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“ DNA makes RNA, 
RNA makes proteins, 
and proteins make us ” 
 
              Francis Crick 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 

In Dedication to My Family 
– representing a surprising mixture of various splendid gene combinations. 

 

 

 



 



ABSTRACT 

 
Congenital adrenal hyperplasia (CAH) due to 21-hydroxylase deficiency is one of the most 
common autosomal recessive disorders, affecting around 1/10 000 newborns worldwide. A 
defect in the gene encoding steroid 21-hydroxylase, CYP21, results in impaired synthesis of 
cortisol and in most cases also aldosterone. Consequently, the secretion of ACTH by the 
pituitary gland is increased, resulting in hyperplasia of the adrenal cortex and an excessive 
secretion of androgens. This steroid hormone imbalance gives rise to a wide spectrum of signs 
and symptoms ranging from neonatal life-threatening salt-wasting and/or severe prenatal 
virilization of female external genitalia, to minor signs of hyperandrogenism in adulthood, such 
as acne, hirsutism and infertility. 

 
Nine pseudogene-derived mutations together with a net CYP21 gene deletion are responsible 
for around 95% of all alleles involved in CAH. However, the remaining 5% of affected alleles 
harbor rare mutations that are considered to be family- or population-specific. The total 
number of such reported rare mutations has increased dramatically during the last decade, now 
accounting for approximately 100 variants. CYP21 is thus the cytochrome P450 for which the 
largest number of naturally occurring amino acid substitutions (mutations and polymorphisms) 
has been found. The overall focus of the five studies that form the basis of this thesis was to 
investigate these rare mutations. 
 
The molecular mechanisms underlying the impaired enzyme function have been analyzed by 
combining experimental mutagenesis and functional enzyme activity assays with structural 
modeling studies. The functional studies included 11 CYP21 mutations (of which six are 
novel), the majority representing unique non-pseudogene-derived gene defects specific for 
certain families or populations detected in patients with hyperandrogenism or CAH. Close 
relationships between genotype and phenotype were found. Enzyme activities displayed by 
CYP21 mutants in vitro were reflected in the severity of the clinical signs displayed by the 
patients, indicating that functional experimental data is useful for classification of mutants 
according to the different groups of severity seen in CAH. Salt-wasting (SW) CAH is 
associated with an in vitro activity below 1%, simple virilizing (SV) CAH is associated with 
activities of around 1 to 15%, and residual activities above 20% of normal are associated with 
the mildest, non-classical (NC) form of CAH. Functional assays were also useful for 
discrimination between normal variants and disease-causing mutations, and for evaluations of 
individual mutations present in multiply mutated alleles. Functional characterization of CYP21 
mutants thus provides information that has direct implications for diagnostics, genetic 
counseling, and clinical management in families who do not segregate the most common 
CYP21 mutations. The role of CYP21 mutations in hyperandrogenism was also investigated. 
The results support the concept that heterozygosity for severe CYP21 mutations can be 
associated with hyperandrogenic symptoms and signs in susceptible individuals.  
 
The structural studies included modeling of all known allelic forms of the human CYP21 
protein (missense mutants and normal variants, a total of 66 alleles including seven novel 
mutants), using the crystal structure of rabbit CYP2C5 as a template. Each enzyme variant 
was evaluated with respect to the following parameters: cumulative frequencies of free 
energy, surface accessibility, evolutionary conservation, changes in polarity, distances to 
heme and steroid, and structural information from visual inspection of the model. 
Relationships between these parameters and associated clinical manifestations seen in CAH 
patients were found, indicating that this approach provides a new bioinformatic route for the 
prediction of clinical consequences of disease causing mutations. 

Key words: Congenital adrenal hyperplasia, CAH, CYP21, enzyme activity, modeling, 
genotype – phenotype relationships, structure – function relationships.  
Tiina Robins (2005). Doctoral Dissertation, Karolinska Institutet, ISBN 91-7140-529-1.  
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BACKGROUND 

 

 

In 1865, an Italian anatomist named De Crecchio described an interesting case of a 

young woman who was born as a girl, but had lived her entire adult life as a man. After 

her death an autopsy confirmed male external genitalia in combination with female 

internal genitalia and gonads, and enlarged adrenal glands (De Crecchio, 1865). 

However, the term “adrenogenital syndrome” was coined many decades later when 

patients with enlarged adrenal glands and masculinized external genitalia were 

described in more detail (Apert 1910; Fibiger 1905). During the 1950-1960’ies the 

syndrome of congenital adrenal hyperplasia (CAH) was linked with a specific pattern 

of elevated steroid hormones in blood and urine (Bongiovanni and Root 1963; Eberlein 

and Bongiovanni 1955; Prader 1954). Two decades later, a close genetic linkage 

between the human leukocyte antigens (HLA) and CAH was established, in which the 

gene responsible for the syndrome, encoding steroid 21-hydroxylase, was placed in or 

near the HLA gene complex (Dupont et al. 1977). Soon thereafter, in 1984, White et al. 

identified a genetic defect in the 21-hydroxylase gene and could show that it was the 

cause of CAH (White et al. 1984).  

 

The aim of the research underlying this thesis has been to learn more about the 

molecular background of CAH by studying specific genetic defects identified in 

patients with 21-hydroxylase deficiency. Resulting enzyme function, as well as protein 

structure, has been investigated. Generally, there is good correlation between the 

various defects in the 21-hydroxylase gene (genotype) and the physical signs displayed 

by the patient with CAH (phenotype). Genotyping has therefore emerged as a valuable 

instrument both in diagnosis and management of this condition. CYP21, the protein 

encoded by the 21-hydroxylase gene, is the cytochrome P450 protein for which the 

largest number of naturally occurring amino acid substitutions (mutations and 

polymorphisms) has been described. Combining functional and structural studies of 

CYP21 can thereby improve our understanding of structure – function relationships not 

only for this particular enzyme but also for the whole superfamily of CYP enzymes. 
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GENERAL INTRODUCTION  
 

 

INTRODUCTION TO GENETICS 

 
From genes to proteins 
A gene is the basic physical and functional unit of heredity. In molecular terms, genes 

are specific sequences of DNA that encode a functional product, which may be a 

polypeptide or a ribonucleic acid. Proteins in turn, are fundamental tools in all living 

cells and are essential for the structure, function and regulation of all tissues and 

organs. In molecular terms, proteins consist of one or more polypeptide chains of 

amino acid subunits encoded by DNA. The functional action of a protein depends on 

its three dimensional structure which is determined by its amino acid composition. 

 

The evidence that DNA contained genetic material emerged from studies of bacteria. 

In 1944, it was noted that changes in DNA resulted in transformation from one 

bacterial type to another. However, 1953 provided a milestone in genetics when 

Watson and Crick deduced the double helix structure of DNA. The genetic 

information in the DNA molecule is encoded by four nucleotide bases, adenine (A), 

thymine (T), guanine (G) and cytosine (C) that are combined with deoxyribose sugar 

and a phosphate group. The specific sequence of these building blocks constitutes a 

blueprint for the synthesis of RNA, and proteins are then synthesized using mRNA 

molecules as templates. The twisted double helix structure was shown to contain two 

DNA strands that are held together by specific bonding between bases G and C, as 

well as A and T, referred to as the Watson-Crick rules. Many advances came in later 

years, for example when Tjio and Levan determined the number of chromosomes to 

46 in human diploid cells. In 1986, Kary Mullis described the polymerase chain 

reaction (PCR), a tool that allowed genes to be studied in detail. The Human Genome 

Project (HGP) started officially in 1990 in the United States with the primary aims of 

mapping the position of all human genes and interpreting every message encoded by 

our DNA. A landmark in the HGP came in 2001, when rough working drafts of the 

finished sequence of the human genome was published in the February issues of 

Nature and Science (McPherson et al. 2001; Venter et al. 2001). The completion of 
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the human genome sequence was announced in 2003 when a map covering 99% of 

the gene-containing regions was published. One of the most surprising results was 

that the total number of human genes, approximately 20,000 to 25,000 was only a 

fraction of what was first expected (The International Human Genome Sequencing 

Consortium 2004). 

 

In humans, genes vary in size from a few hundred nucleotide bases to more than 2 

million bases. As a rule, every person has two copies of each gene, one inherited from 

each parent. Variations in the human genome between two unrelated individuals can 

be as little as 0.1 per cent (Venter et al. 2001). Alleles are alternative forms of the 

same gene with small differences in their sequence of bases. These small differences 

contribute to each individual’s unique physical features. It used to be dogma that one 

gene codes for one specific protein, but today we now know that a human gene can 

produce many different proteins by modifications at the mRNA level as well as 

modifications of the premature protein (posttranscriptional and posttranslational 

modifications). The total human genome thus has the capacity to produce a total of 

approximately 300,000 to 400,000 proteins (Muchinick et al. 2005). As research 

progresses, from describing the genes to investigating the functions of gene products, 

the era of genomics is opening up into an era of what has come to be called 

proteomics.  

 

The basics of medical genetics 
Gregor Mendel, an Austrian monk who experimented with crossbreeding of peas and 

other plants, postulated the existence of genes and the general principles of 

inheritance a century before the discovery of DNA. Monogenic or Mendelian 

disorders are dependant on the presence or absence of a specific genotype at a single 

locus in the genome. A genotype is the combination of the maternal and paternal 

alleles of a specific gene in an individual. Monogenic disorders are thus caused by a 

single error in a single gene in the human genome. The nature of the disease depends 

on the functions controlled by the modified gene. According to the Mendelian laws of 

inheritance, a dominant character is manifested in heterozygous individuals, meaning 

that it is sufficient if only one of the alleles is affected in order for the disorder to be 

manifested. Dominant disorders are often caused by defects in structural proteins. 

Examples of dominant disorders include achondroplasia, polycystic kidney disease 

and Huntington´s disease. On the contrary, a recessive disorder is only manifested in 
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homozygous individuals, meaning that both alleles need to carry a mutation in order 

for the disorder to be manifested. Recessive disorders often involve enzyme 

deficiencies and heterozygotes carrying one normal allele often have sufficient 

enzyme activity to prevent clinical symptoms from evolving. Examples of recessive 

disorders include CAH, cystic fibrosis and thalassemia. Monogenic disorders also 

include X-chromosome linked syndromes that can be inherited in either a dominant 

or recessive manner. Fragile X syndrome, Duchenne muscular dystrophy and 

hemophilia are relatively common X-linked recessive disorders.  

 

It is currently estimated that over 10 000 human single gene disorders exist . The online 

database of Victor Mac Kusic’s “Mendelian Inheritance in Man” (OMIM) is 

constantly updating the list of all known and suspected inherited phenotypes in 

humans.  

 

Mutations 
Genes themselves do not cause disease; instead genetic disorders are caused by 

mutations in genes that make the gene and its products dysfunctional. Mutations range 

in size from affecting a single DNA base to a large segment of a chromosome. Gene 

mutations can be inherited from a parent or acquired during a person’s lifetime. 

Mutations that are passed from a parent to a child are called inherited, constitutional or 

germline mutations. These mutations are present throughout a person’s life in virtually 

all cells of the body. Mutations that only occur in egg cells or sperm, or those that occur 

just after fertilization are called de novo mutations. De novo mutations may explain 

genetic disorders when an affected child has a mutation in every cell, but has no family 

history of the disorder. Acquired mutations or somatic mutations occur in the DNA of 

individual cells at some point during a person’s lifetime. These changes in the DNA 

can be caused by environmental factors or can occur by misincorporation of DNA 

bases when DNA is replicated during cell division. Mutations that are acquired in other 

cells than eggs and sperm cannot be passed on to the next generation. 

 

Some genetic changes are very rare while others are common in the population. 

Genetic changes that occur with an allele frequency of more than one percent in the 

population are called polymorphisms. They are common enough to be considered as 

normal variations in the DNA. Polymorphisms are responsible for many of the normal 

differences between people such as eye color, hair color and blood type. Although 
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many polymorphisms have no negative effects on a person's health, some of these 

variations may influence the risk of developing multifactorial diseases, such as 

coronary heart disease and diabetes mellitus.  

