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Abbreviations

The nomenclature of complement components is that recommended by 

the World Health Organization (1968, 1981). Activated components are 

indicated by bar, e.g. Cl. The one and three letter codes for amino 

acids are as recommended by the IUPAC - IUB Commission on the Biochem­ 

ical nomenclature (1969). Restriction enzymes are referred to by the 

three letter nomenclature of Smith & Nathans (1973). The remaining 

abbreviations are listed in alphabetical order below, or defined in the 

text when they are first used.

A-OQ, A , etc. - Absorbance at 280, 600 nm etc. 

ACTH - Adrenocorticotropic hormone 

B - Corticosterone 

bis-acrylamide - N 1 , N' -methylene bis-acrylamide 

BSA - Bovine serum albumin 

C - Complement 

C - n - Carbon atom 

cDNA - Complementary DNA 

CMO - Corticosterone methyl oxidase 

cDNA - Complementary DNA 

DNA - Deoxyribonucleic acid 

DEAE - Diethylaminoethyl 

DHEA - Dehydroepiandrosterane 

dNTP - Deoxyribonucleoside triphosphate

(A, C, G or T specified instead

of N where appropriate) 

ddNTP - Dideoxynucleoside triphosphate

(N = A, G, C or T) 

DOC - Deoxycorticosterone



m

DTT

EDTA

EtOH

F

HBS

HLA

Hepes

HSD

MHC

mRNA

NaOAc

nm

OD

21-OHase

OH

PBS

rATP

RNA

rRNA

SLE

1 X SSC

1 X TBE

TEMED

Tris 

U

- Dithiothreitol

- Ethylendiaminetetraacetic acid

- Ethanol

- Cortisol

- Hepes buffered saline

- Human leucocyte antigens

- N-2-hydroxyethylpiperazine-N'-2- 

ethanesulphonic acid

- Hydroxysteroid dehydrogenase

- Major Histocompatibility Complex

- Messenger RNA

- Sodium acetate

- Nanometre

- Optical density

- 21-Hydroxylase

- Hydroxyl

- Phosphate buffered saline

- Adenosine triphosphate

- Ribonucleic acid

- Ribosomal RNA

- Systemic lupus erythematosus

- 150 mM NaCl / 15 mM Na citrate, 

pH 7.0

- 90 mM Tris / 90 mM Boric Acid / 

2.5 mM EDTA, pH 8.3

- N, N, N', N 1 - tetramethylethylene- 

diamine

- Tris (hydroxymethyl) aminoethane

- Units



IV

PUBLICATIONS

Rodrigues, N.R., Dunham, I., Yu, C.Y., Carrol!, M.C., Porter, R.R., & 

Campbell, R.D. Molecular characterisation of the HLA-linked steroid 

21-hydroxylase B gene from an individual with congenital adrenal hyper- 

plasia. (1987), EMBO Journal £, 1653 - 1661

Rodrigues, N.R., Dunham, I., Yu, C.Y., Carrol 1, M.C., Porter, R.R., & 

Campbell, R.D. Structure of the HLA linked steroid 21-hydroxylase 

genes. (1987), Biochemical Society Transactions. 15, 656 - 657

Rodrigues, N.R., Rumsby, G. & Campbell, R.D. Polymorphism of the HLA - 

linked 21-hydroxylase genes. To be published in Immunobiology of HLA 

Vol. 2, ed. Dupont, B.

Cotton, R.G.H., Rodrigues, N.R. & Campbell, R.D. Reactivity of cytosine 

and thymidine in single base pair mismatches with hydroxylamine and 

osmium tetraoxide and application to the study of mutations. Submitted 

to Proc. Natl. Acad. Sci. USA.



ABSTRACT

The Human Cytochrome P-450 21-Hydroxylase Genes

Nanda R. Rodrigues Trinity College 
Submitted for the degree of D. Phil. Michaelmas term 1987

Deficiency of the cytochrome P-450 steroid 21-hydroxylase (21-OHase) 
which causes Congenital Adrenal Hyperplasia (CAH) is a monogenic auto- 
somal recessive disorder which is linked to HLA. There are two 21-OHase 
genes in man, A and B, and they are mapped to the HLA class III region % 
3 kb 3' to the complement genes C4A and C4B, respectively. Two genes 
encoding 21-OHase were isolated, characterized and sequenced. Both 
21-OHase genes are ^ 3.3 kb in length and are split into 10 exons by 
nine introns. Comparison of the two genes showed that although they are 
highly conserved, there are three deleterious mutations in the 21-OHase 
A gene which cause frameshifts and introduce in phase premature termina­ 
tion codons. Thus the 21-OHase A gene is a pseudogene.

Comparison of the 21-OHase B gene to the other cytochrome P-450 seque­ 
nces revealed that although the cysteine-429 was conserved in 21-OHase, 
there is very little homology with other cytochrome P-450, indicating it 
belongs to a separate family of genes within the superfamily. Clear 
evidence of polymorphism in 21-OHase is apparent on comparison with 
other 21-OHase B sequences. There is a size polymorphism of 494 and 495 
ami no acids.

The differing severities of 21-OHase deficiency in CAH may be due to 
allelic variants of the 21-OHase B gene, since in most cases the defect 
is not due to gene deletion (Rumsby ^t_ jil_., 1986). A 21-OHase B gene 
from a patient with CAH was characterized and sequenced. There were 13 
nucleotide alterations in his single 21-OHase B gene, one of which at 
codon 269 caused a serine to change to a threonine residue.

The G + C transversion in the 21-OHase B gene from the patient at codon 
269 introduced a new Ncol restriction site into the gene. This restric­ 
tion fragment length polymorphism (RFLP) was used to study other pat­ 
ients with CAH and normal individuals. The Ncol RFLP was found not to 
be confined to the 21-OHase B gene but was also present in some 21-OHase 
A genes. It is likely therefore that the mutation occurred in the 
pseudogene first and then transferred to some 21-OHase B genes.
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1.1 GENERAL INTRODUCTION 

Several human metabolic disorders are inherited as autosomal 

recessive traits. In many of these genetic disorders, translation of 

the faulty genetic information results either in the production of a 

defective or abnormal enzyme or no enzyme at all. This is expressed 

physiologically as the lack of a particular enzymatic activity. The 

cl inical manifestation of the disorders are usually the resul t of an 

accumulation of metabolic intermediates that cannot be processed in a 

normal manner because the appropriate enzyme activity is lacking. 

Congenital adrenal hyperplasia (CAH) is a family of inherited disorders 

of adrenal steroidogenesis (Finkelstein and Shaefer, 1979) resulting 

from deficiency of any of the several enzymes necessary for normal 

cortisol synthesis. 

The first description of the manifestation of this disorder goes as 

far back as 1865 when Luigi De Crecchio described an autopsy of a 

cadaver which looked typfcally male on the outside, but the internal 

organs were that of a normal female including a vagina, uterus tubes and 

ovaries. 

Over the past 30 years, CAH has been divided into several distinct 

forms based on deficiencies of discrete enzymatic functions of steroidal 

biogenesis which involve synthesis of steroid hormones such as cortisol 

and aldosterone. Cortisol fs synthesized from cholesterol in the zona 

fasciculata of the adrenal cortex in five enzymatic steps. The C-22,27 

side chain is cleaved to form pregnenolone, the 3S hydroxyl is dehydro­

genated yielding progesterone which is successively hydroxylated at the 

17a, 21, lIS positions to yield cortisol (Finkelstein & Shaefer, 1979). 

All these steps except for 3S-dehydrogenation require specific 



cytochrome P-450 enzymes. These are heme containing enzymes with mole­ 

cular weights of about 50000 which act as terminal oxidases of NADPH 

dependant electron transport pathways. Impairment of 21-hydroxylation 

is the most common enzymatic deficiency observed in CAM and the most 

common cause for ambiguous genital ia and salt-wasting in newborns.

21-hydroxylase (21-OHase) deficiency is linked to the major histo- 

compatibility complex (HLA) on the short arm of human chromosome 6 and 

is inherited as a monogenic autosomal recessive trait (Dupont et al., 

1977). There are two 21-OHase genes in man (White et_ aj_., 1984b) and 

they have been mapped to the HLA class III region together with the 

genes encoding the serum complement proteins C2, Factor B, C4A and C4B 

(Carroll et a]_., 1984b).

Four distinct clinical manifestations of 21-OHase deficiency have 

been identified; simple virilizing, salt-wasting, late onset and cryptic 

(New and Levine, 1984). Simple virilizing due to excessive production of 

fetal androgens and salt-wasting due to aldosterone deficiency are 

classical forms of 21-OHase and have shown significant association with 

HLA Bw47 and to a lesser extent with HLA B51 / 5, B53 and B60. Linkage 

disequilibrium has also been reported for the nonclassical forms of 

21-OHase deficiency, with a significantly increased frequency of the HLA 

haplotype B14, DR1 in both the late onset and cryptic forms. To under­ 

stand the pathophysiology of 21-OHase deficiency it is essential to know 

the mechanism and regulation of adrenal steroidogenesis.

1.2 Steroidogenesis in Man

The two primary organs responsible for the secretion of hormonal 

steroids in man are the adrenal cortex and the gonads. The adrenal 

synthesizes three main classes of hormones: mineralocorticoids (17-deoxy 

pathway), glucocorticoids (17-hydroxy pathways), and sex steroids



(Finkelstein & Shaefer, 1979). The primary, if not exclusive, precursor 

of steroid hormones is cholesterol. The biosynthesis of steroids is 

depicted in Figure l.la.b.

1.2.1 Mineralocorticoids (17 Deoxy Pathway)

The first step in the biosynthesis of steroids is the conversion of 

cholesterol to pregnenolone (Simpson & Boyd, 1968) (Figure 1.1). 

Adrenocorticotropic hormone (ACTH) acts on the adrenals to increase the 

conversion by binding to the receptors on the external membranes of 

adrenal cortical cells, stimulating increased synthesis of adenosine - 

3',5' - monophosphate (cyclic AMP). Cyclic AMP activates adrenal 

cellular phosphoprotein kinases which catalyze the side chain cleavage

converting cholesterol to pregnenolone (Garren e_t ^1_., 1971).

5 Pregnenolone, a A- steroid, is converted to a biologically active

4 A- steroid, progesterone, by the enzymes 36 - hydroxysteroid dehydro-

genase (3B-HSD) and A » -oxosteroid isomerase (Koritz, 1964). Progest­ 

erone is then hydroxylated at the C-21 position by the enzyme 21-hydro- 

xylase (P450c21) (Ryan & Engel, 1957) to form deoxycorticosterone, an 

active salt-retaining hormone. When deoxycorticosterone is hydroxylated 

at the C-ll position by llB-hydroxylase (P450cll) (Suhara e^ _aj_., 1978), 

corticosterone, which is a weak mineralocorticoid, is formed. Cortico- 

sterone is the precursor of aldosterone, the most potent salt-retaining 

hormone. The enzyme system catalysing the conversion of corticosterone 

to aldsterone is found almost exclusively in the zona glomerulosa 

(Ulick, 1976), and occurs in two stages. The first step is that of 

18-hydroxylation (Pasqualini, 1964) requiring corticosterone methyl 

oxidase I activity which uses P450cll. This enyzme thus 11-hydroxylates 

17-hydroxysteroids and both 11- and 18-hydroxylates 17-deoxysteroids. 

The final step in aldosterone synthesis is a further oxidation of the



Figure l.lfl

Simplified scheme for adrenal steroidogenesis showing the synthesis 

of mineralocorticoids, glucocorticoids and sex hormones from chole- 

strol. Each hydroxylation step is indicated and the newly added 

hydroxyl group is circled. DOC, deoxycorticosterone; B, cortico- 

sterone; S, 11-deoxycortisol; F, Cortisol; DHEA, dihydroepiandro- 

sterone. 17-OH, 21-OH, 11-OH, CMOI, CMOII indicate hydroxylase 

activities mediated by specific cytochrome P-450s; the cholesterol 

desmolase (or P-450-side chain cleavage) and 17, 20 lyase steps are 

also mediated by P-450s. 3B-HSD is 33-hydroxysteroid dehydrogenase, 

which is not a P-450 enzyme (New & Levine, 1973).
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18-hydroxyl group to an aldehyde. The enzyme responsible for this 

activity, which has been called corticosterone methyl oxidase II again 

requires P450cll (Yanagibashi _et al_., 1986).

1.2.2 Glucocorticoids (17-Hydroxy Pathway)

Glucocorticoid synthesis requires hydroxylation at the C-17 posi­ 

tion. The conversion of pregnenolone and progesterone to 17-hydroxy- 

pregnenolone and 17-hydroxyprogesterone by 17or-hydroxylase (P450cl7) 

occurs in the inner adrenal zona fasciculata (Kremers, 1976). A virtual 

absence of 17o-hydroxylase activity was demonstrated in the bovine zona 

glomerulosa (Harkins et al., 1974). A similar pattern of 17o-OHase 

activity is believed to exist in the human adrenal cortex and it is 

generally accepted that glucocorticoids and adrenal androgens, both of 

which depend on 17-hydroxylation for their synthesis, originate predomi­ 

nantly in the zona fasciculata. When 17-hydroxyprogesterone undergoes 

21-hydroxylation, 11-deoxycortisol is formed. 11-deoxycortisol is 

further hydroxylated at C-ll by P450cll to form cortisol, the most 

potent glucocorticoid in humans.

1.2.3 Sex Hormones

The main unconjugated C-19 steroid secreted by the adrenal cortex 

is dehydroepiandrosterone (DHEA). It results from the side-chain 

cleavage of C-21 steroid, 17-hydroxypregnenolone, by the action of a
c

desmolase enzyme. DHEA, a A -steroid with little androgenic activity, 

is converted to A -androstenedione, a moderately active androgen, by the 

38-hydroxysteroid dehydrogenase and isomerase enzymes. A -androstened­ 

ione is reduced at the C-17 position to form testosterone. Testosterone 

is converted peripherally by the S^-reductase enzyme to dehydrotestos- 

terone. Both testosterone and dehydrotestosterone have androgenic



activity, affecting different target tissues (Siiteri & Wilson, 1974; 

Peterson et_ al., 1977).

1.2.4 Mechanism of Adrenal Steroid Regulation

The circulating level of plasma cortisol mediates the hypothalamic- 

pituitary-adrenal feedback system. As cortisol is the primary feedback 

inhibitor of ACTH in man, decreased cortisol secretion results in 

enhanced ACTH secretion. In CAH where an enzyme deficiency causes im­ 

paired cortisol synthesis, there is excessive ACTH secretion and hyper- 

plasia of the adrenal cortex (New e_t aK, 1982) (Figure 1.2).

Aldosterone secretion is primarily regulated via the renin-angio- 

tensin system which is responsive to the state of electrolyte balance 

and plasma volume (New & Peterson, 1966). Aldosterone secretion is also 

stimulated directly by high serum K concentration.

It has been proposed that the zona glomerulosa and the zona fasci- 

culata behave as two separate glands with respect to regulation and 

secretion (New & Seaman, 1970). This concept suggests that ACTH regu­ 

lates steroidogenesis in the fasciculata by stimulating secretion of 

cortisol, corticosterone and androgens; while that of the glomerulosa is 

regulated by the renin-angiotensin system where angiotensin stimulates 

aldosterone secretion, with ACTH presumably exerting only a secondary 

influence on the secretion of aldosterone by the glomerulosa (Ganong et 

aj_., 1974; Ganong _e_t £L, 1966; Mason et_ aj_., 1979). While the zona 

fasciculata lacks the enzyme necessary for the terminal step of aldo­ 

sterone synthesis, the zona glomerulosa lacks the 17a-hydroxylase 

activity required for the production of 17-hydroxycorticoids and andro­ 

gens.



Figure 1.2

The regulation of cortisol secretion in normal subjects and in 

patients with congenital adrenal hyperplasia. Cortisol being the 

primary feedback inhibitor of ACTH, decreased cortisol synthesis due 

to enzymatic deficiency in CAM (indicated by a horizontal bar) 

causes excessive ACTH secretion and hyperplasia of the adrenal 

cortex (New & Levine, 1973).
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1.2.5 Fetal Sexual Development

Normal differentiation of male genitalia is dependent on two 

functions of the fetal testis (Jost, 1971).

(a) Secretion of the androgen testosterone, which stimulates the 

Wolffian ducts to develop into the male internal genitalia and which is 

reduced in the target tissue to dehydrotestosterone. Dehydrotestos- 

terone causes differentiation of the male external genitalia. In the 

male the normal source of androgen is the fetal testis but androgen from 

the adrenal or exogenous sources can cause masculinization of the 

external genitalia.

(b) Secretion of a nonsteroidal substance (Josso,1977) which inhibits 

Mullerian duct development such that normal males are born without a 

uterus. Since the fetal ovary secretes neither testosterone nor the 

inhibiting factor necessary to inhibit Mullerian structures, the normal 

female is born without male external genitalia (i.e. with female 

external genitalia) and without Mullerian repression (i.e. with a 

uterus and Fallopian tubes). Thus the ovary does not play a determining 

role in sex differentiation.

Female fetuses exposed to high levels of androgen consequent to 

CAM, an androgen-producing tumour in the mother, or administration of 

androgens to the mother, manifest virilization of the external genitalia 

but have normal internal female genitalia.

1.3 Biochemistry of 21-Hydroxylase

Of all the hydroxylases participating in the biosynthesis of 

adrenal steroids,the enzyme steroid 21-hydroxylase [21-OHase; steroid 

hydrogen-donor: oxygen oxidoreductive (21-hydroxylating) EC 1.14.99.19] 

is the most extensively studied. Unlike most of the other enyzmes 

involved in adrenal steroidogenesis which are found in the gonads as
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well as the adrenals, 21-OHase is normally found solely in the adrenal 

cortex (Tomaoki, 1973). It was shown to be associated with the micro- 

somal fraction and it was established that NADPH and 0 2 are necessary 

for enyzme activity, the source of CL being atmospheric oxygen (Ryan 

and Engel , 1973).

21-OHase is one of the many oxygenases that function in lip id 

transformation and are recognised from their biochemical properties as 

falling in the class of red carbon monoxide-binding pigments known as 

cytochromes P-450 (Coon & Koop, 1983). The enzyme purified from porcine 

adrenocortical microsomes showed a molecular weight of 54,000 (Yuan et 

al_., 1983). The spectral properties of the enzymes were characteristic 

of cytochrome P-450s which are described in Section 1.3.1. That this 

P-450 catalyzed C21 hydroxylation of progesterone and 17-hydroxyprogest- 

erone was shown by the quantitative disappearance of the substrate in 

both cases and appearance of the corresponding 21-hydroxy steroid (Yuan 

et a]_., 1983).

1.3.1 Cytochrome P-450s

Cytochrome P-450s constitute a family of heme proteins that catal­ 

yze monooxygenase reactions. These enzymes are reduced by electrons 

from reduced pyridine nucleotides. The reduced enzyme activates molecu­ 

lar oxygen, and one atom of the oxygen is inserted into the product as a 

hydroxyl group. The stoichiometry of the hydroxylation reaction being as 

follows (Nordblom & Coon, 1977):

(P-450) 

NADPH + H+ + 180 2 + RH      > R- 18OH + H 2 180 + NADP+



The substrate is a lipophilic substance that becomes more hydrophilic as 

a result of the new hydroxyl group and is readily removed from the body 

by filtration. Lipophilic drugs are thus removed from the body by 

monooxygenation as well as metabolism of a number of substances made in 

the body such as steroid hormones and the prostaglandins. The heme- 

containing monoxygenases vary widely in substrate specificity and organ 

distribution. Several of the cytochrome P-450s are induced to high 

levels by xenobiotics while others are expressed constitutively and are 

involved with steroid or fatty acid metabolism. The extraordinarily 

broad substrate specificity of the enzyme systems results from the 

multiplicity of distinct molecular forms of the terminal oxidase cyto­ 

chrome P-450 which together form the P-450 system. The P-450 system is 

as important in defending the body against foreign chemicals as the 

immune system is in dealing with foreign pathogens (Adesnik & Atchison, 1983).

All Cytochrome P-450s have characteristic absolute absorbance 

spectra. These heme proteins show a pronounced peak at approximately 

420nm known as the Soret peak and two peaks in the region of 550nm 

(Hall, 1983). When heme proteins are reduced, the heme group combines 

with carbon monoxide (CO) which results in a shift in the Soret peak 

which in most heme proteins is confined to a few nm. In cytochrome 

P-450s, the shift in the Soret peak produced by CO is extensive and the 

peak then appears at 450 nm which gives the enzymes the name " pigment 

450 " (P-450). When a substrate binds to an enzyme to form an enzyme 

substrate complex, the conformation of the enzyme changes, and in case 

of P-450, this causes a shift in the Soret peak to approximately 390nm. 

These three spectral properties of cytochrome P-450s are important in 

studing these enzymes.

While all cytochrome P-450s share some structural features, they 

have been divided into several families on the basis of their
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characterization at the protein level. At least ten gene families are 

presently known in the P-450 superfamily and the amino acid sequence of 

a protein from any of the 10 families is ^36% similar to that from any 

of the other nine families (Nebert et al., 1987). Excluding the LI 

family in yeast and the CI family in Pseudomonas, the mammalian 

superfamily consists of at least eight P-450 gene families (Nebert & 

Gonzalez, 1987). These families include cytochrome P-450s induced by 

phenobarbital (Atchison and Adesnik, 1983), those induced by polycyclic 

hydrocarbons (Jaiswal et al., 1985), the P-450 responsible for 

cholesterol side-chain cleavage (Morohashi et. jfl_., 1984) and 21-OHase 

(White ert a]_., 1984a). Those P-450 genes considered to be in the same 

subfamily have ^68% similarity to other genes in the same subfamily. 

Where there exist more than one subfamily in the same family, the amino 

acid sequence of a protein in any one subfamily is about 40% to 65% 

similar to that in any of the other subfamilies (Nebert et_ ail_., 1987). 

Thus the cytochrome P-450 genes constitute a superfamily (Dayhoff et 

al., 1978) which is defined as a collection of genes which are similar 

in a statistically significant manner, but are less than 50% homologous. 

Genetic defects in specific cytochrome P-450 catalytic activities 

have been implicated as the cause of hereditary deficiency in cortisol 

biosynthesis by the adrenal gland (New jet al_., 1982). The conversion of 

cholesterol to the steroid hormones requires co-ordination of mitochon­ 

dria! and microsomal enzyme systems. The enzyme reactions involved are 

that of hydroxylation, dehydrogenation, oxidase, C-C cleavage, aromatiz- 

ation and isomerization. All these, with the exception of dehydrogen­ 

ation and isomerization require cytochrome P-450 enzymes. To date 13 

human P-450 genes have been cloned and the number is increasing rapidly 

(Nebert et al., 1987). These should prove useful in the diagnosis, 

treatment and understanding of numerous clinical disorders arising from 

defects in cytochrome P-450s.
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1.4 21-Hydroxylase Deficiency

CAH due to the defective 21-hydroxylation is the most common inborn 

errors of adrenal steroidogenesis affecting ^ 1 in 5000 to 1 in 15,000 

births in a severe form and 0.3% in a milder form in the general Cauc­ 

asian population. The Yupik-speaking Eskimoes of western Alaska show an 

extremely high incidence of 1/684 of classical 21-OHase deficiency 

affecting 1 in 684 births, while the Ashkenazi Jews show a 3.7% preva­ 

lence of the nonclassical 21-OHase deficiency. Other populations show 

varying prevalence of the nonclassical form such as Hispanics, 1.9%; 

Yugoslavs, 1.6%; and Italians, 0.3% (Speiser e_t a/L ,1985). Deficiency 

of the enzyme 21-hydroxylase results in decreased cortisol synthesis 

which induces increased ACTH secretion (Ganong ejt a1_., 1974). This would 

result in overproduction of cortisol precursors and sex steroids, the 

biosynthesis of which does not require 21-OHase. Early studies demon­ 

strated that patients with 21-OHase deficiency have excessive urinary 

pregnanetriol , the metabolite of 17-hydroxyprogesterone (Bongiovanni et

al., 1954, Butler and Marrian, 1937). Urinary 17-ketosteroids, which

4 result from the metabolism of dehydroepiandrosterone, A -androstenedione

and testosterone are also present in increased amounts. There are four 

distinct clinical manifestations of 21-OHase deficiencies: simple 

virilizing, salt-wasting, late onset and cryptic (New and Levine, 1984) 

(Table 1.1) and these are discussed below.

1.4.1 Simple Virilizing 21-OHase deficiency

The most prominent feature of this form of 21-OHase deficiency is 

virilization (New et al., 1982). Adrenocortical function begins with 

the third month of gestation, the fetus is therefore exposed at the 

critical time of sexual differentiation to the overproduced fetal 

adrenal androgens resulting from 21-OHase deficiency. The external
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genitalia in the female fetus are masculinized by excessive fetal 

adrenal androgens, resulting in female pseudohermaphroditism. In rare 

cases the masculinization may be so profound that the urethra is penile 

(Wilkins, 1962). Since the female fetus has no testis, Mullerian 

inhibiting factor is not produced and the female is born with an uterus 

and Fallopian tubes. The absence of the Wolffian system, despite 

increased androgen levels, suggests that the level of androgen necessary 

for Wolffian development is higher than that produced in CAH. Since CAH 

due to 21-OHase deficiency is the most common cause of ambiguous genit­ 

al ia in the newborn and because the female pseudohermaphrodite with this 

disorder has the capacity for an entirely normal female role, including 

fertility, it is very important to consider this disorder in any inter- 

sex problem present at birth. Males with this disorder do not manifest 

genital abnormalities at birth. Without treatment, both males and 

females manifest rapid somatic growth with advanced bone age, progres­ 

sive virilization resulting in early fusion of epiphysis and eventual 

short stature. Other symptoms of androgen excess include premature 

appearance of sexual hair, acne, an adult body odour and continued 

excessive growth of the penis or clitoris. Females may have polycystic 

ovaries.

1.4.2 Salt-wasting 21-OHase deficiency

Salt-wasting 21-OHase deficiency and simple virilizing 21-OHase 

deficiency together constitute the classical form of CAH. The nature of 

virilism is the same in both, but in addition there is profound aldos- 

terone deficiency which reduces sodium resorption in the renal tubule, 

resulting in hyponatremia and hyperkalemia (New et al., 1982). Life 

threatening adrenal crisis which includes low serum sodium, high serum 

potassium and vascular collapse may occur in the first few weeks of life
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and therefore must be recognised soon after birth in order for treatment 

to be administered prior to a crisis.

To explain these two forms of 21-OHase deficiency, it has been 

proposed that an enzyme deficiency may occur in the fasciculata, but not 

in the glomerulosa. This is in concert with the theory that the zona 

fasciculata and the zona glomerulosa function as two separate glands 

under different regulatory control (New and Seaman, 1970). A hypothesis 

based on the studies of New et aj_. (1981) and Kuhnle et_ al_. (1981) 

states that:

1) In both simple virilizers and salt-wasters there is a fasciculata 

defect of 21-hydroxylation in both the 17-hydroxy and 17-deoxy pathways, 

and 2) in the salt-waster there is also a defect in the 21-hydroxyl­ 

ation in the glomerulosa, while in the simple virilizer, the glomerulosa 

is spared this defect (Figure 1.3).

1.4.3 Late Onset 21-OHase Deficiency

Nonclassical symptomatic (also called late onset, attenuated or 

acquired) 21-OHase deficiency is an extremely common syndrome compared 

to classical 21-OHase deficiency and is characterized by virilization, 

menstrual disturbances and endocrinological features consistent with 

21-OHase deficiency that occur in later childhood or adolescence. 

(Decourt et_ jTL , 1957, Kohn e_t aj_. 1982). Unlike females with classical 

21-OHase deficiency, females with late onset 21-OHase deficiency demon­ 

strate no evidence of in utero viril ization and are born with normal 

vaginal and urethral orifices and no labial fusion. Both types of 

patients respond similarly to glucocorticoid treatment. This late 

manifestation of the defect raised the question whether this disorder 

was inherited or an acquired disorder distinct from CAH.



Figure 1.3

Pathway of adrenal steroidogenesis in the simple virilizing and salt 

wasting forms of congenital adrenal hyperplasia due to 21-OHase 

deficiency. There is an enzyme defect in the zona fasciculate in 

both forms of CAM. In simple virilizers, 21-hydroxylation in the 

glomerulosa is normal as opposed to defective 21-hydroxylation in 

the glomerulosa of the salt-wasters (Kunhle et i]_., 1981). Defect­ 

ive 21-hydroxylation is indicated by a thick horizontal bar across 

the arrows in the pathways.
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1.4.4 Cryptic 21-OHase Deficiency

This form of 21-OHase deficiency is classified as non-classical 

asymptomatic 21-OHase deficiency and the affected individuals show 

biochemical profiles characteristic of a mild 21-OHase deficiency 

(Section 1.5). There are no signs of virilization, abnormal puberty and 

growth or infertility (Levine et al., 1980), and apart from the bio­ 

chemical abnormalities discussed in the following section these indi­ 

viduals remain entirely asymptomatic.

It was proposed that these asymptomatic individuals had 21-OHase 

deficiency as a result of inheriting two recessive genetic defects, a 

severe 21-OHase deficiency gene and a mild nonclassical 21-OHase defi­ 

ciency allele or homozygosity for the mild nonclassical allele (Table 

1.1).

1.5 Diagnosis and Therapy of CAH

Untreated 21-OHase deficiency results in elevated levels of cort- 

isol precursors and adrenal androgens in the blood of patients. Corti- 

sol levels fall in the lower limits of detection. The most striking 

difference in patients and normal individuals is the elevation of 

17-hydroxyprogesterone, the immediate substrate for the 21-OHase enzyme. 

The levels of 17-hydroxyprogesterone in blood can be used for diagnosis 

of the disorder and for assessing the efficacy of treatment. A series

of nomograms created relating the baseline and ACTH stimulated levels of
e 4

17-hydroxyprogestrone, A androstenedione have provided hormonal stan­ 

dards to use in assignment of the type 21-OHase deficiency (New, 1985) 

(Figure 1.4). Patients with the classical 21-OHase deficiency, those 

with the nonclassical 21-OHase deficiency, obligate heterozygotes 

(parents of a patient) and normal individuals have levels of 

17-hydroxyprogesterone that plot on distinct parts of the curve although



Figure 1.4

Nomogram relating base-line to ACTH-stimulated serum concentrations 

of 17-hydroxyprogesterone. The scales are logarithmic. A regres­ 

sion line for all data points is shown. The mean for each group is 

indicated by a large cross and adjacent letter: c denotes classic 

21-OHase deficiency, v variant or nonclassic 21-OHase deficiency 

(combined mean of values in patients with cryptic and late-onset 

disease), h heterozygotes for all forms of 21-OHase deficiency, p 

general population, and u known unaffected persons (e.g., siblings 

of patients with 21-OHase deficiency who carry neither affected 

parental haplotype as determined by HLA typing). OH denotes 

hydroxyl. (New et al_., 1982)
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these do not distinguish between salt-wasters and the simple virilizers, 

or the symptomatic and asymptomatic nonclassical patients, or the 

heterozygous carriers of all the types of 21-OHase deficiency. Prenatal 

diagnosis of 21-OHase deficiency is done by detection of elevated 

concentrations of 17-ketosteroids, pregnanetriol, 17-hydroxyprogesterone 

and A androstenedione in the amniotic fluid of the affected fetus (Pang 

et aj_., 1985).

The treatment of 21-OHase deficiency consists mainly of replacement 

of the deficient steroid hormones. Physiologic doses of hydrocortisone 

suppress secretion of ACTH causing the levels of 17-hydroxyprogestrone 

and adrenal androgens to decrease into the normal range (Winter, 1980). 

In patients with salt-wasting 21-OHase deficiency, mineralocorticoid 

replacement is usually accomplished with oral fludrocortisone in a dose 

that suppresses plasma renin activity to normal levels without causing 

hypertension. Female patients with ambiguous genitalia can, with 

surgery or early therapeutic intervention, have normal psychosexual 

development and sexual function.

1.6 Genetics of CAH

Population studies have established that 21-OHase deficiency is 

transmitted as an autosomal recessive trait (Wilkins, 1962; Childs et 

al., 1956) with females and males equally at risk. With a few exceptions 

either the simple virilizing or salt-wasting form is found consistently 

within a family. Fifty to eighty percent of the patients with 21-OHase 

deficiency have the salt-wasting form (Cohen, 1969).

1.6.1 HLA Linkage

The genes for HLA (Human leucocyte antigens) which are cell surface 

antigens important in transplantation, are located in the Major Histo-
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compatibility Complex (MHC) on the short arm of chromosome 6. The MHC 

encodes three classes of proteins. The class I proteins (HLA-A, B, C) 

are encoded on the telomeric side and the class II proteins (HLA-DP, 

DZ/DO, DQ, DR) on the centromeric side of the class III proteins which 

are encoded in the middle.

Each of the loci of the HLA region is polymorphic and multiple 

alleles have been demonstrated for each locus. Each individual inherits 

one chromosome 6 from his father and one from his mother. The HLA 

genotype of an individual is written as follows:

A3, Bw47, (C6), DR7 

A2, B44, C5, DR6

in which one haplotype (A3, Bw47, (C6), DR7) is inherited from one 

parent, while the other haplotype (A2, B44, C5, DR6) is inherited from 

the other parent.

