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ABSTRACT 

The major urinary proteins (MUPs) of the mouse are encoded by a large 

multigene family. 	The expression of the genes is under complex 

tissue-specific, developmental and hormonal control. 	The MIJP genes 

have been characterised into four groups on the basis of sequence and 

restriction enzyme site homologies and their differential expression.. 

The genes show greater than 90% nucleotide sequence homology and 

analysis of gene expression between and within groups requires special 

methods. This thesis describes the development of such methods: the 

hybridisation of Northern blots with gene-specific oligonucleotide 

probes, with in vitro transcribed RNAs of known sequence as 

controls. 	This allows the discrimination of RNA species differing at 

a single nucleotide. 

Evidence is presented that the expression of group 1 MUP genes is 

restricted to liver of both sexes and to the prelactational mammary 

gland. Although these genes have greater than 99 nucleotide sequence 

homology within exons, it has been possible to determine the relative 

abundance of the transcripts of three of them in male liver using 

gene-specific oligonucleotide probes. Two are also expressed at lower 

levels in female liver where all three are inducjile by testosterone. 

The most abundantly expressed PIUP gene in the liver is also expressed 

in the prelactational mammary gland. 

Since the abundance of different group 1 gene transcripts can now be 

determined in viva, the identification of cis- and trans- ; 

acting factors becomes possible. 
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CHAPTER 1 

INTRODUCTION 

The Control of Eukaryote Gene Expression 

A central problem in molecular biology is understanding the means by 

which organisms control the pattern of gene expression in different 

cell types throughout development. Gene expression can be regulated 

at various stages from transcription initiation to post- 

translational modification and protein transport. 	It 	appears, 

however, that transcriptional control is the most common (reviewed by 

Darnell, 1982). The correct and efficient initation of transcription 

has been shown to involve interactions between cis- acting DNA 

sequence elements and trans-acting protein factors (Dynan & Tjian, 

1985; Serfling et al, 1985; Sassone-Corsi & Borrelli, 1986). 

It has recently become apparent that the expression of genes encoding 

different types of protein is regulated in different ways. Those 

proteins which are present at low levels in most or all cell types 

e.g. enzymes like hypoxanthine phosphoribosyl transferase (HPRT) and 

dihydrofolate reductase (DHFR) appear to be the products of genes 

under one form of regulation, while those which are abundant in one or 

a few cell types (e.g. globins, insulin and albumin) are products of 

genes regulated in a different manner. Yet other genes which are 

expressed at low levels in most cell types but at high levels in one 

or two (e.g. metallothioneins) have some features common to both. 
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Regulation of transcription occurs at two stages: the frequency of 

transcription initiation and the site of iniation. In some systems 

both appear to be controlled by one set of sequence elements (SC-

boxes) and a transcription factor (Spi). This arrangement was first 

investigated in the SV40 early and late promoter region which consists 

of six 6C-boxes arranged to form three 21bp repeats. Recent work has 

established that each SC-box in this promoter can be bound in viva 

and in vitro by the cellular transcription factor Spi in a 

sequence-specific manner. Point mutations in different boxes have 

varying effects on transcription initiation (Gidoni et al, 1984, 

1985; Barrara- Saldana et al, 	1985). 	Steric constraints and 

differences 	in 	binding affinities at each site limit Spl-DNA 

interactions to five out of six sites at any one time. In the late 

promoter, the SC-boxes alone regulate transcription initiation whereas 

in the early promoter they act via a TATA box (see below). SC-boxes 

are found upstream of a number of other genes, especially those which 

are expressed in most, if not all, cell types. One example is the 

mouse HPRT gene where the 49bp immediately 5' of the cap site appear 

to be sufficient to direct correct transcription (Melton et al, 

1986). 	This region contains three SC-boxes and no TATA box. 

Furthermore, Dynan et al (1986) have shown that Spi  binds to BC-

boxes in, and stimulates transcription from, the promoter of the mouse 

DHFR gene. 

Genes which are expressed only in certain cell types have different 

promoter structures with different elements involved in determining 

the site and frequency of intiation. These promoters usually lack 

SC-boxes and are generally more complex than those directing systemic 
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e(ressioa. The site of transcription initiation is defined by the 

position of a sequence element known as the TATA box (from its 

consensus sequence, TATAWAW; Breathnach & Chambon, 1981). 	This is 

found approximately 30bp upstream of the cap site of nearly all genes 

transcribed in a tissue-specific manner. Point mutations within the 

sequence often lead to heterogeneity in transcription initiation 

(Dierks et al, 1983; Myers et al, 	1986), 	presumably through 

disruption of the preinitiation complex which forms at this site 

(Davison et al, 1983; Parker & Topol , 1984). 	The formation of the 

complex depends on a transcription factor known as TFIID (Sawadogo & 

Roeder, 1985) or BTF1 binding to the TATA box. 	This positions RNA 

polymerase II and ancillary initiation factors to direct transcription 

intiation approximately 30bp downstream (Zheng et al, 1987). 

The frequency of initiation from such promoters is determined by 

elements positioned further upstream. These elements include the 

CCAAT box present in mammalian giobin gene promoters, the chicken 

ovalbumin and conalbumin promoters and the herpesvirus thymidine 

kinase promoter (Benoist et al, 1980; Dierks et al, 1983; 

Jones et al, 1985; Myers et al, 1986). 	Mutations within this 

sequence affect the frequency of initiation in vivo and in 

vitro (Graves et al, 1986; Myers et al, 1986). 	The element 

appears to be bound by trans-acting factors present in HeLa cell and 

rat liver extracts (Jones et al, 1985; 	Graves et al, 	1986; 

McKnight & Tjian, 1986). 

Other elements present in the upstream regions of various genes confer 

inducibility by specific agents on heterologous promoters. 	For 
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example the glucocorticoid response e lements (Yamamoto, 1985), the 

metal response elements of human and mouse inetallothionein genes 

(Karin et al, 1984; Stuart et al, 1984) , the heat shock 

elements of Drosophila . (Pelham & Bienz, 
	

1982), and the inducible 

elements of human a- and -interferon genes (Ryals et al, 1985; 

Goodbourn.et al, 1985). 

Not 	all 	upstream 	elements 	act 	in 	a 	positive 	manner. 

Dexamethasone, for example, 	has 	a 	negative 	effect 	on 

a-foetoprotein 	gene transcription 	(Huang et al, 1985) and the 

human 	8-interferon 	gene 	upstream 	element 	down-regulates 

transcription 	in the absence of an inducer (Goodbour(.etal, 

1986). The clearest example of negative regulation of 

tissue-specific gene expression is provided by the phenomenon of 

extinction. Hybrid cells formed by fusing different cell types 

generally fail to express the tissue-specific products of either 

parent. There is evidence that specific genetic loci are involved in 

the trans regulatedrepression of gene expression (Killary & 

Fournier, 1984; Chin & Fournier, 1987). These authors' data suggest 

that negative regulation may be a ubiquitous form of gene control. 

Many upstream sequence elements share common features with enhancer 

elements 	first 	described 	in viruses of eukaryotic cells but 

subsequently found upstream, within and downstream of a number of-

eukaryotic genes (reviewed by Serfling et al, 1985; tlaniatis et 

al, 1987). Enhancers increase the initiation of transcription from 

the cap site and function over long distances ( > 1kb) independently 

of orientation. Those which have been examined in detail have been 
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shown to consist of separate domains bound by trans-acting factors 

which act independently (e.g. 	Wildenan et al, 	1986; 	Zenke et 

al, 1986). 	The cell type and species specificity of viral enhancers 

varies but most enhancers associated with cellular genes act in a cell 

type-specific manner 	(Serf ling et al, 1985; Maniatis et al, 

1987). 

celh4Llar 
The first enhancer to be studied was found in an intron of the 

inimunoglobulin heavy chain gene 	(Gillies et al, 1983) 	which 

functions only in lymphoid cells. Other tissue-specific enhancers 

have recently been identified, often a few kilobases upstream of the 

cap site. Examples include mouse albumin (10kb, Pinkert et al, 

1987), chicken ovalbumin (7kb, Kaye et al, 	1986) 	and chicken 

lysozyme (6kb, Theisen et al, 	1986). Some have been shown to 

interact with trans-acting factors (e.g immunoglobulin K-chain 

enhancer; Sen & Baltimore, 1986) and are associated with ONasel 

hypersensitive sites 	(c.f. 	SV40, 	Jongstra 	et 	al, 	1984). 

Erythroid-specific 	hypersensitive 	sites 	have 	been 	identified 

approximately 50kb 5' and 20kb 3' of the human -globin gene. 

Sequences around these regions together specify complete tissue-

specificity and developmental regulation of the human 8-globin gene in 

transgenic mice (Grosveld et a1, 1987). Other sequence elements 

geAe 
within and 3' of the - globin 1 have also been shown to direct adult 

erythroid-specific expression in transgenic mice (Behringer et al, 

1987). The cell type-specific elements of other gene promoters (which 

show some properties of enhancers) have been shown to be bound by as 

yet uncharacterised trans-acting factors e.g. 	insulin 	(Ohisson & 

Edlund, 1986) and 1 -antitrypsin (DeSmmone et al, 1987). 
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A common feature of many upstream elements and enhancers is that they 

are present in two or more copies or consist of repeated sequences and 

domains, some of which are present in other promoters. 	For example, 

the mouse metallothionein I promoter contains five metal response 

elements of which a minimum of two are required to confer full metal 

inducibility on a heterologous promoter (Stuart et al, 1984, 1985; 

Searle et al, 1985) . Further examples include the upstream repeat 

element in mammalian 	-globin genes (Dierks et al, 1983: Myers 

et al, 1986), heat shock elements 5 	to the Drosophila hsp70 

gene (Dudler & Travers, 1984) and duplicated glucocorticoid receptor 

binding sites in the chicken lysozyme promoter and mouse mammary 

tumour virus long terminal repeat 	(Scheidereit et al, 1983; 

Renkawitz et al, 1984; Sheidereit & Beato, 1984). 

In summary, the promoter regions 	of 	eukaryotic 	genes 	whose 

transcription is restricted to certain cell types or certain periods 

of development (rather than occurring in all cell types) consist of 

three basic cis-acting elements:- (1) the TATA box which mediates 

the site of initiation, (2) upstream elements which are involved in 

induction and/or tissue-specificity, and (3) enhancer elements which 

enable high frequencies of transcription initiation in a certain cell 

type. 	Some sequences have characteristics of both classes (2) and 

(3). 	Many elements have been shown to be bound 	by 	various 

trans-acting 	factors 	and are associated with alterations in 

chromatin structure (as measured by DNaseI hypersensitivity). It has 

been argued that the initiation of transcription requires interactions 

between DNA-bound proteins; and this has indeed been demonstrated in 



prokaryotes 	and yeast (Ptashne, 1986; and references therein). 

Ptashne argues that enhancers are able to act at a distance because 

the-DNA between the enhancer and proximal promoter elements is looped 

out allowing the interaction between proteins bound at each site. 

It is sometimes possible to gain a greater understanding of the 

factors affecting gene expression by examining multigene families 

because subtle differences which lead to changes in regulation are not 

obscured. In certain cases the pattern of expression within a 

inultigene family varies during development in different tissues and 

under the control of different inducers. Examples include the 

tissue-specific expression of different mouse kallikrein genes (Mason 

et al, 1983; van Leeuwen et al, 1986) , varying patterns of 

globin 	synthesis 	during 	development, 	and 	the 	induction of 

metallothionein genes by glucocorticoids and heavy metals (Karin et 

al, 1984). 

The gene families encoding the rodent urinary proteins appear to be 

regulated in all three ways. One particularly interesting aspect of 

their regulation is the differential induction of gene expression in 

the liver by testosterone and non-steroid hormones. The genes 

encoding the murine major urinary proteins (MUPs) have been studied in 

a number of laboratories over many years and it is an investigation of 

gene expression within this family which is presented in this thesis. 
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The Murine Major Urinary Protein Gene Family 

Tissue-specific and hormonally regulated expression 

The major urinary proteins (MUPs) of the mouse are a set of 	small 

(19,000 MW), acidic proteins (p1 4.0-4.6). 	They are synthesised 

mainly in the liver, but also in the lachrymal, submaxillary, parotid, 

sublingual and mammary glands and not in the kidney, testes, seminal 	
j 

vesicles or brain (Hastie et al, 	1979; 	Shaw et al, 	1983). 

MUPs excreted in the urine are synthesised in the liver, secreted into 

/ 
the serum and concentrated in the kidneys (Rumke & Thung, 1964; 

Finlayson et Al, 1965). 	The in vitro translation products of 

hybrid-selected liver RNA have a pattern very similar to that of the 

urinary proteins 	(Clissold & Bishop, 	1982; Knopf et al, 1983; 

Clissold et al, 1984). 	Expression in other tissues has been 

determined at the RNA level and not by the presence of proteins. In 

vitro translation products of hybrid- selected lachrymal gland RNA 

constitute a more basic set of proteins (Shaw et al, 1983; Shahan 

& Derman, 1984). MUP mRNA is the most abundant in the male liver 

(approximately 87., Derman et al, 1981), where it is at least five 

times more abundant than in the female (Hastie et al, 	1979; 

Berman, 1981). Female liver mRNA gives a simpler pattern of proteins 

after in vitro translation but a male-like pattern is observed, 

along with male- like levels of mRNA, in females treated with 

testosterone (Clissold et al,. 1984). 
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The RNA and in vitro translation products have been examined from 

surgically altered (thryroidectomised and hypophysectomised females) 

and mutant (little and testicular feminisation) 	mice. 	These 

experiments showed that testosterone, growth hormone and thyroxine 

induce MIJP eRNA synthesis in the liver, and that the action of 

testosterone in this tissue is at least partly dependent on growth 

hormone and thyroxine (Knopf et al, 1983). 	Different MUP species 

are induced to different extents by different combinations of 

hormones. Further evidence for the effect of growth hormone and 

thyroxine comes from experiments with cultured hepatocytes. 

Primary hepatocytes show a pattern of gene expression similar to 

regenerating liver i.e. increased levels of transferrin RNA, the 

presence of a-foetoprotein RNA, and decreased transcription of adult 

liver RNA precursor species such as albumin and NIJP. The rate of 

decay of HIJP RNA transcription in hepatocytes- can be slowed by 

culturing in the presence of growth hormone, thyroxine and insulin. 

The effects of growth hormone and thyroxine are synergistic 

(Spiegelberg & Bishop, 1988). 

It has been proposed by Norstedt & Palmiter (1984) that testosterone 

acts on the pituitary to induce a discontinuous pattern of growth 

hormone production in males, compared with continuous production in 

females, and that this determines the sexual dimorphism of the liver. 

They further suggest that discontinuous stimulation of growth hormone 

receptors causes a discontinuous release of insulin-like growth factor 

I (1SF-1) which in turn induces MUP synthesis. Continuous stimulation 

of growth hormone receptors, on the other hand, up- regulates growth 
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hormone/prolactin receptors resulting in continuous 1SF-1 release in 

turn down-regulating 1SF-I receptors and resulting in low MUP 

production. 

Derman and co-workers have shown that the different MUP 	genes are 

expressed in different tissues by restriction analysis of uncloned MUP 

cDNA (Shahan & Derman, 1984) and by cloning and sequencing of MUP 

cDNAs from liver, lachrymal and salivary glands (Shahan et al, 

1987a,b). Shaw et al 	(1983) had previously shown that the 

different P11W expressing tissues are under developmental control. 

Liver MUP aRNA is first detected at three weeks of age, but maximum 

levels are reached when animals are sexually mature at about six 

weeks. In mammary glands MUP mRNA is first detected during the first 

pregnancy. 	A cDNA cloned from a prelactational mammary gland library 

was found to be identical insequence to one from a female liver 

library 	(Shahan et al, 1987b). Although the murine submaxillary 

gland is sexually dimorphic in the expression of some genes (e.g. 

kallikreins, van Leeuwen et al, 1987), this is not the case with 

MIJP genes. MUP mRNA is first detected in this tissue at one week of 

age, peaks between 4 and 7 weeks, and then decreases. No hormonal 

regulation of MLJP expression in the salivary glands has 	been 

demonstrated. 	MIJP expression in the lachrymal gland is observed at 

two weeks of age when this gland can first be dissected. The level is 

about five times greater in males than in females, and testosterone 

treatment induces male-like levels in females. Expression in the 

lachrymal gland appears to be independent of both growth hormone and 

thyroxine (Shaw et al, 1983). 
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Recent experiments with transgenic mice have shown that 2kb of 

Mup  5' flanking sequence is sufficient to direct expression of the 

Herpes simplex virus thymidine kinase (HSV-tk) reporter gene in male 

liver and enables testosterone induction in female liver. There is no 

detectable expression in the submaxillary or lachrymal glands, nor in 

heart, muscle, brain or spleen (where no MUP gene expression is 

detectable, Hastie et al, 	1979). 	There is, however, abundant 

expression in the male preputial gland, and testes (Al-Shawi et al, 

1988b). The rat analogue of MUP, a2u-globulin, has been shown to 

be expressed at high levels in the preputial glands of male and female 

rats (Held & Gallagher, 1985; Maclnnes et al, 1986) but not in the 

testes (R.A. Al-Shawi, unpublished results). It is thought that the 

high levels of thymidine kinase activity in the testes could be the 

cause of the sterility observed in male transgenic mice (Al-Shawi et 

al 1988b). The reason for the aberrant expression in these tissues 

is not known; it may be due to the removal of negative regulatory 

elements further upstream, within the gene itself or in the 3' 

flanking 	sequences. 	These 	possiblities 	are 	currently being 

investigated using alternative reporter genes and different lengths of 

5' flanking sequence. 	Mice transgenic for an azu-globulin genomic 

clone including approximate&9 2kb of upstream sequence 	express 

a2u-globulin in adult male liver and preputial gland. 	Expression 

can be induced by glucocorticoid treatment of adrenalectomised mice or 

testosterone treatment of ovarectomised mice (Da Costa Soares et 

al, 1987). The upstream.sequences present in the transgene include 

the elements identified by Addison & Kurtz (1986) as being involved in 

glucocorticoid induction of a-globulin gene expression in L 

cells. 	This suggests that these elements may also be involved in the 
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glucocorticoid regulation of a2u-globulin in rat liver first 

demonstrated by Kurtz & Feigelson (197). 