 

Mutations on the DNA level can be divided into three main groups depending on the 

type of alteration: (1) base substitutions, that involve replacement of a single base, (2) 

deletions, where one or more nucleotides are eliminated from a sequence and (3) 

insertions, where one or more nucleotides are introduced into a sequence. The two 

latter variants may result in shifts of the coding sequence and are subsequently called 

frame-shift mutations. Furthermore, single base substitutions are classified into silent 

substitutions, nonsense mutations and missense mutations. Silent substitutions are 

neutral mutations as the altered codon specifies an invariant amino acid, e.g. 

AGAÆAGG, both encoding the amino acid arginine. Nonsense mutations result in a 

termination codon, and hence lead to truncated, often nonfunctional proteins. A 

missense mutation is a base substitution that alters the codon specifying a different 

amino acid, e.g. AGAÆGGA, where the amino acid arginine is changed to glycine. 

 

 

INTRODUCTION TO CONGENITAL ADRENAL HYPERPLASIA 

 
Congenital adrenal hyperplasia (CAH) is a group of inborn disorders characterized by 

disturbed steroid hormone synthesis in the adrenal cortex. A deficiency in any adrenal 

enzyme required for the synthesis of cortisol causes CAH. It is a syndrome that is 

inherited in an autosomal recessive manner, where the risk of recurrence in a family is 

25% when both parents are heterozygous carriers. CAH is also known as adrenogenital 

syndrome, which reflects the most obvious presentation of this adrenal disorder – 

masculinization of the external genitalia in females. The single most common cause for 

children to be born with ambiguous external genitalia (also called intersex) is steroid 

21-hydroxylase deficiency, accounting for the vast majority (90-95%) of all CAH cases 

(White and Speiser 2000). The incidence of CAH in Sweden is 1/10,000, resulting in 

approximately ten newborn children every year, but it ranges down to 1/18,000 in the 

general Caucasian population (Balsamo et al. 1996; Thilén et al. 1998). In some 

isolated populations it is considerably more frequent, such as among Yupic Eskimos 

where the occurrence of severe CAH is 1/280 (Pang et al. 1988). It is difficult to 
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establish the prevalence of the mildest form of CAH, but it has been estimated to be 

1/500 to 1/1000 in the general Caucasian population (Speiser et al. 1985). However, 

among Ashkenazi (Eastern European) Jews it is considered to occur as frequently as in 

3-4/100 (White and Speiser 2000). Taken together, CAH may be considered as one of 

the most common autosomal recessive disorders. 

 

The physiological action of steroid hormones 
Steroid hormones are chemical signaling molecules primarily produced and secreted by 

endocrine glands and transported by the bloodstream to distant tissues and organs. By 

binding to specific receptors, steroids trigger numerous physiological responses by 

activating or repressing specific genes. 

 

The cortex of the adrenal gland produces three main classes of steroid hormone: 

glucocorticoids, mineralocorticoids and sex steroids. Cortisol is the main glucocorticoid 

involved in various physiological processes and is one of the most important “stress 

hormones”. For example, it acts by stimulating gluconeogenesis in the liver and 

proteolysis in skeletal muscle and it has anti-inflammatory as well as growth inhibiting 

effects. Aldosterone, the main mineralocorticoid, is crucial for regulating intravascular 

volume and blood pressure by stimulating renal retention of sodium along with the 

excretion of potassium. Aldosterone and cortisol are exclusively synthesized in the 

adrenal cortex, and are hence collectively referred to as corticosteroids. The sex 

steroids however, are mainly produced by the gonads and adrenals but peripheral 

tissues (skin, breast and adipose tissue) are also involved in the sex steroid synthesis. 

The sex steroids produced and secreted by the adrenals are dehydroepiandrosterone 

(DHEA) and androstenedione. These are quite weak hormones, but are converted to the 

more potent testosterone, dihydrotestosterone (DHT) and estradiol, which are crucial 

for bone and muscle development, skeletal growth and sexual development. 

 

Biochemistry of steroid synthesis 
The adrenal synthesis of steroid hormones involves seven different enzymes and is 

schematically presented in Figure 1. Cholesterol is the common precursor for all 

steroids and is mainly delivered to the adrenals by low-density lipoproteins (LDL) in 

the circulation, although it can also be synthesized by the adrenals themselves (Orth 

and Kowacs 1998). The rate-limiting step in steroidogenesis is the transportation of 
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cholesterol from cellular stores into the inner membrane of mitochondria by the 

steroidogenic acute regulatory protein (StAR) (Stocco and Clark 1996). The first 

enzymatic step in steroid synthesis is however the cleavage of the side chain of 

cholesterol in order to produce pregnenolone, and this is catalyzed by cholesterol 

desmolase, CYP11A1, that is a cytochrome P450 enzyme (CYP) and formerly known 

as P450scc (side chain cleavage enzyme). Pregnenolone is further dehydrogenated and 

hydroxylated to form the main steroids synthesized in the adrenal cortex: cortisol, 

aldosterone and androgens. Dehydrogenation is catalyzed by 3b-hydroxysteroid 

dehydrogenase (3b-HSD or HSD3B2), whereas four different cytochrome P450 

enzymes, CYP11B1, CYP11B2, CYP17 and CYP21 catalyze the hydroxylation 

reactions. 3b-HSD is expressed in the membranes of both mitochondria and the 

endoplasmic reticulum (ER), whereas all isoforms of CYP11 are exclusively expressed 

in the mitochondria, and CYP17 and CYP21 exclusively in the ER. 

CAH can result from deficient function of StAR, 3b-HSD, CYP11B1, CYP17 and 

CYP21 (White and Speiser 2000). An additional form of CAH involves an apparent 

combined deficiency of CYP17 and CYP21 and has recently been shown to be caused 
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by a defect in the interacting P450 NADPH oxidoreductase (Peterson et al. 1985; Arlt 

et al. 2004). Depending on the underlying enzyme defect, patients present different 

signs reflecting the altered adrenal steroid production. CAH caused by 21-hydroxylase 

deficiency is the main focus of this thesis and will henceforth be referred to simply as 

CAH, if not otherwise stated.  

 

Pathogenesis of CAH 
A defect in the activity of any of the enzymes participating in the steroid synthesis 

pathway shown in Figure 1 may lead to a deficiency in the synthesis of hormones 

beyond the affected step. In addition, hormones before the affected step will be secreted 

in excessive amounts. A defect in CYP21 can result in decreased production of cortisol 

and aldosterone. Low plasma concentrations of cortisol are detected by the 

hypothalamus, thereby stimulating production and secretion of adrenocorticotrophic 

hormone (ACTH) from the pituitary gland, which in turn results in an excessive 

synthesis of adrenal androgens and growth of the adrenal cortex i.e. hyperplasia. Since 

the pathways of cortisol and aldosterone production are impaired by the 21-hydroxylase 

defect, precursors are shunted to the remaining adrenal pathway that is not affected, 

namely that involved in the synthesis of adrenal androgens. Once secreted, these 

hormones are further metabolized to more potent androgens and to a lesser extent 

estrogens. Excessive levels of androgens will affect fetal sex differentiation at an early 

stage of development. The clinical manifestations of CAH due to 21-hydroxylase 

deficiency are thus a result of insufficient production of cortisol and aldosterone, 

combined with an excessive production of androgens (Kowarski et al. 1965). The 

pathogenesis of CAH is schematically illustrated in Figure 2.  

 

Clinical manifestations of CAH 
The syndrome of CAH exhibits a wide spectrum of severity, but it is for practical 

reasons generally divided into two main clinical groups: classic CAH that is detectable 

from birth or the first years of life, and nonclassic (NC) CAH, also known as late-onset 

CAH since it is mostly diagnosed later in childhood or adulthood. Classic CAH is 

further divided into salt-wasting (SW) CAH and simple virilizing (SV) CAH. The most 

severe form is salt-wasting CAH, which is due to a combined effect of cortisol and 

aldosterone deficiency. Inability to convert progesterone to deoxycorticosterone (DOC) 

results in aldosterone deficiency, whereby the kidney’s ability to retain sodium is 
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compromised. The loss of salt can lead to hypotension and cardiovascular collapse. 

This does not occur during the fetal period since the fetus is provided with aldosterone 

from the mother, but gradually within a few weeks after birth the child may enter a salt-

wasting crisis. This is characterized by poor feeding, vomiting and diarrhea, leading to 

dehydration and weight loss with a potentially fatal outcome unless treatment is given. 

A salt-wasting crisis is more commonly seen among newborn males since females 

usually get diagnosed earlier due to ambiguous external genitalia.  

 

 

 

The masculinization (virilization) found in female newborns is a consequence of the 

excessive production of adrenal androgens that are converted to testosterone and DHT 

in peripheral tissues. This drives the development of the external genitalia towards a 

male phenotype with an enlargement of the clitoris (clitoromegaly), fusion of the labia 
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and sometimes a common opening for the vagina and urethra. The virilization is 

classified according to a five-graded scale established by Prader, where Prader stage V 

is the most severe (Prader 1958). The most severe forms of virilization can cause 

uncertainty and even wrong gender assignment for the newborn child. The excess of 

androgens does not affect the internal genitalia during fetal development, and thus 

affected females have completely normal uteri, ovaries and fallopian tubes.  

 

The slightly less severe form of classic CAH referred to as SV CAH does not include 

life-threatening salt crises but is simply virilizing. Males with SV CAH can escape 

diagnosis until 4-7 years of age and might then be diagnosed due to accelerated growth 

and precocious puberty due to premature adrenarche (i.e. adrenal androgens mimic 

signs of an early puberty). Due to the overproduction of androgens, patients with 

classic CAH show signs of rapid somatic growth during childhood but end up 

becoming short adults because of premature epiphyseal fusion i.e. termination of bone 

growth. The mildest form of congenital adrenal hyperplasia is NC CAH and these 

patients do not suffer from prenatal virilization. In fact, sometimes these patients have 

no phenotypic manifestations at all other than mild disturbances of steroid hormone 

levels in blood, when these are tested for. In other cases they develop one or several 

signs of precocious pseudopuberty due to premature adrenarche, such as accelerated 

growth, pubic and axillary hair growth and postnatal virilization in both sexes, which 

includes growth of penis without enlargement of the testis in boys and enlargement of 

clitoris in girls later in childhood. Nonclassic CAH can be also diagnosed in women as 

late as in adulthood when they come to medical attention because of infertility and/or 

other signs of hyperandrogenism. 

 

Hyperandrogenism 
Androgens are responsible for the differentiation of the internal and external male 

genitalia during fetal development. In the absence of androgens, female genitalia are 

formed. Although the testis is the main source of androgens in males, it is the adrenal 

androgens that are responsible for secondary sex characteristics such as pubic and 

axillary hair growth and sweat gland stimulation in females. Hyperandrogenism is the 

term given to excessive secretion of androgens in females. The cause of elevated 

androgens can differ but the results are similar. The most typical hyperandrogenic signs 

and symptoms include:  
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- Hirsutism, i.e. excessive male-like pattern of hair growth on the chest, face and 

extremities.  

- Alopecia, i.e. male pattern baldness. 

- Acne, i.e. inflammation of the sebaceous glands in the skin, usually on the face, neck 

and shoulders. 

- Muscular body structure, especially of the upper part of the body such as broadening 

of the shoulders. 

- Menstrual abnormalities, such as irregular menstrual periods (oligomenorrhea), late-

onset or even complete absence of menstrual periods (primary and secondary 

amenorrhea). 

- Infertility, or difficulties in becoming pregnant. 

 

Hyperandrogenism can result from CAH, polycystic ovary syndrome, Cushing’s 

syndrome and adrenal, ovarian and pituitary tumors (Moses 2000). In many cases, the 

cause of hyperandrogenism remains unclear. Patients with NC CAH can be 

distinguished from patients with hyperandrogenism due to other causes by having 

elevated serum levels of 17OHP and 21-deoxycortisol (21DOF). Sometimes, this 

elevation is only obvious after an ACTH challenge (Fiet et al. 1988; Fiet et al. 1994). 

The proportion of hyperandrogenic patients that are actually cases of CAH which have 

escaped diagnosis has been debated. Another open question is whether the 

heterozygous carrier state of CYP21 mutations contributes to hyperandrogenism. 

Although parents of children with CAH, who are obligate carriers, do not generally 

show signs of androgen excess, it has been reported that heterozygotes for CYP21 

mutations have been found more frequently among hyperandrogenic patients than in 

the general population (Blanche et al. 1997; Witchel et al. 1997).  