Close genetic linkage between HLA and CAH due to 21-OHase defic­ 

iency was first described by Dupont et al. (1977) and substantiated by 

Levine et al. (1978). HLA genotyping of parents and children in six 

families with one or more child affected with CAH due to 21-OHase 

deficiency showed that in five families all the affected offspring were 

HLA identical and different from their unaffected sibs. More detailed 

genetic mapping of the specific location of the 21-OHase deficiency gene 

relative to the different loci that constitute the HLA complex estab­ 

lished that the 21-OHase deficiency gene was located between the HLA-A 

locus and the centromere, but was further away from the centromere than 

the glyoxylase I (GLO I) locus (Dupont et al., 1980). The gene was thus 

mapped within 3-4 centimorgans.
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1.6.2 Genetic Linkage Disequilibrium

Not only does the 21-OHase deficiency locus show genetic linkage 

with the HLA loci, but it also shows genetic linkage equilibrium, which 

is the nonrandom association of particular alleles of different genetic 

loci. In patients with classical and nonclassical 21-OHase deficien­ 

cies, certain HLA antigens appear with either a significantly increased 

or decreased frequency relative to their frequency in the general 

population. The most significant association for classical 21-OHase 

deficiency is with HLA Bw47, where the combined relative risk is 15.4 

(Pollack et_ aj_., 1979). Slight increases have also been reported for 

Bw51, Bw53, Bw60, and DR7. The patients with the Bw47 haplotype show 

predominance of the haplotype A3 Cw6 Bw47 DR7. Several studies have 

also demonstrated that Al, B8 and DR3 are consistently decreased among 

21-OHase deficient patients (Pollack e£ al_., 1979). It was recently 

reported that some of these HLA antigen associations, are characteristic 

of the different forms of 21-OHase deficiency (Dupont et al., 1984). 

For example, B5 and B14 antigens were selectively increased among 

patients with the simple virilizing form; B40 was increased in the salt 

wasting form and Bw47 was increased in both forms. These data strongly 

suggest that simple virilizing and salt-wasting 21-OHase deficiency are 

due to different mutational defects in the 21-OHase deficiency locus.

Genetic linkage disequilibrium has also been reported for the 

nonclassical form of 21-OHase deficiency (Laron et_ _aK , 1980). Initial 

studies suggested that the late onset 21-OHase deficiency was not HLA 

linked (New j|t_ajk, 1979, Morillo & Gardner, 1979). More recent reports 

have provided evidence that this disorder is in fact genetically linked 

to HLA (Laron et aj_., 1980; Pollack £t aj_., 1981). It has been proposed 

that classical and late onset 21-OHase deficiencies are allelic variants 

(Pollack ^t al_., 1981). A significantly increased frequency of HLA-B14,
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DR1 and complement factor BfS in both late onset and cryptic 21-OHase 

deficiency has been observed (Kohn et_ a]_. , 1982; Pollack ert al . , 1981).

1.7 The Major Histocompatibil ity Complex (MHC)

The MHC is a complex of genes which control the defence of the 

immune system against foreign invaders. It is present in all verte- 

berates and the function of the MHC encoded molecules is regulation of 

cell -cell interactions during an immune response to antigen (Bodmer and 

Bodmer, 1978; Hood et_ a]_. , 1983). The MHC encodes three main classes of 

proteins.

Class I and Class II genes each encode highly polymorphic families 

of cell surface glycoproteins concerned in cell -cell recognition and 

immune regulation. Class III genes code for three complement compo­ 

nents, C4, factor B and C2 as well as steroid 21-OHase.

The MHC antigens were first demonstrated In mice and called H2 

antigens (Histocompatibil ity 2) which map to chromosome 17. In man they 

occur on the short arm of chromosome 6, in the distal position of 6p21.3 

band (Lamm and Olaisen, 1985) and are called HLA antigens. MHC mole­ 

cules were first identified as major obstacles to tissue transplantation 

(Gorer, 1937). Later the Class I and Class II molecules were distin­ 

guished, with the former performing the "transplantation antigen" 

function, and the latter the immune response (Ir) gene products (Klein 

_§_]_., 1981).

1.7.1 Class I and Class II Antigens

Class I HLA antigens are found on almost all nucleated cells and 

mediate allogenic killing and T effector cell restriction (reviewed in 

Strachan, 19'i''). They are heterodimeric complexes formed by a non- 

covalent interaction between two polypeptide chains: (1) a polymorphic



Figure 1.5

(A) Shows a portion of the short arm of human chromosome 6 and 

the location of the class I,II and III genes.

(B) Schematic diagram of the structures of class I and class II 

molecules. The membrane proximal domains (cross-hatched) shows 

sequence homology with Ig constant region domains (From Trowsdale, 

1987).
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heavy chain which is a transmembrane glycoprotein of about 45KDa and is 

encoded within the HLA complex on chromosome 6, and (2) an invariant 

light chain, 32 microglobul in of about 12KDa which is encoded at a 

single locus on chromosome 15. The a or heavy chain is composed of 

three external domains termed a,, a« and a~. The a., domain, like g 

microglobulin, resembles the constant domain of immunoglobul ins (Figure 

1.5). Differential alloantibody recognition has permitted the sero- 

logical definition of three polymorphic genetic loci which encode the 

heavy chain, the classical transplantation antigen loci, HLA-A, HLA-B 

and HLA-C. It is generally concluded from Southern blot analysis and 

cloning studies that humans have 20 to 40 class I genes (Steinmetz and 

Hood, 1983).

The exon-intron structure of the class I genes has been established 

with the available sequence data. Due to the very high level of se­ 

quence conservation between non-allelic class I genes, it is possible to 

describe a generalised organization (Strachan, 1987). There are 8 exons 

that correlate with the structural domains of the antigens. The first 

five correspond to a signal peptide, the three extracellular domains 

a,,a and a and the hydrophobic transmembrane region. However, the 

cytoplasmic segment is encoded within the exons 6-8 for HLA-A2, A3, 

A24 and Cw3, or exons 6 and 7 for the B-locus genes HLA-B7, B27, and 

Bw58 in which case exon 8 encodes only 3' untranslated sequence.

The class II antigens are primary determinants in the generation of 

proliferative responses of lymphocytes in the mixed lymphocyte culture, 

originally defined as HLA-D determinants. They are heterodimeric 

proteins like the class I antigens containing four external domains. 

These domains occur two in each chain, a a and 3,, 3 ? rather than a 

a 2» a 3 and 3 as in class I antigens. The two membrane proximal domains 

3 are typical immunoglobul in like domains and are highly
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conserved. The two membrane distal domains a. and 8, carry the polymor­ 

phic determinants.

Structurally class I and class II antigens may be very similar; 

both have four domains, of about the same size approximately 90 amino 

acids each and both contain two immunoglobulin-1ike constant domains, 

with a characteristic conserved disulphide bond, next to the cell 

membrane (Figure 1.5). This feature is shared with a number of other 

cell surface molecules, belonging to the same supergene family which 

includes the T cell receptor (Williams, 1985a, 1985b). The spacing of 

the cysteine residues in this domain is conserved in all of these 

molecules, as are some of the other key amino acids that presumably 

contribute to the folding of the immunoglobul in domain (Larhammar et 

_al_., 1982a, 1982b; T ravers et ^1_., 1984).

The class II antigens are encoded by genes in the HLA-D region. 

The genes in the HLA-D region are organised into four subregions: DP, 

DZ/DO, DQ and DR, each subregion containing at least one a/6 pair of 

genes that encode molecules of about 33,000 Mr and 28,000 Mr respec­ 

tively (Trowsdale, 1987). Another pair of genes DXa and DXB were 

positioned in the DQ region. Although the DX, DO and DZ genes seems to 

be intact and capable of functioning, there is no evidence for the 

expression of their protein products. In conclusion it appears that the 

HLA class II region codes for at least six pairs of a and 6 genes which 

presumably arose by gene duplication. Despite this complexity there are 

still only three major expressed products DP, DQ and DR and the contri­ 

butions of the other genes that have been identified are not yet clear.

1.7.2 Class III Proteins

The first evidence for the existence of complement genes within 

the HLA complex was provided in 1974 when it was demonstrated in family
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studies that the electrophoretic polymorphism of properdin factor B (Bf) 

segregated with selective HLA haplotypes (Alien, 1974). Further studies 

of pedigrees of patients with selective deficiencies for the different 

serum complement components revealed that deficiencies of the second 

(C2) (Fu et al_., 1974) and the fourth (C4) (Rittner et al_., 1975; Ochs 

et al., 1977) complement components were HLA linked. It was then 

demonstrated that the polymorphic variants of C2 (Meo _e_t aj_., 1977) and 

C4 (O'Neill et__al_., 1978a) were also HLA linked, indicating that the 

structural genes for C2 and C4 were located within the HLA complex. The 

gene for 21-OHase was located very near the C4 gene by demonstration 

that on the HLA-Bw47 haplotype both C4 and 21-OHase genes were affected 

indicating close proximity (White et_ al_., 1984c, 1985b; Carroll et al., 

1985a).

The absence of crossover between the complement genes in the class 

III region indicated that they were inherited as single haplotypes or 

"complotypes" (Awdeh jet aJL, 1983). Certain complotypes were found to 

extend through the HLA-B and D regions and were referred to as "exten­ 

ded" haplotypes of supratypes (Dawkins et _al_., 1983). One explanation 

for these "extended" haplotypes being that they were maintained in the 

population due to a suppression of recombination, as proposed for the 

murine T/t complex (Awdeh je_t eiK , 1983).

1.7.3 Molecular Mapping of the HLA region

Recent advances in recombinant DNA technology have allowed large 

regions of both H2 regions (Steinmetz et_ _al_., 1982a,b.; Winoto et al., 

1983; Muller et a]_. , 1987) and HLA complex (Malissen et a]_., 1982; 

Kaufman et aj_., 1984; Bach, 1985) to be cloned and analysed at the 

molecular level. Analysis of recombinant HLA haplotypes in family 

studies had established that the class I loci are telomeric to the class



Figure 1.6

Molecular map of the human MHC.

(A) showing overlapping cosmid clones from complement / 21-OHase and 

TNF regions. The 5'- 3' orientation is indicated by horizontal 

arrows under the genes shown as filled boxes.

(B) Shows the restriction map obtained by Southern blot analysis of 

genomic DNA separated by PFGE after single and double digests 

(Dunham et al., 1987).
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II genes. Within the class II region the DP subregion maps centromeric 

to DQ and DR. The class III genes are located between the HLA-DR and 

HLA-B loci. The molecular map of the class III region linking the 

complement genes C4, C2 and Factor B was established using overlapping 

cosmids (Carroll et a]_., 1984a,b), their order being C2, Factor B, C4A, 

C4B. The distance between the 3' end of C2 and Factor B was less than 1 

kb and the Factor B gene was approximately 30 kb away from the C4A gene. 

The two C4 genes were separated by 10 kb and 2 kb after each C4 gene was 

located a 21-OHase gene (Carroll et aj_., 1985a; White et_ a]_. ,19856).

The orientation and distance of the class III genes relative to the 

class I and class II genes had not been determined due to the absence of 

informative recombination events within the region. Recently, pulsed 

field gel electrophoresis and cosmid walking together with restriction 

enzymes that cut genomic DNA infrequently and Southern blotting have 

been used to construct a long range genomic restriction map of the MHC 

and orient the class III gene cluster with respect to the DR subregion 

(Dunham £t_ aj_., 1987) (Figure 1.6). The 21-OHase B gene is centromeric 

to the C2 gene, the distance between the 21-OHase B gene and the DRa 

locus being 300 - 360 kb, while that between the C2 and HLA-B locus is 

% 650 kb. The genes for the tumor necrosis factor (TNFa) and lymphotoxin 

(TNF&) were mapped to the HLA (Spies et al., 1986) and are located 

between the C2 and HLA-B locus, the TNFa gene lying 390 kb from the C2 

gene (Dunham et_ afl_., 1987).

The organization of the mouse MHC is very similar to that in man 

(Muller et_ a]_., 1987) (Figure 1.7). The orientation of the class III 

genes in the S region of the mouse H2 complex is the same as that in man 

with the 21-OHase B gene being nearer to the class II region and the C2 

gene nearer to the class I region. Cloned genomic DNA covering 240 kb 

have ordered the murine class III genes (Chaplin et al., 1983) with C2



Figure 1.7

Comparison of the molecular maps of the human and murine MHC (Dunham 

et£l., 1987; Muller _et _aj_., 1987; Hardy et al_., 1987).
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and Factor B genes occupying identical positions as the human genes. 

The murine Factor B gene is 50 kb away from the two C4-like loci. The 

two C4-like loci which are separated by about 80 kb encode Sip (Sex 

limited protein) and C4. Sip is 96% homologous to C4 and shares many 

structural and biosynthetic properties with C4, but it lacks C4 func­ 

tional activity. One 21-OHase gene each is located 4 kb after the Sip 

and C4 genes. There are atleast 33 class I genes in the mouse distri­ 

buted in the K, D, Qa and Tla regions. The class II genes in the I 

region code for A and E molecules. The TNF a and TNFg genes are closer 

to the class I region at a distance of about 70 kb than their human 

counterpart, which is 250 kb away from the HLA-B region. The H2-K locus 

is centromeric to the H2-I locus and is separated from the other class I 

genes on the telomeric side of the class II region. Figure 1.7 shows a 

comparison of the molecular maps of the human and murine MHC.

1.7.4 The Complement System

The complement system is a complex system composed of at least 20 

plasma glycoproteins and is found in the blood of all vertebrates. The 

principle biological function of complement is to defend vertebrates 

against most bacterial infections. Complement can be activated by two 

separate pathways, the classical and alternative pathways. Both result 

in the formation of complex proteinases and share in common the termi­ 

nal or lytic pathway, resulting in lysis of the target cell (Figure 

1.8).

In the classical pathway, initiation of activation of complement in 

blood is caused mainly by formation of antibody-antigen aggregates or by 

antibody bound to cellular or particulate antigens. Antibody 

independent activation of this pathway by retroviruses, heart mitochon- 

drial membranes and bacterial lipid A has also been described (Reid &



Figure 1.8

The two pathways of complement activation. The classical pathway is 

activated by antibody-antigen aggregates. The alternative pathway 

is activated by antibody-antigen aggregates or bacterial polysacc- 

harides.
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Porter, 1981). The alternative pathway too is activated by aggregated 

antibody, but in addition activation may also be initiated in the 

absence of antibody by polysaccharides present on the cell envelope of 

bacteria, yeast and protozoa. It is therefore thought that the alterna­ 

tive pathway provides a first line of defence against infection prior to 

an immune response.

Figure 1.8 shows the activation scheme of both pathways of comple­ 

ment. In the classical pathway, the first component of complement (Cl) 

binds to antibody-antigen aggregates or antibody bound to cells and is 

activated through its subcomponents Clq, Clr and Cls. Activated subcom­ 

ponent Cls is a proteolytic enzyme which hydrolyzes components C2 and 

C4, yielding the enzyme complex of C46, C2a comprising the major cleav­ 

age fragments of each component. The C452a complex, via its active site 

in the C2a portion, converts C3 into an activated form that associates 

with C462a to give a C452a36 complex that activates C5.

In view of the wide variety of activators of the alternative 

pathway it is postulated that the activators may all offer 'protected 

sites' for the deposition of C36 and the formation of a C36,B6 complex 

by the action of Factor D. Factor B, a serine proteinase catalyses the 

conversion of Factor B complexed with C35 and Mg 2 to form a C3 conver- 

tase C36B6. The C3 convertase can cleave C3 via the active site in 86. 

Any C3b,Bb complex in a 'protected site' would then be expected to avoid 

rapid inactivation by the control protein Factor I and its cofactor H. 

In this manner, a high turnover of C3 can be achieved and the activating 

particle could become coated with many molecules of C3B derived from 

freshly activated C3. The product of C3 convertase, C36, then associ­ 

ates with C36I36 to form a C5 convertase (C36) §6. Thus activation of 

the alternative pathway can be viewed as a disruption of the inhibitory 

effects of Factors H and I (Reid, 1986). In both pathways the activa-



25

tion of C5 is the last proteolytic step. Activated C5b remains bound to 

the C5 convertase and has the transient capacity to bind C6 and then C7 

to form CB67. This complex binds firmly to the membrane close to the 

site where complement activation was initiated. The addition of C§ and 

C§ to this complex are necessary to form the lytic complex which make 

lesions in plasma membranes, causing the cells to burst (Porter, 1979).

The control proteins of the complement pathways include Cl inhib­ 

itor, C4b binding protein (C4b-BP), Factor I, properdin, Factor H, 

complement receptor type 1 (CRl) and S protein. These play an important 

role in the control of the classical and alternative pathway complexes 

to prevent overactivation of the complement system and hence damage to 

healthy cells.

As mentioned in Section 1.7.2, three of the complement proteins are 

encoded by genes in the class III region of the MHC. These are dis­ 

cussed in more detail below.

1.7.5 Class III Genes 

a)

C2 is a single chain glycoprotein of Mr 100,000. In the classical 

pathway it is cleaved by Cls to yield two non-covalently linked frag­ 

ments. The C terminal fragment C2a of Mr 70,000 contains the catalytic 

site of the classical pathway C3 and C5 convertases. It is a serine 

proteinase with a catalytic chain twice the size of other serine pro- 

teinases, but with sequence homology around the active site serine 

residue (Gagnon, 1984). Amino acid sequence analysis of C2 (Kerr and 

Gagnon, 1982) and nucleotide sequence data (Bentley and Porter, 1984; 

Bentley, 1986) show that C2 is composed of 732 amino acids, and is 

encoded by a mRNA species of ^ 2.9 kb.

Like all glycoproteins coded for by the MHC, C2 demonstrates
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genetic polymorphism, but to a lesser extent than most other MHC pro­ 

ducts. This polymorphism in C2 has been defined by isoelectric focus­ 

ing though most individuals are homozygous for the common variant C2C 

which has a gene frequency of 0.97. In addition two rare variants, the 

acidic C2A variant (gene frequency < 1%) and the basic C2B variant (gene 

frequency 2%} have been described (Alper, 1976). No sequence informa­ 

tion is available on the different protein variants.

Deficiency of C2 is the most common of the genetic deficiencies of 

complement proteins found in man (Agnello, 1978). The disorder is 

inherited as an autosomal codominant trait found in linkage disequil- 

ibrum with certain HLA haplotypes. Recently it was shown by Southern 

blot analysis that the deficiency was not due to a major gene deletion 

or rearrangement (Cole et_ _al_., 1985). The absence of detectable C2 mRNA 

in peripheral blood monocytes from C2-deficient individuals was taken to 

suggest that C2 deficiency results from a defect in transcriptional 

processing of C2 mRNA.

b) Factor B

Factor B (Bf) is a single chain glycoprotein of Mr 90,000. It is 

activated by Factor D in the alternative pathway of activation. The C 

terminal B6 fragment of Mr 60,000 contains the catalytic site of the 

complex convertases and shows a clear homology with other serine protei- 

nases. The complete amino acid sequence of the zymogen has been deter­ 

mined by a combination of protein (Christie and Gagnon, 1983) and 

nucleotide sequencing (Morley and Campbell, 1984). Factor B variants 

are detected by agarose gel electrophoresis followed by immunofixation 

(Alper j^t _al_., 1972) In Caucasians there are four allelic forms at a 

single autosomal locus; two common variants F and S, and two rare 

alleles F, and S,. In addition up to 14 very rare variants have also
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been described in different studies in different ethnic groups (Mauff et 

al_. , 1978; Dykes et a]_. , 1983).

Electrophoretic analysis of the cleavage products of Factor B, Ba 

and Bb, has suggested that the charge difference between the F and S 

variants resides in the Ba fragment while those defining F. and S, and 

some of the rare variants reside in the Bb fragment (Alper ert aj_. , 1972; 

Mauff et_ aj_. , 1978). A comparison of the Ba fragment of the gene from 

both F and S alleles revealed two single point mutations in the coding 

region, one of which one was silent while the other resulted in an amino 

acid change from arginine in the S allele to glutamine in the F allele 

(Campbell, 1987). This would explain the difference in electrophoretic 

mobility of the two variants with the F allele carrying less positive 

charge and thus moving more toward the anode.

The human Factor B gene structure has been completely determined. 

It is 6 kb in length and is split into 18 exons (Campbell crt cH_. , 1984) 

The active site residues (His, Asp, Ser) of Factor B are all encoded in 

seperate exons. The 5' end of the Factor B gene lies only 421 nucleo- 

tides away from the 3' end of the C2 gene (Wu et_ aj_. , 1987). The close 

homology of structure and function, and the chromosomal location of C2 

and Factor B suggests that they evolved from a common locus, probably by 

tandem duplication of the DNA. The C2 gene is 18 kb in length, about 3 

times the length of the Factor B gene, though the mRNA species encoding 

C2 and Factor B are of similar sizes (^2.9 kb and ^2.6 kb). The differ­ 

ence in size of the two genes must therefore be mainly due to the length 

of the non-coding sequences.

c)

Activation of the complement system by the classical pathway is 

dependent on the presence in the serum of the fourth component (C4).



Figure 1.9

Structure of the C4 molecule. C4 is composed of three dissulphide 

linked polypeptide chains a, 6, y, of Mr 95,000, 70,000 and 33,000 

respectively. In the classical pathway of activation C4 is acti­ 

vated by Cls which cleaves the a chain to release C4a. Activated C4 

can bind covalently to a variety of surfaces. C46 is inactivated by 

factor I with C4b-BP as cofactor which cleaves the a 1 chain in two 

places to release C4d. The origin of fragments a« (C4d), a. and a. 

is indicated.
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C4 is composed of 3 disulphide linked polypeptide chains a,3,y of 

95,000, 70,000 and 33,000 respectively. It is synthesized as a single 

chain precursor pro C4 of Mr 200,000 (Hall and Col ten, 1977; Gigli, 

1978) aligned in the order 3-a-y (Chan and Atkinson, 1983). Prior to 

secretion, the pro C4 is glycosylated, an internal thiolester bond is 

formed and the molecule is split to give the major plasma form of the 

three disulphide linked chains. The internal thiolestor on cleavage is 

transiently capable of covalently acylating hydroxyl, amino and other 

nucleophlic groups of proteins, carbohydrates and other molecules. In 

serum, C4 is activated by Cls to produce C4a and C46 which interacts 

with C2a to form the classical pathway C3 convertase. C4 is inactivated 

by a second cleavage of the a chain by Factor I with C4b-BP as cofactor. 

This releases C4d, a peptide of Mr 44,000, from the middle of the a 1 

chain (see Figure 1.9). Thus C4 is both activated and inactivated by 

cleavage of the ex chain.

C4 was originally mapped to the HLA region from studies of families 

with hereditary C4 deficiency (Rittner ert _a]_., 1975). Electrophoresis 

identified two variants C4F and C4S as products of two distinct non- 

allelic loci C4A and C4B (O'Neill et al_., 1978a; Olaisen e^ aj_., 1979). 

The genetic studies were complicated by the relatively high (10-15%) 

gene frequency of null alleles (O'Neill et_ aj_., 1978a) and the frequency 

of duplications (1-2%) at each locus (Raum ejt ^1_., 1984). Null alleles 

(QO) represent absence of detectable levels of C4 protein in the serum 

and have been linked to susceptibility to SLE (Fielder ert al_., 1983). 

Analysis of individuals who had absence of C4A or C4B protein in the 

serum showed that only 50% of the C4 null alleles are due to deletion of 

the gene on certain haplotypes (Carrol 1 et_ aj_., 1985b). Duplication of 

either of the C4 locus can occur and this has been confirmed by genomic 

analysis where three C4 genes were present on one chromosome (Carrol 1 et
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al_., 19846).

C4 is the most polymorphic of the class III proteins, comparable 

with the class I and class II antigens. Both C4 loci show large vari­ 

ation and electrophoresis of neuraminidase treated serum has identified 

at least 13 C4A alleles and 22 C4B alleles (Mauff _e_t aT_., 1983). More 

than 40 alleles have been demonstrated in the two classes since, by 

differences in electrophoretic mobilities, serological typing (Roos et 

a]_., 1984; Giles et al_., 1984; Giles, 1987) and direct DNA sequencing 

(Belt et _al_., 1984, 1985; Yu _et _aj_., 1986). MHC linkage of C4 was also 

demonstrated when the Chido and Rodgers red cell antigens, which were 

previously mapped to HLA, were shown to be fragments of the C4a chain 

(C4d) (Middleton et aj_., 1974; Giles et aK, 1976; O'Neill et al_., 

1978b; Tilley et al., 1978). In an haemolytic overlay assay of C4 

protein after separation by charge gel electrophoresis (Awdeh and Alper, 

1980) C4A is several fold less active than C4B. The difference in 

hameolytic activity is due to a difference in covalent binding effici­ 

ency of C4A and C4B to the antibody coated red blood cell (Law et al., 

1984; Isenman and Young, 1984). Results from these studies showed that 

the C4A protein binds more efficiently to protein antigen and the C4B 

protein bind more efficiently to carbohydrate antigen.

Using protein (Hellman et al., 1984), cDNA and genomic sequence 

data (Belt et_ a]_., 1984; 1985) it was possible to determine the amino 

acid differences between C4A and C4B. Out of more than 4,600 nucleo- 

tides compared only 14 differences were observed. Of the 14 substi­ 

tutions, 11 resulted in codon changes and nine of the changes were 

clustered in the C4d region of the a chain (Belt, e_t aj_., 1984). Each 

of the other two codon changes were located either in the 8 or the y 

subunits. Six of the nine amino acid substitutions, which were derived 

from the nucleotide sequence, were proposed as isotypic differences
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based on the sequence results of Hellman et al., (1984) and on the 

analysis of an additional four clones that represented C4A or C4B (Belt, 

ert aj_., 1984, 1985). Recent work has now established that'in fact four 

isotypic amino acid differences in the C4d region of C4A and C4B are the 

cause of their different chemical reactivities (Yung et aj_., 1986).

C4 cDNA clones were used as probes to screen human genomic librar­ 

ies. Clones were isolated and on the basis of hybridization to synthe­ 

tic oligonucleotides specific for either C4A and C4B, two genes were 

identified (Carrol 1 et. a]_., 1984a, 1984b). Results indicated that 

direction of transcription of the two genes was the same; however the 

C4A gene and some C4B genes are 22 Kb, about 7 kb longer than the 

remaining C4B genes, due to a 6-7 kb long intron near the 5' end of 

gene. The near identity of the two genes suggests either that they were 

duplicated very recently or that there is a mechanism maintaining 

identity.

d) 21-OHase

As mentioned previously HLA-Bw47 is strongly associated with 

21-OHase deficiency. In reviewing the parental HLA haplotypes of 

patients with the different 21-OHase deficiency syndromes, none of the 

unaffected haplotypes carry Bw47. It has been suggested that the Bw47 

antigen could be a variant HLA-B antigen which only occurs together with 

21-OHase deficiency except for the rare cases where Bw47 and the 21- 

OHase deficiency allele have been separated by genetic recombination. 

The Bw47 determinant is in positive genetic linkage disequibrium with 

A3, Cw6, and DR7 and commonly occurs on the HLA haplotype A3 Cw6 Bw47 

C4A1 C4BQO BfF C2C DR7 (Fleishnick et aj_., 1983; O'Neill et a]_., 1982). 

This haplotype is very similar to the more common HLA haplotype A3 Cw6 

B13 C4A3 C4B1. BfF C2C DR7. The two HLA-B antigens B13 and Bw47 both
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carry the public HLA-B determinant Bw4 and both have considerable 

serological cross-reactivity (Reekers et_ aj_., 1984). It was postulated 

that the Bw47 antigen was the product of a mutated B13 gene which had 

been modified to express the unique Bw47 determinants as a result of 

deletion or rearrangement of the adjacent 21-OHase locus (White et al., 

1985a). It was suspected that the C4 gene which was postulated to have 

been changed from a normal gene to a C4 null allele (O'Neill et al., 

1982) and the 21-OHase deficiency were caused by a single deletion of 

adjacent genes (White et_ aj_., 1984b) and that comparison of normal DNA 

and DNA carrying the Bw47 haplotype would allow identification of the 

deletion. A bovine cDNA clone encoding part of P-^SO  (White et al., 

1984a) was used to study individuals homozygous for HLA-B13 or HLABw47 

(White et al., 1984b).

The DNA was subjected to digestion with various restriction endo- 

nucleases.The probe hydridized to two fragments each in DNA from HLA-B13 

cell line digested with EcoRI (12 kb and 14 kb) and TaqI (3.7 kb and 3.2 

kb) The 12 kb EcoRI and 3.7 kb TaqI band was absent in the digests of 

DNA from the 21-OHase deficient HLA-Bw47 homozygous cell-line. In DNA 

from individuals hetrozygous for HLA-Bw47, the 3.2 kb TaqI band was 

twice as intense as the 3.7 kb band. This suggested the deletion of one 

of two genes but it did not rule out a partial deletion of a single gene 

or some other type of DNA rearrangment. Analysis of DNA from different 

patients with CAH suggested that when 21-OHase deficiency is associated 

with HLA-Bw47, there is a deletion of a 21-OHase structural gene. With 

other HLA-B antigens, there is occasionally a deletion of at least part 

of a gene.

As a 21-OHase gene and complement C4 gene were both affected on the 

Bw47, DR7 haplotype it was likely that these genes were located very 

near each other on the chromosome. Using the bovine cDNA probe White et
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al., (1984c) identified two genes encoding 21-OHase on cosmid clones 

from a murine genomic library containing Sip and C4. The two 21-OHase 

genes were adjacent to Sip and C4. In man, a steroid 21-OHase gene was 

positioned within 2 kb 3' to both C4A and C4B (Carrol! e_t a]_., 1985a; 

White £t aj_., 1985b). Carrol 1 £t a\_. , (1985a) identifed a 2.4 kb 

fraction of human adrenal RNA that hybridized to a probe prepared from a 

cosmid clone that included part of the human C4 gene in the Northern 

blot analysis. The identity of the gene was demonstrated by hybridizing 

with a 23 base synthetic oligonucleotide complementary to bovine 21- 

OHase cDNA. Nucleotide sequence of a 0.43 kb fragment that hybridized 

to the oligonucleotide confirmed that the gene encoded 21-OHase on the 

basis of its sequence homology with bovine 21-OHase. White et al. 

(1985b) mapped the two 21-OHase genes on human cosmid clones using the 

bovine cDNA probe. Both 21-OHase genes named 21-OHase A and 21-OHase B, 

adjacent to C4A and C4B, respectively, were approximately 4-6 kb in 

length, similar by restriction map analysis and oriented in the same 

direction as the two C4 genes with respect to transcription (Carrol 1 et 

a]_., 1985a; White et al., 1985b).

As the arrangement of genes in man and mouse is essentially the 

same, this suggests that the C4 and 21-OHase genes became linked in the 

major histocompatibility complex before man and mouse diverged during 

evolution. However, sequence comparison of the two C4 or two 21-OHase 

genes in each species show that the members of each pair are more 

homologous to each other than they are to the corresponding genes in the 

other species (Belt ejt _aj_., 1985; Chaplin et. jfL, 1985,1986; Rodrigues 

e_t aj_., 1987). This suggests that the duplication in man and mouse are 

independent, comparatively recent events.

Restriction analysis of the cosmid clones demonstrated that the 

21-OHase B gene included the 3.7 kb TaqI fragment and that the 21-OHase
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A gene included the 3.2 kb TaqI fragment (White et_ aj_., 1985b). Since 

the deletion of the 3.7 kb TaqI fragment results in the salt-wasting 

21-OHase deficiency, it is evident that the 21-OHase B gene is important 

for steroid biosynthesis in the human adrenal. While it was unclear if 

the 21-OHase A gene was expressed, deletion of the gene was not linked 

to CAH. Genetic studies have established a negative correlation between 

CAH and the HLA haplotype Al B8 DR3 C4AQO C4BQO BfS C2C (New et al_., 

1983). This haplotype has been shown to have a deletion that includes 

the 21-OHase A gene (White et aK ,1985b; Carroll et al_., 1985b). DNA 

from hormonally normal individuals who were homozygous for Al B8 DR3 

showed that the 3.7 kb TaqI band was present at normal intensity, but 

the 3.2 kb band was absent. These data suggest that the 21-OHase B gene 

is functional, but the 21-OHase A gene is not (White e^t a_l_., 1985b).

Levels of transcription of the 21-OHase genes in mouse showed that 

the 21-OHase A gene appears to be the active gene rather than the B gene 

and this has been confirmed by nucleotide sequencing data (Chaplin et 

al., 1986). Figure 1.10 shows a schematic comparison of the C4 and 

21-OHase genes of man and mouse.

Cloning and nucleotide sequencing of the two human 21-OHase genes 

has established that the 21-OHase A gene is indeed a pseudogene due to 

mutations in its coding regions and that only the 21-OHase B gene is the 

active gene (White et_ a]_., 1986; Higashi _e_t _aT_., 1986; Rodrigues et al., 

1987). CAH due to 21-OHase deficiency may be caused due to deletion of 

the 21-OHase B gene or deleterious mutations which may lead to the loss 

of functional activity of the enzyme.