Gene structure and organization 

PIIJPs are encoded by a family of approximately 35 genes located on 

chromosome 4. 	Most PIIJP genes can be classified into two main groups 

(1 & 2) on the basis of hybridisation criteria 	(Bishop et al, 

1982), and are linked pair-wise in a head-to-head - manner about 15kb 

apart. With the 3'flanking regions each pair constitutes a 45kb 

imperfect palindrome and these are the units of duplication and 

evolution (Clark et a1, 1984b; Bishop et al, 	1985). 	It 	is 

estimated that there are thirteen to fifteen 45kb units and a further 

five to nine genes which do not fall into either group 1 or group 2. 

A group 1 gene (BS6) and a group 2 gene (BS2) have been sequenced 

throughout the entire transcription unit as well as 5' and 3' flanking 

regions. 	The data suggest that the group 2 gene is a pseudogene 

relative to the group 1 gene: it contains two in frame stop codons and 

a frame- shift  mutation. 	There are also deletions upstream of the 

TATA box and in intron 3 and a base-change within the TATA box (Clark 

et al, 	1985a). 	The TATA box of group 1 genes has been shown to 

direct transcription from a cap-site 30±1 bp downstream by primer 

extension 	and 	Si 	analysis 	(Clark et al, 	1985a) 	and by 

transformation of fibroblast cells (Held et al, 1987). Four group 

2 genes have been sequenced to date and share a common base 

substitution in the first exon which generates a termination codon at 

the seventh position of the mature polypeptide (Ghazal et al, 

1985). A synthetic oligonucleotide probe homologous to this region of 
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group 2 genes hybridises to 12 of 34 MLJP genomic clones (Shahan et 

al, 1987a). It appears therefore, that most if not all group 2 

genes are pseudogenes. 

Of those genes outwith groups 1 and 2, some have been placed in two 

further groups (3 and 4) on the basis of nucleotide sequence homology 

(Al-Shawi et al, 1988a). Group 3 consists of two sequences, a 

liver cDNA clone 	(p199, 	Kuhn et al, 1984; => MUP15, Clark et 

al, 1985b; => cLIV4 => cLIV7, Shahan et al, 1987a) and a genomic 

clone (MUPI6; Ma, 1987). Each differs from group 1 genes in exonic 

sequence by approximately 15% and from each other by 5%. 	Kuhn et 

al (1984) identified a potential glycosylation site in the sequence 

of the cDNA clone p199, and have shown that mRNA hybrid- selected with 

p199 codes for a group of four proteins which run more slowly in 

SUS-polyacrylamide gels than most MUPs. It was subsequently shown 

that mouse urine contains a minor MUP fraction which binds to Con-A-

sepharose and is detected by a •stain specific for glycosylated 

proteins (Clark et a1, 1985b; Ma, 1987). 	MUP16 also encodes a 

protein with the same glycosylation site. It differs from all MUP 

genes cloned to date because it entirely lacks exon 7 and has a large 

3 deletion. 

Group 4 comprises cDNA clones from lachrymal and submaxillary gland 

libraries (one each: cLAC1 and cSMX1, Shahan et al, 1987a) and two 

partial genomic clones (BL2 and CL12, Clark et al, 1982; Al-Shawi 

1985; 	Al-Shawi et al, 	1988a). 	The cDNA clones differ in 

nucleotide sequence from group 1. genes by approximately 10%, from 

group 2 genes by 12%, and from each other by 7%. The protein encoded 
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by cLACI would be considerably more basic than any P1(JP encoded by a 

group 1 or group 3 gene (from a comparison of the amino acid sequences 

predicted by nucleotide sequences, see chapter 6). It is not known if 

group 3 or group 4 genes are located in 45kb palindromes. 

The MUP transcription unit is 3.9kb in length and contains 7 exons 

(Clark et al, 1984a; Figure 1), the last of which is non-coding. 

There are alternative splice sites within the non-translated part of 

exon 6 giving rise to three different splicing configurations. Two 

different lengths of MUP liver mRNA can be resolved 	by 	gel 

electrophoresis and the shorter, less abundant, of these (including 

all of exon 6 and entirely lacking exon 7) hybridises preferentially 

to a group 2 probe whereas the longer one (lacking all but the 5', 

coding, portion of exon 6 and including all of exon 7) hybridises 

preferentially to a group 1 probe (Al-Shawi, 1985; Clark et al, 

1984a). The larger message is 10-20 fold more abundant in sale souse 

liver. 	From the available sequence data it was concluded that 	the 

shorter message is not the transcript of PIUPI6, a genomic clone 

lacking exon 7 (see above). 

The exonic sequences of four genamic clones of group 1 genes have been 

determined (Clark et al, 	1985b) as well as the sequence of a 

number of near full length liver cDP4A clones from BALB/c mice (Kuhn 

et 	al, 	1984; 	Clark et al, 1985b; Chave-Cox, 1986; Shahan 

et al, 1987a; compared in Figure 2). 	These clones encode pro1eI-5 

with an 18 amino acid signal peptide and a 162 amino acid mature 

protein with an expected molecular weight of approximately 19,000 

Daltons. The nucleotide sequence homology between the different group 

- 14 - 



Figure 1 

Exon structure of a Nup gene and positions of genosic sub- clones 

The exon structure and restriction sites as determined by Clark et 

al 	(1984a) are shown. 	Exons are indicated by boxes, coding regions 

are shaded. The positions of genomic sub-clones used to generate the 

control transcripts described in Table 2 are indicated beneath the 

gene. The 5' ends of the cDNA clones used as templates are indicated 

by vertical arrows above the gene in exons 1 & 2 	tIUPLS, Pupil, 

MIJPB; from 5' to 3' (see Figure 2). 
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Figure 2 

The exonic sequences of cloned Mup genes 

The exonic sequences of BALB/c genomic and cDNA clones were aligned 

and a consensus derived using the UWGCG programme, PRETTY. Sequences 

missing from various clones are shown by dots. The consensus for the 

3' portion of exon 6 included in short message but not long (Clark 

et al, 1984a) is shown in lower case. The target sequences for 

gene or group specific probes (described in Tables 3 & 6) are 

underlined. 

BL1 was isolated from a BALB/c genomic liver library (Clark at al, 

1982, 1985b), BSI, BS5, BS6,. MLJP16 from a BALB/c genomic sperm library 

(Clark et al, 1982, 1985b; 	Ma, 	1987), 	MUP8, 	MUP11, 	MUP15 	and 

cLIV6, cLIV7 from separate BALR/c female liver libraries (Clark et 

al, 1985b; Shahan et al, 1987a), p1057 and cLIV1 from separate 

BALB/c male liver libraries (Kuhn at al, 1984; Shahan et al, 

1987a), cLAC1 from a BALB/c lachrymal gland cDNA library (Shahan et 

al, 	1987a) 	and cSMX1 from a BALB/c submaxillary gland cDNA library 

—(Shahan etal1997a). - 	 - 

The termination point of MUP16 at the end of exon 6 is that predicted 

from the observation that the genomic clone lacks axon 7 (Ma, 1987). 
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I genes is greater than 99% but they specify different proteins. 

6enomic clones from C57BL mice have been used to stably transform 

L-cells and the tlIJPs obtained co- migrate on two- dimensional gels 

with species of hybrid-selected, in vitro translated liver RNA 

(Held et al, 1987). 

Comparison of the 5' flanking sequence of a number of PIUP genes has 

identified a hypervariable A-rich region 15bp upstream from the TATA 

box (Held et al, 1987; Al-Shawi et al, 1988a). The length and 

base-composition of this region varies between different genes. 	The 

group I sequences can be divided into four sub-groups on the basis of 

the length and composition of this A-rich region and these coincide 

with those defined by parsimonies based on conservation of restriction 

sites (Al-Shawi et al, 1988a). 	Possible relationships between the 

expression pattern of different group 1 genes and their phylogenetic 

separation are discussed in chapter 6. 

Approximately lObp upstream of the A-rich region is a sequence, 

CCATAC, which shows limited homology to the consensus for the CAAT box 

(Ghazal, 	1986; 	Held et al, 1987). 	The promoter regions of PIUP 

genes contain a number of sequences showing homology to the published 

consensus for the glucocorticoid 	regulatory 	element (6RE), metal 

regulatory element ME), enhancer core sequences and nuclear factor 1 

binding sites. 	Of these only that for the glucocorticoid regulatory 

element occurs more frequently than expected by chance allowing for 

sequence length and base composition (Ghazal, 1986). 	Two such 

consensus sequences are observed lObp apart between 360bp and 380 bp 

upstream from the cap site of the group 1 genes analysed but it is not 
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known whether they are functional. 

The evolution and possible function of PIIJPs and related proteins 

Comparison of amino acid sequences relates the rodent 	urinary 

proteins, MUP and a2-globulin, to a number of mammalian secretory 

proteins:- human and rat retinol binding protein, human and rat 

1 -acid glycoprotein, human apolipoprotein D, human protein HC 

(high cysteine) , a rat androgen-dependent 	epididymal 	secretary 

protein, ovine -lactoglabulin and bovine odorant-binding protein (Au 

& Clark, 1988; Sawyer, 1987; and references therein). 	Tobacco 

hornworm insecticyanin and frog Bowman's gland protein also share 

homology. 	Common three-dimensional protein structures have been 

demonstrated for some of these proteins and the arrangement of exans 

and introns is very similar in those cases where this information is 

available. 	It has been suggested that these proteins bind small 

molecules which are either insoluble at physiological pH, labile, or 

both (Sawyer, 1987). 	For example retinal binding protein binds 

retinol and transports it in the serum, and -lactoglobulin has also 

been shown to bind retinol and may carry the vitamin in milk. Bovine 

olfactory binding protein has been shown to bind a variety of small 

hydrophobic odorant. molecules as well as pyrazines (Pevsner et al, 

1986) and a2U-globulin is also reported to bind pyrazines in the 

nasal mucosa (A. Cavaggioni, unpublished results). 

Male mouse urine contains androgen-related fractions which accelerate 

the onset of puberty in young females (Vandenbergh et al, 1975). 

One of these is probably a protein of greater than 12,000 MW and the 
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second appears to be a mixture of oligopeptides of about 860 MW 

(Vandenbergh et al, 1976). Clark et al (1985a) have suggested 

that 	the protein is MOP and thatthe six N-terminal amino acids 

(N-Slu-61u-Ala-Ser-Ser-Thr) 	are 	biologically 	active whilst the 

smaller, 	dialysable 	factor 	is 	the 	hexapeptide 

(N-Slu-131u-Ala-Arg-Ser-Met) encoded by group 2 genes. 	Shaw et al 

(1983) have suggested that MOPs may act as carriers for active 

behavioural cues or pheromones. 	The high degree of conservation 

within the MUP and a2-globulin families could provide the 

variation and specificity required for binding different molecules. 

The tissue distribution of a2u-globulin synthesis is broadly 

similar to that of MOP, but differs in some details. Iso-electric 

focussing and Western blotting of 8100 extracts from various tissues 

reveals a smaller number of proteins in male liver, a few more acidic 

proteins in submaxillary and lachrymal glands, and a large number 

(10-15) in both male and female preputial gland and in the mammary 

gland 	at 	18 	days 	gestation 	(Maclnnes 	et 	al, 	1986). 

2globulin RNA is undetectable in female liver (Gubits et 

al, 1984). 

The 5 	flanking sequences of 	2u-globulin 	genes 	lack 	a 

hypervariable A-rich region with a run of only seven A residues at the 

analogous position (Winderickx et al, 1987). 	The group 3 gene, 

MIJPI6, also has only seven A residues at this point suggesting that 

this arrangement is ancestral and the expansion of the array is 

specific to mouse (Al-Shawi et al, 	1988a). 	There is, however, 

some preliminary evidence that a2-globulin genes are arranged in 
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a head-to-head manner similar to HUP genes (J.P Whitaker, unpublished 

results). An azuglobUlifl pseudogene has been cloned and sequenced, 

but it does not have the same point mutation as group 2 NUP genes and 

has not been mapped relative to the other genes rat on chromosome 5 

(Winderickx et al, 1987). 
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Aims of Project 

The multigene family encoding the major urinary proteins of the mouse 

is an excellent model system in which to examine the factors affecting 

the regulation of gene 	expression 	in 	the 	mammalian 	liver. 

Testosterone, growth hormone and thyroxine are thought to affect the 

levels of expression of different genes within the family. 	In order 

to identify the cis-acting elements and trans-acting factors 

involved in this regulation a means of discriminating between the very 

similar transcripts is required. 

The 	major aim of the work presented in this thesis was to develop a 

method by which the transcripts of individual group 1 MIJP genes could 

be identified. The method chosen employed synthetic oligonucleotides 

as hybridisation probes to Northern blots using in vitro RNA 

transcripts of known sequence as controls. 	Once the levels of 

transcript from a given gene can be measured independent of 	others, 

it is possible to determine which genes are controlled by particular 

hormone regimes. This will enable the study of the putative 

regulatory regions in transgenic mice. 
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CHAPTER 2 

A REVIEW OF FACTORS AFFECTING THE HYBRIDISATION OF OLIGONUCLEOTIDES 

TO FILTER-BOUND RNA 

The experiments described in this thesis involve the hybridisation of 

group- or gene-specific oligonucleotide probes to filter-bound RNA. 

Such experiments have only recently become feasible due to advances in 

the chemistry of oligonucleotide synthesis which have made 

oligonucleotides readily available to 	the 	molecular 	biologist 

(reviewed by Itakura et al, 1984; Caruthers, 1985). 	Wallace et 

al (1979, 1981) have shown that it 	is possible to differentiate 

between 	DNA 	sequences differing at only one nucleotide using 

oligonucleotide probes and this, for example, allows one to identify 

the presence of mutant alleles for diagnostic purposes (Conner et 

al, 1983; Kidd et al, 1983; Studencki et al, 	1985; 	DiLella 

et al, 1986). 

Synthetic oligonucleotides have not been used extensively as probes to 

RNA targets. 	Szostak et al 	(1977) used a 15nt probe to yeast 

cytochrome c oRNA,. and, Capetanaki et al (1983) showed that a 

14nt probe would hybridise to chicken vimentin mRNA. 	Synthetic 

oligonucleotides have also been used as primers for the generation of 

specific cDNAs (Houghton et al, 1980) , direct sequencing of RNA 

using dideoxynucleotide triphosphates and reverse trancriptase (e.g. 

Epstein et al, 	1986), 	and differentiating. 	between 	similar 

transcripts (Field & Brass, 1985). 	During the course of the work 

presented in this thesis there have been a few reports an the use of 
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oligonucleotide probes to discriminate between similar transcripts. 

For example, Omiecinski et al 	(1985) 	used synthetic probes to 

examine differential induction of rat cytochrome P450s and van Leeuwen 

et al 	(1986, 	1987) 	have used this approach to examine the 

tissue-specific expression of mouse kallikrein genes. In both cases 

the oligonucleotides were designed to hybridise to hypervariable 

rrIsmakhes 
regions within predicted RNA sequence containing 4 or 5.  

lSnt probes have been shown to discriminate between synthetic 

transcripts differing at a single nucleotide (Buvoli et al, 1987). 

In this chapter I review aspects of nucleic acid hybridisation and 

duplex stability which have to be considered when designing and using 

oligonucleotide probes. 

Duplex Stability 

The stability of a nucleic acid duplex, either DNA.DNA, RP4A.DNA or 

RPIA.RNA, is usually quantified by its melting temperature (1.). 

This is the temperature at which half the molecules are dissociated or 

denatured - the more stable a duplex, the higher its Tm. 	There 

are four factors which affect the T. of .a duplex:- 

Salt concentration 

Base composition 

Fragment length 

Degree of homology 
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Salt concentration 

The two strands of a duplex repel each other in the absence of a 

cation, owing to the highly charged phosphate groups. The stability 

of a duplex, as measured by the Im, increases linearly with the 

logarithm of monovalent cation concentration from 0.3mM to 0.511 (Dove 

& Davidson, 1962). At higher concentrations ( > 111) 	the logarithmic 

plot levels and the T. is maximal between 1.0 and 2.011 M 

(Schildkraut & Lifson, 1965). Divalent cations have an approximately 

100 fold greater stabilising effect than Na' (Thomas, 1954); hence 

the inclusion of EDTA in hybridisation experiments to remove Mg 2  

ions. 

Base composition 

Marmur & Doty (P1959) established that a higher G+C content increases 

the thermal stability of a duplex - as might be expected from the 

greater number of hydrogen bonds. Subsequent work showed that T. 

increased by 0.41°C for each 1% rise in 6+C content (Marmur & 

Doty, 1962). 	When combined with data on the effect of 	salt 

concentration, the Schildkraut & Lifson (1965) relation is obtained:- 

T. = 16.6logEM] + 0.41(XG+C) + 81.5°C 	 (1) 

where M = monovalent cation concentration. 

Fragment length 

This is a particularly important factor in the hybridisation of 

oligonucleotides. Since they form fewer hydrogen bonds, short DNA 
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molecules will fore less stable duplexes. Thomas & Dancis (1973) have 

estimated that the L. of a duplex is reduced by (820I')°C, 

where . = fragment length. These authors were thus able to modify the 

Schildkraut & Lifson relation to give:- 

T. = 16.6log[M] + 0.41(7.G+C) + 81.5 - (8201',.)°C 	 (2) 

4) Degree of homology 

It is estimated that l mismatch reduces the T. by about 1°C 

(Bonner et al, 1973). 	Adding this to equation (2) we get:- 

T. = 16.6log[M] + 0.41 (%G+C) + 81.5 - (82010 - (100-h)°C 	(3) 

where h = 	homology. 