 

Molecular genetics of CYP21 
The gene encoding 21-hydroxylase, CYP21A2 (CYP21), is located in a locus with a 

complicated structure containing the human leukocyte antigen (HLA) class III region. It 

is found on the short arm of chromosome 6 (6p21.3) together with a highly 

homologous inactive pseudogene, CYP21A1P (CYP21P). These two genes are located 

adjacent to and alternating with the genes encoding the fourth component of serum 

complement, factor C4B and C4A respectively (Carroll et al. 1985; White et al. 1985). 

CYP21 and C4B/A are part of a genetic unit called the RCCX module that also contains 

a gene encoding a serine/threonine kinase (RP2) and a tenascin X (TNXB) gene. The 
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C4B/A- and CYP21 genes are located in the middle of this module. Although most 

RCCX modules contain all four genes RP, C4, CYP21 and TNX, there is frequent 

modular variation between the involved genes. RCCX may be present in a 

monomodular, bimodular or trimodular form (Yu 1998). Approximately 70% of all 

Caucasians have chromosomes with a bimodular RCCX haplotype (Blanchong et al. 

2000). Most often the other RCCX module in the bimodular RCCX is composed of the 

non-functional genes RP1, CYP21P and TNXA, together with the C4A gene. The 

unusually frequent modular variation is believed to be the main reason for the high 

frequency of unequal crossing-over, exchange of sequences as well as apparent gene 

conversion events that is seen between the functional and the corresponding non-

functional genes within the RCCX module. This phenomenon predisposes to various 

genetic and autoimmune disorders (Yang et al. 1999). A schematic map of the HLA 

gene region including the bimodular RCCX haplotype is shown in Figure 3.  

 

 

 

When the CYP21 genes were cloned and sequenced it was found that they both contain 

ten exons that are 98% identical in exons whereas the intron sequences share 96% 
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identity (Higashi et al. 1986; White et al. 1986). However, only one of these genes is 

functional, whereas the other, CYP21A1P, is an inactive pseudogene that has 

accumulated a number of deleterious sequence changes during evolution. The 

aberrations that make the pseudogene inactive consist of an 8 base-pair deletion in exon 

3 (del 8bp), a frame-shift mutation in exon 7 (L307 ins T) and a nonsense mutation in 

exon 8 (Q318X) as shown in Figure 4. CYP21P is thus not expressed as a protein, 

although small amounts of transcription have been reported to occur (Chang and Chung 

1995).  

 

 

 

The sequence similarity and the proximity of CYP21P and CYP21 predispose to 

exchange of material between these two genes as a consequence of misalignment 

during meiosis followed by reciprocal recombination (unequal crossing over) events. 

This mechanism can generate variation in gene copy number between individuals, who 

may have 0, 1, 2 or 3 CYP21 genes in their genomes (Werkmeister et al. 1986; White et 

al. 1988; Wedell et al. 1994a). In addition, sequences can be transferred between the 

two genes by apparent gene conversion events (Donohoue et al. 1986; Higashi et al. 

1988). The mechanism of gene conversion is poorly understood but it represents non-

reciprocal recombination, where a sequence is transferred from one gene to another 

highly homologous gene, although it remains unaffected itself. The principles of 

unequal crossing over and gene conversion are shown in Figure 5.  
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Most gene conversions in CYP21 are point mutations but large gene conversions also 

exist, resulting in chimeric CYP21/CYP21P genes with 5’ sequences from the active 

gene and the 3’ end consisting of the pseudogene or vice versa. As a result, 

chromosomes containing a pseudogene followed by a chimeric CYP21/CYP21P gene 

may be formed. As both gene sequences in this situation are nonfunctional they are 

often mistaken for a CYP21 deletion. However, a deletion of CYP21 most often 

consists of a simple 30kb deletion including sequences from the 3’ end of the 

pseudogene and 5’ sequences from the active gene in the same chromosome, resulting 

in a single nonfunctional chimeric CYP21P/CYP21 gene. Figure 6 illustrates the 

difference between a CYP21 deletion and an example of a large gene conversion. 

 

Pseudogene-derived mutations that compromise the function of CYP21 include the 

three deleterious mutations described above in addition to seven different mutations: 

P30L, an A/C to G substitution 13 bases upstream of exon 3 (I2 splice), I172N, a 

cluster of three amino acid substitutions in exon 6 (Cluster E6), V281L, R356W and 

P453S, all outlined in Figure 4.  

 

Around 95% of all disease-causing mutations in CYP21 are either deletions/large gene 

conversions of the entire CYP21 gene and/or any of the ten point mutations that have 

been transferred from CYP21P into the active CYP21 by apparent gene conversion. 

This general spectrum of common mutations is found in most populations, although the 

relative distribution of individual mutations can vary somewhat in different ethnic 

groups (Higashi et al. 1991; Mornet et al. 1991; Speiser et al. 1992; Wedell et al. 
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1994b; Wilson et al. 1995; Levo and Partanen 1997; Bachega et al. 1998; Krone et al. 

2000; Stikkelbroeck et al. 2003;). The remaining 5% of disease-causing CYP21 alleles 

are considered to have arisen spontaneously, without involvement of the pseudogene 

(White and Speiser 2000). They are rare and often unique to single families but some 

are recurring in unrelated patients, mostly in specific populations (Wedell and Luthman 

1993a; Billerbeck et al. 1999; Barbaro et al. 2004). Although rare, the detection of 

novel spontaneous mutations has continued to expand worldwide, and during the last 

five years the number of rare, non-pseudogene derived mutation reports has more than 

doubled. Today, around 100 non-pseudogene derived mutations have been identified, 

the majority of these being missense mutations where a single base change results in an 

amino acid substitution. However, other sequence alterations such as nonsense 

mutations, splice mutations, deletions and insertions that often result in frame-shifts 

have also been described. The single most common point mutation is the I2 splice 

mutation, which has a frequency of 27.7% in Scandinavia (Wedell et al. 1994b). To 

complicate the existing allele spectrum even more, some alleles are complex and 

consist of a combination of several different mutations. The Human Cytochrome P450 

(CYP) Allele Nomenclature Committee offers a continuously updated database where 

all reported CYP21 allele variants are listed (Database of CYP21A2 at 

http://www.imm.ki.se/CYPalleles/cyp21.htm). 
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Since CAH is a recessive disorder, all active genes on both parental chromosomes need 

to have mutations, i.e. patients are homozygous for one mutation or are compound 

heterozygotes carrying different mutations on their alleles. The situation where one 

allele is deleted while the other carries a mutation is also known as hemizygosity. 

Heterozygous individuals with one unaffected CYP21 are thus not affected with CAH, 

but are obligate carriers of the syndrome.  

 

Diagnostics and treatment of CAH 
The diagnosis of CAH is based on elevated levels of 17OHP in serum and/or an 

abnormal urinary steroid profile. In milder cases, an ACTH challenge with 

measurements of stimulated and non-stimulated 17OHP levels may be needed to secure 

an accurate diagnosis. Heterozygous carriers can also be identified in this way. 

Hormonal measurements should be confirmed with DNA analysis (CYP21 

genotyping), as the 17OHP values are partly overlapping, especially among 

heterozygotes and normal individuals. All newborn children in Sweden are screened for 

21-hydroxylase deficiency by measuring 17OHP in blood spots on filter paper, in 

parallel with screening for phenylketonuria (PKU), galactosaemia, and biotinidase 

deficiency as well as for the non-monogenic disease congenital hypothyroidism. 

Screening has been initiated for these disorders since initiating treatment during the 

early neonatal period can prevent irreversible, postnatal signs and symptoms. However, 

neonatal screening for CAH is not commonly used worldwide and the mortality, 

especially among newborn boys, is considerably higher in many other countries. 

Nationwide screening for CAH was initiated in 1986 (Larsson et al. 1988) and the vast 

majority of all children in Sweden who have positive screening results are genotyped 

for CYP21 mutations. Genotyping with allele-specific PCR was initiated in 1994 using 

a diagnostic kit based on screening for the ten most common 21-hydroxylase mutations 

(Wedell and Luthman 1993b). The rare mutations that do not belong to the 95% most 

common mutations are not picked up by this approach and are identified by direct 

sequencing of the entire gene.  

 

All forms of CAH can be treated with a life-long substitution therapy, i.e. replacement 

of the hormones that are produced in insufficient quantities. Cortisol derivates are used 

to suppress ACTH overproduction and to prevent excessive stimulation of the androgen 

pathway. This prevents further virilization and allows normal growth as well as onset of 

puberty. In the most severe form of CAH, life-threatening salt-wasting crises have to be 
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prevented. Supplementation with mineralocorticoids in addition to the conventional 

glucocorticoid treatment is required. With proper hormone replacement therapy, a 

normal and healthy development of the affected child is expected. However, in many 

cases it is difficult to arrive at the optimal dose of glucocorticoids and 

mineralocorticoids. Many factors have to be considered such as the plasma levels of 

17OHP, serum androgens, and plasma renin activity, as well as clinical assessment of 

growth and pubertal development. It is important to avoid over-treatment with 

corticosteroids in order to prevent growth retardation, obesity and symptoms that 

mimic diabetes and Cushing’s disease. Ambiguous genitalia are corrected by surgery 

with the aim of removing redundant erectile tissue, providing a normal vagina for 

adequate function of menstruation, intromission and delivery, along with separation of 

the vagina from the urinary tract (New 1985).  

 

CYP21 genotyping is also used for prenatal diagnosis. This is of importance for 

families who have a previous child diagnosed with CAH. In these cases, the index case 

is first genotyped and the encountered mutations are verified in the parents. If the 

genotype is considered sufficiently severe to be associated with prenatal virilization, 

prenatal treatment with dexamethasone (DEX) may be offered in subsequent 

pregnancies. DEX is a synthetic glucocorticoid that passes the placenta and acts by 

compensating for the decreased levels of cortisol in the fetus. This suppresses adrenal 

androgen production, thereby preventing virilization of female external genitalia. In 

order to fully prevent virilization, DEX treatment has to start before the seventh week 

of pregnancy, but chorionic villous sampling and prenatal diagnosis can only be 

performed after the 10th week of pregnancy. Only CAH affected females benefit from 

the treatment. If the fetus is found to be a male or an unaffected female, medication is 

stopped and only affected female fetuses are treated until term (David et al. 1984; Lajic 

et al. 1998; Mercado et al. 1995). This means that 7/8 fetuses are treated unnecessarily 

for a short period of time during embryogenesis. 

 

Follow-up studies of prenatally treated children with CAH have shown that prenatal 

DEX treatment is efficient in minimizing virilization of external genitalia to such an 

extent that postnatal surgery is most often avoided (Forest et al. 1993; Mercado et al. 

1995; Lajic et al. 1998). No adverse effects have been documented that are clearly 

attributed to the prenatal treatment, but there are plenty of theoretical harmful effects of 

fetal glucocorticoid exposure. In particular, the impact of prenatal glucocorticoid 
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treatment on the developing human brain has lately been an issue of substantial 

concern, and most investigators today agree that there is an urgent need for long-term 

follow-up studies of both short-term and long-term treated children. For this reason, the 

PREDEX study was initiated in Stockholm in 1999 (Lajic et al. 2004). PREDEX is a 

European collaborative, longitudinal, prospective study. The study protocol covers a 

wide range of psychological/behavioural and somatic parameters that have been 

associated with excess prenatal glucocorticoids in animal experiments or 

epidemiological studies. 
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AIMS OF THE THESIS 

 

 

The general aim of this thesis was to extend our knowledge of the molecular causes of 

CAH due to 21-hydroxylase deficiency. To approach this objective, I have studied 

specific genetic defects identified in patients and their effects on both enzyme function 

and protein structure. The specific aims of the studies that form the basis of this thesis 

were to: 

 

(1) Further evaluate genotype-phenotype relationships in CAH by functional 

characterization of rare missense mutations in CYP21 (Paper I, II, and IV). 

 

(2) Pinpoint which of the three missense mutations in the common Cluster E6 

aberration is responsible for the disease phenotype (Paper III). 

 

(3) Investigate the role of CYP21 mutations in hyperandrogenism (Paper IV). 

 

(4) Establish a molecular homology model of human CYP21 based on the recently 

resolved crystal structure of rabbit CYP2C5 (Paper V). 

