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Abstract

Cytochrome b5 reductase exists in soluble and membrane bound forms. The 

membrane bound form is predominant in most tissues. It is anchored to the membranes by 

an N-terminal membrane binding domain. The membrane bound enzyme is involved in the 

desaturation and elongation of fatty acids and in some cytochrome P450 mediated reactions. 

The soluble form of bs reductase is present mainly in the erythrocytes and is involved in 

the reduction of methaemoglobin. This form of the enzyme has an identical primary amino 

acid structure to the membrane bound form apart from the fact that it lacks the 

N-terminal binding domain. The long term aim of this investigation is to establish the 

relationship between the membrane bound and soluble forms of b5 reductase. An 

oligonucleotide of 43bp in length, made on the basis of a previously published partial cDNA 

sequence of human liver b5 reductase was used as a starting point in a cloning procedure

that led to the isolation of a cDNA of 1905 bp in length, whose sequence encodes the entire 

length of the membrane bound form of the enzyme . Southern blot hybridization analysis 

of DNA isolated from a panel of 11 somatic cell hybrids provided evidence supporting the 

hypothesis that one gene, present on chromosome 22, encodes both forms of human bs 

reductase. Overlapping genomic clones of the human gene were isolated and characterised 

by cos end mapping, restriction endonuclease mapping and Southern blot hybridization 

analysis. The clones, together spanning 26kb, contained 8 exons that together encode all 

but the N-terminal 6 amino acids of the membrane bound form of the enzyme. The 5' most 

exon isolated (called exon A) was found to encode the putative N-terminus of the soluble 

form of b5 reductase. Analysis of 300bp of the sequence immediately upstream of this exon

revealed two motifs that are similar to protein binding sites within the erythroid specific 

alternative promotor of the porphobilinogen deaminase gene. RNAse protection analysis of 

RNAs isolated from erythroid and non erythroid tissue, however, did not provide any 

evidence to support the proposal that this sequence acts as an erythroid specific promotor 

for the soluble form of bs reductase. However, the possibility that an mRNA species

encoding the soluble form could be generated by the splicing of the 5' end of exon A to an 

alternative splice donor site could not be excluded by the results of these experiments.
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1. Introduction

NADH-cytochrome b5 reductase (b5 reductase) and cytochrome b5 (cyt b5) together 

mediate the passage of electrons from NADH into several diverse metabolic pathways that are 

located in different cellular compartments. Of particular interest is the fact that both these 

proteins exist in membrane bound and soluble forms. This thesis describes work that

focuses on the relationship between the two forms of b5 reductase.

1.1. Early research on the cytochrome bg reductase

Before its relationship with cyt bs was recognised, bs reductase was referred to as 

an NADH-cytochrome c (cyt c) reductase because of it's ability, in crude preparations, to 

catalyse the NADH-dependent reduction of cytochrome c in vitro. The NADH-cyt. c reductase 

assay was rather misleading because, in crude cell extracts, it could not distinguish the

activity of the respiratory chain from the activity of bs reductase. In 1949, however,

Hogeboom separated microsomal and mitochondrial membrane fractions and demonstrated 

the presence of NADH-cyt c reductase activity in both. Because cyt c was only known to be 

associated with mitochondria, it was concluded that the microsomal enzyme could not be 

associated with 

cyt c in vivo.

Strittmatter and Velick (1956) proposed an explanation for microsomal NADH-cyt c 

reductase activity. They solubilized a cytochrome from microsomes whose reduction by an 

NADH-dependent enzyme, had been previously studied by several workers. They then made a 

soluble preparation of an NADH-dependent enzyme from microsomal membranes that 

reduced this purified cytochrome. More importantly, the enzyme also readily reduced cyt c, 

but only in the presence of the microsomal cytochrome. The in vitro NADH-cyt c reductase 

activity of microsomes was therefore explained in terms of the following electron transfer 

sequence.



NADH microsomal cytochrome reductase -^microsomal cytochrome ->cytochrome c

This work was the first demonstration of a specific interaction between an enzyme 

and a cytochrome and was of great general interest, because such interactions were implicit 

in the current concepts of cytochrome action. The microsomal cytochrome was later named

cytochrome b5 (cyt bs) and, appropriately, its reductase was named NADH-cytochrome bs 

reductase (bs reductase).

1.2. The isolation of cvt bs and bs reductase from ervthrocvtes

Between 1967 and 1970 Passon and Hultquist(1972), whilst studying erythrocyte 

redox proteins, purified two proteins that they identified as a cyt bs and a bs reductase.

This was surprising because both proteins were isolated from the soluble fraction of the 

cells. They had previously only been known as membrane bound proteins . The discovery of 

these soluble erythroid proteins was very interesting to those researching the hereditary 

blood disorder methaemoglobinaemia. The following section gives a brief review of early 

research into the causes of this condition in order to put the discovery made by Passon and 

Hultquist into its historical context.

1.2.1. Hereditary methaemoglobinaemia (for a review see Schwartz et at. 1979)

The ability of the blood to act as an oxygen carrier relies on the efficient association 

of oxygen with haemoglobin. Oxygen binds to haemoglobin by chelating to the ferrous ion 

within its haem group. Partial transfer of an electron from the ferrous ion to oxygen, 

however, leaves a small population in the ferric state and converts the oxygen atom into a 

superoxide ion which is subsequently slowly liberated. The resulting oxidised form of 

haemoglobin cannot bind to oxygen. It is called methaemoglobin. Its accumulation within



erythrocytes is called methaemoglobinaemia, a condition characterised by blue colouration 

or 'cyanosis' of the skin that has been associated for a long time with the toxic effects of 

exposure to certain chemicals. Recently, high levels of nitrites in drinking water has been 

identified as the cause of methaemoglobinaemia in children, the so called 'blue baby' 

syndrome. However, there also exists a rare hereditary form of methaemoglobinaemia.

Francois (1845) published what appears to be the first reported case of hereditary 

methaemoglobinaemia. He describes a case of congenital cyanosis in the absence of obvious 

pulmonary or cardiac diseases that was associated with increased concentrations of 

methaemoglobin in the circulating erythrocytes.

Forty six years later, Dittrich (1891) administered nitroglycerine and acetanilid to 

dogs in order to induce toxic methaemoglobinaemia. He noted that the blood methaemoglobin 

level, after its initial rise, quickly returned to normal without haemolysis suggesting that 

erythrocytes had an intrinsic ability to reduce methaemoglobin. Warburg etal. (1930) and 

Wendel (1933) made further studies on the methaemoglobin reducing activity of blood .

They demonstrated that reduction was stimulated by glucose and lactate. Cox and Wendel 

(1942) showed that, in dogs made methaemoglobinaemic with toxic chemicals, the reduction 

of methaemoglobin in vivo and in shed blood continued at the same speed. The rate of 

reduction in vivo was not affected by elevated or lowered blood glucose levels or by 

starvation. They took these observations to support their proposal that the reducing system 

was located solely within the erythrocytes.

The following explanations for the cause of hereditary methaemoglobinaemia are 

consistent with the above observations. It could be is caused by:

1) the production in the body of substances that increase the rate of haemoglobin oxidation, 

(Dieckmann,1932);

2) the occurrence of an atypical methaemoglobin that is resistant to reduction (Lian et al.

1939), or a form of haemoglobin that is prone to oxidation;

3) a defective system for the reduction of methaemoglobin due to an enzyme deficiency



(Gibson, 1948).

Hypothesis 1 was ruled out by Sievers and Ryon (1946), who found that plasma from their 

patients did not affect the rate of reduction of methaemoglobin in normal blood suggesting 

that if these substances were produced, they were not present in the plasma. As regards 

hypothesis 2 , methaemoglobinaemias due to defects in globin chains have been described and 

have come to be known as haemoglobin-M disorders. They are beyond the scope of this 

introduction.

The first extensive study of the reduction of methaemoglobin in the red blood cells of 

normal individuals and individuals with idiopathic methaemoglobinaemia were carried out 

by Gibson in 1948. He found that methaemoglobin produced by the action of nitrite on 

normal red cells was reduced slowly when the cells were suspended in saline. On the addition 

of glucose or lactate, however, the rate of reduction increased considerably. Glucose and 

lactate did not have additive effects, suggesting that some stage of the reaction was common to 

both substrates. Furthermore, the stochiometry of amount of methaemoglobin reduced to the 

amount of pyruvate produced with each substrate was consistent with the glycolytic pathway 

being involved. In blood cells from methaemoglobinaemic patients, no accumulation of 

pyruvate occurred on the addition of either glucose or lactate. These and other observations 

led Gibson to suggest that hereditary methaemoglobinaemia might be caused by the deficiency 

in an NADH-dependent methaemoglobin reductase.

The first direct evidence for the absence of such an enzyme in methaemoglobinaemic 

erythrocytes was provide in 1959 by Scott and Griffith. The enzyme they showed to be 

deficient was one that, in healthy individuals, had NADH-cyt c reductase activity in vitro 

and acted as an NADH-diaphorase that catalysed the reduction of 2,6 dichlorobenzene- 

indophenol. It was therefore called erythrocyte diaphorase. Scott (1960) used the 

diaphorase assay to study the inheritance of methaemoglobinaemia in Alaskan families and 

found that the parents of methaemoglobinaemic children had about half the normal activity of 

red cell diaphorase, indicating that the condition was inherited as a simple Mendelian trait.



Kaplan et al. (1967), published a method for staining red cell diaphorase after starch gel 

electrophoresis, and demonstrated the absence of specific bands in tracks corresponding to 

blood samples from methaemoglobinaemic patients. There have since been at least 150 

reported cases of methaemoglobinaemia due to deficiency in this NADH-dependent enzyme. 

Another 150 patients are presumed to have the disorder from the patterns of its 

inheritance.

The bs reductase isolated from erythrocytes by Passon and Hultquist (1972) had 

identical properties to red cell NADH-diaphorase, suggesting that this enzyme was in fact bs 

reductase. If this was the case it would explain the observation made by f k tn jp o ju  e t  

al.{1959) that a soluble preparation of pig liver microsomal bs reductase catalysed the

reduction of methaemoglobin in the presence of cyt bs isolated from the same source. Passon 

and Hultquist suggested the following pathway for the reduction of methaemoglobin:

NADH —> Cytochrome bs reductase ->  cytochrome bs ->  methaemoglobin

To test their hypothesis they successfully made a reconstituted NADH-methaemoglobin

reductase system using purified erythroid cyt bs and bs reductase.

1.3. Soluble and membrane associated bs reductase appear to be encoded bv the same gene

In 1953, Worster-Drought et al. drew attention to the frequent association of 

hereditary methaemoglobinaemia with broadly based symptoms reflecting severe 

neurological dysfunction. Taken together with the knowledge that hereditary 

methaemoglobinaemia is caused by an enzyme deficiency, this obsevation indicated that two 

very different diseases might be caused by different types of mutation within a single gene

and prompted studies designed to demonstrate the similarity between bs reductases isolated

from erythroid and non-erythroid cells. Leroux and Kaplan (1972) found that preparations

of the bs reductase made from erythrocytes, leukocytes, platelets, brain, placenta, muscle



and liver, were immunochemicaily and electrophoretically indistinguishable. Furthermore, 

in 1975, Leroux ef al. showed that the enzyme was absent from extracts of erythrocytes, 

leukocytes, muscle and liver in a patient who had methaemoglobinaemia with associated

mental retardation. These results showed that the bs reductases in erythrocytes and other

tissues were not only structurally similar, but at least partially encoded by the same gene.

How could two forms of bs reductase deficiency arise if the enzyme was encoded by a 

single gene? Leroux etal. (1975) put forward an explanation that took into consideration 

the fact that erythrocytes contain no ribosomes. They suggested that a mutation which 

lowered the stability of an otherwise fully functional enzyme would tend to be preferentially 

expressed in the erythrocytes because they do not carry out protein tunover, and therefore 

have no means of maintaining the level of unstable proteins. A mutation that severely altered 

the enzyme structure, on the other hand, would be expressed in all tissues. An alternative 

explanation they put forward for a deficiency in the erythroid enzyme, was based on the fact 

that this protein is soluble whereas the somatic cell protein is membrane bound. If the 

soluble form was derived from the membrane bound form by some post translational process 

that occurred during erythroid maturation, then a mutation preventing the formation of the 

soluble protein from its precursor would not affect the integrity of the membrane bound 

form, and a deficiency would only be found in the erythrocytes.

A third possible explanation put forward by Leroux etal. for the occurrence of two

different forms of bs reductase deficiency, allowed for the possibility that erythroid and

somatic cell bs reductase might be partially encoded by separate genes but share a common 

subunit encoded by a single gene. They suggested th a t, if this was the case, the erythrocyte 

deficiency could be caused by a mutation within the erythroid specific gene, whereas the 

generalised deficiency could be caused by a mutation in the DNA sequence encoding the 

common subunit.

The situation has since been further complicated, however, by the report of



Tanishima etal. (1985) of a case of hereditary methaemoglobinaemia that was not

associated with neurologic or mental disorders, but was none the less associated with b5

reductase deficiency in platelets and leukocytes as well as erythrocytes. This form of 

methaemoglobinaemia was classified as type III methaemoglobinaemia.

1.4. The function of membrane bound bs reductase

The reduction of microsomal cyt bs is catalysed by the two enzymes NADH-bs

reductase (bs reductase) and NADPH-cyt P450 reductase, respectively (for a review see

Schenkman etal., 1976). None of the cyt bs mediated reactions of the microsomal

membranes have an absolute requirement for NADH over NADPH. That bs reductase plays 

essential metabolic role, however, is clearly demonstrated by the severe condition of 

patients suffering from generalised bs reductase deficiency (see section 1.3). The 

symptoms reflect a progressive neurological abnormality that becomes apparent before the 

age of one year and develops into a syndrome characterised by severe mental retardation, 

microcephaly, retarded growth and generalised hypertonia. Pathological examination of the 

brains of three siblings with this disorder has revealed a reduced number of nerve elements 

and retarded myelinization (Worster-Drought etal., 1953).

Three microsomal systems could potentially be disrupted by a deficiency of bs 

reductase. These are the cytochrome P450 (cyt P450) mediated mono-oxygenase system, 

the fatty acyl Co A desaturase system and the fatty acyl Co A elongation system.

1.4.1. Cytochrome P450 mediated mono-oxvaenase system

Cyt P450s play a role in a large number of diverse reactions involved in the 

metabolism of steroids and fatty acids and in the detoxification of drugs and xenobiotics (for 

a review, see Peterson and Prough, 1986). Their function is in electron transport.



Reducing equivalents are derived mainly from the oxidation of NADPH and reconstituted 

systems that include cyt P450s, NADPH-cyt P450 reductase and phospholipids are capable 

of supporting a large number of cyt P450 mediated reactions. However, the requirements 

for full activity vary for different substrates, a reflection of the fact that the term cyt 

P450 describes a very large family of proteins each with a different specificity. The role of

cyt bs in many of these reactions was reviewed by Schenkman etal. (1976).

One of the early demonstrations of the complexity of the electron transport to 

cyt P450s was made by Cohen and Estabrook (1971). They showed that the 

NADPH-dependent N-methylation of aminopyrlne can be stimulated by the addition of 

NADH, and that the degree of stimulation produced was much greater than would be expected 

from simple addition of reducing activity, suggesting a synergistic relationship between 

NADH and NADPH. The reconstitution of purified components of the microsomal membranes 

and the raising of antibodies to these components has allowed more detailed analysis to be

carried out. Mannering et al. (1974), for example, used anti-cyt bs serum to block the

synergism between NADH and NADPH in the NADPH-dependent demethylation of

ethylmorphine and showed that cyt bs appeared to be involved only in the passage of

electrons from NADH. The results from many such experiments led Prough and Burke 

(1975) to suggest that in some cyt P450 mediated reactions, an electron from NADPH is

donated from cyt P450 reductase, either directly to the cyt P450 or via cyt bs, and an

electron from NADH is donated by bs reductase via cyt bs- Fig 1.1 summarises the different

pathways that can be taken for the passage of electrons from pyridine dinucleotides to cyt 

P450s.



cyt P450 
reductase

P -450
NADH * bs XOHreductase

NADPH

X

Fig 1.1 : A scheme for microsomal electron transport reactions of 
cyt P450; X, hydroxylatable substrate.(Peterson and Prough, 1986)

1.4.2. Fattv acid elongation and desaturation (for a review, see Jeffcoat, 1979)

Fatty acids are synthesised in the cytosol by the multienzyme complex, fatty acid 

synthetase. The major product of this enzyme complex is palmitoyl-Co A. Further 

processing is carried out by two membrane bound systems which can together elongate and 

desaturate the fatty acid chains. For example, the fatty acyl-Co A desaturase catalyses the 

introduction of a double bond at the A9 position of stearyl-Co A, converting it into oleoyl-Co 

A and the fatty acyl-Co A elongation system catalyses the addition of two carbon units to the 

carboxy-terminus of palmitoyl-Co A, converting it to stearyl-Co A. In microsomes, 

reducing equivalents are transported into these metabolic systems as shown in fig 1.1.

NADH ► NADH-cyt b 5
reductase

Fig 1.2 : A scheme for electron transport to the microsomal fatty acyl Co A 
desaturase and elongation systems.
( modified from Schenkman etal., 1976.)

1.4.2.1. Fattv acvl-Co A desaturation

Cyt b5 has been shown to play a role in the desaturation of fatty acids primarily at

NADPH ► NADPH-cyt P450
reductase

microsomal
systems



the A9 and A6 positions. The first evidence that linked cyt 05 to the A9 and A6 desaturase 

pathway was provided by Oshino and Sato (1971), who showed that when stearyl-Co A was 

added to microsomes that had been reduced by NADPH, the level of reduced cyt bs dropped 

rapidly, suggesting that bs had donated reducing equivalents to a stearyl-Co A dependent 

metabolic system. The pathway for the passage of electrons from NADH to the desaturase was 

later shown, through the use of reconstituted systems, to be dependent on the presence of bs

reductase (Shimakata etal., 1972 and Holloway and Katz, 1972). This work was followed 

up by immunochemical experiments (Oshio and Omura,1973) which showed that both 

NADH- and NADPH- supported stearyl-Co A desaturation are equally sensitive to inhibition

by anti-cyt bs serum.

A similar system may catalyse the conversion of cholest-7-en-3p-ol to 

cholest-5,7-dien-36-ol during cholesterol biosynthesis. This step is inhibited by anti-cyt

bs serum and is catalysed by a desaturase enzyme that has similar properties to fatty acyl

Co A desaturase (Reddy etal., 1977).

1.4.2.2. Fattv acvl-Co A chain elongation

The role of cyt bs in the elongation of hepatic microsomal fatty acids was first

demonstrated by Keyes and Cinty (1980). Anti-cyt bs serum was shown to inhibit

malonyl-Co A incorporation into microsomal fatty acids in the presence of either NADH and 

NADPH. Takeshita etal. (1983) applied similar immunochemical techniques to demonstrate

the role of bs reductase in transferring electrons to the elongation system in rat brain and

proposed that the symptoms of generalised bs reductase deficiency might be caused by the

disruption of fatty acid elongation in nerve tissue. The rationale for this proposal can be 

stated as follows.

During the development of the nervous system of higher animals, the axons of many



nerve cells become surrounded by a multilayered sheath , each layer consisting of a lipid 

bilayer membrane. The presence of myelin provides the electrical insulation essential to the 

rapid propagation of nerve impulses through these axons. Long chain fatty acids are essential 

constituents of galactosphingolipids which are important constituents of myelin and 

accumulate during myelination. The retarded myelination observed in the brains of patients

with b5 reductase deficiency could therefore be the result of disrupted fatty acid elongation 

during development. By measuring the incorporation of [214C] malonyl-Co A into 

palmitoyl-Co A, Takeshita etal. (1987) demonstrated that fatty acid elongation in platelets 

and leukocytes of a patient with generalised bs reductase deficiency was reduced. This 

indirectly supported their earlier proposal.

1.4.3. B5 reductase in other cellular compartments

An NADH-cyt c reductase activity that is insensitive to respiratory chain inhibitors, 

has for a long time been known to be associated with the mitochondria (for example, see 

de Duve etal., 1955). This activity was localised more specifically to the outer

mitochondrial membrane by Sottocasa etal., (1967). The intracellular distribution of bs 

reductase was studied in detail by Borgese and Meldolesi in 1980. These workers assayed the 

levels of enzyme activity in microsomes, outer membrane of the mitochondria and heavy 

and light Golgi fractions. They found that the microsomes and heavy Golgi fractions contained 

equal amounts of enzyme activity and that the light Golgi fractions and the outer membrane 

of the mitochondria contained 60% and 30% of this activity respectively. An anti-bs

reductase serum inhibited the activity of each fraction with similar dose response 

relationships. The reductases were isolated from each fraction by immunoadsorbtion and 

each had identical mobilities on SDS polyacrylamide gels. The corresponding bands were 

eluted from the gel and fragmented with pepsin and CNBr. Identical fragments were 

generated. This provided strong evidence for the broad distribution of a single enzyme.



The function of bs reductase in the outer membrane of mitochondria and in the Golgi 

has not been studied, although the broad distribution of the enzyme is, at least to some 

extent, shared with cyt bs (Fukushima and Sato, 1973).

1.5. Studies on the binding of of bg reductase to membranes.

Borgese and Pietrini (1986) carried out a further study of the intracellular 

distribution of bs reductase that employed a quantitative immunoblotting assay. The results

of the study showed that the bs reductase:phospholipid ratios between different organelles

actually differs enormously. There was five times more bs reductase per milligram of

phospholipid in the outer membrane of mitochondria than in the microsomes. Both Golgi 

fractions, plasma membranes and lysosomes were found to have very low concentrations of

bs reductase. The differences could not be accounted for by the known bs reductase 

turnover rates in the different organelles.

From a biogenic point of view, the uneven distribution of bs reductase within 

different organelles is very interesting. Many integral membrane proteins are synthesised 

on rough endoplasmic reticulum (ER) where they are co-translationally inserted into the 

membranes. The specific transport of each protein from the ER to other organelles is

controlled by a complex trafficking system (for a review, see Klausner, 1989). B5 

reductase is unusual in that it is synthesised mainly on free polysomes and appears to be 

post translationally inserted into the organelles (Borgese and Gaetani,1980). Pulse 

labelling experiments showed that labelled bs reductase appears simultaneously in each 

membrane fraction after synthesis. Similar results have been obtained by Okada et al. 

(1982). One possible explanation for the specific targeting of bs reductase would be that it 

is synthesised as a precursor that might subsequently interact with a recognition particle in



the membranes. To test whether or not bs reductase was synthesised as a precursor, 

Borgese and Gaetani, (1983) extracted RNA from the free polysome fraction of rat liver and 

translated it in a reticulocyte cell free system. B5 reductase was immunoprecipitated using

anti-b5 reductase serum . SDS PAGE, non equilibrium pH gradient electrophoresis and one

dimensional peptide mapping failed to reveal any differences between the in vitro translated 

reductase and the endogenous rat liver microsomal enzyme.

Another way in which the distribution of bs reductase could be controlled, would be 

through its association with cyt bs- This explanation unfortunately begs a similar question.

Cyt. bs is also post translationally inserted into membranes from free polysomes ( Okada et 

al., 1982) and does not interact with a signal recognition particle (Anderson etal., 1983).

The reason for the uneven distribution of b5 reductase remains unclear.

What features of bs reductase enable it to bind to membranes? In 1973, Spatz and

strittmatter used detergents to isolate an intact form of bs reductase that contained both the

catalytic site and an additional hydrophobic membrane-binding segment. Previous 

purification methods had used limited digestion with lysozyme (called lysosomal 

extraction) to liberate a soluble catalytic domain from membranes (Takesue and Omura,

1968). The detergent-extracted bs reductase had a greater monomeric molecular weight

than that obtained by lysosomal extraction. Chymotryptic cleavage yielded a core enzyme 

chromatographically indistinguishable from the lysosomally extracted enzyme in addition to

a peptide that had a tendancy to form polymers in aqueous solution. This suggested that bs

reductase is amphipathic, having two domains, one being hydrophilic and the other 

hydrophobic. The finding was consistent with the current views on how proteins associate 

with lipid bilayers and was the second recorded example of an amphipathic membrane 

protein, the other being cyt bs. Similar findings were made by Mihara and Sato (1975). In



order to show that cyt bs and bs reductase could associate with membranes independently of 

other proteins, Rogers and Strittmatter (1973) carried out reconstitution studies that 

demonstrated not only that the association of intact cyt.bs and bs reductase with lipids (in 

the form of artificial liposomes) was essential for the transfer of electrons from NADH to 

cyt bs, but that the association of these proteins with intact microsomes and artificial

liposomes was similar with respect to binding affinity, the rates of reduction of cyt bs and

exogenous cyt c in the presence of NADH, and the phospholipid : protein ratio.

To locate the hydrophobic domain of bs reductase within the primary structure,

Read-Kensil etal., (1983) used controlled subtilisin digestion to cut the steer liver enzyme

into its membrane bound and catalytic domains. They showed that both undigested bs

reductase and the domain that remained membrane associated after digestion were blocked to 

amino acid sequencing from the N-terminus, suggesting the presence of a modification that 

was common to the N-terminus of both peptides. Furthermore, they found that a soluble 

fragment of steer liver enzyme, generated this time by partially digesting it with 

chymotrypsin, liberated the same amino acids as the intact enzyme when they were 

partially digested with carboxypeptidase Y. This strongly suggested that the enzyme is bound 

by its N terminus. The N terminal group responsible for blocking sequencing was later 

identified as myristic (n tetradecanoyl) acid by Ozols etal., (1984) (see section 1.7.2.4.).

The complete amino acid sequence of steer liver microsomal bs reductase was subsequently 

determined by the same group (Ozols etal., 1985) and shown to be 300 residues long with a 

molecular weight (MW) of 34,110 kDa. The N-terminal 20-30 amino acids are 

predominantly hydrophobic. In order to determine the extent to which this end was inserted

into the membrane, Read-Kensil and Strittmatter (1986) digested cholate-solubilized bs

reductase with trypsin and isolated a peptide of 28 amino acid residues, which could be 

readily reconstituted with liposomes. Trp 16 was used as a fluorescent marker. The



fluorescence of Trp16 was shown to be highly sensitive to the polarity of the 

microenvironment. A technique called fluorescence energy transfer was used, that employed 

chromophoric acceptor groups whose absorption spectra overlapped the emission spectrum 

of Trp. The acceptor groups were attached to dodecylamine so that, when added to membrane 

vesicles, they would partition themselves specifically within the bilayer near the 

phoshpate head group region. The distance between the tryptophan residue and the acceptor 

molecules was determined using a previously established mathematical expression of energy 

transfer between donor and acceptor. The residue was in this way located at a depth of 

20-30 A within the bilayer. The relative positions of Arg 28 and Lys 24 with respect to 

the bilayer were studied by finding out the extent to which these residues were protected 

from trypsin and the small, membrane-impermeant reagent trinitrobenzenesulphonic acid. 

Vesicle-bound bs reductase was cleaved by trypsin at Arg 28 suggesting that it forms part

of the flexible region which links the catalytic site to the membrane binding domain. In 

contrast, the bond between Lys 24 and Lys 25 was completely resistant to trypsin cleavage. 

However, Lys 24 was reactive with trinitrobenzenesulphonic acid. This result suggested

that the membrane binding domain of bs reductase extends up to Lys 24. The measured depth

of Trp 16 was consistent with this proposal.

1.6. The structure of ervthroid bs reductase

How does the structure of soluble erythroid bs reductase differ from the structure

of the membrane-bound form? The answer to this question might lead to a better 

understanding of how membrane binding is mediated in vivo, but perhaps more importantly, 

it would lead to a better understanding of the relationship between the soluble and 

membrane-bound forms of the enzyme.

In 1986, Yubisui etal. (1986) published what was assumed to be the complete

amino acid sequence of b5 reductase purified from human erythrocytes. The protein was 275



amino acids in length and had a very similar sequence to amino acids 26-300 of the steer

liver microsomal b5 reductase (Ozols etal., 1975; see section 1.5.), suggesting that the

soluble form of the enzyme is truncated at the N-terminus. The proposed structure of the 

erythrocyte protein was consistent with the idea that it could be derived from the 

membrane-bound form by proteolytic processing during erythroid maturation (Passon and 

Hultquist, 1972). However, there is some doubt as to whether or not the N-terminus of this 

published sequence is complete. The authors comment on the fact that, when the apoprotein 

was directly sequenced by automated Edman degradation, every cycle yielded 2-3 amino 

acids, indicating that the preparation contained modified proteins which had lost residues at 

the N-terminus. They suggested that this result was probably due to limited proteolysis of

the enzyme during preparation. Furthermore, Tamura eta l (1987) analysed bs reductase

isolated from bovine erythrocytes with an automated sequencer, and could not detect the 

N-terminal end, suggesting that it was either masked or very heterogeneous. The most 

N-terminal residue detected corresponded to Leu 25 of the steer liver enzyme. The 

structure of the N-terminus of the erythroid form of the enzyme remains to be fully 

established.

1.7. How and when does soluble bs reductase arise during ervthroid differentiation?

Erythroid cells are derived originally from pluripotent stem cells (for review see 

Weatherall and Clegg, 1981). The earliest recognisable cells of the erythroid lineage 

present in the bone marrow are called pronormoblasts. When these cells start to synthesise 

globin, they are said to be undergoing terminal differentiation and are called erythroblasts 

or normoblasts. During the course of development, normoblasts become smaller and change 

their staining characteristics with Romanovsky stains. These stains contain the red anionic 

dye eosin which binds haemoglobin and the blue cationic dyes, methylene blue and azure 

which bind RNA. Early normoblasts stain blue because they contain many ribosomes and



little haemoglobin. As the cells divide, their staining characteristics change as the number 

of ribosomes diminishes, and haemoglobin accumulates. Late normoblasts stain red. They 

contain no Golgi or endoplasmic reticulum, few ribosomes and mitochondria, but much 

haemoglobin. It is normally at the late normoblast stage that the nuclei are lost from the 

cells. Cells that have lost their nuclei are called reticulocytes becaues they contain 

ribonucleoprotein (RNP) which has a mesh-like appearance under the microscope. 

Reticulocytes can still undergo protein synthesis. Their maturation into erythrocytes, 

however, involves the complete loss of RNP from the cytoplasm to form clear biconcave 

disks. Clearly, the removal of proteins and membranes from erythroid cells that takes place 

as they develop, particularly during the final steps of maturation, is very specific. Many

workers believe that soluble cyt b$ and bs reductase are liberated from the membranes by

proteases during these final stages.

1.7.1. The possible role of proteolytic cleavage in the generation of soluble bs reductase

The idea that membrane bound bs reductase might be proteolytically cleaved from

intra-cellular membranes during erythroid maturation to release soluble enzyme is

supported by much circumstantial evidence. Firstly, active bs reductase can be released

from microsomal membranes by the lysosomal fraction of rat liver (Takesue and Omura, 

1968), a-chymotrypsin (Spatz and Strittmatter, 1973), and purified cathepsin D 

(Kuwahara et a/., 1978). The molecular weight of the lysosomally digested enzyme made by 

Takesue and Omura, (1970) was found to be 28 000 Da. Leroux et al. (1977) showed that 

the molecular weight of the erythrocyte protein as measured by SDS PAGE was 30 000 Da. 

They proposed that, given the similarity between the molecular weights of the erythroid 

enzyme and the lysosomally digested enzyme, lysosomal proteases might be the enzymes

responsible for releasing b$ reductase from the membranes during erythrocyte maturation.

In order to test this proposal, Borgese etal., (1982) made a direct comparison by SDS PAGE



of microsomal b5 reductase digested with cathepsin D (a major lysosomal protease) and 

erythroid bs reductase. The erythroid form travelled at a similar but not identical rate to 

the cathepsin D generated form. Subsequent work by Read-Kensil eta l (1983) looked at the 

amino acid sequences of the N-termini of peptides generated from microsomal bs reductase

by various proteolytic enzymes. The results revealed a region of the enzyme that was highly 

suceptible to digestion. It was suggested that this region corresponded to a relatively 

disordered, exposed part of the enzyme structure that might act as a linking region between 

the membrane binding and catalytic domains. In relation to the complete amino acid sequence 

of the steer liver enzyme (Ozols et a/., 1985), the cleavage sites described are located at 

positions between Pro 31 and Ala 32 for cathepsin D, between Arg 28 and Ser 29 for 

trypsin and between Leu 35 and Glu 36 for subtilisin. All these bonds lie within the 

sequence of the erythroid enzyme and are therefore unsuitable as cleavage sites for the 

generation of soluble enzyme during erythrocyte maturation. Another good candidate for an

enzyme system that could release soluble b5 reductase is the ubiquitin mediated proteolytic

system. This system is thought to play a major role in the maturation of reticulocytes into 

erythrocytes (for a review see Ciechanover and Schwartz, 1989). Raw and Difini (1983)

isolated this system from reticulocytes, and showed that it could release active cyt bs and bs

reductase from liver microsomes. Unfortunately the authors presented no data showing how 

the proteolytically derived fragments related in size to the known size of the erythroid 

protein. This is an experiment which therefore needs to be followed up in more detail. 

