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Abstract

The purpose of this project was to identify the molecular basis of hypertensive 

congenital adrenal hyperplasia in patients with two forms of the disease: steroid 17a- 
hydroxylase/17,20 lyase (CYP17) and 1113-hydroxylase (C Y PllBl) deficiencies. 
These enzyme defects account for approximately 1% and 5% of recorded cases of 

congenital adrenal hyperplasia respectively. CYP17 is encoded by a single gene, 
CYP17 on chromosome 10. The CYPllBl gene is located on chromosome 8q22, in 
tandem with the aldosterone synthase gene, CYP11B2, with which it shares 93% base 

sequence homology. The hypothesis was proposed that the higher incidence of 
CY PllB l deficiency is the result of non-homologous recombination and gene 
conversion between the duplicated CYPllB  genes.

Two mutation screening methods were employed and evaluated. The first method 

involved construction of a genomic DNA library in bacteriophage lambda, isolation 
of fragments of CYP17 and subsequent sequencing by manual dideoxy chain 
termination to locate mutations in DNA from a single individual with 17a- 
hydroxylase deficiency. The second procedure used the polymerase chain reaction 
(PCR) and single strand conformation polymorphism analysis (SSCP) to screen DNA 
from several 1113-hydroxylase deficient patients simultaneously and proved to be a 

much faster and more successful approach to screening for mutations.

A single point mutation was found on each allele of the CYPl 7 gene. In contrast 
point mutations, small deletions, small duplications and gene conversion events were 

found in the CYPllB  genes, often with several mutations present in each patient. 
Deletion and duplication events occurred where there were direct repeats of base 

sequence. Pathological mutations in CYPllBl were shown not to arise directly from 
gene conversion or non-homologous recombination in the subjects studied. Other 

factors, such as differences in the degree of DNA méthylation and selection acting 

strongly against mutation within CYPl 7, may account for the higher rate of mutation 

at the CYPllBl locus as compared to that of CYPl 7.



List of abbreviations

A Adenine base
ACE Angiotensin converting enzyme
ACTH Adrenocorticotrophin hormone
36-HSD 3B-hydroxysteroid dehydrogenase/ isomerase enzyme
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CREEP cAMP response element binding protein
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CRS cAMP response sequence
CYP Cytochrome P450 enzyme
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CYPl 1A Gene encoding CYPl 1A enzyme
C Y PllB l Steroid 116-hydroxylase enzyme
CYPllBl Gene encoding CYPllBl enzyme
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CYP11B2 Gene encoding CYP11B2 enzyme
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FAD Flavin-adenine dinucleotide
FMN Flavin mononucleotide
G Guanine base
GRE Glucocorticoid response element
GRH Glucocorticoid remediable hyperaldosteronism
HLA Human leucocyte antigen
hsp60 60 kilodalton heat shock protein
hsp70 70 kilodalton heat shock protein



HMGCoA 3-hydroxy-3-methylglutaryl coenzyme A
170HP 17-hydroxyprogesterone
LDL Low density lipoproteins
MHC Major histocompatibility complex
NAD Nicotinamide adenine dinucleotide
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1- Introduction

1.1 Hypertension, steroid hormone production
and congenital adrenal hyperplasia

Hypertension is a complex disorder that has been linked to end-stage renal disease, 
brain haemorrhage and heart attack. Hypertensive disease is reported to have caused 

over 3,000 deaths in England and Wales in 1992* and may be a contributing factor 
in over 200,000 deaths per year in the United States (Hahn et al, 1990). Central to 

the cause of hypertension is the breakdown of the homeostatic mechanisms that 
control electrolyte balance, vaso constriction, heart rate and circulating plasma 

volume. Mineralocorticoid and glucocorticoid hormones, secreted by the adrenal 
cortex, play a key role in the regulation of these factors. Aldosterone, the principal 
mineralocorticoid, regulates renal sodium retention and consequently alters electrolyte 
balance, intravascular volume and blood pressure. Cortisol, the principal 
glucocorticoid hormone, is also involved in the regulation of salt and water excretion, 
although its major role is in stimulating gluconeogenesis. The mineralocorticoid and 

glucocorticoid hormones are steroid compounds, synthesized from cholesterol by a 
series of enzymatic conversions (Figure 1.1a).

Two separate negative feedback mechanisms (one involving angiotensin II and the 

other adrenocorticotrophin hormone (ACTH)) operate to control the level of 

steroidogenesis. Mineralocorticoid production is regulated primarily by the renin- 
angiotensin system. Renin is a proteolytic enzyme which is released into the 
circulation when sodium levels are low or if there is a fall in extracellular fluid 

volume: its function is to cleave a decapeptide from angiotensinogen, an a-globulin 

protein present in blood plasma. This decapeptide in turn is cleaved by angiotensin 

converting enzyme (ACE), primarily in the lung, to produce the active octapeptide 
angiotensin II (O’Riordan et al, 1985).

Figures supplied by Office o f Population and Census and Surveys, St. Catherine’s House, London.
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Figure 1.1a: The human adrenal steroidogenic pathway converting cholesterol to steroid hormones.
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Other quantitatively and physiologically minor steroids not shown are also produced by the same enzymes. The 
enzymes mediating each biosynthetic step are shown by each reaction. Reaction 1: mitochondrial CYPl 1A 
converts cholesterol to pregnenolone by catalyzing 20a-hydroxylation, 22-hydroxylation and scission of the 
C20-22 carbon bond. Reaction 2: 3B-hydroxysteroid dehydrogenase (3B-HSD) isomerase, a non-P450 enzyme 
bound to the endoplasmic reticulum, catalyses both 3B-HSD and isomerase activities. Reactions 3 and
4: microsomal CYP17 mediates 17a-hydroxylation of pregnenolone and progesterone (3.) and the 17,20 lyase 
conversion of 17-hydroxypregnenolone to dehydroepiandrosterone (DHEA)(4.). Reaction 5: microsomal CYP21 
catalyses 21-hydroxylation of progesterone to deoxycorticosterone (DOC) and of 17-hydroxyprogesterone to 
11-deoxycortisol. Reactions 6,7,8: mitochondrial CYP11B2 catalyses three clearly distinguishable reactions: 
llB-hydroxylation (6.) of deoxycorticosterone to corticosterone, 18-hydroxylation (7.) to give 18- 
hydroxycorticosterone and 18-methyl oxidation (8.) to produce aldosterone. Reaction 9: mitochondrial 
CY PllB l ,  the product of a different gene than that for CYP11B2 catalyses the 1 IB-hydroxylation of 11- 
deoxycortisol to cortisol.
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* Mineralocorticoid and glucocorticoid effects are mediated by specific cell surface receptors in 
different tissues. The human renal mineralocorticoid type 1 receptor mediates aldosterone action on 
the kidney, but these receptors are also capable o f binding other steroids, such as deoxycorticosterone 
(DOC), 18-hydroxycorticosterone and 19-nor-deoxycorticosterone, which are not usually found at 
significant concentrations in human plasma, with differing affinities (Griffmg et aZ, 1983). This means 
that renal sodium retention can be affected by several different steroid metabolites. The situation is 
further complicated by the fact that the renal type 1 receptors have a high affinity for cortisol. In 
normal subjects the microsomal enzyme II 6-hydroxy steroid dehydrogenase (116-OHSD) protects the 
kidney from cortisol by converting the hormone to cortisone, which does not bind to mineralocorticoid 
receptors to any great extent. Abundant renal 116-OHSD carries out the conversion o f the steroid to 
cortisone before it reaches the distal nephrons. It has been suggested that 116-OHSD protects various 
tissues from potentially deleterious effects o f cortisol (Edwards et al, 1988; Lakshmi & Monder, 1988; 
Phillips et al, 1989). An independent enzyme, 11-oxo-reductase, acts to convert cortisone back to 
cortisol (Abramovitz et al, 1982; Lakshmi & Monder, 1985).



Angiotensin II binds to specific adrenocortical receptors ( Sasaki

et aly 1991) and generates a calcium signal, by release of stored calcium and 

increased influx of calcium through voltage dependent calcium channels (Enyedi et 

al, 1985; 1986). The increased Ca^ ,̂ through the actions of calmodulin, enhances 

transfer of cholesterol to the inner mitochondrial membrane, activates mitochondrial 

dehydrogenases and stimulates the reduction of NADP, all of which contribute to 

increased aldosterone production. The secretion of aldosterone by adrenal 

glomerulosa cells is also dependent on the calcium signal (Kojima et al, 1984; Baukal 

et al, 1988). Angiotensin 11, in addition, has a longer term effect as it induces the 

expression of several transcription factors (Clark et al, 1992) and activates protein 

kinase C (Kawahara et al, 1988; Taubman et al, 1989). These factors are involved 

in the regulation of expression of steroidogenic enzymes. The renin-angiotensin 

stimulation of mineralocorticoid synthesis is shut-off by negative feedback, when 

aldosterone binds to receptors in the kidney and causes sodium retention that inhibits 

renin release (Figure 1.1b).

The production of all adrenal steroids is stimulated by ACTH. ACTH is a 39 amino 

acid peptide, secreted by the pituitary gland, which acts, via a receptor mediated 

mechanism, to mobilize free cholesterol and facilitate access of cholesterol to the side 

chain cleavage enzyme (CYPllA), which carries out the first, rate limiting step of 

steroidogenesis. ACTH, by stimulating cAMP and protein kinase A production, also 

activates transcription of the genes for steroidogenic enzymes and adrenocortical 

growth factors (John et al, 1986; Simpson & Waterman, 1988; Handler et al, 1988; 

Wong et al, 1989; Parisenti et al, 1993).

Inhibition of ACTH release is mediated by cortisol, which binds to specific receptors 

of the hypothalamus and pituitary gland. Binding of cortisol at the hypothalamus 

inhibits the production of corticotrophin releasing factor (CRF). As CRF acts to 

stimulate pituitary production of ACTH, its inhibition reduces circulating ACTH and 

hence steroidogenesis (Figure 1.1b). Binding of cortisol at pituitary corticotrophic 

cells has the same affect of inhibiting ACTH release.
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Figure 1.1b: The renin-angiotensin system controls aldosterone production, and ACTH driven adrenal 
steroidogenesis is inhibited by cortisol.
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CRF produced by the hypothalamus stimulates pituitary production and secretion of ACTH. ACTH 
stimulates the adrenocortical cells to transcribe genes encoding the steroidogenic enzymes and adrenal 
growth factors, and also stimulates cholesterol synthesis and the release of cholesterol from stored 
esters. The adrenal produces cortisol in response to ACTH stimulation and cortisol inhibits both 
hypothalamic production of CRF and pituitary production and release of ACTH, via a receptor 
mediated mechanism.

Renin is involved in the production of angiotensin II, which stimulates adrenal production of 
aldosterone. Aldosterone binds to receptors in the kidney to cause retention of sodium, plasma sodium 
concentration rises and renin release in inhibited. Without circulating renin, angiotensin II is cleared 
from the blood and aldosterone production is inhibited.

4- denotes stimulation

- denotes inhibition

t Na+ denotes the rise in plasma sodium in response to aldosterone action on the kidney.
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Failure to produce cortisol results in excess circulating ACTH, excessive 

steroidogenesis and increased growth of the adrenal glands. In cases of congenital 

adrenal hyperplasia (CAH), this condition of enlarged adrenals and excess ACTH 

arises when individuals inherit defective genes for the enzymes involved in cortisol 

production. The enzyme defects prevent cortisol synthesis and the excessive ACTH 

drive leads to overproduction of steroids prior to the enzyme block. The clinical 

presentation of CAH is varied, depending upon which enzyme is deficient in the 

steroidogenic pathway and which precursors are overproduced.

Of particular interest in this thesis are deficiencies of two cytochrome P450 enzymes: 

CYP 17 and CYPl IBl. Deficiency of either of these enzymes can result in excessive 

production of the mineralocorticoid deoxycorticosterone (DOC), which leads to 

hypertension (Biglieri et al, 1966; Goldsmith et al, 1976; Zachmann et al, 1983).

The production of adrenal androgens is also affected in these two forms of CAH. 

17a-hydroxylase deficiency is associated with low androgen levels, with resultant 

inhibition of sexual development. In contrast, 118-hydroxylase deficiency gives rise 

to excess androgen production, causing masculinization of affected females and 

precocious sexual development of affected males. Recent work on the molecular 

biology of CYP 17 and CY PllB l has identified mutations that cause loss of enzyme 

function (reviewed by Yanase et al, 1991, Cumow et al, 1993). Further studies have 

begun to elucidate the regulation of expression of these enzymes (Moore & Miller, 

1991; Keeney & Waterman, 1993; Parker & Schimmer, 1993).

The gene encoding the aldosterone synthase enzyme (CYP11B2) has also been 

implicated in hypertension. The genes CYPllB l and CYP11B2 are 93% homologous 

in base sequence (Momet et al, 1989) and are situated in tandem on chromosome 

8q21-q22 (Chua et al, 1987; Wagner et al 1991). A group of hypertensive patients 

has recently been reported, who possess a chimaeric CYPllB  allele, in which the 5’ 

end of CYPllBl has become joined to the 3* end of CYP11B2 by non-homologous 

recombination (Pascoe et al, 1992a; Lifton & Dluhy, 1993). This hybrid gene 

encodes a functional enzyme with the steroid substrate specificity of CYP11B2 and 

the transcriptional regulatory elements of CYPllB l. A high rate of transcription of
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the gene, stimulated primarily by ACTH as opposed to angiotensin II, causes 

excessive mineralocorticoid production, which is not inhibited by high sodium levels. 

Severe hypertension develops in these patients. The disorder is inherited as an 

autosomal dominant condition.

Although only a small proportion of hypertensive disease can be attributed to defects 

of CYP17, C Y PllB l and CYP11B2, the role these enzymes play in the homeostasis 

of salt balance and plasma volume suggests that polymorphisms and mutations within 

these genes, or altered levels of their expression, may predispose individuals to 

developing hypertension.

1.2 Steroid nomenclature and molecular structure of steroid hormones

All steroid hormones are derived from cholesterol. The carbon atoms in steroids are 

numbered as shown in Figure 1.2a and the four steroid rings are lettered A, B, C, 

and D. Cholesterol contains two methyl groups positioned at an angle to the plane 

of the four rings: the carbon 19 (C-19) methyl group is attached to C-10, and the C- 

18 methyl group is attached to C-13. A line above C-10 or C-13 denotes a methyl 

group. The C-18 and C-19 methyl groups of cholesterol are defined as being above 

the plane of the four rings and are said to be in a fi-orientation relative to this plane. 

A substituent that is below the plane of the rings is a-oriented and denoted by a 

dashed line. The hydroxyl group added to the steroid molecule 11-deoxycortisol by 

the action of the CYPllBl enzyme is located at the C-11 position and is above the 

plane of the four rings, in the fi-orientation, hence the reaction is termed llfi-  

hydroxylation. In contrast, the hydroxyl group added to pregnenolone by CYP17 is 

located at the C-17 position and is below the plane, in the «-orientation, and so this 

reaction is termed 17ot-hydroxylation.

The steroid delta-5 pregnenolone pregnenolone), has a double bond between C-5 

and C-6 of the B ring. The action of the enzyme 3fi-hydroxysteroid dehydrogenase 

isomerase (3fiHSD) switches the double bond from between C-5 and C-6 in the B ring 

to between C-4 and C-5 in the A ring. This reaction is termed delta-5, delta-4 

isomerization isomerization). In addition to the isomerization reaction.
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3ÜHSD dehydrogenates the B-hydroxyl group at C-3, removes a hydrogen from C-3 

and adds a hydrogen to C-6. The full name of this enzyme is, therefore, 315- 

hydroxy steroid dehydrogenase/ isomerase, which is conveniently shortened to 

3B-HSD. The structures of the major adrenal steroid hormones and their 

intermediates are shown in Figure 1.2b.

The formation of aldosterone from 11-deoxycorticosterone (DOC) requires 116- 

hydroxylation and conversion of the 18-methyl to an aldehyde group. This process 

is mediated by the CYP11B2 enzyme. The steroid intermediates formed in the 

conversion of DOC to aldosterone, corticosterone and 18-hydroxycorticosterone, are 

also shown in Figure 1.2b.

1.3 Adrenal steroidogenesis and cytochrome P450 enzymes

1.3.1 Cholesterol and steroidogenesis

In the process of adrenal steroid biosynthesis, cholesterol is reduced in size, 

hydroxylated and dehydrogenated to produce the various steroid hormones involved 

in the regulation of development and homeostasis. The adrenal glands can synthesize 

cholesterol from acetate (Brown & Goldstein, 1980), but most commonly use dietary 

cholesterol transported by plasma low density lipoproteins (LDLs) (Brown & 

Goldstein, 1986). Adequate concentrations of LDL suppress 3-hydroxy-3- 

methylglutaryl coenzyme A (HMGCoA) reductase, the rate limiting factor in 

cholesterol synthesis. The activity of HMGCoA reductase, LDL receptor synthesis 

and uptake of LDL are stimulated by ACTH. LDL cholesterol esters are taken up 

by receptor mediated endocytosis. Storage of cholesterol esters in lipid droplets is 

controlled by cholesterol esterase (cholesterol ester hydrolase) and cholesterol ester 

synthetase. ACTH stimulates the esterase and inhibits the synthetase, to increase the 

availability of free cholesterol for steroid hormone synthesis. The mobilization of 

cholesterol is thought to be the main element in the acute stimulation of 

steroidogenesis by ACTH (Golos & Strauss, 1988).
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Figure 1.2a: The numbering of carbon atoms and designation of ring letters for cholesterol.

HO

Cholesterol has 27 carbon atoms, 
four rings: A, B, C and D, 
a hydroxyl group at C-3, 
a methyl group at C-19 and C-18, 
and an ei^t caibon chain attached 
at C-17.

Figure 1.2b: The molecular structures of the major adrenal steroid hormones.
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11 -deoxycorticosterone 11-deoxycortisol

Corticosterone Cortisol

. X # "

18-OH-corticosterone

Aldosterone (hemiacetal form) Aldosterone (aldehyde form)
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The transport of cholesterol into the mitochondrion appears to involve at least three 

proteins. Sterol carrier protein-2 (SCP-2) may bind and transport cholesterol in the 

cytosol and in mitochondria (Scallen et al, 1985). Steroidogenesis activator peptide 

appears to facilitate flux of cholesterol across the outer mitochondrial membrane 

(Pederson & Brownie, 1987), but does not seem to facilitate access of cholesterol to 

the cholesterol side chain cleavage enzyme, CYPllA, which acts to convert 

cholesterol to pregnenolone. Endozepine, the endogenous peptide ligand of the 

peripheral benzodiazepine receptor, appears to facilitate both transport across the 

outer mitochondrial membrane and access to CYPllA (Besman et at, 1989).

The subsequent metabolism of cholesterol then involves both mitochondrial and 

microsomal enzymes as described in the following sections.

1.3.2 CYPllA

Conversion of cholesterol to pregnenolone in mitochondria is the first step of steroid 

hormone synthesis (Figure 1.1a). The cytochrome P450 CYPllA carries out the 

three steps necessary for this reaction. It is encoded by a single gene, CYPllA, on 

chromosome 15q23-q24 (Chung et al, 1986; Morohashi et al, 1987; Sparkes et al, 

1991), which is under different hormonal control in several steroidogenic tissues 

(Voutilainen et al, 1986; DiBlasio et al, 1987; Voutilainen & Miller, 1987; Moore 

& Miller, 1991).

CYPllA is produced on cytosolic polyribosomes. A chaperone protein, possibly a 

heat-shock protein of the hsp70 family, may associate with CYPllA in the 

cytosol and prevent it from folding (Deshaies et al, 1988). An N-terminal leader 

peptide of around 24 amino acids is involved in targeting CYPllA to the 

mitochondrion. This is typical of mitochondrial matrix-targeting sequences, in that 

it contains several positively charged residues amongst uncharged and hydrophobic 

residues. Such sequences can form amphiphilic a-helices, with basic residues 

exposed on one face and hydrophobic residues on the other (von Heijne, 1986; Roise 

et al, 1986), which may interact with proteins on the outer mitochondrial membrane 

(Hartl & Neupert, 1990; Baker & Schatz, 1991).
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Translocation into the mitochondria is believed to be by means of a proteinaceous 

pore, through which the protein passes in an extended conformation (Pfanner et a/, 

1987; Rassow et al, 1989). Cytosolic ATP is required, possibly to release hspTO 

from the translocated protein (Haiti & Neupert, 1990). ATP and the mitochondrial 

proton gradient are also required to actively transport proteins into the mitochondria 

(Hwang & Schatz, 1989; Osterman et at, 1989; Rose et al, 1989).

Once within the mitochondrion the leader peptide is cleaved by a specific peptidase, 

the haem group is bound to a cysteine residue by a mitochondrial enzyme, folding of 

the protein and association with the inner mitochondrial membrane then proceeds 

(Black, 1992). A second heat shock protein of the hsp70 family, within the 

mitochondria, is believed to maintain translocated proteins in an unfolded 

conformation. ATP hydrolysis may be required to release proteins from this hsp70, 

so that they can associate with a ‘foldase’, believed to be of the hsp60 family (Kang 

et al, 1990).

CYPllA functions as the terminal oxidase in a mitochondrial electron transport 

system, involving NADP, the flavoprotein adrenodoxin reductase, an iron-sulphur 

protein, adrenodoxin, and the cytochrome P450, CYPllA (Lambeth & Pember, 

1983). NADP is the initial electron acceptor in this electron transport chain. The 

oxidized form of NADP, NADP^, acts as a coenzyme in a limited number of 

catabolic conversions, including the conversion of glucose-6-phosphate to ribulose-5- 

phosphate, and is reduced to NADPH in the process (Rose, 1979). Adrenodoxin 

reductase is found loosely associated with the inner mitochondrial membrane 

(Gnanaiah & Omdahl, 1986), and contains the flavin group FAD, which can accept 

hydrogen atoms from NADPH (Figure 1.3a). Adrenodoxin is a soluble protein 

containing an [Fc2-S2] iron-sulphur centre and acts as an non-specific electron shuttle 

carrying reducing equivalents from adrenodoxin reductase to several mitochondrial 

P450 enzymes (Lambeth et al, 1979), including CYPllA, CY PllB l and CYP11B2.
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Figure 1.3a: Transfer o f hydrogen from NADPH to the flavin group.

NADPH Flavin Reduced Flavin
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NADPH can donate two electrons to the flavin group, in a proton catalysed reaction as shown above. 
The flavin accepts two hydrogen atoms, which can be passed on to other electron carriers. The ability 
of these hydrogens to dissociate into protons and electrons facilitates electron transfer.
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The human gene for adrenodoxin reductase is on chromosome 17q24-25, whilst the 

gene for adrenodoxin is on chromosome llq22 (Sparkes et al, 1991). Negatively 

charged amino acid residues between glycine 74 and glutamic acid 86 of adrenodoxin 

are believed to be involved in docking with both adrenodoxin reductase and P450 

enzymes (Geren et al, 1984; Coghlan & Vickery, 1991). The reduced flavin group 

of adrenodoxin reductase donates an electron to an Fe^  ̂ ion in the [Pe2-S2] iron- 
sulphur cluster of adrenodoxin, by an as yet unknown mechanism. The iron-sulphur 

cluster is bound to adrenodoxin by four cysteines at amino acid positions 46, 52, 55 

and 92 (Cupp & Vickery, 1988) in one of two possible configurations as shown in 
Figure 1.3b. Prior to detachment of adrenodoxin from the reductase a conformational 
change occurs within adrenodoxin, shifting histidine 56 (Miura & Ichikawa, 1991a; 
1991b; Miura et al, 1991). This conformational change may lead to adrenodoxin 

dissociating from the reductase.

At the centre of CYPllA is an iron-containing haem group, which is ligated to a 

cysteinyl thiolate (Figure 1.3c), in an arrangement unique to P450 enzymes. When 
cholesterol is bound to a hydrophobic pocket, above the CYPllA haem, a water 
molecule normally ligated to the haem iron is expelled and the ligation environment 
of the haem alters. Induced conformational change of CYPllA is required for 
binding of reduced adrenodoxin to the P450 enzyme (Tsubaki et al, 1989). The Fe*"̂  
ion of the P450 accepts an electron from adrenodoxin, to become Fê "̂ .

The reduction of the enzyme allows molecular oxygen to complex with the haem. A 

second electron, and the presence of protons, is then required to split molecular 

oxygen and generate activated oxygen at the haem. One atom of oxygen is used to 

hydroxylate the steroid, while the other is reacted with two protons to form water 
(Coon & White, 1980). The exact mechanism is unclear, but is discussed in more 

detail in section 1.5.

CYPllA carries out three rounds of activated oxygen formation, requiring the 

transfer of six electrons to the haem. The activated oxygen formed is used for 20a- 
hydroxylation, 22-hydroxylation and finally cleavage of the 20,22 carbon-carbon bond 

of cholesterol to form pregnenolone and isocaproic aldehyde (Figure 1.3d). At each 

step the position of the substrate above the haem is presumably altered very slightly, 
so that hydroxylation at two different carbon atoms and then cleavage of the bond 

between them can be achieved.
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Figure 1.3b: Two possible structures for the adrenodoxin [Fej-Sj] iron-sulphur cluster (taken from 
Cupp & Vickery, 1988).
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The two possible structures for the iron-sulphur centre of adrenodoxin are shown above. Structure I 
is based on the Cys-Xj-Cys metal binding motif, where X is a metal ion. Structure II is based on the 
crystal structures of ferredoxins from S. platensis and Halobacteriurn.
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Figure 1.3c: P450 enzyme haem structure and attachment by ligation of the haem iron to a cysteinyl 
thiolate.
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The haem group of cytochrome P450 enzymes consists of a central iron atom, which can be either an 
Fê  ̂ or Fe^  ̂ ion, ligated to four nitrogen atoms of a porphyrin ring structure, as shown. The haem 
is attached to the cytochrome P450 by ligation of the haem iron to a sulphur atom of a cysteine amino 
acid residue o f the protein. This cysteinyl thiolate is termed the fifth ligand (the four nitrogens o f the 
porphyrin ring being the first four ligands) and a water molecule is positioned above the iron, acting 
as a sixth ligand, when no substrate is bound. The two propionate groups and the two vinyl groups 
are also involved in attachment to the cytochrome P450, by interaction with amino acid residues.
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Figure 1.3d : The proposed mechanism of cytochrome P450 C Y PllA  scission of the C-20,22 bond 
of cholesterol.
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1. C Y PllA  produces activated oxygen, O, at the haem group. The activated oxygen abstracts the 
hydrogen from C-20 and the hydroxyl thus formed hydroxylates C-20, to form 20a-hydroxycholesterol.

2. A similar process with a second activated oxygen atom hydroxylates C-22, to form 20,22 
dihydroxycholesterol.

3. A third C Y PllA  mediated reaction gives rise to cleavage of the 20,22 bond. Activated oxygen 
abstracts the hydrogens from the 20-hydroxyl and 22-hydroxyl groups, forcing the remaining oxygens 
of the two hydroxyls to double bond with C-20 and C-22 and break the 20,22 bond. Water, a -̂ 
pregnenolone and isocaproic aldehyde are the three resulting products.
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1.3.3 CYP21

Pregnenolone is converted to progesterone by an NAD dependent 3B-hydroxysteroid 

dehydrogenase/ A 5-» A 4 isomerase, a non-P450 enzyme associated with the 

endoplasmic reticulum. Progesterone is a potent hormone involved in breast 

development, control of menstruation through regulation of oestrogen receptors 

(Hsueh et al, 1976), and also acts as an oestrogen antagonist. Progesterone is 

produced by the gonads, placenta and adrenocortical tissue. In the adrenal

glomerulosa, progesterone is converted into DOC by the action of the P450 CYP21. 

In the zona fasciculata CYP21 acts to convert 17-hydroxyprogesterone (170HP) into 

11-deoxycortisol.

Initially it was thought that two separate 21-hydroxylase enzymes were expressed 

differentially in the glomerulosa and fasciculata (New et al, 1982). However, CYP21 

has been shown to 21-hydroxylate both progesterone and 170HP (Kominami et al, 

1980), and cloning studies show that there is only a single functional human CYP21 

gene, which is located within the major histocompatibility (MHC) class III region of 

chromosome 6, in tandem with a pseudogene (CYP21F) (Higashi et al, 1986; White 

et al, 1986). The 5’ region of both CYP21P and CYP21 contain a duplicated C4 

gene, C4A and C4B, both of which are functional and encode the fourth component 

of serum complement. At the 3’ end of each CYP21 gene there is an overlap with 

a third set of duplicated genes, XA and XB, whose coding sequence is on the opposite 

strand. XA and XB are believed to be structural extracellular matrix proteins (Morel 

et al, 1989). The structure of this region is shown in Figure 1.3e.

The pseudogene CYP21P is inactive due to an 8 bp deletion in exon 3, an insertion 

of a nucleotide in exon 7 and a substitution of a nucleotide in exon 8, all of which 

lead to premature termination codons (White et al, 1986). Other sequence differences 

between CYP21 and the pseudogene may also prevent a functional protein being 

translated from CYP21P (see section 1.4.4).
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Figure 1.3e: The location of CYP21 in a duplicated region on the short arm of chromosome 6 (adapted 
from Miller, 1991).

Short arm of 
C h r o m o s o m e  6
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Map of the short arm of human chromosome 6 within the region of the class I, III and II genes o f the 
human leucocyte antigen (HLA) locus. 120 kb of the class III region is enlarged to show 10 coding 
regions: C2, complement factor 2; Bf, properdin factor Bf; RD, the RD ‘housekeeping’ gene; G il ,  
an uncharacterized gene; C4A and C4B, nonallelic genes for complement factor 4; CYP21P, the 
pseudogene for CYP21; CYP2I, the functional gene encoding CYP21 enzyme; XA and XB, recently 
discovered genes apparently encoding extracellular matrix proteins of uncertain function (Morel et al, 
1989). The arrows beneath the genes indicate the direction of transcription, with RD, XA and XB 
being transcribed on the opposite strand from the other genes.
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CYP21 has a hydrophobic N-terminal signal peptide of 22 amino acids, followed by 

lysine and arginine at positions 23 and 25 (Appendix 8). This is believed to be 

involved in insertion of the N-terminal of the protein into the microsomal membrane. 

(Wickner & Lodish, 1985). The hydrophobic signal peptide acts to anchor the 

protein in the microsomal membrane, while the cationic K23, R25 and possibly R16 

(see Appendix 2 for amino acid 1 letter code) act as a halt-transfer sequence, which 

prevents the protein from passing into the lumen of the endoplasmic reticulum (Black,

1992). The translocation of ER proteins requires the signal recognition particle 

(SRP), SRP-receptor/ docking protein, chaperone proteins and a ribosome receptor 

(Wickner & Lodish, 1985; Vemer & Schatz, 1988; Savitz & Meyer, 1990). These 

proteins appear to be involved in targeting P450 enzymes to the microsomes 

(Sakaguchi et al, 1984; Monier et al, 1988). The haem and active site of microsomal 

P450 enzymes are envisaged to be in a globular, cytoplasmic domain, rich in a-helix 

content. Peripheral interactions between membrane and B-structures of P450s are also 

believed to take part in binding the enzymes to the microsomes (Black, 1992).

CYP21 accepts electrons from NADPH via NADPH dependent cytochrome P450 

reductase (NADPH-P450 reductase), a flavoprotein containing both FAD and FMN. 

This is in contrast to the electron transfer system of mitochondrial P450s, which use 

adrenodoxin reductase and adrenodoxin as intermediate electron carriers. Human 

NADPH-P450 reductase is encoded by a single gene on chromosome 7 (Yamano et 

al, 1989). Electron transfer is believed to occur from NADPH-»FAD-»FMN-»P450 

(Vermilion & Coon, 1978). Hydrogen is transfered from NADPH to the flavin group 

of FAD, as in Figure 1.3a, then passed on to the FMN group, which contains the 

same flavin moiety as FAD, but not linked to adenine. The structure of reduced 

flavin allows FMN to donate two electrons. It is believed, however, that the FMN 

of NADPH P450 reductase exists in the one electron reduced form and that two 

molecules of reductase are required to carry out the P450 reaction (lyanagi et al, 

1974).

21-Hydroxylase activity is also found in a broad range of extra-adrenal 

tissues, especially in the fetus and during pregnancy (Casey & MacDonald, 

1982; Casey et al, 1983), however, enzymes other than CYP21 appear to be
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responsible (Mellon & Miller, 1989). Liver microsomal P450 enzymes, of the 

CYP2C family, have also been shown to carry out 21-hydroxylation in rabbits 
(Pendurthi et al, 1990). This means that complete lack of CYP21 may not lead to 

a total loss of 21-hydroxylated steroids (Speiser et aly 1991).

1.3.4 CYP17

Pregnenolone and progesterone can both be 17a-hydroxylated, to yield 17- 
hydroxypregnenolone and 17-hydroxyprogesterone respectively and these steroids may 
undergo scission of the C 17,20 bond to produce dehydroepiandrosterone (DHEA) and 

androstenedione (Figure 1.1a). These four reactions are mediated by the same 
enzyme, CYP17. In the human adrenal, however, the pathway is favoured, so 
that much more 17-hydroxypregnenolone is produced. This is converted into 170HP 
by the action of 315-HSD. Similarly the conversion of 170HP to androstenedione 

does not occur, androstenedione being produced from DHEA by 38-HSD (Miller,
1991). In rats androstenedione is synthesized directly from 170HP. Recent 
mutagenesis studies have shown that the ability of rat CYP17 to produce 
androstenedione from 170HP was abolished by changing a single phenylalanine, 
F343, to the threonine present in human CYP17 (Koh et al, 1993).

CYP17 is a microsomal P450, related to CYP21 in enzyme structure and gene 

sequence (Picardo-Leonard & Miller, 1987). It has an N-terminal hydrophobic signal 
peptide that is inserted into the microsomal membrane in the same way as CYP21. 
CYP17 also accepts electrons from NADPH dependent cytochrome P450 reductase 

(Yamano et al, 1989). As CYP17 has both 17a-hydroxylase activity and C17,20 

lyase activity it is a key branching point in steroid biosynthesis. If neither activity 
is present all steroids are converted through to DOC and aldosterone. This situation 

occurs in the outer layer of the adrenal cortex, the zona glomerulosa, where CYP17 

is not transcribed. If 17a-hydroxylation activity is present, but 17,20 lyase activity 

is not, as occurs in the zona fasciculata, the major steroid products are 

glucocorticoids. Finally, if 17a-hydroxylation and 17,20 lyase functions are both 

active, as occurs in the zona reticularis of the adult adrenal, androgens are produced. 
The transcription of CYP17, inhibited by angiotensin II (Mason et al, 1992) and 

stimulated by ACTH (Keeney & Waterman, 1993), and regulation of GYP 17 

function, are thus closely linked to the zonation of the adrenal cortex. Figure 1.3f 
shows the zonal arrangement of the adrenal cortex.
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Figure 1.3f: The zonal arrangement of the adrenal cortex (adapted from Freeman & Bracegirdle, 
1985)
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The adrenals of prepubertal children synthesize abundant cortisol, but virtually no sex 

steroids, i.e. they have 17a-hydroxylase activity, but not 17,20 lyase activity, until 

adrenarche, when 17,20 lyase activity can be detected (Sklar et al, 1980; Mellon et 

al, 1991). This suggests separate hormonal control of the two activities. Patients 

have been described lacking 17,20 lyase activity, but retaining 17a-hydroxylase 

activity (Zachmann et al, 1972; Goebelsmann et al, 1976; Yanase et al, 1991). 

Purification of pig testicular microsomal CYP17 to homogeneity and in vitro 

reconstitution of enzyme activity showed that both 17a-hydroxylation and 17,20 lyase 

activities reside in a single protein (Nakajin et al, 1981). Cells transformed with 

CYPl 7 cDNA acquire both activities (Zuber et al, 1986; Sakaki et al 1989; Lin et al, 

1991a). In humans CYP17 is encoded by a single gene (CYPl7) on chromosome 

10q24-q25 (Matteson et al, 1986a; Chung et al, 1987; Sparkes et al, 1991).

Several factors are involved in determining whether a steroid molecule will remain 

on a single active site of CYP17 and undergo 17,20 bond scission following 17a- 

hydroxylation. CYPl7 prefers substrates, especially for 17,20 bond scission. 

This is shown by the large amounts of DHEA secreted by both fetal and adult adrenal 

(Nakajin et al, 1981; Zuber et al, 1986; Sakaki et al, 1989; Lin et al, 1991a). 

Furthermore the 17a-hydroxylation occurs more readily than the 17,20 lyase reaction 

(Jefcoate et al, 1986). CYP21, CYP17 and other microsomal P450 enzymes compete 

for electrons from the reductase enzyme. However, perhaps more important than the 

relative concentrations of steroids and of competing enzymes are factors regulating 

electron transport to CYP17.

Increasing the ratio of NADPH dependent P450 reductase to CYP17 was shown to 

produce increased ratio of 17,20 lyase to 17a-hydroxylase activity (Yanagibashi & 

Hall, 1986). It has also been shown that cytochrome b̂  can pass electrons to CYPl7. 

Bovine and porcine adrenal CYPl7 was shown to be capable of forming a double 

bond at C-16, to produce 5,16-androstadien-3B-ol (a precursor of pheromones) from 

pregnenolone, in the presence of testicular cytochrome b̂ . The interaction was shown 

to be very sensitive to pH and was increased by addition of NADH- cytochrome bg 

reductase (Meadus et al, 1993). Cytochrome bg electron transfer to adrenal CYP17 

has been cited as increasing 17,20 lyase activity relative to 17a-hydroxylase activity
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(Onoda & Hall, 1982). This may have more effect in testis than the adrenal, 

however, as cytochrome is transcribed much more highly in testis (Meadus et aly

1993). The ability of bg to transfer electrons to CYPl7 raises the question of whether 

more specific electron transfer proteins are transcribed prior to adrenarche to increase

17,20 lyase activity in the adrenals. Difference in membrane lipid association with 

CYP17 has also been suggested as a possible factor that could modify 17,20 lyase 

activity (Yanase et aly 1991).

The increase of 17,20 lyase function has been implicated in certain cases of functional 

ovarian hyperandrogenism leading to polycystic ovary syndrome (Barnes et aly 1993) 

and exaggerated adrenarche (Azziz, 1993). These conditions are distinct from 

hyperandrogenism due to CAR. One hypothesis for the origin of functional ovarian 

hyperandrogenism is that over-exposure of fetal hypothalamic-pituitary axis to 

maternal androgens may predispose individuals to increased CYPl 7 transcription and 

dysregulation of 17,20 lyase activity. The inheritance of a factor affecting 

transcription rate of CYPl?y or electron transfer to the enzyme could also be 

responsible for increased 17,20 lyase activity.

Little is known about the control of CYPl 7 transcription. A putative cAMP response 

element, TGGAGTCA, is located at bases -131 to -124 of human CYPl 7y and 

sequences that resemble glucocorticoid responsive elements (GREs) may also be 

present (Picardo-Leonard & Miller, 1987). Bovine CYPl 7 cAMP-dependent 

transcription is believed to be regulated by a ubiquitous protein termed cAMP 

response sequence 1 (CRSl), which may be specifically modified in steroidogenic 

cells to confer tissue specific expression (Zanger et aly 1992). As yet no such 

transcription factors have been located in humans, although there are sequence 

elements present in human CYPl 7 that could bind similar proteins. It has been 

suggested that several hormonal factors and an adrenal androgen stimulating factor 

may act to increase the production of adrenal androgens (Parker & Odell, 1980; 

Parker et aly 1983).
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Recent studies have attempted to model the CYPl7 enzyme structure by alignment 

with CYPlOl and use of computer molecular modeling (Laughton et al, 1990, Lin 

et al, 1993). CYPIOI is one of only two bacterial proteins whose structure has been 

determined by X-ray crystallography (Poulos et al, 1985), the other being CYP102 

(Ravichandran et al, 1993). One driving force behind the computer modeling of 

CYPl? is that prostatic and breast cancer have been shown to be dependent on 

androgens and oestrogens. The design of inhibitors which selectively knockout 17,20 

lyase activity, whilst maintaining 17a-hydroxylation may be achieved by studying the 

active site structure of CYPl7.

The low sequence homology of CYPl7 and CYPlOl amino acid sequences (around 

15%) has meant that there is a certain degree of uncertainty about the models 

generated, but some interesting observations have been made. The CYPl7 substrate 

binding pocket is described as having two lobes; one, the larger, extends from the 

haem in an approximately perpendicular direction, the other extends from the same 

point but lies almost in the plane of the haem. Both are lined mainly with 

hydrophobic residues, but have polar residues at the ends more remote from the 

haem. Both lobes are large enough to accomodate a steroid substrate such as 

pregnenolone (Laughton et al, 1990). The positioning of the two lobes suggests that 

the smaller of the two may be involved in 17a-hydroxylation, whilst the larger is 

involved in 17,20 lyase activity (Lin et al, 1993).

In contrast CYP21, which has structural homology with CYPl7, has a single lobed 

substrate binding pocket. The substrate binding pockets govern which carbon atom 

of the steroid is reacted with oxygen at the haem.
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1.3.5 C Y P llB l and CYP11B2

Mineralocorticoids and glucocorticoids are produced from DOC and 11-deoxycortisol, 

respectively, by the action of the cytochrome P450 llfi-hydroxylase enzymes in the 

mitochondria. In humans the synthesis of aldosterone is carried out by the enzyme 

CYP11B2, whereas cortisol is synthesized by CYPllBl (Kawamoto et al, 1990; 

Ogishima et al, 1991; Cumow et al, 1991). These are two distinct enzymes in 

humans. The genes for the two enzymes (CYPllB l and CYPllB l) are arranged in

tandem approximately 45 kb apart (Lifton et al, 1992) on chromosome 8q21-22 (Chua 

et al, 1987, Wagner et al, 1991). The two CYPl IB genes are 95% homologous in 

their coding regions, 93% homologous in introns (Momet et al, 1989), and have 

presumably arisen by gene duplication, similar to the CYP21 and CYP21P genes. 

Unlike the CYP21 genes, however, both CYPllBl and C YPllB l produce functional 

enzymes. There has also been divergence of the 5’ regions of both CYPl IB genes, 

which may reduce the chance of deletion by recombination.

Human CYPllB l is transcribed in the zona glomerulosa of the adrenal cortex, while 

CYPllBl is transcribed in the zona fasciculata and zona reticularis (White & Pascoe,

1992). Rats (Imai et al, 1990; Matsukawa et al, 1990) and mice (Domalik et al,

1991) also have distinct genes that encode isozymes active in the zonae fasciculata 

and glomerulosa of the adrenal cortex, whilst cattle have a single enzyme 

(Yanigabashi et al, 1986; Ohnishi et al, 1988) or two closely related isozymes 

(Ogishima et al, 1989; Morohashi et al, 1990) that are expressed in both zones and 

synthesize both cortisol and aldosterone, with aldosterone synthesis in the zona 

fasciculata of cattle being suppressed by an unknown mechanism (Wada et al, 1984). 

Rats and mice utilise corticosterone as their primary glucocorticoid. In rodents 

corticosterone suppression of ACTH driven steroidogenesis occurs in a similar way 

to that of cortisol in the human (Figure 1.1b), but may be mediated by different 

receptors in the hypothalamus and pituitary.
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Both CYPl IBl and CYPl 1B2 carry an N-terminal leader peptide of around 24 amino 

acids, which targets them to the mitochondria, (see section 1.3.2). Both enzymes also 

accept electrons from NADPH via adrenodoxin reductase and adrenodoxin. In these 

respects the CYPl IB enzymes closely resemble CYPllA. Sequence analysis suggests 

that all CYPll enzymes are closely related (Momet et aly 1989). Attachment to the 

inner mitochondrial membrane is believed to be by contacts with peripheral B-loops 

of the CYPl 1 enzymes (Black, 1992).

Three steps are involved in the CYP11B2 catalyzed conversion of DOC to 

aldosterone. The first reaction adds an 1115-hydroxyl group to DOC to form 

corticosterone. Corticosterone is then 18-hydroxylated. The third step requires an 

oxidation reaction involving the C-11 and C-18 hydroxyl groups, which forms a 

hemiacetal structure (Figure 1.2b). In the presence of water the hemiacetal structure 

can undergo a reversible reaction to give an aldehyde group at C-18. In contrast 

C Y PllB l is only capable of 11-hydroxylation of DOC to give corticosterone or 11- 

deoxycortisol to give cortisol. Both corticosterone and cortisol act as glucocorticoids, 

although corticosterone has a much weaker effect than cortisol in humans. C Y PllB l 

carries out 18-hydroxylation at about 10% the efficiency of CYP11B2, but does not 

produce an 18-aldehyde group to any measurable extent (Cumow et al, 1991; 

Ogishima et al, 1991; Kawamoto et aly 1992).

The divergence of transcriptional control and enzyme function is fairly recent in 

evolutionary terms and may provide useful insights into how duplicated genes evolve 

away from a common ancestral form (see Appendix 6 and section 6.2). The fact that 

the two proteins differ by only 41 amino acids out of a total of 503, and that many 

of these changes are of a conservative nature, means that key amino acids confering 

substrate specificity on the two enzymes should be easily located. Similarly 

differences in transcriptional regulation should reflect differences in control elements 

within the genes.
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Both C YP llB l and C YPll32  contain a cAMP response element, TGACGTGA, at 

position -78 relative to the initiation of transcription (Momet et aly 1989). A similar 

sequence in the somatostatin gene has been shown to bind cAMP response element 

binding (CREE) protein (Gonzalez & Montminy, 1989). This element may have a 

major effect on basal and cAMP inducible transcription of the two CYPl IB  genes, 

but there must be some difference to account for the fact that CYP11B2 is expressed 

at very low level in response to angiotensin II, and only in the glomerulosa, while 

C YP llB l is controlled by ACTH and is highly expressed in the fasciculata (Cumow 

et aly 1991). C YP llB l and CYP11B2 both contain putative binding sites for 

steroidogenic factor 1 (SF-1), which is a ligand inducible transcription factor found 

in steroidogenic tissues (Morohashi et aly 1992; Parker & Schimmer, 1993). The 

proposed SF-1 binding site of C YP llB l is at position -244 to -192, just 5 ’ of a region 

of DNA that carries a 90 bp deletion relative to the CYP11B2 gene and several base 

differences (Momet et aly 1989). In CYP11B2 there is a corresponding SF-1 site at 

position -271 to -324. Whether such differences within the 5 ’ regions of the two 

genes can account for their differential expression is as yet unknown. Similarly, 

proteins that regulate CYPl IB  gene transcription have not yet been characterized.
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1.4 Diseases arising from defects in adrenal steroidogenesis

1.4.1 Congenital lipoid adrenal hyperplasia

Congenital lipoid adrenal hyperplasia is the rarest and most severe form of CAH and 

is caused by inability to convert cholesterol to pregnenolone. Only around 30 cases 

have been reported, of whom only 11 survived (Hauffa et al, 1985). Affected males 

cannot produce testosterone, but produce mullerian inhibitory factor, with the result 

that they have female external genitalia with a blind vaginal pouch, but lack uterus, 

fallopian tubes and cervix. Affected females have normal genitalia at birth. 

