear 

import is employed, although there is no evidence for this. A m ore likely 

mechanism has been proposed based on the recognition that many, and perhaps 

all, oncoretroviruses require cells to be actively dividing to permit retroviral 

replication^ 1. This cell cycle restriction of MLV infection is caused by the lack of 

mitosis specifically^^. In normal, dividing cells, MLV integration can be detected 

within 7 hours of infection. When cells are arrested in S phase or at the G j/M  

boundary, viral cell entry, uncoating and reverse transcription of the RNA 

genome occur at the normal rate, but integration is blocked. When assayed in 

vitro, the nucleoprotein complexes in these cells are integration-com petent. 

When the ceU-cycle block is lifted, integration occurs as the ceUs pass through 

mitosis. In situ hybridisation experiments show that entry of the unintegrated 

MLV DNA into the nucleus is mitosis-dependent^^. Furthermore, studies 

involving retroviral constructs containing the lacZ reporter gene indicate that 

integration occurs into post-replication genomic DNA only, as shown by the 

presence of the proviral reporter construct in only half of the progeny of infected 

cells^^. Therefore, it appears that for MLV, and perhaps for the other 

oncoretroviruses, the retroviral nucleoprotein complex gains access to the 

nucleus when the nuclear membrane is disassembled at mitosis.
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HTV-1, and perhaps other lentiviruses, is not restricted by the cell-cyde and is 

able to infect non-dividing cells. Entry into the nucleus without the disassembly 

of the nuclear membrane is apparently due to nuclear localisation signal- 

mediated, energy-dependent import through the nuclear pore^»

1.2.5 Integration of the retroviral genome

In eukaryotic systems, integration is the process most unique to retrovirus 

replication. O ther viruses use reverse transcriptase as part of their replication 

cycle, but no other virus has a regular mechanism for the stable integration of its 

genome into the host DNA. Integration is thought to be a prerequisite for the 

proper expression of the viral genom e^ .

As well as the intermediates of retroviral DNA synthesis (see section 1.2.3), there 

are 4 classes of unintegrated viral DNA detectable in an infected cell^^"^. The 

first class is the full-length, linear double-stranded DNA product, with an LTR at 

each end, which is the immediate product of reverse transcription. This is the 

most abundant form of DNA in infected cells, particularly during early infection, 

and is the only form that reaches appreciable levels in the cytoplasm. The other 3 
classes are:

1. 1-LTR circles, formed by homologous recombination betw een the 2 LTRs 

of a linear viral DNA molecule;

2. 2-LTR circles, formed by the ligation of the 2 ends of the linear precursor, 

often with small deletions from either or both ends, or, less frequently, with 

larger deletions or insertions between the 2 joined ends;

3. Products of autointegration, form ed by the integration of the viral ends 

into itself.

These circular DNAs appear in the nucleus soon after the appearance of the linear 

products. This delay in the appearance of the circular DNA forms is caused by 

the requirement of nuclear enzymes for circle formation, and the appearance of 

these forms of viral DNA in the nucleus can therefore be used as a m arker for 

nuclear entry of the virus. Since all of these forms are present in the nucleus, it 

has been difficult to determine which is the precursor to the integrated provirus. 

It was originally thought that the 2-LTR circles were the precursors, with the 

"drcle-junction" sequence formed by the 2 juxtaposed LTRs serving as the 

attachment site for joining the viral DNA to that of the hostel. Later, it became 

clear that the circular DNAs were not involved. The integration activity purified
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from the cytoplasm of infected cells, which contained no circular viral DNA, was 

found to be higher than that of nuclear extracts^"^. Moreover, integration activity 

was proportional to the amount of linear DNA. Further proof for the 

involvement of linear rather than circular DNA in the integration process was 

obtained from studies of MLV integration: an intermediate from an in vitro 

integration reaction was found to precisely match the intermediate predicted to 

occur during the integration of a linear precursor and not that expected from the 

integration of circular viral DNA^» The circular viral DNA products, 

therefore, are not used as substrates in the integration process. They are 

presum ed to result from the action of cellular enzymes on viral DNA molecules, 

and, as they are seen at elevated levels in infections involving integration- 

defective m utant viruses, they may be derived from  nucleoprotein complexes 

that are defective for integration^'^.

The mechanisms involved in the integration reaction have been proposed which 

involve DNA cutting and joining steps. Briefly, the 2 3' terminal bases at each 

end of the newly-reverse transcribed DNA molecule are rem oved by the 

cleavage reaction of IN, leaving a 3' OH end. This reaction may occur before 

entry into the nucleus. The preintegration complex, derived from the retroviral 

core, then enters the nucleus. This complex contains linear DNA, CA, IN, and 

possibly RT and NC. A staggered break is introduced into the target DNA and 

the strand transfer reaction then simultaneously joins the 2 ends of the viral DNA 

to cellular DNA about half a turn of the helix apart, with the precise spacing 

determined by the geometry of the IN multimer. It is the IN enzyme alone that 

carries out these reactions, and it has been shown that the cleavage, strand- 

transfer and joining reactions occur by a one-step mechanism without the 

involvement of a protein-DNA structural intermediate^^. The resulting gap is 

filled in by cellular DNA repair mechanisms, displacing the 2 mismatched bases at 

the 5' end of the provirus and ligating the remaining ends. Gap repair of the 

staggered join generates the duplication in the flanking DNA characteristic of 

integrated proviruses.

There is strong evidence for the involvement of ceUular factors in the processes 

of integration. This wiU be dealt with in 1.5.7.3.
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1.2.6 Expression of the MLV genome
The structure of the integrated provirus is shown in Figure 1.5. Transcription is 

initiated by the RNA polymerase II enzyme of the host cell, which synthesises 

cellular mRNAs. Evidence for this comes from the sensitivity of retroviral 

transcription to a-amanitin, which inhibits the function of this polymerase, as 

well as the presence of cis-acting elements encoded by the retroviral genome. 

Due to its absolute reliance on host transcription machinery for its replication and 

expression, it is not surprising to find interaction of host proteins with, and the 

redprocol binding sites for these proteins in, the viral LTRs that regulate general 

and tissue-specific expression of the proviral DNA^>

The U3 region in the 5' LTR contains enhancer and prom oter components, and 

transcription is initiated at the U3-R boundary in MLV. The R (repeat) region in 

the 3' LTR provides the polyadenylation signal. The leader sequence (5' 

untranslated region, or UTR) of -475bp follows the 5' LTR, and this contains a 

splice donor site for the processing of mRNA. This region also contains the 

packaging signal ip, but this probably extends into the coding reg io n ^ . The 

position of the 3' end of viral RNAs is determined by post-transcriptional 
processing. Transcription proceeds past the polyadenylation signal and the 

prim ary transcript is processed by endonucleases and polyadenylated. The only 

site for 3'-end processing is at the R/U5 border in the 3' LTR. Therefore, all of 

the viral RNAs should have identical 3' ends. In ASLV this is not true: a 

significant portion (15%) of viral transcripts fail to cleave at this position and 

'read-through' into cellular sequences. Polyadenylation of these templates occurs 

via cellular poly(A) signals and the transcripts are packaged into virions as 

functional genomic RNA^^. The primary RNA transcript serves as both  the 

genomic RNA that is packaged into newly-synthesised virus particles and as the 

mRNA for the gag, and pol genes. In m arked contrast with the transcription 

process in complex retroviruses such as HIV, the process is much more simple in 

MLV, where the only spliced variant of the primary transcript is for the env gene 

(see Figure 1.5), which codes for the TM and SU proteins. The mechanism that 

controls the frequency of splicing is not understood. AQ viral RNAs are 

transported to the cytoplasm where translation occurs.

The fuU-length transcript encodes gag, pro and pol. The products of these genes 

are found in different proportions relative to one another in the m ature virion. 

To ensure the correct amounts of each protein are produced, the translation of

32



Figure 1.5 Alternative splicing patterns in MLV and HIV
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the gag gene occasionally continues past its stop codon so that the Pro and Pol 

products are found in a proportion of the Gag polyproteins only. In MLV, this is 

a consequence of readthrough (or termination suppression) of the termination 

codon. Ribosomes bind upstream  of gag in the leader sequence and move to 

ihegag initiation codon where translation begins. At the end of gag the ribosome 

encounters an amber translational term inator and translation is stopped in 90- 

95% of reactions^. In the remaining 5-10% of cases the amber stop codon is 

suppressed: the first base of the amber (UAG) termination codon of the gag 

sequence is misread by the glutamine tRNA so that it functions as a glutamine- 

encoding GAG codon, and a glutamine is inserted at the stop site^^» This 

results in read-through to pro and pol, which are in the same reading frame as 

gag. In most other retroviruses, this readthrough is achieved by frameshift 

suppression, where suppression of the termination codon occurs by sequence- 

mediated tRNA slippage.

1.2.7 Virion assembly

The Gag polyprotein plays the key role in virion assembly^ 1. Once at the cell 

membrane, this protein has the ability to direct the budding and separation of 

the virus-like particles from the ceU surface, even in the absence of aU the other 

viral proteins. The Env polyprotein is glycosylated during its passage through 

the rough endoplasmic reticulum. After travelling through the Golgi apparatus, 

the hydrophobic region near its carboxy terminus allows its anchorage to the 

plasma membrane. At the cell surface the Env protein is thought to interact with 

Gag, leading to the specific packaging of viral glycoproteins in the virion.

The viral RNA represents less than 1% of the total RNA of an infected cell, bu t is 

specifically packaged into virions. This specificity is due to packaging 

sequence(s), termed the signal (ip) or encapsidation (E) sequence. As Gag alone 

has been shown to be sufficient for particle formation, and Gag-only particles 

contain viral RNA, it seems that the proteins needed for the specific 

incorporation of viral RNA in the virion are located in Gag^^» In mammalian 

type-C viruses, this packaging signal is located downstream  of the splice donor 

site, thereby promoting the packaging of viral genomic DNA but not 

subgenomic DNA.

After budding, the virion undergoes an obligate m aturation step in the 

formation of an infectious particle. This involves the ordered processing of the
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Gag and Gag-Pro-Pol precursors by the viral protease. The protease is encoded 

by the pro gene which cleaves the Gag and Pol precursor proteins, probably after 

viral assembly. In this way, this mechanism ensures the correct proportions of 

each of the various proteins needed for the assembly of progeny virus particles 

are produced, provides the Pro cmd Pol proteins in association with Gag so they 

can be properly incorporated into the immature virion, and prevents the viral 

protease acting on cellular proteins within the cell. Post-assembly cleavage of the 

Gag and Pol products is thought to ensure the virion is 'prim ed' for replication 

only after release from the cell. The step can be seen by electron microscopy as 

the condensation of the retroviral core.

1.3 Endogenous retroviruses

As mentioned in section 1.1.5, the integration of the retrovirus into the host 

genome is an obligate step in the retroviral Hfe-cyde. Once integrated, the 

provirus is replicated and progeny are released from the cell by budding. The 
retrovirus can therefore be horizontally transmitted to other host organisms. 

However, once integrated, the provirus is retained as a stable part of the host cell 

genome, and as retroviral infection does not normally kill the infected cell, the 

provirus is passed on to daughter cells. If the infected ceU is a germ  cell, and the 

insertion has no serious deleterious effects, this provirus can become part of the 

germ  hne. Such retroviruses are known as endogenous retroviruses, and have 

been found in all vertebrates in which they have been looked for, including 

humans^4.

1.3.1 Discovery of endogenous retroviruses

In the 1950s and 1960s, studies involving radiation- and cardnogen-induced 

cancers demonstrated that C-type retroviruses were frequently expressed in 

tumours^^. At the same time, genetic studies led to the demonstration of 

genetically-transmitted, virus-associated m am m ary carcinomas associated with 

GR mice^^. Both these observations suggested the involvement of latent, 

genetically-inherited proviruses in tum our formation^^. The first direct evidence 

of endogenous retroviruses came from the observation that some nonproducer 

cell lines infected and transformed by the Bryan high-titre strain of Rous Sarcoma 

virus (RSV) could spontaneously start to release infectious viral particles without 

the addition of exogenous helper virus^^^. Almost all of the env gene is absent in
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this RSV strain, which is consequently replication defective. Normal types of cell, 

it seemed, could provide the helper function to this defective virus 

endogenously, indicating not only the presence of endogenous retroviral 

sequence but the expression as well^^'^L Endogenous retroviruses are 

inherited, like the host's natural genetic complement, in a stable Mendelian 

fashion. Although usually transcription-defective, they occur both in expressed 

and silent forms, as complete or partially defective viral genomes. This inactivity 

is associated with host-directed méthylation of CG sequences in the provirus^^. 

These viruses can spontaneously 'activate'^^» 83,84 or can be induced to replicate 

by irradiation or by exposure to nucleotide analogues or demethylating 

agents^5, 86 All endogenous retroviruses isolated so far belong to the simple 

category, and many are clearly related to current exogenous retroviruses.

1.3.2 Presence in the genome

Initial infection of the germline is usually followed by an amplification of the 

novel provirus sequence, often by an infectious mechanism identical to that seen 

with exogenous v iruses^ . This is not true for all sequences, for example the LAP 

elements: these sequences have no env gene, so replication is purely intracellular. 

By analysing the distribution and copy num ber of endogenous retroviral 

sequences among and within genera, it is apparent that they have colonised 

vertebrates at different times. For example, certain classes of MLV are found in 

some but not aU subspecies of mice that have recently d iv erged^ , indicating a 

recent entry into the germline. Human endogenous retrouirus (HERV) 

sequences of the HERV-H family, in contrast, have been found at the same 

chromosomal lod in both humans and baboons, indicating the integrations took 

place at a point before the divergence of hum an and baboon, some 30 million 

years ago^^. This is direct evidence that retroviral infection of vertebrates has 

been occurring for at least this period of time, and probably for much longer. It 

is sometimes helpful to think of endogenous retroviruses as either 'm odem ' or 

'ancient'. Ancient pro viruses are those sequences that inserted into the genom e 

prior to spéciation, as judged by its presence at the same loci in aU individuals of a 

species and sometimes in related species as weU. Ancient pro viruses show clear 

signs of their age, with widespread mutations accumulated throughout their 

coding sequence, and none have been found to be infectious.

36



1.3.3 Significance of germ line infection
Because of their endogenous lifestyle, endogenous retroviruses are not just 

genomic copies of their exogenous relatives. Although transcriptionally active 

members do exist, endogenous retroviruses are predominantly inactive elements 

which have accrued point mutations and deletions during their residence in the 

host genome that make them, for the most part, replication incompetent. The 

few exceptions that are infectious are usually non-pathogenic; if pathogenic 

effects were severe, it is unlikely the endogenous virus responsible would be 

maintained and fixed in the host spedes^^. The acquisition of endogenous 

retrovirus does have the potential to be extremely damaging to the host. The 

integration of a proviral sequence, and that of its subsequent progeny, could 

cause mutation by interrupting host genes. The viral sequence also contains 

regulatory sequences that are both ds- and trans-acting, which control the 

processing and expression of the retroviral genome; these sequences can also act 

on adjacent host sequence following integration, modifying its transcription and 

regulation. Examples of this indude 3 mutations at the agouti locus that are 

caused by novel transcripts initiating from the LTRs of integrated intradstem al 

A-type particle (LAP) elem ents^ , and the dilute m utation which results from 

tissue-spedfic mis-splidng of the normal mRNA to the splice acceptor site of an 

integrated MLV sequence^

1.3.4 Human endogenous retroviruses

The hum an genome contains a variety of andent endogenous retroviruses called 

HERV elements, bu t lacks any recently-acquired elements^^. No infectious 

hum an endogenous retroviruses, therefore, have been isolated to date. HERV 

elements are commonly grouped according to the tRNA used for minus-strand 

priming, for example the HERV-L family use a leucine tRNA. This raises certain 

problems in cases where the primer binding site has not been determined, or 

when 2 different groups share the same tRNA primer. HERVs have also been 

divided into 2 classes based on homology in the pol gene sequence: those 

elements that share homology with mammalian C-type retroviruses comprise 

dass I, whereas those that share homology with mammalian B- and D-type 

retroviruses comprise dass 11̂ .̂

More recently, HERV elements with limited homology to spumaviruses have 

been found^'^. These retroviruses, termed HERV-L, are detectable in several
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mammalian species and have expanded in primate and mouse genomes to 

between 100-200 copies. Although they have num erous stop codons in their 

coding sequence, these elements contain identifiable gag, -pol and dut ORFs. Based 

on the sequence of the pol ORF, these elements are most closely-related to the 

foamy viruses. However they lack any additional accessory genes. The 

sequence of the cloned HERV-L element was used to isolate a murine 

homologue of this retroviral class^^. Unlike the amplification of HERV-L 

elements, the amplification of the murine homologue of HERV-L (termed 

MERV-L for mwrine endogenous retrouirus-L) has occurred much more recently, 

indicated both by the lack of this element in the related rat genome, and the 98% 

homology betw een the LTR sequences (the comparison of sequence divergence 

between the LTRs of a retroviral sequence is a relatively accurate way to 

measure how long the element has been resident in the genome, since these 

sequences will have diverged from one another at a fairly uniform rate due to 

random  mutation).

No endogenous retroviruses related to the Lentivirus or BLV/FTTLV groups of 

retroviruses have been found in the hum an germline to date.

1.3.5 Mouse endogenous retroviruses

There are currently 9 groups of endogenous retroviruses described in inbred 

strains of mice, although there undoubtedly m ore to be found and characterised. 

These groups are the B type and C type retroviruses, and the MERV-L, lAP, 

VL30, MuRRS (mwrine retrovirus related sequence), GLN (after the glutamine 

tRNA primer-binding site), MuRVY (mwrine repeated uirus on the Y  

chromosome) and Etn (garly transposons). Of these groups, only the C-type and 

B-type have closely related exogenous relatives, the Murine Leukaemia viruses 

cmd the Mouse Mammary Tumour viruses respectively. The MLV group wiU be 

discussed in m ore detail in the following sections.

1.3.6 D istribution of endogenous MLV in Mus
Endogenous MLV sequences have only been found in those Mus species closely 

related to laboratory strain^P^A ^eSrrdogenous copies of these sequences are 

restricted both to specific taxonomic and geographic groups within the subgenus 

Mus, indicating that these have been acquired independently in different wüd 

mice and have remained largely segregated in these populations. Polytropic and
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xenotropic sequences are found more widely throughout the Mus genus, 

indicating the earlier acquisition of these elements into the Mus germline. In 

contrast, ecotropic sequences have only been found in a small num ber of the 

more recently diverged Mus species, indicating a much more recent acquisition 

of these sequences. The pattern seen in inbred laboratory mice seems to be the 

result of interbreeding of a small num ber of wüd mice progenitors of distinct 

taxonomic g ro u p s^ . This apparently recent acquisition of ecotropic virus is 

consistent with the proposal that, based on sequence comparisons, ecotropic 

MLV may have arisen from substitution of the env gene of a xenotropic region 

with the analogous region from an unknown virus which has not been fixed in 

the germ  line^ ̂ . Phylogenetic studies have indicated that MLV has entered the 

Mus germ  line within the last 1.5 million years^»

1.3.7 Endogenous retroviruses and disease

The discovery of the oncogenic potential of retroviruses started with the 

discovery of retroviruses themselves at the turn of the century^» EUermann 

and Bang showed that chicken leukosis, a form of leukaemia and lymphoma, 

was caused by a virus, now known to be avian leukosis virus (ALV). Three years 

later, Rous showed the ceU-free transmission of a sarcoma in chickens, by the 

virus we know today as Rous sarcoma virus (RSV). In 1936, John Bittner 

demonstrated that mammary carcinoma in mice was transmitted via milk and 

was caused by a füterable a g en t^ . Conclusive evidence of the role of 

endogenous retroviruses in disease came from the study of inbred strains of 

mice. Several such strains (like AKR and C58) have been bred by selecting for a 

high incidence of thymic lymphoma, and although a viral cause was suspected, it 

was not untü 1951 that the existence of leukaemogenic virus in these strains was 

demonstrated 1

Gross showed that leukaemia could be induced by infecting new-born mice of 

the C3H strain, which naturaUy has a very low incidence of leukaemia, with cell 

free extracts from the organs of AKR mice, a strain with a high prevalence of this 

disease. Such highly-leukaemic strains of mice usually develop an 80-90% 

incidence of spontaneous lymphatic thymic lymphoma within 6-12 months of 

age 101. High levels of MLV expression can be detected in many tissues from day 

16 of g e s t a t i o n  102 The disease originates in the thymus with lymphoma 

appearing between 6-12 months, and this spreads to the lymph nodes, spleen,
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liver and sometimes the peripheral blood Although the inheritance of 

endogenous (ecotropic) MLV is a prerequisite for leukaemia, the actual 

oncogenic agent is a recombinant retrovirus known as mink ceU focus-forming 

(MCF) virus. These viruses are formed from a complex yet consistent series of 

events involving at least 3 endogenous proviruses^^. This high incidence of 

lymphoma probably results from the activation of a num ber of proto-oncogenes 

by MLV viral enhancer sequences after integration

A second group of murine leukaemia virus was later identified from cell-free 

extracts of leukaemic Swiss mice^®^. As opposed to the Gross virus, which 

induced a chronic leukaemia with a relatively long latency period, this Friend 

virus was an acute transforming virus which could induce disease in adult mice, 

as opposed to newborn, after a short incubation period. The disease itself was 

characterised by a proliferation of immature mononuclear cells which invaded 

the spleen, liver, bone marrow, kidney, lung and also appeared in the peripheral 

blood. The mice would develop enlarged spleens after 2-3 weeks post-infection, 

and death usually followed after 1-3 months. In the latter stages of the disease, 

the white blood ceU count was greatly elevated, and the spleen and liver were so 

severely enlarged that death usually resulted from splenic rupture 1 ^ . 

Therefore Friend virus disease did not seem to involve the thymus or lymph 

nodes, as with Gross virus, but predominantly involved the spleen, bone 

m arrow and later the liver. As the major ceU type involved was the erythroid 

cell, the disease was referred to as an erythroleukaemia^^. As with Gross virus, 

the pathogenicity of Friend virus was restricted to certain strains of mice, with 

the Swiss and DBA/2 strains found to be most susceptible whilst C57BL seemed 

to be resistant to the disease. It was also observed that resistance was not 

absolute; certain virus-mouse combinations showed varying degrees of 

resistance and susceptibility. This pointed towards host genetic factors which 

could influence leukaemogenesis.

1.3.8 The Friend virus complex

During the initial studies of Friend virus (FV) disease, it was observed that 

different derivatives of the original virus produced different disease 

characteristics. Disease produced by one virus preparation could involve rapid 

splenomegaly, with m arked increase of red blood cell levels in peripheral blood 

(or polycythaemia, hence Friend virus-P, or FV-P). Other virus preparations
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would, in contrast, produce varying degrees of anaemia (hence FV-A), as in the 

case of the first thymus-independent disease described With the 

development of an in vivo spleen focus assay for Friend virus, it was shown that 

FV-P preparations gave high viral titres, whereas FV-A preparations gave much 

lower titres, if any at aQl^^. It became apparent, therefore, that Friend virus 

consisted of a separable component responsible for focus formation, and was 

thus termed spleen focus-forming virus (SFFV). It was this component that 

differed between FV-A and FV-P and which led to the difference in disease 

phenotypes. It was also shown that Friend virus could induce lymphatic 

leukaemia in rats, and that w hen the extracts of these leukaemias were 

reintroduced into mice, the original erythroblastic disease reappeared. It was 

subsequently shown that serial passaging of the virus through rats produced a 

virus which could only cause lymphatic leukaemia in mice, the erythroblastic 

component of the virus having been lostl®^. This lymphatic component of the 

virus was similar to that found in the original virus by Gross, neither of which 

had the capacity to form spleen foci.
These findings show that the Friend virus appears to be a complex, composing 

separable lymphatic and SFFV components. Subsequent studies have shown 

that the SFFV component is replication-defective and contains a deleted 

recombinant env gene. The upstream  part of the gene is related to poly tropic 

MLVs and the downstream part is related to ecotropic MLVs, with the deletion 

occurring in a large central portion of this ecotropic s e q u e n c e T h i s  virus is 

rescued by the second component of the Friend virus complex. Friend MLV, 

which supplies the Env proteins deficient in the SFFV component, allowing the 

defective virus to overcome the block in its replication. The relationship of the 2 

components, therefore, is that of defective virus and helper virus. The defective 

SFFV component is responsible for the short-latency disease and the helper 

Friend MLV component is responsible for the long-latency, chronic, thymus- 

dependent leukaemia. The oncogenicity of the SFFV component is due to the 

altered env sequence rather than due to the acquisition of any viraUy-encoded 

sequence 1 ^ . This is thought to be due to the ability of the gp55 product of the 

SFFV env gene to bind directly to the erythropoeitin (Epo-R) receptor, thereby 

triggering prolonged proliferation of infected erythroid cells ̂  m
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1.4 Evolution of host responses to retroviral infection

Studies, mainly with Friend virus but also with a variety of others such as 

Rauscher and Gross virus, showed that host factors could greatly influence the 

outcome of infection since different mouse strains were found to be susceptible 

whilst others were not. The following examples concern the evolution of host 

responses to MLV infection specifically, bu t due to the shared features in their 

life-cyde, the general principles of restriction wiU probably hold true for other 

retroviruses.

1.4.1 Cell entry and replication

There are several levels on which host genes can act to prevent retroviral 

infection. The most basic is at the level of cell entry: if the cell can prevent the 

retrovirus from entering the cell then infection will be stopped even before it has 

the chance to start. As discussed in section 1.2.2, retroviruses gain access to the 

cell by receptor-mediated fusion. If the receptor changes in a way that no longer 

permits functional interaction with the virion, cell entry wiU be blocked. An 

example of just this type of restriction occurs with HIV-1 in humans; some 

individuals possess a truncated form of the cellular co-receptor used by the virus, 

and these individuals show a corresponding degree of resistance to the virus 1^^. 

Cell receptors are rarely dispensable altogether, however, as they have some 

part to play in the metabolism of the cell; restriction of this kind is m ore likely to 

occur by smaller point mutations that prevent specifically the interaction with the 

virion rather than larger mutations which are more likely to interfere with the 

natural receptor function. In the case of MLV, this is the most likely explanation 

concerning the xenotropic dass: in a response to prevent further infection by this 

dass of retrovirus, 2 mutations (a K-*E change at residue 500 and a deleted T 

residue at position 582) in the xenotropic receptor was selected for, effectively 

removing the threat of infection by both endogenous and exogenous virus 11^. 

Physical changes to the receptor are not the only means the host can restrict 

receptor-mediated cell entry. The Fv4 or Akvrl locus^ l^ l^^  was first identified 

in the Japanese mouse strain G by the observation that mice carrying the Fv4^ 

(resistance) allele were resistant to infection by Friend virus. This gene, which 

acts in a dominant fashion, was subsequently found to protect mice from 

ecotropic but not non-ecotropic MLV infection. Further analysis showed the 

expression of a novel retroviral envelope protein on the cell surface of Fv4^ cells
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which was shown by immunological characterisation to be a gp70 molecule 

related to the SU protein of ecotropic viruses This prom pted the speculation 

that this gene may be acting by the mechanism that mediates superinfection 

resistance! 18 por many years it has been know n that the infection of a cell by 

one virus frequently restricts the infection of the cell by a second virus, and this 

has been term ed superinfection resistance, or viral interference. This 

phenomenon is thought to be caused by the SU proteins, produced as a 

consequence of the initial infection, blocking the ceU receptor and so preventing 

subsequent infection of a second virus that uses the same receptor. It was 

therefore suggested that the Fv4 gene might be derived from a provirus, and its 

product may be an SU derivative which mediates resistance to ecotropic virus by 

blocking the ecotropic receptor (CAT-1) in a similar fashion! !% The cloning of 

this gene has shown this to be true. Fv4 is a truncated MLV pro virus consisting 

of ~850bp of the 3' end of the pol gene, a complete env gene and a 3' LTR. To 

demonstrate that this was the genetic basis for Fv4 resistance, ecotropic 

restriction was shown to be conferred to fibroblasts by the transfection of this 

deleted provirusü^» 170,

Any animal that expresses endogenous retrovirus has, in theory, the capacity to 

control infection in this manner, and it has been suggested that host restriction of 

retrovirus in this way might be a common mechanism for limiting virus spread^. 

There is a least one other example in mice, the Rmcf (resistance to mink ceU jbcus- 

forming virus) l o c u s ! 7 1 .  Several avian proviral loci also appear to have similar 

e f f e c t s !22 and there is some evidence for this activity in c a ts !^ .

Another way to control retroviral infection at the level of the receptor is to affect 

receptor expression. Efficient retroviral transduction of cells can be critically 

dependent on cell surface virus receptor expression l e v e l s ! 24. in  chicken, the tva 

gene encodes the receptor for subgroup-A viruses, tvc controls infection by 

subgroup-C and different alleles of tub encode receptors for subgroups B, D and 

E. Therefore the inheritance of these genes wUl clearly influence the ability of 

ALVs of these different subgroups to infect chickens. In mice, NZB and AKR 

strains carry genes that restrict replication of Cas-Br-E MLV in the CNS and not 

in lymphoid o r g a n s ! 25, 126 could be controlled by differential expression

of receptors, or endogenous proviral sequences that block the receptor, in these 
mice.
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1.4.2 Target cell
In retroviral diseases that involve interactions with particular cell populations, the 

evolution of host responses that alter the frequency of viral target cells or the ceU 

cycle kinetics of these cells has been seen.

Perhaps the best characterised of this type of gene is the Fv2 l o c u s  127, 128 Thig 

gene affects the susceptibility of mice to erythroleukaemia by influencing the 

frequency and cell-cycling of late BFU-E and CFU-E, 2 classes of erythropoietin- 

sensitive erythroid precursors. The erythropoietin receptor itself had been 

e x c l u d e d  129 even before it was m apped and cloned 1̂ »̂ 1^1. However, there was 

evidence to suggest that this gene may code for part of the receptor complex: 

expressing a constitutively active form of the receptor causes disease only in Fv2^ 

m i c e  129. Moreover, deletions in the ecotropic-spedfic region of the retroviral 

envelope protein (gp55) of the SFFV component allow Friend virus to 

circumvent Fu2-mediated resistance by interacting with the erythropoeitin 

receptor in a way that bypasses events involving the Fv2 p r o d u c t  1^2-134^ 

although such mutants are less active than wüd-type gp55 in Fv2^ mice. The Fv2 

product was therefore originally thought to be complexed with the Epo receptor 
in a way that blocks the interaction betw een the viral gp55 and the receptor in 

Fr2^ mice. With the cloning of Fv2, the gene was found to encode Stk, a m em ber 

of the Met subfamüy of receptor kinases 1^^. Susceptibility to Friend disease 

(Fï;“) is conferred by the expression of a truncated form of this Stk (Sf-stk) that 

lacks an extracellular ligand-binding domain. It therefore appears that it is the 

Fv2^ allele that encodes the positively-acting molecule, which is not expressed in 

resistant mice, that is required for gp55-mediated activation of the Epo receptor. 

Whüe other genes have also been shown to affect susceptibility to viral infection 

by modifying the frequency of target ceUs, the question of whether this activity 

has been positively selected for or is simply a chance by-product of a certain 

mutation is much less clear. Mice carrying the W and SI loci show resistance to 

Friend virus-induced erythroleukaemia, and this has been shown to be due to 

the reduction of Friend virus target cells 1^^. The W locus corresponds to the c-kit 

proto-oncogene 137, which encodes a receptor protein tyrosine kinase to stem 

cell factor, a molecule required for the differentiation of haematopoietic cells. 

Stem cell factor is encoded by the SI locus i t s e l f  138 These 2 lod therefore encode 

m utants of the receptor and its ligand for haematopoiesis, both of which cause a 

reduction in the num ber of Friend virus target cells. These mutations do not
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however affect the lymphoid arm  of haematopoiesis, and these mice still 

succumb to lymphoid tumours.

Mice homozygous for the nude {nujnu) mutation have been found to be 

resistant to the development of thymic lymphoma These mice have 

mutations in the gene affecting lymphoid cell development and subsequently 

lack a normal thymus and the normal complement of T cells. These mice are also 

resistant to MAIDSl"^ and MMTV-induced m am m ary tum ours 141, diseases in 

which B-cell:T-cell interactions play a crucial role. Nude mice also show resistance 

to neurological disease induced by tsl Mo-MLVl42 not C a s-B r -E  143, a 

difference which may reflect the part played by the thymus in the replication of 

tsl Mo-MLV but not Cas-Br-E MLV.

SCID (xid/xid) mice also show resistance to MAIDS and MMTV-induced 

m am m ary tum ours144, 145 These mice carry a m utation in a nonreceptor 

protein tyrosine kinase called BTK and lack m ature B and T cells because of a 

defect in the catalytic subunit of the DNA protein kinase involved in antigen 

receptor gene rearrangem ent 14^’ 147. SCID mice do, however, develop thymic 

lymphomas because the microenvironment in the thymus is normal, and the 

animal contains the normal numbers of T-ceU precursors 148.

While m any mutations like these in mice do provide immunity to retroviral 

infection, the overall deleterious affect to the fitness of the organism suggests 

that this immunity more likely results as a consequence of, and not from 

selection for, such mutations. However, such immunity may facilitate such 

deleterious mutations to become fixed within populations.

1.4.3 Immune response

The role of the immune system in controlling retroviral infection has long been 

known. The ability of many retroviruses to cause disease in neonatal animals but 

not in m ature animals highlights this fact. Newborn animals are not able to 

recognise retroviral proteins as foreign and fail to m ount an effective hum oral or 

cellular response against them. Mature animals, on the other hand, m ount a 

vigorous cellular response against many retroviruses, producing cytotoxic T 

lymphocytes that can protect against disease; a vigorous humoral immune 

response then follows. The genes that are involved in the immune response 

usually affect particular retroviruses (reviewed inl49 for Friend virus), bu t the
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mechanisms by which they do this are involved in a wide range of infectious 

diseases.

Several MHC genes have been shown to affect susceptibility to a variety of 

retroviral infections. The region that encodes the MHC genes in mouse is called 

H-2, and is analogous to the HLA region in humans. The Rfvl l o c u s w a s  

found to influence the susceptibility of mice to Friend virus-induced disease, and 

has been shown to be an allele of H-2D, a structural gene that encodes an MHC 

dass I molecule. The consequence of this m utation is to increase the effectiveness 

of the CTL response m ounted against the Friend virus, and alters the outcome of 

the disease in adult mice Another gene prevents the development of

MAIDS by a similar mechanism, although this gene remains to be identified 1^^. 

The RJv2 locus corresponds to the Q/TL region of the MHC locus, but just how  

this locus affects Friend virus-induced disease is not known 1 ^ . Another effect of 

the MHC locus has been mapped to the Ap dass H molecule, which has been 

shown to influence the T helper cell response to the Env glycoprotein encoded by 

Fr-MLVl^l. Resistance to radiation leukaemia virus (RadLV), Gross MLV, and 

the neurotropic MLVs has also been m apped to the MHC region 1 ^ .

Several non-MHC-linked genes have also been implicated in influencing the 

immune response to retroviral infection. The Fv3 locus has been m apped to 

chromosome 1 5 and mice carrying the RJbS"̂  allele are resistant to Friend 

virus-induced disease; these mice are able to m ount a particularly vigorous 

antibody response although the mechanism by which the locus influences 

antibody production is unknown. Another Fv gene, Fv5, controls the types of 

erythropoiesis induced by Friend virus, perhaps by controlling the rates of 

proliferation of late erythroid cells 1^^. Mice hom ozygous for the Fv5‘' allele 

develop rapid and transient anaemia, whereas those of the Fv5^ genotype suffer 

polycythaemia. An unmapped gene has been shown to modulate the latency 

period of MLV-induced neurologic disease as with the Rfoy  allele, mice 

carrying this gene are also able to m ount a m ore vigorous antibody response. 

The Fv6 locus is known to govern susceptibility to early erythroleukaemia 

induction by helper-independent Friend leukaemia virus, since other types of 

leukaemia develop late in resistant mice^^l. The mode of action of this gene is 

also unknown.
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1.5 The F vl MLV-restriction gene

1.5.1 The discovery of F vl

Genetic resistance to Friend virus was first observed in a screen for susceptibility 

of inbred mice to Friend virus-induced erythroleukaemia The results of 

crosses between the resistant C57BL/6 strain and the susceptible RF strain led to 

the conclusion that this phenotype was a result of a single autosomal gene, and 

that the susceptibility allele (Fv®) was dominant over the allele for dominance 

However, it became clear that the situation was more complex than 

had previously been thought. It was found that, using the spleen focus assay 

the FI hybrids of resistant C57BL/6(Fv*^/FvO x susceptible DBA/2(Fv®/Fv®) 

showed an intermediate susceptibility. This was also true of BALE/c mice, even 

though these are supposedly hom ozygous at aU autosomal lod^^^. This 

indicated that m ore than one gene was involved in susceptibility to Friend virus. 

The situation was clarified in studies of the inheritance of susceptibility as 

measured by spleen focus-forming property of Friend virus using 2 isolates of 

Friend virus, the original F-S and a variant, F-B^^T The complex pattern of 

inheritance of susceptibility to Friend virus was subsequently found to be due to 

2 independently-segregating genes, nam ed Fvl and Fv2. Fvl was responsible for 

relative resistance to the F-S isolate, where the allele for resistance FvV  was 

dominant over the susceptibility allele, FvV. The gene had no effect over the 

outcome of infection by F-B virus. Fv2, on the other hand, influenced the 

outcome of infection by both the F-S and F-B isolates, with the allele for 

susceptibility being dominant. As mice hom ozygous for the resistance allele of 

Fv2 were found to be resistant to focus-formation by SFFV but not to the 

lymphatic component (the Friend MLV, which could be isolated from Fv2^ mice 

under certain conditions), Fv2 appeared to act on the SFFV component of Friend 

virus 1^^. It was this gene that was identified originally by Odaka.

1.5.2 The main Fï;I alleles

The replication of MLV in various cell types was investigated using a tissue 

culture assay, developed to study viral replication 1 ^ . It was found that almost 

all MLV isolates, both from the laboratory and the wUd, fell into 1 of 3 categories 

according to their ability to replicate m NIH Swiss and BALB/c mouse em bryo 

cultures. One group replicated 100-1000 fold better in the NIH cells than BALB/c,
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and were thus termed N-tropic. With a second group, the opposite was true, and 

these were term ed B-tropic. In the third group, the viruses were able to replicate 

equally well in both cell types, and these were called NB-tropic virus. Subsequent 

studies using this tissue culture assay showed that a single genetic locus, with 2 

alleles, was the major determinant in the m ouse cells for in vitro infection with 

MLV 167. All cell types tested in this assay resembled either the NIH Swiss or 

BALB/c with respect to replication patterns following MLV infection. Resistance 

was found to be dominant with regard to both N- and B-tropic virus (i.e. co­

dominant alleles). It became clear that this genetic locus corresponded with, or 

was closely-linked to, the Fvl g e n e  168. The Fv2 allele, which had previously 

been found to determine sensitivity to spleen focus induction in vivo by both F-S 

and F-B variants of Friend MLV, had no effect in vitro. This seemed to indicate 

that the fibroblasts used in the assay did not express Fv2, which may be limited 

to the haematopoietic target cells of the virus. Fvl alone influenced the in vitro 

assay by acting on the helper Friend MLV component of the Friend virus 

complex m3. In the assay, F-S virus was found to be N-tropic and F-B virus was 

NB-tropic, which explained why Fvl had no effect on infection with the F-B 

v i r u s  1^7 The alleles of Fvl, FvV for resistance and FvV for sensitive, were 

originally designated using the N-tropic F-S virus; once the Fvl gene system was 

know n to contain co-dominant alleles for resistance, they were renam ed Fvl^ 

(susceptibility to B-tropic virus) and FvV  (susceptibility to N-tropic virus). As the 

Fvl phenotype was found to be readily detectable both in mice and cultured cells, 

it was evident that the mechanism for resistance m ust operate on the cellular 

level, and does not depend on mechanisms requiring more complex cellular, 

immunological or hormonal i n t e r a c t i o n s   ̂69.

1.5.3 The cloning of Fvl

The Fvl gene was cloned using a positional a p p r o a c h 7̂0 Candidate YACs

derived from C57BL/6J (Fvl^) were identified by PGR for the presence either of 

the m arkers Xmv9 and Nppa, believed to He within 1.2 Mb of Fvl 171, 172 These 

YACs were then tested for biological activity by transfecting into L cells and 

challenging transfected clonal cell lines with N-, B- and NB-tropic virus. As the L 

ceU Hne was derived from an FvV strain of mouse, cells transfected with the YAC 

harbouring the Fvl^ allele would restrict both N- and B-tropic virus, while those 

transfected ceU lines containing YACs that do not contain this gene would restrict
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B-tropic virus only. In this way the YvŸ  allele was associated with YAC Nppa 

D ll, then to a cosmid derived from this YAC, and finally identified by 

sequencing a 6.5kb Spel-EcoRI fragment of this cosmid. The Fvl" allele was 

isolated subsequently from a genomic AKR lambda library.

1.5.4 Structure of the gene

The structure of the 2 main alleles of Fvl are shown in Figure 1.6. Sequence 

analysis revealed that the Fvl^ gene consists of a single ORF encoding a protein 

product of 459 amino adds in length and a predicted relative molecular mass of 

52K. There are 2 gross changes between the 2 main alleles. Firstly, the Fvl" allele 

contains an LAP element inserted within the first of a B2 repeat. Secondly, this 

allele contains a 1.3kb deletion that results in the removal of the C-terminal 22 

amino adds and substituting instead 3 different amino adds. There are also 2 

amino add changes between the main alleles at positions 358 and 399 (marked on 

Figure 1.6). The polyadenylation signal used by either allele is also different: with 

Fvl^, the signal is located in the second of the two B2 elements located l.Skb 

downstream of the ORF. The Fvl" allele uses the polyadenylation signal found in 

the 5' LTR (R-U5 boundary) of an LAP element inserted into the first of the B2 

repeats. Both alleles use the same host promoter.

1.5.5 Other alleles of F vl
Fvl" and FvŸ  represent the 2 main alleles of Fvl. There are, however, other 

alleles:

F vl ° : This is a null allele found in wild mice^^^. Analysis of Mus spretus

and Mus musculus domesticus (formerly praetextus) wild mice revealed that these 

mice were unable to restrict either N- or B-tropic virus, and the results of genetic 

crosses showed that this was due to a novel, null allele of Fvl.
FvT"^\ Certain cell lines appear to have lost Fvl restriction. 3T3FL is a cell 

line derived from a Swiss mouse embryo 1^^, and was originally designated as 

Fvl^^'^^. This cell line has since been shown to be sensitive to both N- and B- 

tropic virus, suggesting that Fvl has either been lost or is no longer 

expressed 1^^. Analysis of 3T3FL in this lab suggests that these cells would 

have been Fvl" (S. Best, PhD thesis), and an explanation for this discrepancy is 

not clear. SC-1 is another example of a cell Une that has lost Fvl restrictionl^^. In 

this case, the ceU Une shows sensitivity to viruses of both tropisms despite having
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Figure 1.6 The structure of Fvl

B allele

Predicted promoter

ER

ORF B2 B2 - BALB/c, C57BL/6

N allele
KV

lAP element

 1 I AKR, C3H

DBA/2

The 2 main alleles of Fvl are shown. The polyadenylation signal is found in the 
B2 repeat, except in most Fvl" alleles, such as AKR, which have the intracistemal 
A-type particle (LAP) inserted; in these cases the poly A signal used is in the 5' LTR 
of the LAP. The amino acid positions marked correspond to those residues 
different between the Fvl" and FvŸ  alleles. The Fvl" allele has an internal 
deletion causing the loss of the last 22 amino adds of the open reading frame and 
substituting instead 3 different amino adds. In DBA mice the LAP is missing, and 
there is an amino add difference in the ORF.
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been originally derived from an Fvl" embryo culture. The Fvl ORFs from both 

these cell lines was cloned and sequenced, and were found to contain no 

mutations that could account for this loss of function (data not shown).

Fvl"’̂ : This allele has been reported in several strains, including RF/J,

NZB, NZW, SKIVE/Ei, 129 and Czech I and 1^^, and results in a modified 

fv l  "173 The gene itself contains a single amino add difference in the ORF 

compared to the Fvl" allele and this alone is thought to be responsible for the 

modified phenotype (P. Le Tissier, unpublished data). This allele confers 

restriction not just to B-tropic virus but also to some N-tropic viruses.

Fvl*  ̂ : This allele is also an Fvl" variant and is found in strains such as

DBA/21811. In these strains, N-tropic viral titres are slightly lower and B-tropic 

viral titres are slightly higher than in Fvl" cells. This gene was reported to only 

have one change from the Fvl" allele, namely the lack of the ZAP element in the 

downstream B2 repeat 170 (see Figure 1.6). However, my subsequent analysis 

showed that Fvl‘̂ also contains a single amino add  difference in the ORF, and the 

modified phenotype mediated by this allele seems therefore to be due to this 

change alone.

1.5.6 Effects of F vl restriction in the cell

Much work has been done to narrow  down predsely which step(s) of the 

retroviral life-cycle is affected by Fvl restriction, with the hope that this would 

eluddate its mechanism of action.

1.5.6.1 Entry of the virus into the cell

Studies involving the measurement of adsorption of N- and B-tropic virus to Fvl" 

and Fvl^ cell types indicated that Fvl did not act by preventing receptor binding 

of the v i r i o n l 7 6 .  Pseudotyped virus studies showed that VSV pseudotyped for 

N- or B-tropic MLV was able to replicate equally well in both Fvl" and FvŸ  

ce lls  181; this indicated that the MLV envelope proteins were not involved in host- 

restriction, and so this event m ust occur intraceUularly. This was confirmed by 

the demonstration of intracellular (radiolabelled) viral RNA following the 

infection of both Fvl" and Fvl^ cell types with N- and B-tropic v i r u s  182. 

Comparable levels of viral genomic RNA was present in restrictive and 

permissive infection, demonstrating the penetration of the viral core into the 

cytoplasm was not affected by restriction.
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1.5.6.2 F vl and events after integration
To investigate whether Fvl effects steps in the retroviral Hfe-cyde post­

integration, total DNA from permissive infections was transfected into restrictive 

cell lines In these transfection experiments, restriction of the viral DNA did 

not occur and a productive infection was observed. The same result was 

achieved by microinjecting viral DNA into restrictive cells^^. This had 2 main 

implications: firstly, this finding indicated that the Fvl product could not act upon 

the 'naked' viral DNA genome directly, but instead this has to be in its native 

form, complexed to viral proteins, to be recognised and restricted by Fvl. 

Secondly, this finding indicated that Fvl restriction does not operate at any of the 

steps after integration of the virus i.e. the transcription, translation, viral 

assembly or budding stages. This second point was reinforced by w ork 

involving chronically-infected mouse cells 1^^. Fvl restriction can be overcome at 

high multiplicity of infection (MOI). In this way, a clonal virus-producer ceU line 

was made from BALB/3T3 (Fvl^) cells infected at a high MOI with an 

amphotropic N-tropic MLV. Upon super-infection with an ecotropic N-tropic 

MLV, Fvl restriction was still maintained and infection by this second virus was 
prevented. This could not be due to viral interference, as both viruses use 

different receptors (see section 1.4.1). This data indicates that Fvl has no effect on 

virus expression once integrated, and restriction m ust therefore occur at some 

point prior to this event.

1.5.6.3 Viral DNA levels in restrictive infections
After penetration of the viral core into the cytoplasm, the RNA genome is 

transcribed into DNA. RT levels were measured following the infection of both 

restrictive and permissive cell lines as an indicator of virus production in these 

infections. These levels, which are due to the transcription of the integrated viral 

genome and therefore represent the endpoint of infection, were found to be 70- 

100 times lower in restrictive cells than in permissive cells 1 ^ , indicating a 

suppression of viral synthesis. Levels of unincorporated viral DNA were found 

at normal levels m both restrictive and permissive cells 1 ^ . The integration of 

this viral DNA, however, was detectable in permissive infections only. This 

indicates the ful-m ediated block in the retroviral life-cycle occurs at some point 

after the reverse-transcription of the RNA genom e into DNA, but before the 

integration of the genome into the host genome.
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When analysed in more detail it was found that, although levels of linear viral 

DNA were present in normal levels in restrictive infections, levels of circular viral 

DNA was severely reduced!^» 1^9 Furthermore, the apparent rate of nuclear 

import of linear DNA was found to be the same in both permissive and 

restrictive infection and, once in the nucleus, was not degraded preferentially in 

restrictive cells At the time, it was assumed that the 2-LTR circular DNA was 

the precursor to integration, and so the 25- to 50-fold reduction observed in 

resistant cells was thought to mediate restriction Today, however, we know 

that it is the linear viral DNA, not the circular forms, that are the precursors of 

integration^^. Although linear viral DNA is reduced in the cytoplasm in 

restrictive cells in a fashion that appears to correlate with degree of restriction, 

the level of linear DNA in the nuclear fraction appears to remain the same as in 

permissive cells Moreover, this DNA seems to be fully integration- 

competent in in vitro integration assays. The absence of 2-LTR circular DNA, 

however, suggests that the preintegration complex may be prevented from 

physically entering into the nucleus, and may remain instead associated with the 

nuclear membrane. In this way the reduction in nuclear circular viral DNA is a 

by-product of restriction, and although it is m ore difficult to see why, this may 

also be true for the reduction in cytoplasmic linear DNA also. Alternatively, the 

effect of Fvl may be manifested in more than one place i.e. preventing nuclear 

im port and DNA synthesis. No clear picture of restriction, however, emerges 

from these experiments.

1.5.7 Interaction between F vl and virus

Exactly how Fvl acts has been the cause of speculation since the discovery of its 

restrictive phenotype. In order to gain m ore understanding of this process, 

much work has been done to investigate virus interactions with Fvl in the cell.

1.5.7.1 Viral determinants of N- or B-tropism

Ecotropic MLV can be classified according to its susceptibility to Fvl as either N- 

B- or NB-tropic, so that N-tropic virus can replicate in the presence of Fvl" but 

not FvŸ, B-tropic virus can replicate in the presence of Fvl^ but not Fvl", and NB- 

tropic virus can replicate in the presence of either alleles. NB-tropic virus is not a 

natural isolate but a product instead of the forced-passage of a single-tropism 

virus through a resistant cell line. Analysis of the electrophoretic mobilities of
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MA, CA and envelope proteins of the dual tropic virus isolated from these 

experiments showed that, while MA and the envelope proteins remained the 

same, the CA protein had changed, as shown by its m ore rapid migration on a 

SDS polyacrylamide geU^» This indicated that the viral determinant of Fvl 

sensitivity may lie in the CA protein. Sequence analysis of the CA coding region 

has revealed 2 amino add differences betw een N- and B-tropic viruses, at 

positions 109 and 1101^» Subsequent mutagenesis studies have shown that

the second change alone may be involved in N- and B-tropism The situation 

with NB-tropism appears more complex. Change in either of these amino add 

positions is not responsible for dual-tropism. Instead, these viruses have a 

num ber of amino add  differences throughout the CA, and the changes involved 

in NB-tropism specifically have yet to be resolved.

