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Abstrac

In the human adrenal cortex, the genesCYP11BI and CYP11B2 lie in tandem on
chromosome 8 and encode the steroidogenic enzymes, 11P-hydroxylase and
aldosterone synthase, respectively. Their steroidogenic capacities are markedly
different despite their high degree of homology (93%). 11P-Hydroxylase mainly
catalysesthe conversionof 11-deoxycorticosterone(DOC) to corticosterone(B) and
11-deoxycortisol(S) to cortisol (F) while aldosteronesynthasecatalysesthe llphydroxylation, 18-hydroxylation and 18-oxidation necessaryto convert DOC to
aldosterone.

Abnormalities in adrenalsteroid production have been implicated in certain forms of
hypertension.Mutations in the CYP11B1 genewhich result in completeloss of 11Phydroxylase fimction cause 11P-hydroxylase deficiency and hypertension due to
abnormallyhigh levels of the mineralocorticoid,DOC. Mutations havebeenidentified
which destroy aldosteronesynthase18-hydroxylaseactivity or 18-oxidaseactivity or
both, resulting in lack of aldosterone. Structure-function studies have identified
aldosteronesynthase residues specifically involved in 18-hydroxylation and 18oxidation. In the Dahl rat model of hypertension,mutations have been identified in
the CYPHB2 and CYP11BI geneswhich result in increasedaldosterone and 18OHDOC production respectively.Analogousmutationsin the human CYP11B2 gene
in exons 3 and 4 which result in amino acid substitutions,E136D and K25IR have
been shown to increase aldosteroneproduction. In essential hypertension adrenal
steroidshave beenimplicated as a contributing factor in somecasesand it is possible
that mutations in aldosteronesynthaseand II P-hydroxylasemay be responsiblein
part for abnormalitiesin steroid production. The studiesreported in this thesis have
investigatedsomeof the residueswhich may be responsiblefor the specialproperties
of these enzymes and also the effects of potential inhibitors on enzyme steroid
productionin vitro.
In chapter3 an attemptwas madeto identify which of the 7% of residuesthat differ
contribute to the unique e!yymat:jcjactivities of aldosterone synthase and II P-
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hydroxylase.Severalresiduesin the I-helix, which lies in closeproximity to the haem
and forms part of the active site, are known to contribute to the 18-hydroxylaseand
18-oxidaseactivities of aldosteronesynthaseand cluster in regions encodedby exons
6,7 and 8. This does not provide information on the importanceof residuesdistal to
the active site and encodedby the other exons.ResiduesD147 and 1248in exons 3
and 4 of aldosteronesynthasewhich lie close to residues E136 and K251 were
replaced with the llp-hydroxylase equivalent, E147 and T248. Substitutions of
aldosteronesynthase-specificresidues,Q43 and T493 in exons I and 9, were also
performed. Replacementof aldosteronesynthase-specificresidues Q43,1248 and
T493 had no effect on DOC conversion to aldosterone.Substitution of D147 of
aldosterone synthase to E147 caused a dramatic increase in corticosterone (B)
production with a small concomitantincreasein aldosteroneproduction but had no
effect on 11-deoxycortisolconversionto cortisol.
The conversemutation was also constructedwhere II P-hydroxylase-specificresidue
E147 was replacedwith the aldosteronesynthaseequivalent.This mutation of E147D
in 11P-hydroxylasedramaticallyreducedcorticosteroneproduction but did not affect
I 1-deoxycortisolconversion to cortisol. Krn values for DOC conversion to B for
aldosteronesynthasemutant B2-DI47E and wild type aldosteronesynthasewere
1.4gmol/L and 5gmol/L respectivelyshowingthat the mutant had a higher affinity for
DOC. Kni values for the Ilp-hydroxylase mutant BI-EI47D and wild-type llphydroxylasefor B production from DOC were 7.5gmol/L and 2.5gmol/L respectively
showing that mutant Bl-El47D had a much lower affinity for DOC. This showsthat
residue E147 of Ilp-hydroxylase contributes to the greater efficiency of llphydroxylation by II P-hydroxylaseand is crucial for effective II P-hydroxylation of
DOC.

In chapter 4, an attempt was made to assign residuesto a precise location in the
protein molecule. The crystal structureof aldosteronesynthaseand II P-hydroxylase
is not known but those of closely related bacterial cytochrome P450 enzymeshave
been determined.Theseenzymes,although sharing only a low degreeof homology,
have a similar overall structure.It is thereforepossibleto model aldosteronesynthase
and 11P-hydroxylaseon thesesimple enzymes. Using this approach,residue 147 in

2

both enzymes lies immediately flanking helix-G which forms part of the main
framework surroundingthe haem and the active site. It is possible that residueE147
of 11P-hydroxylasecontributesto the positioning, of the helix holding it in a specific
orientationwhich is highly favourablefor DOC conversionto B.
In chapter 5, screeningof DNA'from a small group of hypertensivepatients and
CYPllB2
for
CYP11131
the
genes
and
normal subjects
nucleotide changeswithin
revealeda number of mutationswhich resultedin residuechanges.In vitro mutation
analysis was performed for aldosterone synthase mutant B2-K357N and 110hydroxylasemutants Bl-H107Y'and BI-LI86V. On the basis of modelling (chapter
4), residue 357 may form part of P sheet 3 or 4 and may possibly be involved in
substrateinteraction /adrenodoxininteraction. Residue 107 lies near a region shown
previously to be important for hydroxylation efficiency. Residue 186 flanks a helix,
the functional role of which is not known. These mutants did not affect enzyme
by
been
have
Other
in
other
shown,
activity vitro.
mutationswhich are polymorphic
authors,to be associatedwith hypertensionand may find use as susceptibility markers
for the disease.Associationof thesenew mutations/polymorphismswith hypertension
andtheir frequencywithin the hypertensivepopulationwere not assessed.
A third gene exists in the rare, autosomal dominant disorder, glucocorticoid
suppressiblehyperaldosteronism(GSH), which comprisesthe 5' regulatory region of
CYPIIBI