Mineralocorticoid and glucocorticoid deficiencies become clinically apparent in the 

second week of life, with symptoms of poor feeding, lethargy, diarrhoea, vomiting, 

hypotension, dehydration, hyponatraemia, hyperkalaemia and acidosis. Early 

treatment with appropriate doses of cortisol, cortisone actetate and 9a-fluorocortisol 

are usually effective in correcting the disorder. Genetic males are reared as females 

and undergo orchiectomy in early childhood (Miller, 1991). Oestrogen replacement 

therapy is given at age 12 to reduce the chance of osteoporosis.

It was presumed that point mutations within the CYPllA  gene were responsible for 

this condition (Matteson et at, 1986b), but CYPllA  gene sequences from affected 

subjects analyzed to date have been normal (Lin et al, 1991b). The molecular basis 

of this disorder remains to be determined, but may be due to mutation within 

transcription elements or at some other locus which affects the production of 

pregnenolone by CYPllA enzyme.
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1.4.2 3B-HSD deficiency

There are at two main isoforms of 3B-HSD in humans, encoded by two separate 

genes on chromosome lp ll-p l3  (Bérubé et aly 1988; Lachance et al, 1991). Genetic 

analysis with exon-specific probes has revealed the presence of at least six human 315- 

HSD genes, some of which may be pseudogenes.

The two main 315-HSD isoforms determined to date are designated type I and type II. 

The type I isoform, a 372 amino acid protein encoded by a gene with four exons, is 

expressed primarily in the placenta and sebaceous glands of the skin. The type II 

isoform, 371 amino acids and highly homologous to the type I enzyme, is expressed 

in adrenal and gonadal tissue (Labrie et al, 1992).

Congenital adrenal hyperplasia due to deficiency of 315-HSD has been shown to be 

due to mutations within the type II isoform (Labrie et al, 1992; Rhéaume et al,

1992). In contrast to 21-hydroxylase and 1115-hydroxylase deficiencies, lack of 

315-HSD activity affects both the adrenals and gonads, resulting not only in decreased 

secretion of aldosterone and cortisol, but also of progesterone, androgens and 

oestrogens (Bongiovanni & Kellenbenz, 1962; Bongiovanni, 1981; de Peretti & 

Forest, 1982; New et al, 1989; Morel & Miller, 1991). Newborns affected by 

classical 315-HSD deficiency exhibit signs of glucocorticoid and mineralocorticoid 

deficiencies to various degrees, usually with severe salt-wasting that proves fatal if 

not diagnosed early (Pang et al, 1983). Affected males exhibit 

pseudohermaphroditism due to the impairment of androgen biosynthesis in the testis. 

In contrast females are are sometimes partially virilized. The female virilization 

occurs due to overproduction of DHEA by the foetal adrenal, which is converted to 

testosterone by extra-adrenal pathways involving other isoforms of 315-HSD (Miller, 

1991). Some newborns with 315-HSD deficiency produce high concentrations of 

170HP, which is a product of 315-HSD and would expected to be produced at a lower 

concentration than normal. This anomaly again occurs due to the extra-adrenal 

production of 17-OHP by 315-HSD isoenzymes in skin (Cara et al, 1985).
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Mutations found to cause classical 31Î-HSD deficiency include a homozygous nonsense 

mutation, of tryptophan 171 to a stop codon (W171X), and a frameshift mutation 

involving the insertion of a single C between codons 186 and 187 of the type II 

enzyme (Labrie et al, 1992). Both mutations occur in exon 4 of the gene and would 

result in a non-functional truncated protein. In all cases of 3B-HSD, where the 

molecular basis of the disease has been determined, it is due to mutations in the type 

II isoform of the enzyme.

In addition to the classic form of 3B-HSD there are also nonclassical, milder forms 

of this deficiency. Non salt-wasting forms of 3B-HSD deficiency are assumed to be 

due to partial defects that allow sufficient aldosterone to be produced. Similarly the 

nonclassical cases may be due to mutations within the type II enzyme which affect 3B- 

HSD activitiy to differing degrees.

Certain cases of hyperandrogenism may be due to mild 3B-HSD deficiency. In these 

cases the overproduction of DHEA is presumed to give rise to extra-adrenal 

production of testosterone. In a recent study of 86 females who exhibited hirsutism 

and/ or hyperandrogénie oligomenorrhoea, however, deficiency of 3B-HSD was not 

shown, as elevated levels of both and a  ̂ products were detected, which is 

indicative of general increase in adrenal steroidogenesis (Azziz, 1993). 3B-HSD 

function in the zona reticularis is reduced compared to that in the fasciculata, whereas

17,20 lyase activity increases in the reticularis relative to the fasciculata (Labrie et 

al, 1992). This has lead to the suggestion that certain cases of female 

hyperandrogenism may be due to exaggerated adrenarche (Lucky et al, 1986).

1.4.3 17ft-Hvdroxvlase/17.20 Ivase deficiency

In contrast to the duplicated CYP21 and the CYPl IB genes, CYPl 7 is a single copy 

gene. 17a-Hydroxylase deficiency is fairly rare, only about 120 cases having been 

reported (Yanase etal, 1991). Deficient 17a-hydroxylase activity results in decreased 

cortisol synthesis, with consequent overproduction of ACTH and stimulation of steps 

proximal to CYP17. These patients may have mild symptoms of glucocorticoid 

deficiency; however this is not life threatening as lack of GYP 17 results in
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overproduction of corticosterone, a weak glucocorticoid. These patients typically 

overproduce DOC in the zona fasciculata, resulting in sodium retention and 

hypertension. This DOC also suppresses aldosterone secretion from the zona 

glomerulosa so that plasma concentrations of aldosterone are not elevated, as might 

be inferred from Figure 1. la. Absence of 17a-hydroxylase and 17,20 lyase activities 

also means that adrenal and gonadal sex steroids are not produced. As a result, 

genetic males may have incomplete sexual development (male 

pseudohermaphroditism). Affected females are phenotypically normal, but fail to 

undergo adrenarche or puberty. The classic presentation is that of a teenage female 

with sexual infantilism, amenorrhoea and hypertension (Goldsmith et û/, 1976).

The molecular basis of 17a-hydroxylase deficiency has been determined in twenty- 

four patients by DNA sequencing of the mutated gene. Gross deletions of CYPl 7 

have not been described. The genetic lesions identified include six amino acid 

changes: S64Y, S106P, P342T, H373L, R440H, R496C (Imai et al, 1993; Lin et al, 

1991a; Ahlgren et al, 1992; Monno et al, 1993; Fardella & Miller, 1994a; Yanase 

et al, 1991) and four premature stop codons: W17X, E194X, R239X, Q461X 

(Rumsby et al, 1992a; Ahlgren et al, 1992; Yanase et al, 1991). Deletion, 

duplications and insertions account for the remaining cases and comprise: a deletion 

of codon 53 or 54 and a 7 bp duplication at codon 120 (Yanase et al, 1991), 

duplication of codon 112 (Imai et al, 1993), a 4 bp duplication at codon 480 

(Kagimoto et al, 1988), a 9 bp deletion of codons 487-489, (Fardella et al, 1993) and 

a deletion of 578 bp and insertion of 489 bp in exon 2 (Biason et al, 1992). These 

mutations are shown in (Figure 1.4a). One of these mutations, S106P, may be 

common in patients from Guam or other Polynesian islands (Lin et al, 1991a). 

Patients with well documented isolated 17,20 lyase deficiency have not yet been 

studied at the molecular level. Since they retain at least some 17a-hydroxylase 

activity, it is most likely that they will have point mutations causing a single amino 

acid change that only mildly disrupts the structure of CYP17.
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Figure 1.4a; Reported mutations in the CYPl 7 gene.

Mutations
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Amin? agid c h a n g e

1 W17X TGG->TAG

2 Deletion of TTC (Phe), codon  53 or 54

3 Y64S TAT->TCT

4 S106P TCC->CCC

6 Duplication of ATC (Ile), codon  112

8 E194X GAG-> TAG

9 R239X CGA->TGA

10 P342T CCA->ACA

11 H373L CAC->CTC

12 R440H CGC->CAC

13 Q461X CAG->TAG

15 Deletion of GACTCTTTC (A sp-Ser-Phe),

cod o n s  487-489

R496C CGC->TGC

7

14

Frame shift

Deletion of 4B9bp + insertion  of 518bp 
at codon 1 03

7bp duplication of GCGCACA at codon  120 

4bp duplication of CATC at codon  480

Mutations in the CYPl 7 gene reported to cause 17a-hydroxylase deficiency are listed above. The 
numbered boxes represent the eight exons of CYPl 7 and the intervening lines the introns.

45



1.4.4 21-Hvdroxvlase deficiency

The most common form of CAH is 21-hydroxylase deficiency, which accounts for 

90-95% of CAH, and affects 1 in 12,500 live births (New et al, 1989). These figures 

are for the general population and represent children affected with the classical 

symptoms, certain populations have a far higher incidence of the disease and 

individuals with milder forms of the disease may go undetected. Perhaps 1 % of the 

population in the Northern Hemisphere may be mildly affected heterozygotes (New 

et al, 1989). The high frequency of 21-hydroxylase deficiency is related to the 

structure of the CYP21 genes of which there are two, around 30 kb apart and highly 

homologous, a functional gene and a pseudogene (Higashi et al, 1986; White et al, 

1986). Understanding of this unique gene structure and its location in the HLA locus 

has lead to the definition of the molecular basis of a number of cases of 21- 

hydroxylase deficiency (Chiou et al, 1990; Higashi et al, 1991; Morel & Miller, 

1991; Momet et al, 1991). Approximately 25% of classical 21-hydroxylase 

deficiency cases are caused by deletion of the functional CYP21 gene (Rumsby et al, 

1986; Werkmeister et al, 1986). A proportion of these occur in association with the 

HLA haplotype A3 B47 DR7. This haplotype almost invariably carries a complete 

deletion of functional CYP21 gene (White et al, 1984). Most of the remaining 

mutations causing 21-hydroxylase deficiency are due to point mutations, many of 

which are apparent gene conversion of the CYP21 to the CYP21P pseudogene 

sequence, with loss or impairment of function of the resulting enzyme (Harada et al, 

1987; Amor et al, 1988; Globerman et al, 1988; Higashi et al, 1988; Chiou et al,

1990).

Gene conversion is believed to occur at meiosis, when duplicated gene sequences can 

form heteroduplex regions of DNA. Repair enzymes recognise mismatches in the 

heteroduplex, excise mismatched nucleotides from one strand and replace them with 

nucleotides complementary to the strand from the homologous gene. The result is a 

non-reciprocal exchange of sequence from one gene to another, before the 

heteroduplex is resolved. This process can occur between homologous sequences on 

the same chromosome or on other chromosomes- all that is required is a short region 

of mismatched heteroduplex DNA (Szostak et al, 1983).
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Due to its position in the steroid pathway CYP21 deficiency may result in loss of 

DOC and aldosterone production and hence salt loss, together with increased 

androgen synthesis. There is also a form of 21-hydroxylase deficiency where only the 

production of cortisol is affected, which leads to simple virilization. 21-Hydroxylase 

deficiency does not result in hypertension, but is of interest when looking at the 

generation of mutations in CYPllBl and CYPllB l, in that the two genes for the 116- 

hydroxylase isozymes are also tandemly duplicated.

1.4.5 IIB-Hvdroxvlase deficiency

116-Hydroxylase deficiency occurs in about 1 in 100,000 live births, and accounts for 

5-8% of congenital adrenal hyperplasia in Caucasian populations (Zachmann et al, 

1983). In Israel, however, a large number of Jewish immigrants from Morocco are 

affected by the disease, with the incidence being 1 in 5,(XX) to 1 in 7,000 births. The 

majority of these cases from Israel are caused by the same mutation, a G to A change 

converting the arginine at position 448 of C Y PllB l to histidine (White et al, 1991).

As described earlier, deficiency of CYPllBl function results in impaired production 

of cortisol and increased levels of ACTH, resulting in the overproduction of steroid 

precursors that are shunted into the pathway for androgen production. Affected 

females are bom with masculinized external genitalia and affected individuals of both 

sexes undergo rapid somatic growth, but end up short due to early closure of bone 

epiphyses. Elevated levels of DOC cause hypertension in about two-thirds of 

untreated patients (Rosier et al, 1988).

To date eleven mutations causing loss of C YPllBl enzyme function have been 

described (Figure 1.4b). Of these four involve premature stop codons W116X (Naiki 

et al, 1993), K174X, Q338X, and Q356X (Cumow et al, 1993). Two involve frame 

shifts: a deletion of 1 bp from codon 32 (Cumow et al, 1993) and a duplication of 

2 bp in codon 394 (Helmberg et al, 1992). The other five are amino acid changes: 

T318M, R374Q, R384Q, V441G (Cumow et al, 1993) and R448H (White et al,

1991).
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Figure 1.4b: Reported mutations in the CYPllBl  and CYPl lBl  genes.
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Mutations in the CYPl IB genes reported to cause llfi-hydroxylase deficiency and CMO II deficiency 
are listed above. A third disease related to mutation within the CYPl IB genes is termed glucocorticoid 
remediable hyperaldosteronism (GRH), and is caused by a fusion of the 3’ end of C Y P llB l with the 
5’ end of C Y P llB l. Several cases of GRH have been characterised at the molecular level, and have 
been shown to be caused by non-homologous recombination at points varying from intron 2 to exon 
4 of C Y P llB l.
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1.4.6 CMO I and CMO II deficiencies

Corticosterone methyloxidase (CMO) II deficiency is characterized by inability to 

carry out the final step in aldosterone synthesis, whereas CMO I deficiency is 

characterized by inability to carry out the initial 18-hydroxylation of corticosterone 

(Ulick et al, 1992). Patients with these disorders are subject to potentially fatal 

electrolyte balance abnormalities as neonates and a variable degree of hyponatremia 

and hyperkalemia combined with poor growth in childhood, but they may have no 

symptoms as adults (Veldhuis et al, 1980). CMO II deficiency is rare, except for in 

the population of Iranian Jews, where it was originally identified. CMO I deficiency 

has been reported (Ulick et al, 1992), but is again very rare.

In the CYP11B2 gene two mutations have been located in patients of Iranian Jewish 

origin diagnosed as CMO II deficient: R181W and V386A. CYP11B2 genes mutant 

for these two changes have been expressed and show that the R181W mutation causes 

decreased 18-hydroxylase activity and abolishes 18-oxidase activity. The V386A 

mutation causes a slight decrease in the function of the enzyme in converting 

deoxycorticosterone to aldosterone. The two mutations together cause a pronounced 

lack of 18-oxidase activity resulting in inability to produce aldosterone (White & 

Pascoe, 1992). A gene conversion altering exons 3-4 of CYP11B2 to the sequence 

in CYPllB l, and consequently causing the amino acid changes D147E, K152N and 

I248T, has recently been reported to be a cause of CMO II deficiency (Fardella et al, 

1994b). This suggests that K152 and 1248 may be crucial to the CYP11B2 ability to 

form aldosterone.
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1.4.7 Glucocorticoid remediable hvperaldosteronism

Another set of mutations cause chimaeric genes, which contain the 5’ regulatory end 

of CYPllB l and the 3’ functional end of CYPllB l (Lifton et al, 1992; Pascoe et aly 

1992a). This results in the synthesis of a protein that produces aldosterone in the 

zona fasciculata under the control of ACTH. In patients with these mutations 

hypertension occurs due to excessive production of aldosterone. The disease is 

termed glucocorticoid remediable hyperaldosteronism (GRH) or glucocorticoid 

suppressible hyperaldosteronism (GSH), as administration of the glucocorticoid 

dexamethasone suppresses the condition, by inhibiting the excessive ACTH drive of 

mineralocorticoid production. The gene for the disease acts as an autosomal 

dominant. In a study of 12 families affected by GRH six different cross-over break 

points were found in intron 2, the intron 2 exon 3 junction, exon 4 and the exon 4 

intron 4 boundary. The formation of chimaeric genes seem to occur where the two 

sequences are most alike (Lifton et al, 1992).

C yp llb l is 5 ’ of C ypllb l in the mouse (Domalik et aly 1991), and studies of 

crossover in families with GRH suggest the same arrangement exists in humans. The 

reciprocal deleted chromosome in GRH patients should carry a single CYPllB l gene 

with a 5’ end corresponding to CYP11B2 and a 3’ end corresponding to CYPllB l. 

Like CYPllBly such a gene should be expressed at low levels and only in the zona 

glomerulosa, but it should have an enzyme activity similar to the normal product of 

CYPllB l. As yet, such chromosomes have not been detected (White & Pascoe,

1992).
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1.5 Cytochrome P450 enzvnie structure and function

1.5.1 Electron transfer and cytochrome P450 function

About thirty-five years ago hepatic microsomes were found to contain a previously 

unrecognized carbon-monoxide binding pigment (Ryan & Engel, 1957; Klingenberg, 

1958; Garfinkel, 1958). The inhibition of oxygen dependent microsomal drug and 

steroid hydroxylation by carbon-monoxide had been shown to be reversible by 

absorption of light at 450 nm (Estabrook et al, 1963). This was the same wavelength 

at which the isolated hepatic microsomal pigment absorbed light, when reduced in the 

presence of carbon-monoxide. Omura and Sato (1964) named the pigment P450 and 

determined that it was a cytochrome of the b type, with a haem group that was not 

covalently bound to the protein. This haem was reducible by NADPH under 

anaerobic conditions and rapidly reoxidizable in the presence of molecular oxygen.

Certain P450 enzymes were found to transfer electrons to cytochrome bg (Peterson 

et al, 1977) or to substrates that serve as terminal electron acceptors, such as nitro 

or azo compounds (Gillette, 1966), epoxides (Kato et al, 1976a) and amine oxides 

(Kato et al, 1976b). In general, however, the P450 enzymes acted as oxygenases, 

using donated electrons to split molecular oxygen and hydroxylate or oxidize 

hydrophobic substrates.

Early studies on hepatic microsome P450 enzymes revealed that electrons were 

accepted, one at a time, from an ancillary protein, NADPH dependent cytochrome 

P450 reductase, which contained FAD and FMN, with electrons passing from 

NADPH-*FAD-»FMN-*P450 (Vermilion & Coon, 1978). Bacterial and mitochondrial 

P450 enzymes were shown to accept electrons from NADH or NADPH via two 

intermediate proteins: an FAD containing flavoprotein and an iron-sulphur protein; 

electrons passing from NADH or NADPH-*FAD-»Fe-S-»P450 haem (Gunsalus et al, 

1973; Lambeth et al, 1979, Lambeth & Pember, 1983). This divides P450s into two 

clear groups depending on whether they accept electrons from NADPH-dependent 

P450 reductase or an iron-sulphur protein. The division separated eukaryotic 

microsomal P450s, such as CYP17 and CYP21, from the mitochondrial P450s,

51



including the three CYPll enzymes, the genes for which are presumed to have 

originated in the prokaryotic organisms that gave rise to mitochondria, before being 

sequestered into the eukaryote genome. A number of variations within the two basic 

P450 classes have since been characterized as shown in Figure 1.5a.

All P450s, however, have a similar mode of action, involving the proton catalyzed 

splitting of molecular oxygen. The mechanism of the P450 cycle is still under 

debate, but years of investigations involving ^*0-labeling, observed stoichiometry and 

loss of configuration during oxidation, have lead to a conceptual model of the 

reactions that occur. The P450 reaction cycle is shown in Figure 1.5b. Initially there 

was some debate as to whether each electron carrier transferred two electrons 

(Yasukochi & Masters, 1976; Dignam & Strobel, 1977), but the current opinion is 

that each carrier transfers a single electron.

1.5.2 Evolution bv gene duplication and divergence

What is now called the P450 superfamily encodes numerous enzymes of which over 

200 have so far been characterized, from bacteria, yeast, plants and other eukaryotic 

species. The superfamily comprises 36 gene families, of which 10 include 

subfamilies and 26 are represented by only one gene (Nelson et al, 1993). Some 

mycoplasma genera do not contain cytochromes at all (Pollack, 1979), yet contain 

P450s. The P450 enzymes can be considered one of the most ancient respiratory 

systems. The numerous P450 genes are believed to have arisen from a common 

sequence by a process of gene duplication and subsequent divergence to generate new 

enzymes. This process is shown well by the duplication of the human CYP21 and 

CYPll genes.

Duplication of genes can occur by unequal crossover during non-homologous 

recombination or may have occurred by duplication of entire chromosomes in early 

eukaryotes. Evolutionary studies suggest that the gene duplication that gave rise to 

the two different classes of P450s may have occurred approximately 1,360 million 

years ago (Nelson & Strobel, 1987). The CYPl 7 gene is believed to be derived from 

an ancestral gene resembling CYP21. The low amino acid homology of these two
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Figure 1.5a: P450 enzymes act as terminal oxidases in a number of different electron transfer systems 
in prokaryotes and eukaryotes.

Prokaryote Eukaryote

N A D P H - F PN A D H - F P
F e - SF e - S

P 4 5 0P 4 5 0

N A D H - F P N A D P H - F P

P 4 5 0 P 4 5 0

N A D P H - F P
N A D P H - F P

P 4 5 0
P 4 5 0

P450-containing monoxygenase systems fall into six groups: (a) bacterial three component system, e.g. 
putidaredoxin reductase, putidaredoxin and CYPlOl in Pseudomonas putida\ (b) mitochondrial three- 
component system, e.g adrenodoxin reductase, adrenodoxin and CYPllB2 in human adrenocortical 
mitochondria; (c) bacterial two component system, e.g. NADH-dependent P450 reductase and P450^  
in Streptomyces carbophilus (Serizawa & Matsuoka, 1991); (d) microsomal two component system, 
e.g. NADPH-dependent P450 reductase and CYP17 in human adrenocortical microsomes; (e) bacterial 
one component system, e.g. CYP102 in Bacillus megaterium', (f) soluble one component P450-like 
system, e.g. inducible nitric oxide synthase in mouse (White & Marietta, 1992). NADH-FP and 
NADPH-FP denote NADH- and NADPH-dependent flavoproteins, respectively; Fe-S denotes an iron- 
sulphur protein.
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Figure 1.5b: The proposed P450 reaction cycle (taken from Coon & White, 1980).

R O H R H
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3 + 3+
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2  H
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The P450 reaction cycle is shown above. RH represents the steroid substrate, ROH the hydroxylated 
product and Fe^  ̂ the iron at the centre of the P450 haem group. Intermediates shown in brackets are 
hypothetical and have not been directly observed. Reactions 1., 2. and 3., coming off from the cycle 
as dashed arrows, represent uncoupling. The uncoupling reactions generate superoxide, hydrogen 
peroxide and excess water. These side reactions compete with the hydroxylation reaction for available 
electrons.
When RH binds to the P450 the haem can accept electrons. Molecular oxygen binds at the haem after 
the addition of one electron to the Fê  ̂ iron, to give the complex RH Fe^  ̂ . The addition of a 
second electron produces the complex [RH Fe^^Oj '̂]. The breakdown of [RH Fe^^Oj ]̂ produces 
activated oxygen within the [RH (FeO)^^] complex, and water. The activated oxygen at the haem 
abstracts hydrogen from RH, to give [R (FeOH)^^], and the hydroxyl group attacks the carbonyl 
radical, R , to give the hydroxylated steroid ROH. The production of activated oxygen is the key point 
in P450 mediated reactions.
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enzymes (28.9%) indicates that the divergence of the two genes is very ancient, and 

possibly begun around 9(X) million years ago. A duplication around the same time 

gave rise to the drug metabolising microsomal P450s, which are related in structure 

to CYP17 and CYP21 (Nelson & Strobel, 1987). CYPll contains 9 small introns, 

whilst CYPl 7 contains only 7 larger introns. This situation has arisen by the loss of 

intron 1 and 3 from an ancestral form of CYP17. The intron/ exon boundaries of 

CYPl 7 and CYPll otherwise match and key amino acids are conserved (Picardo- 

Leonard & Miller, 1987). The selective loss of introns is a characteristic of genetic 

evolution. It has been suggested that an early ancestral P450 may have had more 

than 100 mini-exons (Nebert et al, 1988). The reason that more ancient genes retain 

introns may be due to selective pressure to maintain gene structure and may be 

assisted by transcription coupled repair (Bohr et at, 1985; Vos & Waulthier, 1991). 

This may contrast with newly duplicated genes, which may not initially be transcribed 

and are certainly non-essential due to the presence of the original gene.

In the case of CYPl 7 and CYPll duplication has given rise to two genes, under 

different hormonal control, on separate chromosomes and encoding enzymes with 

different substrate specificities. A similar process lead to the presence of CYPll A 

on chromosome 15 and an ancestral form of CYPl IB on chromosome 8.

The high homology of the two CYPl IB genes suggests that the duplication event that 

produced them occurred more recently than the one described for the microsomal 

steroidogenic P450 enzymes. That mice and rats have two different CYPl IB genes 

suggests that the CYPl IB duplication may have occurred before mammalian 

divergence, around 100 million years ago (Nelson et al, 1993). The 98% homology 

of CYPll and CYPl IP  may suggest that this is the most recent duplication event 

observed.

The differences in sequence between CYPllB l and C YPllB l are a record of 

mutations that have occurred over perhaps 100 million years. The fact that the exonic 

sequences only differ by single base changes suggests that the differences may 

represent points at which a mutation has occurred in only one of the duplicated genes. 

This allows analysis of the rate of certain types of mutation within these two 

sequences to be carried out (see section 6.2.4).
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Of greater interest is the identification of amino acids that are vital to structure and 

function. The presence of so many characterized P450 amino acid sequences allows 

comparison to detect possible structural motifs and amino acids that may take part in 

catalysis of the P450 hydroxylation of steroids.

1.5.3 Comparison of P450 enzvme amino acid sequences and structures

Amino acids that are conserved in a large number of P450 enzymes are likely to have 

specific functions necessary for enzyme activity. Certain amino acid changes, for 

example lysine to arginine, are relatively conservative in that the two amino acids are 

very similar in properties, in this case both having long positively charged side 

chains. Other changes, for example a change of an aspartic acid residue to glycine, 

can radically alter protein structure and function; aspartic acid can act as a proton 

donor for catalytic reactions, where glycine cannot, whilst glycine, with only a 

hydrogen atom as its side chain, can allow rotation of residues linked to it, leading 

to flexibility of structure and altered conformation. The tertiary structure of an 

enzyme is the result of interactions between amino acids that can be hundreds of 

residues apart in the polypeptide chain, yet very close to each other when the protein 

folds up in three dimensions.

To date only two P450 enzyme structures have been examined by X-ray 

crystallography: the soluble bacterial P450 enzyme from Pseudomonas putida, 

CYPlOl (Poulos et al, 1985) and the haem domain of CYP102 from Bacillus 

megaterium (Ravichandran et al, 1993). CYPlOl is of the same class of P450 as the 

mitochondrial enzymes, whilst the GYP 102 haem domain is of the same class as the 

microsomal P450s.

The membrane bound mammalian P450 enzymes have proved difficult to crystalize 

due to their higher degree of hydrophobicity. The amino acid sequence of CYPlOl 

is only 15% homologous to that of mammalian P450s, which makes comparison 

difficult (Lin et al, 1993). Associations with either microsomal or mitochondrial 

membrane are also likely to alter the folding and positioning of the mammalian P450 

enzymes. Nevertheless, common P450 structural motifs appear to be conserved.
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In both crystalized enzymes there are 12 main a-helical regions, lettered A-L and at 

least five B-pair regions, 61-155 (Poulos et al, 1985; Ravichandran et al, 1993). 

CYPlOl, which is only 414 amino acids in length, is thought to represent the minimal 

requirements for a P450: hydrophobic substrate binding site, redox partner docking 

region, haem centre and amino acids arranged for donation of protons to the haem. 

CYPlOl metabolizes camphor, which only contains 11 carbon atoms. The majority 

of P450s are larger, at around 500 amino acids and have insertions involving larger 

peripheral loops, extra helical sections and enlarged substrate binding sites 

(Ravichandran et al, 1993) to accomodate larger hydrophobic compounds, such as 

fatty acids or cholesterol, which has 27 carbon atoms.

As the eukaryotic microsomal P450 enzymes are thought to exist as globular cytosolic 

proteins, bound to the microsomes only by a hydrophobic anchor and several 

peripheral hydrophobic contacts, the structural similarity with the soluble bacterial 

protein CYP102 is presumably very high. Mitochondrial proteins, which are 

associated with the inner mitochondrial membrane only by peripheral interactions, 

should also have considerable structural homology with bacterial proteins, particularly 

in the adrenodoxin and haem binding regions.

Groups working on the structure and function of the P450s have suggested that 

particular amino acids play key roles. In a review of the evolution of P450 proteins 

Nelson & Strobel (1987) aligned 34 P450 enzyme amino acid sequences from various 

mammalian species with the sequence of CYPlOl. The alignment of CYPlOl, 

CYPll A, CYP17 and CYP21 from Nelson & Strobel was used during this study to 

align CYPl IB 1 and CYP11B2 amino acid sequences and show which regions are 

conserved. In this alignment regions of CYPlOl and CYP102 that are believed to 

form secondary a-helices and 6-pairs are highlighted (section 6.4).
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1.6 Aims of study

The initial hypothesis of this thesis was that the higher observed mutation rate within 

the CYPllB l gene, relative to that of CYPl 7, was due to non-homologous 

recombination and gene conversion between the duplicated CYPllB  genes. In the 

following study the genetic processes that lead to mutations in the CYPl?, CYPllB l 

and CYP11B2 genes were examined.

During the course of the study, mutations were found that would produce enzymes 

with altered amino acid composition. Determining the effect of these amino acid 

changes on substrate binding and enzyme action was the second aim of the study. 

The alignment shown in section 6.4 allowed amino acid changes to be positioned on 

hypothetical models of the enzymes and provided an insight into the relevance of 

mutations to enzyme function. By defining which regions or residues of the proteins 

are essential for their correct function, it is hoped that a clearer idea of their structure 

and mode of action in producing steroid hormones can be pieced together.
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2- Materials and Methods

2.1 Reagents

All reagents used were Analar grade and were obtained from BDH, Lutterworth, 

Leicestershire, or Sigma Chemical Company Ltd., Poole, Dorset, United Kingdom, 

unless otherwise stated.

2.1.1 Stock solutions

0.5 M EDTA (pH 8.0): Add 186.1 g disodium ethylenediaminetetra-acetate.2 HjO 

to 800 ml of ddH20. Stir vigorously on a magnetic stirrer. Adjust the pH to 8.0 

with NaOH (approximately 20 g). Adjust volume to 1 1 with ddHgO, dispense into 

aliquots and sterilize by autoclaving.

1 M magnesium chloride : Dissolve 203.3 g MgCl2.6H20 in 11 ddH20. Autoclave 

to sterilize.

1 M magnesium sulphate: Dissolve 12 g anhydrous MgSO  ̂ in 100 ml ddH20. 

Autoclave to sterilize.

3 M sodium acetate (pH 5.2): Dissolve 40.8 g sodium acetate. 3 H2 O in 80 ml 

ddH20. Adjust pH to 5.2 with glacial acetic acid. Adjust volume to 100 ml with 

H2O. Dispense into 20 ml aliqouts and sterilize by autoclaving.

5 M sodium chloride: Dissolve 292.2 g NaCl in 800 ml of ddH2 0 . Adjust volume 

to 1 1 with ddH2 0 . Dispense into aliquots and sterilize by autoclaving.
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20xSSC- sodium chloride, sodium citrate buffer: Dissolve 350.6 g NaCl and

176.4 g trisodium citrate in 1500 ml ddHjO, with stirring on a magnetic stirrer. 

Adjust pH to 7.0 with a few drops of concentrated citric acid. Adjust volume to 2 

1 with ddH2 0 .

20x SSPE buffer- sodium chloride, sodium dihydrogen phosphate buffer: Dissolve

350.6 g NaCl and 27.6 g NaHgPO .̂HgO and 7.4 g EDTA in 800 ml of ddH^O. 

Adjust the pH to 7.4 with NaOH (approximately 6.5 ml of a 10 M solution). Adjust 

the volume to 1 1 with ddHgO. Sterilize by autoclaving.

10% SDS- sodium dodecyl sulphate: Dissolve 292.2 g electrophoresis grade SDS 

in 900 ml ddHgO. Caution: SDS is irritating to the eyes and respiratory system, 

when measuring out the powder wear a mask and safety glasses. Heat to 68°C to 

assist dissolution. Adjust the volume to 1 1 with ddH20.

10 M sodium hydroxide: In a plastic beaker dissolve 40 g NaOH pellets in 60 ml 

ddH20. Adjust the volume to 100 ml with ddH20.

1 M Tris (pH 7.4): Dissolve 13.70 g Tris.HCl and 1.60 g Tris Base in 100 ml 

ddH20. Sterilize by autoclaving.

1 M Tris (pH 7.6): Dissolve 12.70 g Tris.HCl and 2.36 g Tris Base in 100 ml 

ddH20. Sterilize by autoclaving.

1 M Tris (pH 8.0): Dissolve 9.76 g Tris.HCl and 4.60 g Tris Base in 100 ml 

ddH20. Sterilize by autoclaving.

IM Tris (pH 8.3): Dissolve 7.08 g Tris.HCl and 6.68 g Tris Base in 100 ml ddH20. 

Sterilize by autoclaving.

TE buffer- lOmM Tris, ImM EDTA (pH 8.0): Add 1 ml of IM Tris (pH 8.0) and 

0.2 ml of 0.5 M EDTA (pH 8.0) to 90 ml ddH20, mix by inversion then adjust 

volume to 100 ml. Sterilize by autoclaving.
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2.1.2 DNA extraction solutions

Ammonium acetate (7.5 M): Dissolve 28.9 g ammonium acetate in ddH20. Adjust 

volume to 50 ml. Sterilize by filtration through a 0.45 ^m filter. Store at room 

temperature. Reagent has a shelf-life of 6 months.

Guanidine hydrochloride (6 M): Dissolve 57.3 g guanidine hydrochloride in 50 ml 

ddHjO, by stirring and heating at 37®C until it dissolves. Adjust volume to 1(X) ml 

with ddHgO. Filter solution through 0.45 ^m filter. Store at room temperature. 

Solution is stable for 6 weeks.

Rapid DNA preparation buffer:

5 ml 1 M KCl final conc. 50 mM KCl
1 ml 1 M Tris (pH 8.3) 10 mM Tris
0.25 ml 1 M MgClz 2.5 mM MgCl;
1 ml 1% gelatin 0.1 mg/ ml
0.45 ml NP40 0.45% NP40
0.45 ml Tween 20 0.45% Tween 20
Adjust volume to 1(X) ml with ddHgO.

Autoclave and store frozen in aliquots. Prior to use 3 /d of a 10 mg/ ml proteinase 

K solution (Promega, Southampton, UK) should be added to each 500 1̂ aliquot of 

DNA rapid preparation buffer.

20% sodium sarkosyl: Dissolve 28.91 g in 20 ml ddHgO, make up to 50 ml with 

ddH20. Filter through a 0.45 fiM filter to sterilize.

Sucrose lysis solution: Dissolve 54.7 g sucrose in 4(X) ml ddH20. Add 5 ml Tris.Cl 

(pH 7.5), 2.5 ml 1 M MgCl2 , and 5 ml Triton X-100. Adjust volume to 500 ml with 

ddH20 and store at 4°C.
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2JL3 Electrophoresis buffers and associated solutions

Buffer

Tris-acetate
(TAE)

Tris-borate
(TEE)

Tris-borate 
(TEE) for 
sequencing

Working solution

Ix: 0.04 M Tris-acetate 
0.001 M EDTA

Ix: 0.090 M Tris-borate 
0.002 M EDTA

Ix: 0.100 M Tris-borate 
0.001 M EDTA

Concentrated Stock (per litre)

lOx: 48.4 g Tris base
11.4 ml glacial acetic acid 

20 ml 0.5 M EDTA (pH 8.0)

5x: 54 g Tris base
27.5 g boric acid
20 ml 0.5 M EDTA (pH 8.0)

lOx: 121.1 g Tris base
51.4 g boric acid 
20 ml 0.5 M EDTA (pH 8.0)

lOx Eromophenol blue/ xylene cyanol loading buffer: Dissolve 0.125 g

bromophenol blue and 0.125 g xylene cyanol in 30 ml ddHjO. Add 12.5 g Ficoll 

(Type 400; Pharmacia, Uppsala, Sweden), sprinkling small amounts on top of the 

solution and stirring on a magnetic stirrer until all the Ficoll has dissolved. Adjust 

volume to 50 ml with ddH20 and aliquot into 1 ml amounts. Store at room 

temperature, or freeze at -20°C for later use.

Formamide/ bromophenol blue loading buffer:

19 ml formamide final concentration: 95% formamide
0.8 ml 0.5 M EDTA (pH 8.0) 20 mM EDTA
0.2 ml 5% bromophenol blue solution 0.05 % bromophenol blue

Ethidium bromide: Add 0.25 g of ethidium bromide to 25 ml ddH20. Stir on a

magnetic stirrer for several hours to ensure that the dye has dissolved. Wrap the

container in aluminium foil and store at room temperature. The ethidium bromide 

solution is used in agarose gels at a concentration of 0.5 ngf ml, i.e 5 fcl stock 

solution in 100 ml agarose gel.
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1% nitric acid (used in silver staining DNA on polyacrylamide gels): Add 28.5 ml 

concentrated nitric acid to 1900 ml of ddHjO in a fume hood. Adjust volume to 

21 with ddH;0. Caution: Concentrated nitric acid is highly corrosive. Wear gloves, 

protective clothing and safety glasses when handling.

Silver nitrate solution (0.012 M AgNOa) used in silver staining: Dissolve 4.1 g 

AgNOa in 2  1 of ddHaO.

Sodium carbonate/ formaldehyde silver stain developing solution: Dissolve

178.2 g NaaCOg in 2 1 ddHgO. In a fume hood add 3 ml of formalin (purchased as 

a 40% formaldehyde solution in ddHjO, from Sigma) and stir on a magnetic stirrer. 

Adjust volume to 6  1 with ddHaO, to give final concentration of 0.28 M NaaCOa, 

0 .0 2 % formaldehyde.

Silanising solution (5% dimethyldichlorosilane in chloroform): In a fume hood 

measure out 95 ml of chloroform into a glass bottle that can be well sealed. Using 

a glass pipette and bulb add 5 ml of dimethyldichlorosilane to the chloroform and 

gently rinse the pipette out several times with the chloroform. Cap the bottle securely 

and carefully invert to mix the solution. Store at 4°C.

Equilibrated phenol: Phenol is used in extractions to remove proteins and agarose 

polymers from DNA bands cut out from agarose gels. Before use it must be 

equilibrated to a pH > 7.8, as DNA will partition into phenol at acid pH. This is 

carried out by equilibration with 1.0 M and 0.1 M Tris.Cl (pH 8.0) according to the 

method of Sambrook et al (1989a).

Phenol: chloroform : isoamyl alcohol (25:24:1): A mixture consisting of equal parts 

of equilibrated phenol and chloroform: isoamyl alcohol (24:1) is frequently used to 

remove proteins from preparations of nucleic acids. The chloroform denatures 

proteins and facilitates the separation of aqueous and organic phases, and the isoamyl 

alcohol reduces foaming during extraction. Neither chloroform nor isoamyl alcohol 

requires treatment before use.
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2.1.4 Southern blotting solutions

Alkali blotting denaturing and transfer solution (0.4 M NaOH); Dissolve 32 g 

sodium hydroxide pellets in 15(X) ml ddHgO, stirring on a magnetic stirrer, then 

adjust volume to 2 1 to give a final concentration of 0.4 M NaOH.

lOOx Denhardt’s solution: 10 g Ficoll (Type 400, Pharmacia, Uppsala, Sweden)
lOg polyvinylpyrrolidone 
lOg BSA (Fraction V: Sigma)
Make up to 500 ml with ddH2 0 .

DNA hybridisation buffer:

25 ml 20x SSPE final concentration 5x SSPE
5 ml lOOx Denhardt’s 5x Denhardt’s
5 ml 10% SDS 0.5% SDS
Make up to 100 ml ddH2Û.

0.25 M HCl: Wearing safety glasses and gloves add 43 ml concentrated hydrochloric 

acid to 1 1 ddH2 0  in fume cupboard, while stirring gently on a magnetic stirrer. 

Adjust volume to 2 1.

Solution O: 1.25 M Tris (pH 8.0), 0.125 M MgCl2 .

Solution A: 1 ml solution O
18 /d 26-mercaptoethanol 
5 ixl 0.1 MdATP 
5 fil 0.1 M dGTP 
5 fjil 0.1 MdTTP

Solution B: 2 M Hepes NaOH (pH 6 .6 )

Solution C: Hexadeoxyribonucleotides 4.22 mg/ ml (Pharmacia, Uppsala, Sweden)

OLB buffer: Made from solution A, solution B and solution C in the ratio of 100: 

250:150. Store at-20°C.
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DNA denaturing solution (SI): Dissolve 175.3 g NaCl in 1500 ml ddH2 0  by 

stirring on a magnetic stirrer, add 40 g NaOH pellets and stir until dissolved. Adjust 

volume to 2 1, to give final solution 1.5 M NaCl, 0.5 M NaOH.

Neutralizing solution (S2): Dissolve 175.3 g NaCl in 1500 ml ddHjO by stirring on 

a magnetic stirrer, add 121 g Tris base, dissolve by stirring, then add 4 ml 0.5 M 

EDTA (pH 8.0) solution. Adjust pH to 7.2 with approximately 60 ml concentrated 

hydrochloric acid. Adjust volume to 2 1, to give final solution 1.5 M NaCl, 0.5 M 

Tris, 1 mM EDTA (pH 7.2).

Salmon sperm DNA(10 mg/ ml): Add 1 g of salmon sperm DNA to 100 ml ddH2 0 . 

Stir on a magnetic stirrer for 2-4 hours at room temperature to help DNA dissolve. 

The DNA is sheared by passing it 12 times rapidly through a 17-gauge hypodermic 

needle, sonicated and stored at -20°C. Just before use the solution is bolied for 5 

minutes and chilled quickly on ice. Denatured, fragmented salmon sperm DNA 

should be used at a concentration of 1 0 0  fig! ml in prehybridisation solutions.

2xSSC: Add 100 ml 20x SSC solution to 800 ml ddHgO, then adjust final volume 

to 1  1 .
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2.1,5 Bacterial growth media and solutions for gene library screening

Ampicillin 100 mg/ ml: Dissolve 500 mg of ampicillin (Sigma) in 5 ml sterile 

ddHjO by inversion within a sterile 15 ml tube. Dispense into 5(X) fil aliquots and 

store at -20°C. Dilute 1 in 1000 when selecting ampicillin resistant bacteria in LB- 

ampicillin broth or on LB-ampicillin agar plates.

2% 5-Bromo-4-chloro-3-mdolyl-B-D galactoside (X-gal) in dimethylformamide: 

Weigh out 20 mg of X-gal (Promega, Southampton, UK) into a 1.5 ml eppendorf. 

In a fume hood add 1 ml dimethylformamide and invert to dissolve X-gal. X-gal 

powder and this 2% stock solution should be stored at -20°C in darkness. X-gal is 

used at a final concentration of 0.01% in LB-Xgal agar plates.

50mM Calcium chloride: Dissolve 6.75 g CaCl2 .6 H2 0  in 400 ml of ddH2 0  then 

make up to 500 ml. Sterilize by autoclaving.

100 mM Isopropylthio-B-D-galactoside (IPTG): Weigh out 23 mg of IPTG

(Promega, Southampton, UK) into a 1.5 ml eppendorf. Add 1 ml of ddH2 0  and 

dissolve by inversion. This 100 mM stock solution is diluted 1 in 500 when making 

LB-ampicillin, IPTG, X-gal agar plates. IPTG powder and solution should be stored 

at -20°C.

Luria-Bertani (LB) broth: Dissolve 10 g bactotryptone, 5 g yeast extract and 10 g 

NaCl in 800 ml ddH2 0  with stirring on a magnetic stirrer. Adjust pH to 7.5 with 

approximatley 10 drops of 10 M NaOH solution. Adjust volume to 11 and autoclave 

to sterilize.

LB-agar for bacterial plates: To 500 ml of LB broth add 7.5 g bactoagar (Difco, 

Detroit, USA). Autoclave to sterilize, swirl to mix following autoclaving, allow to 

cool to below 50®C and pour 25 ml per 90 mm diameter plate. LB-agar ampicillin 

plates are made as above except that ampicillin at a final concentration of 1(X) /xg/ ml 

is added to the autoclaved LB-agar after it has cooled to below 50°C. LB-ampicillin, 

IPTG, X-gal agar plates, for 15-galactosidase blue-white selection, contain 100 ixg/ ml

66



ampicillin, 0.2 mM IPTG, 0.01 % X-gal. LB-agar MgSO  ̂ plates are as above but 

contain 10 mM MgSO .̂

LB-top agar; As for LB-agar, but using 0.7 g bactoagar per 100 ml LB-broth.

NZY medium: Dissolve 10g NZ amine (casein hydrolysate), 5g NaCl, 5g yeast 

extract and 2g MgSO .̂VHgO in 900 ml ddH2 0 . Adjust pH to 7.0 with 10 M NaOH, 

make up to 1  1 with ddHzO, then sterilize by autoclaving.

NZY-agar: Prepare NZY medium as above. To 500 ml of medium add 7.5 g of 

bactoagar. Sterilize by autoclaving, allow to cool below 50°C and pour into plates.

3 M potassium acetate (pH 5.5): Dissolve 294.45 g potassium acetate in 500 ml 

ddHjO. Adjust pH to 5.5 with glacial acetic acid (approximately 110 ml). Adjust 

volume to 1 1 with ddH2 0 . Sterilize by autoclaving.

Proteinase K buffer: Make 3.2 ml of 5 M NaCl and 1.8 ml of 0.5 M EDTA (pH

8 .0 ) up to 1 0 0  ml with sterile ddH2 0  invert to mix and use immediately.

SDS/ NaOH lysis solution:

2 ml 10 M NaOH final concentration 0.2 M NaOH
10 ml 10% SDS 1% SDS
Make up to 1(X) ml.

Phage dilution (SM) buffer: Dissolve 5.8 g NaCl and 2.0 g MgSO  ̂ in 8 (X) ml 

ddH2 0 . Add 50 ml 1 M Tris, (pH 7.5) and 5 ml of 2% gelatin. Adjust volume to 

1  1 , mix well by inversion and autoclave to sterilize.