 

(5) Predict structural and functional consequences of all known disease-causing 

mutations, normal variants as well as novel CYP21 mutants using the established three-

dimensional model (Paper V). 
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MATERIALS AND METHODS 

 

 

PATIENT MATERIAL 

 
This thesis is primarily based upon 18 missense mutations in CYP21 that were 

detected in children and adults of both sexes who came to clinical attention due to 

signs of virilization, precocious pseudopuberty or hyperandrogenism. Of these, 13 

were novel CYP21 mutations that had never been described before. 

 

Except for the common Cluster E6 CYP21 mutation that consists of a combination of 

three specific point mutations, all alterations are rare and not derived from the 

pseudogene and consequently appear to have arisen spontaneously. They are thus all 

considered unique for specific families or populations, and contribute to the rapidly 

growing list of rare CYP21 mutations – currently approximately 100 mutations 

(Database of CYP21A2 at http://www.imm.ki.se/CYPalleles/cyp21.htm, September 

2005).  

 

Table 1 summarizes the molecular and clinical data of these CYP21 mutations and the 

patients in whom they were detected. 

 

 

FUNCTIONAL STUDIES 

 
Methods for functional characterization of the CYP21 missense mutations described in 

Papers I-IV include reconstruction and subcloning of the specific mutations, expression 

of mutant protein in mammalian cells, and analysis of their in vitro enzymatic activity 

in comparison with normal, WT enzyme. For mutants that had considerable residual 

activity, apparent kinetic constants, KM and Vmax, were determined. Stability of mutant 

enzyme variants was estimated by investigation of their degradation patterns and 

individual half-lives.  
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Table 1: Molecular and clinical data of all studied CYP21 mutations and patients in 

whom they were detected. 

 

Missense 
mutation 
Numbering 
refers to the 
amino acid 
sequence of 
CYP21 

Amino acid 
substitution 

Nucleotide 
substitution 
Numbering 
refers to the 
CYP21cDNA 
sequence 
starting from A 
in the initiation 
codon. 

Genotype of 
patient with the 
detected 
mutation  
 
Sex of patient 

Phenotype of patient 
with the detected 
mutation  
(Corresponding 
diagnosis) 
 

Paper I:     

L300F LeuÆPhe 898CÆT 
 

L300F / deletion 
 
Female 

Premature adrenarche 
and clitoromegaly at 5.3 
years. Elevated 
17OHP. 
Hyperandrogenism at 
14 years. 
(SV CAH) 

V281G ValÆGly 842TÆG V281G / deletion 
 
Female 

Clitoromegaly at 15 
months. Elevated 
17OHP. 
(SV CAH)  

Paper II:     

L166P LeuÆPro 497TÆC L166P / V281L 
 
Female 

Premature adrenarche 
at 5.5 years. Advanced 
bone age. Elevated 
17OHP. (NC CAH) 

A391T AlaÆThr 1171GÆA A391T / V281L 
 
Female 

Premature adrenarche 
at 6 years. Advanced 
bone age. Elevated 
17OHP. (NC CAH) 

R479L ArgÆLeu 1436GÆT R479L / WT 
 
Female 

Pubarche at 9 years. 
Normal 17OHP.  
(No overt CAH) 

R483Q ArgÆGln 1448GÆA R483Q / I172N 
 
Female 

Clitoromegaly. 
Premature adrenarche 
at 5 years. Advanced 
bone age. Elevated 
17OHP. 
(SV CAH) 

Paper III:     

Cluster E6    (SW CAH) 

I236N IleÆAsn 707TÆA  No patient reported. 

V237E ValÆGlu 710TÆA  No patient reported. 

M239K MetÆLys 716TÆA  No patient reported. 

Paper IV:     

V304M ValÆMet 910 GÆA 
 

V304M / V304M 
 
Female 

Hyperandrogenism at 
24 years. Elevated 
17OHP. (NC CAH) 

G375S GlyÆSer 1123GÆA 
 

G375S+P435S 
/WT 
 
Female 

Hyperandrogenism at 
17 years. Borderline of 
elevated 17OHP. 
(No overt CAH) 
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The following description of the methodological procedures used in the functional 

studies of CYP21 is presented as a flow chart in Figure 7. 
 

Reconstruction of mutations by site-directed mutagenesis 
Missense mutations were introduced into the pALTER-1 mutagenesis vector 

containing pALTER-CYP21, in which the full-length normal human CYP21 cDNA 

had been cloned. Site-directed mutagenesis was performed using the Altered Sites“ 

II in vitro Mutagenesis System provided by Promega, SDS. Each mutation was 

generated using two phosphorylated primers, one covering the specific point mutation 

and the other covering a sequence that restores ampicillin resistance in pALTER-1. 

The mutagenesis consists of several steps starting with denaturation of the double 

stranded plasmid pALTER-WT. This was followed by an annealing reaction with the 

phosphorylated primers and finally synthesis of the new mutant strand, which 

resulted in pALTER-mutants that were resistant to ampicillin. Plasmids were purified 

and concentrated by precipitation, and then electroporated into BMH 71-18 mutS. 

This E. coli strain suppresses natural in vivo mismatch repair and was used to avoid 

repair of the introduced CYP21 mutations and restored ampicillin resistance. 

Paper V:     

V139E ValÆGlu 416TÆA V139E / I2splice 
 
Male 

Elevated 17OHP and 
salt-wasting at neonatal 
screening. (SW CAH) 

C147R CysÆArg 439TÆC C147E / Q318X 
 
Male 

Premature adrenarche 
at 7 years. Advanced 
bone age.  
(NC/SV CAH) 

R233G ArgÆGly 697AÆG R233G / R233G 
or  
R233G / deletion 
 
Female 

Hyperandrogenism and 
clitoromegaly at 24 
years. Elevated 
17OHP.  
(NC CAH) 

T295N ThrÆAsp 884CÆA T295N / I172N 
 
Male 

Elevated 17OHP in 
neonatal screening. 
(SV/SW CAH) 

L308F LeuÆPhe 922CÆT L308F / Q318X 
 
Female 

Clitoromegaly at 4 
months. 
(SV CAH) 

R366C ArgÆCys 1096CÆT R366C / V281L 
 
Female 

Premature adrenarche 
at 7.5 years. Advanced 
bone age. (NC CAH) 

M473I MetÆIle 1419GÆT M473I / V281L 
 
Female 

Pubarche at 9 years. 
Elevated 17OHP. 
(NC/heterozygous) 
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Replication was performed with ampicillin selection. The plasmid DNA was 

thereafter purified and sequenced throughout the coding region to verify correct 

incorporation of point mutations and exclude additional sequence aberrations. 

 

Subcloning of the CYP21 cDNA  
After the introduction of specific missense mutations, the cDNA was transferred from 

pALTER-1 to the pCMV4 expression vector. The cDNA of the mutated forms of 

CYP21 and the expression vector pCMV4-WT carrying wild-type CYP21 were 

restricted with specific endonucleases at corresponding sites. To ensure proper cutting 

of the expression vector into which the CYP21 mutant fragments were to be ligated, 

restriction was repeated after precipitation with isopropanol. The generated fragments 

were thereafter separated on a 1% agarose gel and extracted. The extraction was 

accomplished by cutting wells in the gel in front of the bands of interest and filling 

them with running buffer. Electrophoresis was performed for another 3-4 minutes for 

the small fragments and 5-7 minutes for the longer vector fragments and the DNA of 

interest was trapped in the wells, collected and purified by isopropanol precipitation. 

Ligation of mutated cDNA into the expression vector and a final isopropanol 

precipitation was performed to generate the pCMV4 constructs. The generated 

pCMV4 constructs were then amplified in competent E. coli (JM109). 

Transformation was achieved by electroporation. After purification of amplified 

pCMV4 constructs, sequencing verified the mutations and excluded additional 

sequence aberrations. 

 

Alternative mutagenesis and subcloning methods 
Another site-directed mutagenesis system, based on the polymerase chain reaction 

(PCR) was tested and used for some of the mutations described in Papers II and III. 

This Stratagene QuickChange site-directed mutagenesis kit utilizes a simplified way 

of introducing mutations directly into the pCMV4 expression vector, and was 

regarded to be more reliable and efficient compared with the pALTER system. 

Mutations were introduced separately, using two synthetic primers containing the 

desired mutation. The oligonucleotide primers, each complementary to opposite 

strands of pCMV4-CYP21, were extended during temperature cycling using high 

fidelity DNA polymerase. Incorporation of oligonucleotide primers generated 

mutated plasmids containing staggered nicks. Following temperature cycling, the 
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products were treated with a restriction nuclease specific for methylated DNA, and 

parental DNA templates were digested causing selection of mutation-containing 

synthesized DNA. The nicked pCMV4 vectors containing mutated CYP21 were then 

transformed into XL-blue supercompetent cells by a heat pulse. Clones with mutated 

plasmid were selectively amplified in ampicillin-containing medium during which 

nicks of mutated plasmids were repaired.  

 

A final subcloning of the mutated cDNA into native pCMV4 expression vector was 

performed to exclude the risk of having any additional mutations in the vector 

generated during mutagenesis. This was performed with approximately the same 

procedures as described above with a few modifications. Mutated pCMV4-CYP21 

constructs and native pCMV4 vector were restricted at corresponding sites and the 

fragments were size separated on an agarose gel. A commercial agarose gel DNA 

extraction kit was used to extract and precipitate the end products in one step. Vector 

fragments were dephosphorylated in order to circumvent the risk of self-ligation. 

Restriction fragments containing mutated CYP21 were subsequently ligated into the 

vector using a rapid ligation kit. Precipitation of ligated DNA was accomplished 

using a high pure PCR product purification kit with a specifically modified protocol 

for preparing ligated DNA suitable for electroporation. Transformation was achieved 

by electroporation into electrocompetent E-coli (strain ElectroTen Blue®) with high 

transformation efficiency. Finally, purification of amplified pCMV4 constructs and 

verification of mutations were completed as described above. Figure 8 is a schematic 

diagram illustrating the pALTER-system based on enzymatic reactions as well as the 

Quick-Change site-directed mutagenesis system based on PCR. 

 

In vitro expression of CYP21 in COS-1 Cells 
In order to study the effects of missense mutations on the enzymatic function of 

CYP21, COS-1 cells were used for transient expression analysis. The main reason for 

using a mammalian expression system was its post-transcriptional machinery that 

processes and folds CYP21 correctly, and thereby not only expresses it, but also makes 

it biologically active (Aruffo 1998). COS-1 cells originate from CV-1 cells, which are 

African green monkey kidney cells. This commercially available simian cell line was 

obtained by transfecting the cells with an origin-defective SV40 virus, which was 

thereafter integrated into the chromosomal DNA of the cells.  The generated COS-1 

cells: CV-1 origin SV40, contain two copies of this defective genome, but only one is 
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capable of expressing SV40 large tumor (T) antigen (Gluzman 1981). Even though 

SV40 large T antigen is constitutively expressed at high levels, no free viral particles 

are produced. All SV40 origin-containing plasmids, such as pCMV4, can thus bind 

large T antigen that initiates replication of the plasmid resulting in a high copy number 

(10 000 to 100 000 copies/cell within 48 hours) (Aruffo 1998).  
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COS-1 cells were cultured in Dulbecco’s Modified Eagle Medium supplemented with 

10% fetal calf serum, gentamicin and L-glutamine. Cells were maintained under 

standard conditions (37°C and 5% CO2) in cell culture flasks allowing adherent growth 

in a monolayer and replated every third to fourth day. Harvesting was achieved by 

trypsination, and subsequently cells were washed and re-suspended in buffer or 

medium depending on the choice of the following transfection method. For expression 

purposes, cells were seeded in 6-well cell culture dishes with supplemented medium as 

above. 

 

Transfection of pCMV4-CYP21-mutant constructs, wild-type pCMV4-CYP21 (run as 

a positive control) and native pCMV4 without CYP21 cDNA (mock transfection run as 

a negative control) was initially performed by electroporation (Papers I and IV), but 

another transfection method using liposomes was tested and used for the majority of the 

experiments (Papers I-IV). Electroporation is a method where a brief electric pulse 

creates transient nanometer-sized pores in the plasma membranes, and if DNA is 

present in the buffer solution in sufficient concentration it will be taken up through 

these pores. FuGENETM 6 Transfection Reagent, on the other hand, is a multi-

component lipid-based transfection reagent that complexes with recombinant DNA. 