Consistent with the proteolytic cleavage hypothesis is the fact that erythrocyte

ghosts contain small amounts of bs reductase. Which could represent that which has been

left undigested during erythrocyte maturation. Borgese eta l.(1982) used an

immunoblotting assay to obtain quantitative data on the intra-cellular distribution of 

erythroid bs reductase. The results indicated that 2-3% of the protein is associated with the 

ghost fraction and 97 -98% with



the cytosol. In order to establish that this ghost associated bs reductase was not due to 

contaminating white blood cell microsomes, the preparations were repeated using a 20-fold 

increase in leukocyte concentration in the blood cell preparations. No increase in the 

ghost-associated protein was found. The ghost-associated fraction and the cytosolic fraction 

showed different mobilities during gel filtration in Sephadex G100 in the presence of Triton 

X100 detergent, but not during SDS PAGE.

Inconsistent with the hypothesis that solubilization of membrane bound bs reductase 

occurs only during a specific developmental step, is the finding that non-erythroid cells 

contain small amounts of soluble bs reductase. Kaplans group isolated soluble bs reductase 

from human placenta (Leroux etal., 1977) and rabbit liver (Lostanlen etal. , 1978).

Repeated washing of the liver microsomal pellet did not release further soluble bs

reductase, suggesting that microsomal bs reductase is firmly bound to the membranes and 

not susceptible to solubilisation during the course of extraction. In comparison to the level 

of soluble bs reductase in erythrocytes, the levels in the cytosol would appear to be very

low. The bs reductase activity per mg of protein from hemolysates measured by Leroux et al 

.(1977), is 200 times greater than the activity per mg of protein in crude liver cytosol 

measured by Lostanlen etal. (1978). However, no direct comparison has been made.

1.7.2. Alternatives to proteolytic cleavage

It is becoming clear that the flexibility inherent in the process of DNA 

transcription, the subsequent translation of processed mRNA into a polypeptide, and the 

production of a mature protein, is such that there are many realistic alternative

mechanisms that could generate soluble bs reductase. These alternatives seem particularly

worth considering in the light of indirect evidence that the soluble and membrane bound

forms of cyt bs are encoded by different but closely related mRNAs (Abe etal., 1985).



Cyt bs is 133 amino acids in length and is bound to membranes by a C-terminal 

hydrophobic domain. The soluble erythroid protein terminates at amino acid 97. What is 

interesting is that in many organisms, the amino acid sequence 97 of the soluble and 

membrane-bound forms of the protein differ, but only at amino acid 97. This finding is 

inconsistent with a mechanism that involves simple proteolytic cleavage.

The following sections briefly review some of the possible alternative mechanisms

that could generate soluble and membrane bound forms of b5 reductase, assuming that they 

are both derived from a single gene.

1.7.2.1. Alternative splicing of a single transcript

The discontinuity of coding sequence within RNA transcripts is a fundamental 

characteristic of eukaryotic gene expression. Alternative splicing of exons is a common way 

of generating protein structural diversity post transcriptionally (for a review, see 

Breitbart et a/.,1987). One of the first examples of alternative splicing was 

immunoglobulin p. This protein is similar to bs reductase in that it exists in soluble and 

membrane bound forms. These two forms are the products of alternative splicing of a single 

RNA transcript (Early etal. 1980).

1.7.2.2. The use of alternative promotors

Transcription from alternative promotors is a common way of generating multiple 

mRNA species that encode proteins that differ at the N terminus. Porphobilinogen deaminase

(PBGD) is an example of a protein that, like bs reductase, exists in erythroid specific and

housekeeping forms that differ at the N-terminus. The two isoforms of PBGD are encoded by 

separate mRNAs that differ only at their 5' ends. These two mRNAs are transcribed from 

separate promotors (Chretien et a/.,1988). The promotor of the erythroid-specific mRNA 

contains sequence motifs common to other erythroid specific promotors, for example that of



the (3 globin gene (de Boer et a/., 1988).

1.7.2.3. The use of alternative translational start sites (for a review, see Herman, 1989)

At least four examples or mRNAs that have two in-frame translational start sites

have been found in eukaryotic cells. These mRNAs encode two protein isoforms that, like the 

two forms of bs reductase, differ only at the N-termlnus. One example is the class II 

antigen associated invariant chain. This protein exists in two major related forms p33 and 

p35 that are structurally identical apart from the presence of a 16 amino acid arginine rich 

N-terminal segment in the latter ( Strubin e ta l, 1986). Another example is the nuclear 

phosphoprotein c-myc. Cells from a wide variety of species produce two c-myc isoforms 

that differ by 14b or 15 amino acids at the N-terminus (Hann etal, 1988).

1.7.2.4. Alternative post translational mechanisms

In the absense of direct information regarding the structure of the N-terminus of the 

soluble form of bs reductase, it is worth considering other ways in which partitioning of bs 

reductase between the membranes and the cytosol could be controlled. An interesting feature 

of the membrane bound enzyme is the presence of a myristyl group at it's N-terminus (see 

section 1.5). N-myristylation is a particularly well studied form of post-translational 

processing, because a number of retroviral structural proteins and oncogene products such 

as p60 and p v_src are modified in this way (for a review, see Towler etal, 1988).

The exact function of the myristoyl group in these proteins is unclear although 

myristoylation of p60v*src is known to be required for stable membrane association and

correct targeting. Protein kinase C is an example of a protein that, like b5 reductase exists

in membrane bound and soluble forms. These two forms appear to be interchangeable and the 

protein can translocate from the cytosol to the plasma membrane upon cellular activation 

(Kraft and Anderson, 1983). Aderem eta l.(1986) have suggested that myristoylation of the



cytosolic protein might promote its translocation . It is possible that the myristoyl group 

might have a similar role in the partitioning of b5 reductase between the cytosol and the 

membranes.

1.7.3. Studies using murine friend ervthroleukemia (MEL) cells

MEL cells are erythroid cells that were transformed by a virus originally isolated 

from erythroleukemic mice by Charlotte Friend (1957; for a review see Marks and 

Rifkind, 1978). In their un-differentiated state, these cells are similar to pronormoblasts 

(see section 1.7.). After treatment with DMSO, however, they enter terminal 

differentiation that bears a considerable resemblance to that seen in normal erythroid cells. 

After about 5 days of treatment the cells reach a stage similar to the late normoblast stage. 

Slaughter and Hultquist (1979), measured the NADH-cyt c reductase activity and the level

of cyt b5 in differentiated and undifferentiated MEL cells. Cyt bs and NADH-cyt c reductase 

activity were found in the membrane-bound traction of both samples. This was significant 

because it was the first time that anyone had demonstrated the presence of the membrane

bound proteins in cells of the erythroid lineage. No cyt bs was detectable in the soluble 

fraction of either cell type, indicating that DMSO induced differentiation of MEL cells does 

not result in the solubilization of cyt bs. This is perhaps because induced cells do not reach a 

late enough stage in development. The MEL cell system therefore appears to be unsuitable 

for studying the mechanism by which soluble cyt bs arises.

Studies on the specific distribution of bs reductase within MEL cells were carried 

out by Gietani et al (1988). They used immunochemical methods to show that the soluble 

reductase prevails in the induced MEL cells and membrane bound reductase prevails in the 

uninduced cells. However, they made the point that if the amounts of enzyme are expressed 

relative to the total amount of protein in the fraction, no decrease in the membrane enzyme 

could be evidenced with differentiation. In order to test the hypothesis proposed by Passon



and Hultquist, (1972) that soluble bs reductase is released from the membranes during 

differentiation, induced and uninduced cell proteins were pulse labelled for one hour with 

[35S] methionine and the proteins extracted. In both cell types, labelled bs reductase was 

found in similar amounts in the soluble and membrane fractions, suggesting that the two 

forms of the enzyme are made at similar rates. This is surprising considering the fact that 

the soluble form is known to be present only at very low levels in both uninduced MEL cells 

(as found by these workers) and in erythrocytes (Borgese eta l ,1982. See section 1.7.1.).

The result is inconsistent with the hypothesis that the soluble enzyme is derived from the 

membrane bound form at a late stage in maturation of erythroid cells. However, it does not 

rule out the possibility that one is rapidly generated from the other by a post translational 

process, or indeed, that the two forms are interchangable.

1.7.4. Natural History of erythroid b5 reductase

In considering the origin of soluble bs reductase it is important to consider some 

interesting aspects of its evolution. It appears that the soluble enzyme is unique to 

mammalian erythrocytes. In the erythrocytes of birds, amphibians and reptiles, cyt bs and

bs reductase, as determined by an NADH-methaemoglobin reductase assay, are found only in 

the membrane bound fraction (Toshiharu etal, 1984 and Board etal., 1977). In addition, 

bs reductase has been purified from the erythrocytes of the marine invertebrate

Phascolopsis gouldii and appears to be very similar to the membrane bound bs reductase 

found in mammalian somatic cells (Bonomi ef a/.,1989). In contrast, it is interesting to 

note that P. gouldii cyt bs is soluble. Within the erythrocytes of this organism bs reductase 

and cyt bs are involved in the reduction of the non haem iron oxygen carrier haemerythrin.

This is a further illustration of the versatility of cyt bs mediated electron transport. What

is important to note about all the non-mammalian erythrocytes, however, is the fact that 

they are nucleated and contain membranes. The question regarding the origin of the soluble



form of bs reductase can therefore be asked from an evolutionary point of view. Is the 

solubilisation of bs reductase in erythrocytes during evolution a consequence of the loss of

the membranes from the cells, or does it represent an independent adaptive step? Further 

understanding of the mechanism of generation of the soluble erythroid enzyme in mammalian 

cells might help to answer this question.

1.8. Aims

The work described in this thesis was carried out with a long term view to 

understanding the relationship between the membrane bound and soluble forms of bs

reductase. The approach taken has been to isolate cDNA clones encoding human bs reductase

and to use them as molecular probes for the isolation and characterisation of genomic 

sequences encoding the enzyme. These studies have led to the design of experiments that test

two hypotheses for pretranslational mechanisms that might generate the soluble form of bs

reductase.



2. Materials and Methods

The methods for which no reference has been given have been described previously 

by Maniatis etal. (1982)

2.1 Frequently used stock solutions

Listed below are the stock solutions that are frequently mentioned throughout this section.

a) X diluent: 10mM Tris, (pH 8.0), 10mM MgCI2

b) 20 x SSC buffer: 3M NaCI, 0.3M Na Citrate, (pH 7.0).

c) Saran wrap: plastic film suitable for wrapping up filters. It has the advantage over 

other plastic films of being transparent to UV light.

d) 20 x SSPE buffer:3.6 M NaCI, 0.2M NaH2P 04.2H20, 20mM EDTA, (pH 7.4).

e) Hybridization / prehybridization buffer: 6 X SSC, 10 X Denhardts, 0.1% sodium 

dodecyl sulphate (SDS), 100|jg/ml denatured salmon sperm DNA. The following stocks were 

used:

i)50x Denhardts solution (Denhardt, 1966):1% Ficoll, 1% Polyvinylpyrrolidone,

1% pentax fraction v  bovine serum albumin.

ii) 10mg/ml salmon sperm DNA: Prepared by dissolving the disodium salt 

(Sigma type III) in water overnight, shearing in a sonicator and boiling for10 

minutes.

DNA was stored frozen. Before adding to hybridization medium, the DNA was boiled 

for 5 minutes and immediately plunged into ice to ensure complete denaturation.

f) Chloroform: IAA: A mixture containing 24 parts chloroform to 1 part isoamyl alcohol.

g) Buffered Phenol: Phenol was melted at 68°C and a few crystals of hydroxyquinoline 

added. An equal volume of 1M Tris pH 8.0 was added to the molten phenol and the mixture 

vortexed. The aqueous and organic phases were allowed to settle and the aqueous phase was 

removed. This process was repeated twice with 0.1M Tris, (pH 8.0).

h) T.E buffer: 10mM Tris,(pH 8.0), 1mM EDTA,(pH 8.0)

i) 10 x TBE buffer: 0.9M Tris, 0.9M boric acid, 25mM EDTA, (pH8.3)

2.2.Bacteria and bacteriophage

2.2.1.Bacterial strains

a) E.coli strain Y1090

A/acU169, A(/o/7, ara D)139, strA, supF, (trpC::Tn10), (pMC9)

b)E.coli strain Y1088

A/acU169, supE, supF, hsdR-, metQ, trpR, fo/7A21, proC::Tn5(pMC9)

c)E.coli strain JM101

supE, thi, A(/ac-proAB)[F,traD36, proAB, /acid, ZAM15]

d) E.coli strain JM107

eocfAl, gyrA96, thi, hsdRM, supEAA, re/A1l' A(/ac-pro A B)[F, fra D36, proAB, /acid,

ZAM15]

e) Stratagene XL1 blue cells: Competent E. coli cells purchased from Stratagene.



2.2.2 DNA libraries made in recombinant bacteriophage

a)Human liver cDNA library constructed in Xgt11, kindly donated by Savio Woo (Kwok et al 

1985)

b)Human 34 week placental library constructed in xgtl 1 from Clontech Ltd. cat.HI1008b

c)rat liver cDNA library constructed in Xgt11 made in this laboratory.

d)Human genomic library constructed in XL47 (Loenen and Brammer, 1980), a gift from S. 

Humphreys.

2.2.3. Culture media

a) L Broth: 0.2% NaCI, 1%(w/v) bactotryptone, 0.5% (w/v) yeast extract.

b) TY Broth: 0.1% NaCI, 1.6%(w/v) bactotryptone, 1% (w/v) yeast extract.

c) Bottom agar: 1.5% agar in L broth or TY broth.

d) Top agar:0.7% agar in L broth or TY broth.

e) Agar plates: 80mm or 132mm petri dishes containing bottom agar.

2.3 The screening of DNA libraries

2.3.1 Titration of libraries

Librarieswere assumed to have an initial titre of 109-1010 plaque forming units 

(pfu)/ml. They were diluted to concentrations of aproximately 101,102 and 103 pfu/ml in 

X diluent. A 25ml universal bottle containing 10ml L broth, 10mM MgS04, 0.2%maltose 

and 100Mg/ml ampicillin was inoculated with E.Coli Y1088 cells and left shaking at 37°C 

overnight. 100 j l l I  of diluted library was mixed with 200|il of the overnight culture and 

incubated at 37°C for15 minutes in a 5ml Falcon (2054) tube. 3ml of molten top agar was 

added and the mixture plated out onto a prewarmed 80mm agar plate containing 50pg/ml 

ampicillin lOmM MgS04 and 0.2% maltose. The top agar was allowed to set, the plates were 

incubated at 37°C overnight. The following morning the number of plaques on each plate was 

counted and used to calculate the titre of the library.

2.3.2 Plating out of DNA libraries

Libraries were plated out for a first round of screening essentially as described in 

section 2.3.1. Libraries were plated on a 132mm agar plate at a density of 50,000 pfu per 

plate. 100jil of diluted phage was added to 0.6ml of overnight culture of E, coli Y1088 cells 

and incubated at 37°C for 15 minutes in a 15ml Falcon (1006) tube. 7.5 ml of top agar 

was added and the mixture poured onto a warm 132mm petri dish containing 50ml 1.5% 

agar. Plates were incubated at 37°C overnight.

2.3.3 Transfer of bacteriophage DNA onto nitrocellulose and nvlon filters

a) Denaturing solutions.5M NaCI, 0.5M NaOH.

b) Neutralizing buffer: 1.5M NaCI, 0.5M Tris, (pH 8.0).

c) Filters: Two types of filter were routinely used: Nitrocellulose filters ( obtained from



Amersham and Millipore) and nylon filters ( obtained from Amersham). Nylon filters were 

found to be most convenient because of their durability and higher DNA binding capacity,

d) Prewash solution : 50mM Tris, (pH 8.0), 1M NaCI, 1mM EDTA, 0.1% SDS.

Duplicate lifts were taken from each plate of phage. The first lift was taken by 

placing a filter onto the plate for 1 minute. The relative position of the filter with respect to 

the plate was marked with 3 assymetrically distributed pinpricks. The filter was removed 

from the plate, placed DNA side up on a 5 ml pool of denaturing solution for one minute and 

then transferred to a 5 ml pool of neutralizing buffer for 5 minutes before being rinsed 

briefly in 2 x SSC solution and air dried. The second lift was carried out in the same way 

except that 2 minutes was allowed for the transfer of phage from the agar plate onto the 

filter.

DNA was fixed onto nitrocellulose filters by baking at 80°C for two hours in a 

vacuum oven. DNA was covalenly crosslinked onto nylon filters by drying the filters in air, 

wrapping them in a single layer of Saran Wrap, and placing them DNA side down on a UV 

transilluminator for 2.5 minutes. Treatment of both types of filter was essentially the same 

from this point onwards. Prior to hybridization filters were washed in prewash solution 

for 90 minutes at 42°C, to remove extraneous matter.

2.3.4. Hybridization of filter-bound, recombinant phage DNA to radioactive DNA probes 

Deionized formamide: 100ml was prepared by adding 5g of ion exchange resin (Biorad 

AG 501-X8(D)), stirring for 30 minutes, and filtering. Deionized formamide was stored 

frozen at -20°C in aliquots.

2.3.4.1. Hybridization of filters to cDNA probes

Filters were first prehybridized in order to saturate any non-specific DNA binding 

sites. Duplicate filters were placed back to back (DNA side outwards) in sealable plastic 

bags and enough hybridization/prehybridization buffer was added to completely cover the 

filters. The bags were placed in a 65°C waterbath for at least 2 hours. The buffer was then 

removed from the bags and replaced with fresh buffer containing about 1x 106cpm/ml of 

probe that had a specific activity of at least Ix 108cpm/|ag. See section 2 .12. The bags were 

resealed, replaced in the 65°C waterbath and incubated for 12 hours. Filters were then 

removed from the bags. The majority of unbound probe was removed from the filters by a 

single 15 minute room temperature wash in 2 x SSPE followed by a similar wash in 0.1 x 

SSPE. The filters were then washed for a further 15 minutes at 65°C in 0.1 x SSPE. 

2.3.4.2Hvbridization of filters to oligonucleotide probes

Two different oligonucleotide probes were used during the course of the work 

described in this thesis. These were, a 43 mer(0 43) and an 18 mer(O-jq). Methods for their 

synthesis, purification, and labelling are described in section 2.13. Prior to use, the 

optimal conditions for hybridization of each probe were estimated. The conditions used for 

hybridization, and subsequent washing of the filters took into account the estimated melting 

temperature (Tm) of the probes. The conditions used, and the way they were determined for 

each probe is described below.



a lProbe P 13

Empirically determined relationships between the melting temperature of an 

oligonucloetide in a specified salt concentration, its length and guanine and cytosine content 

are described by Lathe (1985):

Tm =16.6 LogM +0.41 (%G+C) +81.5 -(820/L), 

where M is the monovalent cation concentration (molarity), (%G+C) is the percentage of 

guanine and cytosine nucleotides within the sequence and L is the total number of nucleotides. 

In 6 x SSC (that is under the conditions of hybridization), 

log M =-0.05.

For this oligonucleotide,

(%G+C) =61.

Therefore,

Tm = 86°C.

Because of the high estimated Tm, filters were hybridized to the probe in the 

presence of 50% deionised formamide. Formamide lowers the melting temperature of a DNA 

duplex by 0.7°C for every 1% increase in it’s concentration. The estimated Tm of the 

oligonucleotide in 50% formamide was 51 °C. A hybridization temperature of 42°C was 

chosen. Filters were prehybridized overnight at 42°C in hybridization buffer containing 

50% formamide. Filters were hybridized overnight at 42°C in a similar solution containing 

about 106 cpm/ml or 10ng/ml probe of specific activity 1x108 cpm/jug. Prehybridization 

and hybridization steps were carried out in sealable plastic bags, as describe in section

2.3.4.1. The filters were then removed from the hybridization bags and washed twice for 5 

minutes at room temperature in 6x SSC and once for 2 minutes at 65°C in 6xSSC. That is, at 

21 °C below the estimated Tm.

b) Probe 0 18

The following equation for the melting temperature of an oligonucleotde in 6 X SSC was taken 

from Maniatis eta l.{1982):

Td =2°. (A+T)+4°. (G+C)

=64°C

Prehybridization and hybridization were carried out essentially as described for 

Probe 0 42 with the following changes. Filters were prehybridized at 60°C overnight in 

hybridization buffer. Filters were hybndized overnight at 60°C in hybridization buffer.

Both steps were carried out in the absense of formamide. The filters were then removed 

from the hybridization bags and washed twice for 5 minutes at room temperatue in 6x SSC 

and once for 1 minutes at 60°C in 6xSSC. That is, at 4°C below the estimated Tm.

2.3.5 Autoradiography of filters

a) X ray diagnostic film : obtained from Kodak and Fuji. Fuji film gave cleaner results, 

but Kodak film was more than twice as sensitive.

b) Developer: obtained from Champion photochemistry



c) Fixer: obtained from Ilford

After the final wash, filters were air dried wrapped in Saran Wrap and placed on a 

piece of X ray film with an intensifying screen, in a light sealed cassette and left overnight 

at -70°C. The cassette was then allowed to return to room temperature. Kodak film was 

developed for not more than 5 minutes. Fuji film was developed for not more than 10 

minutes. The film was then fixed for 1 minute, rinsed under tap water, and allowed to dry.

2.3.6 Selection of positively hybridizing phage and their further purification

Plugs of agar representing about 1cm3 of bacterial lawn, were cut from the plates 

using a sterile scalpel, at the positions of positively hybridizing plaques. Phage were eluted 

from the agar plug by gentle agitation in X diluent for 2 hours at room temperature. The 

titre of the resulting phage suspension was estimated by assuming that every individual 

plaque picked contained about 106-107 pfu. This estimate was used as a guide in 

determining the titre by the method described in section 2.3.1. In order to purify the 

selected phage further, two further rounds of screening were generally carried out. Second 

and third screens were plated onto 80mm agar plates containing I00|ig/ml Ampicillin, at 

densities of 1000 pfu per plate and 100 pfu per plate respectively, essentially as described 

in section 2.3.1. Plaques were transferred onto 80mm nylon or nitrocellulose filters as 

described in section 2.3.3 and hybridized to radioactively labelled probes as described for 

the first screen.

2.4 Preparation of DNA from phaoe

silicone anti foaming agent: 30% aqueous emulsion of silicone from BDH.

2.4.1 Amplification of bacteriophage

A lawn of E  coli Y1088 cells was prepared by the same method as that described in 

section 2.3.1 except that in this case phage were not added to the cells prior to plating. 

Instead, single plaques were amplified by transferring phage directly from the plaques onto 

the freshly poured lawn with a sterile tooth-pick. After incubation overnight at 37°C, the 

resulting large plaques were picked with a sterile scalpel and the phage eluted in x diluent. 

4|il of the resulting suspension was dotted onto a fresh lawn of cells and the plate incubated 

overnight. The resulting plaque was titred assuming an initial concentration of 109-101^ 

pfu/ml.(see section 2.3.1).

2.4.2 Laroe scale preparation of X DNA

A single colony of E  Coli Y1088 was used to inoculate 10 ml L broth containing 

10mM MgS04 and 0.2% maltose . The culture was shaken overnight at 30°C. 5ml of cell 

were then mixed with 1.25 x 10® phage, incubated at room temperature for 5 minutes and 

added to a 1 litre flask containing 250ml prewarmed L-broth containing 10mM MgS04 and 

0.2% maltose. The flask was shaken at 37°C on an orbital shaker. Cell lysis was assumed to 

have occured when large clumps of cellular debris were observed in the culture. This was



usually observed after 3-5 hours. NaCI (7.25g) and 1 ml of chloroform was then added to 

complete lysis. The flask was shaken for a further 5 minutes and the lysate centrifuged at 

6, OOOg for 10 minutes in two 250ml bottles to remove cell debris. The supernatant was 

decanted and stored with 1 ml chloroform, at 4°C in a 500ml glass bottle.

Chloroform and remaining debris were removed from the supernatant by additional 

centrifugation at 6,OOOg for 10 minutes in two 250ml bottles. The supernatant was 

decanted back into a clean 500ml glass bottle. 250jjI of 1 mg/ml DNase and 125pl of 

10mg/ml RNase were added and the bottle was placed at 37 °C for 1 hour. 20g of 

polyethylene glycol (PEG 6,000) was then dissolved in the culture and the bottle was placed 

for 1 hour at 0°C . The sample was centrifuged at 6,OOOg for 10 minutes at 4°C in 250ml 

bottles, and as much of the supernatant discarded as possible. The pellet was resuspended in 

5ml x diluent and 10jhI of silicone anti-foaming agent was added. The suspension was 

extracted once with one volume of chloroform:(IAA) and the upper aqueous phase 

transferred to a fresh tube. The organic phase was then re-extracted with one ml of X 

diluent. Aqueous phases were pooled . 60jliI of 10% SDS and 60pl 0.5M EDTA, (pH 8.0) 

were added and the sample was incubated at 68°C for 15 minutes and extracted with 1 vol. 

buffered phenol (pH8.0), for 20 seconds. The aqueous phase was re-extracted by vortexing 

for 20 seconds with 1 vol. of a 50: 50 mixture of buffered phenol and chloroform:IAA.

Extraction of the aqueous phase was repeated with 1 vol. chloroform: IAA. One vol. of 

isopropanol was then added to the final aqueous phase and the mixture left for 20 minutes at 

-70°C. Precipitated phage DNA was pelleted by centrifugation at 10,OOOg for 15 minutes.

The pellet was washed in 1 ml 70% ethanol, dried under vacuum and resuspended in 300pl 

TE. A yield of 10Ojug was usually obtained.

2.4.3 Small scale preparation of X DNA

Bacteriophage were amplified and titred as described in section 2.4.1. They were 

then plated out on an 80mm plate at a density of 1 x 105 pfu per plate essentially as 

described in section 2.3.1. The plates were inverted and incubated overnight at 37°C. 5ml of 

x diluent was added directly onto the plate and the bacteriophage were allowed to elute for 2 

hours at room temperature, with constant shaking. The X diluent was then transferred into a 

12ml polypropylene centrifuge tube, and bacterial debris was removed by centrifugation at 

8,000g for 10 minutes at 4°C. The supernatant was decanted into corex tubes. Both RNase A 

and DNase I were added to a final concentration of Ipg/ml. The tube was incubated at 37°C 

for 30 minutes. An equal volume of a solution containing 20% (w/v) PEG 6,000 and 2M 

NaCI in x diluent was added and the mixture incubated for 1 hour at 0°C. The precipitated 

bacteriophage particles were recovered by centrifugation at 10,OOOg for 20 minutes at 

4°C. The supernatant was removed and the tube inverted and allowed to drain. Any 

remaining supernatant was removed with a tissue. 0.5ml of X diluent was then added and the 

phage resuspended by vortexing. The suspension was transferred into 1.5ml Eppendorf 

tubes. 5|il of 10% SDS and 5pl of 0.5M EDTA , (pH8.0) was added and the tube was 

incubated at 68°C for 15 minutes. The sample was extracted once with phenol, once with



phenol chloroform, and once with chloroform. The aqueous phase was transferred to a fresh 

tube and an equal volume of isopropanol was added. The DNA was allowed to precipitate for 

20 minutes at -70°C. The pellet was washed with 70% ethanol and the pellet resuspended in 

50|il of TE buffer.

2.5. Subclonina of DNA into plasmid vectors

2.5.1 Plasmid vectors used

a) pUC 18 and pUC19 vectors (Yanisch-Perron eta/., 1985): These vectors contain 

the pBR322 |3-lactamase gene, an origin of replication and a portion of the lac Z gene of 

E.coli. A multiple cloning site has been inserted into the lac Z region. These vectors were 

used for routine subcloning and sequencing. pUC18 and pUC19 are identical apart from the 

orientation of their multiple cloning sites.The sequences of the molecular cloning sites of 

these two vectors are shown in fig. 2.1.

b)Stratagene KS and SK ’Bluescript' vectors: These vectors are derived from pUC 

vectors. In addition to a more extensive multiple cloning site, they also contain 

bacteriophage T3 and T7 promotors at either end of the cloning site. KS and SK vectors are 

identical apart from the orientation of their multiple cloning sites. The sequences of the 

molecular cloning sites of these two vectors are shown in fig. 2 .2.

2.5.2. Preparation of DNA

1 jig of purified bacteriophage DNA was digested for 1 hour with the appropriate 

combination of restriction endonucleases, under the buffer conditions recommended by the 

distributor, in a 10^1 total volume. The solution was extracted once by vortexing for 20 

seconds with 1 volume of a 50:50 mixture of buffered phenol and chloroform : IAA. 1 volume 

4M ammonium acetate and 4 volumes of ethanol were then added and DNA was allowed to 

precipitate for 10 minutes at -20°C. The tube was centrifuged at 10,OOOg for 10 minutes 

and the pellet washed in 70% ethanol, dried under vacuum and resuspended in IOjliI of TE 

buffer. 1^g of vector DNA was prepared in similar way using appropriate restriction 

endonucleases.

2.5.3. Ligation of the DNA into Plasmid vectors

This method is modified from Maniatis etal. (1982). Ligation reactions were 

carried out in general for 1 hour at room temperature in a volume of 10pl, using 10 units 

of T4 DNA ligase, 10-50ng of vector DNA, 50-1 OOng insert DNA, in a solution containing 

50mM Tris,(pH7.4),10mM MgCI2,10mM DTT, 1mM spermidine, 1mM ATP, 100|jg/ml 

BSA.

2.5.4. Transformation methods

a) Standard transformation buffer (STB): 45mM MnCI2,10mM CaCI2, 3mM 

[Co(NH3)qCI3] (hexaaminecobalt (III) chloride), 100mM KCI, potassium 

2-(N-Morpholino)ethane sulphate (K Mes) (pH6.4).
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Fig 2.1: The m ultip le  cloning sites of pUC 18/ M13 mp18 RF 
vectors and pUC 19/ M13 mp19 RF vectors.

Arrows show the positions of sequencing pnmers that were used 
for sequencing and the direction in which strand extention takes 
place.
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2.2: The m u l t ip le  c lo n in g  s i tes  of  B lu e s c r ip t  KS and 
B luescr ip t  SK vectors.

Arrows show the positions of sequencing primers that were used 
for sequencing and the direction in which strand extention takes 
place. The transcription initiation sites for the T3 and T7 
promotors are indicated.



b)Freeze thaw buffer (FTB): 10mM potassium acetate, (pH6.4), 45mM MnCI2, 10mM 

CaCI2, 3mM (Co(NH3)6Cl3] (hexaaminecobalt (III) chloride), 10mM KCI, 10% glycerol.

c)DnD solution: 1M Dithiothreitol(DTT), 90% dimethylsulphoxide (DMSO), 10mM 

potassium acetate, (pH 7.5)

d)SOB medium: 2%(w/v)Bactotryptone, 0.5%(w/v) yeast extract, 10mM NaCI, 2.5mM 

KCI, 10mMMgCI2, 10mM Mg2 S04

e)SOC medium: SOB medium containing 20mM glucose.

f)M9 thiamine piates: contain 1.5% agar, 40mM NaH2P 04, 20mM KH2P04,10mM 

NaCI, 20mM NH4CI, 30mM thiamine.

Four methods were used. For routine subcloning of restriction fragments, method 1 

was found to be the most convenient. All methods, unless otherwise stated, are essentially as 

described by Hanahan (1985)

Method 1

E.Coli JM107 was streaked onto a 2 x TY agar plate containing l5mM MgS04. The 

plate was incubated overnight at 37°C. 2 to 4 colonies of 3 to 5 mm in diameter were picked 

from the plate and were dispersed in 200jjI STB in a 15ml falcon (2006/2059) tube. 14pl 

of DnD was added and mixed by swirling. The tube was left for ten minutes on ice. 1 jjI of 

ligation reaction was added and the sample incubated on ice for 30 minutes. Cells were heat 

shocked by placing the tube in a 42°C waterbath for 90 seconds. The tube was then chilled on 

ice for 2 minutes. 800pl SOC medium was added and the tube was placed in a shaking 37°C 

waterbath for 1 hour. The tube was then centrifuged for 10 minutes at 1,000g and the cells 

were resuspended in 200}il SOC ready for plating out. Efficiencies of at least 10® colonies 

/pg supercoiled DNA were obtained using this method.