STE buffer:

20 ml 5 M NaCl final concentration 0.1 M NaCl
5 ml 1 M Tris (pH 8.0) 10 mM Tris (pH 8.0)
1 ml 0.5 M EDTA (pH 8.0) 1 mM EDTA (pH 8.0)

Make up to 500 ml with ddH2 0 .

67



Terrifie broth (TB): Dissolve 5 g NaCl and 10 g bactotryptone in 800 ml ddHjO. 

Adjust pH to 7.4 with 10 M NaOH solution. Adjust volume to 11 with ddH2 0  and 

sterilize by autoclaving. (For bacteriophage transfection work add sterile MgSO  ̂to 

a final concentration of 10 mM and sterile maltose to a final concentration of 0.2%).

50 mM Tris (pH 8.0), 10 mM EDTA containing 100 /tg/ ml RNase A: Dissolve 

6.055 g Tris base, 3.722 g EDTA.2 H2O in 8 (X) ml ddH2 0 . Adjust pH to 8.0 with 

hydrochloric acid. Allow the solution to cool to room temperature before making the 

final adjustments to the pH. Adjust volume to 1 1 with ddH2 0  and sterilize by 

autoclaving. When solution is cooled to room temperature, add RNase A (Promega, 

Southampton, UK) to a concentration of 100 |tg/ ml to a single 1(X) ml aliquot and 

store at 4°C.
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2,1.6 Sequencing solutions

The following solutions are provided in the Sequenase version 2.0 kit™ (United States 

Biochemicals, Cambridge Bioscience, Cambridge, UK).

Manganese buffer: (5x concentrate)

0.15 M sodium isocitrate 
O.lM M nClj

Sequenase buffer: (5x concentrate)

200 mM Tris.Cl 
100 mM MgCl2  

250 mM NaCl

Primer (-40 Universal primer): 5’-GTTTTCCCAGTCACGAC-3’ 0.5 pmol/ /il

Dithiothreitol (0.1 M)

Labelling mix (dGTP): (5x concentrate)

7.5 /iM dGTP
7.5 /iM dCTP
7.5 /iM dTTP

ddG Termination mix: 80 /iM : dGTP, dATP, dTTP, dCTP
8  /iM : ddGTP 
50 mM : NaCl

ddA Termination mix : As for ddG mix except 8  /iM ddGTP is replaced by 8  /iM

ddATP.

ddT Termination mix : As for ddG mix except 8  /iM ddGTP is replaced by 8  /iM

ddTTP.

ddC Termination mix : As for ddG mix except 8  /iM ddGTP is replaced by 8  /iM

ddCTP.
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Stop solution: 95 % formamide
20 mM EDTA
0.05% bromophenol blue 
0.05% xylene cyanol

Enzyme dilution buffer: 10 mM Tris (pH 7.5)
5 mM dithiothreitol
0.5 mg/ ml BSA

Sequenase version 2.0 T7 DNA polymerase: 13 units/ /xl
20 mM KPO4  (pH 7.4) 
1 mMDTT 
0.1 mM EDTA 
50% glycerol

Sequencing gel (6 % polyacrylamide 19:1 acrylamide: bisacrylamide): To 20 g of

sequencing grade urea, in a glass beaker, add 18 ml of ddH2 0 , 4 ml of lOxTBE for 

sequencing buffer and 6  ml Accugel (National Diagnostics, Aylesbury, UK). Swirl 

to mix then incubate at 37°C for 10 minutes to assist dissolution of the urea. Swirl 

gently until all urea has dissolved. Transfer to a 50 ml falcon tube and add 400 fil 

of a 10% ammonium persulphate solution. Invert gently to mix, then add 20 /xl 

N,N,N’,N’-tetramethylethylenediamine (TEMED). Mix, then pour between taped 

20x30 cm glass plates, containing 0.4 mm spacers. Allow to set for at least 1 hour.
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2.2 Methods

2.2.1 DNA extraction from blood leucocytes; (Jeanpierre. 1989)

The following protocol for DNA extraction from whole blood was the standard 

method employed. Yields of DNA in the range of 0.1-1.0 mg/ ml (50-500 /xg total 

DNA) were routinely obtained from 5 or 10 ml of whole blood. This DNA was used 

for Southern blotting and as template for PCR reactions.

10 ml whole blood was collected into potassium EDTA Vacutainer tubes and stored 

at -20°C. Details of each patient were noted, and a number assigned to each sample. 

Samples were thawed and blood transferred to 50 ml falcon tubes. Tubes were filled 

to 40 ml mark with ice-cold water, inverted to mix, then spun at 3000 rpm for 20 

minutes at 4°C. The supernatant was poured off into 1% sodium hypochlorite 

solution.

The pelleted cells were resuspended in 25 ml of 0.1 % NP40 solution using a vortex 

mixer to break up the pellets. Nuclei were pelleted by spinning at SCXK) rpm for 20 

minutes at 4°C. The supernatant of cellular debris was discarded into sodium 

hypochlorite.

The nuclei were vortexed hard in a solution comprised of 3.5 ml 6  M guanidine 

hydrochloride and 0.25 ml 7.5 M ammonium acetate, to solubilize the pellet. 

Digestion of protein in the nuclei was carried out by adding 0.25% sodium sarkosyl, 

75 /xl of a 10 mg/ ml proteinase K solution and incubating at 60°C for 1.5 hours.

The samples were then cooled to room temperature and 8.5 ml absolute ethanol added 

to precipitate the extracted DNA, which appears as a small white mass of threads. 

The DNA was spooled out on a glass pipette, allowed to dry briefly and added to 

1 ml TE buffer in a bijou tube. The DNA was dissolved overnight on a rotating 

wheel. The samples of DNA were reprecipitated by adding one tenth volume of 3 M 

sodium acetate (pH 5.2) and 2 volumes of ice cold absolute ethanol.
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The DNA was spooled out once more, allowed to dry and dissolved overnight in 

0.5 ml TE buffer on a rotary wheel. Samples were stored at -20°C.

The concentration of DNA was measured by adding 10 /̂ il of DNA solution to 990 

fil of ddH2 0  and then recording the absorbance at 260 nm on a spectrophotometer. 

DNA concentration was deduced by the following formula:

Concentration of DNA in fig/ ml = Absorbance at 260nm x dilution x 50 *

* Derived from 50 fig/val DNA solution giving an absorbance reading of 1 at 260 nm 
(Sambrook et al, 1989b).

2.2.2 Rapid DNA preparation from 0.5 ml of whole blood (Ehrlich. 1989)

A rapid procedure was used to prepare DNA for PCR. This method required only 

0.5 ml of blood and was therefore a useful source of genomic DNA when there was 

little blood available from a patient, for instance with very young children. The DNA 

prepared by this method was not suitable for restriction endonuclease digestion.

0.5 ml blood was mixed with 0.5 ml sucrose lysis buffer in a 1.5 ml eppendorf tube, 

which was then spun at 13,000 rpm for 20 seconds at room temperature. The 

supernatant was decanted into 1 % sodium hypochlorite solution and the pellet 

resuspended, using a vortex mixer, in 1 ml sucrose lysis solution. The centrifugation 

and resuspension in sucrose lysis solution were repeated twice more or until the pellet 

was free of haemoglobin.

The sample was spun at 13,000 rpm for 20 seconds, the supernatant removed and the 

pellet resuspended in 0.5 ml DNA rapid preparation buffer and 3/xl of 10 mg/ ml 

proteinase K (Promega, Southampton, UK). The resuspended pellets were digested 

at 55 °C for 1 hour. If the pellet had not digested a further 3 fi\ of 10 mg/ ml 

proteinase K was added and the samples reincubated for another 60 minutes at 55®C. 

The samples were incubated at 90°C for 10 minutes to inactivate the proteinase K 

enzyme and stored at -20°C.
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2.2.3 DNA preparation from buccal cells (Lench et aL 1988)

Obtaining DNA from mouthwashes proved useful in that samples could be taken from 

whole families and young children without the need for an invasive procedure or staff 

trained and licensed to take blood. The samples proved adequate for PCR, although 

only small quantities of DNA were obtained.

Subjects were asked to rinse the mouth vigorously with approximately 15 ml of 

ordinary drinking water and spit the solution into a sterile 20 ml tube. Children were 

encouraged to use straws and suck the water in and out of the collection tube. The 

mouthwashes were spun at 3000 rpm for 10 minutes at room temperature to pellet the 

buccal cells and the supernatant discarded into 1 % sodium hypochlorite solution for 

disinfection. The pellets were resuspended in 250 /xl of 50 mM NaOH and 

transferred to 1.5 ml eppendorf tubes. The samples were heated at 100°C for 20 

minutes in a boiling water bath, then allowed to cool. The samples were adjusted to 

pH 7.0 with 50 mM hydrochloric acid (approximately 200 /xl). The pH was tested 

by removing 20 /xl aliquots and spotting onto pH paper. Once neutralized the DNA 

samples were diluted 1 in 2  with sterile ddH2 0  and 1 0  /xl of this diluted solution used 

in a 25 /xl PCR reaction.

73



2.2.4 Polymerase chain reaction amplification

PCR reactions were carried out in 25 fd volumes. Primer pair master mixes were 

prepared with the following standard composition:

Mastermix Final concentration

in 25 /il PCR reaction

lOx Taq Polymerase Buffer 2.5x Ix

2.5 mM dNTPs (Promega) 500 /xM 2 0 0  fxM

25 mM MgCl; 3.75 1.5 fiU

5’ primer 2.50 /xM 1.0 /xM

3’ primer 2.50 fxM 1.0 /xM

The Promega lOx Taq polymerase buffer consists of 500 mM KCl, 100 mM Tris (pH

9.0), 1% Triton XlOO and Promega Taq DNA polymerase is supplied at a 

concentration of 5 U/ l̂I in storage buffer (20 mM Tris (pH 8.0), 1(X) mM KCl, 

0.1 mM EDTA, 1 mM DTT, 50% glycerol, 0.5% NP40, 0.5% Tween 20).

10 1̂ of the above master mix were added to sterile ddHjO. The sample was 

overlayed with 2 drops sterile mineral oil and 250 ng of genomic leucocyte DNA 

added under the oil to give a final volume of 20 1̂. Samples were placed on a 

thermal cycler (Hybaid Ltd., Teddington, UK), and heated at 98°C for 5 minutes to 

denature DNA. As the thermal cycler cooled below 90®C 0.5 U of Taq polymerase 

enzyme (Promega, Southampton, UK) in 5 jul of \\Taq  polymerase buffer was added 

to each sample and the thermal cycler cooled to 58°C. The samples then underwent 

35 cycles of 94°C for 30s, 58°C for 30s, and 72°C for 1 minute. A final step of 

72 °C for 5 minutes was incorporated into the thermal cycler programme to complete 

extension of products.
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Variation of standard PCR conditions

Titration of magnesium ion concentration from 0-2.5 mM was carried out with 

primers that gave multiple products or poor yields. The annealing temperature was 

reduced or increased depending on the Tm value of primers: the temperature in ®C 

at which 50% of the primer molecules are no longer bound to complementary DNA. 

Tm values were calculated approximately by the Wallace formula:

Tm =  4x(no. of G and C bases in primer) 4- 2x(no. of A and T bases in primer)

A table of primers and Tm values is given in Appendix 1. PCR reaction annealing 

temperatures were generally carried out around 5-10°C below the average Tm value 

for the primer pair.

For larger PCR products, up to 2.0 or 3.0 kb in length, the extension time at 72°C 

was increased from 1 minute to 2  minutes.

Quantification of PCR DNA product

The concentration of purified PCR product was deduced by electrophoresis of a 1 1̂ 

aliquot alongside 150 ng of 0X174 Haelll DNA markers (Promega, Southampton, 

UK) on a 0.8% agarose minigel containing ethidium bromide. The fluorescent 

intensity of the PCR product band was compared to a band of similar size in the 

marker ladder and the approximate concentration of PCR product calculated by the 

formula below:

PCR product conc. (ng/ /d)= X x Size of comparative marker band tbp) x 150 ng
Total size of 0 X174 (bp)

Where X =  comparative fluorescent intensity of PCR product to marker band of 
similar size.

As the largest band of a 0X174 Haelll digest is 1,353 bp, PCR products larger than 

2 kb were quantified in the same way, but using lambda Hindlll markers (Promega,
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Southampton, UK) and substituting the values for lambda into the equation above. 

Table 2.2.4 gives the comparative sizes of DNA marker bands for 0X174 Haelll and 

lambda Hindlll and the corresponding mass of each fragment (in ng) in 150 ng total 

marker DNA.

Table 2.2.4: DNA size markers and relative amounts o f DNA within each marker band.

Size o f Fragment (bp) Fraction o f total Mass o f fragment in 
150 ng total marker DNA  

(ng)

lambda HindlW

23,130 0.476 71.4

9,416 0.194 29.1

6,557 0.135 20.3

4,361 0.090 13.5

2,322 0.048 7.2

2,027 0.041 6.2

564 0.012 1.8

125 0.002 0.3

Total: 48,502

0X174 HaeWl

1,353 0.251 37.7

1,078 0.200 30.0

872 0.161 24.2

603 0.112 16.8

310 0.057 8.6

281 0.052 7.8

271 0.050 7.5

234 0.043 6.5

194 0.036 5.4

118 0.022 3.3

72 0.013 2.0

Total: 5,386
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2.2.5 Restriction endonuclease digestion

The ability of restriction endonuclease enzymes to cut double stranded DNA at 

specific sequences was used in this project to look for large insertions or deletions in 

the CYP17 or CYPllB  genes, which might lead to a change in the size of expected 

restriction fragments. These enzymes were also used for the preparation of DNA for 

cloning and confirmation of some mutations which affected restriction endonuclease 

recognition sites.

Procedure for restriction endonuclease digestion:

For Southern blot analysis, 10 ^g of genomic DNA in a volume of 26 1̂ sterile 

ddHzO was prepared. For PCR product digestion 250 ng in 8.5 pi sterile ddHgO was 

used. If necessary DNA solutions were concentrated by means of precipitation with 

3 M sodium acetate and ethanol, as detailed in section 2.2.1.

Digestion mix: Genomic DNA PCR products

DNA 26 pi 8.5 pi
lOx buffer 3 pi 1.0 pi
Endonculease 1 pi (10 U) 0.5 pi (5 U)

30 pi total volume 10 pi total volume

Restriction endonucleases used in this study were obtained from Promega, 

Southampton, UK. Enzymes are supplied with a lOx restriction enzyme digestion 

buffer by most manufacturers. If multiple samples were digested a master mix of 

enzyme and lOx buffer was prepared just before digestion.

Digests were incubated overnight (16 hours) at optimum temperature for enzyme 

digestion. Conditions for incubation were obtained from the manufacturers 

specifications, but generally incubations were at 37°C.
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2.2.6 Silver staining of DNA in polvacrvlamîde gels (Merrill et aU 1981).

When a mutation was located which altered a restriction endonculease site, the region 

around the mutation was amplified by PCR and the DNA product digested with the 

appropriate enzyme in a total volume of 10 /xl, as detailed in section 2.2.5. Normal 

control PCR reactions and digests were prepared at the same time.

A non-denaturing 10% polyacrylamide gel was then prepared. 10 ml of Accugel 

(National Diagnostics, Aylesbury, UK), 4 ml of Ix TBE for sequencing and 26 ml 

ddHjO were combined in a 50 ml falcon tube and mixed by inversion. 400 /xl of 

1 0 % ammonium persulphate were added and the solution mixed by inversion once 

more. 20 /xl of TEMED were then added, the solution mixed immediately by 

inversion and the gel poured between 20x20 cm taped glass plates separated by 0.4 

mm spacers. A crenellated comb was pushed into the gel before it had set to produce 

wells. Accugel contains a 19:1 mixture of acrylamiderbisacrylamide at a 

concentration of 40% total acrylamide/ bisacrylamide.

Each 10 /xl digestion was mixed with 4 /xl of 95% formamide/ bromophenol blue 

loading buffer and 2 /xl of 50% glycerol solution. The samples were electrophoresed 

on the 10% polyacrylamide gel for 2-4 hours at 250 V, 8  mA, alongside 0X174 

Haelll DNA size markers, which had been prepared with the same formamide/ 

bromophenol blue loading buffer and glycerol solution. After electrophoresis the 

glass plates were prised apart, the gel left attached to one plate and subjected to the 

following staining procedure:

The gel was immersed, still on the glass plate, in 10% ethanol for 5 minutes to 

immobilize the DNA in the gel.

The 10% ethanol was drained off the gel and the gel immersed in 1% nitric acid for 

5 minutes to oxidize the DNA.

The gel was removed from nitric acid and immersed in ddHgO for about 20 seconds, 

to remove excess nitric acid.
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The ddHjO was drained off the gel and the gel immersed in 0.012 M AgNOg solution 

for 20 minutes. Silver ions associated with the oxidized DNA.

The AgNOg solution was drained off and the gel immersed for 20 seconds in ddH2 0  

to remove excess AgNOg.

The silver staining was developed by immersing gel in sodium carbonate/ 

formaldehyde developing solution. Silver ions were reduced to silver atoms, which 

gave staining of the DNA. The developing solution was changed when it darkened 

and developing continued until DNA bands appeared on the gel.

The silver staining procedure given was able to visualize as little as 1 ng of DNA and 

the above 1 0 % polyacrylamide gel was capable of resolving differences in length of 

double stranded DNA down to 5 bp in an 80 bp fragment. Typical sizes of restriction 

digestion fragments analyzed were from 60 to 300 bp.
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2.2.7 Purification of DNA from agarose

DNA produced by PCR was used for cloning and direct sequencing. To separate the 

desired PCR product from excess primers and non-specific PCR products, the DNA 

was electrophoresed on 0 .8 % agarose gels, containing ethidium bromide at a 

concentration of 0.5 /xg/ml, in Ix TBE or Ix TAB electrophoresis buffer. The 

required PCR band was excised from the gel and purified away from the agarose, by 

the following methods.

Method 1: Electroelution of DNA from agarose gel

Electroelution was used to purify large fragments of DNA, in the order of 2.0-7.0 kb 

in length, as the method is relatively gentle and less shearing of DNA occurs 

compared to the other two methods described.

A plasticine bridge was set up across an electrophoresis tank. Each side was filled 

with 0.5x TBE buffer. The plasticine was just high enough to physically separate the 

buffer on the two sides. The electroelution apparatus was then prepared as follows. 

Lengths of dialysis tubing were cut and slit up the side, then boiled in a 2% sodium 

bicarbonate/ 1 mM EDTA (pH 8.0) solution for 10 minutes. The tubing was rinsed 

thoroughly in distilled water and boiled for 10 minutes in 1 mM EDTA. The tubing 

was allowed to cool then stored in a 50% ethanol solution at 4°C.

Small pieces of treated dialysis tubing were cut and clipped over either end of two 

chambers of the electroelution apparatus, with the plastic rings provided. The 

apparatus was then placed over the plasticine bridge, so that the large chamber was 

on the anode side and smaller chamber on the cathode side. The chambers of the 

apparatus were filled with 0.5x TBE. Slices of agarose gel containing DNA were 

placed into the large chamber, then a 25 V potential applied across the tank for 2 

hours. The DNA migrated out of the gel towards the cathode and collected on the 

dialysis membrane of the smaller chamber. After 2 hours the current was reversed 

for 2 seconds to allow the DNA to move off the dialysis membrane. The buffer in 

the electroelution apparatus was then carefully removed with a pasteur pipette, leaving
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around 300 /il in the small chamber. This buffer, containing the eluted DNA, was 

collected into a 1.5 ml eppendorf. The DNA was concentrated by precipitation.

Method 2: Spinning DNA in agarose through sîlanised glass wool

To purify small pieces of DNA, less than 1 kb, from agarose the following method 

of spinning through glass wool was used. Larger fragments of DNA may undergo 

shearing during this process and may stick to the silanised glass wool, reducing the 

yield obtained.

Agarose slices containing DNA were cut into 2 mm square pieces with a sterile 

scalpel blade. The bottom of a 0.5 ml eppendorf was pierced with a hypodermic 

needle to give a small hole just less than 1 mm diameter. A small amount of 

silanised glass wool was placed in the bottom of the eppendorf, to cover the hole. 

The agarose gel pieces were placed into the eppendorf. The cap was cut off of a 1.5 

ml eppendorf and the 0.5 ml eppendorf placed inside. The 0.5 ml tube was spun 

within the 1.5 ml tube at 13,000 rpm for 2 minutes at room temperature. The 

centrifugation compressed the gel, which liquified and passed through the glass wool 

into the bottom tube. The liquified gel was transferred to a 1.5 ml eppendorf. 

Centrifugation was repeated until all agarose had been liquified. Some agarose 

remained as a compressed mass in the glass wool and was discarded. The liquified 

agarose was extracted once with an equal volume of equilibrated phenol and once 

with an equal volume of chloroform. The aqueous layer was removed and the DNA 

precipitated with a tenth volume of 3 M sodium acetate (pH 5.2) and 2 volumes 

absolute ethanol.
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Method 3: Purifying DNA from agarose with glass milk (Geneclean^

Glass milk (Geneclean) was used to purify DNA from agarose, when fragments were 

larger than 0.5 kb and clean DNA was required for cloning or direct sequencing. 

Fragments smaller than 0.5 kb remain attached to fine glass particles and are lost 

during the centrifugation steps of the purification process. Large DNA fragments, 

above 5  kb, should not be purified by this method as the process can lead to shearing. 

Purification was carried out as described in the Geneclean protocol using the 

Geneclean kit (Stratech, Luton, UK). The best results were obtained using 2% 

NuSieve low melting point agarose (Flowgen, Sittingboume, UK) made up in Ix 

TAE. TBE buffer can reduce the binding of DNA to glass milk.

Around 1.0 cm̂  agarose gel was dissolved in 3 ml 3 M sodium iodide solution, with 

heating at 50°C for 5 minutes. This solution was then mixed well with 5 /xl of glass 

milk slurry, first by inversion then by rotating for 1 hour on a rotary wheel at 4°C, 

during which time the DNA adheres to the glass particles. Centrifugation at

13.000 rpm for 10 seconds pelleted the glass particles. The pellet was resuspended 

in 0.5 ml New Wash (a solution supplied in the Geneclean kit), centrifuged again at

13.000 rpm to form a pellet and the supernatant removed. Two more additional wash 

steps were carried out to clean away agarose from the glass particles and DNA. The 

final New Wash was removed after centrifugation and the pellet resuspended in 10 

/xl of ddHgO. DNA was removed from the glass particles by heating at 55°C for 5 

minutes. The glass particles were pelleted by centrifugation at 13,000 rpm for 30 

seconds and the supernatant containing DNA transferred to a 1.5 ml eppendorf.
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2.2.8 Southern blot analysis

Radioactive labelling of DNA fragments

DNA fragments were purified from agarose gel by spinning through silanised glass 

wool, as described in section 2.2.7. In a labelled, 1.5 ml eppendorf, 100 ng of DNA 

was made up to 35 (A with ddHzO. The DNA solution was boiled for 5 minutes to 

give single stranded DNA. The sample was spun briefly and placed on ice. When 

cool the following reagents were added:

BSA (10 mg/ ml) 2 fxl
OLE buffer 10 /xl
6  U Klenow polymerase (Gibco, ERL) 1 /xl
^2p-dCTP (10 /xCi/ /xl, 3000 Ci/ mmol) 3 /xl

The reaction mixture was incubated at 37 °C for 1 hour or overnight at room 

temperature. The reaction was stopped by adding 60 /xl 5 mM EDTA. The probe 

was purified away from unincorporated radioactive nucleotides on a column of 

Sephadex G50 (Pharmacia, Uppsala, Sweden). The probe was stored in a 1.5 ml 

eppendorf at -20 °C. Before use the probe was thawed, and the tube containing it 

placed in a boiling water bath for 5 minutes to make single stranded DNA for 

hybridization.

Alkali Southern blotting using Hvbond N^

Approximately 10 /xg of genomic DNA for each subject was digested overnight in a 

total volume of 30 /xl, with an appropriate restriction endonuclease enzyme that would 

cut at the locus of the gene of interest (for digest conditions see section 2.2.5). 

After incubation 3 /xl of lOx bromophenol blue/ xylene cyanol loading buffer was 

added to each sample. Electrophoresis was carried out on a 20x20 cm, 0.8% agarose 

gel in IxTAE and containing ethidium bromide at a concentration of 0.5 /xg/ ml, 

which was run overnight at 46 V and 40 mA in IxTAE buffer. Bacteriophage lamda 

Hind III DNA size markers (0.5-23 kb) were loaded on the same gel to give an 

indication of size. The gel was examined on a UV transilluminator and the distance
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migrated by the lambda standards measured. The gel above the wells was cut away 

with a scalpel, so that the top edge was level with the bottom of the wells and the 

length and width of gel to be blotted measured. Exposure of the DNA to UV light 

was minimised as it causes degradation of nucleic acids. The gel was then washed 

as follows:

1x10 minutes in 0.25 M HCl

rinse with ddH2 0

1x30 minutes in 0.4 M NaOH:

washes were carried out on a rocking platform.

A 20x20 cm glass plate was placed on top of four plastic supports within a 21x25 cm 

tray, so that it was raised about 1.5 cm above the bottom of the tray.

The glass plate was covered with two pieces of Whatman 3MM blotting paper 

(BDH): one 20x20 cm, the other 23x20 cm. The larger piece was folded over, 1.5 

cm at each end to overhang the platform and act as a wick.

The blotting paper was carefully wetted with 0.4 M NaOH and 0.4 M NaOH poured 

into the tray to a level just below the platform.

One piece of Hybond N"*" nylon membrane (Amersham International Ltd., Little 

Chalfond, Buckinghamshire, UK), four pieces of Whatman 3 MM and five pieces of 

Quickdraw blotting paper (Sigma) were cut to the same size as the gel.

The gel was placed on the blotting platform and any bubbles excluded by rolling a 

pipette gently over the gel. The gel was overlayed with the Hybond N"̂  membrane, 

with the top of the membrane level with the bottom of the wells.

Two pieces of 3 MM were soaked in 0.4 M NaOH and placed on top of the 

membrane. The remaining two pieces of 3 MM and 5 pieces of Quickdraw blotting 

paper were then placed on top of the blotting platform. A glass plate, clingfilm and 

a 1  kg weight were placed on top and the apparatus left overnight.
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The apparatus was disassembled and the membrane rinsed in 2x SSC for 5 minutes 

at room temperature. The membrane was air dried on 3 MM for 30 minutes, 

wrapped in clingfilm and stored at 4°C.

DNA hybridization with Hvbond N"*"

A nylon mesh was soaked in 2x SSC and a Southern blot membrane placed on top in 

the 2x SSC solution. Carefully excluding air bubbles, the mesh and membrane were 

rolled up and inserted into a hybridization bottle (Hybaid Ltd, Teddington, UK). 

Approximately 20 ml of 2x SSC were added and the bottle rocked to unroll the 

membrane. The 2x SSC was poured out. A 15 ml volume of hybridization solution, 

pre-warmed to 65 ®C and containing denatured salmon sperm DNA at 1(X) /xg/ ml, 

was added to the bottle, which was then incubated at 65 °C on a rôtisserie in a 

hybridization oven (Hybaid Ltd., Teddington, UK) for 1 hour . A radioactive DNA 

probe, prepared as described above, was heated for 5 minutes at 100°C, before 

adding to the solution in the hybridization bottle containing the membrane. After 

hybridization overnight at 65°C, rotating in the hybridization oven, the radioactive 

contents of the bottle were poured into a 50 ml falcon tube for re-use, allowed to cool 

to room temperature, then stored at -20®C. The membrane was left in the bottle and 

washed, rotating in the hybridization oven, as follows:

4x 5 minutes with 100 ml of 2xSSPE, 0.1% SDS solution at room temperature 

Ix 15 minutes with 100 ml of IxSSPE, 0.1% SDS solution at 65°C 

Ix 10 minutes with 100 ml of O.lxSSPE, 0.1% SDS solution at 65®C

The membrane was blotted briefly between two pieces of 3 MM to remove excess 

liquid, then wrapped in Saran wrap to prevent drying. The radioactive blot was 

placed DNA side up in an X-ray cassette and overlayed with Kodak X-OMAT X-ray 

film (Sigma), and left at -75°C for 72 hours to 1 week.
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Southern blots were re-used several times with different radioactive DNA probes, but 

were stripped between subsequent hybridizations to remove the radioactive DNA from 

previous probes. The stripping procedure was as follows:

A boiling solution of 0.5% SDS was poured on to membranes and allowed to cool to 

room temperature with rocking for 1 hour. The membranes were blotted briefly 

between 3 MM then wrapped in Saran wrap and used for rehybridization.
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2.2,9 Cloning DNA in bacterial plasmid vectors

Plasmid vectors

Plasmids were first used as cloning vectors by Cohen et al (1973), Hershfîeld et al, 

(1974) and Covey et al, (1976). The early vectors carried the pMBl or ColEl 

replicon, sequences that enabled the double stranded circles of DNA to be replicated 

in E.coli. These early vectors were based on naturally occurring bacterial plasmids, 

but were modified to carry selectable markers. One problem with these early vectors 

was that none of them contained more than two restriction sites that could be used for 

cloning. Further engineering of the plasmids lead to the construction of pBR313, 

which contained the selectable markers tef and amp  ̂ (enabling bacteria carrying the 

plasmid to grow on media containing tetracycline and ampicillin) and numerous 

unique restriction sites for inserting foreign DNA (Bolivar et al, 1977a; 1977b). This 

plasmid was further refined by removing non-essential plasmid DNA sequences to 

give the 4.36 kb vector pBR322 (Bolivar et al, 1977b). Many of the plasmid vectors 

used today have been engineered from pBR322 (Baibas et al, 1986).

The cloning vector used predominantly in our study was pUClS, which was 

developed by Messing and co-workers (Vieira & Messing, 1982; Norrander et al, 

1983; Yanisch-Perron et al, 1985), contains sequences from the bacteriophage M13 

and is 2.7 kb in size. Bacteria taking up pUC18 during transformation acquire an 

ampicillin resistance gene encoded by the plasmid. This allows the selection of 

transformed bacteria on LB-ampicillin agar plates.

In addition pUC18 contains a closely arranged series of cloning sites, termed 

‘polylinkers’, which have been engineered into the plasmid sequence. In most cases 

the restriction sites are unique: occurring only once in the plasmid sequence. A 

tandem array of 13 restriction enzyme cleavage sites is found in pUC18: EcoRI, Sacl, 

Kpnl, Smal, Xmal, BamHl, Xbal, Sail, Accl, Hincll, Pstl, Sphl and Hindlll. These 

sites provide a variety of targets that can be used singly or in combination to clone 

DNA fragments generated by cleavage with a large number of restriction enzymes. 

Fragments inserted at one restriction site can be excised using enzymes that cut at 

flanking sites. The restriction map of pUC18 is shown in Figure 2.2.
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Figure 2.2: Restriction map and polylinker region o f the pUC18 plasmid vector.
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The pUC18 plasmid is a circular double stranded DNA molecule, with sequences for an origin of 
replication, or/, a gene conferring ampicillin resistance, amp', and the focZ'sequence, which encodes 
the N-terminal o f 6-galactosidase. The above ‘polylinker’ sequence has been ligated into the beginning 
of the lacT  region and includes 10 unique restriction enzyme cutting sites. These sites can be used 
to linearise the plasmid and allow cloning by ligation of DNA inserts with complementary ends. The 
polylinker adds an additional 18 amino acids to the 6-galactosidase enzyme as shown above. Insertion 
of DNA into the polylinker causes a shift in reading frame or introduces additional amino acids leading 
to a non-functional 6-galactosidase enzyme.
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In pue 18 the polylinker is positioned within a sequence of DNA derived from the 

lac operon of E. coli, which encodes the amino-terminal fragment of il-galactosidase. 

The synthesis of this plasmid encoded polypeptide is induced by isopropylthio-B-D- 

galactoside (IPTG), and is capable of intra-allelic (a) complemetation with a defective 

form of B-galactosidase encoded by the host bacteria (Ullmann et at, 1967). In 

bacterial strains such as JM83 that are transformed with pUC18, the bacteria produce 

the carboxy-terminal of the 15-gaIactosidase if induced by IPTG and the plasmid 

produces the amino-terminal of the enzyme. The two polypeptides form a functional 

B-galactosidase enzyme, which cleaves 5-bromo-4-chloro-3-indolyl-B-D-galactoside 

(X-gal) to give a blue product (Horwitz et al, 1964). Colonies derived from pUC18 

transformed JM83 that are plated on LB ampicillin, X-gal, IPTG agar plates are thus 

blue.

The location of the polylinker within the lac operon of the plasmid allows for 

insertional inactivation of the B-galactosidase enzyme. Insertion of DNA into the N- 

terminal peptide coding region of the plasmid destroys the production of functional 

B-galactosidase, resulting in white colonies on the LB ampicillin, X-gal, IPTG agar 

plates, as opposed to blue colonies of bacteria containing wild type pUC18.

Initially pUC18 and JM83 host bacteria were used for cloning in the studies 

described in the following chapters. Whilst transformation and plasmid extraction 

were efficient, restriction digestion of plasmid DNA often proved difficult. Certain 

E.coli, including the JM series, release high amounts of carbohydrates when lysed in 

the plasmid preparation procedure detailed later in this section. For this reason the 

host strain was changed to DH5a (Gibco-BRL, Paisley, Scotland). This E. coli strain 

produces less carbohydrate on alkaline lysis and has the added advantage of not 

requiring IPTG for induction of B-galactosidase activity, as the production of the 

enyzme is constitutive in these cells (Hanahan, 1983).

In order to clone PCR products, the pUC18 vector was digested with HincW 

endonuclease, which yields a linear DNA molecule with blunt ends. In certain 

instances DNA fragments were produced with overhanging single stranded ends, e.g. 

by digestion with EcdKL endonuclease, and these were cloned into pUC18 vector that
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had been digested with the same restriction enzyme to give complementary 

overhanging single stranded ends. Both blunt-ended and cohesive-end ligation 

techniques are described in the following sections.

Blunt end ligation of DNA into bacterial vectors

Most DNA polymerases used in PCR amplification generate PCR fragments with a 

single A-residue overhanging the 3’ end. For blunt-end ligation this 3’ tail was filled 

in with Klenow polymerase (the large fragment of DNA polymerase I). This 

procedure was carried out as follows:

The PCR fragment to be cloned was purified from agarose gel and quantified as 

described in section 2.2.4. The PCR DNA was diluted to an approximate 

concentration of 200 ng in 20.5 1̂ ddH2 0 . To this DNA was added: 2.5 fil lOx 

Klenow buffer (0.5M Tris (pH 7.6), 0.1 M M gCy, 1 fil 2.0 mM dNTPs and 1 fjtl 

( 6  U) Klenow DNA polymerase (Gibco-BRL, Paisley, Scotland). The solution was 

gently mixed and incubated at 37°C for 30 minutes. The polymerase was inactivated 

by heating at 65®C for 10 minutes. The DNA was precipitated and resupended in 

5 /il ddH20.

The pUClS vector was prepared for ligation by digesting 2 /xg of plasmid in a total 

volume of 50 /xl overnight at 37°C, with 24 U Hincll enzyme (Promega, 

Southampton, UK), to produce linear plasmid with blunt ends. A 1 /xl aliquot of the 

digested plasmid was electrophoresed on an agarose minigel alongside lambda Hindlll 

size markers, to check that digestion was complete. If two bands, corresponding to 

supercoiled and nicked plasmid, could be seen a further 12 U of Hincll enzyme were 

added to the remaining plasmid and the digestion continued for a further 5 hours. 

Complete digestion was indicated by a single band of 2.7 kb, corresponding to the 

linearized plasmid. The concentration of the plasmid was generally around 40 ng/ 

/xl, determined by electrophoresis on a minigel and comparison with the lambda 

Hindlll marker, as described in section 2.2.4.
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An equimolar amount of insert and digested plasmid were prepared for ligation. The 

amount of insert equimolar to 1 0 0  ng of linearized plasmid was calculated by the 

following equation:

Amount of insert (ng)= Size of insert (kb) x 100 ng
Size of plasmid (kb)

For a 1 kb PCR product and a 2.7 kb plasmid, approximately 40 ng of insert and 

1 0 0  ng of vector were added together, precipitated and redissolved in a total volume 

of 6.5 fil of ddH2 0 . To this DNA were added: 2 /d of 5x T4 DNA ligase buffer, 0.5 

pi 10 mM dATP and 1 pi T4 DNA ligase enzyme, (1 Weiss unit/ pi; Gibco-BRL, 

Paisley, Soctland). This ligation mixture was incubated at 15®C for 16 hours, during 

which time the insert and plasmid DNA molecules are joined together by the action 

of the ligase to form recircularised recombinant plasmid containing the insert.

The association of the ends of the two separate molecules is aided by the low 

temperature, dATP at 0.5 mM and the presence of polyethylene glycol in the T4 

DNA ligase buffer, which causes DNA to condense into aggregates and encourages 

intermolecular ligation (Pheiffer & Zimmerman, 1983).

Cohesive end ligation

Ligation of DNA with cohesive ends is much more efficient than blunt-end ligation, 

as hydrogen bonding between complementary single-stranded overhangs at either end 

of DNA molecules allows them to associate. Cohesive end ligation is particularly 

useful when high numbers of recombinant plasmids are required or when there is little 

insert DNA available for cloning. The method used was similar to that for blunt-end 

ligation, but required less ligase and was carried out as follows:

Insert DNA was digested with an appropriate endonuclease, purified from agarose by 

electroelution and resuspended in 4.0 pi of ddH2 0 . Plasmid DNA was digested with 

endonuclease to give linear molecules with compatible ends complementary to those 

of the digested insert DNA. Plasmid DNA (100 ng) and an equimolar amount of
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digested insert DNA (around 40 ng for a 1 kb insert) were added to the same tube in 

a total volume of 6.5 ddH2 0 . The solution was heated at 50°C for 5 minutes to 

melt cohesive ends that may have reannealed and the mixture chilled to 0®C. To this 

DNA solution were added 2 fil 5x T4 DNA ligase buffer, 0.5 n\ 10 mM dATP, and 

0.1 Weiss units T4 DNA ligase. The ligation mixture was incubated for 16 hours at 

15°C.

Transformation of bacteria with plasmid

Mandel & Riga (1970) showed that bacteria treated with ice-cold solutions of CaCl2  

and then briefly heat shocked could be transfected with lambda DNA. The same 

method was subsequently used to transform bacteria with plasmid DNA (Cohen et al, 

1972). The following procedure was used to transform DH5a E. coli with pUC18 

plasmid.

A culture of DH5a bacteria was streaked out on an LB-agar plate, which was then 

incubated overnight at 37°C. A single colony was picked from the plate and 

transferred into 5 ml of LB broth, which was incubatedovemight at 37°C with 

vigorous shaking.

One ml of the culture was transferred to 50 ml of LB broth in a 5(X) ml flask and 

then incubated for 2 hours at 37®C with vigorous shaking. The 50 ml culture was 

transferred to a sterile, disposable, ice-cold 50 ml Falcon tube, then cooled to 0®C 

by placing on ice for 10 minutes. The bacterial cells were then pelleted by 

centrifugation at 3000 rpm for 10 minutes at 4°C and the media decanted into 1% 

sodium hypochlorite. The tube was inverted for 1 minute to allow the last traces of 

media to drain away.

The pellet was resuspended in 15 ml of ice-cold 50 mM CaCl2 and placed on ice for 

15 minutes. The bacteria were then pelleted by centrifugation for 10 minutes at 

3000 rpm at 4°C. The supernatant was decanted off into sodium hypochlorite and 

the tubes inverted to allow the last traces of fluid to drain away.
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The bacterial pellet was resuspended in 4 ml ice-cold 50 mM CaCl2 and left on ice 

for at least four hours.

A 100 fil aliquot of competent cells was transferred into a prechilled sterile bijou 

tube. Half the ligation mixture (around 70 ng of DNA) was added to the aliquot of 

competent cells and mixed gently with the end of the pipette tip. The cells and DNA 

were placed on ice for 40 minutes. Controls were prepared as follows:

(i) Competent bacteria that were mixed with 10 ng of the standard preparation of 

supercoiled pUC18 plasmid DNA. This provides a check that the wild type plasmid 

gives blue colonies on transformation.

(ii) Competent bacteria that were mixed with digested, non-ligated, plasmid DNA, 

without insert, to check for complete restriction digestion of plasmid.

(iii) Competent bacteria transformed with digested and ligated plasmid to check on 

efficiency of ligation.

The tubes were transferred to a rack and placed in a circulating water bath at 37°C 

(this temperature is increased to 42°C if using JM83 E.coli cells) and heat-shocked 

for 90 seconds. The tubes were rapidly transferred to an ice bath, chilled for 2 

minutes, then 500 /xl of LB broth added to each.

The cultures were incubated for 30 minutes at 37®C in an incubator without agitation, 

then transferred to a rotary shaker for 30 minutes at 37°C and 180 rpm. This 

incubation period allowed growth of the bacteria and expression of the plasmid 

encoded ampicillin resistance protein in transformed cells.

Approximately 150 /xl of each transformed culture were plated out on dried, 

prewarmed LB ampicillin, X-gal, IPTG agar plates, using a sterile glass spreader. 

The entire culture was either spread onto four plates, or the remains of the culture 

stored at 4°C and plated the next day, if more recombinant clones were required.

93



The plates were incubated at 37®C overnight. White colonies containing recombinant 

plasmid appeared in 12-16 hours, amongst blue colonies containing non-recombinant 

pUC18. Plasmids were prepared from white colonies as described below.

Plasmid preparation

The following procedure for plasmid preparation is a modification of the methods of 

Bimboim & Doly (1979) and Ish-Horowicz & Burke (1981).

Cultures were prepared by inoculation of 10 ml LB ampicillin broth with a single 

colony of plasmid containing bacteria and grown overnight at 37°C with shaking. 

Glycerol stocks were prepared using 2 ml of each culture and 0.3 ml sterile glycerol, 

which are mixed well then stored at -70°C.

The cells from the remaining 8  ml of culture were pelleted by spinning at 3000 rpm 

for 10 minutes at 4°C. After decanting off the supernatant the pellet of cells was 

resuspended in 0.3 ml of a buffer containing 50 mM Tris (pH 8.0), 10 mM EDTA 

and RNase A at 100 y.g! ml, making sure there were no clumps of bacteria. The 

above buffer was stored at 4°C to prevent degradation of RNase.

The cells were then lysed by the addition of 0.3 ml of SDS/ NaOH lysis solution, 

gentle mixing by inversion 6  times, and incubation at room temperature for 5 

minutes. Excessive mixing was avoided as it can shear bacterial DNA and lead to 

contamination of plasmid preparation. The SDS/ NaOH lysis solution was checked 

for SDS precipitation, which can occur at low storage temperatures. If necessary the 

SDS was dissolved by warming at 37°C and the solution allowed to cool to room 

temperature before using.

The alkaline lysis step was stopped after 5 minutes by the addition of 0.3 ml of 3M 

potassium acetate (pH 5.5). After addition of potassium acetate, the solution became 

cloudy and very viscous as potassium dodecyl sulphate (PDS) precipitate, bacterial 

DNA and proteins came out of solution. To avoid a localized PDS precipitation, the 

solution was immediately mixed, gently, but thoroughly by inverting 6  times, then 

incubated on ice for 15 minutes.

94



The samples were mixed again by inversion then centrifuged at 13,000 rpm for 30 

minutes at 4°C and the supernatant removed promptly into a 1.5 ml eppendorfs.

The plasmid was precipitated from the supernatant by adding 2 volumes of absolute 

ethanol at room temperature and inverting to mix.

The samples were centrifuged at 13,000 rpm for 6  minutes to pellet plasmid DNA. 

The supernatant was discarded and the tubes inverted on tissue paper to allow the last 

traces of fluid to drain away from the pellets. The tubes were inverted for around 

2 0  minutes to dry the pellets.

The plasmid DNA pellets were resuspended in 100 /xl TE buffer, then extracted with 

1 0 0  /xl of a 1 : 1  mixture of equilibrated phenol: chloroform, mixing by inversion.

The tubes were spun for 2 minutes at 13,000 rpm and room temperature and the 

upper, aqueous phase, transferred into 1.5 ml eppendorf tubes.

The plasmid DNA was precipitated by the addition of 2 volumes ethanol, then 

pelleted by centrifugation for 6  minutes at 13,000 rpm at room temperature. The 

supernatant was discarded and the tubes inverted on tissue paper to allow the pellets 

to drain. The plasmid DNA was allowed to dry for 20 minutes, until all traces of 

ethanol were gone and resuspended in 80 /xl TE buffer.

A 3 /xl aliquot of each plasmid sample was mixed well with 2 /xl of ddHgO and 1 /xl 

of lOx bromophenol blue/ xylene cyanol loading buffer, followed by electrophoresis 

on a 0.8% agarose gel in Ix TBE alongside lambda HindiU DNA size markers to 

check the quantity and quality of the plasmid DNA preparations. Plasmids carrying 

insert DNA are larger and migrate more slowly than the wild type plasmid DNA on 

electrophoresis. Plasmids with a slower rate of migration on electrophoresis were 

assumed to carry the desired insert.
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Colony hybridization

A certain proportion of false white colonies were produced during the ligation and 

transformation process, which had no insert, but small deletions in the vector within 

the B-galactosidase gene. The deletion of DNA from the a-peptide encoding region 

can give the same result as if there were an insertion, i.e. non-functional B- 

galactosidase activity. The proportion of false white colonies was determined by 

carrying out twelve plasmid preparations, as described above, and looking for plasmid 

samples that migrated at the same rate as wild type pUClS on 0.8% agarose minigel 

electrophoresis. If there was a high proportion of false white colonies, the bacteria 

carrying recombinant plasmid DNA were detected by colony hybridization. The 

colony hybridization procedure was developed by Grunstein and Hogness (1975) and 

is detailed below.

White colonies of bacteria were picked with sterile cocktail sticks and gridded out 200 

to a 90 mm LB ampicillin agar plate. The plates were left overnight at 37°C.

A nitrocellulose membrane (Anderman, Kingston, Surrey, UK) was cut into an 

85 mm circle. Matching orientation lines were drawn on the side of the bacterial 

agar plate and on the nitrocellulose membrane to allow the precise positioning at the 

end of the procedure.

The nitrocellulose membrane was pre-moistened on sterile LB ampicillin agar plates 

and layed on top of the colonies for 1 minute, with the lines on the membrane 

matching lines on the agar plate, then removed and placed bacteria face up on a fresh 

LB ampicillin plate.

The bacteria thus transferred were grown overnight at 37°C until large colonies were 

present on the nitrocellulose membrane. The original plate was incubated for 

5-7 hours at 37°C to regenerate the colonies, then sealed with parafilm and stored at 

4°C.

The colonies on the membrane were placed face up on Whatman 3MM paper soaked
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in 10% SDS for 3 minutes to help maintain the integrity of the colonies.