The rate of hybridisation is maximal 	10_300C  below the T. 

(depending on the nucleic acid species involved). The same four 

factors are also involved in the rate of reaction although the 

relationships are not the same. The rate of hybridisation increases 

with salt concentration, is proportional to the square root of 

fragment length, is reduced by mismatching and is minimally dependent 

on base composition but is inversely proportional to the complexity 

(Wetmur & Davidson, 1968). These authors have shown that it is the 

initial formation of a short specifically base-paired region 

(nucleation) which limits the rate of hybridisation and that the 

formation of successive base-pairs thereafter (zippering) is rapid. 
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RPIA.DNA Hybridisation 

The points made in the previous section have been generalised to 

include both DNA.DNA and RNA.DNA hybridisation. Most early 

experiments studied the denaturation and renaturation of DNA duplexes 

(Marmur & Doty, 1961, 1962; Dove & Davidson, 1962; Schildkraut & 

Lifson, 1965). Subsequent work showed that RNA.DNA duplexes were 

affected in a similar, though not identical, manner (Nygaard & Hall, 

1964). 

Chamberlin (1965) demonstrated that duplexes of homopolymers have 

different thermal stabilities depending on whether one or other strand 

consists of nbc- or deoxyribonucleotides. For example, the 

stabilities in a 6:C series are as follows:- 

dG:dC < d6:rC < rS:dC ( rG:rC. 

With A:U and A:T duplexes however, the order is 

dA:rU << rA:dT < dA:dT < rA:rU. 

The low stability of the dA:rU base-pair may partly explain the observed 

instability of RNA.DNA hybrids relative to DNA duplexes. 

The kinetics of RNA.DNA hybridisation are complex when both species 

are free in solution but can be greatly simplified if a large excess 

of DNA is employed, its renaturation is prevented by binding to a 

filter or, if the DNA is single-stranded. Using this method it has 

been shown that the hybridisation of RNA to DNA is a slower reaction 

than DNA renaturation with an optimium temperature closer to the 

T, although the T. is itself lower (Bishop, 1972). 

- 29 - 



Special Considerations in. Oligonucleotide Hybridisation 

Two major uses of synthetic oligonucleotide hybridisation probes are 

for the identification of cloned genes using a probe designed from a 

known amino acid sequence (reviewed by Lathe, 1985) 	and 	for 

discriminating between very similar sequences (e.g. Studencki et 

al, 1985). 	It is only possible to discriminate between similar 

sequences if hybridisation and washing conditions are sufficiently 

stringent. Hybridisation in high salt at a temperature well below 

T. 	(i.e. 	conditions of 	low stringency) allows a probe to pair 

with similar but not identical sequences. This is useful when 

identifying related sequences in library screens or for site- directed 

mutagenesis. The stringency of hybridisation is most easily adjusted 

by changing the temperature. The work of Wallace and co-workers has 

shown that oligonucleotides can discriminate between sequences 

differing at a single nucleotide only when the hybridisation is 

sufficiently stringent (Wallace et al, 1981; Conner et al, 

1983; 	Kidd et al, 1983). 	A less stringent hybridisation followed 

by a stringent wash allows some cross- hybridisation but a stringent 

hybridisation followed by a non- stringent wash permits discrimination 

between alleles (see Fig. 2 in Kidd et al, 1983). Note that such 

stringent hybridisations are at temperatures somewhat above those 

which would normally be employed (i.e. fairly close to T. rather 

than 10-30°C below Tm). 	Although this lowers the rate of 

hybridisation, the rate is nevertheless very high due to the lack of 

any probe reassociation and the high mobility of the short probe. 
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The ability to discriminate between closely related sequences also 

relies on the increased specificty conferred by short fragment length. 

The stability of any duplex is partly dependent on the 9uoinology 

between strands (see above) and as the percentage of mismatched 

base-pairs in a duplex increases, the stability is lowered. If a 

single base-pair is mismatched, the percentage mismatch is obviously 

increased 	if 	the 	region 	of complementarity is short. In this 

case the length has a major effect on the T. of a duplex (equation 

(3)). 	The length factor in this equation (820/k) is only an average 

value (Thomas & Dancis, 1973) and there is no clear evidence that the 

relationship can be extrapolated to molecules 10-30 nucleotides in 

length, although some authors have assumed this (e.g. 	Lathe, 1985). 

Michelson 	& Monny (1967) have shown that a double reciprocal 

relationship exists between fragment length and T 	(1/) 	1/T.; 

I in Kelvin). This was determined using homopolymers and short oligo-

nucleotides in low ionic strength buffers and may not apply in practice 

(random sequence and high ionic strength). 	 - 

- It should be noted that the Schildkraut & Lifson relation (as modified 

in equation (3)) can only be taken as an approximation for any 

hybridisation but this is especially true for oligonucleotide probes. 

As discussed in the preceding paragraph, the length effect has not 

been 	estimated 	under 	realistic 	experimental 	conditions. 

Oligonucleotide hybridisations are usually performed at high salt 

concentrations (e.g. 	6 x SSC, - IM Na') 	outwith the range of 

concentrations over which the Schildkraut & Lifson relation was 

determined. 	Errors introduced by assuming that the relation holds 

are, however, minimised by the logarithm. An empirical relationship 
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has been described for oligonucleotides of 11-20 bases in length in IM 

(Suggs et al, 1981):- 	 - 

T. = 2a + 4b e 	 (4) 

where a = no. of A:T pairs 

b = no. of 6:C pairs. 

Values obtained from this agree closely with those derived using 

equation (3) within the limits imposed. As mentioned above, the dA:rU 

base-pair is less stable than the dA:dT base-pair and this is believed 

to contribute to the reduced stability of RNADNA hybrids compared 

with the corresponding DNA duplex. 	With short probes this would 

reduce the T. by more than is allowed for by either equation (3) 

or (4) when the 8+C content is low (see chapters 4 & 6). In a study 

comparing synthetic oligonucleotide probes with nick- translated 

probes Berent et al (1985) used the simple equation of Suggs et 

Al (equation (4)) to predict T. and successfully identified the 

target transcript (rat 18S rRNA). A probe with a one base mismatch 

failed to hybridism under the same conditions. It should be noted 

however, that this 17 nucleotide probe was 59 6+C and included only 3 

A residues. It is not clear if the relation would hold for a 

different base composition. 

It is important to consider the complexity of the target sequences 

when deciding on what length of oligonucleotide probe to use. The 

shorter a probe, the greater the percentage mismatch to related but 

not identical sequences, thereby giving increased specificity. 

However, the probability of hybridising to unrelated sequences purely 

by chance also increases with decreasing size. Therefore the number 
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4' ( 'A = probe length) must be greater than the complexity of the 

sequences being studied (e.g. 	> 13 for yeast DNA, 	> 17 for 

mammalian genomic DNA). 

When synthetic oligonucleotides designed from known amino 	acid 

sequences are used to identify cloned DNA sequences it is common to 

include a number of probes in a single hybridisation to allow for the 

degeneracy of the genetic code. This may result in alteration of the 

base composition. 	It has' been reported that the use 	of 	3M. 

tetramethylammonium chloride (TEMAC) in filter washes (Wood et al, 

1985; DiLella, et al, 1986) and hybridisation 	(Vries et 	al, 

1986) can alleviate this problem. This compound has been shown to 

increase the stability of dA:dT base-pairs to that of dG:dC base-pairs 

(Melchoir & Von Hippell, 1973). 	It is not known if TEPIAC has a 

similar effect on dA:rtJ base-pairs or if it stabilises mismatches. 

Because oligonucleotide probes are short and single-stranded they can 

be used to probe DNA fixed in agarose gels. Although this avoids 

having to transfer the DNA to nitrocellulose or nylon membranes it may 

allow some cross-hybridisation due to inefficient washing as well as 

giving high levels of non-specific background 	(see Kidd et al, 

1983; DiLella et al, 1986). 

Most of the research into nucleic acid hybridisation. and duplex 

stability has been based on experiments with both species free in 

solution. The work described in this thesis involves hybridising 

oligonucleotide probes in excess to filter bound RNA. The effects of 

immobilising one species on a filter have not been examined in detail. 
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It is known, however, that excess filter-bound DNA simplifies RNA..DNA 

hybridisation kinetics (see Bishop, 1972). 	It is believed that the 

major effect of using a filter-bound target (e.g. 	Southern or 

Northern transfers) is to allow excess double-stranded probe to 

reassociate in solution and reduce the rate of hybridisation (Anderson 

& Young, 1985, and references therein). Using single-stranded 

oligonucleotide probes there is no reassociation and so the factors 

affecting the rate of hybridisation are the probe concentration and 

the amount of target. The rate is proportional to both. There is no 

evidence that a filter- bound duplex is more or less stable than one 

in solution. 

- 



CHAPTER 3 

6ENERATINB SPECIFIC RNA TRANSCRIPTS IN VITRO 

Introduction 

The major part of this thesis is concerned with investigating whether 

a particular RNA sequence is present in a family of sequences 

differing at only one or two nucleotides in a 900nt molecule. 	The 

approach taken involves hybridising synthetic oligodeoxyribo-

nucleotides to filter bound RNA under conditions which allow one to 

distinguish between a perfect duplex and one containing a lbp 

mismatch. The kinetics of RNA.DNA hybridisation and the stability of 

the 	resulting duplex are quite different from those pertaining to 

DNA.DNA reactions (Walker, 1969; Bishop, 1972; Smith, 1983; 	see 

chapter 2). In order to determine RNA.DNA hybridisation conditions of 

maximum specificity, RNA species of defined sequence are required as 

positive and negative controls for each oligonucleotide probe. 

In vitro systems which generate relatively large amounts of 

specific RNA species have recently become available (Melton et al, 

1984; Tabor & Richardson, 1985). These systems employ the promoter 

specificty of certain bacteriophage RNA polymerases to generate 

transcripts of DNA sequences cloned in 	plasmid vectors. 	RNAs 

generated by this method are biologically active and have been used to 

study the mechanisms of RNA splicing (Green et al, 1983) and 

translation (Krieg & Melton, 1984) and to generate mutated proteins 

(Kumar et al, 1986; Mead et al,1986). The two commonly used 
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enzymes are those from the Bacillus typhimurium LT2 bacteriophage, 

SP6, and the E. coli bacteriophages 13 and 17. The 17 and SP6 

RNA 	polymerases 	have 	been 	used 	in 	studies 	of 

polymerase-promoter interactions and shown to function in vitro 

without the addition of transcription factors (Chamberlin & Ring, 

1973a; 	Butler 	& Chamberlin, 1982). 

Since 17 RNA polymerase was used in the experiments described below it 

is the properties of this enzyme that are reviewed here. 	Initial 

studies showed that the enzyme requires only nucleoside triphosphates, 

a divalent metal ion, and a suitable template to generate RNA in 

vitro. 	A suiphydral reducing agent (8-mercaptoethanol or DTI) was 

found to be necessary for optimal transcription and salt 

concentrations greater than 50mM were found to inhibit the enzyme 

(Chamberlin & Ring, 1973a,b). 

The seventeen 17 RNA polymerase promoter sequences 	have 	been 

determined and found to be similar. A 23bp consensus sequence exists 

from -17 to +6 of the transcription start site (Dunn & Studier, 1983; 

Table 1). The specificity of Ti RNA polymerase for its promoter is 

not absolute and the binding of the enzyme to its promoter is 

extremely. weak. 	Chamberlin & Ring (1973a) report 50 efficient 

transcription of DNA from the related bacteriophage 13 and 30 	from 

salmon sperm DNA but only minimal (less than 5%) amounts from 

bacterial and other bacteriophage DNAs. It is possible that the 

higher complexity of vertebrate DNA has included fortuitous promoter 

sites. Smeekens & Romano (1986) have found non-specific binding of 

plasmid DNA to the enzyme under conditions of low ionic strength. 
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Table 1 

17 RNA Polyerase promoter sequence 

TAATACSACTCACTATAGGf3ACA 
-17 	 - 	+6 

All five class III promoters share the same sequence (shown above). 

The over-lined bases are conserved in the twelve other promoters 

and those marked with a dot are conserved in eleven of the twelve. 

The transcription start site is underlined. 

(Data from Dunn & Studier, 1983.) 
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This does not imply, however, that this binding necessarily leads to 

transcription. 	Evidence has been presented that a conformational 

change occurs after about 10 nucleotides have been incorporated 

resulting in the formation of a stable transcription complex (Ikeda & 

Richardson, 1986; Morris et al, 1987). 	Point mutations within the 

promoter sequence can greatly reduce the binding of 17 RNA polymerase 

and increase that of 13 RNA polymerase. In particular, the base at 

position -II is critical in determining specificity (Morris et al, 

1987). 

Results 

The 17 promoter vectors used in this work were p17-1 and pl7-2 (US 

Biochemicals; similar to that named p17-1 by labor & Richardson, 1985) 

and pTZ1BR and pTZ19R (Mead et al, 1986). 	Both pairs include the 

strong class III promoter, flO, upstream of a multiple cloning site in 

a pBR322 derived vector containing the B-lactamase gene for ampicillin 

resistance. 	The various MUP gene fragments were cloned into these 

vectors as outlined in Table 2 and described in Materials and Methods. 

The positions of the sub-clones relative to a schematised NUP gene are 

shown in Figure 1., pTZ1BR and pTZ19R were used when they became 

available since they include part of the lacZ gene allowing 

blue/white colour selection of positive transformants. Plasmids pT761 

and p1762 were prepared by M. 	Richardson, and p17-6-5- 5 by T. 

Speigelberg. 

Template DNA was linearised downstream of the insert 	with 	a 

restriction enzyme that gives either a blunt end or one with a 5' 

NOW 
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Table 2 

17 templates used to generate control RNAs 

The table describes the plaseid constructs created as templates for 

the synthesis of specific RNA control transcripts. The regions of the 

MUP genes included in the larger genomic subclones are shown in Figure 

1. The ends of the cDNAs used can be determined + roe their nucleotide 

sequences as shown in Figure 2 and the 5 ends are shown by arrows in 

Figure 1. 

Notes 

I Clark et al (1982) 

2 a Hong clone of BS2 (Clark et al, 1982;1985a) 

Ma (1987) 

Bishop et_ al (1982) 

Clark et  
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Restriction sites Linearised Transcript 
Template Vector Source of Mup fragment used with length 

p1761 p17-2 pBS6-2 1  from Sau3A BamHI Seal 301nt 
(+14) 	to BaeHI 

pT762 p17-2 DLINSOZ from 5 	end BaeHI Seal 362nt 
to kIll 

pT7-MUP15 3  pT7-1 pUC-MUP15 EcoRI/BaeHI BaeHl 692nt 
entire insert 

p17-6-5-5 pl7-1 p856-5-5 4  PstI/HindItl HindUl I011nt 
entire insert 

pTZIPB pTZ19R pBSl-AlOt from Pstl PstI/Smal ECORI 770nt 
in intron 2 to BstNl 
in intron 3 	(blunt) 

pTZ5BE pTZ19R pBSS-2 1  from BamHI/EcoRI EcoRI 363nt 
BamHI to EcoRI 

pTZ8EB pTZ1BR ptJC-MUP8 EcoRI/BaeHI BaeHI 730nt 
entire insert 

p17-MUPI1 3  p17-1 pUC-MUPI1S EcoRI/BamHI BaeHI 732nt 
- entire insert --- 
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overhang. Schenbon & tlierendorf (1985) have shown that template 

molecules with 3' overhangs generate extraneous RNA sequnces with both 

SP6 and 17 RNA polymerase. Transcription reactions were performed as 

described in Materials and Methods (chapter 7). Initial experiments 

used 32 P-a-UIP as the labelled nucleotide to enable visualisation 

of transcripts on polyacrylamide-urea gels (Figure 3). The slower 

moving bands in lanes 2 & 3 were not observed in all experiments. 	As 

purification by DNaseI digestion of template DNA followed by Sephadex 

6100 chromatography (Melton et al, 1984) gave a single band of the 

expected size on the autoradiograph, this purification procedure was 

used for all subsequent experiments. When generating RNA to be used 

as a target for a 32 P-labelled probe, 15-H]-UTP was employed 

as a tracer to quantify yield without obscuring the signal of 

hybridised probe. Because the initial experimients with 32 P-u-UTP 

had given a single band on gel electrophoresis it was assumed that 

3H-labelled transcripts would behave similarly. 	When used as 

targets for oligonucleotide and cDNA probes, this was found to be the 

case (Figures 5,6,9 & 10). 
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Figure 3 

In vitro transcription with 17 RNA polyinerase generates RNA of the 

expected size 

pI7G2 was linearised with Seal, transcribed and prepared for 

electrophoresis as described in Materials and Methods. 	The figure 

shows an autoradiograph of a 4% polyacrylamide gel with RNA samples at 

various stages of purification. The large arrow marks the expected 

position of the in vitro product. 

Lane 1) Negative control (no enzyme) 

Crude reaction mix 

After DNaseI digestion 

After DNaseI digestion and 6100 chromatography 

M) Tag I digested pBR322 end-labelled with 2P--dCTP and 

DNA polymerase I. 
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CHAPTER 4 

THE EXPRESSION OF GROUP 1 AND GROUP 2 MUP GENES 

Introduction 

As described in the introduction, group 1 and group 2 MIJP genes are 

arranged in a head-to-head manner within twelve to fifteen 45kb repeat 

units - one member of each group per repeat (Clark et al, 	1984b; 

Bishop et al, 1985). 	This arrangement is believed to be the major 

unit of MIJP gene duplication and evolution. 	There is 	closer 

similarity within groups than between them. The exonic sequences of 

group I genes share greater than 997. homology (Figure 2; Kuhn et 

al, 1984; Clark et al, 1985b; Shahan et al, 1987a); the exon 

1 sequences of four group 2 genes differ by about 47. 	(Ghazal et 

al, 	1985), and group 1 genes differ overall from group 2 genes by 

about 10%. 