Method 2(Okavama etal.. 1987)

E.Coli JM101 cells were grown overnight on an M9 thiamine plate. A single colony 

was used to inoculate 5ml of L broth in a 20 ml universal bottle. The bottle was shaken at 

37°C for 1 hour and the culture was transferred to 500ml SOB and grown to a cell density 

corresponding to an ODqqq of 0.5. The culture was then centrifuged at 5,OOOg at 4°C in 

three 250ml centrifuge buckets. Cells were resuspended in 165 ml FTB, recentrifuged and 

resuspended in 40ml FTB. Freshly opened DMSO (3ml) was mixed in and the entire volume 

frozen in 200pl aliquots in a mixture of dry ice and ethanol. Aliquots were kept at -70°c 

until used. Storage under these conditions maintained the viability of the cells for not more 

than 6 months. When needed, stored cells were thawed on ice and transferred to a falcon 

(2006/2059) tube. A 10:1 dilution of 3-mercaptoethanol (1.7jil) was added. The tube was 

placed on ice for 10 minutes and the cells mixed every 2 minutes by gentle agitation.

Ligation reaction (1 jul) was added and the tube left on ice for 30 minutes. The cells were 

heat shocked by placing the tube in a 42°C waterbath for 45 seconds and then cooled on ice. 

From this point on the cells were treated in the same way as described in method 1. 

Efficiencies of about 107colonies /pg supercoiled DNA were obtained using this method. 

Method 3: Simple transformation method

E. Coli JM 107 cells were grown overnight on an M9 thiamine plate. A single colony



was used to inoculate 40ml of SOB in a 500ml flask. Cells were grown to a cell density 

corresponding to an OD60o of 0.4. They were then harvested by centrifugation at 3,OOOg 

for15 minutes and resuspended in 10ml STB. The cells were left on ice for 10 minutes , 

re-centrifuged, and resuspended in 3ml STB. After a further 10 minute incubation on ice,

I00pl DMSO was added and the cells incubated on ice for 10 minutes. A further lOOjul of 

DMSO was then added. From this point on the procedure followed was the same as method 2. 

Transformation efficiencies were comparable to method 2 

Method 4 : The use of Stratagene XL1 Blue competent cells

XL1 blue competent cells were transformed essentially in the same way as the 

competent cells made according to the simple transformation method, except that the DMSO 

step was omitted. 10Ojul were used for each transformation. Prior to use the cells were 

thawed on ice and p mercaptoethanol was added to a concentration of 25mM. The cells were 

left on ice with periodic swirling, for 10 minutes. Transformation efficiency was at least as 

efficient as that obtained by using method 2.

2.5.5. Selection of recombinant bacterial colonies

2.5.5.1. Blue/ white colony assay

4% X-gal: 4% 5-bromo 4-chloro 3-indoyl-p-D-galactoside in dimethyl formamide.

Transformed cells were spread, onto partially dried L broth agar plate containing 

100pg/ml ampicillin which had previously been spread with 20pl of 0.25M 

isopropyl-p-D thiogalactoside (IPTG) and 40pl of 4% X-gal. Plates were inverted and left 

overnight at 37°C. White colonies were picked with a sterile toothpick and used to inoculate 

3ml L broth containing SOpg/ml ampicillin . The cultures were incubated at 37°C 

overnight and used directly for rapid plasmid preparations (section 2 .6.1), for direct 

plasmid sequencing (section 2.7) and restriction endonuclease digestion analysis (section 

2.9).

2.5.5.2. Colony screening using DNA probes

An 80mm diameter nylon filter was placed on the plate of colonies. Its position was 

marked with 3 assy metrically distributed pinpricks. The filter was immediately 

transferred colony-side-up onto a fresh L-broth plate containing 100|ug/ml ampicillin.

This plate was stored at 2-4 °C and will be referred to as the 'master plate'. The original 

plate was incubated at 37°C overnight and colonies transferred to a second filter as 

described above , which was then placed colony-side-up on a fresh L-broth plate. This will 

be referred to as the 'replica plate'. A third filter was placed on the original plate and its 

orientation marked as described for the other two filters. The original plate and the replica 

plate were incubated at 37°C for 5 hours. The filters were then removed and placed for 3 

minutes, colony-side-up on a piece of filter paper soaked in 10% SDS. They were then 

transferred to a 4ml pool of 0.5M NaOH for 3 minutes. This step was repeated. The filters 

were then transferred onto a 4ml pool of 1M Tris, (pH7.4) for three minutes. This step 

was repeated. Finally, the filters were transferred to a 4ml pool of 0.5M Tris,

(pH8.0),1.5M NaCI for three minutes. They were then washed in 0.5M Tris (pH8), 1.5M



NaCI for 1 hour, rinsed briefly in 2 x SSC, 0.1% SDS, and extraneous matter removed by 

gently wiping the filter with a tissue. After a further 5 minute wash in 2 x SSC, the filters 

were dried at room temperature. DNA was bound to the filters and prewashed as described in 

section 2.3.3 and hybridized to probe O43 as described in section 2.3.4.2 . The relative 

positions of positively hybridizing spots of DNA on the filters with respect to the position of 

the pinpricks, was used to locate the corresponding colonies on the master plate. Colonies 

were then cultured as described in section 2.5.5.1.

2.5.6. Storage of recombinant bacteria

Bacteria were stored both as pellets at -20°C for direct DNA isolation and as viable 

cells frozen at -70°C, in L-Broth containing15% glycerol.

2.6. Preparation or plasmid DNA from bacterial cells

a) Solution 1: 50mM glucose, 10mM EDTA, 25 mM Tris HCI, (pH 8.0).

b) Solution 2: of 0.2N NaOH, 1% SDS.

c) Solution3: Potassium acetate, (pH 4.8), 3M with respect to potassium and 5M with 

respect to acetate.

2.6.1. Small scale rapid plasmid preparation

5ml L broth containing 50pg/ml ampicillin was inoculated with bacterial cells taken 

either from an agar plate or from a frozen glycerol stock. The culture was shaken at 37°C 

overnight. A 1.5ml aliquot of the culture was centrifuged in a microcentrifuge tube at 

I5,000g for 1 minute. The supernatant was removed and the pellet resuspended in 100pl of 

ice cold solution 1. After incubation for 5 minutes at room temperature, 200jil of freshly 

prepared solution 2 was added and the tube inverted several times to mix the two solutions. 

The sample was incubated for 5 minutes at 0°C. Ice cold solution 3 (150pl) was added and 

mixed by inversion for 10 seconds. The tube was incubated on ice for 5 minutes and 

centrifuged at 10,000g for 5 minutes. The supernatant was transferred to a fresh tube.

One volume of phenol/ chloroform was added and the tube was vortexed for 20 seconds. The 

aqueous phase was transferred to a fresh tube and 1ml of ethanol added. Nucleic acid was 

allowed to precipitate for 1 minute at room temperature and the tube was centrifuged at 

I0,000g for 5 minutes. The resulting pellet was washed once with 70% ethanol and dried in 

a 65°C waterbath for 3 minutes. The pellet was resuspended in 10jul TE (pH8.0). DNA was 

stored at -20°C.

2.6.2 Large scale rapid plasmid preparation

A 250ml flask containing 100ml L broth , 50mg/ml ampicillin was inoculated with 

a single bacterial colony, and the culture incubated at 37°C overnight in an orbital shaker.

The cells were harvested at 4°C by centrifugation at 4,000g for 10 minutes in 250ml 

centrifugation bottles . The pellets were resuspended in 5ml of an ice cold solution of 10mM 

Tris, (pH8.0), 100mM NaCI and 1mM EDTA (pH 8.0) and the samples were re-centrifuged.



The pellets were resuspended in 4ml of ice cold solution 1. Following a 1 minute incubation 

at room temperature, the cells were transferred to a 50ml centrifuge tube. Eight ml of 

solution 2 was added and mixed in gently, and the sample incubated on ice for one minute. 

Four ml of solution 3 was then added, mixed in by shaking and the mixture left on ice for 10 

minutes. The tube was centrifuged for 10 minutes at 10,000g at 4°C and the supernatant 

split between two 30ml corex tubes. Isopropanol (0.6 vol) was added to each and the tubes 

were vortexed and left at room temperature for 15 minutes. Nucleic acid was pelleted by 

centrifugation at 9,000g for 30 minutes at room temperature. The pellets were rinsed in 

70% ethanol, dried under vacuum, resuspended in 1.25ml TE, and transferred into sterile 

1.5ml eppendorf tubes. A total of 39pl of 5M NaCI and 25pl of 10mg/ml RNase A were 

added per culture and the tubes were incubated at 37°C for 1.5 hours. The solution was then 

extracted by adding 1.3ml buffered phenol and vortexing for 1 minute. Chloroform:IAA 

(1.3ml) was added and the sample vortexed again for 1 minute. After briefly spinning at 

l,700g, the aqueous phase was transferred to a fresh tube and re-extracted as above. The 

resulting aqueous phase was extracted with 1 volume chloroform and the supernatant 

transferred to a corex tube. Two volumes of ethanol was added and the tubes left at -20°C 

for 1 hour to allow the DNA to precipitate. Nucleic acid was pelleted by centrifugation at 

9,000g for 30 minutes at 4°C. The pellets were rinsed with 2ml 70% ethanol, Dried under 

vacuum and resuspended in 100pl of TE. The DNA solution was heated at 65°C for 5 minutes 

to remove any endogenous nucleases, and stored at -20°C.

2.7. DNA sequencing

DNA sequencing was carried out using the Sanger dideoxynucleotide chain termination 

method (Sanger era/.,1977). Both single stranded M13 phage DNA and double stranded 

plasmid DNA were used as templates

2.7.1 Preparation of single stranded DNA for sequencing

2.7.1.1 .The transfection of recombinant M13 RF DNA into bacterial cellsfAmersham 

protocol)

The DNA fragment of interest was ligated into one of the double stranded M13 

replicative form (RF) vectors, M13mp18 or M13mp19 (Norrander eta/., 1983) 

essentially as described in section 2.5.3. M13 RF vectors mp 18 and mp 19 have an 

identical multiple cloning site as pUC18 and pUC19. The cloning sites are shown in fig 2.1

The following method was shown to be consistently efficient enough for the 

transfection of recombinant M13 RF DNA into E. coli JM101 cells. E.Coli JM101 cells were 

streaked onto M9 thiamine plates and stored at 4°C for several weeks. A single colony was 

used to inoculate 10ml 2 x TY medium and the culture was grown at 37°C overnight. 2ml of 

the culture was used to inoculate 40ml of 2 x TY. At the same time 1 pi of culture was used 

to inoculate 20ml of 2 x TY . Both cultures were incubated in a 37°C shaking waterbath. The 

40 ml culture was grown to a cell density corresponding to an OD60o °f °-65. Cells were 

pelleted by a 2 minute centrifugation at 7,000g and resuspended in 20ml 50mM CaCl2.



After 10 minutes incubation on ice, the cells were re-centrifuged and resuspended in 4ml 

50mM CaCI2. The cells were transferred to 15ml falcon (2006/2059) tubes, in 0.3ml 

aliquots. One pi of ligation reaction was added to an aliquot of competent cells and the cells 

were left on ice for 40 minutes. The cells were then heat shocked by placing the tube at 42°C 

for 3.5 minutes and left for 5 minutes on ice.

2.7.1.2. The selection of recombinant M13 Dhaae plagues

200pl of fresh Eco// JM101 and 40pl 100mM IPTG was added to the competent cells 

together with 40pl 2% X gal (in dimethyl formamide). Three ml of 0.7% molten 1 x TY 

agar was added and the mixture poured onto a 1 x TY agar plate. The plate was incubated at 

37°C overnight. Transformation efficiencies of >105 plaques /pg of supercoiled RF vector 

were usually obtained using this method . White plaques were picked using a sterile 

toothpick and used to inoculate 1.5ml 2 x TY to which had been added I5pl ovenight culture 

of E.coli JM101. The bacteriophage culture was grown for 5 hours at 37°C. Cells were 

removed by centrifuging the culture for 10 minutes at 10,000g and the supernatant was 

used in the preparation of single stranded M13 DNA for sequencing. 5pl of supernatant was 

set aside and stored frozen for re-infection. The cell pellets were stored at -20°C and used 

for M13 RF DNA isolation as described in section 2.6.1.

2.7.1.3. Preparation of single stranded M13 DNA

800pl of supernatant was taken and mixed with 200pl of a solution of 20% poly 

ethylene (PEG)6,000, 2.5M NaCI. The mixture was left for 30 minutes at room 

temperature. Phage particles were pelleted by centrifugation at 10,000g for 10 minutes.

All the supernatant was carefully removed using a drawn-out pasteur pipette and the pellet 

resuspended in 100pl TE. Protein was removed by phenol extraction using 50pl of buffered 

phenol (pH8). The tube was vortexed for 15 seconds, left at room temperature for 15 

minutes and re-vortexed . The aqueous phase was resolved by brief centrifugation and 

transferred into a fresh tube containing 10jjI 3M sodium acetate and 250nl ethanol. The 

solutions were mixed and the tube left at -20°C for 1 hour to allow DNA to precipitate. DNA 

was pelleted by centrifugation, washed in 1M cold 70% ethanol and dried under vacuum. The 

pellet was dissolved in 35jnl TE buffer.

2.7.2. Preparation of double stranded DNA for sequencing (Mierendorf and Pfeffer,1987)

When sequencing double stranded DNA it is important to remove all impurities, 

particlarly RNA. The method used was essentially the same as the standard small scale rapid 

plasmid preparation (section 2.6.1.) up to the phenol/chloroform extraction step, before 

which RNase A was added to a final concentration of 20jjg/ml and the tube incubated at 37°C 

for 20 minutes. DNA was then phenol extracted, ethanol precipitated, washed and dried as 

described in section 2.6.1. The pellet was resuspended in 16jjI deionized water. 4jjI of 4M 

NaCI was added followed by 20|il 13% PEG 8,000. The tube was vortexed and incubated on 

ice for 20 minutes, centrifuged at 10,000g for 15 minutes and the supernatant discarded.

To the pellet was added 1.5 ml 70% ethanol and the tube was re-centrifuged for 10 minutes. 

Ethanol was removed and the pellet dried under vacuum and dissolved in 20 |il of deionized



water. A yield of 1-2 pg of DNA was usually obtained. 2 pi of a solution of 2N NaOH, 2mM 

EDTA was added to a sterile microcentrifuge tube containing 20 jil plasmid DNA. The tube 

was incubated for 5 minutes at room temperature. The DNA was neutralised by adding 3jJ 

sodium acetate (pH 5.2) and 7pl deionized water was added. The contents of the tube were 

mixed and 7 5 jliI ethanol added. The tube was then vortexed, chilled for 5 minutes at -70°C 

and centrifuged at 10,000g for 5 minutes. The supernatant was removed, and the pellet 

rinsed with 200|liI prechilled 70% ethanol, dried under vacuum and dissolved in 7pl water.

2.7.3 Sequencing reactions

Two methods were used that employed Klenow polymerase and modified T7 polymerase 

respectively. The modified T7 polymerase method was eventually adopted as a standard 

procedure because it gave much better results when used for plasmid sequencing.

Primers used: (see figs 2.1 and 2.2)

a)Primers used in single stranded sequencing in M13 (see fig 2.1):

i) (-20)forward sequencing primer (New England Biolabs [NEB] #1211)

ii) (-40)forward sequencing primer(NEB #1212)

b)Primers for double stranded sequencing in pUC (see fig 2.1):

The same primers were used as for single stranded sequencing in M13. However, 

because the template was double stranded it was possible to sequence in the opposite 

direction using a reverse sequencing primer (NEB #1201)

c)Primers for double stranded sequencing in bluescript (see fig 2.2):

i) T7 primer (Stratagene)

ii) T3 primer (Stratagene)

2.7.3.1. Sequencing with Klenow polymerase

All reaction mixes were obtained in kit form from Stratagene

[a35S ] dATP: label with a specific activity of 1200-1300 Ci/mM was used.

To 7\i\ of DNA template was added 2.5pl deionized water, 1.5pl 100mM Tris (pH 

8.5), lOOmM MgCI2 and 1jil of 2.5ng/|il primer. The mixture was heated for 1 hour at 

55-60°C and O.SpI [a35S ] ATP was added. 1 nl of 10U/jal Klenow polymerase was added 

and mixed by gentle agitation. 3|il of the mixture was added to each of four tubes labelled’ T\ 

'C', ’G’ and 'A' to which had previously been added 2|il of Stratagene T ,  'C\ 'G' and 'A' deoxy 

nucleotide mixes respectively. The samples were mixed by brief centrifugation and left at 

room temperature for 20 minutes. 1 jliI of cold chase solution of 0.5M ATP, 1u/pl Klenow 

was added to each tube. The tubes were then incubated for 15 minutes at room temperature. 

4pl of stratagene termination buffer was then added (95% formamide, 20mM EDTA, 0.05% 

bromophenol blue, 0.05% Xylene Cyanol FT) and 2-5 pi from each tube run on a 7% 

acrylamide denaturing gel (see section 2.7.4.).

2.7.3.2. Sequencing with Modified T7 Polymerase

Reaction mixes were were obtained in kit form from United States Biochemical Corporation 

(USB)

To 7jil of template DNA, 2jliI sequencing buffer and 1^12.5ng/pl primer was added.



The mixture was annealed by incubation for 20 minutes at 60°C followed by a furtherlO 

minute incubation at room temperature. To the primed template was added 1pl 0.1 M DTT,

2jil of a solution containing 1.5pM dGTP, 1.5pM d CTP, 1.5pM dTTP, 0.5pl [a35S] dATP, 

and 2pl T7 Polymerase diluted to a concentration of 1.5u/pl in 10mM Tris, (pH 7.5), 5mM 

DTT, 0.5mg/ml BSA. The solutions were mixed, incubated at room temperature for not more 

than 5 minutes and split in 3.5pl aliquots between four prewarmed tubes labelled T ,  'C\ 'G' 

and 'A' containing 2.5pl of dideoxy T ,  'C', 'G' and 'A' termination mixes respectively . The 

tubes were incubated at 37°C for 5 minutes and the reaction then stopped by the addition of 

4jil of a solution containing 95% formamide, 20mM EDTA, 0.05% bromophenol blue,

0.05% Xylene Cyanol FT.

2.7.3.3. The use of deoxy/dideoxvnucleotide mixtures containing 7-deaza dGTP

The substitution of 7-deaza dGTP for dGTP, when using a double stranded template 

was found to help a great deal in minimising ambiguities in the sequencing ladder that are 

due to the formation of secondary structures in the gel. Reagents for sequencing were 

obtained from Pharmacia. The protocol followed was very similar to method 2. To 7pl 

template was added 3pl water and 2pl Pharmacia annealing buffer and 2 jjl of 2.5ng/pl 

primer. Annealing conditions were the same as in method 2. To the primed template was 

added 3 pi of Pharmacia labelling mix and 1pl of [a ^ S ] dATP. 2pl of T7 DNA polymerase 

diluted as in method 2 was added. The remainder of the procedure was identical to method 2 

except that 4.5pl of labelling reaction was added this time to each of 4 tubes labelled T ,  'C', 

’G‘ and ’A’ to which had been added 2.5pl of the appropriate Pharmacia dideoxy termination 

mixes.

2.7.3.4 The use of single stranded binding protein(SSB)

Stop sites caused by secondary structure formation during strand elongation with T7 

polymerase were found to be successfully removed by adding 0.5pg/ml of SSB protein 

(USB #70032) during the labelling reaction. When using SSB it was necessary to 

inactivate it prior to running the gel by adding 0.1 pg of proteinase K and incubating for 20 

minutes at 65°C.

2.7.4. Polyacrylamide gel electrophoresis

a) 40% Acrylamide solution: Made by dissolving 38g acrylamide and 2g bisacrylamide 

in 100ml deionized water. The solution was deionized by stirring for 1/2hour with 5g of 

Amberlite MB1 beads and filtered through a sintered glass filter to remove resin. The 

acrylamide stock was stored for up to 1 month at 4°C in the dark.

b) Gel cassette: The following size electrophoresis plates were used: small plate, 20cm x 

36cm; large plate, 20cm x 40cm. The plates were washed throughly with soap and distilled 

water and the small plate siliconized by wiping on a layer of 2% dimethyl dichlorosilane in

1,1,1 trichloroethane, leaving to dry for 10 minutes and washing with distilled water. Both 

plates were polished with ethanol. The polished surfaces of the plates were placed face to 

face on two 0.4mm thick plastic spacers and the cassette sealed with waterproof adhesive 

tape.



A volume of 7.5 ml 40% stock acrylamide was mixed with 21 g urea and 5ml 10 x 

TBE pH 8.3 and made up to 50ml with deionized water. The mixture was stirred to dissolve 

the urea. 400pl of freshly prepared 10% ammonium persulphate and 40pl TEMED (NNN'N1 

tetramethylethylene -diamine) were added. The acrylamide solution was immediately poured 

between the two clean electrophoresis plates and a flat surface formed at the top using the 

back edge of a BRL 0.4mm thick sharkstooth comb. The cassette was clamped at the top with 

metal clips and allowed to set for 1 hour. The comb was removed and re-inserted into the top 

of the cassette so that the teeth just touced the surface of the gel. The cassette was placed 

upright in a gel electrophoresis apparatus and enough 1xTBE buffer added to cover both ends 

of the gel.

Two sizes of gel comb were used , one with 2.9mm point to point spacing and one with 

5.7mm point to point spacing. 2-5^1 of sample was heated at 80°C for 2 minutes, 

depending on the comb size used. Immediately before loading the appropriate well was 

washed out with a pasteur pipette to remove urea. Samples were loaded in the order T ,  'C\

•G\ 'A'.

A current of 30 mA was run through the gel for 1.5 -7 hours with the anode at the 

bottom. After electrophoresis, the smaller plate was removed and the gel was transferred 

onto a piece of Whatman 3MM paper, covered with Saran-wrap plastic film, placed face 

upwards in a pre-heated 80°C gel dryer under vacuum, and dried for 30 minutes. The gel 

was then autoradiographed at room temperature overnight. The film was developed as 

described in section 2.3.5.

2.8 Restriction mapping of XL47 recombinants

a) ON-R probe: 12mer oligonucleotide probe complementary to the right cohesive XDNA 

terminus. (NEB#1602).

b) Gel loading buffer: 36mM Tris, (pH 7.7), 30mM NaH2P04,60mM EDTA, 50% 

glycerol, 0.l%bromophenol blue.

c) Cos gel running buffer: 36mM Tris (pH7.7), 30mM NaH2P0 4 ,1mM EDTA

d) X C1857 DNA: used as a marker. A restriction map is shown in fig 2.3.

= 5kb

Fig 2.3 Restriction map of XC1857 DNA with respect to Bam HI(B) and fcoR l (E) sites.

Preliminary restriction mapping of genomic clones of human b5 reductase was 

carried out using a method based on that of Rackwitz et al. (1984). For each of five enzymes 

and four different incubation times, 0.5pg of X DNA was used. The X DNA was cut in 10pl of a



solution containing 100mM NaCI, 1mM DTT, 1 mg/ml RNase A, lOOpg/ml BSA, 4mM 

spermidine and one of the following amounts of enzyme: 0.5U Eco RI, 0.2U Bam HI, 1U Hind 

III, 1U Xho I, 1U Pst I. For each enzyme used, four digest mixes were set up and incubated 

for 1,5,10, and 30 minutes respectively before being cooled on dry ice and the reaction 

terminated by the addition 0.5jjI 500mM EDTA. These four digests were then pooled. 0.5jag 

of X c1857 DNA was used as a marker and cut as above with Eco RI and Bam HI.

20ng of ON-R probe was end labelled with polynucleotide kinase (10U) in the 

presence of 20|a Ci [y32P] ATP (specific activity of 800 Ci/mM) in 10^1 of a buffer 

containing 70mM Tris, (pH 7.6), 10 mM Mg CI2, and 5mM DTT, for 1 hour at 37°C. The 

reaction was stopped by heating for 1 minute at 100°C. The volume was made up to 4 0 jliI 

with water and 1 |jl added to 2^il of each of the five x DNA partial digests. 1 jliI of 1M NaCI 

was added to each sample, and the volume made up to lOpl. The samples were heated for 2 

minutes at 75 °C and placed in a 45°C waterbath for a further 30 minutes. 5pl of gel 

loading buffer was added and the samples were loaded onto a 0.5% agarose gel (see section 

2.9). Electrophoresis was carried out at 1.5V/cm for 24 hours in Cos gel running buffer.

The gel was dried onto Whatman DE81 filter paper and autoradiographed overnight.

2.9. Restriction endonuclease analysis of DNA

6 x loading buffer: 0.25% bromophenol blue, 0.25% Xylene cyanol, 30% glycerol.

DNA was digested with the appropriate combination of restriction endonucleases 

under the buffer conditions recommended by the supplier. 0.2 volumes of 6 x loading buffer 

was added to samples containing 0.3 to 1.0 jig of DNA and loaded directly onto and agarose gel. 

The samples were fractionated by passsing through the gel at a voltage of 10V/cm for about 

90 minutes. The samples migrated towards the anode. Gels of different sizes were prepared 

according to the number of samples being fractionated, and the degree of resolution required. 

50ml (10 x 10cm) agarose gels were used in routine characterisation of subcloned DNA. 

150-200ml (20 x 15cm) agarose gels were used in the restriction mapping of cloned 

fragments of genomic DNA and in Southern blot hybridization analysis of human genomic 

DNA. The gels were prepared in TBE buffer using the method described by Maniatis et al 

(1982). DNA was stained by incorporating 0.5|jg/ml ethidium bromide into the gel and the 

running buffer. DNA was visualised and photographed over a UV transilluminator.

2.10 Southern blot hybridization analysis of DNA (Southern. 1975)

a)Denaturing solution: 1.5M NaCI, 0.5N NaOH

b)Neutralising solution: 1M Tris (pH8), 1.5M NaCI

DNA was digested with the appropriate restriction enzymes under conditions specified by the 

supplier. Digested DNA was fractionated by electrophoresis through an agarose gel as 

described in section 2.9. and the gel was photographed. The gel was then placed in a 

denaturing solution and left for 15 minutes at room temperature . The solution was removed 

and replaced with fresh solution for a further 15minutes. Denaturing solution was removed 

and the gel neutralized by washing twice for 15 minutes in neutralising solution. The gel



was then placed well side down on a piece of Whatman 3MM paper and supported by a glass 

plate over a resevoir of 20 x SSC solution. Buffer was drawn up to the gel by way of filter 

paper wicks. A piece of nylon filter paper was placed on top of the inverted gel and buffer 

drawn through the gel using the capillary action of a pile of paper towels on which was 

placed a small weight. Transfer of DNA onto the nylon filter was allowed to occur over a 

period of 12 hours. The nylon filter was marked with a pencil to show the position of the 

well slots, and rinsed briefly in 6 x SSC. DNA was covalently cross linked to the filter as 

described in section 2.3.3. Hybridization of DNA on the filter with radioactively labelled 

probe was carried out under the same conditions as those described in section 2.3.4.

For the Southern blot hybridization analysis of genomic DNA, at least 10jig of DNA 

was digested and then fractionated in each track of the agarose gel. About I 0ng/ml of cDNA 

probe with a specific activity of at least 108 cpm/ng was used in the analysis.

Probe was removed from filters for subsequent re-probing by immersing the filter 

in boiling 0.1% SDS and allowing to cool for 30 minutes whilst shaking.

2.11. Chromosome mapping 

Human rodent somatic cell hybrids.

Chromosomal assignment of human b5 reductase was carried out by Southern blot 

hybridization analysis (section 2.10.)  of 11 independent human rodent somatic cell 

hybrids, using the cDNA insert of pB5R 1 (see section 3.2.) as the hybridization probe. All 

hybrids were kindly donated by 

S. Povey. They have all been described previously:

a)FST 9/10. (Kielty e ta/., 1982); b)FST 7. (Kielty etal., 1982); c)MOG 2E5. (Solomon 

etal., 1979); d)MOG 2C2. (Solomon etal., 1979); e)HORP 9.5. (Van Heyningen etal.,

1975); f)SIF 4A31. (Edwards etal,. 1985): g)SIF15P5. (Edwards etal,. 1985): 

h)FG 10.(Kielty etal., 1982); i)1WILA4. (Nabholtz ef a/., 1969); j)CTP 34B4. (Jones 

etal., 1976): k)3W4C110. (Nabholtz etal., 1969).

The human chromosome content of these hybrids was assessed by analysis of marker 

enzymes and in most cases also by karotyping. In some cases the hybrids have been recloned 

and recharacterised since being first described.

Genomic DNA was isolated from hybrids and rodent cells using the method described 

by Edwards etal., (1985). DNA samples were digested with Eco RI and fractionated by 

electrophoresis through a 0.8% agarose gel (see section 2.9.). DNA fragments were 

transferred to nylon membranes and hybridized to the cDNA insert of pB5R 1 using the 

method described in section 2.10.

DNA isolated from RAG (mouse) and FAZA (rat) cells were used as negative controls. 

DNA isolated from human placenta was used as a positive control. DNA from RAG, FAZA and 

placental DNA was kindly donated by S.Povey.



2.12. Preparation and labelling of cDNA probes

2.12.1. DNA Preparation

Two methods were used to purify individual fragments of DNA.

2.12.1.1 .The use of low melting temperature agarose gels 

Tris /acetate buffer: 2mM CH3COONa, 1mM EDTA (pH8)

One pg of digested recombinant plasmid DNA containing the sequence of interest was 

run on a 1% Seaplaque low melting temperature agarose gel, at 3V/cm for 1.5 hours in 

40mM Tris /acetate buffer, essentially as described in section 2.9. The band of interest was 

cut out and three volumes of water added. The sample was heated for 5 minutes at 60°C to 

melt the agarose, and stored in aliquots containing 50ng DNA. Before use, agarose was melted 

by heating for 2 minutes at 70°C.

2.12.1.2. Electro adsorbtion of DNA onto NA45 Paper

a) NA45 paper: DEAE membrane purchased from Schleicher and Schuell

b) Elution buffer: 1M NaCI, 50mM arginine

1 pg of digested DNA was run on a 1% agarose gel in TBE buffer at 3V/cm for 1.5 

hours (see section 2.9.). Two slits were cut in the gel, one just above and one just below 

the band of interest, and a piece of NA45 paper inserted into each. The voltage was 

re-applied for 10-15 minutes. Complete transfer of DNA onto the lower piece of NA45 

paper was confirmed under UV light. The paper was rinsed briefly in TE and put in an 

Eppendorf microcentrifuge tube with 400jil elution buffer. The DNA was eluted for 2 hours 

at 70°C and the supernatant transferred to a fresh tube. One ml of ethanol was added and the 

DNA precipitated for 2 hours at room temperature and collected by centrifugation at 

I0,000g for 10 minutes . The pellet was washed in 70% ethanol and resuspended in 25pl 

TE buffer. DNA was extracted once with 1 volume of phenol /chloroform and the organic 

phase re-extracted with a further 10pl of TE buffer. One volume of 4M ammonium acetate 

and 4 volumes of ethanol was added to the aqueous phase. The DNA was allowed to precipitate 

for 15 minutes at -20°C and pelleted by centrifugation for 10 minutes at room 

temperature. The final pellet was resuspended in 10pl TE buffer. This solution was diluted 

to a final concentration of 5pg/pl and stored in 10pl aliquots.

2.12.2. Labelling of cDNA fragments with fa32P)dCTP and the removal of unincorporated 

nucleotides:Feinberg and Vogelstein (1984)

a) Random hexanucleotide primers: Purchased from Amersham

b) Sephadex G50 : Purchased from Pharmacia. The beads were swollen by autoclaving in

5 x SSPE

c) Phillips P4700 liquid scintillation counter

d) Aquasoi: Liquid scintillation fluid (Dupont)

50ng of DNA was denatured by boiling for 2 minutes. Strand extension was carried 

out by E.Coli Klenow polymerase (2U) in 50pl of a solution containing 50 pCi [a32P] 

dCTP (800-3000 ci/mM), 50mM Tris (pH8), 5mM MgCI2, 1mM 6-mercaptoethanol,



20pM dATP, 20 pM dTTP, 20pM dGTP, 0.2 M Hepes (pH 6.6) and 2 OD260 units /ml 

random hexanucleotide primers. Polymerization was allowed to continue for 12 hours at 

room temperature.The specific activity of the probe was estimated as described in section 

2.12.3.. Unincorporated label was removed from the probe by passing it through a 3ml 

Sephadex G50 DNA exclusion column that had been saturated with lOOpg denatured salmon 

sperm DNA. Probe was washed through with 5 x SSPE and collected in sixteen 100pl 

aliquots. The aliquots were counted on channel 1 of the scintillation counter. Aliquots 

representing the first peak of radioactivity were pooled. 32P counts of the final probe were 

counted in Aquasol on channel 3 of the scintillation counter.