The bacteria were lysed on 3MM paper soaked in SI solution (see section 2.1.4) for 

5 minutes, again with the bacteria face up. The membrane was then transfered to 

3MM paper soaked in S2 for 5 minutes, then washed briefly through 2x SSC.

The membranes were allowed to air dry for 30 minutes, then were placed in an oven 

at 80°C for 2 hours to bind the DNA.

The blots were incubated at 55°C in 100 ml of a proteinase K buffer containing 

400fxg of proteinase K (Promega, Southampton, UK), for 1 hour.

Hybridization of the membrane overnight with a radioactive cDNA probe 

complementary to the inserted DNA, followed by washing, and exposure of the 

membrane to Fuji X-100 X-ray film (GRI, Dunmow, Essex, UK) for 1-12 hours 

revealed which colonies contained recombinant plasmid, see section 2 .2 . 8  for 

hybridization and washing details.

The orientation lines on the membrane were drawn on the autoradioagraphy film and 

then matched up with the lines on the bacterial plate to show which colonies had 

insert DNA.

Colonies believed to contain insert were picked from the original plates, grown 

overnight in 10 ml of LB ampicillin broth and plasmid DNA extracted, using the 

method given above. A glycerol stock was prepared for each culture, with glycerol 

at 15%, and stored frozen at -20®C.
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2.2.10 Dideoxv chain termination DNA sequencing

Sequencing double-stranded plasmid DNA

Sequencing of double-stranded plasmid DNA was carried out using a modified version 

of the dideoxy chain termination method (Sanger et al, 1977) and the Sequenase 

version 2.0 kit (United States Biochemicals, Cambridge Bioscience, Cambridge, UK) 

by the following procedure:

Approximately 2.5 /xg of plasmid DNA (20-40 /xl of plasmid preparation from an 

8  ml culture) was made single stranded in 0.2 M NaOH, by the addition of 5 /xl of 

IM NaOH to 20 /xl of plasmid solution and incubation at 37°C for 30 minutes.

One tenth the volume of 3M Na acetate (pH 5.2) was then added to neutralize the 

NaOH, 2.5 times the volume of ethanol added and the DNA precipitated at -75 °C for 

15 minutes.

This single stranded template was spun down at 13,000 rpm for 15 minutes, the 

supernatant poured off, the tube inverted on tissue paper and the pellet allowed to air 

dry for 1 0  minutes.

The precipitated single stranded plasmid DNA was resuspended in 7 /xl of ddHgO, 

2 /xl of manganese buffer added, along with 1 /xl of 0.5 mM M13 ‘universal’ primer 

and the primer annealed by heating at 37°C for 15 minutes.

The annealing mixture was added to 5.5/xl of ̂ ^S-dATP labelling master mix solution, 

consisting of:

1 /xl 100 mM dithiothreitol
2 /xl 1.5 /xM dNTPs
2 /xl of diluted Sequenase version 2.0 DNA polymerase enzyme 
0.5 /xl ^^S-dATP 10 /xCi/ /xl

The Sequenase version 2.0 DNA polymerase enzyme was diluted 1:7 with the enzyme 

dilution buffer provided, just prior to addition of annealing mix. The combined
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annealing mix and labelling mix were incubated at room temperature for 2 minutes.

Aliquots of 3.5 /xl of solution were then added to each of four tubes containing

2.5 /xl of a single dideoxynucleotide solution and 80 /xM dNTPs: one tube contains 

only dideoxy-GTP, one dideoxy-ATP, one dideoxy-TTP and the last dideoxy-CTP. 

The four tubes, appropriately labelled G, A, T, and C were then incubated at 37®C 

for 5 minutes.

The dideoxy chain termination reaction was stopped by the addition of 4 /xl of a 

solution containing 95% formamide and the tracking dyes bromophenol blue and 

xylene cyanol.

Sequencing electrophoresis conditions

Gels were cast between 20x30 cm glass plates, one of which was silanised with 5 % 

dimethyldichlorosilane in chloroform. Two 20x30 cm spacers (0.4 mm in thickness) 

were placed between the plates, which were then taped up with electrophoresis tape 

The gels were 6 % polyacrylamide containing 7 M urea and were made up in Ix TBE 

for sequencing buffer (see section 2 . 1 .6 ).

Polyacrylamide gel electrophoresis (PAGE) was carried out in Ix TBE for sequencing 

buffer. The gels were preheated for 15 minutes at 48 W. Half of the sequencing 

samples (4.5 /xl) were loaded then the electrophoresis was continued at 40 W for 

15 minutes, 33 W for 45 minutes and 28 W for 30 minutes. This maintained the gel 

at around 50°C. The second half of the sample was then loaded and the gel run 

at 28 W for a further 1.5 hours, to give a 1.5 and a 3 hour run.

The 1.5 hour run allowed the generation of a sequence that included the poly linker 

region of the pUC18, the point at which the insert DNA was ligated into the plasmid 

and the first 100 nucleotides of the insert. The 3 hour run allowed greater separation 

of larger pieces of DNA, so that another 200-300 nucleotides could be read off.
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Once electrophoresis was complete the gels were removed from the tank, the tape 

removed from the glass plates and the plates prised apart. The gels were fixed in 

10% methanol/ 10% acetic acid in ddH2 0  for 15 minutes, then dried down at 80®C 

on a vacuum gel dryer and exposed to Fuji X-100 film (GRI, Dunmow, Essex, UK) 

for 24-72 hours.

Sequencing PCR products

Double stranded DNA produced by PCR amplification was made single stranded by 

boiling and prevented from reannealing using non-ionic detergents, such as 1 0 % 

DMSO (Winship, 1989) or a mixture of 0.5 % NP40 and 0.5 % Tween 20 (Keohavong 

& Thilly, 1989; Bachmann et al, 1990). The PCR DNA was boiled for 2 minutes 

in the presence of detergent, manganese buffer and primer, snap cooled on ice and 

the labelling master mix added as above. Incubation with labelling mix was carried 

out at room temperature for 5 minutes. Aliquots of 3.5 /il were then added to each 

of the four dideoxy termination tubes, which also contained detergent at the 

percentages given above. The termination reaction was allowed to proceed for 

5 minutes before stopping with 95% formamide/ bromophenol blue solution. When 

using the method of Bachmann et al (1990), 2 /xl of a solution containing 0.25 mM 

dNTP, 50 mM NaCl, 0.5% NP40 and 0.5% Tween 20 was added after the first 5 

minutes of dideoxy termination and the reaction allowed to continue for another 5 

minutes before stopping with 95% formamide solution. The products of the 

sequencing reaction were analyzed as described in the section on sequencing 

electrophoresis conditions.

Tag cycle sequencing

Sequencing was also carried out by Taq cycle sequencing, using the method of 

Embley (1991), and the TAQuence kit (United States Biochemicals, Cambridge, UK). 

Two picomoles of primer was end-labelled using 6  units of T4 polynucleotide kinase 

(United States Biochemicals, Cambridge, UK) and 1 /xl of gamma ^^P-dATP 

(3000 Ci/ mmol, 10 /xCi/ /xl; NEN, Stevenage, UK) in Ix T4 polynucleotide kinase 

buffer in a volume of 10 /xl, according to manufacturers instructions. Each
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sequencing reaction contained 3 /xl template DNA (50-200 ng), 9.5 /xl ddHjO, 1 /xl 

labelled primer (0.2 pmol), 2 /xl Taquence reaction buffer, and 2 /xl of diluted (1 

unit/ /xl) Taq polymerase. This mixture was spun down and 4 /xl added to each of 

four tubes containing 4 /xl of termination mixture (either ddATP, ddCTP, ddGTP, 

ddTTP). Each tube was overlayed with 30 /xl of light mineral oil. The thermal 

programme for sequencing consisted of 10 cycles of dénaturation at 95 ®C for 40 

seconds, 30 seconds of annealing at 58°C and 2 minutes extension at 72°C, with the 

single gamma ^^P-dATP end-labelled primer. The sequencing reactions were stopped 

by adding 4 /xl of TAQuence stop mix to each tube. The products of the sequencing 

reactions were analyzed ( 6  /xl) on standard sequencing gels, as detailed above.
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3- Gene library screening for mutations in a case of 

17a-hydroxylase deficiency

3.1 Clinical details

This female patient presented at age 29 years with non-responsive hypertension and 

lack of secondary sexual characterisitics. A diagnosis of 17a-hydroxylase deficiency 

was made on the basis of low plasma cortisol concentrations (107 nmol/1 at 0800h, 

normal range 165-715 nmol/1) and raised plasma levels of corticosterone (972 nmol/1, 

normal range 2-23 nmol/1), deoxycorticosterone (4906 pmol/1, normal range 90-482 

pmol/1) and ACTH (34 pmol/1, normal range 4-13 pmol/1) (Fraser et al y 1987). 

Analysis of chromosomes revealed a normal karyotype, 46XX. The patient was tall 

(190 cm) and had no breast development or pubic hair. The vulva was infantile, the 

labia were small, but the clitoris was normal. The vagina had a rugose appearance 

and the introitus admitted two fingers. No uterus was palpable, but on laparoscopy 

the uterus was seen as a small fold. Streak gonads were visible.

3.2 Experimental work

3.2.1 Southern blot analysis

Southern blot analysis was carried out to ascertain if there were large deletions or 

insertions within the CYP17 gene of the subject. Genomic DNA from peripheral 

leucocytes was isolated, 10 /xg digested with EcoRI restriction endonuclease and after 

Southern blotting, hybridized with the ^^P-labelled Bcmiiil insert from the CYP17 

cDNA, pCD17aH, kindly supplied by Professor M. Waterman of Vanderbilt 

University, Nashville (see section 2.2.8 for details of method).
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Two DNA fragments of 5.7 kb and 6.9 kb were observed (Figure 3.2a), which are 

the expected size for EcdRl digested CYP17 (Picardo-Leonard & Miller, 1987). This 

result excluded any large scale deletion or insertion as the cause of disease.

3.2.2 Strategy for locating mutations within CYP17

The lack of any large alteration within the CYP17 gene suggested that smaller 

mutations, possibly involving single base changes, were responsible for the loss of 

enzyme function. To locate these mutations it was necessary to isolate the CYP17 

gene from genomic DNA. A gene library was constructed by inserting EcoPl 

digested, size-selected, genomic DNA from the subject into bacteriophage lambda 

gtlO. This library, containing numerous gene fragments,was then screened to isolate 

bacteriophage containing either the 5.7 kb or 6.9 kb EcdPl fragment of CYP17. The 

procedure is outlined in Figure 3.2b and described in detail in the following sections.

Bacteriophage lamda gtlO

Wild type bacteriophage lambda is a 50 kb double-stranded DNA virus that infects 

E. coli. Lambda gtlO is derived from the wild type bacteriophage, but has been 

designed for cloning small DNA fragments, up to 6  kb, into a unique £coRI site 

within the gene for the cl protein. Cloning efficiency is high and recombinants are 

selected on an E.coli strain, such as C6 (X) hflk, carrying the h fl\\5^  mutation, which 

gives high frequency of lysogeny. Non-recombinant bacteriophage integrates into the 

host DNA and the bacteria remain in a state of lysogeny due to an active cl protein 

derived from the phage. Recombinant bacteriophage has insertional inactivation of 

the cl gene and therefore can grow normally, enter a lytic cycle and form plaques that 

contain phage DNA with insert (Huynh et al, 1985). Bacteriophage DNA from 

plaques can be isolated by laying nitrocellulose membranes on top of lawns of 

infected bacteria. The blots produced are hybridized with a radioactive cDNA probe 

complementary to the gene of interest, to detect which plaques contain bacteriophage 

with the desired inserted DNA.
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Figure 3.2a: Southern blet analysis o f genomic DNA following EcoRI digestion
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In the Southern blot above, 10 fxg of EcoRI digested genomic DNA from the 17a-hydroxylase deficient 
patient was loaded alongside lambda HitidlU size markers. The expected band sizes of 5.7 and 6.9kb. 
were observed on hydridization as shown.
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3.2b: Strategy for screening a lambda gtlO gene library for CYP17 gene fragments.

1. D I g o s t  g e n o m i c  DNA w i th  
E c o  RI a n d  s e l e c t  

f r a g m e n t s  o f  5- 7 . 0 k b

2.  L i g a t e  In to  E c o  RI 
d i g e s t e d  l a m b d a  g t1 0 i

6 . 9 k b  C Y P 1 7  
f r a g m e n t s
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i

H e a d  p r o t e i n  

Tall p r o t e i n

8 a g a r  p l a t e s  

4 x 1 0  ‘  p l a q u e s

P o s i t i v e  p l a q u e s  
c o n t a i n i n g  C Y P1 7  

DNA

i
6.  P i c k  p o s i t i v e  p l a q u e s  a n d  u s e  p h a g e  fo r  

f u r t h e r  l e v e l s  o f  s c r e e n i n g  to  o b t a i n  

l a m b d a  p h a g e  c o n t a i n i n g  C Y P 1 7  DNA

7. D ig e s t  p h a g e  w i th  £ c o  Rl to  o b t a i n  C Y P 1 7 DNA

8. S u b c l o n e  C Y P 1 7  DNA In p U C 1 8  a n d  s e q u e n c e
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3.2.3 EcoRI digestion of genomic DNA and size selection bv electrophoresis

Approximately 100 (ig of genomic DNA, obtained from peripheral leucocytes, was 

digested overnight at 37°C with the restriction enzyme EcoRIy in a 300 /xl reaction 

volume. A 1 /xl aliquot of the digestion was taken and electrophoresed on a 0.8% 

agarose minigel to check for complete digestion. A 20x20 cm 0.8% agarose gel was 

prepared in Ix TAE, using a comb that produced two small wells of 35 /xl capacity 

on either side of a single large well capable of holding 300 /xl. The digested DNA 

was mixed with 33 /xl of lOx bromophenol blue/ xylene cyanol loading buffer. A 

30 /xl aliquot was loaded into the small well, the rest of the digested genomic DNA 

was loaded into the large well, and lambda Hindlll DNA size markers loaded into the 

other small well of the 20x20 cm agarose gel. Electrophoresis was carried out at 

46 V and 40 mA overnight in Ix TAE.

The gel was removed from the tank and viewed briefly on a UV transilluminator. 

The region of the gel containing the aliquot of around 10 /xg of digested genomic 

DNA was carefully cut away and the gel Southern blotted. The migration distances 

of the lambda markers were measured and the area of gel between the 4 kb and 9 kb 

size markers excised, covered with cling film and stored at 4°C. The Southern 

blotting of the small section of gel determined which region of the gel contained the

5.7 and 6.9 kb fragments of the CYP17 gene.

When the exact position of the 5.7 and 6.9 kb bands had been determined the 

corresponding regions on the stored gel were excised as thin bands of agarose, 

which were cut into small pieces of around 5x3 mm. The DNA was purified from 

the agarose by electroelution as described in section 2.2.7. Approximately 400 ng 

of DNA was recovered.
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3.2.4 Ligation of lambda bacteriophage arms to EcoRI digested DNA

Four ligations were set up, each with 500 ng of the EcoRI digested lambda 

bacteriophage right and left arms (supplied in the Gigapack Gold kit; Stratagene, 

Cambridge, UK), but containing 20, 50, 100 and 200 ng amounts of the purified, size 

selected genomic DNA, representing molar ratios of insert: vector DNA of 1:3, 2:1 

and 4:1. A control ligation containing only the right and left arms of lambda was 

also prepared. The left arm of EcoRI digested lambda is 32.7 kb in length and the 

right arm 10.6 kb. Ligations were carried out in 10 fil volumes with 0.2 Weiss Units 

of T4 DNA ligase, overnight at 16°C as described in section 2.2.9.

Following ligation 2 /d aliquots of each ligation were electrophoresed on a 0.5% 

agarose gel in IX TBE, alongside wild type lambda to check the efficiency of 

ligation. Unligated arms and insert were observed in all reactions, but in the ligations 

containing 100 and 200 ng of insert a small proportion of ligated product similar in 

size to wild type lambda bacteriophage was observed. The control ligation, 

containing just left and right arms showed no ligated product, which was expected as 

the 5’ termini of the supplied vector DNA had been dephosphorylated by treatment 

with alkaline phosphatase.

3.2.5 In vitro packaging of lambda bacteriophage.

Packaging of bacteriophage lambda DNA in vitro was first developed by Becker & 

Gold (1975) and utilizes extracts from bacteria infected with bacteriophage lambda 

mutants. The Gigapack Gold kit contains solutions of packaging proteins for gtlO. 

One extract, obtained by sonicating a strain of bacteria such as BHB2690, after 

infection by a certain lambda mutant, contains preheads: proteins that will encapsulate 

the lambda DNA. The other extract contains proteins required to package the DNA 

into the preheads and is obtained by freeze/ thawing a bacterial strain such as 

BHB2688, after infection by a lambda mutant that overexpresses packaging proteins 

(Sambrook et al, 1989c). Packaging is carried out in vitro by mixing the two extracts 

and then adding lambda DNA (Scalenghe et al, 1981), to form infective viral 

particles.
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In vitro packaging of recombinant lambda gtlO

The two ligations that gave observable products were pooled and used for in vitro 

packaging using the Gigapack Gold kit. The sonic extract and freeze/ thaw extracts 

were removed from -70 °C and placed on dry ice. The freeze/ thaw extract was 

quickly thawed between fingers until just beginning to thaw.

A 5 fû aliquot of the ligation mixture, approximately 300 ng of DNA, was added to 

the freeze thaw extract and placed on ice. A 15 /xl aliquot of sonic extract was 

added, stirred well to mix and incubated for 2 hours at 22°C.

After incubation, 500 /xl SM buffer, then 20 /xl chloroform were added to the 

packaging mixture and gently mixed with a pipette. Centrifugation for 2 minutes at

13,000 rpm at room temperature was carried out to sediment debris. The supernatant 

was stored at 4®C.
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3.2.6 Preparation of competent C600 hflA cells

A glycerol stock of C600/i/7A cells was streaked out onto an NZY agar plate and 

incubated overnight at 37®C.

A single colony was used to inoculate 50 ml TB medium supplemented with 10 mM 

MgSO^ and 0.2% maltose. The maltose is required to induce the bacterial production 

of lam maltose receptors, to which lambda phage binds prior to infection. The 

culture was incubated at 37°C with vigorous shaking for 4 hours. Absorbance 

readings were taken at 600 nm and incubation discontinued when absorbance reached 

0.80.

The bacteria were pelleted by centrifugation at 3000 rpm for 10 minutes at 4®C. The 

supernatant was poured off into 1% sodium hypochlorite solution and the pellet 

resuspended in 25 ml sterile 10 mM MgSO .̂ The cells were then diluted to an ODgoo 

of 0.5, by the addition of 35 ml of sterile 10 mM MgSQ*. Glycerol was added to a 

concentration of 15% and the culture mixed well, before dividing into 0.6 ml 

aliquots. The competent glycerol stocks were stored at -70°C.

3.2.7 Determination of infectivitv of packaged lambda gtlO

Three 0.6 ml aliquots of competent C600 hflA cells were thawed on ice and 

transferred to three 50 ml falcon tubes. To one aliquot of cells was added I 1̂ of 

packaged phage solution, to another 3 /d, and to the third 5 fxl. The tubes were then 

incubated for 20 minutes at 37®C, to allow adsorption of phage.

A volume of 60 ml top agar, containing MgSO  ̂at 10 mM, was melted by heating in 

a boiling water bath and cooled to 48°C. 20 ml of molten top agar was added to 

each of the above tubes of competent cells, and mixed by inversion. The agar was 

poured onto three dry, prewarmed, 150 mm diameter LB MgSO  ̂ agar plates and 

allowed to set before incubating at 37°C overnight.
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Following incubation a lawn of bacteria with clear areas, or plaques, caused by lysis 

of bacteria by recombinant lambda phage, was observed. No bacterial growth was 

observed from the cultures transfected with 3 /xl and 5 /xl of packaged phage, 

presumably due to excessive lysis. The culture transfected with 1 /xl of packaged 

phage gave almost confluent plaques, with a few small areas of bacterial growth. The 

number of lambda plaques giving confluent lysis on a 150 mm plate is stated as

50,000 (Sambrook et al, 1989d). From this value the infectivity of the packaged 

lambda gtlO mixture was approximately 50,000 plaque forming units (pfu)/ /xl.

3.2.8 DNA hybridization screening of a lambda gene library

The plaques were screened by transfer of bacteriophage to a nitrocellulose membrane 

and hybridization with a ^^P-dCTP labelled probe complementary to CYPl 7 using the 

method of Benton & Davis (1977). The detailed procedure is given below.

A 600 /xl aliquot of C600 hflA competent cells was thawed on ice. Packaged phage 

solution containing 2x 10̂  pfu, 3 /xl in volume, was added to the cells, which were 

incubated at 37®C for 20 minutes to allow adsorption of the phage.

The transfected cells were added to 80 ml molten LB MgSO  ̂top agar at 48°C. This 

was inverted to mix and 20 ml poured onto each of four 150 mm diameter LB MgSQ  ̂

agar plates.

The plates were incubated overnight at 37°C to generate near confluent plaques in a 

lawn of bacteria. The plates were stored at 4°C for at least 1 hour to harden the top 

agar and prevent it adhering to the nitrocellulose membrane in the following 

procedure.

Nitrocellulose membrane was cut into four 150 mm diameter circles and orientation 

marks carefully drawn on to the membrane with pencil. The nitrocellulose 

membranes were pre-moistened on sterile LB MgSO  ̂agar plates, then layed on top 

of the plaques on the four chilled agar plates for 2 minutes at room temperature, to 

adsorb phage from the plaques. Orientation marks matching those on the 

nitrocellulose membranes were drawn on the bottom of the agar plate.
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The membranes were peeled off and placed DNA face up on blotting paper soaked 

in SI solution for 7 minutes to denature phage proteins and DNA. The agar plates 

were sealed and stored at 4°C.

The membranes were neutralized by placing on blotting paper soaked in S2 for 2x 3 

minutes, moving the blots to different parts of the S2 soaked paper.

The blots were air dried for 30 minutes, then baked at 80°C for 2 hours to bind 

lambda DNA to the membrane. The membranes were then incubated at 55®C for 

1 hour in 100 ml of proteinase K buffer, containing 400 fig of proteinase K.

The blots containing phage DNA were hybridized overnight with ^^P-labelled CYPl 7 

probe at 65°C, then washed, as descibed in section 2.2.8, to remove excess probe.

Exposure to X-ray film for up to 72 hours revealed which plaques contained CYPl 7 

DNA. The orientation marks on the nitrocellulose membranes were marked on the 

autoradiographs and aligned with the stored agar plates to locate the plaques 

containing CYPl 7 DNA. Examples of autoradiographs showing positive plaques are 

shown in Figure 3.2c.

The area of top agar believed to contain CfPf 7 DNA was removed with a pipette tip 

and placed in 1 ml of SM buffer in a 1.5 ml eppendorf. The tube was inverted 

several times to mix, then 100 fi\ removed into 900 fi\ of SM to give a 10̂ * dilution. 

Serial dilutions in SM buffer were prepared to give diluents of 10 ,̂ 10  ̂ and 10"®. 

30 fil of chloroform was added to the first tube containing the picked agar, to prevent 

bacterial growth and the phage diluents stored at 4°C.

I l l



Figure 3.2c: Autoradiographs of primary and secondary screen blots showing positive plaques
hybridizing to radioactive ^^P-dCTP labelled CYPl 7 cDNA.

Example of one of five 
p o s it iv e  p laq u es  
generated by lambda 
gt 10 containing CYPl 7 
DNA. Autoradiograph 
is from a
nitrocellulose blot of 
a primary screen agar 
plate.

Autoradiograph of nitrocellulose blot of 
a secondary screen agar plate, showing 
increased proportion of CYPl 7 containing 
plaques.
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The pfu values of the phage diluents were determined as before. The 10 ̂  dilution 

was found to have a value of approximately 1 0 0  pfu/ /xl. 1 0  /xl of this 1 0 "̂ diluent 

was used for a secondary screen, using the same procedure as outlined above. Two 

further rounds of screening were necessary to obtain agar plates containing plaques 

with only CYPl 7 insert. Five clones containing CYPl 7 DNA were isolated from a 

total of 5x 10̂  plaques screened.

3.2.9 Isolation of recombinant lambda gtlO-CTPiZ DNA.

A single plaque, containing lambda with only CYPl 7 insert DNA, was picked from 

a quaternary screen agar plate and placed into 100 /xl of SM buffer. The agar was 

broken up with a pipette tip, the solution gently mixed with a pipette and a 1 0 "̂ 

diluent prepared in SM buffer. This solution contained approximately 10* pfu/ /xl.

Two LB MgSO^, 0.8% agarose plates, 150 mm diameter, with near confluent CYPl 7- 

containing plaques were prepared using 200 /xl of competent C600/ÿZA cells and 

10 /xl of the 10"̂  phage diluent, as described above. The lambda obtained was to be 

digested with EcoRI to release the CYPl 7 insert, and as restriction endonuclease 

activity is inhibited by carbohydrate polymers found in agar, the plates used to isolate 

lambda were prepared using agarose at 0 .8 % in place of bactoagar.

The plates were each washed with 5 ml SM buffer for 1 hour on a rocking platform 

at 4°C. The resultant 10 ml solution was taken off, 20 /xl of chloroform added and 

the solution vortexed for 20 seconds, before spinning at 3000 rpm for 10 minutes at 

4°C to remove bacterial debris and insoluble agarose contaminants. The supernatant 

was collected into a sterile 15 ml tube.

Purification of the lambda phage was carried out according to the protocol of the 

Qiagen lambda kit (Hybaid, Teddington, UK), using the solutions provided. 30 /xl 

of a solution containing RNase A at 20 mg/ ml, DNase I at 6  mg/ ml in 10 mM 

EDTA, 100 mM Tris, 300 mM NaCl, 0.2 mg/ ml BSA, pH 7.5, was added to the 

supernatant. The tube was incubated at 37°C for 30 minutes. This digests nucleic 

acids liberated from lysed bacteria. Without digestion a significant number of
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bacteriophage particles become entrapped in the viscous solution of nucleic acids and 

the bacteriophage yield is reduced.

The bacteriophage particles were precipitated by the addition of 5.0 ml of a 30 % 

polyethylene glycol/ 3 M NaCl solution (final concentration 10% PEG, IM NaCl), 

with incubation on ice for 1  hour.

The bacteriophage was pelleted by spinning at 13,000 rpm for 15 minutes at 4°C. 

The supernatant was removed, the tube respun at 13,000 rpm for 2 minutes at 4®C 

and the last remnants of supernatant removed.

The pellet was resuspended in 1 ml of a solution containing 100 mM Tris (pH 7.5), 

100 mM NaCl and 25 mM EDTA then divided into two 1.5 ml eppendorfs. 0.5 ml 

of 4% SDS solution was added to each tube. The solutions were mixed gently and 

the tubes incubated at 70°C for 10 minutes to dissociate proteins from the lambda 

DNA. The tubes were placed on ice and allowed to cool for 5 minutes. The SDS 

and protein was precipitated by the addition of 0.5 ml of 2.55 M potassium acetate 

(pH 4.8) to each tube, which forms a white precipitate of potassium dodecyl sulphate. 

The tubes were mixed by inversion, then centrifuged at 13,000 rpm to pellet the 

precipitate. DNA in the supernatant was precipitated by the addition of 2 volumes 

of absolute ethanol, followed by centrifugation at 13,000 rpm for 15 minutes at 4°C. 

The supernatant was poured off and the tubes inverted on tissue paper for 20 minutes 

to dry. The pellets were resuspended in 43 1̂ of sterile ddH2 0 .

3.2.10 Isolation of CYP17 DNA and subcloning into pUClS plasmid vector

The bacteriophage DNA isolated above was digested overnight at 37®C with EcoRI 

restriction endonuclease in a total volume of 50 /xl with 24 U of EcoRI. The 5.7 kb 

EcoRI fragment of CYPl 7 was separated from the vector by electrophoresis, the DNA 

excised from the minigel and purified by spinning through glass wool. 

Approximately 20 ng of purified CYPl 7 insert was ligated with 50 ng of EcdPl 

digested pUClS vector at 16°C for 6  hours, using 0.2 U T4 DNA ligase in a total 

volume of 10 /xl. Ligated DNA was transformed into JM83 E.coli made competent
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in ice cold 50mM CaCl], then plated out on LB ampicillin, IPTG, X-gal agar plates 

and incubated overnight at 37°C.

White bacterial colonies were picked with sterile cocktail sticks and gridded out, 200 

to a single 90 mm diameter LB ampicillin plate. Colony hybridization using the 

pCDlTaH cDNA probe was then carried out to ascertain which colonies contained 

CYP17 DNA (Grunstein and Hogness, 1975). Positive colonies were identified, 

picked from the original plate, each grown overnight in 10 ml of LB ampicillin broth 

and plasmid DNA extracted using standard procedure given in section 2.2.9. 

Electrophoresis on a 0.8% agarose gel alongside wild type pUClS confirmed that 

large inserts were present in the extracted plasmids, which on digestion with EcoRl 

and Pstl enzymes yielded fragments of 2.6 and 1.7 kb in length, in agreement with 

the restriction map of the 5’ end of CYPl 7 (Picardo-Leonard & Miller, 1987). These 

fragments were subcloned into Pstl digested pUC18 and then sequenced as described 

in section 2 .2 . 1 0 .

Each of the five lambda clones, identified in section 3.2.8, was processed as 

described above and found to contain the 5.7 kb EcoRI fragment of CYPl7  ̂ which 

included the 5’ promoter region and first three exons of CYPl 7.

3.2.11 Results of sequencing CYP17 DNA obtained from gene library

Exon 3 contained a single point mutation: a G to T transversion, which introduced 

a stop codon (TAG) in place of glutamate (GAG) at codon 194 (Rumsby et al, 

1992a). Two silent mutations were also found in exon 1, CAC in place of CAT 

encoding histidine 46 and TCG in place of TCT encoding serine 65, and have been 

previously reported (Kagimoto et al, 1988). These silent changes were not reported 

by Picardo-Leonard & Miller (1987) and Bradshaw et al (1987), but may represent 

polymorphisms. Exon 2 was shown to be normal as compared to the published 

sequences listed above. Four of the isolated clones carried the mutation in exon 3, 

but the fifth had the normal sequence at this point, indicating that the patient carried 

two different mutant alleles.
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3.2.12 PCR amplification of CYP17 DNA

To confirm the presence of a premature stop codon at position 194, exons 3 and 4 of 

CYPl 7 were amplified from genomic DNA using PCR. Four 25 /zl reactions were 

prepared, each containing approximately 250 ng of genomic DNA, 10 mM Tris 

(pH 8.0), 50 mM KCl, 200 ^M each of dGTP, dATP, dTTP and dCTP, 

1.5 mM MgClz, 0.25 /xM of each of the two primers and 0.5 U Taq polymerase, 

(AmpliTaq; Amersham International, Little Chalfond, Buckinghamshire, UK). The 

primers used are detailed in Appendix 1. Amplifications were carried out on a 

Hybaid thermal cycler programmed as follows: dénaturation 98°C for 5 minutes, 

addition of Taq polymerase at 60°C, followed by 35 cycles of 1 minute at 72°C, 0.01 

minutes at 93°C and 0.01 minutes at 60°C. The double stranded product was 

purified from agarose and used for Taq cycle sequencing using the Taquence kit as 

detailed in section 2.2.10. The product of a separate PCR reaction, containing exons 

3 and 4, was cloned into pUC18 and sequenced.

3.2.13 Results of sequencing PCR amplified DNA

The Taq cycle sequencing showed both normal and mutant sequence at codon 194, 

confirming that the mutation was present on only one allele (Figure 3.2d). A second 

premature stop codon, CGA-»TGA, Arg-»Stop at codon 239, was also detected which 

again appeared to be on only one allele. Two clones containing the PCR amplified 

exon 3 and 4 fragment were sequenced and showed a normal sequence at position 

194, but had the mutation in exon 4, which demonstrated that the two premature stop 

codons were present on separate alleles (Figure 3.2e).
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Figure 3.2d: Taq cycle sequencing revealed both normal sequence, GAG, and mutant sequence, TAG, 
at codon 194, showing the E194X mutation to be present on only one allele.
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Figure 3.2e: Nucleotide sequences of exon 3 and exon 4 of C Y P l7, obtained by sequencing cloned 
DNA.
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Sequencing of cloned exon 3 and 4 DNA showed a normal exon 3 on the same allele as a mutant exon 
4, which carried an R239X mutation.
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3.3 Discussion of methodology

Each of the five clones isolated from the gene library were found to contain the 

5.7 kb EboRI fragment of CYPl7. The absence of the 6.9 kb fragment may have 

been due to preferential uptake and maintenance of smaller fragments of DNA within 

the lambda gtlO bacteriophage, which has an upper limit of approximately 6  kb. 

This vector, however, has been used successfully, by other groups, to isolate CYPl? 

(Dr. M.R. Waterman, personal communication). Other lambda vectors have the 

capacity for cloning larger inserts (Kaiser & Murray, 1985). Gene library screening 

of lambda was employed by Picardo-Leonard & Miller (1987) and Kagimoto et al 

(1988) to isolate the genomic sequence of CYPl 7, although the latter used the BMBL3 

lambda vector, which is designed to accept fragments up to 20 kb in size (Frischauf 

et at, 1993).

Several apparent false positives, which hybridized in the initial primary screen, failed 

to produce positive plaques on secondary screening. This result may have been due 

to incorrect alignment of blots and plaques when picking clones or insufficient 

stringency of washing after hybridization. Perseverance with the library screening 

may have produced further clones, perhaps including exons 4-8.

The process of library screening was time consuming, taking almost a year to isolate 

the same three exons of CYPl 7. The main advantage of the technique is that large 

fragments of DNA can be obtained and the genomic sequence isolated in cases where 

only a cDNA was previously available. The direct cloning of genomic DNA 

employed by the technique is also of use in cases where PCR amplification proves 

difficult, as often occurs in the 5’ regions of genes, where repetitive sequences can 

lead to anomalies in PCR amplified DNA. However, as a method of screening genes 

of known sequence for mutations it was shown to be too labour intensive.
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3.4 Discussion of results

The patient had all the classic symptoms of 17a-hydroxylase deficiency. A normal 

gene arrangement was found on Southern blot analysis excluding any major gene 

deletion or rearrangement and the cause of the 17a-hydroxylase deficiency was found 

to be due to the two point mutations located. These mutations would produce a 

truncated and non-functional 17a-hydroxylase enzyme, due to the lack of haem or 

substrate binding ability.

Mutations have been described in 23 other cases of 17a-hydroxylase deficiency and 

range from small duplications and deletions to amino acid substitutions and premature 

termination codons, as described in section 1.4.3. The mutation reported in this 

thesis at codon 239 involves a CpG dinucleotide, which are recognised as mutational 

hotspots (Bird, 1980). Interestingly, one other patient has been described with the 

same nonsense mutation in exon 4 described here (Ahlgren et al, 1992). In that case, 

however, the other allele had an amino acid substitution of threonine for proline at 

position 342 in exon 6 , caused by the change CCA->ACA. The patient discussed 

here, who is English, may share a common ancestry with the Canadian patient studied 

by Ahlgren et al, although the two are not believed to be directly related.
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4- Screening for mutations 

in the CYPl IB genes

4.1 Subjects with mutations in the CYPllB  genes

DNA samples of twelve individuals with suspected mutant CYPllB  genes were 

available for study. The twelve individuals came from 9 unrelated kindreds (Table 

4.1). Six kindreds (1-5 and 7) had children affected by 1115-hydroxylase deficiency, 

which was presumed to be caused by defects in the CYPllBl gene. One kindred (8 ), 

of Turkish origin, had two children with combined 1115-hydroxylase and aldosterone 

synthase deficiency, presumed to be caused by mutations in both CYPllBl and 

CYP11B2 genes. Subject 9 (kindred 6 ), of Pakistani origin, was diagnosed as a case 

of CMC II deficiency. The final kindred (9), of Greek origin, was comprised of a 

mother and daughter, both of whom were bom with severe hypertension, which was 

alleviated by adrenalectomy and replacement steroids in the case of the mother. 

Mutation within the CYPllBl or CYPllB l gene was a possible cause of disease in 

this family. In several cases DNA samples from parents and siblings were also 

available, which increased the number of individuals to be screened to 16.

The above diagnoses were made on the basis of abnormal urinary steroid profiles, 

determined in the laboratory of Dr. John Honour (Middlesex Hospital, London), and 

blood hormone measurements obtained in the laboratory of Dr. R. Fraser (Medical 

Research Council Blood Pressure Unit, Glasgow), following clinical referral for 

endocrine assessment. In cases of 1115-hydroxylase deficiency excess excreted THS 

in the range of 5,000-30,000 /xg/ 24h was detected (normal range <  50 ^g/ 24 h) 

and THDOC in the range of 700-5000 /xg/ 24 h (normal value of < 50  /xg/ 24 h) 

(Schneider, 1991). Urinary androgens (androsterone and aetiocholanolone) were also 

elevated. Females typically presented at birth with virilized genitalia, while males 

were detected due to precocious sexual and physical development driven by excess
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androgens. Several patients within this group were initially diagnosed as having
Table 4.1: Subjects with suspected mutations in C Y P llB  genes

Kindred Subject Sex Ethnic Origin Deficiency/ Disease

1 1 Female Indian (Asian) IIB-OH

2 2 (Mother) Female Indian (Asian) -

2 3 (Daughter) Female Indian (Asian) llfi-O H

3 4 (Daughter) Female Nigerian llfi-O H

3 5 (Father) Male Nigerian -

4 6 Male English IIB-OH

5 7 (Brother) Male English IIB-OH

5 8 (Brother) Male English IIB-OH

6 9 Female Pakistani CMC II

7 10 Male Indian (Asian) IIB-OH

8 11 (Father) Male Turkish -

8 12 (Mother) Female Turkish -

8 13 (Son) Male Turkish IIB-OH +  Aldosterone 
Synthase

8 14 (Son) Male Turkish IIB-OH +  Aldosterone 
Synthase

9 15 (Mother) Female Greek Severe Hypertension

9 16 (Daughter) Female Greek Severe Hypertension
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21-hydroxylase deficiency, which was changed to 1115-hydroxylase deficiency 

following the development of hypertension and réévaluation. Subject 4, an affected 

female, presented at birth with virilization, and was treated for 2 1 -hydroxylase 

deficiency, but subsequently developed hypertension (140/ 105 mm Hg) following a 

five year lapse in hydrocortisone treatment between the age of 5 and 11 on returning 

to Nigeria (personal communication from Dr. P.J.A. Moult, Consultant 

Endocrinologist, Whittington Hospital, London). The diagnosis of subject 6  was also 

altered to 116-hydroxylase deficiency following the development of hypertension in 

early childhood.

The clinical details of subject 13 are discussed in Spoudeas et al (1993). At age 11 

this patient presented with hypertension (220/ 140 mm Hg) causing retinopathy and 

cardiomyopathy. Elevated androgens, THDOC and THS were discovered on urinary 

steroid analysis. Dexamethasone treatment reduced the levels of the above steroids, 

by suppression of ACTH driven steroidogenesis. The treatment relieved the 

suppression of plasma renin activity (PRA), by reducing the level of excess DOC, 

but aldosterone synthesis did not resume, even after two years on treatment. This 

suggested that a defect was also present in aldosterone synthase in this patient, a 

finding confirmed by Spoudeas et al (1993). Subject 14, the younger brother of 

subject 13, was similarly affected.

The mother and daughter of Greek origin, subjects 15 and 16, were affected by an 

adrenal related form of hypertension, that was believed to involve a glucocorticoid 

remediable form of hyperaldosteronism. Recent studies have shown that this 

condition can be caused by unequal crossover between the CYPllB  genes (Pascoe et 

al, 1992a; Lifton et al, 1992). The mother’s symptoms were alleviated by 

adrenalectomy, confirming that the cause of hypertension was of adrenal origin. 

Excess 18-hydroxysteroid products (partially suppressible by dexamethasone 

treatment) were detected in subject 16, which may be the cause of the hypertension.

Subject 9, a patient with reported hypotension suspected to be caused by CMO II 

deficiency, was included in the study, as the processes leading to mutations in the 

CYPl 132 gene were also of interest. The possibility that gene conversion and non- 

homologous recombination between the CYPllBl and CYPllB l genes leads to loss
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or alteration of enzyme function was examined.

4.2 Strategy for locating mutations

In order to screen the CYPllBl and CYP11B2 genes from the 16 individuals for 

mutations, a fast and efficient means of locating DNA sequence changes had to be 

employed. A strategy was devised that began with Southern blot analysis to eliminate 

the possibility of large scale deletions or insertions being present. The human 

CYPllB  genes are highly homologous, but give different band sizes on digestion with 

fiamHI endonuclease (Momet et al, 1989). Southern blot analysis was carried out on 

the above group of individuals, as described in section 2 .2 .8 , following restriction 

digestion with BamYil. A radioactive probe was prepared from a CYPllB l cDNA 

fragment, pHllF2, kindly supplied by Dr. P.C. White, New York, and used for 

hybridization to reveal fragments of both CYPllB  genes. Five bands, at 8.5 and 1.9 

kb {CYPllBl) and 4.5, 2.4 and 0.6 kb {CYP11B2), corresponding to the normal 

digestion products of the two CYPllB  genes, were obtained from the DNA of all 

subjects studied (Figure 4.2a). This suggested that no large insertion or deletion had 

occurred in the CYPllB  genes of the patients listed in Table 4.1.

The symptoms of subjects 15 and 16 were consistent with glucocorticoid remediable 

hyperaldosteronism. Rehybridization of the Southern blot with a probe prepared from 

PCR amplified CYPllB l exon 4 DNA did not detect an additional 6.3 kb BamYH 

fragment, formed by fusion of the 5’ region of CYPllB l with the 3’ region of 

CYP11B2, which has been characterized in GRH (Lifton et al, 1992). The possibility 

that a gene conversion event had altered a small region of the CYPllB l gene of 

subjects 15 and 16 to encode amino acids present in CYPl 1B2 remained a possibility.

123



Figure 4.2a: Southern blet analysis following BaniWl digestion o f genomic DNA

Kb
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Above is a representative Southern blot of DNA from subjects 1 ,6 ,  13 and 14 (lanes 1-4) and two 
normals (lanes 5-6). In each lane 10 /xg of genomic DNA was loaded, alongside lambda HindWl size 
markers. All subjects gave the normal band sizes of 8.5 and 1.9 kb, corresponding to BamWl digestion 
of CYPllBly  and 4.5, 2.4 and 0.6 kb, corresponding to BamWl digestion of CYP11B2.
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The lack of Southern blot abnormalities suggested that any mutations within the 

CYPllB  genes of the subjects were due to single base changes or small deletions and 

insertions. To locate such small scale changes the strategy shown in Figure 4.2b was 

employed.

The CYPllB l and CYP11B2 genes were specifically amplified by PCR. Primers 

were selected which were complementary to sequences of DNA that differed between 

the two CYPllB  genes (Appendix 1). These specific DNA fragments were used as 

template DNA for a second round of PCR amplification, in which individual exons 

were amplified using primers complementary to both CYPllB  genes.

Screening for single base changes

Various techniques have been developed to detect single base sequence changes in 

PCR amplified DNA, these include: RNAse cleavage (Myers et al, 1985), chemical 

cleavage (Cotton et al, 1988), denaturing gradient gel electrophoresis (DGGE) 

(Fischer & Lerman, 1980; Myers et al 1987; Sheffield et al, 1989; 1992) and 

heteroduplex analysis (Keen et al, 1991, White et al, 1992). One of the most widely 

used techniques, due to its simplicity, is single-strand conformation polymorphism 

analysis (SSCP) (Orita et al, 1989a; 1989b). This technique is based on the principle 

that single-stranded DNA molecules take on specific, sequence-based, secondary 

structures (conformers) under nondenaturing conditions. Molecules differing by even 

a single base substitution may form different conformers and migrate differently in 

a non-denaturing polyacrylamide gel (Figure 4.2c). This technique has proven useful 

for detection of multiple mutations and polymorphisms (Demers et al, 1990; 

Mashiyama et al, 1990; Orita et al, 1990; Suzuki et al, 1990; Murakami et al, 1991; 

Reiss et al, 1992).

SSCP has been reported to be most sensitive when used to detect sequence variation 

in PCR amplified DNA molecules 200 bp or less in size (Hayashi, 1992). Some 

evidence suggests that detection of single base substitutions is less sensitive in larger
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Figure 4.2b: Strategy for screening CYPllB genes for mutations

1. PCR amplify CYP11B2 and CYP11B1

CYP11B2 CYP11B1

===D O O (>C H >00=0=/=
E xons 1-4 2.5 kb E xons 1-2 0.9 kb

E xons 5-9 2.9 kb

i Q Q :  Exons 3-5 1.4 kb

E xons 6-9 1.7 kb

=[K K H M 1=

1
2. Amplify Individual exons using specific DNA above as template

I
3. Screen CYP11B2 and CYP11B1 exon by exon to locate exons

carrying mutations

i
4. Sequence exons believed to carry mutations
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Figure 4.2c: Single strand conformation polymorphism (SSCP) technique for detecting single base 
changes within PCR amplified DNA fragments.

1 PCR 250bp DNA fragm en ts  using  radioactive P dCTP.

A single exon can be amplified from several individuals.

2 Single-strand DNA by addition of formamide and heating at 95°C.

3  E le c t r o p h o r e s e  f r a g m e n t s  o n  
a  6% n o n - d e n a t u r in g  
p o ly a c ry la m id e  ge l. 2 3

i
D if fe re n c e s  In b a s e  s e q u e n c e  

m a y  a f fe c t  c o n fo rm a t io n  of 
s in g le - s t r a n d  DNA a s  It m o v e s  
th r o u g h  th e  g e l  a n d  th is  m a y  

c a u s e  a b a n d  shif t .

4. A u to r a d io g r a p h  for 
12-72  h o u r s .

;
S i n g l e - s t r a n d e d  DNA 
o f  2 d i f f e r e n t  s t r a n d s

N o n - d e n a t u r e d  
d o u b l e - s t r a n d e d  DNA

SSCP analysis relies on the ability of single stranded DNA to adopt a sequence-specific conformation 
as it migrates through a non-denaturing polyacrylamide gel: altered sequence can give rise to altered 
conformation and altered migration rate. This can reveal which individuals carry sequence changes 
relative to normal controls. The DNA bands are visualized by autoradiography and sequence changes 
give band shifts as shown above.
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DNA fragments (Sarkar et al, 1992). In a systematic study of the limitations and 

strengths of SSCP carried out by Sheffield et al (1993), the optimal size fragment for 

sensitive base substitution detection by SSCP was reported to be 150 bp, with a 

reported 97% detection rate of mutations within the mouse globin promoter. It was 

also reported that some base substitutions in particular pieces of DNA may not affect 

conformation, that different mutations at the same position may give indistinguishable 

band shifts and that G to T transversions are detected at a lower rate than all other 

mutations (57% as opposed to 79%). Detection of mutations can be increased by the 

use of different primers to amplify the region of interest, or by digestion of larger 

fragments to generate DNA in the range of 150 bp. Thus SSCP analysis is a useful 

method of primary screening for mutations and common polymorphisms, but does not 

have 100% sensitivity. The SSCP technique was used to screen CYPllB l and 

C Y PllB l genes of the subjects listed, exon by exon, to locate regions carrying 

sequence changes.