Group 1 genes are believed to generate the major proportion of HUP RNA 

in the liver for the following reasons:- i) all MUP liver cONA clones 

isolated to date from six separate libraries in three laboratories are 

members of group 1, with the exception of the group 3 gene isolated as 

p199 (Kuhn et al, 1984) 	> MUP15 (Clark et al, 1985b) => cLIV4 

> cLIV7 	(Shahan et a1, 1987a); ii) in vitro translation of 

liver RNA hybrid-selected with one of these group 1 clones gives an 

electrophoretic pattern very similar to that of the urinary MUPs 

synthesised in the liver (Knopf et a1, 1983; Clissold et al, 

1984). 	It is also known that submaxillary gland RNA hybrid selected 
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with the same cDNA clone generates a single species which comigrates 

with one of the liver products in a two- dimensional gel (Shaw et 

al, 1983). 	The in vitro translation products of hybrid-selected 

lachrymal gland RNA are much more basic than those generated by liver 

RNA and are thought to be encoded by different genes (Shaw et al, 

1983; Shahan & Berman, 1984). Restriction enzyme analysis of uncloned 

cDNA prepared from submaxillary and lachrymal gland mRNA also suggests 

that the genes expressed in these tissues are different from those 

expressed in the liver (Shahan & Berman, 1984). 

Prior to examination of the expression of individual group I genes it 

is necessary to determine the expression pattern of the group as a 

whole. 

Before it was shown that group 2 genes are pseudogenes (Ghazal et 

al, 1985; Clark et al, 1985a) it was proposed that group 2 genes 

may be transcribed and spliced to generate the shorter form of IIIJP 

mRNA resulting from alternative splicing in the 3' untranslated 

portion of exon 6 (Clark et al, 1984a) . This was deduced from the 

preferential hybridisation of a group 2 genomic sub-clone to the short 

message after stringent washing of Northern blots. 

Since group 2 genes are now known to be pseudogenes, it is interesting 

to determine if they are transcribed or if the RNA hybridised by the 

group 2 probe was from a gene belonging to neither group 1 nor group 2 

but showing greater similarity to group 2 genes in the region to which 

the probe hybridised. The transcription of unprocessed pseudogenes 

has not been widely reported in the literature; there is one example 
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of a human leucocyte interferon pseudogene isolated as a cDNA clone 

(Soeddel et al, 1981). 	Clark et al (1985a) have proposed that 

the truncated hexapeptide which could be encoded by the group 2 genes 

is the dialysable portion of the agent in male mouse urine which 

accelerates the onset of puberty when administered to young females 

(Vandenbergh et al, 1975; 1976; see chapter 1). 

Group 1- and Group 2-specific Probes 

The degree of homology is one factor determining the stability of a 

duplex and the shorter any duplex is, the greater the instability 

introduced by any one mismatch, i.e. 	a decrease in probe length 

should increase its specificity. 	Since cDNA and genomic sub-clone 

probes may not be specific enough to differentiate clearly between the 

transcripts 	of 	different 	but 	very 	similar genes, synthetic 

oligodeoxyribonucleotide probes were designed to be specific for group 

I and group 2 transcripts. The sequences of the probes are shown in 

Table 3 and the target sequences are marked in Figure 2. This region 

was chosen as a target because all sequenced group 2 genes are 

identical in this region (Ghazal et al, 1985) and are different at 

five positions from group 1 genes which are also identical to each 

other (Figure 2; Table 3). Both the group 1- and group 2- specific 

probes are different from group 3 gene sequences in this region. 

Initially, I4nt probes (corresponding to the first 14 nucleotides of 

the probes shown in Table 3) were chosen to maximise the percentage 

inhomology and thereby increase discrimination. 	These probes were, 

however, found to be inappropriate for the following reasons. 

- 46 - 



Table 3 

Sequence of group 1- and group 2-specific oligonucleotide probes. 

60 	 43 

	

Spi consensus probe: 	5'' AGGGAATA66ATTSTCTB 	3' 

	

tT76I: 	3'...ucccuuauccuaacagac...5' 

	

tT762: 	3'.. .gcuuuaucuuaauagac. . .5' 

	

tT7MUP15: 	3'.. .ucccuuaucuuaacagg. ..5' 

60 	 43 

	

6p2 consensus probe: 	5' 	CAGAAATAGAATTATCTS 	3' 
tT762: 3'.. .gacuuuaucuuaauagac. . .5' 

	

tT761: 	3'. ..ucccuuauccuaacagac...5' 

	

tT7MUP15: 	3'.. .ucccuuaucuuaacagg...5' 

The co-ordinates are as shown in Figure 2. 

The sequences of the control RP4As are shown below each probe. 

Mismatched bases are underlined. 

£ 
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Firstly, the group 1-specific probe hybridised to an RNA species 

intermediate in length between the long and short MUP eRNAs present in 

lachrymal, submaxillary and kidney, as well as liver RNA. Primer 

extension sequencing (see below) of kidney RNA using this primer gave 

an extension product longer than expected for MIJP and which also 

showed no similarity to known MUP sequences. From tissue 

distribution, sexual dimorphism and the limited sequence data, the 

most likely candidate for this fortuitously hybridising transcript 

appears tobe  a member of the kal likri en mu-1-ti gn_e fm1ly iMason_ et_ - 

al, 1983). This matter was not investigated further. 

Secondly, the group 2-specific probe failed to hybridise to the 

positive control transcripts or to cellular RNA even under relaxed 

conditions of hybridisation (1.211 M, 127C). 	This may be 

because the T. of the DNA.RNA hybrid is much lower than expected 

because of 7/14 dA:rU base-pairs. Homopolymers of dA:rIJ have been 

shown to denature at 	20 0 C below the temperature at which 

homopolymers of dA:dT denature (Chamberlin, 1965). This probe gives a 

weak signal when hybridised to homologous DNA (Figure 4). Note that 

the group 1 probe gives comparable signals with both DNA and RNA 

targets while no signal is detectable from RNA challanged with the 

group 2 probe and the DNA signal is much weaker. 	This latter 

observation suggests that the weakness of the dA:rtJ base pair may not 

be the only problem here. 

To overcome these difficulties the lBnt probes shown in Table 3 were 

synthesised. 	The longer probe is less likely to hybridise to 

transcripts of genes other than MUPs. Furthermore, any duplex farmed 
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Figure 4 

Hybridisation of 14nt groupi- and group 2-specific oligonucleotide 

probes to homologous DNA and RNA. 

The inserts were cut from the plasmids p1761 and p1762 by digestion 

with EcoRI and Hindill, electrophoresed in a 2X(w/v) 	agarose gel 

and transferred to nylon membranes by capillary blotting after 

depurination and denaturation. 	The corresponding synthetic RNAs 

(tT7GI and tT762) were prepared and transferred as described in 

Materials and Methods. The expected position of tT762 is shown by the 

arrow. 

The filters were hybridised and washed in 1.211 t1 at 12°C. 

Lanes 1,2,5 & 6 were probed with the group 1-specific probe and lanes 

3,4,7 & 8 were probed with the group 2-specific prábe. Those probed 

with the group 1-specific oligonucleotide were subsequently washed at 

room temperature. 

DNA Targets 

Lanes 1,3) 20ng p1761 insert 

2,4) 20ng p1762 insert 

RNA Targets 

Lanes 5,7) Ong tT761 

6,8) Ong tT762 
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Gpl 
	

Gp2 
	

Gpl 	0p2 
12 
	

3 
	

5 	6 •7 	8 



would be expected to be more stable due to the increase in probe 

length. 

Tissue-specificity of Group 1 Gene Expression 

Total cellular RNA was prepared from MUP 	expressing 	tissues, 

electrophoresed and transferred to nylon oem branes. The group I cDNA 

clone MUP11 (Clark et al, 1985b) was labelled by the random primer 

method (Fein berg & Vogélstifñ, 1983) áiiiied to probe one of the 

Northern blots. Figure 5 shows the relative levels of hybridisation 

with MUP RNA from male and female liver, submaxillary gland, lachrymal 

gland and in the prelactational mammary gland (Figure 5a). The filter 

was first hybridised with the group 1- specific 18nt probe. Group 1 

tIUP RNA was found only in the male and female liver and in the 

prelactational mammary gland (Figure 5b). 	Females treated with 

testosterone show male-like levels of MUP RNA in the liver (Figure 5; 

.
Knopf et al, 	1983; 	Clissold et al, 1984). 	Figure 5b shows 

that group 1 gene expression in particular is induced to male-like 

levels in testosterone treated females. 

These 	results were quantified by scanning densitometry of the 

autoradiographs (Table 4). Since the consensus sequence to which the 

probe hybridises was derived from MUP genes from each of the four 

phylogenetic sub-groups of group 1 (Al-Shawi et al, 1988a) and 

the RNA coding sequences of group I genes differ by <1X, it is 

expected that the probe would detect transcripts from all group 	1 

genes. Taking the figure of 0.45X as the percentage of total cellular 

RNA from male liver that is MUP oRNA and assuming that 3.6% of total 
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Figure 5 

Tissue-specific expression of group 1 MUP genes 

Total cellular RNA and RNA controls were prepared, electrophoresed and 

transferred as described in Materials and Methods. Panel (a) was 

probed with the group 1 cDP4A clone MIJP1I and exposed for 16hr; panel 

(b) was probed with the group 1 specific oligonucleotide and exposed 

for 6hr, except lane 9 was exposed for 3 days. This exposure did not 

reveal transcripts in the submaxillary, lachrymal or negative control 

lanes. The arrows indicate the expected positions of negative control 

RNA. 

Lane 1) 3pg testos terone-induced total female liver RNA 

2) -7) 	3yg, ipg, 0.3pg ... 0.01pg total male liver RNA 

30pg total femali liver RNA 

30pg total mammary gland RNA 

30pg total male submaxillary gland RNA 

30pg total female submaxillarygland' RNA 

30pg total male lachrymal gland RNA 

30pg total female lachrymal gland RNA 

3ng group 1 control RNA 

30ng group 1 control RNA 

1) 30ng MuplS control RNA (892nt) 

17) 30ng group 2 control RNA (362nt) 

Abbreviations: -  

I = Testosterone-induced female liver RNA 

L = Liver 

M = Prelactational mammary gland (14 days gestation) 

Sex = Submaxillary gland 

Lac = Lachrymal gland 
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Table 4 

The tissue distribution of group 1 MUP gene transcripts 

The values were obtained by densitometric scanning with an integrator 

of the autoradiographs shown in Figure 5 and relating the signal from 

male liver samples to the positive controls allowing for different 

lengths of control transcript (as described in Appendix). Because it 

was not possible to determine the proportion of male liver RNA 

detected by the MUPI1 cDNA probe, data in this Table is presented in 

percentage terms rather than in copies/cell (Table 7). 

Abbreviations: -  

N = male 

I = testosterone-induced female 

F = female 

Name = prelactational mammary gland (14 days gestation) 

Sex = submaxillary gland 

Lac = lachrymal gland 

= no data from control transcript 
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C)) 
UI 

M Liver RNA 
Probe 	(X total liver) 

"UP" 

Group *l 	0.45 

	

T Liver F Liver Plasm 	M Smx F Six II Lac, F Lac 
X_ male _liver _RNA  

103 	1.2 	0.01 	0.05 	0.05 	1.0 	0.05 

104 	1.0 	0.01 	0 	0 	0 	0 



liver RNA is inRNA (Hastie & Bishop, 1976), then 12.5% of mRNA in 

BALB/c male liver is the product of group I PIUP genes. 	This is 	in 

fairly good agreement with the level of BX reported by Derman et 

al (1981) for NCS mice. 

The level of PIIJP RNA in female liver is lower than expected. 	Hastie 

et al 	(1979) have shown by hybridisation kinetics that the 

male:female PIUP liver RNA ratio is approximately 5:1 and similar 

results have been obtained using cDNAs and genomic sub-clones as 

probes to Northern blots (Shaw et al, 1983; 	Clissold et al, 

1984; J.O. Bishop, unpublished results). This finding was 

investigated further by determining the relative amounts of MUP eRNA 

in the liver RNA of different females (Figure 6). Sample 1, from a 7 

week old mouse, is the same preparation as the female liver sample in 

Figure 5; sample 2 is from a 6 week old mouse (gift of J.P. Whitaker) 

and samples 3 & 4 are from 8-10 week old mice (gift of X. Ma). The 

mice induced with testosterone were siblings of numbers 3 & 4. The 

variation between mice was quantified by scanning densitrometry and 

the results are presented in Table 5a. The level of MUP eRNA in the 

sample from the 6 week old mouse is in fairly good agreement with 

previously published levels (1/7th of male levels c.f. 	1/5th). The 

8-10 week old mice have 2-3 fold less MUP mRNA. 	The amount of PIUP 

mRNA from the 7 week old mouse is the same as determined previously 

(1X of male, Table 4). 

It seems unlikely that a simple age effect' underlies this variation 

since the highest level of MUP RNA is'observed in the youngest mouse 

and intermediate levels in the oldest mice. Female mice of this age 
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Figure 6 

Variation in levels of 111W gene expression in the liver between 

individual female mice. 

Total cellular RNA and controls were prepared, electrophoresed and 

transferred as described in Materials and Methods. Panel (a) was 

probed with the group 1 cDNA clone Ml.JP11 and exposed for 3hr, panel 

(b) was probed with the group 1-specific oligonucleotide and exposed 

for 16hr. The expected positions of group 2 and MupiS negative 

control transcripts are shown by arrows. 

Lane 1) 3pq testosterone-induced total female liver RNA 

2-4) 3pg, ijig, 0.3pg total male liver RNA 

30jig total liver RNA from 7wk old female 

lOpg total liver RNA from 7wk old female 

30jig total liver RNA from 6wk old female 

lOpg total liver RNA from 6wk old female 

9,11) 30pg  total liver RNA from 8-10wk old females 

10,12) lOpg total liver RNA from 8-10wk old females 

30pg  total RNA from prelactational mammary gland 

3ng group 1. control RNA 

ing group 1 control RNA 

30ng PluplS control RNA (892nt) 

30ng group 2 control RNA (362nt) 	- 

30pg total male kidney RNA 

Abbreviations: - 	 - 

T = Testosterone-induced female liver RNA 

L = Liver 

N = Prelactational mammary gland (14 days gestation) 
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Table 5 

Variation in MUP liver RNA levels between individual female mice 

The upper table (a) shows the variation in MUP liver RNA levels 

between 	individual 	female mice. 	The values were obtained by 

densitometric scanning, with an integrator, of the autoradiographs 

shown in Figure 6 and relating the signal from male liver samples to 

the positive controls allowing for different lengths of control 

transcript (as described in the Appendix). As in Table 4 the 

results are presented as percentages. The female liver samples are 

marked 1-4 as in Figure 6. Other abbreviations are as defined in 

Table 4. 

The lower table (b) shows the variation between the individual females 

observed with different liver cDNA probes. The data was obtained by 

densitometric scanning, with an integrator, of the autoradiographs 

shown in Figures 6 & 7 and is normalised with respect to 

apolipoprotein Al.. 
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al 	Probe 	M Liver F Liver 	(% male liver) 
total 	liver) 1 	2 3 4 

MUP1I 	* 1.2 	14.0 4.5 5.5 

Group 1 
	

0.42 	 1.0 	13.9 	7.8 	7.3 

b) Female liver sample Male 	liver 

Probe 1 2 3 4 

Apo11pop.rotein A.L - 100 100 1-0.0 --100 -----100------------------- 

Albumin 27 24 42 40 7. 

Transferrin 524 197 105 85 188 

MIJP 38 287 261 173 3837 
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(8-10 weeks) have previously been shown to have about 20 of male 

liver MUP RNA levels (Clissold et al, 1984). 	The level 	of 	MUP 

liver RNA in female mice relative to that observed in males has been 

found to range from unity to less than 1:100 when MUP gene expression 

was examined in different species of mouse (Sampsell & Held, 1985). 

Sampsell & Helds data also show some variation in amounts of MUP RNA 

between mice of the same sex from the same stock. 

- 	To determine whether the variation was due to a general variation in 

RNA synthesis or was specific to tIUP the filter was reprobed with 

apolipoprotein Al 	(LVB6; Clissold & Bishop, 1981) and serum albumin 

(LVA304; Clissold & Bishop, 1981), transferrin (TRF32 	Chave-Cox, 

1986) and a Xenopus rDNA clone (pCM4305; Bishop, 1979). 	The results 

of these experiments are shown in Figure 7. 

The results obtained with the rDNA probe show that the gel loadings 

were approximately correct. The relative levels of the other three 

species could be quantified by scanning densitometry with integration. 

The results are normalised with respect to apolipoprotein Al (Table 

5b). Since the probes were not labelled to the same specific 

activities it is not possible to determine the molar or mass ratios of 

the mRNAs. It is possible, however, to compare the relative levels of 

each RNA between different samples of female liver and male liver RNA. 

This comparison shows that there is little variation (< 2 fold) 

between females except that the 7 week old mouse has increased levels 

of transferrin mRNA and reduced levels of HUP mRNA. The male liver 

RNA shows the expected high level of MUP mRNA but a low level of serum 

albumin mRNA. The figure also shows that the prelactational mammary 

- 61 - 



Figure 7 

Variation of different liver-specific mRNAs between individual female 

mice 

The filter shown in Figure 6 was reprobed with the cBNA clones 

homologous to apolipoprotein Al (LVB6; Clissold & Bishop, 1981), serum 

albumin (LlV304 	Clissold & Bishop, 1981) and transferrin (TRF32; 

Chave-Cox, 1986) to investigate further the variation observed with 

the MUP cDNA probe (Figure 6a). The filter was finally probed with a 

Xenopus laevis rDNA probe (pCM4305; Bishop, 1979) to verify 

equivalence of sample loading. 