2.12.3. Estimation of specific activity of probes 

DE81 paper: DEAE paper purchased from Whatman.

Before separation of incorporated label from labelled probe, the specific activity of 

the probe was estimated by dotting 1pl of reaction mix onto a piece of Whatman DE81 

paper. Unincorporated label was removed by 5 x 5 minute washes in 0.5M Na H2P04 

followed by a rinse in distilled water, a rinse in ethanol and 2 minutes drying under an infra 

red lamp. 32P activity was counted in Aquasol, on programme 3 of a Phillips P4700 

scintillation counter.

2.13. Preparation and labelling of oligonucleotide probes

2.13.1. Oligonucleotide preparation

The following oligonucleotides were synthesised using a 'Cyclone' DNA synthesizer 

(Bio Search Inc.)

a) Probe 0 38:5' TGG GAC TAT GGC CAG GGC TTT GTG AAT GAG GAG ATG AT 3

b) Probe 0 7 : 5' TC TAC TA 3'

c) Probe O43:5' TGG GAC TAC GGC CAG GGC TTC GTG AAT GAG GAG ATG ATC CGG G 3*

d) Probe 0 1 2  ; 5' C CCG GAT CAT CT 3'

Apparatus and solutions:

a)NAP 10 columns: Prepacked columns containing Sephadex G-25 purchased from 

Pharmacia

b)NEN presorb cartridge:

c)TEAA/ acetonitrile solution: 10 parts acetonitrile to 90 parts Triethylamine acetate 

(TEAA)

Oligonucleotides were removed from the synthesis column by heating the matrix in 

ammonia for 5 hours at 55°C. Ammonia was removed by lyophilization and the residue 

resuspended in 1 ml water and run through a NAP 10 column pre-equilibriated with 20ml 

ethanol. The sample was then lyophilized and resuspended in 200jil water.

The following oligonucleotides were synthesized using a 'Cruachem' DNA synthesizer: 

Probe 0 78 : 5' GCGCTCGCTCTGTCGCCG 3'

The terminal trityl group was left on the oligonucleotides. Oligonucleotides were released 

from the synthesis column and the ammonia removed as above. To ensuse that only full



length oligonucleotides were obtained, the residue was dissolved in 4ml 0.1M TEAA,

(pH7.0) and pumped through a NEN presorb cartridge which had previously been activated 

by washing with 10ml methanol and equilibrated with 5ml 0.1M TEAA (pH 7.0). Unbound 

oligonucleotides were washed off with 10ml TEAA/ acetonitrile solution, 25ml 0.5% 

trifluoro acetic acid and a further 10ml 0.1M TEAA. 10ml 35% methanol was then pumped 

through and the eluate collected in 1ml fractions. DNA was detected by measuring the OD260 

of each aliquot. DNA appeared in fractions 5 or 6.

2.13.2 Labelling of oligonucleotides with fct32P1dCTP (Studencki and Wallace, 1984).

Oligonucleotide 0 7 2 was used as a primer for chain extension on oligonucleotide 0 4 2  

by Klenow DNA polymerase. The melting temperature of the primer (Tm ) was first 

calculated using the empirical observation that in a solution with a cation concentration of 

1.17M (6  X SSC buffer), the Tm rises by 4°C for every G = C bond and 2°C for every A = T 

bond within a hybrid (Maniatis, 1982). For the hybridization between oligo 01 2  and oligo 

0 4 2  Tm=38°C. However the cation concentration in the Klenow reaction buffer is 0.06M .

The following equation (see Lathe etal., 1985 )was used to find the Tm under these 

conditions:

Tm (id2) = 18.5 Log n2 ^ 1  +Tm (Vi)
where \x2  and are the cation concentrations in the reaction buffer and 6X SSC 

respectively. According to this equation, Tm under the reaction conditions =14°C.

The oligonucleotides were hybridized by placing them at a concentration of 20ng/jil 

in 10jil of a solution containing 600mM NaCI and 300mM Tris (pH 7.5). The mixture was 

warmed to 37°C in a beaker of water. The water was then allowed to cool slowly to 4°C.

Primer extension was carried out in 100jLil of a solution containing 60mM NaCI, 30mM 

Tris pH7.5, 100pCi [a32P] dCTP(800Ci/mM), 25pM dGTP, 25|jM dATP, 25jiM dTTP.

Klenow DNA polymerase (5U)were added and the mixture incubated at 4°C. A further 5U of 

polymerase was added every hour for three hours. Specific activities of 1-4 x108cpm/»ig 

were obtained and estimated as described in section 2.12.3.

2.13.3.Labelling of oligonucleotides with |v32P]ATP

100-200ng oligonucleotide were 5' end labelled with 10U polynucleotide kinase for 

30 minutes in 10/al of a solution containing 50mM Tris, (pH 7.6), 10mM MgCI2, 5mM 

DTT, 100pM spermidine, 100pM EDTA and 10-20 pCi [y32P] ATP. The specific activity 

was estimated as described in section 2.12.3. and was usually found to be about 108cpm/|ug.

2.13.4.Removal of unincorporated nucleotides

a) Wash buffer:0.1M NaCI in TE (pH8).

b) Elution buffer: 1M NaCI in TE (pH8).

Labelled oligonucleotides were purified by binding them to a Whatman DE52 ion 

exchange column in the presence of wash buffer. Unincorporated label was washed off the 

column with 10-15ml of wash buffer. The sample was eluted with elution buffer and the



eluate collected in 100pl aliquots. Aliquots containing the labelled probe were pooled and 

stored frozen. The specific activity of the probe was estimated as described in section

2.12.3.

2.14. Chacterisation of RNA

2.14.1. Northern blot hybridization analysis

Two methods were used. The formamide gel method was found to be the most convenient. Both 

methods are essentially as described by Sambrook eta l (1989).

2.14.1.1. Electrophoresis of RNA following denaturation with alvoxal 

Loading buffer: 50% glycerol, 10mM NaH2P0 4(pH7), 0.4% bromophenol blue

20|ng of human total RNA was incubated at 50°C for 1hour in 1 7jjI of 16% glyoxal, 

lOmM NaH2P04. The sample was cooled to room temperature and 4pl of loading buffer added. 

The sample was loaded on a 1% agarose gel containig 10mM NaH2P04 (pH 7).

Electrophoresis was carried out at 4V/cm for 5 hours in 10mM NaH2P 04 (pH 7). Whilst 

the gel was running, the buffer was recycled with a peristalic pump. 10pg of total rat, 

yeast and E.Coli RNA were used as markers. The section used as markers was stained for ten 

minutes, at room temperature, in a solution containing 10mM NaH2P04 (pH 7) and 

33pg/ml acridine orange, destained in water for 30 minutes to 1 hour and photographed on 

a UV transilluminator. The gel was blotted directly onto nitrocellulose or nylon filters 

essentially as described in section 2.10. Hybridization to the filters was carried out 

essentially as described in sections 2.3.4.

2.14.1.2. Elelctrophoresis of RNA through oels containing formamide

a) 5 x formaldehyde gel running buffer:0.1M 3-(N-morpholino)propanesulphonic

acid (MOPS), 40mM sodium acetate, 5mM EDTA (pH8). Sterilized by filtration through a 

0.2pm Millipore filter.

b) Loading buffer: 50% glycerol, 1mM EDTA, 0.25% bromophenol blue, 0.25% xylene 

cyanol FF.

c) Formamide gel: A 1%, 50 ml gel was prepared by melting 0.5 g of agarose in 31.3ml 

of water. The molten agarose was allowed to cool to about 60°C. A volume of 8.9ml 12.3M 

formaldehyde and 9.8ml of 5 x running buffer was added. Preparation of the gel was done in 

a chemical hood. The gel was cast on a glass plate and allowed to set for at least 30 minutes.

RNA was concentrated by adding 0.1 volumes of sodium acetate and 3 volumes of 

ethanol. RNA was allowed to precipitate for 1hour at -70°C. The samples were then 

centrifuged at 10,000g for 10 minutes. The supernatant was removed and the pellets air 

dried. RNA was resuspended in 4.5pl water. Two pi of 5 x gel running buffer, 3.5pl 

formaldehyde and I 0pl formamide was added to each sample, and the samples incubated at 

65°C for 15 minutes. The samples were then chilled on ice. Two pi of gel loading buffer 

was then added. Before loading the the samples, the gel was prerun at 5V/cm. The gel was 

run submerged in 1 x gel running buffer at 3-4-V/cm. BRL RNA ladder was used for 

markers. When the bromophenol blue had run 8cm through the gel, the current was 

switched off and the well containing the markers was cut off and stained by immersing it in a



solution of 0.5pg/ml ethidium bromide in 0.1 M ammonium acetate. The markers were 

visualised and photographed over a UV transilluminator. Before blotting , excess 

formaldehyde was removed through several washes in water. The gel was blotted and 

hybridized as described in sections 2.10 and 2.3.4.

2.14.2. RNAse protection analysis

2.14.2.1. Template preparation

This method is based on those reviewed by Little and Jackson(1987).

DNA sequences of interest were subcloned into Bluescript vectors. These vectors 

contain the T7 and T3 phage promotors from which one can transcribe antisense probes that 

contain sequence complementary to the inserted fragment of DNA.

Large scale preparations of the recombinant Bluescript template were carried out 

essentially as described in section 2.6.2. except that a PEG precipitation step was included 

to remove all traces of RNA, as described in section 2.7.2. 10pg of the resulting plasmid 

was linearised by restriction digestion for 1 hour at 37°C with 50U of an appropriate 

restriction endonuclease in a total volume of I 00pl of the enzyme reaction buffer 

recommended by the distributor. The linearisation step was included so that the transcript 

was of a specific length and had a defined 3' terminus. 2pl of 10jng/jjl proteinase K and 10|nl 

of 10% SDS was added and the sample incubated at 37°C for 30 minutes. DNA was extracted 

twice with 1 volume phenol/chloroform and precipitated by adding 2 volumes ethanol and 

0.5 volumes 3M sodium acetate and incubating at -70°C for 5 minutes. DNA was pelleted by 

centrifugation at 1,000g for 1 minute. The pellet was washed in 70% ethanol, dried under 

vacuum and dissolved in 100^1 water.

2.14.2.2. RNA probe preparation

All reagents, apart from the following, were obtained in kit form from Stratagene.

a) Gel loading buffer: 95% formamide, 20mM EDTA, 0.05% bromophenol blue, 0.05% 

xylene cyanol

b) Hybridization solution : 80% formamide, 40mM PIPES, 0.4M NaCI, 1mM EDTA.

c) RNAse solution: A 40^g/ml solution was made up in a buffer containing 10mM Tris 

(pH7.5), 1mM EDTA, 200mM NaCI, 100mM LiCI.

d) Phenol pH5.5./choloroform: a 50:50 mixture of Phenol buffered in 

100mM Tris (pH 5.5)(essentially as described in section 2.1) and chloroform.

RNA was transcribed from 500ug DNA template by 10U of T3 or T7 DNA polymerase 

in 25jil of a solution containing 40mM Tris (pH8), 8mM MgC^, 2mM spermidine, 50mM 

NaCI, 400|iM rATP, 400|liM rCTP, 400mM rGTP, 40^M rUTP, 30mM DTT.1U RNase block 

II, 50|iCi [y32P] rUTP (specific activity 400 Ci/mM). The reaction was carried out for 

30 minutes at 37°C and the DNA template then digested with 10U RNase free DNase for 15 

minutes at 37°C. RNA was precipitated by making the volume up to 100^1 with DEPC treated 

water and adding 0.1 volume 3M sodium acetate and 3 volumes of ethanol. The sample was 

left on dry ice for 30 minutes and centrifuged at 10,000g for 10 minutes. The resulting 

discrete, white pellet was resuspended in 4jil of gel loading buffer, denatured by heating for



2 minutes at 80°C, and electrophoresed on a 42% urea, 7% acrylamide gel in 1 x TBE 

buffer (essentially as described in section 2.7.4., except that a Biorad model 220 dual 

vertical slab gel electrophoresis cell was used). The gel was run for for 20-30 minutes at 

15 V/cm and then autoradiographed for 30 seconds. A hole was cut in the film where the 

band appeared. This was used as a guide for cutting the labelled probe out of the gel with a 

sterile scalpel blade. The probe was then eluted from the gel by placing it in 1ml of 1mM 

EDTA, 0.5M ammonium acetate and shaking for 2 hours at 37°C. 30|jg of carrier tRNA was 

then added, the sample split into 3 equal aliquots and 3 volumes of ethanol added to each. RNA 

was precipitated at -70°C for 1hour and collected by centrifugation at 10,000g for 10 

minutes. The resulting pellets were resuspended in 1 0 0 jjI of hybridization solution.

2.14.2.3 Hybridization and digestion of the RNA probe.

30ug of total RNA was lyophilized and 1.5x105 cpm of probe added. The volume was 

made up to 3 0 jjI with hybridization buffer. The mixture was incubated at 42°C overnight.

3 5 0 jjI of 40ug/ml RNase A was then added and the sample was digested for 1 hour at 30°C. 

RNase A was digested by adding 38^1 of 10% SDS and 10jil S^g/m! proteinase K and 

incubating at 37°C for 30 minutes. The sample was then extracted twice with 1 volume 

phenol (pH5.5) I chloroform and precipitated by adding 0.5 volumes sodium acetate and 3 

volumes of ethanol. 50|jg of tRNA was used as a carrier in the precipitation.

After centrifugation and removal of ethanol, the sample was resuspended in 4jil of gel 

loading buffer and run on a 7% acrylamide sequencing gel (see section 2.7.4.). A 100 x 

dilution of the probe was run at the same time in order to check its integrity.

2.14.3. Primer extension analysis of RNA :

This method is essentially as described by Sambrook etal. (1989), but the 

conditions for hybridization were determined empirically.

a) Hybridization buffer: 40mM PIPES (pH 6.4), 1mM EDTA (pH 8.0), 0.4M NaCI 

containing 80% formamide.

b) Reverse transcriptase buffer: 50mM Tris (pH7.6), 60mM KCI, 10mM MgC^,

imM each of the nucleotides dATP, dTTP, dGTP, dCTP, imM dithiothreitol, 1 U/jul placental 

RNAse inhibitor

c) Loading buffer: The loading buffer supplied with the USB Sequenase kit was used.

d) Oligonucleotides: Probe 01 8  : 5* GCG CTC GCT CTG TCG CCG 3'

Oligonucleotides were 5' end labelled as described in section 2.13.4. except that the 

probe was not purified from unincorporated nucleotides. 1 x 105 cpm of probe with a 

specific activity of 108 cpm/jjg was added to 30^g of total liver RNA. 0.1 vol of 3M sodium 

acetate (pH 5.2) and 2.5 volumes of ethanol were added. The solution was placed at -20°C 

for 30 minutes and RNA recovered by centrifugation at 10,000 g for 10 minutes. The pellet 

was washed in 70% ethanol and dried in air. It was then redissolved in 30^1 of 

hybridization buffer and heated at 85°C for 10 minutes. The mixture was then incubated at 

2-4 °C overnight. 1 7 0 jjI of water and 400jul of ethanol was then added. The mixture was 

stored at 0°C fori hour and the nucleic acids precipitated by centrifugation ay 10,000 g for



15 minutes. The pellet was rinsed with 70% ethanol and dried in air. The pellet was 

redissolved in 20^1 of reverse transcriptase buffer and 50U of murine reverse 

transcriptase added. The mixture was incubated for two hours at 37°C. DNA was 

precipitated by adding 0.1 volume of sodium acetate and 2.5 volumes of ethanol and 

incubating for 1hour at -20°C. The resulting pellet was resuspended in 3 jjI of loading 

buffer. The reverse transcripts were fractionated on a 7% acrylamide sequencing gel as 

described in section 2.7.4.

2.15. Western blot analysis of recombinant bacteriophage proteins

2.15.1. Plating out of recombinant bacteriophage

A putative cDNA clone of rat b3 reductase had previously been isolated by the method 

of Young and Davis (1981)in this laboratory using an antibody raised to rat liver b5 

reductase (E. Shephard, unpublished). The was characterised further using the method 

described by Saul and Yeganeh (1986).

Phage were grown up on a lawn of E.coli Y1090 cells essentially in the same way as 

described in section 2.3.1. but with some modifications. A 5ml overnight culture of a single 

colony of cells was grown in L-broth containing 0.2% maltose at 37°C. Phage were plated at 

a density of 10-100 plaques on an 80mm plate. 6 0 j l l I  of 100mM IPTG was added to the cells 

just before plating. The plates were incubated at 42°C for 3-4 hours and placed directly in 

the fridge to minimise protease digestion.

2.15.2. SDS polvacrvlamide gel electrophoresis (Phillips etal. 1981)

2.15.2.1. Gel preparation

a) 30% acrylamide stock:29.2% acrylamide, 0.8% N,N' methylenebis acrylamide

b) Stacking gel: For 10ml stacking gel, 1ml stock acrylamide was added to 2.5ml of a 

solution containing 0.4% SDS, 0.5M Tris (pH 6.8) and 6ml water. The gel was polymerised 

by adding 0.5ml 0.1% ammonium persulphate, and 10jjI of TEMED.

c)Separating gel: for 22.5ml, 7.5ml of stock acrylamide was added to 5.65 ml of a 

solution containing 0.4% SDS, 1.5M Tris (pH 8.8), 8.25ml of water. The gel was 

polymerised by adding 1.15ml 0.1% ammonium persulphate and 17jil of TEMED.

d) Electrophoresis plates: Two glass plates of 17.5cm x 12cm and 17.5 x 14 cm were 

used.

e) 2 x loading buffer: 0.125M Tris (pH6.8),10% SDS, 10% p-mercaptoethanol, 20% 

glycerol, 0.002% BPB.

The separating gel was poured to a depth of 8cm and overlayed with a small layer of 

0.1% SDS. The gel was allowed to s e t. A comb was inserted between the plates and 1cm of 

stacking gel poured and allowed to set.

2.15.2.2. Sample preparation

a) Microsomal membrane samples (prepared as described by Shephard, 1982): were 

diluted to a protein concentration of 1mg /ml in 1%(w/v) SDS, 10mM sodium phosphate 

buffer (pH 7.0), 1% (v/v) p-mercaptoethanol, 15% (v/v) glycerol, 0.01% (w/v) BPB.



The sample was boiled for three minutes and 1jjI of p-mercaptoethanol added,

b) Recombinant phage protein: Individual plaques were picked using a clean 1mm 

diameter capillary. Plaques were pushed directly into wells using a drawn out capillary 

inserted into the 1mm capillary. Each plug was overlayed with 2 x loading buffer.

2.15.2.3. Fractionation of samples

Samples were run through the stacking gel by passing a current of 15mA through the gel 

with the anode at the bottom. When the bromophenol blue had reached the separating gel, the 

current was increased to 30mA.

2.15.3. Western blotting

a)Running Buffer:25mM Tris (pH8.3), 192mM glycine, 20% methanol.

The gel was removed from the apparatus and placed on a piece of Schleicher and 

Schuell membrane filter. Transfer of proteins to the filter was carried out by placing the 

gel and the filter in a Biorad electroblotting apparatus, immersing them in running buffer 

and passing a current of 0.1 A through them overnight (the gel was orientated towards the 

anode).The current was then turned up to 0.6 A for 1.5 hours.

2.15.4. Analysis of immobilised proteins using an antibody raised to rat microsomal b5 

reductase

The Protoblot immunoscreening system purchased from Promega Biotec was found to 

give good results.

a) TBS :10mM Tris (pH8.0), 150mM NaCI

b) Blocking solution: 3% gelatin in TBS

c) TTBS: TBS +0.05% tween

d) Anti b5 reductase antibody solution : antiserum that had previously been adsorbed 

with Xgt11 lysate was diluted by a factor of 1:100 in TTBS, 1% gelatin.

e) Alkaline phosphatase (AP) buffer: 100mM Tris (pH9.5), 100mM NaCI, 5mM 

MgCI2

f) Reaction stop buffer:20mM Tris (pH 8.0), 5mM EDTA.

g) Second antibody: Anti-rabbit IgG (Fc) alkaline phoshatase conjugate, at a 

concentration of 10Ong/ml in TTBS.

h) Colour development substrate solution: m a d e  u p  ju s t  b e f o r e  u s e .  6 6 jn l o f  

5 0 m g /m l  NTB (n i t r o  b lu e  t e t r a z o l iu m )  s u b s t r a t e ,  w a s  a d d e d  t o  1 0 m l  o f  AP b u f fe r .  3 3 jliI o f  

BCIP ( 5 - b r o m o - 4 - c h lo r o - 3 - in d o y l - p h o s p h a t e ) s u b s t r a t e  w a s  m ix e d  w it h  th is  s o lu t io n .

The filter was immersed in TBS for 10 minutes. It was then immersed in blocking 

solution for 45 minutes. The blocking solution was discarded and the filter was covered in 

1st antibody solution for 2 hours. The filter was then rinsed briefly in double distilled 

water, and rinsed twice in TTBS. 15ml of second antibody was added the filter incubated for 

30 minutes at room temperature. The second antibody was then removed and the filter was 

washed twice for 5 minutes with TTBS. The filter was blotted dry on a piece of tissue paper 

and immersed in colour development solution. The colour was allowed to develop for 30



minutes. The filter was then immersed in stop solution and stored between two pieces of 

filter paper.



3. Results Chapter I : Characterisation of cDNA clones encoding b5 reductase

3.1. Characterisation of a putative cDNA clone encoding rat liver b5 reductase

The purification of rat microsomal bs reductase and its use in the raising of an 

anti-b5 reductase serum in rabbits was carried out in this laboratory and has been

described previously (E. Shephard, 1982). The antibody was subsequently used to screen a 

rat liver cDNA library using the methods of Young and Davis (1983). At the commencement 

of the work described in this thesis, two cDNA clones, XK2,1,1,1 and XK2.3,1,1 had been 

isolated that, when used to infect E.coli Y1090 cells, expressed protein that bound to the b3

reductase antibody. The proteins expressed by these two clones were further characterised 

by western blot analysis (see section 2.15.). The results of this experiment are shown in 

fig 3.1. XK2,1,1,1 expressed a high molecular weight protein of about 67kDa that bound 

strongly to the antibody. This is of a size expected of a (3-galactosidase fusion protein.

A large scale x DNA preparation was carried out on XK2.1,1,1 as described in section

2.4.2. Digestion of the DNA with Eco RI generated 2 fragments, one of 724 bp and the other 

of 412 bp. These two fragments were ligated into M13mp 19 RF vector (fig 2.1). None of

the DNA sequence obtained coded for the published amino acid sequence of b5 reductase.

Analysis of sequence obtained from the 4 l2bp fragment, however, identified it as belonging 

to the rat mitochondrial genome (data not shown). The explanation for this is not known. 

Further characterisation of clone XK2,1,1,1 has not been carried out.

3.2 Isolation of a 700bp fragment of a cDNA clone encoding human liver b5 reductase

The initial strategy used to isolate a human cDNA encoding b5 reductase was to

construct an oligonucleotide based on the previously published amino acid sequence of human

erythrocyte b5 reductase (Yubisui etal, 1986). The problem of the degeneracy of the

genetic code was overcome by referring to the work of Lathe (1985). Despite the fact that 

most amino acids can be encoded by more than one codon, different codons are utilised at
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Fig 3.1 W estern b lo t ana lys is  o f p ro te ins  expresssed  by recom b inan t 
bacteriophage clones.

Recombinant Agt1 1 bacteriophage clones were loaded directly onto an SDS 
polyacrylamide gel using the method of Saul and Yeganeh (1986)(see section 
2.15.2.2). Microsomal protein was prepared for electrophoresis and loaded onto 
the gel using the method described in section 2.15.2.2. Proteins were 
fractionated and blotted onto a nitrocellulose membrane (section 2.15.3.). The 
immobilised proteins were analysed using an antibody raised to rat microsomal 
b5  reductase (see section 2.15.4.). Track a) Xk2,3,1,1; b) Xk2,1,1,i;c) 50jjg
rat microsomal protein; d) Ak2,1,1,1; e) Ak2,3,1,1. The molecular weights of 
the proteins that bound to the antibody are shown in kDa.



different frequencies. Lathe carried out a statistical analysis of the frequencies of codon 

usage within a large sample of human sequences. On the basis of this work, the following bs

reductase sequence, located between amino acids 232 and 245 of the sequence published by

Yubisui eta l.(1986) was selected because it contained a large proportion of amino acids for 

which the degeneracy of the genetic code is low. This sequence is shown below.

N Trp Asp Tyr Gly Gin Gly Phe Val Asn Glu Glu Met lie C

It corresponds to amino acids 244 to 256 of the complete amino acid sequence of steer liver

b5 reductase (Ozols etal., 1985). The following oligonucleotide called O33 was made on the 

basis of the sequence:

5’ TGG GAC TAT GGC CAG GGC TTT GTG AAT GAG GAG ATG AT 3  

Table 3.1 summarises how the sequence of the oligo was chosen.

Amino acid sequence Trp Asp Tyr Gly Gin Gly Phe Val Asn Glu Glu Met lie

Possible codons TGG GAG TAT GGTT CAA GGT TTT GTT AAT GAA GAA ATG ATT
GAC TAC GGC CAG GGC TTC GTC AAC GAG GAG ATC

GGG GGG GTG ATA
GGA GGA GTA

Codons chosen TGG GAC TAT GGC CAG GGC TTT GTG AAT GAG GAG ATG AT

% Occurance 100 62 53 44 74 44 65 50 66 60 60 100 100

Table 3.1: The design of probe O3 0  using codon usage data.

The table shows the amino acid sequence of human b5 reductase between
amino acids 232 and 245 (Yubisui et al., 1986). Underneath are all 
the possible codons that could code for this peptide. The codons chosen 
for the construction of probe 03$ are then listed. Finally, the estimated
percentage probability that the chosen codon encodes the specified 
amino acid in the b5 reductase cDNA is given ( see Lathe, 1985).

To label the oligonucleotide to a high specific activity, the method of labelling 

described by Studencki and Wallace (1984) was used (see section 2.13.2.). A 7mer 

oligonucleotide called O7 with sequence 5' TC TAC TA 3' was used as a primer from which to 

extend a labelled DNA strand using Klenow DNA polymerase. Labelling was unsuccessful



probably because the priming oligo was too short to allow stable hybridization to the 

template under the buffer conditions used.

While the work described above was being carried out, the sequences of partial 

human liver and placental cDNAs encoding b5 reductase were published (Yubisui et al,

1987). These sequences are shown in fig (3.2). The amino acid sequence encoded by these 

cDNAs corresponded exactly to the known amino acid sequence of the soluble erythrocyte 

form of the enzyme (Yubisui et al., 1986). This further supported the hypothesis that the

soluble and membrane bound forms of bs reductase are encoded by a single gene.

A probe was made directly from the published nucleotide sequence. The nucleotide 

sequence encoding amino acids 244-256 of the human liver enzyme was :

5' TGG GAC TAC GGC CAG GGC TTC GTG AAT GAG GAG ATG AT 3 

The only two differences from the predicted sequence are shown in bold type. The published 

sequence of the human liver cDNA clone was used to make the following oligonucleotides; 

Oligo. 0435 TGGGACTACGGCCAGGGCTTCGTGAATGAGGAGATGATCCGGG 3

Oligo. 0 1 2  5’ CCCGGATCATCT 3

The relative position of 04 3  with repect to the published human liver cDNA sequence is 

indicated in fig 3.2. Oligonucleotide O72 was used as a primer from which to extend a strand 

on O43, using Klenow DNA polymerase in the presence of [a32pj labelled dCTP. The 

priming site in oligo O43 is underlined. There are 13 places where labelled C residues can 

be incorporated (bold type) into the extended strand. Oligo O f2  was calculated to be

sufficiently long to remain hybridized to oligo O43 under the salt conditions used for the

elongation reaction (see section 2.13.2).

The specificity of the probe was tested by northern blot hybridization analysis of 10 

of 20 îg of total human and 10 or 20 ^g of total rat RNA (section 2.14.1.1.). The probe 

hybridized to one broad band of about 1.9kb in the human RNA tracks (fig 3.3). No 

hybridization to rat RNA was detected. The low intensity of the signal was consistent with



Fig 3.2: The nucleotide sequences of human b5 reductase cDNAs isolated by 
Yubisui et a/. ,(1986).

The sequences of the cDNAs, and their translated amino acid sequences are 
labelled as follows. pbsR-P: human placental cDNA. pb5R141 :human liver cDNA.
H.P.b5 R: amino acid sequence obtained by the translation of pb5R-P. H.L.b5R:
amino acid sequence obtained by the translation of pb5R14l. Features of the
sequence are indicated as follows. The underlined sequence was used to make 
probe O43 Pst I sites are boxed with solid lines. Eco RI linker sequences are
bracketed. The sequence boxed with dashed lines does not code for any known b5
reductase sequence.
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Fig 3.3: Northern b lo t hybrid iza tion  analysis of human and rat to ta l RNA

In order to test the specificity of probe 04 3  , 10 or 20 pg of total RNA isolated
from rat and human liver were denatured with glyoxal, fractionated on an agarose 
gel, and transferred onto a nitrocellulose filter as described in section 2.14.1.1. 
The filter was hybridized to probe 0 4 3  essentially as described in section
2.3.4.2. Track a)20pg human RNA; b)10pg human RNA ; c)20pg rat RNA;
d)10pg rat RNA. The lengths of the hybridizing fragments are shown in 
kilobases. The arrow at the top left hand corner indicates the origin of 
electrophoresis.



previous immunoprecipitation assays carried out on in vitro translated rat liver mRNA 

which indicated that bs reductase represents less than 0.01% of the total message ( E. 

Shephard, unpublished). The size of the RNA to which the oligonucleotide probe hybridized 

was similar in length to the truncated cDNA previously published by Yubisui eta l.{1987) 

suggesting that this clone was in fact very nearly full length.

Having established the specificity of the probe, 300,000 plaques from a human liver 

xgtl 1 library were screened at a density of 40,000 to 50,000 plaques per 180mm 

diameter plate ( see section 2.3.). Seven plugs were picked corresponding to the positions 

of positive signals. A second round of screening was carried out on 80mm agar plates at 

plaque densities of 1,000 plaques per plate. Only one of the samples contained phage that 

hybridized to the probe at the second round of screening. This positively hybridizing clone 

was purified by one further round of screening on an 80mm plate at a plaque density of 100 

plaques per plate. The third round of screening was carried out using a probe made by end 

labelling oligo 0 4 3  with T4 polynucleotide kinase (see section 2.13.3). The specific

activity of this probe was sufficiently high to detect the third screen positives. The purified 

clone was named XB5R1. Examples of positively hybridizing plaques using a primer 

extended probe for the 1st and 2nd screens and an end labelled probe for the third screen are 

shown in fig3.4.a to c.

3.2.1 Restriction endonuclease analysis of XB5R1

XB5R1 was digested with Eco RI to liberate the insert from the cloning site of the

vector. However, despite the fact that the DNA sample hybridized strongly to the oligo 0 43,

no insert was liberated. To determine whether one or both of the Eco RI sites had not been 

regenerated after transfection, the DNA was further digested with Bam HI. This generated 

five fragments of 5.5; 6.5; 7.9; 11.2; 14.1 kb. The expected fragments from digestion of 

Xgt 11 with Bam HI and Eco RI are 5.5; 6.5; 6.4; 11.2; 14.1 kb. The only difference 

between the fragments generated by x g tl 1 and XB5R1 is that the latter liberates a 7.9kb 

fragment instead of a 6.4 kb fragment. Southern blot hybridization analysis (see section



Fig 3.4: The iso la tion  and characterisa tion  of clone XB5R1

Figs a) to c) show photographs of autoradiographs obtained from the first (a). 
second(b) and third (c) screens of a human liver cDNA library. Bacteriophage 
were plated out as described in section 2.3.2. The phage were transferred to 
nitrocellulose filters and denatured as described in section 2.3.3. The filters 
were hybridized with 5 x 106cpm/ml of probe O4 3  and washed as described in 
section 2.3.4.2. They were then autoradiographed for 48 hours. The positions of 
positively hybridizing plaques that contain AB5RI are indicated by arrows.
a)The f irs t screen. 300,000 plaques from the cDNA library were plated out 
at a density of 100 plaques/cm2. The plaques were screened with probe O43 that
had been labelled with [a32PJ labelled dCTP to a specific activity of 2 x 108 
•cpm/pg as described in section 2.13.3. b) The second screen. The positvely 
hybridizing plaque shown in a) was picked and phage were eluted and plated out at 
a density of 20 plaques/cm2 on an 80mm agar plate as described in section 2.3.6. 
The plaques were screened with Probe O43 that had been labelled with [a32P]
labelled dCTP to a specific activity of 1 x 108 cpm/pg. c)The th ird  screen. 
The positvely hybridizing plaque shown in b) was picked and phage were eluted 
and plated out at a density of 2 plaques/cm2 on an 80mm agar plate. The plaques 
were screened with Probe O4 3  that had been labelled with [y32P] labelled ATP to 
a specific activity of 1 x 108 cpm/pg as described in section 2.13.4. d) 
Southern b lo t hybrid iza tion  analysis of XB5R1 DNA. DNA was double 
digested with Bam HI and Eco RI and fractionated on an agarose gel as described in 
section 2.9. The DNA was transferred onto a nitrocellulose filter as described in 
section 2.10.The filter was hybridized with 1x 106cpm/ml of probe O4 3  that
had been labelled with [y32P] to a specific activity of 1 x 108 cpm/pg. The 
length of the hybridizing band is shown in kilobases. e). Restriction maps of
i) x g tH  and li) XB5R1, with respect to Bam HI and Eco RI sites. The two 
maps differ only in the sizes of the fragments whose lengths are shown (in 
kilobases). The vertical arrow shows the expected position of an Eco RI site that 
is thought not to have been regenerated after transfection.
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2.10.) of the fragments generated by digestion of AB5R1, using oligo 0 43 revealed that the 

insert was contained within this 7.9 kb fragment (fig 3.4. d). A comparison between the 

restriction maps of AB5R1 and Agt11 is shown in fig 3.4.e . From the restriction map of 

AB5R1, it is evident that the insert length is about 1,500bp and that the Eco R I site 

orientated towards the right arm of the phage was not regenerated after transfection .