4.3 SSCP analysis

4.3.1 Radioactive SSCP technique

The technique used initially was a modification of that developed by Orita (1989a). 

DNA specific to either CYPllBl or CYPllB l was prepared in 25 ii\ reactions 

containing 1 each primer (Appendix 1), 1.5 mM MgCl2 , 0.2 mM dNTPs and 1 

U Taq polymerase in Ix reaction buffer (Promega, Southampton, UK). CYPllB l 

was amplified in three fragments of 0.9, 1.4 and 1.7 kb, and C YPllB l in two 

fragments of 2.5 and 2.9 kb, as shown in Figure 4.2b. The thermal cycle programme 

was as for standard PCR, see section 2.2.4, with the exception that the extension time 

was increased to 2.5 minutes at 72°C and the annealing temperature lowered to 56°C.

The amount and purity of DNA produced was often poor, particularly in the case of 

the larger products. To overcome this problem the products were electrophoresed on 

0.8% agarose gel in Ix TBE. The required fragment was excised from the gel, added 

to 2(X) /xl of sterile ddH2 0  and heated to 98°C for 15 minutes to melt the agarose and 

make single stranded DNA template at a concentration of approximately 0.05 ng/ /xl, 

which was used in the second round of amplification described overleaf.
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SSCP-PCR reactions, for each exon, were prepared in 10 (A total volumes containing: 

0.15 ng purified specific DNA template, 1 /xM each primer, 1.5 mM MgCl2 , 0.2 mM 

dATP, dTTP, dGTP, dCTP, 1 /xCi ^^P-dCTP (3000 Ci/ mmol, NEN, Stevenage, 

UK), 0.25 U Taq polymerase in Ix reaction buffer. Amplification conditions were 

as for standard PCR (see section 2.2.4). The final PCR product was added to 10 1̂ 

of a 95% formamide, 20 mM EDTA, 0.05% bromophenol blue solution. Samples 

were denatured by heating at 95°C for 3 minutes, then 4 /xl of each loaded onto 

a 20x30 cm, 0.4 mm thickness, 6 % acrylamide gel (19:1 acrylamide:bisacrylamide), 

10% (v/ v) glycerol and Ix TBE for sequencing buffer. The samples were 

electrophoresed at 30 W (1875 V and 16 mA) at room temperature. Alternative 

SSCP electrophoresis conditions used for comparison were as above except at 4®C, 

or as above at room temperature with no glycerol in the gel. Following 

electrophoresis the gel was dried and exposed to Fuji X-100 X-ray film for 12-72 

hours, to visualize the radioactive DNA bands.

4.3.2 Factors that improved SSCP resolution

A number of improvements to the initial SSCP technique were made, following 

suggestions made by Hogg et al (1992). Initially the amount of cold dCTP in the 

PCR reaction was at 0.2 mM concentration. By reducing this ten fold to 0.02 mM 

the incorporation of radioactive ^^P-dCTP was increased. In the unmodified 

method above, 20-40 ng of each DNA sample was loaded on the gel. After reducing 

the concentration of dCTP to 0.02 mM, only 2-5 ng of radioactive PCR product was 

required for visualization of bands (Figure 4.3). Instead of a 1:1 dilution of PCR 

DNA with loading buffer, a 1:25 dilution was made: 2 1̂ of PCR product was diluted 

in 50 /xl of formamide/ bromophenol blue loading buffer and 6 /xl loaded per well. 

The reduction in DNA improved the detection of sequence specific differences in 

band pattern.

Addition of SDS at 0.03% and EDTA at 16 mM final concentration to the DNA 

samples before denaturing improved resolution of SSCP bands, presumably by 

reducing both inter and intrastrand associations that could give alternative
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conformations. Bands became much sharper and there were less problems with 

multiple, non-specific band patterns.

A minor improvement was made by changing the comb used to prepare the wells of 

the gel. When sharks’ tooth combs were used the bands were 3 mm in length, bowed 

at either end and continuous with adjacent samples (Figure 4.3). A crenellated comb, 

that produced 6  mm wells, spaced 4 mm apart, allowed a better comparison of bands 

with less distortion.

4.3.3 Preparation of DNA samples for SSCP analysis

In the improved method, a 2^1 aliquot of the final SSCP-PCR product was added to 

16 /xl of 0.1% SDS, 10 mM EDTA, and 32 /xl of 95% formamide, 20 mM EDTA, 

0.05% bromophenol blue loading buffer. Samples were denatured by heating at 95°C 

for 3 minutes, the samples immediately placed on ice, then 6  /xl of each sample 

electrophoresed as detailed in Table 4.2.

If the PCR product was greater than 250 bp in length, digestion with restriction 

endonuclease enzymes was carried out to give fragments of the desired size. A 2 /xl 

aliquot of PCR product was added to 3 /xl of a master mix, which contained 0.5 /xl 

of endonuclease (5-6 U total), 0.5 /xl of lOx endonuclease buffer, 2 /xl ddHgO, and 

digestion carried out overnight at 37°C or optimal temperature for enzyme digestion. 

The digested samples were then prepared as described above. Electrophoresis 

running times were adjusted to prevent small DNA fragments from running off gels. 

Table 4.2 gives the size of digested DNA fragments for the different exons of 

CYPllBl and CYP11B2 and the approximate running times for the different gels 

used.
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Figure 4.3: Improvement o f  original SSCP technique.

1 2 3 4 5 6 7 8 9 10 11 12 13

In the original method (section 4.3.1) SSCP bands were diffuse, and differences unclear. The samples 
above are of a 306 bp PCR fragment of exon 4 of CYPllBl  (see Table 4.2), with 20-40 ng of ̂ P̂- 
dCTP labelled DNA in each lane. Lanes 7-9 contain DNA of C Y P llB l  and C YPllB l,  prepared by 
PCR from genomic DNA, whilst the other lanes contain specifically amplified C YPllB l  DNA. Lane 
5 contains DNA of subject 6 and shows a faint extra band.

10 11 12 13

The same region of DNA was subjected to SSCP analysis with the improved technique (section 4.3.2). 
Visualization of bands with only 2-5 ng of DNA was possible, due to higher incorporation of ^̂ P- 
dCTP. The bands were less diffuse than in the original method and subject 6 (lane 6) showed clear 
doublet bands, indicating a sequence difference. The gels and electrophoresis conditions used for the 
original SSCP analysis and the improved SSCP analysis were identical (6% polyacrylamide, 19:1 
acryalmide: bisacrylamide, in Ix TBE, with 10% glycerol, run at for 3 hours at 60W at 4°C).
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Table 4.2: PCR amplification fragment sizes o f C Y P llB l  and C Y P llB l ,  endonuclease digestion 
required for SSCP analysis and running times on SSCP gels

Exon Primer
pairs*

Size
(bp)

Digestion Fragments
(bp)

Gel running times (hours) 
GRT G4®C N-GRT

C Y P llB l
1

072T-7W 388 P stI 165, 223 4.5 3.5 2.0

2 8W-073T 260 Rsa I 77. 183 4.0 3.0 1.5

3 9W-10W 349 H hal 115, 234 4.0 3.0 1.5

4 11W-12W 306 StuI 210, 96 4.0 3.0 1.5

5 H1042-075T 312 Rsa I 123, 189 4.0 3.0 1.5

4 + 5 11W-075T 734 Rsa I 330, 215, 189 5.0 4.0 2.0

6 076T-13W 224 - - 5.0 4.0 2.0

7 14W-15W 147 - - 4 .0 3.0 1.5

8 371Y-A617 262 Hae III 119, 143 4.0 3.0 1.5

9 A618-077T 224 - - 5.0 4.0 2.0

CYP11B2
1

709V-7W 487 H hal 199, 288 5.0 4.0 2.0

2 8W-073T 260 Rsa I 77, 183 4.0 3.0 1.5

3 9W-10W 349 H hal 116, 233 4.0 3.0 1.5

4 11W-12W 306 Stu I 210, 96 4.0 3.0 1.5

5 711V-369Y 337 Rsa I 148, 189 4.0 3.0 1.5

6 370Y-13W 224 - - 5.0 3.0 2.0

7 14W-15W 147 - - 4.0 3.0 1.5

8 371Y-A617 262 Hae III 119, 143 4.0 3.0 1.5

9 A618-16W 403 Stu I 78, 100, 210, 
15

4.0 3.0 1.5

In the table above:

GRT= 6% polyaciylamide gel (19:1 acrylamide:bisacrylamide) in Ix TBE, containing 10% glycerol 
electrophoresed at 30 W (1875 V, 16 mA) at room temperature.

G4®C= 6% polyacrylamide gel (19:1 acrylamide.'bisacrylamide) in Ix TBE, containing 10% glycerol 
electrophoresed at 60 W (1875 V, 32 mA) at 4®C (in a cold-room).

N-GRT= 6% polyacrylamide gel (19:1 acrylamide:bisacrylamide) in Ix TBE, containing no glycerol 
electrophoresed at 30 W (1875 V, 16 mA) at room temperature.

All gels were pre-warmed by running at the prescribed power for 15 minutes before loading samples. 

* Pairs o f primers used in PCR amplification were assigned arbitrary names (defined in Appendix 1).
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4.4 Variations of SSCP conditions

When SSCP was first evaluated 20x30 cm gels with 0.4 mm spacers were used on a 

standard sequencing rig. When the technique was altered larger gels, 40x30 cm with 

0 . 5  mm spacers were used to accommodate the increased well size and spacing of 

samples.

A comparison of different concentrations of polyacrylamide was also carried out. 

SSCP analysis of CYPllB l exon 6 , using a 6 % polyacrylamide gel, containing 10% 

glycerol identified only two samples to be markedly different. When the 

polyacrylamide gel concentration was increased to 1 2 % (still with 1 0 % glycerol) two 

more samples gave unique SSCP patterns. However, the bands appeared compressed 

relative to those obtained on the 6 % gel. At 18% polyacrylamide and 10% glycerol 

the unique patterns were no longer resolved, the radioactive DNA bands being very 

thin and compressed and migration distance only several cm after 5 hours 

electrophoresis (Figure 4.4a).

It appeared that 12% polyacrylamide (19:1 acrylamide: bisacrylamide) with 10% 

glycerol was nearing the useful upper limit of polyacrylamide concentration for 

obtaining different DNA conformations by SSCP analysis. For general screening 6 % 

polyacrylamide (19:1 acrylamide: bisacrylamide) with or without 10% glycerol, was 

used.

Temperature and gel composition greatly affected SSCP patterns. The inclusion of 

glycerol in gels retarded the migration of DNA and increased conformational 

differences. The least satisfactory results were obtained with non-glycerol gels, 

electrophoresed at 4°C and 60 W. These electrophoresis conditions gave the fastest 

rate of DNA migration which may have reduced differences in conformation. Non­

glycerol gels at room temperature and 30 W, glycerol gels at room temperature 

and 30 W and glycerol gels at 4®C and 60 W all proved useful in the SSCP analysis. 

Comparison of the three different conditions allows the following conclusions to be 

drawn: non-glycerol gels at room temperature produced sharp bands, but less marked 

differences were seen; glycerol gels at room temperature produced rather diffuse
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bands, but differences could be seen; glycerol gels at 4®C had the advantage of 

generating sharper bands than at room temperature, while maintaining the differences 

in migration pattern. In practice it was useful to carry out all three types of 

conditions for each exon studied, as differences just visible on a non-glycerol gel 

were often clearer on glycerol gels at the two temperatures, whilst in the cases where 

the bands on glycerol gels were diffuse the non-glycerol gel often showed a clearer 

difference in pattern. A comparison of results from the different SSCP conditions is 

shown in Figure 4.4b.
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Figure 4.4a: Effect o f  varying polyacrylamide concentrations on SSCP patterns

1 4 5

6% polyacrylamide

12% polyacrylamide
1 4  5 9

18% polyacrylamide
1 4  5 9

1 .-

SSCP analysis of a 224 bp PCR fragment, including CYPllBl  exon 6, was carried out on gels of 3 
different concentrations of polyacrylamide: 6%, 12% and 18% (19:1 acrylamide: bisacrylamide). All 
gels contained 10% glycerol and Ix TBE, and were run for 5 hours at room temperature. Subjects 
1 and 9 show SSCP differences on the 6% gel. Subject 1, 4, 5 and 9 show differences on the 12% 
gel, while only subject 9 shows a difference on the 18% gel. Numbers above lanes represent 
individuals described in Table 4.1, p. 121.
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Figure 4.4b: Effect o f glycerol and temperature on SSCP patterns o f CYPllBl  exon 2.

9 10 11
Non-glycerol gel, RT. 
Bands sharp, size 
differences shown in 
subjects 1 and 6. 
Subject numbers are 
given above 
corresponding lanes 
for samples, as per 
Table 4.1, p. 121.

a s

9 10

l à  kàà

11
Glycerol gel, RT. 
Bands more diffuse, but 
differences in DNA 
of subjects 10, 9 and 11.

9 10 11
Glycerol gel, 4°C 
Bands sharper than for 
glycerol, RT. SSCP 
differences for 9 
and 11 confirmed.
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4.5 Development of non-radioactive SSCP analysis using silver staining

4.5.1 Non-radioactive SSCP analysis

Radioactive SSCP analysis produces a large amount of low grade radioactive waste 

and involves exposure of the operator to radiation for lengthy periods of time, due 

to the manipulation of many samples through a number of processes. In an effort to 

reduce the use of radioactive material and exposure to radiation, the use of silver 

staining to visualize DNA was investigated. The technique of Merrill et al (1981) 

was used, as described in section 2.2.6. The SSCP PCR conditions were the same 

as described for radioactive samples, except for the omission of ^^P-dCTP and 

increasing dCTP to 0.2 mM. The sensitivity of silver staining was found to be far 

less than radioactive labelling when using a 40x30 cm gel. A 6 /xl aliquot of PCR 

product (around 30-60 ng) was added to a solution containing 6 /xl 0.8% SDS/ 80mM 

EDTA, 6 /xl of a formamide/ bromophenol blue loading buffer and 2 /xl 50% 

glycerol. All 20 /xl of this mixture was denatured by heating at 95°C for 3 minutes, 

immediately quenched on ice, and electrophoresed as above. The three different 

conditions of electrophoresis described above were carried out using non-radioactive 

PCR DNA.

4.5.2 Improving silver staining SSCP technique

Multiple bands were sometimes observed on silver stained gels, as a result of 

increased amount of DNA loaded. Excess DNA leads to association of single strands 

or incomplete dénaturation on heating, so that multiple conformers are produced that 

affect SSCP patterns. Attempts were made to improve the silver staining so that 

visualization of around 5 ng of DNA could be achieved.

One problem with silver staining was high background staining. In part this may 

result from carry over of staining solutions between the different steps. The carry 

over effect was reduced by decreasing the size of the gel. Gels of 20x20 cm x 

0.5 mm and 8x8 cm x 0.5 mm size were prepared, with the same composition as 

given above (6% polyacrylamide, 10% glycerol gels). These were used for SSCP
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analysis of exon 2 of CYPllB l and silver staining carried out as above. The 20x20 

cm gels were run at 8 W (250 V, 32 mA) for a maximum of 4 hours and 2-3 /xl of 

PCR product (10-30 ng DNA) gave an adequate staining of bands. The 8x8 cm gels 

were run at 0.8 W (160 V, 5 mA) for around 2 hours. As little as 0.5-1.0 /xl of PCR 

product (2.5-10 ng DNA) could be visualized on the 8x8 cm gels. DNA 

concentration was determined by comparison of PCR product with </>X174 HaelH 

markers on 0.8% agarose electrophoresis, as described in section 2.2.4. The silver 

staining thus proved sufficiently sensitive to detect the required amount of DNA.

The resolution of the smaller gels, however, was not as good as the radioactive 40x30 

cm gels. Electrophoresis at a controlled temperature and use of more concentrated 

gels may have overcome the problem of poor resolution. A comparison of silver 

stained and radioactive SSCP is shown in Figure 4.5.
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Figure 4.5: Comparison of SSCP patterns obtained by silver staining with SSCP patterns visualized 
by radioactivity (for exon 7 of CYPllBl).

Silver stain

11 12 14

Radioactive samples

11 12 14

For silver staining 30 ng of DNA was loaded on each lane. Most of the DNA remained double 
stranded, so that the single strand bands were faint and no differences were observed. The radioactive 
technique required 2-5 ng of DNA for visualization and showed subjects 9, 11, 12 and 14 to have 
SSCP differences.
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* A polymorphism is strictly defined as a DNA sequence variant that is present in at least 1 % o f a 
population, this being the accepted minimal level for maintenance o f a sequence variant within a 
population o f a significant size (greater than 100 individuals).



4.6 Results of SSCP analysis of CYPllBl genes

4.6.1 SSCP differences in CYPllB l

The number of different SSCP patterns detected for each exon of CYPllBl is shown 

in Table 4.6.1. Many of the patterns were shared by individuals from 2 or more 

kindreds out of the nine studied, which suggests that these particular variants 

represent polymorphisms in the general population: in the following section these 

presumed polymorphisms are referred to as common variants. Other patterns were 

unique to affected individuals of a single kindred and a number of these may reflect 

sequence changes causing loss of C Y PllB l function: in section 4.6.3 these SSCP 

patterns are termed unique SSCP patterns.

Table 4.6.1: Numbers of different SSCP patterns obtained for each exon of

CYPllBl.

Exon

1 2 3 4 5 6 7 8 9

Different SSCP 
patterns

3 6 5 5 4 5 3 2 4

4.6.2 The CYPllB l  gene is polymorphic

DNA from the subjects studied could be divided into two types, based on differences 

in exons 1, 3 and 4 of CYPllBl (Figures 4.6a-c). Samples from individuals 1, 2, 6  

and 9 gave the same SSCP patterns for the amplified regions of exons 1, 3 and 4, and 

were denoted Type A. DNA from subjects 4, 5, 7, 8 , 11, 12, 13 and 14, gave a 
second common variant pattern for exons 1, 3 and 4 and this DNA was denoted Type 

B. DNA from subjects 3 and 10 produced a combination of both patterns for each 
of the three polymorphic exons and was defined as Type AB, which was presumed 

to be a heterozygous combination of A and B alleles. The patterns were not confined 

to any particular ethnic group - the Type A group including English and Asian 

subjects, while the second group included Nigerian, Turkish and English subjects.
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Figures 4.6a-c: Polymorphisms in exons 1, 3 and 4 o f CYPl lBl

a. SSCP of exon 1 of CYPllB l,  following Pj/I digest of a 388 bp PCR product.

1 2 4 5 6 7 9 10 11 12 13 14 The 165 bp fragment 
containing 3’ of 
exon 1 is shown. 
Samples show 
two polymorphic 
groups. Subject 10 
is heterozygous for 
the two patterns.

b. SSCP of exon 3 of CYPllB l,  following Hhal digest of a 349 bp PCR product.

1 2 4 5 6 7 9 10 11
The 234 bp fragment, 
containing the 3’ of 
exon 3 and part of intron 
3, is shown. The same 
two polymorphic 
groups are shown 
and subjects 10 and 3 
appear heterozygous, 
although 3 may 
have additional 
differences.

c. SSCP of exon 4 + 5 of CYPllB l,  following /?\al digest of 734 bp PCR product.

2 4 5  6 7 8 9  10 4 11 13

t i l »

t e

Hi I
I

The 330, 215 and 
189 bp fragments 
are shown, containing 
exons 4-5. There 
are two common variants 
of the 330 bp fragment, 
which divide the subjects 
into the same two 
polymorphic groups 
as for exon 1 and 
exon 3. This fragment 
contains intron 4.
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Partial sequence analysis, carried out on DNA from individuals of the Type B group, 

revealed a silent mutation in exon 1 (L75L CTG-*CTA) and small gene conversions 

from CYPllBl to CYPllBl sequence in the introns just 3’ of exons 3 and 4: 

ATGGGTTG~»GTGGGAAG and GGACACCATAGGGCCCCC 

GGGACACCATGGGGGCCC respectively, see chapter 5 for details. At these points 

the sequence differed from that published in the Human Genome Project databank 

(see Appendix 4 and 5), suggesting that these changes represent the common variants 

in the regions of exons 1, 3 and 4.

4.6.3 Unique SSCP patterns were found for all affected individuals

For each affected individual unique SSCP patterns were also evident, as shown in 

Table 4.6.3. The unique patterns were verified by repeat SSCP analysis from 

genomic DNA. Affected individuals from the same kindred shared the same 

abnormal SSCP patterns, presumably being of the same genotype. In SSCP analysis 

of CYPllBl exon 5, subject 11 gave bands that appeared to be a mixture of the 

unique pattern obtained from DNA of his son, subject 13, with a more common 

variant as would be expected for a heterozygous carrier (Figure 4.6c).

The unique SSCP patterns in exon 2 of DNA from subjects 1 and 6  suggested the 

presence of a size difference in the amplified DNA (Figure 4.6d). Subject 1 appeared 

to have an insertion, the DNA migrating at much slower rate than normal, whereas 

DNA from subject 6  had a deletion on one allele. The size differences could also be 

seen in the double stranded DNA migrating below the single strand patterns. Subject 

1 also had unique patterns in exon 6  (Figure 4.6f), 8  (Figure 4.6g) and 9 (data not 

shown), while the DNA for exon 4 of subject 6  gave a unique doublet (Figure 4.6e).

All regions that gave unique SSCP patterns were sequenced to ascertain the change 

in base sequence present, with the exception of exons 2, 6  and 7 from subject 9, a 

case of CMO II deficiency not believed to carry a deleterious mutation within 

CYPllBl. Sequencing results are given in chapter 5.
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Table 4 .6 .3 : Exonic regions o f  C Y Pl lB l  giving a unique SSCP pattern for affected individuals

Affected subject Exonic regions o f C Y P llB l  giving unique SSCP pattern

1 2, 6, 8, 9

3 3

4 6

6 2 ,4

7 (brother o f 8) 5

8 (brother o f 7) 5

9 2, 6 .7

10 2 ,9

13 (brother o f 14) 2, 5, 7, 9

14 (brother o f 13) 2, 5, 7, 9

15 4

16 4
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Figure 4.6d: SSCP of exon 2 of CYPllBl  

Subject Subject

1 6

L i -

Subject 1 appeared to 
be homozygous for an 
insertion, whilst 
subject 6 appeared to 
be heterozygous for a 
deletion. This was shown 
best by a non-glycerol 
gel at room temperature 
(see p. 132 for 
conditions).

Figure 4.6e: SSCP of exon 4 of CYPllBl

Subject

6

mm M m

Subject 6 was shown 
to have a sequence 
variant generating 
an SSCP difference 
for exon 4. The gel 
used was a 10% glycerol 
gel at 4°C (see p. 132 
for running conditions).
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Figure 4.6f: SSCP of exon 6 o f CYPllBl

Subjects:

1 4 5
Samples from subjects 
1, 4, 5 and 9 gave SSCP 
differences for exon 6. 
The gel used was a 12 % 
polyacrylamide/ 10% 
glycerol gel in Ix TBE 
run at room temperature 
for 5 hours at 30 W 
(1875 V, 16 mA).

Figure 4.6g: SSCP of exon 8 of CYPllBl

Subject

1
The sample from subject 
1 was shown to have an 
SSCP difference for exon 
8. The gel used was a 
6 % polyacrylamide/ 
10 % glycerol gel in 
Ix TBE, run at 4°C 
(for running conditions 
see p. 132).

A -
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4.7 Results of SSCP analysis of CYP11B2 genes

4.7.1 The CYP11B2 gene is polymorphic

Eight of the nine exons of the CYPllBl gene were analyzed by the SSCP technique, 

exon 1 proving difficult to amplify with the primers available. The CYPllBl gene 

was also found to be polymorphic. Two common variants of CYPllB l  exon 2 were 

revealed (Figure 4.7a). Samples from individuals 1, 2, 4, 5, 6  and 9 gave one shared 

pattern, whilst those of subjects 7, 8 , 11, 12, 13, 14 and 15 gave another. This 

grouping differs from that observed for exons 1, 3 and 4 of CYPllBl, in that subjects

4 and 5 shared common patterns with the second group for CYPllBl. As before, 

however, subject 3 and subject 10 were apparent heterozygotes for the two variants 

of CYPllBl  exon 2. Subject 16 (not analyzed for variation in exons 1 and 3 of 

CYPllBl) also appeared to to be heterozygous for the two variants of CYPllBl exon 

2 .

Two common variants were also observed for the amplified regions of exons 5 and 

6 , but there were in addition unique variants, which meant that there were no longer 

two clearly distinguishable groups. The sequence changes giving rise to the SSCP 

variants in exons 2, 5 and 6  of CYPllBl have not yet been determined.

SSCP analysis of exon 9 of CYPllBl showed a common variant shared by subjects 

12, 13, 14, and 15 (subjects of Greek and Turkish origin), as shown in Figure 4.7b. 

Sequence analysis of subjects 13, 14 showed the exon 9 variant to be due to a small 

gene conversion from CYPllBl to CYPllBl in the intron 5’ of exon 9 (see chapter

5 for details). Subjects 7, 8 , 11, 10 and 16, appeared to be heterozygous for this 

variant. Table 4.7.1 gives the summary of SSCP results for CYPllBl.
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Figure 4.7a: SSCP variants in exon 2 o f CYPllBl .

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
The 260 bp fragment 
containing exon 2 
is shown. Two 
polymorphic groups 
were revealed. 
Subjects 1, 2, 4, 5 
6 and 9 form one group, 
and subjects 7, 8, 11, 
12, 13, 14 and 15 form 
another. Subjects 3, 10 
and 16 are heterozygous 
for the two patterns. 
This grouping differs 
from that observed for 
CYPllBl exons 1,3 and 
4 (see text for details). 
The gel was 6 % 
polyacrylamide/ 10% 
glycerol and was run 
at 4°C.

Figure 4.7b: SSCP variants in exon 9 of CYPllB l

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
The 210 and 100 bp 
fragments of a Stul 
digest of exon 9 are 
dxjwn. A polymorphism 
that subdivided Type B 
individuals (see text 
for definition of Type 
B) was revealed. Subjects 
14 and 15 are 
homozygous for the 
novel pattern, while 
Subjects 7, 8, 10 and 
11 are heterozygous for 
the novel pattern and the 
other, more common, 
variant. Subjects 14 
and 15 are of Greek and 
Turkish origin. Gel 
axxlitioas weæ as above.
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Table 4.7.1: Numbers of different SSCP patterns obtained for each exon of CYP11B2

Exon

1 2 3 4 5 6 7 8 9

Common
variants

- 2 1 1 2 2 1 1 2

Heterozygous 
combination 
of common 
variants

1 0 0 0 1 0 0 1

Unique SSCP 
patterns

- 0 3 1 3 1 1 1 0

Total different 
SSCP patterns

- 3 4 2 5 4 2 2 3

4.7.2 Unique SSCP patterns from the CYP11B2 gene

Unique SSCP patterns were seen in exons 3, 4, 5, 6 , 7, 8  and 9 of CYP11B2, as 

detailed in Table 4.7.2. These were not confined to individuals with suspected 

defects in aldosterone biosynthesis and consequently may reflect non-pathological 

changes. The regions of CYP11B2 giving unique patterns for the three subjects 

believed to have aldosterone synthase deficiency were sequenced and the details are 

given in the following chapter.
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Table 4 .7 .2 : Distribution o f  unique SSCP patterns in CYP11B2

Subject Exonic regions o f CYP11B2 giving unique SSCP pattern

1 7

4* 3, 5 ,6

5* 3, 5 ,6

6 3 ,4

7» 5

8» 5

9* 3, 8

13* 5

14* 5

Subject 9 was suspected to have CMO II deficiency, while the brothers, subjects 13 and 14, were 
believed to have a defect in aldosterone synthase activity. All other subjects are presumed to have 
functional CYP11B2 enzyme.

* Subjects 4 and 5 are related and gave patterns unique to their kindred. Similarly subjects 7 and 8 are 
brothers and gave a pattern unique to their kindred.
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5- Characterization of mutations in 

CYPllBl and CYP11B2

5.1 Sequencing CYPllB  DNA

The regions of CYPllB  DNA believed to contain unique sequence changes were 

sequenced directly from PCR amplified DNA or from cloned DNA, using the 

methods described in section 2.2.10. Cloning of PCR products in pUC18 plasmid 

was carried out as described in section 2.2.9. Sequencing cloned DNA was the 

preferred method, giving clearer results, especially for heterozygous individuals. 

Direct sequencing gave double bands at points of allelic difference in heterozygotes, 

but on occasion also gave non-specific double bands. The problems that arose from 

sequencing are discussed further in the evaluation of methods section of chapter 6 .

5.2 Mutations in the CYPllB  genes

5.2.1 Small duplication in CYPllB l exon 2 causing frame shift

PCR amplified DNA from subject 1 showed a markedly different SSCP pattern in 

exon 2 (Figure 4.6d). DNA amplified from a second initial PCR reaction was cloned 

into pUC18 and sequenced. As a third level of control, DNA was amplified once 

more from genomic DNA and used for direct sequencing (Winship, 1989). In all 

cases comparison with the published sequence (Momet et al, 1989) showed a 5 bp 

duplication (AGACA) between codon 121 (AGA) and 122 (CAA) (Figure 5.2a), 

which would lead to a shift in reading frame, resulting in a premature termination 

codon at the beginning of exon 3. DNA from the parents was not available to 

confirm homozygosity of this mutation, but no normal sequence was detected at this 

point and polyacrylamide gel electrophoresis of exon 2 DNA from this individual
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Figure 5.2a: Nucleotide sequence o f CYPllBl  exon 2 from subject 1, showing 5 bp duplication.

G A T C

a

Normal sequence

Codon
120

GAG GCC TAG AGA GAA GAT GGT

T
A
G
A
G
A
G

A
G
A
G
A

'A
Homozygous 5bp duplication, 
causing frame shift and 
premature stop codon in exon 3.
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showed no normal size band. Hemizygosity was excluded by Southern blot analysis, 

which showed no difference in intensity of CYPllBl relative to CYPllBl. The 

homozygous presence of this mutation is the probable cause of llB-hydroxylase 

deficiency in this patient (Skinner & Rumsby, 1994). The process by which this 5 

bp duplication may have occurred is discussed in section 6 .2 . 1 .

5.2.2 Small deletion in CYPllBl exon 2 causing frame shift

Following SSCP analysis, subject 6  was suspected to be heterozygous for a deletion 

in CYPllBl exon 2 (Figure 4.6d). This was confirmed on sequence analysis of 

cloned PCR amplified DNA, which showed the presence of a 28 bp deletion on one 

allele of exon 2 between codons 104 and 114 (Figure 5.2b). The sequence was 

obtained from a single clone, but direct sequencing showed that double bands 

consistent with the superimposition of normal and deleted allele sequences began at 

the expected point of deletion. A second clone, obtained from the same PCR 

amplified DNA, had a normal sequence at this point. Interestingly both clones also 

had a second mutation in intron 1, just 5 ’ of exon 2, which occurred within a 

sequence required for intron splicing. This second mutation is discussed in section 

5.2.5. The 28 bp deletion leads to an altered reading frame and a premature stop 

codon in exon 3. As the deletion was present on only one allele a second mutation 

was expected to be present and was subsequently found in exon 4 (section 5.2.4).

5.2.3 Nonsense mutation

A single homozygous nonsense mutation CAG-»TAG, Q356X, was discovered in 

subject 4, following direct sequencing (Figure 5.2c). This mutation in exon 6  would 

produce a truncated protein without haem or substrate binding ability. The same 

mutation was reported by Cumow et al (1993), in a patient of African-American 

origin. Subject 4 was of Nigerian origin, which may suggest ancestral linkage with 

the American patient. The SSCP difference in exon 6  that targetted this region for 

sequencing was far more obvious in the father of the subject (Figure 4.6f) and 

indicates the benefit of analyzing family members together with affected individuals.
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Figure 5.2b: Nucleotide sequence o f  CYPl lBl  exon 2 from subject 6, showing 28 bp deletion.

Normal sequence

GAC AGC CTO CAT CGC CAC AGG ATG AGC CTG GAG CGC TGG

Godon
104

Godon
114

GACAGCCCT

Heterozygous 28 bp deletion, 
causing frame shift and 
prem ature stop codon in exon 3.

Figure 5.2c: Nucleotide sequence of CYPllBl  exon 6 from subject 4, showing Q356X mutation.

G A T C

Normal sequence

Codon
356

ACT GAA CAT CCC CAG AAG GCA ACC

,A  
T 
C 
C 
C 
T 
A 
G 
A 

' A

Homozygous CAG ►TAG

Gln̂ *‘ .STOP
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5.2.4 Mis-sense mutations leading to amino acid changes

Subjects 1 and 6  both had unique mis-sense mutations in CYPllBl in addition to the 

lesions described in sections 5.2.1 and 5.2.2. The change in exon 8  of subject 1 was 

shown to be due to the sequence changes CGC-»CAC, giving the amino acid change 

R427H, and GTA-*GCA, V458A, as shown in Figure 5.2d. The R427H mutation 

removes a Hhal restriction enzyme site. Digestion of PCR amplified DNA from 

subject 1 with Hha\ endonuclease and electrophoresis on a 10% polyacrylamide gel, 

alongside DNA with normal sequence and <^X174 Haelll markers, confirmed the 

homozygous presence of this mutation (Figure 5.2e). The frame shift in exon 2 

would make the changes in exon 8  irrelevant to the patients condition, but it is 

interesting to consider whether they arose before the mutation in exon 2  and whether 

they would affect enzyme activity if present in isolation.

The SSCP anomaly in CYPllBl exon 4 of subject 6  was found to be due to the 

homozygous sequence change GGC-*CGC (G267R) (Figure 5.2f). This sequence 

change was found in four clones and in directly sequenced DNA from a separate PCR 

reaction. The amino acid change resulting from this mutation could be responsible 

for the loss of C Y PllB l function in this patient, although the patient was also 

homozygous for a mutation in intron 1 and heterozygous for the 28 bp deletion in 

exon 2, as discussed in section 5.2.2. The G267R mutation carries added 

significance, as it occurs within the left hand splice junction recognition site and may 

also affect intron splicing, as discussed in section 5.2.5.

The CYPllBl DNA from subjects 7 and 8  was also found to have a mutation that 

altered codon 267. In this case, however, the change was at the 5’ end of exon 5 and 

involved the mutation GGC-KjAC (G267D) (Figure 5.2g). The change was detected 

by direct sequencing and appeared to be on only one allele. Three attempts at cloning 

exons 4 and 5 as a single fragment and one attempt at cloning exon 5 DNA from 

subjects 7 and 8  failed to produce recombinant clones. More sequencing is required 

to confirm this mutation. It is significant, however, that this mutation affects the 

same amino acid as the mutation above, which could suggest that the glycine 

involved is important for enzyme structure and function. The presence of a second
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Figure 5.2d: Nucleotide sequence o f CYPllBl  exon 8 from subject 1, showing R427H and V458A
mutations.

G A

i

• ' C
c
c
c
c
A 
G 
C 
A 
C 
T 

• G 
'G

H o m o z y g o u s  CGC CAC

. 427 427
A r g    His

A
G
GC
A

'  -  _ G

----- T

H o m o z y g o u s  G T A  — -  GCA

<5*  458
V a l    Ala

Figure 5.2e: Hhal restriction digest of exon 8 DNA from normals and subject 1, confirming R427H 
mutation.

1 2  3 4

72 bp -

/
—78 bp 

—63 bp

Lane 1: <^X174 Haelll size markers; lane 2: subject 1 DNA; lanes 3+4: normal control exon 8 DNA. 
The CGC^CAC mutation (R427H), removes a Hhal restriction site (GCGC). The normal digestion 
products of the 179 bp PCR product are 15, 18 (not shown on gel), 40, 43 and 63 bp. The loss of the 
Hhal site produces a digestion product of 78 bp, as shown. No normal sized band was produced from 
subject 1 DNA, which suggests that the R427H mutation is present on both alleles.
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Figure 5.2f: Nucleotide sequence o f CYPl lBl  exon 4 from subject 6, showing G267R mutation.

T  G A  C

Normal sequence

Codon Codon
267 267

TAC G gtgagg ag GC

Homozygous GGC C G C

Gly«’ .Arg*’‘^

Figure 5.2g: Nucleotide sequence of CYPllBl exon 5 from subjects 7 and 8, showing G267D 
mutation.

G A C T

Ç, H e t e r o z y g o u s  G G C ------- ♦ G A C

A
A

C
A
G
C
A /  G 
G 
'A

_ ,  287 287
G l y  »  Asp

The heterozygous presence of a mutation is shown by a G (normal) and A (mutant) band occurring at 
the same point in the sequence.
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heterozygous mutation within these two subjects was expected at the 3’ end of exon 

5 from the SSCP pattern produced from Rsal digested exon 4 and 5 DNA (Figure 

4.6c). A mutation producing a similar SSCP pattern has been located in subjects 13 

and 14 and is due to a sequence change that could affect intron splicing, as described 

in section 5.2.5. No sequencing data on the 3’ region of exon 5 in subjects 7 and 8  

is currently available.

A sequence change TGC^TTC, C494F, was found in exon 9 of both CYPllBl 

alleles from subjects 13 and 14 (Figure 5.2h). This mutation was also found in an 

unrelated individual with 1115-hydroxylase deficiency, subject 10, and again appeared 

homozygous on direct sequencing, although this has not yet been confirmed. All 

three subjects carrying this mutation gave SSCP anomalies in exon 9, but the patterns 

of subjects 13 and 10 were not identical. This suggested that other sequence changes 

were present in these individuals in the region of exon 9. Additional sequencing 

showed that intron 8  differed between the two kindreds, but the changes did not occur 

in areas that would be expected to affect enzyme activity.

A final amino acid change was detected in the CYPllBl gene of subjects 13 and 14. 

This involved the change CGC-*CAC, R470H and was detected by sequencing cloned 

DNA (Figure 5.2i). The homozygous nature of the mutation was confirmed by direct 

sequencing in both 13 and 14. This change is of interest in that C Y PllB l has 

histidine at position 470 and therefore this mutation could represent a gene conversion 

event. As there are CYPl 1B2 specific sequences in codons 469 and 471, which have 

not been altered, this explanation is unlikely. The mutation occurs at a CpG 

dinucleotide and is more likely the result of a single base change, as discussed in 

section 6.2.3. The SSCP pattern difference that targetted this region for further study 

in these subjects is most likely caused by an intronic change, AGGCCTGAT-* 

AGGCCAGAT, a gene conversion to CYPllBl sequence, which leads to the loss of 

a Stul enzyme site in intron 8  just 5 ’ of the beginning of exon 9. As Stul was used 

to digest SSCP samples for this region, the SSCP polymorphism in exon 9 of 

CYPllBl  would be due to difference in digestion product size (178, 210 and 15 bp 

as opposed to 78, 100, 210 and 15 bp for the normal sequence).
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Figure 5.2h; Nucleotide sequence o f CYPl lBl  exon 9 from subjects 13 and 14, showing C494F
mutation.

G —

C'
C
T
C
C
C
C
C

►T
T
G
T
A
C
G
A'

G A T C G A T  C

Homozygous Homozygous

TGC ------   TTC TGG  TTC

_ 494 494Cys —— PliG _ 494 494C y s  Pile

Figure 5.2i: Nucleotide sequence of CYPl 182 exon 9 from subject 14, showing R470H mutation.

G A T C
• G 

Tc
c
T
T
c
A
C
G
A
A

. G
NT

Homozygous 

CGC ------   CAC

, 470 . 470
^  His
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5.2.5 Intron splicing mutations

The mutations described in the preceding sections are all likely to have a significant 

effect on enzyme function. Other mutations were found that may have less effect on 

the production of functional enzyme. Three mutations within intron splicing regions 

fall into this category. Correct splicing of eukaryote nuclear encoded mRNA involves 

left and right hand intron recognition sites and a lariat branch site (Figure 5.2j). The 

most important markers of intron boundaries are the GT and AG dinucleotides, which 

define the 5’ and 3’ ends of the majority of introns. The left and right hand 

boundaries exist within consensus sequences, however, which are also important. 

Mutation of the G nucleotide immediately 5’ of the GT dinucleotide of the left hand 

splice junction has been shown to lead to alternative splicing (Huang et al y 1993). 

Whilst not abolishing the production of correctly processed mRNA, such mutations 

can lead to a reduction in the level of mRNA in the cytoplasm and reduce functional 

protein present.

Two such mutations were found in subjects with deficiency of C Y PllB l enzyme. 

The G267R mutation described for subject 6  occurred at the 3’ end of exon 4, 

altering the G nucleotide, normally found immediately 5* of the left hand splice 

junction of intron 4, to a C (Figure 5.2k). In subjects 13 and 14 the corresponding 

G nucleotide in exon 5, immediately 5’ of the left hand splice junction of intron 5, 

was found to be mutated to an A (Figure 5.21). SSCP analysis inferred that the same 

mutation may also be present, in the heterozygous form, in CYPllBl exon 5 DNA 

of subjects 7 and 8 . In all cases these mutations were combined with mutations 

causing amino acid changes.

Subject 6 , already found to be affected by a heterozygous deletion and a homozygous 

mutation leading to an amino acid change, was also found to carry a homozygous 

deletion of five base pairs within intron 1 , with subsequent loss of the lariat branch 

site. The deletion was not a straightforward loss of five bases. Preceding the 

deletion was a four base pair duplication and a small gene conversion event, as shown 

in Figure 5.2m. The same sequence was obtained from two clones obtained from the 

same PCR amplified DNA.

159



Figure 5.2j: Intron splicing of most nuclear mRNAs requires three consensus sequences and the 
binding of proteins that contain small nuclear RNAs (snRNAs).

U1 snRNP U2 snRNP USsnRNP

Exon 2
Exon 1

*Pyi>y N Py Py Pu A PyV-10-30 b<

R ig h t hand c o n s e n s u sLa ria t b ran ch  s iteL e ft hand  c o n s e n s u s

Exon 1

i
Lariat

formation

Exon 2

 10-30 pm#*# s p y  N CAO

Ligation of exons

Exon 1 Exon 2

Excised intron 
debranched 

and degraded

Intron recognition occurs when a protein containing U1 snRNA (U1 snRNP) binds to the left hand 
splice junction consensus sequence of mRNA (Maniatis & Reed, 1987). The interaction requires base 
complementarity between the left hand junction and the U1 RNA. A spliceosome forms, with proteins 
being recruited to the site of the intron. Within the spliceosome is a protein containing U2 snRNA (U2 
snRNP). This has a degree of complementarity with a sequence that forms the lariat branch site, and 
binds at this site 10-30 bases 5’ of the right hand consensus sequence. When the spliceosome is 
formed cleavage occurs at the left hand junction. The invariant G residue at the left hand junction is 
covalently joined to the A residue within the lariat branch site, by a 5 ’-2’ phosphodiester bond, to form 
a lariat. The right hand splice junction is recognised by interaction of the junction consensus with a 
protein containing U5 snRNA (U5 snRNP). Cleavage of the right hand junction and ligation of the 
exons completes the splicing process. The excised intron lariat is debranched and degraded 
(Wassarman & Steitz, 1993).
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Figure 5.2k: The G267R mutation in subject 6 occurs within the left hand splice junction of intron 4 
and reduces the complementarity with U1 snRNA.

Left hand  
s p l i c e  junction  
c o n s e n s u s  
s e q u e n c e  — \

G 2 6 7 R  mutant  
sp l ice  junction  

 ̂ s e q u e n c e

AG GUAAGU 
L i e  CA CA

CC GUGAGG 

UC CA CA

U1 snRNA — '  

s e q u e n c e
U1 snRNA  
s e q u e n c e

Figure 5.21: Nucleotide sequence of CYPllBl  exon 5 of subjects 13 and 14 contains a G-*A change 
that occurs at the left hand splice junction of intron 5.

G A T C Codon
318

AGC GTG GAC ACG gtcagg. 

Normal sequence

Homozygous ACG »ACA

ThH'*----

May affect 5 ’ splice junction.

CAG gtNNgt 5 ’ splice Junction consensus 

ACG gtcagg Normal intron 5 

ACA gtcagg Patient intron 5
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Figure 5.2m: Nucleotide sequence of CYPllBl  intron 1 from subjects 6 and 10, showing loss of 
intron lariat branch site.
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G A T C
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c
a

a

g
g g

S u b j e c t  6 N o r m a l  S u b j e c t  10

The above diagram shows the normal sequence for CYPllBl  3’intron 1, and the sequence for the same 
region in subjects 6 and 10. In both of these subjects 5 bp (acccc) have been deleted. This removes 
the adenosine nucleotide required as part of the lariat branch site, the consensus for which is 
Py N Py Py Pu A Py. In addition to the deletion, there is a 2 bp gene conversion, ta-*at, 4 bp 
duplication (tcca), and several point mutations as indicated. The two subjects differ at the two points 
marked by + .
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Direct sequence analysis of subject 10 showed an identical mutation, again in the 

homozygous form. A cryptic branch site exists just 5 ’ of the region affected, 

but consists of the sequence GAGGGAC, which conforms poorly with the 

consensus branch sequence Py N Py Py Pu A Py, where Py= pyrimidine and Pu= 

purine, e.g. TACT A AC. Mutations leading to loss of lariat branch sites do not 

usually lead to total loss of splicing in higher eukaryotes, as cryptic sites containing 

A nucleotides are often located nearby. These cryptic sites are not, however, 

recognised as efficiently by the intron processing enzymes (Lewin, 1990).

SSCP analysis of exon 2 targetted this region as carrying a sequence anomaly in both 

subjects 6  and 10, but the anomalous patterns were quite different. One explanation 

for this is that the sequence of subject 1 0  differed from that of subject 6  at two 

points, one within intron 1 (as shown in Figure 5.2m) and the other in codon 82, 

where subject 10 had the silent mutation GAT-*GAC. The SSCP difference observed 

in subject 1 0  may well represent these two base changes rather than the intron 1  

lesion, which occurs near the 5’ end of the amplified fragment.

The presence of the intron 1 mutation within two unrelated individuals, and the 

absence of a normal sequence at this point in either subject, would suggest that this 

may well be a rare polymorphism, which could reduce the level of correct splicing. 