1.5.7.2 Interaction with the preintegration complex
The finding that the viral determinants of Fvl restriction lie in CA suggests that 

the Fvl gene product interacts directly with this protein during restriction. This 

seems logical, since CA protein is know n to be present in the preintegration 
complex (see section 1.2.2), and Fvl restriction appears to act by blocking the 

integration reaction. This interaction is reversible: preintegration complexes 

from restrictive infections can integrate as effectively in in vitro assay systems as 

those obtained from permissive infections Restriction therefore cannot be a 

result of cleavage, or some other irreversible physical modification.

1.5.7.3 Involvement of cellular factors

There is much data to suggest that host proteins may play a role in retroviral 

integration. The integration of the yeast retrovirus-like Ty3 element has been 

shown to require host transcription factors TFUfB and TFinC in vitro and in 

v iv c \^ .  Similarly, the host factor Inil (IN interactor 1) has been shown to 

specifically bind and stimulate the in vitro joining activity of HTV-1 IN ^ ^ . This 

protein has homology to the yeast transcription factor SNF5 and is a component 

of the analogous mammalian SWI/SNF complex that can remodel chromatin. 

Little is known about the function of Inil in mammalian cells, but further w ork 

wiU determine whether this type of interaction is specific to HIV or if it is 

common to other retroviruses. In MLV, integration has been shown to involve 

nucleoprotein complexes, termed intasomes, at the viral DNA termini which
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include host p ro te ins^^’ The function in the intasome of one of these host 

factors is to prevent autointegration of the viral DNA. Viral preintegration 

complexes of Moloney murine leukaemia virus (Mo-MLV) exhibit a barrier to the 

autointegration reaction responsible for the third class of circular viral DNAs 

mentioned in section 1.2.5. This barrier can be disrupted by the treatm ent of the 

complexes with high salt, and subsequently restored by the addition of host 

factors provided by host cell extract!^» 200, This indicates that host protein(s) 

present in cytoplasmic extracts from uninfected cells can efficiently prevent 

autointegration. This mechanism may also be present in other retroviruses. The 

barrier-to-autointegration factor (BAF) has been isolated and corresponds to a 

novel, highly conserved molecule of 89 amino adds^Ol. An analogous host BAF 

in humans that prevents autointegration of the HIV preintegration complex has 

also been found202 Like Mo-MLV, HTV preintegration has also been found to 

preferentially integrate into a target DNA as opposed to a u to in teg ra tio n 2 0 0 »  203  

The solution structure of this 21,000 Mr protein has been solved by NMR204 and 

has shown that, although this protein shows no sequence similarity to any 

known protein families, the topology of the protein is similar to many DNA- 

binding proteins. A host protein, HMG I(Y), has also been shown to be a vital 

component of the HIV preintegration c o m p l e x 2 0 3 .

W hatever cellular factors are involved in the MLV integration reaction, their 

presence and role in the preintegration complex make them im portant with 

regard to Fvl restriction. Not only are they to be found at the presumptive site 

of restriction, their function as a cofactor in the process of integration make them 

or their interaction a potential target for the Fvl gene product.
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1.6 Reverse Transcriptase and its significance to eukaryotic genomes and the 

evolution of retroviruses
Fvl is a gene now  known to be the byproduct of an integration event by an 

ancient retrovirus around 10 million years ago. An event of this kind is not 

uncommon; the DNA of higher eukaryotes is literally awash with the product of 

retroelements and retrosequences. In the past these elements responsible, 

collectively term ed the retroposons, have been thought of as "selfish" or "junk 

DNA", simply genomic parasites that are no m ore than a molecular burden to be 

endured by the genome. In the following section, the affect these elements have 

on the genome wiU be discussed, as well as the idea that, far from being a 

burden, these elements may play a fundamental role in evolution and genomic 

plasticity. In this way, Fvl may be put in a more accurate evolutionary context, 

not simply an extremely rare and unusual example of 'junk-DNA-made-good', 

but an example of just one product of a much m ore widespread and ongoing 

process that has been fundamental in the shaping of the genome during the 

course of evolution, both in the past and in the future.

1.6.1 The origin of RT
Over twenty years ago, the discovery of reverse transcriptase changed the 

fundamental concepts of information exchange^^^» allowing genetic

information to flow not just from DNA to RNA, but backwards, from RNA to 

DNA. This finding was very im portant for 2 reasons. Firstly, it explained the 

replication of certain viruses: replication by reverse transcription is found in 4 

virus groups: the animal-infecting retroviruses and hepadnaviruses, and the 

plant-infecting caulimoviruses and badnaviruses. The second implication of the 

existence of this activity was that there appeared to be a mechanism for the shift 

from an RNA-based system, the so-called RNA world, to one revolving around 

the double helix.

Since the discovery of this protein, reverse transcriptase has been found 

associated with a wide variety of viral and nonviral sequences: LINE elements, 

Ty elements, R2Bm, group E introns, and telomerases^"^. Despite the finding of 

this protein in so many different organisms, aH reverse transcriptases reported 

were present in eukaryotes only, and appeared to be absent in eubacteria and 

the archaebacteria. This indicated 2 possibilities: either reverse transcriptase 

emerged in eukaryotes after their divergence from archaebacteria and

56



eubacteria, or reverse transcriptase em erged before all 3 groups diverged, but 

was subsequently lost from the eubacteria and archaebacteria soon after these 2 

diverged from eukaryotes. However, both of these scenarios were negated 

following the discovery in 1984 of the presence of an unusual extrachromosomal 

DNA called msDNA (multi-copy single-stranded DNA) in the bacteria 

Myxococcus xanthus^^^. This type of DNA was found to be encoded by a locus in 

the bacterial genome which codes for msDNA and a single ORF. Homology 

searches revealed that this ORF codes for an RT similar to the polymerase of 

retroviruses, and the conservation of the amino add domains betw een the 

eukaryotic and eubacterial RT suggested that these were derived from a 

common progenitor. This has im portant implications, as this suggestion places 

RT at a time before the divergence of eukaryotes and prokaryotes, at a critical 

stage in evolution during which the unique activity of RT m ay have been 

instrumental in the transition from the proposed RNA-based life to the DNA 

world.

Coined originally by Walter G ilbert^^, the 'RNA World' was first described 

following the discovery of both informational and catalytic functions in the same 

m o l e c u l e ^ 0 7  Before this discovery it was assumed the origin of life involved 

both RNA and protein, RNA to archive information and protein molecules to 

provide the catalytic activities required to make copies of the RNA in order to 

reproduce. With the discovery of self-cleaving and self-splicing RNA molecules, 

it now seems likely that these and other catalytic functions could also have been 

carried out by RNA alone. The evolution of the RNA world, it was suggested, 

started with RNA molecules performing the catalysis involved in self-assembly 

from the 'nucleotide soup'. Recombination and m utation would enable them  to 

explore and develop new functions. The evolution of translational mechanisms 

enabled the synthesis of proteins, molecules that would not have novel functions 

but would have catalysed the same enzymatic reactions as existing RNA 

molecules but faster and more efficiently. Finally, DNA would have superseded 

RNA as a much more stable information carrier. RNA would then be relegated 

to the role of intermediary it has today, its 2 original roles replaced by the more 

efficient DNA and protein molecules. This model has been studied in several in 

vitro selection studies (reviewed in and whilst no conclusive answer as to its 

validity can be made, these experiments have shown the huge range of
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functional activities that can be selected for and carried out by RNA. Therefore, 

this finding verifies the central role that RNA could play in such a scenario.

This model necessitates the emergence of reverse transcriptase activity, the 

appearance of which would m ark the beginning of the end of the RNA world, as 

the vehicle for the m ovem ent from an RNA world to the DNA one we see today.

1.6.2 Where do retroviruses come from?

Howard Temin first suggested in 1970 that retroviruses evolved from cellular 

moveable genetic elements and that animal enveloped RNA viruses in turn 

evolved from retroviruses^^» The discovery of the retron-encoded bacterial 

RT in aU myxobacteria, with an estimated maximum age of 1000 made

this the oldest RT known. This finding led Temin to suggest that this bacterial RT 

may be older than the separation of prokaryotes and eukaryotes^ 11, making the 

retron the possible ancestor of all retroelements. Inouye and Inouye^l^ 

suggested that it was the acquisition of other retroelement genes such as gag and 

int during evolution that led to the emergence of the non-LTR retrotransposons. 

These elements represent an evolutionary step prior to the generation of 

retroviruses.

Kim et al demonstrated that the 'gypsy' retrotransposon in Drosophila is an 

infectious virus capable of infecting uninfected cehs^l^, suggesting that at the 

evolutionary stage of the Drosophila, retrotransposons acquired the ability to 

infect cells, in contrast to say the level of yeast cells, where retrovirus-like 

particles are purely intracellular. As winged insects appeared around 350 MY 

ago, it is possible that the oldest infectious retrovirus appeared around this time, 

possibly evolving from a lower form of retrotransposon that acquired an 

envelope gene. Transmissible retroviruses potentially could cross species 

barriers.

A different approach was taken by Xiong and Eickbrush^l'^. These authors 

studied the evolutionary relationships of RT-containing retroelements from 

animals, plants, protozoans and bacteria to produce a phylogenetic tree. They 

also compared RNA-dependent RNA polymerases from various plus-stranded 

RNA viruses to reverse transcriptase and suggested that these 2 enzymes 

evolved from a common ancestor. According to their phylogenetic tree, the 

most probable common ancestor of current retroelements was a 

retrotransposable element with both gagAjke and pol-hke genes (see Figure 1.7A).

58



Figure 1.7 Phylogenetic trees based on the sequence of RT^l^
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However, if their phylogenetic tree is redrawn without changing the relative 
distances between any 2 branches, but this time assuming that the ancestral 
reverse transcriptase is located on the retron branch, as seems more likely, then 
the tree shown in Figure 1.7B is obtained. In this scenario, the bacterial reverse 
transcriptases are the oldest group of retroelements, and the retrons are now 
considered to be the most primitive retroelements
A The sequence of RT in retroelements from animals, plants, protozoans and 
bacteria was used to construct a phylogenetic tree.

B The tree in A redrawn assuming the retron RT is the ancestral RT



One of the major branches has organelle and bacterial sequences (groupH introns 

and bacterial msDNA) that appear to have captured RT from retrotransposons 

that lack LTRs. In this scenario, therefore, bacterial RTs and retrons were derived 

from eukaryotes. On the other branch, acquisition of LTRs has given rise to 2 

distinct groups of LTR retrotransposons and 3 groups of viruses (the 

retroviruses, the hepadnaviruses and the caulimoviruses).

The authors noted that if msDNA elements were the progenitors of all 

retroelements, as had been suggested^H, then the RNA viruses represent a 

category of retroelements whose polymerases have undergone substantial 

change from synthesising DNA to synthesising RNA. Due to its position on the 

tree, this change would have had to occur after the divergence of this group 

from the LTR retrotransposons and before the hepadnaviruses. If the tree is 

rooted such that the RNA viruses are an outgroup, as they suggest, then this 

"disjunction" in the tree is avoided. They believe the greater diversity in 

genomic organisation and sequences of the RNA viruses than any other branch 

of the tree, along with their presence in a wider range of prokaryotes and 

eukaryotes, also indicates they are older than the other retroelements. 

However, if their phylogenetic tree is redraw n without changing the relative 

distances between any 2 branches, but this time assuming that the ancestral 

reverse transcriptase is located on the retron branch, as seems m ore likely, then 

the tree shown in Figure 1.7B is obtained. In this scenario, the bacterial reverse 

transcriptases are the oldest group of retroelements, and the retrons are now 

considered to be the most primitive retroelements. This scenario is supported by 

the discovery of Het-A elements in Drosophila^^^. These elements, which are 

involved in the maintenance of telomeres (see later) have the hallmarks of both 

LTR and non-LTR transposons, and therefore look like an evolutionary 

intermediate of these 2 branches. The presence of this element therefore 

suggests a model involving the acquisition of LTRs. Also consistent with the 

view that retron reverse transcriptases are the most primitive of RNA-dependent 

DNA polymerase is the fact they do not require a separate molecule to prime the 

cDNA synthesis reaction but use instead a single RNA molecule as both template 

and primer. The tree shows the progressive evolution of the retroelements, 

starting with the basic reverse transcriptase element, then the evolution of the 

non-LTR retrotransposons following the acquisition of gag-Hke and int-like 

sequences, and subsequently the emergence of the major LTR branch following
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the acquisition of this element. In this way, the revised tree now shows close 

agreement with the scenario outlined by Temin and others in the first part of this 

section.

1.6.3 The role of reverse transcriptase in the eukaryotic genome

Reverse transcriptase appears to have played an essential role during the 

transition from the RNA world to the DNA world of today, but what part has it 

played in the eukaryotic genome during its evolution? For a long time the 

intracellular role of RT has been assumed to be restricted to the self­

reproduction of 'molecular parasites': the genome is virtually 'littered' with 

retroelements, sequences produced by reverse transcription reactions and 

subsequent integrations, that may occupy over a quarter of the hum an 

genome^l^. Since nonviral retroposition gives rise to many large pseudogene 

families and a great variety of retroelements provide no discernible benefit to the 

host, these elements have been viewed in the past as purely selfish DNA^l^, 218 

It may be that RT has a role in the cell that are not yet discovered, the 
unavoidable byproducts of which might be the generation of such retroelements 

and retrosequences. If, however, there is no functional RT in the cell and the 

enzyme is provided by infectious retroviruses/proviruses, non-infectious 

retrotransposons, or non-LTR elements, then why are these elements with no 

apparent cellular function in the cell being tolerated rather than inactivated? 

Why have mechanisms that allow retroposition persisted, despite their 

opportunistic use by retroviruses and the potential detrimental effects of aU 

retroposition events on the host? For example, famüial hypocholesteremia has 

been shown to be due to the deletion of exons in the LDL receptor betw een Alu 

elements ^^9, and acholinesterasemia has been attributed to the insertion of Alu 

sequence into the cholinesterase gene ^^0 Retroposons are therefore insertional 

mutagens, and as such their activity can have advantageous, neutral and 

detrimental effects in the same way as point m utations generated during DNA 

replication. In this way, a certain level of retroposition may be selectively 

favoured. This wiU be discussed in the following sections.

1.6.4 The Retrogenes

Retrogenes are generated by the occasional reverse transcription of mRNA into 

a cDNA copy, followed by their integration into the genome. If this integration
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occurs in the germline, then the retrogene is inherited in future generations. The 

3 hallmarks of retroposed gene copies are the presence of short direct repeats at 

their flanks, A-rich regions at their 3' ends, and frequent lack of introns 

compared to the Tounder' gene^^l, 222 The retrogene is often devoid of 

prom oter and other regulatory elements. This inactivity and consequent lack of 

selective pressure leads to the acquisition of nonsense mutations and 'indels' 

(insertion/deletions), and has led to the term  pseudogene for these sequences. 

Many genes have spawned retrogenes, generally ranging from 1-10 copies, but 

occasionally reaching up to several hundred copies. One such example is the 

single intron-containing gene for glyceraldehyde-3-phosphate dehydrogenase 

which has yielded m ore than 300 intronless retrogenes in mice and ra ts^ ^ .

Many genes encoding small RNAs, such as small nuclear RNAs or SRP RNA, 

have also given rise to several hundred pseudogenes, referred to as short 

interspersed repetitive elements (SINEs). These elements are extremely 

abundant (lO' -̂lO )̂, and occupy a large fraction of the genome ( 1 0 - 1 5 % ) .  Among 

these are the A/w-RNAs (in turn derived from SRP RNA) which have generated 
primate Alu and rodent B 1  elements. Certain tRNAs are the founders of rodent 

B 2 ,  rabbit C, and canoid species Can SINEs, as well as, num erous vertebrate, 

nonvertebrate and plant SINEs. Among these SINEs are extreme cases that 

reach weU over 10® copies. The higher general copy num ber of tRNA-derived 

pseudogenes over those derived from mRNA is thought to be due to differences 

of each in serving as templates for reverse transcription. It is possible that most 

repetitive elements are being generated from one or a few master g e n e s 2 2 4 - 2 2 7  

The products of these master genes are likely to be functional, as indicated by 

their apparent conservation over tens of millions of years.

The majority of retroposons most likely have never been and never wiU be 

functional. However, their importance lays in their capacity to contribute a 

functional gene or regulatory element (see following section). The identification 

of active genes with retroposon ancestry suggests an important and still ongoing 

contribution of retroposition in evolution, in addition to gene duplication. This 

latter process has long been known to be im portant in evolution, as the presence 

of an extra gene copy releases one copy from selective constraint. The spare 

copy can be varied without being constrained to the form er function. As one 

would expect, the many inactive pseudogenes are the genome's testimony that 

this process is far from infallible.
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1.6.5 Retrogenes and Exaptation

A gene is far m ore than simply a unit of translation. Coding sequence can be 

broken down into various functional and structural domains. Noncoding 

sequence can contain both positive and negative regulatory elements, 

responsible for not only for quantitative gene expression but also appropriate 

spatial and temporal expression, sequence motifs for nucleosome positioning, 

DNA méthylation, polyadenylation signals and determinants of RNA stability 

and transport. Any mechanism of gene duplication (gene duplication or 

retroposition) allows the possibility of recruitment of these genetic elements into 

a novel molecular context and as a result, a possible variant or novel function, an 

evolutionary process first recognised over a decade ago and term ed exaptation. 

Unlike adaptation, which involves the change of features generated by natural 

selection that enhances fitness, exaptation involves the change of features that 

enhance fitness bu t were not generated by natural selection for their current 

role228 Many of these sequences will have little or no affect, and under no 

selection wiU accrue mutations over time and blend into the genome- these can 

be termed non-aptations. A considerable fraction of the non-coding sequence 

that lies within or between genes may well be the result of retroposition in the 

past whose identity is no longer discernible. These non-aptations can 

occasionally be exapted as novel control elements of a gene, or even as a novel 

exon, increasing the availability of protein sequence m otifs^^^"^^. Additionally, 

SINEs can provide necessary splice sites233, 234 Therefore, any retroposed 

sequence in the genome that lies dorm ant (but gradually changing by mutation) 

has the potential to be exapted and contribute to the genomes fitness at any time. 

With the growing amount of sequencing data, there are mounting examples 

among many eukaryotic lineages in support of this hypothesis, namely that 

retroelements and retrosequences are a large pool of recruitable genetic material 

(reviewed in 235,236) resurrection of the ©1 globin gene (by provision of a 

CAAT box prom oter element by an Alu sequence) highlights the fact that, 

although the likelihood of a gene being reactivated after 6-10 million years of 

dormancy is smaU237^ this process can occur after as much as 200 million years of 
silence234,238
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1.6.6 Intronless genes: an indicator of retroposition?
As mentioned briefly in the previous section, however, there are problems in 

assigning retroposon ancestry to sequences due to the loss of the characteristic 

direct repeats and polyA tails, particularly when this event has taken place m ore 

than 100 million years ago. However, the discovery of such genes makes it 

plausible that other and possibly most intronless genes have been derived by 

retroposition. Moreover, it has been suggested that the entire genome of yeast, 

which has very few intron-containing genes, consists of retrogenes which have 

themselves replaced by homologous recombination the founder genes from 

which they were originally d eriv ed ^^ "^^ . The discovery of retron-assodated 

reverse transcriptase raises the possibility that this may also be true for bacterial 

genom es^ll.

1.6.7 Retroposition and chromosome structure/function
There is growing evidence that retrotransposed sequences cannot only be 

exapted as genes or regulatory control elements, but may also play an im portant 
part in chromosome structure. Tliey can act as carriers of high density CpG 

dimers in regional DNA methylation242, 243  ̂ and (conversely) specific Alu- 

binding proteins have been shown to prevent DNA m éthylation^^. For this 

reason, the méthylation state of such repetitive elements may be im portant in 

gene regulation, including genomic imprinting. Moreover, SINEs can provide 

binding sites for nudear proteins, and in this way can modulate chromatin 

organisation245-247^ which in turn may play a role in the determination of 

differentiation s ta te^^ . These repetitive elements can act indirectly, inducing 

recombination between otherwise unrelated DNA fragments, leading to new 

combinations within genes and consequently to genetic d i v e r s i t y H o w e v e r ,  

the discovery of the direct involvement of retroelements such as Het-A and 

TART in the maintenance of telomeres in Drosophila offers the first direct 

evidence of transposable elements with a clear role in chromosome structuredly, 

d49. This role, which is performed by the cellular reverse transcriptase enzyme 

telomerase in mammalian cells, may represent the first of many bona fide cellular 

roles of retroposons, not just in Drosophila but other organisms also.

In condusion, retroposition is a mechanism, alongside the more conventional 

gene duplication by recombination process, which may constitute an extremely 

im portant evolutionary process in the generation of genetic diversity. Even
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pseudogenes can be recruited as functional genes, and parts of pseudogenes or 

SINEs can be integrated into coding regions as functional domains or novel 

regulatory elements. The vehicle of retroposition, reverse transcriptase, may still 

exert, as it did more than 3 billion years ago, a huge influence on genomic 

plasticity by not only creating novel genes bu t by allowing the mixing of existing 

genes with novel regulatory elements. Altering when, where and what am ount 

of a gene is expressed can have a profound evolutionary impact, both positive 

and negative. The price paid for long-term evolutionary benefit this plasticity 

provides for the population is frequently paid by the individual, w hen a 

deleterious genetic combination produces genetic disease.
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1.7 Evolution of the Mus genus

One of the objectives of this w ork is to offer an explanation of how and why the 

Fvl gene has evolved the phenotypes of the major alleles we see today. In order 

to do this, a basic knowledge of the evolution of the genus Mus is necessary. For 

this reason, the Introduction wiU finish with a brief account of the radiation and 

spéciation of Mus genus.

1.7.1 Phylogeny of Mus

Despite the fact that the house mouse has been vital for so m any aspects of 

fundamental science for many years, its wild populations (of the subgenus Mus) 

have been relatively poorly studied. Due to the few morphological 

characteristics that differentiate the wild mice, even the taxonomy of this 

subgenus as determined by classical approaches has been unclear. In older 

literature, this resulted in either minute descriptions of many species and 

subspecies or the oversimplification of a single polytypic taxon^^ . Within the 

last 2 decades, the advent of biochemical, karyological, molecular, and biometric 

approaches to study evolution has done much to shed light on the origin of Mus. 
The phylogenetic tree of the genus Mus in Figure 1.8 was obtained from 

aUozymic data^51, 252  ̂ RFLP polymorphism data of various genes^^^, 

mtDNA254 and DNA/DNA hybridisation of single-copy nuclear DNA (scnDNA) 

data255. It jg also consistent with the limited m urid fossil reco rd^^ . There are 

various levels of quasi-synchronous spedation events. The first corresponds to 

the separation of the subgenus Mus from the other subgenera. The second level 

is not indicated on the tree. This level refers to the separation of the Indian 

pigmy mice. Mus dunni and Mus booduga (also called Leggada), which also 

corresponds to the appearance of a 40 acrocentric chromosome karyotype that is 

characteristic of the whole Mus subgenus. These spedes cannot be placed 

accurately due to the lack of molecular data to predsely calibrate the split of this 

all-Indian offshoot of Mus, and therefore are not represented in the Figure. The 

third level corresponds to the radiation of the Asian spedes (Mus caroli, Mus 

cookii, Mus cervicolor) in India around 2 million years ago. The fourth level 

corresponds to the radiation of the West Palearctic spedes around 1 million years 

ago which have migrated as far as eastern and southern Europe and northern 

Africa. Although Mus spicilegus and Mus macedonicus have separated very
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Figure 1.8 Phylogenetic map of the genus M ms311
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The current phylogenetic tree of the genus Mus is based on that of
Bonhomme^^^. See text for explanation.
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recently, the ancestor of these 2 species diverged quasi-simultaneously from Mus 

musculus and Mus spretus. The last level of radiation corresponds to the 

individualisation of the main subspecies of Mus musculus within the last 0.5 

million years following its migration from the Indian subcontinent. The genus 

Mus therefore represents the classical image of a taxon that has actively radiated 

through geographical spedation, forming new spedes wherever migration is 

possible.

1.7.2 Partitioning in Mus musculus

There is considerable scope for confusion when analysing genetic characteristics 

in the Mus musculus complex. Studies of several types of genetic m arkers have 

been carried out in peripheral house m ouse populations: analysis of 

chromosomal C-band p a t t e m s 2 5 7 ,  2 5 8 ^  nudear autosomal genes studied by 

protein electrophoresis^!» ^^» 2 5 9 - 2 6 1  or by DNA RFLP^^2^ rDNA non­

transcribed spacers RFLP263^ im m u n o g lo b u lin ^ ^^ ^ , satellite DNA, serological 

studies^^^, some Y chromosome s e q u e n c e s 2 b 8 - 2 7 1 ^  mitochondrial D N A ^ ^ 2  The 

proposed scheme of the 4  subspedes of the Mus musculus spedes in Figure 1 . 8  is 

based largely on the combinations of allele frequendes at many nuclear encoded 

protein lod^^!. This dassification is supported by the study of mitochondrial 

DNA p h y l o g e n y 2 7 2 b ,  2 7 2 d  (gee Figure 1 . 9 A) as 4  main lineages could be defined, 

corresponding to either Mus musculus domesticus^ musculus, castaneous, or 

bactrianus (although Mus musculus bactrianus was found at low frequency in the 

Mus musculus castaneous territory). Other m arkers studied are compatible with 

this partitioning of the complex, but the picture is not clear as the phylogeny of 

the alleles is not known. Some of the m arkers appear to be diagnostic betw een 

pairs of subspedes whilst others are confined to one subspedes (reviewed i n  2 5 1 ,  

2 5 7 ,  2 7 6 )  There is, however substantial variation within the subspedes from 

different geographical areas, for example between European and Asian Mus 

musculus musculus 2 5 8 ,  2 7 7  or betw een northwestern and southeastern Mus 

musculus domesticus 2 7 8  There are no single characters in the Mus musculus 

complex that allows the partition of the peripheral populations, therefore, but 

combinations of characters do permit the subspedes to be clearly identified.
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Figure 1.9 Phylogenetic trees of the Mus musculus complex based on different DNA sequences
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1.7.3 Origin of Mus musculus
It is impossible to construct a phylogeny of these subspecies based on the 

distribution of individual genes, as several incompatibilities betw een characters 

become apparent^^» It therefore does not seem possible to account for the 

evolution of these subspecies by a simple dichotomous model of divergent 

populations, as mosaicism seems to be a general feature of the evolution of their 

genes. An explanation for this generalised genetic mosaicism emerged from the 

study of mouse populations from the Indian subcontinent^^^. When samples 

from Iran, India and Pakistan were studied it was found that they could not be 

classified into any of these 4 subspecies. N or could they be considered as 

forming one more additional categories, although some samples had unique 

variants found nowhere else (either allozymes or mtDNA lineages defined by 

RFLP). The analysis of their allelic composition and distribution showed that 

these samples appear to be at the centre of a star phylogeny, with the peripheral 

populations at the tips (Figure 1.9B). The position of the Iranian sample, halfway 

on the branch leading to Mus musculus domesticus, is in accordance with its 

geographical location. These samples were also found to have very diversified 

mtDNA, including those previously found to be characteristic of Mus musculus 

bactrianus and castaneous. Therefore, these 2 subspecies do not correspond to 

their own monophyletic groups (for mtDNA) as found for Mus musculus 

musculus and domesticus. This led to the proposal that Mus musculus originated 

from  northern India and its radiation led to the colonisation of the rest of the 

continent279^ Moreover, the divergence times of the main mtDNA lineages 

indicated that this initial radiation occurred less than 0.9 million years ago, a 

figure supported by DNA/DNA hybridisation data^^^.

The genetic data clearly shows that the 3 peripheral subspecies. Mus musculus 

domesticus, musculus and castaneous, correspond to 3 distinct paths of colonisation 

from  the Indian cradle (see Figure 1.10). It is this initial radiation of Mus musculus 

occurring simultaneously that is likely to have produced the mosaicism in 

different genetic markers. This colonisation, which is now global, m irrors the 

spread of Man, and is a reflection of the commensal lifestyle of the house mouse.

1.7.4 H ybrid zones

The relatively recent expansion of the house mouse has produced zones of 

secondary contact between subspecies, called hybrid zones. The m ost well-
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Figure 1.10 Geographical distribution in the Old World of the 3 main 
taxonomic units making up the Mus musculus complex.

musculus

castaneus

bactrianus

The arrows represent plausible migration routes from the point of origin of the 
genus (the Indian subcontinent) during the radiation of the species. This 
expansion has occurred within the last 0.5 million years.



characterised of these is the transition betw een Mus musculus domesticus and Mus 

musculus musculus in Europe^^^’ 280-283 Here, genes are exchanged in a 30- 

40km wide band between the 2 populations. Introgression from this zone is 

generally asymmetrical, with longer tails of introgression on the Mus musculus 

musculus side. The width of the zone and the pattern of introgression is 

consistent along its length. In Jutland, however, although different mtDNA 

haplotypes are found either side of the zone, they are aU of Mus musculus 

domesticus o r i g i n ^ ^ O ,  283 'phig hijacking of Mus musculus musculus mtDNA by 

Mus musculus domesticus is also found in Scandinavian mice and mice from East 

Holstein, and has been interpreted as the result of repeated founder effect 

through island hopping during the colonisation of Scandinavia by Mus musculus 

musculus'^^^.

Such an apparent conservation of hybrid zone width and introgression patterns 

suggests that the zone could be maintained by selective factors and is not simply 

a result of passive diffusion. Some attempts have been made to correlate the 

position of the zone with climatic f a c t o r s 2 8 4 ,  285  ̂but the climate gradient would 

have to be so sharp and the adaptation of both subspecies to their environments 

so precise that this seems unlikely. There is only indirect evidence that selection 

is acting on natural hybrids. Researchers have found that mice in the centre of 

the hybrid zone are significantly m ore infected by intestinal parasites than mice 

on either side of the zo n e^ ^ , and that this susceptibility to these parasites has a 

genetic basis. The effect of these parasites on fitness is not known. Another 

indication of counterselection of the natural hybrids in the zone is found in the 

introgression patterns of sex chromosomes. The Y chromosome 282, 283  ̂ and at 

least certain parts of the X chromosome^71 ̂ introgress much less than the 

autosomal markers, resulting in a band only a few kilometres wide. This may be 

explained by the finding that certain combinations of Y chromosome on different 

genetic backgrounds induce problems of sex chromosome stability and sex 

determination in the FIs 287 Interestingly, the Y chromosome variant that is 

fixed in the old inbred lab mice, which have hybrid genomes (see next section), is 

the same type found in the zones of natural hybridisation between Mus musculus 

musculus and Mus musculus castaneous in]apan^'^^. In these extreme examples of 

genetic exchange between the Mus musculus subspecies, the colonisation of the 

Japanese archipelago resulted in at least 2 invasions paralleling those of Man. 

The first was by Mus musculus castaneous from the south and the second, by Mus
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musculus musculus, from the north. These 2 subspedes subsequently interbred 

and founded the population we see today, referred to as Mus musculus 

molissinus, which possesses a dominance of Mus musculus musculus nuclear genes 

and a mosaic distribution of mtDNA. This interaction is also known to have 

occurred in continental China (shaded orange in Figure 1.10).

1.7.5 Laboratory mice

The commensal lifestyle of the house mouse is thought to have been adopted as 

a way to avoid competition with other murids by habitat partitioning^^. 

Ultimately, this life-style has led to the domestication of the house mouse, first as 

a pet and later as a laboratory animal. As, over time, this animal has become so 

important to genetidsts and developmental biologists, the origin of the 

laboratory mice, the so-called "old inbred strains" has often been discussed. 

They all have the same mtDNA haplotype, which is of Mus musculus domesticus 

origin ^89 Their nuclear genes in contrast show a higher level of divergence 

than expected given their recent derivation from a common ancestral stock^^ , 

and this has led to speculation concerning the rate of evolution and m utation in 

these mice. It has been suggested that this divergence may be due to much 

higher rates of mutation occurring in the inbred lines, or that heterozygosity has 

been inadvertently selected for in the construction of the inbred lines by the 

selection of the most vigorous breeding pairs from each generation (to avoid 

inbreeding depression). Another explanation stems from the finding that these 

strains all carry a Y chromosome of Mus musculus musculus o rig in^^ , or more 

predsely, the variant only found in Japanese mice and some Chinese mice2b9, 

2^1. From the known pedigrees of laboratory mice we know that, in addition to 

the known inter-strain crosses that occurred early in their development, 

occasional introductions of unknown background have occurred, either by 

purchasing from specimens from pet dealers (Taney mice') or by crossing with 

animals trapped from the wüd. The presence of the Y chromosome of Asian 

origin confirms that the Oriental fancy mice has contributed to the ancestral stock 

of laboratory mice, through the early introduction of these types of mice 

(Japanese waltzing mice, for example) into European collections. In this way, the 

founder stock of the laboratory mouse was a combination of very divergent
genomes^57
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1.8 Aims of the project

At the start of the project, Fvl activity had been isolated to a 6.5kb Spel-EcoRI 

fragment, but the gene itself had yet to be cloned. The retroviral nature of the 

gene had therefore not been determined, and it seemed likely at this point that 

homologues of Fvl would exist in other species. The initial aim of this project 

was to isolate the hum an homologue of this gene and to see whether the 

retroviral restrictive nature of the gene observed in mice existed, or could be 

induced through mutation, in humans. To this end, large-insert hum an genomic 

libraries were screened for clones containing either or both of the hum an 

homologues of the murine genes that flanked Fvl in mice. From this clone(s) it 

was hoped the hum an Fvl homologue could be subsequently isolated.

Once the Fvl gene in mice had been cloned, its retroviral nature was 

demonstrated by sequence homology to the HERV-L family of retroviruses. 

Subsequently, Fvl was shown to be unique to mem bers of the Mus genus only, 

and the presence of homologues in other genera therefore seemed highly 

unlikely. The aim of the project was then modified. By cloning and comparing 

Fvl sequences from members across this genus, the next aim was to attem pt to 

determine how the gene had changed during the evolution of Mus, and to 

ascertain how these changes related to the development of Fvl activity in the 

mouse. To achieve this, the Fvl ORF was PCR-amplified and cloned from nearly 

40 samples of mouse genomic DNA. The Fvl consensus sequence was 

determined for each sample, and these sequences were subjected to computer- 

aided analysis.

Complementary to the sequencing project, I aimed to clone a "progenitor^ viral 

sequence of Fvl; the sequence of the gene shares homology with both the 

FFERV-L family of retroviruses from humans and the MERV-L family of 

retroviruses from mice, but appears distinct from both. It was hoped that, 

during such an infection that had given rise to the Fvl gene itself, another 

germline integration(s) had also occurred to fix a m ore complete example of this 

family of retrovirus in the mouse genome. In order to isolate such a putative 

sequence(s) a mouse genomic lambda library was screened by hybridisation with 

an Fvl probe at low stringency. Fragments that cross-hybridised with Fvl were 

subcloned from the clones obtained from this screen, sequenced using primers 

flanking the cloning site, and these sequences were subsequently used to screen 

nucleic add sequence databases to identify them.
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The final aim of the project was to determine how the key changes between the 

main alleles related to Fvl activity. This data also related to the study of the 

evolution of Fvl, as the sequencing project had shown how these changes had 

occurred during the spéciation of Mus and the evolution of the Fvl phenotype. 

Constructs containing m utant ORFs with the 3 main differences between FvV  

and Fvl^ in all possible combinations were transfected in to the Fvl° cell line Mus 

dunni. Fvl phenotype of clonal cell lines obtained from these transfections was 

determined using a lacZ assay using pseudotyped MLV. The Fvl"  ̂ allele was also 

studied. Quantification of expression levels in tissue and sequence analysis of this 

allele was undertaken to determine what changes are likely to result in this 

modified phenotype.
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Chapter 2. Materials and Methods

2.1 Solutions, enzymes and buffers

All enzymes were obtained from New England Biolabs and all chemicals were 

obtained from Sigma, unless otherwise stated.

Liquid cultures of E. œli were grow n in LB (Luria-Bertani) broth as described by 

Sambrook et LB broth is 1.0% bacto-tryptone (Oxoid), 0.5% yeast extract

(Oxoid), 1.0% NaCl, pH 7.5.

Spread-plating was done onto L-agar plates containing the appropriate antibiotic. 

L-agar plates were made by adding 15g bacto-agar (Oxoid) to 1 litre LB broth  

before autoclaving. Antibiotic selection was then achieved by supplementing 

with 50pgml'^ nafcUlin/ampidUin, streptomycin or kanam ydn (Boehringer 

Mannheim GmbH) as required (media were allowed to cool to <55°C before the 

addition of antibiotic).

Mammalian cells were maintained in DMEM Complete media, which consists of 

DMEM (Gibco BRL) supplemented with 10% heat-inactivated (30 minutes at 

56°C) PCS (PAA Laboratories GmbH) and 50pgml^ penicillin and SOpgml'^ 

streptom ydn (Life Technologies). Antibiotic selection was achieved by 

supplementing the media with SOOpgml  ̂G418. Stocks of cells were prepared by 

resuspending trypsinised ceUs in tissue culture freeze mix (50% ECS, 40% DMEM 

without supplements, 10% DMSO (Sigma)).

NZY media:

5g NaCl, 2g MgSO^.HgO, 5g yeast extract, lOg NZ amine (casein hydrolysate; 

(Oxoid))

-made up to 1 litre with dH20, pH  adjusted to 7.5 with NaOH; autodave 

For NZY agar, NZY media was supplemented with 15g agar prior to 

autoclaving; for NZY top agar, 0.7% agar was added; for NZY top agarose, 0.7% 

agarose was added
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RT assay mix:

24^1 IM Tris-HCl pH  7.5, 36^il IM KCl, 1.2pl 0.5M DTP, 6pl 150mM MnO^, 5.4pl 

2mM TTP, 12^1 200^igml^ oligo dT-poly rA, 6|xl ^^P-TTP (ICN; 167 Tbqmmol'^), 

6pil 10% Nonidet-P40,403pl (IH2O

SES buffer 

0.5% SDS

250mMEDTA,pH8.0 

150mM NaCl

SOC medium:

20g bacto-tryptone, 5g bacto-yeast extract, 0.5g NaCl, 20mM glucose 

-made up to 1 litre with dHgO, pH adjusted to 7.0 with NaOH; autoclave

SM buffer:

5.8g NaCl, 2.0g MgS0 4 .H2 0 , 50ml IM  Tris-HCl, pH  7.5, 5ml 2% (w/v)  gelatin 
(Sigma)

-made up to 1 litre with dH2 0 ; autoclave 

20x SSC buffer:

175.3g NaCl, 88.2g sodium citrate

-made up to 1 litre, pH  adjusted to 7.0 with NaOH; autoclave 

Ix TE buffer:

lOmM Tris-HCl, ImM EDTA 

-adjusted to pH  8.0 with NaOH; autoclave

lOx TBE (electrophoresis buffer):

108g Tris-base, 55g boric add, 9.7g EDTA 

-made up to 1 litre, adjusted to pH 8.4 with NaOH

Gel loading buffer (agarose gels):

0.25% brom ophenol blue, 0.25% xylene cyanol FF, 25% Ficoll
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Gel loading buffer (RPA gels):

0.025% xylene cyanol, 0,025% brom ophenol blue, 0.5mM EDTA

Gel loading buffer (automated sequencing gels):

50 \d 0.5M EDTA, pH  8.0, 50mg Blue dextran 

-made up  to 1ml with deionised formamide

DNA standards (see Appendix I):

Ikb ladder from MBI Fermentas, XHindlll digest from Life Technologies (for 

23kb-500bp size range), (|)X174 Haelll digest from Life Technologies (for 1300bp- 

lOObp size range)

Solution I:

50mM glucose, 25mM Tris-HCl pH  8.0, lOmM EDTA 

Solution n/P2:

0.2N sodium hydroxide, 1.0% SDS 

Solution ni:

60ml 5M potassium acetate, 11.5ml glacial acetic add, 28.5ml dHgO

-the resulting solution is 3M with respect to potassium and 5M with respect to

acetate, and is pH  5.3

Solution D:

4M guanidinium thiocyanate (Life Technologies), 17.6ml 0.75M sodium dtrate, 

pH  7.0, 0.5% sarcosyl, O.IM p-2-mercaptoethanol 

-made with DEPC-treated dHzO

PI:

15mM Tris-HCl pH8.0, lOmM EDTA, lOOpgml^ RNase A 

P3:3M potassium acetate pH 5.5 

Chloroform-isoamyl alcohol:

chloroform and isoamyl alcohol added in a 24:1 ratio and mixed thoroughly
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Phenol-chloroform:

phenol (saturated, pH  6.6; BDH), chloroform and isoamyl alcohol in a 25:24:1 

ratio and mixed thoroughly

Denaturing (southern blotting/ colony lift/ plaque lift) solution:

1.5M NaCl, 0.5M NaOH

Neutralisation (colony lift) solution:

1.5M NaCl, 0.5M Tris-HCl pH 7.4

Neutralisation (southern blotting) solution:

1.5M NaCl, l.OM Tris-HCl pH  7.4

Church hybridisation buffer:

70g SDS, 2ml 0.5M EDTA, 500ml l.OM NagHPO^, pH  adjusted to 7.2 with 

orthophosphoric add  

-made up to 1 litre with dHgO

lOOOx IPTG:

250mM in dHzO

lOOOx X-gal:

50mgml^ in dimethyl formamide 

Fixative buffer (X-gal staining):

57.5ml 0.2M sodium dihydrogen phosphate, 192.5ml 0.2M disodium hydrogen 

phosphate, 10ml 0.25M EDTA, 500[xl 2M MgCl2 

-made up to 500ml with dHgO

Wash buffer (X-gal staining):

57.5ml 0.2M sodium dihydrogen phosphate, 192.5ml 0.2M disodium hydrogen

phosphate, 5ml 10% sodium deoxycholate, 2.5ml BSA, 1ml 10% Nonidet-P40,

500pl2MMgClz

-made up to 500ml with dH20
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Stain buffer (X-gal staining):

25ml wash buffer, 0.5ml 50mgml^ X-gal, 52.5mg K^Fe(CN)6, 41mg KaFeCCN)^, 

6mg spermidine, 0.4ml 2.5M NaCl 

-filter-sterilised and store at 4°C for up to 2 weeks

PGR buffer:

100ml l.OM Tris-HCl pH  8.3,250ml 2.0M KCl, 650ml dH^O; autodave 

TIO:

lOmM Tris-HCl pH 7.5; autodave 

RNase A:

Imgml^ RNase A in dHgO 

-heated to 100°C for 15 minutes

Proteinase K:

lOmgml^ Proteinase K in dHgO 

-filter-sterilised (no pretreatment)
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2.2 List of Bacterial genotypes

TGI supE, thi-1, A(lac-proAB), A(mcrCB-hsdSM)5, m'^), [F',

traD36, proAB, lacPZAMlS]

HBlOl F', hsdSlO (r^  m g), recA13, ara-14, proAl, lacYl, galKl,

rpsLlO (Sm''), xyl-5, mtl-1, supE44, X'

MH1638 F% recAl, endAl, gyrA96, thi-1, hsdR17 (r'ĵ , m 'J,

supE44, recAll, R388:'JInXR, X',

TOPlOF' One Shot cells ¥'{lacl^ TnlO {Te^)}, mcrA A(mrr-hsdRMS-tncrBC),

^80ZflcZAM15, AlacX74, deoR, recAl, araD139, A(ara- 

leu)7697, galU, galK, rpsL, endAl, nupG 

XLl Blue MRA strain A(mcrA)183, A(mcrCB-hsdSMR-mrr)173, endAl, supE44

, thi-1, gyrA96, relAl, lac 

XLl Blue MRA P2 strain XLl Blue MRA (P2 lysogen)

2.3 Mouse strains

Mouse strains DBA/2, CBA/J and C57BL/6 were used to obtain RNA from a 
variety of tissues to determine levels of Fvl expression. Mouse strains 129/SvEv, 

BALB/cj and C57BL/ 6 were used to obtain DNA for southern blots. All mice 

were obtained in-house.

2.4 Genomic DNA samples

2.4.1 Mouse genomic DNA

Genomic DNA from a variety of mice was obtained for the evolution studies. 

The majority were purchased from The Jackson Laboratory (Bar Harbor, Maine) 

and some samples were a gift from Dr. F. Bonhomme (Laboratoire Genome et 

Populations, Université de Montpellier U, CNRS URA 1493). The Mus minutoides 

sample, which is a m ember of the Nannomys group (see Figure 1.8), was a gift 

from Dr. B. Mock (National Cancer Institute, NIH). Details of these mice are 

listed in Table 2.1.

The 'CZECKI' sample is from Mus musculus CZECH I, the "M.MUS' sample is 

from Mus musculus CZECH U, and the T.ATTECK' sample is from Peru 

Atteck/Ei. I have used the original strain names for all the rest.
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Table 2.1 Mice DNA used in the sequencing project

Species Name Geographical
origin

Source

Coelomys famulus FAM India LOP'
Pyromys platythrix PTX India LGP'

Mus minutoides MIN Africa NCP
Mus dunni DUN India cell lineal^
Mus cookii COK Thailand LGP'
Mus caroli Mus caroli - LGP'
Mus caroli KAR Thailand LGP'

Mus spicilegus ZYP Yugoslavia LGP'
Mus macedonicus XBS Bulgaria LGP'

Mus spretus SFM France LGP'
Mus spretus M. Spretus Spain JL"

Mus musculus molissinus MOL Japan LGP'
Mus musculus molissinus MOLD/Rk Japan JL"
Mus musculus castaneous CIM India LGP*
Mus musculus bactrianus BIR Iran LGP"
Mus musculus domesticus WMP/Pas Tunisia LGPVJL"

lab strain SEC/ReJ - JL"
lab strain RIII/DmMob - JL"
lab strain I/LnJ JL"
lab strain PRO/lReJ - JL"
lab strain FVB/NJ JL"
lab strain C57BL inhouse
lab strain SWR/J Switzerland JL"
lab strain ST/bJ Denmark JL"
lab strain BDP/J JL"
lab strain NZB/BINJ^ - JL"
lab strain NZW/LacJ - JL^
lab strain RF/J

LG/J
- JL"

lab strain - JL"
Mus musculus musculus M.MUS Czechoslovakia JL"
Mus musculus musculus CZBCKI .. Czechoslovakia JL"
Mus musculus musculus MBT Bulgaria LGP^ C

Mus musculus domesticus SKIVE/Ei Denmark JL"
Mus musculus domesticus RBA/Dn S.E. Switzerland JL"
Mus musculus domesticus SK/CamEi Pembrookshire JL"
Mus musculus domesticus SF/CamEi California JL"
Mus musculus domesticus P.ATTECK Peru JL"
Mus musculus domesticus BZO Algeria LGP'
Mus musculus domesticus WSB/Ei Maryland, USA JL'

Laboratoire Genome and Populations, Université de Montpellier II 
The Jackson Laboratory, Bar Harbor, Maine 
NCI, NIH
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2.4.2 Human genomic DNA

Human genomic DNA was used as a control in the screening of hum an genomic 

YAC and PAC libraries. The DNA was a gift from Dr. J.P. Stoye.

2.5 Genomic DNA libraries

All hum an genomic libraries were obtained from the UK HGMP Resource 

Centre at Hinxton, Cambridge.

2.5.1 The ICI human genomic YAC Library^^^

The library consisted of 34,500 clones with an average insert size of 350kb and a 

>3.5x coverage of the hum an genome, and was made from a hum an 

lymphoblastoid 48XXXX cell line. The primary screen consisted of 40 primary 

pools of DNA in LMP agarose.

2.5.2 The ICRF human genomic YAC Library

The library consisted of 20,500 clones and combined 3 separate libraries:

164 plates labelled 4X1-4X164 made from a hum an female lymphoblastoid 

48XXXX ceU line with an average insert size of 600kb and a 3x coverage of 

autosomes and 6x coverage of the X chromosome.

24 plates labelled 4Y1-4Y24 made from a hum an male lymphoblastoid cell Une 

49XYYYY with an average insert size of 400-500kb.

26 plates labelled HD1-HD26 made from a hum an female lymphoblastoid, 

Huntingdon's disease 46XX with an average insert size of 600kb.

The primary screen consisted of 47 primary pools of DNA in LMP agarose.

2.5.3 The HGMP human genomic PAC Library (P. de Jong et al, Roswell Park 

Cancer Institute, Buffalo)

The Ubrary consisted of approximately 120,000 clones in 315 384-well microtitre 

plates cloned into the vector pCYCPAC2N (see Appendix 2). The source for 

Ubrary construction was a normal male blood donor and the average insert size 

was 120kb. The primary pools were coded A-U and consisted of 15 plates each.

2.5.4 The mouse 129 SvJ lambda genomic library

The Ubrary was purchased from Stratagene and was made from the spleen of a 

8-week-old male mouse. DNA inserts were between 9-23kb and were cloned
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into the Lambda FIX II vector. The library was made by cloning the genomic 

DNA partially digested with SauSAI into the Xhol site of the Lambda FIX II 

vector. The library plated from this contained ~10^ clones with an estimated 5x 

coverage of the mouse genome.

2.6 Preparation of DNA

2.6.1 Preparation of plasmid DNA

Plasmid 'minipreps' and 'midipreps' were carried out using a modified protocol 

based on the procedure described by Bimboim and Doly

For 'miniprepped' DNA, 3ml of LB supplemented with the appropriate antibiotic 

to permit selection for the plasmid was inoculated from a single colony and 

incubated overnight at 37°C in a shaking incubator. 1.5ml of this overnight 

culture was spun for 30 seconds at 550g in an Eppendorf microfuge and 

resuspended in lOOpl Solution I. After 5 minutes at room  tem perature 200pl of 

Solution n  was added and the sample mixed by inversion. After 5 minutes on 

ice, 150pl of Solution m  was added to the sample, which was then mixed by 

inversion and incubated for 5 minutes on ice. Following centrifugation at lOOOOg 

for 10 minutes the supernatant was transferred to a new tube and extracted with 

500pl phenoFchloroform. After a further centrifugation at lOOOOg for 5 minutes 

the aqueous layer was carefully rem oved and the DNA precipitated by adding 

1ml 96% ethanol followed by incubation at -20°C for 1 hour. The DNA was then 

pelleted by centrifugation, washed with 70% ethanol and dried. The pelleted 

DNA was finally resuspended in 40pl TE. The yield was usually quantified by 

running a digested portion of the DNA preparation on a 1.0% agarose gel with a 

known amount of standard DNA.

"Midipreps' were prepared in a similar way but using 20ml of a 50ml overnight 

culture, with the amounts of each reagent scaled up by ten times.

2.6.2 Preparation of FAC DNA

PAC DNA preparation was carried out using a modified version of the previous 

procedure supplied with the UK HGMP PAG hum an genomic library.

A single bacterial colony was inoculated into 2ml LB supplemented with 

kanam ydn and incubated overnight. After centrifugation at 550g for 10 minutes 

the pellet was resuspended in 300pl PI. Following the addition of 300(xl P2, the
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sample was mixed by inversion and incubated at room  tem perature for 5 

minutes. 300pl of P3 was then slowly added and the sample shaken gently. 

After a 5 minute incubation on ice, the sample was spun at 6000g for 10 minute at 

4°C. The supernatant was carefuUy rem oved and the DNA precipitated by the 

addition of 0.8ml ice-cold IPA and incubation on ice for 5 minutes. The DNA was 

then pelleted by centrifugation at lOOOOg for 15 minutes at 4°C, and the resultant 

pellet washed with 70% ethanol. The peUet was allowed to air-dry and 

resuspended without pipetting in 40jil TE buffer. To check the DNA, 7\i\ of this 

was digested with Notl (the sites of which flank the SP6 and T7 prom oter regions 

of the pCYPAC2N vector used in the construction of the Ubrary) and Bglll, and 

the products of this digestion separated on a 0.7% agarose gel.