To generate a fragment of the cDNA insert that could be used in further analysis,

AB5R1 was digested with Pst I. Agarose gel electrophoresis of the digested DNA revealed that 

many fragments had been generated. This was due to the large number of Pst I sites that are 

present in the Agt11 arms. However, Southern blot hybridization analysis of the gel with

oligo O43, revealed a single hybridizing fragment of 700 bp in length. The size of this

fragment was consistent with the published sequence of bs reductase (fig 3.2.). The total 

Pst I digested DNA was Ligated into Bluescript and transfected into Stratagene XL1 Blue cells 

(see section 2.5.). 100 white colonies were obtained which were then screened using the 

04 3. (section 2.5.5.1.). Six positively hybridizing colonies were picked and plasmid DNA 

isolated from them as described in section 2.6.1 (see fig 3.5.a.). Restriction endonuclease 

digestion of the DNA with Pst I revealed that one of these clones contains a double insert. One 

of the inserts was of 0.7 kb in length. The other was of about 1.2 Kb in length. Southern blot

hybridization analysis using O4 3  identified the 0.7kb insert as that belonging to the cDNA

insert of AB5R1 (fig 3.5.b track c). This clone was named pB5R1. Its 0.7kb insert was 

ligated into M13 mp19 and transfected into JM101 Cells as described in section 2.7.1.1.

The DNA sequence of the insert was determined and was found to be 100 % homologous to a

Pst I flanked sequence within the published bs reductase cDNA (Yubisui etal. 1986). An

example of a sequencing ladder obtained by sequencing single stranded M13 DNA is shown in 

fig 3.6. This sequence was 737 bp in length. The relative positions of the Pst I sites with 

which the insert of pB5R1 was generated with respect to the published cDNA sequence is 

shown in fig 3.2.
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f ig  3.5: The iso la tio n  o f c lone pB5R1

a )S creen ing  o f b a c te ria l co lo n ie s  for ce lls  tha t contain human b 5 
reductase cDNA. XB5R1 DNA was digested with Pst I and ligated into Blues:ript 
using the methods described in section 2.5. DNA was transfected into Stratacene 
XL1 blue cells using the method described in section 2.5.4. The resuting 
colonies were transferred onto nitrocellulose membranes as described in section
2.5.4.1. Probe was labelled as described in section 2.13.3. and 106cpm/nl of 
probe was hybridized to the filters as described in section 2 .3.4.2 . T ie  filers 
were then autoradiographed. The position of a positively hybridizing colon' is 
indicated with arrows. b )S ou the rn  b lo t h y b r id iz a tio n  ana lys is  of CNA 
isolated from positively hybridizing colonies. DNA was digested with Pst I md 
fractionated on an agarose gel as described in section 2.9. The DNA vas 
transferred onto a nitrocellulose filter as described in section 2.10. The liter 
was hybridized and autoradiographed as described above. The following cloies 
were analysed. p1.14 (track a), p1,13b (track b) and pB5R1(track c). 'he 
length of the hybridizing band is shown in base-pairs. The band of lig ie r 
molecular weight is due to partial digestion of the plasmid DNA. The arrow at the 
top right hand corner of the photograph marks the origin of electrophoresis.
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Fig 3.6: Example of a ladder obtained by sequencing of single stranded DNA 
derived from  recom binant in  M13 bacteriophage.

DNA was prepared using the method described in section 2.7.1. Sequencing was 
carried out using the methods described in sections 2.7.3.2 and 2.7.3.2. One set 
of four tracks are labelled t, c, g, a. These letters denote the particular 
dideoxy-nucleotidede mix (ddTTP, ddCTP. ddGTP and ddATP respectively) used to 
generate the ladder in the corresponding track. The arrow points to a stop site 
that was later succesfully removed using single stranded binding protein. See 
section 2 .7.3.4.



3.3 Isolation of an 1.800 bp cDNA encoding human liver b5 reductase

Because a full length cDNA had not been isolated, it was necessary to rescreen the 

human liver library, using the same general techniques as those used in section 3.2. The 

737bp cDNA fragment described in the previous section was used as a hybridization probe. 

To prepare this fragment for use as a probe, plasmid pB5R1 was prepared from 100ml of 

cell culture (see section 2.6.2.) and its Psf I generated insert isolated using the method

described in section 2.12.1.2. This will be referred to as probe C737. The probe was

labelled by extension from random hexanucleotide primers as described in section 2 .12.2. 

Specific activities of the probe were generally in the order of 5x108 cpm/|jg. Hybridization 

was carried out with ~3ng/ml probe (about 106cpm/ml). 450,000 plaques were screened

at a density of 40,000- 50,000 plaques per 180mm diameter plate. Twenty two plugs were 

taken from the plates corresponding to the positions of positively hybridizing plaques. In 

order to select samples containing the longest possible inserts so that the number of phage 

carried through to the second and third screens could be minimised, phage were eluted from 

the plugs, amplified, titred, and DNA prepared from plate lysates of each sample (see section

2.4.3.). 1 )ag of DNA isolated from each phage sample was digested with Eco RI and 

fractionated on a 0.6% agarose gel. Individual inserts were at too low a concentration to be 

seen on the etnidium bromide stained gel. Southern blot hybridization analysis of this gel

using probe C737 was carried out in order to select for phage samples containing 

hybridizing DNA insert of approximately 1.9kb in length (see section 2.10.). Bands were 

visible after an overnight exposure of the blot (fig 3.7). One sample contained a hybridizing 

insert of approximately 1.8kb in length (fig 3.7.track a.). A pure hybridizing phage clone 

was isolated from the corresponding phage sample through two further rounds of screening. 

This clone was called XB5R2. A large scale DNA preparation of XB5R2 DNA was carried out 

(see section 2.4.2.). The DNA was digested with Eco RI and the insert was ligated into 

pUC19 and transfected into E.coli JM101 cells (see section 2.5.). The resulting plasmid 

was called pB5R2. At the same time, the insert was ligated into M13 mp19 and transfected



Fig 3.7: Size selection of cDNA clones isolated from the first round of
screening of a human liver cDNA library.

Probe C7 3 7  was used to screen a human liver cDNA library as described in
section 3.3. Plugs of agar were taken that corresponded to the positions of 
posiively hybrisiding plaques. Phage were eluted from the agar plugs and DNA 
was prepared from them using the plate lysate method described in section 2.4.3. 
DNA was digested with Eco RI and analysed by Southern blot hybridization 
analysis as described in section 2.10. The conditions for hybridization were the 
same as those described (in section 3. 3)for the screening of the cDNA library. 
The figure shows the analysis of eleven of the twenty two clones. Clone AB5R2 is 
in track a. The length of its cDNA insert is indicated in kilobases. The arrow at 
the top right hand corner indicates the origin of electrophoresis.



into E.coli JM101 cells (see section 2.7.1.1.). Sequencing of the 5' and 3’ ends of pB5R2 in 

M13 (see section 2.7.) gave identical sequence to the 5' and 3’ ends of the cDNA named

pb5R14l isolated from the same human liver library by Yubisui era/.(1987)(see fig3.2.)

The cDNA starts at the 5’ end with a 24 bp sequence that does not encode the known b5

reductase amino acid sequence. This sequence is followed by sequence coding for amino acids 

Leucine 35 onwards. Sequencing from the 3' end revealed a poly-A tail leading into 

non-coding region of exact homology to the sequence of pb5R141 ( Yubisui et a/., 1987).

3.3.1. Restriction endonuclease digestion of PB5R2

To generate DNA fragments that could be used as cDNA probes representing the 3’ and 

5' end of the b5 reductase transcript, pB5R2 was digested with Eco RI and Pst I. This

generated 3 fragments of 0.7kb, 0.6kb and 0.5kb respectively. These correspond to the sizes 

predicted from the published sequence of clone pb5R141 (Yubisui et a/., 1987). The 

predicted sizes are 737bp, 588bp and 486bp respectively. The 737 bp fragment has been 

discussed in section 3.2.1. The 588bp and 486bp fragments are Eco RI-Pst I generated 

fragments that represent the 3' and 5' ends of clone pB5R2 respectively. These two 

fragments were purified from an agarose gel and will be referred to as probes C^qq and

C486 • Their relative positions with respect to clone pB5R2 are shown in fig 3.10.

3.4. Isolation of a cDNA that encodes the entire length of human placental b5 reductase

As we were unable to isolate a full length cDNA clone encoding bs reductase from the 

liver library, a 34 week human placental library ( Clontech) was screened with probe 

C4 8 6  • The library contains 1 x106 independent clones and has a mean insert length of 

1,8kb. 200,000 plaques were screened at a density of 40,000-50,000 plaques per 

180mm plate. The C4qq probe was used in order to select for cDNA clones containing

sequence representing the 5' end of the b5 reductase transcript. Thirty six plugs were taken



from the first round of screening. Five of the most strongly hybridizing plaques were 

selected for further purification. DNA isolated from four of the clones called A3,2;

A21,1,1 ; A24,1,1 and A28.1,1 were digested with Pst I and Eco RI and the fragments 

fractionated on an agarose gel. Southern blot hybridization analysis of the gel was carried

out using probe C4 8 8  , in order to map the 5' ends of the clones in relation to the position to 

which probe C4 8 8  was known to map (fig 3.10.). Clone A24.1,1 liberated the longest

hybridizing fragment. This was 617bp in length (fig 3.8 track c). This clone also contained 

two fragments that did not hybridize. These were a 0.7kb fragment that was assumed to be

the Pst 1 generated fragment corresponding to probe C737 (see section 3.1.2.), and a 550

bp fragment assumed to be the Pst I-Eco RI generated fragment that overlaps probe C5 8 8  

(see fig 3.10.).

3.4.1 Subclonina and sequencing of the human placental cDNA

In order to subclone the cDNA for further analysis, A24.1,1 DNA was digested with 

Eco RI and its insert ligated into pUC19 and transfected into £. coli JM101 cells. The 

resulting plasmid was called pB5R3. The 617bp and 550bp Psf1-EcoR1 generated 

fragments of A24,1,1 were ligated into pUC19 and transfected into E.coii JM107 to make 

plasmids pB5R4 and pB5R5 respectively (fig 3.10). To make a subclone of DNA 

representing only the 5’ end of the cDNA, A24,1,1 DNA was digested with Xho^ and EcoR1. 

This generated a 146bp fragment that was ligated into Bluescript SK vector (fig 2.2) and 

transfected into E.coii JM101 cells to make plasmid pB5R6 (fig 3.10).

The cDNA insert of plasmid pB5R5 that represents the 3’ terminal 550bp of 

A24.1.1 (pB5R3) was completely sequenced from forward and reverse sequencing primers 

(fig 2.1.), using the method for sequencing double stranded DNA that is described in section 

2.7. An example of a sequencing ladder obtained using this method is shown in fig 3.9. The 

sequence was almost identical to the corresponding region of pb5R141 isolated by Yubisui et 

al. (1987) and showed that the 3' terminus of the cDNA insert of clone pB5R3 is at a



Fig 3.8: Size selection of cDNA clones isolated from a human placental cDNA
l i b r a r y .

A human placental library was screened with probe C486, as described in section
3.4 . Five clones were purified. DNA was isolated from four of the clones using 
the method described in section 2.4.3. The DNA was digested with Pst I and Eco RI 
and analysed by Southern blot hybridization (see section 2.10.)The blot was 
hybridized to probe C48$ using essentially the same methods and conditions as
those described in the legend to fig .3.7. The hybridizing fragments correspond to 
the cDNA sequence that lies upstream of the 5' most Pst I site of the cDNA (see 
fig 3.2). The four clones analysed were, X3,2 (track a); X21,1,1 (track b); 
X24.1,1 (track c) and X28.2 (track d). Clone X24,1,1 was selected for further 
analysis because it contained the longest hybridizing fragment. The length of this 
fragment is indicated in kilobases. The arrow at the top right hand corner 
indicates the origin of electrophoresis.



Fig 3.9: Example of a ladder obtained by sequencing of plasmid DNA

DNA was prepared using the method described in section 2.7.2. Sequencing was 
carried out using the methods described in sections 2.7 .3.2. and 2.7.3.2. The 
labelling of the tracks is explained in the legend to fig. 3 .6 .
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position that maps 24bp upstream of the polyadenylation site. A combination of sequencing 

of plasmids pB5R3 and pB5R4, as shown in fig 3.10, enabled the complete nucleotide 

sequence of the 5’ terminal 617bp of pB5R3 to be determined. The cDNA starts at its 5' end 

with a 35bp leader sequence that contains a consensus CCACC ribosome binding site (Kozak, 

1984)) situated immediately upstream of an ATG initiation codon. This is followed by codons

encoding the N-terminal 6 amino acids of human liver bs reductase (Murakami ef a/.,

1989) for which cDNA sequence had not been previously determined. This is followed by 

sequence that is almost identical to the corresponding region of pb5R-P (Yubisui etal.,

1987, see fig3.2). The full cDNA sequence of b5 reductase (as constructed from the 

sequencing data derived from DNA fragments represented by plasmids pB5R1, pB5R3 and 

pB5R4), is shown in fig 3.11. Differences from the previously published cDNA sequences 

are indicated in this figure.

3.5. Primer extention analysis of RNA isolated from human liver

To map the 5' end of the mRNA encoding b5 reductase in human liver, an 18 mer

oligo called 0 f8  was constructed on the basis of the 5‘ non coding, leader sequence of cDNA

clone pB5R3. The sequence of this primer is shown in section 2.14.3. It is complementary 

to nucleotides 17 to 34 upstream of the translational start site of cDNA clone pB5R3. The

position to which it was designed to hybridize is indicated in fig 3.11. Probe 0 1 8  was 5' end

labelled and hybridized to 30pg of total RNA extracted from human liver. Different 

conditions were used in order to ensure that the probe hybridized specifically ( see the 

legend to fig 3.12. for details). A DNA strand was then extended from the probe with reverse 

transcriptase. The size of the DNA product was determined by electrophoresis on an 

acrylamide sequencing gel. The result is shown in fig 3.12. A single 77nt extention product

was detected. This result suggests that b5 reductase mRNA is transcribed from a single 

transcriptional start site that maps 93nt upstream of the ATG initation codon and 57nt from 

the 5' end of cDNA clone pB5R3.
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Fig 3.12: Prim er extension analysis of to ta l live r RNA

Probe O 7 3  was end labelled with [y3 2 P] labelled ATP as described in section
2.13.4. It was then hybridized to 30pg of total liver RNA. A DNA strand was 
extended from the primer using 5U of murine reverse transcriptase in the 
presence of deoxynucleotide triphosphates. The resulting DNA strands were 
fractionated on a polyacrylamide gel. The gel was then dried and autoradiographed 
for one week. The methods used are described in section 2.14.3. The 'A' track of a 
sequencing ladder of M13 m p l8  was used as a marker (track z). Different 
hybridization conditions were used. Track a: 80% formamide, 2°C. Track b: 
80% formamide at 20°C. Track c: 50% formamide at 30°C. Track d: 60 % 
formamide at30°C. Track e : 70% formamide at 30°C. The length of the extended 
fragment is shown in base pairs.



From the results of primer extention analysis and the data obtained from 

characterising cDNA clones pB5R1, pB5R2 and pB5R3, it is possible estimate the size of the

mRNA encoding membrane bound b5 reductase. cDNA clone pB5R3 is 1873bp in length. Its

3' end maps 24bp upstream of the polyadenylation site that is present at the 3' end of clone 

pB5R2. From primer extention analysis it is known that the 5' end of pB5R3 maps 57nt 

downstream of the transcriptional start site. The size of the mRNA encoding membrane

bound b5 reductase (excluding the poly-A tail) can therefore be estimated as 1873+57+24

nt = 1954nt. This is very close to the size of the RNA band that hybridized to total human 

liver RNA in the preliminary Northern blot hybridiziation analysis described in section

3.2.

3.6. Northern blot hybridization analysis of RNA extracted from human liver

In order to further compare the estimated size of mRNA encoding membrane bound b5

reductase (see section 3.5) with the actual size of the mRNA species encoding b5 reductase 

in human liver, 30|jg and 60 jag of total RNA extracted from human liver were fractionated 

on an agarose gel containing formaldehyde, as described in section 2.14.1.2. (The RNA used 

was extracted from the same human liver sample as that used for the primer extention 

analysis described in section 3.5., but from a different liver sample to that used in the 

preliminary Northern blot hybridization analysis described in section 3.2.) The RNA was

transferred onto a nylon membrane and hybridized to probe Cqqq (see fig 3.10). The 

result is shown in fig 3.13. Two bands are visible corresponding to RNA species of 2.1 kb and 

3.9kb respectively. The 2.1 kb band is the most intense. Its size is consistent with data

obtained from the characterisation of cDNA clones encoding bs reductase and is similar in

size to the broad band that hybidised to probe 04 3  in the preliminary Northern blot

hybridization analysis described in section 3.2. The presence of the larger 3.9kb species, 

however, is inconsistent with this earlier result. This species could represent a transcript 

that terminates at an alternative polyadenylation site.



3.13: Northern blot hybridization analysis of human liver RNA

30 or 60jjg of total RNA isolated from human liver were fractionated on an 
agarose gel containing formamide as described in section 2.14.1.2., and 
transferred onto a nylon filter as described in section 2.14.1.1. The filter was 
hybridized to probe C6 0 0  using the method described in section 2.3.4.1. Track
a)60jjg RNA b)30^g RNA. The lengths of the hybridsizing fragments are shown 
in kilobases. The arrow at the top right hand corner indicates the origin of 
electrophoresis.



4. Results chapter II: Characterisation of the human b5 reductase gene

The work described in this chapter was carried out to:

1) directly test the following hypotheses:

a) b5 reductase is encoded by a single gene (Leroux et al., 1975);

b) the gene resides on chromosome 22 (Fisher et al., 1977b 

and Junien ef a/., 1978);

2) find out where the genomic sequence encoding the putative N-terminus of human

erythroid b5 reductase (Yubisui ef a/., 1986) was located, with respect to the exon intron

structure of the gene. The location of this point in the sequence was required to test the

hypothesis that the soluble and membrane bound forms of b5 reductase might be encoded by

two different mRNA species that are derived by alternative splicing at an exon intron 

junction that corresponds to the junction between the membrane binding and soluble 

domains of the protein.

4.1 Southern blot hybridization analysis of human genomic DNA.

To establish how many bs reductase genes are present per haploid genome, lOpg of

genomic DNA digested with either Eco RI, Bam HI or Hind III was fractionated on a 0.6% 

agarose gel. Southern blot hybrisdisation analysis of the gel was carried out with probes

C486< C7 3 7  and C5 8 8 in turn- The results are shown in fig 4.1. the sizes of the hybridizing

fragments are listed in table 4.1. Each enzyme generated only one hybridizing fragment for

each probe. This strongly supports the hypothesis that only one gene encodes b5 reductase.



Fig 4.
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1: Southern b lot hybrid iza tion  analysis of human genom ic DNA

10pg of genomic DNA was digested with either Bam HI (tracks a), Hind III 
(tracks b) or Eco RI(tracks c). The DNA was fractionated and transferred to a 
nylon membrane as described in section 2.10. The membrane was hybridized in 
turn to probes C486 (fig a), C7 3 7 , (fig b) and C58q (fig c). The probes were
prepared and labelled as described in section 2.12. The conditions for 
hybridization are described in section 2.10. The lengths of the hybridizing 
fragments are indicated in kilobases. Not all of the fragments were within the 
range of the molecular weight markers used. The arrows at the top right hand 
corners of the figures indicate the origin of electrophoresis.



Bam HI Eco RI Hind I I I

C486 7.3 >12 5.0

C737 7.3 3.2 10

C5 8 8 7.3 3.2 10

Table4.1: Summary of the results of genomic Southern blot
hybridization analysis.

C486, C737 and C588 : cDNA probes. The size of the 
hybridizing fragments are expressed in kb.

4.2 Chromosome mapping of the human b5 reductase gene (see section 2.11)

Chromosome mapping of the bs reductase gene (the DIA ■) locus) had previously been

carried out by recording the electrophoretic mobility of diaphorases expressed by human rodent 

somatic cell hybrids (Fisher et al., 1977b, Junien etal., 1978). This work had assigned the DIA

! locus to chromosome 22. To directly confirm this assignment, DNA was isolated from eleven

independent human rodent somatic cell hybrids and digested with either Eco RI or 

Hind III. The digested DNA was fractionated on an agarose gel. Southern blot hybridization

analysis of the gel was carried out using probe C737 (see fig 4.2.). Five of the Hybrids: Fst9/10

(fig4.2a, trackb; fig4.2b, track c); Fst7 (fig 4.2a, trackc; fig 4.2b, tracka); Mog2E5 

(fig 4.2c, track b); Mog2C2 (fig 4.2c, track a) and Horp 9.5 (fig 4.2d, track b) contained 

single hybridizing fragments of the same length as the hybridizing fragment generated by 

digestion of DNA isolated from human placenta (tracks +). DNA isolated from rodent donor cell 

lines (tracks -) did not hybridize to the probe under the conditions used.

Table 4.2 shows the segregation of human chromosomes within the 11 hybrids and 

summarises the Southern blot hybridization data. The results show a clear correlation between 

hybridization of hybrid DNA to probe C737 and the presence within the hybrid of chromosome 

22. Each of the other chromosomes displayed a discordance of between 20% and 73%.



Fig 4.2: Chromosome mapping of the b5 reductase gene

DNA isolated from 1 1  independant somatic cell hybrids was digested with either 
Eco RI or Hind III. The digested DNA was analysed by southern blot hybridization 
analysis using Probe C7 3 7  as described in section 2.10. The size of the
hybridizing bands are indicated in kilobases. The arrow at the top right hand 
corner indicates the origin of electrophoresis. DNA isolated from rodent donor 
cell lines RAG, FAZA and IR were used as negative controls.DNA isolated from 
human placenta was used as a positive control, a) DNA was digested with Hind 
III. Somatic cell hybrids: 3W4 CL10 (track a); FST 9/10 (track b); FST 7
(track c); SIF 15P5 (track d). Controls: RAG (track -(a)); FAZA (track 
-(b)) and human placenta (track +). b)DNA was digested with Eco RI. Somatic 
cell hybrids: FST 7(track a); FG 10 (track b); FST 9/10 (track c); SIF 15P5
(track d); SIF4A31 (track e). Controls: FAZA (track -) and human placenta
(track +). c) DNA was digested with Eco RI. Somatic cell hybrids: MOG 2C2 
(track a); MOG 2E5 (track b). Controls: IR (track -) and human placenta
(track +). d) DNA was digested with Eco RI. Somatic cell hybrids: 1WILA4
(track a), HORP 9.5(track b); CTP 34B4 (track c). Controls: RAG (track -) 
and human placenta (track +). The results are summarised in table 4.1. The 
source of each hybrid is stated in the text.



Hybrid Ref. Cyt 6j red 1 2 3 4 5 6 7 8 9
Chromosome 
10 11 12 13 14 15 16 17 l 8 19 20 21 22 X

FST9/10 1 - - — 4- 4 - — + — 4- - r — + 4 - 4- 4- _ — 4- — 4- — 4- 4-
FST 7 1 -r - — - — — — + — - T -r — 4- — 4 - 4 - 4 " — 4 - 4 -
MOG 2E5 O -e — 4 - 4 - 4 - 4 - + - r 4 - + — + 4 - 4 . -L- 4 - 4 - 4 - _ 4- 4 - 4 - 4 -

MOG 2C2 n
- r 4 - — 4 - 4 - — + 4- + + — — _L 4- 4 - 4 - 4 - 4 - 4 - 4 - 4 - 4 -

H O R P  9-5 3 4- - — — — — — — — — * r f 4 - — 4 . — _ _ _ _ _ _ 4. 4 -
S IF  4A31 4 — — 4 - 4 - 4- _ — — — _ _ _ 4 - _ -L _ __ __ __ __ __ 4 -
S IF  15P5 4  - — -r- — — — 4 - + — — 4 - — — — 4- — _ _ _ __ f _ __ 4 -
FG10 
1W IL A  4

1
5 — _ _

4- - 4 -

4 -
CTP 34B4 6 4- 4 - - r — 4 - 4 - 4 - - r — — — 4 - — 4- — 4 - 4 - 4 - — _ _ _ 4 -
3W4 CI10 5 — 4- — 4-
C'yt red./chromosome-i— 2 O 3 3 2 2 3 3 2 5 3 3 2 5 3 3 3 4 I 3 2 5 5

------ 5 3 4 5 3 3 3 4 6 3 4 4 6 2 4 4 4 4 6 5 4 6 0
3 5 2 2 3 3 2 2 2 0 O 1 3 0 2 2 I 3 1 3 0 0

— 4- i 3 2 1 2 3 3 2 0 3 2 2 0 4 2 2 2 2 0 1 2 0 6
Discordance t% ) 36 73 36 27 5° 55 45 36 20 *• / 36 30 27 36 36 36 36 27 30 20 45 0 55

Table 4.2: Segregation of bs reductase in relation to human chromosomal 
content in 1 1  independent human-rodent somatic cell hybrids.

+, Human chromosome present; human chromosome not detected; not 
tested or equivocal result. All equivocal results have been ignored in the 
summary of concordance and discordance. References for the hybrids are given 
in the text (section 2.11). (Bull efolvH88)



4.3. Isolation and characterisation of genomic DNA clones encoding human bg reductase

4.3.1 Isolation of genomic DNA clones encoding human b5 reductase

Probe C4 8 6  was used to screen a XL47 human gemomic library. 600 000 plaques

were screened at a plaque density of 50,000-60,000 plaques per 180mm plate. The dangers of 

production of recombinational artifacts arising from multiple infection of cells by two or more 

different phage at such a high a plaque density were borne in mind (Kaiser and Murray, 1985). 

Twenty positively hybridizing clones were obtained. Eight of the strongest hybridizing and 2 of 

the more weakly hybridizing clones were purified by two further rounds of screening.

4.3.2 Preliminary restriction endonuclease mapping of genomic clones

DNA was isolated from the clones using the method described in section 2.4.2. 

Restriction analysis of the DNA isolated from the eight clones was carried out (see section 2.9), 

using double and single digestions with the restriction endonucleases Eco RI, Bam HI and Xho I . 

The pattern of fragments obtained indicated that five different clones had been isolated. The five 

clones selected for further analysis were called X 1,1,1; X6.1.1; X9.1.1; X12,1,2 and 

X13.1,2. The fragments generated by digestion of DNA isolated from these five clones with 

different combinations of Eco RI, Bam HI and Xho I, are shown in fig4.3. The sizes of the 

fragments generated from each clone were calculated. These data are summarised in table 4.3.

4.3.3 Cos mapping of genomic clones (Rackwitz etal. .1984)

This method is described in section 2.8. The method was used to map the five genomic 

clones with respect to Eco RI, Bam HI, Hind III, Pst I and Xho I restriction sites. The principle 

of cos mapping is to set up a hierarchy of different length fragments generated by partial 

digestion of X recombinant DNA with restriction endonucleases. These fragments can be 

selectively labelled by hybridization to end labelled oligonucleotides that are complementary to 

the right or left cos ends of the X vector. The fragments are then fractionated by agarose gel 

electrophoresis enabling restriction sites to be mapped with respect to either the left or the



Agarose gel e le c tro p h o re s is  o f re s tr ic t io n  endonuclease  d igested  
DNA iso la ted from  recom binant XL47 genom ic clones.

DNA was isolated from five genomic clones X1,1,1; X6,1,1; X9,1,1, X12.1.2 
and X13,1,2 using the method described in section 2.4.2. The DNA was doubly 
digested with Xho 1+Eco RI, Xho I+Bam HI or Bam HI+ EcoRI. The DNA was 
fractionated by agarose gel electrophoresis as described in section 2.9. Xho 
I+EcoRI digests : X1,1,1 (track o); X6 ,1,1 (track I); X9,1,1 (track i);
X12.1,2 (track f); X13,1,2 (track c). Bam HI+Xho I digests: X1.1.1 (track
n); X6,1,1 (track k); X9.1.1 (track h); X12,1,2 (track e); X13,1,2 (track
b) Bam HI+Eco RI digests: X1.1.1 (track m); X6.1,1 (track j); X9,1,1
(track g); X12.1.2 (track d); X13.1.2 (track a). Track p: molecular weight
markers. The length of the markers in base pairs is indicated on the left hand side 
of the photograph. The arrow at the top left hand corner shows the origin of 
electrophoresis.



XI ,1,1 X6,1,1

Xho l+Eco RI 6,760(iv) 6,760(vi)
6,030 5,750
4,900 3,550

1,290(viii)
710
501

Xho 1+Bam HI 3,550(ii) 5,750
2,630(iii) 1,620
890(i) 1,120

710

X9,1,1 A12,1,2 A13,1,2

6310 7080 5750
5250(xii) 6460 4470
4170 5750 3890
1150 2510 

1460 
1160(x) 
240

3,890 5,750 5,750(ix)
1,150(xiv) 2,880 3,890
1,450(xiii) 
960(xi)

Bam HI+EcoRI 11,200 6,760 9,440 8,910 6,760
4,900 6,310(vii) 4,900 6,760 4,470
4,370(v) 3,470 3,310 4,470 4,170

2,510 1,580
360 1,510

650
240

Table 4.3: Fragments generated by the double digestion of clones X1,1,1; 
X6,1,1; A9,1,1; A12,1,2 and A13,1,2.

The fragments sizes are based on the data obtained from the ethidium bromide 
stained agarose gel photograph shown in fig 4.3. A standard curve was 
constructed, based on the mobilities of the marker fragments. The fragment 
sizes shown in the table in base pairs, were calculated using this standard 
curve. The fragments in bold type that are labelled with roman numerals are 
discussed in the text.



right cos end of the vector. The right arm of AL47 is much shorter than the left arm and gave 

much better resolution of the restriction fragments terminating within the cloned insert. The 

restriction sites were therefore mapped only to the right cos end of AL47 in this analysis.

Reading from the bottom of the gels to the top, the size of the fragments terminating sequentially 

at sites within the right cos arm through the cloned insert and into the left cos arm were 

determined.

Photographs of the band patterns obtained by the cos mapping of the five A 

recombinants are shown in figs 4.4 and 4.5. It is clear from these photographs that the 

resolution and reliability of cos mapping from the right cos end diminishes for fragments 

generated at restriction sites that lie towards the left end of the clone. The size of each band was 

determined and used to map the distance of restriction sites from the right cos end. From these 

data the size of the right arm of the vector was subtracted to give the positions of the restriction 

sites with respect to the Eco RI site located at the right hand side of the cloning site. These data 

are shown in table 4.4. From the data shown in table 4.4 it was possible to construct 

preliminary restriction maps of each genomic clone (these preliminary maps are not shown).

4.3.4 The construction of simple restriction maps of the genomic clones

By combining the data obtained from cos mapping with the data obtained from 

conventional restriction endonuclease digestion (as described in section 4.3.2.) it was possible 

to construct simple restriction maps of the clones with respect to Eco RI, Xho I and Bam HI sites. 

Maps of all 5 clones with respect to these three restriction sites are shown in 

fig 4.6. For the sake of accuracy, the restriction sites were mapped, wherever possible, using 

the lengths of the smallest fragments generated by the restriction analysis described in section

4.3.2. From the maps shown in fig 4.6 it is evident that all the genomic DNA clones overlap and 

that, coincidentally, all the inserts are orientated in the same direction with respect to the left 

and right termini of the vector. The inserts of A6,1,1 and A1,1,1 together span a total of 26Kb.