In the case of subject 6  the contribution of the two other mutations would be the 

presumed cause of loss of CYPllBl function. In subject 10, the intron 1 mutation 

occurs in combination with the amino acid change C494F, which in turn could lead 

to 1  IB-hydroxylase deficiency if splicing efficiency was reduced.
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5.2.6 Silent exonic mutations

Three silent exonic mutations were discovered following sequencing of regions 

targetted by SSCP analysis. In exon 1 of subjects 13 and 14, the change CTG-»CTA, 

L75L was found on sequencing cloned DNA from both brothers. SSCP analysis 

suggested the presence of only 2 variants of exon 1. This being so, the above silent 

mutation could represent the common variant shown by SSCP analysis.

A silent mutation was also found in exon 2, as discussed above, involving the 

sequence change GAT-*GAC, D82D. This was found in subjects 1, 10, 13 and 14 

and again may represent a common polymorphism. A subtle decrease in mobility was 

observed on SSCP analysis of exon 2 DNA from individuals homozygous for this 

change.

A silent mutation is believed to be the cause of the unique SSCP pattern of subject 

1 in the region of exon 6 . In this case the change is GCA-»GCC, A348A. The SSCP 

difference was very pronounced and this illustrates the fact that not all SSCP 

differences are caused by deleterious or particularly significant mutations.

5.2.7 Gene conversions in CYPllB l

One of the aims of the study was to determine whether gene conversion and non- 

homologous recombination lead to increased mutation at the CYPllBl locus. None 

of the deleterious mutations listed above represented gene conversions or non- 

homologous recombination between the two CYPllB genes.

Points of intronic gene conversion were located, however, in both CYPllBl and 

CYP11B2. Five regions of apparent gene conversion were located in the CYPllBl 

gene of subjects 13 and 14, during the course of sequencing cloned DNA, two of 

which are shown in Figure 5.2n. Three of the apparent gene conversion events had 

CYPllBl specific sequence at each end, which defined the limits of the region of 

gene conversion. In intron 2, there were two C-*T changes 30 bases apart, which 

would alter the region to the sequence in C7P77B2. CTPf 7B7 specific sequence

164



Figure 5.2n; Nucleotide sequences o f  2 regions o f  gene conversion from CYPl lBl  to CYPl 182

5' in tro n  3
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In the above diagram the nucleotide sequences of 5’ intron 3 and 5’ intron 4 are shown (B2=  
published sequence of CYPl 182, B l=  published sequence o f CYPllB l,  14= CYPllB l  sequence 
obtained from subject 14). In intron 3 of subject 14, an 8 bp region had undergone apparent gene 
conversion from CYPllBl  sequence to that in CYP11B2. In intron 4 a region from 92-182 bp had 
been converted to CYPl 182 sequence. In each case CYPllBl  specific sequences defined the limits 
of gene conversion and the extent of conversion was given by base differences at either end of the 
converted region. The published sequences are shown in Appendix 4 and 5. These changes could also 
represent an ancestral form of the CYPllBl  gene that bore more resemblance to CYPl 182 (see text 
for details).
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occurred 15 bases to either end of this region, which meant that the length of the 

conversion in this case could be anything from 32-60 bp.

In intron 3 the sequence was altered from ATGGGTTG-»GTGGGAAG. with 

CYPllB l specific sequence to either side, implying that only 8  bp were converted. 

This may well represent the common polymorphism present in the exon 3 region of 

CYPllBl^ as described earlier in section 4.6.2. Direct sequencing of subject 3, 

suspected to be heterozygous for this polymorphism, gave a mixed sequence 

at this point as would be expected. In intron 4 the following change was found: 

GGACACCATCGGGCCCCC GGGACACCATGGGGGCCC. Here the length 

of conversion could be anything from 92-182 bp. This gene conversion may 

represent the common polymorphism in the exon 4 region.

The length of two other conversions cannot be given with any certainty. At the 5’ 

end of intron 6  the change was from AACCCCATCCCAGCTGAGA 

-^AAGCCCCATCCAGCTGAGGA, so that the gene conversion is greater than 16 bp 

in length. The last gene conversion was at the 3’ end of intron 6  and involved the 

change CCCTCGAG^CCCCTCGAG.

It would seem likely that gene conversions vary from around 10 to 100 bp. The 

change at the 3’ end of intron 6  is interesting in that it forms a sequence similar to 

the right hand splice junction, with the remote chance that it could lead to altered 

splicing. However, the fact that CYP11B2 has this sequence, but does not appear to 

use it as a right hand splice site, would suggest that this change does not affect 

splicing.

Gene conversion events seemed to be most common in subjects 13 and 14, but this 

may reflect the fact that the majority of the gene was sequenced for these two 

individuals, whereas the genes of other individuals were only partially sequenced. 

Aside from the possible gene conversion in intron 1 of subjects 6  and 10 (see section 

5.2.5), another possible point of gene conversion was found in intron 8  of subject 10 

(CCACGTCGATGGGCT^CACGTGCATGGGCT). It would seem that gene 

conversion does alter CYPllBl intron sequences and that these differences could be 

useful as polymorphic markers.
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5.2.8 Gene conversions in CYPllBl

Sequence analysis of exons 5 and 9 of the CYP11B2 gene from subjects 13 and 14 

revealed four regions of gene conversion. Two small gene conversion changes were 
shown to occur at the 3’ end of intron 4: one near to a putative branch site for lariat 
formation, the other at the right hand splice junction (Figure 5.2o). The first gene 
conversion, involving up to 11 bp, introduces a second branch site just 3’ of the usual 
branch site consensus (Figure 5.2p). This arrangement is present in CYPllB l and 

probably does not affect splicing. The gene conversion also inserts a Ddel restriction 
enzyme site. On restriction digest analysis of both affected subjects, the parents and 

seven unaffected siblings all were shown to be homozygous for this gene conversion 

(Figure 5.2q).

The second gene conversion, at the right hand splice junction, involves only 3 bp and 

inserts a G into the pyrimidine core of the splice site consensus. This change 
removes an Rsal restriction enzyme recognition site. Again, digestion of DNA 

showed all family members to be homozygous for this change (Figure 5.2r). This 
would suggest that these intron changes do not affect splicing. Individuals from other 

kindreds were not tested for the above sequence changes.

SSCP analysis had shown the two affected brothers to have a unique pattern for exon 
5 of CYPllB l. This was shown to be due to a change involving a single missing C 
(CAAGCCTGCC->CAAGCTCC) in the intron 44 bp 3’ of exon 5, which was not a 
gene conversion and is presumed to have no effect on splicing.

A third gene conversion was found in intron 8  of subjects 13 and 14, just 5’ of exon 

9. This was shown by only a single nucleotide change GCCTGATG-KjCCAGATG, 
but may represent a gene conversion event spanning up to 12 bp. This removes a 

Stul restriction enzyme recognition site and would account for the SSCP 

polymorphism shown in exon 9 of the CYPllB l, which was produced by Stul 
digestion of a radioactive 403 bp fragment including exon 9. Stul digestion of exon 

9 DNA from subjects 13 and 14 and their parents showed that the father and sons 

were homozygous for this polymorphism, while the mother was heterozygous. As 
such it cannot be used as a marker for tracing inheritance of the defective gene in this 

family. The change occurs within a branch site consensus region, but presumably 

does not affect splicing as it is present on both alleles of unaffected individuals.
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Figure 5.2o: Nucleotide sequence showing CYPI1B2 to CYPl lBl  gene conversion in intron 4 o f
CYPllBl .
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Figure 5.2p: Gene conversion introduces a second lariat branch site for intron splicing.

Py N Py Py Pu A Py = consensus branch site

caccaag  atctgag

c t tc c c a g c a c c a a g a tc t  g  a g g g c tg tc c c c tg c tc c c tg  g a c a g  G T S u b je c t 1 3  a n d  1 4  

in tro n  4

The mutation in C Y P llB l intron 4 of subjects 13 and 14 introduces a second lariat branch site, atctgag, 
immediately after the normal branch site for C Y P llB l intron 4, caccaag. The same arrangement is 
found in C Y P llB l.
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Figure 5.2q key: Lanes 1+2: digested and undigested samples o f father
3 + 4  
5 + 6  
7 +  8 
9-30

" mother 
" subject 13 
" subject 14 

' seven siblings.

Figure 5.2r key: Lanes 1+2: undigested and digested samples o f father
3+4: 
5+ 6:  
7 +  8: 
9-7£:

" mother 
" subject 13 
" subject 14 

’ seven siblings.



Figure 5.2q: Dde\ restriction digest o f CYP11B2 intron 4/ exon 5 DNA from the family o f subjects 
13 and 14, to confirm the presence o f a gene conversion at the intron lariat branch site.

</» Haelll 
markers

310 bp

2 : 2 : 2 : #  310 bp

i9 10 I I  2113 I t  IS 16 n  28 1» 30 

The apparent CYPl 1B2-*CYP1 IB l gene conversion (. .ctaggg-*. .ctgaggg) inserts a restriction site 
(CTNAG). No Ddel site is present in this region in the published sequence of CYP11B2. Digestion 
of the 308 bp PCR product containing intron 4/ exon 5 DNA yielded the expected fragment o f 268 bp, 
for the two affected brothers, their parents and seven unaffected siblings. Above is shown an ethidium 
bromide stained agarose gel, with digested and undigested DNA samples for each of the family 
members. These results suggest that the gene conversion event is present in all family members in the 
homozygous form.

Figure 5.2r: Ryal restriction digest o f CYP1IB2 intron 4/ exon 5 DNA from the family of subjects 
13 and 14 to confirm the presence of a gene conversion in the right hand splice consensus region.

I z  3 4- 5 6  7  8 ? 10 II 12. D Ilf la 16 I7 i8 r  <p Haelll
markers

  310 bp

310 bp

n  zfi i l  02 1 3  % IS ifi

The apparent CYPIIB2-*CYP11B1 gene conversion (..gtacag GT^..ggacag GT) removes an Rral 
recognition site (GTAC). The expected digestion products (246 and 62 bp ) of the 308 bp PCR 
fragment containing intron 4/ exon 5 DNA were not observed, for the two affected brothers, their 
parents and seven unaffected siblings. Above is shown an ethidium bromide stained agarose gel, with 
undigested and digested DNA samples for each of the family members. The top band is the 308 bp 
fragment and showed no digestion. These results suggest that the gene conversion event is present in 
all family members in the homozygous form.
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The final apparent gene conversion occurred in the 3’ untranslated region of CYPllB l 

and may involve a region up to 43 bp in length. The only difference in this region 

is a single nucleotide CCC ACGTGC AC A-*CCC AC ATGC AC A. There was also a 

mutation in this region involving the insertion of a T. The effect of changes in this 

region are unknown. The polyadenylation sites required for 3’ processing of mRNA 

occur downstream of this sequence.

Less sequencing work was carried out on the C YPllB l gene, but a fourth point of 

apparent gene conversion was found in intron 2 of subject 9, the patient with 

CMO II deficiency (GGGATACGGGGTCA-^GGGATACGGGTCA). The possibility 

that a proportion of the above changes do not represent gene conversions is discussed 

in section 6.2.7.

A summary of significant mutations found in each subject is given in Table 5.1.
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Table 5.1: Mutations characterized in affected subjects.

Subject
Intron 1 Exon 2

Mutations found in C Y P llB l 
Exon 3 Exon 4 Exon 5 Exon 6 Exon 8 Exon 9

1 5bp
Dupl.
120-121

A348A" R427H
V458A

Intron
change

3 a

4 Q356X

6 Loss o f
branch
site

28bp
Del.
104-114

G267R

7 G267D +
Splice
Mutation?

8 G267D +
Splice
Mutation?

10 Loss of
branch
site

C494F

13 D82D* Splice
Mutation?

C494F

14 D82D* Splice
Mutation?

C494F

15 a

16 a

Subjects Mutations found in CYP11B2 
Exon 3 Exon 8 Exon 9

9 a a

13 R470H

14 R470H

a These regions were different on SSCP but have not yet been fully characterised (see section 5.3). 

* These represent silent mutations GAT-K3AC at codon 82 and GCA-KjCC at codon 348.
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5.3 Mutations requiring verification

SSCP analysis suggested that CYPllB l exon 4 of subjects 15 and 16, CYPllB l exon 

3 of subject 3, and CYP11B2 exons 3 and 8  of subject 9, all contained mutations. 

Characterization of mutations at these points proved difficult, with problems in 

cloning and obtaining clear sequences at key points of interest.

Direct sequencing of exon 4 DNA from subjects 15 and 16 suggested the presence of 

a heterozygous mutation ACC->ATC, T248I. Such a mutation could represent a gene 

conversion from CYPllBl to CYPllB l.

Sequencing of CYPllB l DNA from subject 9 indicated a sequence change 

CGG^TGG, R181W on one allele. A homozygous change of R181W has been 

implicated in several cases of CMO II deficiency in subjects of Iranian origin.

Direct sequencing of CYPllBl exon 3 from subject 3 failed to detect a deleterious 

mutation, but revealed the presence of the same polymorphism in intron 3 as was 

found in subjects 13 and 14 (section 5.2.7). Further work is required to verify the 

above mutations and identify the cause of 116-hydroxylase deficiency in subject 3.

5.4 PCR artifacts and non-reproducible mutations

Analysis of subjects 13 and 14 was made more difficult by the presence of spurious 

mutations, which were detected only once and could not be reproduced on sequencing 

DNA from a second PCR reaction. Six of these were obtained in the course of 

sequencing the nine exons of CYPllB l for these two subjects. The existence of PCR 

and cloning artifacts is discussed in section 6.5.
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6- Summary of results and general discussion

6.1 Mutations found in CYPllBl^ CYP11B2 and CYP17 genes

All mutations located by this study, in both CYPllB  genes and CYP17, are shown in 

Figures 6.1a and 6.1b. Eleven mutations causing loss of C Y PllB l function have 

been previously characterized. Of these, four involve premature stop codons W116X 

(Naiki et al, 1993), K174X, Q338X, Q356X (Cumow et al, 1993). Two involve 

frame shifts: a deletion of 1 bp from codon 32 (Cumow et al, 1993) and a duplication 

of 2 bp in codon 394 (Helmberg et al, 1992). The other five are amino acid changes: 

T318M, R374Q, R384Q, V441G (Cumow et al, 1993) and R448H (White et al,

1991).

This study has added two more additional frame shift mutations to this total: the 5 bp 

duplication at codon 120 and the 28 bp deletion at codon 104. Five additional amino 

acid changes G267R, G267D, R427H, V458A, C494F in the C YPllB l have been 

characterized from DNA analysis of individuals affected by 1113-hydroxylase 

deficiency. The effects of these amino acid substitutions are as yet unknown, but 

their discovery sets the stage for further work to determine how these changes affect 

enzyme function.

Changes have been found that may affect splicing of introns 1, 4 and 5. Such 

changes have not been previously reported in the CYPllB l gene. There is a 

possibility that these may represent rare polymorphisms, which reduce 1113- 

hydroxylase production, but do not lead to disease unless combined with other, more 

deleterious mutations. Further studies to evaluate the effect of splice variants on 116- 

hydroxylase activity provides another avenue of research into adrenal related 

hypertension.
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Figure 6.1a; Mutations located in CYPl lBl

Mutations 1 2 3 4 6 7

i i i l
s its# of

gsns convsrsion 13 14 15 16 17

8 9 10 11

1 U  Um —Hsu—cnH-cz;

10 19

ii
ZD—fH

12

rramft ghilt

3 28bp deletion of codons 105-113

4 5bp duplication AGACA at codon 121

Patients

6

Gene conversions Patianla Convertfld faaion

13 ctag->catg 6 and 10 —
14 D82D GAT->GAC 10, 13 and 14 —
15 c->t - - - -~c->t 13 and 14 60bp
16 at9ggttg->gtggg^g “ " " 8bp

17 cgggccccc->cgggggccc “ • lOObp

18 aaccccatcccagctgaga-> . . . —

aagccccatccagctgagga

19 ccctcgag->cccctcgag

Inlron aglkina Pfltianla

2 actagaccccgtcca-> 6 and 10

acatggtccatcca

5 ACG gtgagg-> 6
ACC gtgagg

7 ACG gtcagg-> 13 and 14
ACA gtcagg

Amiofi afiisLahanaa Patiftiila

5 G267R GGC->CGC 6

6 G267D GGC->GAC 7 and 8

9 Q356X CAG->TAG 4
10 R427H CGC->CAC 1

11 V458A GTA->GCA 1

12 C494F TGC->TTC 10, 13 and 14

Silont mutations Pallanla

1 L75L CTG->CTA 13 and 14

8 A348A GCA->GCC 1
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Figure 6.1b: Mutations located in the CYP17 and CYP11B2 genes.

CYP17

Mutations CGA > TGA 

R239X

I
8

8

Î Î Î
H46H S65S E194X

CAT > GAG TGI > TGG GAG ->  TAG

CYP11B2

Mutstion

i
SHst of 

go no convsrsion 3 4

Amln9,açld..çhanq&

1 R470H C G C -> C A C

Patients 

13 and 14

Gene conversions Patien ts g o n Y e i l 9 d . r 9 q i 9 n

2  ta c g g g g  - >  ta c g g g 9 ___

3  c a a g a tc ta g g g  . > 13 and 14 7 b p

c a a g a tc tg a g g g

4  c c c tg tc a g  G T - > " " " 3 b p

c c c tg g c a g  G T

5  a g g c c t g a t a a a c c c  - > ..................... 1 5 b p

a g g c c a g a t a a a c c c

6  c t t c t c t c c c a c g t g c  - > 4 3 b p

c t t c t c t c c c a c £ t g c
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The polymorphisms in exons 1, 3 and 4 of the CYPllB l gene, located during SSCP 

analysis, are presumed to be due to the sequence variations identified, all of which 

are unlikely to have any effect on enzyme function. The clear division shown by 

these polymorphic groups, and the simplicity of their detection by SSCP, makes them 

useful as markers in heredity studies of the role of the CYPllB l gene in disease. 

Similarly, the polymorphisms within CYP11B2 exon 2 and 9 may prove to be useful 

markers. The fact that the subjects studied were clearly divided into two polymorphic 

groups, but that subjects 4 and 5 belonged to one group when CYPllB l was 

analyzed, but belonged to the other group when CYP11B2 was examined, is also of 

interest and could suggest that CYPllBl and CYP11B2 have diverged to different 

extents in different populations.

The work with CYP17 and CYP11B2 was less detailed, partly because of the 

availability of fewer patients with disorders of these genes, but also because of time 

constraints. Mutations were, however, found in both of these genes. In the CYP17 

two premature stop codons were found, one unreported and one previously reported 

in a Canadian subject (Ahlgren et al, 1992). Drawing conclusions on the rate of 

mutation within CYP17 zs compared to CYPllBl is difficult on the basis of the study 

carried out, as only a single CYP17 patient was available. However, published 

reports, characterizing 16 deleterious mutations in CYPl 7 suggest that there is far less 

variation in CYPl 7 sequence when compared to the changes observed by this study 

of CYPllB l.

SSCP analysis of CYP11B2 detected polymorphisms and found a single amino acid 

change R470H in two subjects affected by aldosterone synthase deficiency. To date 

only three mutations associated with defects of CYPl 1B2 enzyme have been reported: 

R181W, on the same allele as a V386A mutation (Pascoe et al, 1992b), and a 

recently reported gene conversion event changing exon 3 and 4 from CYP11B2 to 

CYPllB l sequence (Fardella et al, 1994b).
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6.2 Mechanisms of mutation

6.2.1 Slipped strand mispairin^

Slipped strand mispairing has been cited as a process involved in expanding repetitive 

DNA in introns, and a general cause of duplications and deletions in areas of 

repetitive DNA (Levinson & Gutman, 1987). This process is proposed to be the 

cause of the 5 bp duplication in exon 2 of subject 1 (Figure 6.2a). In this scenario 

a single mutation of a C to a G may have occurred at the beginning of codon 122, 

TACAGACAACAT-^TACAGACAAGAT, by random mutation or misalignment in 

this repetitive region and mismatch repair of DNA. With this mutation inserted, a 

single strand break occurs where the mismatch is generated. The 3’ end of the 

broken strand mispairs with the TCT triplet of bases normally complementary to the 

AGA of the repetitive sequence shown above, leaving a 5 bp gap in the coding 

strand. This gap is repaired and the 5 base duplication has been introduced into the 

upper strand. When strand replication occurs prior to meiosis, an allele carrying a 

5 bp duplication is produced.

This possible explanation is based on the repetitive nature of the DNA at codons 120 

and 121. It is interesting that in CYPllB l codon 119 is not TAG, but ATC. This 

reduces the repetition in this region, removing an ACA repeat. This would reduce 

the chance of a similar mutation occurring in the C YPllB l gene. Such differences 

in the degree of repetition within exons may be partly responsible for the greater 

number of unique SSCP patterns in exon 2 of CYPllB l as compared to CYPllB l.
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Figure 6.2a: Slipped strand mispairing may cause duplications in repetitive DNA

MUTATION

® —  GCC TAG AGA CAA CAT CGT . . .

—  CGG ATG TCT GTT GTA G C A _____

i
5' G 3'

™  GCC TAG AGA CAA -  AT CGT . . .
^ , . . .  CGG ATG TCT GTT GTA GCA . . .

i

SINGLE STRAND 

BREAK

A C 
G A 

A A G A

. . .  GCC TAG T CGT . . .

. . .  CGG ATG TCT GTT GTA GCA . . .

MISPAIRING

REPAIR

A 
GC 

A A

’. . .  GCC TAG AGA T CGT . . .

. . .  CGG ATG TCT GTT GTA GCA . . .

A
GC 

A A

i
® . . .  GCC TAG AGA CAA C A T C G T ... 

g , . . .  CGG ATG TCT GTT GTA GCA . . .

REPLICATION

5' . . .  GCC TAC AGA CAA GAG A AC ATC GT —  ® —  GCC TAG AGA CAA CAT CGT
g ,  —  CGG ATG TCT G T T C T G T T G  TAG CA . . .  g , . . .  CGG ATG TCT GTT GTA GCA . . .

5'

5bp duplication Normal se q u e n c e

Shown above is the sequence o f C Y P llB l exon 2 at the point o f the 5 bp duplication mutation located 
in the DNA o f  subject 1. By a process o f mutation, single strand break, mispairing, repair and 
replication, the 5bp sequence AGACA is duplicated on one allele. This process o f slipped strand 
mispairing is believed to cause both duplication and deletion at points o f repetitive sequence (Levinson 
& Gutman, 1987).
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6.2.2 Misalignment of repetitive DNA during homologous recombination

An alternative means of sequence duplication and deletion involves misalignment 
during homologous recombination. This may be the cause of the 28 bp deletion 

found in CYPllB l exon 2 of subject 6 , which occurs in a 36 bp region between 

codons 104 and 114. In this region the sequence reads:

GAC AGC CTO CAT ÇÇC GAG AGG ATG AGG GTG GAG GGG

In the above sequence the repetitive bases are underlined. There are 3 AGGG motifs 
present within the 36 bp region, but the sequence AGG GTG GAT GGG at the 5’ end 

of this stretch of DNA only differs from the 3’ end, AGG GTG GAG GGG, by 
the two underlined bases. This could lead to misalignment during homologous 
recombination between two CYPllBl genes. Such a misalignment would, however, 
only have deleted 21 bp. The removal of the last seven base pairs could have been 

achieved by slipped strand mispairing of the third AGGG repeat, this time without 
strand breakage to generated a single strand loop of seven bases, AGG GTG G, which 
was then excised. On repair and replication an allele with a 28 bp deletion would 
have been generated. An alternative explanation, which is perhaps more likely, is 

that there was a straight misalignment at recombination between the first AGGG and 
the third AGGG motif.

Once again C YPllB l has a different sequence in this region, removing the middle 

AGGG repeat and so would not be as prone to this mutation as CYPllB l. There is 

a possibility that increased repetitive sequence in CYPllB l, relative to CYPllB l, 

may be an underlying cause of greater mutation within certain regions of the 

CYPllBl gene.

The presence of repetitive DNA is presumed to be a major cause of duplication and 

deletion of DNA sequences and is a process affecting the CYPllB  locus.

Small duplication and deletion events are also prominent among the deleterious 
mutations discovered in CYPl 7. Three duplications and two deletions have been 

reported (Yanase et al 1991; Imai et al, 1993), representing a third of the reported 

mutations in CYPl 7. Repetitive sequences also occur at the points of most of these 

mutations as shown in Figure 6.2b.
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Figure 6.2b: Repetitive sequences near points o f deletion and duplication reported in CYPIJ^ 
and possible causes o f mutations.

1. 3 bp of codon 54 due to mispairing during repiication or repair

A
CAT AAC AAC TTC  ̂ CAT A AC A C TTC
GTA TTG TTG AAG AAG TTC ► GTA TTGT G A A G T T C

  T A
G A

2. 7bp duplication at codon 120 due to single strand break, mispairing and repair

C^r
GAC TCT GGC GCA CAC TGG CAG GAC TCT GGC GCA CA ^ G C  A G

CTG AGA CCG CGT GTG ACC GTC C T G AG AC C G C G T C

V
3. 4bp duplication at codon 480 due to single strand break, mispairing and repair

GAA GGC ATC ÇCC AAG ______ QAA GGC ATC CCC AAG
CTT CCG TAG GGG TTC q j -j- q q  q  q t TC

4. 9bp deletion of codons 487-489 due to mispairing during replication or repair

C TG
A

GTC TTT CTG ATC GAC TCT TTC AAA  ^ TTT T C

CAG AAA GAC TAG CTG AGA AAG TTT AAA AG TTT
G A
A A
C G 
T A 
A G 
G c  T

In the above diagrams underlined sequences represent repetitive bases that could have caused 
mispairing that lead to the deletions and duplications.
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6.2.3 Deamination of methylated CpG dinucleotides in the CYPllB  genes

Cytosine residues of CpG dinucleotides are often methylated in eukaryote genomes 

(Bird, 1980). Virtually all méthylation in higher eukaryotes occurs at the 5-carbon 

position of cytosine, whilst prokaryotes and some lower eukaryotes contain both 5- 

methylcytosine and 6 -methyladenine. Around 90% of DNA méthylation in animal 

cells occurs at CpG dinucleotides, 10% involving méthylation of other C residues.

In a simple chemical reaction 5-methylcytosine can be deaminated and converted to 

thymine (Ehrlich & Wang, 1981). For this reason methylated CpG dinucleotides 

(“CpG) are hotspots for mutations involving C-»T transitions, or G-»A transitions, 

which are the result of deamination of methyl cytosine on the complementary strand. 

However, all C-»T or G->A transitions do not occur by this process, as such 

mutations can also occur by simple misincorporation.

The number of CpG dinucleotides present in a gene and the degree to which they are 

methylated is believed to affect the rate at which transition mutations arise in a gene 

(Bird, 1980; Ehrlich & Wang, 1981). The relatively high level of CpG dinucleotides 

in CYPllB l (3% as opposed to 1.5% in the general human genome) has been cited 

as a reason for mutation at this locus (Cumow et aly 1993). These figures consider 

the whole gene. In the exonic sequence of CYPllB l there are 56 CpG dinucleotides, 

which means 56 potential points for mutation if all can be methylated.

In the CYP11B2 exonic sequence there are 57 CpG dinucleotides of which 42 are 

shared with CYPllB l. Comparison of the two gene sequences where only one gene 

has a CpG dinucleotide revealed that 12 of the CYPllBl specific CpG dinucleotides 

correspond to points where CYP11B2 sequence could have been derived from 

CYPllBl sequence by deamination of a CpG. Similarly, 12 out of the 15 CYP11B2 

specific CpG dinucleotides correspond to points where CYPllBl sequence could have 

been derived from similarly mutated CYP11B2 sequence. This may suggest that the 

ancestral gene of CYPllBl and CYP11B2 was actually a mixture of the two sequences 

and that deamination of “CpG dinucleotides has played a large part in the divergence 

of the CYPllB  gene sequences.
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The two linked mutations reported to cause CMO II deficiency, R181W and V386A 

(Pascoe et al, 1992b) could both have been caused by deamination of a “CpG 

dinucleotide. Four of the eleven reported mutations in C Y PllB l, T318M,R374Q, 

R374Q and R448H are also of this type. Three mutations located in this study: 

ACG^ACA, T318T, CGC-^CAC, R427H and CGC^CAC, R470H are all possibly 

due to this phenomenon.

6.2.4 Deamination of methylated CpG dinucleotides in CYP17

The pattern of CpG dinculeotides in CYPl 7 and CYP21 is also of interest. There are 

59 exonic CpG dinculeotides in CYP21, a similar number to that in the CYPllB  

genes, but only 38 in CYPl? (Appendix 7). These two genes are thought to have 

descended from the same ancestral gene (Picado-Leonard & Miller, 1987), in a 

similar fashion to the two CYPllB  genes, yet have diverged to a such an extent that 

there is only a limited sequence homology.

The fact that CYPl 7 contains less exonic CpG dinucleotides may be a contributing 

factor to the reduced level of mutation at this locus relative to both CYPllB  genes 

and CYP21, A bigger factor in reducing transition mutations at the CYPl 7 \oc\xs is 

that the gene is actively expressed in gonadal tissue: actively transcribed genes are 

believed to be a poor substrate for DNA méthylation enzymes and are not fully 

methylated, possibly as a result of transcription factors and stretches of single 

stranded DNA interfering with methylase binding (Ehrlich & Wang, 1981). This 

being so, CYPl 7 would be expected to be undermethylated in comparison with the 

CYPllB  genes and CYP21, which are not expressed at high level in the gonads. As 

the gonadal tissue gives rise to the zygotes, the reduction in transition mutations in 

CYPl 7 would be expected to translate into less inherited cases of 17a-hydroxylase 

deficiency compared to genes not actively transcribed in the gonads.

Three of the reported deleterious mutations in CYPl 7 are possibly due to deamination 

of a CpG dinucleotide R239X, R440H and R496C (Ahlgren et al, 1992; Fardella et 

al, 1994a; Yanase et al, 1991), but these mutations could also be the result of 

misincorporation of nucleotides.
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6.2.5 Misincorporation of nucleotides during repair or replication

Many deleterious mutations are caused by single base misincorporations arising from 

faulty repair or replication. Discounting mutations that may have arisen by 

deamination of “CpG dinucleotides, in the study presented here six mutations were 

due to misincorporation of nucleotides: G267R, G267D, Q356X, V458A, C494F in 

C Y P llB l and E194X in CYP17. Five out of the eleven deleterious mutations 

reported in C Y PllB l fall into this category (W116X, K174X, Q328X, Q356X and 

V441X). Of the sixteen reported CYP17 mutations six are due to nucleotide 

misincorporation (W17X, Y64S, S106P, E194X, Q461X, and P468T).

The fact that within exons CYPllBl and CYP11B2 differ only by nucleotide 

substitutions, allows the relative rates of misincorporation of nucleotides in the two 

genes to be estimated, assuming that sequence differences have arisen by divergence 

from a common ancestral gene. Of the eighty or so points where the exonic sequences 

of CYPllB l and CYPllB l differ, 62 are possibly due to misincorporation of 

nucleotides during repair or replication of DNA. Over a third of these (34%) involve 

C^T or T-*C transitions, which could be due to simple misincorporation, but possibly 

also deamination of methylcytosine residues. Transitions involving purines are rarer, 

(at 19%). Transversions from G^C or C-*G account for 24% of apparent 

misincorporations, whilst the other transversions are much lower occurring at 1 0 %, 

8 %, and 5% for G^T/ T-»G, T-*A/ A-»T and C^A/ A-*C substitutions respectively. 

The differences between CYPllBl and CYPllB l are shown in Appendix 6 . The rate 

of purine transitions may be somewhat higher if the CpG deaminations excluded here 

were partly due to simple misincorporations. From the above figures it would appear 

that certain misincorporations are much more common than others and that GC rich 

regions of DNA may be more prone to misincorporation.

The efficiency of repair may also vary depending on the different mismatches present, 

which could affect the occurrence of certain misincorporations (Bessman & Reha- 

Krantz, 1977; Petruska & Goodman, 1985). The rates of misincorporation are 

currently being extensively analyzed and are discussed in detail in Cooper & 

Krawczak (1993).
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In the analysis carried out in this study, it was noted that similar types of nucleotide 

change cluster in small regions. In codons 67, 6 8  and 74, for instance the CYPllBl 

and CYPl 132 genes differ by four presumed misincorporations involving G-*A/ A->G 

transitions and only eight more such changes are found in the rest of the coding 

region. It is possible that patches of repair are carried out by enzymes with faulty 

proofreading capability, so that small regions develop misincorporations of a 

particular kind. Although the events causing mutations are random the distribution 

of different types of mutation is not and may be highly dependent on the sequence at 

the point of change.

6.2.6 Multiple mutations in C Y P llB l

Multiple mutations of the CYPllB l gene were found in two patients, subjects 1 and 

6 . Most reported deleterious mutations are rare and isolated events. In subjects 1 

and 6 , more than one potentially harmful mutation had occurred on the same allele. 
In both cases a misalignment event, leading to small deletion or insertion of DNA, 

was found in combination with a single base substitution leading to an amino acid 

change. This implies that two separate mutation events had affected the same allele. 

In order for this to happen a mutant allele would have to be maintained in a 

population until a second mutation occurred. The question of whether the first 

mutation increases the risk of generating a second is a point worth considering. One 

hypothesis would be that a mutation within CYPllB l y giving rise to a non-functional 

protein, would prevent transcriptional control mediated by the enzyme product. In 

this hypothesis an unusually high rate of transcription would follow, with an increased 

chance of DNA strand breakage, or misalignments between repetitive sequences. 

This would only occur in individuals homozygous for the first defect, or in cells, such 

as precursors of gametes, that only contain single copies of chromosomes.

The high CpG content and perhaps a high degree of méthylation of CYPllB l may be 

in part responsible for increasing the chance of mutations occurring. The number of 

repetitive elements may be higher in CYPllBl than in some other genes. However, 

it is also possible that the amino acid changes found do not have a deleterious effect. 

No other group has reported multiple deleterious mutations on a single allele of the 

CYPllB l gene.
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6.2.7 Gene conversion and non-homologous recombination

The two CYPllB  genes arose from the same ancestral sequence and consequently the 

apparent gene conversions from CYPllB l to CYPllB l may in fact be points at which 

the ancestral duplicated sequence has not mutated to the CYPllB l type in certain 

populations. This could well be the case for the two gene conversions that constitute 

common variants in introns 3 and 4. CYPllBl specific sequence, as found in Type 

A individuals (see section 4.6.2) and previously published sequences, would represent 

mutation away from the ancestral gene that gave rise to both CYPllB  genes. 

Conversely, Type B individuals have a CYPllB l gene that has not diverged from the 

ancestral sequence at certain points that appear as gene conversions to CYPllB l.

For the intron 3 gene conversion, involving only 8  bp, there are CYPllB l sequences 

to either side. The explanation that mutations gradually arose in a stretch of 

C YPllB l like sequence may be more plausible than an 8  bp patch of gene 

conversion. On the other hand, the mutation of the intron 3 area to a give the 

CYPllB l pattern involves five base differences and could have been the result of a 

single misalignment event or error in repair. In this case the intron 3 polymorphism 

could well be a small gene conversion, inserting CYPllB l sequence back into a 

mutated region of DNA.

The smaller the gene conversion is, the less plausible they become. A single base 

change corresponding to the related gene could well be just a chance mutation. The 

fact that both genes are mutating away from the ancestral predecessor, and that there 

is a possibility of interchange of sequence between the two, confuses the picture of 

what has occurred. This being so gene conversion may not be as common as it 

would at first appear. Evidence that it has occurred is supported by the fact that 

subjects 13 and 14 possess a clear CYPllBl type sequence in intron 4 of their 

C YPllB l and examples of CYPllBl to CYPllB l gene conversion that are not found 

in other individuals studied. That they have unique gene conversions, whilst 

belonging to the general polymorphic group B suggests that gene conversion is an 

ongoing process in the evolution of duplicated genes.
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The evidence for gene conversion in 21-hydroxylase deficiency is much clearer. Here 

the changes that occur insert sequences from a pseudogene into exonic regions of 

CYP21 and abolish enzyme function. It would seem logical that the same process of 

sequence exchange occurs between the CYPllB  genes, but possibly not as often (as 

the genes are further apart: 45 kb as opposed to 30 kb in the case of the CYP21 

locus) and with less effect, because both genes produce functional enzymes that are 

93 % identical in amino acid sequence. The presence of repetitive sequences involved 

in promoting recombination, with homology to bacterial chi sequence (GCTGTGGG), 

has also been cited as a possible cause of specific gene conversion at the CYP21 

locus. Such sequences do not appear to be present in the CYPllB  genes. Gene 

conversion, of exons 3 2ind 4 of CYP11B2 to CYPllB l, has recently been cited as 

causing a case of CMO II deficiency (Fardella et al, 1994b), but no other cases have 

been reported to date.

Non-homologous recombination was not found in our sample of subjects. This 

process, generating a CYPllBl/CYPl 1B2 chimaeric gene has been shown to cause 

glucocorticoid remediable hyperaldosteronism (Pascoe et al, 1992a; Lifton et al,

1992). Initially subjects 15 and 16, who exhibited an autosomal dominant form of 

adrenal-related hypertension, were suspected to have GRH, but the typical form of 

GRH was excluded by Southern blot analysis. Another explanation is currently being 

sought to explain the condition of these two subjects, including the possibility that 

gene conversion is involved.
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6.3 Mutation rate in the CYPllB. CYP17 and CYP21 genes

The most commom form of CAH is due to 21-hydroxylase deficiency, which affects 

around 1 in 12,500 live births (New et a/, 1989). This contrasts with 1 in 1(X),0(X) 

for llB-hydroxylase deficiency (White & Pascoe, 1992). CMO I and CMO II 

deficiency, involving loss of aldosterone synthase function are very rare, as are 

cases of 17a-hydroxylase deficiency, where only just over a hundred cases have been 

described in the literature. A number of factors must underlie these marked 

differences in apparent mutation rates of the three cytochrome P450 genes involved 

in these syndromes.

21-hydroxylase is situated in tandem with a pseudogene, only 30 kb apart, on 

chromosome 6 , within the HLA major histocompatibility complex (Higashi et al, 

1986). This unique location has had a considerable effect on the generation of 

mutations leading to 21-hydroxylase deficiency. Approximately 25% of mutations 

causing 2 1 -hydroxylase deficiency involve complete loss of the functional gene due 

to unequal crossover (Rumsby et al, 1986; Werkmeister et al, 1986). This arises due 

to misalignment, between highly homologous repeated C4 genes 5* of both 

pseudogene and functional CYP21.

Most of the remaining mutations discovered in CYP21 are due to gene conversions 

altering the functional to the non-functional sequence of the pseudogene (Harada et 

al, 1987; Amor et al, 1988; Globerman et al, 1988; Higashi et al 1988; Chiou et al 

1990). The bulk of mutations within CYP21 are thus due to the unusual structure of 

the CYP21 locus in which a pseudogene is situated in tandem with a functional gene 

and both are flanked at the 5’ end with a second set of duplicated genes. The rate of 

spontaneous mutations in CYP21 is, then, probably of a similar order to that in 

CYPllBl.

The location of CYP21 in the MHC region, which is one of the most repetitive and 

changeable sections of the genome, would not be envisaged as a particularly good site 

for a gene involved in development. The retention of the pseudogene is also curious. 

Evolutionary theory would suggest an advantage to this arrangement. One possibility
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is that there is a heterozygote advantage gained from 2 1 -hydroxylase deficiency. 

Hirsutism, short stature, excess weight gain and possibly aggression are all factors 

that could be of benefit in adaptation to a cold environment or one in which a feast 

or famine existence prevails. Cortisol increases available blood sugar by stimulating 

gluconeogenesis from amino acids. Lack of cortisol reduces this effect, effectively 

slowing metabolism down. Having individuals in a population who carried the 

potential for reduced cortisol production, however mildly, may have just tipped the 

balance between survival and extinction and been advantageous to a primitive 

ancestral group. The same heterozygous advantage may also apply to 1111- 

hydroxylase deficiency.

The existence of peripheral 21-hydroxylase enzymes could well mean that total 

CYP21 deficiency does not lead to total loss of cortisol production (Mellon & Miller, 

1989; Speiser et al, 1991). A separate P450 gene, CYP2C5, encodes a liver steroid 

21-hydroxylase enzyme in rabbits (Pendurthi et al, 1990) and similar enzymes may 

be present in man.

The location of a gene for a extracellular matrix protein on the opposite strand of the 

pseudogene (Morel et al, 1989), overlapping with its 3’ end, may also provide a 

reason for the retention of a potentially harmful stretch of DNA in the gene pool. 

The pseudogene may be maintained so as not to lose this other more essential protein.

Gene conversion and non-homologous recombination at the CYPllB  locus on 8 q do 

not have the same results as at the CYP21 locus. Unequal crossover can generate the 

chimaeric, functional gene that gives rise to glucocorticoid remediable 

hyperaldosteronism, but this is rare when compared to CYP21 rearrangements. The 

fact that CYPllBl and CYP11B2 are both functional proteins means that gene 

conversion events between the two may not abolish function, as is more often the case 

of gene conversions between a non-functional pseudogene and a functional 

homologue. Secondly, the deletion of CYPllB  genes has not been reported. 

Differences between the 5’ regions of CYPllBl and CYP11B2 may help to reduce the 

chance of deletion by unequal crossover and the two genes are 45 kb apart as opposed 

to 30 kb in the case of CYP21 and CYP21P. Complete loss of CYP11B2 may be
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lethal, due to loss of aldosterone and 18-hydroxylated steroids. In CMO II deficiency 

18-hydroxylated products from mutant genes may still provide some mineralocorticoid 

activity. Deletion of CYPllB l, however, might be expected to occur and be 

maintained in heterozygotes, but has not been reported.

The fact that introns in the CYPllB  genes are much longer than in CYP21 is also of 

interest. With short introns any misalignment during recombination, or gene 

conversions that occur are more likely to involve exons. The introns of CYP21 range 

from 83-282 bp in length. In contrast the smallest introns of CYPllB  genes are 81 

and 135 bp (introns 8  and 3), comparable to CYP21 introns, but the rest vary from 

284-806 bp in length. In the study presented here all gene conversions appeared in 

introns and consequently are unlikely to lead to loss of enzyme function. This is in 

contrast to 2 1 -hydroxylase deficiency, where gene conversions commonly affect the 

exons of the functional gene. The notable exception to this is the intron 2 gene 

conversion mutation reported in CYP21 (Higashi et al, 1988), which affects splicing 

and is a common cause of 21-hydroxylase deficiency (Rumsby et al, 1992b). 

However, this mutation occurs within the largest intron of CYP21 (282 bp in length).

The low level of mutation within CYPl 7, relative to CYP21 and CYPllB l genes, is 

affected by some of the factors mentioned above. CYPl 7 is a single copy gene. This 

reduces the opportunity for non-homologous recombination and gene conversion. 

Mutations occurring in CYPl? are of the spontaneous kind, only influenced by 

repetitive sequences within the gene, the degree of deamination of methylated CpG 

dinucleotides and random errors in repair, replication or homologous recombination. 

The fact that CYPl? is actively transcribed in gonads, whereas CYP21 and CYPllB  

genes are not, may also have an effect on the types of mutation present in CYPl?. 

Actively transcribed genes would be expected to be less prone to méthylation and 

therefore mutation by deamination of methylcytosine residues (Bird, 1980; Ehrlich 

& Wang, 1981). Actively transcribed genes are more prone to breakage during the 

transcription process, but are believed to be repaired and proof read more efficiently 

than non-transcribed genes (Bohr et al, 1985; Vos & Waulthier, 1991), which could 

account for a low level of inherited mutations in CYPl 7. Selective pressures against 

mutation in CYPl? may also be stronger than for the CYP21 or CYPllBl genes.
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The incidence of deleterious mutations within CYP11B2 is again very low. In part 

this may be due to salt loss being lethal in neonates. The same applies to 21- 

hydroxylase deficiency, but here, as discussed above, aldosterone synthesis may not 

be completely abolished, even in complete absence of CYP21, because of extra­

adrenal 21-hydroxylase enzymes (Speiser et al, 1991). There are probably strong 

selective pressures against retaining CYP11B2 mutations in a population.

The difference between mutation rates of CYPllBl and CYP11B2 may well be 

mirrored by their functions. C YPllB l has a single function of adding an IIB- 

hydroxyl group, whereas CYP11B2 carries out 116-hydroxylation, 18-hydroxylation 

and the formation of an aldehyde group at C-18. There may be more chance for 

amino acid change in C YPllBl without totally destroying function, whilst CYP11B2 

may be very sensitive to change. The mutation of CYPllBl may be tolerated to a 

greater extent than mutation of CYP11B2. There may well be subtle differences in 

the degree of repetitive sequence between the CYPllB  genes, as discussed in section

6 .2 . 1  and 6 .2 .2 , and other sequence differences that lead to less mutation at the 

CYP11B2 locus.

6.4 Amino acid changes in C Y P llB l. CYP11B2 and CYP17

Insufficient time was available to express mutations in tissue culture, but alignment 

of amino acid sequences with those of the two crystallized bacterial P450 enzymes 

was carried out and proved useful in hypothesizing the effect of certain amino acid 

changes. The proposed structure of CYPlOl is shown in Figure 6.4a and is followed 

by the alignment of amino acid sequences from CYPlOl, CYPl 1 A, C Y PllB l, 

CYP11B2, CYP17, CYP21 and CYP102 (Figure 6.4b).

From this alignment it would appear that the amino acid changes characterized in this 

study may well affect substrate binding and the P450 structure rather than abolish 

haem function. In the following section the proposed positions of mutations are 

given, related to the standard model shown in Figure 6.4a.
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Figure 6.4a : Proposed three dimensional structure of CYPlOl, a bacterial P450 from Pseudomonas 
putida, determined by X-ray crystallography (taken from Poulos et al, 1985)

A 3 7 - 4 5
8 6 7 - 7 9
C 108  -  121
D 123 -  143
E 1 49  -  156
F 1 7 6 -  185

G 192  - 2 0 5
H 2 1 8  - 2 2 5

I 2 3 4 - 2 6 7

J 2 6 8 - 2 7 6
K 2 8 2  -  2 9 2
L 3 5 9 -  3 7 8

/3\ 5 6 - 6 2
0 2  2 2 6 - 2 3 3  

0Z  2 9 7 - 3 0 1  

3 1 5  -  3 2 0  

/ 3 4  3 0 5 -  312  

0 5  3 9 0 - 4 0 0

Above is shown the proposed structure of CYPlOl. Cylindrical sections labelled A-L represent a- 
helices, whilst paired arrows represent anitparallel fi-pairs. The amino acids forming these structures 
are listed above.
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Figure 6.4b : Alignment of P450 amino acid sequences; CYPlOl, CYPl 1 A, C Y P llB l, CYP11B2, CYP17 
CYP21, and CYPl02.