In a recent study it was reported that in the majority of patients 

with classical CAH, the defect was not due to gene deletion (Rumsby et 

al., 1986). The 21-OHase B gene was present on atleast one of the 

chromosomes; but obviously nonfunctional, or the expressed product partly



Figure 1.10

Schematic comparison of the C4 and 21-OHase genes of man and mouse. 

In mouse the 21-OHase B gene is nonfunctional due to a deletion of 

215 bp, while in man the 21-OHase A gene is nonfunctional due to 

deleterious mutations. While both C4 genes in man produce hemoly- 

tically active C4, the Sip gene in the mouse produces a hemolyt- 

ically inactive homolog expressed only in males of certain strains.
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or wholly inactive.

Due to the high incidence of this serious inborn error of metabol­ 

ism it is clearly essential to define molecular markers for the presence 

of particular disease genes which can be used in prenatal diagnosis and 

treatment. In order to achieve this goal and to understand the molecu­ 

lar basis of CAH, the present study on 21-OHase genes began in Oxford in 

1984. With the use of recombinant DNA techniques, normal and defective 

21-OHase genes were studied with the hope that nucleotide sequences 

would give a clue to the defects observed in 21-OHase deficient patients 

and would generate DNA markers which would be of use in determining 

affected haplotypes.



35

CHAPTER II

MATERIALS & METHODS
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2.1 Materials

(a) Enzymes

All enzymes were from Amersham, BRL and New England Biolabs with the 

exceptions of Lysozyme and RNase which were from Sigma; DNA 

polymerase I (Klenow fragment) from Pharmacia; T4 polynucleotide 

kinase and calf intestine alkaline phosphatase from Boehringer; 

Proteinase K from BDH and Pronase from BCL.

(b) Chemical Reagents

Chemical reagents were obtained from BDH, Sigma, Fisons and 

Boehringer Mannheim except for:

Agar No. 1 and Yeast extract -Oxoid 

Agarose -Seakem and

Pharmacia

Bactotryptone

Dextran Sulphate and Ficoll

DE52

3-Mercaptoethanol and Guanidine Thiocyanate

Nitrocellulose

GeneScreen Plus

Sephadex G-100

-Difco

-Pharmacia

-Whatman

-Fluka

-Amersham

-Dupont

-Pharmacia

(c) Radioactive Nucleotides

Radioactive Nucleotides were supplied by the Radiochemical Centre,

Amersham.

[a32p] _ dNTPs were lOmCi/ml, specific activity 3,000 Ci/mmol.

[a3 5s] _ dATP was 8 mCi/ml , specific activity 1,000 Ci/mmol.
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(d) Bacterial Strains, Plasmids, Phages and Cell lines.

Eschericia coli Strains MC1061 (Casadaban and Cohen, 1980)

JM103 

TG1 

Q358 

C600

Plasmid pAT 153/PvuII/8

Phage M13 mp9 

AEMBL-3 

AgtlO

Mouse Yl adrenocortical cell line

Cosmids pTCF

(Messing et al_., 1981) 

(A gift from T. Gibson) 

(Karn et a]_., 1980) 

(Appleyard, R.K., 1954) 

(Anson et al_., 1984) 

(Messing and Vieira, 1982) 

(Frischauf et a]_. , 1983) 

(Young and Davis, 1983) 

(Yasumura et l]_., 1982) 

(Grosveld et al., 1982)

(e) Media

2X TY liquid medium :15g bactotryptone, lOg yeast extract, 5g

NaCl to 1 litre with water. pH adjusted to

7.4 with 2ml 4M NaOH. 

L broth liquid medium :10g bactotryptone, 5g yeast extract, lOg

NaCl to 1 litre with water. 

LA broth :Contains 50ug/ml ampicillin which is

prepared as a 20mg/ml stock solution in 1M

NaHC03 .

To make solid media 14g agar/agarose was added per litre of liquid 

medium. 7g agar/agarose was added per litre of top medium. 

Ampicillin to final concentration of 50ug/ml (liquid medium) and 

lOOug/ml (solid medium) was added when required. DMEM, fetal calf 

serum, antibiotics and trypsin were purchased from Sterilin or Flow 

laboratories.
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(f) Buffers

1. Hogness freezing buffer: 4% v/v glycerol / 3.6 mM dipotassium 

hydrogen phosphate / 1.3 mM potassium dihydrogen phosphate / 2 

mM sodium citrate / 1 mM MgSCL pH 7.5.

2. Lysis buffer (for plasmid prep) : 50 mM glucose / lOmM EDTA / 

25mM Tris-HCl, pH 8.0.

3. SM buffer : 100 mM NaCl / 8mM MgS04 .7H 20 / 50 mM Tris-HCl pH 7.5 

/ 2% w/v gelatin.

4. 10 x Nick translation buffer : 500 mM Tris-HCl pH 7.8 / 70 mM 

MgClp / lOmM B-mercaptoethanol.

5. 10 x TBE : 900 mM Tris-HCl pH 8.0 / 900 mM boric acid / 25 mM 

EDTA.

6. 40% bis acrylamide : 38g acrylamide / 2g N, N 1 - methylene 

bis-acrylamide to 100 ml with water and deionized by stirring 

for 30 min at RT with 5g "Amberlite" MB-3 monobed resin followed 

by filtration and storage in a brown stoppered bottle at 4°C.

7. Hybridization buffer : 50% deionized formamide 1 M NaCl / 50 mM 

Tris-HCl, pH 7.4 / 10% w/v dextran sulphate / 0.2% w/v Ficoll / 

0.2% w/v BSA / 0.2% w/v polyvinyl pyrrolidone / 0.1% w/v sodium 

pyrophosphate / 0.1% SDS.

8. 20 x SSC : 3M NaCl / 300 mM trisodium citrate.

9. 4M Guanidinium thiocyanate solution : 3.5ml of 6-mercaptoethanol 

(14M) were added to 236.32g of GuScN (BDH) and made up to 500ml 

with sterile water in an autoclaved bottle.

10. Cesium chloride solution : 96g CsCl , 2ml 0.5M EDTA, 0.735gtriM<X 

tl'VrciCc, were made up to 100ml with sterile water in sterile bottle 

and then filter sterilised.
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2.2 Overnight Cultures

Bacteria from a frozen glycerol stock or a single colony from a 

plate were used to inoculate 1-50 ml liquid media and incubated at 37°C 

overnight (0/N). E_. io1 i JM103 and TG1 were grown in 2XTY broth. £_._ 

coli Q358 and C600 were grown in T broth / 0.2% maltose / 10 mM MgSO, 

and enriched with the same just prior to use.

2.3 Preparation of DNA

2.3.1 Small Scale Isolation of Plasmid DNA (IQ-lOOml) 

(Birnboim and Doly, 1979)

Cultures of E. col i were grown in L-broth containing lOOug / ml 

ampicillin to an Afion 0.8 OD units. One ml was removed and centrifuged 

in a microfuge for 5 min at room temperature (RT). The pelleted cells 

were resuspended in 180 Ml L-broth + 20ul Hogness freezing buffer 

(Section 2.1 f) and stored at -70°C, as stocks. Chloramphenicol was 

added at a final concentration of 200 pi / ml to the remainder of the 

culture, (Clewell and Helsinki, 1972) and the culture incubated at 37°C 

0/N.

The cells were pelleted at 2,000 rpm for 20 min at 4°C and then 

resuspended in lysis buffer (200 Ml per 10 ml culture) (Section 2.1 f) 

containing 5mg / ml lysozyme and left on ice for 30 min. Two volumes of 

0.2 M NaOH /!% SDS was added and incubated on ice for 5 min. This was 

followed by one and a half volumes of 3M NaOAc pH 4.8 which was incub­ 

ated for further 30 min on ice. This solution was then centrifuged at 

11,000 rpm, the clear supernatant transferred to a clean tube and the 

plasmid DNA precipitated using 1/3 of the total volume of isopropanol. 

The DNA was pelleted after precipitation at 11,000 rpm for 10 min and 

resuspended in 0.3 M NaOAc pH 7.4 (300M1 / 10ml starting culture).
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This was extracted using an equal volume of phenol / chloroform 

(1:1) and the DNA was again precipitated after the extraction by the 

addition of 2.5 volumes of absolute ethanol. The pellet was washed 

twice with 70% ethanol, dried and resuspended in lOmM Tris-HCl / 0.1mM 

EDTA, pH 8.0 (20ul/10ml starting culture). The plasmid DNA was incub­ 

ated at 37°C with heat inactivated pancreatic RNase (20ug / ml), and 

then stored at -20°C.

2.3.2 Large Scale isolation of Plasmid DNA (500-lOOOml) 

(Radloff et al_., 1967; Maniatis et al_., 1982).

Cultures of E. coli were grown in L-broth containing ampicillin (50 

ug /ml) and treated with chlor amphenicol (Section 2.3.1). After the 

overnight incubation the cells were harvested and lysed as described 

previously. The DNA was precipitated with isopropanol and the phenol / 

chloroform extraction step was omitted. The DNA .pellet was washed, 

dried and resuspended in 15ml of 150mM NaCl /50mM Tris-HCl /5mM EDTA, pH 

8.0. Ethidium bromide was added to a final concentration of 0.02% and 

the solution was weighed before adding an equal weight of cesium chlor­ 

ide. The solution was transferred to a 38ml Beckman Quick-Seal ultra- 

centrifuge tube, topped with liquid paraffin, sealed and centrifuged for 

17 hr at 35,000 rpm at 18°C in Ti60 rotor.

The centrifuge was stopped without using a brake and the solution 

transferred from the large RNA pellet to a clean centrifuge tube. This 

was capped as before and respun for 60 hr at 35,000 rpm at 18°C. Two 

bands of DNA were visible in the gradient. The lower band of closed 

circular DNA was collected by puncturing the tube with a needle just 

below the band and collecting the band as it dripped out through the 

sterile needle. Ethidium bromide was removed by repeated extractions
€<^W.<cl

with volumes of 1-butanol. The DNA was recovered by addition of 3
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volumes water and 2 volumes of ethanol. The DNA was reprecipitated 

once, washed, dried and resuspended in lOmM Tris-HCl / 0.1 mM EDTA, pH 

8.0 and stored at 4°C. The DNA concentration was estimated assuming 

that A2gQ = 1 when DNA concentration is 40ug / ml.

[More recent large scale DNA preparations use the programmed Beckman L8 

ultracentrifuge to relax the gradient spin after 16 hr (Section 2.3.3) 

to 45,000 rpm for 45 min. There is no necessity of a respin and the two 

bands of DNA are very distinct]

2.3.3 Isolation of the Replicative form of Bacteriophage M13 mp9

Ten ml of an overnight culture of E^ coli JM103 or TG1 was used to 

inoculate 1 1 of 2XTY liquid broth and incubated at 37°C until A  = 

0.6 OD units. Ten ml of an overnight culture of E_._ col 1 JM103 /TG1, 

infected with a single viral plague of bacteriophage M13 mp9, were added 

to the culture and incubated at 37°C for a further li - 2 hr (AgQO ^ 1.0 

OD unit). The cells were then harvested and lysed as described (Section 

2.3.1). The bacteriophage DNA was purified by centrifugation to equil­ 

ibrium in CsCl gradients prepared as described (Section 2.3.2) but spun 

in the Beckman L8 ultracentrifuge at 55,000 for 16 hr and then at 45,000 

for 1 hr. After butanol extraction and ethanol precipitation the DNA 

was resuspended in lOmM Tris-HCl / O.lmM EDTA, pH 8.0 and stored at 4°C.

2.3.4 Isolation of Bacteriophage A DNA by the Plate lysate Method

(Maniatis et_ ^1_., 1982)

Approximately 10 plaque forming units (pfu) of bacteriophage 

were mixed with 2ml of E. col i Q358 and incubated at 37°C for 30 min. 

This was then mixed with 9ml of molten T-top agarose at 48°C and poured 

onto 14cm diameter T-broth agarose plates and incubated at 37°C to give 

confluent lysis. Twelve ml SM buffer (Section 2.1.f) was added to the
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plates and the plates were left at 4°C for atleast 8 hr. Bacterial 

debris were removed by centrifugation in the Sorvall RC-5B at 8,000 rpm 

for 10 min at 4°C using SS34 rotor. Pancreatic DNase I and RNase A were 

added to the supernatant, each at a final concentration of lOug / ml, 

and incubated for one hr at RT. Solid NaCl was added to a final concen­ 

tration of 1M and left on ice for 1 hr at 4°C, after which the sample 

was centrifuged twice at 8,000 rpm for 20 min. Solid polyethylene 

glycol (PEG) was added to the clear supernatant to a final concentration 

of 10% w/v, and dissolved by stirring at 4°C, then left on ice for 

atleast 3 hr. The bacteriophage was pelleted by centrifugation at 8,000 

rpm for 20 min at 4°C. The pellet was resuspended in 2ml SM buffer and 

spun at 2,000 rpm for 15 min. The supernatant was transferred to a 

fresh tube and the pellet was extracted with 0.5ml SM buffer. After 

another spin, the supernatants were pooled and centrifuged for 21 hr at 

25,000 rpm in the Beckman L8 ultracentrifuge. The pellet was resus­ 

pended in 1ml SM buffer by leaving on ice 0/N and transferred to a 1.5ml 

eppendorf tube. Debris were removed by spinning at lowspeed in a 

microfuge for 2 min. The bacteriophage were then incubated at 37°C for 

2 hr in 20 mM EDTA / SOOpg / ml proteinase K / 0.8 % SDS and transferred 

to 68°C for 15 min. They were then left at RT for 10 min, then ex­ 

tracted with phenol / chloroform (1:1) and chloroform, separating the 

two phases by centrifugation in the microfuge for 5 min each time. To 

the aqueous phage 1 /10th volume of 3M NaOAc pH 6 was added, mixed and 3 

volumes of cold ethanol were added. After precipitation at -70°C, the 

pellet was resuspended in 300 ul 0.3M NaOAc pH 7 and reprecipitated with 

ethanol. The pellet was washed twice with 70% ethanol, dried, resus­ 

pended in 200ul TE pH 8.0 and stored at 4°C.
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2.3.5 Isolation of Bacteriophage A DNA by DE52 Purification Method

(Helms et al_. ,1985)

The bacteriophage were plated as in Section 2.3.4 to give confluent 

lysis. SM buffer was added to recover the plate lysate. This was then 

pooled and spun at 2,500 rpm for 15 min at RT. The supernatant was 

transferred to a centrifuge tube and spun in the Beckman L8 ultracent- 

rifuge using type 70-T1 rotor at 35,000 for 90 min at 18°C. The super­ 

natant was discarded and the pellet containing the bacteriophage was 

resuspended 0/N in 3ml of X-diluent (lOmM Tris-HCl pH 8 / 2mM MgCl 2 ) on 

a shaker at 4°C. A DE52 column of volume 5ml was equilibrated with lOmM 

Tris-HCl pH 8. The bacteriophage suspension was spun at 10,000 rpm for 

15 min at RT to spin down bacterial debris, and the supernatant was 

loaded onto the column. Five ml of chase buffer (lOmM Tris-HCl pH 8 / 

lOmM MgOAc / 60 mM NaOAc) was then run through the column. Two ml of 

elution buffer (10 mM Tris-HCl pH 8, 50mM MgOAc) were then added and 

allowed to run into the column. Another 1ml of elution buffer was added 

and 1ml of the column runthrough was collected. A 2nd ml of elution 

buffer was added and 1ml of column runthrough was collected. A 3rd ml 

of elution buffer was added and the equivalent runthrough collected. To 

each 1ml fraction are added 25ul of 20% SDS and 8.4ul 5mg / ml Pronase 

(BCL), and left at RT for 5 min. 167 ul of 3M potassium acetate pH 8.5 

was then added. A precipitate was formed which disappeared when the 

samples were heated at 88°C in a dribloc for 20 min. The precipitate 

reformed when they were transferred on to ice for 5 min. The samples 

were then spun at RT for 15 min at 10,000 rpm in a microfuge. The 

supernatants were split into two and to each was added 17ul of Img / ml 

mussel glycogen (BCL) and 600ul isopropanol. The DNA was precipitated 

at -70°C for 30 min and spun at RT for 15 min at 10,000 rpm. The
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pellets were rinsed with 70% ethanol and briefly dried before resuspend- 

ing in 20ul TE pH 8. They were then pooled together and stored at 4°C.

2.3.6 Isolation of Chromosomal DNA

(Bell et a]_., 1981)

Chromosomal DNA was isolated from cultured cells and from white 

cells ("buffy coat") of blood. The buffy coat is the layer of cells 

that forms between the red cells and plasma when whole blood is centri- 

fuged at 2,500g for 30 min.

Nuclei were prepared by adding lysis buffer (0.32M sucrose / 10 mM 

Tris-HCl, pH 7.4/5 mM MgCl 2 /!% Triton X-100) to cells and centrifuging 

at 2,000 rpm for 15 min at 4°C. The supernatant was carefully decanted, 

leaving behind the nuclei and cell membranes in the pellet. Lysis was 

repeated twice more (for blood and once for cultured cells) and the 

nuclei resuspended in 10ml 150mM Nad / 5mM EDTA / 50mM Tris-HCl, pH 

8.0. Proteinase K was added to 200 ug/ml, $DS to 0.5% and the suspen­ 

sion was incubated at 37°C, until all the protein and membranes were 

solubilised. The solution was then extracted once with an equal volume 

of phenol and then subsequently with equal volumes of phenol : chloro­ 

form : isoproponal (25:24:1) and once with chloroform : isopropanol 

(24:1). After each extraction the organic and aqueous layer was separ­ 

ated into two phases by centifugation at 2,000 rpm for 15 min at 4°C. 

The organic layer was removed using a syringe, leaving behind the 

aqueous layer and interface. After the final extraction, the aqueous 

layer was removed to a clean tube and the chromosomal DNA precipitated 

with 2.5 volumes of cold ethanol. The DNA precipitated immediately and 

was removed with a sealed capillary in the form of a hook. It was 

briefly washed in 70% ethanol and resuspended 0/N at 4°C in 200ul lOmM 

Tris-HCl / lO.lmM EDTA pH 7.4 and stored at 4°C at a concentration of
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approximately Img / ml.

2.4 Digestion of DNA by Restriction Endonucleases

Restriction enzyme digests were carried out using the conditions 

recommended by the supplier. Analytical digests used 10-50ng DNA in a 

final volume of 10-20ul if end-labelling, or 0.5 to l.Oug DNA in a 

similar volume for agarose mini gel. Preparative digests and digests 

for large agarose gels used 0.5-10ug DNA in 50-100ul reactions. Rout­ 

inely the amount of enzyme used was in excess of the amount recommended 

by the supplier. (1 unit of enzyme is the amount stated by the manufac­ 

turer to fully digest lug of X DNA in 1 hr). Genomic DNA (5ug) was 

digested for 24 hr with 20U of enzyme. All cloned DNA samples were 

fully digested after 2 hr.

2.5 Radiolabelling of DNA

2.5.1 "Fill in " reaction

(Wu and Taylor, 1971; Maxam and Gilbert, 1980)

The recessed 3' ends produced by digestion of double stranded DNA 

with suitable restriction endonucleases were labelled directly by 

incubating with 20uM cold dNTPs / 5 units DNA polymerase I (Klenow 

fragment) /!-50uCi[a 32 PJ dNTP for 20 min at RT. To ensure all fragments 

were "filled in" efficiently the reaction was chased with cold dNTPs at 

a final concentration of 250uM, for a further 10 min at RT. The reac­ 

tion was terminated by heating at 70°C for 20 min.

2.5.2 Nick Translation

(Rigby et al_., 1977)

Ten - 50ug DNA in lOmM Tris-HCl / O.lmM EDTA pH 7.4 was mixed in 

nick-translation buffer (Section 2.1 f) with 20uCi[>32 p]_dATP, 40uM
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dCTP, dGTP, dTTP and 5ul Amersham nick-translation enzyme (2.5 U DNA 

polymerase I and 50pg DNase I) in a total volume of lOOul. The reaction 

was incubated at 15°C for 2 hr, then terminated by addition of lOul of 

lOOmM EDTA pH 8 and heating at 70°C for 10 min. The DNA was desalted 

and the unincorporated label was removed from the DNA by desalting on a 

1 ml Sephacryl S-300 or Sephadex G50-SF column.

2.5.3 Primer Extension

(Feinberg and Vogelstein, 1983)

Ten-30ng DNA in lOmM Tris-HCl / O.lmM EDTA pH 7.4 was labelled 

using the "standard multiprime DNA labelling system" from Amersham. 

This is based on the use of random sequence hexanucleotides to prime DNA 

synthesis by the "Klenow" fragment of DNA polymerase I as described by 

Feinberg and Vogelstein (1983). The DNA sample was denatured by heating 

for five min in a boiling water bath and then chilled on ice. To the 

DNA sample was added lOul of the multiprime buffer containing cold dATP, 

dGTP and dTTP. Five ul of the primer solution of random hexanucleotides 

in an aqueous solution containing nuclease-free BSA was added to the 

reaction. Water was added in an appropriate volume to make the final 

reaction volume 50ul after addition of 20uCi radiolabelled [a32 P]-dCTP 

and 2U of DNA polymerase I. The reaction was incubated RT for 3-5 hr, 

although it can be left 0/N without any ill effects on the incorpora­ 

tion. The reaction was stopped by incubation at 70°C for 10 min and the 

unincorporated label was removed as described in Section 2.5.2.

2.6 Gel Electrophoresis

2.6.1 Polyacrylamide gel Electrophoresis

(Sanger and Coulson, 1978; Maxam and Gilbert, 1980)

Forty cm by 20cm glass plates were used. The top plate was treated
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with a 2% solution of dimethyldichlorosilane in 1,1,1 trichloroethane. 

The plates were spaced with 0.3mm strips of plastic card and taped 

together with waterproof electrical tape. Sample wells 2mm - 4cm in 

width were formed at the top of the gel by insertion of a shaped plastic 

card "comb" between the glass plates. 

Native and denaturing gels:

Four - 20% gels were prepared by mixing the stock acrylamide 

solution with 5ml 10 x TBE in a total volume of 50ml. For denaturing 

gels 21g of urea was added. To catalyse the polymerisation, 0.4ml 10% 

ammonium persulphate and 0.04ml TEMED were added, the solution mixed and 

the gel poured. Loading dyes were added to each electrophoresis sample. 

For native gels a glycerol dye mix of 30% glycerol in 5mM EDTA, 0.1% 

xylene cyanol and bromophenol blue was used. With urea gels a formamide 

dye mix of 60% formamide in 35mM EDTA, 0.1% dyes were used, and all 

samples were boiled for 5 min then snap-cooled on ice prior to loading.

Gels were electrophoresed in IxTBE for H - 4 hr at a constant 

current of 15 mA for 20% gels and 25-30 mA for lower percentage gels.

2.6.2 Autoradiography

(Laskey and Mills, 1977)

Gels were covered with cling-film and autoradiographed using X-OMAT 

"S" x-ray film (Kodak) at -70°C with a phosphotungstate intensifying 

screen (Cronex lightening Plus, Dupont). The films were sensitized by 

preflashing and developed in an ME-1 X-OMAT automatic processor.

2.6.3 Agarose gel Electrophoresis

(Southern, 1975)

Agarose horizontal slab gels of varying agarose percentages (0.7- 

1.5%) were run using BRL/Pharmacia apparatus. Agarose in 300ml of 1 x
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TBE were poured into the gel tray of size 20 x 24 cm, with a 20 x 60ul 

well-former and left for 1 hr. Two litres of 1 x TBE were used as 

running buffer. DNA fragments were stained by addition of 0.3ug ethi- 

dium bromide to the gel before pouring. With genomic DNA the gels were 

stained after electrophoresis by submerging the gel in 1 x TBE with 

2mg/l ethidium bromide for 30 min. Samples were mixed and electrophor- 

esed overnight at 50-70 mA. Minigel apparatus of dimensions 11 x 11 cm 

(made by Biochem Dept Workshop) were used for rapid restriction mapping 

and for less accurate resolution, the "Uniscience" minigel apparatus was 

used (Johnson and Grossman, 1977). Fifty and 30ml agarose was used to 

form the gels in the respective apparatus and the running buffer was 

70ml 1 x TBE / lOul 0.1% ethidium bromide solution. Samples were mixed 

with glycerol dye mix and electrophoresed at 30-100 mA for 1-3 hr.

The ethidium bromide stained DNA (or RNA) was visualised under 

short-wave ultra-violet light (Sharp £t _al_., 1973) using a transillum- 

inator, and photographed using a Polaroid MP4 land camera fitted with a 

red filter. Exposures were for 1 second at f 4.5.

2.7 Recovery of DNA from Gels

2.7.1 Elution of DNA from acrylamide gels

(Maxam and Gilbert, 1980)

The section of gel containing the DNA of interest (identified by 

superimposition of the autoradiograph on the gel) was excised and placed 

in a siliconised glass tube containing 0.5ml 0.3M NaOAc pH 7.0. The DNA 

was eluted at 37°C 0/N with constant shaking. After elution the super­ 

natant was removed and the gel slice washed with lOOul 0.3M NaOAc pH 

7.0, the supernatants were pooled and residual acrylamide removed by 

centrifugation for 5 min in a microfuge at RT. One and half volumes of
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ethanol were added to the supernatant and the DNA pelleted after precip­ 

itating at -70°C for 20 min. The pellet was resuspended in 300ul 0.3M 

NaOAc, pH 7.0 and ethanol precipitated twice more before washing in 70% 

ethanol and drying under vacuum. The DNA was resuspended in 25-50ul of 

lOmM Tris-HCl / O.lmM EDTA. pH 8.0.

2.7.2 Recovery of DNA from low gelling temperature Agarose

(Feinberg and Vogelstein,1984)

A 2% solution of Sigma type VII low gelling temperature agarose in 

water, produced by heating to above 50°C was mixed with a 5ml packed 

volume of DE-52 cellulose (Whatman) (pre-equilibriated and stored at 4°C 

in 5XPBS phosphate buffered saline) and held at 50°C for 30 min. The 

resin was removed by centrifugation at 2,000 rpm for 5 min and the 

agarose transferred to a clean tube. This purification was repeated and 

followed by clarifying spins to remove traces of resin, dipping the 

agarose at 50°C for 10 min between spins to keep it molten. The molten 

agarose was then split into 25ml aliquots and l/10th volume of lOxTBE 

(Section 2.1 f ) added. One melted aliquot of purified agarose was 

sufficient for one gel and was diluted with IxTBE for lower percentage 

gels. The gels were poured and run at 5mA 0/N using the minigel appara­ 

tus with 4 x 2 cm well-former and loading a maximum of 2ug total DNA per 

well. The gel was run until the required band was well separated, this 

band was then cut out after placing the gel on a UV transilluminator to 

visualize the DNA. The excised band was placed in a preweighed 1.5ml 

eppendorf tube and its weight calculated. A volume of water (in ml) 

equivalent to three times the weight of excised agarose (in g) was 

added, heated at 70°C for 10 min and cooled to RT. The sample was 

either aliquoted and frozen at -20°C, or extracted with phenol and 

phenol / chloroform (1:1), and finally chloroform. The DNA was precip-
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itated by addition of l/10th volume 3M NaOAc pH 7.0 and 2,5 volume 

absolute ethanol. The pellet was washed extensively with 70% ethanol, 

dried and resuspended in an appropriate volume in lOmM Tris-HCl /O.lmM 

EDTA pH 7.4.

2.8 Screening of Cloned DNA

2.8.1 Screening of Plasmid Clones

(Denhardt, 1966; Gregen et al_., 1979)

Colonies were plated onto agar/ampicillin plates and grown over­ 

night at 37°C. Bacterial colonies were transferred to Whatman 541 

filters by leaving the filter in contact with the colonies for about 10 

min at RT. The filters and plates were marked in an identical fashion 

so they could be matched up later. The plates were sealed and stored at 

4°C while the filters were processed. The colonies were lysed in situ 

by floating the filters colony side up on the following solutions:

0.5M NaOH - 5 min

0.5M Tris-HCl , pH 7.4 - 5 min

0.5M Tris-HCl, pH 7.4 - 5 min

2 x SSC - 5 min

The entire cycle was repeated one more time and was followed by a quick 

dip in ethanol and the filters were then dried at RT.

The filters were moistened in 6 x SSC and prehybridized at 42°C for 

at least 3 hr in hybridization buffer (Section 2.1 f) containing 50% 

formamide, lOOug / ml sonicated salmon sperm DNA and 10 ug / ml E_._ col i 

pAT 153 / Pvu I1/8 DNA which had been boiled for 10 min and snap cooled 

once before use. The filters were hybridized 0/N in the above buffer 

containing ^ 5 x 10 cpm / ml of 0 32 P] -labelled probe, also boiled and 

snap cooled before use.
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After hybridization the filters were washed as follows:

5 times in 2 x SSC / 0.1% SDS for 10 min at RT.

2 times in 0.2 x SSC for 30 min at 68°C.

The filters were air dried and wrapped in Saran wrap and autoradio- 

graphed. The autoradiograph was used to match with the original plates 

via the markings on the filters.

To re-screen the clones, the colony was scraped from the orignal 

plates, diluted in L broth, replated and screened as described above. 

Single colonies, not contaminated with the neighbouring colonies were 

picked from the plate and the plasmid DNA isolated (as in Section 2.3.1) 

for analysis by restriction mapping and nucleotide sequencing.

2.8.2 Screening of Bacteriophage plaques 

(Maniatis ejt _al_., 1982) 

JL coli Q358 cells in T-broth / 0.2% Maltose / lOmM MgS04 were

grown at 37°C for 20 hr with constant shaking, after which they were
5 again enriched with maltose and MgSO,. An equivalent of 10 plaque

forming units (pfu) was added to 1.5ml of the enriched Q358 culture and 

incubated at 37°C for 30 min. The mixture was added to 9ml T-top 

agarose at 48°C, mixed and poured onto 14cm diameter T-agar plates and 

incubated at 37°C 0/N. The plates were left at 4°C for at least 1 hour 

to allow the top agarose to harden. Dry nitrocellulose filters 

(Amersham) were placed in direct contact with the plaques. With a 

sterile needle dipped in cold India Ink, the filter and the solid medium 

were assymetrically marked. After 1 min the filter was removed and 

immersed with the DNA side up in the following solutions.

1.5M NaCl / 0.5M NaOH (Denaturing solution) -60 sec.

1.5M NaCl / 0.5M Tris-HCl pH 7.4 (Neutralising solution) -60 sec.

2 x SSC -60 sec.
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The filters were then air dried on Whatman 3mm paper. Multiple replicas 

could be taken from each plate using the original marks on the plate for 

each subsequent copy. The DNA was fixed on to the nitrocellulose by 

baking at 80°C for 2 hr before hybridization, washing and autoradiog- 

raphy (Section 2.8.1).

Rescreening of Plaques

Agar plugs were taken from the original plates using the ink marks 

on the plates to line up the autoradiographs, transferred to eppendorfs 

containing BOOul SM buffer, 1% chloroform and were stored at 4°C. 

Various dilutions of this suspension were plated using 0.5ml of ON Q358 

culture. The infected cells were plated using 3.5ml of T-top agarose on 

7cm diameter T-agar plates and incubated at 37°C. The plaques were 

screened, hybridized, washed and autoradiographed using the method 

described above. Single isolated plaques were chosen from the resc- 

reened plates and stocks of infectous particles prepared as above. 

These were then used to make plate lysates to isolate DNA (Section 

2.3.4) for restriction mapping and nucleotide sequencing.

2.9 Nucleotide Sequencing Techniques

2.9.1 Chemical Degradation

(Maxam and Gilbert, 1980)

Single end-labelled DNA fragments were isolated by secondary 

digestion with restriction enzymes of a fragment labelled at both ends 

from a "fill-in" reaction (Section 2.5.1) The labelled DNA was eluted 

from a gel (Section 2.7.1), resuspended in 25ul water + 5ul of 0.75mg / 

ml sonicated salmon sperm DNA and aliqouted as follows:
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lOul ; "A + G reaction (partial cleavage of DNA at A and G nucleotides) 

lOul into 15ul H ?0 ; "C +T" reaction (partial cleavage at C + T nucleo­ 

tides).

5ul into 20ul of a saturated solution of NaCl ; "C" reaction 

5ul into 200ul of 0.05M Sodium cacodylate, pH 7.9 / lOmM MgCl 2 / ImM 

EDTA ; "G" reaction. 

All samples were stored on ice.

(a) "C + T" and "C" Reactions

30ul anhydrous hydrazine was added to each tube, vortexed and 

incubated at RT, for 7£ mins. The reaction was stopped by the addition 

of 200ul 0.3M NaOAc, pH 7.0 / O.lmM EDTA / lOug tRNA ("C + T Stop").

(b) "A + G" Reaction

25ul of 90% formic acid was added, the tube vortexed and incubated 

at RT for 4 mins. The reaction was terminated with 200ul "C + T Stop".

(c) "G" Reaction

lul dimethyl sulphate was added, mixed and incubated at RT for 4 

min. The reaction was terminated with 50ul 1.5M NaOAc,pH 7.0 / l.OM 

3-mercaptoethanol / lOug tRNA. All samples were precipitated with 750ul 

ethanol and washed with 400ul 70% ethanol.