There are a number of differences between the maps, howerver. Firstly A9,1,1 

contains a Xho I site that is absent from clones A1,1,1 and A 12,1,2. Secondly, the insert of



F ig .4 .4 : Cos m apping ana lys is  of DNA iso la ted  from  of recom binant AL47 
c lones X6,1,1; and A13,1,2.

DNA was partially digested with either Eco RI, Bam HI , Hind I II , Xho I or Pst 
I , hybridized to labelled probe ON-R and fractionated on an agarose gel. The gel 
was then dried and autoradiographed overnight. See section 2.8. Markers were 
made using AC1857 DNA that had been partially digested with Bam HI (tracks 
x). Clone X1,1,1: track a (Eco RI); track b (Bam HI); track c (Hind III); 
track d (Xho I); track e (Pst I). Clone A6.1.1: track f (Eco RI); track g (Bam 
HI); track h (Hind III); track i (Xho I); track j (Pst I). Clone A13.1.2: track 
k (Eco RI); track I (Bam HI); track m (Hind III); track n (Xho I); track o (Pst 
I). The afrow at the top right hand corner marks the origin of electrophoresis.



x y a  b c d e x y  f g h i  j  x y

^27.4
^ - 2 6 . 3
t > 2 2 .5
^ 2 0 .6
*~--16.9

14.1

•»  9.4

6.9

F ig .4 .5 : Cos m apping ana lys is  of DNA iso la ted  from  recom binan t AL47 
c lones A12,1,2 and A9,1,1

DNA was analysed as described in the legend to fig 4.4. Markers were made using 
AC1857 DNA that had been partially digested with either Bam HI (tracks x) or 
Eco RI (tracks y) . Clone A12,1,2: track a (Eco RI); track b (Bam HI); track c 
(Hind III); track d (Xho I); track e (Pst I). Clone A 9 ,1,1: track f (Eco RI); 
track g (Bam HI); track h (Hind III); track i (Xho I); track j (Pst I). The 
arrow at the top right hand corner marks the origin of electrophoresis.



Eco RI

Bam HI

Hind I I I

Xho I

Pst I

Table

XI  ,1,1 A6,1,1 A9,1,1 A12,1,2 A13,1,2

5,150 15,800 17,220 9,190
11,090
13,440

9,590 2,160 8,600 5,610 3,420
14,200 5,300 12,700 13,440 11,760

11,090

6,260 16,930 4,550 10,220 7,120
7,300 4,840 11,530 11,310
8,600 6,100 12,940 16,640
17,220 7,660 13,690

12,460 15,520
14,220

6,770 3,030 5,460 5,610 3,030
13,340 3,700 6,600 11,090 7,480

5,300 11,760
10,220

2,900 2,280 2,040 3,830 3,830
3,560 4,400 3,030 6,950 4,400
4,690 5,150 4,550 7,660 5,300
5,940 6,770 5,150 8,600 6,770
6,600 8,600 5,770 10,220 7,120
7,120 11,760 7,120 11,090 9,190
8,220 12,230 11,530

13,440 12,940
14,980
15,520

.4: The fragm ents generated by cos m apping of
X6,1,1; X9,1,1; A12,1,2 and A13,1,2.

clones A1,1,1;

The length of each fragment in base pairs, was calculated from a standard curve 
drawn on the basis of the mobilities of Ac1857 marker fragments. From the 
calculated length of each fragment, the known length of the right AL47 arm was 
subtracted. The resulting lengths in base pairs are shown in the table. Only 
fragments that are generated by digestion at sites located within the cloned 
insert are listed.
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clone X13.1,2, despite overlapping the other clones by 8.5kb at the end orientated towards the 

right arm, appears to differ from the other clones in up to 7.5kb of its sequence at the end 

orientated toward the left arm . This will be discussed further in section 4.3.5.3.

4.3.5 Preliminary Southern blot hybridization analysis of clones X1.1.1: X6.11 and X13.1.2.

To build up a general picture of the location of the exons of the b5 reductase gene within

the cloned genomic DNA clones, X1,1,1; X6,1,1 and X13,1,2, were chosen for preliminary 

Southern blot hybridization analysis. These three clones were selected because they together 

appear to represent all the genomic DNA sequence present in the five clones isolated. Each of the 

three clones were digested with Eco RI, Bam HI, and Xho I. In addition they were doubly digested 

with EcoRI+Bam HI, Eco RI+Xho I and Xho l+Bam HI. The digests were fractionated on an 

agarose gel and Southern blot hybridization analysis was carried out using the cDNA probes

C146, C486, C737and C588. The relationships between these four probes and the cloned cDNAs

encoding human bs reductase are shown in fig 3.10. For the sake of clarity, fragments that are 

discussed in the text will be given a roman numeral to simplify cross reference. In table 4.3 

these particular fragments are shown in bold type. The positions to which they map within the 

clones is indicated in fig 4.6.

4.3.5.1 Analysis of clone X1.1.1 (see fig 4.7)

Fragments generated from clone XI ,1,1 hybridized to probes C-i4 8  and C4 8 8  and C787.

The portion of this clone that hybridizes to probe C1 4 8  can be narrowed down to being entirely

within the the 890bp Bam HI+Xho I generated fragment (i) (Fig 4.7b, track b). Because of the

fact that C1 4 8  is the 5’ most probe available with respect to the human bs reductase cDNA, and

that the 890bp fragment maps to a position close to the left x arm (fig 4.6.), it is evident that,

with respect to the b5 reductase gene, the 5' most end of X1,1,1 is is orientated towards the left

X arm. The restriction maps shown in fig 4.6. show that all the clones are orientated in this 

direction. The suggested orientation of clone X1,1,1 is supported by the fact that all the



Fig4.7: Southern blot hybridization analysis of recombinant XL47 clone
X 1 , 1 , 1 .

1pg of DNA was digested singly or doubly with restriction endonucleases and 
fractionated by agarose gel electrophoresis. The DNA was transferred to nylon 
membranes and hybridized to cDNA probe C4qq . The probe was then removed and 
the membrane hybridized to probe C 1 4 6  The methods used are described in
section 2.10. The following restriction endonucleases were used: Bam HI (tracks
a); Bam HI+Xho I (tracks b); Bam HI+Eco RI (tracks c); Xho I+Eco RI (tracks 
d); Xho I (tracks e); Eco RI (tracks f). The lengths, in kilobases, of fragments 
discussed in the text are indicated on the left hand side of the photographs. The 
fragments are given roman numerals for the sake of clarity. The lengths of the 
fragments were calculated previously from the agarose gel electrophoresis 
photograph shown in fig4.3. a) Ethidium bromide stained Agarose gel. 
Track x: 1Kb ladder. The lengths of the markers are indicated in base pairs on the 
right hand side of the photograph, b) Southern blot hybridization 
analysis using probe C148. The band in track c indicated with the letter'o', was
assumed to be the result of incomplete removal of probe C4qq from the
membrane .c) Southern blot hybridization analysis using probe C4 8 g.
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fragments that map to the right hand side of fragment (i) hybridize to probe C486. That is, a

probe that is 3' flanking to probe C f4 8  The sequence that is 5’ flanking to fragment (i) is 

represented by a weakly hybridizing 3.6kb Xho I+Bam HI generated fragment (ii) (Fig 4.7c, 

track b), a strongly hybridizing 2.6kb Xho l+Bam HI generated fragment (iii) (Fig 4.7c, 

track b) and a strongly hybridizing 6.8kb Eco RI+Xho I generated fragment (iv) (Fig 4.7c, 

track d).

The 4.4kb Eco RI+Bam HI generated fragment (v) (Fig 4.7a, track c) spans all the 

sequence of X1,1,1 that is 51 of fragment (i). This fragment did not hybridize to any of the cDNA 

probes.

4.3.5.2 Analysis of clone X6.1.1 ( fig 4.8.)

Clone X6,1,1 hybridized to the probes C488, C373 and C5 8 8  only. This is consistent 

with it containing b5 reductase sequences more 3' than those within clone X1,1,1. Probe C4 8 8  

hybridized strongly to a 6.8kb Xho I+Eco RI generated fragment (vi) (Fig 4.8b, track d) that 

overlaps fragment (iv) of clone X1,1,1. Probe C373 hybridized weakly to a 6.3kb Bam HI 

generated fragment(vii) (Fig 4.8c, track a) and strongly to a 1.3kb Eco RI+Xho I generated 

fragment(iix) (Fig 4.8c, track d). Probe C8 8 8  hybridized only to the sequence within fragment

(iix) (Fig 4.8d, track d). None of the fragments mapping to positions outside fragments (vi),

(vii) and (viii) hybridized to any of the probes. The positions within the insert of clone X6,1,1, 

to which fragments (vi) to (viii) mapped are shown in fig 4.6.

4.3.5.3 Analysis of clone X13.1.2

The suggested position of clone X13,1,2 with respect to the other clones shown in 

fig 4.6 is supported by the fact that a 5.8kb Xho l+Bam HI generated fragment (ix) that 

overlaps with fragments (iv) and (vi), and a 1.2kb fragment (x) that overlaps with fragment

(iii) both hybridized strongly to probe C488. None of the fragments mapping to positions to the

5' of fragment (x) or to the 3' of fragment (ix) hybridized to any of the probes. The possibility



Fig 4.8: Southern blot hybridization analysis of recom binant AL47 clone
A 6 , 1 , 1 .

ijug of DNA was digested singly or doubly with restriction endonucleases and 
fractionated by agarose gel electrophoresis. The DNA was transferred to nylon 
membranes and hybridized to cDNA probe C737. The probe was then removed and
the memrane hybridized to probe C488. The probe was removed and the 
memrane hybridized to probe Cq88. The methods used are described in section 
2.10. The following restriction endonucleases were used: Bam HI (tracks a); 
Bam Hl+Xho I (tracks b); Bam HI+£co RI (tracks c); Xho l+Eco RI(tracks d); 
Xho I (tracks e); Eco RI (tracks f). The lengths, in kilobases, of fragments 
discussed in the text are indicated on the left hand side of the photographs. See the 
figure legend to fig. 4-.7. a) Ethidium bromide stained agarose gel. 
Track x: 1Kb ladder. The lengths of the markers are indicated in base pairs on the 
right hand side of the photograph. b)Southern blot hybridization analysis 
using probe C488. The band in track b indicated with the letter'o', is an example
of one of the faint bands that were assumed to be the result of incomplete removal 
of probe C3 7 3  from the membrane . c) Southern blot hybridization
analysis using probe C737. d)Southern blot hybridization analysis
using probe C888.
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that this clone was produced as a result of the high plating density used during screening of the 

genomic library was ruled out by the fact that another of the eight genomic clones isolated 

independently from the library (see section 4.3.1.) had an identical restriction pattern to 

A13,1,2. If clone X13,1,2 is an artefact, then it must have been produced when the library was

being prepared. The possibility that this clone might represent a second b5 reductase gene or

pseudogene is discussed in section 4.3.7.

4.3.6 Detailed Southern blot hybridization analysis and DNA sequence analysis of 

clones A9.1.1 and A6.1.1

Clones A9,1,1 and A6,1,1 were chosen for more detailed structural analysis because 

they together span the entire length of the portion of cloned genomic DNA that hybridizes to b5

reductase cDNA probes. A9,1,1 was chosen rather than A1,1,1 only because it contained an 

extra Xho I site that mapped to a position within a stretch of sequence corresponding to fragment 

(iii). This was thought to be in a convenient position for subcloning procedures.

4.3.6.1 Analysis of clone A9.1.1

This section is summarised in fig 4.9. In order to subclone clone X9,1,1 into plasmid 

vectors for further analysis, the following procedures were carried out:

a) DNA extracted from clone X9,1,1 was digested with Xho I and the fragments ligated into 

Bluescript KS (M13-)and transfected into E.coli JM101 cells.

b) DNA extracted from clone A9,1,1 was digested with Xho 1+ BamHI and the fragments ligated 

into Bluescript KS (M13-) and transfected into E.coli JM101 cells.

A subclone called pB5RG1, made from procedure b) was selected for analysis. This 

contains a 1kb Xho I+Bam HI fragment (xi) that maps to the same relative position as fragment 

(i) of clone A1,1,1. Fragment (i) had been the only Bam Hl+Xho I generated fragment of X1,1,1

to hybridize to the Xho l+Eco RI generated probe C74g. This suggested that the Xho I site with

which fragments (i) and (xi) were generated might correspond to the Xho I site with which the

3' end of probe C ^ g  was generated (see fig 3.10.) and that this Xho I site might therefore lie
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within an exon. This suggestion was confirmed by sequencing pB5RG1 from the Xho I site. The 

sequence obtained was of an open reading frame encoding amino acids 6 to 35 of bs reductase. 

This exon will be referred to for convenience as exon A. Its sequence is shown in fig 4.11a. An 

important point to make about the sequence of exon A is that the putative junction between the

membrane binding and soluble domains of bs reductase and the putative N-terminus of the human 

erythroid enzyme (see Read Kensil era/., 1986 and Yubisui etal., 1986 and sections 1.5. and 

1.6. of this thesis) is encoded by sequence that lies within the exon. This finding will be 

discussed in more detail in chapter 5. 300bp of intron sequence upstream of exon A was also 

determined (fig 4.11a). Anaylsis of this sequence located a Hind III site whose presence had been 

previously established by cos mapping (see section 4.3.3.).

To sequence the remainder of exon A, a subclone of a 5.2kb, Xho I generated fragment 

(xii) of X9.1,1, called pB5RG2 was selected for analysis. Fragment (xii) is 3' flanking to 

fragment (xi) (see fig 4.9.). The remainder of exon A was located by sequencing clone pB5RG2 in 

both directions. The sequence obtained encodes amino acids 36 to 50 of bs reductase (see figs 

4.11a and 4.9.)

From the restriction map of clone X9.1,1, it can be seen that fragment (xii) contains a 

Bam HI site that cuts it into a 3.9kb fragment and a 1.5kb fragment (xiii). A subclone of 

fragment (xiii) was selected for analysis from the subcloning procedure a) described above. This 

was called pB5RG3. This plasmid was selected because fragment (xiii) partially overlaps the 

positively hybridizing fragment (iii) of clone x i ,1,1 as shown in fig 4.6. Plasmid pB5RG3 was 

digested with combinations of the enzymes, Xho I, Pst I, Hind III and Bam HI and the DNA

fractionated on an agarose gel. Southern blot hybridization analysis of the gel with probe C4 8 6

revealed that fragment (xiii) contains no bs reductase sequence. A combination of the resulting

restriction endonuclease data of fragment (xiii) and cos mapping data (see section 4.3.3.) was 

used to construct the restriction map of clone pB5RG2 that is shown in fig 4.9.

Since fragment (xiii) did not hybridize to probe C ^ ,  a subclone of a 1.1 kb,

3'flanking, Xho I generated fragment (xiv) was selected for analysis. This subclone was called



pB5RG4 (see fig 4.9.). Fragment (xiv) overlaps with the portion of fragment (iii) that does not 

correspond to fragment (xiii). Since fragment (xiii) did not hybridize to probe C486, but 

fragment (iii) did, it was thought likely that fragment (xiv) might contain exon sequence.

To sequence fragment (xiv), plasmid pB5RG4 was digested with Hind III and 

fractionated on an agarose gel. This generated a 580bp fragment (xv) and a fragment that was 

assumed to be linearised Bluescript vector attached to a genomic fragment that will be referred 

to as fragment (xvi). Both fragments were isolated from the agarose gel. Fragment (xv) was 

ligated into Bluescript and transfected into E. coli JM101. This created plasmid pB5RG5. The 

vector fragment was religated and transfected into E.coli JM101 to create plasmid pB5RG6.

Clones pB5RG5, pB5RG6 and pB5RG4, were sequenced from both ends. Two exons were located. 

These exons will be referred to as exon B and exon C. Exon B was found 50bp from the Hind III 

site of pB5RG5. It encodes amino acids 51-74. Exon C was found 150 bp from the Xho I site of 

clone pB5RG6. It encodes amino acids 75-110. Sequencing of clone pB5RG6 also located a Pst I 

site whose presence had been predicted from cos mapping (section 4.3.3.). Maps of pB5RG4, 

pB5RG5 and pB5RG6 were constructed on the basis of these data (fig 4.9.). The sequences of 

exons B and C are shown in fig 4.11. b and c.

Because clone A9,1,1 did not encode the N-terminal six amino acids of b5 reductase, the

AL47 genomic library was rescreened with an oligonucleotide called O f8  (see section 2.13),

that was complementary to the 5' leader sequence of b5 reductase cDNA clone pB5R3. One faintly 

hybridizing genomic clone was isolated. However, sequence analysis of the clone failed to identify 

any sequence encoding b5 reductase.

4.3.6.2 Analysis of clone A6.1.1

This section is summarised in fig 4.10. In order to subclone clone X6,1,1 into plasmid 

vectors for further analysis, the following procedures were carried out.

a)DNA extracted from clone A6,1,1 was digested with Bam HI and the fragments ligated into 

Bluescript KS(M13-) and transfected into E.coli JM101 cells.

b)DNA extraced from clone A6,1,1 was digested with Xho l+Eco RI and the fragments ligated into
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Bluescript SK(M13-) and transfected into E.coli JM101 cells.

Some of the the fragments discussed in this section have been described before in 

section 4.3.5.2. A subclone of fragment (vi) was selected for analysis. This was called pB5RG7.

To locate the exons within fragment (vi), plasmid pB5RG7 was digested with P stl. Fractionation 

of the digested DNA on an agarose gel revealed that a total of 7 fragments had been generated. 

Southern blot hybridization analysis of the gel with a probe made from the entire length of the

human placental b5 reductase cDNA revealed two hybridizing fragments. One fragment was

980bp in length. It will be referred to as fragment (xvii). The other fragment was 710 bp In 

length. It will be referred to as fragment (xviii). Fragments (xvii) and (xviii) were ligated 

into pUC19 and transfected into E. coli JM101 to create clones pB5RG8 and pB5RG9 

respectively. These two plasmids were sequenced in both directions. Three exons were found. 

Sequencing of pB5RG8 with a forward primer located an exon encoding amino acidsl 11-153, 

located 80bp from the Pst I cloning site. This will be referred to as exon D. Another exon 

encoding amino acids 154-181 was found 250 bp from the opposite Psf I cloning site by 

sequencing from the reverse sequencing primer. This exon will be referred to as exon E. 

Sequencing from the reverse primer also revealed part of an exon encoding amino acids 

183-188 that will be referred to as exon F. Exon F was found directly following the Psf I 

cloning site, indicating that this site is located within exon F. The Pst I site corresponds to one

found within the b5 reductase cDNA sequence (see fig 3.11.). Sequencing of clone pB5RG9 from 

both forward and reverse sequencing primers revealed the remainder of exon F. This part of exon 

F encoded amino acids 188-210. The orientation of fragments (xvii) and (xviii) within the gene 

structure was determined from the position and orientation of exons D ,E and F (see fig 4.10.).

In order to map exons D ,E and F within fragment (vi), plasmid pB5RG7 was digested with 

combinations of Pst I, Hind III, Bam HI and Xho I and the digested DNA fractionated on an agarose 

gel. The restriction map of fragment (vi) shown in fig 4.10., is consistent with the data obtained 

from this procedure, from cos mapping (section 4.3.3.) and from the known restriction map of 

the left x arm.

To characterise the b5 reductase sequence that hybridized to probes C7 3 7  and C5 qq, a



subclone was selected that contained fragment (iix) (see fig 4.6.). This was called pB5RG10. 

Sequencing of pB5RG 10 from both the Eco RI and Xho I cloning sites revealed that the plasmid 

contained an exon that starts 97 bp downstream of the Eco RI cloning site. This exon will be 

referred to as exon H. The 5' end of this exon encodes amino acids 244-300. This sequence is

followed immediately by sequence identical to the 3’ untranslated region of the human bs

reductase cDNA. The 3' end of the human placental bs reductase cDNA clone pB5R3(fig 3.11.)

maps to a position 39 bp upstream of the Xho I cloning site of pB5RG10. In order to completely 

sequence fragment (iix), plasmid pB5RG10 was digested with Pst I to generate a 570bp 

fragment (xix) that was ligated into pUC 19 and transfected into E. coli JM101 to make clone 

pB5RG11. Plasmid pB5RG10 was digested with Pstl+Xho I to generate a 560 bp fragment (xx) 

and fragment (xix). Religation of the digested DNA created a plasmid that contained only 

fragment (xx). This was called pB5RG12. Sequencing of fragments (xix) and (xx) completed the 

sequencing of exon H.

Location of remaining exon sequence encoding amino acids 211 to 243 could be 

narrowed down to being somewhere within fragment (vii) (see fig 4.10.) as this was the only 

hybridizing fragment (see fig 4.8c track a) that had not yet been characterised. A subclone 

containing this fragment was selected for analysis. This subclone is called pB5RG13. In 

November 1989, the entire sequence of the human cytochrome B5R gene was published by 

Tomatsu ef a/.(1989). The published data showed that only one exon encoding amino acids 211 to 

243 remained to be sequenced and that this exon resided just 3' to a Pst I site. The published 

data was used to help locate the exon within fragment (vii). Plasmid pB5RG13 was digested with 

Pst I. The fragments generated were ligated into pUC 19 and transfected into E.coli JM107. Two 

plasmids were created. One of the two plasmids liberated a 2kb insert (fragment xxi) upon 

digestion with Pst I. This plasmid was selected for analysis. It is called pB5RG14. Sequencing of 

pB5RG14 in both directions located the remaining exon that encodes amino acids 211 to 243.

This was named exon G. The map of fragment (vii) shown in fig 4.10 was constructed from data 

obtained from cos mapping (section 4.3.3.) .from data obtained from the agarose gel 

fractionation of Pst I digested pB5RG13 DNA and from the known orientation of the exon within
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clone pB5RG14.

4.3.7 The construction of a restriction map of the b5 reductase aene based on the data

obtained from the analysis of clones X9.1.1 and X6.1.1

To map the position of the exons within the b5 reductase gene, the data obtained from the

detailed analysis of clones X9,1 .land X6,1,1 was combined. The overlap of these two clones was 

determined from the restriction map of clone X12.1.2, shown in fig 4.6. The resulting map is 

shown in fig 4.12a. A comparison of the map with that published by Tomatsu et al.{1989) 

revealed that both maps are very similar, apart from the fact that the published map also has an

additional exon that encodes amino acids 1 to 6 of bs reductase. Exons A to H have therefore been 

renamed exons 2-9 respectively.

Three differences were noted between the map of exons 2-9 of the human bs reductase 

gene presented in fig 4.12a, and the published map. These are indicated in fig 4.12a. The first 

two differences are: the absence in the map published by Tomatsu eta l.(1989) of a Xho I site and 

a Bam HI site located downstream of exon 9. The other difference is an extra Hind III site in the 

published map, located between exons 7 and 8.

Shown in fig 4.12b are the positions to which each of the genomic clones X1,1,1;

X6.1.1; X9.1.1; X12,1,2and X13,1,2 map with respect the restriction map of exons 2-9 of

the human b5 reductase gene. To highlight the difference between the restriction map of clone

X 13,1,2 and the other clones, only the Eco RI sites are indicated. The genomic map presented in 

fig 4.12a predicts that at least two Eco RI fragments of human genomic DNA will hybridize to a 

probe made from the full length of the cDNA insert of clone pB5R3. To check this, 10pg of human 

placental DNA was digested with Eco R I . The digested DNA was fractionated on an agarose gel. 

Southern blot hybridization analysis of the gel was carried out using a probe made from the 

entire length of the cDNA insert of clone pB5R3. Two hybridizing bands were detected (fig 

4.12.C). These two Eco RI generated fragments are the same size as those previously detected by

Southern blot hybridization analysis of human genomic DNA with probes C4 QQ, C7 3 7  and C^sd

(see section 4.1.). One of the fragments was greater than 12kb in length (referred to as the
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'>l2kb' fragment below), and the other fagment was 3.1 kb in length. This result is consistent 

with the map of the the gene shown in fig 4.12. a.

However, It is not possible from the result of the Southern blot hybridization analysis 

shown in fig 4.12.C. to completely rule out the possibility that clone A13,1,2 is representative 

of the human genome. One of the Eco RI sites that generate the two fragments detected on the 

Southern blot maps within clone X6.1.1. It is labelled 'E(a)' in fig 4.12.b. The results from the 

genomic Southern blot hybridization analysis described in section 4.1 show that the sequence to 

the 5’ of this Eco RI site corresponds to the >12kb Eco RI generated fragment and that the 

sequence to the 3’ of the site corresponds to the 3.2 kb Eco RI generated fragment. Because 

Eco RI site ’E ^)’ is not present in clone M 3 ,1 ,2, it is not possible to rule out the possibility 

that a hybridizing fragment of the same size as the >12kb fragment might be generated by an 

Eco RI site within clone A13,1,2 (labelled E(b) in fig 4.l2.b.) and an Eco RI site that maps 

somewhere downstream of it and that is not represented by this clone.



5. Results chapter I II :  Analysis of b5 reductase mRNA isolated from different tissues

5.1 Two hypotheses for mechanisms that could generate soluble and membrane bound forms of 

bg reductase

As already stated in section 4.3.6.1., the putative junction between the membrane 

binding and cytosolic domains of b$ reductase and the putative N-terminal end of the soluble 

erythroid form of the enzyme are encoded by genomic sequence that lies within exon A (now 

known to be exon 2). This rules out the hypothesis put forward at the beginning of chapter4.,

that the soluble form of b5 reductase might be generated by alternative splicing at an exon intron 

junction that coincides with the N-terminus of the erythrocyte protein suggested by Yubisui et 

a/. (1986).

The experiment described in this chapter was designed to test two main hypotheses. 

Hypothesisl: Soluble bs reductase is encoded by an alternative transcript whose promotor is 

located just upstream of exon 2, so that the first exon of the alternative transcript consists of 

exon A and some of its 5‘ flanking sequence.

Sequence analysis of exon 2 and its 5' flanking sequence revealed three features that 

were compatable with this hypothesis (See fig 4.11a.):

a) An in-phase ATG codon encoding a methionine residue that is located 3 amino acids upstream of 

the putative N-terminus of the human erythroid b$ reductase (Yubisui era/.,1986). This

methionine is conserved in rat (Pietrini etal., 1988) and steer liver (Ozols era/.,1985) b5

reductases. The ATG could act as a downstream site for the initiation of translation.

b) A sequence 5'GGGTGGTGGGG3' located 119 bp upstream of exon 2. This is very similar to, 

despite being on the opposite strand to, the CAC consensus sequences found within the promotor 

regions of several erythroid specific genes, including those that encode porphobilinogen 

deaminase and p-globin (Mignotte etal., 1989 and deBoer etal., 1988.).

c) A sequence 5' TTTGGTCCTGGCT 3' located 265 bp upstream of exon 2 is almost identical to a 

motif located 126 bp upstream of the transcriptional start site of the porphobilinogen deaminase 

erythroid specific promotor. This motif has the sequence 5TGTGGTCCTGGCT3'. It has been shown



through DNA footprint analysis carried out by Mignotte etal. (1989), to bind a ubiquitous factor 

called NF-U1 that is present in HeLa, K562 and MEL cells.

Hypothesis 2: The 5' end of exon 2 is spliced to an alternative splice donor site to generate an 

mRNA that encodes the soluble form of the enzyme.

5.2 RNase protection analysis of b5 reductase mRNA (see section 2.14.2.)

The RNase protection experiments described in this section were designed to test the 

two hypotheses stated in section 5.1. The rationale for these experiments is shown 

diagrammatically in fig 5.2. Two labelled antisense RNA probes called AS(pB5RG1) and 

AS(pB5R6) were prepared as follows.

ASfpB5RG1): Clone pB5RG1 was linearised by digestion with Hind III. The genomic DNA insert 

was transcribed from the T3 promotor of bluescript SK(M13-). The transcript therefore 

extends 5' to 3‘ from the T3 promotor, through the Xho I site located S5bp downstream of the 5' 

end of exon 2 and terminates at the Hind I II site located 143 bp upstream of the 5' end of exon 2. 

The sequence of the section of DNA that acted as a template for the transcription of probe 

ASpB5RG1, is shown in fig 5.1c

AS(pB5R6):Clone pB5R6 was linearised by digestion with Eco RI. The cDNA insert was 

transcribed from the T7 promotor of bluescript KS(M13-). The transcript therefore extends 5' 

to 3' from the T7 promotor, through the Xho I site located 103bp downstream of the ATG

initiation codon of b5 reductase and terminates at a position corresponding to the 5' end of the 

human placental cDNA. The sequence of the section of DNA that acted as a template for the 

transcription of probe ASpB5R6, is shown in fig 5.1b.

The probes were designed so that their 5' ends, excluding vector derived sequence, were

at identical relative positions with respect to sequence encoding bs reductase. The two probes are

identical from their 5' ends up to a position corresponding to the 5' end of exon 2. From this 

point onwards, however, the two probes differ. The 3' end of probe pB5R6, corresponds to the 5'

end of the human placental bs reductase cDNA (which from Tomatsu et a/., 1989, is known to be



Fig 5.1: The c o n s tru c tio n  o f a n tis e n s e  RNA p robe s  AS (pB5R 6) and 
AS(pB5RG1) used in  RNase p ro te c tio n  a n a ly s is  o f hum an b5 
reductase  tra n s c r ip ts .

a)The relationship between the antisense RNA probes and the structure of the bs
reductase gene. The dotted lines indicate how each segment of the antisense probes 
relates to sequence within the bs reductase gene. The positions of a Hind I II  (H)
site and a Xho I (X) site are indicated, b) The template for probe AS(pB5R6). 
Only the +strand is shown. Probe AS(pB5R6) was transcribed from plasmid 
pB5R6. The plasmid was first linearised by digestion with Eco RI. The position of 
the Eco RI site is indicated. The probe was transcribed from the template with 
T7 RNA polymerase as described in section 2.14.2.2. The transcriptional start 
site is indicated with an arrow. Vector derived sequence is shown in brackets, c) 
The template for probe AS(pB5RG1). Only the +strand is shown. Probe 
AS(pB5RG1) was transcribed from plasmid pB5RG1. The plasmid was first 
linearised by digestion with Hind III. The position of the Hind I I I  site is 
indicated. The probe was transcribed from the template with T3 RNA polymerase 
as described in section 2.14.2.2. The transcriptional start site is indicated with 
an arrow. Vector derived sequence is shown in brackets.
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Fig 5.2: Mechanisms that could generate mRNAs encoding t>5 reductase

a)Splicing of exon 1 to exon 2. At the top of the diagram is a representation 
of the expected primary transcript of bs reductase . The dotted line that joins 
exon 1 with exon 2  shows the part of the transcript that would be removed during 
the splicing step. The fragments of probes AS(pB5R6) and AS(pB5RG1) (see fig 
5.1)that would be protected by hybridization to the resulting b5  reductase mRNA
are shown in the lower part of the diagram. b )A lte rna tive  p rom otor 
hypothesis. The arrow shows the position of a hypothetical transcriptional 
start site within the 5' flanking sequence of exon 2. The fragments of probes 
AS(pB5R6) and AS(pB5RG1) that would be protected by hybridization to the 
resulting mRNA are shown in the lower part of the diagram, c) Splic ing of 
exon 2 to  an a lte rna tive  donor site. The dotted lines indicate two 
hypothetical alternative splicing patterns. In each case, the fragments of probes 
AS(pB5R6) and AS(pB5RG1)that would be protected by hybridization to the 
resulting mRNA would be the same. They are shown in the lower part of the 
diagram. H, Hind III; X, Xho I.

EXON A (=EXO N  2 )

bs reductase 
primary transcript

EXON A (=EXO N  2 )

bs reductase 
primary transcript



encoded by exon 1). The 3’ end of probe pB5RG1, however, corresponds to the 5' flanking 

sequence of exon 2. See fig 5.1a.

To estimate the level at which bs reductase is expressed in human liver cells, probe

AS(pB5R6) was hybridized to either 30|jg, 20jig. lOpg or 0|jg of human liver total RNA in the 

presence of Ojag, 10pg, 20pg and 30|ig of tRNA, respectively (in order that the total amount of 

RNA present was kept constant). The RNA was then digested with RNase A and fractionated on an 

acrylamide gel (fig 5.4 tracks d, e, f and g). 10"14 moles, 10‘ 15 moles and 10‘ 16 moles of 

undigested probe were run alongside (fig 5.4. tracks a, b and c). A comparison the intensities of 

the protected fragments with the intensities of the known amounts of undigested probe showed 

that lOug of total liver RNA protects in the order of between 10"15 and 10‘ 16 of RNA.