( a  ) ...............................................................................................................TTETIQSNANLAPLPPHVPEHLVFDFDMYNPSNLSA........................... 36
(b)MLAKGLPPRSVLVICGYQTFLSAPREGLGRLRVPTGEGAGISTRSP R.............................................. PFNEIPSPGDNGWLNLYHFWRETGTHKVH 75
(c)MALRAKAEVCMAVPWLSLQRAQALGTRAARVPRTV L......................................................................PFEAMPRRPGNRWLRLLQlWREQGYEDLH 65
(d)MALRAKAEVCVAAPWLCLQRARALGTRAARAPRTV L ......................................................................PFEAMPQHPGNRWLRLLQMWREQGYEHLH 65
(e)MWELVALLLLTLAYLFWPKRRCPGA K.........................................................................................................YPKSLLSLPLVGSLPFLPRHGHMH 50
(f)MLLLGLLLLPLLAGARLLWNWWKL R.................................................................................................................... SLHLPPLAPGFLHLLQPDLP 45
( g  ) .........................................................................................................................................................TIKEMPQPKTFGELKNLPLLNTDK............. 24

A B l B   *  C________
( a ) GVQEAWAVLQ-ESNVP-DLVWTRCNGGHWlAT- RGQLlREAYED-YRHFSSECPFI--PREAGEAY-DFIPTSMDP-PEQRQFRALANQWGHP- 122
(b)LHHVQNFQKYG--PIYREKLG--NVESVYVIDPEDVALLFKSEGP--NPERFLIPPWVAYHQYYQRPI-GVLLKK-SAAWKKDRVALNQEVMAP- 161
(c)LEVHQTFQELG--PIFRYDLG--GAGMVCVMLPEDVEKLQQVDSL--HPHRMSLEPWVAYRQHRGHKC-GVFLLN-GPEWRFNRLRLNPEVLSP- 151
(d)LEMHQTFQELG--PIFRYNLG--GPRMVCVMLPEDVEKLQQVDSL--HPCRMILEPWVAIRQHRGHKC-GVFLLN-GPEWRFNRLRLNPDVLSP- 151
(e)NNFFKLQKKYG--PIYSVRMG--TKTTVIVGHHQLAKEVLlKKGKDF-SGRPQMATLDIASNNRK---GIAFAD-SGAHWQLHRRLAMATFALFK 136 
t f ) lYLLGLTQKFG--P lYRLHLG--LQDVVVL)>iSKRTlEEAMVKICWADF-AGRPEPLTYKLVSKNYPDLSL-GDYSLL---WKAHKKLTRSALLLG- 130 
( g ) PVQALMKlADELG- EIFKFEAPG- RVTRYLS- SQRLllCEAC-DES-RFDKN- L - SQALKFVRDFAGDGLFTSWTH-EKNUICICAHMlLLP  105

A Bl B2 B B3 B> C
_____________D_____________________________  E 

( a  ) ..........WDKLEMRIQELACSL1ESLRPQ...............................................................GQCNFTEDYAEPFPIRIFMLLAGL....................................  169
(b)--EATKNFLPLLDAVSRDFVSVLHRRIKKAGSG--NYSGDISDDLFRFAFESITNVIF--GERQGMLEEVVNPEAQRFIDAIY Q........................  239
(c)--NAVQRFLPMVDAVARDFSQALKKKVLQNARGS--LTLDVQPSIFHYTIEASNLALF--GERLGLVGHSPSASSLNFLHALE V........................  229
(d)--NAVQRFLPMVDAVARDFSQALRKKVLQNARGS--LTLDVQPSIFHYTIEASNLALF--GERLGLVGHSPSASSLNFLHALE V........................  229
(e)--DGDQKLEKIICQEISTLCDMLATHNG-QSIDISFPVFVAVTNVISLICFNTSYKN---GDPELNVIQNYNE G...............................................  204
(f)--IR D S M E P WEQLTQEFCERMRAQPG - ............. TPVAIEEEFSLLTCSl ICYLTF GDKIKDDNLMPA ......................................... 189
(q)SFQQAMK--GYHAMMVDlAVQLVQICWER................. LNADE------- HIEV......................... PEDMTRLTLDTIGLCGF......................................... 157

D B4 E
_______F_____________________   G__

(a )-P E  E......................................... DIPHLICYLTDQMTR-PDGSM.............TFAEAKEALYDYLIPl lEQRRQK............................PGT.......................217
( b  ) ...................................MFHTSVPMLNLPPDLFRLFRTKTW-KDHVA---AWDVIFSKADIYTQNFYWELRQKGS................VHHDYRGM 301
( c  ) ...................................MFKSTVQLMFMPRSLSRWTSPKVW-KEHFE---AWDCIFQYGDNCIQKIYQELAFSRP................QQYTSIVA 291
( d  ) .................................. MFKSTVQLMFMPRSLSRWISPKVW-KEHFE---AWOCIFQYGDNCIQKIYQELAFTRP................QHYTGIVA 291
( e  ) .....................IIDNLSKDSLVDLVPWLKIFPNKTL............ EKLKS---HVKIRNDLLNKILENYKEKFRS......................... DSITN.......................261
(f)YYKCIQEVLKTUSHWSIQlVDVIPFLRFFPNPG L.............RRLKQ---AIEKRDHIVEMQLRQHKESLVAG......................QWRD......................... 255
( g  ) .............NYRFNSFYRDQPH-PFITSMVRALDEAMNKLO- RANPDDP-AYDENKRQFQEDIKVMNDLVDKIIADRKAS-GEQSDD.........................231

F G
H B2________________________ L J i f   J K

( a ) DAISIVA M GQVNGPRI - - TSDEAKRMCGLLLVGGLDTWNFLSFSMEFLAKSP -EHRQELIER............... PE.................................R 280
(b)LYRLLGDS K..................................... MSFEDIKANVTEMLAGGVDTTSMTLQWHLYEMARNL-KVQDMLRAEVLAARHQAQ---GDMATMLQLVPL 376
(c)ELLLN  A.......................................... ELSPDAIKANSMELTAGSVDTTVFPLLMTLFELARNP-NVQQALRQESLAAAASIS---EHPQKATTELPL 364
(d)ELLLN A.......................................... ELSLEAIKANSMELTAGSVDTTAFPLLMTLFELARNP-DVQQILRQESLAAAASIS---EHPQKATTELPL 364
(e)MLDTLMQAKMNSDNGNAGP-DQDSELLDNHILTTlGDIFGAGVETTTSVVKWTLAFLLHNP-QVKKKLYEEIDQNVGFSRTPTIS--*DRNRLLL 351
( f ) MMDYMLQGVAQPSMEEGS G............QLLEGHVHMAAVDLLIGGTETTANTLSWAVVFLLHHP -EIQQRLQEELDHELGPGASSSRVPYKDRARLPL 344
( g ) LLTHML--NGKDPETGEP L..............DDENIRYQl 1TFLIAGHETTSGLLSFALYFLVKNP- HVLQICAAEEAARVLVDPVP---------SYKQVKQLKY 312

H I J K
K* * B3* *  B4 B3 *

( a ) lPAACEELLRRF- - -S L VADGRlL--TSDYEFHGVQL-K K -GDQILLPQ M..................LSGLDERENACPMHVDFSRQKVS.................................. 346
(b)LKASIKETLRLHP--ISVTLQRYL--VNDLVLRDYMI--PAKTLVQVA I .................YALGREPTFFFDPENFDPTRWLSKDKNITYFR............. 451
(c)LRAALKETLRLYP--VGLFLERVA--SSDLVLQNYHI--PAGTLVRVF L ................. YSLGRNPALFPRPERYNPQRWLDIKGSGRNFY............. 439
(d)LRAALKETLRLYP--VGLFLERVV--SSDLVLQNYHI--PAGTLVQVF L ................. YSLGRNAALFPRPERYNPQRWLDIKGSGRNFH............. 439
(e)LEATIREVLRLRP-VAPMLIPHKA--NVDSSIGEFAVDK-GTEVIlN L .................. WALHHNEKEWHQPDQFMPERFLNPAGTQLISPSVS-- -  431
( f ) LNATIAEVLRLRP-VVPLALPHRT - -T RPSSISGYDIP--EGTV I l PN L................QGAHLDETVWERPHEFWPDRFLEPGKNSR........................ 417
( g ) VFMVLNEALRLUP-TAPAFSLYA- - K - EDTVL--G G --EYPLE-K -GDELMVL- lPQLH-RDKTIWGDDVEEFRPERFENPSAlPQH A............... 389

K B5 B6 B7 B8 K'* * * *** * * (55
(a)HTT--FGHGS--HLCLrôHLARREllVTLICEULTR--IPDFSlAPG-AQlQHKSGIVSG V QALPLVWDPATTVRV.................................... 414
(b)NLG--FGWGV--RQCLGRRIAELEMTIFLINMLEN--FRVEIQHL--SDVGTT-*F-*NLILM--PEKPISFTFWPFNQEATQ Q........................  521
(C)HVP--FGFGM--RQCLGRRLAEVEMLLLLHHVLKH--LQVETLTQ--EDIKMV--Y--SFILR--PSMCPLLTFRAIN......................................  503
(d)HVP--FGFGM--RQCLGRRLAEVEMLLLLHHVLKR--FLVETLTQ--EDIKMV--Y--SFILR--PGTSPLLTFRAI N......................................  503
(e)YLP--FGAGP--RSCIGEILARQELFLIMAWLLQR--FDLEVPD-DGQLPSLEG-I-PKVVFLID--SFKVKIK--VRQAWREAQAEGS T  508
( f )A L A -- FGCGA--RVCLGEPLARLELFVVLTRLLQA- - FTLLPSG ---ALPSLQP- L - PHCSVI L - - KMQPFQVR-- LQPRGMGAHSPGQN Q  494
(g)FKP--FGNGQ--RACIGQQFALHEATLVLGMMLICH- - FDFE-DHTNYELDIKET- L - TLKPE- - G - FVVKAKSKK-lPLGGIPSPSTEQSAKKVR 471

L B9 BIO B11 B12

Seven P450 enzyme amino acid sequences are aligned sA)o\&', (a) CYPlOl ,  from Pseudomonas putida, 
(b) human CYPl 1 A, (c) human C Y P llB l, (d) human CYP11B2, (e) human CYPl7, (f) human CYP21 and 
(g) CYPl02 from Bacillus megaterium. Numbers at the end of lines give the residue number ending that line. 
For CYPlOl and CYP102, regions underlined are those which are believed to form secondary structures: 
regions lettered A-L form helices, those lettered 81-85 form 8 pairs (alignment for CYPlOl, CYP17 and 
CYP21 taken from Nelson & Strobel (1987), CYPlOl secondary structure data taken from Poulos et al (1985), 
CYPl02 secondary structure data taken from Ravichandran et al (1993)). Asterisks denote highly conserved 
amino acids (see Appendix 8 for details).
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The G267R mutation in CYPl IBl is predicted to occur at the N-terminal of helix G, 

which lies above the substrate binding pocket. An arginine at this position could 

extend its side chain into hydrophobic regions of the protein involved in substrate 

binding and disrupt function. It could also form charge interactions with acidic amino 

acids and disturb the conformation of the protein, making it susceptible to proteolysis. 

The G267D mutation may have the same type of effect in altering substrate binding 

ability or changing structure by charge interaction with basic amino acids.

The arginine at position 427 is highly conserved in steroidogenic P450 enzymes and 

is located in a loop region immediately above the haem group. Substitution with 

histidine may disrupt a charge interaction required to maintain enzyme structure at 

this point.

The V458A mutation may represent a polymorphism. A valine was initially reported 

at this position in normal CYPllBl (Momet et al, 1989), but the sequence entry in 

the Human Genome Project databank (Accession number M32878 J05140), which is 

taken from the same reference, has an alanine codon at this point. The change is 

relatively conservative, however, and may have little or no effect on enzyme activity.

The C494F mutation, found in subjects 10, 13 and 14, occurs 10 amino acids from 

the C-terminal of C Y PllB l. The two bacterial P450 structures that have been 

determined by X-ray crystallography have a 8 -pair loop near this point, which is in 

contact with the F-G loop and forms important contacts for the substrate and redox 

partner binding sites. A change from cysteine to an aromatic phenylalanine could 

well alter the positioning of the 6 -loop equivalent in CYPllBl and affect substrate 

or adrenodoxin binding.

The R470H mutation present in the CYP11B2 of subjects 13 and 14 is positioned at 

the opposite end of helix L to the haem. Several P450 enzymes, including CYPl IB l, 

have histidine at this point, which suggests that it would not have a radical effect on 

CYPl 1B2 function. In cases of CMO II deficiency 18-hydroxylated products can be 

produced, but the final step: converting the 18 and 1 1 -hydroxyl groups to a 

hemiacetal and then aldehyde group, cannot be achieved. This is also true for 116-

193



hydroxylase, which can produce low levels of 18-hydroxy compounds, but not 

aldosterone. There is a possibility, however, that differences at the C-terminal end 

of helix L could alter the position of the haem subtly so that specific substrates are 

positioned correctly for the P450 reactions to occur. Verification that R470H has an 

effect on CYP11B2 production of aldosterone is required.

The excess 18-hydroxylated steroids produced by subject 16 lead to the question of 

whether key amino acids in C YPllB l had become altered to CYP11B2 on a single 

allele, so that 18-hydroxylated products were produced more efficiently by the IIB- 

hydroxylase enzyme. SSCP analysis showed exon 4 of CYPllB l to be unique for 

both subjects 15 and 16. The only amino acid difference between C Y PllB l and 

CYP11B2 enzymes in the region encoded by exon 4 occurs at amino acid position 

248, which is threonine in C Y PllB l, but isoleucine in CYP11B2. Comparison with 

CYP102 and CYPlOl suggests that T248 in C YPllBl is part of a flexible loop 

involved in substrate interaction. A mutation of a single amino acid from F209 to 

L209 at the equivalent point of this F-G loop was sufficient to alter substrate 

specificity from coumarin to testosterone in mouse microsomal P450coh (Lindberg 

& Negishi, 1989). Sequence analysis of these patients is incomplete, only one allele 

having been cloned, which was normal in exon 4.

The effect of the change I248T, in CYP11B2, has been determined by Fardella et al 

(1994b), as this was one of the amino acid substitutions brought about by the gene 

conversion event in a patient with CMO II deficiency. In expression studies this 

mutation was shown to markedly reduce 18-hydroxylation activity of CYP11B2. It 

could therefore be hypothesized that the reciprocal change, T248I, in the C YPllBl 

enzyme, may well increase the 18-hydroxylation activity of the C Y PllB l enzyme, 

which would still be highly transcribed in response to ACTH.

The five amino acid changes reported by other groups to cause loss of C YPllBl 

enzyme function: T318M, R374Q, R384Q, V441G (Cumow et al, 1993) and R448H 

(White et al, 1991), all involve loss of haem function or are situated close to the 

haem. The T318M mutation alters an amino acid involved in passing protons to the 

haem group, which is necessary for catalysis of the P450 mediated splitting of
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molecular oxygen. R384 of C YPllBl is involved in binding of a haem propionate. 

The amino acid H373 of CYP17 corresponds to R384 of CY PllB l and the mutation 

H373L has been reported to cause loss of CYPl7 function (Monno et aly 1993). 

R448 in C Y PllB l also contacts the haem. The deleterious mutation R440H in 

CYP17 (Fardella et aly 1994a) corresponds to the R448H mutation in C Y PllB l. 

Mutation of these amino acids presumably reduces or abolishes haem binding ability. 

R374 of C Y PllB l is also highly conserved and may be involved in maintaining 

enzyme structure close to the haem. The mutation V441G may affect the positioning 

of the loop above the haem.

The R181W mutation in CYP11B2, which causes CMO II deficiency, occurs in a 

region of the protein corresponding to the 3’ end of helix D in the CYP102 model. 

The alteration of a positively charged residue to a hydrophobic aromatic residue 

presumably affects the positioning of helix D. The tryptophan may associate with 

other hydrophobic residues to shift the position of helix D and this could alter the 

relative positions of helix E and the vital F-G loop, which is believed to interact with 

the 8 -pair region at the C-terminal and effect substrate specificity.

The remaining amino acid changes that have been reported in CYPl7 (deletion of the 

phenylalanine at position 53 or 54, Y64S, S106P, duplication of 1112, P468T, 

deletion of amino acids 487-489 and R496C) probably affect enzyme structure and 

substrate binding. The loss of a phenylanine, possibly in the region of helix A, could 

lead to altered conformation close to the substrate binding site, as could the change 

of tyrosine to serine at amino acid position 64. The serine at position 106 occurs 

between helix B and helix C, and the change to proline may alter conformation just 

before helix C, which carries a contact to the haem. The isoleucine at position 112 

of CYP17 is believed to sequester the hydrophobic end of the substrate into the active 

site, suggesting that duplication at this point may affect substrate binding (Imai et aly 

1993). The final three mutations all occur in the 8 -pair region of the C-terminal, 

where changes could alter the position of the 8 -loop required for substrate and redox 

partner binding.

Tables showing equivalent positions of key amino acids in the seven P450 enzymes 

aligned in this thesis are given in Appendix 8 .
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6.5 Evaluation of methods

The advent of PCR amplification of DNA has proved immensely useful to molecular 

biologists, in that specific stretches of DNA matching human genomic sequence can 

be obtained in a matter of hours. As such it amounts to a revolution in DNA 

investigation. The advent of sequencing automation, allowing mutiple samples to be 

prepared and analyzed, has also meant that the sequencing of an entire gene can be 

carried out in a matter of days as opposed to months. The ability to sequence directly 

from PCR product has made advances in sequence determination follow at a rapid 

pace. However, these developments all represent state of the art technologies. 

Manual sequencing of large stretches of DNA from multiple subjects remains a time 

consuming, and often frustrating process.

In light of difficulties with cloning and obtaining clear DNA sequence, SSCP proved 

to be very useful. Rather than sequencing large regions of DNA, particular regions 

of genes containing base differences were first highlighted by SSCP analysis. Size 

differences were easily identified by the high resolving power of PAGE and SSCP 

techniques. Some single base changes gave very subtle SSCP differences and only 

appeared after running gels of different compositions under varying electrophoresis 

conditions. Other single base changes produced very pronounced SSCP differences. 

The high degree of sequence variation in the sample of subjects included in this study 

produced many unique SSCP patterns. It should be stressed, however, that many of 

these changes represented intronic differences or silent mutations that had no effect 

on enzyme function. To restrict the number of non-exonic mutations, it is 

recommended that the region of intronic DNA included in PCR fragments for SSCP 

analysis should be limited to include only intronic sequences required for splicing.

Certain sequence changes were not detected by SSCP, including the C494F mutation 

of C Y PllB l and the R470H mutation of CYP11B2 in subjects 13 and 14. Similarly 

the intron 1 mutation was not responsible for SSCP differences seen in DNA from 

patients 6  and 10, as other sequence differences were also present. The intron 1 

change represented a two base gene conversion, loss of five bases and duplication of 

four bases: a net loss of 1 bp and many changes that one would expect to give a

196



difference in SSCP pattern. These changes occurred near the 5’ end of the PCR 

fragment, which implies that mutations at certain points on a DNA fragment have less 

effect on conformation. This was certainly the case with a gene conversion in intron 

4, which was not clear on SSCP analysis of exon 4, where the mutation was at the 

5 ’ end of a 96 bp fragment, but was shown when SSCP analysis was carried out after 

digestion of a 784 bp fragment containing exon 4 and 5 with Rsal enzyme. The 

digestion product of 330 bp had the gene conversion in the middle of the fragment. 

Carrying out different enzyme digests on PCR products and the use of additional 

primers to amplify overlapping regions could well improve the detection of single 

base changes. In addition the selection of suitable restriction enzymes also allows 

localization of sequence change to the 5’ or 3’ end of PCR fragments.

The development of non-isotopic SSCP removes the need for disposal of radioactive 

waste and makes the technique safer for the operator. Many groups have successfully 

used silver staining, including Chaubert et al (1993). Automated systems, such as 

the PhastSystem™ (Pharmacia, LKB Biotechnology, Uppsala, Sweden) are also 

currently in use. This system has the advantages of commercially available 

preformed gels, which can be rapidly electrophoresed in a controlled environment, 

coupled with an extremely sensitive silver stain that can visualize both single and 

double stranded DNA. It has been used successfully in the location of mutations 

within the human p53 gene involved in cancer (Mohabeer et a/, 1991), in the study 

of Tay-Sachs disease (Ainsworth et at, 1991) and in the phenylalanine hydroxylase 

gene (Dockhom-Dwomiczak et al, 1991). This system probably represents the state 

of the art for SSCP analysis.

The disadvantages of PCR-SSCP analysis mainly lie in the production of differences 

due to PCR artifacts, which create false positives. This problem was not found in the 

study carried out, but has been experienced in other studies carried out in our 

laboratory. The inclusion of family members, to confirm the presence of SSCP 

differences and repeating SSCP from a separate initial PCR helped to eradicate such 

problems. Running samples from sixteen individuals allowed common 

polymorphisms to be detected. In further studies it would be desirable to run samples 

known to give differences, to check the resolution of gels used.
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optimising PCR for SSCP analysis was essential, so that only specific products were 

produced. The selective amplification of CYPllB l and CYP11B2 DNA, followed by 

reamplification using a small amount of purified specific template DNA, allowed a 

good yield of specific DNA sequence for SSCP analysis in the study carried out. As 

an initial screening method SSCP proved very successful.

Obtaining the sequence of regions believed to carry base changes was not so simple. 

In the case of subject 14, six changes in CYPllB l all proved to be non-reproducible 

and presumably due to PCR or cloning artifacts. Five of the false mutations involved 

base transitions. In sequencing of 2472 bases of subject 14’s CYPllB l gene, 5 

apparent misincorporations were detected, from a total of only three PCR reactions 

(generating 0.9 kb, 1.4 kb and 1.7 kb fragments). This would suggest that the chance 

of a base being misincorporated in 2.5 kb of sequence obtained from around 5 kb of 

amplified, cloned DNA is around 0.2%. The Promega Taq Polymerase used in this 

study has a reported misincorporation rate of 1 in 3,500 bp of amplified DNA, which 

is approximately 0.03% (Promega Ltd., Southampton, UK, personal communication). 

The higher rate of misincorporation suggested by this study may in part be due to 

errors in bacterial replication of the cloned DNA. It should be stressed again that 

results obtained from PCR amplified DNA must be verified using analysis of more 

than one PCR reaction. Much of the cloning and direct sequencing carried out used 

DNA from multiple PCR reactions, which meant that sequences obtained were a 

consensus, rather than the evaluation of a single PCR.

Verification of mutations proved to be extremely time consuming, unless the sequence 

change affected a restriction endonuclease recognition site. There were problems 

with PCR reactions failing to amplify DNA, DNA product being lost during 

purification, and cloning proving difficult or impossible for a particular piece of 

DNA. Success was often achieved by beginning PCR from different DNA samples 

from the same individual and attempting to clone different pieces of DNA containing 

the same desired region of sequence. Other cloning vectors, such as M13 filamentous 

phage, mpl8 , and the pGEM-T plasmid (Promega, Southampton, UK), which is 

designed specifically for cloning PCR products are alternatives to pUC18 that may 

be of use in further studies.
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Not all sequences were clear or readable up to the point of interest, often there were 

ghost bands, compressions or apparent missing bases. All these artifacts had to be 

weeded out by repetition or, where possible, restriction enzyme digestion analysis. 

In short the methods given here require perserverance and a great deal of cross 

checking.

The library screening of genomic DNA for the CYP17 deficient patient was only 

partially successful, with the 5’ region and 3 exons isolated, but took almost a year 

to obtain results. Preparation of different libraries using different fragments may 

have succeeded in isolating the entire gene, but would have been unrealistic in terms 

of the time available. Fortunately one mutation was isolated from the library 

screening within the year, and the first PCR amplification of subject 17’s CYPl 7 exon 

4 showed the second mutation present in this patient. Library screening is still useful 

in obtaining 5’ control regions or repetitive regions of DNA not conducive to PCR 

amplification and in situations where the genomic sequence is not available, but now 

takes second place to PCR based approaches in terms of speed.
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6.6 C Y PllBl. CYPl7 and hypertension

The rarity of mutation within CYPl 7 suggests that mutations at this locus have been 

selected against. Due to this process polymorphisms that affect CYPl7 function may 

also be rare. Three polymorphisms have been reported, but all involve silent 

mutations (CAT-CAC, H46H, TCT-^TCG, S65S and GAT-43AC, D283D). 

Differences in the level of expression of CYP17 and the regulation of the 17,20 lyase 

function may exist, however, and influence hypertension or hyperandrogenism.

In contrast this study has shown that the CYPllBl locus is highly polymorphic and 

there is the potential for splicing abnormalities and enzymes with altered amino acid 

composition. Two possible polymorphisms described in this thesis, one involving the 

loss of the intron 1 branch site for splicing and the other the C494F mutation, may 

reduce the production of cortisol and represent risk factors for hypertension. 

Mutations with a limited effect on CYPllBl activity may well have been retained in 

populations and have more serious effects when combined with other mutations.

In rats C YPllBl also contributes to mineralocorticoid production (Lauber et a/, 

1989), and a recent study of salt resistant Dahl rats showed them to have 5 amino 

acid changes within the C YPllBl enzyme (Cicila et al, 1993), which leads to a 

reduction of the mineralocorticoid 18-hydroxy-11-deoxycorticosterone and salt loss. 

This being so, there is a possibility that mutation of key amino acids in the human 

CY PllB l enzyme could lead to mineralocorticoid production and salt retention. The 

distribution of polymorphisms within the CYPllBl and CYP11B2 genes therefore 

warrants further investigation in hypertensive populations.
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6.7 Future directions for studv of CYPl IB and CYP17 genes

Of immediate interest are the effects of the mutations that have been located in this 

group of 1115-hydroxylase patients. Mutagenesis and expression studies are necessary 

to determine whether the amino acid alterations and possible splice site mutations do 

actually affect the enzyme function. Computer molecular modeling and structure 

evaluation studies on the CYPl IB proteins have not been reported to date, but would 

be useful in determining which regions of these enzymes are essential for substrate 

binding, membrane attachment and enzyme stability.

The distribution of the two CYPllBl polymorphic groups (as defined in section 

4.6.2) within hypertensive populations would be of interest. Such a study, together 

with biochemical assessment of the mineralocorticoid production of the different 

polymorphic groups, may identify subgroups of hypertensives with steroid associated 

disease.

Future studies on the variability of CYPl7 function are more likely to be concentrated 

on the control of expression and the regulation of 17,20 lyase activity. The lyase 

function becomes highly active at adrenarche and declines in old age. The factors 

controlling this are largely unknown at present. Similarly metabolic defects that 

affect the level of activity are poorly understood. Exaggerated adrenarche, ovarian 

hyperandrogenism and other conditions related to androgen excess are widespread and 

will presumably offer up avenues of research into ancillary factors affecting the level 

of CYP17 activity.
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6.8 Final Conclusion

In conclusion, mutations have been located in CYPl 7j CYPllB l and CYP11B2, using 

a combination of gene library screening and PCR-SSCP techniques. In light of the 

paucity of mutations discovered at these loci this study has greatly increased the range 

of mutations found and begun to address the question of how mutations have arisen 

and what affect they could have on enzyme function. Mechanisms leading to these 

mutations have been proposed and hypotheses put forward to explain the differences 

in the apparent mutation rate between the three genes. Finally, an attempt has been 

made to link the mutations found to loss of enzyme function.

The original hypothesis proposed was that deleterious mutations and the increased rate 

of mutation in the CYPllBl gene relative to the CYPl? gene, were due to gene 

conversion and non-homologous recombination with the CYP11B2 gene. This was 

shown not to be correct. Gene conversion and non-homologous recombination do 

occur at the CYPl IB locus, but are not the major cause of pathological mutations.

Deamination of “CpG or “C residues appears to have played a large part in 

generation of mutations in the CYPllB l gene, suggesting that it is highly methylated 

in tissue giving rise to gametes. Misincorporation of nucleotides also accounts for 

a large number of mutations in CYPllB l. Misalignment between repetitive sequences 

within the gene is a third major cause of mutation, causing duplication and deletion 

of small regions of DNA.

CYPl? contains a significantly lower number of exonic CpG dinucleotides than 

CYPllB l, CYP11B2 or CYP21 and is presumably not highly methylated in the 

gonads. The main factor causing the apparent low level of deleterious mutation 

within CYPl 7, however, is presumed to be natural selection removing non-functional 

CYPl? alleles from the population. This contrasts with both the CYP21 and 

CYPllBl gene, where mutations giving rise to hirsutism, accelerated somatic growth 

and aggressive behaviour may all have conferred advantages on heterozygotes and the 

populations with which they were associated.

Some questions have been answered, but more have been generated by the work 

carried out here.
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Appendix 1.- PCR Primers

CYP17 Primers

Primer Position Sequence Tm

715S 5’ Flank (-336) AACCACATGGGCTGGAGGGC 6 6

716S 5’ Flank (-18) GGCAAGATAGACAGCAGTGG 62
947R 5’ Ex. 1 CCACTGCTGTCTATCTTGCC 62
952R 3’ Ex. 1 TGAAGACCTGAACCAATCCC 60
948R 5’ Ex. 2 GGTGTGAGATTCCTACAGCC 62
713S 3’ Ex. 2 TCCAGCAGCTCCTGTGGGAT 64
708P 5’ Ex. 3 TGCTGATTCATTTCCACCCT 58
709P 3’ Ex. 3 AATGTCAGGGTCTACTAGAA 56
949R 5’ Ex. 4 GGTGGAGTAGGAACTTCCAG 62
953R 3’ Ex. 4 TGTGCCAGGTTCTCTGCTTG 62
950R 5’ Ex. 5 TGGCAGGAGTGTCACAGATG 62
714S 5’ Ex. 6 TTACACACACTAGTCACCTC 58
954R 3’ Ex. 6 CAAGCAGTGAATGCATCAGG 60
95IR 5’ Ex. 7 TTCCTCTTCCACTCTGGAGC 62
955R 3’ Ex. 8 GGCCACATAGGGTGGACAGG 6 6

In the table above, and that which follows overleaf, oligonucleotide primers were 

given arbitrary names, e.g. 714S. Primers were chosen that were complementary to 

intronic sequences immediately 5’ or 3’ of the exons specified. The primer 716S and 

those positioned 3’ of the exons are the antisense primers, but the sequences above 

are the actual oligonucleotide sequence, written 5’-3’. Tm values are approximate 

and were calculated from the Wallace formula, as described in section 2.2.4.
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CYPllBl and CYPllBl Primers

Primer Position Sequence Tm
*C

072T 5 ’ Flank B1 TTTGAATTCTCGAAGGCAAGGCACCAG 58

073T 3’ Ex. 2 B1/B2 GGGGGATCCTGCTCCCAGCTCTCAGCT 58

074T 5 ’ Ex. 3 B1 CCCGAATTCAGAAAATCCCTCCCCCCTA 58

075T 3’ Ex. 5 B1 CCCGGATCCGACACGTGGGCGCCGTGTGA 68

076T 5 ’ Ex. 6 B1 CCCGGATCCTGACCCTGCAGCTGTGTCT 60

077T 3’ Ex. 9 B1 GAGACGTGATTAGTTGATGGC 62

078T 5 ’ Ex. 8 B1 TACTCTCTGGGTCGCAACCCC 68

079T 3’ Ex. 9 B1 GGGGGCACATGCTGGGCCTCA 72

709V 5 ’ Flank B2 TCCTTCATCTACCTTTGGCTGGGG 74

710V 3’ Ex. 4 B2 CCGAGACTGCCCCGACACCCAAAT 78

711V 5 ’ Ex. 5 B2 ATTTGGGTGTCGGGGCAGTCTCGG 78

16W 3’ Ex. 9 B2 TTGCTATTTGACAAGCCTGGCAAG 70

7W 3’ Ex. 1 B1/B2 GAATGGCAGTGCTGAGTGCC 64

8W 5 ’ Ex. 2 B1/B2 TTTGGATTGGGACTGCAGGG 62

9W 5 ’ Ex. 3 B1/B2 CTGCAGGCCGATTCCCCTTG 66

low 3’ Ex. 3 B1/B2 TGGCCACTCCAGGGTCTCTG 56

IIW 5 ’ Ex. 4 B1/B2 CCTTGTGCTCAGCAGTGCAT 62

12W 3’ Ex. 4 B1/B2 GTGGTGGAGAGGGAGAAATT 60

13W 3’ Ex. 6 B1/B2 AGGGCCACAGGGAGGCCTCA 68

14W 5 ’ Ex. 7 B1/B2 TGGATGCCCCCACCTCCAGG 68

15W 3’ Ex. 7 B1/B2 AATGACTGGGGAGGGAGGTT 62

368Y 5 ’ Ex. 5 B1/B2 ACTTGGTGCTGGGCTAGCTG 64

369Y 3’ Ex. 5 B2 GAACGTGGGTGCCGTGTGGC 68

370Y 5’ Ex. 6 B2 GACCCTGCAGACATGGCTTC 64

371Y 5’ Ex. 8 B1/B2 CCCTCGAGCTGAGAACCTCC 66

A617 3’ Ex. 8 B1/B2 ACATGGTGCAGCAGCAGCAGC 68

A618 5 ’ Ex. 9 B1/B2 CTGTTCCCCCTTCAGCATAAT 62

G3937 5 ’ Ex. 4 B1/B2 GAGCCTGTCTCGCTGGA 56

H1042 5 ’ Ex. 5 B1 CCCGGATCCCAGGAGGACACTGAAGGATGTT 66

In the table above underlined regions of certain primers indicate EcoRI or BamUl 

restriction enzyme sites, GAATTC and GGATCC, which were incorporated during 

oligonucleotide synthesis to facilitate cloning of PCR fragments subsequent to enzyme 

digestion.
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Appendix 2- The three and one letter codes 
for amino acids

Shown below are the 20 amino acids. A description of the nature of the side chain 

and the three and one letter codes for each amino acid is also given.

Amino acid Type of side chain 3 letter 
code

1 letter 
code

Alanine Hydrophobic Ala A

Arginine Basic Arg R
Asparagine Polar Asn N

Aspartic acid Acidic Asp D

Cysteine Polar/SH group Cys 0

Glutamic acid Acidic Glu E
Glutamine Polar Gin Q
Glycine Hydrophobic Gly G
Histidine Basic His H
Iscleucine Hydrophobic He 1

Leucine Hydrophobic Leu L

Lysine Basic Lys K
Methionine Hydrophobic Met M

Phenylalanine Hydrophobic Phe F

Prcline Hydrophobic Pro P
Serine Polar/OH group Ser S

Threonine Polar/OH group Thr T

Tryptophan Polar/ aromatic Trp W

Tyrosine Polar aromatic OH group Tyr Y
Valine Hydrophobic Val V

N.B. In the text of the thesis mutations altering amino acids are shown as, for 

example, G267R. The first letter refers to the normal amino acid, the number the 

position of that amino acid in the protein polypeptide chain and the second letter the 

amino acid present in the mutant form.
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Appendix 3- The eukaryotic genetic code

The triplet codons of eukaryote DNA are shown below. Sixty-one codons represent 

amino acids. All of the amino acids except tryptophan and methionine are 

represented by more than one codon. The synonymous codons usually form groups 

in which the base in the third position has least significance. Three codons, TA A, 

TAG and TO A, labelled Stop below, cause termination of the peptide chain. The 

codon sequences are given in the 5’-3’ orientation.

S e c o n d  B a s e
T c A G

T T TT 1 ^T T c r ' ' ®
T T Q j

T CT  1

T O G  J

TAT 1TAG JTAA 1 ^X s t o p  TAG J

T GT ' I  T G G / G y »  
TGA S t o p  
TGG Trp

0
C T T  1

c t g J

C C T  1

c c g J

GAT ' IG A c } " ' »
" " H o i r ,g a g J

G G T 'G G GGGA
GGG.

► Arg

A
A T T  'I A TO I  He
a t a J
A T G Met

A CT '  A CO A CA 
A C G ,

» Thr
A A T I  A A G / A " "

Lysa a g J

A G T ' I  A G G J
a g g J

G

GTT 1

g t g J

GOT ' 
GOG 
GOA 
GOG.

h Ala

GAT'I 
GAG J

° * n G , u
G AGj

GGT ' 
GGG 
GGA 
G GG

* Gly

0)
(0
(d
0Û

(0
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Appendix 4- Published CYPllBl gene sequence

The sequence below is taken from the Human Genome databank (Accession numbers: 5’ 

flanking region and exon 1: D10169 D90428 X55765; exon 1 and 2: M32863 J01540; exons 

3-5 M32878 J05140; exon 9: M32879 J01540). Lower case letters represent intronic 

sequence, upper case exonic sequence. The encoded amino acid is given above each codon 

(see Appendix 2 for 1 letter code for amino acids). The numbering represents the position of 

each amino acid in the polypeptide chain and the * at codon 504 marks the termination codon. 

Introns 2 and 8  are incomplete, with approximately 85 and 440 bp uncharacterzied. The 

position of certain primers used in this study are shown by underlined sequences and labelled 

with the arbitrary name, as defined in Appendix 1, with arrows indicating sense (-*) or 

anti sen se (<-).

g g c t c t t g g a t a a g a t a a g g g c c c c a t c c a t c t t g c t c c t c t c a g c c c t g g a g g a g g a g g g a g a g t c c t t t t c c c c t g t c t a c g c t c a t g c a c c c c c a
072T^

a t g a g t c c c t g c c t c c a g c c c t g a c c t c t g c c c t c g g t c t c t c a g g c a g a t c c a g g g c c a g t t c t c c c a t g a c g t g a t c c c t c c c g a a g g c a a q g c a c c a q g c a

Exon 1 M A L R A K A E V C M A V P W
a g a t a a a a g g a t t g c a g c t g a a c a g g g t g g a g g g a g c a t t g g a  A T G  GCA C T C  AGG GCA AAG GCA GAG GT G T G C  A T G  GCA G T G  C C C  TGG

1 10

L S L Q R A Q A L G T R A A R V P R T V L P F E A M
CTG TCC CTG CAA AGG

20
GCA CAG GCA CTG GGC ACG AGA GCC GCC CGG GTC CCC AGG ACA GTG CTG CCC TTT GAA GCC ATG 

30 40

P R R P G N R U L R L L Q I W R E Q G Y E D L H L E
CCC CGG CGT CCA GGC AAC AGG TGG CTG

50
AGG CTG CTG CAG ATC TGG AGG GAG CAG GGT TAT GAG GAC CTG CAC CTG GAA 

60

V H Q T F Q E L G P I F R
GTA CAC CAG

70
ACC TTC CAG GAA CTG GGG CCC ATT TTC AG g t a a a g c c c t c c c t g g c c c t c g c t g g a a c a c c c a g t g c c c t g c c c t t g c t g c  

80

c c a g g a c c c t g c c g g g c a c t c a g c a c t g c c a t t c c c a g c a g g t c c c g g c a c t c t g c a t c c t t t g g a a g a g g g a a g a t c g a g c a c g t g c t g t c t g t g c g c t g c a g

g g c a g g g c a t g t g c a g a g c a a a t g g g a g c t c g g c t g c a g a g a g g g c a g g a c t c a g a g g c a c t g a a g t t a a g a g g t t c c g g g c a g t c a g c a a g a g g g c g t t t a g c

t g t g a a g c c g c t a a t c c a g g a g a g g g g a g g g t g g a c a g g a g a c a c t t t g g a t t g g g a c t g c a g g g t g g g g c c a g c a g g g a c t a g a c c c c g t c c a g c a g g g c c t

Exon 2 Y D L G G A G M V C V M L P E D V E K L Q  
c c t g c t t g g c c c c a c a g  G TAC GAT TTG GGA GGA GCA GGC ATG GTG TGT GTG ATG CTG CCG GAG GAC GTG GAG AAG CTG CAA

90 100

Q V D S L H P H R M S L E P W V A Y R Q H R G H K C  
CAG GTG GAC AGC CTG CAT CCC CAC AGG ATG AGC CTG GAG CCC TGG GTG GCC TAC AGA CAA CAT CGT GGG CAC AAA TGT

110 120

G V F L L
GGC GTG TTC TTG CT g ta agcg gcgag c tgag agc tg gga gcaggg tgggcagcctggg tg taggggggaggcgagagaggcagga    (85 bp)

130 ^  073T

a a a g c t tg a c a a c a g g g g tc a g t tc c t t tc t tg c a g a a a a tc c c tc c c c c c ta c ta ca g g g a g g g cccg ca tg g g tg a g q tq q tq cca q a c ttq a a a ca cca a a
074T -

t c c c g g g a a t g a c c t c a g t t a c c c t g t c a g c a c c t g t g g g c a g a a g c t a c c a t c t c a t c c c t g c t t a g a c c t g a g t g g c c t t t g t c c a g c a c c t g g a g g c c g t c

207



tg a g a a a a g g c tg c a g c tc g a a c a c a a a c a g g c a g c ttc ta c c a g g g c c c c c a g tc a g c tc c c tg c a g g c c g a ttc c c c ttg g g a c a a g g a g g a tg g g a ta c g g

Exon 3  N G P E U R F N R L R  
g tc a g g g c c tg tg t t t tg c tg g g g c g g c c tc a c a a g c tc tg c c c tg g c c tc tg ta g  G AAT GGG CCT GAA TGG CGC TTC AAC CGA TTG CGG

140

L N P E V L S P N A V Q R F L P M V D A V A R D F S  
CTG AAT CCA GAA GTG CTG TCG CCC AAC GCT GTG CAG AGG TTC CTC CCG ATG GTG GAT GCA GTG GCC AGG GAC TTC TCC 

150 160

Q A L K K K V L Q N A R G S L T L D V Q P S I  F H Y  
CAG GCC CTG AAG AAG AAG GTG CTG CAG AAC GCC CGG GGG AGC CTG ACC CTG GAC GTC CAG CCC AGC ATC TTC CAC TAC
170 180 190

T I E
ACC ATA GAA G g tg tg g g cca ca tg g g ttg a tcca g cc tca g a g a ccc tg g a g tg g cca g g g a cg g g g a tg g g g g a c tg a a g g g a g tg tg g g g a g g ca g cc

Exon 4 A S N L A L F G E R L G L V G  
a g g a g g c c c g g t tc c c ttg tg c tc a g c a g tg c a tc c tc c c c g c a g  CC AGC AAC TTG GCT CTT TTT GGA GAG CGG CTG GGC CTG GTT GGC

200 210

H S P S S A S L N F L H A L E V M F K S T V Q L M F  
CAC AGC CCC AGT TCT GCC AGC CTG AAC TTC CTC CAT GCC CTG GAG GTC ATG TTC AAA TCC ACC GTC CAG CTC ATG TTC 

220 230

M P R S L S R W T S P K V W K E H F E A W D C I  F Q  
ATG CCC AGG AGC CTG TCT CGC TGG ACC AGC CCC AAG GTG TGG AAG GAG CAC TTT GAG GCC TGG GAC TGC ATC TTC CAG
240 250 260

Y
TAC G g tg a g g cca g g g a cc c g g g c a g tg c ta tg g g g a a g g a c a c c a tc g g g c c c c c a a tttc tc c c tc tc c a c c a c c c a g tg g g g a a tg g a g g c c a c a g g g  

a g g g g tc g g g g a ttc c tc a c c g tc c tg c c a g g g a g a ttg g tg tg a g g c tg g g g c tg g g c tg g g c tg a tc c g g a g a a tt tg g g a tg a g a g c a g g g a g a c ttg g t

Exon 5 G D N C I
g c tg g g c ta g c tg g c a g g a g g a g g a c a c tg a a g g a tg tttc c c a g c a c c a a a g tc tg a g g g c tg c c tc c c g c tc c c c g g a ta g  GC GAC AAC TGT ATC

270

Q K I Y Q E L A F S R P Q Q Y T S I V A E L L L N A  
CAG AAA ATC TAT CAG GAA CTG GCC TTC AGC CGC CCT CAA CAG TAC ACC AGC ATC GTG GCG GAG CTC CTG TTG AAT GCG

280 290

E L S P D A I K A N S M E L T A G S V D T  
GAA CTG TCG CCA GAT GCC ATC AAG GCC AAC TCT ATG GAA CTC ACT GCA GGG AGC GTG GAC ACG g tcaggccggcaaccagc 

300 310

cc c a c c c a g a g a g q g tg a tg c c a a g c c tg c c tc c c a g q c a c tg c c tg c c a a tg tc a c a c q q c q c c c a c q tq tc c c a tg c c c a g g c ta tg g q c c c c a c a t t tc t t
075T

a c t tg g g a t tg tg a tg tg a ta a a c a c g t t tg c a g g t tg c c a tg g t tg g a a tg g g g g g t tc c t t tc c t tc tg tg g a g g a c tc a g g g a a a c g g g g t t tg g a tg g g c

a tta g g a tt tg a a g tc t tg g g c tc tg tc g tg c tc a g g g ta tg c a tg tc tg c a c c c c tc a c a g g g a g g t tg tc c tg g g a g g g g tg tc c c g g g g g c tg a g tc c tc c

076T ->  Exon 6 T V F P L L M T L F E L A R N P
tg tg c a a g g tc tg a c c c tg c a g c tg tg tc tc c tg c a g  ACG GTG TTT CCC TTG CTG ATG ACG CTC TTT GAG CTG GCT CGG AAC CCC

320 330

N V Q Q A L R Q E S L A A A A S I  S E H P Q K A T T  
AAC GTG CAG CAG GCC CTG CGC CAG GAG AGC CTG GCC GCC GCA GCC AGC ATC AGT GAA CAT CCC CAG AAG GCA ACC ACC

340 350 360

E L P L L R A A L K E T L R
GAG CTG CCC TTG CTG CGT GCG GCC CTC AAG GAG ACC TTG CG g tg g g tg c tg g c tg a g g c c tc c c tg tg g c c c tg g c c c tg c tg g a g a g t

370

c a g c c c c c a c tg g g tg g ttg c a g a c a g a a tc tg g g c ta ta a a c a c c ta c c c a g c a g c c a tc c tg a c tg c tc tc tc g c g tc a a g g a c a g g g a g c tc t tc t tc c tc

tg g a a tc c c tc ttc a a c g c c c tg g g g a tta a c g tg g g g g c a tg tc c t tc tg c g c tc g g g g c tg c tta a g tta g g g g a g g tt tg g c c g g g c tc a g c a g g tg c a a g

g a a g c a c ttc c ta c a c c tg g g c ttc c c a tg g a tc tg g g a c c tc tg c g g g g tc ttc g g ta g g a a g g g tg c a g a g a g c a c a g g a a c c c c a tc c c a g c tg a g a c c c t

Exon 7 L Y P V G L F L E R V A S S D L V L Q  
t tc ta tg g a tg c c c c c a c c tc c a g  G CTC TAC CCT GTG GGT CTG TTT CTG GAG CGA GTG GCG AGC TCA GAC TTG GTG CTT CAG