(d) Piperidine Cleavage

The drained pellets were resuspended in 50ul 1M piperidine solution 

(freshly diluted), vortexed and heated for 90°C at 20 min in a Tecam 

"Dribloc" unit. The samples were centrifuged and the supernatant care­ 

fully transferred to fresh tubes containing 50ul 0.6M NaOAc, pH 7.0. 

The samples were precipitated with 3 volumes of ethanol. The pellets 

were washed in 70% ethanol and resuspended in 10ul formamide dye mix 

(Section 2.6.1). They were then boiled for 5 min and snap-cooled on ice 

before loading onto gels.
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Denaturing gels of 8%, 10%, amd 20% polyacrylamide were then run (Sec­ 

tion 2.6.1) and autoradiographed (Section 2.6.2).

2.9.2 Dideoxy Sequencing 

(Messing, 1983)

(a) Preparation of the Vector

Four pg of the replicative form of bacteriophage M13 mp9 was cut 

with 20 units of Sma I enzyme at 37°C for 2 hr. After the digest was 

checked for completion by running an aliquot on a mini gel, it was then 

incubated with 2ug of calf intestinal alkaline phosphatase at 37°C for 

30 min. The DNA was extracted extensively with phenol / chloroform 

mixtures before recovery by ethanol precipitation.

(b) Subcloning

DNA restriction fragments were isolated from acrylamide or agarose 

gels as described (Section 2.7), 20ng cut and phosphatased vector was 

mixed with 10-50ng DNA in ImM rATP / 50mm Tris-HCl, pH 7.4 / lOmM MgClp

/ 20mM DTT / 50ug/ml BSA in final volume of lOul. This was incubated 

for 12-16 hr at 16°C with 0.5ul (approximately 2 units) DNA ligase 

(Winter et_ al_., 1981).

(c) Transformation of E.coli TG1 cells

The cells were made competent by the following treatment. A 300ul 

aliquot of an 0/N culture of TG1 was diluted into 30ml 2 x TY broth and 

grown to an A  of 0.4-0.6 OD units. The cells were pelleted by 

centrifugation at 1,500 rpm at 4°C for 6 min in the MSE 6L rotor. The 

cells were resuspended gently in 10ml 50mM CaCU / 10mM Tris-HCl, pH 7.4 

and incubated for 30 min on ice. The cells were pelleted again, resus­ 

pended in 2ml .of the same buffer and stored at 4°C. The cells were used
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on the same day to give maximum efficiency.

100-200ul competent cells were added to the ligation mix, incubated 

at 0°C for 45 min and then 42°C for 5 min. The transfected cells were 

added to 3ml molten L top agar containing 25ul of 2.5% aqueous solution 

of isopropylthiogalactoside (IPTG) and 25ul of 2% bromochloroindolyl - 

galactoside (BCIG) in dimethylformamide, kept at 45°C. Finally, 0.5ml of 

overnight JM103 cells was added, gently mixed and poured onto 2 x TY 

agar plates.

Incubation of the plates overnight at 37°C resulted in the produc­ 

tion of blue and white plaques; areas of lower density cells caused by 

M13, a non-lytic phage, reducing the growth rate of infected cells. 

Blue plaques represent bacteria containing wild type M13 which has 

B-galactosidase activity due to complementation between the M13 and JM 

103. IPTG induces enzyme systhesis which hydrolyses BCIG, a substrate 

analogue, releasing a blue indolyl derivative. The cloning site in M13 

is within the B-galactosidase gene so M13 containing insert DNA results 

in inactivation of the B-galactosidase gene. The M13 can no longer 

complement the "M 15" protein of the host (Messing _et_ aj_., 1977), no dye 

is released and white plaques will result.

(d) Preparation of Phage DNA

(Sanger et_ aj_., 1980)

Agar plugs of white plaques were grown in 1.5ml of one hundredth 

dilution of an overnight culture of TG1 in 2 x TY broth at 37°C for 5 

hr, with constant shaking. The medium was transferred to an eppendorf 

tube and spun for 5 min in a microfuge at RT. The supernatant was 

transferred to a fresh tube and respun for 5 min. Approximately 1ml of 

this supernatant was transferred to another tube containing 200ul of 20% 

polyethylene glycol / 2.5M NaCl, mixed and incubated for 30 min on ice.
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This was then centrifuged for 10 min, the supernatant discarded, and all 

residual PEG removed. The pellets were resuspended in lOOul lOmM 

Tris-HCl / O.lmM EDTA pH 8.0, phenol / chloroform extracted and precip­ 

itated with lOul 3M NaOAc pH 6.0 and lOOul isopropanol for 1 hr at 

-20°C. The DNA was pelleted, washed in 70% ethanol, dried and resus­ 

pended in 50ul lOmM Tris-HCl / O.lmM EDTA, pH 8.0. The single stranded 

phage DNA was stored at -20°C.

(e) Relative Orientation of Integrated Fragments

(Hermann e_t aj_., 1980)

The orientation of the cloned restriction fragments was determined 

as follows. 2ul of each clone was mixed with 2ul of a reference clone 

in a sealed glass capillary in the presence of 4pl 600mM NaCl / 70mM 

MgCl 2 / 60mM Tris-HCl, pH 7.4 and lul 50% glycerol / 1% SDS / bromo- 

phenol blue. The tubes were incubated at 67°C for 1 hr, snap cooled on 

ice and electrophoresed on a 0.8% agarose minigel. Cloned DNA containing 

fragments of opposite orientation hybridize with each other and migrate 

slower due to the increase in size.

(f) Sequencing Reaction

(Sanger et, aj_., 1977; Biggin et al.., 1983)

A universal oligonucleotide primer (Duckworth et al., 1981) was 

used to prime for synthesis uing the single-stranded DNA as template. 

The sequence of the oligomer was:

5'd(GTAAAACGACGGCCAGT)3' 

The composition of the mixes used was:
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"A" mix :- 0.125mM dCTP; 0.125mM dGTP; 0.125mM dTTP; 15uM ddATP 

"C" mix :- 6.25 uM dCTP; 0.125mM dGTP; 0.125mM dTTP; 40uM ddCTP 

"G" mix :- 0.125mM dCTP; 6.25 uM dGTP; 0.125mM dTTP; 80uM ddGTP 

"T" mix :- 0.125mM dCTP; 0.125mM dGTP; 6.25 MM dTTP; 250uM ddTTP

Approximately 1.25ng primer was hybridized with 8.5ul single 

stranded DNA in 13.6mM Tris-HCl / 6.8mM MgClp pH 8.5, in a total volume 

of llul , for 5 min at 65°C and then kept at RT until ready to use. 2ul 

of primed clone were added to four tubes; T, C, G and A. To this was 

added 2ul of the correct mix and 2ul of the enzyme premix: 2 U DNA 

Polymerase I ("Klenow" fragment) and 2.5uCi[a32 P]dATP in llmM DTT / 

O.lSuM dATP / lOmM Tris-HCl, pH 8.0. The reaction was started by 

mixing the reactants in a capless eppendorf tube in a microfuge. The 

reaction was incubated at RT for 15 min and then chased for another 15 

min with 2ul 0.5 mM dNTPs. The reaction was stopped by the addition of 

4ul formamide dye mix (Section 2.6.1), and the samples boiled for 3 min.

(g) Electrophoresis of sequenced samples

The samples were run on either (a) 6% denaturing gels (Section 

2.6.1) at 30mA for 5 hr or (b) buffer gradient gels at 30mA for 1 hr 40 

min (Biggin ^t ai]_., 1983). Prior to preparing both types of gel the top 

plate was treated with a 2% solution of dimethyl dichlorosilane in 1,1,1 

trichloroethane and the back plate was treated with 2.5ml ethanol 

containing 75ul 10% acetic acid and 7.5ul "Wackersilicone GF 31" (Wacker 

Chemie, W. Germany) (Garoff and Ansorge, 1981). The solution was rubbed 

well onto the glass then washed with ethanol and thoroughly wiped to 

remove excess silane. The silane binds the gel covalently to the back 

plate, whereas the solution used on the notched plate repels the gel.

After electrophoresis the gels adhering to the silane treated 

plates were fixed in 10% methanol/10% acetic acid for 15 min and then
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washed in water for 15 min. The urea free gels were dried for about 30 

min at 100°C until dry, and then autoradiographed for 1-3 days at RT, 

without a screen, and the film was not pre-flashed.

Buffer Gradient Gels

0.5 TBE gel mix :- 6% acrylamide / 0.5 x TBE / 7M urea 

2.5 TBE gel mix :- 6% acrylamide / 2.5 x TBE / 7M urea / 5% sucrose / 

0.05% bromophenol blue.

Seven ml 2.5XTBE mix were mixed with 35ul 10% ammonium persulphate and 

14ul TEMED. To 35ml 0.5XTBE mix were added 175ul 10% ammonium persul­ 

phate and 70ul TEMED. Six ml 0.5XTBE were taken up into a 10ml pipette, 

followed by 6ml 2.5XTBE mix, and gradient formed by introducing 5 air 

bubbles through the interface. This mix was poured between the gel 

plates and the remaining space filled with the 0.5XTBE mix. Running 

buffer, 0.5XTBE was used in the top reservoir and 1XTBE in the bottom.

2.9.3 Analysis of Nucleotide Sequence Data

(Staden, 1982a,b,1984)

Sequence data was analysed using a VAX 11/780 computer. Sequences 

were read from the gels and entered into the computer by hand. Sequen­ 

ces were overlapped and aligned using DBAUTO and DBUTIL. Other prog­ 

rammes used in data analysis include DBSTART, CUTSIT, DIAGON, SEARCH and 

ANALYSEQ.

2.10 Isolation of Total Cellular RNA

(Chirgwin et_ al_., 1979)

Total RNA was isolated from the tissue culture cell lines by the 

guanidine-cesium chloride method. Tissue culture cells which had been 

washed in PBS (Section 2.15) were resuspended in 3ml of 4M guanidine
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thiocyanate solution (Section 2.1 f). The DNA was sheared with a 

sterile syringe and needle and until the solution was viscous. Three ml 

of CsCl solution was added (Section 2.1 f) to make a total of 6ml. 

Three ml of CsCl solution was put into a clear T.70 centrifuge tube and 

to it was added the 6ml solution. It was topped with paraffin and 

sealed. The tubes were spun at 35,000 rpm in the Beckman L8 ultracentr- 

ifuge for 16 hr at 18°C, without a brake. The top of the tube was slic­ 

ed off and the protein layer was fished out with a Pasteur pipette. The 

supernatant was removed gently with a sterile 1ml Pasteur pipette 

without disturbing the RNA pellet at the bottom. The pellet was washed 

with 70% ethanol and dissolved in 200-500ul TE (25mM Tris-HCl / ImM EDTA 

pH 7.5) + 0.2% SDS. RNA was precipitated with absolute ethanol at -70°C 

for 30 mins and resuspended in 100-200ul TES solution. Absorbance was 

checked at 260 and 280nm with A  1 = 40(jg of RNA. RNA is best stored 

at -20°C in ethanol and precipitated as required.

2.11 DNA Transfer Blot Analysis

(Southern, 1979; Wahl et al_., 1979)

2.11.1 Blotting on Nitrocellulose Membranes

Samples in 1/10 volume of glycerol dye mix were electrophoresed in 

agarose gels / 1 x TBE (Sec. 2.6.3) at 50mA for approximately 16 hr. 

The gel was washed with water stained with ethidium bromide if neces­ 

sary, photographed and then washed with the following solutions:

(a) Twice in 0.25M HC1 for 15 min each at RT.

(b) Twice in 0.5M NaOH / 1M NaCl for 15 min each at RT.

(c) Twice in 3M NaCl / 0.5 Tris-HCl, pH 7.4 for 15 min each at RT.
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The gel was rinsed with water between the washings. Blotting of 

agarose mini gels required shorter washing times and the acid wash was 

omitted for transfer of small size fragments.

The gel was placed on two sponges and two pieces of Whatman 3mm 

paper soaked in 20 x SSC. The area surrounding the gel was covered with 

cl ing-film and glass strips placed at the ends of the gel. A piece of 

nitrocellulose (Amersham) briefly wetted with water and 2 x SSC was 

placed on top of the gel, this was covered with two sheets of dry 

Whatman 3mm paper and approximately two inches of paper towels weighted 

with a glass plate and a weight. The buffer passed through the gel and 

nitrocellulose carrying the DNA from the agarose to the nitrocellulose 

by capillary action.

With cloned DNA, blots were taken for 1-2 hr. With genomic DNA 

blotting was for 24 hr. The sponges were kept moist with additional 20 

x SSC and the paper towels were replaced several times. The DNA was 

baked onto the nitrocellulose for 2-3 hr at 80°C before hybridization.

Hybridization of Nitrocellulose filters

(Bernards and Flavell, 1980)

Filters were floated on 6 x SSC for 5 min to wet them, then washed 

in 1M NaCl / ImM EDTA / 50mM Tris-HCl, pH 8.0 / 0.1% SDS for 1 hr at 

42°C. Prehybridization was carried out at 42°C for at least 3 hr. 

Hybridization buffer (Section 2.1 f) containing lOOug / ml sonicated

salmon sperm DNA and lOug / ml E. coli / pAT 153 Pvu II-8 DNA and ^ 5 x

5 10 cpm / ml of [a 32 P] labelled probe was boiled for 5 min and cooled

on ice. The filters were hybridized for 16 hr at 42°C. After hybridiz­ 

ation the filter were washed as follows:

5 times in 2 x SSC / 0.1% SDS for 10 min each at RT.

2 times in 0.2 x SSC for 30 min each at 68°C.
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The filters were air dried and autoradiographed.

2.11.2 Blotting on Nylon Membranes

Nylon membranes (Amersham Hybond-N, Genescreen Plus-Dupont) prove 

very useful for stripping blots and rescreening. Also they are not as 

fragile as nitrocellulose. Gels to be blotted onto nylon were treated 

as follows:

1. Once in 0.25M HC1 for 15 min at RT.

2. Twice in 0.4M NaOH / 0.6M NaCl for 15 min each at RT.

3. Twice in 1.5M NaCl / 0.5M Tris-HCl , pH 7.5 for 15 min each at 

RT.

The Hybond-N membrane did not need to be prewetted before blotting. The 

Genescreen Plus membrane was blotted on its concave side. It was first 

wetted with water and equilibrated in 10 x SSC for 30 min. Blotting was 

done using 10 x SSC. After blotting the Genescreen Plus membrane was 

treated with 0.4M NaOH for 30-60 sec followed by 0.2M Tris HC1 / 2 x SSC 

for 1 min, then air dried. Hybond-N membranes were washed in 2 x SSC 

and baked at 80°C for 2 hr. After prewashing, prehybridization was done 

with 1% SDS in the hybridization buffer. After hybridization the 

membranes were washed as follows:

Genescreen Plus -

5 times in 2 x SSC at RT for 10 min each.

2 times in 1 x SSC / 1% SDS at 65°C for 30 min each.

Hybond-N -

5 times in 2 x SSC / 0.1% SDS at RT for 10 min each.

2 times in 0.2 x SSC at 65°C for 30 min each.

The membranes were not allowed to dry before wrapping in Saran Wrap and 

autoradiographed for atleast 48 hr. Stripping of the blots was done by 

washing twice in 2mM Tris HC1 pH 7.4 / ImM EDTA / 1% SDS at 80°C for 1 

hr each.
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2.12 Northern Blot Analysis

(Maniatis ejt al_., 1982; Thomas, 1980)

For RNA blots, gels were prepared by dissolving 3g agarose in 222ml 

of water for 20 x 24cm gels. Thirty ml of 10 x MOPS (Section 2.1 f) was 

added. At 50°C, 48ml of 38% formaldehyde was slowly added in the 

fumehood along the side of the flask to prevent bubbles and the gel was 

immediately poured. The sample was prepared as follows: 25ul deionized 

formamide, 5ul 10 x MOPS buffer, 8ul of formaldehyde and 12ul of RNA 

solution (20ug) were mixed in a RNase free eppendorf tube and heated to 

65°C for 5 min just prior to loading. 5ul of 50% (v/v) glycerol cont­ 

aining O.lmg / ml bromophenol blue was added. A A ladder which was used 

as marker was boiled for 1 min to denature. Running buffer was 1 x 

MOPS. The gel was run 0/N at 45mA until the dye was ^ 10cm from the 

top. The gel was washed 5-10 min in water. No ethidium bromide was 

added. The gel was directly blotted onto the nitrocellulose wetted with 

2 x SSPE without any treatment. Blotting buffer was 20 x SSPE and the 

duration was 24 hr. After blotting, the nitrocellulose was washed with 

6 x SSC for 5 min and baked for 2 hr at 80°C. It was prewashed in 1M 

NaCl / 50mM Tris-HCl , pH 7.5 / 5mM EDTA / 0.1% SDS and then prehybri- 

dized for atleast 2 hr before hybridization at 42°C for 36-48 hr with
O I

labelled DNA probes of specific activity 10 cpm ug . After hybrid­ 

ization the filters were washed 5 times in 6 x SSC / 0.1% SDS at RT for 

15 min each and twice in 2 x SSC at 68°C for 30 min each. They were 

then air dried and autoradiographed at -70°C.

2.13 Tissue Cell Culture

Mouse Yl adrenocortical cell line was maintained as monolayers in 

plastic flasks (Nunclon) in Dulbecco's modification of Eagles' medium 

(DMEM, Flow Laboratories) supplemented with 10% heat inactivated fetal
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calf serum I 2mM glutamine I 5~g I ml penicillin - streptomycin I 100~g 

Iml kanamycin. Confluent cells were replated at 1:3 dilution by the 

foll owing procedure. Cell s were washed with 10m 1 phosphate buffered 

saline ( PBS Dulbecco's Flow) and incubated with 2ml 0.05% trypsin I 

0.02% EDTA for about 5-10 min at RT. The released cells were resus-

pended in DMEM media, divided into fresh sterile flasks, equilibrated 

with 5% CO2 gas and placed in a Hotpack CO2 incubated at 37°C. 

2.13.1 Long term Storage of Cells 

Approximately 107 cells obtained by trypsinization were collected 

by centrifugation in a MSE bench top centrifuge at 2,000 rpm, for 5 min 

at RT. The cells were resuspended in Iml of fetal bovine serum I 10% 

DMSO, slowly frozen at -70°C, and then stored in liquid nitrogen. The 

cells were recovered by thawing rapidly to 37°C. They were then diluted 

and washed in DMEM media before incubation in tissue culture flasks. 

2.14 Transfection of VI cells 

(a) The three plasmids used were BglII I BamHI subclones of the 

21-0Hase A gene, 21-0Hase B gene and 21-0Hase B gene from individual 

11.1 respectively. The pRSVCAT pl asmid ~2~g) used for cotransf­

ection. 

(b) 40~g of plasmid DNA in 450~1 of TE was coprecipitated with 50~1 

of 2.SM CaC1 2 by dropwise addition of SOO~l of 280mM NaCl I SOmM Hepes I 

1.5mM Na2HP04, pH 7.12 (2xHBS) over a period of 1 min with constant 

agitation. This was then added dropwise to a flask of VI cells which 

had been washed with PBS after removing the media. After 10 min, lOml 

media was added to the flask, CO2 was passed through the media and the 

flasks were left at 37°C for 6 hr. After 6 hr, the media was changed 

and '''15 ml fresh medi a was added, the fl asks were gassed and 1 eft at 
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37°C for 48 hr after which the cells were harvested.

2.15 Assay of Chloramphenicol Acetyltransferase Activity

Forty-eight hours after transfection, cells were harvested by 

trypsinization, washed with PBS and resuspended in 25ml PBS. 20ml of 

the cell suspension was pelleted at 2,000 rpm for RNA preperation and 

5ml of the cell suspension was pelleted for preparation of the cellular 

extract. The pellet was resuspended in lOOul of 0.25M Tris-HCl pH 7.5. 

After five cycles of freezing in dry ice - IMS bath and thawing at 

37°C, the samples were spun for 10 min at 10,000 rpm in a microfuge and 

the supernatants were removed to fresh eppendorf tubes. The supernat- 

ants were assayed for CAT activity as described by German et_ _al_. (1982) 

and Wu et_ a]_. (1987).

Twenty microlitres of the cell extract was assayed in 180ul cont­ 

aining 0.25M Tris-HCl pH 7.5, ImM acetyl-CoA and Q.5uCi [ 14C] chlor- 

amphenicol (54mCi / mmol, Amersham). After incubation at 37°C for 30 

min, the Chloramphenicol was extracted with 500ul of ethylacetate. The 

organic layer was dried down, dissolved in lOul of ethylacetate, and 

spotted onto silica gel thin layer plates. The migration in chloroform- 

methanol (95:5) was for 10 min. The plate was dried and autoradio- 

graphed at RT.
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CHAPTER III

STRUCTURE OF THE 21-HYDROXYLASE GENES
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3.1 Introduction

CAM due to defective 21-hydroxylation is one of the most common 

inborn errors of metabolism, second only to Phenylketonuria (PKU) which 

is an autosomal recessive human genetic disorder caused by a deficiency 

of hepatic phenylalanine hydroxylase. 21-OHase deficiency had been 

linked to the MHC in 1977 by Dupont _et_ aj_., and subsequently mapped to 

the HLA class III region along with the genes encoding the serum comple­ 

ment proteins C2, Factor B, C4A and C4B (White e_t a]_., 1985b; Carroll ejt 

al., 1985a). Detailed restriction mapping of uncloned genomic DNA and 

of cosmid clones have localized two 21-OHase genes, 21-OHase A and 

21-OHase B, to 6 kb regions flanking the 3' end of the C4A and the C4B 

genes, respectively.

The presence of the two 21-OHase genes led to the speculation that 

there might be two species of 21-OHase encoded by separate genes, as 

many patients having impaired 21-hydroxylation of 17-hydroxyprogesterone 

in the simple virilizing form of CAH had little or no impairment in 

21-hydroxylation of progesterone as in the case of the salt-wasting form 

of CAH (Migeon, 1977). This hypothesis fell into disfavour on the 

demonstration that the homozygous deletion of the 21-OHase A gene in 

individuals did not affect their adrenal steroidogenesis (White et al., 

1985b). A homozygous deletion of the 21-OHase B gene, however, was 

found in individuals with CAH. This clearly indicated that the 21-OHase 

A gene did not play an active role in adrenal steroidogenesis while the 

21-OHase B gene was essential for normal synthesis of both cortisol and 

aldosterone.

To define the differences between the two 21-OHase genes which 

affected their role in adrenal steroidogenesis, it was essential to 

analyse them at the molecular level. With this in mind, two cosmids 

that contained the C4A and 21-OHase A genes, and the C4B and 21-OHase B
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genes were further characterized. The two 21-OHase genes were subcloned 

and sequenced. On the basis of their nucleotide sequence, it was then 

clear that only the 21-OHase B gene encoded an active enzyme while the 

21-OHase A gene was a pseudogene due to a number of mutations, three of 

them preventing the transcription of a functional protein.

3.2 The Organization of the 21-OHase Genes in Individual HPFH

The molecular map of 160 kb of genomic DNA in the HLA class III 

region containing five complement genes was constructed on the basis of 

five overlapping cosmid clones isolated from that region from a cosmid 

library constructed from an individual HPFH typed as HLA A3,31 814,37 

DR1,2 C4A2,3 C4B1,2 BfS C2C, by Grosveld et_ a]_. (1982) (Carroll et_ 

al., 1984b). The C2 and Factor B genes, separated by less than 1 kb, 

were 30 kb away from the C4 genes. Analysis of the cosmid clones using 

the C4A and C4B class specific synthetic ol igonucleotides showed that 

there was a single C4A gene and two C4B genes. These genes were assi­ 

gned to the haplotype A3, B14, DR1, C4A2, C4B1,B2, BfS, C2C which has 

been shown to have a duplication at the C4B loci (Raum ^t_ jil_., 1984). 

The B14, C4A2, C4B1,B2, BfS supratype is associated with late onset 

congenital adrenal hyperplasia. This haplotype has two 21-OHase A genes 

and one 21-OHase B gene (Garlepp et_ a_K, 1986).

The two proposed haplotypes for HPFH are illustrated in figure 3.1 

The B37 DR2 haplotype represents the expected two C4 loci, that is C4A 

and C4B, as most haplotypes have only two active C4 genes. Alterna­ 

tively, the B37 haplotype may have a single active C4A3 gene and null at 

the C4B locus since the complement typing would not identify the number 

of C4B1 genes expressed. The nature of the 21-OHase genes present on 

this haplotype is also not known. On the basis of information avail­ 

able, it appears that individual HPFH did not suffer from the nonclass-



Figure 3.1

Proposed haplotypes of HPFH. Chromosome I carries the B14, DR1 

haplotype, and has a duplication of the C4B locus and the 21-OHase A 

locus. The homologous chromosome II carries the B37, DR7 haplotype, 

and has a single 21-OHase A and 21-OHase B gene.
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ical form of CAM, therefore at least one 21-OHase gene in individual 

HPFH has to be functional. It would seem that there would be one normal 

21-OHase B gene on the B37 haplotype on the assumption that the 21-OHase 

B gene on the CAH-associated B14 haplotype did not partake in normal 

adrenal steroidogenesis. Therefore the B37 haplotype could have a gene 

organization of C4A3 - 21-OHase A - C4B1 - 21-OHase B, or may have C4A3 

- 21-OHase B due to a deletion of the 21-OHase A - C4B1 region as in 

some other characterized haplotypes (Carrol 1 et_ aj_., 1985b).

3.2.1 Cloning of the 21-OHase A Gene

Three overlapping cosmids 3A3, 1E3 and 1E2 were isolated from the 

HPFH cosmid library (Figure 3.1) and three C4 genes that were linked on 

one chromosome were identified by M.C.Carroll. Cos 3A3 contained a C4A 

gene, while cos 1E3 and cos 1E2 contained C4B gene sequences. Cos 1E3 

was shown to contain a 21-OHase gene by Carroll ert aj_. (1985a). A 2.4 

kb band of human adrenal RNA was identified in Northern blot analysis by 

hybridizing with a probe prepared from cos 1E3. Hybridization to the 

same 2.4 kb band, of a 23-base synthetic oligonucleotide probe comple­ 

mentary to bovine steroid 21-OHase cDNA, identified the gene as encoding 

21-OHase. Restriction digests of cos 1E3 and cos 1E2 indicated the same 

restriction pattern in both the 21-OHase genes contained in them. An 

Asp718 digest failed to detect any differences between the two cosmids 

in the 21-OHase region and hence it was deduced that both cosmids 

contained 21-OHase A genes, although only one 21-OHase A gene from cos 

1E3 was characterized in detail. Since there was no cosmid isolated 

beyond the limit of the second C4B gene, the 21-OHase B gene which would 

be there by inference was not isolated.

Confirmation that the gene encoded steroid 21-OHase came by nucleo- 

tide sequencing of a 0.43 kb genomic fragment that hybridized with the



Figure 3.2

The three overlapping cosmids from the HPFH cosmid library that 

contain the C4A and two C4B genes and the two 21-OHase A genes on 

the B14.DR1 haplotype. No cosmid was isolated beyond the limits of 

the second C4B gene. Cos 10 and Cos la overlap the C2 and Factor B 

genes.
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synthetic probe. Its derived amino acid sequence was more than 70% 

homologous with bovine and pig steroid 21-OHase sequences, but less than 

40% homologous with rat liver P-450 sequence (Carroll j^t aj_., 1985a). 

This gene was later identified to be the 21-OHase A gene on the basis of 

the 3.2 kb TaqI fragment which is characteristic of the 21-OHase A gene 

(White ert jfl_., 1985b). A 4 kb Kpnl fragment which is characteristic of 

the 21-OHase A gene was subcloned from cos 1E3 in the plasmid vector 

pBRSV40 (pSV4kpn) by Carroll et aj_., (1985a). As this fragment did not 

contain the entire 21-OHase A gene (Figure 3.4), a Bglll / BamHI frag­ 

ment 5.5 kb in length was subcloned into pAT / PvuII / 8 by blunt end 

ligation of an end filled Bglll / BamHI double digest of cos 1E3 

(Rodrigues e^t aj_., 1987). Positive clones were identified by hybrid­ 

ization to a 600 bp Hinfl 21-OHase probe made from the pSV4kpn subclone 

of the 21-OHase A gene. Plasmid DNA was isolated from the positives and 

the insert size was estimated after a Clal / Xhol double digest by 

comparison with standards. One clone was further characterized by doing 

several single and double digests with restriction endonucleases such as 

AccI, Asp718, BamHI, EcoRI, Haell, Ncol, Smal, StuI, Asp718 / Clal, Clal 

/ Ncol, EcoRI / Asp718, Haell / Clal, Smal / Asp718, Smal / Clal, Smal / 

Ncol, Asp718 / Ncol, Smal / Ncol. These digests were subjected to 

Southern blot analysis using the 600 bp Hinfl probe and on the basis of 

the pattern, the various restriction sites were mapped in the subclone 

(Figure 3.3). These sites were then used to generate fragments for 

subcloning into M13mp9 and sequence analysis.

3.3 The Organization of the 21-OHase Genes in Individual KEM

The individual KEM who is homozygous for the deleted C4A null

allele, with the HLA haplotypes Al,2 B8,7 DR3,4 C4AQO C4B1 BfS C2C, was



Figure 3.3

Southern blot analysis of the Bglll / BamHI subclone of the 21-OHase 

A gene. The digests done were AccI, Asp718, BamHI, EcoRI, Haell, 

Ncol, Smal, StuI, Asp718 / Clal, Clal / Ncol, EcoRI / Asp718, Haell 

/ Clal, Smal / Asp718, Smal / Clal, Smal / Ncol, Asp718 / Ncol and 

Smal / Ncol. The bottom panel shows the digest run on a agarose gel 

while the top panel shows the autoradiograph of the Southern blot 

probed with the 600 bp Hinfl probe.
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shown to have a deleted C4A and 21-OHase A gene on both his chromosomes 

by Southern blot analysis of genomic DNA (Carroll ejt aj_., 1985b). A 

molecular map was constructed on the basis of Southern blot analysis 

after comparing the restriction patterns of the two haplotypes HLA A2, 

B7, DR4 and Al, B8, DR3 with the deleted C4A null alleles with a normal 

haplotype C4A3, Bl. The restriction patterns of the two haplotypes that 

had the deleted C4A null allele were identical. Figure 3.4 shows the 

molecular map comparing the C4 haplotypes C4A3 C4B1 and C4AQO C4B1. 

Based on the results from Southern analysis, the minimum limits of the 

deletion have been proposed as extending from the 7 kb intron in the C4A 

gene at the 5' end to the homologous region in the C4B gene. However, 

localization of the precise site where recombination might have occured 

could not be determined at the molecular level. It is interesting that 

the same region of DNA was deleted on the C4A null haplotypes, which 

suggests that a common mechanism is involved. KEM .has one 21-OHase B 

gene on each of his haplotypes. A cosmid library of human genomic DNA 

prepared from white blood cells from individual KEM was constructed by 

Dr. M.C.Carroll. The cosmid clone KEM-1 isolated from the genomic 

library contained a complete C4 gene that was identified as C4B by 

hybridization with a C4B specific probe.

3.3.1 Cloning of the 21-OHase B Gene

The cosmid clone KEM-1 was analysed by digesting it with the restric­ 

tion endonucleases TaqI and KpnI. Southern blot analysis followed by 

hybridization to the 600 bp Hinfl 21-OHase probe showed the presence of 

a 3.7 kb TaqI band and a 3 kb KpnI band (Figure 3.5) which is charac­ 

teristic of the 21-OHase B gene. The 3.7 kb TaqI fragment was subcloned 

into the plasmid vector pATX (which is a variant of pAT 153 / PvuII / 8) 

by shotgun cloning of the entire endfilled TaqI digest of cos KEM-1. It



Figure 3.4

Comparison of the molecular maps of haplotypes C4A3, C4B1 and 

C4AQO, C4B1 (KEM). Horizontal bar indicates approximate limits of 

deletion. KEM-1 has one C4B and one 21-OHase B gene on each of his 

two chromosomes. The C4A and 21-OHase A genes are deleted on both 

chromosomes. Cos KEM-1 contains the entire C4B and 21-OHase B gene. 

The restriction map around the region on a normal haplotype is shown 

on top. Bg, Bglll; K, Kpnl; T, TaqI and B, BamHI, respectively.
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Figure 3.5

Southern blot analysis of cos KEM-1 with TaqI and Kpnl. The 3.7 kb 

TaqI fragment and 2.9 kb Kpnl fragment characteristic of the 21- 

OHase B gene light up with the 600 bp Hinfl 21-OHase probe.
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Figure 3.6

Bglll / BamHI digest of cos 1E3 and KEM-1.