2.6.3 Preparation of single-stranded M13 DNA

Single-stranded DNA preparation was carried out by modification of the 

standard procedure described by Sambrook et
An overnight TGI culture was diluted 1:50 with LB supplemented with 5mM 

MgClg^^^ and incubated shaking at 37°C for 60 minutes. 3ml of this was then 

infected with 50pl of phage solution (produced by soaking a -1m m  diameter 

plaque in 1ml TIO overnight) and incubated for a further 3-4 hours at 37°C. 

1.5ml was rem oved and microfuged at lOOOOg for 4 minutes in an Eppendorf 

benchtop microfuge to rem ove the cellular component and the supernatant 

transferred to a new tube. After another centrifugation at lOOOOg for 4 minutes, 

SOOpl was transferred to a tube containing 200pl 20% PEG/2.5M NaCl. This was 

then vortexed thoroughly and allowed to stand at room  tem perature for 15 

minutes. Following a 4 minute spin, the supernatant was discarded, the tube 

respun and aU of the remaining supernatant removed. The resultant pellet was 

dissolved in lOOpl TE, vortexed with lOOpl phenol, and incubated at room  

tem perature for 15 minutes. The sample was then extracted with lOOpl phenol- 

chloroform and lOOpl chloroform, and the ssDNA precipitated by the addition of 

lOpl 3M NaOAc and 250pl ethanol, preferably incubating at -20°C overnight. The 

ssDNA was then pelleted by centrifugation, washed in 70% ethanol, dried and 

finally resuspended in lOpl dH20. For autom ated sequencing, 1.5pl was 

generally used.
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2.6.4 Preparation of lambda phage DNA

An overnight culture of XLl-Blue MRA strain of E. coli was grow n in 100ml LB 

supplemented with 0.2% (w /v) maltose and lOmM MgSO^. The culture was 

grown at 30°C to prevent the cells from overgrowing. The cells were then spun 

down at 800g in a MSE Mistral bench top centrifuge for 10 minutes and the ceU 

pellet gently resuspended in 20 ml cold lOmM MgSO^. The cells were further 

diluted with more lOmM MgSO^ until the O.D.^oonm  ̂ 0 5. Phage solution 
(corresponding to ~10^ pfu) was then incubated with 600pl of these cells for 15 

minutes at 37°C before adding 6.5ml NZY top agarose and plating onto a pre­

warmed 15cm plate. Approximately lOOpl of phage solution, prepared by 

incubating a single plaque plug in 1ml SM, was normally sufficient to produce 

confluent lysis after incubating overnight at 37°C. As a control, 600pl of cells 

was incubated in the absence of phage and plated. Once confluent lysis occurred 

the soft agarose layer was collected in a Falcon tube, 5ml lOmM Tris-HCl 

pH7.5/10mM MgClg added and the contents shaken gently to dissipate the 

agarose pieces. After adding 200pl chloroform, the solution was mixed gently 

for 15 minutes on an orbital shaker. The sample was then centrifuged at 2000g 

for 15 minutes at 4°C. After removal of the supernatant the pellet was re­

extracted with 4ml fresh buffer. EDTA and SDS were added to lOmM and 0.2% 

(w /v) respectively, followed by the addition of Im g proteinase K. This phage 

solution was incubated at 37°C for 1 hour and then extracted with an equal 

volume of phenol-chloroform by gentle rocking on a orbital shaker for 10 

minutes at room  temperature. This was followed by centrifugation at lOOOg for 

5 minutes. The upper aqueous phase was then extracted with an equal volume 

of chloroform-isoamyl alcohol. After a further centrifugation at lOOOg for 5 

minutes the upper aqueous layer was transferred to a 30ml Corex tube 

containing 0.1 volume 3M sodium acetate (pH 5.5), the contents mixed and then 

placed on ice for 5 minutes. After adding 2.5 volumes of -20°C ethanol, the tubes 

were incubated at 4°C overnight. The DNA precipitated as a white mass which 

was removed using a sterile, hooked Pasteur pipette and dried in a freeze drier 

for 10 minutes. The DNA pellet was then resuspended in 500pl TE overnight at 

4°C. If the DNA remained as a gelatinous lump, more TE was added. The 

quantity and quality of DNA was then determined (see section 2.6.6).
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2.6.5 Preparation of genomic DNA

Tissue (typically -Ig ) was chopped and homogenised in 10ml SES buffer. After 

adding 200pl lOmgml'^ proteinase K, the sample was mixed and incubated 

overnight at 55°C. To this , 1/lOth volume of IM Tris (pH 8.0) and 1 volume of 

phenol was added and the sample mixed by inversion. After centrifugation at 

13000g for 10 minutes the supernatant was rem oved to a fresh 50ml tube and an 

equal volume of phenolrchloroform was added. After mixing by inversion, the 

sample was centrifuged for a further 10 minutes at 13000g and the supernatant 

was again removed to a fresh tube. After adding an equal volume of 

chloroform, the sample was mixed by inversion, centrifuged for a further 10 

minutes at 13000g and the supernatant was rem oved to a final fresh tube. After 

the addition of 2.5 volumes of ethanol, the sample was inverted several times 

until the appearance of DNA was observed. This was then rem oved with a 

sterile, hooked glass Pasteur pipette and resuspended in lOOpl TE. The yield and 

purity of the DNA was determined spectrophotometrically (see below).

2.6.6 Spectrophotometiic determination of DNA
Between 2 and lOpl of the DNA sample was mixed with 400pl dHgO and 

transferred to a 0.5ml quartz cuvette. The spectrophotometer was set to zero 

using 500pl dH20 at O.D.ĝ onm the readings were taken for the sample at both 

260nm and 280nm. The yield of DNA or RNA was calculated using the guide 

that 1ml of a blanked solution with an Aĝ onm 10 is equivalent to 50pg of 

double-stranded DNA or 40pg single-stranded DNA or RNA. The quality of 

DNA or RNA was measured by calculating the ratio of the absorbance at 260nm 

and 280nm: this ratio should be -1.8 for DNA and -2.0 for RNA. Absorbance 

ratios significantly lower than these values indicate there may be protein or 

phenol contamination in the sample which precludes accurate quantification of 

the nucleic add.

2.7 Preparation of total RNA^^b

Small-scale RNA isolation from both tissues and cultured cells was carried out 

using a modification of the add-guanidinium-phenol-chloroform (AGPC) 

m ethod of Chomczynski and Sacchi^^.

For extraction from tissue, 1 ml of solution D was added to the freshly-dissected 

tissue and the sample homogenised by drawing through a wide-gauge needle
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repeatedly. For extraction from cells, media was aspirated from the cells of a 

10cm plate near confluency and the plate washed twice with PBS. After adding 

1.8ml solution D, the plate was 'swirled' to ensure lysis of all the cells. In both 

cases the cell lysate was then transferred to a sterile 15ml Falcon tube. 

Sequentially, 0.1ml 2M sodium acetate, pH  4, 1ml phenol (water saturated), and 

0.2ml chloroform-isoamyl alcohol were added with thorough mixing by 

inversion after the addition of each reagent. The final suspension was shaken 

vigorously for 10 seconds and cooled on ice for 15 minutes. After centrifugation 

at lOOOOg for 20 minutes at 4°C, RNA was present in the aqueous phase whereas 

the DNA and proteins were present in the interphase. The aqueous phase was 

transferred to a fresh tube, mixed with 1ml IPA and placed at -20°C for at least 1 

hour to precipitate the RNA. After a further centrifugation at lOOOOg for 20 

minutes the resulting pellet of RNA was dissolved in 0.3ml solution D, 

transferred to a 1.5ml sterile eppendorf tube and precipitated with 1 volume IPA 

at -20°C for 1 hour. Following centrifugation at lOOOOg in an Eppendorf 

microfuge for 10 minutes at 4°C, the RNA pellet was resuspended in 75% 

ethanol, sedimented, dried in a vacuum drier for 15 minutes and ultimately 

dissolved in 50 pi 0.5% SDS by incubation at 65°C for 10 minutes. RNA quantity 

and quality was assessed by measuring absorption at 260 and 280nm (see 

previous section).

2.8 Subcloning of DNA

2.8.1 Digestion of DNA

Digestion was carried out in a total volume of 20pl, or 50pl if digestion was 

overnight, using restriction endonucleases and buffers from New England 

Biolabs. AU reactions contained 0.1 volume RNase A.

2.8.2 Purification and recovery of DNA

DNA fragments were gel-purified and recovered using the Prep-a-Gene DNA 

purification system (Biorad) according to a modification of the manufacturers 

protocol. In brief, DNA fragments were separated on agarose gels and excised. 

The gel slice was weighed and the amount of matrix required to bind the DNA 

was estimated. The slice was then dissolved in 3x(weight of sUce in pg + am ount 

of matrix required) pi binding buffer (sodium perchlorate) and the matrix added.
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After 10 minutes at room  temperature, the matrix was spun down by 

centrifugation at lOOOOg for 30 seconds in an Eppendorf microfuge and 

resuspended in 25x(amount of matrix). The matrix was pelleted as before and 

then resuspended in 25x(amount of matrix) wash buffer. This wash step was 

then repeated and the pellet dried for 2 minutes in a freeze-drier. The pellet was 

then resuspended in l-2x(amount of matrix) dH20 and incubated at 50°C for 5 

minutes. The matrix was pelleted once m ore and the supernatant rem oved to a 

fresh tube. After a further centrifugation to remove any last traces of matrix, the 

DNA solution was ready to be used.

2.8.3 Dephosphorylation of cohesive termini

Dephosphorylation of cohesive termini to prevent self-ligation of vector was 

performed using shrimp alkaline phosphatase (Amersham Pharmacia, E70092) 

according to the manufacturer's protocol. Ipl of the enzyme was added directly 

to the restriction enzyme digest upon completion of digestion and heat 

inactivated at 65°C for 15 minutes after incubation at 37°C for 1 hour.

2.8.4 Ligation of DNA

DNA ligations were carried out in a total volume of lOpl using 1-2 units of 

bacteriophage T4 ligase (New England Biolabs) and Ix Ugation buffer. Ligation 

reactions were incubated at room  tem perature for 2 hours.

2.9 Bacterial transformation with DNA

2.9.1 Heat-shock transformation of CaClg-competent cells

Com petent E. coli cells were prepared and transformed according to the standard 

procedure described by Sambrook et Typically 2.5pl of ligation mix was

added to lOOjil competent cells and the mixture incubated on ice for 30 minutes. 

After a 45 second heat-shock at 42°C, 1ml of SOC media was added and the cells 

were then incubated shaking at 37°C for 1 hour to allow expression of the 

selectable marker. The transformed cells were then spread onto agar plates 

containing the appropriate antibiotic (and 50^gml^ X-gal/0.25mM IPTG if 

blue/w hite selection was required).
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2.9.2 Electrotransformation of electrocompetent cells

Electrocompetent E. coli were prepared according to the standard procedure 

described by Sambrook et al A  mixture of 5pl ligation mix and lOOpl 

electrocompetent cells was placed in a pre-cooled electroporation cuvette and 

incubated on ice for 5 minutes. The cells were then electroporated (Biorad 

electroporation apparatus) at a voltage of 1.5kV, a resistance of 150 Ohms and a 

capacitance of 50 pFaradays.

Immediately after capacitor discharge, cells were transferred to 1ml pre-warm ed 

SOC and allowed to recover for 30 minutes at 37°C prior to spread plating onto 

ampidUin-selective LB plates containing 50pgml^ X-gal and 0.25mM IPTG.

2.10 DNA electrophoresis

For general purposes, agarose gel electrophoresis was carried out using standard 

procedures described by Sambrook et al 291  ̂ using horizontal slab gels. Gels 

contained 0.5pgml^ ethidium bromide and were run  in Ix TBE buffer at 80-120V, 

depending on the size of gel cast. Agarose (Life Technologies) concentration was 

between 0.6-2.0% depending on the size of DNA fragments being resolved. 
Either a XHindHI digest, a <))X174 Haelll digest or a Ikb m arker ladder (Fermion) 

was run on gels for sizing purposes (~0.5pg/lane).

Polyacrylamide sequencing gels were run  in Ix TBE buffer at a constant power of 

60W for the desired time. Gels were cast at 6% using the Sequagel system 

(National Diagnostics).

2.11 Fixation of DNA to membrane

2.11.1 Southern Blots

Southern transfer of DNA separated by electrophoresis on horizontal agarose 

gels was by a modification of the procedure of Sambrook et fl/291. Dry blots 

were set up as shown in Figure 2.2 (next page).

Following electrophoresis the agarose gel was photographed, rinsed in dHgO 

and placed inverted on 8 pieces of W hatman 3MM filter paper on a piece of saran 

wrap. The filter paper was pre-soaked in 0.4N NaOFI as the transfer buffer and 

assembled carefully to avoid trapping air bubbles. Gels containing DNA 

fragments larger than 10 kb were depurinated first in 0.25M FICl until the 

brom ophenol blue dye front had turned orange (-15 minutes). Hybond N"̂
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membrane (Amersham Phamacia) was then cut slightly smaller than the gel, 
wetted in 0.4N NaOH and positioned centrally on the gel taking care once again 
to avoid air bubbles. The saran wrap was wrapped around this so that each 
edge covered the edges of the membrane. In this way the transfer buffer could 
be drawn through the membrane only. A piece of damp filter paper was placed 
in direct contact with the membrane, and 2 more pieces of dry filter paper were 
placed on this. A pack of paper towels was placed on the top of this and the 
whole blot weighted with ~1 kg on a glass plate. Gels were generally blotted 
overnight, although some blots such as the FAC digests were left for up to 3 
days. During dismantling the blot the position of the wells was marked on the 
membrane. After washing in 2x SSC to remove any agarose the blot was baked 
at 80°C for 2 hours. The membrane used for all Southern transfers was Hybond 

which under alkaline conditions requires no UV crosslinkage.

Figure 2.1 Assembling a dry Southern blot
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2.11.2 Lambda phage plaque lifts
The mouse 129 genomic library was used to infect XLl Blue MRA P2 E. coli cells 
and plated out according to the manufacturer's protocol to ensure each 15cm 
plate contained -50000 plaques. These plates were then chilled at 4°C for 2 hours 

to prevent the top agarose from sticking to the nitrocellulose filters (PAL). The 
plaques were blotted onto a nitrocellulose filter for 2 minutes. For orientation

91



the filters and plates were marked in 3 places with a needle. The filters were then 

submerged in Dénaturation solution for 2 minutes, followed by Neutralisation 

solution for 2 minutes, and finally rinsed in 0.2M Tris-HCl (pH 7.5)/ 0.2x SSC for 

30 seconds. The filters were then baked for 2 hours at 80°C and stored at -20°C 

before use. The lambda library plates were stored at 4°C.

2.11.3 Bacterial colony lifts

Colony lifts, filter preparation and ultimately hybridisation was carried out 

according to the protocols described by Sambrook et Briefly, a sterile,

prenum bered nitrocellulose filter was placed on the surface of an LB agar plate, 

in contact with the bacterial colonies, until completely wet. The filter was m arked 

by punching a sterile 18-guage needle through the filter into the agar at 3 

asymmetric locations. With blunt-ended forceps the nitrocellulose filter was 

carefully peeled from the plate and laid onto the surface of a stack of 4 W hatman 

3MM papers pre-soaked in 10% SDS for 3 minutes. This treatm ent limits the 

diffusion of plasmid DNA during dénaturation and neutralisation, giving a 

sharper hybridisation signal. The nitrocellulose filter was then transferred to a 
second stack of filter paper soaked in denaturing solution and left for 5 minutes. 

At the end of this time the nitrocellulose filter was transferred to a third stack of 

filter paper pre-soaked in neutralising solution and left for a further 5 minutes. 

The filter was then laid colony side up on a dry sheet of 3MM paper and allowed 

to air-dry for at least 30 minutes. The filter was then sandwiched betw een 2 

sheets of dry 3MM paper and the DNA was fixed to the nitrocellulose by baking 

for 1-2 hours at 80°C in an oven. The filter was then ready to hybridise 

immediately, or sealed into a hybridisation bag and stored at -20°C until needed.

2.12 Hybridisation

AU hybridisation of radiolabeUed probes was visualised by exposure to 

phosphorim ager screens or, less commonly, by exposure to x-ray film. 

Phosphorimager screens offer many advantages over standard film, but the 

main advantages are much greater sensitivity, aUowing filters to be exposed for 

much shorter times than film, and the ability to analyse phophorimages in the 

software package Imagequant. This software not only aUows the image to be 

manipulated, for example aUowing the threshold values to be optimised to 

reduce background or aUow the detection of faint bands, but also aUows the
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quantification of band intensities which is essential for a quantitative protocol 

such as the ribonuclease protection assay.

2.12.1 Southern analysis

Filters were hybridised according to a modified procedure based on that 

described by Church and G ilbert^^.

Membranes were prehybridised in 10ml Church hybridisation buffer containing 

50pl denatured salmon sperm DNA (lOmgml^; Sigma) and incubated at 65®C in a 

rolling incubator (Hybaid). After 1 hour, denatured probe (heated at 95®C for 5 

minutes with 50pl salmon sperm DNA and chilled on ice for 2 minutes) was 

added and left to hybridise overnight. The m embranes were then washed 

initially with 100ml 2x SSC/0.1%SDS at 65°C for 20 minutes, then washed at 

progressively lower salt concentrations to increase the stringency. These 

subsequent washes were carried out at 65°C for 15 minute durations. The 

m embranes were then sealed into hybridisation bags both to prevent drying out 

and for ease of handling, and typically exposed to a phosphorim ager screen.

2.12.2 Lambda phage plaque lifts

The filters of the mouse genomic library were hybridised in 5ml Church solution 

inside hybridisation bags (up to 5 per bag) and incubated in a 65°C shaking 

waterbath. Template for the production of Fvl-spedhc probe used for the 

hybridisation of the lambda library was made by PCR-ampHfication using the 

primers GT16 and GT17 on pCI-BORF (the Fvl^ allele cloned into the pCI-neo 

expression vector (Promega)) template. After overnight hybridisation the fitters 

were then washed down to 0.5x SSC/0.1%SDS and exposed on a 

phosphorim ager screen. The phosphorimage was printed at 100% magnification 

onto acetate sheets and, with the aid of a lightbox, these were used to identify 

positive plaques. Positive plaques were then picked using a Pasteur pipette, 

using the needle marks to orientate the plates to the fitters, and stored in 1ml of 

SM buffer overnight at 4°C to elute the phage particles. All filters were probed in 

duplicate to confirm positive plaques.

2.12.3 Bacterial colony filter hybridisation

Nitrocellulose fitters were used and atl hybridisation was carried out in 

hybridisation bags (up to 5 filters/bag), using 5ml Church solution, in a 65°C
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shaking waterbath. After hybridising overnight the filters were washed at O.lx 

SSC/0.1% SDS and exposed on a phosphorimaging screen.

2.13 Production of radiolabelled probes

2.13.1 DNA Probes

DNA probes were made using the Redi-prime random  primed labelling system 

(Amersham Pharmacia) following the manufacturer's protocol. Template DNA 

was gel purified prior to probe synthesis, and -250ng DNA was either added 

directly to the reaction (if run in LMP agarose) or extracted from the gel by the 

Prep-a-gene method. The labelling reaction was typically incubated for 45-60 

minutes. All probes were purified by passing the products of the labelling 

reaction down a S-300 desalting column (Promega) which removes 

unincorporated nucleotides. Incorporation of radiolabel was determined by 

measuring the ratio of incorporated label in the purified product and 

unincorporated label remaining on the column. Incorporation was typically 50- 

70%. As the amount of label added to the reaction was 1.85 Mbq, and the 

volume obtained after purifying through the column was 50pl, the typical specific 

activity of the probes was 20-25kBqpl \  lOpl of probe was added to each 

hybridisation.

2.13.2 Production of RNA probes (riboprobes)

Riboprobes for the ribonuclease protection assay were made using linearised 

plasmid containing the cloned probe sequence as template. In vitro transcription 

reactions were set up as follows: 5pl 5x buffer, 0.6pl RNasin (Life Technologies), 

2.2pl O.IM DTT, 4pl 2.5mM adenine/guanine/cytosine triphosphates, 4.5pl

0.37MBqpl'^ alpha-^^P UTP, 0.5-1.Opg linearised template DNA, 1.5pl (1 Upl^) 

RNA polymerase made up to 25pl with dHgO and incubated at 37°C. After 90 

minutes, 2pl (2UpL^) of DNase I (Boehringer Mannheim GmbH) was added to the 

reaction and incubated for a further 20 minutes. Following this incubation, an 

equal volume of Gel Loading Buffer was added and the DNA was denatured at 

90°C for 5 minutes before loading onto a pre-poured 5% polyacrylamide gel 

(20cm X 16cm). The riboprobe was then separated by running at 25W for 100 

minutes. After this time the gel was carefully dismantled and the band on the gel 

corresponding to the probe was visualised by exposing the gel to film for 1
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minute. With the aid of carefully positioned orientation marks the 

autoradiograph of the gel was used to m ark the position of the band on the gel: 

this was done by aligning the füm against the gel and pushing a needle through 

this into the gel at each comer of the band. The band could then be excised by 

cutting the gel between the puncture marks m ade by the needle. Re-exposure of 

the gel to film confirmed the correct excision of the labelled RNA product. The 

riboprobe was eluted from the gel sHce by incubation at 37°C in 250pl elution 

buffer (0.5M ammonium acetate/ ImM  EDTA/0.2%SDS) for 2 hours.

2.14 Ribonuclease protection assay

Ribonuclease protection assays were carried out using the RPA U kit (Ambion) 

for assays on tissue following the manufacturers protocols. Briefly, 30pg of 

sample RNA was mixed with 10  ̂ cpm high specific activity riboprobe specific to 

Fvl and 5x10'* cpm lower specific activity riboprobe (made with older radiolabel 

which was typically ~8x lower specific activity) specific to p-actin as the internal 

control. The specific activity of this control was further reduced by the addition 

of 2pl SOjxM non-radioactive UTP in the labelling reaction. After incubation 

overnight in a Hybaid hybridisation oven at 42°C, the unprotected single­

stranded RNA was digested by the addition of 2\il Solution R in 200pl digestion 

buffer (this corresponds to ~ lng  RNase A and 20 units cloned RNase Tl) and 

incubation at 37°C for 30 minutes. The remaining RNA was then precipitated. 

Following precipitation the RNA pellets were dissolved in gel loading buffer, 

heat-denatured and loaded onto a 5% denaturing polyacrylamide gel (42cm x 

33cm). Once the gel had run for -2.5 hours at 1500V and 65W the gel plates were 

dismantled and the gel transferred to filter paper. After drying the gel was then 

either exposed to a phosphorimager screen or to film. For every assay, control 

reactions were prepared containing 30^g of Yeast RNA with the same am ount of 

riboprobe as used in the other reactions; only one of these underw ent RNase 

digestion. These controls enable the complete digestion of single-stranded probe 

to be confirmed, the quality of riboprobes to be assessed and could indicate 

whether protected bands are real or artefactual.

The Fvl riboprobe comprised of 50bp of upstream  sequence extending 125bp 

into the ORF, and 24bp of vector sequence. The full-length probe therefore was 

199bp long, of which 175bp is protected in normal FvV  cells. In the Mus dunni 

ORF there is a single base pair difference from the (FvV and Fvl^ alleles) 78bp
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into the sequence. The predicted size of the Mus dunni protected fragment 

therefore is 128bp.

2.15 Library screening

2.15.1 YAClibraries292,293

The YAC hum an genomic libraries were screened by PGR with the primers pairs 

SE3/4 and SE5/6 (see Figure 3.1 and section 2.16.3). Libraries were received as 

pooled YAC DNA embedded in LMP agarose. In accordance with the HGMP 

Resource centre protocol, the agarose plugs were washed in TE for 2 hours, with 

shaking and 2 changes of buffer, and finally left in TE at 4°C overnight. This 

treatm ent removed all inhibitory agents from the agarose. The agarose plugs 

were then melted at 65°C when needed, and 1-2^1 used per PCR reaction. AU 

PCR reaction products were separated on 1.0% agarose gels, visualised and 

photographed under UV, and blotted overnight. These blots were then 

hybridised either with SE3/4 or SE5/6 probe to ensure even the faintest bands 

would be detected. These probes were made by random-prime labelling the 

products of the PCR amplification of hum an genomic DNA with the primers 

SE3/4orSE5/6.

2.15.2 FAC libraries (P. de Jong et al, Roswell Park Cancer Institute, Buffalo)

The PAC hum an genomic library was similarly screened by PCR with the 

primers pairs SE3/ 4 and SE5/ 6. The library was received as primary pools of 

frozen live ceUs in media. These primary pools were defrosted, aliquoted and 

stored at -80°C. The working stock was then defrosted when needed and PCR 

was perform ed on 2\i\ of bacterial suspension. AU PCR reaction products were 

separated on 1.0% agarose gels, visualised and photographed under UV light, 

and blotted overnight. These blots were then hybridised with SE3/4 or SE5/6 

probes to ensure even the faintest bands would be detected.

2.15.3 Lambda phage library

The mouse 129/SvJ genomic lambda library was screened by hybridisation using 

the Fvl open reading frame as the probe. The filters were hybridised overnight 

and washed down to 0.5x SSC/0.1% SDS before exposing on a phosphorimaging 

screen. Phage plugs were taken from areas that corresponded to bright spots on
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the phosphorimage. These plugs were incubated at 4°C in 1ml SM buffer. 

Dilutions of this phage solution was then used to infect XLl MRA £. coli, and 

these were plated out for a secondary screen. Phage lifts were made on these 

plates and individual positive plaques were isolated. Plugs of these plaques were 

stored at 4°C in 1ml SM buffer, and used to prepare lambda DNA of positive 

clones.

2.16 Polymerase chain reaction

2.16.1 PCR conditions for standard reactions

PCR reactions of 25^1 typically contained the following: lOmM Tris-Cl, pH8.3, 

50mM KCl, lOmM dNTP, 10 pmols each primer, l-2mM MgClg, 100-200ng 

template DNA and 1.25 units Taq DNA polymerase (AmpHtaq; PE Applied 

Biosystems). When the PCR reaction products were to be subcloned the reaction 

mix was supplemented with 0.09 units Pfu DNA polymerase to reduce error rate. 

Reactions were set up without the MgCl2, which was added only after the mix 

had reached 80°C ("hot-start').

Cycling conditions were typically a dénaturation step at 96°C for 1 minute, 

followed by an annealing step at 58°C for 1 minute, followed by an extension for 

1 minute per kb of template; this was repeated for 35 cycles and ended with a 

final 10 minute extension at 72°C. All reactions were carried out in an PTC-100 

programmable thermocycler (MJ Research, Inc.).

2.16.2 PCR conditions for library screens

PCR reactions contained the following: lOmM Tris-Cl, pH8.3, 50mM KCl, lOmM 

dNTP, 10 pmols each primer, ImM  MgClg, 2\i\ DNA plug/cells and 1.25 units Taq 

DNA polymerase. Cycling conditions were as follows:

95°C for 5 minutes, 58°C for 1 minute, 72°C for 1.5 minutes - initial step 

94°C for 1 minute, 58°C for 1 minute, 72°C for 1.5 minutes - 35 cycles 

72°C for 10 minutes -final step

2.16.3 List of PCR primers

Primers were purchased from Genosys. The following primers were used in this 

study (next page):
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S E 3 GAA GTT GAG GAC GTC TCT GG

S E 4 CTC AAT CTG GAG CTC CTG AG

S E 5 CAC TGT GTC AGC ACG TCT TG

S E 6 GCT GTC ACC AAG GTG TTG AC

S E 7 CAA CCA ACC AGT GGC AAT AG

S E S CAA GTC TCT GTC TGA CCT TAC

S E 9 CTT GTT TCC ACT CAG CTA TGG

S E IO CTT TTG ACT ACA AGC AGC ACC

S E l l CGA CAT CAG CTA ACC TCA CA

S E 1 3 GGG TAA GCT GAA CCT TTT CC

P L 2 6 GAA GAG CCA GCT CGA GAA AC

P L 7 6 AAG GGC TTT GTA AGG AGA GC

P L 8 0 GAA GCG GAA GAA GTC TCT TG

J S 1 3 9 GTT TAC CAC TTA GAA CAC AG

J S 1 4 0 TTT GCC GCA GAA GAT TCT GG

G T 15 GGA TAT GTC GAC TCC TCC TCC

G T 16 CAA AAA GAT CTA GAT GAA TTT

G T 17 TGG ATA GTC GAC ATC TAT ACT

1 1 6 AAA TAC CAA GCA TGC C

1 1 7 GTC TCT CTG TAA ATG TGC

M 13 ( - 4 0 ) GTT TTC CCA GTC ACG AC

M 13 ( r e v ) GGA AAC AGC TAT GAC CAT G

Ô AGG GGA ACT GAG AGC TCT A

Y OCT GAA AAG GGA CCT TTG TAT

2.16.4 Direct cloning of PCR-amplified products

PCR-amplified products were cloned directly from PCR reactions using the Topo 

TA cloning kit (Invitrogen) according to the protocol supplied with the kit. 

Cloned products were used to transform TOPlOF' ultracompetent E. œli cells.

2.17 Automated DNA sequencing

DNA sequencing was performed using the Dye terminator sequencing kits 

(Perkin Elmer) according to the procedure recommended by the manufacturer. 

Single-stranded M13 DNA was consistently found to give better quality sequence 

than double-stranded template and for this reason was used as template in the 

majority of the automated sequencing reactions, although double-stranded 

column-purified (S-300 desalting columns; Promega) DNA was sequenced on 

occasion. In brief, 500ng-lpg of plasmid DNA was sequenced in a total volume
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of 20(̂ 1 using 8pil of dye-terminator reaction ready mix and 3.2 pmols primer. 

PCR reactions were carried out in a FTC-100 program m able thermal cycler (MJ 

Research, Inc.) using the following cycle conditions:

96°C for 30 seconds, 50°C for 15 seconds, 60®C for 4 minutes- 25 cycles 

DNA was precipitated at -20°C for 10 minutes following the addition of 50pl 

ethanol and 2pl 5M sodium acetate. The pellet was then resuspended in 4pl gel 

loading dye and 2pil of this was loaded onto a 6% polyacrylamide gel. Samples 

were run on an 377 Automated sequencer (Applied Biosystems).

2.18 Transposon-based strategy to rapidly  sequence large DNA fragm ents^^

Dayl: Com petent cells of the donor E. coli strain MH1638 were prepared and 

transformed with the target plasmid according to the standard procedure 

described by Sambrook et al Transformants were selected for by plating 

onto LB agar plates supplemented with 50pgml^ ampicdUin and 40pgml^ 

kanam ydn.

Day2: A single colony of donor E. coli transformed with the target plasmid was 

streaked out onto a fresh LB agar plate supplemented with ampidUin and 

kanam ydn. A single colony of redpient E. coli was streaked onto a LB agar plate. 

These were used as single colony stock plates.

Day3: A single colony from the transformed donor plate was used to inoculate 

10ml LB broth supplemented with ampidUin and methidUin. A single colony 

from the redpient plate was used to inoculate 10ml LB broth with no antibiotics. 

Both cultures were grown overnight with no antibiotics.

Day4: 0.1ml of each of the overnight cultures was used to inoculate 10ml LB, 

supplemented with ampidUin and kanam ydn for the donor culture and without 

antibiotics for the redpient. Both cultures were incubated shaking at 37°C until 

the O.D.goo^ reached 0.5 (typicaUy 3-4 hours). Between 3-5ml donor culture was 

then peUeted by centrifugation at 1500g for 5 minutes, washed in 5ml fresh LB 

with no antibiotics and then peUeted again. This peUet was resuspended in 1ml of 

the redpient culture. This mating mixture was then plated onto a pre-dried LB 

agar plate and incubated for 1 hour. The cells were rinsed from the plate with 

10ml LB broth and peUeted. This was then resuspended in 1ml LB and 10-100|li1 

spread-plated onto LB agar plates containing 50[xgml ’ methidUin, ampidUin and 

streptomycin. The remaining mixture was stored at 4°C for possible future use. 

The plates were incubated overnight at 37°C.
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Day5: Individual colonies were picked into LB broth supplemented with 

ampidUin and kanamycin and grown at 37°C overnight.

After isolating the plasmid, the site of transposon integration could be revealed 

by restriction digestion; by picking and sequencing clones in which transposition 

had occurred in the insert fragments only, the insert could be rapidly sequenced. 

The sequencing primers used were to the ô and y ends of TnlOOO; the final 35bp 

at the Ô and y ends of TnlOOO are inverted repeats that give the following 

sequence with the ô and y primers before entering the cloned DNA: AACGTA 

C G m r  CGTTCC ATTGGC CCTCAA ACCCC.

2.19 Analysis of sequence data

2.19.1 Editing of raw sequence (Sequencing Analysis software)
This software package was purchased from Applied Biosystems. It was used to 

edit the sequence prior to contig assembly in Autoassembler.

2.19.2 Contig assembly and construction of consensus sequences (Factura and 
Autoassembler)
These software packages was purchased from Applied Biosystems. Factura was 

used to determine the valid range of accurate sequence before analysis in 

Autoassembler. Once imported into Autoassembler, this software was used to 

construct contiguous sequence by pairwise analysis of multiple sequences. Once 

contigs were free of ambiguities, this software was used to produce a consensus 

sequence.

2.19.3 Multiple sequence alignments (GDE and MAGI)

GDE (Genetic Data Environment) is the copyright of Steven Smith and the 

University of Illinois. GDE was used to construct multiple alignments of the 

mouse consensus sequences using the ClustalV method. MAGI was used to 

construct multiple alignments of the Fvl, MERV-L, HERV-L, HERV-K and HSV 

sequences using the ClustalW method. This sequence analysis interface (Multiple 

Alignment General Interface) is available at the UK HGMP Resource website, at 

the Sanger Centre in Cambridge (http://www.hgmp.mrc.ac.uk/Registered/Menu/).
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2.19.4 Phylogeny analysis (Phylip)

This software is the copyright of Joseph Felsenstein and the University of 

Washington, and is available free of charge299. jt was used as part of PIE 

(Phylogeny Interface Environment, also at the UK HGMP) to analyse the 

multiple alignments obtained from GDE to produce phylogenetic trees.

2.19.5 Calculating substitution rates (PAML)
This software is the copyright of Ziheng Yang and the University of California, 

and is available free of charge^^. The num ber of both synonymous and non- 

synonymous substitutions per site (Ks and Ka) was calculated using the program  

codonml in the package PAML. This program  uses the method of Nei and 

Gojobori (1986) to calculate Ks, Ka and Ks/Ka, and implements the model of 

Goldman and Yang (1994a).

2.19.6 Sequence similarity searches (BCM)
Sequence similarity searches were carried out using the BCM search launcher on 
the World Wide Web ( h t t p : / / k i w i . i m g e n . b c m . t m c . e d u : 8 0 8 8 / s e a r c h - l a u n c h e r / l a u n c h e r .  

h t m l ) .  The search used was typically the BLASTN search which uses the nucleic 
acid sequence to search the Genbank, EMBL, DDBJ and PDB databases for aU 

non-redundant sequences (Genome Research 6: 454-462).

2.20 Mouse cell culture

2.20.1 Maintenance of cell lines
Murine cell lines were maintained in DMEM Complete media and stable 

transfected cell lines were maintained in DMEM Complete supplemented with 

SOOpgml^ G418. AU ceU lines were split every 3-4 days to prevent the ceUs from 

becoming over-confluent. CeU lines were split by removing the media, washing 

the cells once with 1.5ml trypsin (Gibco BRL) and trypsinising at 37°C in a further 

1ml trypsin for 3 minutes. Following trypsinisation the ceUs were homogenised 

in 3.5ml DMEM Complete media by pipetting up and down several times against 

the bottom  of the plate. Between 4 and 10 drops of this ceU suspension were 

then used to seed a fresh 10cm plate of media, depending on the growth rate of 

the particular ceU line.
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2.20.2 Transfection of Mus dunni cells and selection for clonal cell lines 

Transfection protocol: Stable transfection of Mus dunni cells was carried out 

using Superfect (Qiagen) according to a modification of the manufacturer's 

standard protocol. Cells were grown in 6cm tissue culture plates to 20-40% 

confluency in 5ml DMEM Complete. The same miniprepped DNA that was used 

for sequencing was used to transfect mouse cells. Approximately Ipg of 

construct (of a minimum concentration of O.lpgpD) was mixed with ISOpl DMEM 

containing no serum or antibiotics. After mixing and spinning this down briefly, 

7.5pl of Superfect was added to the DNA solution and mixed by pipetting up and 

down 5 times. This was then incubated at room  tem perature for 5-10 minutes to 

allow complex formation. While this was happening, the grow th medium was 

removed and the cells washed once with PBS. After adding 1ml of DMEM 

Complete to the reaction tube containing the transfection complexes, this DNA 

complex solution was mixed by pipetting up and dow n twice and transferred to 

the cells. After incubation for 2-3 hours at 37°C and 5% COg, this medium was 

removed and the cells washed 4 times with PBS. Fresh DMEM Complete 

medium was then added and the cells incubated for 3 days to ensure sufficient 

expression of the marker gene.

Selection for stable cell lines: Following transfection and recovery, the

medium was removed from the plates. The cells were then washed once with 

1ml trypsin and incubated with 1ml trypsin at 37°C and 5% CO2 for 3 minutes. 

After ensuring the cells had completely detached following trypsinisation, they 

were then resuspended in 3.5ml DMEM Complete supplemented with 40pgml'^ 

G418 and pipetted vigorously to reduce cell clumping. In order to isolate single 

transfected clones, the ceU suspension was diluted and aHquoted: approximately 

150pl (3 drops) and 750jil (15 drops) of this ceU suspension was added to separate 

150ml volumes of DMEM Complete supplemented with G418 and mixed 

thoroughly. Both of these dilutions were then transferred to 6 24-well plates, 

approximately 1ml/well. The media was replaced every 3 days to ensure 

maintenance of selection. After about 10 days, the wells were regularly 

examined for growth. Transfected clones from plates with less than 6 wells 

positive for grow th in total were transferred to 6cm plates when confluent; plates 

with more than 6 positive wells were discarded. Transfected ceU lines were 

maintained in G418-supplemented media.
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2.20.3 Storage and reviving of stable cell lines
Cell lines were grown to near-confluency on 10cm tissue culture plates prior to 

freezing. The media was rem oved and the cells washed twice in 1.5ml trypsin 

before incubating at 37°C and 5% CO2 for 3 minutes. After ensuring the cells had 

completely detached following trypsinisation, they were then resuspended in 

5ml tissue culture freeze medium and pipetted vigorously to reduce cell 

clumping. This suspension was then aliquoted into 3 cryo tubes (Nunc) and 

transferred in an insulated box to a -80°C freezer overnight. The tubes were 

transferred to a liquid nitrogen store the following day. This 2-step freezing 

procedure reduces loss of ceU viability caused by rapid freezing.

2.20.4 Virus infection of cell cultures
Supernatant from virus-producing cell lines was aliquoted into 1.5ml eppendorf 

tubes and stored at -80°C. These stocks were assayed by infecting the F v f  Mus 

dunni ceU line at various dilutions. In the case of the MTV stocks used in the RT 

assay, the lowest dilution that gave a productive infection was used. In the case 
of the pseudotyped virus used in the lacZ assay, the dilution that gave -500 blue 

cells per plate was used.

Cell lines to be assayed were plated out in a 6-weU tissue culture plate to a 

density of -20-40% confluency. The media was rem oved from the cells and 1ml 

of DMEM Complete containing the virus and 15pg polybrene was then added. 

For the control well, 1ml DMEM Complete contcdning only polybrene was 

added. The cells were then incubated at 37°C and 5% CO2 for 1 hour. This media 

was replaced with 3ml fresh DMEM Complete and the cells incubated for 3 days 

at 37°C and 5% CO2 before being assayed.

2.21 Biological Assays for F vl phenotype

2.21.1 Reverse Transcriptase assay
In order to assay cells for Fvl phenotype, cell lines were challenged separately 

with equal titres of N-tropic, B-tropic and NB-tropic MLV virus. Productive 

infection was then determined by measuring levels of reverse transcriptase 

activity in the supernatant. After infection and incubation for 3 days, 700pl of 

supernatant was removed and centrifuged for 30 seconds at lOOOOg in an 

Eppendorf microfuge to remove any cells. 500pil was then transferred to a
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polycarbonate tube and centrifuged at 40000g for 20 minutes at 4°C in a 

Beckman TL-100 bench top centrifuge (Vti 100.1 rotor) to pellet viral particles. 

The supernatant was carefully removed and the inside of the tube dried with a 

tissue. 10|uil of the RT assay mix was then added, mixed briefly in the bottom  of 

the tube and incubated at 37°C for 2 hours. 5pl of this reaction mix was spotted 

onto DE-81 paper and allowed to air-dry. After 1 hour the filter paper was 

washed 3 times in 200ml 2x SSC for 10 minutes and finally in 200ml ethanol for 10 

minutes. After air-drying for 30 minutes it was then exposed to film, typically for 

1 hour.

2.21.2 LacZ assay using Pseudotyped MLV

Cell lines were grown in 6-well plates and challenged with N-tropic, B-tropic and 

NB-tropic pseudotyped MLV. After 2 days the media was removed and the cells 

fixed in 5ml Fixative buffer at 4°C for 10 minutes. The cells were then washed 

twice in 5ml Wash buffer at room  tem perature for 10 minutes, and finally stained 

in 5ml Stain buffer at 37°C for 2-16hrs. The num ber of blue cells was then 

counted.

2.21.3 Virus stocks

All virus stocks were prepared by Tony Stevens. In brief, N- and B-tropic viruses 

were recovered from infectious molecular clones^^^ by transfection. NB-tropic 

virus was made by site-directed mutagenesis of B-tropic MLV (T. Stevens, 

unpublished). Pseudotyped virus were recovered following transfection of 

TEL/AF cells, which express MLV amphotropic Env and a retroviral vector 

expressing laczP^, with N-, B- and NB-tropic Gag-Pol expression plasmids (T. 

Stevens, unpublished).
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Chapter 3 The Cloning of the Human FVl Region

The Fvl gene in mice has been the subject of extensive study for over 30 years 

and, with its cloning in 1996, work to understand the precise mechanism of action 

of this gene continues. At the start of this project the gene itself had yet to be 

cloned bu t the nature of Fvl retroviral restriction in mice made this gene 

potentially an extremely interesting model to study in other organisms, most 

notably humans. Up until this point it was assumed to be part of the natural 

murine genetic complement, and as such it seemed logical to expect homologues 

of Fvl in other species. To this end, the aim of the cloning project was to isolate a 

fragm ent of hum an DNA containing the hum an homologue of Fvl, and to 

subsequently characterise this gene in hum ans and other species.

Initially the m ost im portant step was to select a strategy to screen hum an 

genomic libraries for the hum an homologue of Fvl that would maximise the 

chance of obtaining a positive clone(s). At this point Fvl activity had been 

m apped to a 6.5kb EcoRI-Spel fragment only. A direct screen, using this mouse 

sequence to screen hum an clones by hybridisation, was rejected, as the Fvl ORF 

itself had not been identified. Thus, it was not know n how well the gene was 

conserved betw een humans and mice, if at aU: if the gene was not functional in 

humans, sequence divergence might have precluded identification by direct 

hybridisation. A PCR-based screen was determined to be the best strategy to 

isolate the hum an homologue. Sequence of the Fvl region revealed that the 

gene is flanked by 2 genes, Nfol and Nfr2. These genes were first identified by 

exon trapping and RACE (rapid amplification of cDNA ends). Although their 

function remains to be defined, analysis of the EST databases indicated that there 

there is extensive homology between mouse and hum an sequences. The 

objective of the screening strategy was to isolate a fragment of hum an DNA that 

contained the hum an homologues of these flanking genes, and which would 

therefore contain the homologue of Fvl, located at some point betw een them.

3.1 Overview of the cloning strategy
An overview of the strategy used to isolate hum an clones containing the hum an 

FVl region is shown in Figure 3.1. The region harbouring the m ouse Fvl gene
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Figure 3.1 Flanking marker strategy to screen human genomic libraries for the 

human homologue of Fvl

Nfv2 Fvl N fvl

human NFV2 human FVl? human NFVl

se5

BLAST searches using the sequences of murine Nfol and Nfo2 identified related 
EST sequences in human assumed to be the human homologues of these genes. 
Primers were constructed to these sequences which allowed the identification of 
large-insert human genomic clones containing either or both of these genes. In 
this way it was hoped that the human homologue of Fvl would be isolated.
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has been well characterised (P. Le Tissier, unpublished). We know the gene lies 

between genes currently named Nfol and Nfol. As the distal half of mouse 

chromosome 4 shows consistent homology to hum an chromosome 1 for over 60 

genes^^l (updated at http://www.ncbi.mm.nih.g0v/H0m0 l0 gv/L one would expect 

conservation of synteny between mouse and hum an for 3 adjacent genes within 

this region. Therefore, the isolation of hum an clones that contain the hum an 

homologues of these flanking genes should also yield the hum an homologue of 

Fvl itself. To this end, primer pairs were constructed to hum an ESTs that were 

identified by their homology to the mouse flanking genes; these were assumed 

to represent exon sequence of the hum an homologues of these genes.

3.2 Construction of the human primers for screening

3.2.1 BLAST searches to identify human NFVl and NFV2 ESTs
The exon sequences of the flanking genes Nfol and Nfol in mouse were used to 

perform  a sequence similarity search across the dbest EST database. Matches of 

60-80% identity to hum an coding sequences were obtained (data not shown). 

These sequences were used to construct primer pairs (SE3/4 and SE5/6) that 

should allow the amplification of 400bp and 600bp products from the hum an 
NFVl and NFVl homologues respectively. In this way the 2 primer pairs could 

be used to screen large-insert hum an genomic libraries by PGR for clones 

containing both flanking gene homologues.

3.2.2 Testing the primers at reduced template concentrations
Once the primers SE3-6 were obtained they were tested in order to ascertain 

whether they would be suitable to PCR-amplify products from the limited 

amounts of template DNA that are found in primary PAG and YAG pools. PGR 

reactions were set up with each primer pair using a titration of hum an genomic 

DNA (isolated from blood; see section 2.4.2), from lOO-O.lng template DNA. A 

single product of the appropriate size was clearly obtained at all template 

dilutions (data not shown). This result indicated that these primers were specific 

and that the PGR reaction should be sufficiently sensitive to allow the PGR- 

amplification of product from the libraries tested.
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3.3 Screening large-insert hum an genomic libraries by PCR

3.3.1 YAC libraries

The products of the PCR screen of the ICI (Figures 3.2 and 3.3) and ICRF (data 

not shown) YAC libraries were run on a 1% agarose gel. No PCR-amplified 

product was visible in any lanes except the positive control. To ascertain whether 

there was any detectable product in any of the reactions, the gels for the screen 

of the ICI YAC library using the SE3/4 prim er pair were blotted and hybridised 

with a probe specific for NFV2 under low stringency conditions (Figure 3.3). This 

was made by random-prime labelling the SE3/4 PCR product itself. No 

detectable hybridisation signal was observed in any of the YAC weUs. To 

ascertain whether the libraries themselves were satisfactory, a primer pair 

(116/117; a gift from Roger Buxton, NIMR) specific for the hum an DSC2 

(desmocolUn 2) gene, which is known to be in both libraries, was used to screen 

these libraries (data not shown). Intense bands were observed with aU pools 

shown previously to be positive. Since both YAC libraries were shovm to be 

negative for the Fvl flanking genes, a PAC library was selected for screening.

3.3.2 PAG libraries

The products of the primary PCR screen of the HGMP PAC library pools are 

shown in Figures 3.4 and 3.5. Bands in positive lanes were usually visible by 

ethidium bromide staining, but all gels run  were blotted and hybridised with 

probes specific to both NFVl and NFV2 to ensure even the faintest bands would 

be detected. These probes were made by random-prime labelling the SE5/6 and 

SE3/4 PCR products respectively. Successive screening of primary, secondary 

and tertiary PAC pools finally led to the isolation of 2 PAC clones that each 

contained both the hum an flanking gene homologues. These were PAC 107A22 

and 27719. Restriction digests of these 2 PACs revealed the presence of many 

bands unique and common to both clones (see Figure 3.6). This indicates that 

these were 2 overlapping but discrete clones.

Also shown in Figure 3.6 are digests of 3 randomly-picked PAC clones (PACs 

107E15,277F8 and 277M18), and an empty PAC vector (PAC107N6). These were 

included as controls for a Southern blot to demonstrate hybridisation was specific 

for the N F W  and NFV2'^ PACs only (and not due to non-specific cross­

hybridisation with hum an insert or vector DNA; data not shovm).
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Figure 3.2 PCR Screen of the ICI Human Genomic YAC Library with primers
SE5 and SE6

M l 2 3 4 5 6 7 8 9 101112 M

600bp

M 13 14 15 16 17 18 19 20 - cl c2 M

M 21 22 23 24 25 26 27 28 29 30 31 M

600bp

M 32 33 34 35 36 37 38 39 40 cl c2 M

Lanes 1-40 contain the products of the PCR reaction on primary pools 1-40 
respectively.
Lane c, is the control reaction using Ing human genomic DNA as template.
Lane Cg is the control reaction using lOOng human genomic DNA as template. 
Lane m is the marker lane containing ({)X174 Haelll digest.
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Figure 3.3 PCR Screen and Southern blot of the ICI Human Genomic YAC
Library with primers SE3 and SE4

A. B.

M 1 2 3 4 5  6 7 8 9  10 M M 1 2 3 4 5  6 7 8 9  10 M

-400bp

M  1112 13 14 15 16 17 18 19 20 c M M  11 12 13 14 15 16 17 18 19 20 c M

M  21 22 23 24 25 26 27 28 29 30 31 M M  21 22 23 24 25 26 27 28 29 30 31 M

400bp

M  32 33 34 35 36 37 38 39 40 c - M M  32 33 34 35 36 37 38 39 40 c - M

A. Lanes 1-40 contain the products of the PCR reaction with primers SE3 and SE4 
on the primary ICI YAC pools. Lane c is the control reaction using Ing human 
genomic DNA as template. Lane M is the marker lane containing (j)X174 Haelll 
digest.

MW '
B. The blots of the gels in A were hybridised with a probe to Nfol overnight, 
washed to O.lx SSC and exposed to a phosphoimager screen for 1 hour.
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Figure 3.4 PCR Screen and southern blot of the HGMP Human Genomic PAC 
Library with primers pairs SE3 and SE4, and SE5 and 6

A. M a b c d e  f g h i  j k M B.

M l m n o p q r s  t u c M M l m n o p q r s  t u c M

M a b c d e  f g h i  j k M M a b c d e  f g h i  j k M

M l m n o p q r s  t u c M M l m n o p q r s  t u c M

A. Lanes a to u contain the products of the PCR reaction using primers SE3 and 4 
on the primary PAG pools a-u respectively.
Lane c is the control reaction using Ing human genomic DNA as template. Lane 
M is the marker lane containing (j)X174 Haelll digest. ^
The blot of the gel was hybridised overnight with the human Njvl-spedhc probe 
and washed down to O.lxSSC. It was exposed to a phosphorimager screen for 1 
hour.