Abbreviations:- 

ALB = Serum Albumin 

APO = Apolipoprotein Al 

TRF = Transferrin 

I = Testosterone-induced female liver RNA 

M = Prelactational mammary gland (14 days gestation) 

K = Male kidney RNA 
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gland expresses transferrin at levels similar to female liver (as 

previously reported by Chen & Bissell, 1987). 

These results show that the original female liver RNA sample was 

deficient in MUP aRNA compared with other females. This may be 

related to the observed increase in the level of transferrin eRNA. It 

is possible that this is due to the general health of the animal. For 

example, transferrin gene expression is increased by iron deficiency 

and-  M(JP - gene-expression may fa-1-1 when-animals ar-e- under ph-ysiolog-ica-l- --

stress. It is also possible that hepatic MUP gene expression is 

influenced by the changing levels of the female sex hormones. 

Clark et al 	(1984a) have shown that MUP gene transcripts can be 

spliced to generate two size classes of mRNA in the liver. The longer 

message lacks all but the 5', coding portion of exon 6 and includes 

exon 7 whereas the shorter message includes all of exon 6 and lacks 

exon 7. The longer species is seen to be more abundant using either a 

group 1 genomic sub-clone (Clark et al, 1984a), a cDNA clone or 

the group I specific oligonucleotide (Figure 5) as a probe. 

The shorter MOP RNA species, however, appears to constitute a greater 

proportion of female liver RNA than male. 	This may reduce the 

apparent level of MOP eRNA in female liver relative to male as 

determined by densitometric scanning, due to the increased breadth of 

the band (compare Figure 6, lane 7 with Table 5a). Both female liver 

group 1 MOP cDNA clones isolated and sequenced to date (MOPs 8 and 11, 

Clark et al, 	1985b; cLIV6=>MUP8, Shahan et al, 1987a) are 

reverse transcripts of the longer message (Figure 2). A comprehensive 
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analysis of this would require a series of Si nuclease protection 

experiments with different 3' probes. A group 3 gene has been shown 

to encode transcripts spliced in a sexually dimorphic manner. 	The 

cDNA from a female library 	(MUP15, Clark et al, 1985b; cLIV7, 

Shahan et al, 1987a) includes the 31bp immediately 3' 	to the 

splice junction at the end of exon 6a (Figure 2), whereas an otherwise 

identical - clone- from amale -library (cLIV4, Shahan et - al, 	1987a) 

is spliced in a similar manner to the longer group 1 cDNAs. 

Primer Extension Sequencing 

The group 1-specific oligonucleotide was used as a primer for primer 

extension 	sequencing 	(Epstein et al, 	1986) 	to confirm the 

transcription initiation site previously proposed by Clark et al 

(1985a). 	Because RNA controls are available it is possible to show 

the specificity of the primer to the group 1 RNA template. 

Furthermore, any expressed group I gene which differs at any point in 

the 5' untranslated region from those cloned and sequenced to date 

could be identified by changes in the sequence ladder. 

Figure Ba shows the primer extension sequence of male liver RNA. This 

is complementary to the consensus for group I RNA (Figure Bb). The 

termination site at the 5' end of the eRNA is visible as a doublet 

(lanes 1-6; arrow A). This is most likely to be due to the 

obstruction of the polymerase by the cap structure. The reverse 

transcript of group 1 control RNA (lane B, arrow B) is longer than 
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Figure 8 

Primer extension sequencing of total liver RNA 

a) Determination of group 1 RNA 5 sequence 

Annealing of primers and their extension was as described in 

Materials and Methods. 

Lanes 1-5) 4pg  total male liver RNA 

) 25jig total female liver RNA 

25jg total mammary gland RNA 

5ng group 1 control RNA 

25ng MUP15 control RNA 

Reactions in lanes 2-5 contained 0.1mM ddGTP, ddATP, ddTTP, ddCTP 

respectively. 

The termination sites for liver (A) and control 	(8) RNA are 

arrowed. 

b)Sequence alignment of group 1 MUP mRNA consensus with that 

derived from primer extension sequencing 

The sequence read from the gel is shown (lower line, upper case) 

against the consensus group 1 RNA sequence from the cap site to the 

end of the primer binding site (upper line, lower case). The sequence 

of the primer is shown in lower case. The first base after the 

primer, and the two terminal bases could not be unambiguously 

determined and are shown as X. 
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that from liver RNA because some polylinker sequence is included in 

the template. The smear visible in all tracks is probably due to end 

addition of the primer (Lee & Roeder, 1981). Note that, other than 

this smear, no extension products are present when NUP15 control RNA 

is used as a template. These results confirm the predicted 

transcription start site for group I genes and shows that any group 1 

RNAs differing within the 5' untranslated region do not represent a 

significant portion of liver MIJP RNA. A faint extension product is 

visible when female liver RNA is used as a template (Figure 8, lane 

6). This RNA was from the preparation shown as sample I in Figure 5 

and was subsequently shown to be deficient in MUP RNA. 

Electrophoresis on a lower percentage gel did not reveal 	any 

initiation 	sites further upstream. 	No extension products were 

observed when this primer was used with submaxillary or lachrymal 

gland RNA as the template, nor when using the group 2 specific 

oligonucleotide as a primer. 	Shahan et al (1987a) have recently 

reported the isolation of a cDNA clone from a male liver library which 

includes 46bp of the immediate 5' flanking DNA. 	No 	upstream 

initiation sites have been observed in four separate analyses by 

primer extension (Figure 8; Clark et al, 1985a; Shahan et al, 

1987a) 	and 81 nuclease protection (Clark et al, 1985a) , and the 

origin of this clone remains unclear. 

Broup 2 Pseudogenes Are Not Expressed 

The lBnt group 2-specific probe (Table 3) was used to probe Northern 

blots in an attempt to identify any transcripts of the group 2 
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pseudogenes. This probe proved extremely difficult to handle and only 

weak hybridisation to positive controls could be detected (30ng, 

eqivalent to approximately 10 4  copies eRNA per cell). No signal was 

observed with 30pg total RNA from male or female liver, submaxillary 

gland or lachrymal gland, or 2jig of polyA RNA from male and 

female liver 	(Figure 9). 	A range of temperatures 	(20°C - 

32°C) were used to try and improve the sensitivity but without 

success. 	The most likely explanation for the lack of sensitivity 

observed -her-e--is- the- base -c-ompositi-on --and -posi-b-l-y -- 

probe. As mentioned above, homopolymers of dA:rU are much less stable 

than dA:dT but the target site for the probe is restricted to the 

regions over which group 1 and group 2 genes are identical to their 

respective consensus sequences but different from each other. 

It is possible, therefore, that group 2 genes are expressed at levels 

below the detection limits of this assay. Shahan et al (1987b) 

- - 	have recently reported that an oligonucleotide probe homologous to the 

region containing a conserved point mutation (Ghazal et al, 	1985) 

does not identify any transcripts either. 	The. sequence and base 

composition (SOX S+C) of this probe would not be expected to present 

the same difficulties as found in the experiments described here. The 

probe did, however, identify twelve different MUP genomic clones 

suggesting that the point mutation generating the stop codon ocurred 

shortly after the original duplication event and prior to the 

amplification of the 45kb repeats (as postulated by Ghazal et al, 

1985). 

Since there is no evidence that group 2 genes are transcribed it is 
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Figure 9 

Expression of group 2 pseudogenes? 

Total cellular RNA and RNA controls were prepared, electrophoresed and 

transferred as described in Materials and Methods. Liver polyA 

RNA was prepared by the method of Wreschner & Herzberg (1984) using 

Mybond-mAP (Amersham) as directed by the supplier. The autoradiograph 

was exposed for 20hr. Longer exposures do not reveal any MtJP-sized 

bands (upper arrow) without nega!ve control showing. The lower arrow 

shows the expected position of negative control RNA. 

Lane 1) 30pg total male liver RNA 	 - 

30pg  total female liver RNA 

30jig testosterone-induced female liver RNA 

2pg poly A male liver RNA 

2jig polyAO female liver RNA 

30pg total mammary gland RNA 

30pg total male submaxillary gland RNA 

30jsg total female submaxillary gland RNA 

30jig total male lachrymal gland RNA 

30pg total female lachrymal gland RNA 

30nq group 2 control RNA 

lOng group 2 control RNA 

30ng group 1 control RNA (30Int) 

30ng PIUPI5 control RNA (892nt) 

Abbreviations: -  

I = Testosterone-induced female liver RNA 

II = Prelactational mammary gland (14 days gestation) 

Sex = Submaxillary gland 

Lac = Lachrymal gland 
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unlikely 	that 	the dialysable component of male urine is the 

hexapeptide which could be encoded by group 2 genes (Clark et al, 

1985a). 	It is still possible, however, that the full length MUPs 

encoded by group 1 genes act as carriers for the active pheromone, or 

that they can be cleaved to give an active product, as originally 

postulated by Vandenburgh et al (1975, 1976). 

Conclusions 

From the results presented here it is concluded that group I MUP genes 

are expressed in the livers of male and female mice and in the 

prelactational mammary gland and represent the major portion of MUP 

RNA in these tissues. The group 2 pseudogenes are not transcribed at 

levels (10' copies per cell) that can be detected in the assay 

employed, here. 

As the tissue-specific expression of the group I genes has been 

established it is now possible to examine the expression of some of 

them individually. These experiments are described in the following 

chapter. 
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CHAPTER 5 

SEXUALLY DIMORPHIC EXPRESSION OF INDIVIDUAL GROUP 1 GENES 

Introduction 

Knopf et al (1983) have shown by analysis of hybrid-selected and 

in vitro translated liver RNA that the relative levels of 

different IIUPs are altered by various hormonal treatments. 	It is 

believed that the different MUP species are encoded by different group 

1 genes. 	Held et al 	(1987) have recently shown that three 

different C578LJ6 genomic clones encode proteins which co-migrate with 

three different MUP species from in vitro translated liver RNA. 

However, it is possible that particular PWP species visualised on a 

two- dimensional gel couldbe the products of more than one gene. 	To 

show that a particular hormone treatment is affecting a given gene it 

is therefore necessary to measure levels of RNA transcribed from that 

gene in vivo i.e. 	a gene-specific probe is required. 

If it can be shown that a certain gene (or genes) within the multigene 

family is regulated in a certain manner it then will be possible to 

determine whether cis-acting elements are involved in this 

regulation by comparing the sequences of flanking DNAs. Functional 

analysis of different promoter regions would involve the production of 

transgenic mice and determining the level of reporter gene expression. 

It has not been possible to analyse NtJP gene promoter sequences in 

tissue culture cells because no cell line in which PIUP genes are 

expressed has yet been found unless they are linked to the SV40 
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enhancer (3.0. Bishop, unpublished results). 

Group I PIUP genes differ by less than 1% in their exonic sequences. 

Short synthetic oligonucleotides are necessary to discriminate between 

the transcripts of individual group 1 genes. From the sequence 

comparison presented in Figure 2 it can be seen that group I PIUP genes 

differ from each other at point mutations throughout exons 1-7. Each 

shall require a unique positive control RNA, and hybridisation and 

washing conditions must be determined for individual probes so that 

transcripts from the target genes can be identified unambiguously. 

Wallace and co-workers have shown that oligonucleotide probes can 

discriminate between alleles of a gene which differ at only a single 

nucleotide (Conner et al, 1983; Kidd et al, 	1983; 	Studencki 

et al, 1985; DilLella et al, 1986), for example to diagnose 

disease traits. 	An important difference between these examples - of 

DNA.DNA hybridisation and the proposed use of oligonucleotide probes 

to discriminate between mRNA species is that a small degree of 

cross-hybridisation (up to 10Z) is acceptable in the former case 

because it does not affect the conclusion:- a positive/negative ratio 

of 10 implies one allele is homozygous. This is not the case when one 

is attempting to measure the amount of a single nRNA species in a 

mixture. 

In this chapter the design of the gene-specific oligonucleotides is 

described and their use to probe Northern blots is presented. 
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The Design of Gene-specific Oligonucleotide Probes 

The sequences of the gene-specific oligonucleotides are shown in Table 

6 and their target sequences are underlined in Figure 2. In choosing 

appropriate target sequences, the 3 portion of exon 6 omitted from 

the long form of MUP mRNA (Clark et al, 1984a) and exon 7 were not 

considered because it is not known how the transcript of each 

individual group 1 MtJP gene is spliced. - The expression of_genes --

cloned only as cUNAs (p499, p1057 and MUPI1) was not investigated for 

the following reasons. Firstly, it is the regulation of different PIIJP 

genes that is of primary interest since these clones may contain 

upstream 	regulatory elements involved in the control of their 

expression. Secondly, p499 was cloned from a C57BL liver library and 

its relationship to BALB/c genes is unknown, and finally, MUP11 has no 

unique point mutations and p1057 was not available as a cDNA to 

generate a control transcript. 

The chosen target sequences include the greatest number of differences 

between the gene of interest and other MUP genes, although there is 

only ever one known mismatch between group 1 genes in any given 

region. For example, the BU-specific probe was targeted to exon 5 

rather than to the EcoR! site in exon 2 because there are more 

differences between the BU-specific probe and other PIUP 	gene 

sequences (Figure 2). Furthermore, the C579L cDNA clone p499 shares 

0 

the same T4A mutation in exon 2 and the homologous gene may be present 

and expressed in BALB/c mice. Similarly, the BS1 probe was targeted 

to exon 3 rather than exon 5 because of greater variation at this 
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Table 6 

Sequence of gene specific oligonucleotide probes. 

553 	 536 

	

BL1 specific probe: 	5 	CACATA6TTTTGCAAACC 	3' 

	

tTZ8EB: 	3'.. .guguaucaaaacguuugg. . .5' 

	

tT7-MUP11: 	3'.. .guguaucaacacguuugg...5' 

341 	 324 

	

BSI specific probe: 	5 	GATAATTCC6A6CACTCT 	3' 

	

tTZ1PB: 	3'.. .cuauuaaggcucgugaga. . .5' 

	

tT7-MUP1h 	3'.. .cuauuaagccucgugaga. . .5' 

262 245 	 - 	-.- 

	

BS5 specific probe: 	5 	6AAAAA6TITAAA6TT6C 	3' 

	

tTZ5BE: 	3'.. .cuuuuucaaauuucaacg. . .5' 

	

tT7-FIUP11: 	3'.. .cuuuuucagauuucaacg. . .5' 

499 	 482 

	

BS6 specific probe: 	5' 	CATA8ASACCCATCA6CT 	3' 

	

tT7-6-5-5: 	3'.. .guaucucuggguagucga.. .5' 

	

tT7-MUPII: 	3'...guaucucggguagucga...5' 

The co-ordinates are as shown in Figure 2. 

The sequences of positive and negative control RNAs are 

shown below each probe. Mismatched bases are underlined. 
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point. 	Hybridisation conditions which allow discrimination between 

group I genes differing at a single nucleotide will presumably also 

discriminate between the group 1 gene of interest and other PIUP genes. 

It is therefore not necessary to include control RNA derived from 

group 2 and group 3 genes. The probes for 895 and BS6 are targeted 

for these genes' unique point mutations within the coding region. In 

each case the, single mismatch was positioned near the middle of the 

probe as this has the greatest destabilising effect (Smith, 1983). 

Control templates were prepared and RNA transcribed from them as 

described in chapter 3 (Figure 1, Table 2). The cONA clone MUPS was 

used as a positive control for BU because it is identical to the 

exonic gene sequence (Figure 2). MUP1I was, used as the negative 

control in each case because at each target site its sequence 

corresponds to the consensus group 1 sequence (Figure 2). 

Hybridisation of the 6ene—specific Probes 

Northern blots of RNA from tissues that express group 1 genes (male 

and female liver and prelactational mammary gland) together with the 

appropriate control RNA species were prepared as before (chapters 3 & 

4). 	4 large amount of the negative control RNA was loaded so as to 

minimise the possibility of overestimating the abundance of 	a 

particular species. 

It should be noted that MUP genes may exist which contain the same 

point mutation as those being investigated, but ,which have not been 

cloned and sequenced. If these are transcribed, erroneous conclusions 
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might be drawn. It may be possible to show how many genes share a 

given point mutation by hybridising each oligonucleotide probe to 

Southern blots of genomic DNA digested with a number of restriction 

enzymes but this could only be accurate ± one copy. Of the genes 

whose expression is investigated here, it has been estimated by 

comparing the intensity of hybridisation signal between cloned and 

genomic DNA, that BL1 and BSI are each present in 1-2 copies per 

haploid genome but that there are 2-3 genes homologous to BS6 (Al-

Shawi , 1985; AL-Shaw.i et al, 1988a-) . 	It is not -known how many - ---- ------------ 

the BS6-like genes share the same paint mutation. 

811 probe 

Using the Schildkraut & Lifson relation (see chapter 2, equation 3) 

the T. of the BL1 probe and its target sequence was estimated in 

the final wash solution at 48°C. Hybridisations and washes were 

performed as described in Materials and. Methods on a rotary shaking 

platform in an incubator at 43°C. These conditions were found to 

allow the BLI probe to pair with the complementary positive control 

sequence but not with the negative control. Under these conditions 

the probe hybridised to RNA from both male and female liver (Figure 

lOa). 	The individual variation between samples of female liver RNA 

observed using the group I consensus oligonucleotide probe (chapter 4) 

is also seen here. A faint band is visible in mammary gland RNA after 

a longer exposure. 