The lipid coating allows the complex to bind to the cells and subsequently to become 

transported efficiently into the host cell by endocytosis. By using liposomes instead of 

electroporation, the number of cells could be reduced from approximately 1x106 to 2x 

105 for each transfection. To enable control of transfection efficiency, the cells were co-

transfected with pCH110-b-galactocidase. Transfected cells were allowed to recover 

and express the CYP21 protein. 

 

Assay of enzyme activity  
To functionally characterize mutant enzymes, the degree of impaired enzyme activity 

was assayed in COS-1 cells and correlated with the catalytic activity of substrate to 

product conversion by the normal, WT enzyme. Cultured cells were treated with 3H-

labeled substrate, 17-hydroxyprogesterone (17OHP) or progesterone, together with 

unlabeled steroid and the naturally required co-factor NADPH. For estimation of 

apparent kinetic constants, unlabeled substrates of six different concentrations were 

used. Conversion of substrates to the corresponding products, 11-deoxycortisol (11-

DOL) and deoxycorticosterone respectively, was achieved by incubation for 15 
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minutes. This had been shown in previous time-course experiments to represent non-

saturated conditions, ensuring a linear relationship between available amount of 

substrate and velocity of the enzymatic conversion (Lajic et al. non-published data). 

The natural diffusion of steroid substrates and products from the cells to the 

surrounding medium allowed collection of the steroids directly from the medium. 

Steroids were extracted with methylene chloride and subsequently evaporated to 

dryness and dissolved in ethanol containing size markers (17OHP and 11-DOL or 

progesterone and deoxycorticosterone). Separation of substrates and products was 

achieved by thin layer chromatography (TLC) using chloroform and ethyl acetate 

(80:20) as the mobile phase. Visualization of the corticosteroid spots was performed 

under UV-light, as the silica gel TLC plates are fluorescent. Radioactivity was 

measured by liquid scintillation counting. The degree of substrate conversion of mutant 

CYP21 was calculated and expressed relative to wild-type activity (% of WT) using a 

substrate concentration of 2 µM. Background activity, i.e. activity found after mock 

transfection, was subtracted in each experiment. For kinetic analyses, data derived from 

determinations of enzymatic activity at each of the six different substrate 

concentrations were used for linear regression analyses. Kinetic constants, KM and 

Vmax, were determined for both normal and mutant forms of CYP21 using Lineweaver-

Burke plots.  

 

Determination of total protein content 
Since enzyme activities were expressed as pmol substrate conversion / mg total protein 

/ minute, it was crucial to assess the total protein amount expressed by the cells. A 

comparison of enzyme activities could be done only after correction for protein content.  

Determination of protein content was performed after the enzyme assays. The cells 

were harvested and washed twice with PBS and subsequently sonicated, thereby 

separating debris from the proteins by centrifugation. Protein concentration was 

measured using a protein assay based on the method of Bradford (Bradford 1976). 

Supernatants from sonicated cells were incubated with a protein assay buffer using 

different concentrations of bovine serum albumin as a protein standard. Samples were 

measured thereafter on a spectrophotometer and the protein concentrations were 

estimated using the reference values from the protein standard. 
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b-galactosidase assay 

b-galactosidase was co-expressed with CYP21, and an assay for its activity was 

performed for each experiment. This was done to confirm equal transfection efficiency 

allowing comparisons between transfected cells. Extracts from lysates of harvested 

cells were incubated with substrate solution and the ongoing enzymatic reaction was 

visualized by the appearance of a yellow color. The intensity of the color reflects the 

amount of b-galactosidase protein produced by the cells, and hence the amount of 

pCH110 transfected. The b-galactosidase activity was measured on a 

spectrophotometer and correlated to the total protein content of the cells in each 

experiment. 

 

Analysis of protein expression by Western blot 
To evaluate whether variations in enzymatic activity resulted from differences in 

enzyme expression rather than reduced function of the mutants, WT and mutant 

proteins were analyzed by Western blotting.  

 

COS-1 cells were transiently expressed with the pCMV4 constructs as described above.  

Because cell harvesting by ordinary trypsination may lead to degradation of proteins, 

cell extracts for Western blot analyses were lysed with lysis buffer directly on the cell 

culture plate. Cell lysates were denatured and run on a sodium dodecyl sulphate poly 

acryl amide gel electrophoresis (SDS-PAGE). The size-separated proteins were blotted 

to a nitrocellulose membrane and stained with Ponceau S solution, a dye that shows a 

linear intensity relationship to the amount of protein loaded, thus ensuring equal 

amounts of protein loading. After washing and blocking, membranes were 

immunostained with primary antibody. For this purpose, polyclonal rabbit antibody 

against a synthetic five amino acid long peptide, derived from the C-terminal part of the 

human CYP21, was developed. As an alternative, serum from a patient with Addison’s 

disease having natural autoantibodies against CYP21 was used. After subsequent 

washing and blocking, incubation with a secondary antibody containing horseradish 

peroxidase (HRP) was performed. Membranes were finally treated with a solution 

containing luminol and hydrogen peroxide, the luminol being subsequently oxidized by 

HRP and the excess energy emitted as light (chemiluminescence). A charge-coupled 

device (CCD) camera was used to detect this chemiluminescent light and protein 

quantity was visualized by image analyzing software. 



 

 29 

Assay of enzyme stability 
To determine the half-lives of normal and mutant CYP21, their degradation patterns 

were followed in COS-1 cells. All mutant forms of CYP21 were transiently expressed 

as described above and treated with medium supplemented with cycloheximide, an 

inhibitor of translation. Cells were harvested at five different time points during a 24-

hour period and the amount of CYP21 protein was analyzed by Western blot analyses 

from the different time points. Degradation patterns of mutants were compared with 

those of normal enzyme by calculations of half-lives of all protein variants.  

 

Figure 7. Flowchart of the methodological procedures used in functional studies of 

CYP21. 

      
                 Reconstruction and subcloning of mutations 

 
Ø 

In vitro expression CYP21 in COS-1 cells 

 
Ø 

Assay of enzyme activity / stability 

 
Ø            Ø           Ø 

 
  Determination  
  of total protein content               
                                                      b-galactosidase assay   
                                                                                               Analysis of protein 
                                                                                               expression by Western blot 
 

Ø            Ø           Ø 
 

  Calculation of enzyme activity compared with WT                       
   (% of WT activity)  
 

Determination of kinetic constants                         
                                           (KM and Vmax) 

 

                                                                          Analysis of degradation pattern 
                                                           (Calculation of half-lives) 
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STRUCTURAL STUDIES 

 
Various bioinformatic techniques were used to analyze naturally occurring CYP21 

mutants and normal variants, in order to improve understanding of the protein 

structure-function relationships. A three dimensional model of human CYP21 was 

calculated based upon the known structure of rabbit CYP2C5. The molecular 

mechanisms of all known allelic variants of CYP21 that result in amino acid exchanges 

were investigated by calculations of individual models. The structural model was also 

used for predictions of functional and structural consequences of seven additional novel 

CYP21 missense mutations. These had been detected in patients investigated for CAH 

but not functionally analyzed.  

 

Modeling protein structures 
Construction of a structural model of a protein involves fold assignment, sequence-

structure alignment, model building and model evaluation (Sanchez et al. 2000). The 

fist step in modeling a protein is to find related, determined three-dimensional (3D) 

structures from searches in the Protein Data Bank (Berman et al. 2000). The folds of 

the target sequence can be assigned by pairwise and multiple sequence similarity 

searches as well as methods that explicitly rely on the known structures of the candidate 

template proteins. While fold assignment predicts a structural relationship between 

template(s) and the protein of interest, it does not produce a 3D model of the target 

sequence. Thus, fold assignment is generally followed by alignment of the target 

sequence with those of one or more template structures to establish the best possible 

correspondence between the residues in the target and template sequences. To obtain 

reasonably accurate models, at least 30% sequence identity between the target and 

template is usually desirable (Sanchez et al. 2000). However, sequence gaps caused by 

insertions and/or deletions in the alignment is also of importance and ought to be as 

small as possible. After the alignment, the next step is model building that relies on the 

alignment and the template structures to produce 3D models, using appropriate 

software. Finally, the established models need to be evaluated considering structural 

and energetic criteria. Structural evaluation may be performed by analysis of a 

Ramachandran plot, which is a tool for studying the geometry of the main chain atoms 

in a protein, in order to identify steric collisions between amino acids. Models are also 
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energy-minimized in order to avoid clashes between atoms in the 3D structure, and the 

model with lowest energy is subsequently chosen.  

 

Construction of a structural model of human CYP21 
In order to choose a template structure, the amino acid sequence of human CYP21 was 

compared against all sequences of structures in the PDB using a BLAST search (March 

2005). Rabbit CYP2C5 ranked as the second best of a total of 68 hits. The only 

sequence getting a slightly higher BLAST score was human CYP2C8 (174 bits versus 

170 bits). However, evaluation of the two sequences in comparison to CYP21 revealed 

that CYP2C5 has higher identity and conserved homology than CYP2C8, although the 

gaps in the alignments are wider between CYP2C5 and CYP21 than for CYP2C8 and 

CYP21. Furthermore, considering the substrate specificity of CYPs, which is 

structurally formed by the protein’s active site, CYP2C5 was found to be the most 

appropriate template for modeling CYP21. CYP2C5 and CYP21 both utilize 

progesterone as a substrate. In contrast, CYP2C8 catalyzes larger substrates and thus 

has a much larger substrate binding site cavity. 

 

A molecular model was calculated based upon the structure of rabbit cytochrome P450 

2C5 (Wester et al. 2003) (PDB code 1N6B) using the ICM software. Another template, 

rabbit CYP2B4 (PDB code 1PO5) (Scott et al. 2003) was also used for modeling, 

although there is a lower sequence identity (27.8%) between it and CYP21, the 

sequence identity between CYP21 and CYP2C5 being 31.1% over the entire chain 

length. Evaluations of structure and energy revealed the overall model based on 

CYP2C5 to be superior. The alignment between CYP21 and CYP2C5 was manually 

adjusted at a few places where gaps interrupting regular secondary structure elements 

could be shifted by a few residues.  

 

Analysis of mutants and normal variants of CYP21 

Structural analyses were performed for all reported mutations affecting CYP21 except 

nonsense, frame-shift, splice-site and promoter mutations. A total of 66 different 

missense mutations, including seven novel mutations and six normal variants were 

studied. Allelic variants were grouped according to degree of functional impairment, 

dividing the phenotypes into the three classes SW, SV, and NC CAH, as well as normal 

CYP21 variants (N).  
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The structure corresponding to each mutant was individually modeled in triplicate 

using the ICM software. Mutations were structurally characterized by analyzing 

different parameters in comparison with normal CYP21. These parameters included 

protein stability by calculations of free energy, changes in amino acid charge, size of 

the side chain, surface contact of the specific amino acid residue, distances to heme 

and substrate, evolutionary conservation among CYP21 orthologs, as well as 

structural information from visual inspection of the model. Changes regarding 

hydrophobicity were calculated using the Kyte and Doolittle parameters (Kyte and 

Doolittle 1982). Conservation was assessed by multiple sequence analysis using 

ClustalW (Thompson et al. 1994) with CYP21 sequences from various species found 

by FASTA (Pearson and Lipman 1988) searches in the Uniprot database (Bairoch et 

al. 2005). Distances between amino acid residues affected by the mutations and the 

heme and steroid molecules were measured in ICM. Degree of functional impairment 

resulting from each mutation was also taken into account. Based on all strategies 

described above, molecular mechanisms were proposed for all disease-causing 

CYP21 allelic variants. In addition, predictions were made of associated clinical 

severity for seven novel mutations detected in patients investigated for CAH, using 

the same parameters. 

 

Analysis of protein stability in relation to mutation class 

Protein stability is generally inversely proportional to its free energy. A possible 

correlation between mutation severity and stability of the protein was investigated.  

All alleles classified as normal variants or associated with SV or SW CAH, were 

included, giving a total of 33 mutations. For each mutant, three independent 

calculations were made and the median energy value was used. The cumulative 

proportion of models was plotted against free energy for each mutation class. 