Bglll / BamHI digest of cos 1E3 gives a band at 5.5 kb that hybrid­ 

izes to the 21-OHase probe. The Bglll / BamHI digest of cos KEM-1 

gave a very large fragment which meant that the limits of the clone 

were short of the BamHI site. The Bglll / BamHI digest of cos KEM-1 

was further digested with Sail, the Sail site being in the cosmid 

vector. A 5.2 kb band was seen with the Bglll / BamHI / Sail digest 

which hybridized to the 21-OHase 600 bp Hinfl probe.
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was then screened out for positive colonies with the 21-OHase probe. To 

subclone the entire 21-OHase gene, a Bglll / BamHI double digest was 

done on cos KEM-1. However there was no band at 5.5 kb as predicted 

from genomic digests. It was likely that the insert stopped just short 

of the BamHI site in the genomic DNA. The DNA was subjected further to 

digestion with Sail, the Sail site being that in the cosmid vector. The 

Bglll / BamHI / Sail digest gave a band at 5.2 kb which hybridized to 

the 21-OHase probe (Figure 3.6). The entire endfilled digest was 

shotgun cloned into the plasmid vector pATX and screened for positive 

clones. The 10 clones picked after rescreening for single colonies were 

subjected to analytical Hinfl / Kpnl digests and compared to fragments 

in the 3.7 kb TaqI subclone. One clone was selected on the basis of its 

near identity to the 3.7 kb TaqI subclone. The vector in this clone was 

not pATx, instead it was the cosmid vector pTCF which gives a different 

restriction pattern to that of the plasmid vector. The subclone was 

then used to generate fragments for sequencing.

3.4 Subcloning of the 21-OHase A Gene into M13mp9

The 4 kb pSV4kpn subclone was used to generate the required frag­ 

ments for sequencing. Since a preliminary restriction map on the basis 

of previous results was known (Carroll ert aj_., 1985a) it was decided to 

digest the subclone with the enzyme Hinfl which gave reasonably sized 

fragments. The Hinfl fragments cloned were of the following lengths : 

152 bp, 182 bp, 309 bp, 417 bp, 431 bp, 550 bp, 620 bp and 752 bp (Table 

3.1). The Hinfl sites were mapped to the pSV4kpn subclone by doing 

double digests (Figure 3.7). The Hinfl digest was then endfilled and 

blunt end ligated into the vector M13mp9 which had been digested with 

Smal and phosphatased (Section 2.9.2a). All the fragments were se- 

quenced by the dideoxy chain termination method (Section 2.9.2f) and in



Figure 3.7

Restriction map of the 21-OHase A gene and the sequencing strategy. 

The restriction map of the 21-OHase A gene extending from the Kpnl 

site to the Styl site is shown. The sequencing strategy is shown 

beneath. The arrows indicate the extent and orientation in which 

each fragment was sequenced A : AccI; B; BanI; E, EcoRI; H, Hinfl; 

K; Kpnl; M, Mspl; N, Ncol; P, PvuII; S, StuI; Sm, Smal; St, Styl; T, 

TaqI.
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both orientations. On the basis of the restriction map constructed from 

the results of various digests done on the pSV4kpn subclone and from the 

nucleotide sequence obtained from sequencing the Hinfl fragments, it was 

then possible to choose restriction sites that would yield suitable 

fragments which would overlap the Hinfl sites. To overlap the Hinfl 

sites , further digests that were done were EcoRI / PvuII to clone 324 

bp, 173 bp, 297 bp and 322 bp fragments; Smal / EcoRI to clone the 374 

bp fragment; TaqI / StuI to clone the 341 bp fragment; BanI to clone the 

190 bp, and 239 bp fragments; Hinfl / Smal to clone the 507 bp fragment; 

TaqI / PvuII to clone 390 bp fragment; Hinfl / Asp718 to clone the 571 

bp fragment; AccI / StuI to clone the 330 bp fragment; AccI / Ncol to 

clone the 413 bp and 441 bp fragments and finally Mspl to clone the 152 

bp, 247 bp, 397 bp and 427 bp fragments to complete all overlaps. The 

3' end of the gene which is beyond the 4kb Kpnl fragment was subcloned 

from the Bglll / BamHI subclone. The fragments cloned were 277 bp and 

280 bp from an Asp718 / Styl digest of the subclone. Figure 3.7 shows 

the restriction map of the 21-OHase A gene and the fragments sequenced 

are shown below the restriction sites. The region 5' to the TaqI site 

was also subcloned and sequenced, and is shown in Appendix I.

3.5 Subcloning of the 21-OHase B Gene into M13mp9

The 3.7 kb TaqI subclone was used to generate fragments for seque­ 

ncing. It was subjected to the same digests as the 21-OHase A gene 

subclone (Figure 3.8) (Section 3.2.1), the restriction map (Figure 3.9) 

was constructed and compared to the 21-OHase A gene restriction map. 

The major differences in the restriction sites between the two genes are 

with the restriction enzymes TaqI, Asp718 (or Kpnl), EcoRI and Mspl. 

The 21-OHase A gene has an additional TaqI site ^ 500 bp away from a 

second TaqI site in the 5' flanking region which contributes to the



Table 3.2 Fragments used for subcloning the 21-OHase B gene Into M13mp9 

Restriction enzyme Positions Fragment length

Hlnfl -720,-412 308

-412,-260 152

-260, 156 416

156, 779 623

779, 1210 431

1210, 1961 751

1983, 2165 182

Hinfl / Smal 2165, 2672 507

Mspl 103, 695 592

695, 950 255

950, 1347 397

1465, 1891 426

1891, 2043 152

2043, 2251 208

2362, 2588 226

StuI / Clal -403,-743 340

StuI / BamHI 2569, 2999 430

Clal / Asp718 -743,-111 632

Asp718 / Ncol 111, 339 450

Ncol 339, 783 444

Asp718 2738, 3015 277

Asp718 / StyI 3015, 3295 280



Figure 3.8

Southern blot analysis of the 3.7 kb TaqI subclone of the 21-OHase B 

gene. The digests done are shown in the figure. The blot was 

hybridized to the 21-OHase 600bp Hinfl probe and the restriction map 

was constructed on the basis of the fragments that light up.
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Figure 3.9

(a) Restriction map and sequencing strategy for the 21-OHase B gene 

is shown beneath the corresponding restriction map. The arrows 

indicate the extent and orientation in which each fragment was 

sequenced. The restriction sites are : A : AccI; E, EcoRI; H, 

Hinfl; K; Kpnl; M, Mspl; N, Ncol; P, PvuII; S, StuI; Sm, Smal; St, 

Styl; T, Taql.

(b) Intron - exon structure of the 21-OHase gene. 

The extent of the gene from the putative transcription start site to 

the polyadenylation site is illustrated by the thick line. Exons 

are shown boxed and are numbered 1 - 10. The position of the TATAA 

box and the polydenylation signal AATAAA are shown. The positions 

at which the 21-OHase A gene differs from the 21-OHase B gene are 

marked by bars beneath the gene structure. ( ) over a bar indicates 

a codon change due to nucleotide alteration. The three deleterious 

mutations in the 21-OHase A gene are illustrated below the corres­ 

ponding bars. The 8-bp deletion and the T insertion, which cause 

frameshifts, and the C + T transition, which generates a stop codon 

, are underlined.
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difference in size between the 3.2 kb and 3.7 kb TaqI fragments in the 

21-OHase A and 21-OHase B genes respectively. Similarly an additional 

Kpnl site in the 5' flanking region of the 21-OHase B gene contributes 

to the differences in size between the 4 kb and 3 kb Kpnl fragments in 

the 21-OHase A and 21-OHase B genes, respectively. The 21-OHase A gene 

has an additional EcoRI site ^ 500 bp away from the EcoRI site present 

in both the genes. The 592 bp, 208 bp and 111 bp Mspl fragments were 

absent in the Mspl digests of the 21-OHase A subclone; instead there 

were 294 bp, 303 bp and 319 bp fragments present which were probably due 

to nucleotide differences leading to restriction site changes. A Hinfl 

digest was done to yield fragments of the same sizes as those in the 

21-OHase A gene (Section 3.4) (Table 3.2). A Mspl digest of the sub- 

clone overlaps the Hinfl sites. The Hinfl fragments were subcloned into 

M13mp9 and sequenced. The Mspl fragments were subcloned into M13mp8 and 

sequenced by I. Dunham. Other fragments that were cloned were StuI / 

Clal (340 bp) and StuI / BamHI (430 bp) the Clal and BamHI sites being 

in the plasmid vector at the 5' and 3' ends of the insert, respectively. 

Other digests done were Clal / Asp718 / Ncol to clone 632 bp, 450 bp and 

444 bp fragments and Smal / Hinfl to clone the 507 bp fragment. To 

clone the 3' end of the gene, an Asp718 / Styl digest was done on the 

Bglll / BamHI / Sail subclone of the 21-OHase B gene to clone the 277 bp 

and 280 bp fragments. All fragments were sequenced in both orientations 

and at least twice. Figure 3.9a shows the restriction map of 21-OHase B 

gene and the fragments sequenced are indicated underneath.

3.6 Structure of the 21-QHase Genes

The gene structure was initially deduced by comparison with the 

bovine 21-OHase cDNA sequence (Yoshioka et_ _aj_., 1986). There is 78% 

homology between the bovine and human 21-OHase amino acid sequences.



Figure 3.10

The 5' flanking region of the 21-OHase gene. The possible transcr­ 

iption initiation signal TATAA is underlined. The three transcrip­ 

tion start sites at the -9th, -53rd and -118th nucleotide positions 

are shown by arrows. The -9th position is probably the major 

transcription start site.
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The gene structure was confirmed with the published human 21-OHase cDNA 

sequence which extends from codon 7 to the poly A tail (White et al., 

1986). The two 21-OHase genes are ^ 3.3 kb in length and are split into 

10 exons by nine introns. All nine introns begin and end with typical 

splice signals GT-AG. The introns vary from 83 bp to 283 bp in size. 

Figure 3.9b shows a schematic representation of the intron-exon organ­ 

ization of the genes. As indicated in Table 3.3, the 1st, 2nd and 9th 

introns occur in codons 68, 98 and 408 after the first nucleotide of the 

codon triplet, while the 8th intron begins after the 2nd nucleotide of 

codon 373. The two genes are highly conserved and share 98% homology in 

the nucleotide sequence of the exons and 96% homology in the introns.

The possible transcription initiation signal TATAA that is post­ 

ulated to play an important role in determining proper initiation sites 

for RNA polymerase II (Nussinov, 1986), is located in the 5' region 38 

bp upstream of the putative ATG initiation codon in both genes (Figure 

3.10). SI nuclease mapping analysis showed three protected bands of 

different sizes, each corresponding to the transcription start site at 

the -9th, -53rd and -118th nucleotide position (Higashi e_t aj_., 1986) 

(Figure 3.11). From the intensity of the protected bands, it appears 

that the -9th position is the major transcription start site situated 

25bp downstream from the TATAA sequence. The other two at -53rd and 

-118th positions are presumably minor start sites because of the lower 

intensity of the bands. Upstream from these positions however, there is 

no apparent TATA sequence or its equivalent.

The polyadenylation signal AATAAA lies 486 bp away from the termin­ 

ation codon in the 10th exon. The cDNA sequence indicates that the 

polyadenylation signal is 21 bp upstream of the poly(A) tail (White et 

_aj_., 1986). From these data it appears that the 21-OHase gene codes for 

a mRNA species of ^ 2 kb and this is similar to that detected by



Table 3.3

Intron No

1.

Donor Sites 

CAAGgtgagagg
n n o 

0
67

Acceptor Sites 

tctcccagAT
309D

68

Intron size (bp) 

107

2. ACCTqtaagggc
y 390
97

tcctgcagAC
672y

98

283

3. GAGgtaaggct
E 327 
149

ctccacagCGC
93? R

150

103

4. AAGgtgcctca
K 1036 

183

tctcaGAC112 D

5. AGGgtgaggac
V i H rR t226

217

tgccgcagTTC
1325 p

218

101

6. AAGcjtciciggac

246

ctctqcaqGAG
158:

247

169

7. GAGgtgactcc
E * 7^
313

ttccccagATT
1983

314

200

8. AGgtgactcc 
S 2ig3
373

cccttcagCATC
2245 j

374

83

9. CCTGgtatggg
p 2350 
407

gcccgcagATa "«|j
408

97

Capital letters indicate sequences within introns while case letters 
represent those within introns. Indicated below codons is the encoded amino 
acid and codon number. The nucleotide number is indicated below the first 
and last base in the introns.



Figure 3.11

(a) Codon usage and amino acid composition for the 21-OHase protein. 

The amino acid composition is compared with the expected composition 

for a protein of this size, based on a number of reference proteins. 

The value indicates the frequency of presence of a particular amino 

acid. This data was derived using the ANALYSEQ program (Staden, 

1984).

(b) Frequency of GpC residues compared to the frequency of CpG resi­ 

dues occurring in the 21-OHase gene.
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Northern blot analysis of adrenal RNA preparations (Carroll et al., 

1985a). The first exon codes for 26 leucines which form the core of a 

hydrophobic domain that may play a role in anchoring the enzyme to the 

microsomal membrane. Exon 10 contains the codon for cysteine at posi­ 

tion 429 thought to be involved in binding of heme within the enzyme 

(Morahashi ejt ji]_., 1984). A search through the nucleotide sequence on 

the computer programme DIAGON revealed no significant repeats within the 

sequence. A more detailed search with ANALSEQ which searched for a 

repeat sequence of 12 bp or more, revealed 8 repeated sequences. The 

longest repeat is 15 bp and is at positions 534 and 1331 (Table 3.4). 

Three inverted repeats were found in the sequences (Table 3.4) of 12 bp 

each.

The derived amino acid sequence of 21-OHase indicated that the 

proteins is composed of 495 amino acids. This predicted that the 

molecular weight of human 21-OHase is 56028 which is similar to the 

porcine (54,000) (Biggin ejt a]_., 1983) and bovine (52,000) (White et 

al., 1984b) 21-OHases, respectively. Computer analysis of codon and 

amino acid usage for 21-OHase is shown in Figure 3.12. The most stri­ 

king point is the presence of 84 leucine residues which account for the 

hydrophobicity of the protein. Other cytochrome P-450s are also rich in 

leucines (Fujii-Kuriyama et, aj_., 1982). The second observation is that 

codon usage is not random. For example TTA, CTT and CTA for leucine are 

rarely used, and the same is true of the TCA and AGT codon for serine. 

The GTG codon for valine is never used while GTA is most used. There 

also appears to be a positive discrimination against codons containing 

CpG in the second and third positions. The TCG (Serine) codon is never 

used, while CCG (Proline), ACG (Threonine) and GCG (Alanine) are rela­ 

tively rarely used. Barker et j*l_. (1984) observed that the doublet CpG 

appears to be a hot spot for mutation. Deamination of 5-methylcytosine



Table 3.4 Inverted Repeats in the 21-QHase nucleotide sequence 

(a) 660
1996
2474

2000
664
2478

12
12
12

CTCCTCCTGCAG 
CTGCAGGAGGAG 
CCAGAGCTCTGG

(b) Long Range Repeats in the 21-OHase nucleotide sequence
1333 13 CCCAATCCAGGTC
1806 13 AGGCTCCTTCCCA
1334 12 CCAATCCAGGTC
1807 12 GGCTCCTTCCCA
20 12 TGCTGCTGCTGC
1331 15 TCCCCAATCCAGGTC
1332 14 CCCCAATCCAGGTC
19 13 CTGCTGCTGCTGC

1285
537
1286
17
534
535
16

CD 
+-> 
O
J- 
Q_

O
I

r—I 
C\J

21-OH Protein
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leads to the formation of a thymine residue and inefficient correction 

of this would cause CpG to be a hot spot for mutation. This may act as 

a selective pressure in the coding sequence, as a mutation in a C 

residue in the second codon position would alter the amino acid se­ 

quence. A search for GpC and CpG strings in the entire 21-OHase gene 

sequence showed that while it had a high frequency GpC strings, it had 

relatively fewer CpG strings (Figure 3.11).

3.7 Comparison of the Two 21-OHase Genes

The existence of two 21-OHase genes which were so homologous to 

each other had led to the speculation that probably there were two 

separate 21-hydroxylases encoded by separate genes. This was supported 

by the fact that many patients having impaired 21-hydroxylation of 

17-hydroxyprogesterone had little or no impairment in 21-hydroxylation 

of progesterone (Migeon, 1977; Rosenfield and Miller, 1983). This 

hypothesis was later disproved on demonstration that a single species of 

21-OHase can 21-hydroxylate either progesterone or 17-hydroxyprogest­ 

erone in vitro (Kominami et^ a]_., 1980). Further proof that only one of 

the 21-OHase genes in man was vital for 21-hydroxylation was demon­ 

strated in patients with CAH who had a deletion of the 21-OHase B gene 

while individuals with deleted 21-OHase A genes were hormonally normal 

(White et al_., 1984b).

A comparison of the nucleotide sequences of the 21-OHase A and 

21-OHase B genes reveals that of the 4042 nucleotides compared there 

were 92 nucleotide differences between the two genes. These are de­ 

picted in Figures 3.9b and 3.12. The TaqI and Kpnl restriction pattern 

differences were not due to deletions as originally thought (White et 

^1_., 1985a), but due to single point mutations in the 5' flanking region 

of the 21-OHase A gene. Thirteen of the differences in the 21-OHase A



Figure 3.12

Comparison of the nucleotide sequences of the 21-OHase B gene (first 

line) with a 21-OHase A gene (second line). The complete nucleotide 

sequence of the 21-OHase B gene and its predicted amino acid 

sequence are shown. Dashes are introduced to maximise homology. 

Single nucleotide alteration which cause codon change are marked 

with an asterisk (*). The premature stop codons that occur in the 

21-OHase A gene are underlined. The 8 bp deletion is shown by a 

dotted line.
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gene lie in the 5' flanking region upstream of the ATG initiation codon, 

42 lie in introns and nine are in the 3' untranslated region. Twenty 

eight differences are in the exons of which eight are silent and 20 

cause amino acid changes. Ten of the codon changes which result in an 

amino acid change would have an unpredictable effect on the gene product 

while the remaining 10 differences are quite drastic. These include an 

8 bp deletion in the third exon of the 21-OHase A gene at codons 111-113 

causing a shift in the reading frame as shown in figure 3.9b. This 

shift introduces a stop signal (TGA) between codons at positions 133 and 

134 (Figure 3.12). Another frameshift occurs in the seventh exon of the 

21-OHase A gene at codon 307 due to a 1-bp insertion. A third nonsense 

mutation occurs in the eighth exon in codon 319 due to a OT transition 

(Figures 3.9b and 3.12). The changes in reading frame and the introduc­ 

tion of in phase premature termination codons indicate that the 21-OHase 

A gene would encode a truncated and presumably nonfunctional protein. 

Northern blot analysis of adrenal RNA using ol igonucleotides specific 

for 21-OHase A and B genes has shown that only the 21-OHase B gene probe 

hybridized to a mRNA species (Higashi et^ aJL, 1986). A OT transition 

at -4 position from the initiation codon in the 21-OHase A gene may

affect its expression. Kozak (1984) has reported that the sequence

/\ CCgCCAUG is a favorable context for initiation by eucaryotic ribosomes,

and a change in that sequence may affect the binding of the 40S ribo- 

somal subunit and hence subsequent initiation.

All these differences indicate that the 21-OHase A gene is a 

pseudogene and non-expression of the putative A gene product may be due 

to lack of transcription of the gene, incorrect processing or instablity 

of the mRNA. It does not indicate, however, whether the 21-OHase A gene 

is nonfunctional in all individuals. The sequence of the three 21-OHase 

A genes reported so far seems to point out that they all carry the three 

deleterious mutations. The presence of the duplicated and highly 

homologous sets of C4 and 21-OHase genes in a small stretch of 

chromosomal DMA may allow for frequent exchange of their DNA



Figure 3.13

The sequence of the second intron in the 21-OHase B gene (first 

line) and 21-OHase A gene (second line) gene is shown. Out of the 

92 differences between the two genes, 45 are centred in this portion 

of the gene.
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sequences by homologous recombination or unequal crossing-over during 

meiosis. Most of the base changes between the two 21-OHase genes (45 

out of 92) are localized in the second intron and the contiguous 5' part 

of the third exon (Figure 3.13). The presence of a hot spot in this 

limited region is reminiscent of a recombination point as suggested for 

the human fetal y-globin gene (SI ightom £t aj_. , 1980).

3.8 Comparison of the Human 21-OHase Gene with Bovine and Murine 

21-OHase Genes

The presence of two 21-OHase genes have also been reported for the 

mouse and bovine genome (White et al . , 1984c; Chung et al . , 1985). 

Northern blots of bovine RNA show two major species of bovine 21-OHase 

mRNA of 2.4 kb and 2.2 kb. Thus both bovine 21-OHase genes may be 

active, or alternatively there might be multiple polyadenylation sites 

in the 3' untranslated region of the mRNA or alternate splicing result­ 

ing in different sized mRNAs arising from a single gene (Chung et al . , 

1985). In the mouse H2 complex, the two 21-OHase genes, 21-OHase A and 

21-OHase B lie approximately 4 kb 3' of the genes for the murine sex- 

limited protein and fourth component of complement (C4) (Parker et al . , 

1985). It was shown that only the 21-OHase A gene was expressed in the 

adrenal glands and transfected Yl cells whereas no expression of the 21- 

OHase B gene was seen. Nucleotide sequence analysis confirms this 

observation. The murine 21-OHase genes have 10 exons and code for 487 

amino acids (Chaplin et_ jil_. , 1986). The murine 21-OHase B gene has a 

deletion spanning 215 bases which includes the second exon. There are 

other nucleotide changes that result in frame shifts and premature 

termination codons. It was demonstrated that the murine 21-OHase B gene 

promoter was functional by transfecting a hybrid gene containing the 

21-OHase B promoter placed 5' to the 21-OHase A structural gene, into Yl



TABLE 3.5

COMPARISON OF THE HUMAN 21-OHASE AMINO ACID SEQUENCE WITH THE MURINE AUD BOVINE 21-OHASE SEQUENCE

.,. ...... ....|,,.. & .... . . . . | . , . . . . | | . * . A . . . f . . f . * . «
Hu MLLLGLLLLLPLLAGARLLWNHWKLRSLHLPPLAPGFLHLLQPDLPIYLLGLTQK

Mu MLLPGLLLLLLLLAGTRWLHGQWICLRKLHLPRLAPGFLEFLQPNLPIYLLGLTQK 

Bo MVLAGLLLLLTLLAGAHLLWGRWKLRNLHLPPLVPGFLHLLQPNLPIHLLSLTQK

A«*t**l««*l«»**l***l«*****lA *•£**••••« « * * « I I * « •

Hu FGPIYRLHLGLQDVVVLNSKRTIEEAMVKKWADFAGRPEPLT^YKLVSRNYPD LS

Mu LGPIYRIHLGMQ^DVVLLNSNRTIEEALIQKWVDFAGRPEMLN^GKMDL D LS 

Bo LGPVYRLRLGLQfEVVVLNSKRTIEEAMlRKWVDKAGRPQIPSfYICLVSQRCQDILS

..*.«*j.*...|ff....fA* .,..*. | 4 *« ......... #* AA »**«* i

Hu LGDYSLLWKAHKKLTRSALLAGIRDSMEPVVEQLSTQEFCERMRAQPQTPVAIEE

Mu LGDYSLMWKAHKLS RSALMLGMRDSMEPLIEQL TQEFCE^MRAQAGTPVAIHK

Bo LGOYSLLWKAHKKLTRSALLLGTRSSMEPWVOQL TQEFCE^RMRVQAGAPVTIQK

Hu EFSLLTCSIICYLTFGDIClK+DDNLMPAYYKCIQEVLKTWSHHSIQIVDVIPFLR t F

Mu EFSPLTCSIIC LTFGOL fNSTLBQTLHDCVQOLLQAWNHWSlQlLTIIPLLRf F

Bo EFSLLTCSIICYLTFGDK +EDTLVHAFHDCVQDLMKTWDHWSIQILDMVPFLRf F

I*.... f*.*f f . ...,.| .. # . .**,...*. |*. ......* fiA iii
Hu FPNPGLRRLKQAIEKRDHIVEMQLRQHKfESLVAGQWRDMMDYMLQGVAQPSMEEG

Mu LPNPGLQKLKQIQESROHIVKQQLKQHKfESLVAGQWKDMIDYMLQGVEKQROGKD

Bo FPHPGLWRLKQAIENRDHMVEKQLTRHICtESMVAGQWRDMTDYMLQGVGRQRVEEG

I*. |.....* ££ ..* £ . ..*..** ...... A ......... ....... |      
Hu SGQLLEGHVHMAAVOLLIGGTETTANTLSWAVVFLLHHPE^IQQRLQEELDHELGP

Hu EEQLEEGHVHMSVVDLFIGGTETTATTLSWAVAFLLHHPE^IQKRLQEELDLKLGP 

Bo PGQLLE6HVHHSVVDLFIGGTETTASTLSHAYAFLLHHDEtIQRRLQELEORELGP

•II III *|||*|*«««*«*««*«««. ........... |..|...«.*...||A

Hu GASSSRVPVKORARLPLLNATIAEVLRLRPVVPLALPHRTTRPSS^ISGYDIPEGT

Mu GSQLLTRNRMQ IPLLNATIAEVLRLRPVVPLALPHRATRASS^ISGYDIPKDM

Bo GASCSRVTYKDRARLPLLNAT1AEVLRLRPVVPLALPHRTTRPSS+IFGYOIPEGM

« 4 ...|...|...|... | | | * « .*.*..». t«A 4 |||....... ....«*.«.*

Hu VIIPNLQGAHLDETVWERPHEFWPfORFLEPGKNSRALAFGCGARVCLGEPLARLE

Mu VIIPNIQGANLDEMVWELASKFWP^DRFLEPGKNPRTPSFGCGARVCLGEPLARLE

Bo VVIPNLQGAHLOELVWEQPHEFRPtDRFL£PGANPSALAFGCGARVCLGESLAKLE 

.*..* .«.*.*...« A£4£ |...,*. •Afafa«f |*. ..**..*| || *
Hu LFVVLTRLLQAFTLLPSGD ALPSLQPLPHCSVILKMQPFQVRLQPRGMGAHSPGQSQ

Mu LFVVLARLLQAFTLLPPPDGTLPSLQPQPYAGINLPIPPFQVRLQPRNLAPQDQGERP

Bo LFVVLLRLLQAFTLLPPPVGALPSLQPDPYCGVNLKVQPFQVRLQPRGVGAGAWESASAQ

Hu: Human; Mu: Murlne; Bo: Bovine.
  : Conserved <n all;   : Conserved In Hu 4 Mu; I : Conserved In Hu A Bo; t : Conserved In Mu S Bo; Blank: No Homology. 
f : Indicates introns
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cells and demonstrating transcripts of 21-OHase mRNA. This clearly 

indicated that the murine 21-OHase B gene was a pseudogene and lack of 

its expression resulted from mutations downstream of the promoter.

The sequences of one bovine 21-OHase gene was reported by Chung et 

al. (1986). It is 3.4 kb in length, has 10 exons and encodes for a 

protein of 496 amino acids. A comparison of the protein sequence of 

human, murine and bovine 21-OHase is shown in Table 3.5. The exons in 

all three species are located in the same position. There is 64% 

conservation of amino acids in all the three species together. Between 

human and bovine 21-OHase, the homology is 78% and between human and 

murine 21-OHase it is 70%, respectively. It is likely that those 

residues which are not conserved may not be essential for the function 

of the protein.

The major histocompatibility complexes of humans and mice being 

remarkably similar, it is possible that the duplication of primodial 

21-OHase gene and subsequent inactivation of one gene occurred prior to 

speciation. The bovine genome also has two 21-OHase genes and they 

could both be functional, as two distinct 21-OHase mRNA species have 

been found in the adrenal cortex (Chung _et_ aJL, 1985). Also sequence 

analysis has shown that the nature of the deletions that prevent expres­ 

sion is different in the murine and human 21-OHase pseudogenes. While 

the sequence homology between the two 21-OHase genes in humans is 98% 

and in mice is 86%, respectively, the homology between the two species 

is only about 70% at the amino acid level. This suggests that inactiva­ 

tion of one of the 21-OHase genes in mouse and in man must have occurred 

after mammalian speciation about 85 million years ago.

3.9 Comparison of the 21-OHase Genes with other Cytochrome P-450 Genes 

The cytochrome P-450 genes belong to a superfamily of genes which



TABLE 3.6 Comparison of the amino acid sequences of :
(a) human 21-OHase with other species at the NH ? terminus.
(b) human 21-OHase with other cytochrorne P-450 at the NH 2

15 10 15
Porcine 21-OHase MVLVWLLLLTTLKAG 
(Yuan et al . , 1983)

Murine 21-OHase MLLPGLLLLLLLLAG 
(Chaplin et a]_. , 1986)

Bovine 21-OHase MVLAGLLLLLTLLAG 
(Chung et a]_. , 1986)

Human 21-OHase B MLLLGLLLLLPLLAG 
(This work)

Human 21-OHase B MLLLG-LLLLPLLAG 
(Higashi et al. , 1986; t 
White et.il., 1986)

(b)
Rat pb P-450e MEPTI-LLLLALLVG

Rat me P-45d MAFSQYISLAPELLLAT

A dash (-) indicates absence of a codon.
t indicates the position at which the 21-OHase cDNA sequence begins.
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is speculated to have as many as 10 gene families. Their substrate 

specificities vary widely and despite certain similarities in function, 

these enzymes have remarkably little homology to each other (Adesnik and 

Atchison, 1986). Microsomal monooxygenase systems containing cytochrome 

P-450 play an important role in the metabolism of endogenous substrates 

such as steroids and fatty acids, in the detoxification of many drugs 

and xenobiotics, and in the activation of environmental agents to toxic, 

mutagenic and carcinogenic forms. The extraordinarily broad substrate 

specificity of this enzyme system results from the multiplicity of 

different molecular forms of the terminal oxidase, cytochrome P-450, 

which have different but overlapping broad substrate specificities. 

Another important property of several of the forms of cytochrome P-450 

is that they are inducible. Many of the well characterized forms of 

cytochrome P-450 are the ones which are induced by phenobarbital (pb) 

and 3-methylcholanthrene (me). These are very different in their 

enzymatic, structural and immunological properties. The gene structure 

for two types each of phenobarbital and methylcholanthrene- inducible 

cytochrome P-450s have been reported (P-450b and -e ; and P-450c and -d 

respectively) (Suwa _et_ aj_., 1985; Mizukami _et_ _al_., 1983; Sogawa et al., 

1984, 1985; Gonzalez et aj_., 1985; Nines et aj_., 1985). A comparison of 

the amino acid sequence of 21-OHase with pb inducible P-450e shows 28% 

homology and a 27% homology with me inducible P-450d. This finding 

supports the idea that 21-OHase belongs to the same superfamily of genes 

but not the same family of genes as the drug inducible cytochrome P-450s 

(Dayhoff et al_., 1978).

There are a few features that are common to the P-450 enzymes. 

There is a functional conservation of a leucine-rich hydrohophobic 

region at the amino acid terminus that may be involved in the 

interaction of the enzyme with the endoplasmic reticulum. Table 3.6
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shows the amino acid sequences of 21-OHase at the amino terminus of 

different species. It is evident that the hydrophobic tail is conserved 

in the 21-OHase of human, bovine, murine and porcine origin (Rodrigues 

et al_., 1987; Yuan et_ al_., 1983; Chaplin et a]_., 1986; Chung et; _aJL, 

1985; Higashi et ^1_., 1986; White je_t aH_., 1986). The hydrophobic tail 

is also apparent in the amino terminus of me P-450d and pb P-450e 

(Table 3.6). Two other regions are conserved in the cytochrome P-450s. 

One of them is a conserved tridecapeptide, first described as conserved 

for phenobarbital-inducible P-450s by Ozols et^ a]_. (1981). This tridec­ 

apeptide is conserved in cytochrome P-450s belonging to the same subfam­ 

ily and occurs immediately after a variable region which accounts for 

the amino acid differences between two closely related cytochrome 

P-450s. For example the pb-induced cytochrome P-450 2 & 4 differ in 14 

nucleotides. Seven of them result in the replacement of 6 amino acids 

in the variable region just prior to the tridecapeptide which results 

the in production of two distinct proteins (Fujii-Kuriyama et al., 

1982). A comparison of the sequence of the human 21-OHase with bovine 

17a-hydroxylase shows 50% overall homology which means that they do not 

belong to the same family of proteins (Dayhoff ejt aj_., 1978). However, 

the homology between 21-OHase and 17a-OHase in the tridecapeptide is 74% 

(Zuber et_ jil_., 1986) (Table 3.7). The two cytochrome P-450s have the 

substrate progesterone in common so perhaps this particular region is 

important in establishing substrate specificity.

The third conserved region in cytochrome P-450s is the possible 

heme-binding peptide which is common to all cytochrome P-450 enzymes 

(Morohashi jrt aj_., 1984). It is in general agreement that a thiolated 

cysteine co-ordinates to the heme of cytochrome P-450 as the fifth 

ligand. Since the optical and magnetic properties of various forms of 

cytochrome P-450 are very similar, the primary structure as well as the



TABLE 3.7 Comparison of the amino acid sequences of human 21-OHase (I) and 
bovine 17g-OHase (II) in the conserved tridecapeptide region.

I
339 361 
DRARLPLLNATIAEVLRLRPVVP

II DRNRLVLLE 
346

A T I R E V L R I R P V A P
368

indicates conserved residues.
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conformation around the heme seems to be well conserved among cytochrome 

P-450s. A comparison of the heme binding peptide sequences in several 

cytochrome P-450s is shown in Table 3.8. The cysteine residue is 

conserved in all the forms of cytochrome P-450s and there is a 60% 

homology between all the forms compared.