The expression of the BL1 gene has coincidentally been investigated in 

other laboratories. Shahan et al (1987 a,b) have isolated a cDNA 
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Figure 10 

The expression of individual group 1 NUP genes 

Filters were prepared with appropriate RNA controls as before (Figure 

5) and probed as follows:- panel (a) BL1-specific probe, 3 day 

exposure; panel (b) BSI-specific probe, 3 day exposure; panel (c) 8S6-

specific probe, lOday exposure.. Arrows show the expected positions of 

negative control RNA. 

Lane 	 1) 	3pg testosterone-induced female liver RNA 

	

2-4) 	3pg, lpg, 0.3pg total male liver RNA 

30pq total liver RNA from lwk old female 

lOpg total liver RNA from lwk old female 

30pg total liver RNA' from 6wk old female 

lOpg total liver RNA from 6wk old female 

	

9, 11) 	30pg total liver RNA from 8-lOwk old females 

- 	10, 12) 	lOjig total liver RNA from 8-lOwk old females 

	

13) 	30pg total RNA from prelactational mammary gland 

30pg total male kidney RNA 

	

Panel a, lane 14) 	3nq tTZ8EB 

ing tTZ8EB 

0.03ng tTZBEB 

30ng tT7-PtUPI1 

	

Panel b, lane 14) 	3nq tTZ1PB 

Ing tTZIPB 

0.03ng tTZ1PB 

30ng tT7-IIUP11 

	

Panel c, lane 14) 	30ng tT7-6-5-5 

- 	15) 	lOng tT7-6-5-5 

	

16) 	3ng tT765-5 	 I Continued p.81 
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17) 	30ng tT7-MUPI1 

The BU, BS1 and BS6 positive control RNAs are 730nt, 770nt, and 

101int in length, respectively (Table 2). 

Abbreviations:- 

I = Testosterone-induced female liver RNA 

M = Prelactational mammary gland RNA (14 days gestation) 
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clone (cLIV6) from a female liver library and from a library prepared 

from prelactational mammary gland which is identical to the exonic 

sequence of BL1. Eight out of nine MUP cDNAs isolated from this liver 

library were identical in sequence (Shahan et al, 1987a). 	Of five 

group I clones from the mammary gland library, two were sequenced and 

found to be identical to the group 1 clones from the liver library 

(cLIV6, Shahan et al, 1987b). 	On this basis these authors propose 

that this is the most abundantly expressed group 1 gene in female 

liver and in the prelactational mammary gland. 

A BALB/c genomic clone 	(BJ-31H; 	Held et al, 	1987) 	which is 

identical in its restriction map and very similar in its 5 flanking 

sequence to BL1, has been used to transform L cells. 	The protein 

synthesised in these cells co-migrates with a MUP species present in 

both male and female BALB/c liver in vitro translation products. 

Because they have identical coding sequences BJ-31H and BL1 may be 

clones of the same gene or, if they are clones of different genes, 

then they probably resulted from a recent duplication event and would 

encode electrophoretically indistinguishable proteins. 

BSI probe 

The BSI-specific probe has a higher 6+C content than the BLI probe and 

a correspondingly higher estimated T. (500C). Hybridisation 

and washing in a shaking water bath at this temperature did not 

discriminate between positive and negative control transcripts. If 

hybridisation and washing were carried out at 53°C then it was 

possible to discriminate clearly between the controls. Under these 
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conditions the probe identified transcripts in both male and female 

liver, although the levels in female liver were lower relative to 

male liver than is the case for the 8L1 probe (compare Figures ICa & 

lOb; Table 7). Examination of the original autoradiograph shows that 

the BSI probe is sensitive enough to detect 0.03ng of positive control 

RNA (corresponding to approximately 50 copies per cell of mRNA) but 

this is too faint to quantify by scanning densitometry. The signal is 

of approximately the same intensity as that seen for 30jig of liver RNA 

from the female with the lowest level of IIUP expression. At this-

level of sensitivity no transcripts are detectable in prelactational 

mammary gland RNA. 

The exonic sequence of BS1 is identical to the male liver cUNA clone 

cLIV1 	(Shahan 	et 	al l 	1987a). 	This is one of four cDNA 

clones, identical in coding sequence, which appears to be the reverse 

transcript of an RNA molecule in,ated upstream of the usual cap site 

since it includes some 5 flanking sequence up to and slightly beyond 

the TATA box. There is a single nucleotide difference in this region 

(Shahan et al, 	1987a). 	As described in chapter 4, 	primer 

extension and SI nuclease protection experiments provide no evidence 

for an alternative transcription initiation site and so the origin of 

this clone remains unclear. 	There may be a very weak upstream 

promoter which occasionally directs transcription from an alternative 

cap site. 	It is possible that cLIVI is the cUNA corresponding to a 

gene which is related to BSI in much the same way that BL1 is related 

to BJ-31H, i.e. that in each case the two genes are the result of a 

recent duplication event and have not diverged. 

COn±, or 
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Table 7 

The relative levels of group 1 Mup gene transcripts 

Male Liver RNA Female Liver RNA 	(copies/cell) 
Probe (copies/cell) T 1 2 3 4 

Group 	1 58,000 60,300 580 8,200 4,600 4,300 

BL1 39,000 63,000 230 9,100 2,900 1,700 

BSI 14,000 15,000 <14 150 48 25 

8S6 15,000 13,000 0 0 0 0 

The values were obtained by densitometric scanning of the 

autoradiographs shown in Figures 6 & 10, with an integrator, and 

relating the signal from male liver samples to the positive 

controls allowing for different lengths of control transcripts 

(as described in Appendix). Results are expressed as copies/cell, 

correct to two significant figures. 

The female liver RNA samples are marked 1-4 as in Figure 6. 

T = testosterone-induced female liver RNA. 
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con{ fromF 
BS5 probe 

The 6+C content of the 895-specific probe is very low and the large 

proportion of dA:rLJ base-pairs (8 of 18) in the DNA:RP4A duplex 

suggests that this oligonucleotide would have quite a low T. when 

paired with complementary RNA (see group 2 consensus probe, chapter 

4). 	Furthermore, the mismatched base-pair is rG:dT which 	has 

previously been shown to be quite stable (see Smith, 1983; chapter 3). 

Unfortunately, this is the only position at which BS5 is known to 

differ from other group 1 genes. 	These two factors suggest a 

priori that the BS5-specific probe may not give a clear result. 

This was indeed the case: it was not possible to find a temperature at 

which the positive signal was any greater than the negative and so the 

expression of the gene 865 could not be examined. 

BS6 probe 

The 6+C content of the BS6-specific probe - is 50% and the estimated 

T. is 52°C. Hybridisation at this temperature did not allow 

discrimination between positive and negative control RP4As. With 

hybridisation and washing at 57°C the negative control signal was 

a trace of the positive control (Figure lOc). This is not ideal but 

as the positive signal itself was markedly lower after hybridisation 

at this higher temperature it seems likely that the hybridisation 

reaction is near equilibrium. 	Consequently more stringent washing 

conditions were not attempted. Again a clear signal is obtained from 

male and testosterone-induced female liver RNA. 	The signal from 

uninduced female liver RNA was similar to that from the negative 
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control; after a shorter exposure of the autoradiograph, neither was 

visible. No transcripts were detected in prelactational mammary gland 

RNA. 

5 flanking DNA from the 896 gene has been used to direct exprression 

of an HSV-tk reporter gene in transgenic mice (Al-Shawi et al, 

1988b). Hybrid gene mRNA and enzyme activity could be detected in the 

liver of male transgenic mice and in the livers of testosterone-

induced females. Large amounts of transgene RNA were also present in 

the testes and male preputial glands (see chapter 1). 

The Relative Expression of Group 1 MUP Bones 

The relative proportion of each group 1 transcript can be estimated by 

densitometric scanning and integratior (Table 7). Each track was 

scanned at least three times and the figures given in the Table are 

the averages of at least two determinations from different 

concentrations of control RNA (see Appendix for an example). The 

Table shows that transcripts of BU are the most abundant MUP RNA 

species in both male and female liver. Furthermore, BSI and BS6 are 

also expressed in male liver and BSI is expressed in untreated female 

liver, although at a much lower level than BL1. The expression of 

each gene in females is induced to male-like levels by testosterone 

treatment. 

The variation in MOP eRNA levels between individual female mice noted 

using MUP11 and group 1 probes (chapter 4) is observed with each of 

the gene-specific probes. This implies that the variation is in MUP 
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gene expression as a whole rather than any particular group 1 gene. 

Four out of five male liver MUP cDNA clones were identical to cLIV1 

and of the nine female liver MUP cDNA clones, eight were identical to 

cLIV6 (Shahan et al, 1987a). 	Shahan et al propose that these 

clones represent the major MUP mRNAs in the livers of male and female 

mice. Hybridisation with oligonucleotide probes was also used to 

investigate the liver RNA of both sexes (Shahan et al, 1987b). 

The probes used do not discriminate between cLIVI and 	cLIV6. 

Consequently, as they note, the hybridisation results show that each 

may be present in the liver RNA of the opposite sex and that related 

genes may be expressed in the liver. The data presented above clearly 

show that this is the case. Expression of both BL1 and BSI, identical 

in exonic sequence to cLIV6 and cLIV1 respectively, is detected in 

both male and female liver. BS6, a gene for which no cDNA has yet 

been identified, is also expressed in male liver and furthermore, the 

group 1 cDNA clone, MUPI1, was isolated from a female liver library 

(Clark et al, 	1985b). 	Thus three different group 1 genes have 

been shown to be expressed in male and female liver. 	Possible 

relationships 	between 	genes and the NUP products observed on 

iso-electric focussing gels are discussed in chapter 6. 

Longer exposure of the autoradiograph shown in Figure lOa revealed a 

faint band of the expected size in prelactational mammary gland RNA. 

This confirms the report of Shahan et al 	(1987b) that the MUP 

component of mammary gland RNA is the same as the most abundant MIJP 

component of female liver. Any BSI transcripts in the mammary gland 

are present at levels below the sensitivity of this assay (50 copies 
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per cell). Because longer exposures reveal cross - hybridisation of the 

B66 probe to negative control RNA, it is not possible to rule out 

expression of this gene at low levels in female liver and the 

prelactational mammary gland. 

No eRNAs identified with the gene-specific probes clearly corresponded 

to the shorter message seen with the group 1 consensus probe or the 

MUP11 cDNA probe (Figures 6 & 10). This suggests that other group 1 

genes are transcribed and spliced to generate this shorter RNA 

species. This supports one of the two hypotheses to explain the 

relationship of long and short mRNAs (Clark et al, 	1984a) 	since 

expression of group 2 genes could not be detected by specific 

oligonucleotides (Chapter 4; Shahan et al, 	1987b). 	It is also 

possible that as yet unidentified MUP genes, sharing greater homology 

to group 2 than group 1 genes in the 3 	region of exon 6, are 

transcribed and spliced to give the short eRNA. The group 3 gene, 

MUPI6, entirely lacks exon 7 (Ma, 1987) and would presumably encode a 

short mRNA. Comparison of exon 6 sequences does not suggest, however, 

that it would hybridise more strongly to a group 2 than a group 1 sub-

clone probe aind therefore is unlikely to represent a major portion of 

non-group 1 short eRNA. 

Conclusions 

The data presented in this chapter show that BL1 mRNA is the most 

abundant NUP mRNA in male liver. Gene BL1 is also transcribed in 

female liver. Gene BSI is also transcribed in both male and female 

liver, although at lower levels, and the gene BS6 is transcribed in 
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male liver at a similar level to BSI. No RNA homologous to the BS6-

specific probe can be detected in female liver under conditions which 

prevent hybridisation to negative controlR14. The expression of all 

three genes in female liver can be induced to male-like levels by 

testosterone treatment. 

These experiments have shown that it is possible to discriminate 

between RNA transcripts differing at a single nucleotide using 

oligonucleotide probes to Northern blots. This not only enables one 

to investigate the influence of hormones on. MIJP gene expression but 

also the differential expression of members of any other multigene 

family where sequence data is available. 
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CHAPTER 6 

DISCUSSION 

DISCRIMINATION BETWEEN SIMILAR TRANSCRIPTS USING OLIGONUCLEOTIDE 

PROBES 

Short synthetic oligonucleotide probes have been shown to discriminate 

between DNA sequences differing at a single nucleotide (Wallace at 

al, 1979; Conner, at al, 1983; Kidd at al, 	1983; 	Studencki 

at al, 	1985; 	DiLella at al, 1986) but have not been widely 

used as hybridisation probes to RNA sequences (see chapter 2). In 

some cases oligonucleotide probes cross-hybridise with DNA sequences 

differing at a single nucleotide (e.g. Wallace et al, 1979; Kidd 

et al, 	1983; 	DiLella at al, 	1986). 	This may be because 

hybridisation or washing were performed at too low a stringency. 

Alternatively, 	the 	mismatched 	bases 	may 	be only moderately 

destabilising (see below) or the particular experimental conditions 

(hybridising DNA in a dried gel rather than transferred to a filter, 

or using tetramethylammonium chloride for washes; DiLella at al, 

1986) may prevent perfect discrimination. Such cross-hybrisation can 

usually be tolerated in diagnoses since a positive/negative signal of 

approximately 10 implies homozygosity for one allele. This is not the 

case when the objective is to estimate the levels of expression of 

closely related genes. Consequently particular attention must bepaid 

to hybridisation and washing conditions in the latter case. 	The 

results presented in chapter 5 show that in some cases oligonucleotide 

probes can discriminate between RNA species which differ at only one 
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nucleotide to a high enough degree. In these cases it is Possible to 

examine the relative expression of genes which share greater than 997 

0 
h omo g y. 

The Stabilities of Mismatched Base-pairs 

Oligonucleotide probes of the same length and similar base composition 

discriminate between RNA species differing at a single nucleotide with 

varying efficiences (Figure 10). The probable reason for this is that 

different mismatched base-pairs destabilise duplexes to different 

extents. The stabilities of mismatched base- pairs in duplexes 

between oligodeoxyribonucleotides and RNA remains to be examined 

systematically but there is pertinant data from RNaseA cleavage 

experiments and homopolymer duplex stability determinations (see 

below). 	These can be compared with the results obtained from DNA.DNA 

hybridisation. 

Chamberlin 	and colleagues partly defined the different thermal 

stabilities of DNA, RNA and RNA.DNA homopolymers (Chamberlin, 1965). 

The relative instability of the dA:rU base-pair was discovered (see 

chapter 2). The instability of this base-pair appears to be the most 

likely explanation for the apparently low T. of the duplex formed 

by the group 2 specific oligonucleotide and the group 2 RNA control 

(chapter 4). This duplex would have seven dA:rU base-pairs and five 

6:C base-pairs. 	By comparison, the duplex formed by the group I 

specific oligonucleotide and the group 1 control RNA contains five 

dA:rIJ and eight 6:C pairs. 	This explanation is supported by data 

reported by Buvoli et al (1987) from preliminary studies on two 
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isoforms of hnRNP protein Al. These authors show that 15nt probes can 

discriminate between synthetic transcripts differing at a single 

nucleotide. 	A duplex with a dA:rU base-pair in the middle is less 

stable than an otherwise identical sequence with dTrA in the middle. 

In RNA duplexes AA:IJU is less stable than AU:LJA in a nearest neighbour 

analysis (Tinoco et al, 1973) but it is not known if dAdA:rLJrU is 

less stable than dAdT:rIJrA, although one might expect this from 

experiments with homoduplexes. 	 - 	-- - 

The effect of mismatching on short DNA duplexes has been investigated 

by replacing a single dA residue in pdA with either dB or dT and 

hybridising this to oligo-dT cellulose. The results show that the 

mismatches significantly reduce the T of the duplex and that the 

nearer to the middle of a duplex a mismatch is, the greater the 

destabilising effect (reviewed by Smith, 1983). Studies of RNA and 

DNA helices which showed that duplex stability could be accurately 

predicted from the base-sequence using nearest neighbour analysis 

(Tinoco et al, 	1971, 	1973; Breslaur et al, 1986). 	Further 

work by Tinoco and co-workers on the thermodynamics of DNA helix 

formation using mismatched oligonucleotides has shown that mismatches 

to cytosine are generally more destabilising than those to guanine, 

and pyrimidine:pyrimidine mismatches are the least stable (Aboul-ela 

et al, 1985). Similar experiments with RNA.DNA duplexes have not 

been reported. 

The stability of mismatches in RNA.DNA can be analysed using RNaseA 

digestion. 	Cleavage of the RNA strand of an RNA..DNA duplex at 

mismatched base-pairs by RNaseA has been developed as a method of 
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detecting new mutations in genes (e.g. Myers & Maniatis, 1986). Not 

all mismatches are cleaved to the same extent, and some are not 

cleaved at all 	(Myers et al, 1985; Myers & Maniatis, 1986). 	A 

mismatch within a duplex induces more frequent abreathingu of the 

duplex. 	It is presumably the temporary separation of the duplex 

strands which allows RNaseA to act. Consequently more destabilising 

mismatches will induce more frequent strand separation and hence are 

more likely to be digested by RNaseA. As an example, single _rCdO 

rC:dC, and rC:dT mismatches are always cleaved by RNaseA but rU:dC, 

rS:dT, rG:d6, and rA:dA are not. 	This is partly due to the 

specificity of RNaseA which cleaves at pyrimidine residues. However, 

not only, is rUdC completely resistant to RNaseA, but rU:dG and rU:dT 

are only digested in a proportion of cases. This implies that rU:dC 

is a stable base-pair and that rU:dS and rIi:dT are moderately stable. 

The sequence context surrounding the mismatch is important - a given 

mismatch may be cleaved in one context but not in another - but there 

is no overall sequence pattern correlated with cleavage (Myers et 

al, 1985). 