 

Identifying residues involved in structurally important domains  

The ICM software was used to identify putative residues important for redox partner 

binding in CYP21, by superimposing the CYP2B4 structure onto the CYP21 model, 

and subsequently mapping the residues considered important for redox binding in 

CYP2B4 in the CYP21 model. The reason for choosing CYP2B4 for this purpose was 
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that its redox-binding properties are well characterized compared with the majority of 

all CYPs (Bernhardt et al. 1984; Bernhardt et al. 1988; Shen and Strobel 1993 

Bridges et al. 1998; Lehnerer et al. 2000). It also shows high pair-wise identity with 

CYP21 (27.8%). 

 

A search for large hydrophobic areas that might form surfaces for interaction with 

other molecules was conducted using the Optimal Docking Area method (Fernandez-

Recio et al. 2005) available as a web service at http://www.molsoft.com/oda. 

 

CYP51 with bound estriol was the closest match found in a search for a structurally 

determined homologous protein containing bound progesterone in the active site. In 

order to identify putative substrate binding residues in CYP21, the CYP51-estriol 

complex was superimposed with the CYP21 model, using the heme groups as 

guidelines. The steroid substrate of CYP51, estriol, was subsequently changed to 

progesterone, one of the natural substrates of CYP21. The two steroids estriol and 

progesterone have similar structures and sizes and the two proteins CYP21 and 

CYP51 are homologous with 22% pair-wise sequence identity. The complex structure 

was energy-minimized to avoid clashes, predominantly between the steroid and the 

heme group. From the resulting model, the amino acid residues within a sphere of 5Å 

radius from the progesterone were considered as steroid binding. Similarly, the amino 

acid residues close to the heme group were classified as heme binding.  
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RESULTS AND DISCUSSION 

 

 

GENOTYPE – PHENOTYPE RELATIONSHIPS  

 
Unlike most genetic diseases, a high correlation between the underlying mutations in 

CYP21 (genotype) and clinical disease presentation (phenotype) has been found in 

CAH caused by 21-hydroxylase deficiency (Wedell et al. 1994b; Wilson et al. 1995; 

Jääskeläinen et al. 1997; Krone et al. 2000). CAH displays a wide spectrum of 

clinical manifestations that to a large extent depend on the nature of the underlying 

mutations in CYP21. Genotyping has therefore emerged as a valuable tool for 

diagnosis and management of this syndrome. The majority of all patients with CAH 

are compound heterozygotes for different mutations and clinical experience has 

shown that the severity of the syndrome reflects the mildest allele present.  

 

Gene deletions, splice mutations, frame-shift mutations and nonsense mutations 

expectedly result in severely deficient enzyme function. The effect of missense 

mutations is however harder to predict. In order to better understand the disease-

causing role of these mutations, clinical data have been correlated with data obtained 

from functional analyses of mutant enzymes. In addition, in vitro assays of CYP21 

function, measuring recombinant enzyme activities after expression in cultured cells, 

have been shown to be helpful in the classification of mutations according to their 

clinical severity since the wide spectrum of signs and symptoms displayed in CAH is 

related to differences in enzyme function (Higashi et al. 1991; Lajic et al. 1997; 

Nikoshkov et al. 1997; Nikoshkov et al. 1998; Nunez et al. 1999; Tusie-Luna et al. 

1990). In vitro data are of particular importance for rare mutations where large groups 

of patients are not available for clinical investigation.  

 

Functional studies are also valuable for studying various mechanisms of altered 

function for mutant CYP21 and can contribute to improving our current 

understanding of the variable clinical outcome of CAH on the molecular level. 



 

 35 

Consequences of point mutations in regions that are of functional importance such as 

the substrate binding pocket of an enzyme, are likely to cause a more severe 

phenotype than mutations in regions of less functional importance. This is reflected 

by differences in in vitro activities resulting from CYP21 mutations that either abolish 

enzyme function completely (Null mutations) or lead to partial inactivation. 

Substrate-binding properties for mutants have been studied in vitro by determining 

the kinetic constant KM, since an elevated KM-value compared with WT protein 

reflects reduced capacity for substrate binding. However, no mutants have so far been 

shown experimentally to have any impact on substrate binding. Furthermore, 

expression of mutants in cultured cells has been performed in order to calculate half-

lives of mutants in comparison with the normal protein, in an attempt to assess 

putative impacts of mutations on protein stability. Reduced protein stability has been 

shown experimentally for a few naturally occurring mutants (e.g. E196 and R483 

(Nikoshkov et al. 1998)) and this was also demonstrated for the L300F mutant 

presented in Paper I.  

 

In summary, although functional in vitro studies are laborious and time-consuming, 

they provide valuable insights regarding the correlation between genotype and 

phenotype in CAH. This thesis describes the functional characterization of 11 CYP21 

mutations in total, of which six were novel. All mutations were detected either 

through the neonatal screening program for CAH or in patients who had come to 

medical attention later in life due to various hyperandrogenic signs and symptoms. 

The results of the functional analyses of these mutations are discussed below and 

summarized in Figure 9.  

 

Paper I: CYP21 Mutations in Simple Virilizing Congenital Adrenal 

Hyperplasia  

The purpose of this study was to further evaluate the genotype – phenotype 

relationships in CAH by analyzing the functional and structural effects of two novel 

mutations, L300F and V281G, both found in hemizygous form in females with 

simple virilizing CAH. In order to assess the influence of these missense mutations 

on 21-hydroxylase activity, the mutations were reconstructed by site-directed 

mutagenesis and expressed in COS-1 cells. Each mutant´s ability to convert the two 
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natural substrates 17OHP and progesterone was determined and related to the WT 

activity. 

 

The results obtained showed that the V281G mutant was partially active with 3.9% 

conversion for both 17OHP and progesterone. The L300F mutant also showed 

significantly reduced in vitro activity, although not as much as for the V281G mutant 

(9.5% for 17OHP and 4.4% for progesterone). This was further confirmed by studies 

of apparent kinetic constants for the L300F mutant, which revealed a considerably 

reduced maximum velocity (Vmax) (17OHP: 19 pmol/mg/min compared with 1032 

pmol/mg/min for WT; progesterone: 5.6 pmol/mg/min compared with 718 

pmol/mg/min for WT). The substrate binding capacity (KM) was however of the same 

magnitude for mutant and normal enzyme (17OHP: 6.2 µM for L300F and 4.7 for 

WT; progesterone: 1.4 µM for L300F and 2.9 µM for WT). The stabilities of the 

transiently expressed mutants were also studied and a difference in apparent half-life 

was detected for the L300F mutant (4.6h) compared with normal CYP21 (12.6h), 

whereas the V281G mutation did not affect the degradation of the enzyme to the 

same extent (9.7h).  

 

The amino acids affected by these novel mutations are both strictly conserved among 

vertebrate CYP21 orthologs. This supports the hypothesis that they are of importance 

for maintaining normal enzyme function or structure. The results suggest that residue 

L300 is important in maintaining normal CYP21 protein structure, whereas mutations 

affecting residue V281 may cause impaired enzymatic activity by disrupting a 

putative functional site of the CYP21 protein. The in vitro results correspond well 

with the simple virilizing phenotypes of the patients, who were both hemizygous for 

one of the two novel missense mutations. These novel mutations were thus 

responsible for the disease manifestations in the two females in whom they were 

detected. These two unique mutations, associated with SV CAH, thus display residual 

activities of the same magnitude as other mutations previously reported to be 

associated with SV CAH (Lajic et al. 1997; Nikoshkov et al. 1998). In conclusion, 

this study confirms that mutations causing the simple virilizing form of CAH 

typically result in less than around 10% of normal activity, and that as little as 1-2% 

of normal CYP21 activity seems to be enough to prevent the patient from developing 

the most severe form of the disease – salt-wasting CAH (Nikoshkov et al. 1998; 
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Tusie-Luna et al. 1990).  

 

Paper II: Characterization of Novel Missense Mutations in CYP21 

Causing Congenital Adrenal Hyperplasia 

This study sought to obtain further evidence regarding relationships between 

genotype and clinical phenotype as well as in vitro CYP21 activity in CAH due to 21-

hydroxylase deficiency. Functional investigations of mutagenized CYP21 were 

performed for four rare missense mutations, L166P, A391T, R479L and R483Q, of 

which the two latter had been detected previously while L166P and A391T were 

novel. The results showed that all mutants displayed significantly reduced in vitro 

enzyme activities compared with wild-type enzyme and that the activities correlated 

well with the clinical signs displayed by the patients.  

 

The novel L166P mutation was found in compound heterozygous form with V281L, 

the most frequent mutation causing non-classic CAH (Speiser et al. 1988). The 

clinical phenotype of this patient was in agreement with this well-known mild 

mutation. This illustrates the importance of functional studies, since clinical 

evaluations alone could not predict the outcome of the L166P mutation in this case. 

Functional characterization indicated that this novel mutation belongs to the Null 

group of mutations that cause complete loss of in vitro activity, with its conversion of 

only 0.3/0.4% compared to the normal protein. This suggests that L166P would result 

in SW CAH if found in combination with another mutation of comparable severity, 

information that has consequences for genetic counseling to this patient.  

 

The residual in vitro activity of A391T suggests that it belongs to the group of 

mutations that result in NC CAH, since it showed a moderate impairment of substrate 

conversion (38.7% for 17OHP and 22.9% for progesterone). The NC phenotype 

presented by this patient is thus a result of both alleles since the other allele carried 

the known V281L mutation which previously has been shown to give rise to 20-50% 

residual activity (Tusie-Luna et al. 1990). As for L166P, functional studies were 

therefore required in order to classify the A391T mutation according to severity.  
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The smallest reduction of enzyme activity so far reported for a mutation implicated to 

be involved in CAH was detected when functional characterization was performed for 

the R479L mutation (75.5% and 79.6% of normal activity for 17OHP and 

progesterone respectively). This mutation had previously been reported as a disease-

causing mutation, although without any information regarding the associated 

phenotype observed in the patient (Zeng et al. 2004). The patient in our study was 

subjected to CYP21 mutation analysis because of hyperandrogenic symptoms at nine 

years of age and by ACTH testing. Heterozygosity for a CYP21 mutation was 

suspected and subsequently confirmed. The R479L mutation was consequently 

suggested to be the cause of this patient’s mild symptoms. Further investigation of the 

R479L allele revealed that its frequency is 1.3% in the general population and it thus 

represents a polymorphism. In addition, R479 is not a well-conserved residue among 

CYP21 orthologs. The functional significance of R479L thus remains unclear but is 

speculated to be associated with a very mild form of CAH in vivo if combined with a 

mutation in the other CYP21 allele. Firm evidence for this awaits the characterization 

of additional subjects carrying this mutation.  

 

The R483Q mutation had also been described previously and was suggested to be 

associated with NC CAH in a young boy (Stikkelbroeck et al. 2003). The results in 

Paper II clearly revealed a severely reduced in vitro enzyme activity (1.1% and 3.8% 

of normal towards 17OHP and progesterone respectively). These data are within the 

range of enzyme activities (1-14%) that in previous studies have been associated with 

the SV phenotype (Tusie-Luna et al. 1990; Lajic et al. 1997; Krone et al. 2005; Paper 

I). Furthermore, other mutations involving the same residue have been detected and 

they are invariably associated with severe CAH (Wedell et al. 1992; Kharrat et al. 

2004). It is clinically difficult to discriminate between a NC and SV phenotype in 

males since signs of virilization are less obvious than in females. The functional 

characterization of R483Q was thus of crucial importance for an accurate clinical 

classification of this mutant.  

 

In summary, there are good correlations between CYP21 genotype, resulting in vitro 

enzyme activity, and clinical CAH presentation. Functional characterizations of 

CYP21 mutations are thus valuable for prediction of disease severity in CAH. SW 

CAH is most often associated with an in vitro activity below 1%. SV CAH is 
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typically associated with activities of around 1 to 15%, and residual activities above 

20% are associated with the mildest form of the disease – NC CAH.  

 

Paper III: Not All Amino Acid Substitutions in the Common Cluster E6 

Mutation Cause Congenital Adrenal Hyperplasia 
The overall aim of this study was to pinpoint which of the three missense mutations 

in Cluster E6 is responsible for the disease phenotype in patients carrying this 

common cluster of point mutations. The Cluster E6 mutation belongs to the group of 

common pseudogene-derived mutations that cause the vast majority of all CAH 

cases. It has invariably been found to be associated with classical CAH, but the 

individual contribution of the three missense mutations has not been known. This 

issue was approached by transient expression followed by enzyme assays for all 

individual point mutations as well as the combination of the three mutations 

comprising Cluster E6.  