Probes AS(pB5R6) and AS(pB5RG1) were then hybridized to 30pg of RNA isolated 

from each of the following sources: Human liver, 16 week old foetal liver, 20 week old foetal 

liver, HEL cells ( see Marks etal., 1975) and reticulocytes. The RNA was then digested with 

RNase A and fractionated on an acrylamide gel. The sizes of the protected fragments were 

measured against the A track of a sequencing ladder of Ml3mp18, sequenced from the -20 

primer.

RNA from these five sources were chosen for the following reasons. Adult liver was 

selected as a control, because it contains mainly the membrane bound form of the enzyme. Foetal 

liver was chosen because the foetal liver is an erythropoietic centre between seven and twenty 

weeks in its development (Weatherall and Clegg, 1981, see fig 5.3). It was thought therefore 

that this tissue would be a good source of erythroid cells that might contain an erythroid specific

mRNA encoding b5 reductase. In addition, the activity of the erythroid specific promotor for

porphobilinogen deaminase had previously been shown to be active in foetal liver tissue 

(Chretien etal., 1988). HEL cell and reticulocyte RNAs were chosen as additional 

representatives of the erythroid lineage.

Fig 5.2 shows the expected sizes of the fragments of each probe that would be protected 

by mRNA species produced by the two hypothetical mechanisms stated in section 5.1. These are 

compared with the expected fragments that would be protected by mRNA encoding the membrane
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Fig 5.4: RNase protection assay of human liver b5 reductase mRNA

Probe AS(pB5R6) was transcribed from plasmid pB5R6 and purified. 105 cpm 
(10*14 moles) of the probe was hybridized with different amounts of total liver 
RNA and tRNA. The RNA was then digested with RNase A and fractionated on an 
acrylamide gel. The gel was then dried and autoradiographed for 1 week. The 
methods used are described in section 2.14.2. 1 kb ladder was labelled with 
Klenow DNA polymerase as described in section 2.14.2, and used as a marker 
(tracks z). The lengths of the markers are indicated on the right of the 
photograph in base pairs, track a: 104 cpm (I0*15moles) of undigested probe. 
Track b: 103 cpm (10*16 moles) of undigested probe. Track c: 102cpm 
(I0*17moles) of undigested probe. Tracks d to g : RNase protection using 30pg 
total RNA (track d); 20pg of total RNA +10jig of tRNA (track e); 10pg of total 
RNA +20^g of tRNA (track f) and 30jig of tRNA (track g).



S *

Fig 5.5: RNase p ro tec tion  of probes AS(pB5R6) and AS(pB5RG1) w ith  RNA 
extracted from  A du lt and Foetal liver.

Probes AS(pB5R6) and AS(pB5RG1) were transcribed from plasmids pB5R6 
and pB5RG1 respectively. 105 cpm of the probe were hybridized with 30pg of 
total RNA. The samples were then digested RNase A and fractionated on an 
acrylamide gel. The gel was then dried and autoradiographed for 2 weeks. The 
following total RNA samples were used: 18 week foetal liver RNA(tracks a), 20 
week foetal liver RNA (tracks b), Adult liver 1 (tracks c ), adult liver 2(tracks
d), adult liver 3 (tracks e). 102 to 103 cpm of undigested probe were run in 
tracks f . The methods used are described in section 2.14.2. The 'A' track of a 
sequencing ladder generated using the universal sequencing primer on M13 
mp18 template was used as a marker (tracks z, see section 2.7).The lengths in 
nucleotides of the undigested probes and protected fragments are indicated on the 
right hand side of each figure. The known lengths of the undigested probes are 
indicated. The lengths of the protected fragments are calculated from their 
positions in relation to the bands in the marker track z. a)RNase protection of 
probe AS(pB5RG1). b) RNase protection of probe AS(pB5R6).
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Fig 5.6: RNase p ro tec tion  o f probes AS(pB5R6) and AS(pB5RG1) w ith  RNA 
extracted  from  re ticu locy tes  and HEL ce lls .

30^g of total RNA were used to protect 105 cpm of each probe. For further 
details, see the legend to fig. 5.5. Tracks z: The 'A' track of a sequencing ladder of 
M13 mp18 (see fig. 5.5.). Track a : 102 cpm of undigested probe AS(pB5R6). 
Track b: Protection of AS(pB5R6) with total RNA extracted from HEL cells. 
Track c: Protection of AS(pB5R6) with total RNA extracted from human 
reticulocytes. Track d: 102 cpm of undigested probe AS(pB5RG1). Track e: 
Protection of AS(pB5RG1) with total RNA extracted from HEL cells. Track f: 
Protection of AS(pB5RG1) with total RNA extracted from human reticulocytes . 
The lengths in nucleotides of the undigested probes and protected fragments are 
indicated . The known lengths of the undigested probes are shown . The lengths of 
the protected fragments are calculated from their positions in relation to the 
bands in the marker track z.



bound form of the enzyme. If only the mRNA that encodes the membrane bound form of the 

enzyme is present, then the only fragments that would be protected would be a 91 bp fragment of 

AS(pB5RG1) and a 147 bp fragment of AS(pB5R6). In order to rule out both the hypotheses 

stated in section 5.1 one would expect to see a complete absense of protected fragments of 

AS(pB5RG1) that are greater than 91 bp in length, and a complete absense of protected 

fragments of AS(pB5R6) that are 91 bp in length.

The results of the RNase protection analysis of the five different RNA samples is shown 

in figs 5.5 and 5.6. The pattern of fragments protected by mRNA isolated from foetal and adult 

liver is identical. The major fragments are of sizes consistent with the presence of mRNA that 

has 100% homology with the cDNA insert of pB5R6. These RNA samples protected a 91-92nt 

fragment of probe AS(pB5RG1) and a 145-147nt fragment of AS(pB5R6). The pattern of 

fragments protected by RNA isolated from reticulocytes and HEL cells again indicates that there 

is an abundance of mRNA encoding the membrane bound form of the enzyme. This RNA protected a 

91-92nt fragment of AS(pB5RG6). The major protected fragment of probe AS(pB5R6) is 

slightly shorter than expected (114nt). This is thought to be a degradational artefact because an 

identical fragment was seen on one occasion when adult liver mRNA was used to protect the probe.

The hypothesis for the downstream promotor can be ruled out for the cell types studied 

in this investigation, because none of the RNA samples protectedfragments of AS(pB5RG1) of 

greater than about 91-92nt in length. The hypothesis of alternative splicing however cannot be 

ruled out by the results of this experiment because fragments of AS(pB5R6) of 91-92nt in 

length were present in each track. Other bands, present in all tracks, whose presence cannot be 

explained in terms of the mechanisms shown in fig 5.2 could be due to incomplete digestion of the 

RNA probes.

Because the alternative splicing hypothesis cannot be ruled out by the results of these 

experiments, this study needs to be followed up. Suggestions for follow up experiments are 

discussed in the next section.



6.Discussion

B5 reductase is an example of a protein that exists in both membrane-bound and soluble 

forms. The relationship between the two forms of the protein has for a long time been the 

subject of interest. Studies carried out on patients with the severe form of 

methaemoglobinaemia, suggest that both forms of the enzyme are encoded by a single gene 

(Leroux etal. 1975). Fisher etal., (1977a) have since shown through linkage analysis of

electrophoretic variants of b5 reductase, that both the soluble and membrane bound enzymes are

controlled by a single gene locus called DIA 1. These and other workers (Fisher etal, 1977b;

Junien et a!., 1978) subsequently mapped the DIA1 locus to to chromosome 22 by analysing 

proteins expressed by panels of human-rodent somatic cell hybrids.

The suggestion that b5 reductase is encoded by a single gene is further supported by 

amino acid and nucleotide sequence data obtained by Yubisui etal. (1986,1987). These 

workers purified the soluble form of b5 reductase from human erythrocytes and determined its 

amino acid sequence. They found that the amino acid sequence of this protein was very similar to 

the sequence of the membrane bound steer liver b5 reductase that had previously been

characterised by Ozols etal. (1985), apart from the fact that the erythrocyte protein was 

truncated by 25 amino acids at its N-terminus. The erythroid protein was used to raise antisera

to bs reductase. The antibody was used to screen a human liver cDNA library. A cDNA (called 

pb5R 141) was isolated that started at the 5' end with a 24bp sequence (assumed to be an 

artefact of cloning) that does not encode any known bs reductase amino acid sequence. This was 

followed by sequence that encoded a polypeptide whose amino acid sequence corresponded exactly 

with the known amino acid sequence of the soluble erythroid protein. The most N-terminal 

amino acid encoded by pb5R 141 corresponded to amino acid Leu 35 of the steer liver enzyme.

To isolate a cDNA encoding the full length of the membrane bound forms of bs reductase, these

workers screened a human placental cDNA library with a DNA probe made from cDNA clone 

pb5R 141. A cDNA (called pb5R-P) was isolated that encoded a polypeptide whose sequence



again corresponded exactly with the amino acid sequence of the soluble erythroid protein. The 

most N-terminal amino acid encoded by this cDNA corresponded to amino acid 7 of the steer 

liver enzyme (Ozols etal., 1985). The correspondence between amino acid sequence data 

obtained from the soluble erythroid protein and nucleotide sequence of cDNA isolated from a

human liver and placental library was taken as further evidence that both forms of b5 reductase 

are encoded by a single gene. The same workers (Murakami etal., 1989) have since determined 

the amino acid sequence of the N-terminal six amino acids of the membrane bound form of b5 

reductase isolated from human liver. Using the amino acid sequence of human liver and 

erythracyte b5 reductase and the nucleotide sequence of clones pb5R 141 and pb5R-P, a complete 

amino acid sequence of human b5 reductase can be constructed. Pietrini etal. (1988) have 

recently determined the nucleotide sequence of a cDNA encoding the entire length of rat liver b5

reductase. Fig 6.1 compares the amino acid sequences of the membrane bound forms of bs 

reductase from rat, steer and human. The position of the putative N-terminus of human 

erythroid b5 reductase is indicated.

Despite the general agreement about the number of genes encoding bs reductase, the way 

in which the membrane bound and soluble forms are generated remains unclear. Until 1972, b5

reductase had been known as a membrane bound enzyme. In that year, however, Passon and 

Hultquist (1972) identified a soluble form of the enzyme in erythrocytes and suggested that it 

might be generated from the membrane bound form by proteolytic cleavage during the final 

stages of erythroid maturation. In support of this hypothesis, Raw and Difini (1983) have 

shown that the ubiquitin mediated proteolytic system, which is known to play a major role in 

the extensive removal of proteins that occurs during the final stages of erythroid maturation

(for review, see Ciechanover and Schwartz, 1983), can liberate an active soluble form of

reductase from microsomal membranes. Read-Kensil etal. (1983,1986) have made detailed

studies on how b5 reductase binds to membranes. They have proposed that the N-terminal 24

-25 amino acids act as a membrane anchoring domain and that this is followed by a short
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flexible junction region that joins the catalytic and membrane binding domains. This junction 

region is accessible to cleavage by proteases. Consistent with the idea that the soluble form of bs 

reductase is generated by proteolytic cleavage of the membrane bound form, is the fact that the 

putative N-terminus of the soluble erythrocyte protein (Yubisui etal., 1986) corresponds 

with the proposed junction region between the membrane binding and catalytic domains, (see 

fig 6.1).

Although these observations are consistent with the hypothesis that the soluble form of

b5 reductase is generated by proteolysis of the membrane bound form, it is now apparent that a

number of alternative mechanisms need also to be considered. These alternatives have arisen 

through an increased awareness of the flexibility that is inherent in the process of gene 

expression and protein synthesis (for a review, see Borst etal., 1989). The work described in 

this thesis was done with a long term view of testing alternative hypotheses that can be put

forward to explain the existence of soluble and membrane bound forms of b5 reductase.

The starting point to this investigation was the construction of a 43mer oligonucleotide 

(O43) on the basis of the nucleotide sequence of the human liver cDNA clone pb5R 141 (Yubisui 

et al., 1987). 0 43 was used as the initial probe in a screening procedure that led to the

isolation of three human cDNAs encoding human bs reductase. The probe was first used to screen 

the human liver cDNA library from which Yubisui etal. (1987) had isolated clone pb5R141. A 

0.7kb cDNA called pB5R1 was isolated. This clone encodes amino acids 188 to 300 of human b5

reductase (see fig 6.1) and at its 3' end, terminates within the 3’ non coding region, at a 

position 396bp downstream of a TGA translational stop site. The nucleotide sequence of pB5R1 

is identical to the corresponding section of pb5R141. The cDNA insert of pB5R1 was labelled 

and used as a probe to rescreen the same human liver cDNA library. A 1.8kb cDNA clone called 

pB5R2 was isolated. Preliminary sequence analysis of the clone indicated that it is identical to 

clone pb5R141. The 3' end of this clone is shown below:

5’......  ATGAGCAGAA AAAAAAAAAG TAAAACTTTG CTAATATTAA AAAAAAAAAA AAAAAAAAA 3



It has a 22bp poly (A) tail. Upstream of the poly adenylation site is a sequence that resembles a 

AATAAA consensus 'poly(A)signar (bold type, see Proudfoot and Brownlee, 1976).

Because neither pB5R1 nor pB5R2 (=pb5R141) encoded the full length of human liver 

b5 reductase, a  probe made from the 5' end of clone pB5R2 was used to screen a human 34 week 

placental library. This library was used because, of all those available it contained the highest 

mean cDNA insert length. A 1.9kb cDNA clone called pB5R3 was isolated from this library. All 

of clone pB5R3 has been sequenced, except for the section that is represented by clone pB5R1.

Clone pB5R3 would appear to encode the full length of the membrane bond form of human b5

reductase. None of the 54bp at the 5' end of this clone had previously been isolated. This 

previously uncharacterised stretch of sequence is shown below:

5GGOGGCX3ACAGAGOGAGCGCGGCGCGGGGGGCCACC ATG 033 GCC CAG CTC AG C ............... 3’
Met Gly Ala Gin Leu Ser

The 5’ end starts with a 36bp leader sequence containing a consensus ribosome binding site 

(bold type, see Kozak, 1984). This is followed by an ATG initiation codon and sequence encoding

the N-terminal six amino acid residues of human membrane-bound bs reductase (Murakami 

ef a/., 1989). At the 3’ end , clone pB5R3 has a 937bp non-coding sequence that terminates at a 

position that maps 24 bp upstream of the polyadenylation site found in clone pB5R2. The

nucleotide sequence of bs reductase, based on the sequence data obtained from clones pB5R3 and 

pB5R1 has been presented above (chapter 3, fig. 3.11.).

Apart from the 54 bp at it's 5’ end, the sequence of clone pB5R3 is very similar to the 

sequences of the cDNA clones pb5R14l and pB5R-P (Yubisui etal., 1987). However, several

differences were found. The same differences were also found later in the human bs reductase 

gene (see below).The differences are as follows:

1) Pro 95 is encoded by CCC in pB5R3, but by CCA in clones pb5R141 and pb5R-P. The CCC

2) Pro 166 is encoded by CCC in pB5R3, but by CCT in clones pb5R141 and pb5R-P.



3) A stretch of sequence located between 393 and 423bp downstream of the TGA translational 

stop site of clone pB5R3 has the following sequence:

5’ CTGCAGGTGC CAGGGCCCAC CCCAGCCTCG 3

The corresponding sequence within clone pb5R14l is :

5’ CTGCAGGTCC CAGGGCCCAC CCCAGCCACG 3

The differences between the two sequences are shown in bold type.

4) Further analysis of the published sequence of clone pb5R141 has shown that the codon 

encoding Ser 65 has been written as CCA. It is assumed that this is a typographical error. The 

same error was made in a more recent paper that reported the nucleotide sequence of the human

b5 reductase gene (Tomatsu etal., 1989). Since pb5Rl41 appears to be the same clone as

pB5R2, the sequence of this codon can now be checked.

I To map the 5' end of the mRNA with respect to the 5' end of clone pB5R3, primer 

extention analysis of total RNA extracted from human liver was carried out, using an 18 mer

primer (0 18) that was complementary to nucleotides 17 to 34 upstream of the ATG

translational start site of clone pB5R3. Only one transcriptional start site was detected. This 

mapped to a position 93bp upstream from the translational start site and 57 upstream of the 5’ 

end of clone pB5R3. Taken together, the data obtained through characterising clone pB5R2 and 

pB5R3, and through primer extention analysis of human liver RNA indicate that the distance 

between the transcriptional start site, and the polyadenylation site of the mRNA encoding the

membrane bound form of bs reductase is 1954 nt. It should be noted, however, that the result of

the primer extention analysis presented in this thesis is inconsistent with the result obtained

by Tomatsu ef a/.(1989). These workers extended a b5 reductase cDNA strand on RNA extracted

from human liver, from a primer that spanned nucleotides 1 to 21 downstream of the 

translational start site. They found major transcriptional start sites that mapped to positions 

50, and 126bp upstream from the translational start site, and minor transcripts that mapped 

to positions 79,223, and 298 bp upstream from the translational start site. One explanation 

for this discrepancy would be that an alternative splice acceptor site is located somewhere



between the positions spanned by the two oligonucleotide primers.

Consistent with the estimated distance between the 5' end and the 3' polyadenylation site

of b5 reductase, is the fact that Northern blot hybridization analysis of two different human

liver total RNA samples, using an oligonucleotide probe (O43 ) and a b5 reductase cDNA probe

respectively, detected bs reductase mRNA species of between 1.9kb and 2.1 kb in length.

Northern blot hybridization analysis of RNA extracted from rat liver, has detected an mRNA 

species of a similar size (Pietrini etal., 1988). However, it should be noted that the human 

cDNA probe, also detected a longer human liver RNA species of 3.9 kb in length . This could 

represent a transcript that terminates at an alternative poly adenylation site. It is therefore 

worth noting the fact that the sequence upstream of the polyadenlation site of the human liver 

cDNA clone pB5R2 does not contain a consensus poly (A) signal (see above). The closest match to 

the consensus AATAAA signal (Proudfoot and Brownlee, 1976) is an AGTAAA motif located 

between 16 and 20 bp upstream of the polyadenylation site. The lack of a consensus poly (A) 

signal might explain the presence of the high molecular weight RNA species. The idea that the 

high molecular weight transcript might terminate downstream of the polyadenylation site found 

in clone pB5R2 could be tested by re hybridizing this Northern blot with a genomic probe that 

represents this downstream sequence. Such a probe is now available (see below). It should be

emphasised, however, that the 3.9kb b5 reductase RNA species was not detected in a separate 

human liver RNA sample by O43 or in rat liver RNA (Pietrini etal. 1988).

Given the inconsistencies in the results of both primer extention (this thesis and 

Tomatsu etal., 1989) and Northern blot hybridization analysis of human liver RNA, it would be

interesting to use these two techniques to make an extensive comparison of b5 reductase mRNA

species in liver samples taken from different individuals.

To directly test the hypothesis that bs reductase is encoded by only a single gene, human

genomic DNA was digested with either Eco RI, Bam HI and Hind III and analysed by Southern blot 

Hybridization, using cDNA probes derived from clones pB5R1 and pB5R2. The probes only 

hybridized to single bands of DNA digested with each of the three restriction encdonucleases.
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This provided strong evidence to support the hypothesis that b5 reductase is encoded by a single 

gene. Similar findings have been made by Southern blot hybridization analysis of rat genomic 

DNA using a cDNA probe that encodes rat b5 reductase (Pietrini ef a/.,1989).

To confirm the previous chromosomal assignments of the human b5 reductase gene (the

DIA 1 locus, see Fisher etal, 1977b ; Junien etal., 1978), DNA extracted from a panel of 

human-rodent somatic cell hybrids was analysed by Southern blot hybridization using a probe 

made from the cDNA insert of clone pB5R1. Only DNA extracted from hybrids that were known 

to contain chromosome 22, hybridized to the cDNA probe, thus directly confirming the previous 

assignment of this gene. Recently, Julier etal.{1988) have shown through linkage analysis of 

families segregating methaemoglobinaemia, that the locus of this disease (called the recessive 

congenital methaemoglobinaemia or ROM locus) is also located on chromosome 22. Taken

together these two sets of results strongly support the hypothesis that the RCM locus, and the b5 

reductase gene are identical.

Having further established that the soluble and membrane bound forms of bs reductase 

are encoded by a single gene, a probe made from the 5' end of clone pB5R2 was used to screen a 

human genomic library so that the gene could be characterised. A probe representing sequence 

towards the 5' end of this cDNA was used to maximise the chances of cloning genomic sequence

encoding the junction between the the membrane-binding and soluble domains of b5 reductase.

Five overlapping genomic clones called X1,1,1; X6,1,1; X9,1,1; X12,1,2 and X13,1,2, 

were isolated . Maps of these clones are shown in fig 6.2 (and in fig 4.6 above). Clone X13,1,2 

is thought to be a cloning artefact although the posibility that it could be representative of the 

human genome has not been completely ruled out (see section 4.3.7). Clone X9.1.1 contains a 

Xho I site that is absent from clones X1,1,1 and X12.1,2 suggesting that it represents a 

separate allele. This site is indicated in fig 6.2. Clones X9,1,1 and X6,1,1 have been analysed in 

detail. These two clones encode the entire length of the membrane bound form of b5 reductase

gene apart from the N-terminal six amino acids. The clones together contain eight exons spread 

over 17kb of DNA sequence. These exons were named from 5' to 3 ', exons A to H respectively.



The nucleotide sequences of the exons are shown in fig 4.11. A map of the b5 reductase gene was

constructed from data obtained from nucleotide sequence analysis and restrictfon endonuclease

analysis of clones X9,1,1and X6,1,1. This is shown below and in fig 4.12a:
H 
J

B b p p p p p p p p b  P P
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Fig 6.3: A Restriction map of the b5 reductase gene

This map was constructed on the basis of data obtained from the characterisation 
of clones X6,1,1 and X9,1,1.The relative portions of the restriction endonuclease 
sites of Bam HI(B), Hind III(H), Xho I(X), Eco RI(E) and Pst I(P) are shown.
The exons A to H are shown as thick lines. The positions of restriction sites that 
were mapped only by COS mapping are indicated above the map with arrows. The 
restriction sites that are starred(*)are sites that are absent from the map 
published by Tomatsu et al.,(1989). A site that is present in the published map 
but absent from our map is indicated below the line, in italics, with an arrow.

The extra Xho I site within clone X9,1,1 (see above) maps to a position between exons A and B. 

The restriction map of the bs reductase gene shown in fig 6.3 predicts that only two 

Eco RI fragments of human genomic DNA will hybridize to a probe made from a cDNA encoding 

the full length of b$ reductase . This has been confirmed by Southern blot hybridization 

analysis of human genomic DNA with a probe made from the cDNA insert of clone pB5R3.

During the course of this investigation, Tomatsu etal.,(1989) sequenced the entire 

length of the b5 reductase gene. In addition to the exons A to H, they located a putative exon 

(called exon 1) at a position more than 10Kb upstream of exon A. Exons A-H have therefore 

been renamed exons 2-9 respectively. Exon 1 encodes the N-terminal six amino acids of human 

liver bs reductase that had been determined previously by amino acid sequencing (Murakami et 

al. 1989). The exon was located by carrying out a computer search of nucleotide sequence

P
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upstream of exon A (now known to be exon 2) for sequence encoding these six amino acids. The 

5' end of clone pB5R3 (see above) is identical to the sequence of exon 1 suggested by Tomatsu et 

al.,(1989), thus confirming the identity of this exon. The structural data that these workers

obtained for exons 2-9 of the b5 reductase gene is very similar to that shown in fig 6.3.

However, there are a number of differences. Firstly, there are some differences between the 

two restriction maps. These are indicated in fig 6.3. The published map is similar to clone 

X9.1,1 in that it contains a Xho I site, located between exons 2 and 3, that is absent from both 

clones X1,1,1 and A 12,1,2. Secondly, the published sequence of exons 2-9 differs from the 

sequence obtained by ourselves at the same positions at which differences were found within the 

different cDNA clones. Table 6.1 below:

Sequence

Location within gene

pB5R3 (this thesis)

A9,1,1 (this thesis)

A6,1,1 (this thesis)

pb5R141 (Yubisui etal., 1987)

Pb5R-P (Yubisui etal., 1987)

b5 reductase gene 
(Tomatsu etal. 1989)

Pro 95 
codon

Pro 166 
codon

Exon 4 Exon 6

OOC OOC

CCC

OCA

OCA

OCA

OOC

C d

CCT

ccr

3* non coding sequence 400-420bp 
downstream of the TGA translational 
stop site.

Exon 9

TOOCAGGGOOCADOOCAGOCr

TQOCAGGGOOCADOOCAGOd

TO0CA3GQ00CA000CA30CA

TCCCA3QGC0CA000CA30CA

Table 6.1 A comparison of sequences within different cDNA and 
genomic clones of human reductase.

-, sequence not represented by clone. Nucleotides that differ 
between clones are shown in bold type and are underlined.

Taken together the differences between the sequence data and restriction endonuclease

mapping data of different genomic clones encoding bs reductase indicate that there are at

least three different alleles, one represented by clones A12,12, and A1,1,1, which lack a 

Xho I site between exons 2 and 3; one represented by clones A9.1,1 and A6,1,1, whose exon 

sequence is similar to cDNA clone pB5R3 and one represented by the genomic clones isolated



by Tomatsu etal. (1989) whose sequence is similar to cDNA clones pb5R141 and pb5R-P 

(Yubisui etal., 1986).

As described above,the putative N-terminus of human erythroid bs reductase

(Yubisui ef a/., 1986) is located at a position corresponding to amino acid 26 of the liver

enzyme (see fig 6.1). This is encoded by sequence that lies within exon 2 of the human b5

reductase gene (see fig 6.4 or fig 4.11a). Tomatsu etal. (1989), have taken this to

indicate that the generation of two forms of b5 reductase is not controlled at the

pretranslational level, but rather by proteolytic cleavage of the translation product.

However, there are a number of examples of proteins that are translated from mRNA's 

whose generation involves the use of a splice acceptor site that lies within a previously 

defined exon. Examples are H-2K (Kress etal., 1983), gastrin releasing peptide 

(Sausville etal., 1986), prolactin (Maurer eta l .,1981) and fibronectin (Tamkun ef 

a/., 1984). Therefore, the statement made by Tomatsu etal. (1989) does not necessarily 

follow from what is known about the structure of exon 2. It is particularly important not to 

make such statements in the absense of consistent data on where the N-terminus of the 

erythroid protein is actually located . (see Yubisui ef a/.,1986; Tamura etal., 1987 and 

section 1.6 of this thesis.)

The need to carefully consider the possibility that the two forms of b5 reductase are

indeed generated by a pretranslational process, became clear when Pietrini etal. (1988) 

published a paper reporting that two transcripts encode the rat reticulocyte enzyme. The

study employed RNAse protection to map the 5' ends of bs reductase mRNA species in rat 

liver and rat reticulocytes. A cDNA encoding the entire length of rat liver b5 reductase was

first isolated. A 500nt antisense probe was transcribed from the 5' end of this cDNA. RNA 

extracted from rat liver or rat reticulocytes was used to protect the probe from digestion 

with RNase A. RNA extracted from rat liver protected a fragment whose size was consistent 

with the presence of an mRNA species encoding the full length of the membrane bound form

of bs reductase. RNA extracted from rat reticulocytes protected a fragment of a similar size.



50

TTAATTTACT CrACTTCCTA GTAGCCAAAG TGAAAAGGAT AT3TCCTTAJ3 ACCCACAGCT

100I__________
C lfiTTGGTCC TUUC’I CSTCA GAGGAAATQG A U C TT iT lC T  CATGGTACTG AGCAIAGAAG

150

CCCAGGIAAT GCTCACTGAC AGTGTCATGA GCT3GTCTTA TAGCTXCTCC TAGTGGGCAC

CAAAATOGAT GATGAAGCTT TCTGGATGEp  GglGGTGGGGl AGAGGGIAGC TCCTQGCAGA

Hind m
250 300

GGGGGCAAGA GTGAGCAGAG GCCTGGXAGT GTGGACAAGC CGGTGTGITT GGGGAAAGGC

350
r  t *

AGGCTCCIGC ACTGACCCCG CGGGTCCTGT CGTTTCAG |TTG GGC CAT ATG GTG CTC CTC
lie u  G ly  H is  M e t V a l le u  P h e

400

CCA GTC TGG CTC CTG TAC ACT CTG CTC lATGj AAG CTG TTC CAG CGC TCC ACG 
P ro  V a l T rp  Pbe le u  T y r  S e r le u  le u  M et ly s  le u  Phe G in  A rg  S e r T fcr

Xho I 45S
CCA GCC ATC ACC CTC GAG AGC CCG GAC ATC AAG TAC CCG CTG CGG CTC ATC 
P ro  A la  l i e  150: le u  G lu  S e r P ro  Asp l i e  ly s  T y r  P ro  le u  A rg  le u  l i e

500

GAC CGG GAG 1GTGAGTGCCG GCCGCCGCCG CTGCCTCGTC AGCATCACAG CA2TGCCCAG 
Asp A rg  G lu t

550

CAGGTACTCT GTGCTCAGGG CATQGTCCTA G

fig 6.4: The nucleotide sequence of exon 2 of the human b5 reductase
gene, (also shown In fig 4.11)

Boxed sequence (i) has sequence homology to a motif within the 
porphobilinogen deaminase erythroid specific promotor (Chretien et al., 
1988). Boxed sequence (ii) is similar to the CAAC box consensus (Chretien 
et al.t 1988 ; de Boer et al., 1988). Boxed sequence (iii) shows the 
position of a putative downstream translational initiation codon . The 
vertical arrow points to the position of the N-terminus of the human 
erythroid b5 reductase found by Yubisui et al., (1986). The sequence
marked with a horizontal bracket corresponds to the 5' end of a putative 
reticulocyte specific b5 reductase mRNA species (Pietrini et al., 1988).



However, it also protected a fragment that was between 60 and 65nt shorter. It was 

proposed that this reticulocyte specific fragment had been protected by an mRNA species 

whose sequence diverged at some point, from the sequence of the liver mRNA species. This 

point of divergence was mapped to a position 60 to 65nt from the 5' end of the rat liver

cDNA and corresponds to a position somewhere between amino acids 8 and10 of rat liver bs

reductase.

It was of interest to map this putative point of divergence between the two rat mRNA

species with respect to the known structure of exon 2 of the human bs reductase gene. The

point of divergence maps to the vicinity of the 5' exon-intron junction of exon 2 . This point 

of divergence is indicated in fig 6.4.

Two hypotheses have been put forward in section 5.1 of this thesis, that might 

explain the rat reticulocyte specific mRNA transcript in terms of the known structure of the

human b5 reductase gene. These hypotheses are summarised in fig 5.2 . The first hypothesis 

was that there might be an alternative promotor within the 5' flanking region to exon 2 that 

would make exon 2 and its 5’ flanking sequence the first exon of an alternative reductase 

transcript. In support of this hypothesis, comparison of the nucleotide sequence of the 

region 5' flanking to exon 2, with the erythroid specific promoter of porphobilinogen 

deaminase (Mignotte etal., 1989) revealed two similarities . These are shown in fig 6.4.

The second hypothesis was that the reticulocyte specific mRNA might be generated through 

the splicing of the 5' end of exon 2 to an alternative splice donor site. Consistent with both 

these hypotheses is the presence of an in frame ATG codon located 2 codons upstream of the

sequence encoding the putative N-terminus of human erythroid b5 reductase (Yubisui etal.,

1986). It is possible that this could act as an alternative translational start site for the

soluble form of b5 reductase .

The RNAse protection experiments presented in this thesis (see section 5.2) were 

designed to directly test these two hypotheses. RNA extracted from human adult liver, 16 and 

20 week foetal liver, reticulocytes and HEL cells was used to protect two antisense RNA



probes. One of the probes, called AS(pB5R6), was transcribed from the 5' end of the b5

reductase cDNA insert of clone pB5R3. The other probe, called AS(pB5RGl), was 

transcribed from the 5' end of exon 2 and its 5' flanking sequence. The structures of these 

two probes are shown in fig 5.1. The suggested patterns of protected fragments that would 

support each of the two hypotheses are shown in fig 5.2.

The experiments failed to detect any mRNA species in which RNA transcribed from 

the sequence 5’ flanking to exon 2, flanks RNA transcribed from exon 2 itself. The 

alternative promotor hypothesis stated above was therefore not supported by the results. 