Although 21-OHase shares homology with other P-450 enzymes, their 

gene structures differ grossly. The two types of P-450, phenobarbital- 

and methylcholanthrene-inducible are supposed from their sequence 

homology to have originated by divergent evolution from a common ances­ 

tor. The pb P-450 genes span 14-23 kb and code for a protein of 491 

amino acids. The me P-450 genes span 6-7 kb and code for a protein of 

513-524 amino acids (Sogawa et a]_., 1984). The pb P-450 gene has 9 

exons and the me P-450 gene has 7 exons, respectively. The intron sizes 

in the pb P-450egene in the order of occurrance are 3.2 kb, 0.3 kb, 2.3 

kb, 0.8 kb, 0.5 kb, 1.6 kb, 0.3 kb, and 3.2 kb respectively. The intron 

sizes in the me P-45p4gene are 2.5 kb, 0.5 kb, 84 bp, 93 bp, 0.15 kb and 

O.JS'Kt respectively. When the sites of introns are correlated with 

21-OHase which has 10 exons, based on an alignment of amino acid se­ 

quences that maximises homology, no intron is located in exactly the 

same place in any two enzymes (Figure 3.14). If possible shifts of 

intron locations due to deletion or insertion of coding sequences as 

reported for a -fetoprotein and albumin genes (Kioussis et_ aj_., 1981) are 

taken into consideration, it would appear that 21-OHase shares two sites 

of introns with each of the two genes i.e. the 2nd and 5th introns of 

21-OHase corresponding to the 2nd and 4th intron of pb P-450e and the 

6th and 8th introns of 21-OHase gene to the 2nd and 5th introns in the 

me P-450d gene, respectively (Figure 3.14). The finding that 21-OHase 

gene has possible common sites for introns with either of the two 

drug-inducible P-450 is consistent with the notion that these cytochrome
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Figure 3.14

Comparison of the gene structure of 21-OHase with pb P-450e and me 

P-450d. The exons are shown as boxes and the introns as gaps. The 

size of the introns is indicated under the boxes. The first and the 

last codon of the exons is indicated on the top of the boxes.
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P-450s might have separated from a common ancestral gene. Alterna­ 

tively, convergent evolution of the cytochrome P-450s from different 

ancestors cannot be absolutely ruled out. Obviously elucidation of the 

gene structure of other types of P-450 would enable to understand the 

origins of the introns and the evolutionary process of diversification 

in the P-450 genes.

3.10 Polymorphism of the 21-QHase Genes

The presence of allelic variants of 21-OHase at a single locus is 

strongly suggested by the four different clinical manifestations of CAM. 

The differential linkage disequilibrium of classical and non-classical 

CAM to different haplotypes seems to indicate that the less severe form 

of CAH is an allelic variant of the classical form. The 21-OHase genes 

lie between a region of the HLA which is highly polymorphic. They lie 

immediately 3' to the C4A and C4B genes which show a high degree of 

polymorphism (Yu <e_t aj_., 1986). More than 40 alleles have been demon­ 

strated in the two classes by differences in electrophoretic mobilities 

(Mauff et al_., 1983), serological typing (Roos et a]_., 1984 ; Giles et_ 

al_., 1984 ; Giles, 1987) and direct DNA sequencing (Belt et_ al_., 1984, 

1985 ; Yu et al_., 1986) It is quite possible that the 21-OHase gene 

might exhibit a similar polymorphism. Being a microsomal protein, 

isolation of 21-OHase is difficult and polymorphism can only be inferred 

from DNA sequencing data. A comparison of 21-OHase gene sequences 

(Rodrigues e_t aj_., 1987) with sequences from other groups (Higashi et 

al., 1986) suggests polymorphism in 21-OHase genes. As shown in Table 

3.9, 77 differences were found in the sequences compared. Most of the 

differences may represent accumulation of point mutations in the pseudo- 

gene. Of the 16 differences in the 21-OHase B gene sequence which lie 

in exons, six cause a codon change. The leucine at codon 6 (CTG) was



TABLE 3.9 Differences in the published 21-OHase nucleotide
sequences.

No.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

POS.

-356
-352
-335
-282
-95
-8
-4
28
29
30
118
138
274
422
456
532
533
562
568
576
577
578
579
581
584
585
587
589
590
597
598
604
605
653
659
687
701
864
865
892
911
1208
1260
1423
1425
1426
1647
1688

B.I

G
G
G
G
T
G
C*c

*T
*G
T
A
C
A
C
C
A
G
G
G
G
T
G
G
G
A
A
C
A
G
G
C
C
C
C

*G
C
T
G
C
G
G
A
G
A
C
C
G

Higashi
et al .

B.2

T
-
-
-
T
G
C
 
-
_
T
A
C
C
T
C
A
G
-
G
G
T
G
G
G
A
A
C
A
G
G
C
C
C
C
A
C
C
G
-
G
G
A
G
A
C
C
G

White
et al .

B.3

C
G
C
_
-
_
C
C
C
C
C
C
A
CG
G
G
G
T
G
G
G
A
A
C
T
G
G
C
C
C
A
A
T
C
G
C
GG
G
A
C
A
C
C
G

A.I

G
G
G
G
T
G
T
C
T
G
C
C
C
C
T
C
T
G
-
T
C
A
G
A
A
G
A
C
A
G
A
C
A
C
G
A
C
C
A
C
G
A
G
G
G
T
T
G

Higashi
et al .

A. 2

T
G
-
-
T
G
T
C
T
G
C
C
C
C
T
C
T
G
-
T
C
A
G
A
A
G
A
C
A
G
A
C
A
C
G
A
C
C
G
-
G
G
A
G
G
T
C
T

White
et al

A. 3

T
T
C
C
T
G
C
C
-
C
T
G
CT
G
-
G
T
C
A
G
G
A
AGA
A
T
A
G
A
C
G
G
A
T
C
G
C
G
G
A
C
A
C
C
T



Hi gashi White Hi gashi White 
et al   et al   et al   et al

No.
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77

POS.
1895
1902
1911
2113
2252
2361
2375
2504
2505
2697
2705
2764
2801
2803
2911
2913
2914
2939
2940
3119
3120
3121
3122
3150
3177
3187
3197
3198
3288

B.I
C
G
G
C
C
G
G
G

*C
G

*G
T
C
G
G
G
A
C
C
C
C
A
A
C
T
C
C
C
T

B.2
C
G
G
C
C
-
G
C
G
A
A
C
C
G
G
G
A
C
C
C
C
A
A
C
T
C
C
C
T

B.3
CC
G
G
C
T
G
G
G
C
A
A
C
C
GG
G
-
 
-
-
-
-
-
-
C
T
C
T
T

A.I
C
G
G
C
T
G
G
G
C
A*  
A
C
CC
G
G
G
A
C
C
C
C
A
A
T
C
T
C
C
C

A. 2
C
G
G
T
C
-
A
C
G
A
A
C
C
G
G
G
A
C
C
C
C
A
A
T
C
T
C
C
T

A. 3
CC
GC
C
T
T
G
G
G
C
A
A
C
C
GG
_
-
_
-
_
 
_
_
_
C
T
C
T
T

B and A correspond to the 21-OHase B and 21-OHase A genes,
respectively.
B.I, A.I - the sequences reported here
B.2, A.2 - the sequences reported by Higashi j?t aj_. (1986)
B.3, A.3 - the sequences reported by White j^t aj_. (1986).
A blank space indicates that sequence data was not available at
those positions.
A dash (-) indicates absence of a nucleotide at that position.
An asterisk (*) indicates a codon change.
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absent in the sequences from the other two groups. Unfortunately the 

published cDNA sequence of 21-OHase ends at codon 7 (Table 3.6) (White 

et_ ii-, 1986) and it has not been possible to define whether this amino 

acid is present in the expressed sequence. However, a comparison of 

21-OHase sequences from other species with the human 21-OHase reveals a 

codon for leucine at the same position (Table 3.6). This may indicate 

that there is polymorphism in the size of 21-OHase with either 494 or 

495 amino acids. Figure 3.15 illustrates the differences observed in 

the codons. At codon 103 (AGG) an arginine residue was seen in the 

21-OHase B gene sequence corresponding to a lysine (AAG) at that posi­ 

tion in the other two published sequences. At codon 427 (CGC) an 

arginine residue in the sequeuce (Rodrigues ert aj_., 1987) and that of 

White et_ al_. (1986) and Mattesson et_ aj_. (1987) differs from that of 

Higashi e_t_ aj_. (1986) who identified a proline residue (CCG). At codon 

494 (AGC) a serine was observed in 21-OHase B gene sequence correspond­ 

ing to a asparagine (AAC) in the other two published sequences. Ori­ 

ginally this serine was thought to be restricted only to the 21-OHase B 

gene in individual II.1 and thought to be a deleterious mutation. 

However, its presence in the normal 21-OHase B gene sequence suggests it 

is not a mutation but a polymorphism. The differences observed between 

21-OHase A genes were 1.4% and between 21-OHase B genes were 0.94%. 

While sequencing errors cannot be absolutely ruled out, many of the 

differences appear to be genuine cases of polymorphism arising from 

genetic drift.

3.11 Discussion

The two sets of C4 and 21-OHase genes probably arose by duplication 

of a single pair of genes at some time in the past. Although both C4 

genes have remained functional in humans, only one 21-OHase gene is
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necessary for normal steroidogenesis; thus one of the genes, the 21- 

OHase A gene in humans and the 21-OHase B gene in mice accumulated 

deleterious mutations with no apparent ill effects on the organism.

Comparison of the nucleotide sequences of the 21-OHase A and 

21-OHase B genes shows that they are highly conserved and share 98% 

sequence homology in the exons and 96% homology in the introns. Of the 

two genes, however, only the 21-OHase B gene encodes an active protein. 

The 21-OHase A gene appears to be nonfunctional as individuals with a 

homozygous deletion of this gene synthesize cortisol normally whereas 

individuals with a homozygous deletion of the 21-OHase B gene have 

classical CAH (White et a]_., 1984a). The sequence analysis confirms this 

observation. The 8bp deletion in the third exon, the Ibp insertion in 

the seventh exon and OT transition in the eighth exon of the 21-OHase A 

gene generate frameshift and / or nonsense mutations which would prevent 

synthesis of a functional protein. That, the 21-OHase A gene is a 

pseudogene is further substantiated by the absence of detectable 21- 

OHase A mRNA in a Northern blot analysis of adrenal RNA using oligo- 

nucleotide probes specific for the A and B gene sequences (Higashi et 

al_., 1986).

Sequence comparison of the 21-OHase B gene with other published 

21-OHase B gene sequences suggests that the 21-OHase genes are poly­ 

morphic. An extra codon for leucine at position 6 in some 21-OHase B 

genes would result in two species of 21-OHase of 494 or 495 amino acids 

with no obvious ill effect on its function. Most of the differences 

observed were in the 21-OHase A genes which probably indicate accumula­ 

tion of point mutations in the pseudogenes. The arginine at codon 103 

and serine at codon 494 are not conserved in the murine and bovine 

21-OHase, therefore any change in those residues may not affect 

function. The arginine at codon 427, however, is conserved in all three
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species. It cannot therefore be predicted how the change to proline 

might affect the function of the protein. It is likely that such 

polymorphic variations may give rise to allelic variants of 21-OHase 

which manifest as different forms of CAM.

The possibility of misalignment during meiotic metaphase and 

unequal crossing over between sister chromatids is increased due to the 

tandem duplication of the C4 and 21-OHase genes resulting in chromosomes 

containing one or three sets of C4 and 21-OHase genes. This mechanism 

presumably is the cause of the rearrangements observed in the HLA-A1 B8 

DR3 haplotype in individual KEM and the A3 Bw47 DR7 haplotype that have, 

respectively, deleted C4A - 21-OHase A and C4B - 21-OHase B pairs of 

genes (Carrol 1 et_ a^L, 1985b). The HLA-B14 DR1 haplotype which was 

studied has three C4 and three 21-OHase genes and is associated with 

nonclassical 21-OHase deficiency. The extra C4 gene is a C4B gene and 

the extra 21-OHase gene is a 21-OHase A gene. If the extra 21-OHase A 

gene is a pseudogene like the first 21-OHase A gene on the same haplo­ 

type, then it obviously does not contribute to the development of the 

phenotype for nonclassical 21-OHase deficiency, but is merely an associ­ 

ated marker. No clone containing a 21-OHase B gene was isolated from 

the cosmid library hence the gene could not be characterized.

Variation in gene copy number has been reported in other multiple 

gene families such as the a-giobin genes. Unequal crossing over would 

explain both duplication and deletion of the C4 and 21-OHase loci as has 

been suggested for the a-globin genes (Dozy ^t aJL, 1979 ; Orkin et al., 

1979). By this mechanism, misalignment during meiosis between homolo­ 

gous chromosomes containing C4A - 21-OHase A and C4B - 21-OHase B genes 

each could result in an exchange of one locus leaving one chromosome 

with three C4 and three 21-OHase genes and the donor with only one of 

each (Figure 3.16). The molecular map of B14 is consistent with this



Figure 3.16

Model describing unequal cross-over between two homologous chromo­ 

somes resulting in deletion of 21-OHase A and C4B on one chromosome 

(Ilr) and duplication of 21-OHase A and C4B on the other chromosome 

(Ir). Dashed X indicates the proposed region of cross-over.
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type of mechanism. Haplotypes with a null allele, that is only one 

active C4 gene would represent the donor chromosome. The model does not 

rule out the possibility of the extra 21-OHase A gene being a recombina­ 

tion between 21-OHase A and 21-OHase B resulting in a protein with 

reduced 21-OHase activity. It would be interesting and informative to 

characterize the other two 21-OHase genes on the B14 haplotype to 

understand the role they play in individuals with late onset CAH.

A comparison of the 21-OHase gene with other cytochrome P-450s 

shows that it shares all the three characteristic traits of cytochrome 

P-450s viz. a hydrophobic amino terminus; a conserved tridecapeptide 

with another cytochrome P-450, 17a-OHase with whom it shares the common 

substrate progesterone; and the conserved heme binding peptide contain­ 

ing the cysteine residue which is conserved in all cytochrome P-450s. 

The structure and size of the 21-OHase gene differs greatly from the 

other cytochrome P-450s. The number of introns vary in the different 

forms. Therefore despite the homology shared between the different 

forms, it is unclear whether they have evolved from a common ancestor or 

alternatively convergent evolution has taken place.

The DNA sequence obtained from the 21-OHase genes lays a foundation 

for the study of 21-OHase genes from patients suffering from 21-OHase 

deficiency. It also shows that 21-OHase belongs to the cytochrome P-450 

superfamily, but is in a distinct family of its own.
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CHAPTER IV

CHARACTERIZATION OF A 21-HYDROXYLASE B GENE 

FROM A PATIENT WITH CONGENITAL ADRENAL HYPERPLASIA
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4.1 INTRODUCTION .
 

The four distinct clinical manifestations of 21-OHase deficiency 

that have been identified; simple virilising, salt-wasting, late onset 

and cryptic, show linkage disequilibrium to different HLA haplotypes. 

Although patients homozygous for the HLA haplotype A3, Bw47, DR7 show a 

deletion of the 21-OHase B gene (White et al_., 1984b), the majority of 

patients show the presence of at least one 21-OHase B gene (Rumsby et 

al., 1986). Obviously the 21-OHase B gene that is present on at least 

one chromosome is non-functional or the expressed product partly or 

wholly inactive. The differences in clinical manifestation of the 

deficiency strongly suggest the presence of allelic variants of 21-OHase 

at a single locus. It is important to study this serious inborn error 

of metabolism to define molecular markers for the presence of particular 

disease genes which can be used in prenatal diagnosis, since most 

affected individuals are capable of leading a normal life if detected 

and treated early. Although it is not practical to analyse the 21-OHase 

genes from all affected individuals, it is necessary to categorise the 

different forms of the deficiency and to define a common denominator 

that can be used in characterization, prognosis and treatment of the 

disease. To understand the molecular basis of CAH in one such patient 

with the salt-wasting form of the disease, his single 21-OHase B gene 

was cloned and characterized. This chapter presents the studies on 

individual II.I's family and the complete characterization of his 

21-OHase B gene.

4.2 Southern Blot Analysis of Family Q

In family Q, the individual II.1 suffers from the salt-wasting form 

of CAH. His HLA haplotypes are A2 B44 C5 DR6 C4 A3 BQO / A3 Bw47 (C6)



Figure 4.1

Southern Analysis of Family Q with Kpnl and TaqI and Ncol

The pedigree of the family Q is shown at the top and HLA/complement 

haplotypes are given in Table 4.1. Q, Male; 0, Female; full 

shaded, homozygous for 21-OHase deficiency. The 3.7 kb and 3.2 kb 

fragments in the TaqI digest and the 2.9 kb and 4 kb fragments in 

the Kpnl digest correspond to the 21-OHase B and 21-OHase A genes 

respectively. The gene dosage shown in Table 4.1 was deduced from 

the intensity of the fragments by scanning of the autoradiograph.
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DR7 C4A1 BQO. The A3 Bw47 (C6) DR7 haplotype shows a strong genetic 

linkage disequilibrium with 21-OHase deficiency and there is always a 

deletion of the 21-OHase B gene along with the adjacent C4B gene. 

Genomic DNA from the individual I I.I and his parents (family Q) was 

digested with the restriction enzymes TaqI and Kpnl and the Southern 

blots were probed with the 21-OHase specfic probe PA (Probe PA is an 850 

bp PvuII / Asp-718 fragment from the 3' end of the gene and covers the 

8th, 9th and 10th exons). Two fragments at 3.7 kb and 3.2 kb were seen 

in the TaqI digest and two fragments at 2.9 kb and 4 kb were seen in the 

Kpnl digest (Figure 4.1). The former fragment in each digest corre­ 

sponds to the 21-OHase B gene and the latter to the 21-OHase A genes as 

mentioned previously. The gene dosage was determined by scanning 

densitometry of the autoradiograph and is listed in Table 4.1. Individ­ 

ual II.I has a single 21-OHase B gene and two 21-OHase A genes deter­ 

mined on the basis of the intensity of the 3.7 kb TaqI and 2.9 kb Kpnl 

fragments compared to the intensity of the 3.2 kb TaqI and 4 kb Kpnl 

fragments. The father I.I with the haplotypes A28 B51 C- DR5 C4A3 BQO / 

A2 B44 C5 DR6 C4A3 BQO, has one 21-OHase A gene and two 21-OHase B 

genes. The mother 1.2 with the haplotypes A2 B62 C3 DR4 C4A3 B3 / A3 

Bw47 (C6) DR7 C4A1 BQO, has two 21-OHase A and one 21-OHase B gene. The 

individual 11.1 has inherited the B44 haplotype from his father and the 

Bw47 haplotype from his mother. By deduction, he has inherited a single 

21-OHase A gene on the A3 Bw47 (C6) DR7 C4A1 BQO haplotype from his 

mother and one 21-OHase A gene and his single 21-OHase B gene on the A2 

B44 C5 DR6 C4A3 BQO haplotype from his father. Since individual II.I 

has CAH, his single 21-OHase B gene is defective. This gene was charac­ 

terized further by direct cloning (Section 4.3) and sequence analysis 

(Section 4.5).



Figure 4.2

Southern analysis of the 21-OHase positive clones obtained from the 

genomic library of individual II. I. The X clones were digested with 

restriction enzymes TaqI and KpnI. The controls were 21-OHase A and 

21-OHase B gene plasmids, which have the 3.2 kb and 3.7 kb TaqI 

fragments and the 4 kb and 2.9 kb KpnI fragments, respectively.
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4.3 Cloning of the 21-OHase B Gene from Individual II.I

The Southern blot analysis of family Q established that individual 

11.1 who suffers from the severe salt-wasting form of CAH has a single 

21-OHase B gene which may be defective. A genomic library constructed 

by C.Y.Yu (Yu et _a]_., 1986), of DNA from an EBV-transformed lympho- 

blastoid cell line derived from lymphocytes of individual II.I was 

screened with the 21-OHase probe PA . In all, 22 positives were picked 

and rescreened. DNA was isolated from 7 of the A clones according to 

Maniatis et _a]_., (1982). The DNA was subjected to TaqI and Kpnl digests 

and the clones 11X21B and 15X21B were selected for further analysis due 

to the presence of the 3.7 kb TaqI and 2.9 kb Kpnl fragments (Figure 

4.2). Since the intensity of the 3.7 kb TaqI fragment in individual 

II.I indicated the presence of a single 21-OHase gene, both the X clones 

with the 3.7 kb TaqI fragment should represent the same 21-OHase B gene 

while the other A clones with the 3.2 kb TaqI fragment could represent 

either of the two 21-OHase A genes in individual II. I. The 15A21B clone 

was digested with Bglll and BamHI in a double digest and compared to the 

Bglll / BamHI digest of cos 1E3 containing the 21-OHase A gene and the 

Bglll / BamHI / Sail digest of cos KEM-1 containing the 21-OHase B gene. 

Figure 4.3 shows the Southern blot analysis of the gel. Cos 1E3 showed 

two fragments, one of which was at 5.5 kb and the other at 18 kb which 

was probably due to the digest not reaching completion. Cos KEM-1 shows 

a 5.2 kb fragment because the limits of the insert were short of the 

BamHI site in the genomic DNA, hence the Sail site in the cosmid vector 

was used to cut out the insert. The 15A21B clone shows a 5.5 kb frag­ 

ment which is characteristic of the 21-OHase gene. To subclone the 

single 21-OHase B gene, the Bglll / BamHI digest of 15A21B was shotgun 

cloned into pAT 153 / Pvull / 8 digested with BamHI. The ligation was 

transformed into MC1061 cells which were plated on LA plates and



Figure 4.3

1. The Bglll / BamHI digest of cos 1E3 containing the 21-OHase A 

gene gives a fragment at 5.5 kb and 18 kb.

2. The Bglll / BamHI / Sail digest of cos KEM-1 containing the 

21-OHase B gene gives a fragment at 5.2 kb.

3. The Bglll / BamHI digest of 15A21B containing the 21-OHase A gene 

from the patient II.I gives a fragment at 5.5 kb.
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Figure 4.4

Comparison of fragments obtained by restriction digests of the 3.7 

kb TaqI subclone from II.I (x) and the 3.7 kb TaqI clone from cos 

KEM-1 (B). The digests done were:

Asp718

Ncol

Smal

Asp718 / Clal

Clal / Ncol

Smal / Clal

Smal / Ncol
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screened with 21-OHase probes. Plasmid DNA was isolated from positives 

and the insert site was estimated by digestion with restriction endo- 

nucleases Clal and BamHI. The insert size was 5.5 kb. A 3.7 kb TaqI 

fragment was also subcloned from clone 11X21B into pAT153 / PvuII / 8 by 

blunt end ligation. The 3.7 kb TaqI subclone from 11x218 was digested 

with Asp718, Ncol, Smal, StuI, Asp718 / Clal, Clal / Ncol, Smal / Clal 

and Smal / Ncol, and the restriction patterns were compared with those 

obtained from the 3.7 kb TaqI subclone from cos KEM-1 (Figure 4.4). The 

Clal double digests were used to orient the subclone and it appeared 

that the subclone from 11X218 (3.7X218) was in the reverse orientation 

to that of the subclone (3.721B) from cos KEM-1. The Asp718 / Clal 

double digest gave fragments at 3 kb and 4 kb with 3.7A21B which placed 

the Clal site at 3' end of the 3.7 kb TaqI insert. In the 3.721B 

subclone, the Asp718 / Clal double digest gives fragments at 3.5 kb, 3.0 

kb and 0.7 kb and the Clal site is at the 5' end of the insert (Figure 

4.5a). The very apparent restriction site difference between the two 

subclones was with the enzyme Ncol which gave a 850 bp fragment in the 

gene from individual II. I that was absent in the gene from KEM-1. The 

Clal / Ncol double digest of 3.7X21B gave fragments at 4.2 kb, 1.4 kb, 

0.8 kb and 420 bp while the 3.721B subclone gave fragments at 5.7 kb, 

1.1 kb and 420 bp which placed the Ncol site 1.4 kb away from the TaqI 

site at the 3' end of the insert (Figure 4.5b). The Smal / Ncol double 

digest which gave 4.5 kb, 0.85 kb and 0.6 kb fragments with 3.7X21B and 

4.5 kb, 1.25 kb, and 0.6 kb fragments with 3.721B confirmed the same 

result (Figure 4.5c).

4.4 Subcloning of the 21-OHase B Gene from Individual II.I into M13mp9

The 3.7 kb TaqI subclone, 3.7X21B was used to subclone most of the 

fragments of the 21-OHase B gene. Fragments of sizes 416 bp, 431 bp,



Figure 4.5

Comparison of the restriction maps of the two 3.7 kb TaqI subclones. 

3.7A21B is the subclone of the 21-OHase B gene from individual II.I. 

3.721B is the subclone of the 21-OHase B gene from cos KEM-1. 

The orientation of the inserts in the plasmid vector is opposite in 

both subclones. 3.7X21B has an extra Ncol site in the insert.

K : Kpnl

N : Ncol

S : Smal
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TABLE 4.2 Fragments used for Subclonlng the 21-OHase B Gene from II.I into

M13 mp9

Restriction Enzyme Posi

Hinfl -260

156

776

1207

1981

Mspl 103

695

950

1465

1891

2043

2363

Hinfl/Smal 2166

AccI/StuI -403

AccI/Ncol -73

Ncol 340

StuI/BamHI -303

StuI/Clal 2569

Asp718 (Kpnl) 2738

Asp718/StyI 3015

tions

, 156

, 776

, 1207

, 1959

, 2163

, 695

, 950

, 1347

, 1891

, 2043

, 2252

, 2589

, 2674

,-73

, 340

, 784

,-743

, 2999

, 3015

, 3295

Fragment Length

416

620

431

752

182

592

255

397

426

152

209

226

508

330

413

444

340

430

277

280
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751 bp, 182 bp obtained by Hinfl digest were subcloned into M13mp9. In 

order to overlap the Hinfl sites fragments of sizes 592 bp, 255 bp, 397 

bp, 426 bp, 152 bp, 209 bp, 226 bp were obtained by Mspl digest (Figure 

4.4) and were subcloned into M13mp9. In addition, Hinfl / Smal (508 

bp), AccI / StuI (330 bp), AccI / Ncol (413 bp and 444 bp), StuI / BamHI 

(340 bp) and StuI / Clal (430 bp) double digests were also done, BamHI 

and Clal sites being those in the vector pAT153 / PvuII / 8. The 3' 

untranslated region was subcloned using Asp718 (277 bp) and Asp718 / 

Styl (280 bp) digests on the 5.5 kb Bglll / BamHI clone (Table 4.2). 

The sequencing strategy used was the same as that for the 21-OHase B 

gene (Section 3.5, Figure 3.10) and hence is not repeated here. All 

restriction sites were overlapped atleast once and the fragments were 

sequenced by the dideoxy termination method (Section 2.9.2f) and in both 

orientations.

4.5 Sequence Analysis of the 21-OHase B Gene from Individual II.I

A comparison of the DNA sequences of the 21-OHase B genes from 

individual II. I with a normal 21-OHase B gene revealed 13 nucleotides 

alterations which are shown in figure 4.6 and figure 4.7. Of these 

differences two are in the 5' flanking region upstream of the ATG 

initiation codon and are due to an A ^ G transition at nucleotide -551 

and an G  *  T transversion at -282. These two changes may affect pro­ 

moter activity causing a decrease in the expression of the gene. Six 

differences are in introns, two are in the 3' untranslated region and 

three are in exons. Eight of the differences (two in exon 1, two in 

intron 2, one in intron 3, two in intron 6, and one in the 3' untrans­ 

lated region) change the nucleotides at these positions to that of the 

21-OHase A gene sequence (Figure 4.7). It is possible that these 

21-OHase A-like changes were introduced into the 21-OHase B gene by gene



Figure 4.6

Schematic representation of differences between a normal 21-OHase B 

gene and a 21-OHase B gene from a patient (II.l)

The structure of the 21-OHase B gene is shown. Boxes indicate 

exons. Vertical bars indicate the position of nucleotide diff­ 

erences between the normal 21-OHase B gene and the defective 21- 

OHase B gene sequences. (') indicates a change in codon due to a 

nucleotide alteration. One nucleotide alteration in the seventh 

exon at codon 269 causes a codon change from a Ser+Thr. The G+C 

transversion also introduces a Ncol site. Two of the other diff­ 

erences in exons are silent mutations. Six differences are in the 

introns, 2 in the 5' flanking region and 2 in the 3' untranslated 

region. Other than the 13 differences, the 21-OHase B gene from the 

individual with CAH is the same as the normal 21-OHase B gene.
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Figure 4.7

Sequence comparison of a 21-OHase B Gene from a patient with CAH 

(II.1) with a normal 21-OHase B Gene

The complete nucleotide sequence of the 3.7 kb TaqI fragment conta­ 

ining the 21-OHase B gene from a normal individual is shown. The 

nucleotide differences in the 21-OHase A gene are indicated under 

the corresponding nucleotides in the 21-OHase B gene and the diff­ 

erences in the 21-OHase B gene from the patient with CAH are in­ 

dicated in the third line under the corresponding nucleotides of the 

normal 21-OHase B gene and are highlighted. (A) indicates an inser­ 

tion mutation. A single nucleotide alteration which causes a codon 

change is marked with an asterisk (*). The putative TATAA trans­ 

cription signal and the polyadenylation signal (AATAAA) is under- 

1i ned.
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conversion-like events, although the remainder of the nucleotides are 

entirely 21-OHase B like. The two 21-OHase A-like mutations in intron 6 

at positions 1425 and 1426 introduce the nucleotides GT at that posi­ 

tion. The possibility of an alteration of a splice donor site occurring 

due to these two mutations cannot be ruled out. Two of the three 

differences in the exons (an T  »  C transition in codon 40 and an A  > C 

transition in codon 46) are silent mutations while the third causes a 

codon change (Figure 4.6). A transversion from G -* C in the seventh 

exon at codon 269 causes a serine to change to threonine. None of the 

above alterations cause a change in reading frame nor introduce stop 

codons. Another nucleotide alteration thought to be at codon 494 in the 

10th exon which would have been an A ->  G transition changing an aspara- 

gine to serine was later found in the sequence of the normal 21-OHase B, 

gene but was absent from other reported sequences (White ejt aj_., 1986; 

Higashi et a!., 1986). Therefore it is likely that it is another 

example of polymorphism and not a deleterious mutation in the 21-OHase B 

gene from individual 11.1.

The sequence of the 21-OHase B gene from the patient suggests that 

several factors may be responsible for the defect. The gene may not be 

expressed due to the mutation in its promoter or the gene may be expre­ 

ssed but due to a faulty splice junction, the message may be aberrant. 

Since the functions of introns have not been clearly defined, it is not 

possible to predict the effect that the changes in the introns might 

have on the gene. If the gene is expressed the functional activity of 

the gene product may be altered due to the single amino acid change at 

position 269.

4.6 Ncol Polymorphism in Individual II.I

The transversion from G + C in the seventh exon of the 21-OHase B



Figure 4.8

Southern Analysis of Kpnl, TaqI and Ncol polymorphisms in Family Q

Uncloned genomic DNA from individuals of family Q was digested with 

the restriction endonucleases Kpnl, TaqI and Ncol. The left panel 

shows the Southern blot hybridized with probe PA. In the Ncol digest 

individual II.1 has a single fragment at 2.3 kb while his parents 

have fragments at 2.3 kb and 3.1 kb. The right panel shows the same 

blot hybridised with probe H which is 5' to PA. The TaqI and Kpnl 

(not shown) patterns remain unchanged. However, in the Ncol digest 

two new fragments at 4 kb and 0.85 kb light up.
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gene in individual II.I which changes a serine to threonine at codon 269 

generates a new Ncol site which is absent in the 21-OHase B gene studied 

from the normal individual. To confirm the Ncol site at the genomic 

level, DNA from individual II.I and his parents was digested with Ncol 

and probed with probes PA and H (H consists of the 410 bp and 430 bp 

Hinfl fragments from the 21-OHase gene), respectively. The Ncol digest 

pattern with probe PA is shown in figure 4.8. Individual II.I has only 

one fragment of 2.3 kb while his parents have fragments of 3.1 kb and 

2.3 kb. In order to map precisely the position of the Ncol fragments 

within the gene the blot was reprobed with probe H which is 5' to probe 

PA. Individual II.I showed two fragments of 4 kb and 0.85 kb, while his 

parents each showed three fragments of 4 kb, 3.1 kb and 0.85 kb (Figure 

4.8).

Hybridization of the blot with a probe specific for the 3' end of 

C4 revealed that the 4 kb Ncol fragment extends onto the 3' region of 

the neighbouring C4 gene (not shown). On the basis of these results and 

scanning of the autoradiographs to determine band intensities, the Ncol 

restriction map was constructed (Figure 4.9). This confirmed the 

polymorphic Ncol site within the seventh exon of the 21-OHase B gene in 

individual II. I. This Ncol polymorphism is not restricted to the 

21-OHase B gene as it is also found in the 21-OHase A genes of the B44 

and Bw47 haplotypes in this family. Nucleotide sequences from random 

unrelated individuals do not show this site in either of their 21-OHase 

genes (Higashi ert aj_., 1986 ; White et_ aj_., 1986 ; Rodrigues et al., 

1987). In this family, however, both affected haplotypes exhibit this 

additional Ncol site.