 

The V237E mutation abolished enzyme function completely (0% activity for 17OHP 

and 0.1% for progesterone) and is thus a Null mutation, whereas low but measurable 

activity remained for I236N (1%/2.4%). In contrast, no significant effect on in vitro 

activity was detected for the M239K alteration (95.4% and 97.7% conversion for 

17OHP and progesterone respectively). Hence, it does not contribute to the disease. 

 

Functional assays were thus useful to discriminate between a normal variant and 

disease causing mutations. Exclusion of M239K as a disease causing mutation is of 

relevance when designing protocols for genetic diagnostics. Although no patient to 

this date has been reported to only carry one or two of the mutations included in 

Cluster E6, it is a well-known phenomenon that different combinations of 

pseudogene-derived mutations can be transferred to the active gene. In conclusion, 

V237E is predicted to be associated with the most severe, SW form of the disease, 

while I236N is predicted to result in SV CAH if combined with another severe allele. 

M239K on the other hand is a normal variant of CYP21. It was not found to be 

common in the general population and consequently it cannot be regarded as a 

polymorphism.  
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Paper IV: Novel Mutations in CYP21 Detected in Individuals with 

Hyperandrogenism  
The incidence of NC CAH among hyperandrogenic women varies among reports but 

ranges from 1.2% to nearly 14% (Chetkowski et al. 1984; Pang et al. 1985). This wide 

range is likely to be caused by differences in ethnicity as well as in diagnostic criteria. 

Distinguishing patients with NC CAH from patients with other causes of 

hyperandrogenism is however possible by determining plasma levels of 17OHP and 

21-DOF (Fiet et al. 1988). This approach has also been shown to be useful for 

identifying heterozygous carriers of CYP21 mutations, although it is not as reliable as 

for diagnosing CAH, due to some overlap in the hormonal values with those found 

among the normal population (Fiet et al. 1994; Witchel et al. 1997). It has been debated 

whether a heterozygous state for CYP21 mutations can cause hyperandrogenism. Most 

mothers of CAH children, who are obligate carriers for a CYP21 mutation, do not show 

any signs or symptoms of this kind. There are nevertheless a few reports indicating that 

the frequency of CYP21 heterozygotes is increased among hyperandrogenic patients 

compared with the normal population (Blanche et al. 1997; Witchel et al. 1997). The 

involvement of CYP21 mutations in women with hyperandrogenism was investigated 

with this background in mind.  

 

Based on hormonal evaluation, two adult women with hyperandrogenic symptoms 

were predicted to carry CYP21 mutations. However, neither of these women displayed 

any of the genotypes commonly associated with CAH. Sequencing of the CYP21 genes 

in the two patients revealed two novel mutations (V304M and G375S), one in each of 

the two patients. One of the women carried V304M in homozygous form and the other 

patient was found to be heterozygous for G375S in combination with the known 

pseudogene-derived mutation P453S that is associated with NC CAH. No mutation was 

detected in her other allele, and her genotype was thus G375S+P453S/WT. 

Investigations on how the two novel mutations impact CYP21 enzyme activity and 

stability were performed. 

 

Both novel mutations caused a reduced enzyme activity. V304M displayed a residual 

activity of 46% for conversion of 17OHP and 26% for progesterone compared with 

normal. The G375S mutation reduced the activity more drastically, to 1.6% and 0.7% 
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respectively for each substrate. When the enzyme activity was analyzed for G375S in 

combination with the more common mutation P453S, as it was detected in the patient, 

it was found to be completely abolished. Apparent kinetic constants were determined 

for the V304M mutant. Vmax was decreased compared to normal (188/176 

pmol/mg/min compared with 1032/718 pmol/mg/min for 17OHP/progesterone), 

whereas KM was in the same range (2.8 and 1.3 µM for V304M in comparison with 4.7 

and 2.9 µM for WT). G375S did not reach saturation under the experimental conditions 

used and apparent kinetic constants could therefore not be determined. To determine 

whether the reduced activity of the mutants was due to reduced stability of the mutated 

protein, the half-lives of the WT and mutated enzymes were determined based on the 

degradation pattern of normal and mutant proteins in COS-1 cells. The resulting data 

showed that neither variant affected the stability of the mutated protein to any great 

extent (V304M 9.7h; G375S 10.7h; G375S+P453S 11.3h and WT 13h).  

 

These findings indicate that V304M represents a novel CAH-causing mutation 

associated with mild disease. This correlates well with the late-onset symptoms found 

in the patient, who was consequently diagnosed with NC CAH. The other allele 

(G375S+P453S) represents a severe mutation that is expected to result in the most 

severe form of CAH if combined with another Null mutation. In summary, genetic 

investigation and counseling is warranted in cases of hyperandrogenism, when 

biochemical testing has indicated a defective 21-hydroxylase function. This study 

further supports the concept that milder mutations, with residual activities of >25%, 

need to be present in two copies in order to cause hyperandrogenism whereas Null 

mutations may be associated with signs and symptoms of androgen access in 

susceptible individuals even in a heterozygous state.  

 

 



 

 42 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Enzymatic activites of CYP21 mutants in COS -1 cells shown in the same order as
presented in the papers I-IV. Activities are expressed as a percentage of wild-type activity
which was arbitrarily defined as 100% . Activites are shown as mean values with error bars 
representing 1SD, for the two natural substrates 17OHP and progesterone , respectively .
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Figure 9. Enzymatic activites of CYP21 mutants in COS -1 cells shown in the same order as
presented in the papers I-IV. Activities are expressed as a percentage of wild-type activity
which was arbitrarily defined as 100% . Activites are shown as mean values with error bars 
representing 1SD, for the two natural substrates 17OHP and progesterone , respectively .
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STRUCTURE – FUNCTION RELATIONSHIPS 

 
Five distinct CYP enzymes are involved in the adrenal steroid biosynthesis (CYP11A1, 

CYP17, CYP21A2, CYP11B1 and CYP11B2). They are members of the large 

cytochrome P450 superfamily, so named because they have a characteristic 450-nm 

absorbance maximum when reduced with carbon monoxide (Omura and Sato 1964). 

These CYPs utilize molecular oxygen and electrons provided by NADPH in order to 

catalyze specific hydroxylations resulting in a product with one incorporated oxygen 

atom and a remaining water molecule. In order for CYP21 to hydroxylate its natural 

substrates, progesterone and 17OHP, electrons are transported from NADPH to the 

enzyme via cytochrome P450 NADPH oxidoreductase (CPR) (Degtyarenko 1995). The 

catalytic process is complicated and not fully understood. However, a ferric atom in the 

heme molecule, central in all CYPs, is thought to be the site for the electron flow and 

intermediate binding of oxygen and subsequently water. Consequently, structural 

domains of CYP21 that interact with heme, substrate and CPR are crucial for its 

function.  

 

The three-dimensional structures of CYPs 
The 3D structure of a protein can provide valuable insight into its function. Ideally, 

experimental techniques such as X-ray crystallography, nuclear magnetic resonance 

(NMR) spectroscopy and electron microscopy are used to determine the 3D structure of 

proteins. Unfortunately, the vast majority of proteins are currently not amenable to 

these techniques as they are insufficiently soluble and difficult to crystallize, or too 

large for NMR studies. Predictions of structure-function relationships have however 

partly been obtained by studying structurally determined bacterial CYPs. The 3D 

structures of several soluble prokaryotic CYPs such as CYP101, CYP102, CYP108 and 

CYP107A1 (formerly known as P450cam, P450 BM-3, P450-terp and P450eryF) have 

been determined and different functional domains have been proposed and 

experimentally determined (Boddupalli et al. 1992; Cupp-Vickery and Poulos 1995; 

Hasemann et al. 1994; Poulos et al. 1987; Ravichandran et al. 1993). These structures 

have been used for structure – function predictions in CYP21 and other eukaryotic 

members of the CYP superfamily, by studying homologous amino acids by sequence 

alignments. While this is generally a relatively crude method, it has however been 

anticipated that all CYPs have similar tertiary structures especially in regions that are of 
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importance for their overall function. An alternative method to improve the prediction 

of a protein structure is homology modeling. The construction of a structural model of a 

protein is achievable since it has been observed that proteins with similar amino acid 

sequence have a tendency to adopt similar 3D structures (Chothia and Lesk 1986).  

 

Until recently, structural models of human CYPs were based on known, distantly 

related, bacterial CYPs. In particular, the prokaryotic CYP102 was originally proposed 

as the most accurate prototype for microsomal CYPs and in the absence of determined 

mammalian P450 cytochrome structures, it was used as the main template for modeling 

mammalian CYP structures, including human CYP21 (Szklarz and Halpert 1997; 

Lewis and Lee-Robichaud 1998; Mornet and Gibrat 2000). However, in the past few 

years, an increasing number of CYP structures have been solved and deposited in the 

Protein Data Bank (PDB) (Berman et al. 2000). Five of these are mammalian and 

consist of CYP2C5, CYP2B4, CYP2C9, CYP2C8, and CYP3A4, the last three being 

human cytochrome P450s (Schoch et al. 2004; Scott et al. 2003; Williams et al. 2000b; 

Williams et al. 2004; Williams et al. 2003; Yano et al. 2004). The first of these CYPs 

to be resolved was rabbit CYP2C5, which has since then been extensively structurally 

evaluated (Cosme and Johnson 2000; Williams et al. 2000a; Johnson et al. 2002; 

Wester et al. 2003). Thus, CYP2C5 is now considered as an improved template 

structure for modeling eukaryotic CYPs and it has been shown to improve the 

reliability of modeling human CYPs (Kemp et al. 2005). Structure determinations of 

eukaryotic CYPs have clearly shown that the overall structure is maintained when 

compared with previously determined prokaryotic CYPs. However, a crucial difference 

between various CYPs is the substrate-binding region, which is not unexpected given 

that the proteins catalyze different substrates.  

 

Paper V: Structural Model of Human CYP21 Based on Mammalian 

CYP2C5: Structural Features Correlate Well With Clinical Severity of 

Mutations Causing Congenital Adrenal Hyperplasia 
The main objective for Study V was to establish a structural model of human CYP21 

and evaluate whether this model can be used to estimate the effects of mutations. The 

constructed model based on CYP2C5 clearly showed that it is compatible with the fold 

of CYP2C5. Secondary structure elements were highly conserved, as expected, since 

the sequence identity between the two proteins amounted to 29%, when the N-terminal 
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membrane spanning part was excluded from the model. Putative structurally important 

residues involved in redox partner interaction (8 residues), heme binding (36 residues), 

steroid substrate binding (16 residues), and membrane binding (26 residues) were 

identified by homology to structurally determined CYPs and docking techniques. They 

are illustrated in Figure 2 and 3 in Paper V. The results indicated that the heme of 

CYP21 is sandwiched between helix L on the proximal side of the protein surface and 

helix I on the distal side of the interior part of the protein, which is in complete 

homology to other CYPs of known structure. Residues that are conserved between 

species are considered as critical for structure and function. The identified residues of 

importance for heme and substrate binding were also confirmed by analysis of multiple 

sequence alignment of CYP21 species variants. The majority (81%) of the identified 

residues involved in putative steroid and heme-binding domains were strictly conserved 

(Table 3A in Paper V).  

 

Structural explanations for the corresponding phenotype of all known allelic variants of 

missense type, including normal variants were found for all but two mutants (Table 4 in 

Paper V) and indicate good correlation with reported associated phenotypes. Mutants 

involved in structural domains important for function were identified and are listed in 

Table 2. They correlate well with the structural features found upon modeling of each 

of the individual mutants. The domains consist of the meander and the ERR-triad, the 

Cys-pocket and the heme-binding region, and the active site where substrate binding 

and catalysis takes place. There was a good correlation between mutation class (SW, 

SV, NC and N) and conservation between CYP21 orthologs (Table 3B in Paper V) as 

nearly all severe mutations but none of the normal variants affected residues that are 

strictly conserved. The structural model also showed that most of the severe mutants 

affect residues that are buried in the 3D structure, and that many are located close to 

heme and/or steroid substrate-binding sites. The remaining severe mutants caused large 

changes in residue hydrophobicity or size. Calculations of protein stability of modeled 

mutants were found to correlate inversely with the corresponding clinical severity. 