B. Lanes a to u contain the products of the PCR reaction using primers SE5 and 6 
on the primary PAC pools a-u respectively.
Lane c is the control reaction using Ing human genomic DNA as template. Lane 
M is the marker lane containing (j)X174 Haelll digest. nFv \
The blot of the gel was hybridised overnight with the human N/b2-specific probe 
and washed down to O.lxSSC. It was exposed to a phosphorimager screen for 1 
hour.

I l l



The smaller of this pair, PAC 107A22. was chosen for further characterisation of 
the human FVI region.

Figure 3.5 N o tl/B g lll PAG restriction digests

M 1 2 3 4 5 6 7 8 M The lanes were loaded as follows:
" 1. PAC107A22 Notl/Bglll 
'̂  2. PAC277I9 Nof//Bg//Z

3. PAC107E15 Nofl/Bg/n
4. PAC277F8 NofZ/Bg/ZZ

5. PAC277M18 NoZZ/Bg/ZZ
6. PAC107N6 Notl/Bglll (empty 
pCYPAC2N vector)
7. empty well
8. plasmid containing Fvl (positive 
control for blot)
M is the marker lane containing 
XHinDlll

3.4 Analysis of PAG clones containing NFVl and NFV2 human homologous 
sequence

During the isolation of these PACs, the Fvl ORF was identified in this lab^^^. 
This enabled the PACs to be screened by hybridisation with a probe specific to 
Fvl to determine whether they contained sequence with any significant 
homology to this gene.

3.4.1 Analysis of PAGs by hybridisation
In order to ascertain whether both markers lay on a common restriction 
fragment, and also to verify that the PAC107A22 picked from the frozen tertiary 
screen plate was the correct clone, various restriction digests of this clone were 
run out, blotted and hybridised overnight with probes to NFVl and NFV2 
(Figures 3.7 and 3.8). A single, strongly-hybridising fragment was present in all 
the restriction digests, showing that each probe sequence lay within a single
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Figure 3.6 Restriction digest and southern blot of PAC107A22 (probed for
human NFV2)

A.

23130bp-
9416bp-
6557bp-

4361bp-

2322bp-
2027bp-

1353bp-

1078bp-

872bp-

M 1 2 3 4 5 6 7 8 9  10 11 M

B.

23130bp-
9416bp-
6557bp-

4361bp-

2322bp-
2027bp-

1353bp-

1078bp-

872bp-

M 1  2 3 4 5 6 7 8 9  10 11 M

A. Lanes 1-11 contain the following:
1. PAC107A22 BamHl
2. PAC107A22 HinDIIl
3. PAC107A22 EcoRI
4. PAC107A22 Sad
5. PAC107A22 BamHI/HinDIII

6. PAC107A22 BarnHI/EcoRI
7. PAC107A22 BamHIlSacI
8. PAC107A22 HinDllllEcoRl
9. PAC107A22 HinDIII/Sad
10. PAC107A22 EcoRI/Sad
11. PAC107A22 uncut

Lane M is the marker lane containing 'KHinDlllI (j)X174 Haelll digest

B. The blot was hybridised overnight with the human A//bl-specific probe and 
washed down to O.lxSSC. It was exposed to a phosphorimager screen overnight.



Figure 3.7 Restriction digest and southern blot of PAC107A22 (probed for 
human NFVl)

A.

23130bp-
9416bp-
6557bp-

4361bp-

2322bp-
2027bp-

1353bp-

1078bp-

872bp-

M 1 2 3 4 5 6 7 8 9  10 11 M

B. M 1 2 3 4 5 6 7 8 9  10 11 M

23130bp-
9416bp-
6557bp-
4361bp-

2322bp-
2027bp-

1353bp-

1078bp-

872bp-

A. Lanes 1-11 contain the following:
1. PAC107A22 BamHl
2. PAC107A22 HinDlll
3. PAC107A22 EcoRI
4. PAC107A22 Sad
5. PAC107A22 BamHI/HinDIII
Lane M is the marker lane containing

6. PAC107A22 BamHI/EcoRI
7. FAC107A22 BamHI/SacI
8. PAC107A22 HrnDm/EcoRI
9. PAC107A22 HinDIII/SacI
10. PAC107A22 EcoRI/SacI
11. PAC107A22 uncut 

XHinDIII/(^X174 Haelll digest

B. The blot was hybridised overnight with the human N/bl-specific probe and 
washed down to O.lxSSC. It was exposed to a phosphorimager screen overnight.
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restriction fragm ent in each case. However, the pattern of these fragments seen 

in these restriction digests was different with the NFVI-specific and NFV2-spedfic 

probes, indicating that the 2 probe sequences were not located on a single 

restriction fragment in any of these restriction digests.

3.4.2 Probing PACs with mouse F vl ORF sequence

In order to demonstrate that these clones, shown to be positive for the hum an 

homologues of the flanking genes, also contained sequence with homology to 

mouse Fvl, Notl/Bglll restriction digests of PAC107A22, PAC277I9 and a vector- 

only clone, PAC107N6, were run out and blotted (Figure 3.9). Also loaded onto 

the gel as positive controls were EcoRI restriction digests of the cosmids 

containing the Fvl ORF and the m arker Nppa (D llc ll  and D llclO  respectively) at 

3 dilutions. These cosmids were derived from the YAC originally found to have 

Fvl activity during the cloning of Fvl, YACDlll^^. This blot was hybridised 

overnight with a probe specific to the Fvl ORF (Figure 3.9b) and washed at low 

stringency (4x SSC). As the probe is specific to mouse DNA and the PACs 

contain hum an DNA, this stringency was chosen to ensure hybridisation of 
probe even to sequences of relatively low homology. The probe was made by 

random-prime labelling a GT16/GT17 PCR-amplified product from D llc l l  

template. Only a band corresponding to the Fvl ORF in the cosmid D l lc l l  

hybridised intensely. Much weaker hybridisation to a single band was seen in 

the PAC restriction digests; as this corresponded to an identical band in 

PAC107N6 (vector-only) restriction digest, this hybridisation appears to be due 

to a very small degree of cross-hybridisation of the probe with the PCYPAC2N 

vector. No hybridisation, however, was evident to the insert sequences of 

PAC107A22 and PAC277I9. As the Fvl fragm ent from D l lc l l  did hybridise 

intensely with the probe, the hybridisation had worked well. Surprisingly, this 

finding suggests that the PACs contain no sequence of significant homology to 

Fvl.

3.4.3 Probing PAC clones w ith mouse Nppa sequence

Nppa (the gene for atrial natriuretic factor) has been mapped to within 4.6cM of 

Fvl^^^, and was used as a m arker to isolate a YAC with Fvl activity As the 

region covered by the 2 overlapping clones is relatively large (as judged by the 

large num ber of unique bands), the Nppa locus may be included in this area.
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Figure 3.8 Digests and southern blot of PAC107A22, PAC277I9, PAC107N6 (empty pCYPAC2N vector) and cosmids containing 
Fin and Nppa sequence

ON

7406bp
5671bp

2865bp

1 2  3 - 4 5 6 7 8  9 10 11 12 1 2  3 - 4 5 6 7 8  9 10 11 12 1 2  3 - 4 5 6 7 8  9 10 11 12

A. Lanes 1-12 contain the following:
1. PAC107A22 NotllBglll 4. D llc l l  {Fvl) EcoRI - -lOOpg
2. PAC277I9 Notl/Bglll 5. D llc l l  (Fvl) EcoRI - -lOng
3. PAC107N6 Notl/Bglll 6. D llc l l  (Fvl) EcoRI - -In g

7. PAC107A22 Notl/Bglll 10. DllclO (Nppa) EcoRI - -lOng
8. PAC277I9 Notl/Bglll 11. DllclO (Nppa) EcoRI - -In g
9. PAC107N6 Notl/Bglll 12. DllclO (Nppa) EcoRI - -lOOpg

B. Southern blot of gel A hybidised with an Fvl probe. The blot was hybridised overnight and washed down to 4x SSC.

C. Previous southern blot washed down to O.lx SSC at 65°C for 1 hour before re-hybridising with a Nppa probe. The blot was hybrid 
overnight and washed down to 4x SSC.



To ascertain whether this was the case. Southern blots of the PAC digests were 

hybridised with a probe specific to Nppa,

The blot used in the previous section was washed at 65®C for 1 hour at O.lx SSC 

to remove any non-specific hybridisation signal. It was then hybridised with a 

probe specific to the Nppa gene (Figure3.9c). This was made by random -primed 

labelling a purified 537bp PCR-amplified product corresponding to nt 572-1108 of 

the submitted sequence (Genbank num ber K02781; a gift from Steve Best). StiU 

evident on the blot was the signal from the previous hybridisation betw een the 

Ful-specific probe and the Fvl cosmid restriction digest. Following hybridisation 

with the Nppa probe, additional intense bands were seen only to the cosmid 

restriction digest containing the Nppa sequence itself. No hybridisation was 

evident betw een the probe and the restriction digest fragm ents of the PAC 

clones.

3.5 Subcloning F vl region from PAC 107A22

The result from the hybridisation of Fvl probe to the PAC southern blots 

suggested that these clones did not contain an Fvl hum an homologue. 

Concurrent with this finding the retroviral nature of Fvl was identified and the 

gene itself was shown to be restricted to mice only. Although this now meant 

there was probably no hum an homologue of Fvl to be cloned, the subcloning of 

this region was still continued, as this region now represented the preintegration 

site of the event that gave rise to the Fvl gene. By cloning and sequencing this 

region it was hoped we could ascertain how the region had changed during the 

formation of the gene, what sequence (if any) had been lost, and exactly what 

had been gained. For this reason, the analogous sequence in rat (the closest FvT 

relative to the mouse) was also cloned and sequenced as weU (P. Le Tissier, 

unpublished).

3.5.1 Subcloning largest NFVV  and NFV2^ fragments

As the average insert size of the HGMP PAG library clones is 120kb, the next part 

of the project was to subclone the region containing the flanking markers into as 

small a fragm ent as possible to facilitate sequencing. However, the sequences 

homologous to the NFVl and NFV2 probes do not lie on common restriction 

fragments with the restriction enzymes used (see section 3.4.1). In mice the 

region betw een NFVl and NFV2 is around 8kb. The largest NFVV  and NFV2'^
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fragments in the PAC clones are 20kb and 8kb respectively (see Figures 3.7 and 

3.8). It was therefore possible that these 2 hum an fragments might overlap. In 

order to test this, these fragments were subcloned.

The largest bands from BamHl and EcoRI restriction digests of PAC107A22 were 

gel-purified and subcloned into PCRscript vector. DNA from 12 transformants 

of each subcloning were digested with BamHl or EcoRI as appropriate and 

blotted. These blots were then screened by hybridisation either with a NFVl (for 

the PAC107A22PflmH/-derived clones) or a NFV2 (for the PAC107A22EcoRI- 

deiived clones) probe (data not shown). Inserts of positive clones showed strong 

hybridisation. A positive clone from each subcloning was selected and these 

were designated pA22B and pA22E for the N F W  BamHl and NFV2* EcoRI 

fragments (in PCRscript) respectively.

3.5.2 Demonstration of overlap by hybridisation y
To demonstrate that these clones overlapped (or not), a fragment (apparently) 

common to both was used to construct a probe which was then hybridised with 

digests of both clones. The presence of a hybridising band in both clones would 

indicate that they overlapped.
Restriction digests of pA22B and pA22E were run  in parallel and blotted (Figure 

3.i0a). This blot was hybridised with a probe specific to the 800bp Sad/EcoRI 

pA22B fragment which appears to be common to both of the clones (marked on 

Figure 3.10a). This probe was constructed by random-prime labelling this gel- 

purified fragment from a previous digest. This probe hybridised to single unique 

fragments in the BamHI/HinDIII and Sad/HinDIIl double digests, and to the 

common 800bp band in the Sad/EcoRI restriction digest. This shows that the 

PAC107A22 BamHl and EcoRI fragments subcloned do overlap. Further 

restriction enzyme digests of these 2 clones allowed an (overlapping) restriction 

map to be constructed (see Figure 3.JK)b).

3.5.3 Sequencing by a transposon-based strategy

As outlined in the previous section, the F VI region from hum an was subcloned 

into 2 overlapping clones and comprised over 28kb of sequence. To sequence 

this region a transposon-based strategy was chosen. This advantage of this 

method was that it required no further subcloning of the fragments and, once
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Figure 3.9a Restriction digests and southern blot of pA22B and pA22E

A. B.

M 1  2 3  4 5 6 M M l  2 3  4 5 6 M

Figure 3.9b Restriction map of the FVl region in human

n f v l

BS

I ir
E SB

SE 
L

H
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"\ I 
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I I 
SE

n fü2

2kb

A. Lanes 1-6 contain the following digests in duplicate:
1. pA22B Sad/EcoRI 3. pA22B BarnHI/HinDIII 5. pA22B Sad/HinDIIl
2. pA22E Sad/EcoRI 4. pA22E BamHI/HinDIII 6. pA22E Sad/HinDIII

3 Southern blot of gel A. The probe used was constructed using the pA22B
Sad/EcoRI fragment (marked on gel A with an asterix). TTie blot was 
hybridised overnight and washed to O.lx SSC
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the transposon-tagged clones had been generated, enabled sequence covering 

the whole region to be generated simultaneously using only 2 primers. In this 

way the sequence of pA22B and pA22F, was obtained in a short space of time by 

producing short sequences from across the length of the hum an FVI region. 

These were then used to construct a contig of the region and ultimately a 

consensus sequence.

3.6 Comparative sequence analysis of F vl region from human, rat and mouse

As stated at the start of this chapter, the region in mouse containing Fvl has been 

sequenced and P. Le Tissier, unpublished). By comparing the hum an 

sequence with the mouse sequence we can determine what is common to both 

and what is different. This comparison does not how ever allow the 

determination of whether a region unique to one has been gained in that 

organism alone, or has been lost from the other. For this reason, concurrent 

with the cloning and sequencing of the hum an region, the analogous region 

from rat was also cloned and sequenced (P. Le Tissier, unpublished). By 

comparing the sequence between 3 different organisms, one can determine 

e^çâctl^what the differences in this region between these 3 species are. This has 

shown exactly what sequences have been gained by insertion events, what 

sequences have been lost by deletion, and whether any rearrangem ents have 

occurred (see Figure 3^11).

The sequence from rat has a high degree of homology (80-90%) to the regions 

immediately upstream  and downstream  of the Fvl gene. Upstream of the gene, 

homology was found to extend from the Nfv2 gene to within lOObp of the 

starting methionine of Fvl. Downsteam homology was shown to extend from  

the Nfvl gene to the point of the B2 insertion in mouse. The sequence betw een 

corresponds to around 3kb with no homology to either the m ouse sequence or 

any sequence submited to date on EMBL, DDBJ and PDB (determined by BLAST 

search). The Fvl region from rat therefore contains the analagous regions 

immediately either side of the Fvl gene in mouse, but lacks the 3kb of sequence 

containing the gene itself. Instead, this region contains 3kb of unique sequence. 

To determine whether this sequence has been ganed in rat or has been lost in 

mouse, the sequence of the corresponding region isolated from hum an was used 

as a comparison. Unfortunately, this region is extremely rich in repetitive 

elements which not only hampered the assembly of sequence (-1.5kb of the
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Figure 3.10 Comparative sequence analysis of the Fvl region from mouse, rat 

and human

2000 4000 6000 8000 10000 12000
—I------1-------1------ 1------ 1------ 1____ I____ I____ I____ I____ I

N fvl Fvl N fvl

m  1 I----- MOUSE

 V v V W V V W N /V \ \W v W v V W V W v V v - RAT

(WVWVWWWWW' ^/vvvvvvvvvvvvvvvvvvvvvvvvv,

A -------------------------------------------- / ------------  HUMAN

 sequence in rat with high homology (>80%) to mouse sequence

wvvvvw sequence in rat with no homology to mouse sequence

  sequence in human interspersed with patches of low homology to mouse
sequence; contains repetitive elements
sequence in human with no homology to mouse sequence; mostly repetitive 
elements
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central region remains unassembled due to this- see Figure 3.11) but also made 

the demonstration of contiguous homology difficult. In spite of this, the region 

in hum an was shown to contain patches of homology that corresponds to the 

regions flanking the Fvl gene in mouse, although these do not extend as close to 

the gene as with the rat. The sequence betw een these regions similarly shows no 

homology to those in the databases, or to the sequence in rat. Therefore, the 

comparison between the mouse, rat and hum an Fvl region has shown that the 

regions flanking the preintegration site appear to have remained intact during 

the formation of the Fvl gene in mouse. However, this comparison could not 

determine whether the unique sequence in rat, in the same position as the Fvl 

gene in mouse, has been lost during the formation of the Fvl gene in mouse, or 

has arisen since mouse and rat diverged.

Once the Fvl region had been cloned from human, it was shown by 

hybridisation that there was no sequence homology at all between this region 

and the Fvl ORF. It appeared therefore that the analogous region in hum ans did 

not contain the hum an homologue of Fvl, This was later confirmed by 

sequencing. While this was unexpected at the time, it was reinforced 
independently (see section 7.1.2). The reason for its absence from aU genera 

except Mus came later with the discovery (by sequence similarity) that Fvl was 

not part of the 'natural' genetic complement of the mouse but was instead 

retrovirally-derived. The significance of this finding was that the Fvl locus now 

appears to be a recent addition, and as such would only be present in the genus 

in which the integration event had occurred. It would therefore be not only 

unlikely but improbable that homologues would existed in distantly-related 

species, such as humans. The region cloned from hum an therefore represents 

the preintegration site of the integration event that led to the formation of the Fvl 

gene. Its sequence could therefore be used to identify what has been gained or 

lost following the integration of F vl. At this point in the project we decided to 

change direction and investigate the evolution of the Fvl gene.
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Chapter 4. The Evolution of F vl

Fvl activity appears to be restricted to laboratory strains of mice and their 

immediate feral relatives Fvl has been shown by hybridisation to be absent 

in all non-Mws species looked at, including its closest relative, the rat̂ ^̂ Ô  The 

development of the Fvl phenotype therefore appears to have arisen relatively 

recently in the Mus genus. To study precisely how Fvl activity has arisen in Mus, 

the Fvl region from members across the genus was analysed. The aim of this 

project was to clone the Fvl region from a group of mice and sequence the Fvl 

ORF (see Figure 4.1). By mapping and comparing the sequence and structural 

features of the gene, both common and unique among family members, it was 

hoped that an accurate picture of how Fvl has changed during the evolution of 

the Mus genus, and hence how the gene has changed during the development of 

Fvl activity, could be obtained.

4.1 PCR-ampIification and subcloning of the F vl ORF

The mice used in this study are shown in Table 4.1. The Fvl ORF was PCR- 

amplified from many of the mice used in this study using the primers GT16 and 

GT17. The PCR-amplified products obtained fell into 2 discrete sizes of -2600bp 

and -1300bp, corresponding to absence (as in the Fvl^ allele) or presence (as in 

the FvT  allele) of the Ful"-associated deletion (see Figures 4.1 and 4.2). For some 

of the samples, no PCR product was obtained using these primers due to 

mutations in the primer sites; in these cases, primers PL80 and GT17 were used 

(see Figure 4.1). GT16 and GT17 permit amplification of the sequence 

immediately before the 5' end of the Fvl ORF to 2684bp downstream of the 

starting methionine in the FvV’ allele and 1340bp in the FvT  (see Figure 4.2). The 

GT16 primer contains an internal Bglll site and the GT17 primer contains an 

internal Sail site. The product of this PCR reaction was therefore subcloned as a 

Bglll/Sall fragment into M13 phage. From sequencing the region previously 

from inbred mice there is known to be a Sail site upstream  of the GT17 prim er 

binding site, in the region that is deleted in the FvT  allele (see Figure 4.2). 

Sequence analysis has revealed that in a proportion of the mice used in this study 

containing the undeleted form of Fvl (i.e. the Fvl^-Bke form), this Sail site in the 

Fvl ORF has been lost by a single point mutation in the restriction site. This 

polymorphism was found in Mus macedonicus, Mus spicilegus, Mus spretus and
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Figure 4.1 Primer map of the Fvl  region
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The Figure shows the primer m ap for the Fvl region in mouse. The dotted line in the Fvl ORF represents the region that is deleted 
in the Ful” allele. The lAP insertion is associated with the FvV allele, and is inserted in a B2 tandem repeat. Also shown on the map 
are the primers SE3-6 designed to regions of the hum an homologues of Nfol and Nfol and the position of the corresponding 
regions in mouse



Table 4.1 The Fvl  gene in the mice used in the sequencing study

Name Species Deletion at 
residue 437

F vl typing 
data

FAM Coelomys famulus nuU^^^
PTX Pyromys platythrix - nuU^^^
MIN Mus minutoides - -

DUN Mus dunni - null?
COK Mus cookii - nuU^^^

Mus caroli Mus caroli - nuQl^^
KAR Mus caroli - -

ZYP Mus spicilegus - -

XBS Mus macedonicus - -

SFM Mus spretus - -

M. Spretus Mus spretus - null^^^
MOL Mus musculus molissinus - -

MOLD/Rk Mus musculus molissinus - -

CIM Mus musculus castaneous -

BIR Mus musculus bactrianus -

WMP/Pas Mus musculus domesticus* -

SEC/ReJ lab strain - B
RHI/DmMob lab strain -

I/LNJ lab strain -

FRO/lReJ lab strain - B303
FVB/NJ lab strain - B
C57BL lab strain - B
SWR/J lab strain + N304
ST/bJ lab strain + N167
BDP/J lab strain + ^ 0 3

NZB/BINJ lab strain + N R 1 6 9

NZW/LacJ lab strain + N R 1 6 9

RF/J lab strain + NR169
LG/J lab strain + B 3 0 3

M.MUS Mus musculus musculus + N R - l i k e l ' 7 3

CZECKI Mus musculus musculus +

MBT Mus musculus musculus +

SKIVE/Ei Mus musculus domesticus + N R - U k e l 7 3

RBA/Dn Mus musculus domesticus +

SK/CamEi Mus musculus domesticus + ] s j 3 0 3

SF/ CamEi Mus musculus domesticus +
P.ATTECK Mus musculus domesticus + N 3 0 3

BZO Mus musculus domesticus +

WSB/Ei Mus musculus domesticus +

^sequence in consistent with that of Mus spretus (see section 4.2.1).
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Figure 4.2 Representative PCR of mouse genomic DNA

23130bp
9416bp
6557bp
4361bp

2322bp
2027bp

1353bp
1078bp
872bp

23130bp
9416bp
6557bp
4361bp

2322bp
2027bp
1353bp
1078bp
872bp

M cl 1 2 3 4 5 6 7 8 9  10 11 c 2 M

M c3 12 13 14 15 16 17 18 19 20 21 c4 22 M

The following samples were PCR-amplified using the primers GT16/GT17: 
l.C IM  2. ZYP 3. XBS 4. KAR 5. COK 6. PTX
7. PAH 8. FAM 9. SFM 10. MOL 11. BZO
Cl. positive control C2. negative control

The following samples were PCR-amplified using the primers GT17/PL80:
12.ZYP 13. XBS 14. KAR 15. COK 16. PTX 17. PAH
18. FAM 19. SFM 20. MOL 21. BZO 22. CIM
C3. positive control C4. negative control

lOOng C57BL/ 6 DNA was used in the positive control reactions, dH20 in the 
negative control reactions. The marker (M) was XHinDlIl/^HaellL
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Pyromys platythrix. In these cases the PCR product could still be cloned due to the 

presence of a Sail site located in the GT17 prim er itself.

With some of the m ore distantly-diverged mice, the Fvl ORF was also subcloned 

using the primers PL80 and GT17. These 2 primers permit the amplification of 

sequence 3056bp upstream  of the starting methionine of the Fvl ORF to 2684bp 

downstream of the starting methionine in the FvŸ  allele and 1340bp in the FvV. 

This subclone therefore contained the intergenic sequence between Nfo2 and Fvl, 

and was used both for obtaining the sequence of the Fvl ORF and to determine 

the presence of 5' insertions in these mice (see section 4.4). From sequencing the 

region previously from inbred mice there are known to be 2 Sad  sites 

downstream of the PL80 prim er binding site. The product of this PCR reaction 

was therefore subcloned as a Sad/Sail fragm ent into M13 phage.

In order to sequence both strands the PCR-amplified product was subcloned in 

both M13mpl8 and M13mpl9. During the sequencing it was noticed that at a 

very low frequency (less than 10 ̂  errors/base) there was disagreement betw een 

the sequence of these 2 clones from  some of the PCR reactions. This error rate 

was assumed to be due to the inherent infidelity of the Taq DNA polymerase, 

even though Pfu DNA polymerase was added for its proof-reading activity. This 

problem was solved by subcloning a similar PCR-amplified product from a 

second PCR reaction, and using this to determine the correct sequence at the 

ambiguous base. In a small num ber of instances, the third clone differed from  

both other 2 clones subcloned from  the original PCR reaction. In these cases the 

consensus sequence was determined by subclordng and sequencing a forth clone. 

In this way, the correct sequence of the Fvl ORF from each of the samples was 

determined.

4.2 Sequence data analysis

The sequence data obtained from the autom ated sequencing of clones was edited 

in the software package Sequence Analysis (Applied Biosystems) before 

assembly into contigs in Autoassembler (Applied Biosystems). The sequences 

were aligned in GDE prior to tree-building (Phylip); these data are in Appendices 

3 and 4.
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4.2.1 Construction of the F vl phylogenetic tree

The DNA sequences of the Fvl ORFs from the different mice were aligned using 

GDE and this alignment was used to construct a phylogenetic tree based on 

neighbour-joining and maximum-Hkelihood methods using 100 bootstraps. As 

both methods yielded identical trees, only one is shown (obtained by the 

neighbour-joining method^^^- see Figure 4.3a). The tree was constructed using 

the Fvl ORF from Coelomys famulus as the outgroup. This species of mouse was 

the most distantly-diverged m ember of the genus Mus used in this study^^^. 

When the amino add  alignment was used instead of the DNA alignment, 

identical trees were obtained (data not shown).

The tree obtained was very similar to current phylogenetic trees for the Mus 

genus constructed from a variety of different methods, but did differ with 

respect to 2 branches: the Mus dunni and Mus caroli!Mus cookii lines both branch 

off with Pyromys platythrix m this tree, whereas current phylogenetic trees place 

this event directly after the branching of Pyromys platythrix^'^^. In order to 

determine whether the tree obtained was significantly different from that 

published by Bonhomme279 ^ Kishino-FIasegawa-Templeton statistical te s t^ ^  

was carried out (data not shown). This showed that the phylogenetic tree 

obtained based on the sequence data was significantly different from the 

published tree due to these two changes.

As shown in Figure 4.3, the first branching occurs betw een Pyromys platythrix, 

Mus minutoides, Mus caroli. Mus cookii, and the rest of the samples. The second 

branching takes place between Mus macedonicus. Mus spicilegus. Mus spretus, the 

Mus musculus domesticus sample WMP/Pas, and the Mus musculus complex. The 

W MP/Pas sequence is almost identical to the sequences for the Mus spretus 

samples, although it is distinct from these (see section 4.3). To confirm this result 

the W MP/Pas DNA sample was ordered from a second source (the Pasteur 

Institute) and the new sample used to obtain the Fvl sequence again. This Fvl 

sequence from the second sample was the same as the first. It is assumed, 

therefore, that W MP/Pas is not a true Mus musculus domesticus sample, but is 

instead a natural hybrid of Mus musculus domesticus and Mus spretus. Within the 

Mus musculus complex, the DBA-like sample WSB/Ei branches from the rest. 

Next, the other DBA-like sample branches; this sample also contains the Fvl"^- 

associated change at position 352 (see Table 4.2). The next branching is between 

the FvV-li^e and Fvl^-like alleles; the exceptions to this are the Mus musculus
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Figure 4.3a Phylogenetic tree based on the Fvl ORF sequence of the mice used
in this study
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This is a neighbour-joining bootstrap tree based on the sequence of Fvl from 
the starting methionine to the deletion site of FvV. The sequences were 
aligned using GDE and the tree constructed using PIE. The figures on each 
branch represent bootstrap support (from 100 replicates), with percentage 
values on those branches with support greater than 10 being shown.
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Figure 4.3b Phylogenetic tree based on the Fvl ORF sequence of the mice used
in this study omitting those from the Mus musculus complex
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This is a neighbour-joining bootstrap tree based on the sequence of Fvl from 
the starting methionine to the deletion site of Fvl". The sequences were 
aligned using GDE and the tree constructed using PIE. The figures on each 
branch represent bootstrap support (from 100 repHcates).
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Figure 4.3c Phylogenetic tree based on the Fvl ORF sequence of the mice used in
this study showing the Mus musculus complex only
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This is a neighbour-joining bootstrap tree based on the sequence of Fvl from 
the starting methionine to the deletion site of FvV. The sequences were 
aligned using GDE and the tree constructed using PIE. The figures on each 
branch represent bootstrap support (from 100 replicates), with percentage 
values on those branches with support greater than 10 being shown.

131



castaneous and Mus musculus bactrianus samples, which are placed in the FvV  

group because they contain the fi;2 "-associated changes in their ORFs despite 

lacking the Fz;I "-associated deletion. The Mus musculus molissinus samples branch 

off with (but separately to) the Fvl^-like alleles, probably because these 

sequences contain both an FvV  and FvŸ  change in their ORFs.

4.2.2 Distribution of changes believed to be important in determining F vl 

phenotype

As observed in section 4.1, all Fvl ORFs subcloned with the primers GT16 and 

GT17 fell in 2 distinct sizes, 2600bp and 1300bp (see Figure 4.1). Sequencing has 

revealed that these sizes corresponded with either the presence or absence of the 

apparent deletion we see in the FvV  allele (see Table 4.1); until this work, it has 

not been known whether the smaller FvV  allele has arisen by deletion of the FvV  

gene, or whether the larger FvV  allele has arisen as an insertion into the FvV  

gene. Fvl ORFs isolated from  the m ore distantly-diverged Mus species were of 

the larger FvV-size only. The Fvl ORFs of Mus musculus domesticus and Mus 

musculus musculus subspecies were almost exclusively of the Ful"-size only. The 

only exception to this was the Mus musculus domesticus sample W MF/Pas; 

sequence analysis of this has shown this to be virtually identical to the sequences 

for Mus spretus (see Appendix 3).

The nature is of the FvV  and FvV-spedUc mutations (marked in Figure 1.6) is 

shown in Table 4.2. The order of samples is the same as in Table 4.1. In the FvV  

allele there is a lysine (K) residue at position 358 and a valine (V) residue at 

position 399, and in the FvV allele there is a glutamic add (E) residue at position 

358 and an arginine (R) residue at position 399. The F vl^  change refers to the 

amino add change at position 352 seen in the FvV^ allele (found in strains such as 

129) which is thought to be responsible for its modified phenotype. Five out of a 

further six strains shown to carry this change in this study have been previously 

typed as having the F v V  phenotype although the sixth (LG/J) has

previously been typed as having the FvV phenotype (see below). It seems, 

therefore, that this change alone is responsible for the F v V  phenotype. Some of 

the wild mice spedes have also been typed for Fvl activity and have been shown 

to have the nuU (Ful°) allele. These mice all have the undeleted (FvV-size) form  

of the gene, but have the Ful"-assodated amino adds at positions 358 and 399.

132



Table 4.2 Genetic features of the Fvl  ORF in the mice used in the sequencing 
study

Species Residue at
270

{Fvl‘̂ change)

Residue at
352
change)

Residue at
358

{FvViFvP

Residue at
399

chcinges)

Deletion
437

lAP?

Coelomys famulus Q S K V - _

Pyromys R S K I - -
platythrix 

Mus minutoides K F K E
Mus dunni Q S K E - -
Mus cookii Q S K V - -
Mus caroli Q S K V - -
Mus caroli Q S K V - -

Mus spicilegus Q s K V - -
Mus macedonicus Q s K V - -

Mus spretus Q s K V - -
Mus spretus Q s K V - -

M. m. molissinus K F K R - -
M. m. molissinus K F K R - -
M. m. castaneous K S K V - -
M. m. bactrianus K S K V - -

M. m. domesticus* Q S K V - +
lab strain K S E R - -
lab strain K S E R - -
lab strain K S E R - -
lab strain K s E R - -
lab strain K s E R - -
lab strain K s E R - -
lab strain K s K V + +
lab strain K s K V + +
lab strain K s K V + +
lab strain K F K V + +
lab strain K F K V + +
lab strain K F K V + +
lab strain Q F K V + -

M. m. musculus K F K V + +
M. m. musculus K F K V + +
M. m. musculus K S K V + +
M. m. domesticus K F K V + +
M. m. domesticus K S K V + +
M. m. domesticus K S K V + +
M. m. domesticus K s K V + +
M. m. domesticus K s K V + +
M. m. domesticus K s K V + +
M. m. domesticus Q s K V + -



One inconsistency was found between previous Fvl typing and the sequence 

data obtained in this study: the laboratory strains BDP/J and LG/J have 

previously been typed as having the Fvl^ phenotype but sequencing revealed 

they possess FvV-hke sequence. However, there has been increasing evidence 

that BDP/J was originally mis-typed (B. Taylor, pers. comm.), and this is thought 

to be true for LG/J also.

4.2.3 Maintenance of the F vl ORF

The Fvl ORF was maintained in all but 2 mice samples. Mus dunni and Mus cookii 
(see Appendix 4). In the case of Mus dunni, the ORF is truncated due to a single 

base pair deletion at position 224 that causes a frameshift and prem ature stop. 

Expression of this truncated message has been confirmed by ribonuclease 

protection experiments (data not shown). The product of this message is 

predicted to be 90 amino adds in length with a novel 13 residue C-terminus due 

to the frameshift. Analysis of the sequence has identified 3 other frameshift 

mutations within 300bp of this insertion. In the case of Mus cookii, the Fvl ORF is 

prematurely truncated due to a single base pair transition (C->T) and a 5bp 

deletion at position 650 that causes the formation of a stop codon at this point. 

The truncated protein is predicted to be 217 residues in length with only the 

terminal residue changed, due to another single base pair transition at position 

647. The introduction of this stop codon in the Fvl ORF of Mus cookii is the only 

change in the sequence that would lead to the prem ature truncation of the 

message. The lack of numerous mutations accrued over time may indicate that 

this truncation has occurred relatively recently.

It is also interesting to note that all of the deleted (Fvl"-size) sequences share the 

same stop codon, whereas there is more variation in the undeleted sequences, 

which use one of four stop codons within a -30bp region. This would seem to 

suggest that the Fvl" aUele may have arisen m uch m ore recently, so 

consequently has less allelic variation. However, although it is true that the 

deleted form arose more recently (shown by the presence of the undeleted form 

in the more distantly-diverged mice), Fvl activity is only found in the Mus 

musculus complex; when the stop codon of the undeleted forms of Fvl in these 

mice is examined, we find these also share the same stop codon. Therefore, 

based on the variation in stop codon usage, we cannot say which functional allele 

arose first (i.e. whether the deletion predated the f y l ‘’-specific changes, or vice
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versa), only that the undeleted form predated the deleted form (in agreem ent 

with the older mice exclusively having the undeleted form).

4.2.4 Downstream Sa il site used for cloning

Upon sequencing these products it was found that, although this Sail site was 

found in the majority of the mice, it was not present in both of ÿne^Mus spretus 

samples, in Mus spicilegus, Mus macedonicus and Pyromys platythrix. As it was still 

present in the most distantly-diverged sample in the study, namely Coelomys 

famulus, we can infer that this Sail site has been conserved in all m embers except 

these 4 mice. Moreover, the loss of this site in Mus spretus. Mus spicilegus and 

Mus macedonicus was due to the same 2 base changes at positions 2865 and 2867 

(see Appendix 3), and this is in accordance with the fact that these 3 members aU 

branch from the rest of the genus Mus at the same time. Therefore these 

common differences are due to shared changes that have occurred in this branch 

shortly before these 3 species diverged from one another but after they split 

from the rest of the tree. Pyromys platythrix, however, diverged much earlier and 

as such, any difference shared between this mouse and Mus spretus. Mus 

spicilegus and Mus macedonicus would also be shared with the other m embers of 

the genus that diverged after Pyromys platythrix. As this is not the case, it is 

unsurprising to find that the loss of this site in Pyromys platythrix is due to a 

different, single m utation at position 2867.

4.3 D istribution of lAPs

One of the main structural differences between the FvV  and FvŸ  alleles is the 

presence of an LAP element inserted immediately downstream of the FvV ORF. 

The distribution of this particular element in the mice used in this study was 

determined by PCR-amplification from the Fvl ORF either across the site of lAP 

insertion (to show the absence of the insertion) or to the LAP element itself (to 

show its presence- see Figure 4.2). The primers used to PCR-amplify across the 

site of ZAP insertion were GT16 and PL76. The prim er amplifying from Fvl, 

GT16, is the same primer used for much of the cloning. This oligonucleotide 

primes just downstream from the 5' end of the Fvl ORF. The other 

oligonucleotide, PL76, primes from the region between the B2 repeat and the 

gene flanking Fvl on the 3' side, namely N/b|. The primers used to PCR-amplify 

to the LAP itself were JS139 and GT16. JS139 is complementary to a portion of the
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lAP LTR. Figure 4.4 shows the products of these PCR reactions on the genomic 

DNA of the mice used in this study. The results are summarised in Table 4.2. All 

but 2 of the mice harbouring an FvV-size Fvl ORF have the corresponding FvV- 

associated lAP element inserted immediately 3' of the gene. The 2 mice which 

lacked this insertion also have a lysine->glutamine amino add  change at position 

271. These 2 differences in the FvV allele, the change at position 271 and the 

assodated loss of the downstream LAP element, are characteristic of the Fvl‘̂ 

allele, a less common allele of Fvl which has a modified FvV  phenotype^^^. 

With those mice harbouring the Fvl^-size Fvl ORF, only W M P/Pas appears to 

have the Ful"-assodated lAP insertion downstream  of the gene. Sequence 

analysis of the genomic DNA-IAP junction, however, reveals that this element is 

different from that seen in the FvV  region, as shown by its site of insertion, 

located 504bp upstream  of the Ful"-assodated LAP insertion point. Additionally, 

this LAP element is in the opposite orientation to the Ful "-assodated element, as 

determined by PCR and sequence data (data not shown). Therefore, all of the 

Fvl^-size Fvl ORFs lack the Fz;l"-assodated LAP element.

4.4 Investigating the sequence 5' of the F vl ORF
Fvl is the product of a retroviral integration event. The Fvl ORF shows 

homology to part of the retroviral gag gene, and appears to be aU that remains of 

the original integration event. Substantial deletions of proviral sequence have 

therefore taken place during the formation of the gene. To determine whether 

more of the virus has survived these deletion events in any of the older mice, the 

regions 5' and 3' of the gene were examined for the presence of insertions.

In order to obtain information concerning the sequence upstream  of Fvl, the 

primers PL80 and GT17 were used to PCR-amplify the Fvl region from many of 

the mice (see section 4.1). The primer site for PL80 is located in exon 2 of the 

flanking gene upstream  oi Fvl, namely NJv2. These 2 primers therefore permit 

the amplification of aU sequence lying between NJvl and the 5' end of F vl. In this 

way, any insertions/deletions in this sequence could be detected by an 

increase /  decrease in product size, visualised by an appropriate shift in 

electrophoretic mobility on an agarose gel. This product was subcloned as a 

Sad I Sail fragm ent using the Sail in the GT17 prim er and the Sad  site 1325bp 

upstream  of the starting methionine of the Fvl ORF (see Figure 4.1). In some 

mice, however, PCR-amplification of this region yielded very little product.
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F ig u r e  4 .4  D e t e r m in in g  th e  p r e s e n c e  o r  a b s e n c e  o f  t h e  3 ’ lA P  in  th e  m ic e

A.
M l  2 3 4  5 6  7  8  9  10  11  12  13  14

I2 3 1 3 0 b p  
9 4 1 6 b p  
6 5 5 7 b p
4 3 6 1 b p ^ . ^
2 3 2 2 b p - ^ = ^ H  
2 0 2 7 b p - ^

1 3 5 3 b p  
1 0 7 8 b p  

8 7 2 b p

2 3 1 3 0 b p
9 4 1 6 b p
6 5 5 7 b p
4 3 6 1 b p

2 3 2 2 b p
2 0 2 7 b p

1 3 5 3 b p
1 0 7 8 b p

8 7 2 b p

B.

The following samples were PCR-amplified using the primers GT16/JS139 (in A .)  
and GT16/PL76 (in B.):

l.KAR 
7. BALB/c 
13. FAM

2. PTX 
8. AKR 
14. COK

3. XBS 
9.BIR

4. SFM 
10. ZYP

5. CIM 
11 . -

6. BZO 
12. MOL
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These mice tended to be among the more-distantly diverged members of the 

sample, and so this problem was thought to be due to mutations in the prim er 

site for either or both of these 2 primers. This problem was overcome by PCR- 

amplifying the upstream  region as a shorter product using the primers PL80 and 

PL26; the Fvl ORF in these mice was subsequently amplified using the primers 

GT16 and GT17. As the PL26 primer contains an internal Xhol site and there is 

known to be a Sad  site 1325bp upstream  of the starting methionine (as indicated 

by the sequence of this region from C57BL; P. Le Tissier, unpublished), this 

product was subcloned as a Xhol I Sad  fragm ent (see Figure 4.1). A significantly 

larger PCR-amplified product was only observed with Pyromys platythrix (Figure/ 

4.1 and 4.5). Sequencing this has revealed an insertion of around 2kb that 

matches no sequences in the database (see Appendix 5). ^

4.5 Investigating the sequence 3' of the F vl ORF

As explained in section 4.2, the primer pair GT16 and PL76 was used to PCR- 

ampHfy across the site of LAP insertion seen characteristically in the FvV  allele. 

As the primer pair permits the sequence from the 5' end of Fvl to the 3' end of 

the downstream flanking gene, Nfol, to be amplified, any insertions between the 

2 genes would also be detected as an increase in the size of this product. As 

shown in Figure 4.4, no significant insert could be detected in these products. It 

should be noted that in those mice with the lAP insertion, product could not be 

amplified due to the size of the LAP, so insertions other than the LAP in these 

mice would not be detected. As shown in Table 4.1, however, the insertion of the 

LAP only occurred in those mice more-recently diverged, and so would not be 

expected to retain sequence of the progenitor virus not found in other m em bers 

of the Mus musculus complex. In the more distantly-diverged mice, no insertion 

3' of the Fvl locus could be detected. Smaller insertions 3' of the gene could 

however be detected by sequencing, and sequence similarity searches have 

identified these as repetitive elements (see Figure 4.5).

4.6 Analysis of synonymous and non-synonymous mutation rates

The similarity index in Table 4.3 represents the initial pairwise matrix used in the 

first step of the multiple alignment analysis. The percentage similarity betw een 

individual pairs of sequences has been calculated. As shown in the Table, there is 

very little, and in some cases no, sequence divergence between members of the
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Figure 4.5 Gross changes present in the F v l  region of some of the mice
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Table 4.3 Sequence pair distances of Fvl  ORF from mice used in the sequencing project

E 1 1 * I i B 8 1 Î i
68.5 79.2 96.7 88.2 95.8 822 81.5 81.5 85.4 80.3 90.8

- 70.2 89.7 76.6 827 69.7 73.5 73.6 725 76.4 73.6
- 88.7 73.5 81.9 69 81.3 81.3 79.2 79.5 78.7

- 96.4 97 91.9 97.1 96.9 96.6 95.4 95.1
- 93.4 89.1 91.3 91.5 84.3 87.9 85.2

- 90.5 94.7 924 85.1 89 90
- 87.8 87.8 80.7 827 85.6

- 99.4 88.4 93.3 96.7
■ - 88.9 96.4 97

- 94.1 86.6
- %

n

5?u&
Mw

95.1 95.7
85.2 99.3 

928
90.2
90.6 
90.8 
81

84.6
80.2 
80.2

90

97

96
100

O

88.3 91.2
74.5 76.5 
78.8 78.8
95.2 95
85.3 90.7
90.2 89.3
85.6 85.1
97.2 96.3
97.4 . 96
86.7 86.3
96.2 95.9
99.7 99.3
99.7 99.3 
84.6 85.2

- 99.2

91.4 91.4
73.3 76.6
78.8 78.7
95.1 95.1
85.4 926
90.1 90.1
85.4 85.2
96.5 96.4
96.9 96.8
86.5 86.5 
96 96

99.4 99.4
99.4 99.4 
84.7 91.9
99.4 99.4
99.4 99.7 

T 99.8

91.1 91
77.4 76.7
78.5 812
95.1 95.1 
926 926
90 89.9 

85.3 85.1
96.6 96.2 
96.8 96.8
86.6 86.6 
96 95.9

99.7 99.5
99.7 99.5
85.1 91.9
99.7 99.4
99.7 99.7 
99.6 99.6
99.8 99.7 

- 99.7

91.2 827
76.5 75.6
78.7 73.9
95.1 95.1
87.7 85
89.3 91.2
85.1 83.9
96.3 93.6 
96 94.1

86.4 86.6 
95.9 96
99.3 99.2
99.3 99.2 
821 84.3
99.2 99.2
99.6 99.1
99.4 99.3
99.5 99.2
99.5 99.2
99.5 99.1 

- 99.1

94.4 94.4 
90.9 90.9
90.1 90.1 
93.6 93.6
93.4 93.4
94.1 94.1
91.4 91.4
96.1 96.1
98.5 98.5
96.4 96.4
98.2 98.2
97.4 97.4
97.4 97.4 
927 927
97.6 97.6
97.5 97.5
97.5 97.5
97.5 97.5
97.6 97.6
97.5 97.5
97.5 97.5 
99.4 99.4

-  100

94.4 94.3 94.3 
90.9 90.8 90.8
90.1 90.1 90.1 
93.6 93.5 93.5
93.4 93.3 93.3
94.1 94 94
91.4 91.4 91.4
96.1 96 96
98.5 98.4 98.4
96.4 96.4 96.4
98.2 98.1 98.1
97.4 97.6 97.6
97.4 97.6 97.6 
927 926 926
97.6 97.5 97.5
97.5 97.4 97.4
97.5 97.5 97.5
97.5 97.5 97.5
97.6 97.5 97.5
97.5 97.5 97.5
97.5 97.5 97.5 
99.4 99.3 99.3 
100 99.9 99.9 
100 99.9 99.9

- 99.9 99.9
-  100
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93.5 93.6
93.3 93.4 
94 94.1
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96 96.1
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96.4 96.4
98.1 98.2
97.6 97.5
97.6 975 
926 927
97.5 97.5
97.4 97.4
97.5 97.4
97.5 97.4
97.5 97.5
97.5 97.4
97.5 97.4 
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99.9 99.9 
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100 99.9

- 99.9
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97.5 
99.3
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99.9 
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100 
100
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94.2 
90.6 
90

93.4
93.2
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91.2
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98.3
96.2 
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97.5 
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97.4
97.3
97.3
97.3
97.4
97.3
97.3 
99.2
99.8
99.8
99.8
99.9
99.9
99.9
99.8
99.9

94.4
90.9 
.90.1 
93.6
93.4
94.1
91.4
96.1
98.5
96.4
98.2
97.4
97.4 
927
97.6
97.5
97.5
97.5
97.6
97.5
97.5 
99.4 
100 
100 
100
99.9
99.9
99.9
99.9
99.9 
99.8

94.3
90.8
90.1
93.5
93.3 
94

91.4 
96

98.4
96.4
98.1
97.6
97.6 
926
97.5
97.4
97.5
97.5
97.5
97.5
97.5 
99.3
99.9
99.9
99.9 
ICO 
100 
100
99.9 
100
99.9
99.9

942 94.4
90.9 90.9 
90 90.1 

93.5 93.6
93.3 93.4 
94 94.1

91.3 91.4 
96 96.1

98.4 98.5
96.4 96.4 
98.1 98.2 
973 97.4
97.3 97.4 
926 927
97.5 97.6
97.5 97.5
97.5 97.5
97.5 97.5
97.5 97.6
97.5 97.5
97.5 97.5
99.3 99.4
99.9 100
99.9 100
99.9 100
99.9 99.9
99.9 99.9
99.9 99.9
99.8 99.9
99.9 99.9 
992 99.8
99.9 100
99.9 99.9 

- 99.9

94.4 94.3
90.9 90.9
90.1 90 
93.6 93.5
93.4 93.3
94.1 94
91.4 91.3
96.1 96
98.5 98.4 
%.4 96.4
98.2 98.1
97.4 97.3
97.4 97.3 
927 926
97.6 97.5
97.5 97.5
97.5 97.5
97.5 97.5
97.6 97.5
97.5 97.5
97.5 97.5 
99.4 99.3 
100 99.9 
100 99.9
100 99.9
99.9 99.9
99.9 99.9
99.9 99.9
99.9 99.8
99.9 99.9
99.8 99.7 
ICO 99.9
99.9 99.99
99.9 99.99 
100 99.9

- 99.9

943 94.5
90.8 90.9 
90 90.2 

93.5 93.7
93.2 93.5
93.9 94.1
91.2 913
95.9 96.1
98.4 98.6
96.3 96.5
98.1 98.3
97.2 97.3
97.2 97.3 
926 928
97.5 97.5
97.4 97.4
97.4 97.S
97.4 97.5
97.5 97.3
97.4 97.5
97.5 97.5 
993 99.3
99.9 99.9
99.9 99.9
99.9 99.9
99.8 99.9
99.8 99.9
99.8 99.9
99.7 99.9
99.8 99.9
99.6 99.7
99.9 99.9
99.8 99.9
99.8 99.9
99.9 99.9
99.9 99.9
99.9 99.9 

- 99.8

FAM
PTX
MIN
DUN
COK
M.CAR
KAR
ZYP
XBS
SFM
M.SPRET
MOL
MOLD/RK
CIM
BIR
WMP/PAS
SEC/IREJ
RIII/DOMOB
I/LNJ
PRO/IREJ
FVB/NJ
C57BL
SWR/J
ST/BJ
BD P/r
NZB/BINJ
NZW/LACJ
RF/J
LG/r
M J4US
CZECKI
MBT
SKIVE
RBA
SK/CAMEI
SF/CAMEI
PJVTTECK
BZO
WSB

The sequence similarity index above was obtained by pairwise analysis of the Fvl ORF from the starting methionine to the 
deletion point present in the FvV allele.



Mus musculus complex, with more sequence difference observed betw een the 

m ore distantly diverged m embers of the Mus genus. Overall, nucleotide 

sequence identity among the mice used in this study varied betw een 67.2%-100%. 

In order to determine whether the sequence of Fvl in these species of mice has 

been under any kind of selection prior to the appearance of Fvl phenotype, the 

num ber of synonymous substitutions per site (Ks) and the num ber of non- 

synonymous substitutions per site (Ka) were measured for the more distantly- 

diverged species. The K s/K a ratios are shown in Table 4.4.