4.7 Expression of the 21-OHase B Gene from Individuals II.I

Expression of 21-OHase is restricted to the adrenal and no 21-OHase



Figure 4.9

Restriction Maps of the 21-OHase Genes in Individual II.1

Restriction maps of the 21-OHase genes on the B44 and B47 haplotypes 

of individuals II.1 are shown for enzymes Ncol, Kpnl and TaqI. The 

4 kb Kpnl and 3.2 kb TaqI fragments correspond to the 21-OHase A 

gene, and the 2.85 kb Kpnl and 3.7 kb TaqI fragments correspond to 

the 21-OHase B gene. The polymorphic Ncol site which cleaves the 

3.1 kb fragment into two fragments of 2.3 kb and 0.85 kb is present 

in all the three 21-OHase genes of individual II.1. The probes used 

are indicated below the maps.
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RNA was detected in kidneys, liver, testis and ovaries (Parker et al., 

1985). The Yl adrenocortical cell line expresses many of the enzymes 

involved in adrenal steroidogenesis, but does not normally express 

21-OHase despite the presence of the 21-OHase genes in the genome. 

Transfection of the Yl cell line with cosmid clones containing murine 

21-OHase A and 21-OHase B genes demonstrated 21-OHase mRNA in those 

cells transfected with the 21-OHase A genes, but no 21-OHase mRNA in the 

nontransfected Yl cells or Yl cells transfected with the 21-OHase B gene 

(Parker et_ aj_., 1985). Subsequent nucleotide analysis has shown that the 

murine 21-OHase A gene is the active gene while the murine 21-OHase B 

gene is a pseudogene due to a deletion of 215 bases that include the 

second exon as well as several single base changes that result in 

premature termination codons (Chaplin et al., 1986). In the human 

21-OHase genes, it is evident that the 21-OHase A gene is a pseudogene 

due to three deleterious mutations which give rise to premature termina­ 

tion codons. Northern blot analysis of adrenal RNA using oligonucleo- 

tides specific for the 21-OHase A and B genes has shown that only the 

21-OHase B gene specific probe hybridized to an mRNA species (Higashi et 

al., 1986). Although the changes in the 5' non transcribed region of 

the 21-OHase B gene from individual II.I are relatively distant from the 

cap site, they may affect expression of the gene by altering tissue 

specific regulation sites which may reside in that region.

In preliminary experiments carried out to demonstrate whether the 

21-OHase B gene in individual II.I was expressed, his 21-OHase B gene, 

the 21-OHase A gene from cos 1E3 and 21-OHase B gene from cos KEM-1 were 

cotransfected with the plasmid pRSVCAT containing the bacterial chloram- 

phenicol acetyltransferase (CAT) gene into Yl adrenocortical cells. 

Cells were harvested after 48 hr without being subjected to G418 selec­ 

tion and the total cellular extract was checked for CAT activity to 

check the efficiency of transfection of the CAT gene. The results of



Figure 4.10

CAT Assay of cellular extracts from transfected Yl adrenocortical

cells

+ : positive control showing 95% CAT activity

B : extract from Yl cells transfected with the 21-OHase B gene

M : extract from Yl cells transfected with the 21-OHase B gene from

individual II.I

A : extract from Yl cells transfected with the 21-OHase A gene 

C : extract from Yl cells transfected only with the pRSCVAT plasmid 

T : Tris-HCl buffer
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Figure 4.11

Northern blot of RNA isolated from transfected Yl adrenal cells. 

C : RNA from cells not transfected with the 21-OHase genes 

A : RNA from cells transfected with the 21-OHase A gene 

M : RNA from cells transfected with the 21-OHase B gene from

individual 11.1 

B : RNA from cells transfected with the normal 21-OHase B gene

Probe : PA
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the CAT assay are shown in Figure 4.10. The positive control is an 

extract from the HepG2 cell line which shows 95% CAT activity. Of the 

other samples, only C shows some activity when compared to the blank T. 

C is the extract from cells which had been transfected only with 

pRSVCAT. All others show the same activity as blank T. It meant that 

either the plasmids containing the 21-OHase genes had competed with the 

pRSVCAT plasmid in transfection, or the transfection had not been 

successful. Northern blot analysis was performed on the total RNA 

isolated from cells. The probe used was PA (Section 4.2). Although the 

28S and 18S bands light up in all the tracks, the autoradiograph was 

examined for differences between the tracks. Faint bands could be seen 

between the 28S and 18S bands in the Yl cells transfected with normal 

21-OHase B gene (B) and 21-OHase B gene from individual II.I (M) which 

were fainter in the Yl cells transfected with 21-OHase A gene (A) and 

absent in the nontransfected Yl cells (C) (Figure 4.11). These 

experiments were preliminary investigations, and therefore the results 

were difficult to interpret. Obviously long term transfection has to be 

performed before identifying the basis of the defect in the 21-OHase B 

gene from individual II.I.

4.8 Discussion

Individual II.I with the salt-wasting form of CAH was chosen for 

the study because he had one 21-OHase B gene in his genome which was 

clearly nonfunctional at some level. Studying the single 21-OHase B 

gene at the molecular level would provide some clue to the nature of the 

defect. DNA sequencing of the gene revealed 13 nucleotide differences 

when compared with the normal 21-OHase B gene. Apart from one amino 

acid substitution at codon 269 there were no differences that were 

obviously deleterious. Six differences were located in introns, two in 

the 5' flanking region of the gene, two in the 3' untranslated region 

and three in exons. Eight of the differences correspond to nucleotides



Figure 4.12

Organization of the C4 and 21-OHase genes on the A2 B44 C5 DR6 C2C 

BfF C4A3 BQO haplotype. There are two C4 loci and two 21-OHase loci 

present. The first C4 locus is C4A3 and the first 21-OHase locus is 

a 21-OHase A gene. The second C4 locus is not a C4B allele although 

it has C4B the characteristic 6 kb TaqI fragment. It has the C4A 

characteristic 276 bp and 197 bp NlalV fragments and probably 

expresses the C4A3 allotype. The second 21-OHase locus is a 21- 

OHase B gene which is defective and causes CAH in the patient.
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in the 21-OHase A gene at those positions. Studies of the adjoining C4 

gene have indicated that the second C4 locus on the A2 B44 C5 DR6 C2C 

fBF C4A3 BQO is not a C4B allele but probably expresses the C4A3 allo- 

type which is identical to that of the first C4 locus on the same 

chromosome (Yu £t_ aj_., 1987, Figure 4.12). Although it has a 6.0 kb 

TaqI fragment characteristic of a C4B gene, it lacks the 467 bp NlalV 

fragment specific to the C4B gene. Instead it has the 276 bp and 191 bp 

NlalV fragments which are characteristic of the C4A gene. There is 

likelihood that gene conversion-like or other recombinational events may 

have resulted in the second C4 locus expressing C4A. Gene conversion 

has been proposed to be the cause of CAM in one patient where the 

deleterious mutations from the 21-OHase A gene are substituted for the 

21-OHase B gene sequence (Donohoue et_ _a][., 1986) although in individual 

II.I, the 21-OHase A like changes in the exons are silent mutations. It 

is likely that 21-OHase deficiency in some cases will be due to the 

introduction of the deleterious mutations found in the 21-OHase A gene 

into the 21-OHase B gene presumably by gene conversion-like events.

The precise effect of these nucleotide alterations on the expres­ 

sion of the 21-OHase in individual II.I is not clear. The two nucleo­ 

tide alterations in the 5' flanking region, or even those differences in 

the introns may lead to no or low expression of the gene. Faulty 

splicing in intron 6 due to a GT splice site being introduced may 

produce an aberrant message. Figure 4.13 shows the possible effect of 

a faulty splicing in intron 6 on the protein. If the splicing occurs at 

position 1425 instead of 1414, the resultant protein sequence would be 

as shown in the figure. A premature termination codon is also intro­ 

duced due to a frame shift. Both these changes would lead to an altered 

and truncated protein product. Alternatively, the gene may be fully 

expressed but the protein product due to the single amino acid substitu-



Figure 4.13

The protein sequence of the normal 21-OHase B gene is shown from 

amino acid 218 to amino acid 268 above the corresponding nucleotide 

sequence. Intron 6 begins after codon 246 in the normal 21-OHase B 

gene (+). Instead if the intron begins 12 bp later due to faulty 

splicing in the 21-OHase B gene from individual II.I, the protein 

sequence is altered as shown. A premature termination codon (*) is 

also introduced due to a shift in the reading frame.



Normal 21-OHase Sequence

218
FFPNPGLRRLKQAIEKRDHI 
TTCTTCCCCAATCCAGGTCTCCGGAGGCTGAAGCAGGCCATAGAGAAGAGGGATCACATC 

10 20 30 40 50 60

VEMQLRHKESLVAGQWRDMM 
GTGGAGATGCAGCTGAGGCACAAGGAGAGCCTCGTGGCA6GCCAGTGGAGGGACATGATG

70 60 * 90 100 110 120
Intron6

268
DYMLQ6VAQP

GACTACATGCTCCAAGGGGTGGCGCAGCCG 
130 140 150

21-QHase Sequence due to faulty splicing in intron 6

218 
FFPMPGLRRLKQAIEKRDHI

TTCTTCCCCAATCCAGGTCTCCGGAGGCTGAAGCAGGCCATAGAGAAGAGGGATCACATC 
10 20 30 40 50 60

VEMQLRHKVGTVRASWQASG 
GTGGAGATGCAGCTGAGGCACAAGGTGGGGACTGTGAGAGCCTCGTGGCAGGCCAGTGGA

70 60 90 T f r !00 110 120Intronb

GT*WTTCSKGWRS 
GGGACATGATGGACTACATGCTCCAAGGGGTGGCGCAGCCG 

130 140 150 160
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tion may be inactive. Single amino acid changes been have known to 

drastically alter the function of a protein as in sickle cell anaemia 

(Ingram 1957), where an A + T transversion in codon 6 of the g-globin 

chain of hemoglobin changes a glutamic acid residue to a valine residue. 

As a result sickle hemoglobin tends to crystallize in red blood cells, 

the cells become less flexible and are removed by the spleen, and 

anaemia occurs.

The active site of a cytochrome P-450 contains iron protoporphyrin 

IX presumably in a hydrophobic cleft in the protein (White and Coon, 

1980) (Figure 4.14). The heme which is not covalently bound to the 

protein is always penta or hexa coordinated, four of the ligands pro­ 

vided by the N atoms of the porphyrin ring and the fifth ligand is 

believed to be a specific cysteine residue of the polypeptide chain. 

This cysteine is conserved in all cell cytochrome P-450 enzymes (Moro- 

hashi £t_ _al_., 1984), corresponding to cys-429 in 21-OHase. The sixth 

coordinated position of the iron is occupied by an easily exchangeable 

oxygen ligand either from water or the hydroxyl group of a serine of 

threonine residue (111 1 rich et al., 1979). If the serine at codon 

position 269 is indeed involved in the sixth coordination position, a 

change in it would affect the functioning of the protein, although a 

threonine could provide the necessary group. A comparison with the 

bovine and murine 21-OHase genes shows that at that position there is no 

homology between the two sequences although the flanking region are very 

homologous (Table 4.3). It remains to be seen whether individuals 

having a single 21-OHase B gene with the Ncol polymorphism are normal. 

Since the 21-OHase genes also exhibit polymorphism, it is difficult to 

predict whether the single amino acid change renders the protein wholly 

nonfunctional. Preliminary work done on the expression of the 21-OHase 

B gene from the patient and a normal 21-OHase B gene suggests that the



TABLE 4.3 Comparison of human 21-OHase from a normal person and a patient 
with porcine and bovine 21-OHase around codon 269

Porcine 21-OHase MLQEAGRQRVEEGQG

Bovine 21-OHase 259MLQGVGRQRVEEGPG273

Human 21-OHase B 261MLQGVAQPSMEEGSG275

Human 21-OHase B 261MLQGVAQPTMEEGSG275 
from CAH patient *

* indicates the Ser to Thr change in the 21-OHase B gene from the CAH 
patient, 
indicates conservation of residues among species.



Figure 4.14

The model of the active site of cytochrome P-450 (White and Coon, 

1980).



Model of the active site of cytochrome P-450.
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21-OHase B gene in the patient may be expressed. A bioassay of the 

21-OHase enzymatic activity in G418 resistant transformants should 

provide an answer as to whether the enzyme has any functional activity 

compared to normal individuals or is totally inactive.

In conclusion the characterization of the patient with CAM has 

allowed some insight into the molecular basis of 21-OHase deficiency. 

It is likely that 21-OHase deficiency occurs due to a heterogenous 

collection of defects and is not due to an isolated mutation which is 

common to all affected genes as in the case of sickle cell anaemia. 

These point mutations may lead to an aberration in any one of the many 

steps in the pathway of gene expression: transcription, RNA processing, 

mRNA stability, or translation. This has been the case in 3-thalass- 

emias, the most extensively studied inherited disorders of hemoglobin 

synthesis where 23 different mutations have been reported any of which 

can cause the defect (Weatherall, 1985). Frequency, of specific mutant 

alleles may be high in certain regions or ethnic groups. Character­ 

ization of 21-OHase B genes from patients with CAH is therefore crucial 

in defining different mutations in order to use them in diagnosis.
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CHAPTER V

RESTRICTION FRAGMENT LENGTH POLYMORPHISM STUDIES 

OF THE 21-HYDROXYLASE GENES
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5.1 INTRODUCTION

Restriction fragment length polymorphisms (RFLP) have been used to 

identify alleles or mutations which have single base differences leading 

to changes in restriction sites giving rise to different restriction 

patterns (Caskey, 1987). The two 21-OHase loci can be distinguished by 

the differences in patterns they yield with the restriction enzymes TaqI 

and KpnI. Although there are other enzymes which can be used to differ­ 

entiate the two loci, TaqI and KpnI yield fragments which are easily 

detected and differentiated on genomic Southern blot analysis. The two 

era^rtes can be used to identify the presence or absence of the 21-OHase 

loci on a given haplotype, and have been used to diagnose the deletion 

of the 21-OHase B gene on some haplotypes leading to CAH. The study of 

patients is complicated by the fact that in only one of twenty was CAH 

due to homozygous deletion of the 21-OHase B gene (Rumsby _et_ aj_., 1986). 

In the majority of the patients, therefore, TaqI and KpnI ^/geste can ^e 

used only to determine the gene dosage of the 21-OHase A and B genes, 

respectively. To study the patients who have the 21-OHase B genes 

present, it is necessary to use other restriction enzymes that would 

detect point mutations or deletions within the gene. The previous 

chapter described the Ncol RFLP which was found in individual II.I who 

has CAH. Since it was not confined to one gene, but was present on both 

his haplotypes, the study was extended to other patients to determine 

the frequency of the Ncol polymorphism. Also, being a recessive disor­ 

der, random individuals from a normal population were examined for the 

presence of the RFLP. Another digest: with the restriction enzyme Avail 

which differentiates the two 21-OHase genes was used in conjunction with 

Ncol to allocate the Ncol polymorphism to the gene it belonged to.
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5.1.1 Tagl

As described previously, the TaqI dtftere^e in the two 21-OHase genes 

occurs due to a T -> C base substitution at nucleotide -211 in the 5' 

flanking region of the 21-OHase A gene leading to an extra TaqI site 

(KGA) yielding a 3.2 kb fragment as compared to the 3.7 kb fragment 

characteristic of the 21-OHase B gene. The difference in the sizes of 

the TaqI fragments is therefore not due to a 500 bp deletion in the 

21-OHase A gene as originally suggested (White et _al_., 1985a). An 

absence of either of the two fragments in Southern blot analysis indi­ 

cates a homozygous deletion of that gene, while decreased intensity of 

the fragments as compared to those of the normal haplotypes with both 

genes present would indicate a heterozygous deletion (White et al., 

1984b). Increased intensity of the fragments would indicate presence of 

more than one copy of the gene on one or both of the haplotypes. 

Alternatively, one of the copies may be a hybrid of both the 21-OHase 

loci which the TaqI dvoesfc" by itself cannot differentiate. A recent 

publication by Matteson et al. (1987) has shown that some patients 

lacking the 3.7 kb TaqI fragment have a normal sized 21-OHase B gene by 

the restriction pattern obtained with at least two other enzymes. The 

enzymes used in their study were Bglll, EcoRI, Kpnl and Xbal. They have 

suggested that the absence of the 3.7 kb TaqI fragment may be due to 

RFLPs, gene conversions, crossovers and / or polymorphism. Therefore, 

although #tt TaqI enzuwi is used to detect gene deletions and the number 

of copies of the 21-OHase genes on the haplotypes being analysed, it is 

not conclusive. Apart from the absence of the TaqI fragments, no other 

abnormalities in the TaqI restriction pattern have been reported.

5.1.2 Kpnl___

The Kpnl eldest can also be used to differentiate between the two
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21-OHase genes. The 21-OHase A gene yields a 4 kb fragment with Kpnl 

while the 21-OHase B gene yields a 3 kb fragment. This difference in 

sizes occurs due to a single T  > C base substitution at nucleotide-120 

in the 5' flanking region of the 21-OHase A gene which loses a Kpnl site 

(GGTACC) present in the 21-OHase B gene. Since the position of the Kpnl 

S'ti is very close to where the TaqI site, occurs, both 

serve the same function in detecting gene deletions and duplications, 

but fail to detect any other defect in the gene. No deviations from the 

normal 4 kb and 3 kb restriction pattern have been reported with Kpnl.

5.1.3 Ncol RFLP

The Ncol RFLP was first detected in the 21-OHase B gene of individ­ 

ual II. I. A G + C transversion at position 1650 introduced the new Ncol 

restriction (£CATGG) site into the gene. This new Ncol site cuts down a 

3.1 kb fragment to a 2.3 kb fragment and a 0.8 kb fragment. However, 

this polymorphism was also found in the 21-OHase A genes of individual 

II. I (Figure 4.9). The Ncol RFLP was used to study 20 other patients 

with CAH and a number of normal individuals from a random population. 

The results obtained are discussed in the sections below.

5.2 Ncol RFLP in Individuals with CAH

Twenty patients were studied for the Ncol polymorphism. Eighteen of 

the samples were obtained from G. Rumsby of The Institute of Child 

Health, London. The data on the HLA haplotypes, and the TaqI and Kpnl 

banding patterns of these patients were also supplied by G. Rumsby. 

Table 5.1 shows the haplotypes and the band intensities with TaqI, Kpnl 

and Ncol of the patients. Only two of the 20 patients showed a homo- 

zygous deletion of the 21-OHase B gene. Patient JB having a homozygous 

deletion the of 21-OHase B gene has the haplotypes A9,32 B44,13 Cw4



TABLE 5.1

No

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

Proba

JB

CB

MP

BB

RW

DM

SM

CBu

ZT

LR

AR

A1B

CO

DW

SG

C1B

LM

TC

LiM

FH

HLA Haplotype

A9,32 B44,13 Cw4 DR1,7

A3 Bw47,62 C6,l DR7,5

A2,3 B40,w3 Cw6 DR?

A3,23 B39,44 DR2,7

A1.29 B44,40/8 Cw5 DR3,7 DRw52

A3,2 B7,44 C5

A3,2 B7,44 C5

A2,ll Bw47,55 C6,3 DR7,4

A2,3 B7,35 Cw3 DR6

A3 B7

A3 B7

Al,30 88,13 

Al,32 839,14

DR2,?5

DR2,?3,?5,?7 

C6,7 DR3,7 

C8 DR1,7

A24,l 814,57 C6,8 DR1

A2 B22,27 Cw2? DR4 DQ3 DRw53

NOT AVAILABLE

NOT AVAILABLE

NOT AVAILABLE

A3,24 87,14 C7 DR1.2

A2 B51 Cw6 DR2,4

Kpnl TaqI Ncol 

4 3 3.2 3.7 3.1 2.3 kb

i

*

~2

2

i

i +

i

2

1

1

i

+ indicates the presence of a band

- indicates the absence of a band

i indcates half intensity of a band compared to +
A

? indicates that the precise allele could not be assigned to the locus



Figure 5.1

Southern analysis of 15 patients with the restriction enzyme Ncol. 

The two fragments observed are at 3.1 kb and 2.3 kb. The patients 

who have the 2.3 kb fragment are RW, MP, CB and JB. AR is the 

sibling of proband LR, Mr. and Mrs. R are the parents. B is the 

father of proband JB and does not have the 2.3 kb fragment.
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DR1,7 and patient BB with the deleted 21-OHase B genes has the haplo­ 

types A3,23 B39,44 DR2,7. Twelve of the other patients have atleast one 

21-OHase B gene corresponding to the 3.7 kb TaqI and 3 kb Kpnl fragment. 

The remainder of the patients have at least two 21-OHase B genes pre­ 

sent. The Ncol polymorphism was found in 8 patients.

It was observed that the Bw47, DR7 haplotype in the patients always 

consistently had the Ncol RFLP of 2.3 kb as seen from the banding 

patterns of the patients CB, AB, CBu and II.I. Since the Bw47 haplotype 

has a deleted 21-OHase B gene (White et al_., 1984b) the Ncol RFLP is in 

the 21-OHase A gene. The patient JB who has a homozygous deletion of 

the 21-OHase B genes also exhibits the Ncol RFLP in one of the two 

21-OHase A genes. His father AB with the HLA haplotype A9,3? B7,44 

Cw4,8 DR1.4 DRw57 (? = not known precisely) does not show the Ncol RFLP 

(Figure 5.1). Therefore the haplotype which carries the RFLP in its 

21-OHase A gene is A32 B13 DR7.

The patient MP having the Ncol RFLP in one of her genes has the HLA 

haplotypes A2,3 B40,Bw3 Cw6 DR? with two 21-OHase A genes and one 

21-OHase B gene. However, without any family data it is not possible to 

determine on which gene the RFLP lies. RW with the HLA haplotypes Al,29 

B44,40/8 Cw5 DR3,7 DRw52 has one 21-OHase A and two 21-OHase B genes and 

has the Ncol RFLP in one of her genes, but it cannot be precisely 

located on the basis of the data available.

5.2.1 Family H

Individual FH from family H has the non salt losing form of CAH and 

the HLA haplotypes A2 B51 Cw6 DR2,4. She has two 21-OHase A genes and 

one 21-OHase B gene. Southern blot analysis of the family showed that 

both parents and the normal sibling SH had the Ncol polymorphism while 

FH did not (Figure 5.2). Their TaqI and Kpnl banding patterns are



Figure 5.2

Southern analysis of family H with Ncol.

The parents Mr. H and Mrs. H and the sibling SH have both fragments 

of 3.1 kb and 2.3 kb. The proband FH is indicated by an asterisk 

(*). The proband has a single fragment of 3.1 kb. The 3.1 kb 

fragment in Mrs. H is four times as intense as the 2.3 kb fragment.
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indicated in figure 5.3. As the HLA haplotypes of the sibling were not 

available the Ncol polymorphism could be allocated only by deduction. 

Since FH has two 21-OHase A genes and one 21-OHase B gene, none of which 

have the Ncol RFLP, she has inherited one 21-OHase A gene from one 

parent and the remaining two loci from the second parent. The father 

has two 21-OHase A genes and one 21-OHase B gene, hence his 21-OHase B 

gene has to be normal. The Ncol RFLP is presumably in the 21-OHase A 

gene on the same haplotype as the normal 21-OHase B gene since it is not 

present in the single 21-OHase A gene on the haplotype which he has 

passed to his daughter. The single 21-OHase B gene in FH has come from 

her mother along with one 21-OHase A gene both of which do not have the 

Ncol RFLP. The mother though would have to have another 21-OHase B gene 

for her to be normal. The TaqI banding pattern indicates + and 1/2 

intensities for the 3.2 kb and 3.7 kb fragments respectively. As the 

mother has two 21-OHase B genes which show about half the intensity of 

the 21-OHase A genes in Southern analysis it is possible that she has 

three 21-OHase A genes. The Ncol banding pattern suggests that this is 

likely since the 3.1 kb fragment is four times as intense as the 2.3 kb 

fragment. As the mother has one normal 21-OHase B gene and one 21-OHase 

B gene which is associated with CAH on the A2, B51, Cw6, DR2 haplotype, 

but does not have the Ncol RFLP, the RFLP must be in one of the two 

21-OHase A genes on the same haplotype (A28 B35 DR5) as the normal 

21-OHase B gene. The sibling SH could have inherited the Ncol RFLP from 

either or both of her parents. Her Ncol pattern however suggests that 

only one of her genes has the Ncol RFLP, therefore she has inherited one 

haplotype with a normal 21-OHase B gene and a 21-OHase A gene with the 

Ncol RFLP. Her other haplotype must be an affected haplotype and she is 

a carrier of the 21-OHase deficiency. Figure 5.3 illustrates the pattern 

of inheritance of the 21-OHase genes in family H.



Figure 5.3

The organization of the 21-OHase genes in the family H. The mother 

has two 21-OHase A genes and one 21-OHase B gene on one of her 

haplotypes (A28, B35, DR5). The Ncol RFLP is carried by one of the 

21-OHase A genes. The 21-OHase B gene on this haplotype is normal. 

The A2, B51, DR2 haplotype which is affected has one 21-OHase A and 

one 21-OHase B gene each. The father has one 21-OHase A and one 

21-OHase B gene on his normal haplotype. The Ncol RFLP is on the 

21-Hase A gene of that haplotype (shown by *). The second haplotype 

which has a single 21-OHase A gene is the affected haplotype 

(affected haplotypes are shown by #). Both parents are carriers 

shown as half shaded and the affected proband (fully shaded) who has 

CAH has inherited the affected haplotypes without the Ncol RFLP . 

The unaffected SH sibling has the RFLP in one of 21-OHase her genes 

she has inherited an affected haplotype from her father and she is a 

carrier.
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5.2.2 Family Bu

The pedigree of family Bu and its HLA and complement haplotypes are 

shown in Figure 5.4. The patient CBu has inherited the 21-OHase defi­ 

ciency on haplotype (b) A2 Bw47 C6 DR7 from his father and haplotype (a) 

All B55 C3 DR4 from his mother. The 21-OHase gene dosage was analysed 

by Southern blot analysis using TaqI (Palsdottir, 1986). On the basis 

of the band intensity it was deduced that the patient had two 21-OHase A 

genes but only one 21-OHase B gene. His mother has two 21-OHase A and 

two 21-OHase B genes. Although no DNA was available from the father, 

his HLA haplotypes A2,l Bw47,8 C6 DR7,3 suggest the presence of one 

21-OHase A gene and one 21-OHase B gene in total. This was confirmed 

by the Southern blot analysis of the grand parents of CBu (Palsdottir, 

1986). The Bw47, DR7 haplotype always has a 21-OHase B gene deletion 

and the B8 DR3 haplotype, a 21-OHase A gene deletion. The single 

21-OHase B gene in patient CBu is inherited from his mother on the All, 

B55 C3, DR4 haplotype. The Ncol digest of CBu and his mother are shown 

in Figure 5.5. The mother has a single 3.1 kb fragment while CBu has 

both 3.1 kb and 2.3 kb fragments, the 2.3 kb fragment being twice as 

intense as the 3.1 kb fragment. Since the 2.3 kb fragment is absent in 

the mother, CBu could have inherited it only from his father. The Bw47 

haplotype which he has inherited from his father indicates the presence 

of a single 21-OHase A gene, yet the Ncol RFLP is present in two 21- 

OHase genes. The presence of the Ncol RFLP in two of the three 21-OHase 

genes in individual CBu suggests that one of his genes may have acquired 

the RFLP and not inherited it. This result does not indicate which of 

the 21-OHase genes the Ncol RFLP is present in.



Figure 5.4

Pedigree and HLA haplotype of family Bu.

Proband CBu has inherited the 21-OHase deficiency on haplotypes a

and b, from the mother and the father respectively.



b a

HLA / Complement Haplotypes of family Bu

Gene Dosage Ncol 

21-OHase A 21-OHase B 3.1 2.3

MOTHER a) All B55 Cw3 DR4 C4A3,2 BQO 1 1 + - 

g) A2 B51 Cw2 DR4 C4A3 BQO 1 1

FATHER b) A2 Bw47 Cw6 DR7 C4A1 (BQO) 1

c) Al B8 Cw6 DR3 C4AQO Bl - 1

CBu a) All B55 Cw3 DR4 C4A3,2 BQO 1 1 i + 

b) A2 Bw47 Cw6 DR7 C4A1 (BQO) 1



Figure 5.5

Southern analysis of CBu and his mother with Ncol. The mother has 

one fragment at 3.1 kb while CBu has two fragments at 3.1 kb and 2.3 

kb. The 2.3 kb fragment is twice as intense as the fragment 3.1 kb.
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5.2.3 Family M

The pedigree and HLA and complement haplotypes of family M are 

shown in Figure 5.6. Two of the children D & S are adrenogenics and 

have identical haplotypes while the third child is normal. All the 

members of the family with the exception of the mother have two 21-OHase 

A genes and one 21-OHase B gene, as can be seen from the TaqI digest 

pattern (Figure 5.7). The Ncol pattern shows all the members of the 

family other than the mother having the 3.1 kb fragment twice as intense 

as the 2.3 kb fragment while the 2.3 kb fragment is absent in the mother 

(Figure 5.7). Both affected probands have the haplotypes A3,2 B7,44 C5 

and are homozygous for the syndrome. The A2, B44 haplotype from the 

mother has both 21-OHase loci present and obviously does not carry the 

Ncol RFLP. Therefore all three children who have the Ncol polymorphism 

have inherited it from the A3, B7 haplotype from their father which has 

only one 21-OHase A gene. The Ncol RFLP in family M is, therefore, in 

the 21-OHase A gene on the A3,B7 haplotype.

5.3 Ncol RFLP in a Random Population

A study of individuals in a random population was carried out to 

find the frequency of occurrence of the Ncol polymorphism. Out of 17 

individuals studied, 6 individuals showed the Ncol polymorphism (Figure 

5.8). Table 5.2 shows the haplotypes of the individuals studied. This 

suggested that the Ncol RFLP was present at a substantially high freq­ 

uency of 9% in a random population although it did not give any informa­ 

tion as to which of the haplotypes and genes had the RFLP. Siblings of 

some of the individuals were also analysed for the RFLP. JH who has the 

Ncol RFLP has the haplotype A29, 3 B44,7 Cw- DR5,2, his sibling SO who 

does not have the Ncol RFLP has the haplotypes A2,3 B51,7. Therefore 

the Ncol RFLP is contained in the A29, B44 haplotype of JH. NJ with



Figure 5.6

Pedigree and HLA haplotypes of family M.

D and S are adrenogenics (shown fully shaded) and have inherited the 

defect from the A2, B44 haplotypes from the mother and A3, B7 

haplotype from their father. The sibling shares the A3, B7 haplo- 

type with the affected probands and is a carrier (half shaded).



A3 B7 
A24 B44 DaM

DM
A3 B7
A2 B44 C5

DoM<rA2 B44 C5 A30 B55

I
AM

A3 B7 
A30 B55

SM
A3 B7
A2 B44 C5

HLA Haplotypes of family M

Gene Dosage TaqI Ncol 

21-OHase A 21-OHase B 3.2 3.7 3.1 2.3 

MOTHER DoM A30,2 655,44 C5 2 2 + + + -

FATHER DaM A3,24 B7,44 1 + i +

PROBAND DM A3,2 B7,44 C5 2

PROBAND SM A3,2 B7,44 C5 2 + i +

SIBLING AM A3,30 B7,55



Figure 5.7

Southern analysis of family M with TaqI and Ncol. The father and 

three children all have two fragments at 3.1 kb and 2.3 kb with 

Ncol. The mother has a single fragment at 3.1 kb. The TaqI pattern 

shows two fragments at 3.7 kb and 3.2 kb in all individuals. The 

affected probands are shown with (x).
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TABLE 5.2 Individuals from a Random Population

M- Name HLA Haplotype Ncol

3.1 2.3 kb

1 AC A2,3 B8,7 Cw- DR3,2 +

2 DC A2,l B8,16(39) Cw- DR3 +

3 JD A32,38 B14,40(60) Cw- DR2,4 +

4 DoC A1.28 B17,40 Cw6,w3 DR7,4 +

5 SJ A2,3 851,7 Cw5 DR2 +

6 JH A29,3 B44,7 Cw- DR5,2 + i

7 RH A9,32 B12,55(22) Cw- DR4/61 +

8 PH A32 B21?,55(22) Cw4 DR5,4/61 +

9 NJ A2,ll B51(or blank),51 DR7 + \

10 PJ All,31 851,62 DR7 +

11 WG A28,3 B35,14 Cw3,4 DRw52,53 + i

12 CG NOT AVAILABLE + \

13 AP Al 817,7 Cw6 DR7,2 +

14 MeP A29,(29) B44,(44) DR7,2 + \

15 MBP Al,29 B17,44 DR7,2 +

16 AA + *

17 BA + -

+ indicates the presence of a band

- indicates the absence of a band

i indcates half intensity of a band compared to +

? indicates that the precise allele could not be assigned to the locus



Figure 5.8

Ncol polymorphism in a random population. Lanes 1-17 are normal 

individuals. Lanes 18, 19 and 20 are individuals from a family with 

adrenogenics, All individuals have the 3.1 kb fragment, while six 

individuals from the unaffected population (Lanes 6, 9, 11, 12, 14, 

16) also have the 2.3 kb fragment. Individuals 18 and 20 from the 

adrenogenic family also have the 2.3 kb fragment.