On-the-other-hand, the hypothesis that an alternative mRNA species could be generated by 

the splicing of the 5’ end of exon 2 to an alternative splice donor site could not be ruled out 

by the results. RNA isolated from each tissue protected a 91-92nt fragment of probe 

AS(pB5R6). This fragment is of exactly the size predicted by this hypothesis. Consistent 

with the results obtained in the rat by Pietrini etal., (1988) is the fact that this fragment 

was more abundant in the experiment carried out using RNA extracted from HEL cells and 

reticulocytes than in the experiment carried out using RNA extracted from adult liver. In 

addition, one might have expected that foetal liver, being an erythopoietic centre at 16 and 

20 weeks (see Weatherall and Clegg 1981 and fig 5.3) would contain sufficient erythroid 

RNA for the results obtained using RNA extracted from this tissue to, to some extent mirror 

the results obtained using RNA extracted from purified erythroid cells. In fact the relative 

intensities of the bands obtained using RNA extracted from foetal and adult liver were very 

similar.

It is clearly not possible to draw any conclusions about the relationship between the 

soluble and membrane bound forms of bs reductase from the results of RNase protection 

analysis. However, the hypothesis that the 5' end of exon 2 might splice to an alternative 

donor site to generate an mRNA species that encodes the soluble form of b5 reductase should 

be tested further. It would be very interesting, for example, to compare the amounts of 

soluble bs reductase expressed in different tissues with the amounts of the 91-92nt



fragment of probe ASp(B5R6) that are protected by RNA transcribed by these tissues. In 

addition, it is important for the 5' ends of transcripts in the different tissues to be mapped 

using alternative techniques. Firstly it would be a good idea to carry out S1 nuclease 

mapping experiments using single stranded DNA probes extended from the same DNA 

templates as were used to transcribe probes AS(pB5R6) and AS(pB5RG1). These 

experiments could be backed up with primer extention experiments that compare DNA 

fragments extended from a primer that is complementary to the known 5' non-coding 

sequence of bs reductase (as was done in the experiment described in section 3.5.) with 

DNA fragments extended from a primer that is complementary to exon 2.

6.1 Other suggestions for future work

There are other hypotheses capable of explaining the occurrence of two forms of b$

reductase, that have not been tested by the work described in this thesis. Some of these have 

been outlined in section 1.7.2. One possibility is that the soluble and membrane bound 

enzymes are translated from alternative translational start sites on a single mRNA species 

(for a review see Herman, 1989). The presence of an in frame ATG codon within exon 2 

(described above) would be ideally positioned as a translational start site for the soluble

form of the enzyme. However, it is clear that the levels of the soluble form of b$ reductase

present in erythrocytes is very much greater than in other tissues (see chapter 1 of this 

thesis). In none of the examples of cellular mRNAs that contain an additional downstream 

translation al start site has any differential control over the the levels of initiation from 

each start site been demonstrated. It is quite possible, however, that mechanisms acting at 

the level of translation could control the expression of the two forms of bs reductase. It is 

therefore interesting to note that the expression of lipoxygenase, an enzyme that is involved 

in the extensive removal of membranes from erythroid cells during the maturation of 

reticulocytes to erythrocytes is controlled at the translational level (Hunt., 1989). The 

availability of a cDNA (clone XB5R3) encoding the full length



of b5 reductase (clone pB5R3) will enable the activity of the downstream AUG site as

alternative translational start site to be tested in a reticulocyte in vitro translation system 

using the same methods as those used by Hann etal. (1988).

The cDNA insert of clone pB5R3 can be used in studies that test another hypothesis of

how the soluble and membrane bound forms of bs reductase could be generated. This

hypothesis is that the two forms of the enzyme are identical in their primary structure, but 

that differential myristylation of the N-terminal glycine could control their partitioning 

between the membranes and the cytosol. Cell lines could be transfected with a cDNA that has

been modified by site directed mutagenesis, so that it encodes an altered b5 reductase whose 

N-terminal glycine has been substituted with, for example, an alanine residue. Such a 

protein would remain un-myristylated ( for a review see Towler etal., 1988). The level of

soluble and membrane bound b5 reductase within these cells could be compared with the

level in cells that have been transfected with an unmodified cDNA. These transfected cell 

lines could also be used to test the related hypothesis that, instead of directly controlling the

partitioning of b5 reductase between the membranes and the cytosol, the myristylation of 

the N-terminal glycine indirectly controls partitioning by protecting the N-terminus 

from proteolysis. Implicit in this hypothesis is the idea that the removal of the N-terminal

membrane binding domain of bs reducase might occur by default in the absence of the

myristyl group. Such experiments would be of general interest at a time when the role 

played by myristyl groups in proteins is still very unclear.

Finally the availability of cDNA and genomic sequences encoding reductase will

be invaluable to work aimed at pinpointing the mutations that give rise to the inherited 

disorder, methaemoglobinaemia. If the severe and mild forms of this disorder could be

distinguished at the level of the sequence of the bs reductase gene, then a prenatal diagnosis

for the severe form could be developed using methods based on either Southern blot 

hybridization analysis or the polymerase chain reaction (White etal., 1989).



7. References

Abe, K., Kimura, S., Kizawa, R., Anan, F.K. and Sugita, Y.(1985). Amino acid sequences of 
b5 from human, porcine and bovine erythrocytes and comparison with liver
microsomal b5. J. Biochem. 97, 1659-1668.

Aderem, A.A., Keum, M.M., Pure, E., Cohn, Z.A.(1986). Bacterial lipopolysaccharides, 
phorbol myristate acetate and zymosan induce the myristoylation of specific 
macrophage proteins. Proc. Natl. Acad. Sci. USA 83, 5817-5821.

Anderson, D.J., Mostov, K.E. and Blobel, G.(1983). Mechanisms of integration of de novo 
synthesized polypeptides into membranes: signal-recognition particle is required 
for integration into microsomal membranes of calcium ATPase and of lens MP26 but 
not for cytochrome b5. Proc. Natl. Acad. Sci. USA 80, 7249-7253.

Bernert, J.J. and Sprecher, H. (1979). Factors regulating the elongation of palmitic acid 
and stearic acid by rat liver microsomes. Biochim. Biophys. Acta. 574,18-24.

Board, P.G., Agar, N.S., Gruca, M. and Shine, R.(1977). Methaemoglobin reductase and its 
reduction in nucleated erythrocytes from reptiles and birds. Comp. Biochem.
Physiol.57 265-267.

Bonomi, F., Long, C.R., Kurtz Jr, D.M.(1989).Purification and properties of a membrane
bound NADH- cytochrome b5 reductase from erythrocytes of the sipunculid worm,
Phascolopsis gouldii. Biochim. Biophys. Acta. 999,147-156.

Borgese, N. and Gaetani, S. (1980). Site of synthesis of rat liver cytochrome b5 reductase,
an integral membrane protein. FEBSIett. 112, 216-220.

Borgese, N., and Meldolesi, J.(1980). Localisation and biosynthesis of NADH-cytochrome b5
reductase, an integral membrane protein , in rat liver cells. I. Distribution of the 
enzyme activity in microsomes, mitochondria, and microsomes. J. Ceii Biol. 85, 
501-515.

Borgese, N., Macconi, D., Parola, L. and Pietrini, G. (1982). Rat erythrocyte
NADH-cytochrome b5 reductase: Quantitation and comparison between the membrane
bound and soluble forms using an antibody against the rat liver enzyme. J. Biol.
Chem. 257, 13854-13861.

Borgese, N. and Gaetani, S.(1983). In vitro synthesis and post-translational insertion into 
microsomes of the integral membrane protein NADH-cytochrome b5 oxoreductase.
EMBO Journal 2, 1263-1269.

Borgese, N. and Pietrini, G.(1986). Distribution of the integral membrane protein
NADH-cytochrome b5 reductase in rat liver cells, studied with a quantitative
radioimmunoblotting assay. Biochem. J. 239, 393-403.

Borst, P., Benne, R. and Tabak, H.F. (1989). A fused chimeric protein made in human cells. 
Cell 58, 421-422.

Breitbart, R.E., Andreadis, A., Nadal-Ginard, B. (1987). Alternative splicing: A ubiquitous 
mechanism for the generation of multiple protein isoforms from single genes. Ann.
Rev. Biochem. 56. 467-495.

Bull. P.C., Shephard, E.A., Povey, S., Santisteban, I., Phillips, I.R. (1988). Cloning and
chromosome mapping of the human cytochrome bs reductase gene. Ann. Hum. Genet. 
52, 263-268.

J  Chretien, S., Dubart, A., Beaupain, D., Raich, N., Grandchamp, B., Rosa, J., Goossens, M., 
Romeo, P. (1988). Alternative transcription and splicing of the human 
porphobilinogen deaminase gene result in either tissue-specific or in housekeeping 
expression. Proc. Natl. Acad. Sci. USA 85,6-10.

| Ciechanover, A. and Schwartz, A.L. (1989). How are substrates recognised by the 
ubiquitin-mediated proteolytic system? Trends Biochem. Sci.14, 483-487.

Cohen, B.S. and Estabrook, R.W. (1971). Microsomal electron transport reactions. Arch.
Biochem. Biophys A A3,46-53.

Cox W.W. and Wendel, W.B.(1942). The normal rate of reduction of methaemoglobin in dogs.
J. Biol. Chem. 143, 331-340. 

de Boer, E., Antoiou, M., Mignotte, V., Wall, L., Grosveld, F.(1988). The human 0 globin 
| promotor: nuclear protein factors and erythroid specific induction of transcription.

EMBO Journal 7, 4203-4212.



de Duve, C., Pressman, B.C., Gianetto, R., Watiaux, R. and Appelmans, F.(1955). Tissue 
fractionation studies; intracellular distribution patterns of enzymes in rat liver 
tissue. Biochem. J. 60, 604-617.

Denhardt, D.. (1966). A membrane filter techniqu for the detection of Complementary DNA.
Biochem. Biophys. Res. Com. 23, 641-646.

Dieckmann, W.J.(1932). Methaemoglobinaemia. Arch. Intern. Med. 50,574-578.
Dittrich, P.(1891). Uber methamoglobinbildende gifte naunyn-schmiedebergs. Arch. Exp.

Pathol. Pharmacol. 29, 247.
Early, P., Rogers, J., Davis, M., Calame, K., Bond, M., Wall, R. and Hood, L. (1980). Two 

mRNAs can be produced from a single immunoglobulin p gene by alternative RNA 
processing pathways. Cell 20, 313-319.

Edwards, Y.H., Parkar, M., Povey, S., West, L.F., Parrington, J.M. and Solomon, E. (1985). 
Human myosin heavy chain genes assigned to chromosome 17 using a human 
cDNA clone as a probe. Ann. Hum. Genet. 49,101-109.

Feinberg, A.P. and Vogelstein, B. (1984). A technique for radiolabelling DNA restriction 
endonuclease fragments to high specific activity. Anal. Biochem.137,266-267.

Fisher, R.A., Edwards, Y.H., Putt, W., Potter, J. and Hopkinson, D.A.(1977a).An
interpretation of human diaphorase isozymes in terms of three gene loci DlA-j, DIA2
and DIA3 Ann. Hum. Gen. 41, 139-149.

Fisher, R.A., Povey, S., Bobrow, M., Solomon, E., Boyd, Y. and Carrit, B.(1977b).
Assignment of the DIA-f locus to chromosome 22. Ann. Hum. Genet. 41,151-155.

Francois.(l845). Cas de cyanose congeniale sans cause apparente, Bull, Acad. R. Med. Beig. 
4, 698.

Friend, C.(1957).Cell free transmission in adult swiss mice of a disease having the 
character of leukemia. J. Exp. Med. 105, 307-18 

Fukushima, K. and Sato, R.(1973). Purification and Characterisation of cytochrome b5-like
hemoprotein associated with outer mitochondreal membrane of rat liver. J. Biochem. 
74, 161-173.

Gibson, Q.H.(1948). The reduction of methaemoglobin in red blood cells and studies on 
the cause of idiopathic methaemoglobinaemia. J. Biol. Chem. 42,13-22.

Gietani, S., Di Girolamo, A., Busiello, Y. and Di Girolamo, M.(1988).Soluble
NADH-cytochrome bs reductase during murine erythroleukemic cell differentiation.
Cell. Mol. Biol. 34, 673-683.

Hames, B.D. and Glover, D.M.(1988). Transcription and Splicing, IRL Press, Oxford, 
Washington DC

Hanahan, D.(1985). Techniques for the transformation of E. coli. DNA cloning, a practical 
approach. Vol.1. IRL Press. 109-135.

Hann, S.R., King, M.W., Bentley, D.L., Anderson, C.W. and Eisenman, R.N. (1988). A
non-AUG translational initiation in c-myc exon 1 generates an N-terminally distinct 
protein whose synthesis is disrupted in Burkitt's lymphomas. Cell 52,185-195. 

Herman, R.C.(1989). Alternatives for the initiation of translation. Trends Biochem. Sci. 
14,219-222.

Hogeboom, G.H.(1949) Cytochemical studies on mammalian tissues. II. The distribution of 
diphosphopyridine nucleotide-cytochrome c reductase in rat liver fractions. J.Biol. 
Chem. 177, 847-858.

Holloway, P.W. and Katz, J.T.(1972). Requirement for cytochrome b5 in microsomal
stearyl-Co A desaturation. Biochemistry 11, 3689-3696.

Hunt, T. (1989). On the translational control of suicide in red cells development. Trends 
Biochem. Sci. 14, 393.

Jeffcoat, R. (1979). The biosynthesis of unsaturated fatty acids and its control in 
mammalian liver. Essays Biochem. 15,1-112.

Jones, E.A., Goodfellow, P.N., Kennet, R.H. and Bodmer, W.F.(1976). The independent
expression of HLA and beta-2-microglobulin in human-mouse hybrids. Somatic Cell 
Genet. 2, 483-496.



Julier, C., Lathrop, G.M., Reghis, A., Szajnert, M., Lalouel, J. and Kaplan, J.(1988). A
linkage and physical map of chromosome 22 and some applications to gene mapping. 
Am. J. Hum. Genet. 42, 297-308.

Junien, C., Vibert, M., Weil, D., Van-Cong, N. and Kaplan, J.C.(1978). Assignment of NADH 
cytochrome b5 reductase (DIA1 locus) to human chromosome 22. Hum. Genet. 42,
233-239.

Kaiser, K. and Murray, N.E. (1985). The use of phage lambda replacement vectors in the 
construction of representitive genomic DNA librarys. DNA Cloning a Practical 
Approach Vol 1. IRL Press. 1-48.

Kaplan, J. and Beutler, E. (1967). Electrophoresis of Red cell NADH- and NADPH-
diaphorases in normal subjects and patients with congenital methaemoglobinaemia. 
Biochem. Biophys. Res. Com. 29, 605-610.

Keyes, S.R. and Cinti, D.L.(1980). Biochemical properties of cytochrome b5-dependent
microsomal fatty acid elongation and identification of products. J. Biol. Chem. 255, 
11357-11364.

Kielty, C.M., Povey, S. and Hopkinson, D.A.(1982). Regulation of expression of liver
specific enzymes. III. Further analysis of a series of rat hepatoma and human somatic 
cell hybrids. Ann. Hum. Genet. 46, 307-327.

Klausner, R.D.(1989). Architectural editing: determining the fate of newly synthesised 
membrane proteins. The New Biologist 1, 3-8.

Kozak, M. (1984). Compilation and analysis of sequences upstream from the translational 
start site in eukaryotic mRNAs. Nucl. Acids. Res. 12, 857-872.

Kraft, A.S. and Anderson, W.B.(1983).Phorbol esters increase the amount of Ca 2+,
phospholipid-dependent protein kinase associated with plasma membrane.Nature 
301, 621-623.

Kress, M., Glaros, D., Khoury, G. and Jay, G.(1983). Alternative RNA splicing in the 
expression of the H-2K gene. Nature 306, 602-604.

Kuwahara, S., Okada, Y., Omura, T.(1978). Evidence for molecular identity of microsomal 
and mitochondrial NADH-cytochrome b5 reductases of rat liver. J. Biochem. 83,
1049-1059.

Kwok, S.C.M., Ledley, F.D., DiLella, A.G., Robson, K.J.H. and Woo, S.L.C.(1985) The 
Nucleotide sequence of a full length complementary DNA clone and amino acid 
sequence of human phenylalanine hydroxylase. Biochemistry 24, 556-561.

Lathe, R.(1985). Synthetic oligonucleotide probes deduced from amino acid sequence 
data-theoretical and practical considerations. J. Moi. B/0/.183,1-12.

Leroux, A. and Kaplan, J.(1972) Presence of red cell type NADH- methaemoglobin
reductase (NADH diaphorase) in human non erythroid cells. Biochem. Biophys. Res. 
Com. 49, 945-950.

Leroux, A., Junien, C. and Kaplan, J.(1975). Generalised deficiency of cytochrome b5
reductase in congenital methaemoglobinaemia with mental retardation. Nature 258, 
619-620.

Leroux, A., Torlinski, L. and Kaplan, J. (1977). Soluble and microsomal forms of 
NADH-cytochrome b5 reductase from human placenta. Similarity with
NADH-methaemoglobin reductase from human erythrocytes. Biochim. Biophys. Acta. 
481,50-62.

Lian, C., Frumusan, P. and Sassier, M.(1939). Methemoglobinemie congenitale et familiale.
Action favourable de I'acide ascorbique. Bull. Soc. Med. Hop. Paris. 55,1194.

Little, P.R.F. and Jackson, I.J. (1987). Application of plasmids containing promotors
specific for phage-encoded RNA polymerases. DNA cloning, a practical approach. Vol 
3. IRL Press.

Loenen, W.A.M., and Brammer, W.J. (1980). A bacteriophage lambda vector for cloning 
large DNA fragments made with several restriction enzymes. Gene, 20,249-259. 

Lostanlen, D., Viera de Barros, A., Leroux, A. and Kaplan, J.C.(1978). Soluble
NADH-cytochrome b5 reductase from rabbit liver cytosol: Partial purification and
characterization. Biochim. Biophys. Acta. 426, 42-51.



Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982). Molecular Cloning: A Laboratory 
manual. Cold Spring Harbor Laboratory Press: New York.

Mannering, G.J., Kuwahara, S. and Omura, T.(1974). Immunochemical evidence for the 
participation of cytochrome b5 in the NADH synergism of the NADPH-dependent
mono-oxidase system of hepatic microsomes. Biochem. Biophys. Res. Com. 57, 
476-481.

Marks, P.A. and Rifkind, R.A.(1978). Erythroleukemic differentiation. Ann. Rev. Biochem.
47, 419-448.

Maurer, R.A., Erwin, C.R. and Donelson, T.E. (1981). Analysis of 5' flanking sequences and 
intron-exon boundarys of the rat prolactin gene. J. Biol. Chem. 256,
10524-10528.

Meldolesi, J., Corte, G., Pietrini, G. and Borgese, N. (1980). Localisation and biosynthesis 
of NADH-cytochrome b5 reductase, an integral membrane protein , in rat liver
cells.ll. Evidence that a single enzyme accounts for the activity in its various 
subcellular locations. J. Cell. Biol. 85, 516-526.

Mierendorf, R.C.,and Pfeffer, D. (1987) Direct sequencing of denatured plasmid DNA.
Methods Enzymol. 152, 556 - 562.

Mignotte, V., Elequet, J.F., Raich, N., Romeo, P. (1989). Cis- and trans-acting elements 
involved in the regulation of the erythroid promoter of the human porphobilinogen 
deaminase gene. Proc. Natl. Acad. Sci. USA 86, 6548-6552.

Mihara, S. and Sato, R.(1975). Purification and properties of the intact form of NADH- 
cytochrome b5 reductase from rabbit liver microsomes. J.Biochem. 78,
1057-1073.

Murakami, K., Yubisui, T., Takeshita, M. and Miyata, T.(1989). The NH2-terminal
structures of human and rat liver microsomal NADH-cytochrome b5 reductase. J. 
Biochem. 105, 312-317.

Nabholz, M., Miggiano, V. and Bodmer, W.F.(1969). Genetic analysis with human-rodent 
somatic cell hybrids. Nature 223, 358-363.

Norrander, J., Kempe, T. and Messing, J.(1982). Construction of improved M13 vectors 
using oligonucleotide directed mutagenesis.(l982). Gene 26,101.

Okada, Y., Frey, A.B., Guenthner, T.M., Oesch, F., Sabatini, D.D. and Kreibich, G.(1982). 
Studies on the biosynthesis of microsomal membrane proteins. Eur.J. Biochem.
122, 393-402.

Okayama, H., Kawaichi, M., Brownstein, M., Lee, F., Yokota, T. and Arai, K.(1987). High 
efficiency cloning of full-length cDNA; construction and screening of cDNA 
expression librarys for mammalian cells. Methods Enzymol ASA, 3-27.

Oshino, N. and Sato, R.(1971). Stimulation by phenols of the reoxidation microsomal bound 
cytochrome b5 and its implication to fatty acid desaturation. J. Biochem. 69,
169-180.

Oshino, N. and Omura, T.(1973). Immunochemical evidence for the participation of
cytochrome b5 in microsomal stearyl-Co A desaturation reactions. Arch. Biochem.
Biophys. 157, 395-404.

Ozols, J., Carr, S.A. and Strittmatter, P.(1984). Identification of the NH2-terminal
blocking group of NADH-cytochrome bs reductase as myristic acid and the complete 
amino acid sequence of the membrane-binding domain. J. Biol. Chem. 259, 
13349-13354.

Ozols, J., Korza, G., Heinnemann, F.S., Hediger, M.A., and Strittmatter, P.(1985).
Complete amino acid sequence of steer liver microsomal NADH-cytochrome b5 
reductase. J. Biol. Chem. 260, 11953-11961.

Passon, P.G., and Hultquist, D.E.(1972). Soluble cytochrome b5 reductase from human 
erythrocytes. Biochim. Biophys. Acta. 275, 62-73.

Peterson, J.A. and Prough, R.A.(1886). Cytochrome P-450 reductase and cytochrome bs in
cytochrome P-450 catalysis. Cytochrome P450, Structure, Mechanism and 
Biochemistry, Plenum press, 89-118 .



Petragnani, N., Nogueira, O.C., Raw, 1.(1959).Methaemoglobin reduction through 
cytochrome b5. Nature 184,1651.

Phillips, I.R., Shephard, E.A., Mitani, F. and Rabin, B.R. (1981). Induction by
phenobarbital of the mRNA for a specific variant of rat liver microsomal cytochrome 
P450. Biochem. J. 196, 839-851.

Pietrini, G., Carrera, P. and Borgese, N.(1988). Two transcripts encode rat cytochrome bs
reductase. Proc. Natl. Acad. Sci. USA.85, 7246-7250.

Proudfoot, N.J. and Brownlee, G.G. (1976). The 3' non-coding region sequences in 
eukaryotic messenger RNA. Nature 263, 211-214.

Prough, R.A. and Burke, M.D. (1975). The Role of NADPH-cytochrome P450 reductase in 
microsomal hydroxylation reactions. Arch. Biochem. Biophys. 170,160-168.

Rackwitz, H., Zehetner, G., Frischauf, A., Lehrach, H. (1984). Rapid restriction 
mapping of DNA cloned lambda phage vectors. Gene 30,195-200.

Raw, I. and Difini, F.(1983). The possible role of ATP-dependant protolysis on the
solubilization of methaemoglobin reductase during erythrocyte maturation. Biochem. 
Biophys. Res. Com. 116, 357-359.

Read-Kensil, C., Hediger, M.A., Ozols, J. and Strittmatter, P.(1983). Isolation and partial 
characterization of the NH2-terminal membrane-binding domain of
NADH-cytochrome b5 reductase. J. Biol. Chem. 258,14656-14663.

Read-Kensil, C., and Strittmatter, P.(1986). Binding and fluorescence properties of the
membrane-binding domain of NADH-cytochrome bs reductase. J. Biol. Chem. 261,
7316-7321.

Reddy, V.V.R., Kupfer, D. and Caspi, E.(1977). Mecanism of C-5 double bond introduction in 
the biosynthesis of cholesterol by rat liver microsomes. J. Biol. Chem. 252, 
2797-2801.

Rogers, M.J. and Strittmatter, P.(1973). Lipid-protein interactions in the reconstitution 
of the microsomal reduced nicotinamide adenine dinucleotide-cytochrome b5
reductase system. J. Biol. Chem. 248, 800-806.

Sambrook.J., Fritsch, E.F. and Maniatis,T.(1989). Molecular Cloning, A Laboratory 
Manual, (Second Edition ). Cold Spring Harbor Laboratory Press: New York.

Sanger,F., Nicklen, S. and Coulson, A.R. (1977). DNA sequencing with chain terminating 
inhibitors. Proc. Natl. Acad. Sci. USA 74,5463 

Saul,A. and Yeganeh, F. (1986). Electrophoretic identification of fusion proteins expressed 
in single recombinant A-bacteriophage plaques. Anal. Biochem. 156, 354-356. 

Sausville, E.A., Lobacq-Verheyden, A., Spindel, E.R., Cuttitta, F., Gazdar, A.F. and Battey, 
J.F.(1988). Expression of the gastrin-releasing peptide gene in human small cell 
lung cancer. J. Biol. Chem. 261, 2451-2457.

Schenkman, J.B., Jansson, I. and Robie-Suh, K.M. (1976). The many roles of cytochrome 
bs in hepatic microsomes. Life Sciences 19, 611-624.

Scott, E.M. and Griffith, I.V. (1959).The enzymic defect of hereditary
methaemoglobinaemia: diaphorase. Biochim. Biophys. Acta.34, 584-586.

Scott, E.M., (1960). The relation of diaphorase of human hrythrocytes to the inheritance of 
methaemoglobinaemia. J. Clin. Invest. 39,1176-1179.

Shephard, E.A. (1982). Studies on the xenobiotic induction of cytochrome P-450 and 
associated proteins. PhD. Thesis, University of London.

Shimakata, T., Mihara, K. and Sato, R.(1972). Reconstruction of hepatic microsomal 
stearyl-Co A desaturase system from solubilized components. J. Biochem. 
72,1163-1174.

Sievers, R.F., and Ryon, J.B.(1946). Congenital idiopathic methaemoglobinaemia;
favourable response to ascorbic acid therapy. Arch. Intern. Med. 76,299.

Slaughter, S.R. and Hultquist, D.E.(1979).Membrane-bound redox proteins of the murine 
Friend virus induced erythroleukemia cell. J. Cell Biol. 83, 231-239.

Solomon, E., Swallow, D., Burgess, S. and Evans, L.(1979). Assignment of the human acid 
a-glucosidase gene (aGLU) to chromosome 17 using somatic cell hybrids. Ann. Hum. 
Genet. 42, 273-281.



Sottocasa,G.L„ Kuylenstierna, B., Ernster, L. and Bergstrand, A.(1967) An electron
transport system associated with the outer membrane of the liver mitochondria. J.
Cell Biol. 32, 415-438.

Southern, E.M.(1975). Detection of specific sequences among DNA fragments separated by 
gel electrophoresis. J. Mol. Biol. 98, 503-517.

Spatz, L. and Strittmatter, P. (1973). A form of reduced nicotinamide adenine dinucleotide 
cytochrome b5 reductase containing both the catalytic site and an additional
hydrophobic membrane binding segment. J. Biol. Chem. 248, 793-799.

Schwartz, J.M., Reiss, A.L. and Jaffe, E.R. (1979). Hereditary methaemoglobinaemia with 
deficiency of NADH cytochrome b5 reductase. The Metabolic basis for 
inherited disease. (5th Ed.).McGraw-Hill. 1654-1665.

Strittmatter, P. and Velick, S.F.(1956) A microsomal cytochrome reductase specific for 
diphoshopyridine nucleotide J. Biol. Chem. 221,277-286.

Strubin, M., Long, E.O. and Mach, B. (1986). Two forms of the la antigen-associated 
invariant chain result from alternative initiations at two in-phase AUGs. Cell AT, 
619-625.

Studencki, A.B., and Wallace, R.B. (1984). Allele-specific hybridization using
oligonucleotide probes of very high specific activity : descrimination of the Human 
0A and pS globin genes. DNA 3, 7-15.

Takeshita, M., Tamura, M. and Yubisui, T.(1983). Microsomal electron-transport 
reductase activities and fatty acid elongation in rat brain. Biochem. J. 214,
751-756.

Takeshita, M., Tamura, M., Kugi, M., Matsuki, T., Yoneyama, Y. and Igarashi, T.(1987).
Decrease of palmatoyl CoA elongation in platelets and leucocytes in the patient of 
hereditary methaemoglobinaemia with associated mental retardation. Biochem. 
Biophys. Res. Com. 148, 384-391.

Takesue, S. and Omura, T.,(1968) Enzymatic solubilization of microsomal
NADH-cytochrome b5 reductase by lysosomes. Biochem. Biophys. Res. Com. 30,
723-729.

Takesue, S. and Omura, T.(1970). Purification and properties of the intact form of
NADH-cytochrome b5 reductase from rabbit liver microsomes.. J. Biochem. 67,
267-276.

Tamkun, J.W., Schwarzbauer, J.E. and Hynes, R.0.(1984). A single rat fibronectin gene 
generates three different mRNAs by alternative splicing of a complex exon. Proc.
Natl. Acad. Sci. USA 81, 5140-5144.

Tamura, M., Yubisui, T., Takeshita, M., Kawabata, S., Miyata, T. and Iwanaga, S.(1987).
Structural comparison of the bovine erythrocyte, brain and liver NADH-cytochrome 
b5 reductase by HPLC mappingj. Biochem. 101,1147-1159.

Tanishima, K., Tanimoto, K., Tomoda, A., Mawatari, K., Matsukawa, S., Yoneyama, Y., 
Ohkuwa, H. and Takazakura, E. (1985). Hereditary methaemoglobinaemia due to 
cytochrome bs reductase deficiency in blood cells without associated neurologic and 
mental disorders. Blood 66,1288-1291.

Toshiharu, I., Mezawa, K., Okazaki, T. and Shukuya, R.(1984). NADH- and NADPH dependent 
reduction of methaemoglobin in the nucleated erythrocytes from hen and bullfrog. 
Comp. Biochem. Physiol. 78. 683-684.

Tomatsu, S., Kobayashi, Y., Fukumaki, Y., Yubisui, T., Orii, T. and Sakaki, Y.(1989). The
organization and complete nucleotide sequence of the human NADH-cytochrome b5
reductase gene. Gene 80, 353-361.

Towler, D.A., Gordon, J.I., Adams, S.P., Glaser, L. (1988). The biology of acylation. Ann.
Rev. Biochem. 57, 69-99.

Tsai, S., Martin, D.I.K., Zon, L.I., D’Andrea, A.D., Wong, G.G. and Orkin, S.H. (1989);
Cloning of cDNA of the major DNA binding protein of the erythroid lineage through 
expression in the mammalian cell. Nature 339, 446-451.



Van Heyningen, V., Bobrow, M., Bodmer, W.F.,Gardiner, S.E., Povey, S. and Hopkinson, 
D.A.(1975). Chromosome assignment of some human enzyme loci: mitochondreal 
malate dehydrogenase to 7, mannose phosphate isomerase and pyruvate kinase to 15 
and probably, esterase D to 13. Ann. Hum. Genet. 38, 295-303.

Wallace, B.R. and Miyada, C.G.(1987), Oligonucleotide probes for the screening of 
recombinant DNA librarys. Meth. Enzymol. 152, 94-107.

Warburg, 0.,Kubowitz, F. and Christian, W.(1930). Uber die Katalytische wirkung von 
methylenblau in lebenden Zellen. Biochem. Z.242,170.

Weatherall, D.J. and Clegg, J.B. (1981). The Thaiassaemia Syndromes. Blackwell Scientific, 
Oxford.

Wendel, W.B.(1933). Oxidation by erythrocytes and the catalytic influence of methylene 
blue .J. Biol. Chem. 102, 373.

White, T.J., Arnheim, N. and Erlich, H.A. (1989). The polymerase chain reaction. Trends 
genet. 5, 185-189.

Worster-Drought, C., White, J.C., Sargent, F.(1953).Familial idiopathic
methaemoglobinaemia associated with mental deficiency and neurological 
abnormalities. British Medical Journal 2,114-118.

Yanisch-Perron, C., Vieira, J., and Messing, J.(1985). Improved M13phage cloning
vectors and host strains: nucleotide sequence of the M l3m pl8 and pUCl9 vectors. 
Gene 33,103-119.

Young, R.A. and Davis, R.W.(1983).Yeast RNA polymerase II genes: isolation with antibody 
probes. Science 222, 778-782.

Yubisui, T., Miyata, T., Iwanaga, S., Tamura, M. and Takeshita, M.(1986). Complete amino 
acid sequence of NADH-cytochrome b5 reductase purified from human erythrocytes.
J. Biochem. 99, 407-422.

Yubisui, T., Naitoh, Y., Zenno, S., Tamura, M., Takeshita, M. and Sakaki, Y.(1987).
Molecular cloning of cDNAs of the human liver and placenta NADH-cytochrome b5
reductase. Proc. Natl. Acad. Sci. USA 84, 3609-3613.