Table 4.4 Ratio of synonymous and non-synonymous mutation rates among the 

species of Mus

PTX DUN COK CAR SPRET XBS ZYP C57BL

0.971 1.473 2.367 2.336 1.546 1.328 1.388 1.504 FAM

1.005 1.134 1.189 0.749 0.865 0.841 0.948 PTX

1.885 1.664 1.073 1.027 1.073 1.203 DUN
2.476 1.357 1.463 1.536 1.428 COK

1.584 1.584 1.666 , 1.523 CAR

1.473 1.617 I 1.511 SPRET

-0.000 1 0.401 XBS
: 0.427 ZYP

As a K s/K a ratio of 1:3 (0.333) is the value expected for neutrally drifting 

pseudogenes^^^, a ratio greater than this is indicative of negative or purifying 

selection on a gene, as there has been m ore codon mutations that preserve the 

amino acid residue (synonymous mutations) than mutations that change the 

identity (non-synonymous mutations) in comparison to sequences under no 

selection. Negative selection results m a general bias for synonymous mutations. 

This bias will vary across the open reading frame, as different parts of the protein 

product wiU be tolerant to change to varying degrees e.g. active sites will be 

relatively intolerant to change, as it is m ore likely changes in this region will 

affect function (and so be selected against), whereas changes in regions further 

away wiU be less likely to have such an effect. However, by calculating the 

K s/K a ratio across the Fvl ORF as a whole, a general trend for maintenance of 

the sequence can be determined. Comparing the K s/K a ratio betw een Fvl
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sequence of the recently-diverged C57BL and the older mice reveals that there 

appears to have been negative selection on the Fvl ORF, at least as far back as 

the divergence of Coelomys famulus, as all the ratios are above 0.33 (see Table 4.4). 

For FAM {Coelomys famulus), COK {Mus cookii), CAR {Mus caroli) and SPRET {Mus 

spretus) there appears to have been strongest selection for the ORF, w ith ratio^ 

between 1.428-1.523. The ratios of PTX {Pyromys platythrix) and DUN {Mus 

dunni) are lower, at 0.948 and 1.203 respectively. Finally, ZYP (Mus spicilegus) 

and XBS (Mus macedonicus) were found to have the lowest ratios (barely higher 

than for neutrally drifting sequences) of the group, with ratios of 0.427 and 0.401 

respectively. However, as structural genes undergoing negative selection 

normally have a K s/K a ratio in the order of 5, these ratios are very low, and as 

such provide no conclusive evidence for negative selection.

By determining the structural and sequence features of the Fvl ORF of mice from  

across the Mus genus, it has been possible to determine how this gene has 

changed since the divergence of Coelomys famulus some 5MY ago. With respect 

to the changes specific to the 2 main alleles (the 3' deletion and 2 amino add  

changes within the ORF), it appears that the gene was originally undeleted (i.e. 

Fvl^-like) but had the 2 amino add  residues found in the FvV  allele. As 

previously suspected, the downstream insertion of the LAP element in m ost FvV  

alleles is a relatively recent event. Whilst there is little evidence of conservation 

of sequence identity among these mice (based on the synonymousinon- 

synonymous substitution rate), the low num ber of nonsense mutations (i.e. 

mutations that give rise to stop codons) in these mice against such a huge 

background of mutation does indicate selection for the maintenance of the Fvl 

ORF. No additional Fi;l-related sequence was detected within the immediate 

vicinity of the locus among the more distantly-diverged mice.
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Chapter 5 Isolation of F vl progenitor virus

As discussed in Chapter 3, the Fvl gene of mice appears to have been the 

product of a retroviral integration event. After the gene was cloned the closest 

relative to Fvl was found to be a mem ber of the hum an endogenous retrovirus 

family, HERV-L^’ FIO Subsequent to the cloning of Ful, the m urine homologue 

of HERV-L, designated MERV-L, was cloned^^. Sequence comparisons betw een 

Fvl, MERV-L and HERV-L (see Figure 5.1) have shown that, whilst Fvl appears 

to have a slightly higher homology to the MERV-L sequence than the HERV-L 

sequence, the gene itself does not appear to be directly descended from either. It 

seems therefore that the 'progenitor' retrovirus, the dass of element whose 

integration created Fvl, was related to the MERV-L and HERV-L viruses, but was 

a mem ber of neither dass. Database searches have shown that sequence more 

homologous to Fvl has not been submitted, and therefore m embers of this 

progenitor virus have yet to be doned.

The object of the following section was to search the mouse genome for Fvl- 

related sequences, with the aim of isolating a m em ber of the retroviral dass from 
which Fvl was derived. However, if the germline integration event that gave 

rise to the gene in the first place was a unique inddent, or if other germline 

integrations have been subsequently lost, there may be no progenitor sequence 

remaining in the genome. To answer this question, a mouse genomic library in 

lambda phage was obtained and screened by hybridisation with the Fvl ORF. 

Clones containing sequence of highest homology were isolated. As the average 

insert size of these dones feU between 9-20kb, which preduded sequencing these 

clones directly, the sequence with Fvl homology was subdoned as a smaller 

fragment (either in pGEM®-3Zf(+) or pPCR-scripF^^. These clones were then 

sequenced using primers specific to vector sites flanking the multiple doning site 

(MCS). This initial sequence was then used to search various nudeic add 

databases (see section 2.17.6).

5.1 The mouse 129SvJ genomic lambda

The lambda library was plated as per the manufacturer's protocol (see section 

2.3.4). By plating a serial dilution of the library stock, the titre of the library was 

found to be 1.2 X 10^°ml \  Each 22 x 15cm plate of the library contained 90pl of a 

10  ̂ dilution of the library stock. This library therefore consisted of around 1
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Figure 5.1a Unrooted neighbour-joining bootstrap tree based on Fvl, MERV-L,
HERV-L, HERV-K and HSV sequences

HERV-L MERV-L a

HSV

Fv1
100

59 MERV-L

44

100

MERV-L c

HERV-K

The sequences of Fvl'’ (GL1515299), HERV-L (GL895836), 3 MERV-L isolates 
(GI: 4007580"; 4050090'’; 2065208"), HERV-K (GI: 955800) and HSV (human 
spumaretrovirus; GL9629258) were aligned using MAGI (ClustalW). The tree 
was constructed using PIE. The figures on each branch represent bootstrap 
support (from 100 replicates).
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Figure 5.1b Rooted neighbour-joining tree based on Fvl, MERV-L, HERV-L,
HERV-K and HSV sequences (rooted to HERV-K)

HERV-K

77

100

68

100

MERV-L c

MERV-L b

MERV-L a

HERV-L

F v 1 ^

HSV

The sequences of ¥vŸ  (GI:1515299), HERV-L (GI:895836), 3 MERV-L isolates 
(GI: 4007580“; 4050090*’; 2065208"), HERV-K (GI: 955800) and HSV (human 
spumaretrovirus; GI:9629258) were aligned using MAGI (ClustalW). The tree 
was constructed using PIE. The figures on each branch represent bootstrap 
support (from 100 replicates).



million clones. To fadlitate the screen, phage Hfts were made of each plate which 

consequently contained around 50000 clones per membrane. The library was 

then screened for sequences with some degree of shared homology to Fvl by 

hybridisation.

5.2 Titration of wash stringency

As the Fvl ORF was known to have sequence similarity to the MERV-L family, 

and the mouse genome is known to contain a great many of these elements, the 

stringency at which the blots were washed was very important; the blots had to 

be washed to a stringency high enough to minimise the cross-reaction to this 

retroviral 'background' (to allow any non-MERV sequence with Fvl hom ology 

not to be masked entirely), whilst allowing identification of sequences with some 

degree of divergence from Fvl. As a measure of appropriate conditions, 

southern blots of mouse genomic DNA were hybridised with a probe to the Fvl 

ORF and washed at progressively higher stringencies (see Figure 5.2).

30pg of mouse genomic DNA from 129, DBA and BALB/c mice was digested 

overnight with EcoRI and separated by electrophoresis on an agarose gel. lOpg 

of each sample were loaded onto the gel in 3 well-spaced sets. The DNA was 

then blotted onto a single nylon mem brane which was then cut to produce 3 

identical genomic southern blots, each containing digested DNA from the 3 

different mice. These blots were prehybridised for 30 minutes in 10ml CHURCH 

buffer containing 50pl heat-denatured salmon sperm  DNA and hybridised 

overnight with a probe generated by random-prime labelling using the Fvl^ ORF 

as the template. This template DNA was generated by PCR-amplification of a 

plasmid containing the FvŸ  gene (pCI-borf) using the primers GT16 and GT17 

(see Figure 4.1). The blots were then washed at 65°C for 20 minutes in wash 

buffer containing 0.1% SDS and varying strengths of SSC. Care was taken to 

prevent the blots from drying out during the various washes. The blots were 

examined by overnight exposure to a phosphoimager screen after each wash.

The smaller bands seen at the lower wash stringencies were thought to be caused 

by cross-hybridisation between the probe and the MERV-L family of 

retroviruses. As shown in the Figure, the ful-specific probe remains hybridised 

to these bands at 2x SSC. As the stringency of wash buffer is increased, these 

bands become less intense, most notably when the salt concentration is reduced 

below Ix SSC. Between 0.8-0.5x SSC, these bands can still be seen, but below this
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Figure 5.2 Titration of wash stringency for mouse genomic southern blots hybridised with Fvl

< s
12216
11196
10180

^  M w

1
Ar:: m

M #

n m

1018

506/517-

2x ^ 1.5x ^ l.Ox  ̂ 0.8x ^  0.7x  ̂ 0.6x ^ 0.5x ^ 0.4x ^ 0.2x

The identical blots a, b and c were hybridised overnight with a probe specific to the FvŸ ORF and washed at progressively higher 
washing stringencies. The blot used at each stringency is suffixed.



concentration all signal is lost. The stringency chosen to wash the lambda library 

filters was 0.5x SSC to reduce the hybridisation background. At this stringency it 

was hoped only those sequences with the highest homology to Fvl would be 

isolated.

The bands toward the top of the gel are the Fvl gene itself. The probe remains 

hybridised even after the most stringent wash due to the high degree of 

homology betw een the gene and the probe. The band in the BALB/c lane 

corresponds to a ~9kb EcoRI fragment containing the FvŸ  allele, and the band in 

the DBA corresponds to a -8.5kb fragm ent containing the Fvl‘̂ allele (this is 

smaller due to the presence of the "-associated deletion within the gene). The 

2 bands in the 129 lane are of particular interest. Firstly, as with BALB/c and 

DBA, one would expect the probe to hybridise to a single fragm ent only. This 

presence of 2 bands is extremely unexpected as all 3 mice strains from  which the 

DNA was prepared are inbred, and as such should contain only one allele at the 

Fvl locus, which would in turn correspond to only one strongly-hybridising 

band on a genomic southern blot. Secondly, as the FvV"  ̂allele in 129 is deleted, 

one would expect the FvV' aUele in this strain to Ue on a smaller EcoRI fragment 

than the undeleted FvŸ  allele in BALB/c; as shown in Figure 5.2, the fragments in 

the 129 lane are -9.2 and 11.5kb, significantly bigger than the 9kb fragment in 

BALB/c. It was hoped that lambda clones containing both of these fragments 

would be isolated from this screen, and that the subsequent analysis of the 

sequence would shed light on this interesting finding.

5.3 Screening the lambda library  by hybridisation

The library screen was carried out as described in section 2.13.3. To ensure 

discrete clones were obtained, phage from plaques isolated from the first round 

of screening were used to re-infect XLl Blue MRA E. coli and these were replated 

at low density (see Figure 5.3). In this way, lambda clones that cross-hybridised 

with the Fvl ORF probe were isolated on the second round of screening.

As the average insert size of the lambda clones ranged between 9-23kb, which 

precludes sequencing the entire insert, the sequences to which Fvl hybridised 

had to be subcloned as smaller fragments before they could be sequenced. 

Positive clones were digested with EcoRI, BamHI, HinDIII, Sad, and double 

digests of all 4 restriction enzymes. These digests were then separated on 

agarose gels, blotted on Hybond (Amersham Pharmacia) and hybridised with

L . i r ,  f g  tv. .V g:-.'



Figure 5.3 Second round screen of clones isolated from 129/SvJ mouse genomic 
lambda library screen using Fz;l-specific probe

The phage blots were hybridised overnight with a probe specific to the FvŸ  ORF 
and washed with 0.5x SSC/0.1% SDS buffer.
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Figure 5.4 Restriction digest and Southern blot analysis of various lambda
clones M

S '-

M

M

5 6 M  7 8

The lanes are loaded as BamHI, EcoRI, HinDIII and EcoRI/HnDUl digests 
corresponding to the following lambda clones:
1. clone 2 2. clone 3 3. 2DK1 4. 6L1J
5.6L2 6.6L1 7 6M1 8 .6D1:1
The marker lanes M contains 200ng Ikb ladder

The blot of the gel was hybridised with a probe to Evl overnight, vashed to O.lx 
SSC and exposed to a phosphoimager screen for 2 hours.
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5.4 Subcloning of fragments that cross-hybridise w ith F vl
Once subcloned these clones were then restriction digested and blotted, and 

rehybridised with the -specific probe to ensure the isolation of the correct 

fragment. A range of hybridising band intensities was seen among these clones. 

This observation allowed the clones to be grouped according to the intensity of 

their hybridised insert band, from very weak to very strong (see Table 5.1). 

Clones were chosen from all groups to be sequenced.

5.5 Sequence analysis

The primers used to sequence the inserts of the clones isolated were M13 (-40) 

forward and M13 (rev) reverse. Primer binding sites to these flank the MGS in 

both pGEM®-3Zf(+) and pPCR-script^'^. As the insert sizes of the lambda 

subclones tended to be over 2kb, m ost of the sequence of the inserts of these 

clones was incomplete. However, enough sequence was produced in almost all 

cases to identify the sequence responsible for cross-hybridisation with the Fvl 
probe. All sequences were used to perform  BLASTN searches of Genbank, 

EMBL, DDBJ and PDB. BLAST (Basic Local Alignment Search Tool) is a set of 

similarity search programs designed to explore all of the available sequence 

databases. BLAST uses a heuristic algorithm which seeks local as opposed to 

global alignments and is therefore able to detect relationships among sequences 

which share only isolated regions of sim ilarity^^. The results of these searches 

are summarised in Table 5.1. Those fragm ents found to be Fvl or m em bers of 

the MERV-L family are shown in Figure 5.6, relative to consensus sequences of 

Fvl (X97719 and X97720) or MERV-L (Y12713).

5.5.1 Sequence similarity searches

The most strongly hybridising clones, 2DK1 and 6L10, appeared to contain the 

Fvl gene itself. Both sequences contained the Ful "-specific residues in the ORE 

(at positions 1075 and 1198) and were deleted. They also contained the FvV^ 

change at position 1058. The gene isolated in both cases was therefore therefdre 

the Fvl”’’ allele of Fvl. A  third strongly-hybridising clone, 6M1, gave the same 

size restriction fragments as 2DK1 with BamHI, EcoRI, HinDIII and HinDIII/ EcoRI, 

and was assumed to be identical to this clone. Those clones isolated that 

hybridised less intensely were exclusively m em bers of the MERV-L family, while
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Figure 5.5 Southern blot analysis of various lambda subclones

M 1 2  3 4 5 6 7 8 M

M 1 2 3 4 5 6 7 8 M

f

The lanes are marked as follows:
1. 6L1 EcoRI/HinDIII 2. 6DK1 EcoRI/HinDIII
4. 6L10PH EcoRI/HinDIII 5. clone4 EcoRI/HinDIII
7. c lo n e ?  BamHI 8. 6L11B BamHI
The marker lanes M contains 200ng Ikb ladder

3. clone 1 EcoRI/HinDIII 
6. 2DK1 HinDIII

The blot of the gel was hybridised with a probe to Fvl overnight, washed to O.lx 
SSC and exposed to a phosphoimager screen for 30 minutes.



Table 5.1 Results of the mouse genomic library screen

Lambda clone Intensity of 
hybridisation 

signal^

Size of smallest 
hybri disable 

fragment 
(base pairs)

Cloning site Subcloned? Significant BLAST 
matches

2DK1 very strong 4000-4500 HinDIII yes FvV

6M1 very strong 4000-4500 HinDIII no*’

6L10 strong 3500-4000 EcoRI/HinDIII yes Fvl"

5b strong 2000-3000 EcoRIjHinDIII yes MERV-L

5c strong 900 HinDIII yes MERV-L

10 strong 800 HinDIII no

6L11 m oderate 1500 BamHI yes MERV-L

1 moderate 2100 EcoRI/HinDIII yes MERV-L (3') and no 
match (5')

2 moderate 900 EcoRI no

3 moderate 2000 BamHI yes MERV-L

14 moderate 1500-2000 EcoRI/HinDIII yes MERV-L

16 m oderate -1400 BamHI no

17 moderate 900 BamHI no

a

® as determined by southern blot hybridisation of lambda DNA digests with a probe to the Fvl^ ORF 
 ̂identical restriction fragment pattern as 2DK1, so assumed to be same sequence; not subcloned



%

20 moderate -1500 BamHI no

6DK1 weak -2000 EcoRI/HinDIII no

6L13 weak 500 BamHI no

5a weak 2000-3000 EcoRI/HinDIII yes alu) no match

6 weak n.d^ / no

8 weak n .d / / no

9 weak 1500-2000 EcoRI/HinDIII yes MERV-L

11 weak 1600-2000 EcoRI/HinDIII no

18 weak -2100 BamHI no

19 weak -5000 BamHI no

22 weak -700 EcoRI yes No match

23 weak -1300 BamHI yes GTPase?

6L1 very weak 2000 EcoRI/HinDIII yes MERV-L

6L2 very weak n.d.*’ / no

4 very weak -600 EcoRI yes sine/B2; no match

12 very weak 1200 EcoRI no

‘ not determined



Figure 5.6a Sequence comparison of the lambda subclones to the sequences of 

Fvl

I I I  I
U) \o

J I I I I

BamHI

' ' X ' F v l ^ 1 ,_J X97719

BamHI

Fvl^
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 2DK1

2.35/ 0.64/ 0.32

EcoRI 
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0.89/ 0 / 0.16
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The Figure shows the sequence of the 2 lambda subclones 2DK1 and 6L10EH 
aligned with the Fvl" and FvŸ  submitted sequences (X97719 and X97720). The 
absence of the EcoRI restriction site in X97719 and 2DK1 is marked by 'x'. The 
figures above the sequence of the subclones in both Figures corresponds to the 
sequence divergence, deletions and insertions repectively as a percentage, 
compared to the submitted sequences.



Figure 5.6b Sequence comparison of the lambda subclones to the MERV-L 

sequence
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the very weakest tended to have no known sequence similarity.

Of the 8 clones shown to have high homology to the MERV-L family, none 

appeared to be from the same element. These clones therefore seem to 

represent 8 distinct elements of the MERV-L family.

5.5.2 Sequence features

AH subclones of lambda clones isolated from this screen were cloned as BamHI,
[rrf. ' ;

HinDIII, or EœRI/HinDIII fragments (see Figure 5.6) and sequenced (see 

Appendix 6). The subclone derived from 2DK1 was cloned as an HinDIII 

fragment; the HinDIII site at the 5' end of Fvl could be readily identified from the 

sequence obtained, but the 3' HinDIII site could not. This is not unusual due to 

the close proximity of the cloning sites to the sequencing primer sites in the 

vector. It should be noted that the HinDIII site (indicated on the far right of 

X97720 in Figure 5.6a) in the LAP sequence at the 3' end is present internally in 

this clone. This is 176bp from the end of the readable sequence, and therefore is 

probably within 200bp from the 3' terminal HinDIII site used to clone the 

fragment. This subclone must therefore be the product of a partial HinDIII digest 

of the original lambda clone; although all fragments were isolated from agarose 

gels prior to cloning, this degree of size selection would not be sufficient to 

resolve fragments of around 200bp difference. The EcoRI site ajacent to this site 

in X97720 is also present.

Surprisingly, subcloning and sequencing the hybridising fragm ent from clones 

2DK1 and 6L10 revealed a true difference betw een the 2 FvV^ sequences. The 

lambda clone 6L10 contains an EcoRI site 1336bp upstream  of the starting 

methionine that was used to subclone this fragment into pGEM®-3Zf(+). 

Sequencing of the subclone derived from 2DK1, which encompasses this region, 

revealed that this EcoRI site is absent in this clone, due to a change in the first 

base pair of the recognition site (AAATTC instead of ^A A T TC ^ It therefore 

appears that this EcoRI site represents a polymorphism between these 2 clones. 

The absence of an EcoRI site is consistent with the upstream  sequence of the Fvl^ 

allele (X97719; this allele was isolated from mouse strain C57BL/6J). However, 

upstream sequence obtained from the mice used in the sequencing project (see 

Chapter 4) has revealed that this EcoRI site is present in aU samples examined, 

namely PTX (Pyromys platythrix), ZYP (Mus spicilegus), COK (Mus cooJdi), SFM 

(Mus spretus), MOL (Mus musculus molissinus), BZO (Mus musculus domesticus)
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and MET {Mus musculus musculus). It therefore seems likely that this site has 

been lost in clone 2DK1 (and X97719) rather than gained in clone 6L10EH as the 

sequence of X97719 indicates. The absence of this site in the sequence of X97719 

may reflect the loss of this site either in the TvŸ  allele itself or may be limited to 

the VvŸ  allele of the C57BL strain only. Unfortunately, as this region was not 

sequenced from a Fz;l*’-containing mouse strain, the exact case cannot be 

determined.

5.5.3 Sequence divergence

The divergence of each sequence in Figure 5.6a and 5.6b (i.e. those sequences 

identified as either Fvl or a mem ber of the MERV-L family) from the submitted 

sequences (X97719 and X97720 for the Fvl sequences, and Y12713 for the MERV- 

L sequences) was calculated. Divergence was measured by assessing the am ount 

of bases in common with the submitted sequence, the num ber of bases deleted 

between the 2 sequences and the num ber of bases inserted; these 3 figures, 

calculated as a percentage of the contiguous sequence, are shown for each 

sequence in the Figure.

The sequences of 2DK1 and 6L10EH that correspond to Fvl show very similar, 

low levels of divergence from the submitted sequences. Overall, both sequences 

diverge from the submitted sequences by less than 2%, with less than 0.5% of 

bases deleted and less than 0.3% of bases due to insertion. The Fvl ORF of 2DK1 

contains no inserted or deleted bases, and is open to the termination codon used 

by the FvV  alleles. The Fvl ORF of 6L10EH, however, contains num erous stop 

codons due to the presence of 2 separate single base pair insertions, a thymidine 

and adenosine at 65 and 394 bp respectively from the start of the gene. 

However, the sequence was obtained from single-pass sequence reads only, and 

may therefore not represent the true consensus; the possibility that these 2 base 

pair insertions may both be due to sequencing errors, although unlikely, cannot 

be ruled out.

The sequences of the MERV-L clones showed a much greater degree and range 

of divergence from the piAhshed sequence. % e  degree of overall sequence 

divergence ranged from 2<2% (clone 9) to j.îr2% (clones 5b andHHt); deletions 

ranged from 0.4% (clonq 5c) to ̂ 3.5% (clone 14); and insertions ranged from 0.4% 

(clones 1 and 5c) to 3^5% (clone 14). It seems therefore that clone 9 has the 

highest homology to the Y12713 submitted sequence, whilst clone 14 represents

13'
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the most divergent sequence from the submitted sequence. Although extremely 

similar to Y12713, clone 9 is distinct from this sequence, as shown by the presence 

of a small deletion in the 3' portion (see Figure 5.6b). Clone 14, on the other 

hand, not only has a lower degree of homology to Y12713 but also has a large 

deletion in the 3' portion of the sequence, and runs into 'foreign', unidentifiable 

sequence at the 5' end, presumably as a result of either an insertion into the 

MERV-L element or a deletion at the 5' terminus. With the exception of clone 3, 

the other sequences have deletions, insertions or loss of restriction sites which 

similarly m ark them as being discrete elements. None of these sequences 

showed significantly higher homology to Fvl than the Y12713 MERV-L 

submitted sequence (data not shown).

The Ful-specific probe hybridised weakly to the remaining sequences, none of 

which showed homology to either Fvl or MERV-L elements. Of these 4 

sequences, 2 contained basic repetitive elements (clones 4 and 5a), and produced 

no other matches from the database. Clone 23 produced a good match with 

hum an GTPase genes (87% match over ISlbp), while the fourth sequence, clone 

22, produced no significant matches to anything in the database.

The screen of the 129/SvJ mouse genome for retroviral sequence of a higher 

degree of homology to Fvl than MERV-L identified only the gene itself and 

members of the MERV-L family. A southern blot of 129 genomic DNA cut with 

EcoRI identified, unexpectedly, the presence of 2 fragments in the genome that 

cross-hybridised with an Ful-specific probe under the highest wash stringencies. 

These fragments were larger than expected for the undeleted form of the Fvl 

gene. Analysis of the sequences of Fvl isolated from the screen showed that 

they were almost identical to the submitted FvT  sequence, they contained the 

Ful"'-associated base change (marked on sequences in Appendix 6), and they had 

the Fvln-assodated deletion. Neither sequence therefore could represent a 

progenitor sequence. However, both appear to be distinct from one another, as 

indicated by the finding that whilst 2DK1 had an intact ORF, 6L10EH appeared to 

be truncated due to the presence of 2 single base pair insertions. In support of 

this, they were also found to be polymorphic for an EcoRI site upstream  of the 

gene. This site, which is present in 6L10EH (and so is linked to the allele with 

prem ature stop codons) is probably present in this region in Ful"', as it was 

shown to be present in the sequence obtained from MBT {Mus musculus
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musculus) and BZO (Mus musculus domesticus), both of which contain the FvV 

allele, as well as the much more-distantly diverged mice. Whilst the sequence 

obtained 5' of the gene did not extend far enough in this project to identify the 

next EcoRI site upstream  of this one, and thus the difference the absence of this 

site would make to the size of the cross-reactive fragment could not be 

determined, it is tempting to speculate that this polymorphism could account for 

an additional cross-reacting band observed in the mouse genomic southern blot 

probed with the Fvl ORF (see Figure 5.2). However, this does not explain the 

why the 2 cross-reacting EcoRI fragments in 129 are larger than the undeleted 

FvŸ  fragment in BALB/c. As Figure 5.6a indicates, the presence of the EcoRI site 

in the 3' LAP element in 2DK1 means that this allele (and possibly the 6L10EH 

allele also) must lack the 5' EcoRI site (not shown in Figure 5.6a) responsible for 

the ~9kb FvŸ  fragment in BALB/c, in order for the allele represented by 2DK1 to 

be on a larger EcoRI fragment than the FvŸ  allele. This would m ean that this 

allele would have to be polymorphic for the upstream  EcoRI site. For the allele 

represented by 6L10EH to be on a larger EcoRI fragm ent than the FvŸ  allele, the 

presence of the 5' EcoRI site polymorphic with 2DK1 (and the submitted X97719 

sequence; shown in Figure 5.6b) would mean that this allele m ust lack the 3' 

EcoRI site in the LAP. This would be the second polymorphic EcoRI site in this 

allele. To confirm the presence of this EcoRI polymorphism (and to rule it out as 

just an artefact in the lambda library), primers could be designed to the sequence ' 

flanking its position in 129 could be used to PCR-amplify across it. If the primers 

are equidistant from the site, cutting this product should yeild 2 bands 

(corresponding to the uncut fragment, and cut fragments half the size). 

Nevertheless, the presence of polymorphic restriction sites, and the differences in 

the Fvl ORF between these 2 clones, indicates that 129 appears to contain 2 

different Fvl alleles. This is discussed further in Chapter 7.

Although far from exhaustive, this screen was biased towards identifying clones 

containing sequence with highest Fvl homology. The failure to detect sequence 

with more homology to Fvl, therefore, may reflect the absence of such sequence 

in the germline, at least in the 129/SvJ strain (and probably the inbred mice in 

general). This does not exclude the possibility of such sequence being present in 

the more distantly-related mice, such as Apodemus. Future work may yet 

identify the progenitor virus that gave rise to F vl.
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Chapter 6 Phenotypic studies of F vl

As mentioned in the Introduction, there are 2 main alleles of Fvl, FvV  and FvV. 

The FvV  allele restricts the replication of B-tropic virus, but is permissive for N- 

tropic MLV retroviral infection. Conversely, the FvV allele restricts the 

replication of N-tropic virus, but is permissive for B-tropic MLV retroviral 

infection. The sequence of these 2 alleles shows only 3 major differences 

between them, and it is these that are thought to be involved in the Fvl 

phenotype. In Chapter 4 the Fvl gene of various mice from across the Mus 

genus was analysed to determine how this sequence has changed over time, 

during the spéciation of the genus; the precise order and nature of m utation in 

the ORF, including the allele-spedfic mutations mentioned above, was 

determined, from the null alleles in the older mice to the emergence of activity in 

the most recently-diverged inbred mice. To assess exactly what the contribution 

of each of these changes is not only to Fvl activity we see in inbred mice today, 

but also what these changes may have contributed in the past, during the 

evolution of Fvl activity, m utant Fvl ORFs containing these 3 changes in various 

combinations were constructed in the pCl expression vector. These constructs 

were assembled using the corresponding portions of the Fvl gene from either 

the FvV or FvV allele from inbred mice. Although some of the mice used in the 

study were shown naturally to have some of these combinations of changes, 

these constructs were used instead to ensure differences in phenotype were due 

to these mutations alone, and not due to other mutations also present in these 

sequences. The phenotype produced by each of these m utant constructs was 

then examined by transfecting a nuQ (Fu2”) ceU line with each construct and 

assaying for MLV restriction in a lacZ assay using pseudotyped MLV.

6.1 Transfection studies using f r l  ORF mutants

6.1.1 Creation of Fvl mutant constructs

The 3 main differences between the FvV  and FvV alleles are shown in Figure 1.6. 

To ascertain exactly what the contribution of each of these changes to overall 

phenotype was, constructs were created in this lab to address this question (G. 

Towers, unpublished). The FvV  and FvV alleles were subcloned into the 

expression vector pCl (Promega) and these were used as primary constructs.
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M utant constructs were then derived from these that contained the 3 changes in 

all 6 remaining combinations by ligating PCR products from the corresponding 

regions of these primary constructs (see Table 6.1). These constructs were then 

sequenced to confirm the nature of the mutations and also to ensure no 

unintended mutations had been introduced. Despite num erous attem pts to 

sequence the entire insert, insufficient sequence data was obtained from 

construct MM3, and clones obtained using this construct were not assayed. The 

sequence data showed the presence of the correct mutations in the remaining 

constructs and also that only one accidental change had been introduced, found 

in the MM2 construct (at position 18); as this m utation caused a synonymous 

change at the amino add  level (GCG->GCC; both alanine), this construct was still 

used in this study.

Table 6.1 M utants generated to determine the contribution of the main changes 

to F vl phenotype

M utant Residue 1 Residue 2 Deletion

MMO b b n

MMl b n n

MM2 n b n '

MM3 n n b

MM4 b n b ^

MM5 n b b -

6.1.2 Production of cell lines expressing mutant F vl ORFs

The constructs were used to transfect the Fvl ° Mus dunni cell line. As the pCI 

vector contains the neomycin (neo) mammalian selectable m arker, donal m utants 

were obtained by culturing under antibiotic selection using G418. To ensure 

donality, cells from each transfection experiment were seeded at limiting 

dilutions into 24-weU tissue culture plates. Clones from wells positive for grow th 

after long-term antibiotic selection were picked from plates with less than 6 of 

the 24 wells positive for growth. Once obtained, these cell lines were frozen 

dow n until required for assay. Each cell line was then assayed as described in 

sections 2.18.4 and 2.19.2. Table 6.2 shows the num ber of donal cell lines isolated 

from this transfection for each construct.
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Table 6.2 Number of clones isolated for each construct transfected

M utant MMO M M l MM2 MM3 MM4 MM5

No. clones isolated 20 9 8 / 21* 24
‘only 7 cell lines tested to date

6.1.3 Assessment of F vl phenotype

To ensure the fidelity of the assay, the pseudotyped MLV virus reagents were 

tested on N3T3 and B3T3 cell lines, which are hom ozygous for Fvl" and Fvl^ 

respectively. The results of one such assay are shown in Table 6.3. Also shown 

in the Table are the results for one particular experiment to assay 7 clonal cell 

lines obtained from the transfection of Mus dunni with the MMO construct. This 

construct yielded clones with a range of phenotype, from unrestricted (see clones 

7 and 8) to an apparently modified Fvl" restriction pattern (see clone 9).

The results of the remaining clones that gave a demonstrable phenotype are 

summarised in Table 6.4. The majority of the neomycin-resistant clones isolated 

from the transfections of Mus dunni w ith the m utant constructs gave no 

detectable restrictive phenotype (data not shown).

None of the cell lines transfected w ith the constructs MM2 and MM4 tested to 

date had a measurable phenotype in this assay. From the transfection of Mus 

dunni with the MMO construct, 5 cell hnes out of 20 showed some degree of 

restriction to MLV infection in this assay. As shown in Table 6.3, different cell 

lines displayed a varying degree of restriction, presumably due to clonal 

variation of expression levels of the m utant gene in these cell lines. However, if 

this variation is due to levels of expression, you would expect the relationship in 

restriction between the 3 viruses to be the same in different clones; this is not 

clear in Table 6.3. The phenotype conferred by this constructs appears to be 

essentially that of the as shown by the absolute restriction of N-tropic virus 

in cell Une MM0.9. However, the additional restriction of B- and NB-tropic virus 

in most of the other clones, albeit to a lesser extent, indicates that this FvŸ  

pattern of restriction appears to be modified by the m utation in this construct. 

The effect of the MMO combination, which is essentially an FvV" allele with an 

Fvl" terminus, appears to be extend the FvŸ  phenotype to moderately restrict B- 

tropic and to a lesser extent NB-tropic virus as well.
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Table 6.3 Results of a biological assay for Fvl  activity using pseudotyped MLV

Clone name No. blue cells 

w ith N-tropic 

pseudotyped 

virus

No. blue cells 

w ith B-tropic 

pseudotyped 

virus

No. blue cells 

with NB-tropic 

pseudotyped 

virus N-tropic virus

Level of 
restriction

B-tropic virus NB-tropic virus

MM0.3 209 68 88 1.97-fold 1.94-fold 3.53-fold

MM0.4 163 33 266 2.53-fold 4-fold 1.17-fold

MM0.5 121 19 88 3.4-fold 6.95-fold 3.53-fold

MM0.6 32 20 362 12.88-fold 6.6-fold 0.86-fold

MM0.7 365 107 298 1.13-fold 1.23-fold 1.04-fold

MM0.8 339 148 326 1.22-fold 0.89-fold 0.95-fold

MM0.9 0 15 61 absolute 8.8-fold 5.10-fold

M. dunni 412 132 311 / /

N3T3 . 1.4x10" iiî^ËI 3.5x10^ 0.03 0-09 :

B3T3 30 3.2x1»" 3.8x10" 0.04 0.08 ..



Table 6.4 Results of the biological assay for F vl phenotype in cell lines 

expressing mutant f r l  ORFs

Clone name

N-tropic virus

Level of restriction 

B-tropic virus NB-tropic virus

MM0.4 2.53-fold 4-fold 1.17-fold

MM0.5 3.4-fold 6.95-fold 3.53-fold

MM0.6 12.88-fold 6.6-fold 0.86-fold

MM0.9 absolute 8.8-fold 5.10-fold

MM0.21 10.99-fold 24.09-fold 3.44-fold

iVlMl.l absolute 6.08-fold 0.58-fold

MM1.5 113-fold 2.43-fold 0.21-fold

MM1.7 absolute 1.66-fold 0.19-fold

MM5.11 3.09-fold 46.67-fold 0.81-fold

MM2

MM4

no restriction 

detected 

no restriction 

detected

Of the 9 cell lines obtained from the transfection of Mus dunni w ith the MMl 

construct, 3 donal cell lines showed MLV restriction. In contrast to the MMO 

donal cell lines, which exhibited a range of restriction, the phenotype of these 3 

cell lines was m ore alike. The phenotype conferred by this construct also appears 

to be essentially that of the FvŸ  allele, as shown by the absolute restriction of N- 

tropic virus in cell lines M M l.l and M M l.7, and the high level of restriction in 

M M l.5. This phenotype also appears to be extended, as shown by the 6-fold 

reduction in B-tropic infection in M M l.l, although restriction was less than half 

this in the other 2 ceU lines. Unlike the MMO transfectants, however, this 

restriction does not extend to NB-tropic virus. In fact, these clones seem to be 

more permissive to infection by NB-tropic virus. The effect of the MMl 

combination therefore, which is essentially the FvV  allele with the first FvT- 

spedfic residue change to the FvV-spedfic residue, seems to be to produce Fvl^ 

restriction whilst greatly diminishing Fvl" restriction, and apparently increasing 

sensitivity to infection by NB-tropic virus.
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Of the 24 cell lines obtained from the transfection of Mus dunni with the MM5 

construct, only a single clone showed MLV restriction. The Fvl phenotype of this 

ceU line was essentially FvV-hke, as shown by the almost 50-fold reduction in B- 

tropic infection. This phenotype also seems to weakly restrict N-tropic virus, as 

shown by the 3-fold reduction in N-tropic infection, but seems to have no effect 

on NB-tropic virus. The effect of the MM5 combination therefore, which is 

essentially the FvŸ  allele with the first Ful'’-specific residue change to the Fvl"- 

spedfic residue, seems to be to produce FvV  restriction whilst greatly 

diminishing FvV  restriction. This construct appears not to affect NB-tropic virus. 

The results of the Fvl typing of these cell hnes expressing the m utant Fvl ORFs 

are shown in Table 6.5 below.

Table 6.5 Summaiy of the transfection w ith the mutant F r l  constructs

construct No. clones 

typed

Changes 

in ORF

Pattern of MLV 

restriction

Apparent F vl 
phenotype

MMO 20 b b n Restricts N-tropic; lowers 

B- and NB titres

Fvl^; partial 

FvV

M M l 9 b n n Restricts N-tropic; lowers 

B-tropic titres; may 

increase NB-tropic titres

FvV; partial 

FvV

MM2 8 n b  n none detected null

MM4 7 b n b none detected nuU

MM5 24 n b b Restricts B-tropic virus; 

lowers N-tropic titre

FvV; partial 

FvV

6.2 N atural Variants of F vl

6.2.1 The F vV  a llele

The FvV  allele is a variant of the FvV allele. Initially there was only 1 reported 

difference between the alleles, namely the presence of an LAP element 

downstream  of the gene in the FvV allele that is absent in the FvV  aUelê ^̂ O 

possible explanation for the modified FvV  phenotype is that the change in the 3' 

untranslated region caused by the absence of this LAP element may have an 

effect on the FvV  mRNA stability or expression, and ultimately the level of
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message in the cell. It may be this altered level of Fvl mRNA that causes the 

modified phenotype. To investigate this, the abundance of the Fvl'^ transcript in 

various tissues of the DBA mouse (typed as ^1®) was determined by

ribonuclease protection assay and compared with the am ount of message in CBA 

and B6 mice (which possess the Fvl" and FvŸ  respectively; see Figure 6.1). In the 

tissues sampled, no appreciable difference in level of expression of Fvl mRNA 

was found between these 3 strains of mice.

We decided to examine how the level of Fvl"  ̂ expression compared with and 

varied amongst other ceU lines used in the lab (see Figure 6.2). As well as cell 

lines derived from mouse tissues, cell hnes transfected with various Fvl 
constructs were also tested: B7/5 is a Mus dunni cell line which has been 

transfected with the Fvl^ aUele in the pCI expression vector. In this construct the 

Fvl aUele has been cloned just before the starting methionine, so the 5' 

untranslated region (UTR) is different to the endogenous FvŸ  mRNA, and the 

protected fragment in this sample is subsequently shorter (157bp instead of 

175bp). E12 is also a Mus dunni cell line which has been transfected with the 

genomic Fvl" Spel-EcoRI fragment in the pBK expression vector, so mRNA due 

to expression from the natural Fvl prom oter in this construct retains the 

endogenous 5' UTR.

Figure 6.2B shows the relative levels of Fvl expression in these sampled 

normalised to the level of actin within the cell. In the tissues from  the DBA 

mouse, the same pattern of expression as before was observed (see Figure 6.IB). 

The level of Fvl expression in the cell lines was found to be significantly lower in 

aU but one of the cell lines compared to the level found in the tissues. The 

exception to this was B7/5, which had an apparent level of expression 

comparable to the level found in DBA spleen tissue. As the am ount of 

incorporated radiolabel is proportional to the size of the protected RNA 

fragment, and the size of this fragm ent is smaller in B7/5 than in the other 

samples due to the absence of complementary 5' UTR sequence, this 

measurement of expression level is an underestimate. The actual level of 

expression in the B7/5 cell line is likely to be over 10% higher than this. There 

was also a wide variation in expression levels between the cell lines themselves 

(see Figure 6.2B).
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Figure 6.1 Fvl mRNA analysis of various tissues from DBA, CBA and B6 mice

A. Ribonuclease protection assay

B6 CBA DBA

1 2 3 4 5  1 2 3 4 5  1 2 3 4 5  Y 1 Y 2

actin (protected)-----

Fvl (protected) ^  ^

*  —  - > -

B. Quantification of Fvl mRNA levels

[RNA]
(arbitrary

units)

1 .4

1.2

1

0.8

0.6

0 .4

0.2

0

r t

□  D B /

□  B6

□  CB^

t h y m u s  k i d n e y  s p l e e n

tissue
b r a i n  l i v e r

The lanes numbered in Figure 6.1A contain RNA extracted from the following 
tissues:
1: thymus 2: kidney 3: spleen 4: brain 5: liver
The lanes Y1 and Y2 contain lOpg Yeast RNA + / -RNase as controls reactions. 
The mRNA levels in Figure 6.1B have been normalised to actin expression.



Figure 6.2 Comparison of Fvl mRNA levels in DBA tissues and various cell 
lines

A. Ribonuclease protection assay
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Lanes 1-6 of Figure 6.2A contain samples extracted from cell lines and Lanes 7-10 
contain samples from the tissues of a DBA mouse. The lanes were loaded as 
follows:
1: N3T3 3: B3T3 5: M. dunni 7: DBA-thymus 9: DBA-kidney
2: E12 4: B7/5 6: DBA-spleen 8: DBA-liver
The lanes Y1 and Y2 contain lOpg Yeast RNA + / -RNase as controls reactions
(10% loaded).

The mRNA levels in Figure 6.2B have t>een normalised to actin expression.



A smaller, less intense protected fragm ent was seen in DBA and CBA but not B6 

(marked with a * in Figure 6.1). This band was also seen in the N3T3 and E12 cell 

lines, but absent in B3T3, Bmyc3 and Mus dunni (see Figure 6.2, at the position of 

the protected fragm ent in B7/5). This band therefore appears to be specific to 

cells expressing FvV-Uke alleles only, and may be due to FvV  mRNA secondary 

structure.

It appeared, therefore, that the absence of the LAP in DBA mice does not affect 

Fvl expression, and so could not be responsible for the modified Fvl phenotype. 

W hen the sequence of DBA-like Fvl ORFs (i.e. undeleted but lacking the 

downstream  LAP element) from WSB/Ei and LG/J was analysed, an additional 

difference betw een these alleles and the FvV  allele in the coding sequence was 

detected: there is a single base pair transversion (A->C) at position 814 that 

changes the amino add  codon at position 270 from a lysine to a glutamine (see 

Table 4.2). Because of this finding the original sequence data for the Fvl^ allele 

doned from DBA^^® was re-analysed, and the same change was found. It 

therefore seems highly likely that this amino add  change at position 270 is 

responsible for the modified FvV  phenotype assodated w ith the FvV  ̂ allele, 

rather than by differences in expression level of the gene.

6.2.2 The a llele
7 of the Fvl ORFs isolated contain the single change assodated with the FvV^ 

allele, namely a phenylalanine at position 352. These were NZB/BINJ, 

NZW/LacJ, RF/J, LG/J, M.MUS, CZECHI and SKIVE/Ei. Of these, aU b u t LG/J 

had been previously typed as F v V  or FvV^~]ike w ith respect to Fvl phenotype 

169, 173 LG/J had been previously typed as Fvl^, and along with BDP, is 

thought to have been mis-typed originally (see section 4.2.2). To test the FvV' 

phenotype in the pseudotyped MLV assay system, the Fvl ORF from the 

NZB/binj sample was shuttled from the M13 phage vector into the pCI 

expression vector. The construct was then used to transfect the Fvl ° Mus dunni 

ceU Une and donal mutants were isolated by selection for antibiotic resistance in 

the presence of G418. Once obtained, these ceU lines were frozen dow n until 

required for assay. Out of 12 donal ceU lines obtained from the transfection of 

Mus dunni with the pCI-NZB/binj construct, 2 were found to restrict MLV. 

These are shown in Table 6.6 (next page).

170



Table 6.6 Results of the biological assay for F vl phenotype in cell lines
transfected with the F vV ' allele

Clone name Level of restriction

N-tropic virus B-tropic virus NB-tropic virus

pCI-NZB/binj.l 2.2 6.95 1.74

pCI-NZB/binj.4 1.59 50.36 3.24

As the Table shows, both clones show an FvV  restriction pattern. However, 

clone 4 appears to have a much stronger phenotype, restricting the infection by 

B-tropic virus over 7 times m ore effectively than clone 1. Again, this difference is 

likely to be due to clonal differences in expression of the construct in these cells. 

These clones cannot yet be typed for FvV' activity, as the reagent required for 

this (namely virus pseudotyped for the Gross virus determinants) has proven 

difficult to clone.

6.2.3 Mus musculus molissinus
As shown in Table 4.1, several of the Fvl ORFs isolated from the mouse 
sequencing project had interesting changes in the coding sequence. Both Mus 

musculus molissinus samples contained an Fvl ORF of the undeleted, FvV-\ike 

form but had the Fz?!"-associated residue at position 358 and the Fvl^-assodated 

residue at position 399. In this way this ORF is a natural form of the m utant 

MM5 (see previous section), and the phenotype of this construct wiQ provide a 

good indication of the effect of this changes in the Mus musculus molissinus mice. 

However, although the biological activity of the MM5 construct in the previous 

section may well reflect the activity of the natural allele in Mus musculus 

molissinus, it should be noted that these 2 ORFs have a single base pair difference 

between them, resulting in a serine->phenylalanine change at position 352 in the 

Mus musculus molissinus allele. This residue change is the same change found in 

the FvV' allele, and is thought to be responsible for its modified phenotype of the 

FvV' allele. In a similar way, this difference may affect the overall phenotype in 

the Mus musculus molissinus allele, in which case the MM5 construct would not 

reflect the phenotype of this allele. In order to resolve this the Fvl ORF from  the 

MOL sample was shuttled from the M13 phage vector into the pCI expression 

vector. Future work should define its biological activity.
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The results of the transfection of Mus dunni cells with m utant Fvl ORFs should 

probably be regarded as preliminary results as the assay did not seem robust 

enough. It seems that the first residue change (at position 358) appears to be the 

most im portant change in determining phenotype. This is indicated by the 

m utants MMl (T>nn') and MM5 ('nbb') in which the FvV- or Fvl^-spedhc residue 

at this position confers the respective Fvl phenotype. The results also indicate 

that the presence or absence of the deletion (or rather, the associated change in 

C-terminus) contributes to Fvl phenotype: it seems to mediate a partial FvV  

activity in MMO (T>nn') that is not due to the FvV  change at the second residue, as 

shown by the retention of this partial activity in MMl (T>nn')/ in which the second 

residue is Fül^-specific. Although it is uncertain how the change at the second 

residue relates to phenotype, the interaction of all 3 changes may be m ore 

complex, as indicated by the finctog that some combinations appear to be non­

functional (MM2 and MM4). However, it should be noted that only a small 

proportion of the neomycin-resistant {neo'̂ ) transfectants obtained in the 

experiment showed Fvl activity (see Table 6.2 and 6.4). This may be due to 

expression of the Fvl constructs in these cell lines. The ribonuclease protection 

assays of the B7/5 cell Une transfected with an FvŸ  ORF cloned into the pCI 

expression vector showed that in these cell lines expression of Fvl in this vector 

was around the level found in normal mouse tissues. As endogenous Fvl has 

already been shown to be extremely low^^®, one would assume expression from  

the hum an cytomegalovirus (CMV) major immediate-early gene 

enhancer/prom oter region within the pCI vector, a relatively strong prom oter 

for gene expression, would be much higher in these cell Hnes. It may be that 

expression from the CMV prom oter is very weak m the Mus dunni cell Une. If 

this is true, a different prom oter element e.g. SV40 enhancer/early prom oter, 

should be tested in Mus dunni and used instead. Alternatively, the Fvl protein 

may have a deleterious effect in the cell at high levels. This would cause selection 

following the transfection of the construct for low-expressing ceUs (in which 

expression from the CMV prom oter is reduced following integration due to 

regional effects). This could then account for the low num ber of transfectants 

displaying Fvl activity: Fvl expression in a larger proportion of these Tow 

expressers' may be below the level required to mediate an effect in the majority 

of the clones. In this way phenotype may be critically dependent upon a narrow  

range of expression levels: too high and it may have a deleterious effect in the
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cell, too low and restriction may be compromised. The phenotype mediated by 

MM2 and MM4, therefore, may have simply not been determined due to the 

failure to test a functional transfectant. If this is true, a weaker prom oter element 

or the endogenous prom oter itself should be used.

Whilst the assay was potentially extremely sensitive, and proved adequate in 

detecting the major Fvl phenotypes, it was much less reliable in detecting the 

subtle, less m arked patterns of restriction caused by some of the mutations. This 

was compounded by the inter-clonal variation in phenotype within clones 

carrying the same construct, presumably due to the difference in expression 

discussed above. Therefore, either a larger num ber of these clones, or clones 

with a m ore consistent level of expression of the Fvl ORF (by changing the 

prom oter element- see above), should be assayed using this m ethod for a m ore 

accurate determination of phenotype mediated by these constructs. 

Alternatively, these problems could be circumvented by using a much m ore 

robust and sensitive method, whereby expression from the construct can be 

determined concurrently with assessment of phenotype. Such a m ethod has 

recently been developed in the lab and should provide a much m ore accurate 

assessment of the m ore subtle Fvl phenotypes (J. Stoye, pers. comm.).

The analysis of Fvl mRNA levels in the DBA/2 (Fvl‘̂ ), B6 (Fvl^) and CBA (FvV) 
mice showed level of expression did not differ significantly between the three 

strains. This indicates that the modified FvV  phenotype of DBA/2 is not due to a 

difference in the level of expression of the Fvl gene in this mouse. Furthermore, 

the sequencing project identLEied a change in the coding region of the Fvl^  ̂ allele 

that causes a lysine->glutamine change at residue 270 (see Chapter 4). It appears, 

therefore, that the modified FvV  phenotype seen in DBA/2 is due to this amino 

add  change. Similarly, a single amino add difference has been identified in the 

FvV"  ̂allele that is thought to be responsible for the modified FvV  in mice with 

this allele (P. Le Tissier, unpublished). This is supported by the sequencing 

project data: all 6 of the mice previously typed as F vl’"' or FvV’'-\ike were found 

to have this change.
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Chapter 7 Discussion

This project consisted of 3 main parts. In the first part we attem pted to clone the 

Fvl region in human, in order to ascertain whether this region contained the 

hum an homologue of Fvl. To do this, 2 hum an genomic YAC libraries and one 

PAG library were screened by PCR-amplification using primers designed to the 

hum an homologues of the genes know n to flank Fvl in mice, namely Nfvl and 

Njv2. Two PAG clones were subsequently isolated that were positive for both 

flanking markers. Each m arker was finally subcloned as separate fragments that 

were shown to overlap by hybridisation. In this way the hum an Fvl region was 

cloned as two overlapping fragments spanning 28kb. This region was 

subsequently sequenced using a transposon-based strategy (see section 2.17). In 

agreement with hybridisation data obtained during the isolation of the region, 

sequence analysis revealed the Fvl region in hum an does not contain a 

homologue of the Fvl gene.