A comparison of the data of Aboul-ela et al (1985) and Myers et 

al 	(1985) shows that the stability of mismatched base-pairs is 

partly dependent on whether one or both of the strands in a helix is 

DNA (Table 8). This emphasises the importance of using RNA controls 

to determine hybridisation and washing conditions for oligonucleotide 

probes. 	It is not possible to use the RNaseA cleavage data when 

designing oligonucleotide probes to the various group I MIIP genes 

because each has only one or two distinguishing point mutations. It 
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Table 8 

Comparison of mismatch stability: DNA.DNA vs RNA.DNA duplexes 

DNA. DNA 
	

RNA. DNA 

Stable 

Unstable 

6:T 0.0-0.7 

6:8 0.2 

6:A 0.3-1.2 

C:T 1.2-1.5 

A:A 1.5 

1:1 1.5 

A:C 1.9-2.0 

C:C 2.1 

rG:dT 0/14 

r6: d6 0/6 

rA:dA 0/6 

rU:dC 0/3 

r6:dA 1/7 

rU:dT 1/4 

rU:dG 3/11 

rA:dC 4/12 

rA:d6 2/3 

rC:dC 4/4 

rC:dT 9/9 

rC:dA 22/22 

The data for DNA duplexes is from Aboul-ela et al (1985); the 

figures represent 6° (25°C, kcalmol -1 ). 

RNA.DNA mismatch stabilities are from the RNaseA cleavage data of 

Myers et al (1985) as summarised by Myers & tlaniatis (1986). 

The fractions give the number of times more than 50% of duplexes 

containing these mismatches were digested by RNaseA. 
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is interesting, however, to compare the results obtained (chapter 5) 

with what would be predicted by RNaseA cleavage experiments taking the 

efficiency of RPlaseA cleavage as an indication of mismatch 

instability. 

Two of the four group 1 P11W gene-specific oligonucleotide probes give 

a clear result i.e. no cross-hybridisation to negative control RNA 

(BL1 and BSI, Figures lOa & lOb). Both mismatches (rC:dT and rC:dC) 

are efficiently cleaved by RNaseA in most or all sequence contexts 

(Myers et Al, 1985). The BS6-specific oligonucleotide has a rS:dA 

mismatch 	when duplexed to negative control RNA and under the 

conditions employed generates a weak signal (Figure lOc). The RNaseA 

cleavage data predicts that a rG:dA mismatch would be cleaved only in 

particular contexts of RNA sequence. 	This is not due Lo. the 

pyrimidine mismatches. 	This may be partly due to the flanking 

sequence. For example, the BS-specific oligonucleotide is 50 	G+C 

which may partly stabilise the mismatched duplex. 

The only unique mutation in the determined BBS exonic sequence is a 

d64dA transition in exon 2 (Figure 2). This generates an rG:dT 

mismatch in the heteroduplex between the BSS-specific oligonucleotide 

and the negative control RNA. It was not possible to establish 

hybridisation and washing conditions under which this probe was 

discriminatory (chapter 5). This might be predicted by RNaseA 

cleavage data which shows that the mismatch is stable and resistant to 

RNase attack (Myers et al, 1985). 

These results would not be predicted by extrapolating analysis of 
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mismatches in DNA duplexes. This data would predict the unstable C:C 

mismatch but in certain contexts dC:dT and dG:dA are quite stable 

(Table 8, Aboul-ela et al, 1985). 	A dG:dT mismatch is less stable 

than rS:dT or rG:rU, presumably because of the required fidelity of 

base-pairing required in. DNA replication (Smith, 1983). Of the more 

stable DNA.DNA mismatches, 8:T and 6:A are known to be paired by 

hydrogen bonds 	(Aboul-ela et al, 	1985). 	These authors also 

propose configurations for 6:6, A:A and A:C mismatches but any 

hydrogen bonds in C:C, T:T or T:C mismatches would require geometrics 

quite different from Watson-Crick base-pairs. 

The results of Buvoli et al (1987) do not agree with the predicted 

stabilities of Myers et al shown in Table 8. These authors show 

that dA:rA and dT:rU mismatches destabilise duplexes with lSnt probes 

at a temperature 1-2°C above the estimated Tm. It should be 

noted, however, that in this example the mismatched base has an rU 

residue on either side: such a sequence context was not investigated 

by Myers et al. 

Estimating the T. of a Short RNA.DNA Duplex 

As mentioned in chapter 2, equations which estimate the T. of a 

duplex are not directly applicable to all duplexes formed between 

oligodeoxyribonucleotjdes and RNA. Table 9 compares the T. values 

predicted by the modified Schildkraut & Lifson relation (chapter 2, 

equation 3) and Suggs' empirical relation with the temperatures at 

which hybridisations and washes were carried out to discriminate 

between sequences differing at a single nucleotide (chapter 5). 	A 
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Table 9 

The estimated T. and actual washing temperatures (1...) of the 

oligonucleotide probes 

Estimated T. 

Bpi 44 5 50 	52 43 

8p2 28 8 43 	46 25 

BLI 39 6 48 	50 43 

BS1 44 5 50 	52 53 

BS6 50 6 52 	54 57 

Estimated T. values A:- from the modified Schildkraut & Lifson 

relation (chapter 2, equation (3)) with 

[Na] = 0.549. 

B:- from the empirical relation of Suggs et 

al (1981). 

T.: -  the temperature at which hybridisation and washing were 
- 	performed 
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stringent wash would normally be performed approximately 2°C below 

the estimated Tm. 	It can be seen from the comparison in Table 9 

that in some cases this would be too stringent, in others, too 

relaxed. All probes are 18 nucleotides in length and each was used in 

the same hybridisation and washing solutions, so the only variables 

affecting T. are base composition and homology. Because the group 

1 consensus probe differs from other sequences by at least 3/18 

nucleotides, it does not 	require 	such 	stringent 	conditions. 

Therefore although the group 1 consensus and the BS1-specific probes 

are both 44X 6+C, the difference in homology allows the former to 

be used at a lower temperature. 

The consequnce of changing the base composition is highlighted by 

comparing results with the BL1- and BSI-specific oligonucleotides. 

Although both probes have quite destabilising mismatches (see above) 

the former discriminates at a temperature approximately 5°C below 

the estimated Tm while the latter, apparently differing only in 

base composition, does not discriminate until about 3°C above 

the estimated Tm. The BS6-specific probe (507. G+C) gives good but 

not absolute discrimination at a temperature 5°C above the 

estimated T m . 	Two 15nt probes (337. G+C) have been shown to 

discriminate between transcripts differing at a single nucleotide 

after, a final wash at a temperature 1-2°C above the estimated 

T. (Buvoli et al, 1987). 

The data presented in chapter 5 and discussed above also suggest that 

even the most destabilising mismatches (e.g. rC:dC) do not reduce the 

T. by the predicted amount. Experiments with larger fragments 
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have estimated that a 1% mismatch would reduce the T. by 1°C 

(Banner et al, 1973). 	This predicts a reduction in T. of 

approximately 5°C for a duplex with 1/18 mismatched base-pairs. 

The results obtained with the BS1- and BS6-specific probes show that 

this is not the case. It may be that the destabilising effect of a 

single mismatch is reduced or increased by the base composition, 

and/or the sequence, of the duplex. 

With short probe length, therefore, the base composition has a greater 

effect on the stability of RNA.DNA duplexes. This may be partly due 

to the weakness of the dA:rU base-pair or different sequence contexts. 

The best method of predicting the stability of different duplexes is 

by nearest neighbour analysis of each sequence (Tinoco et al, 

1971, 1973; Breslaur et al, 	1986), 	but thermodynamic data for 

RNA.DNA base-pairs is not available. 

There is insufficient experimental data to adjust the Schildkraut & 

Lifson relation to make it applicable to RNA.DNA duplexes. Increasing 

GtC content probably stabilises an RNA.DNA duplex by more than the 

predicted amount because rS:dC and dG:rC are both more stable than 

d6:dC (Chamberlin, 1965), while duplexes with a low G+C content may be 

less stable than expected since dA:rU and rA:dT are both less stable 

homoduplexes than dA:dT. 
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THE TISSUE-SPECIFIC AND SEXUALLY DIMORPHIC EXPRESSION OF 

GROUP 1 NUP GENES 

Tissue-specificty of Group 1 Gene Expression 

The MtJP multigene family is a useful system in which to study 

eukaryotic gene expression. The expression of different genes within 

the family is modulated by various hormones. Regulation is primarily 

at the level of transcription (Derman, 1981) and varies in a 

developmental and tissue-specific manner (Shaw et al, 1983). 	The 

classification of MUP genes into phylogenetic groupings on the basis 

of restriction site and nucleic acid sequence homology (Al-Shawi et 

al, 	1988a) 	is supported by the tissue-specific expression and 

hormonal regulation of genes from each group. 

Group 1 genes are expressed in the liver under the influence of 

testosterone, 	growth 	hormone 	and 	thyroxine and also in the 

prelactational mammary gland, probabaly under the influence of the 

female sex hormones 	(Knopf et al, 1983; Shaw et al, 1983). 

The influence of oestrogen and progesterone on MUP gene expression in 

female liver outwith and during pregnancy has not been reported. 

Oestrogen administration is known to reduce the levels of 	2U 

globulin mRNA in male rat liver (Kurtz et al, 1976). 	This may 

simply be due to antagonism of testosterone action since the hepatic 

levels of dihydrotestosterone receptor are reduced. 	No group 1 

transcripts are detectable in the submaxillary or lachrymal glands 

(Figure 5). 
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Members of group 3 are also expressed in the liver under the influence 

of testosterone and growth hormone but are not affected by thyroxine 

administration or withdrawl (Kuhn et al, 1984; Ma, 1987). 	It has 

been shown that group 3 gene products are glycosylated and their 

transcripts represent a relatively greater proportion of female liver 

RNA than male (Clark et al, 1985b; Ma, 1987). 	The expression of 

group 3 genes in other MOP expressing tissues has not been reported. 

MOP gene expression in the submaxillary gland does not appear to be 

under hormonal control while that in the lachrymal gland expression is 

influenced by testosterone (Shaw et al, 1983). 

MOP cDNA clones have recently been isolated from submaxillary and 

lachrymal libraries and found to be quite different from group 

1 genes (10Z diverged; Shahan et al, 	1987a). 	Analysis of the 

amino acid composition of their respective translation. products 

explains the earlier observations: the lachrymal protein would be 

considerably 	more 	basic than any other MUP whose amino acid 

composition can be predicted and the submaxillary gland protein would 

have a similar charge to one of the more acidic group I proteins 

(Table 10). These genes have been classified as belonging to group 4 

(Al-Shawi et al, 1988a) since they differ markedly from those in 

groups 1, 2 and 3 at the nucleotide sequence level as well as in 

tissue-specific expression. 	It is interesting that iso- electric 

focusing of hybrid-selected submaxillary and lachrymal gland mRNA in 

vitro translation products resolves a number of products (Shaw et 

al, 1983; Shahan & Derman, 1984) and yet only one submaxillary and 

one lachrymal cDNA were isolated (19 and 11 times each). 
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Table 10 

Amino Acid Composition of Group 1 MUP Genes 

Acidic Basic Net 
Clone 	( D E 	) ( 	H K R ) 	Charge 

BL1 11 21 5 11 9 -7 
BSI 11 20 5 10 9 -7 

Bpi 	(p1057 11 20 5 10 9 -7 
(MLJP11 11 19 5 9 8 -8 
8S6 11 21 5 9 9 -9 

6p3 	(MIJP15 7 24 4 10 7 -10 
(MUP16 8 24 3 9 8 -12 

6p4 	(cLAC1 10 20 6 17 5 -2 
(cSMX1 11 23 5 13 7. -9 

The table shows the number of each acidic and basic amino acid 

present in the mature protein product of 	each of the BALB/c 

clones as derived from the nucleotide sequences (Figure 2). 

Abbreviations:- D - Aspartic acid 

E - Blutamic acid 

H - Histidine 

K - Lysine 

R - Asparagine 
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No expression of group 2 pseudogenes has been detected using two 

different oligonucleotide probes (Figure 9; Shahan et al, 1987b). 

Sexually-dieporphic Expression of Group 1 MUP Genes 

The relative levels of different group 1 gene transcripts appear to be 

influenced 	by various hormones in the liver (Knopf et al, 1993). 

To study the regulation of individual MUP genes 	in 	vivo, 

hybridisation probes specific for each gene are required. The work 

presented in this thesis has shown that synthetic oligonucleotide 

probes can discriminate between RNA sequences differing at only one 

nucleotide. This has enabled determination of the relative levels of 

expression of three group 1 MUP genes (BL1, BS1 and RS) in male 

liver. It has been shown that two of these (BLI and BSI) are also 

expressed in female liver at quite different levels, and all three are 

induced to male-like levels in the livers of testosterdne-treated 

females. 	RNA homologous to the BLI-specific probe is the most 

abundant MUP RNA in both male and female liver. 

Iso-electric focusing of the urine from males and females of BALB/c 

and C57BL strains shows that the more abundant MUPs in BALBIc urine 

are more basic than the abundant C57BL proteins. 	It is also clear 

that the abundant female product is more basic in BALB/c mice (Figure 

11; Clissold et al, 1984). 	Analysis of the coding regions of the 

tIUP genes and cDNAs sequenced to date allows them to be placed in sub-

groups on the basis of predicted net charge (Table 10). 	It has not 

yet been possible to correlate a cloned gene to its encoded protein 

because two or more different genes could encode proteins with the 
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Figure 11 

Putative association of urinary titiPs with individual clones 

The figure showing isoelectric focusing of mouse urine is adapted from 

Clissold et al (1984). 	The anode is at the top. 

P1 = male urine 

I = testosterone-induced female urine 

F = female urine 

The bands marked 1-5 in C57BL male urine correspond to spots 1-5 on 

the two-dimensional gels of Knopf et al (1983) as described in the 

text. 	Bands a-f, in BALB/c male urine may be the products of the 

following P11W sequences:- 

a 	p1057 

b,c 	BSI, BL1 

d 	PIUP1I 

eorf 	B96 

These associations are based on the presence or absence of homologous 

RNA in female liver RNA (Figure 10; MIJP11 was isolated from a female 

liver cDNA library) and the predicted net charge of the translation 

products (Table 10). The alternative association of B96 with bands e 

or f is because of the possible low level expression of this gene in 

female liver. 
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same electrophoretic mobilities. The bands in C57BL male urine can be 

associated with the spots seen on a two- dimensional gel 	(Figure 11) 

by comparing their modes of expression and hormonal regulation. tIUP3 

is present in female urine and MUP I and MUP 5 are not present in the 

liver 	in vitro translation products of testosterone-induced 

females (Knopf et al, 1983). 

The data of Held et al (1987) link a number of genes cloned from a 

- C578L library with the products of mRNA translated in vitro:- .WP2.... 

appears to be encoded by BL6-51, MUP3 by RL6-3 and BL6-11, and MUP4 by 

BL6-42. 	Some of these genes share a phylogenetic sub-group with 

clones from BALB/c mice (Table 11) but they would not encode proteins 

with similar iso-electric focusing points (as predicted by amino acid 

composition, Table 10). From the predicted amino acid composition, 

p1057, BS1 and BLI would encode the. more basic proteins. The data 

presented in chapter 5 show that the expression of 851, BS6 and BU in 

female liver is induced by testosterone and BL1 and 881 are expressed 

in uniduced females. Furthermore, FIUP11 is a cDNA clone from a female, 

liver library (Clark et al, 1985b). 

From these observations, the tentative association shown in Figure 11 

is proposed. Note that the relative levels of MUP liver RNA do not 

agree with the abundance of individual MUPs in the urine. The 

BLI-specific oligonucleotide probe detects a greater proportion of 

liver RNA, from both sexes, than the BSI-specific probe, but the 

most abundant band in iso-electric focussed male urine is not the most 

abundant in the urine of uniriduced females. This suggests some degree 

of post-transcriptional regulation, probably at the level of 
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Table 11 

Phylogenetic Sub-groups of Group 1 MUP Genes 

Sub-group 	 BALB/c Clones 	 C57BL clones 

la 	 8S5, BS6 	 BL6-3 

lb 	 BSI 	 8L6-42 

Ic 	 BLI, BJ-31H 	 2L6-11 

- 	Id 	 - 	 BL6-51 

From A1-Shawi et al(1988a). - 
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translation or protein secretion or transport. Indeed, Berger & Szoka 

(1981) have shown that the testosterone induction of PIUP levels in the 

liver parallels that for RNA, rather than the 30- fold difference 

observed in urinary MUP levels (Szoka & Paigen, 1978). These authors 

suggest that this post-translational control affects the excretion of 

all MUPs, but as their assay could not discriminate between the 

individual proteins there may be qualitative control at this level. 

It is possible that 8Sis expressed in female liver but at_leyls 

below 	the detection and discrimination limits of the specific 

oligonucleotide probe. It is for this reason that two alternative 

associations are proposed for the more acidic proteins (Figure 11). 

The lowest, most acidic protein is probably the glycosylated product 

of a group 3 gene. The questions raised by these comparisons are 

currently being investigated by transcribing MUP cDNAs in vitro, 

translating the RNA and examining the protein products on two-

dimensional gels. 

Equating the sexually dimorphic expression of group 1 MIJP genes with 

their phylogenetic classification is not straightforward. 	Genes 

expressed in both male and female BALB/c liver are present in sub-

groups lb and Ic (RS1 and BL1, respectively; Table 11). The gene (or 

genes) encoding the predominant NUP in C57BL female urine could be 

a member of either sub-group la or lc (BL6-3 or BL6-1I, respectively), 

as determined by co-migration of in vitro translation products 

(Held et al, 1987). 	It may be that the genetic differences 

affecting the sexually dimorphic expression of individual group 1 

genes are as subtle as those determining electraphoretic mobilities of 
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the gene products i.e. a small number of base substitutions. Such 

differences may also be responsible for the different responses of IIUP 

genes to hormones such as thyroxine. MUP gene sequences are highly 

conserved in the 5 flanking region as well as the coding region (987. 

homology; Ghazal, 1986; Held et al, 1987). 