1 
2 

3 
/. 

5 
6 

7 
8 

9 
10 

11 
12

 1
3 

14
 1

5 
16

 1
7 

18
 

19
 2

0

3-1

N
co

l



109

haplotypes A2,ll B51 (or blank), 51 DR7 has the RFLP while sibling PJ 

who does not have the Ncol RFLP has haplotypes All,31 851,62 DR7. Hence 

the Ncol RFLP can be located to the A2 S B51 (or blank) haplotype. WG and 

her son CG both have the Ncol RFLP but since only the mother's haplo­ 

types A28,3 835,14 Cw52,53 are known, the Ncol RFLP cannot be ascribed 

to any particular haplotype.

5.3.1 Family P

The pedigree of family P and their band patterns with TaqI and Ncol 

are shown in figure 5.9. All the members have both 21-OHase genes 

present in their haplotypes. The father and son does not show the RFLP 

while the mother and daughter do. The mother and daughter both have the 

haplotype, A29 844 DR7 in common which must carry the Ncol RFLP. Since 

both 21-OHase genes are present on this haplotype, the Ncol RFLP could 

be on either of the two genes and this analysis would be unable to 

detect which gene it is present in.

5.3.2 Family A

In the family A, the father and all the children have the Ncol 

RFLP. The pedigree and the HLA haplotypes are indicated in figure 5.10. 

The haplotype which is shared in common by all the individuals with the 

Ncol RFLP, is A19,29 B12 Bw44 C- DR7 but since both 21-OHase genes are 

present as indicated by the TaqI digest, the RFLP could be on either of 

the genes.

The A29 B44 DR7 haplotype is common to both families presented here 

and the Ncol polymorphism is presented on this haplotype in both fam­ 

ilies. Since the A29 844 DR7 haplotype exists as an extended haplotype 

in the population (Dawkins et a 1., 1983), the Ncol RFLP is probably 

always likely to occur on the haplotype.



Figure 5.9

Southern analysis of family P with TaqI and Ncol. The mother and 

daughter exhibit both the 3.1 kb and 2.3 kb Ncol fragment, while the 

father and sons only have the 3.1 kb fragment.

HLA Type Gene Dosage Ncol

21-OHase A 21-OHase B 3.1 2.3

FATHER AP a) Al Cw6 B17 DR7 GL02 1 1 +

b) A C B7 DR2 GL01 1 1

MOTHER MeP c) A29 C B44 DR7 GL01 1 1 + i

d) A29 C B44 DR2 GL01 1 1

SON MBP a / d 2 2 + -

SON PP Not available 2 2 +

SIBLING FP a/c
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Figure 5.10

Southern analysis of family A with Ncol and TaqI. The father AA and 

all the children show the presence of the 2.3 kb Ncol fragment with 

the 3.1 kb fragment. The mother BA has only the 3.1 kb fragment 

present. The TaqI pattern indicates that all the genes are present 

as in a normal haplotype.

HLA Type Gene Dosage TaqI Ncol

21A 21B 3.2 3.7 3.1 2.3

FATHER AA a) A2 Bw48 C- DR8 1 1 + + + ± 

b) A19 29 B12 Bw44 C- DR7 1 1

MOTHER BA c) Al B8 Cw7 DR3 - 1 i + + 

d) A2 B12 Bw44 Cw5 DR4 1 1

SON An b / d 2 2 + + + i 

SONP b/d 2 2 + + + i

SIBLING F b/d

SIBLING S b/c 1 2 i + +

SON A b/c 1 2 i + + i
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5.4 Avail Polymorphism

To differentiate between the 21-OHase A and B genes around the Ncol 

RFLP, a restriction endonuclease that gives distinct unique bands was 

selected. On examination of the sequences around the Ncol restriction 

site at position 1653 it was found that Avail sites at nucleotide 

positions 1233 and 1708 in the 21-OHase B gene yielded a 475 bp frag­ 

ment. A single nucleotide substitution at position 1380 in the 21-OHase 

A gene introduced a new Avail site into the 21-OHase A gene which would 

yield two fragments of 147 bp and 328 bp instead of a single fragment of 

475 bp (Figure 5.11). Southern blot analysis of plasmid DNA containing 

21-OHase A, 21-OHase B and the 21-OHase B gene from the individual II.I 

gave the expected bands with the Avail digest (Figure 5.12). The probe 

used was AN which was obtained by isolating a 420 bp fragment from an 

Avail / Ncol digest of the 3.7 kb TaqI subclone of the defective 21- 

OHase B gene from the individual II.I. Thus on the basis of the Avail 

digest, 21-OHase A and 21-OHase B genes can be distinguished.

If there is a Ncol RFLP in the gene, the Avail digest followed by a 

Ncol digest would yield fragments that a normal gene would not have. 

Table 5.3 shows the pattern expected in a normal haplotype and in 

haplotypes with the Ncol RFLP present on either of the genes or both of 

the genes. Thus a normal haplotype, that is both genes without the 

Ncol, RFLP would give the following pattern of fragments; 147 bp and 328 

bp corresponding to the 21-OHase A gene and 475 bp corresponding to the 

21-OHase B gene respectively. A 21-OHase A gene which has the Ncol RFLP 

would give 147 bp and 274 bp fragments, while a 21-OHase B gene with the 

Ncol RFLP would give a 420 bp fragment, respectively. Theoretically the 

Avail and Avail / Ncol digests should be able to define which gene has 

the Ncol RFLP.



Figure 5.11

Avail restriction sites in the 21-OHase genes between nucleotide 

position 1233 and 1708. There is a single base pair substitution 

T -» C at position 1380 in the 21-OHase A gene which introduces a new 

Avail site. The Avail sites are marked in blue colour and the Ncol 

site is marked in red colour.
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Figure 5.12

Avail digest of the Bglll / BamHI subclones of 21-OHase A gene, 

21-OHase B gene and 21-OHase B gene (M21-OHase B) from individual 

II.I. The 21-OHase A gene has two fragments at 328 bp and 147 bp 

while both 21-OHase B genes have one fragment at 475 bp which lights 

up with probe AN (Avail / Ncol - 420 bp fragment from 3.7X21B). A 

partially digested fragment is also seen in M21-OHase digest at 1 

kb.
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TABLE 5.3 Pattern of Avail / Ncol Fragments on Haplotypes with the Ncol RFLP

Gene Type Bands Observed

Normal 21-OHase A, and 21-OHase B

Mutant 21-OHase A, and normal 21-OHase B

Normal 21-OHase A, and mutant 21-OHase B

Mutant 21-OHase A, and mutant 21-OHase B

A - 147 bp B - 475 bp

A - 328 bp

A - 147 bp B - 475 bp

A - 274 bp

A - 147 bp B - 420 bp

A - 328 bp

A - 147 bp B - 420 bp

A - 274 bp
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To study the Avail / Ncol polymorphism individuals BB, Ice5, CBu, 

II.I and KEM were selected (Table 5.4). BB shows no 3.7 kb TaqI frag­ 

ment and hence was presumed to have a homozygous deletion of the 21- 

OHase B genes. Ice5 has only the 21-OHase B genes present due to 

homozygous deletion of the 21-OHase A genes; CBu has two 21-OHase A 

genes and one 21-OHase B gene; similarly II. I has two 21-OHase A genes 

and one 21-OHase B gene and KEM has two 21-OHase B genes.

5.4.1 Avail Band pattern

The Avail digest of BB gave fragments at 475, 328 and 147 bp (Lane 

1, Figure 5.13). The 475 bp fragment corresponds to a 21-OHase B gene, 

the 328 bp and 147 bp fragments correspond to the 21-OHase A gene. This 

was an unexpected result as BB does not have a 3.7 kb TaqI fragment 

characteristic of a 21-OHase B gene. Ice5 showed a single fragment at 

475 bp corresponding to the 21-OHase B genes (Lane 2). CBu and II. I 

showed a single fragment at 328 bp, the 147 bp fragment being very faint 

(Lane 3 and 4), corresponding to the 21-OHase A gene. Both showed a 475 

bp fragment corresponding to the 21-OHase B gene. In addition to these 

expected fragments, CBu had a fragment at 520 bp which was twice as 

intense as the fragment at 475 bp (Lane 3). Individual II.I had a 

fragment at 520 bp of the same intensity as the fragment at 475 bp (Lane 

4). KEM showed the presence of two fragments, one at 475 bp which was 

twice as intense as the one at 520 bp. There was no fragment at 328 bp 

(Lane 5) which supports the absence of the 21-OHase A genes in KEM. The 

presence of the 520 bp fragment was unexpected and could not be ex­ 

plained except as a partial digest.

5.4.2 Avail / Ncol Band pattern

In the Avail / Ncol digest, both fragments of 475 bp and 328 bp in



Figure 5.13

Avail and Avail / Ncol digests of genomic DNA from affected indivi­ 

duals BB, CBu and II.I and normal individuals Ice5 and KEM. Lanes 1 

- 5 are Avail digests and lanes 6-10 are Avail / Ncol double 

digests. The 475 bp fragment in the Avail digest is characteristic 

of the 21-OHase B gene. The 328 bp and 147 bp fragments are charac­ 

teristic of the 21-OHase A gene. In the Avail / Ncol digest, the 

presence of the Ncol RFLP cuts the 475 bp fragment to 420 bp and 328 

bp fragment to 274 bp. There is an additional fragment of 520 bp in 

some individuals. The explanation is given in the text.

Table 5.4

Individual Haplotypes TaqI Intensity Gene Dosage

	3.2 kb 3.7 kb 21-OHase A 21-OHase B

BB A3,23 B39,44 DR2,7 + - 2

Ice5 A2 B7 DR2 + 2

CBu A2,ll Bw47,55 C6,3 DR7,4 +12 1

II.I A2,3 B44,w47 C5,6 DR6,7 +12 1

KEM Al,2 B7,8 DR3,4 + 2
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BB are cut down to 420 bp and 274 bp respectively. (Lane 6, Figure 

5.13). Thus both 21-OHase genes in BB, characterized by a 3.2 kb TaqI 

fragment have the Ncol RFLP. The single 475 bp fragment in Ice5 was not 

cut by Ncol (Lane 7) indicating the absence of the Ncol RFLP in both the 

21-OHase B genes in Ice5. The 328 bp fragment in CBu and II.I was cut 

down to 274 bp (Lane 8 and 9) confirming the presence of the Ncol RFLP 

in the 21-OHase A gene in the two patients. The 520 bp fragment in CBu 

was cut down to 475 bp while the 475 bp fragment remained uncut, the 

resultant fragment therefore being thrice as intense as the original 475 

bp fragment (Lane 3 and 8). The Ncol RFLP was therefore absent in the 

475 bp fragment corresponding to the 21-OHase B gene but present in a 

the 520 bp fragment. The two fragments of 520 and 475 bp in Individual 

11.1 (Lane 4) in the Avail digest were seen at 475 bp and 420 bp in the 

Avail / Ncol digest (Lane 9, Figure). Since the Ncol RFLP is present in 

all the 21-OHase genes in individual II.I (Chapter IV), two of which are 

21-OHase A genes, the 520 bp fragment in Individual II.I corresponds to 

a 21-OHase A gene. It is either a partial digest or a polymorphism, but 

the study done does not provide an answer to that. The bands in KEM 

remained unchanged (Lane 5 and 10). The 520 bp fragment in KEM who has 

no 21-OHase A genes very likely corresponds to a 21-OHase B gene.

5.5 Discussion

The Ncol polymorphism in individual II.I due to single nucleotide 

change is not unique to II.I. This was predicted from the fact that all 

his genes had the Ncol RFLP and that he had inherited it from both his 

parents. Ncol was used to study other patients with CAH. Eight out of 

the 20 other patients exhibited the RFLP, but since the RFLP could be 

present on any one of the four 21-OHase genes, the frequency of the Ncol 

RFLP in the patients would be 8 out of 80 genes, that is 10%. The Bwl3,
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DR7 haplotype of patient JB also had the RFLP. The HLA-Bw47 (w4) 

antigen is serologically very similar to the HLA B13 (w4) antigen and 

the Bw47 haplotype has been implied to have originated from the B13 

haplotype (White £t ^1_., 1984b). Although the HLA B13, DR7 haplotype 

has both 21-OHase loci present in most individuals, in patient JB it has 

only one 21-OHase A gene present. CAH is not associated with the B13 

haplotype as it is with the Bw47 haplotype. This result suggests that 

the Ncol polymorphism must have originated in the 21-OHase A gene and 

subsequently passed on from the pseudogene to some 21-OHase B genes by 

gene conversion-like events. It is possible however that the mutation 

might arise in a 21-OHase B gene in the same way as it did in the 

21-OHase A gene. The A29, B44, DR7 haplotype also showed consistency in 

inheriting the Ncol RFLP, but it was not possible to identify the gene 

on which it was present. It was clear from the study that in most cases 

the Ncol RFLP was present in the pseudogene.

In patient CBu for example, the inheritance pattern suggests that 

he should have had the Ncol RFLP in only one of his three genes, two of 

which have been inherited from his mother who does not show the Ncol 

RFLP. Yet his Ncol pattern suggests that the RFLP is in two of his 

three genes. This indicates that one of his genes has acquired the Ncol 

RFLP and not inherited it. The Avail / Ncol digest should be able to 

identify which gene has the Ncol RFLP. The interpretation of the result 

is complicated by the extra fragment of 520 bp which is cut down by 

Ncol. Since the 328 bp fragment is cut, one of the Ncol RFLP is in his 

21-OHase A gene. The 475 bp fragment remains uncut, suggesting that 

the 21-OHase B gene does not have the Ncol RFLP. The 520 bp fragment 

which is twice as intense as the 475 bp fragment and is cut by Ncol 

should therefore represent the 21-OHase A genes. Figure 5.11 illust­ 

rates the Avail sites around the 475 bp fragment. There is an Avail
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site at position 1233. In the 21-OHase A gene there is an additional 

Avail site at 1380 which cuts the 475 bp fragment into 147 bp and 328 bp 

fragments. If both the Avail sites at 1233 and 1380 were not cut for 

some reason by Avail, the fragment which would result would be 520 bp in 

size. Therefore the possibilities that arise are that Avail did not cut 

at those sites due to methylation at C residues, or that the enzyme 

reaction was incomplete or that those Avail sites did not exist and it 

was infact a polymorphism. Individual 11.1 also shows a fragment at 520 

bp along with one at 475 bp and 328 bp. He has two 21-OHase A genes and 

one 21-OHase B gene. In the Avail / Ncol digest he shows a pattern of 

475, 420 and 274 bp. Since it has been conclusively shown in chapter IV 

that all his three genes have the Ncol RFLP, it indicates that the 520, 

475 and 328 bp fragments have been cut down to 475, 420 and 275 bp frag­ 

ments. The 520 bp fragment corresponds to a partially digested 21-OHase 

A gene in individual II. I.

The digest of BB shows that she has two 21-OHase genes. The TaqI 

digest had indicated that the 3.7 kb TaqI fragment was absent in BB but 

the Avail digest gives two fragments of 475 and 328 bp. This suggests 

that one of the 21-OHase genes is a 21-OHase A gene while the other is a 

hybrid of a 21-OHase A and 21-OHase B gene. In the TaqI digest, it 

gives a 3.2 kb fragment due to the 5' region being 21-OHase A-like. As 

the 3' region is 21-OHase B-like, the Avail fragment is 475 bp in 

length. BB does not have a 520 bp fragment. Both fragments in BB were 

cut down by Ncol to give the expected 420 bp and 274 bp fragments. Thus 

the Avail / Ncol digest was able to distinguish 21-OHase A and 21-OHase 

B genes in BB, but did not identify to which haplotype it belonged to. 

If the DNA and HLA haplotype data of the family had been available, this 

could have been resolved. Ice5 had a complete digestion leading to a 

single fragment of 475 bp which was not cut by Ncol. KEM however,
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showed two fragments of 520 bp and 475 bp with Avail, the fragment of 

520 bp being half as intense as the one at 475 bp. Both fragments were 

unaffected by Ncol. KEM has no 3.2 kb TaqI fragment and has two 21- 

OHase B genes. This suggested that the 520 bp fragment was a partial 

digest of a 21-OHase B gene. Since DNA samples were prepared indepen­ 

dent of each other, it is possible that the Avail digest was complete in 

some samples while in others it was incomplete. Family studies are 

required to analyse the inheritance of the Avail / Ncol restriction 

pattern so that the full implication of these results can be understood 

and the genes can be mapped precisely. The Avail polymorphism can thus 

be used to study haplotypes in greater detail and extends the study to 

detect limits of deletion of the 21-OHase genes. The Ncol RFLP is 

interesting because of the substantially high frequency at which it 

occurs in a random population and methods of detecting its presence in 

affected 21-OHase B genes would provide a useful tool for the detection 

of carriers.

In conclusion, it can be said that the study of the 21-OHase 

deficiency is not as straightforward as other recessive disorders. It 

is complicated by the fact that (a) there are different forms of 21- 

OHase deficiencies, (b) by the presence of two highly homologous genes 

one of which is a pseudogene and (c) because of the polymorphism exhib­ 

ited by the genes.

The use of RFLPs to study this disorder should prove immensely 

valuable because their inheritance in a family can be followed quite 

precisely. Matteson et al. (1987) have reported in a restriction 

polymorphism analysis of patients with CAR, that the lack of the 3.7 kb 

TaqI fragments does not indicate 21-OHase B gene deletion, as other 

restriction sites characteristic to the 21-OHase B gene are present.
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Results obtained from the restriction analysis of individual BB in the 

present study support the same hypothesis. Thus more than one RFLP will 

have to be used in the study of patients to identify the genes on the 

affected haplotypes.
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CHAPTER VI

GENERAL DISCUSSION AND SUMMARY
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General Discussion and Summary

The mapping of the two 21-OHase genes to the MHC along with the 

complement genes Bf, C2 and C4A and C4B in man and mice has led to 

several speculations. The organization of the class III region is very 

similar in both species. It has been suggested that a single duplica­ 

tion event has resulted in the tandem orientation of both the complement 

C4 / 21-OHase gene units in the two species. A comparison of the amino 

acid sequence indicates that the interspecies homology (human 21-OHase 

B / murine 21-OHase A, 69%) is significantly less than the intraspecies 

homology ( human 21-OHase A / 21-OHase B 98%, murine 21-OHase A / 

21-OHase B 86%), calculated at the nucleotide level. Similarly the 

interspecies homology of C4A calculated by Nonaka et al. (1985a,b) is 

(C4A / C4 79%, C4A / Sip 78%), which is significantly less than the 

intraspecies homology (C4A / C4B 99.7%, C4 / Sip 96%). This suggests 

that while the ancestral 21-OHase gene became linked to the ancestral C4 

gene prior to speciation, the duplication event could have occurred 

after the divergence of man and mouse. Also, the 21-OHase B gene is 

active in man while the 21-OHase A gene is active in mice and the nature 

of mutations observed in the pseudogenes are different in both species. 

Both C4 genes are functional in man, while in mouse only the C4 gene has 

C4 functional activity while Sip has no known function. It is sur­ 

prising therefore that the inactive 21-OHase genes and Sip have not 

diverged significantly from their active counterpart due to lack of 

selective pressure. Alternatively, the genes may have duplicated before 

the divergence of man and mouse. The high degree of intraspecies 

homology would be maintained by concerted evolution operating in the 

form of gene conversion .and / or unequal crossing over as with the class 

I and class II gene loci.
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The biological significance of the presence of the complement genes 

in the MHC is not very clear, but it has been suggested that the differ­ 

ent polymorphic forms of C4 could be important in individual susceptibi­ 

lity to autoimmune diseases due to varying efficiencies of complement 

activation by C4 (Porter, 1983). The presence of C4 in the MHC may 

therefore be due to some selective advantage conferred on the species in 

evolution by this association, for example in disease resistance. The 

close proximity of 21-OHase suggests that the gene was carried with the 

piece of C4- containing DNA when it was being moved to the MHC, and the 

association was not disadvantageous (Bodmer, 1984).

The 21-OHase genes belong to the cytochrome P-450 supergene family. 

The enzyme it encodes is of 56,028 Daltons and it plays a crucial role 

in the synthesis of cortisol from cholesterol in the human adrenal 

cortex. Sequencing studies have revealed that the two 21-OHase genes 

are 3.3 kb in length and are split into 10 exons. They are highly 

conserved with an overall sequence homology of 98%. There are 92 

nucleotide differences between the two genes, 27 of which are in exons. 

Of these eight are silent mutations while 19 cause codon changes. Nine 

of the codon changes have an unpredictable effect on the gene product 

while the remaining differences are quite drastic. An 8 bp deletion in 

the third exon of the 21-OHase A gene, a 1 bp insertion in the seventh 

exon and a third nonsense mutation in the eighth exon change the reading 

frame and introduce premature termination codons in the 21-OHase A gene. 

These indicate that the 21-OHase A gene would encode a truncated and 

presumably non functional protein. Absence of detectable 21-OHase A 

mRNA in an adrenal RNA preparation using oligonucleotides specific for 

the A and B gene sequences have been shown by Higashi et_ aj_. (1986). In 

addition, homozygous deletion of the 21-OHase A gene in individuals does 

not affect normal cortisol synthesis while individuals with a homozygous
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deletion of the 21-OHase B genes have classical CAM (White et _a]_., 

19845). It can thus be concluded that the 21-OHase A gene is a pseudo- 

gene due to the deleterious mutations which prevent synthesis of a 

functional protein.

Deletion and homoduplication of the 21-OHase genes and the adjacent 

complement C4 genes have been reported in man (Garlepp et al., 1986; 

Carroll et. aj_., 1985b; Schneider et aJL , 1986). This suggests that the 

class III region is not genetically stable, but is still undergoing gene 

expansion and contraction. Both duplication and deletion of the class 

III genes have been explained by a mechanism of unequal crossing over. 

However no direct evidence of a recombination event has been found upon 

comparison of variant and a normal MHC haplotype (Carroll et_ a]_., 1985).

The presence of the duplicated and highly homologous sets of the C4 

and 21-OHase genes in the relatively small stretch of the chromosomal 

DNA may allow for frequent exchange of their DNA sequences by homologous 

recombination or unequal crossing over during meiosis. It is interest­ 

ing to note that 45 of 92 nucleotides differences between the two 

21-OHase genes are localized in the second intron and the third exon. 

This is reminiscent of a recombination point suggested for the human 

fetal y-globin gene (Slightom ^t aj_., 1980). The presence of recomb- 

inational hot spots in the mouse MHC has already been described 

(Steinmetz et aj_., 1986).

The 21-OHase genes lie between a region of the HLA which is highly 

polymorphic. The neighbouring C4 genes have 40 or more alleles that 

have been demonstrated by differences in electrophoretic mobilities, 

serological typing, and direct DNA sequencing. It is not surprising 

therefore that the 21-OHase genes exhibit polymorphism. A comparison of 

the published nucleotide sequences of 21-OHase genes (Higashi et al., 

1986; White et al_., 1986; Rodrigues et aj_., 1987) showed 77 differences.
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Most of the differences may represent accumulation of point mutations in 

the pseudogene. Six differences caused a codon change. Three of these 

(CTG), which code for a leucine at codon 6 were absent in the 21-OHase B 

gene sequences of the other groups, but present in their 21-OHase A gene 

sequences. However, the codon for leucine was present in both the 

21-OHase B genes and the 21-OHase A gene sequences presented here. Thus 

there is a strong indication that there are two allelic variants of the 

21-OHase gene product, of 494 or 495 amino acids. Since the codon for 

leucine is present in all the three reported 21-OHase A gene sequences 

it is possible that it was previously ubiquitously present in all 

21-OHase genes before being deleted in some of the 21-OHase B gene 

sequences with no obvious ill effect on the gene product.

The presence of allelic variants of 21-OHase at a single locus is 

supported by the four different clinical manifestations of CAH. The 

differential linkage disequilibrium of classical and nonclassical CAH to 

different haplotypes seems to indicate that the less severe form of CAH 

is an allelic variant of the classical form. Although homozygous 

deletion of the 21-OHase B gene always causes CAH, only one in 20 

patients had a homozygous deletion of the 21-OHase B gene (Rumsby et 

al., 1986). Of the 20 patients selected at random in the present study, 

two had a homozygous deletion of the 21-OHase B gene, twelve were 

heterozygous for the 21-OHase B gene deletion, while the remaining 

patients showed the presence of two 21-OHase B genes (that is 16 out of 

40 alleles were gene deletions). Similar reports have also been pub­ 

lished by Werkmeister et_ aj_. (1986) and Matteson et al_. (1987), which 

support the theory that in most cases of CAH, the defect is due to point 

mutations within the gene. To characterize one such defective gene from 

a patient with CAH, individual II.I was chosen. Since he had a single 

defective 21-OHase B gene, cloning and characterization of that gene
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would give some understanding as to the nature of the mutations in­ 

volved. Sequence analysis of the gene revealed 13 nucleotide altera­ 

tions. Only one of the alterations causes a codon change at codon 269 

and results in a serine being replaced by a threonine. Single amino 

acid changes have been known to drastically alter the function of a 

protein. Sickle cell anaemia for example, results from a mutation that 

changes a glutamic acid residue (GAG) to a valine residue (GTG) at 

position 6 in the 3-globin chain of hemoglobin.

Since none of the nucleotide alterations in the 21-OHase B gene 

from the patient have any evident effect on the expression of the gene, 

the gene is probably expresed, but the protein product is nonfunctional. 

Expression studies indicated the presence of a message in Yl cells 

transfected with the defective gene. The functional activity of the 

gene product can be studied by doing bioassays of 21-OHase activity from 

long term transfected Yl cells. Further studies can also be done in the 

expression system by doing invitro mutagenesis. The normal 21-OHase B 

gene sequence can be substituted by the defective gene sequences and the 

effect on the expression of the gene and gene product can be studied. 

In their work with the murine 21-OHase genes, Chaplin et_ aj_. (1986) have 

shown that the promoter of the inactive 21-OHase B gene in mice is 

active by placing it 5' to the 21-OHase A structural gene, transfecting 

the hybrid gene into Yl cells, and showing the presence of transcripts 

in Northern blot analysis.

Restriction fragment length polymorphisms that occur due to point 

mutations provide a valuable tool for diagnostic methods. Prenatal 

diagnosis of both sickle cell anaemia and a -antitrypsin deficiency has 

been made possible by means of RFLP associations with the disease 

alleles (Philips III £t aj_., 1980; Hejtmancik et_ aj_., 1986). Mornet et 

al. (1986) have identified parental chromosomes carrying alleles for
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21-OHase deficiency in prenatal diagnosis using probes corresponding to 

the closely-linked HLA class I and class II genes which flank the 

21-OHase genes. Since these genes are highly polymorphic, the parental 

chromosomes carrying the alleles for 21-OHase deficiency can be readily 

identified by examination of the hybridization pattern in the proband. 

The single codon change in the patient's 21-OHase B gene also gave rise 

to a RFLP with Ncol. On examination of the patient's DNA, the Ncol RFLP 

was also found to be in his 21-OHase A genes. This suggested that the 

Ncol RFLP originated in a 21-OHase A gene and was transferred to some 

21-OHase B genes by gene conversion like events. When other patients 

were tested for the Ncol polymorphism, it was found to be present in 

eight of them. As it could be contained in any of the four 21-OHase 

genes normally present, it was essential to identify which gene con­ 

tained the Ncol RFLP. Using Avail in conjunction with Ncol it is 

possible to identify the gene in which the RFLP is present. This result 

also showed that absence of the 3.7 kb TaqI fragment did not indicate a 

gene deletion in all cases. One of the individuals who did not have the 

3.7 kb TaqI fragment had the Avail / Ncol fragment of 420 bp correspond­ 

ing to the 21-OHase B gene. This suggested that the 21-OHase B gene was 

a hybrid gene due to a recombination event or a gene conversion-like 

event. Gene conversion is a well established phenomenon in fungi and 

yeast (Petes and Fink, 1982; Hamza et_ ajk, 1986), but appears not to be 

restricted to these organisms. Gene conversion-like events have been 

shown to take place in the class I and class II genes in the MHC 

(Steinmetz and Hood, 1983; Gorski and Mach, 1986).

The Ncol RFLP was also found in a substantially high frequency in a 

random selection of normal individuals. This was not surprising as it 

is found in both 21-OHase genes and in more 21-OHase A genes than 

21-OHase B genes. This supports the theory that it is a mutation in the
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pseudogene which when carried into a 21-OHase B gene may cause a defect 

in the gene product. In one patient CBu, the Ncol RFLP is on two of his 

genes. One of the 21-OHase A genes with the Ncol RFLP has been inher­ 

ited from the father. The other 21-OHase A gene and the single 21-OHase 

B gene inherited from his mother should not have the Ncol RFLP since his 

mother does not have it. Yet two of his three genes show the Ncol RFLP. 

Therefore either the second gene which appears to be a 21-OHase A gene 

from the Avail / Ncol pattern has acquired the Ncol RFLP due to a 

spontaneous mutation or has acquired it during mitotic cell division.

Not all point mutations give rise to RFLPs. Synthetic oligodeoxy- 

nucleotides have provided the next technologic refinement for diagnostic 

accuracy. By means of allele specific ol igonucleotides that matched the 

nucleotides flanking and including the point mutations and using appro­ 

priate hybridization conditions that permitted stability of only per­ 

fectly matched oligonucleotide / DNA duplexes, it is possible to iden­ 

tify the DNA containing that point mutation (Conner et al., 1983). 

Selective amplification of the gene sequences in vitro with the poly- 

merase chain reaction using two priming ol igodeoxynucleotides comple­ 

mentary to opposite strands that flank the mutation, eliminates the need 

of having to clone the gene to study it in detail (Saiki et_ aj_., 1986). 

These methods have been used for detection of the 23 different mutations 

in 3 thalassemia (Weatherall, 1985) and the point mutation in the 5' 

splice donor site of intron 12 of the phenylalanine hydroxylase gene 

which accounts for 30% of the cases of phenylketonuria (PKU) (DiLella et 

al., 1986). More recently a second most common PKU allele which acc­ 

ounts for 20% of the PKU alleles and results in an amino acid substitu­ 

tion was identified. Using a pair of synthetic oligonucleotides comple­ 

mentary to the normal .and mutant sequences, it was shown that the 

mutation was in linkage disequilibrium with haplotype-2 (DiLella et al.,
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1987).

An alternative approach to the detection of single base substitu­ 

tions has been the use of Ribonuclease cleavage at mismatches in RNA:DNA 

duplexes using a labelled RNA probe synthesized in vitro (Myers et aj_., 

1985). This method was used to detect single base mutations in indi­ 

viduals with 3-thalassemia.

In 21-OHase deficiency, prompt accurate prenatal diagnosis would 

improve prenatal therapy which at present is only possible at 16 weeks 

of fetal age, at which time masculinization of the genitalia in affected 

females has already occurred. Chorionic villas sampling can provide 

material for analysis before the end of 10 weeks of gestation. DNA can 

be extracted from the sample for diagnostic purposes. It is essential 

therefore to have the right probes and assays to identify the defects in 

the genes.

The characterization of both 21-OHase genes and polymorphism 

studies provide the elementary tools to study defective genes. It has 

been used as a model system to detect point mutations using chemical 

modifications of mismatched bases (Cotton et al., submitted). One 

patient who has been characterized in detail gives a guideline as to 

which of the residues may be important for functional activity. The 

same mutation was also found in a subset of 21-OHase A and 21-OHase B 

genes. Thus 21-OHase deficiency in patients is due to heterogenous 

defects, and analysis of more defective genes will provide some under­ 

standing as to whether the defects can be categorised like other well 

characterized disorders. Identification of defective genes is of prime 

importance for successful therapy in affected individuals.
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APPENDIX I

GGTACCATCCAGGAGGCCCTGGCCTCTCACTGAACCCGGCCACTCCTCTTTGGCATGGCC 

TCTTCCCAAATCCCCAAACTGCCTCCTTACTCACAAAAGTGGTCTCTGAGTGTCAGTCCA 

GTGGGACCCCCACCCCTTATGGCTTCAGTTCCCCAAATAGGGCTGGACCCTTGATCCTGA 

TCCAGCTGTGGCTATCCAGCCCCTTCCTGGGGACTTTGGACTTTGAGCGGGGGCATGCCC 

AGTTGTGCTGGGAATCCATACTTTCCCTGGCTGGAGTAGAACCTGTGGACTGTAGTCCTG 

AGGGCAGTCATGTTCTGCCTGTGCCTGGAAACACAAGAAACTTGACTGCAGAGAGAAGAA 

AGAGGAGAGAGGAACAGAGCGAGGAAACTGCCCGTCTCCGGGGCTTTTTCTGTTCCCTAT 

CCTTGGCTTTCTAAGACCAGTGGGGTCCCCTCCTCTGCTTCTTTTTCCTGAGTTCTGTGA 

AATTCCCCAATCCTTACTTTTTGTCTCAAACCAGCTCAAGGTGGGCTGTTTTCCTTTCAA 

CCAAAGAAAGGTGCTCCTGGTGGCTAAAGGTACATATTCGA

Nucleotide sequence of the 21-OHase A gene from the Kpnl site 

in the 5' region to the TaqI site shown in figure 3.12.