The second part of this project involved identifying how different features of the 

Fvl gene contribute to overall phenotype. Transfection studies with m utant Fvl 
constructs indicate that the 3 main changes associated with either FvV  or Fvl^ 

phenotype do not appear to be equally important to overall phenotype. It seems 

the first residue change, at position 358, may be the most significant in 

determining phenotype. In contrast, it is not immediately clear what effect the 

other two changes have, but they may serve to modify the phenotype much 

m ore subtly. The Fvl“̂ allele has two associated changes, an amino add  change at 

position 270 and an LAP insertion downstream  of the ORF. As the presence of 

the LAP does not appear to modify either mRNA expression levels or stability, 

the Fvl phenotype is likely to be due to the amino add  change only. The Fvl 

alleles from mice previously typed as FvV' have only one common difference 

from the FvV  allele, indicating that this change alone is probably responsible for 

the modified FvV  phenotype of this allele.

The third part of the project involved attempting to establish how Fvl has 

evolved during the spedation of the genus Mus. To this end the Fvl ORF was 

PGR-amplihed, cloned and sequenced from a variety of mice from across the 

Mus genus. Subsequent analysis of this sequence has revealed how the Fvl ORF 

has changed during the spedation of Mus. From the sequences isolated from the
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m ore distantly-diverged mice we have identified the features that were present 

in the Fvl gene shortly after its appearance in Mus. Analysis of the sequences 

from members of the Mus musculus complex, that make up the most recently- 

diverged group, has enabled us to m ap the changes that have occurred during 

the evolution of the Fvl phenotype. From this study and from what we know  

of the status of endogenous MLV proviruses in this genus, both from w ork in 

this lab and from others, we have been able to outline a credible scenario which 

may have led to the development of both of the main Fvl alleles in the Mus 

musculus complex. In this scenario, the selection for Fvl activity is arises as a 

result of MLV infection. Initially the FvV  allele was selected for as a result of 

germline infection by B-tropic MLV, prior to the formation of the complex. This 

led to the Ful"-assocated deletion at the 3' end of the gene. The FvŸ  allele was 

then selected for by the subsequent infection by N-tropic MLV late in the 

formation of the complex. This then led to selection for the two amino add  

changes assodated with the Fvl^ allele.

7.1 The F vl region in human
Previous work had shown the mouse Fvl gene was flanked by two genes, Nfvl 

and Nfo2 (P. Le Tissier, unpublished). Sequence database searches revealed that 

these genes were conserved betw een mice and humans. The hum an sequence of 

the genes was used to construct primers specific to both hum an genes. Initial 

attem pts to PCR-ampHfy across the hum an Fvl region using these were 

unsuccessful (data not shown). We then dedded to done the region from large- 

insert genomic libraries using the primers to the hum an NFVl and NFV2 

sequences in a PCR-based screen

7.1.1 Problems w ith the human genomic libraries

Neither the ICI or the ICRF YAC libraries was positive for either NFVl or NFV2. 

This is not entirely surprising, as YACs containing the Fvl region in mice have 

been shown to be inherently unstable (Best, PhD thesis); during the original 

cloning of Fvl, 8 YACs were isolated that contained Nppa (formerly Pnd), Xmv-9 

and Xmv-44, markers shown to lie close to Fvl in back-crossing experiments. Of 

these, all showed some degree of instability. In addition, previous screening of 

the ICRF mouse genomic YAC library for the Nppa m arker (estimated to lie
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within 1200kb of Fvl) failed to isolate any YACs. Therefore, it is possible that the 

Fvl region in hum an also contains a homologous region of instability which 

could ham per its cloning.

The HGMP hum an genomic PAG library, however, did contain clones that 

contained both markers. As these clones contain inserts 3-4 times smaller than 

the YAC clones, these clones may lack the region of instability and so facilitate 

the cloning of this region. Alternatively, the problem of instability may be 

inherently different between FACs and YACs, due to the difference in host used 

to maintain and propagate the clones (i.e. bacteria and yeast), differences 

between the 2 cloning vectors themselves, or a combination of both.

7.1.2 Absence of fi?l-related sequence in humans and its significance

The southern blots of PAC clones PAC107A22 and PAC277I9 were hybridised 

with a probe specific to the Fvl ORF to identify fragments that contained the 

hum an homologue. Unexpectedly, no bands were observed, even under a low 

stringency. Concurrent with this result, a routine database search using the Fvl 

sequence identified a newly-submitted genomic sequence that shared a 60% 

homology to Fvl over ISOObp (the Fvl ORF). This clone represents a m em ber of

the hum an endogenous retrovirus family, HERV-L^^^. The region of the cloned 

FIERV-L shown to have homology to Fvl does not encode an ORF bu t this is 

probably due to mutational decay of the ancient provirus. As Fvl is homologous 

to the region between the proviral LTR and the pol gene, this region seems to

correspond to the gag gene of the HERV-L family^^O support of this, the Fvl 

ORF also contains the major homology region (MHR), a stretch of 20-30 amino 

add residues which represent the only highly conserved sequence among

retroviral capsid proteins^O^ (see—i^^pendbe-2):' This suggests a possible 

mechanism for Fvl action: as the viral determ inant of Fvl restriction is know n to 

map to the capsid (CA) protein of MLV, Fvl m ay be gAg-like and share similarity 

with its target, perhaps allowing direct binding^ ̂  1. The evolutionary significance 

of the finding that Fvl has retroviral origins, and was not after aU a 'native' host 

gene, was that it no longer seemed certain that there had to be homologues of 

Fvl in other spedes; if the integration event occurred after mouse and hum an 

diverged, for instance, then there wiU not be a hum an homologue. This seems to 

be the case. Although a homologue is absent in hum an it m ight be present in 

other spedes more dosely related to mice, depending on when the HERV-L
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integration event took place. To investigate this a zoo blot was probed with the 

Fvl ORF under low stringency Single-copy bands were present in 3 strains 

of mouse DNA but no reactive bands were seen in rat, cat or hum an samples. 

Therefore it seems that Fvl has arisen as the product of an integration event, and 

that this integration event occurred fairly recently, sometime after the 

divergence of mouse and rat, within the last 10 million years^^^. Additionally, 

whilst the presence of Fvl in Nannomys and Coelomys (shown by the amplification 

of the Fvl ORF from the Mus minutoides and Coelomys famulus samples) indicates 

that this integration event m ust have occurred some time prior to around 5

million years ago, the presence of Fvl in Apodemus^^^ indicates this event has 

occurred before this diverged from the rest of the Mus genus, around 8 million 

years ago.

7.1.3 Comparative analysis of human and mouse regions

As mentioned in section 3.6, because the Fvl gene appears to be the result of a 

retroviral integration event that has occurred in the Mus genus only, the 

sequence of the Fvl region from rat and hum an represents the status of the 

region prior to integration. The analysis of the more recently-diverged rat 

sequence, which shows high homology with the mouse sequence, has shown us 

that the region immediately flanking the Fvl preintegration site has remained 

intact. This is reinforced by the demonstration of homology betw een the hum an 

and mouse flanking sequences, although this is less clear due to the higher 

degree of sequence drift betw een these 2 m ore distantly-diverged organisms, 

and also the wide-spread accumulation of repetitive elements in the hum an 

sequence. The 3kb of sequence from the start of Fvl to the end of the B2 repeat 

in mouse is missing in rat, which contains instead 3kb of unique sequence. It 

cannot be determined whether this sequence has been lost subsequent to, or 

more likely as a direct result of, the intregration event that gave rise to the Fvl 

gene, or whether it has been gained in rat since mouse and rat diverged. If the 

former is true, the events leading to the formation of the Fvl gene have resulted 

in the loss of 3kb of original sequence at the preintegration site, and the 

substitution of this with 3kb of retrovirally-derived sequence; if the latter 

possibility were true, then the integration event has resulted in minimal change 

in the region, as no loss or gain of sequence can be detected.
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It is interesting to note that this 3kb of sequence containing Fvl in mouse 

contains homology to retroviral sequence at both termini: at the 5' end is the Fvl 
gene, which has been shown to have homology to the gag gene of MERV-L and 

HERV-L viruses. The 3' end shows homology to retroviral sequence as 

determined by the repeat filtering program  RepeatMasker (Smit, A.F.A. and 

Green, P., unpublished; http://ftp.genome.washington.edu/RM/RepeatMasker.htmlL a 

program  that identifies and masks repetitive elements within a sequence during 

BLAST searches (data not shown). The results from these searches are 

summarised in Appendix 7, and identified a sequence with 82% homology over 

824bp to MYSERV, a 6550bp sequence of repetitive element submitted to the 

rodent repetitive element database Repbase (Genetic Information Research 

Institute). MYSERV represents the pol sequence of an endogenous retrovirus 

associated with the m ouse mys-2 transposon, and is most closely related to the 

HERV-K pol gene. The 824bp corresponds to the 3' terminus of this element. 

Directly flanking this sequence in mouse are 196 and 146bp sequences with 77% 

hom o^y  to the LTRs that flank the MYSERV submitted sequence. It seems, 

therefore, that this sequence is a deleted form of the MYSERV submitted 

sequence, and appears to be unrelated to the retroviral sequence that gave rise to 

Fvl.

7.2 Search for the F vl progenitor

The screen of the mouse genome failed to identify, by hybridisation, sequence 

with more homology to the Fvl gene than to MERV-L elements. This could be 

due to a variety of different reasons. Firstly, the screen simply may not have 

been exhaustive enough to identify this element, especially if it is present in the 

germline as a single copy. While this is impossible to rule out, the screen did 

identify 3 separate clones that contained Fvl, which is obviously also present at a 

single locus. It seems likely therefore that if a sequence were present in the 

library with a significantly higher sequence homology to Fvl than the MERV-L 

elements, it should have been readily identifiable in this screen. In agreement 

with this, the southern genomic blot hybridised with a probe specific to Fvl 

showed hybridisation only to the Fvl bands (at higher stringencies). If, however, 

the sequence of the progenitor had diverged to such an extent, by mutation, 

deletion/insertion or rearrangem ents, so that it was not significantly more 

homologous to Fvl than MERV-L elements (by hybridisation at least), then the
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likelihood of its isolation in a screen of this type would be extremely low. If this 

were the case the >100 copies of MERV-L resident in the laboratory mouse

genom e^l^ would mask the identification of the progenitor, essentially making 

the detection of such a sequence a hundred times m ore difficult. Another reason 

for the failure to detect progenitor sequence could be that this sequence has been 

lost from the genome in the period subsequent to integration. Homologous 

recombination between LTRs can lead to excision of such elements, and has been 

observed in most retrotransposons. The presence of single LTRs throughout the 

genom e testifies to this phenomenon. Furthermore, within the MERV-L family 

in mouse, the closest relative of Fvl, this is the fate of nearly 90% of all such

elements^l^. Alternatively, this sequence may not have been lost from the 

germline at all, because it may never have been there in the first place. While the 

genom e is awash with a molecular fossil record of past retroviral invaders, this 

record is far from complete. Only when the germline itself is infected can we 

detect past encounters with retrotransposable elements. It is possible, although 
probably not likely, that a retrovirus of considerable importance in the past did 

not infect the germline, at least of those mice whose descendants we see today. 

This does not rule out the presence of this progenitor sequence in other mice 

species, whose progenitor's germline may have acquired it. It would be 

interesting to probe a genomic southern blot of mice from across the genus with 

the Fvl ORF, to see if any of the branches contain this sequence.

The 2 Fvl sequences isolated, 2DK1 and 6L10EH, were virtually identical. Since 

the purpose of sequencing these clones was for identification only, the lambda 

sequencing project was not as rigorous as the mouse sequencing project; each 

clone was isolated only once from  the library, and single-pass sequence alone 

was obtained from these clones. As a result of this, the sequences may contain a 

low level of errors due to misreading of sequence traces, and this could account 

in part for the small amount level of apparent divergence between these two 

sequences. The absence of the EcoRI site in clone 2DK1 is, however, a true 

change, as the confirmed by the sequence of both strands. This result seems to 

explain the two bands observed in the 129 genomic southern blot hybridised 

with the Fvl ORF (see Table 5.1): the presence of the EcoRI site in only one of the 

Fvl alleles of 129 would produce a restriction fragm ent length polymorphism 

(RFLP) at this locus, leading to the Fvl alleles locating to different size EcoRI
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fragments, and subsequently produce 2 hybridising bands on a 129 genomic 

southern blot. However, as already discussed in section 5.5.3, the size of these 

bands infers further loss of 2 further restriction sites in these clones compared to 

the published sequence of VvŸ, at least 1 of which is retained in 2DK1. This is an 

unexpected result, as 129 represents a highly inbred strain of laboratory mouse, 

and as such should be hom ozygous for the Vvl allele. Such polymorphisms 

within any inbred or congenic strain can arise as a result of àe novo mutation, 

incomplete backcrossing during congenic strain construction or genetic 

contamination (breeding error). Although 129/SvJ (used to make the mouse 

genomic library) is an inbred strain, it has been shown that, due to genetic 

contamination, it is m ore accurately classified as a recombinant congenic strain

between 129/Sv and an unknow n non-129 stram^^^/ ^1®. There is also 

considerable variation in the 129 sub-strains as a whole due to at least 3 separate 

confirmed instances of genetic contamination. It is unlikely that there is still 

polymorphism due to this contamination, as 129/SvJ should be completley 

congenic after so m uch inbreeding. However, although this appears to be 

supported by the fact that this strain has been shown to be isogenic for 86 
markers analysed, segregating alleles have been found in 2 other strains, 

129/SvPas and 129/Sv^l^. Therefore, polymorphism due to incomplete (if 

inadvertant) congenic strain construction cannot be ruled out. Alternatively, 

these polymorphisms m ay have occurred spontaneously as a result of random  

mutation in this mouse, although this is unlikely due to the relatively low 

frequency this occurs.

These polymorphic restriction sites were not the only differences found between 

these 2 sequences. Whilst the Fvl gene from the 2 lambda subclones isolated 

were almost identical, only the ORF from 2DK1 was found to be open. It seems 

therefore that the 129/SvJ strain contains 2 alleles of Fvl. Genetic contamination 

has been mentioned as one possible explanation. However, another possibility is 

that there has been a duplication of the Fvl gene in this strain. Gene duplication 

has occurred repeatedly throughout evolution, as a way of unshackling a gene 

from the constraint of selection (discussed in the Introduction). This would be in 

accordance with the fact both alleles are FvV; if there are 2 alleles present due to 

genetic contamination, the probabilty is extremely low the contaminant strain 

would have the same, rare Fvl allele. Also, one would expect the restriction 

fragment patterns to be very similar, if not identical, between 2 isolates of the
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same allele. Gene duplication, on the other hand, frequently results in the 

insertion of the genqcopy into an entirely different locus, which would result in a 

difference in restriction fragment patterns compared to the original gene. This 

could also explain why only 1 of the alleles is open: gene duplication frequently 

results in the formation of pseudogenes, as the lack of negative selection for the 

maintenance of the duplicated gene results in the rapid accumulation of 

mutations.

To identil}' which of these scenarios is true, one could look for segregation of the 

2 alleles from 2DK1 and 6L10EH: if there are 2 alleles in 129/SvJ, these wül 

segregate in 50% of the offspring, whereas if this strain is hom ozygous for Fvl 

and the second band seen in the genomic southern is a result of gene duplication, 

the duplicated allele will fail to segregate.

7.3 Contributions of mutations to F vl phenotype
The results of the ful-typing assay of transfectants expressing m utant Fvl ORFs 

in an Fvl ° cell line gave reproducible but not always clear results: although the 

'major' restrictive phenotype produced by each construct could be readily and 

reprodudbly detected, the exact level of restriction seemed to vary between 

clones. The less pronounced patterns of restriction consequently proved m ore 

difficult to identify. This may simply be due to clonal differences between 

transfected cell lines. This is indicated by the finding that only a small proportion 

of all neo^ clones containing the m utant constructs showed Fvl activity. 

Additionally, when expression level in a similar Mus dunni clone containing an 

Fvl construct (B7/5) was measured, it was found to be comparable to the low, 

endogenous level, even when such expression is driven from a strong CMV 

promoter. As discussed at the end of Chapter 6, whether the problem lies with 

the use of this prom oter in Mus dunni cells, or whether the Fvl product is toxic at 

higher levels in the mouse cell, clonal variation in expression levels of Fvl in 

these clones is suspected to be the most likely explanation for the variability in 

restriction levels m easured in this assay. However, the possibility that the assay 

itself may be responsible cannot be ignored: whilst the assay is potentially 

extremely sensitive, the evaluation of Fvl restriction using pseudotyped MLV 

may well be equally sensitive to external variables such as variations in cell 

density at infection and the viral titre of reagents. To minimise this possibility, 

every effort was made to ensure the test plates contained the same num ber and
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density of cells at infection to minimise variation between plates, a task not too 

difficult with careful tissue culture for each separate clone. However, the same 

should apply betw een clones in each experiment and between experiments, a 

task m ore difficult to achieve. The exact level of cell density at which to infect 

m ay also be an im portant factor. Determining the importance of these variables 

experimentally m ay increase the stringency and accuracy of the assay for the 

future.

It should also be noted that the ceU line chosen to assess Fvl phenotype in may 

also be an im portant variable. Although the Mus dunni cell line used in these 

experiments is nuU with respect to Fvl activity, it may not be entirely inert, and 

as such m ay not be the ideal cell line for this type of experiment. Nuclease 

protection experiments corroborate the sequencing data to show that an Fvl 

mRNA is still produced in this cell line and is predicted to code for a truncated 

protein. Although any notable C-terminal truncation has been shown to abolish 

activity (J. Stoye, pers. comm.), the interaction between these self-similar Fvl 

products is unknown. Also, workers have shown that although these feral mice 

have the null allele, they all show some degree of innate resistance to MLV 

infection, and this has been assumed to be the result of other genes (this why 

MLV is mildly restricted in Mus dunni cells in this assay compared to N3T3 and 

B3T3 cells- see Table 6.3). Whether this innate resistance is due to other genes or 

due to the effect of the expression of the truncated endogenous Fvl product, the 

only way to avoid this variable would be to use an inbred mouse strain that 

produces no Fvl product. There evidence to indicate that such strains may well

exist in labs today (e.g.SC-1^^^ and 3T3 FL^^^_ gge section 1.5.5).

The results of the m utant constructs into Mus dunni indicates that the single most 

im portant change in determining Fvl phenotype appears to be the amino add 

change at position 358 in the ORF, at least in the combinations MMO, MMl and 

MM5. Whilst the fact that none of the MM2 and MM4 clones demonstrated a 

measurable level of restriction may reflect the true activity of these constructs, it 

is conceivable that, due to the small num ber of clones tested, cell lines displaying 

the phenotype were simply not tested.

An ful"-assodated lysine (K) residue at position 358 produces an Fvl" restriction, 

even when the other two changes are the Ful‘’-assodated changes (as in m utant 

MM5). Conversely, an Ful‘’-assodated glutamic add  (E) residue at this position

182



produces an Fvl^ phenotype, again even when the other two changes are 

associated with the opposite allele (as in m utant MMl). The next most im portant 

contribution to phenotype appears to be the presence or absence of the Fvl"- 

assodated deletion which changes the 3' end of the gene. An Fvl"-like terminus 

produces a weak Fvl" restriction whilst the opposite is true of the Ful*’-assodated 

terminus. In the absence of complete data for aU of the constructs, it is difficult to 

assign an effect of the second change (at position 399 in the ORF) on Fvl 

phenotype. However, there is an indication from the data that it may have an 

effect, in conjunction with the Fvl terminus change, on the restriction of NB- 

tropic virus.

7.4 Evolution of F vl

As indicated in the comparative analysis of the Fvl region from hum an and rat 

with mouse (section 7.1.3), the integration event that has given rise to the Fvl 
gene appears to have done so with minimal change at the site of integration. The 

gene itself corresponds to a portion of a retroviral gag gene. This indicates the 

event involved either the partial integration of the retroviral gag sequence 

originally, or the integration of the full-length retroviral genome followed by 

subsequent deletions removing the 5' LTR and the 3' LTR and the rest of the 

proviral genome. If the latter were true, the deletions may have occurred in a 

step-wise process, the intermediates of which might still be present in the m ore 

distantly-diverged mice. In the analysis of the sequences flanking the Fvl gene in 

the mice analysed, only Pyromys platythrix was found to have a significant 

insertion, 5' of the Fvl gene. However, the lack of homology of this sequence to 

the HERV-L and MERV-L marks this most Hkely as the result of an independent 

integration event,and as such does not appear to be such an intermediate in the 

formation of F vl. It should be noted, however, that this sequence does contain a 

pair of LTRs, in opposite orientation, which could m ark this location as a 

previous site of retroviral integration (see Appendix 7).

The sequencing project revealed both shared similarities and striking differences 

between some of the strains. Analysis of this data has provided an insight into 

the evolution of this gene.
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7.4.1 Features of the phylogenetic tree

The multiple alignment of all the sequences of the Fvl ORFs was used to produce 

the phylogenetic tree shown in Figure 4.3. It should be stressed that the data 

presented in this tree is based on the Fvl gene alone; extreme care m ust be taken 

when inferring phylogenetic relatedness of a group of organisms from the 

analysis of single character sets or animals. The tree obtained therefore is strictly 

a genetic tree of the Fvl gene, not a species tree of the genus Mus. The analysis 

of a single gene or gene family to infer genealogy can be highly inaccurate and 

extremely misleading^^^» ^12. However, the tree obtained through the analysis 

of Fvl sequence is in very close agreement with current phylogenetic trees of the 

genus Mus based on a variety of methods^79 (Figure 7.1), and as such it can be 

assumed that they both show the same phylogenetic relationship.

The tree deviates significantly with respect to just a single branch: the Mus 

carolijMus cookii samples both branch off one level earlier than in the published 

tree, branching off with Pyromys platythrix instead immediately after this species. 

Although current data suggests Mus dunni branches after Pyromys platythrix, the 

num ber of specimens sampled does not allow for accurate positioning, so it is not 

shown in Figure 7.1. The exact point of branching of Mus dunni therefore 

remains undetermined. It is interesting that the Mus cookii (and Mus dunni) ORFs 

are both truncated due to frameshift mutations; if the ORF was being selected for 

at this point, it could be argued that these were no longer under the same 

evolutionary pressure as the rest of the tree, and this could explain the 

discrepancy in the alignment of these two species compared to the current 

phylogenetic tree for Mus. The similarity between the Mus caroli and Mus 

cookiilMus dunni ORFs would then have caused Mus caroli to be mis-grouped 

with them. However, as discussed later, there is no direct evidence that the ORF 

was under this kind of selective pressure at this point. It is more likely that the 

difference in the pladng of these is due to the fact that the construction of this 

tree is based on the comparison of a single gene alone.
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Figure 7.1 Phylogenetic map of the genus Mus showing integration of MLV provirus into the germline '̂̂ 9
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This is the current consensus of the phylogenetic tree of the genus Mus. Also indicated on the tree are those members that possess 
endogenous MLV.



7.4.2 Fvl gene features across the Mus genus
As mentioned in the Introduction, the FvT  allele contains an internal deletion as 
well as the insertion of an lAP element not seen in the FvŸ  allele. There also are 
two distinct changes in the ORF between these alleles. The deletion seen in the 
F vV  allele was absent in the more diverged mouse species. Analysis of the two 
amino acid residues known to be important for F vV  phenotype showed that the 
ten out of the eleven wild mice outside the Mus musculus complex had the two 
residues specific to the Fvl" allele (one of the mice, Pyromys platythrix, has one 
residue specific to the Fvl" allele, and the other is specific to neither, presumably 
due to random mutation after this species branched from the rest of the tree). 
Taking these findings together with the phylogenetic tree data, it is possible to 
infer a likely sequence of events that led to the two alleles (see Figure 7.2 below).

Figure 7.2 Inferred sequence of events in the formation of the Fvl alleles in 
the inbred strains

Progenitor 
Fvl

I I

K -» E
►

 ̂ N allele

V -> R
X ► B allele

>  FvV

> FvV

The key events leading to the formation of Fvl are shown. In the formation of the Fvl" allele, these were the deletion at 

the 3' end of the gene, and the insertion of the lAP element in the downstream B2 repeat. In the formation of the FvV 

allele, 2 mutations in the ORF have occurred

Before now it has not been known how Fvl has changed structurally, whether 
the progenitor of Fvl had the structure of the FvŸ  allele with the Fvl" allele 
arising from an internal deletion, or whether the reverse occurred, with the FvŸ  

allele arising from an insertion into an Fvl"-size progenitor. Based on the 
sequence data it now seems that the former was true: Fvl was originally FvŸ- 

size, with the two fy l "-associated amino acids in the ORF. Over the course of 
evolution, the Fvl ORF underwent various mutations, culminating either in the 
change of the 2 amino acids in the ORF to form the FvP  allele or in the 3' deletion
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of -1300bp to form the FvV  allele. This deletion left the FvV  allele 19 amino adds 

shorter than Fvl^, and changed the last 3 amino adds.

In the wild mice, neither the changes in the Fvl ORF or the Fül"-assodated 

deletion event have occurred. Wild mice have been reported to contain null 

alleles in conventional Fvl assays 1^^. However, these mice show some small 

degree of MLV restriction, which has been attributed to other lod  in these mixed 

natural populations. Further analysis of restriction using much m ore sensitive 

assays wdU determine whether the unchanged Fvl allele in these mice is truly 

null.

Two of the mice with FvV-sized Fvl ORFs lacked the Ful "-assodated lAP in the 3' 

part of the gene. On sequencing the Fvl ORFs from these two samples, WSB/Ei 

and LG/J, they were shown to contain the single base pair m utation assodated 

with the Fvl"  ̂ allele. These two mice therefore contain not the FvV  bu t the Fvl“̂ 

allele. As the LAP was found to be widely distributed in both the Mus musculus 

musculus and Mus musculus domesticus subspedes, it is likely that the absence of 

the LAP in the deleted ORFs is due to loss of the element rather than a late 

integration event. Sequence data of the B2 repeats of the FvV  and FvV  alleles 

(i.e. of deleted alleles both with and without the LAP element) have shown that 

this exdsion event m ust have been complete (data not shown). As perfect 

exdsion events of these type of elements have not been reported, this implies 

that the LAP was rem oved either by gene conversion or recombination with the 

FvV allele rather than by exdsion.

As mentioned in the Introduction, the FvV^ allele is manifested as a modified FvV  

phenotype, allowing Fi;l-mediated retroviral restriction not only of B-tropic

virus but also some N-tropic virus^^^/ 1^^. Five of the mice strains used in the 

sequencing study have been previously typed as Ful"^, and the only shared 

difference in the sequence of their respective Fvl ORFs betw een them and those 

typed as FvV  seems to be a single nudeotide substitution, leading to a 

threonine->phenylalanine change at the amino add  level at position 352. This 

strongly suggests that this m utation alone is required for this modified 

phenotype. However, other differences not analysed, such as differences in the 

prom oter sequence and expression levels of the message, may yet be responsible 

for this modified phenotype. This has yet to be determined.

In the case of DBA /  2, a single amino add change and an assodated loss of the 

LAP in the B2 repeat seem to be involved in the modified phenotype we see in
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this strain, namely elevated B-tropic and lowered N-tropic viral titres. This 

change, which results in a lysine to glutamine amino add change at position 270, 

and the assodated loss of the LAP element was seen in two of the mice sequenced 

in this study, but, as they have yet to be typed for Fvl biological activity, no 

condusion can be drawn. One current idea is that the loss of the TAP m ay alter 

the expression level of Fvl in these cells. However, as no difference in either 

expression levels or pattern of expression could be detected betw een DBA, CBA 

or B6 mice, it seems m ore likely that the modified phenotype is due to the single 

m utation alone and that the loss of the LAP is simply an event which has occurred 

at the same time as the point mutation in these mice.

It is interesting to note that the 3 most distantly-diverged mice. Mus minutoides, 

Coelomys famulus and Pyromys platythrix, all have a B1 repeat inserted at the same 

location, which corresponds exactly to the deletion site that gave rise to the Fvl^- 
size allele (see Figure 4.5). If this element in these 3 spedes of Mus was due to a 

single integration event, then one would expect it to be present in subsequent 

spedes. As this is not the case then the B1 element would have to have been lost 

shortly after the divergence of Pyromys platythrix with the rest of the genus. 

Comparison of the sequence at the insertion point in mice lacking the repeat with 

those that contain it shows no deletions at this point, indicating that if the 

sequence was lost subsequent to insertion, it was exdsed perfectly. As such a 

specific deletion is unlikely, and the fact that the repeat in Coelomys famulus and 

Mus minutoides appear to be m ore similar to each other than Pyromys platythrix, it 
may be that the insert in these 3 mice is a result of 2 independent insertions, the 

first after Coelomys and Nannomys diverge from the rest of the genus, and the 

second after the divergence of Pyromys. If this is the case, then this site m ay 

favour the insertion of such elements. Deletion during such an event as this 

location m ay well have created the FvV-size allele we see today.

Predsely w hen these different changes which have proved im portant in the 

evolution of Fvl function have occurred has proven m ore difficult to show. 

Computer-aided comparisons of the sequence data has shown us how  the 

structure of Fvl has changed through the evolution of the genus Mus, and show 

the -assodated changes appearing soon after the Mus musculus complex 

diverged from  the rest of the tree. Events after this point in evolutionary time 

are much m ore difficult to determine. As explained in the Introduction, 

members of the Mus musculus complex, although mostly geographically distinct.
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do exchange genes wherever they come into contact. As well as these natural 

blending of populations. Mus musculus musculus and Mus musculus castaneous 

have been transported by m an in recent times to most parts of the world,

sometimes giving rise to new hybrid populations^^ This emphasises the

fact that Mus musculus is a single polytypic species which is, due to the influence 

of man, probably in a stage of d e - d i f f e r e n t i a t i o n l 0 4  As such i t  is inevitably 

difficult to dem onstrate how the members in the Mus musculus complex have 

evolved. However, from the sequence data it is possible to imagine a credible 

scenario (see Figure 7.3 below).

Figure 7.3 Scenario showing possible sequence of events leading to the F vl 

phenotype in the Mus musculus complex

nn
domesticus

d e l e t i o *- N allele
nn

musculus

^ B allele
nb

molissinus

nn
castaneous

nn
bactrianus

The Figure shows the sequence of change in the Fvl gene during the formation of the Mws musculus complex. The Fvl"- 

associated deletion point, inferred from its distribution in the study, is marked, as well as the status of the allele-specific 

residues in each subspecies.

As it is not clear as to the ancestral species of many of the inbred strains, no 

information about the recent evolution of the Mus musculus complex can be 

gained from these, and so these have been ignored in the following scenario. In 

fact, the established inbred strains have been found to be a combination of very 

divergent genomes, including Mus musculus domesticus and Japanese mice269,

2^^. In the scenario the fact that the deletion is seen in both Mus musculus 

musculus and domesticus but rwt Mus musculus castaneous or bactrianus indicates 

that this event occurred after the latter two diverged from the former two, but 

before Mus musculus musculus diverged from domesticus. Once the deletion took
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place the Fvl"" phenotype subsequently appeared and is seen in both  Mus 

musculus musculus and Mus musculus domesticus. The subspecies Mus musculus 

molissinus then inherited the Fvl^-size undeleted form of Fvl from Mus musculus 

castaneous, and it is in this subspecies that the first fu l  ̂ -allele-spedfic amino add  

change arises. In this way. Mus musculus molissinus seems to represent the 

intermediate allele in the formation of the fu l"  allele. This then enters the inbred 

strains as the Japanese component of its mixed lineage. The Fvl^ phenotype then 

appears subsequently in the inbred strains. The scenario assumes that the 

W MF/Pas M ms musculus domesticus strain from Tunisia has been either wrongly 

identified as Mus musculus domesticus or is a hybrid of some sort.

It seems reasonable to believe this is how Fvl has changed during its evolution, 

now we should address why: why have these changes occurred, what has been 

the force behind the selection for Fvl phenotype in mice? The answer, we 

believe, lies in the germline of these mice. The presence of MLV in the Mus 

germline provides a strong indication of what this selection pressure that drove 

the evolution of Fvl phenotype may have been. Around the time Mus spretus 

and the Mus musculus complex diverged, MLV, the virus restricted by Fvl,

entered the Mus germline^^. Soon after this event Fvl restriction arose in the 

Mus musculus complex, so it seems the Fvl phenotype evolved against a 

background of MLV infection, and most probably as a direct result of it. This is 

highlighted when examining the protein alignment of the ORF (see Appendix 4): 

there are a num ber of presumably random  changes in individual species, mainly 

in the older mice, but at the Mus spretus!Mus musculus division there are six or 

seven distinct changes betw een the groups (not including the two FvV/Fvl^- 

specific changes and the presumptive F vl^  change) over a relatively short period 

of time. Therefore, at the same time that MLV appears in the germline, in a short 

period of time a large num ber of discrete changes occur in the Fvl gene, some or 

aU of which may be important for Fvl phenotype. This is discussed in m ore 

detail later in this chapter.

Figure 7.4 shows the status of endogenous MLV in the germline of these mice. 

The most widely distributed type of MLV seen in the genus Mus is non-ecotropic 

which entered the germline around the time Mus spretus diverged from  Mus

musculus^^. This type of retrovirus is almost certainly B-tropic for Fvl restriction 

based on the sequence data of a large num ber of cloned endogenous non-
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Figure 7.4 Phylogenetic map of the genus Mus showing the nature of
endogenous MLV in the germline^^^
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ecotropic MLV (A. Stevens and J. Stoye- unpublished data), and so created a 
selection pressure for the control of B-tropic virus- the deletion specific to FvV  

alleles would therefore have been selected for and the FvV  allele would have 
then appeared. The selection pressure for the evolution of the Fvl^ phenotype is 
N-tropic retroviral infection. This has occurred more recently than non-ecotropic 
infection, and is shown by the presence of ecotropic AKV MLV in the Mus 

musculus molissinus germline^^/ ^1^. Once infected the selection pressure for N- 
tropic retroviral restriction caused selection for the two amino acid changes (the 
first of which is seen in the allele of this species), and FvV  phenotype appeared 
soon afterwards (in certain inbred strains, via the Mus musculus molissinus 

Japanese component). This scheme is summarised in Figure 7.5 (below).

Figure 7.5 Possible events leading to the formation of Fvl phenotype against a 
background of MLV infection
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The Figure shows the same scheme as Figure 7.3 but has marked on it the points of MLV invasion of the Mus germline, 
based on the distribution of endogenous MLV across the genus

In the above scheme, selection for Fvl activity is due to infection by MLV. Is this 
selection for the prevention of infection by exogenous MLV, or selection for the 
restriction of endogenous, integrated virus, the amplification of which would 
cause disease? The answer is almost certainly both, as the prevention of either 
would increase fitness, and Fvl activity would prevent both.
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7.4.3 Evidence for the maintenance of the F vl ORF

Out of 41 Fvl sequences analysed from 10 different species of mice, only 2 have 

prem ature stop codons. If we exclude the inbred laboratory strains of mice, in 

which Fvl activity is thought to be present, this leaves 18 sequences comprising 

almost 24kb of sequence. Among these sequences there have been 184 unique 

point mutations (not including the num erous insertions and deletions (indels) 

which could have also caused the introduction of stop codons). As 3/64 of 

random  mutations will produce a stop codon in a neutrally drifting sequence, 

these alone should result in 9 stop6- among these sequences if the ORFs were 

under no selection. This strongly suggests that this sequence cannot be 

functionless in mice without Fvl activity, as the Fvl ORF appears to have been 

maintained intact at least since the divergence of Coelomys famulus, some 5 MY 

ago.

Further evidence for the maintenance of the Fvl ORF during the spedation of 

Mus came from the analysis of synonymous and non-synonym ous mutation 

rates in the more-distantly-diverged mice. The ratios of these 2 types of 

mutation indicate that the Fvl ORF has been under negative selection, at least in 

Coelomys famulus, Mus cookii and Mus caroli, whose K s/K a ratios were found to be 

4-5x higher than expected for a sequence under random  m utation alone. 

However, this evidence is far from condusive, as the ratio expected for structural 

genes undergoing negative selection is usually in the order of 5:1. The 

disagreement may reflect the fact that that the entire ORF was used, and may 

indicate that different parts of the gene are under different selection pressures i.e. 

parts of the gene may be tolerant to change (i.e. non-synonymous mutation), 

and mutations of this type in these regions would reduce the K s/K a ratio. This is 

supported by the fact that the mutations that have occurred in the Fvl ORF are 

not randomly distributed along its length (see Appendix 3). However, one 

should note that in the Mus dunni the K s/K a ratio was high (1.203) even though 

this sequence contains numerous stop codons, and therefore under no selection. 

It may be that the mutations that cause these stop codons have occurred more 

recently in Mus dunni, in which case the sequence may have been under selection 

until relatively recently. The finding that the Fvl ORF from the older mice shows

signs of being under negative selection is at odds with the findings of Qi et a0^^. 

During their study, a large part of the Fvl ORF was cloned and sequenced from 

20 mice samples. Analysis of the first 355 amino adds revealed a K s/K a of 0.48, a
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value much lower than the trend seen in most of the Fvl ORFs in this study. This 

value, which is only marginally higher than for neutrally-drifting sequences, 

suggests that the Fvl ORF has not been under negative selection during the 

spedation of Mus. However, this figure presumably represents an average of 

the ratios between the sequences. Calculating the ratio in this way wiU be 

inherently inaccurate, as mutations accrued earlier wiU be present in more of the 

mice and wiU subsequently be weighted m ore than mutations unique to a 

sample. In this way, if more non-synonym ous m utations occurred earlier, they 

would have a greater effect on the K s/K a ratio, and would lead to a much lower 

value.

In summary, the low level of stop codons introduced by m utation of, and the 

bias for synonymous m utation in, the Fvl ORF suggest, albeit rather 

incondusively, that the Fvl ORF has been under negative selection during the 

spedation of Mus, prior to the evolution of 'true' Fvl activity. This implies that 

the Fvl allele seen in the more distantly-diverged mice has some activity that has 

been selected for at least from the time of the divergence of Coelomys some 5 

million years ago, and possibly since its integration some 8-10 million years ago. 

Just what this activity may have been (and may stiU be?), is subject to 

speculation. It may be that the allele seen in the wild mice may restrict MLV, 

albeit to a lesser extent than the FvV  and Fvl^ alleles, and it may be this allele that 

is responsible for the low degree of innate innate restriction seen in these feral 

mice. This will be determined in the future using m ore sensitive Fvl assays with 

constructs containing Fvl from these mice (see the Future Work section). 

Another possibilty is that MLV is not the first retrovirus to be restricted by Fvl; it 

may be that the Fvl ORF in feral mice has been able to immunise mice against a 

retroviral invader in the distant past which is no longer seen today. In this 

scenario the Fvl ORF of feral mice would have been under selection for as long 

as this retrovirus infected mice, and selection would have ceased once the 

retrovirus became extind, allowing the Fvl sequences from feral mice to accrue 

mutation naturally. This could account both for the maintenance of the intact Fvl 

ORF among the feral mice and the relatively low synonym ous codon bias seen in 

these mice. A more unlikely explanation is that Fvl has another, as yet 

undetermined, function in the mouse, a role unrelated to retroviral restriction. 

However, the low KsiKa ratio seen in the feral mice would seem to argue against 

this. . r - ^

'-V - ,
• - ... ! '
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The results of the Fvl phenotype assay using m utant constructs have important 

implications on the scheme of the evolution of the Fvl gene. The original 

sequencing of the two main alleles of Fvl highlighted the 3 diffences are shown 

in Figure 1.6, and these have been assumed to be required for Fvl phenotype. If
irvyv\)

this were true, it is difficult to see how the original sequence could have had 

activity after integration, and would only have gained activity after gaining the 

changes we see in the two alleles we see today. From the information gained 

from this study, namely that activity can be caused by the presence of a lysine or 

glutamic acid at just one residue (position 358), and that the gene probably did 

have one of these upon integration (namely the Ful "-associated lysine), it now 

seems possible that Fvl activity was acquired w ith the acquisition of this original 

sequence. However, the vast majority of the Mus genus have no activity, 

certainly all members outside the Mus musculus complex tested to date. The 

original Fvl activity, however, may not have been great, but would have 

provided the necessary selective advantage, under the conditions outlined in the 

scenario in Figure 7.5, for maintenance of this element. Subsequent selection for 
mutations that i i r ^ q v e  upon this activity would then have led to the changes we 

see today. The common changes mentioned earlier, observed betw een the Mus 

musculus complex Fvl ORF and the rest of the genus, may be im portant in this 

way. In most members of the Mus genus these changes have not occurred. This 

original, 'basehne' activity may still remain but current Fvl assays may not be 

sensitive enough to identify it clearly. However, feral mice have been observed 

to have an innate ability to restrict MLV to a small extent: could this be the 

original level of activity? Alternatively, it is im portant to note that in this project, 

only changes in the Fvl ORF have been studied; changes we see in phenotype 

have been equated to changes we see in the protein, and this appears to be true. 

However, a gene is nothing without the prom oter. We know the integration 

event that gave rise to the gene did not provide Fvl with its own prom oter, and 

the gene therefore uses a mouse prom oter for expression. But it is likely that this 

prom oter may not have been adequate originally: as mentioned previously, 

there is evidence to suggest Fvl activity may acutely sensitive to the level of Fvl 

expression. So, just as the Fvl ORF has been shown to have undergone great 

change to fine-tune its function, the same could weU be true of the prom oter too. 

It may be that most members of the Mus genus have a functional Fvl gene (to 

some degree) after all, but need some crucial changes in the prom oter to realise
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this potential. Future work, examining the prom oter in the same way as the Fvl 

ORF has been, from mice from across the genus, will answer this.

7.5 Future work

The next step in the study of Fvl evolution would be to carry out a similar 

project as the sequencing project in Chapter 4, but based on phenotype. The Fvl 

ORFs cloned during the sequencing project should be typed for Fvl activity. ̂ In  

particular-the MM3 construcf;^ this Fvl ORF contains the changes most probably 

found in the original gene, so if this were found to have a measurable activity 

with MLV, it would make a stronger case for the maintenance of the Fvl ORF in 

older mice. Also, the assessment of phenotype for the Fvl ORF cloned from 

MOL and LG/J would be interesting: MOL appears to represent the intermediate 

in the formation of the FvŸ  allele, being undeleted and having the Fvft-spedfic 

residue at position 358 and the fu i  "-associated residue at position 399. LG/J, on 

the other hand, has the Fy2 "-associated changes as well as both the changes 

associated with the Fvl'^ and F v V  alleles. By assessing the phenotype of these 

and the other Fvl ORFs from across the Mus genus, the effect on Fvl activity of 

the progression of changes that have occurred in this gene during the spedation 

of Mus could be assessed. This would provide information not only concerning 

the physical structure of the gene, which residues have what effects, but also 

would ascertain whether this sequence did have any measurable activity upon 

integration, and how exactly this activity was developed over time. However, 

the assay would have to be extremely sensitive to detect the slightest changes in 

phenotype, and for the reasons mentioned previously the current Fvl assay 

used for this work is probably not sensitive or robust enough. Fortunately, a 

new m ethod of assessing phenotype involving the use of retroviral constructs 

expressing fluorescent proteins, quantified by FACS analysis, has been 

developed in this laboratory, and seems to be far superior to any other m ethod 

(J. Stoye, pers. comm.). Using this method, it may be possible to determine the 

evolution of Fvl phenotype in mice.
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Appendix 1 DNA Size Markers

X HinDIII (Life Technologies):
23,130

9,416
6,557
4,361
2,322
2,027

567
125

<j)x-174 Haelll (Life Technologies);
1,353
1,078

872
603
310
281
271
234
194
118

72

Ikb Ladder (MBI Fermentas):
10000

8000
6000
5000
4000
3500
3000*
2500
2000
1500
1200
1031*

900
800
700
600
500*
400
300
200
100

*  T h e s e  b a n d s  a r e  b r i g h t e r  t h a n  t h e  r e s t  t o  s e r v e  a s  r e f e r e n c e s
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Appendix 2 Cloning and Expression Vectors

Lambda FIX II cloning vector (Stratagene)
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pGEM®-3Zf(+) cloning vector (Promega)

T7 Tanscfipion Start
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5 '. . . J Ù W ,  TAC^A  CTCAC TATAfe ÜGCGA ATTGÙ AGCTC G G W  COâGG GATCC

t z  P t o m o t r  M  I  I I L  ,  L -  l  I IEwR I S a c I A » l  RsLiW i I 
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SP6 Transcrip^cn Start 
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2260

IVcfel
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f l  o fi

64

Ofl
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pCI-neo expression vector (Promega)

TzTranscHp^on Start

I
5 ... nMTAOSACTCî TATAâ<SCTAâOCTOâAâMTTCAC<SO(ST<3<ST 

I------------------------- U I U___ II_____ I
T7 Promoter

W>wl Xho-I
JeopR I Mfj\

TsTranscHpton Start 
 1
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1 :O0G
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ACC\ 112:
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\ 13 T

M13mpl8* bacteriophage cloning vector (Amersham Phamacia)

>?31
I M13mp18 6?67

«AAiTCî;JAÜ C^CG aTACCCC5GaGA TCCTCTA 3AÜ TCG ACCTaCA ü3CATtK :A A3Cn

îZi b, ; h , O'»'
l in e  I

Sph

M13mpl9 is identical to M13mpl8, except the MCS shown is in the opposite orientation
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pPCR-script phagemid cloning vector(Stratagene)

T7 Tansciipion Start

I ^
5' . .  .TOTW TACcSA CTCAC TATAC ÙÙCÙA /TTCC AâCTC CCRC COâCC CATCC

'  — ' W H s - W
Sm*l

GcoA I S(*cl

SPeTranscijp^cn Start 
4-

TCTAC AATCÙ ACCTC C A Ç Ç C  ATCCA AACTT C fA T ^ T 6  TCACC  TAAAT.. . s '
SPe PiomotrXbal Wl 

,4ool 
Htfc II

Hind

/Vagi 330

m l 5»

Script Amp
■5SSH1I619 
K p n l i à î  T7| 
5.VI 728 
S9Cl 759 Tst 
fS5Hll972

PVUW 977

1153

PAC cloning vector pCYCPAC2N

N O T I (10720) 
BHAM I (1)

SacB Promotof

P I  L y t ic  R e p lîc o n

X H O I  (1 3 9 8 5 )

KANAMYCIN

SCAI (21)

pC Y PA C 2 
18754 b p

PUC-LINK

— SCAI (1789)

SCAI (2723) 
BAHMI (2739)

N O T T I (2778)

' SacBllgene

SACII (10141)

X H Q I (9158)

P I  P la s m id  R e p lîc o n
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Appendix 3 Multiple
sequence alignments using the Fvl sequence from the mice used

in the sequencing project
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1 11 21 31 41 51 61 71 81 91 100
I I I I I I I I I I I

AKR ATGAATTTCC CACGTGCGCT TGCTGGTTTC TCGAGCTGGC TCTTCAAACC TGAACTTGCC GAGGACTCTC CGGATAATGA CTCTCCGGAT AATGACACTG
BDP/j 
LG/J 

P.attack 
RBA 

RF/J 
SF/cam 
SK/cam 
ST/BJ 
SWR/J 
MBT 
BZO 
DBA 
WSB 
129 

SKIVE 
NZW/lacj 
NZB/binj 

ty M.mus_cz
VO M.mus cz

C57BL ................................................................................................................
PRO/Irai ................................................................................................................

FvB/NJ ................................................................................................................
I/LNJ ................................................................................................................

Rlll/dom ................................................................................................................
SEC/lraj ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR ................................................................................................................
CIM ................................................................................................................

M .sprat ................................................................................................................
WMP/pas ................................................................................................................

SFM ................................................................................................................
XBS ................................................................................................................
ZYP ................................................................................................................
KAR ....................................A .....................................A ............... ......... G.GA......

M.car ....................................A .....................................A ............... ......... G.GA......
COK ................................................................................ A ................... G.GA......

M.dunni ...................................................................................... A.. .---------G.GA....G.
PTX ......... T ............................................... T  GG. . . .--------- G.GA......

M.minute ................................................................................... C.G... .---------G.GA.T. . . .
FAM ................................... C ...................................................... ......... G.GA......



101 111 121 131 141 151 161 171 181 191 200
I I I I I I I I I I I

AKR TTAACCCATG GCGTGAGCTG CTGCAGAAGA TAAATGTGGC CGATCTCCCC GATTCATCCT TTTCGAGCGG TAAGGAACTT AATGACTCTG TGTACCATAC
BDP/j .......................................................................................................
LG/J .......................................................................................................

P.attack
RBA .......................................................................................................

RF/J .......................................................................................................
SF/cam .......................................................................................................
SK/cam .......................................................................................................
ST/BJ .......................................................................................................
SWR/J .......................................................................................................
MBT .......................................................................................................
BZO .......................................................................................................
DBA .......................................................................................................
WSB .......................................................................................................
129 .......................................................................................................

SKIVE .......................................................................................................
NZW/lacj .......................................................................................................
NZB/binj .......................................................................................................
M.mus_cz ................G ......................................................................................
M.mus_cz .......................................................................................................

C57BL .......................................................................................................
PRO/lrej .......................................................................................................

FvB/NJ .......................................................................................................
I/LNJ .......................................................................................................

Rlll/dom .......................................................................................................
SEC/lrej .......................................................................................................

MOL .......................................................................................................
MOLD/RK .......................................................................................................

BIR .......................................................................................................
CIM .......................................................................................................

M.spret ...GT..................................................................................................
WMP/pas ...GT.......................................................................................................G. .

..................................................................................................G. .

.................................... A  G. .
ZYP ...G........................................................................................................GG.

SFM . . . G T .  
XBS . . . G . ,

.G.

KAR ............................................................................................................................................................................................................................................................................
M . c a r  ...................................................................................................................................................................................................................................................... T ..................

COK .............................................................................................................................................................................................................................................. G..........................
M.dunni ..................................................... T ................... .............................

PTX .................G.......................................................................... G . . C ......................................................................................................................................................................G.G.
M.minute  ........................ ............................C A . . T ..........................................................................T ..................A ........................................................... G.

FAM • G.



201 211 221 231 241 251 261 271 281 291 300
I I I I I I I I I I I

AKR TTTTGAACAT TTCTGCAAGA TTAGGGACTA TGACGCAGTT GGCGAGCTGC TTCTGGCATT TCTGGATAAA GTAACAAAGG AAAGGGACCA ATTCAGAGAT
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................ ...............................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ........ . .....................................................................................................
NZB/binj ................................................................................................................
M.mus_cz .............................................................................. .................................
M.mus_cz ................................................................................................................

C57BL ................................................................................................................
PRO/lrej ................................................................................................................

FvB/NJ ................................................................................................................
I/LNJ ................................................................................................................

Rlll/dom ................................................................................................................
SEC/lrej ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR ................................................................................................................
CIM ................................................................................................................

M.spret ................................................................................................................
WMP/pas ................................................................................................................

SFM ................................................................................................................
XBS ................................................................................................................
ZYP ................................................................................................................
KAR ................................................................................................................