The work presented in this thesis together with results from other 

laboratories discussed above has identified certain memebers of the 

MUP multigene family which are expressed in a sex- and tissue-

specific manner. The transcripts of individual group I genes can be 

detected by gene-specific oligonucleotides and it is now possible to 

identify the genes whose expression is influenced by hormones other 

than tesosterone e.g. thyroxine and glucocorticoids. Once these 

genes have been identified it is possible to determine the sequence 

elements involved in the hormonal regulation. 
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CHAPTER 7 

MATERIALS AND METHODS 

Animals 

All mice used in this work were of the BALB/c strain maintained in the 

Department of Genetics, University of Edinburgh. 

Enzymes 

All restriction and modifying enzymes and radioisotopes were purchased 

from Amershain International and used with the buffers supplied or as 

directed by the supplier (unless otherwise stated). 

RNA Controls 

Template DNA (2pg), restricted with the appropriate enzyme (Table 1) 

was transcribed in a SOpi mix of 40mM Iris-Cl pH8.0, .15mM MgC1 2 , 

5mM 	OTT, 	SOOpg/ml 	BSA (nuclease free), ioN each rNTP, 2pCi 

15-3 H]-IJTP or 3 -a-UTP, 50 units RNase inhibitor 	(Promega or 

Pharmacia) and 10-30 units T7 RNA polymerase (US Biochemicals or 

Boehringer). 	Incubation was at 37°C for 45 mm. 	RNA yield was 

determined from the TCA precipitable counts in a 2jil aliqiot. RNA was 

purified by digesting the template DNA with RNase-free 	ONasel 

(Worthington; 4 units, 37°C, lOom), phenol/chloroform erxtraction 

and Sephadex 6100 chromatography (in 10N Iris-Cl pH7.0, 0.1% SLS) and 

precipitated from 0.3M NaOAc pH6.5 and ethanol (Melton et al, 
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1984). 	Pellets were resuspended 	in sterile H 2 0, 	final 	yield 

determined by TCA precipitation, and the RNA stored frozen at 

20°C. 	Samples (2j.l) for polyacrylamide gel electrophoresis were 

denatured by boiling in an equal volume of formamaide dye mix for 

5mins. 	47. polyacrylaaiide (29:1 acrylamide:bis-acrylamide, 7.611 urea, 

1xTBE pH8.8 gels were pre-run at 30W for 1 hour before samples were 

loaded. Electrophoresis was at 30W for 2 hours. 

Total RNA Samples 

Total cellular RNA was prepared by the method of Chirgwin et al 

(1979) including a CsCI cushion. Total RNA from testosterone-induced 

female liver was a gift from X. Ma. The mice were induced with sub-

cutaneous pellets (30mg) for 2 weeks. Total mammary gland RNA was 

prepared from mice at 14 days gestation, liver RNA from 7-8 week old 

mice and submaxillary and lachrymal gland RNA from 8-9 week old mice. 

Gel Electrophoresis of RNA 

RNA samples were denatured in 247. for- mamide, 57. formaldehyde, 10mM 

NaHPO 4  pH7.0 at 60°C for 5mm 
	

and electrophoresed in 1.87. 

agarose, 6% formaldehyde, lOm 11 NaHPO 4  pH7.0 gels at 0.17 V/cm/hr. 

The RNA was then transferred to Hybond-N membranes (Amersham) by 

capillary blotting from 20 x SSC and covalently cross-linked by ULV. 

irradiation (Church & Gilbert, 1984). 
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Synthetic Oligonucleotides 

The synthetic oligonucleotides were purchased from the Oswel DNA 

Service, Chemistry Dept, Edinburgh University, except for the group 

2-specifc probe which was a gift from Dr.. 	B.J. 	Hammill 	(Cruachem 

Ltd.). 	Concentrations .of oligonucleotide in water were determined by 

measuring the A 260  of the solution and taking the extinction 

coefficients of each base to be:- dA, 15.4;d8, 11.7; dC 7.3; d-T-,-_8.8-_ 

cm 2 /p6ol; and the molecular weights of the monophosphates to be 331.2, 

347.2, 307.2 and 322.2, respectively. 	Stocks and 5pg/ml working 

solutions were stored at -20°C. Labelling with 32P--ATP was 

performed largely as described by Maxam & Silbert (1980). Equimolar 

amounts of 32P--ATP 	(3,000 Ci/mmol) 	and oligonucleotide were 

mixed 	in 	50mM Iris-Cl pH7.5, 	1010 MgCL 2 , 5mM DTT, 0.1mM 

spermidine, 0.1 eM EDTA, • with 10 units of 14 polynucleatide kinase 

(final volume, 50p1) and incubated at 37°C for 30 mm. 	Efficiency 

of incorporation was determined by spotting an aliquot onto 3MM paper 

discs, washing in four changes of cold 5% TCA and drying with ethanol 

and ether. Specific activities of between 3 x 10 8  and 2 x 10 9  dpm/jig 

were routinely obtained by this method. Labelled DNA was phenol/ 

chloroform extracted and ethanol precipitated by adding 4 vols of 2.5P1 

NH 4 OAc, 2pg Dextran 2000 as carrier, and 3 vols ethanol. 	Tubes 

were kept at -20°C for at least lhr and spun in an 9534 rotor at 

15,000rpm, -20°C for 30mm. 
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Hybridisation of Oligonucleotide Probes. 

Filters were prehybridised in 0.5M NaHPO 4  pH7.2, 77. SLS, 2mM EDTA 

for lhr and then hybridised overnight in the same solution plus 

labelled probe. 	Washes were as follows:- 2 x 10min in 0.5M NaHPO 4  

pH7.2, 57. SLS, 1mM EDTA; 2 x 20min in 0.5M NaHPO 4  pH7.2, 	17. SLS, 

leN EDTA. Hybridisations and washes were performed in either a 

shaking water-bath or on a rotating table in an oven at the 

temperatures given in the text. 

Labelling and Hybridisation of cDNA Probes 

The double-stranded DNA probes described in the text were labelled by 

a variation of the random primer method (Feinberg & Vogeistein, 1983) 

as follows:- 0.2pg of linearised plasmid was boiled in water with 

120ng of p(dN) 6 	(Pharmacia) 	for 3min and quenched 	in ice. 

Labelling was with 30-5OpCi 32P-c-dCTP and 2.5 units E. coli 

DNA polymerase I at 25°C for lhr in 66mM Iris-Cl pH7.4, 6mM 

MgC1 2 , 2.5mM DTI, 30pM each dATP, d6TP, dTTP (final volume 100p1). 

The efficiency of incorporation was determined by TCA precipitation of 

an 	aliquot. 	Specific 	activities 	in excess of 10'dpm/pg were 

obtained. Labelled DNA was phenol/chloroform extracted and ethanol 

precipitated with 25pg of sonicated salmon sperm DNA as a carrier. 

Prehybridisation and hybrdisation were in the solutions described 

above at 68°C. 	Washes were 2 x 10min 40mM NaHPO 4  pH7.2, 57. 

SLS, 1mM EDIA; 2 x 20min 40mM NaHPO 4  pH7.2, 17. SLS, 	1mM EDTA at 

68°C. 
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Primer Extension Sequencing 

Primer extensions were carried out according to Epstein et al 

(1986). Either 5ng of control RNA or 4pg of total male liver RNA was 

annealed with 2.5ng of 32P-labelled oligonucleotide probe (or 25jig 

of total RNA with lSng of primer) in 250mM KC1, haM EDTA, 10mM Tris-CI 

pH8.0 (final volume 15p1) at 65°C for 90min and allowed to cool to 

30°C. 	The primers were extended in a ZOpl reaction after 

-- - adjusting toBOmM- KC1, 03mM EDTA, 18mM Tris-Cl pH8.3, 10mM MCl 

5mM OTT, 0.2mM each dATP, dGTP, dCTP, dTTP, with either 2 units or 5 

units of AMY reverse transcriptase (Pharmacia; depending on the amount 

of RNA template) at 37°C for lhr. 	Separate reactions were 

performed with each dideoxynucleotide at 0.1mM. Extension products 

were precipitated by adding 5jil 3M NaOAc, pH6.5, and 165pl ethanol, 

leaving to stand at -70°C for lhr, and spinning in a microfuge at 

10,000rpm, 4°C for 15mm. 	Pellets were dried under vacuum and 

resuspended in 2pl water and heated to 50°C for 5mm. An equal 

volume of formatnide dye mix was added and the samples were boiled 

(6mm) 	prior to electrophoresis on a lOX polyacrylamide (29:1 

acrylamide:bis- acrylaside), 711 urea gel, 1 x TBE pH8.8 for 3hr. Gels 

were fixed for 10min in lOX methanol, lOX acetic acid and exposed 

directly to X-ray file at room temperature. 

General Methods 

Phenol/chloroform extraction 

Enzyme recations were phenol/chloroform extracted, after the addition 
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of sufficient EDTA to chelate Mg 2 , by adding 0.5 vol of water-

saturated phenol and incubating at 37°C for 5mm; 	0.5 vol 

chloroform was added and the mixture centrifuged for 3mm. The 

aqueous layer was extracted twice more with 1 vol of chloroform and 

the organic layers were back-extracted with 0.5 vol of 0.IM Iris-Cl 

p117.5 and this was added to the aqueous layer. DNA was recovered by 

precipitation from ethanol. 

DNA gel electrophoresis and fragment purification 

Restriction digests were assayed by electrophoresis of an aliquot on 

an agarose gel of the appropriate density (0.5X to 2.0% w/v) 

containing lpg/ml ethidiuin bromide in 1 x TA pH7.9 at 100 - 200V. DNA 

fragments were purified by electrophoresis in agarose gels run in 1 x 

TBE p118.3 at 0.17V/cm/hr and electro-eluted onto dialysis membrane, 

purified by ion-exchange chromatography using a Scheicher & Schueli 

Elutip-d column and ethanol precipitated. 

Ligation, transformation and plasmid DNA preparation 

Liagations were performed in 20p1 of 66mM Iris-Cl p117.6, 10mM 

MgC1 2 , 40mM NaCl, 1mM EDTA, 5mM BIT, 0.25mM ATP with 1 unit 14 DNA 

ligase (2 units for a blunt end) at 14°C for 2hr with a 3x, 5x, or 

lOx ratio of insert:vector at Sng vector/plate. The ligation mixes 

were used to transform competent E. coli strains HBIOI 	(p17 

piasmids) or Nt1522 (pTZ phagemids) using X-gal (50p1 of 20mg/mi) and 

IPTS (20pl of 24mg/el) in the top agar as required. 	Transformants 

were selected by ampicillin resistance. Plasmid DNA was prepared as 
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described (Bishop, 1979) except that only one CsC1 gradient step was 

performed, dialysis was against 10mM Tris-Ci pH7.5 and contaminating 

bacterial DNA was removed by Sepharose 2B chromatography with 50mM 

Iris-Cl pH7.5, 0.3M NaCl. 

HB1OI: 	F- , 	hsdS20 	(r,m),recAl3, ara-14, qCg82, 

LacYl, qaiK2, rasL20(Smr), 	L - 5, 	L-1, suE44 

NM522: hsd65, A(lac, 	Co), F' lacZM15, 	 ro 

Solutions 

1 x SSC 	 is 0.1511 NaCl, 15mM Na 3  citrate 

1 x TA pH7.9 	is 50mM Iris-base, 20mM NaOAc, 2mM EDTA, 10mM NaCl 

adjusted to pH7.9 with glacial acetic acid 

1 x TBE pH8.3 	is 89m11 Iris-base, 89mM boric acid, 2mPl EDIA 

1 x IDE pH8.,8 	is 0.1311 Iris-base, 89mM boric acid, 2mM EDTA 

NaHPO4  pH7.0 	is 83g/l Na 2 HPO 4 , 62g/i NaH 2 PO 4 .2H 2 0 

NaHPO4  pH7.2 	is 70.6 gIl Na 2 HPO 4 , 1.27. v/v H 3 PO 4  

Formamide dye mix is 7.5mg/mi EDTA, 0.3mg/el bromophenol blue, 

0.3mg/mi xylene cyanol FF, 

in double-distilled formamide 
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APPENDIX 

DETERMINATION OF THE RELATIVE AMOUNTS OF SPECIFIC MUP RNAs BY 

DENSITOMETRIC SCANNINS 

The relative levels of MUP gene expression shown in Tables 4,5 & 7 

were 	determined 	by 	scanning 	densitometry with an electronic 

integrator. 	As an example, the raw data 	obtained 	from 	the 

autoradiograph probed with the BLI specific probe (Figure 9a) are 

pr-esented here (-Tab-le Al-). 	The f-i-gures- i-n the bottom two - rows -of - trhe 

table were obtained using a fainter wedge. Only results obtained from 

the same autoradiograph with the same wedge are directly comparable. 

To determine the proportion of male liver RNA that is homologous to 

this probe the values from the male liver tracks and the positive 

control tracks were compared. It is neccessary to allow for the 

different lengths of each control transcript (Table 2). Each track was 

scanned three times and the readings (less background) were averaged. 

Furthermore, readings from tracks containing different amounts of the 

same RNA sample were averaged after allowing for the amount of RNA. 

From Table Al, 

3pg of male liver RNA gives a value of 	139 

lpg ofmale liver RNA gives a value of 	 33 

3ng of positive control RNA gives a value of 52.3 

Using these figures 	 139 x 900 
52.3 730 

3.3ng/pg or 0.33% 

and 	 33 x 3 x 900 
52.3 	730 
2.3ng/pg or 0.23 

an average value of 0.28) is obtained. 
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The values for each sample of female liver RNA relative to male levels 

were determined in a similar manner allowing for the different amounts 

of RNA in each track but not, of course, for transcript length. For 

example, for female no. 2:- 

30pg of female no. 2 RNA gives a value of 284.3 

lOpg of female no. 2 RNA gives a value of 86.3 

Male values are as above. - 

Using these figures 	 284.3 
139 x 10 

=> 20.4 

86.3 
33 x 10 
=>26Z 

86.3 x 3 
33 x 10 

=) 18.6 

and 	 284.3 
33 x 30 

=> 28.7% 

an average value of 23.4% is obtained. 

It was not possible to quantify the weak signal from mammary gland 

RNA. 	These figures can be converted to copies/cell using the 

following 	approximations 	(Hastie 	& Bishop, 1976). 	There are 

approximately 5 x 10 eRNA molecules per liver cell and these 

constitute 3.6% of cytoplasmic RNA. This gives a figure of 1.4 x 10 

RNA molecules per liver cell. Using these figures, it was found that 

at 0.28 	of total RNA in male liver, BL1 transcripts are present at 

approximately 39,000 copies per cell. At 23.4 	of the male level, 

female no. 	2 therefore has about 9,100 copies per cell of BL1 

transcripts. Similar calculations were performed on the data obtained 
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scanning the autoradiographs generated with the other probes to give 

the results shown in Tables 4,5 & 7. 

Table Al 

Sample 
Reading 

1 
on integrator 

2 	3 
Background 

1 	2 
reading 

3 
Average less 

background 

3pg 1 230 229 229 13 13 13 2163 

3pg 	P1 149 150 149 11 10 10 139 

l jig 	M 39 39 39 6 6 33 

3ng control 	59 60 59 7 7 7 52.3 

30pg F2 288 290 290 5 5 5 284.3 

lOpg F2 89 89 88 3 2 2 86.3 

30 pg F3 107 107 107 21 21 21 86 

30jsq F4 72 72 72 20 21 21 51.3 

03jig 	P1 50 50 50 2 2 2 48 

30jig 	Fl 79 82 81 54 52 51 28.3 

N 	= male liver RNA 

Fl-F4 = female liver RNA samples 1-4 

Figure 5) 

I 	= testosterone-induced female 

Other details in text. 

(as 

liver 

described in chapter 4 and 

RNA 
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ABBREVIATIONS USED IN TEXT 

A adenine 

ANV avian 	rnyeloblastosis virus 

ATP adenosine 5' 	triphosphate 

bp base-pair 

BSA bovine serum albumin 

C cytidine 

cONA DNA copy of RNA 

d deoxyribo- 

DHFR dihydrofolate reductase 

DNA deoxyribonucleic acid 

UNase deoxyribonuclease 

dpin depositions per minute 

DII dithiothreotol 

EBTA diaminoethanetet,- a-acetjc acid 

6 guanidine 

h homology 

hnRNP heterologous nuclear ribonucleoprotein 

HPRT hypoxanthine phosphoribosyl 	transferase 

hsp heat shock protein 

HSV herpes simplex virus 

IEF isoelectric focusing 

IGF-I insulin-like growth factor 	I 

IPTG isopropyl--D-thiogalactosi de 

kb kilobase pair 

probe length 

LTR long terminal 	repeat 
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M monovalent cation 

MMIV mouse mammary tumor virus 

inRNA messenger RNA 

PIUP major urinary protein 

MW molecular weight 

nt nucleotide 

DAc acetate 

pH -log 	(14+] 

poly(A) 	RNA polyadenylatedRNa 	- 

r ribo- 

rNTP ribonucleotide triphosphate(s) 

RNA ribonucleic acid 

RNase ribonuclease 

rRP4A ribosomal 	RNA. 

Si single strand specific nuclease 

SOS sodium dodecyl 	sulphate 

SLS sodium lauryl 	sulphate 

Spi specific 	transcription factor 	1 

SV40 simian virus 40 

I thymidine 

TCA trichioroacetic acid 

melting 	temperature of - a nucleic 	acid 	duplex 

Iris tris-Ihydroxymethyl ]-aminomethane 

U uridine 

UTP uridine triphosphate 

U.V. ultra-violet 

W AorT 

wlv weight per volume 
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X-gal 	5-Broo- 4 - ch1oro - 3-irdo1y1-8-D-ga1actopyranosjde 
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