Investigations of other proteins with many disease-causing alleles that can be translated 

into classes of mutant severity suggest a general phenomenon that energy values reflect 

mutant severity. These results indicate that energy of a mutant in combination with 

other types of bioinformatic information (e.g. residue conservation, distances to 

functional sites, accessibility to protein surface, hydrophobicity and size differences) 

provides useful data for the estimation of clinical severity of mutants.  
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Table 2: Mutants in CYP21 involved in functionally important regions. 

 

ERR triad Cys-pocket and 

heme-binding 

Active-site; 

Substrate-

binding and 

catalysis 

Redox-partner 

interaction 

Membrane 

association 

E351K H365Y G291S/C/R R339H G64E 

R354C/H G424S L363W  V211L 

 R426H T295N   

 

 

Functional and structural consequences of seven novel mutations detected in patients 

with diagnosed or suspected CAH, were predicted using the molecular model. The 

results suggests that V139E, C147R, T295N, and R366C are severe mutations that 

would result in classic CAH if combined with another severely affected allele. In 

contrast, the R233G mutation is predicted to be associated with non-classic CAH. The 

clinical consequences of the L308F mutation are more difficult to predict and it could 

be associated to either a non-classic or a simple-virilizing phenotype. One of the novel 

mutants (M473I) is according to the model, most likely a normal, non-disease causing 

CYP21 variant. All of these predicted phenotypes were in good agreement with the 

degree of disease presentation of the subjects in whom they were identified. In several 

cases the structural evaluation provided additional clinically relevant information when 

examination of the patient was inconclusive.  

 

In conclusion, modeling of human CYP21 and its mutants provided a better 

understanding of the molecular mechanisms of CAH due to 21-hydroxylase deficiency. 

Structural features deduced from the models were in good correlation with the clinical 

severity of the different mutants, showing the applicability of a modeling approach in 

classification of new CYP21 mutations. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

 

 

Relationships between genotype and phenotype have been further evaluated by 

functional characterization of rare missense mutations in CYP21. The results confirm 

that there is a good correlation between genotype and phenotype in CAH. The 

correlation is furthermore extended to involve the level of enzyme activity displayed 

by CYP21 mutants in vitro and the degree of symptomatology displayed by the 

patients. This supports the fact that functional experimental data are valuable for 

categorizing mutants according to the different groups of clinical severity seen in 

CAH. It also illustrates that in vitro analyses of enzyme function make it possible to 

discriminate normal variants from disease causing mutants, and are useful for 

assessing the individual impact of mutations found in alleles containing multiple 

mutations in vivo. In some situations, clinical examination alone cannot provide 

sufficient information to allow classification of both mutations found in a patient. 

Examples include for example, compound heterozygotes and boys with mild or 

moderate phenotypes, where the distinction between SV and NC CAH is not always 

obvious. Another example regards children diagnosed in the neonatal screening, 

before the onset of symptoms. Functional investigation of CYP21 mutants thus 

provides information that has direct implications for diagnostics, genetic counseling, 

and clinical management in families who do not segregate the most common CYP21 

mutations.  

 

One drawback of functional studies are that they are laborious and time-consuming 

and cannot provide clinically useful information within a reasonable time frame when 

a novel mutation is encountered in a patient. Investigations of the use of 

bioinformatic techniques as a tool to predict consequences of mutations were thus 

performed. Structural models of human CYP21 and all its mutants of missense type, 

including normal variants were constructed and each variant was evaluated regarding 

the following parameters: cumulative frequencies of free energy, surface 

accessibility, evolutionary conservation, changes in polarity, distances to haem and 

steroid, and structural information from visual inspection of the model. Relationships 
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between these parameters and associated clinical manifestations seen in CAH patients 

were found, indicating that this approach is useful for classification of novel 

mutations. As a possible future development, a computer software could be designed 

that evaluates novel mutant forms of the enzyme according to these principles.  

 

 

In conclusion, the combined information gained from functional and structural studies 

of CYP21 mutants has pinpointed several regions of CYP21 to be of functional and 

structural importance, thus increasing the knowledge about the normal protein and 

determining several underlying mechanisms responsible for CAH. Figure 10 

summarizes the novel mutations analyzed in this thesis. Their associated clinical 

disease manifestations are shown, together with in vitro activities typical of each 

phenotype group. The mutations where only structural modeling data are available are 

placed in the box below the arrow. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

 

Kongenital adrenal hyperplasi (CAH) även kallad adrenogenitalt syndrom (AGS) är en 

medfödd rubbning av binjurebarkens steroidsyntes, som leder till ett underskott av kortisol 

och aldosteron samt ett överskott av manliga könshormoner, androgener. En defekt av 

proteinet 21-hydroxylas är den överlägset vanligaste orsaken till CAH som har en 

varierande sjukdomsbild, vilket till stor del bestäms av vilka mutationer som finns i 21-

hydroxylasgenen. Ett kraftigt överskott av androgener påverkar könsutvecklingen i ett 

tidigt stadium av fosterutvecklingen och sjuka flickfoster kan bli viriliserade. Detta 

innebär att de yttre könsorganen blir maskuliniserade vilket kan fördröja fastställandet av 

det nyfödda barnets könstillhörighet. Pojkar föds inte med några synliga symptom men 

bristen på aldosteron kan leda till en livshotande cirkulatorisk svikt, sk saltkris strax efter 

födseln. Lindrigare former ger lätt förhöjda nivåer av manliga könshormoner. Även dessa 

former av sjukdomen ger ofta upphov till svårare symptom hos flickor/kvinnor än hos 

pojkar/män, och kan yttra sig som avvikande tillväxt, ökad behåring, 

menstruationsrubbningar och infertilitet.  

 

Genen som kodar för 21-hydroxylas, CYP21, är belägen på korta armen av kromosom 

6 (6p21.3), nära en mycket homolog inaktiv pseudogen, CYP21P. Det faktum att det 

finns en pseudogen som samlat på sig många mutationer under evolutionens gång utan 

att ha selekterats bort, gör CYP21 extra sårbar. Detta är orsaken till varför CAH utgör 

en av de vanligaste recessivt ärftliga sjukdomarna med incidensen 1:10 000, vilket i 

Sverige motsvarar ca 10 sjuka nyfödda barn årligen. Mer än 90% av alla mutationer i 

CYP21 utgörs av antingen total avsaknad av en aktiv gen eller en av nio olika 

punktmutationer som har överförts från CYP21P till CYP21. Alla barn som föds i 

Sverige undersöks för 21-hydroxylasbrist genom biokemisk analys av blodfläckar på 

filterpapper. Barn som får positiva resultat gentestas vidare för de vanligaste CYP21 

mutationerna. Under det senaste decenniet har dock antalet kända ovanliga mutationer, 

som endast nedärvs i en specifik familj eller en viss befolkningsgrupp, mångdubblerats 

och dessa innefattar nu ca 100 olika varianter. Det här är ovanliga mutationer som har 

uppkommit spontant och inte härstammar från pseudogenen. För att hitta dessa 

mutationer måste hela CYP21 genen sekvensas. 
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MÅL OCH METODER 
Denna avhandling baseras på molekylära studier av huvudsakligen 18 olika CYP21 

mutationer: V139E, C147R, L166P, R233G, V281G, T295N, L300F, V304M, L308F, 

R366C, G375S, A391T, M473I, R479L, R483Q samt Kluster E6 som består av en 

kombination av tre olika punktmutationer: I236N, V237E och M239K. Utav dessa är 

13 helt nyupptäckta mutationer som aldrig tidigare beskrivits. Med undantag av Kluster 

E6 som är en bland de vanligaste förekommande mutationerna, är alla ovanliga 

mutationer som uppkommit spontant utan inverkan av pseudogenen. De är därmed 

unika för en viss familj eller befolkning. Ett fåtal av de studerade mutationerna 

upptäcktes hos vuxna kvinnor som trots att de enligt definition inte har CAH, 

uppvisade symptom orsakade av för höga halter av androgener (sk hyperandrogenism). 

Det har länge spekulerats i hur stor andel av hyperandrogena patienter som utgörs av 

odiagnostiserade fall av CAH, samt om bärarskap av CYP21 mutationer kan ge upphov 

till hyperandrogena symptom hos vissa individer. 

 

Med utgångspunkt från dessa mutationer har sambandet mellan en patients orsak till 

sjukdom på gennivå (genotyp) och kliniska symptombild (fenotyp) inom CAH vidare 

evaluerats. Dessutom har det undersökts vilken roll CYP21 mutationer har för 

hyperandrogenism. Detta har delvis åstadkommits genom experimentella in vitro 

analyser av funktionen hos 11 mutanter. Mer specifikt har detta inneburit att de 

mutationerna rekonstruerats och klonats för att därefter uttryckas i odlade 

däggdjursceller parallellt med den normala, friska CYP21-genen. Genom att studera 

enzymets förmåga att omvandla substrat till produkt jämfört med det normala proteinet, 

dvs enzymets aktivitet, bedömdes de enskilda mutationernas inverkan på funktionen 

hos enzymet. Kluster E6 som sedan tidigare är känd för att resultera i den svåraste 

formen av CAH analyserades på samma sätt för att klargöra hur de tre individuella 

punktmutationerna är inblandade i sjukdomsutvecklingen.  

 

Sambandet mellan funktion och struktur utvärderades genom analyser av hur olika 

mutationer i genen påverkar det uttryckta proteinets struktur. De strukturella studierna 

innebar etablering av en datoriserad tredimensionell modell av CYP21-proteinet, och 

mha denna identifierades viktiga strukturella domäner i 21-hydroxylasproteinet. Alla 

hittills rapporterade sjukdomsframkallande mutanter samt naturligt förekommande 

normalvarianter har modellerats, och molekylära mekanismer bakom mutationernas 
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inverkan på enzymets struktur och funktion har studerats. Slutligen har den etablerade 

strukturmodellen använts för att förutspå svårighetsgraden av sju nya 21-

hydroxylasmutanter detekterade i patienter med säkerställd eller misstänkt CAH. 

 

ERHÅLLNA RESULTAT OCH BETYDELSE 
I avhandlingen ingår fem separata studier, varav de fyra första främst beskriver 

funktionella konsekvenser av 11 punktmutationer i CYP21-genen där flertalet är 

nyupptäckta. Resultaten fastställer att endast 1-2% av normal enzymaktivitet in vitro 

förefaller vara tillräckligt för att man skall undgå livshotande symptom på saltbrist som 

nyfödd, något som ses hos patienter med komplett upphävd genfunktion. Dessutom 

visas att hela det breda spektrat av symptom (från ett livshotande tillstånd till helt 

besvärsfria fall) motsvaras väl av de uppmätta värdena av funktionsnedsättning hos 

proteinet. Vidare har en av de tre ingående mutationerna i den vanligt förekommande 

Kluster E6 mutationen, M239K, visats vara en normalvariant av CYP21-genen som 

inte leder till sjukdom, medan de två andra, I236N och V237E, var och en kan ge svåra 

former av CAH. Dessutom bekräftar resultaten att bärarskap för svåra mutationer kan 

vara en predisponerande faktor för hyperandrogenism hos vuxna kvinnor – en hypotes 

som det länge har spekulerats kring. Den sista studien föreslår vilka strukturella protein 

förändringar som sju nya mutationer samt alla tidigare rapporterade CYP21 mutationer 

av missense karaktär (mutationer där ett basutbyte leder till skillnader i 

aminosyrasekvensen) ger upphov till.  

 

Sammanfattningsvis styrker resultaten sambanden mellan genotyp och fenotyp. 

Resultaten bekräftar också att graden av experimentellt uppmätt enzymaktivitet 

associerar väl med sjukdomsgraden. Den etablerade CYP21-strukturmodellen har 

också klarlagt att strukturella konsekvenser av mutationer i CYP21 korrelerar väl till de 

kliniska svårighetsgraderna av CAH. Denna modell kan härmed användas för 

bedömning av den kliniska relevansen av nya mutationer allt eftersom de upptäcks i 

framtiden. Det är viktigt att klassificera varje nyupptäckt CYP21-mutation efter klinisk 

svårighetsgrad, både för att kunna ge korrekt information om upprepningsrisker och 

sjukdomens konsekvenser till de drabbade familjerna och slutligen för att kunna 

erbjuda en optimal, individuellt anpassad behandling till varje patient med CAH.  
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