M.car .................................................... ............................................ ...............
COK ................................................................................................................

M . dunni ................................... -G.............................................T ...........................
PTX ................................................................................................................

M. minute ...............................A ......................................... ......................................
FAM .................................... T ..........................................................................



K
to

301 311 321 331 341 351 361 371 381 391 400
I I I I I I I I I I I

AKR GAAATTTCCC AGCTCCGAAT GCACATAAAT GATCTAAAGG CTTCTAAGTG TGTCCTGGGG GAGACTCTTC TTTCCTACCG CCACAGGATT GAAGTTGGGG
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ........................................................................................................... .....

SKIVE ........................................................................................................... .....
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.mus_cz ................................................................................................................
M.mus_cz ......................................................... .......................................................

C57BL ................................................................................................................
PRO/lrej ................................................................................................................

FvB/NJ ................................................................................................................
I/LNJ ................................................................................................................

Rlll/dom ................................................................................................................
SEC/lrej ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR ................................................................................................................
CIM ................................................................................................................

M. spret ................................................................................ C ........................  A
WMP/pas ................................................................................ C ..............................A

SFM ................................................................................ C ..............................A
XBS ................................................................................................................
ZYP ................................................................................................................
KAR ................................................................................ C ...............................

M.car ................................................................................ C ...............................
COK ................................................................................ C...............................

M .dunni ................................................................................ C ...............................
PTX .......................... G ........ T ..........................................C ...............................

M.minute ................................................................................ C ...............................
FAM ................................................................ A .............C, .T...........................



401 411 421 431 441 451 461 471 481 491 500
I I I I I I I I I I I

AKR AAAAACAGAC TGAAGCCCTC ATTGTGAGGT TAGCTGATGT GCAATCCCAG GTCATGTGTC AGCCTGCCCG G-AAAGTGTC TGCAGATAAG GTGAGGGCAC
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.mus cz ................................................................................................................
M.mus cz

C57BL ..................................................................................
PRO/lrej ..................................................................................

FvB/NJ ..................................................................................
I/LNJ ..................................................................................

Rlll/dom ..............................................................................
SEC/lrej ..................................................................................

MOL ..................................................................................
MOLD/RK ..................................................................................

BIR ..................................................................................
CIM ..................................................................................

M.spret  C. .
WMP/pas      C. .

SEM  C. .
XBS ..................................................................................
ZYP ..................................................................................
KAR ..................................................................................

M.car .......................................... T ......................................
COK ..........................................T ..................................A

M . dunni ...................G ..................... T .....................................G.
PTX .......................................... T. . . .G A. . .0..........C .........

M.minute ....G...........................  T .................C ..........C .........
FAM .......................................... T ......................................



501 511 521 531 541 551 561 571 581 591 600
I I I I I I I I I I I

AKR -TGATTGGTA AA-GAATGGG ATCCGGTAAC CTGGGATGGA GATGTGTGGG AGGACATAGA TTCTGAAGGG TCTGAGGAAG CTGAGTTGCC CACTGTCTTG
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.mus_cz ........ . .....................................................................................................
M.mus_cz ................................................................................................................

C57BL ................................................................................................................
PRO/lrej ................................................................................................................

FvB/NJ ................................................................................................................
I/LNJ ................................................................................................................

Rlll/dom ................................................................................................................
SEC/lrej ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR ................................................................................................................
CIM ................................................................................................................

M.spret .............................................................................. A ........... A ...................
WMP/pas .............................................................................. A ........... A ...................

s m  .............................................................................. A ........... A ...................
XBS .............................................................................. A .................................
ZYP .............................................................................. A .................................
KAR ......................................................................... G. . . A ...........A ...... A ...........

M.car ......................................................................... T. . . A ...........A ...... A ...........
COK ..........................................................................T. . . A ...........A ...................

M.dunni C ........... A .................. T ........................................G., . A ...........A ...................
PTX ......................................................................... T .......... A... .A............. C..C.

M.minute .......................... ............................................... T... A  A... .A. . .0......... A. .00
FAM ............... T ........................................................ T. . . A ...........A ...................



601 611 621 631 641 651 661 671 681 691 700
I I I I I I I I I I I

AKR GCCTCTCCAT CCTTGTCTGA GGAAAGTGGT TATGCCTTGT CTAAAGAACG CACCCAGCAG GACAAAGCAG ATGCCCCTCA GATCCAGTCT TCAACATCCT
BDP/j 
LG/J 

P.atteck 
RBA 

RF/J 
SF/cam 
SK/cam 
ST/BJ 
SWR/J 
MBT 
BZO 
DBA 
WSB 
129 

SKIVE 
NZW/lacj 
NZB/binj 
M.mus_cz 
M.mus_cz 

C57BL
PRO/lrej ...............................................................................................

FvB/NJ ...............................................................................................
I/LNJ ...............................................................................................

Rlll/dom ...............................................................................................
SEC/lrej ...............................................................................................

MOL ................................................................................................
MOLD/RK ................................................................................................

BIR ................................................................................................
CIM .............................................T .................................................

M.spret .................................................... . T ............................T ..........
WMP/pas ......................................................T ........................... T ..........

SETYI ......................................................T ........................... T ..........
XBS ....................................................................................T ..........
ZYP ....................................................................................T ..........
KAR .............................................. A .........G .........................T ....... A..

M.car .............................................. A .........G ...............   T ........ A..
COK ........... T .................................A .......... T.T ...............TT.......A..

M.dunni .................................. T ...............................................T  A. .
PTX .................................................................................. TT.G......A..

M.minute ....... C  T  T...A.TT........ A..
FAM .........................................C .........................................T ........ AG.



Ko\

701 711 721 731 741 751 761 771 781 791 800
I I I I I I I I I I I

AKR TAGTTACTTC TGAACCTGTC ACCAGACCCA AGTCTCTGTC TGACCTTACA AGTCAGAAAC ACCGCCATAC TAATCATGAA CTCAATTCAC TTGCTCACTC
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.mus_cz ................................................................................................................
M.mus_cz ................................................................................................................

C57BL ................................................................................................................
PRO/lrej ................................................................................................................

FvB/NJ ................................................................................................................
I/LNJ ................................................................................................................

Rlll/dom ................................................................................................................
SEC/lrej ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR ................................................................................................................
CIM ................................................................................................................

M.spret .................................................................................. C ............A ............A..
WMP/pas .................................................................................. C ............A ............A..

SFM .................................................................................. C ............A ............A..
XBS .................................................................................. C ............A ............A..
ZYP ......................................................................G ...........C ............A ............A..
KAR .................................................................................. C ............A ............A..

M.car .................................................................................. C ............A ............A. .
COK .................................................................................. C ............A ............A..

M.dunni .................................................................................. C ............A ............A. .
PTX ...... GG...................................................   C..G.C .AG.

M.minute ...................................................................... T .........G.C. .G.........A ............A..
FAM .................................................................................. G ..........G ............. T...



801 811 821 831 841 851 861 871 881 891 900
I I I I I I I I I I I

AKR AAATCGCCAA AAGGCAAAGG AACATGCTAG GAAATGGATT TTAAGGGTGT GGGATAATGG TGGGAGGCTC ACAATACTGG ATCAGATTGA ATTTCTCAGT
BDP/j ................................................................................................................
LG/J .........  C ....................................................................................................

P.atteck ................................................................................................................
RBA .......................... C ....................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA .........  C ....................................................................................................
WSB .........  C.
129..............

SKIVE 
NZW/lacj 
NZB/binj 

^  M.mus_cz
^  M.mus cz

C57BL ...................................................................................................
PRO/lrej ...................................................................................................

FvB/NJ ...................................................................................................
I/LNJ ...................................................................................................

Rlll/dom ...................................................................................................
SEC/lrej ...................................................................................................

MOL ...................................................................................................
MOLD/RK ...................................................................................................

BIR ...................................................................................................
CIM ...................................................................................................

M.spret .. . .T C .......................................................................................
WMP/pas . . . .T C ......................................................................................

SEM  T  C ......................................................................................
XBS .......... C .................................................................................... A.
ZYP .......... C .................................................................................... A.
KAR ..G....... C ..........G .... G ............................ G ................................... GC.

M.car  A  C .................G .................................................................. C.
COK .......... C .................................................................................... C.

M . dunni .........  CG..  ................................................................. G .............C .
PTX ............G ............G .... C ............................................... G .............. C.

M.minute . . . .T........T. . .GG G. . .CG...................................... A ...............A .......C.
FAM .......... C .................................................................... G ................



«00

901 911 921 931 941 951 961 971 981 991 1000
I I I I I I I I I I I

AKR TTAGGTCCTT TGAGCCTTGA TAGTGAGTTT AATGTCATAG CCCGCACTGT TGAAGATAAT GGTGTGAAGA GTTTGTTTGA TTGGTTGGCT GAAGCATGGG
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.mus_cz ................................................................................................................
M.mus_cz

C57BL ................................................................................................................
PRO/lrej ................................................................................................................

FvB/NJ ................................................................................................................
I/LNJ ................................................................................................................

Rlll/dom ................................................................................................................
SEC/lrej ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR ................................................................................................................
CIM ................................................................................................................

M.spret ........... A ...................................................................................................
WMP/pas ........... A .......................................... .......................................................

SFM ........... A ...................................................................................................
XBS ................................................................................................................
ZYP ................................................................................................................
KAR .................................................... G ...........C .............................................

M.car .................................................... G ...........C .............................................
COK .......................................................... C ....................................................

M.dunni ................................................A ...............................................................
PTX .............................................................. A ................................................

M.minute ...... ....................................... T ...............A ................................................
FAM ................................................................................................................



KVO

1001 1011 1021 1031 1041 1051 1061 1071 1081 1091 1100
I I I I I I I I I I I

AKR TCCAGAGATG GCCTACTACA AGAGAGCTGC AGTCGCCTGA CACCCTGGAG TGGTATTCTA TTGAGGATGG GATTAAAAGG CTTAGGGAAC TTGGAATGAT
BDP/j ................................................................................................................
LG/J ............................................................... T ...............................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ............................................................... T ...............................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129.. T ...............................................

SKIVE ............................................................... T ...............................................
NZW/lacj ............................................................... T ...............................................
NZB/binj ............................................................... T ...............................................
M.mus_cz ................................................................T. . ............................................
M.mus_cz ............................................................... T ...............................................

C57BL ................................................................................... G ...........................
PRO/lrej ................................................................................... G ...........................

FvB/NJ ................................................................................... G ...........................
I/LNJ ................................................................................... G ...........................

Rlll/dom ................................................................................... G ...........................
SEC/lrej ................................................................................... G ...........................

MOL ............................................................... T ...............................................
MOLD/RK ............................................................... T ...............................................

BIR ................................................................................................................
CIM ................................................................................................................

M.spret ..................C ................A ........................................................................ T..
WMP/pas ..................C ................A ........................................................................ T..

SIM ..................C ................A ........................................................................ T..
XBS ................................... A ...........................................................................
ZYP ................................... A ...........................................................................
KAR ................................... A ........ G  A ..........................................................

M.car ................................... A ......... G ................................................................
COK ................................... A ......  TG.................................................................

M.dunni ................................... A ...........................................................................
PTX ................................... A ........................... G .............................................

M.minute ................... T ...............A .......................T..A.G ............................... G ...........
FAM ................................... A ...........................................................................



1101 1111 1121 1131 1141 1151 1161 1171 1181 1191 1200
I I I I I I I I I I I

AKR AGAGTGGCTT TGTGTAAAAG CTACTTGTCC ACAGTGGAGG GGCCCGGAAG ATGTACCCAT CACGAGAGCT ATGAGGATAA CTTTTGTCCG GGAAACTGTA
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.mus_cz ................................................................................................................
M.mus_cz .............................................................................. ................................

C57BL ..............................................................................................................AG.
PRO/lrej ..............................................................................................................AG.

FvB/NJ ..............................................................................................................AG.
I/LNJ ...................................................................................................   AG.

Rlll/dom ..............................................................................................................AG.
SEC/lrej ..............................................................................................................AG.

MOL ..............................................................................................................AG.
MOLD/RK ............................................................................................................. AG.

BIR ................................................................................................................
CIM ................................................................................................................

M.spret ................................................................................................................
WMP/pas ................................................................................................................

SET4 ................................................................................................................
XBS ........................................................... C ...............G ...................................
ZYP ........................................................... C ...................................................
KAR ........................................................... C...................................................

M.car ........................................................... C...................................................
COK ........................................................... C...................................................

M . dunni ........................................................... C ....................... C . C C .................... A.
PTX ........................................................... C .............G .................................. A..

M.minute ........................ C ......... G ................ T. ...C..........T. .G.............G T .......A ..........A.
FAM ................................................................................................................



1201 1211 1221 1231 1241 1251 1261 1271 1281 1291 1300
I I I I I I I I I I I

AKR GAGACTTGGA AGAGCTTTGT ATTTAGCCTC CTCTGTATAA AGGACATAAC AGTGGGGAGC GTGGCTGCTC AGTTGCATGA TCTAATAGAA TTAAGTTTAA
BDP/j 
LG/J 

P.atteck 
RBA 

RF/J 
SF/cam 
SK/cam 
ST/BJ 
SWR/J 
MBT 
BZO 
DBA 
WSB 
129 

SKIVE 
NZW/lacj 
NZB/binj 

^  M.mus cz
M.mus_cz

C57BL ...............................................................................................................
PRO/lrej ...............................................................................................................

FvB/NJ ...............................................................................................................
I/LNJ ...............................................................................................................

Rlll/dom ...............................................................................................................
SEC/lrej ...............................................................................................................

MOL ...............................................................................................................
MOLD/RK .................... ..........................................................................................

BIR ...............................................................................................................
CIM ...............................................................................................................

M.spret ...............................................................................................................
WMP/pas ...............................................................................................................

SFM ...............................................................................................................
XBS  A ..........................................................................................................
ZYP ...............................................................................................................
KAR ..................C ............................................G ...........C .......................... G .....

M.car ..................C ............................................G ...........C ..................................
COK .................. C. . T ........................................................................................

M . dunni ............ G ............................................................. C .................................. '
PTX ...GA..........................................................................................................

M.minute ...T A. . . .G.........AAA.
FAM



g

1301 1311 1321 1331 1341 1351 1361 1371 1381 1391 1400
I I I I I I I I I I I

AKR AGCCAACAGC AGC--------------------------------------------------------------------------------------------------
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.mus_cz ................................................................................................................
M.mus_cz ................................................................................................................

C57BL ............. TGG...............................................................................................
PRO/lrej ............. TGG...............................................................................................

FvB/NJ ............. TGG...............................................................................................
I/LNJ ............. TGG...............................................................................................

Rlll/dom ............. TGG................................................................................. .............
SEC/lrej ............. TGG...............................................................................................

MOL ............. TGG...............................................................................................
MOLD/RK ............. TGG...............................................................................................

BIR ............. TGG...............................................................................................
CIM ............. TGG...............................................................................................

M.spret ............. TGG...............................................................................................
WMP/pas ............. TGG...............................................................................................

SFM ............. TGG...............................................................................................
XBS  T .........TGG..............................................................................................
ZYP  T .........TGG..............................................................................................
KAR ............. TGG...............................................................................................

M.car ............. TGG...............................................................................................
COK ............. TGG...............................................................................................

M.dunni ............. TGG...............................................................................................
PTX --- ......A ...CAG CACTCG GGAGGA GGAT TTCTGAGTTC AACGCC...............

M.minute .---..AGC. ...CGGGCGT GGTGGCGCAC GCTTTTAATC CCAGCACTTG GGAGGCAGAA GCAGGCGGAT TTCTGAGTTC AAGG.................
FAM  G.C......CGGGCGT GGTGGCGCAC GCTTTTAATC CTAGCACTCG GGAGGCAGAG GCCGGCAGAT TTCTGAGTTC TAGGTGGATT TCTGAGTTCG



§

1401 1411 1421 1431 1441 1451 1461 1471 1481 1491 1500
I I I I I I I I I I I

AKR -----------------------------------------------------------------------------------------------------------------
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.mus_cz ..................................................................................................... ..........
M.mus_cz ................................................................................................................

C57BL ................................................................................................................
PRO/lrej ................................................................................................................

FvB/NJ ................................................................................................................
I/LNJ ................................................................................................................

Rlll/dom ................................................................................................................
SEC/lrej ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR ................................................................................................................
CIM ................................................................................................................

M.spret ................................................................................................................
WMP/pas ................................................................................................................

SFM ................................................................................................................
XBS ................................................................................................................
ZYP ................................................................................................................
KAR ................................................................................................................

M.car ................................................................................................................
COK ................................................................................................................

M.dunni ................................................................................................................
PTX ..GCCAGCCT GGTTTACAAA GTGAG.TTCA GGACAGCCAG GGCTATACAG AGAAACCCTG TCT...CGAA AAAACCAAAA AAAAAAAAAA GAATTAAGCA

M.minute ...CCAGCCT GGTCTACAAA GTGAGTTCCA GGACAGCCAG GGCTACACAG AGAAACCCTG TCTCTNNNNA NAAAANNAAN NNAAAAAAAA GAAAGAAAGA
FAM AGGCCAGCCT GGTCTACAAA GTGAGCTCCA GGACAGCCAG GGCTATACAG AGAAACCCTG TCT..TC..A AAAACCAAAA AAAAAAAAAA AAAACCAACA



1501 1511 1521 1531 1541 1551 1561 1571 1581 1591 1600

I

AKR 
BDP/j 
LG/J 

P.atteck 
RBA 

RF/J 
SF/cam 
SK/cam 
ST/BJ 
SWR/J 
MBT 
BZO 
DBA 
WSB 
129 

SKIVE 
NZW/lacj 
NZB/binj 
M.mus_cz 
M.mus_cz 

C57BL 
PRO/lrej 

FvB/NJ 
I/LNJ 

Rlll/dom 
SEC/lrej 

MOL 
MOLD/RK 

BIR 
CIM 

M.spret 
WMP/pas 

SFM 
XBS 
ZYP 
KAR 

M.car 
COK 

M.dunni 
PTX 

M. minute 
FAM

GACT..... .... TC TGTAGGCTCT G ........ ........ T GGGGG.TTCT
.CTT GACT..... .... TC TGTAGGCTCT G ........ ........ T GGGGG.TTCT
.CTT GACT..... .... TC TGTAGGCTCT G ........ GGGGG.TTCT
.CTT GACT..... TGTAGGCTCT G ........ ........ T GGGGG.TTCT

GACT..... .... TC TGTAGGCTCT G ........ GGGGG.TTCT
GACT..... TGTAGGCTCT G ........ ........ T GGGGG.TTCT
GACT..... .... TC TGTAGGCTCT G ........ ........ T GGGGG.TTCT

, .CTT GACT..... .... TC TGTAGGCTCT G ........ ........ T GGGGG.TTCT
.CTT GACT..... TGTAGGCTCT G........ GGGGG.TTCT
.CTT GACT..... .... TC TGTAGGCTCT G ........ ........ T GGGGG.TTCT
. .CTT GGCT..... .... TC TGTAGGCTCT G ........ ........ T GGGGG.TTCT

GCCTGCTGGT TT. .GGCTTC TGTAGGCTCT G ........ ........ T GGGGG.TTCT
GCCTGCTGGT TT. .GGCTTC TGTAGGCTCT G ........ ........ T GGGGG.TTCT

, .CTT GACTGCTGGT TT. .GGCTTC TGTAGGCTCT G ........ ........ T GGGGG.TTCT
, .CTT GACTGCTGGT TT. .GGCTTC TGTAGGCTCT G ........ ........ T GGGGG.TTCT

GACTGCTGGT TC. .GGCTCC TGTGGGCTCG G ........ ........ T GGCGG.TTCT
GACTGCTGGT TC. .AGCTCC TGTGGGCTCC G ........ ........ T GGCGG.TTCT

, .CTT GACTGCTGGT TT. .GGCTCC TGTGGGCTCT G ........ ........ T GTCGG.TTCT
GACTGCTGGT TT. .GGCTCC TGTGGGCTCT G ........ ........ T GGGGG.TTCT

, .ATG GTTTGTCGGT TT. .GGCTCC TGTGGGCCCT G ........ ........ T GGCGG....
:gctc ACCCCTTTAA TCCCAGCATN TGTGAGGTA. GAGGCAGGTG .GATTTCTGA GTTCGAGGCC
,GCTT GACTGATGGT TT. .GGCTCC TGTGGGCTCT G ........ ........ T GGCGG.TTCT



1601 1611 1621 1631 1641 1651 1661 1671 1681 1691 1700

g

AKR 
BDP/j 
LG/J 

P.atteck 
RBA 

RF/J 
SF/cam 
SK/cam 
ST/BJ 
SWR/J 
MBT 
BZO 
DBA 
WSB 
129 

SKIVE 
NZW/lacj 
NZB/binj 
M.mus_cz 
M,mus_cz 

C57BL 
PRO/lrej 

FvB/NJ 
I/LNJ 

RlII/dom 
SEC/lrej 

MOL 
MOLD/RK 

BIR 
CIM 

M.spret 
WMP/pas 

SFM 
XBS 
ZYP 
KAR 

M.car 
COK 

M.dunni 
PTX 

M. minute 
FAM

CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCT 
CTCTCTCTCC 
CTCTCTCTCT 
CTCTCTTTCT 
..TTCTTTCT 
AGCCTGGTCT 
CTCTCTCTCT

CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
CCCTGGA.AA 
GCCT.GTGAA 
ACAAAGTGAG 
CCCTGGA.AA

CATCAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATTAAAGCA 
CATTAAAGCA 
CATTAAAGCA 
CATTAAAGCA 
CATTAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATCAAAGCA 
CATTAAATCA 
CATCAAAGCA 
T.TCCAGG.. 
CATCAAAGCA

ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ACAGTTAAAG 
ATAGTTAAAG 
TCAGTT. .AG 
ACAGCCA..G 
ACAGTTAAAG

AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGCTTAAAAT
AGTTTAAACT
GGCTATACA.
AGCTTAAAAT

CAGGAGGAGG 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAGC 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAG. 
CAGGAGGAGG 
CAGGAGGAGG 
CAGGA...GG 
CAGGAGGAGG 
CAGGAGGATG 
...GAGAAAC 
CAGGAGGAGG

AGCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCC
CCCCCCCCCA
cccc........
TCCC.....
TCCC.....
ccccccc...
CCCCTCCCGT 
CCTGTCTC..
cccc........

ccccccc..G 
ccccccc..G
CC...... G
ccccc 
cccc. 
cccc. 
ccccc 
ccccc 
ccccc 
ccc.. 
cccccc

. . . G 

. . .G 

. . .G 

. . . G 

. . .G 

. . .G 

. . .G 
G

CCCCCCC..G 
CCCCCC...G 
CCACCCCC.G
CCCCC G
.........G
.........G
.........G
.........G
CCCCCAACA. 
....AAAAAA 
.........G

CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
CAGTGGAGAC
 GAGAC
CTAAAAAAAA
CAGTGGAGAC

AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACAGA
AGAGGACTGA
AAAACCAAAC
AGAGGACAGA



1701 1711 1721 1731 1741 1751 1761 1771 1781 1791 1800
I I I I I I I I I I I

AKR -----------------------------------------------------------------------------------------------------------------
BDP/j ................................................................................................................
LG/J ................................................................................................................
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PRO/lrej  TTCTTTC AACATAGATT TTAGAGCC.A GAGGTGGGTT ACCTTCCTAT GATACCCCTG ATGCGCCACA AACCCGAGAA

FvB/NJ  TTCTTTC AACATAGATT TTAGAGCC.A GAGGTGGGTT ACCTTCCTAT GATACCCCTG ATGCGCCACA AACCCGAGAA
I/LNJ  TTCTTTC AACATAGATT TTAGAGCC.A GAGGTGGGTT ACCTTCCTAT GATACCCCTG ATGCGCCACA AACCCGAGAA

RIII/dom  TTCTTTC AACATAGATT TTAGAGCC.A GAGGTGGGTT ACCTTCCTAT GATACCCCTG ATGCGCCACA AACCCGAGAA
SEC/lrej  TTCTTTC AACATAGATT TTAGAGCC.A GAGGTGGGTT ACCTTCCTAT GATACCCCTG ATGCGCCACA AACCCGAGAA

MOL  TTCTTTC AACATAGATT TTAGAGCC.A GAGGTGGGTT ACCTTCCTAT GATACCCCTG ATGCGCCACA AACCCGAGAA
MOLD/RK  TTCTTTC AACATAGATT TTAGAGCC.A GAGGTGGGTT ACCTTCCTAT GATACCCCTG ATGCGCCACA AACCCGAGAA
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M.dunni ..TACTTTCT TTCTTT.TTC CTTTCCTTTC AACATAGATT TTAGAGCCCA GAGGTGGGTT ACCTCCCTAT GATATCCCTG ATGCGCCACA AACCTGAGAA
PTX  CTTTCT TTCTTTTTTT CTTTTCTTTC AACATAGACT TTAGAGCC.A GAGGTGGGTT ACCTTCCTAT GATATCCCTG ATGCGCCAGA AACCCAAAAA

M.minute CTTTCTTTCT TTCTTT.TT. CTTTTCTTTC AACATAGATT TTAGAGCCC. GAGGTGGGTT ACCTTCCTAT GATATCCCTG ATGCACCACA AACCCAAAAA
FAM ..TTCTTTCT TTCTTT.TTC CTTTTCTTTC AACATAGATT TTAGAGCC.A GAGGTGGGTT GCCTTCCTAT GATACCCCTG ATGTGCCACA AACCCGAGAA
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M.car G. .AGGCAT GGACTGTGCT CAATGAAGGC TTCCT.. . .G
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M.dunni A. .AGAC.T GGACTGTGCT CAATGAAGGC TTCCT.. . .G
PTX A. .ATGCAC GGACTGTGCT AAATGAAGGC TTCCTCCCTG

M.minuto AGTAACGCAT GGACTGTGCT GAGTGAAGGC TTCCTCCCTG
FAM A. .AGGCAT GGACTGTGCT CAATGAAGGC TTCCT.. . .G
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GCTGTGCA.G
GCTGTGCA.G
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ATTACTGGTG 
ATTACTGGTG 
ATTACTGGTG 
ACTACTGGTG 
ACTACTGGTG 
ACTACTGGTG 
ACTACTGGTG 
ACTACTGGTG 
ACTACTGGTG 
ACTACTGGTG 
ACTACTGTTG 
.CCACTGTTG 
ACTGCTGTTG 
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TCCTTGTTTC
TCCTTGTTTC
TCCTTGTTTC
TCCTTGTTTC
TCCTTGTTTC
TCCTTGTTTC
TCCTTGTTTC
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TCCTTGTTCC
TCCCTGTTCC
TCCTGGTTTC
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MOLD/RK CACT.CAG.C TATGGACTCT AAATGTTAAT GTCATCAGCA CTA.CAGG.C AGCTAGCTG............................................. T

BIR CACT.CAG.C TATGGACTCT AAATGTTAAT GTCATCAGCA CTA.CAGG.C AGCTAGCTG..............................................T
CIM CACT.CAG.C TATGGACTCT AAATGTTAAT GTCATCAGCA CTA.CAGG.C AGCTAGCTG............................................. T
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SEM CACT.CAG.C TATGGACTCT AAATGTTAAT GTCATCAGCA CTA.CAGG.C AGCTAGCTG..............................................T
XBS CACT.CAG.C TATGGACTCT AAATGTTAAC GTCATCAGCA CTA.CAGG.C AGCTAGCTG..............................................T
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M.car CACT.CAG.C TATGGACTCT AAATGTTAAT GTCATCAGCA CTA.CAGG.C AGCT.G.................................................T
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M.minuto CACTCCA. .C TATGGACTCT AAATGTTAAT GTCATCAGCA CCA.CAGG.C AGCT.G.................................................T
FAM CACT.CAG.C TATGGACTCT AAATGTTAAT GTCATCAGCA CTA.CAGG.C AGCT.G................................................ T
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GG.T.TGGTC
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GG.T.TGGTC
GG.T.TGGTC
GG.T.TGGTC
GG.T.TGGTC
GG.T.TGGTC
GG.T.TGGTC
GGGT.TGGTC
GGGTCCGGTC
GG.T.TGGTC
GG.C.TGGTC
GG.TN.GGTC
GG.T.CGGTC
GG.T.TGGTC
GG.T.TGGTT
GG.T.TGGTC
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GG.T.TGGTC

TGGTGCTG
TGGTGCTG
TGGTGCTG
TGGTGCTG
TGGTGCTG
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CTTG.TAG
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CTTG.TAG
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TCAAAAGCTA
TCAAAAGCTA
TCAAAAGCTA
TCAAAAGCTA
TCAAAAGCTA
TCAAAAGCTA
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TCAAAAGCTA
TCAAAAGCAA
TCAAAAGCAA
TCAAAAGCAA
TCAAAAGCAA
TCAAAAGCAA
TCAAAAGCTA
TCAAAAGCTA
TCAAAAGCTA
TCAAAAGCTG
TCAAATGCTA
TCAAATGCTA
TCAAAAGCTA

AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTGTTT
AATTCTATTT
AATTCTATTT
AATTCTATTT
AATTCTGTTT
AATTCTATTT
GATTCTGTTT
AATTCTGTTT

CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAACATCC
CCCAAGTTCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATCC
CCCAAGATGT
CCCAAGATCT
CCCAAGATCC

GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GATTGCTCCA
GACTGCTCCA
GGTTGCTCCA
GGTTGCAACA
GATTGCTCCA

AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCA
AGGTGAGCCA
AGGTGAGCCA
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCCG
AGGTGAGCAG
AGGTGAGCGG

ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTTACGT
ATCCTTACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACGT
ATCCTCACA.
ATCCTCACGT
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M.spret 
WMP/pas

sm
XBS
ZYP
KAR

M.car
COK

M.dunni
PTX

M.minuto
FAM

ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCCT 
ACTCCAGCTT 
...CCAGCCT 
ACTCCAGCCT

T .CTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA 
TTCTTATAAA
TTGTT....
TTCTTATAAA

CCTTA..CTC 
CCTTA..CTC 
CCTTA. .CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA. .CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTA..CTC 
CCTTACTCTC
.CATA....
CCTTA..CTC

CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
CCCAGTTTGA 
...AGT.... 
CCCAGTTTGA

AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
AACTACCAGT 
AACTACCAGT 
AACTATCGGT 
AACTATCGGT 
AACTATCGGT 
..CGATCAGA 
AACTATGGGT

TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAAAAC
TAAATAGAAT
TAAT.....
TAAATAAAAC

TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGTGATAAC
TGGT.....
 ATAA.
TGGTGATAAC

CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
TAATTACTGG
TAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG
CAATTACTGG

CGGGGGGGGG
CNGGGGGGGG
CGGGGGGGGG
CGGGGGGGGG
CGGGGGGGGG
CGGGGGGGGG
CGGGGGGGGG
CGGGGGGGGG
CGGGGGGGGG
CGGGGGGGGG
CAGGGGGGGG
CAGGGGGGGG
CAGGGGGGGG
CGGGGGCGCG
CGCGGGCGCG
CGGGGGGGGG
CGGGGGGGGG
CAGGGGGTGG
CGGGGGGGGG

GGGGGG.... 
GGGGGGG... 
GGGGGGG... 
GGGGGGG... 
GGGGGGG... 
GGGGGGG...
GGGGG....
GGGGG.....
GGG......
GGGGG....
GGG..AAGG. 
GGGGGAAGG. 
GGGGGAAGG.
GGG......
GGG......
GTGGGG.NAA
GTGGGGG.AG
GGAGGGGTAG
GGGGGGGGG.

CAATTACTGG CGGGGG.TGG G,GGGGG.AG
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C57BL ..... AGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A . . ..CTGAT
PRO/lrej ....GGAGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A. . .. CTGAT

FvB/NJ .... GAGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A. . ..CTGAT
I/LNJ ___GGAGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A. . ..CTGAT

Rlll/dom ....GGAGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A. . ..CTGAT
SEC/lrej ..... AGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A . . ..CTGAT

MOL ..... AGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A . . ..CTGAT
MOLD/RK ..... AGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A. . ..CTGAT

BIR ..... AGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A. . ..CTGAT
CIM .CGGGGAGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A. . ..CTGAT

M.spret .CNGGGAATT TGAATTACCG GACTGGTCGA ACTAAGTCGA A. . ..CTGAT
WMP/pas .CGGGGAATT TGAATTACCG GACTGGTCGA ACTAAGTCGA A. . ..CTGAT

SEM .CGGGGAATT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A . . ..CTGAT
XBS ..... AGTT TGAGTTACCG GACTGGTCGA ACTAAGTCAA A . . ..CTGAT
ZYP ..... AGTT TGAGTTACCG GACTGGTCGA ACTAAGTCAA A . . ..CTGAT
KAR TGGGGGAGTT TGAGTTACAG GACTGGTCGA ACTAAGTCGA A . . ..CTGAT

M.car TGGGGGAGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A . • ..CTGAT
COK TGGGGGAGTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA A . . ..CTGAT

M.dunni ..... AGTT TGAGTTACCG GACTGGTCGA ACTAAGTCAA A. . ..CTGAT
PTX ...... GTT TGAGTTACCG GACTGGTCGA ACTAAGTCGA ATTTCCTGAT

M.minuto GACTAG..AA AC.......
FAM TGGGGGAGTT TGAGTTACCG GACTGGTCGA ACT...... ...GAT

AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
AATATAAAGC
..... AAGC
AATATAAAGC

AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGAT
AACATTTGGT
AACATTTGGT
AACATTTGAT

TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA
TGTTCACATA

TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TGCTATGAGT 
TAC..TGAGT 
TGCTATGAGT 
TGCTATGAGT

AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGCTGG
AGATAGCTGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
AGATAGATGG
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NZW/lacj ................................................................................................................
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C57BL TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC
PRO/lrej TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC

FvB/NJ TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG GCATTGAGAC ATGTCAGCTC CTGGCAGCAC
I/LNJ TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC

Rlll/dom TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC
SEC/lrej TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC

MOL TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC
MOLD/RK TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC

BIR TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC
CIM TCTTCAAAAA CCTCGGAGGC CACAGAAAAT GGCATTTAAA GGTGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC

M.spret TCTTCAAAAA CCTCAGAGGC CACAGAAAAT GGC.TTTAAA GGTGTTCTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCGC
WMP/pas TCTTCAAAAA CCTCAGAGGC CACAGAAAAT GGC.TTTAAA GGTGTTCTT. ATTAATTTAA GGCCTTTTTG ACATTGAAAC ATGTCAGCTC CTGGCAGCGC

SR4 TCTTCAAAAA CCTCAGAGGC CACAGAAAAT GGC.TTTAAA GGTGTTCTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCGC
XBS TCTCCAAAAA CCTCAGAGGC CACAGAAAAT GGCATTTAAA GATGTTCTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCGC
ZYP TCTCCAAAAA CCTCAGAGGC CACAGAAAAT GGCATTTAAA GATGTTCTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCGC
KAR TCTTCAAAAA CCTCAGAGGC CACAGAAAAT GGCATTTAAA GATGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC

M.car TCTTCAAAAA CCTCAGAGGC CACAGAAAAT GGCATTTAAA GATGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC
COK TCTTCAAAAA CCTCAGAGGC CACAGAAAAT GGCATTTAAA GATGTTTTTT ATTAATTTAA GGCCTTTTTG ACATTAAGAC ATGTCAACTC CCGGCAGCAC

M.dunni TCTTCAAAAA CCTCAGAGAC CACAGAAAAT GGCATTTAAA GATGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CT.....
PTX TCTTCAAAAA CCTCAGAGGC CACAGAAAAT GGCATTTAAA GATGGTTTT. ATTAGTTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC

M.minuto TCTTCAAAAA CCTCAGAGGC CACAGAAAAT GGCATTTAAA GAT.TTTTTT ATTAACTTAA GGCCTTTTTG ACATTGAGGC ATGTCAGCTC CTGGCAGCAC
FAM TCTTCAAAAA CCTCAGAGGC CACAGAAAAT GGCATTTAAA GATGTTTTT. ATTAATTTAA GGCCTTTTTG ACATTGAGAC ATGTCAGCTC CTGGCAGCAC
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SFM 
XBS 
ZYP 
KAR 

M.car 
COK 

M.dunni 
PTX 

M.minuto 
FAM

CCC.ATTCGA 
CCC.ATTCGA 
CCC.ATTCGA 
CCC.ATTCGA 
CCC.ATTCGA 
CCC.ATTCGA 
CCC.ATTCGA 
CCC.ATTCGA 
CCC.ATTCGA 
CCC.ATTCGA 
CTC.ATTCGG 
CTC.ATTCGG 
CTC.ATTCGG 
CTC.ATTCGG 
CTC.ATTCGG 
CCC.ATTCGA 
CCC.ATTCGA 
CCC.ATTCGA 
..C.ATTCGA 
CCC.ATTCGA 
.TCCATTCGA 
CCCCATTCGA

CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGGAAAAG
CTTGG....
CTTGGAA... 
CTTGGAAAAG 
CTTGGAAAAG

GAAGGATAAG
GAAGGATAAG
GAAGGATAAG
GAAGGATAAG
GAAGGATAAG
GAAGGATAAG
GAAGGATAAG
GAAGGATAAG
GAAGGATAAG
GAAGGATAAG
TAAGGATGAG
TAAGGATGAG
TAAGGATGAG
TAAGGATGAG
TAAGGATGAG
GAAGGATGAG
GAAGGATGAG
GAAGGATGAG
 ATGAG
.AAGGATGAG
GAAGGATAAG
GAAGGATGAG

CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA
CATTGAAGAA

TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCGTTAG
TCTCCATTAG
TCTCCATTAG
TCTCCGTTAG
TCTCCGTTAG
TCACCATTAG
TCTCCGTTAG
TCTCCGTTAG

GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGAT....
GAGATTAGAT
GAGAT....
GAGAT....
GAGAT....
GAGAT....

GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGATTCTAAT
GGAGTCTAAT
GGATTCTAAT
GGATTCTAAT

GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAGCAAGTT
GTAG.....
GTAGCAAGTT
GTAGCAAGCT
GTAGCAAGTT
GTAGCAAGTT

GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
GCCACTGGGC
.........C
GCCACTGGGC
GCTACCGGGC
GCCACTGGGC
GCCACTGGGC

AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAACG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
AAAGAAAATG
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C57BL CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGACTGCCT AACTCTGCCA AGACAGGGTA CACAAGTCCT
PRO/lrej CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGAC....................

FvB/NJ CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGAC..................
I/LNJ CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGAC.................

Rlll/dom CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGAC....................
SEC/lrej CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGAC....................

MOL CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGAC......................
MOLD/RK CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGAC...................

BIR CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGAC......................
CIM CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGAC......................

M.spret CCTTATTCTC TCTGCAGACA GGATGCTGTC CAAAATGGGC AAATTGAAAT GCAGGCAAAG TCGACTGCCT AACTCTGCCA AGACAGGGTA CACAAGTCCT
WMP/pas CCTTATTCTC TCTGCAGACA GGATGCTGTC CAAAATGGGC AAATTGAAAT GCAGGCAAAG TCGACTGCCT AACTCTGCCA AGACAGGGTA CACAAGTCCT

SFM CCTTATTCTC TCTGCAGACA GGATGCTGTC CAAAATGGGC AAATTGAAAT GCAGGCAAAG TCGACTGCCT AACTCTGCCA AGACAGGGTA CACAAGTCCT
XBS CCTTATTCTC TCTGCAGACA GGATGCTGTC CAAAATGGGC AAATTGAAAT GCAGGGGAAG ACCACTGCCT AACTCTGCCA AGACAGGGTA CACAAGTCCT
ZYP CCTTATTCTC TCTGCAGACA GGATGCTGTC CAAAATGGGC AAATTGAAAT GCAGGGGAAG ACCACTGCCT AACTCTGCCA AGACAGGGTA CACAAGTCCT
KAR CCTTATTCTC TCCACAGACA GGATGCTGTC CAAAATGGGC AAATTGAAAT GCAGGTGAAG TCGAC......................

M.car CCTTATTCTC TCTGCAGACA GGATGCTGTC CAAAATGGGC AAATTGAAAT GCAGGCAAAG TCGAC.................
COK CCTTATTCTC TCTGCAGACA GGATGTTGTC CAAAATGGGC AAATTGAAAT GCAGGGGAAG TCGAC......................

M.dunni CCTTATTCTC TCTGCAGACA GGATGCTGTC CAAAATGGGC AAATTGAAA.........................................................
PTX CCTTATTCTC TCTGCAGACA GGATGCTGTC CAAAATGGGC AAATTGAAAT GCAGGCAAAG TCAACTGCCT AACTCTGCCA AGACAGGGTA TGCAAGTCCT

M.minuto CCTTATTCTC TCTGCAGATA GGATGCTGTC CAAAATGGGC GAATTGAAAT GCAGGGGAAG TCGACTGCCT AACTCTGCCA AGACAGGGTA CACAAGTCCT
FAM CCTTATTCTC TCTGCAGACA GGATGCTGTC CAAAATGGGC AAATTGAAAT GCAGGGGAAG TCGAC......................................
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129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.mus_cz ............................................................................................................. .
M.mus_cz ................................................................................................................

C57BL T.ATATGCCT TGCTTCACAA ATATGCCTGT CAGGTA  TACTGCCAGA AGGTTGAAGA TGGATGCTCC AACATTATCT AGACAATT.C TGGGGAACTG
PRO/lrej ................................................................................................................

FvB/NJ .........................................................................................  .....................
I/LNJ ...................................................................................... ..........................

Rlll/dom ................................................................................................................
SEC/lrej ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR ................................................................................................................
CIM ................................................................................................................

M.spret TCATATGCCT TGCTTCACAA ATATGCCTGT CAGGTA  TACTGCCAGA AGGTTGAAGA TGGATGCTTC AACATTATCT AGACAATT.C TGGGGAACTG
WMP/pas TCATATGCCT TGCTTCACAA ATATGCCTGT CAGGTA  TACTGCCAGA GGGTTGAAGA TGGATGCTTC AACATTATCT AGACAATTTC TGGGGAACTG

SFM TCATATGCCT TGCTTCACAA ATATGCCTGT CAGGTA  TACTGCCAGA AGGTTGAAGA TGGATGCTTC AACATTATCT AGACAATT.C TGGGGAACTG
XBS TCATATGCCT TGCTTCACAA ATATGCCTGT CAGGTA  TACTGCCAGA AGGTTGAAGA TGGATGCTCC AACATTATCT AGACAATT.C TGGGGAACTG
ZYP TCATATGCCT TGCTTCACAA ATATGCCTGT CAGGTA  TACTGCCAGA AGGTTGAAGA TGGATGCTCC AACATTATCT AGACAATT.C TGGGGAACTG
KAR ................................................................................................................

M.car ................................................................................................................
COK ................................................................................................................

M .dunni ................................................................................................................
PTX TCATATGTCT TGCTTCACAA ATATGCCTGT CAGGTAGGTA TACTGCCAGA AGGCTGAAGA TGGATGCTCC AACATTATCG AGACAATT.C TGGGGAACTG

M.minuto TCATATGCCT TGCTTCACAA ATATGCCTGT CAGGTA  TACTGCCAGA AGGTTGAAGA TGGATGCTCC AACATTATCT AGACAATT.C TGGGGAACTG
FAM ................................................................................................................



g

3001 3011 3021 3031 3041 3051 3061 3071 3081 3091 3100
I I I I I I I I I I I

AKR -----------------------------------------------------------------------------------------------------------------
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................
RF/J ................................................................................................................

SF/cam ................................................................................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.muscz ................................................................................................................
M.mus_cz ................................................................................................................

C57BL TCAGACAGCT ATTT GT CTTCTCTGTA GCCTTGGAAG ATGCTTGCCT GTGCTTCCTG CCAACTCAGG CAATATTTAT CCTTCTGATG TCT.CTGATG
PRO/lrej ................................................................................................................

FvB/NJ ................................................................................................................
I/LNJ ................................................................................................................

Rlll/dom ................................................................................................................
SEC/lrej ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR ................................................................................................................
CIM ................................................................................................................

M.spret TCAGACAGCT ATTT GT CTTCTCTGTA GCCTTGGAAG ATGCTTGCCT GTGCTTCCTG CACACTCAGG CAATATTTAT CCTTCTGATG TCT.CTGATG
WMP/pas TCAGACAGCT ATTT GT CTTCTCTGTA GCCTTGGAAG ATGCTTGCCT GTGCTTCCTG CACACTCAGG CAATATTTAT CCTTCTGATG TCTTCTGATG

SFM TCAGACAGCT ATTT___GT CTTCTCTGTA GCCTTGGAAG ATGCTTGCCT GTGCTTCCTG CACACTCAGG CAATATTTAT CCTTCTGATG TCT.CTGATG
XBS TCAGACAGCT ATTT___GT CTTCTCTGTA GCCTTGGAAG ATGCTTGCCT GTGCTTCCTG CACACTCAGG CAATATTTAT CCTTCTGATG TCT.CTGATG
ZYP TCAGACAGCT ATTT___GT CTTCTCTGTA GCCTTGGAAG ATGCTTGCCT GTGCTTCCTG CACACTCAGG CAATATTTAT CCTTCTGATG TCT.CTGATG
KAR ................................................................................................................

M.car ................................................................................................................
COK ................................................................................................................

M .dunni ................................................................................................................
PTX TCAGACAGCT ATTTCTCTGT CTTTTCTGTA GCCTTGGAAG CTGCTTGCCT GTGCTTCCTG CACACTCAGG CAATATTTAT CCTTCTGATG TCT.CTGAGG

M.minuto TCAGACAGCT ATTT___GT CTTCTCTGTA GCCTTGGAAG ATGCTTGCCT GTGCTTCCTG CACACTCAGG CAATATTTAT CCTTCTGATG TCT.CTGATG
FAM ................................................................................................................



to

3101 3111 3121 3131 3141 3151 3161 3171 3181 3191 3200
I I I I I I I I I I I

AKR -----------------------------------------------------------------------------------------------------------------
BDP/j ................................................................................................................
LG/J ................................................................................................................

P.atteck ................................................................................................................
RBA ................................................................................................................

RF/J ................................................................................................................
SF/cam ..................................................... ...........................................................
SK/cam ................................................................................................................
ST/BJ ................................................................................................................
SWR/J ................................................................................................................
MBT ................................................................................................................
BZO ................................................................................................................
DBA ................................................................................................................
WSB ................................................................................................................
129 ................................................................................................................

SKIVE ................................................................................................................
NZW/lacj ................................................................................................................
NZB/binj ................................................................................................................
M.muscz ................................................................................................................
M.mus_cz ................................... ................................................................ . .........

C57BL GAATTGAAGA CTAGAT.AGT TATAGTCTCA CACTTAAGCT TAAGTTGTTT TGGATTTAAG A.GGTTTTTA GGTCTAAGAA AATGTTTTTA GGTTAATGCA
PRO/lrej ................................................................................................................

FvB/NJ ................................................................................................................
I/LNJ ................................................................................................................

Rlll/dom ................................................................................................................
SEC/lrej ................................................................................................................

MOL ................................................................................................................
MOLD/RK ................................................................................................................

BIR .................................................. ..............................................................
CIM ................................................................................................................

M.spret GAATTGAAGA CTAGAT.AGT TATAGTCTCA CACTTAAGCT TAAGTTGTTT TGGATTTAAG A.GGTTTTTA GGTCTAAGAA AATGTTTTTA GGTTAATGCA
WMP/pas GAATTGAAGA CTAGATTAGT TGTTGGGAGC CGC GCC CACATTCGCC ..GTCACAAG ATGGCGCTGA CAGCGGCCGC TCTAGCCCGG GCGGAACCCC

SEM GAATTGAAGA CTAGAT.AGT TATAGTCTCA CACTTAAGCT TAAGTTGTTT TGGATTTAAG A.GG
XBS GAATTGAAGA CTAGAT.AGT TATAGTCTCA CACTTAAGCT TAAGTTGTTT TGGATTTAAG A.GGTTTTTA GGTCTAAGAA AATGTTTTTA GGTTAATGCA
ZYP GAATTGAAGA CTAGAT.AGT TATAGTCTCA CACTTAAGCT TAAGTTGTTT TGGATTTAAG A.GGTTTTTA GGTCTAAGAA AATGTTTTTA GGTTAATGCA
KAR ................................................................................................................

M. car .................................................................................... ............................
COK ................................................................................................................

M .dunni ................................................................................................................
PTX GAATTGAAGA CTAGAT.AGT TATAGTCTCA CACTTAAGCT TAAGTTGTTT TGGATTTAAG A.GGTTTTTA GGTCTAAGAA AATGTTTTGG GGTTAACGTA

M.minuto GAATTGAAGA CTAGAT.AGT TATAGTCTCA CACTTAAGCT TAAGTTGTTT TGGATTTAAG A.GGTTTTTA GGTCTAAGAA AATGTTTTTA GGTTAATGCA
FAM ................................................................................................................



3201 3211 3221 3231 3241 3251
I

AKR 
BDP/j 
LG/J 

P.atteck 
RBA 

RF/J 
SF/cam 
SK/cam 
ST/BJ 
SWR/J 
MBT 
BZO 
DBA 
WSB 
129 

SKIVE 
NZW/lacj 
NZB/binj 
M.mus_cz 
M.mus_cz 

C57BL 
PRO/lrej 

FvB/NJ 
I/LNJ 

Rlll/dom 
SEC/lrej 

MOL 
MOLD/RK 

CIM 
BIR 

M.spret 
WMP/pas 

XBS 
ZYP 
KAR 

M.car 
COK 

M .dunni 
PTX 

M.minuto 
FAM

-TACAAA ACTCTGAACT CACCAAGATA GTATAGATG

TGTTATCACA AAAAATTATT TAGA,

TGTTATCACA AAAAATTATT
CGGGCTG.CA GGAA T
TGTTATCACA AAAAATTATT 
TGTTATCACA AAAAATTATT

G..TATCGA. — .TCG ACC.C. .G
TAGA....
TCGA..TC.
TGGA....
TGGA....

TGTTATCACA AAAAGTTATT TAGA..........T.
TGTTATCACC AAAAATTATT TAGA...........



Appendix 4 Multiple protein sequence alignments using the Fvl
sequence from the mice used in the sequencing project
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1 11 21 31 41 51 61 71 81 91 100
I I I I I I I I I I I

AKR MNFPRALAGF SSWLFKPELA EDSPDNDSPD NDTVNPWREL LQKINVADLP DSSFSSGKEL NDSVYHTFEH FCKIRDYDAV GELLLAFLDK VTKERDQFRD
BDP/j 
LG/J 

P.atteck 
RBA 

RF/J 
SF/cam 
SK/cam 
ST/BJ 
SWR/J 

MBT 
BZO 
DBA 
WSB 
129 

SKIVE 
NZW/lacj 
NZB/binj 
M.mus_cz 

(^M.mus_cz 
g) C57BL 

PRO/lrej
FvB/NJ ...............................................................................................................
I/LNJ ...............................................................................................................

Rlll/dom ...............................................................................................................
SEC/lrej ...............................................................................................................

MOL ...............................................................................................................
MOLD/RK ...............................................................................................................

BIR ...............................................................................................................
CIM ...............................................................................................................

M.spret ......................................... S .....................................D ..............................
WMP/pas .......... ■.............................S .................................... D ...............................