380 390

N Y H I P A G
AAC TAC CAC ATC CCA GCT GGG g tg a g tg a g c c c c a c a c c c tc g a g c tg a g a a c c tc c c tc c c c a g tc a ttc c c tg a tc c c c g c tc tg c tc c g tc c g c

400 078T

208



Exon 8
T L V R V F L Y S L G R N P A L F P R P E R Y N P  

ag ACA TTG GTG CGC GTG TTC CTC TAC TCT CTG GGT CGC AAC CCC GCC TTG TTC CCG AGG CCT GAG CGC TAT AAC CCC
410 420

Q R U L D I R G S G R N F Y H V P F G F G M R Q C L  
CAG CGC TGG CTA GAC ATC AGG GGC TCC GGC AGG AAC TTC TAC CAC GTG CCC TTT GGC TTT GGC ATG CGC CAG TGC CTT 

430 440 450

G R R L A E A E M L L L L H H
GGG CGG CGC CTG GCA GAG GCA GAG ATG CTG CTG CTG CTG CAC CAT g tg a g ca g g cccg g g ..............................(440 bp )

460

g a a ttc tg g g c c tg g g c tg ta a g g tg g g g c tg g tc a g g a a tg a a a c a g g ttg g a g g c c a g g c tg c tg t tc c c c c t tc a g c a ta a tc tc tg c a a c tt tg a g g g tc

Exon 9 V L K H L Q V E T  
tg a g a a g g c tg c a c c a c g tc g a tg g g c tg c g g a c c a a g c c a g a tg g a a a c c c g g c ttc tg tc c ta g  GTG CTG AAA CAC CTC CAG GTG GAG ACA

470

L T Q E D I K M V Y S F I L R P S M C P L L T F R A  
CTA ACC CAA GAG GAC ATA AAG ATG GTC TAC AGC TTC ATA TTG AGG CCC AGC ATG TGC CCC CTC CTC ACC TTC AGA GÇÇ 

480 490 079T 500

I N *
ATC AAC TAA tc a c g tc tc tg c a c c c a g g g tc c c a q c c tg g c a c c a g c c tc c c tt tc tg c c tg a c c c c a q g c c a c c c c tc t tc tc c c a c a tg c a c a g c t tc c  

077T

tg a g tc a c c c c tc tg tc ta a c c a g c c c c a g c a c a a a tg g a a c tc c c g a g g g c c tc ta g g a c c a g g g tttg c c a g g c ta a g c a g c a a tg c c a g g g c a c a g c tg g g g a

a g a tc t tg c tg a c c t tg tc c c c a g c c c c a c c tg g c c c t t tc tc c a g c a a g c a c tg tc c tc tg g c a g t t tg c c c c c a tc c c tc c c a g tg c tg g c tc c a g g c tc c tc g

tg tg g c c a tg c a a g g g tg c tg tg g t t t tg tc c c t tg c c t t c c tg c c tc ta g tc tc a c a tg tc c c tg t tc c tc t tc c c c tg c c a g g g c c c c tg c g c a g a c tg tc a g a

g tc a t ta a g c g g g a tc c c a g c a tc ta g a g tc c a g tc a a g ttc c c tc c tg c a g c c tg c c c c c ta g g c a g c tc g a g c a tg c c c tg a g c tc tc tg a a a g ttg tc g c c c t

g g a a ta g g g tc c tg c a g g g ta g a a ta a a a a g g c c c c tg tg g tc a c ttg tc c tg a c a tc c c c a t t t tc a a g tg a ta c a a c tg a g tc tc g a g g g a c g tg tg t tc c c c

a g c tg a tc g tg tc a g c c tc a tg c c c c tg g c c tc a tc t t tc a tg g a c c a g g c c t tg t tc c a g g a g tg g g c g t tg g g tc c tc tg c t tc c tg tg c tg tc c c c tg g g g

a a g g tc c c a a g g a tg c tg tc a g g a g a tg g a a g a g tc a tg tg g g g tg g g a a c c tg g g g tg tg g ttc c a g a a a tg ttt ttg g c a a c a g g a g a g a c a g g a ttg g g c c

a a c a a g g a c tc a g a c g a g t t t ta t tg a c ta t tc tc tg a c a

209



Appendix 5- Published CYPllBl gene sequence

Below is shown the normal CYP11B2 sequence (Accession numbers: 5’ flanking region and 

exon 1: D10170 D90429; exons 1 and 2:M32864 J05140; exons 3-8: M32880 J05140; exon 

9 and 3’ flanking: M32881 J05140). Letters above the sequence represent amino acids 

encoded in CYPllBl. Where two letters are shown (eg. R/Q) the second letter represents an 

amino acid that differs in CYPllBl. Letters below the sequence represent exonic base 

differences in CYPllBl. The numbers below the sequence indicate amino acid positions and 

underlined bases show primers used for PCR amplification, which are named as defined in 

Appendix 1.

g a a t tc tg c a  tc c tg tg a a a  t t a t c c t t c a  aaagtgaaca t a a a t a t t t t  c tc a g g ta a a  ta a a a a ttg a  g g g g a ttc g c  tg c c a a ta g a
a c tg a c t tg c  c a g a a a tg t t  t t t t a a a a g t  tc tg c a g a g a  gaaagaaaat g a ta c a g g tc  a g ca a ccc tg  a g c ta c a ta a  agaaaggaag
a g c a t t tc a g  aaggaa tcag taaagagaaa a tg a a g tc t t  t t a t t t t t t c  t t a a t c t t a a  t t g a tc ta a g  a g t t tg c ta a  aacaaaacaa
caa caa ta aa  aa taggccgg gcg cgg tg ac  tca cca ca cc  tg ta a tc c c a  g c a c t t tg g g  aggccgagg t gggcaga tca  c c tg a g g tc a
g g a g ttc g a g  a c ta g c c tg g  ccaa cacgg t gaaaccccg t c tc ta c ta a a  aa tacaaaaa t ta g c tg g g c  g tg g tg g tg g  c a c a tg c c tg
ta a tc c c a g c  ta c t tg g g a g  gctgaggcgg g a g a a t tg c t  tgaacccggg  agacagaggt cg ca g tga gc  cga ga tca ca  c c a t tg c a c t
c ta g c c tg g g  cgacagag tg  a g a c tc tg tc  tca a a a a ta a  a ta a a ta a a t a a a ta a a ta a  a ta a ta a a a a  ta a a ta a a ta  aaagccagaa
a g t g t a t t t g  a tg a tc a ta g  t t a t g t a t a t  g tg a a a tg a a  ggacagcaat ga tgcaaggg a tg g g tg a g t g g a a tta a a a  a t a t c t t a t t
a t t t a t t t a t  t t tg a g a tg g  a g t c t t g c t t  tg c tg c c c a g  g t tg g a g tg c  a g tg g g a tg a  tc tc a a c tc a  c tg c a a c c tc  c g c c tc c t tg
a t tc a a g c a t  t c a t c t tg a c  tc a g c c tg c t  gagaagccga g a tta c a g g c  a tg cg cca cc  a c a c c tg g c t a a t t t t g t a t  t t t t a g ta g a
g a c a g g g tt t  t g c c a tg t tg  gcca ggc tg g  tc tc g a a c tc  c tg a c c tc a g  g tg a tc c a c c  tg c a tc a g c c  tc c c a a a g tg  c tg g g a tg a c
a g aca tgagc c a c ta tg c c c  agcctaagaa  ta t c tg a tg a  t ta ta a a g tg  c t t g c a t t a c  c tc tg a a g c t  g t a t a g t g t t  a ta tg a a g g t
g g a g ttg g a g  a g a tg a g t t t  ta a g c g ta ta  t tg c a a a c tc  tagggcaacc actaaagaag tga gaccca g  c c tc ta g a a a  aaaaaaaaaa
a a a g g a a a tt a g c ta tc a a g  ccacgaaaag aaatggagga a c c tta a a c g  c a ta t ta c ta  a c tg a g a ta c  g tc a c t t tg a  aaaggctaca
a a c g g tg tc a  t t c c a a c ta t  a c a a c a t t t t  ggaaaaggcc a a a g ca tg g t g a tg a ta a a a  aaga tcggag  a tg tc a g g g a  c tggggcagg
agggatgagc aggcagagca c a g g t t t t c t  t t t c c t c t t t  tta a g a c a g t g a a a a ta c tc  c ta g g a tc c t  gcaaggaggg a ta c a a a tta
c a ta c a t t tg  tcaa aaccca  c a g c a tg t tg  accaccagga ggagacccca tg tg a c tc c a  g g a c c c tg g t tg a ta a c a a c  g ta tc g a g a t
t c c tc a c a tg  ga accag tgc  g c tc c tg tg g  tg g a g g g tg t a c c tg tg tc a  gggcaggggg ta c g tg g a c a  t t t t c t g c a g  t t t t t g a t c a
a t t t t g c a a t  g a a c ta a a tc  tg tg g ta ta a  a a a ta a a g tc  ta t ta a a a g a  a tc c a a g g c t c c c tc t c a tc  tc a c g a ta a g  a ta a a g tc c c
c a t c c a t t t t  a c tc c tc tc a  gccc tg gag a  aaggagaggc cag g tccca c  c a c c ttc c a c  cag ca tg g a c  c c c c a g tc c a  gaccccacgc

709V -
c t t t t c t c a g  c a tc c tc a g a  ccagcaggac ttg c a g c a a t g g g g a a tta g  g c a c c tg a c t t c t c c t t c a t  c t a c c t t t g g  c tg q g g c c tc
c a g c c ttg a c  c t t c g c t c tg  a g a g tc tc a g  gcagg tccag  a g g c c a g ttc  tc c c a tg a c g  t g a t a t g t t t  ccagagcagg t t c c tg g g tg
agataaaagg a t t tg g g c tg  aacaggg tgg  a g g g a g ca tt gga

Exon 1 M A L R A K A E V C V/M A A /V P U
ATG

1

GCA CTC AGG GCA AAG GCA GAG GTG TGC

10

GTG
A

GCA GCG
T

CCC TGG

L C/S L Q R A R/Q A L G T R A A R A /V P R T V L P F E A M
CTG TGC

C
CTG CAA AGG

20

GCA CGG
A

GCA CTG GGC ACT
G

AGA GCC GCT
C

CGG

30

GCC
T

CCT
C

AGG ACG
A

GTG CTG CCG
C

TTT GAA GCC ATG 

40

P Q/R H/R P G N R U L R L L Q M /I U R E Q G Y E H/D L H L E
CCC CAG

G
CAT

G
CCA GGC AAC AGG TGG CTG

50

AGG CTG CTG CAG ATG
C

TGG AGG GAG CAG GGT

60

TAT GAG CAC
G

CTG CAC CTG GAG
A

2 1 0



M / V H Q T F Q E L G P I  F R
ATG CAC CAG ACC TTC CAG GAG CTG GGG CCC ATT TTC AG g ta a a g c c c tc c c tg g c c c tc g c tg g g a a c a c c c a g a tc c c tc c c c c tg c tg c  
G A A

70 80
____________ 07W

c c a g g a c a c tg c c a g g c a c tc a g c a c tg c c a ttc c c a g c a g g tc c c g g c a c tc tg c a tc c tt tg g a g g a tg g g g a a g g a g tg c a g c a c a tg c tg g tc tg tg g tg

c tg cca g gg cagg gga tag tg cagag aaa accccag c tcac tgca gag aggg cagg ac tcag aag cac taa ag ttg aaa gg ttcca ggg agcca gcagg agg gc
08W

ttta g c tg tg a a g c c g c ta a tc c a g q a g c a g g g a g g g tg g a c a q g a g a c a c t t tq q a t tq q q a c tg c a q q q tg q g g cca cgag qgaca tgaccccg tccagca g

Exon 2 Y N/D L G G P/A R/G M V C V M L P E D V E K
g g c c tc c tg c ttg g c c c c a c a g  G TAC AAC TTG GGA GGA CCA CGC ATG GTG TGT GTG ATG CTG CCG GAG GAT GTG GAG AAG

G T G G C
90

L Q Q V D S  L H P C / H R M I / S L E P W V A I / Y R Q H R G H  
CTG CAA CAG GTG GAC AGC CTG CAT CCC TGC AGG ATG ATC CTG GAG CCC TGG GTG GCC ATC AGA CAA CAT CGT GGG CAC

CAC G TAC
100 110 120

K C G V F L L ^  073T
AAA TGT GGC GTG TTC TTG TT g ta a g cg g cg a g ttgg gag c tgag agc tg ggag cagg g tgg gcag cc tggg tg tag ggg gga ggcga gag agg tag  

C
130

g a c c c a a a a g c a c a tc tg c c c tg g g c c c c tg tg g tg g g c a g tg a g g g tg a g c a c c c g g c c c a g a g g a c g g c c a tc c tg tg g g g tc g c g tc tg c a c tg tg g g ttg  

g g g a a g c a g g g c g g tg g tg g a g a a a tg g g c a g g g g ca cc tc tg ca g a g a a g a cg ca g a g ca a tg a g ccc ttc tg tg ta g tg a g a a cccg c tc tg ca cca a cc tc  

g g c g g c tg c tttc tc ttg c g g tc tg g g g a c tc tc c t tc c c a ta g g tc a g a a a a c tg a g g c c c tg a g a a g g g g a c ttc c a c tg g c c c a g g tc a c a g g c tg a g ta c  

tg a g c c tg g tg ttc g c c g g g g c c a c a g c c tc c c tc a g g g c g c tc a g g g tc c c tg c a g ___

. .a a c a g g g g tc a c c tc c t t tc ttg g a g a a a a g c c c ta c c c tg tta c ta c a g g g a g g g c c tg c a tg g g tg a g g tg g tg c c a g a c ttg g g tc g c c a g g tc c c a  

g g a a tg a c c tc a g tta c c c tg tc a g c a c c tg tg g g c a g a a g c ta c a g tc tc a tc c c tg c t ta g a c c tg a g c g g c c t t tg c c c a g c a c c tg g a g g tc g c tc tg

09W -
a g a a a a g g tc tg c a g c tc g a a c a c a a a c a g g c a g c ttc ta c c a g g g c c c c a g tc a c tc c tg c a g q c c q a t tc c c c t tg gg tacaa gga gqa tggga tacgg g

Exon 3 N G P E W R F N R L R  
g tc a g g g c c tg tg tc t tg c tg g g g c g g c c tc a c a a g c tc tg c c c tg g c c tc tg ta g  G AAT GGG CCT GAA TGG CGC TTC AAC CGA TTG CGG

140

L N P D/E V L S P K/N A V Q R F L P M V D A V A R D  F S 
CTG AAC CCA GAT GTG CTG TCG CCC AAG GCC GTG CAG AGG TTC CTC CCG ATG GTG GAT GCA GTG GCC AGG GAC TTT TCC 

T A C T  C
150 160

Q A L R / K K K V L Q N A R G S L T L D V Q P S I  F H Y  
CAG GCC CTG AGG AAG AAG GTG CTG CAG AAC GCC CGG GGG AGC CTG ACC CTG GAC GTC CAG CCC AGC ATC TTC CAC TAC 

A
170 180 190

T I E  -  l ow
ACC ATA GAA G g tg tggg cca tg cg g g a a g g tcca g cccca g a g a ccc tg g a g tg g cca g g g a tg g g g a tg g a g g a c tg a a g g g a g tg tg g g g a g g ca g cc

11W -* Exon 4 A S N L A L F G E R L G L V G
ag g a g g tccg g g g c tg c c t tg tg c tc a g c a g tg c a tcc tccccq ca q  CC AGC AAC TTA GCT CTT TTT GGA GAG CGG CTG GGC CTG GTT GGC

G
200 210

H S P S S A S L N F L H A L E V M F K S T V Q L M F  
CAC AGC CCC AGT TCT GCC AGC CTG AAC TTC CTC CAT GCC CTG GAG GTC ATG TTC AAA TCC ACC GTC CAG CTC ATG TTC 

220 230

M P R S L S R W I / T S P K V W K E H F E A W D C I  F Q  
ATG CCC AGG AGC CTG TCT CGC TGG ATC AGC CCC AAG GTG TGG AAG GAG CAC TTT GAG GCC TGG GAC TGC ATC TTC CAG

C
240 250 260

Y ________ ^12 W
TAC G g tg a g g c c a g g g a c c c g g g c a g tg c ta tg g g g a a g g g a ca cca tg g g g g ccca a tttc tc cc tc tcca cca ccca g tg g g g a a tg g a g g cca ca g g g
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-  710 /711VH
a g g g g tc g g g g a ttc c tc a c c ttc c tg c c g g g g a g a ttg g tg c g a g g c tg g g g c tg g g c tg g g c tg a tc c g g a g a a tttg g g a tg a g a g c a g g g a g a ttt f lg g

«-710 /7 1 IV  -> H I042 -* Exon 5 G D N C I
tg tc g g g q c a g tc tc g g caggag gaqg acac tgaag ga tg c ttc c c a g c a c c a a g a tc ta g g g c tg tc c c c tg c tc c c tg ta c a g  GT GAC AAC TGT ATC

C
270

Q K I Y Q E L A F N/S R P Q H/Q Y T G/S I V A E L L L R/N A
CAG AAA ATC TAC CAG GAA CTG GCC TTC AAC CGC CCT CAA CAC TAC ACA GGC ATC GTG GCA GAG CTC CTG TTG AAG GCG

T G G C A  G T
280 290

E L S L/P E/D A I K A N S M E L T A G S V D T
GAA CTG TCA

G
300

CTA
C

GAA
T

GCC ATC AAG GCC AAC TCT ATG GAA

310

CTC ACT GCA GGG AGC GTG GAC ACG gtcaggccagcaaccagc

_________ «-369Y
c c c a c c c a g a g a g g g tg a tg c c a a g c c c tg c c tc c c a g c a c tg c c tg c c a a tg c c a c a c g g c a c c c a c g ttc c c c a tc c c c a g g c ta c a g g c c c c a c a tttc t

g t tg c c c tc a g c c t tc c c c c tc c t t tg t ta a g g g a tg a g a t t tg c a g g g g a g g g g a a a tg tg a g c tc c c c c tc a c a tg a g a c tg a g t t tg c a g t ta c c tg tg t

g g g g a tc c a tg c tc c a g g c tg g a a g a a a g ttg g a tg a g g c c c tg g a c a c a c a g c a g c tc tg tc c c c a c tg g a a a g c tc tg g g tg ta c a a g g a g a a g g a g g g tt

g a g a g g c a g c tg g a g g a c tc c a c tg g g c a c c c ttc c c a g tg tg c c c g g tc a c c ttg g g c c a g a a a tg ta c a tg c a tg g g a g g g c a g g g ttg tg g g g a a g g c a g

ca g c a c g g g c tc c a g c c a g tg ca g a g g g g cc tg tg g g tg ca ca g tg g g g a g a a c tca a tg g a a g ca g a g g g a g c tg g g g c tcca g a a c tccca g g a tg a tg c t

g a g g tc tg g c c c c c tt t tc ta a g g tg g c tg tg a g a a c c c g c c tg a a g a g g c tg c a g g g g a c c tg g g c c ttg g tg g a g a tg g g g g tc a g c tttg c g tg a a g a a g

tc a g g g a a tc tg g c c c a a g tg g tc a tc a a g g tt tc a g a tc c g g c g tc c c a g g g c tc tg tc g tg c tc a g g g c a tg g a tg tc tc c a c c c c tc a g a g g g a g g t tg t

c c tg g c tg g g g tg tc c c g g g g g c tg a g tc c tc c

370Y -  Exon 6 T A / V F P L L M T L F E L A R N P
tg tg c a a g g tc a g a c c c tg c a g a c a tg g c ttc tg ta g  ACA GCG TTT CCG TTG CTG ATG ACG CTC TTT GAG CTG GCT CGG AAC CCC

G T C
320 330

D / N V Q Q I / A L R K / Q E S L A A A A S  1 S E  H P Q K A T T  
GAC GTG CAG CAG ATC CTG CGC AAG GAG AGC CTG GCC GCC GCA GCC AGC ATC AGT GAA CAT CCC CAG AAG GCA ACC ACC
A GC C

340 350 360

E L P L L R A A L K E T L R  «-13W
GAG CTG CCC TTG CTG CGG GCG GCC CTC AAG GAG ACC TTG AG g tg g g tg c tg g a tg a g g c c tc c c tg tg g c c c tg g c c c c c tg c tg g a g a  

T C
370

g c a g c c c c c a c tg g g tg g tg g c a g a c a g a a tc tg g g g c tg a ta a a c a g c g tc a c c c a g c a g c c c a ttc c c c tg c a c c tg c tc ttc c tc c c c c tc a a g g tc tg g

g a g c tc t tc t tc c tc tg a a tc c c tc t tc a a c a c c c tg g g g a t ta a c g tg g g g c a tg tc c t tc tg c g c t tg g g g c t tc tc a a g t ta g g g g a g g t t tg g c tg g g c

ca g ca g g tg c a a g g a a g c a c ttc g tc a c g a c c tg g g c ttc c c a tg g g c c a g g g a g c tg tg c g g g g tc ttc g g ta g g a a g g g tg c a g a g a g c a c a g g g a g c c c c

14W -«
a tc c a g c tg a g g a c c c t t tc tg tg g a tg c c c c c a c c tc c a g

Exon 7 L Y P V G L  F L E R V V / A S S D L V L Q  
G CTC TAC CCT GTG GGT CTG TTT TTG GAG CGA GTG GTG AGC TCA GAC TTG GTG CTT CAG

C C
380 390

N Y H I P A G 371Y -« -  15W__________
AAC TAC CAC ATC CCA GCT GGG g tg a g tg a g ccccca ca ccc c tc g a g c tg a g a a c c tc c c tc c c c a g tc a t tc c c tg a tc c c tg c tc tg c a c c g  

400

Exon 8 T L V  Q/ R V F L Y S L G R N  A / P A L  F P R P E R Y  
tc c g c a g  ACA TTG GTA CAG GTT TTC CTC TAC TCG CTG GGT CGC AAT GCC GCC TTG TTC CCG AGG CCT GAG CGG TAT 

G GC G T C C C
410 420

2 1 2



N P Q R W L D  I R G S G R N L / F H / Y H V P  F G F G M R Q  
AAT CCC CAG CGC TGG CTA GAC ATC AGG GGC TCC GGC AGG AAC TTG CAC CAC GTG CCC TTT GGC TTT GGC ATG CGC CAG

C C T
430 440

A617
C L G R R L A E A / V E M L L L L H H

TGC CTC GGG CGG CGC CTG GCA GAG GCA GAG ATG CTG CTG CTG CTG CAC CAC g t a a g ca g g cc tg g g ............................
T T T

450 460

A618 -*
. . c c c c t tc a g c a ta a t tg ttg c a c c tg g g a c g a tg g q a g g a a g c tg c c c c a g g tc c a tg g g c ta c tg a c c a g g c c tg a tg g a a a c c c a g c c tc tg tc c ta g

Exon 9  V L K H F /L  L/Q V E T L T Q 
GTG CTG AAG CGC TTC CTG GTG GAG ACA CTA ACT CAA 

A A C  A C
470

E D  I K M V Y  S F I L R P G/ S T/ M S / C P  L L T F R A I  N *
GAG GAC ATA AAG ATG GTC TAC AGC TTC ATA TTG AGG CCT GGC ACG TCC CCC CTC CTC ACT TTC AGA GCG ATT AAC TAG

C A T G  C C C  A
480 490 500 503

tc t tg c a tc tg c a c c c a g g g tc c c a g c c tg g c c a c c a g c t tc c c tc tg c c tg a c c c c a g g c c a c c tg tc t tc tc tc c c a c g tg c a c a g c t tc c tg a g tc a c c
___________ «- 16W__________

c c tc tg tc c a g c c a g c tc c tg c a c a a a tg g a a c tc c c c a g g g c c tc c a g g a c tg g g g c ttg c c a g g c ttg tc a a a ta g c a a g g c c a g c g c a c a g c tg g a g c g a t

c t tg c tg c a g g c c tg c c ttg tc c c c a g c c c c a c c tg g c c c c ttc tc c a g c a a g c a g tg c c c tc tg g a c a c ttg a c tc ta c tc c tc c c a g c g c tg g c tc c a g g c t

c c tc a tg a g g c c a tg c a a g g g tg c tg tg a t t t tg tc c c t tg c c t tc c tg c c ta g tc tc a c a tg tc c c tg tc c c tc tc g c c c tg g c c a g g g c c tc tg tg c a g a c a

g tg tc a g a g tc a t ta a g c g g g a tc c c a g c a tc tc a g a g tc c a g tc a a g ttc c c tc c tg c a g c c tg a c c c c a g g c a g c tc g a g c a tg c c c tg a g c tc tc tg a a a g

t tg tc a c c c a g a a a ta c g a tc c tg c a g g g ta g a c ta a a a a g g c c c c tg tg g tc a c tta ta c tg a c a c a tt t ta a g tg a ta c a a c tg a g tc tc g a g g g g c g tg tg

t tc c c c a g c tg a tc a tg tc a g c c tc a tg c c c c a g g c c tc g tc t t tc a tg g a c c a g g tc t tg t tc a a g c a g c g a g tg t tg g g tc c tc tg c t tc c tg a g c tg tc c c

c tg g a a a a g g tc c c g a g g a tg c tg tc a g g a g a tg g a a g a g tc a tg tg g g g tg g g a a c c tg g g g tg tg g ttc c a g a a a tg t tttg g g g c a a c a g g a g a c a g g a tt

g g g c c a a c a a g g a c tc a g a tg a g ttta ttg a c tc a ttc c tc tg g a a g a ta c g c a g c .
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Appendix 6- Exonic differences between 
CYPllBl and CYF11B2 genes

Given below are the exonic sequence differences between CYPllB l and CYP11B2 

genes; C YPllB l sequence is written first, followed by the corresponding sequence 

in CYPllB l. Possible explanations for the differences are given, assuming that the 

points of difference are caused by mutation of a common ancestral gene sequence. 

For discussion of the distribution of possible mutations see section 6.2..

Codon CYPllBl! CYPllB l Sequence: Possible mutation of ancestral gene

1 1 TGC GTG/ TGC ATG: “CpG deamination B2^B1

13 GCG/ GTG: “CpG deamination B2->B1

17 TGC/ TCC: Misincorporation G-»C/ C-*G

2 2 CGG/ CAG: “CpG deamination B2-B1

26 ACT/ ACG: Misincorporation T->G/ G-*T

29 GCT/ GCC: Misincorporation/ deamination “C

31 GCC/ GTC: Misincorporation/ deamination “C

32 CCT/ CCC: Misincorporation/ deamination “C

34 ACG/ ACA: “CpG deamination B2-»B1

37 CCG/ CCC: Misincorporation G-»C/ C-*G

43 CAG/ CGG: “CpG deamination B1-»B2

44 CAT/ CGT: “CpG deamination B1-B2

55 ATG/ ATC: Misincorporation G^C/ C-»G

63 CAC/ GAC: Misincorporation C^G/ G->C

67 GAG/ GAA: Misincorporation G-*A/ A->G

6 8 ATG/ GTA: Double misincorporation A-K3/ G-»A

74 GAG/ GAA: Misincorporation G^A/ A-*G

82 TAC AAC/ TAC GAC: “CpG deamination B1-^B2 
TAC GAT deamination of “C
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8 6 CCA/ GCA: Misincorporation C-»G/ G-*C

87 CGC/ GGC: Misincorporation C->G/ G-»C

96 GAT/ GAC: Misincorporation/ deamination of “C

109 TGC/ CAC: Suggests ancestral gene CGC: “CpG deamination 
B2-*B1+ B1^B2

1 1 2 ATC/ AGC: Misincorporation T-»G/ G-*T

119 ATC/ TAC: Double misincoporation A-»T/ T-*A

132 TT/ CT: Misincorporation/ deamination of “C

145 AAC/ AAT: Misincorporation/ deamination of “C

147 GAT/ GAA: Misincorporation T-^A/ A-»T

152 AAG/ AAC: Misincorporation G-*C/ C ^

153 GCC GTG/ GCT GTG: “CpG deamination B2^B1

168 TTT/ TTC: Misincorporation/ deamination of “C

173 AGG/ AAG: Misincorporation G-*A/ A-K5

2 0 2 TTA/ TTG: Misincorporation A^O/ G-*A

248 ATC/ ACC: Misincorporation/ deamination of “C

267 GC GAC/ GT GAC: “CpG deamination B2-^B1

275 TAC/ TAT: Misincorporation/ deamination of “C

281 AAC/ AGC: Misincorporation A-*G/ G-*A

285 CAC/ CAG: Misincorporation C ^ /  G-»C

287 ACA/ ACC: Misincorporation A-*C/ C-»A

288 GGC/ AGC: Misincorporation G-»A/ A->G

291 GCA/ GCG: “CpG deamination B1-*B2

296 AAT/ AAG: Misincorporation T-»G/ G-»T

300 TCA/ TCG: “CpG deamination B1-»B2

301 CTA/ CCA: Misincorporation/ deamination of “C

302 GAA/ GAT: Misincorporation A-»T/ T-^A

319 ACA/ ACG: “CpG deamination B1->B2

320 GCG/ GTG: “CpG deamination B2^B1

322 CCG/ CCC: Misincorporation G-*C/ C^G

335 CCC GAC/ CCC AAC: “CpG deamination B2-^B1

339 ATC/ GCC: Double misincorporation/ deamination of “C
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342 AAG/ CAG: Misincorporation A-»C/ C-»A

366 CGG/ CGT: Misincorporation G-*T/ T->G

374 AG/ CG: Misincorporation A->C/ C-*A

382 TTG/ CTG: Misincorporation/ deamination of “C

386 GTG/ GCG: “CpG deamination B1-»B2

403 GTA/ GTG: Misincorporation A-»G/ G-*A

404 CAG/ CGC: Suggests ancestral gene CGG:
“CpG deamination B1-»B24- Misincorporation G^C

405 GTT/ GTG: Misincorporation T^*G/ G-*T

409 TCG/ TCT: Misincorporation G-»T/ T-*G

413 AAT GCC/ AAC CCC: Suggests ancestral gene AAC GCC: “CpG 
deamination B1-*B2

414 GCC/ CCC: Misincorporation G ^ /  C-*G

422 CGG/ CGC: Misincorporation G^C/ C-»G

424 AAT/ AAC: Misincorporation/ deamination of “C

438 TTG/ TTC: Misincorporation G-»C/ C->G

439 CAC/ TAC: Misincorporation/ deamination of “C

451 CTC/ CTT: Misincorporation/ deamination of “C

458 GCA/ GTA: Misincorporation/ deamination of “C

466 CAT/ CAC: “CpG deamination B1-»B2

469 AAG/ AAA: Misincorporation G->A/ A->G

470 CGC/ CAC: “CpG deamination B2->B1

471 TTC/ CTC: Misincorporation/ deamination of “C

472 CTG/ CAG: Misincorporation T-^A/ A-»T

477 ACT/ ACC: Misincorporation/ deamination of “C

491
492

CCT GGC/ CCC AGC: Suggests ancestral sequence CCC GGC: 
“CpG deamination B1-»B2 +  B2^B1

493 ACG/ ATG: “CpG deamination B2-*B1

494 TCC/ TGC: Misincorporation C^G/ G-*C

498 ACT/ ACC: Misincorporation/ deamination of “C

501 GCG/ GCC: Misincorporation G^C/ C->G

502 ATT/ ATC: Misincorporation/ deamination “C

504 TAG/ TAA: Misincorporation G-»A/ A-Kj
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Appendix 7- CYPl 7 exonic CpG dinucleotides

The table below lists the 38 exonic CpG dinucleotides in CYPl 7, with their position 

and the result if deamination of “CpG occurred at those points. Codons marked with 

* denote points at which such mutations have been reported.

No. Codon Sequence Result if deamination of “CpG occurred

1 4 CTC GTG CTT/ ATG L4L/ V5M

2 67 CGT TGT/ CAT R67C/ H

3 76 GTC GGC GTT/ AGC V77V/ G78S

4 96 CGG TGG/ CAG R96W/ Q

5 105 GCG GCA/ GTG A105A/ V

6 109 CGT TGT/ CAT R109C/ H

7 1 1 2 ATC GCC ATT/ ACC 11121/ A113T

8 114 TTC GCT TIT/ACT F114F/A115T

9 118 GGC GCA GGT/ ACA G118G/ A119T

1 0 125 CGA TGA/ CAA R125X/ Q

1 1 128 GCG GCA/ GTG A128A/ V

1 2 138 GGC GAT GGT/ AAT G138G/ D139N

13 161 AAC GGA AAT/ AGA N161N/ G162R

14 172 TTC GTG ITT/ ATG F172F/ V173M

15 174 GCG GCA/ GTG A174A/ V

16 239' CGA TGA'/ CAA R239X/ Q

17 255 CGG TGG/ CAG R255W/ Q

18 300 GGC GTG GGT/ ATG G300G/ V301M

19 329 TAC GAG TAT/ AAG Y329Y/ E330K
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2 0 340 CGC TGC/ CAC R340C/ H

2 1 347 CGT TGT/ CAT R347C/ H

2 2 349 CGT TGT/ CAT R349C/ H

23 358 CGA TGA/ CAA R358X/ Q

24 362 CGC TGC/ CAC R362C/ H

25 365 CCC GTG CCT/ ATG P365P/ V366M

26 376 AAC GTT AAT/ ATT N376N/ V377I

27 381 ATC GGT ATT/ AGT 13811/ G382S

28 398 GCG GCA/ GTG A398A/ V

29 409 CCG CCA/ CTG P409P/ L

30 416 CGT TGT/ CAT R416C/ H

31 421 GCG GCA/ GTG A421A/ V

32 428 CCG CCA/ CTG P428P/ L

33 435 TTC GGA TTT/ AGA F435F/ G436R

34 440' CGC TGC/ CAC R440C/ H

35 449 CGC TGC/ CAC R449C/ H

36 463 TTC GAC TTT/ AAC F463F/ D464N

37 486 ATC GAC ATT/ AAC 14861/ D487N

38 496' CGC TGC'/ CAC R496C/ H
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Appendix 8- Conserved elements of P450 enzymes

All mitochondrial P450s have a leader peptide of around 20-30 amino acids which is 

required to target the enzyme to the mitochondria, as discussed in section 1.3.2. In 

contrast microsomal P450s have a hydrophobic N-terminal signal peptide, which 

targets them to the membrane of the endoplamic reticulum. The amino acid 

sequences involved in these N-terminal targetting regions are shown in Figure A 8 a.

The region of highest amino acid homology in P450 enzyme sequences forms the a- 

helix, termed helix L, to which the cysteine for the haem ligation is joined (Figure 

A8 b). The cysteinyl thiolate is bracketed on either side by an invariant phenylanine, 

F350 in CYPlOl and a hydrophobic residue, L358 in CYPlOl, which is either a 

leucine or isoleucine in microsomal P450s and valine in CYPl 1 A. The close 

proximity of helix L to the haem disc requires a glycine, the amino acid with the 

smallest side chain, to be present at the N-terminal of the helix. Six residues in from 

the invariant glycine, a glutamate is always present. It has been proposed that this 

conserved glutamate in helix L hydrogen bonds via 3 H2O molecules to a threonine 

residue, which is located a highly conserved amino acid sequence of helix I (Table 

A8.2) (Poulos et al, 1985). This interaction maintains the L and I helices in a 

parallel orientation, with the haem embedded between the proximal helix L, and distal 

helix I. This arrangement differs from other haem proteins, such as globins and 

cytochrome c peroxidase, where the proximal and distal helices are antiparallel and 

the haem is ligated to a C-terminal histidine (Ten Eyck, 1979; Poulos et al, 1980).

The haem propionate and vinyl groups interact with four amino acids, Arg 112, 

Asp 297, Arg 299 and His 355 in CYPlOl. The equivalent haem binding residues 

in the adrenal steroidogenic P450s were obtained from the alignment created for this 

thesis (see Figure 6.4b) and are shown in Table A8.1 along with those for CYP102. 

Mutations that alter these key binding residues have been shown to cause loss of 

enzyme function, such mutations include R448H and R384Q in CYPl IBl and R440H 

in CYP17 (see section 1.4).
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Figure A8a: N-terminal leader peptides o f  steroidogenic P450s

N-terminal leader peptides o f mitochondrial P450s:

+ +  +  + -  +  + 
MLAKGLPPRSVLVKGYQTFLSAPREGLGRLRVPTGEG........................... CYP11A

+  +  -  +  +  +
MALRAKAEVCMAVPWLSLQRAQALGTRAARVPRTVL..............................C Y PllB l

+ +  -  +  +  +  +
MALRAKAEVCVAAPWLCLQRARALGTRAARAPRTVL..............................CYPl 182

N-terminal signal peptides o f microsomal P450s:

+ + +  +  +
MWELVALLLLTLAYLFWPKRRCPGAKYPKSLLSLP.....................................CYPl 7

+ +  +  +
MLLLGLLLLPLLAGARLLWNWWKLRSLHLPPLAPG.....................................CYP21

In the above figure amino acids with basic side chains are marked with a +  and those with acidic side 
chains are marked with a -, to denote charged residues. For single letter amino acid code see 
Appendix 2.

Figure A8b: Helix L and haem binding region:

HELIX L

*  * *  *

FGHGSHL-CL-GQHLARREIIVTLKEWLTR............. .............CYP101 r e s id u e s 3 5 0 -3 7 7

FGUGVRQ-CL-GRRIAELEMTIFLINMLEN............. .............CYP11A r e s id u e s 4 5 5 -4 8 2

FGFGMRQ-CL-GRRLAEVEMLLLLHHVLKH............. ............. CYP11B1 r e s id u e s 4 4 3 -4 7 0

FGFGMRQ-CL-GRRLAEVEMLLLLHHVLKR............. ............. CYP11B2 r e s id u e s 4 4 3 -4 7 0

FGAGPRS-CI-GEILARQELFLIMAULLQR......................... C Y P l7 r e s id u e s 4 3 5 -4 6 2

FGCGARV-CL-GEPLARLELFWLTRLLQA......................... CYP21 r e s id u e s 4 2 1 -4 4 8

FGNGQRA-CI-GQQFALHEATLVLGMMLKH......................... C Y P l02 r e s id u e s 3 9 3 -4 2 0

In the above diagram the helix L region o f seven P450s enzymes is shown, with the underlined amino 
acids indicating the helix. Asterisks * , mark conserved amino acids. The name o f the P450 is given 
to the right, along with the residue numbers for this region.
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Table A8.1: Contacts to haem propionate and vinyl groups.

Protein
region

of
contact

P450 Enzyme

CYPlOl CYPl 1A C Y P llB l CYP11B2 CYP17 CYP21 CYP102

Helix C R112 R151 R141 R141 R125 R120 HlOO

8-Pair 
after 
helix K

D297

R299

L394

R396

L382

R384

L382

R384

1371

H373

L363

H365

L332

K334

Beside
thiolate
cysteine

H355 R460 R448 R448 R440 R426 R398

Table A8.2: Conserved region o f helix I believed to be involved in proton donation to haem.

P450 Enzyme

CYPlOl CYPl 1A C Y P llB l CYP11B2 CYP17 CYP21 CYP102

T252 T330 T318 T318 T305 T295 T267

D251 D329 D317 D317 E304 E294 E266

G249 G327 S315 S315 G302 G292 G264

G248 G326 G314 G314 A301 G291 A2478

Table A8.3: Hydrophobic contacts to haem via 8-pair after helix K
(contacts to haem propionate and vinyl group indicated by *).

P450 Enzyme

CYPlOl CYPl 1A C Y P llB l CYP11B2 CYP17 CYP21 CYP102

P367 P360 P328

V295 V392 L380 L380 M368 L361 A329

A296 T393 F381 F881 L369 A362 F330

D297* L394* L382* L382* 1370* L363* S331

G298 Q395 E383 E383 P371 P364 L332*

R299* R396* R384* R384* H372* H365* Y333

1300 Y397 V385 V385 K373 R366 A334

L301 L398 A3 86 V386 A374 T367 K335*
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The edge of the haem is surrounded by apolar residues in the interior of the P450 

enzyme. Residues interacting with the haem edges extend from one strand of a B-pair 

structure, residues 294-299 in CYPlOl (Table A8.3). The haem is thus completely 

surrounded, with no edge accessible to the molecular surface. The closest approach 

to the haem occurs at the proximal face, a distance of about 8 Â. This corresponds 

to the upper part of the redox partner docking site. The proximal face of the haem 

is masked, however, by the hydrophobic residues bracketing the thiolate; equivalent 

to CYPlOl F350 and L358 (Poulos et al, 1985). This could suggest that a 

conformational change occurs on binding of the redox partner that alters the position 

of these two hydrophobic residues.

A buried haem is also found in other known haem enzyme structures, catalase 

(Murthy et al, 1981) and cytochrome c peroxidase (Poulos et al, 1980), but sharply 

contrasts with the exposed haem edges found in the true cytochromes (Salemme, 

1977). This means that unlike cytochromes, P450s must accept electrons via a 

hydrogen bonding path involving protein groups of the redox partner and P450 

enzyme (Poulos et al, 1985).

The threonine, T252 of CYPlOl, which links the two main P450 helices, is usually 

located four residues away from a glycine, G248, and is always linked to an acidic 

amino acid (Table A8.2). In microsomal P450s, such as CYP17, the acidic amino 

acid is glutamic acid, whilst in mitochondrial and most bacterial P450s, including 

CYPllB enzymes, it is aspartic acid. The aspartic or glutamic acid residue is 

positioned in close proximity to the haem. It has been suggested that this acidic 

residue may act to provide one of the protons that catalyze the cleavage of the 0 - 0  

bond of molecular oxygen (Poulos & Raag, 1992). The other proton required for the 

reaction may come from the internal solvent channel linking T252 to E366 of 

CYPlOl or other acidic amino acids close to the haem (Raag et al, 1991). No 

internal solvent channel exists in GYP 102, yet the threonine and glutamic acid 

residues are conserved (T268, E267 and E409 in CYP102). It is believed, however, 

that T268 in CYP102 may donate protons to iron bound oxygen during catalysis. A 

water molecule lies in a groove in helix I, which is formed by hydrogen bonding
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between T268 and the carbonyl oxygens of A264 and G265. This water molecule 

may accept protons from E267, which is exposed to the solvent in CYP102, pass 
them on to T268, which then protonates the dioxygen at the haem (Ravichandran et 

aU 1993).

An invariant acidic amino acid residue also occurs at the C-terminal of helix K, E288 

in CYPlOl, three residues away from an invariant arginine, R292 (Table A8.4). This 

region precedes the B-pair formed by residues 294-299, which is involved in contacts 

to the haem. As such the conserved glutamic acid residue would be close to the haem 
and may be important to the structure of the P450 active site, or possibly play a role 
in P450 mediated reactions. Another highly conserved region involves a solvent 
exposed loop above the haem (Table A8.5), which again may be important to the 

structure of P450 enzymes.

The residues involved in substrate binding define the enzyme specificity and would 
be expected to vary from enzyme to enzyme. The general features of substrate 
binding are shown by the recent analysis of GYP 102 carried out by Ravichandran et 
al (1993). The active site of CYP102 is accessible through a long hydrophobic 
channel, lined with hydrophobic residues. This is the substrate binding site. A 
phenylalanine residue, F87, lies at the bottom of the substrate binding pocket of 
CYP102, with its phenyl ring almost perpendicular to the porphyrin ring of the haem 
group. It is thought that this residue may be important in attracting the hydrophobic 
end of the substrate into the active site. In CYPlOl a tyrosine occurs at position 96 

within this region and is believed to have the same function of sequestering the 

substrate to the bottom of the binding pocket (Poulos et al, 1985). The adrenal 
steroidogenic P450s all have a corresponding aromatic or hydrophobic residue in a 

similar position (Table A8.6).

At the entrance of the substrate binding pocket of CYP102, an exposed hydrophobic 
patch is formed by the side chains of F l l ,  L14, L17, P18, P45, and A191. These 

hydrophobic residues may be important for initial docking of a lipophilic substrate 
since they are solvent-exposed, mobile and located adjacent to the binding pocket. 
Similar hydrophobic patches may occur in other P450s, but have not been identified 

to date. Tables A8.6-A8.8 show elements of substrate binding presumed to be 

involved in substrate binding in the adrenal steroidogenic P450s, CYPlOl and 
CYP102.
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Table A8.4: C-terminal of helix K (only invariant residues are numbered).

P450 Enzyme

CYPlOl C Y P llA C Y P llB l CYP11B2 CYP17 CYP21 CYP102

E K K K R A N

E287 E383 E371 E371 E358 E351 E319

L T T T V V A

L290 L385 L373 L373 L361 L353 L322

R291 R386 R374 R374 R362 R354 R323

R L L L L L L

F H Y Y R R W

S P P P P P P

Table A8.5: Solvent exposed loop close to haem (only conserved amino acids are numbered).

P450 Enzyme

CYPlOl C Y P llA C Y P llB l CYP11B2 CYP17 CYP21 CYP102

F P337 P425 P425 P412 P414 P376

S T Q Q E D E

R342 R439 R427 R427 R416 R408 R378

Q W W W F F F

K L L L L L E

V S D D N E N

s K I I P P P
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Table A8.6: Hydrophobic substrate sequestering region before helix C and near haem (amino acids 
presumed to participate in locating substrate at haem are marked by *).

P450 Enzyme

CYPlOl C Y P llA C Y P llB l CYP11B2 CYP17 CYP21 CYP102

Y96* G G G G G G

D V V V I D L

I L140* F130* F130* A Y112* F87*

F L L L F114* S T

P K L L A L S

T K N N D L W

Table A8.7: Residues involved in substrate specificity on C-terminal end o f helix F, which interact by 
van Der Waals forces with residues o f a loop between the C-terminal 8-pair.

P450 Enzyme

CYPlOl C Y P llA C Y P llB l CYP11B2 CYP17 CYP21 CYP102

M R W W T G A

T185 L257 T248 1248 L229 L223 M185
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Table A8.8: Residues on helix I, which occur above the haem in the active site.

P450 Enzyme

CYPlOl C Y P llA C Y P llB l CYP11B2 CYP17 CYP21 CYP102

R A A A T M Y

M N N N T A Q
C V S S I A I

G T M M G V I

L E E E D D T

L M L L I L F

L L T T F L L

V A A A G I I

G G G G A G A

The structure of the haemoprotein domain of CYP102 also defines a putative docking 

site for the NADPH-dependent reductase, a rectangular depression close to the haem. 

Several conserved arginine and lysine residues that protrude into this depression may 

be important for docking the reductase, K281, K288, R295 and K308, these 

correspond to H319, K326, R339 and R348 in CYP17 and H309, R316, H323 and 

R341 in CYP21. As would be expected these residues are not conserved in CYPlOl 

or the mitochondrial P450s, which use a different redox partner. A second set of 

lysines and arginines are conserved in these P450s in the same region: corresponding 

to R344, R353 and K378 in CYPllA.
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