SFM ......................................... S .....................................D ..............................
XBS ........................................ S .............. N .................... D ...............................
ZYP ...................................  -...S.................................... G ..............................
KAR ......................... T   EN........................................ D ..............................

M.car ......................... T.... EN.................................... V...D..............................
COK ............................... ... EN.................................  S ----D ...............................

M.dunni ............................. K.--- EN................... L .................. D .............GQL ASCFWH.WI. *
PTX ...L.............. D........ G.--- EN...............SA..................... C D...............................

M.minuto ............................. S.--- EN................A ..............K ....... D ............N .................
FAM ............................... ... EN......................................... D ..............................



101 111 121 131 141 151 161 171 181 191 200
I I I I I I I I I I I

AKR EISQLRMHIN DLKASKCVLG ETLLSYRHRI EVGEKQTEAL IVRLADVQSQ VMCQPARKVS ADKVRALIGK EWDPVTWDGD VWEDIDSEGS EEAELPTVLA
BDP/j  ........................................................................................................................
LG/J ..........................................................................................................................

P.atteck .........................................................................................................................
RBA ..........................................................................................................................

RF/J ..........................................................................................................................
SF/cam ..........................................................................................................................
SK/cam ..........................................................................................................................
ST/BJ ..........................................................................................................................
SWR/J ..........................................................................................................................

MBT ..........................................................................................................................
BZO ..........................................................................................................................
DBA ..........................................................................................................................
WSB ..........................................................................................................................
129 ..........................................................................................................................

SKIVE ..........................................................................................................................
NZW/lacj ..........................................................................................................................
NZB/binj ..........................................................................................................................

^  M.mus_cz ..........................................................................................................................
^  M.mus_cz ..........................................................................................................................

C57BL ..........................................................................................................................
PRO/lrej ..........................................................................................................................

FvB/NJ ..........................................................................................................................
I/LNJ ..........................................................................................................................

Rlll/dom ..........................................................................................................................
SEC/lrej ..........................................................................................................................

MOL ..........................................................................................................................
MOLD/RK ..........................................................................................................................

BIR ..........................................................................................................................
CIM .......... • ..............................................................................................................

M.spret ........................................K ................................................................... T...........
WMP/pas ........................................K ................................................................... T...........

SFM ........................................K ................................................................... T...........
XBS ............................................................................................................ T...........
ZYP  T ..........
KAR  T  T ----

M.car .......................................................L ..................................................D.T......T....
COK ....................................................... L .......... Q ..................................... D.T...........
PTX ........V ............................................. L... IT....... F  D. . .K AS.

4.minute .......................................................L... .T ........................................... D.T .K  DS.
FAM ....................................................... L ...........................  D  D.T ..........



AKR 
BDP/j 
LG/J 

P.atteck 
RBA 

RF/J 
SF/cam 
SK/cam 
ST/BJ 
SWR/J 

MBT 
BZO 
DBA 
WSB 
129 

SKIVE 
NZW/lacj 
NZB/binj 
M.mus_cz 
M.mus_cz 

C57BL 
PRO/lrej 

FvB/NJ 
I/LNJ 

Rlll/dom 
SEC/lrej 

MOL 
MOLD/RK 

BIR 
CIM 

M. spret 
WMP/pas 

SFM 
XBS 
ZYP 
KAR 

M.car 
COK 
PTX 

M.minuto 
FAM

201 211 221 231 241 251 261 271 281 291 300
I I I I I I I I I I I
SPSLSEESGY ALSKERTQQD KADAPQIQSS TSLVTSEPVT RPKSLSDLTS QKHRHTNHEL NSLAHSNRQKAKREHARKWIL RVWDNGGRLT ILDQIEFLSL

K...Q..C.Q 
K...Q..C.Q 
K...Q..C.Q 
K...Q....Q 
K. . . Q. . . . Q 
K...Q.S..Q 
K...Q..H.Q

.VR.N......... A.
P ............. L ........EV. .N.
.......... S .................K.

. .Q....... QA. . .R . . .R.T,
,DQ.. K...Q..C.N .G.R.G, 
K . .. D...L....Q .......

. . .T, 

.N.T,



301  311  321  331  341  351  361  371  381  391  400
I I I I I I I I I I I

AKR GPLSLDSEFN VIARTVEDNG VKSLFDWLAE AWVQRWPTTR ELQSPDTLEW YSIEDGIKRL RELGMIEWLC VKATCPQWRG PEDVPITRAM RITFVRETVE
BDP/j .........................................................................................................................
LG/J ..............................................................F..........................................................

P.atteck .........................................................................................................................
RBA .........................................................................................................................

RF/J ..............................................................F ..........................................................
SF/cam .........................................................................................................................
SK/cam .........................................................................................................................
ST/BJ .........................................................................................................................
SWR/J ..........................................................................................................................

MBT ..........................................................................................................................
BZO .........................................................................................................................
DBA .........................................................................................................................
WSB .........................................................................................................................
129.. ..............................................................F..........................................................

SKIVE ..............................................................F ..........................................................
W  NZW/lacj ................................................................ F ..........................................................
S; NZB/binj ..............................................................F ..........................................................

M.mus_cz ..............................................................F..........................................................
M.mus_cz ..............................................................F ..........................................................

C57BL .................................................................... E ................................................. R.
PRO/lrej .................................................................... E ................................................. R.

FvB/NJ .................................................................... E ................................................. R.
I/LNJ .................................................................... E ................................................. R.

Rlll/dom .................................................................... E ................................................. R.
SEC/lrej .................................................................... E ................................................. R.

MOL .............................................................. F ........................................................ R.
MOLD/RK ..............................................................F........................................................ R.

BIR ............. ............................................................................................................
CIM .........................................................................................................................

M. spret ............................................. P. ...T....................... I ..........................................
WMP/pas ............................................. P. ...T....................... I ..........................................

SFM  P. ...T....................... I ..........................................
XBS ....................................................T ................................................A ----G .............
ZYP ....................................................T ................................................ A ..................
KAR ....................................................T..A.K...........................................A ..................

M.car ....................................................T. .A............................................. A ..................
PTX ................... E ...............................T ......... V .................................... A .................I.

M.minuto ................... E .........................I. ...T......  FYV........................ P..R... .D.A......... V .....E.
FAM ....................................................T ....................................................................



401 411 421
I

431 441 451 461 471

M

AKR 
BDP/j 
LG/J 

P. atteck 
RBA 

RF/J 
SF/cam 
SK/cam 
ST/BJ 
SWR/J 
MBT 
BZO 
DBA 
WSB 
129 

SKIVE 
NZW/lacj 
NZB/binj 
M.mus_cz 
M.mus_cz 

C57BL 
PRO/lrej 

FvB/NJ 
I/LNJ 

Rlll/dom 
SEC/lrej 

MOL 
MOLD/RK 

BIR 
CIM 

M.spret 
WMP/pas 

SFM 
XBS 
ZYP 
KAR 

M.car 
PTX 

M.minuto 
FAM

TWKSFVFSLL CIKDITVGSV AAQLHDLIEL SLKPTAATKL *

 GLT SVGSVGVLSL
 GLT SVGSVGVLSL
 GLT SVGSVGVLSL
 GLT SVGSVGVLSL
 GLT SVGSVGVLSL
 GLT SVGSVGVLSL
 GLT SVGSVGVLSL
 GLT SVGSVGVLSL
 GLT SVGSVGVLSL
 GLT SVGSVGVLSL
......................................... GLA SVGSVGVLSL
......................................... GLP AGLASVGSVG
......................................... GLP AGLASVGSVG
N ........................................ GLT AGLASVGSVG
 GLT AGLASVGSVG
...................G .................... GLT AGSAPVGSVA
...................G .................... GLT AGSAPVGSVA
D..................................KEASTREED F*
S  IM. . RK.KP.GRGG ARF*
..................................... A..GRG GARF*

SPWKHQSNS*
SPWKHQSNS*
SPWKHQSNS*
SPWKHQSNS*
SPWKHQSNS*
SPWKHQSNS*
SPWKHQSNS*
SPWKHQSNS*
SPWKHQSNS*
SPWKHQSNS*
SPWKH*
VLSLSPWKH*
VLSLSPWKH*
VLSLSPWKH*
VLSLSPWKH*
VLSLSPWKHQ SNS*
VLSLSPWKHQ SNS*



Appendix 5 Insertion upstream of PTX Fvl

TCCCCAACTTCAATCCTGTGGCGGTAGGAGAGAAGAGTCTCCCCCAGGAC
ACACITAGAAGCCTTTAAATCATTTACGTGCATTCGGAGCrGGGAAATrTC
ATCrCTGAATTGGTCCCmCCnTGTTACnTATCCAGAAATGCCAGAAGC
AGCrCGCCAACTGCGTCATAGTCCCTAATCTTGCATAAATGTTCAAAAGTA
TCGCACACAGAGTCATTAAGTTCCTTACCGCTCGAAAAGGATGAATCGGG
GAGATCGGCCGCACITATCrTCTGCAGCAGCTCACGCCACGGGTTAACAG
TGTTCrCGTCACCATCCGGAGTGTCCTCGGCAAGATCAGGTTTGAAGAGCC
AGCTCGAGAAACCAGCAAGCGCACGTAGGAAATTCATCTTCAGACnTTG
TTTCCCTAGAACCCGGCTGCTGCGTCCTACAAGCCTCGGATCCAAATTCC
AGTTCGTCCCrGGCAAAAGCACTCCGGGGAGTTGCTAGTGTGGGGTCCGC
GTGGAAAGGTCAAATGGTCGGAGACGACGATAGCGGCAGTGGCAAAGCA

TGAGGGTGGGTCTTCCTCCTGTCAGTCATACTGCCCCACAGGCCAATCCC
CTCGTCTCTTCACCCGCCCCCAGACAGTGACGATTCTCCAGACAACTTGA
CACCAGAGCGGTTnTnTCCCCCTCTTCTTTACCTTTCCTCCCTTnTATGA
CCTCCTCCCCCCCACGTGTGAAATATCTGTTGTTAATATCTGTnTAAGTGT
TGGAACAGTTAAATTTITITITITnTrGGTTnTTTTGGTmTCGAGGCAGGG
TTTCTCTGTATAGCCCCGGCTGTCCTGGAACrTACnTGTAGACCAGGCTG
GCCTCGAACTCAGAAATCCGCCTGCCTCTGCCTCCCGAGTGCTGGGATTA
AAGGTGTGCGCCACCACGCCrGGCCACrrAAAAATmTGAGTCGTGGGG
CTACTGAGGTAGCTCAGCAAGTGAAGACAnTGCCTCCAAGCCTAAATAC
CrGCTnTGAGCCCCATAGGTGGGAAAGAACGGTTTGGTTTCGTmTGCIT
TAAGTCAGTGTCrCCCrTTGTAAACCCGGCTGGCCTGGAAACrGnTATAA
TAATACAGGCKGGCrTTGAACGCACAGAGATCTGATAAGTTATTTCTCCGC
TGGTGAAATGAGCCAATTCAAACCAGATTAAAATATATAAACACAGGTGT
ATTGGGAAGCTGGTCTAGGGCAGGTGAGTTCACrGGCCrCCTTCCrTGGGG
GAAGTCGCCATAGGAAAGGGGGTGGGGAGAAAGCACATGCGCAGAGAAA
AGCAAAGCAGGGGGAGGGGAGGGCGAGGGCGGGAGAAACTAAAATGTAT
GGGTTATATAGCAAAGAGCCrCAGGGCAGTCAAGCCCCCGAGCTGGAAA
GCTGCAAGACCAGGAGGCCAGATCTGTTTTGGTAAAATATGCACCCCAGC
CCCTCGCCCCGGGGTCTGTAACCCAATAAACGCTCTTTGAACGCTAGGAT
TAAAGGTGTGTGTTAGCACCCCrGAAGTTTGTTTTCrGTTAGCCrCAAGTTC
AGATCCTCTTGCCTCTCTACCTTCCTGTCCCGTCCTGTACCACCACACCCA
GATAATTCATTAGACCTTTTCAAGTGCTGCAAGACCCCAAGAGAGAAGAT
CCTGACGCTTCCCACCTCCGAACACTAAGAAAGAGGGGTCYATGCTTCAA

AGACAAATGGTATTGTTTGTGTnTGTn’CACACrGGAACAGGGGACrAAG
GTGCATATTTTACATATCAAAGCAGACCTGGCCTTCTGGTTCTACAACnAC
CCTCAGTCCCrACCTGGCATACCCTGCCCCCAACCCAGAATTTTCCAGAC
CAGGGGCTGCTTTTCCCCCAGAGGCTCCCCCCTATATAATCCAGACTTnT
TTTGGGGGGGGGGTCGTCTTTCTATTTCTCTCTCrCCCrCrCCCTCTCTCCTC
CCTATATAATCTAGACATnTGCTTTCTCrCTCCrTCCTCTCTCCCTCCCCrT
TCTCCCTGTACTTCTCTTTGTACATTGTACCCCCACCCCCATCCCATGGTG
ACTTCCCTGGCCTCCTTCCrrGGGGCCAGTGAATTCAATAAACCTGCCnT
AATATATTCTAATCTGGTTTGAATTGCrTTACrTCACCGGTGGGAnAAATAA
CCrATCAnTTTGCG'riT’lGAAAAAnCATCrC
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Appendix 6 Sequences of lambda subclone

clone 2dkl
(alAGCTTGGGGATTGTCTAGGGGCAAACCTTCAnnnnGAGAAACGCTCTAA
GTCGGGGTCrCATACTATCTGGAGCTGGCACTGAAACCAGAACTGGAAGC

TmcrTTClTrCiTCCTTTCrTTAATTrGCATGTATATCCCAAGGTCACACA
GCTACTAAATGTCAAAAGCAGGAnTGAACCAAAATGTAAGTTCCrGCrTG
TTGTGCAGTGGCTACTTCCCCTGACnTCAAACTTCTCCCTGATGGTGGGA
GGAGAGAATCTCTTCAGAAGGCTGCAAATTCCTAGAGCTCCCrCCACAAG
GTTGATTTAAACTATGTCCAGGGGAGAGCATTCrCAGATGGAGCrGCCTGA
AAGCTGCGCGGGGGGTGGATCAGAACCCGTGCTCGGTGGGACTGTCAGTG
ATGTAGCTGCCTTTGGGTCATGACCCCAATACATACACTCCTTGGTTCACC
CAGCCACACTTGGGTGGAATCGnTCrCTGTTCTGTTGGCTGTGCrCrGGGG
CAAATAAACCnTGTTGACACATGACTCCCrATGAAGGGTCTGCACGGAG
GAAAGCATGGCCCTGACTGGGACACAAACCCCACCCCCACCCCTTCTCC
GGCCAGCTTTGGTCCTCAAAAATTATACTCAGGGGCTCTCrCrCTCrCTCT
GTCTCTCTCTCTCTCTCTCTCTCTCTCTA.****************************************
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

CAGCGGATTAGACCCCCTATCCTTCCCAGCCCTGCCACCTAACAAGCCC
CTGGAGAATTGGGnTCGGTGCAGGCTGCAGGGGCGAGCAGAGAGACCC
CAGCATCTCACTCACGCGCATTCAGGCAGGGTGCACACCGGGCCTAGGC
GCTTGCCCCTTCTCTACCGTCTAGCGGGACGAAGGCACGCCTCTGTGTTCC
CGAGATCAGCGGCTGCCATGGATAAAAGGACGCCAACGCrCrCCGCCCG
AAAGCCCAGATTCCCAGCACCCGGGGATCCGCCTCCAGCAGGGGCGGAC
CTCCAGTGGTTGTCCTAATTGGCTAAGGCTGGGGCGGGACrCCGCCGCTGT
CCTGATCGGCCAATrGACAGTGCCAGGACGCCTTATATTTGTTTCTTCGCA
TCCAGAAGCGGCAGTTTCAATATGGAAAGGAGGGGCTAATGGGACCTCAT
TGCrGATTGGTrAACTGTTAATGCTAATrCTACCAATrCAAATTGAGGACAG
GCTCrGGTTGGTCAGTAGTACTCGGTrACGCAATnCCGGATGTAAAGTCr
CTAATGGCAGTGGATAGGTGGGGCTAGAGACrCCGGCAACnTGACCmT
CACGCAGACCCCACACrAGCAACTCCCCAGAGTGCTTTTGCCAGGGACG
AACTGGAATTTGGATCCGAGGCTT**********************************************
**..**»***.**.***Qç^QQ^(2TCGATCTGGCTCrTCAAACCTGAACTTGCCGA
GGACTCTCCGGATAATGACTCTCCGGATAATGACACTGTTAACCCATGGC
GTGAGCTGCrGCAGAAGATAAATGTGGCCGATCTCCCCGATTCATCCmT
CGAGCGGTAAGGAACTTAATGACrCTGTGTACCATACmTGAACA’nTCT
GCAAAATTAGGGACTATGACGCAGTTGGCGAGCTGCTrCTGGCATn'CTGG
ATAAAGTAACAAAGGAAGGGGACCAATTCAGAGATGAAATTrCCCAGCTC
CGAATGCACATAAATGATCTAAGGGCTTCTAAGTGTGTCCrGGGGGAGACr
GTTCnTCCrACCGCCACAGGArTGAAGTTGGGGAAAAACAGACTGAAGC
CCTCATTGTGAGGTTAGCTGATGTGCAATCCCAGGTCATGTGTCAGCCTGC
CCGGAAAGTGTCTGCAGATAAGGTGAGGGCACrGATTGGTAAAGAATGGG
ATCCGGTAACCTGGGATGGAGATGTGTGGGAGGACATAGATTCTGAAGGG
TCTGAGGAAGCTGAGTTGCCCACTGTCrTGGCCTCrCCATCCTTGTCTGAG
GAAAGTGGTTATGCCTTGTCrAAAGAACGCACCCAGCAGGACAAAGCAG
ATGCCCCTCAGATCCAGTCTTCAACATCCTTAGTTACrTCTGAACCTGTCA
CCAGACCCAAGTCTCrGTCTGACCTTACAAGTCAGAAACACCGCCATACT
AATCATGAACTCTATTCTCrTGCTCACTCAAATCGCCAAAAGGCAAAGGA

* denotes unsequenced base, as determined by comparison to published Fvl" 
sequence (X97720)
Cloning sites are underlined when present
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ACATGCTAGGAAATGGATnTAAGGGTGTGGGATAATGGTGGGAGGCrCAC
AATACrGGATCAGATTGAATrTCrCAGTTTAGGTCCnTGAGCCTTGATAGT
GAGTTTAATGTCATAGCCCGCACrGTrGAAGATAATGGTGTGAAGAGTTTG
TTTGATTGGTTGGCTGAAGCATGGGTCCAGAGATGGCCTACTACAAGAGAG
CTGCAGTCGCCrGACACCCTGGAGTGGTATTrrATTGAGGATGGGATrAAA
AGGCrrAGGGAACTTGGAATGATAGAGTGGCnTGTGTAAAAGCrACTTGT
CCACAGTGGAGGGGCCCGGAAGATGTACCCATCACGAGAGCTATGAGGA
TAACTTTTGTCCGGGAAACTGTAGAGACTrGGAAGAGCnTGTA’nTAGCCT
CCrCTGTATAAAGGACATAACAGTGGGGAGCGTGGCrGCTCAGTTGCATG
ATCrAATAAAATTAAGTTTAAAGCCAACAGCAGCTACAAAACrcrGAACr
CACCAAGATAGTATAGATGATACrTATCCAGAGGTTGCCAAATACAAACA
AACrGGACrTTTTAAATGTCrTACCTAATCATnTCATAATTGTrCCrACnT
ATGTTGnTATrGCTGTAAAAGAATGACnTTTATGTACACAAAAAGGAGGA
AATGTATAGGGTTGGTCrGGTGCTGCrTGTATTCAAATGCrAAATCCrGTCr
GGGTTGCrCCAAGATGAGCCGTTCGATCTTCATGTATACCAGCCTTTGTTGT
ATAAACCTTGCrCCCCAATTTAAAACTATTGATTAGGGGCrGGAGAGTGGC
TTAGCGGTTAAGAGCACTGACTGCrCrCTGAAGATCTGAGTTCAAATCCCA
GCAACCACATGGTGATTCACTGTTGGGAGCGGCGCCAACTTTCGCCGTAA
CAAGATGGCGCTGACAGCrGTGTTCTAAGTGGTAAACAAATAATCrGCGC
ATGTGCCAAGGTATCTTAGGAAACrTGTGTrcrGCmCCCGTGACGTCAAT
TCGGCCGATGGGCTGCAGCCAATCAGGGAGTGACACGTCCGAGGCGAAG
GAGAATGCTCCTTAAGAGGGACGGGGTTTCGTTTTCTCTCrCTCrTGCrTCr
TGCrcrCTTGCrTCrTACACGCrrGCrCCTGAAGATGTAAGAAATAAAGCrT
TGCCGCAGAAGATTCTGGTCrGTGGTGTTCTTCCTGGCCGGTCGTGAGAAC
GCGTCrAATAACAATTGGTGCCGAATTCCGGGACGAGAAAAAACTCGGGA
CTGGCGCAAGGAAGATCCCTCATTCCAGAACCAGAACTGCGGGTCGCGG
TAATAAGGATTCCCGTAAAGCAGACT

clone 6L10E/H
GAAIICCTAGAGCTCCCrTCCAACAAGGTTGATTTAAACTATGTCCAGGGG
AGAGCATTCrCAGATGGAGCrGCCTGAAAGCrGCGCGGGGGGTGGATCAG
AACCCGTGCrCGGTGGGACTGTCAGTGATGTAGCTGCCnTGGGTCATGAC
CCCAATACATACACrCCTTGGTTCACCCAGCCACACTTGGGTGGAATCGTT
TCTCrGTTCrGTTGGCrGTGCrCTGGGGCAAATAAACCnTGTTGACACATG
ACTCCCTATGAAGGGTCrGCACGGAGGAAAGCATGGCCCTGACTGGGAC
ACAAACCCCACCCCCACCCCTTCTCCGGCCAGCTTTGGTCCTCAAAAATT
ATACTCAGGGGCTCTCTCTCTCTCTCTCTCTCTCrCTCTCTCTCTCrCTCTCT
CTCrCAAAGATrATrTATTTGTTCGGACACACCAGAAGAGGCGTAGGATrC
CATTAGTGATGGTTGTGAGCCACCATGTGGTTGCrGGGAATTGAACrCAGT
GGTrAAGAGCACTGAACCGTCTCrCCAGACACnTCTTTTGCTTCrGGAAG
AGATGTCTGCCATATAAAGAACGCTTCCCACTTCTCITACAACCCAGCCC
AGACTCCTCCAGCCGAATCAGACCCCCTATCCTTCCCAGCCCTGCCACC
CTAACAGCCCCTGGAGACTTGGGTTTCCGGTGCAGGCrGCAGGGGGCGAG
CAGAGAAGACCCCAGCATCTCACTCACGCGCACTCAGGCAGGGTGCACA
CCGGGCCTAGGCGCTTGCCCCTTCTCTACCGGTCTAGCGGGACGAAGGCA
CGCCrCTGTGGTCCCGAGATCAGCGGCTGCCATGGATAAAAGGACGCCA
ACGCTCTCCGCCCGAAAGCCCAGATTCCCAGCACCCGGGGAATCCGCCT
CCAGCAGGGGCGGAACCrCCAGTGGTTGTCCTAATTGGCTAAGGCTGGGG
CGGGGACTCCGCCGCTGTCCTGATCGGCCAATTGACAGTGCCAGGACGC
CrTATATTTGTTTCTTCGCATCCGGAAGCGGCAGTrrCAATATGGAAAGGA
GGGGCTAATGGGACCrCATTGCTGATTGGTTAACTGTTAATGCTAATrCTAC
* denotes unsequenced base, as determined by comparison to published Fvl"
sequence (X97720)
Cloning sites are underlined when present
The Ful "'-associated base change is highlighted in bold and underlined

270



CAATTCAAATTGAGGACAGGCTCTGGTTGGTCAGTAGTACTCGGTTACGCA
AnTCCGGATGTAAAGTCTCTAATGGCAGTGGATAGGTGGGGCTAGAGACr
CCGGCAACTTTGACCmTCACGCAGACCCCACACTAGCAACTCCCCAGA
GTGCmTGCCAGGGACGAACTGGAATTTGGATCCGAGGCrTGTAGGACGC
AGCAGCCGAGTTCTAGGGAAACAAAAGTCTGAAGAGAA****************GC
TGGTTTCTCGAGCTGGCrCTTCAAACCTGAACrTGCCGAGGTACTCTCCGG
ATAATGACrCTCCGGATAATGACACTGTTAACCCATGGCGTGAGCTGCrGC
AGAAGATAAATGTGGCCGATCTCCCCGATTCATCCmrCGAGCGGTAAGG
AACTTAATGACrCTGTGTACCATACmTGAACATTTCrGCAAAATrAGGGA
CTATGACGCAGTTGGCGAGCTGCrTCTGGCATrTCrGGATAAAGTACCAAA
GGAAGGGGACCAGTTCAGAGATGAAATTTCCCAGCrCCGAATGCACATAA
ATGATGTAAGGGCTCCTAATTGTGTCCTGGGGGAGACrCTTCrTCCCACCG
GCCACGGGATTGAAAGTTGGGGAAAAACAGACrGAAGCCCTCATrGTGAG
GTTAGCTGATGTGCAATCCCAGGTCATGTGTCACCCrGCCCGGAAAGTGTC
TGCAGATAAGGTGAGGGCACTGATTGGTAAAGAATGGGATCCGGTAACCr
GGGATGGAGATGTGTGGGAGGACATAGATrCTGAAGGGTCrGAGGAAGCT
GAGTTGCCCACrGTCTTGGCCTCrCCATCCTTGTCTGAGGAAAGTGGTTAT
GCCTTGTCTAAAGAACGCACCCAGCAGGACAAAGCAGATGCCCCTCAGA
TCCAGTCrTCAACATCCTTAGTTACrTCTGAACCTGTCACCAGACCCAAGT
CrCrGTCTGACCrTACAAGTCAGAAACACCGCCATACTAATCATGAACTC
AATTCACrTGCTCACrCAAATCGCCAAAAGGCAAAGGAACATGCTAGGAA
ATGGATnTAAGGGTGTGGGATAATGGTGGGAGGCrCACAATACTGGATCA
GATTGAATTTCrCAGnTAGGTCCnTGAGCCITGATAGTGAGnTAATGTCA
TAGCCCGCACrGTTGAAGATAATGGTGTGAAGAGTTTGnTGATTGGITGGC
TGAAGCATGGGTCCAGAGATGGCCTACTACAAGAGAGCTGCAGTCGCCTG
ACACCCrGGAGTGGTATTlTATTGAGGATGGGATTAAAAGGCrTAGGGAAC
TTGGAATGATAGAGTGGCnTGTGTAAAAGCTACrTGTCCACAGTGGAGGG
GCCCGGAAGATGTACCCATCACGAGAGCTATGAGGATAACrnTGTCCGG
GAAACTGTAGAGACrrGGAAGAGCnTGTAnTAGCCrCCTCTGTATAAAG
GACATAACAGTGGGGAGCGTGGCrGCTCAGITGCATGATCTAATAGAATrA
AGnTAAAGCCAACAGCAGCTACAAAACTCrGAACTCACCAAGATAGTAT
AGATGATACTTATCCAAAGGTTGCCAAATACAAACAAACTGGACmTTAA
ATGTCrTACCrAATCATTrTCATAATTGTTCCrACnTATGTTGnTAITGCrG
TAAGAGAATGACmTTATGTACACAAAAAGGAGGAAATGTATAGGGTTGG
TCrGGTGCrGCrTGTATTCAAATGCTAAATCCTGTCrGGGTTGCTCCAAGAT
GAGCCGTTCGATCrTCATGTATACCAGCCTTTGTTGTATAAACCTTGCrCCC
CAAnTAAAACrATTGATrAGGGGCrGGAGAGATGGCrTAGCGGTTAAGAG
CACrGACrGCrCTTCrGAAGATCCrGAGTTCAAATCCCAGCAACCACATG
GTGACTCACTGTTGGGAGCCGCGCCCACATTCGCCGTTACAAGATGGCGC
TGACAGCTGTGTTCrAAGTGGTAAACAAATAATCTGCGCATGTGCCAAGGG
TATCTTATGACTACrTGTGCTCTGCCrTCCCCGTGACGTCAACTCGGCCGA
TGGGCrGCAGCCAATCAGGGAGTGACACGTCCGAGGCGAAGGAGAATGC
TCCTTAAGAGGGACGGGGTTTCGTTTTCrcrCTCTCrTGCTTCrTGCTCTdT
GCrTCTTACAGGCTTGCrCCTGAAGATGTAAGAAATAAAGcTT

clone 6L116am
(ggartCCTGGGATGAGTGTCAACNNNNNAACCAGTATCCAGCAGACCGCG
AAAAGTCrGATTATTTCCmTCCCCAGTGTACAGTTACCCTTGTAAAAGGC
CGTAGGTCCCTCTGGGGAAGAACTGGAGAAAGGGTAACAGCAAAACCTTT
GAGTGTCTTATCAAGATCCTTCCTCAGCGGAACCTGGCCACCCCTTCATTC
AAGGGGTTCTGGATCTGCAAACrGTCrCAAGTCTGGAAATTGATrCACTGG

* denotes unsequenced base, as determined by comparison to published Fvl" 
sequence (X97720)
Cloning sites are underlined when present



CCGAGATTGCrGnTACCACGATCTAATGTAGCCl'ri'Cn’l'CATTTGGCTGTT
TACCACAATCTAATGTAGCCnTCTTTCATTTGTTTGAGAATnTTCTGCTTA
TACAGATCAAACAAATATGCAGTAGGCTTCCrAGTAnTCATTCCTGGAAA
CACCATGATTGGTTAGCCAGTACCAAAGGTCCAACCGAGTCATGCCATTA
TAAATTrCACCrCrCCTGTGCrGACCATrACTGGGTATGTTATTATAAACAT
TCnTTGTCTACGCTGTCCATTATAATAACTAGAATCACCrTGTCrCCGGTG
AATCAATGCTGCCACCTGGCCCCTGTTACCTTGGAATCCAACTAAACCCA
TGAATTAAATCATCTAATTGAACAGAACATCrCCAATGCTAAGATCTGGCA
CAAGGAAAAGGGAAGAACAAAACCCTCCAATGTGCTGGTGCCCrCTCAC
CAAnTGCGTCTTATAGAGCrGGTGAAAGGCATATCTTCTGACCrrCCCATr
GTGGACAATTATGCrTAACACAATATATCCACTCTAGCATTGCAATTTCCC
TAAGTCITAAATrCCCrTCATCAACACTAAGCCAGGGAATTTCAGGCATCr
CCAAGTCATTrCCAGTAGGCCATCmTGATAAACACTTCAGCCAACCATT
CAAACAAACmTGACACCTTTTTTAACrATGCGAGCrTCTGTATTAAACCr
AGATCrCTATTCAGAGGACCCATGTCAATAAATTCAGCCrGTTCrAGTTTTA
TGTTCCTTCCACCCTTATCCCACACCCTTAAAATCCTTCCCACACATATTC
ACCAGGTTTCrGCTTGAATGAATTAGCAAACTCATTAAGCrCCTTAGTAGT
GTAGCGAATTTCCTCATGGACTACACnTCrACCTCCCCrCTAGGAGCCTG
TTTTGCnTGAGTCrGGTTACAGGTCTAGAAGAAACTATTGGTGGGCCTTGA
GAAACATCAGTAGTGAAAGTCATTGCrGGnTATCAGACrCTGCAAAATrA
ATTTACrCATGTGGGGAAGGCATTAnTCAAGGGGTGGGGCrGAGGGTACT
ACrTCCTCAGGTGGGGCAAACCdTGAGAATCrGAAGATTCrTTATTCrCA
GCrTAGACATGGTCrTCCCACACATCCCCGTCCCATGTTGTNfggalTrC

clone 6L1E/H 
rev:
TTrACrGGCrGGCrGCTCrTAGTATCrGTGGANnTATATGAATGAAAAGAA
GGAGTTGTGTGATAAAATCTAAAGGCrCCAGACACAAGTAAACGATCrAA
AAGTTGCrAAGTGTGTCCTTGAGGAGAATCTTCTCrCTTGTAGCAATAGAG
CrCAAGTTGCAGAAAATCAAACAGAAACrcrCATrGTAAGGTTGGCrGAA
CTACAGCGAAAATTCAAGTCrCAGCCrCAGAGTGTGTCCACAGTTAAAGT
AAGGGCrCrAATTGGCAAAGAATGGGATCCTACAACATGGGATGGGGATG
TGTGGGAAGACCAGGTTGAAGCTGAGAATnTGAATCCrCAGATTCTCAAG
GGTTGCCCCACCTGAAGAAGTAGTACCTCAGCCCCACCTCTrGAAATAAT
GCCrTCCCCACATGAAGAAATTAATTTGCAGAATCTGTTCACGGCCCACC
AATAGTTTCTrCTAGAAGTGTAACCAGACrCAAAGCAAAACAGGCTCCTA
GAAGGGAAGTAGAAAAGTGTAGTT

-21:
AAGCrTTGTTGGTGGATGGGGAAAAAACNAAAAGGAATGGGGAAATGAN
CACAGGATGTGTCCGGGGGACCTATTGGACCTACTGTGAGTCGGACATCA
GTCAAAACTCCATTAATCACCTGCCCTCCATAAGCCCCTACnTAACrGGA
GGGCCACAATGTrrCTTGGGATCCCCTGGGATCAGTGTCAACTCAGAACC
AGTATCCAGCAGACCCGAAAAGTCTGATTATTrCCnTCCCCAGTGTACAG
TTACCCTTGTAAAAGGGCGTAGGTCCCTCTGGGGAAGAACrGGAGAAAGG
GTAACAGCAAlAACCTTTGAGTGTCTTATCAAGATCCNNCCNCAGTGGAAC
NGGCCACCCTTCATTCAAGGGGTTCTGGATCTGCAAACrGTCCAAGTCrG
GAAATTGATTCACTGGCCGAGAATGCTGTTTACCACGATCTAATGTACCTT
TCnTCATTTGGGTGTTTAACACGAACrAATGTAGCCTTTCCn'CATTTGTTT
GAGAATmTCTGCrTATACAGATCAACCAAATATGCAGTAGGCTTCCrAT
GTTATTCATTCCTGGNAAACACATGAATGGGTNACCACTACAAAGGTCAA
CCGAATCATGCCATT

Cloning sites are underlined when present
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clone 14
-21:
(gaattlCTGCCAATTTCrCTGTATATCTATCCCAATTATACATTCTGGAACTGG
GGAAATAACCACAGGATGTGTTCTGGGACCTACTGGACCTACTGTGAGTC
AGACATCAGCCAAAACACTATTAATCACCTGTCCTCCATAAGCCCCTACT
TTAACrGGAGGGCCACAATCnTCTTGGGATCrCCTGGGATCAGTGTCAAT
TCAGAACCCCCTGGTGTACAGTCCTCTACCCCAGTGTACAGTTACCCATGT
AAAAGGCCATAGCTCCCrCTGGGAAAGAATCGGAGAAAGGCTAACAGCA
AAACTTTTAGGTGTCTTATCAATATCCTTCCTCTCAGGGGAACCrGGCCAC
CCCrrCATTCAAGGGGTTCTGGATCTGCAAACTGGCTCAAGTCTGGAAGTT
GATTCAGTGGCCCAGATTGTCTTTTGCCATGATCCAATGTAGCCnTCnTA

GGTTCCTATCTATTTCATGCITGGAAACACCATGATTGATTAGCCAGTACC
AAAGGTCCAAACGAGTCATGCCATTATAAATTTCACCrCTCCCGTGATGAA
TAATAAGGGGTATGTGAATAATAAACAATGTTCACACTGTCCATTAATAAC
AACTATGAACACCTrGTCTGGCAATTCAATTGCrGCrACCrGGCCCCTTTTT

rev:
AAGCrAATGCCnTAATTATCrrGATGAATTAGGTGATTTGGTGTACAAAAC
TTTTTACACGCCGGGGGGAAAAATCAGAAAATGATTTTGCrGGCrGGTTGT
TCTTAGCATCrCAGAAAAAAAATGATGAAGGAAAAGGAGTTGTATGATAA
AACTGAATGGCrCCAGACGCAAGTAAACAATCrAAAAGTTGCTAAACGTA
TCGTTGAATAAAATCrTCTCrACAGCAACCATAGAGCTCAAGTTGCAGAAA
ATCAAACTGAAGCCCrCATAAGGTAAGCTGAATTACAACAAAATTTCAAG
TCrCAGTCCCAGAGGGTGTCAGCAGTTAAAGTAAGGGCATTACTTGGCAA
ATGATGGTGGGATCCTATAACTTGGGATGGGGATGAGTGAGAAGACCCrGT
TGAAGCTAAGAATTTTGGATCTTCAGATTCTCATGGGTTTGCCCCACCrGC
GGAAGTAGTACCCTCAGTCCCACCCCITGAAATAATGTGTrCCCTACATGA
GAAAATTAATTCGTCAGAGTCTATAAACCAGCAGTGACmTGATGAAGAA
AATGCCAGACAAGACAATACTGATGTTTCTCAAGGCCCACCAAGTTTCCrT
CTAAGGCCrATAACCAATCTCAAGGCAAAGCAGGTCCCTAGAAGGGGAT
GT

clone 9 
-21:
(gaattctglCCAATTTCTGGATAGATCrATCCCAAITATACATTCTTGGAACrGG
GGAAATCATCACAGGATGTGTCCGGGGACCTACrGGACCTACTGTGAGTC
GGACATCAGTCAAAACTCCATTAATCACCTGCCCrCCATAAGCCCCTACT
TTAACrGGAGGGCCACAATGTTTCTTGGGATCCCCTGGGATCAGTGTCAAC
TCAGAACCAGTATCCAGCAGACCCCGAAAAGTCrGATTATTTCCTmCCC
CAGTGTACAGTTACCCTTGTAAAAGGCCGTAGGTCCCTCrGGGGAAGAAC
TGGAGAAAGGGTAACAGCAAAACCnTGGGTGTCTTATCAAGATCCTTCCr
CAGCGGAACCTGCCACCCCrTCATTCAAGGGGTTCCAGATCTGCAAACTG
TCrCAAGTGTGGAAAnGATTCACTGGCCGAGATTGCTGTnACCATGATCr
AATGTACGTTTCnTCArrTGTTTGAGAATATTTCTGCrTATACAGATCAAAG
AAATATGCAGTAGGCTCCrATGTATTTCATTCCTGGAAACACCGTGAATGA
ATAACCCAGTACCAAAGGTCCAACCGAGTTCATGCCATTATAAAITTCAC
CTCrCCTGTGCTGACCAITACTGGGTATGTTTATTATAAACATTCmTGTrC
TACGCTGTCCATTATAATAACCTAGAA

rev:
AAG CnTCNNCNNGACGGGGAAAAAATCTGAAAATGATTTTACTGGCTGG
CrGCrCTTAGTATCTATGGAAAAAATGATGAATGAAAGGAAGGAGTTGTGT
GATAAAATCGAAAGGCTCCAGACACAAGTAAATGATCTAAAAGTTGCrAA
Cloning sites are underlined when present
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GTGTGTCCTTGAGGAGAATCTTCrcrCTTGTAGCAATAGAGCTCAAGTTGC
AAAAAATCAAACAGAAACrCrCATTGTAAGGTTGGCrGAACrACAGCGAA
AATTCAAGTCrCAGCCrCAGAGTGTGTCGACAGTrAAÂGTAAGGGCrCTAA
TTGGCAAAGAATGGAATCCTATAACATGGGACGGGGATGTGTGGGAAGAC
CATGTTGAAGCTGAGAATTTTGAATCTTCAGATTCrCAAGGGCrTGCCCCA
TCTGAGGAAGTAGmTCrCAGCCCCACCCCTTGAAATAATGCCTTCCCCA
CATGAGGAAATTAATnTGCAGAGTCTGATAAACCAGCAATGACnTCACT
ACTGATGTTTCrCAAGGCCCACCAATAGTTTCrTCrAGACCTGTAACCAGA
CrCAAAGCAAAAACAGGCrCCTAGAAGGGGAAGTAGAAAGTGTAGTCCA
TGAAGAAATTCGCrACACrACrAAGGGAGCrTAATGTGnTGCrAATrCAT
CCAAGCAGAAACCrAATGAATATGTTGTTGGGAATGGAAnTAAGGGT

clone 3
ACATGGGACGGGGATGTGTGGGAAGACCATGTCTAAGCTCAGAATAAAGA
ATCTTCAGATTCTCAAGGGTTTGCCCCACCTGAGGAAGTAGTACCCTCAGC
CCCACCCCTTGAAATAATGCCTTCCCCACATGAGTAAATTAATTTTGCAGA
GTCrGATAAACCAGCAATGACTTTCACTACrGATGTTTCTCAAGGCCCACC
AATAGTTTCTTCrATACCTGTAACCAGACrCAAAGCAAAACAGGCrCCTAG
AGGGGAGGTAGAAAGTGTAGTCCrTGAGGAAATTCGCrACACTACrAAGG
AGCrTAATGAGnTGCTAATTCATTCAAGCAGAAACCrGGTGAATATGTGT
GGGAAGGATnTAAGGGTGTGGGATAATTTTGGAAGGAACATAAAACrAGA
ACAGGCTGAATTTATTGACATGGGTCCTCTGAATAGAAATCTAGG'nTAAT
ACAGAACTCGCATAGTrAAAAAGGTGTCAAAAGnTGnTGAATGGTTGGC
TGAAGTGnTATCAAAAGATGGTTCACTGGAAATGACTTGGAGATGCCrGA
AATTCCCTGGCTTA

clone 5c
A AGCTTCCGG AGTT A A ACCT AGA ATTTCCACTCAGATGGACCATGTC A ATA
AATrCAGCCTGCTCTAGTTTTATGTTCCTTCCACCCTTATCCCACATCGTTA
AAATCrATTCCCACACATATTTGCCAGGTrCCTGCrTGAATGAATTAGCAA
ACrCTTTAAGTTCCrTAGTAGTGTAGCGCAnTCCrCGTGGACTACACnTC
TACCrCCCCTCTAGGAGCCTGTnTGCnTAAGTCrAGTTACAGGTCTAGAA
GAAACTATTGGTGGGCTTTGAGAAACATCAGTATTGTCrTGTCrGGCATTTT
CTTCAGTGAAAGTCACTGCrGGTTTGTCAGACrGCAGAATTAATTTCCTCAT
GTGGGGAAGGCATTATTTCAAGGGATGGGGCTGAGGGTACTACrrCCrCAG
GTGGGGCAAACCCTTGAGAATCrGAAGATTCAAAATTCrCAGCrTCAACAT
TGTCrTCCCACACATCTCCATCCCAAGTTATAGGATCCTATTCTTTGCCAAT
TAGTGCCCrTACnTAACrGTTGACACACTCrGAGGCTGAGACrTGAATnT
CACrGTAGTTCAGCCAACCrrACAATGAGGGTTTCAGTTTGATTTTCrGCAA
CrTTAGCTCrATGGCrGCAAGAGAGAAGATTCTCTTCAAGGACACACrrAA
CAAAAnTAAATCATTTACTTGTGTCrGGGGCCrn'CGATnTGTCTCTCAAA
TCCTTCCTTTCATTCATCATmTCCCCAGATGCTAAGAGAAGCCAGCCAG
TAAAATCA'l'l I 'I' 1'ICA A I l'i riCCCGCATdTGTAGAAAGCrT

clone 5b 
-21:
TATCCCAATTATACATTCTGGAACTGGGGAGATGACCACAGGATGTGTTCA
GGGACCTACrGGACCrACrGTGAGTCAGATATCAGTCAAAACrCCATTAAT
CACCTCCATAAGCCCCTTCATrCAAGGGGTTCTGGGTCTGCAAACTGGCTC
AAGTCrGGAAATTGATrCACCAGCTGAGGTTGCCmTGCCACALATCCAAA
TGTAGCCnTGnTCAnTGTrTGAGAAGTnTCrGCTTATACAGATCAACCA
GATATGCAGTAGGCrTCCrATCrATTTCCrGCCTGTAAACACCATGATrGAT
TAGCCAGTAACAAAGGTCCAAACTAGTCATGTCATTATAACnTCATCTTT
Cloning sites are underlined when present
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CCrGTGCTGACCATTATGGGGTATGTCATTATAAACCrTGTTTTCTCTACGC
TGTCCATTATAATAACTATGATCACCTTGTCTCTGGCAATrCAGTGCTGCCC
CCrGGCCCTTGTTACCTCGATTCCCAATTAAACCCATTGAATTTAATTCATC
TAATTGAGCAGCAGCATCTTCAACCCTAAGGTCTGGCACAAGGAAAAGGG
AAAGAACAAAACCTTCAAATATGCTGGTGCCCCTCrCACCA'nTGGTGTTC
TTATGGACTGGGTAAAGGGCATAT

rev:
AAGCTTGGCCCAACACGCCGTATAGTAAGCGGTAAGCTGGAGCTGrAGTG
GTGGAGTGCGTG'nTAGCAATCGGCAGCACAGAGGTGGGGCTGGAGAGGA
GGGAAGGAAGAAAACCAGCrCAAACGCCCACnTCTCATGGAAACCCAG
ATATATGAATTACCCCATTGGCrATAGATTTAAACAATTGTCTAGACTTCCT
TAGAGGAAAAAATATAGTAATITCCTTAACrCATCACCAAGATGCCACAG
AAATGGTGCTGACATAACGGTAGAGATTATTTGTrCCTAATTCTACrGCAG
AGGGATGCTTTGGGAGGTTCrAGCCAGCAGCrCTTTCCCCCAGTCTCrTAC
ATGCrGATGCrGAGCAAGAACrTAACCTGCAAGACCCAATGTACrCTGTCT
CTCTCrCCTTCGCCTGCTTGCCATGTGGGACGGAGCAACrGCTAGATCCTG
GGACrTCCAITCACAGCTGCrGCTGACCATTGTTAGGAGTTGGACCGCAGA
CTGTAAGTCATCAACAAATTCCnTACTATATAGAGACTACCCATAAGTTC
TGTGACrCTAGAGAACCCrGACrAATACAGAAGTTGGTACTGGGGAATGGT
TCTNAAGGAGCAGAAGTATAAGAATGAATCrcnTAAAAAT

clone 1 
-21:
CGGACCATTTCnTATCrCCTCCTCrrGCTATGGTTGCCATCATGTNGGCAA
CAGCAAGTGGAGTGGCrCrCACTTCATGCTGTCCGATCCCTGTCAAGCCTG

TCGTCrTGAAGCrGnTGAAATCATrAAAATGATAAATATCCCCCTGCCAG
CrCACAGGACCCATTAATGAAAGTTTATCTGCATACrCCTCAAGGAGATCC
GGGTTAATATCmTAGCrCCrTAGCAATGGAAGCAAATGTATTATTGCAGC
ITCTGGCAAAGCTATCATTAAAATTCAGCATCCCATGCrGGTAnTAAGAT
AGGCTCCCCGTTTATTTTCCTGCTGCAGTCAAATTGCCTmCGGATCGTCC
AGACCrTGATCAATTGCCGCAGCTGCCACCACrGTnTAAAAACTGATCCC
ATAATn'GCTGTTTAATCATATGAATrACrGTrCCGCrGCl’i'i'Cn'CATCAAA
AGGATTATCnTGTTAATGGATGGACGTGACACCATAGCCAAAACrGAATr
AATCTCrATATCAAGGAAGAACACTCCCCCCmTTAATCCCATGCTGAAC
AGCCAATmTC

rev:
GAATTCrGCGAATTTCrGAGTATATCTATCCCAATTATArATTrTGGAACTG
GGGAAATAACCACAGGATGTGTTCrGGGACCrACrGGACCTACrGTGAGT
CAGACATCAGCCAAAACACTATTAATCACCTGTCCTCCATAAGCCCCTAC
TTTAACTGGAGGGCCACAATCnTdTGGGATCTCCTGGGATCAGTGTCAA
TTCAGAACCCCCTGGTGTACAGTCCTCTACCCCAGTGTACAGTTACCCATG
TAAAAGGCCATAGCrCCCTCTGGGAAAGAATCGGAGAAAGGCTAACAGC
AAAACmTAGGTGTCTTATCAATATCCTTCCrCTCAGGGGACCTGGCCAC
CCCrrCATTCAAGGGGTTCTGGATCrGCAAACrGGCrCAAGTCrGGAAGTT
GATTCACrGGCCCAGATTGTCmTGCCATGATCCAATGTACCTTTCTTTAA
TTTGAGAGTmTCTGCITATACAGATCAAACAGATATGCAATAAGTAGGCr
CCrATCTATTTCATGCTTGGGAAACACCATGAATGAATAGCCATACCAAAG
GTGCAiACGAGTCATGCCATTATAAATTTCACCTCTCCTGTGATGACTATTAT
GGGG

Cloning sites are underlined when present
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clone 4
CTTTGACCTCCCTGGCTCAGGTGATTCTCTCCCACCTCAGCCTCCAGAGTA
GCTGGGTTCACAGGTGCATGCCACCACACACCTAACTAATTTTTATnTTrG
TAGAAACAGGGTnTGCCATGTTGCCTAGGCTGGTCTCAAACTCTGGGCTC
AAGCAATCACGACTAGCTCAAGTGCTGGAITACAGGCATGAGCACCAGA
CCAGCTGA

c l o n e  5
TCCAGCCTGGGCGAAAGAGCGAGACTCCGTCTCAAACAAACAAACAAAC
AAACAAACAAAAAACAGCTATTGnTGGAATAGTCTATAAACCAGTTTCCT
TGGAGTCTAGAGAGCAGTCAGTTGAGGTGTCrAGATGTTAGACITGAAAAC
CTCAATTAAGTGGAATAGCAGTGCAATATGAAGATT

c l o n e  2 2
TGTTAACAATGCAATGlTGTGGGATAAAGTTCTCACTAGTGGGATrGGCCA
TATAACAACTGCTTCCTAAGTGTTGAAGGAACCGATGGAGATAAATCCTAT
CTTATGACAGAAGGATCAGATGAAA

c lo n e 2 3 b
GCAGCCCCACCCCTCAAGGTCACATAAGTTGGTGCTGTTGCTTGTAACTAA

TCTTCAAATACCAATACCTGAGATACATCACTAACAGATCTACATAGGGCT
rrGCTATTAGGTACAGTTAGTAAA
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Appendix 7 Repetitive sequences in the Fvl region

F v l
(corresponds to the Gag portion of MERV-L)

pwin* rtch MNCRl S
<6AAA)IV (QA,)n.'9t RLTTIIH MrSCRV RLTRtU

(corresponds to 3 ’ end of pol gene)

C57BL

B1 and 3' LINE elements FAM/PTX/MIN

P T X  5 ’  i n s e r t

1 kb
+ sense 

-  intisense

Repeats in the Fvl region were identified by using the repeat filtering 
program  RepeatMasker. The names of the repeats marked on the Figure 
correspond to sequences submitted to the rodent repetitive element database 
Repbase. The orientation of these sequences is indicated.
Fvl shares hom ology to the gag portion of the MERV-L submited sequence. 
MYSERV corresponds to the pol sequence of an endogenous retrovirus. 
RLTRllB and RMERIOB correspond to retroviral LTRs. All other elements 
are simple repeats.
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