fused to the 3' coding regions of CYP11B2. Consequently,aldosterone

synthaseactivity is expressedectopically in the adrenalzona fasciculatawhere it is
subjectto ACTH control. In addition to producing aldosterone,the chimeric enzyme
also catalysesthe metabolismof cortisol (F), which is unique to the zona fasciculata,
to 18-hydroxycortisol(18-OBF) and 18-oxocortisol(18-OXOF). These are therefore
secretedin large quantities and, it had been suggested,may be the cause of the
impaired 11P-hydroxylation observedin this condition. This study (chapter 6) has
shown that high concentrations of 18-OXOF and 18-OHF do not affect llphydroxylation in vitro and are thereforeunlikely to do so in vivo. It is possible that
thesesteroidsmay be further metabolisedand that the metabolitesact as inhibitors in
vivo. This may explain the in vitrolin vivo differences. However, another closely
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related steroid, 18-OHDOC, did reduceboth 11-deoxycortisolconversionto cortisol
and DOC conversionto B of both 11P-hydroxylaseand aldosteronesynthasein vitro.
Another important finding was that aldosteronesynthase,and to a much lesserextent
11P-hydroxylase,can use 18-OHDOC as an alternative substrate.The possibility
therefore arose that 18-OHDOC conversion might contribute to the excessive
aldosteronelevels observedin GSH. Lineweaver-Burkeanalysis for DOC and 18OHDOC conversionto aldosteroneby aldosteronesynthaseproduced Km values of
1.73ptmol/Land 9.09gmol/L respectively.That is, aldosteronesynthasehas a much
lower affinity for 18-OHDOC than for its preferred substrate,DOC. Thus, in vivo,
18-OHDOCis unlikely to be a substrateof significant importance.
In summary,this thesispresentsnew studieson the relationshipbetweenstructureand
function of aldosteronesynthaseand 11P-hydroxylase.Artificially induced changes,
some relatively conservative and distant from centres of known functional
importance,have been shown to alter activity significantly. A number of variations
from consensussequencesof these enzymeshave been identified in subjectswith
essentialhypertension; whether these affect enzyme activity in such a way as to
explain the clinical observationsof mild II P-hydroxylasedeficiency or suppressed
renin or whetherthey might be usedas diagnosticmarkersremainsto be evaluated.
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1. Introduction

In developed societies, the principal causes of morbidity and mortality are
cardiovascularand cerebrovasculardisease. Thesein turn are frequently the result of
the so-called triple syndromewhich is associatedwith obesity, glucose intolerance
and hypertension. While it is clear that a major proportion of the risk of developing
these conditions is due to aspectsof life style such as diet, smoking and exercise,
is
important.
Thus, offspring of hypertensiveparentshave
also
geneticpredisposition
a significantly enhancedrisk of themselvesbecominghypertensive(Watt et al. 1992).
Understandingthe mechanismof this inherited predisposition is a pre-requisite of
developingstrategiesof preventionand treatment.
Hormonesarekey factorsin the control of metabolismand blood pressure;many have
beenstudiedin connectionwith the aetiology of primary or essentialhypertension. It
is, however,striking that most of the rare monogenichypertensivesyndromesrelate to
aberrations of corticosteroid biosynthesis and metabolism and, moreover, that
corticosteroidsare key factors in the control of glucose metabolism and of blood
pressure. Whether or how they contribute to the genetic component of essential
hypertensionhasnot, however,beenestablished.To obtain a fuller understanding,the
structureof the genesinvolved in corticosteroidsynthesismust be understoodand, in
particular, how small changesin this structurealter biosynthesisand thereforerisk of
disease. In this introductory review, the structureand function of the adrenalcortex
are described with particular attention to the genes, enzymes and biochemical
processescontrolling the secretion of corticosteroids in normal subjects and in
adrenocorticaldisordersin hypertensiveanimal andhumanpatients.
1.1. The adrenal gland
An adrenal gland can be found at the superior pole of each kidney in mammals. The
glands differ in shape between species, being for example, roughly triangular in cross
section in man and round in the rat.

They comprise the adrenal medulla, which

secretescatecholamines such as adrenaline, surrounded by the cortex, the source of a
number of steroid hormones (see below). The cortex consists of distinct zones with
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Figure 1.1a Microscopic anatomy of the adrenal cortex.
After Gray's Anatomy, 36 Ed.
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different steroidogeniccapability and capacity (see figure Ma. ). Adjacent to the
fasciculata
is
is
The
the
the
zona
usually the
middle
zone,
zona reticularis.
medulla
have
large
lipid-laden
tubocells
with
mitochondria
which
of
widest and consists
incomplete.
is
Its
The
thinner
cells are
and
often
zona
glomerulosa
critsae.
vesicular
smallerand more compactwith no lipid depositsand fewer mitochondria. The gland
is enclosedin an outer capsulecomposedof loosefibrous connectivetissues.
The adrenalcortex is highly vascularised(Flint 1990). Arterial blood entersthe gland
via a seriesof small arteriesoriginating from the dorsal aortawith additional supplies
from branchesof the renal and the inferior phrenic arteries. An extensivenetwork of
blood
Venous
drains
left
from
the
the
these
capsule.
pervade
via
arteries
arterioles
into
into
the vena cava.
the
the
right
adrenal
vein
vein
and
via
renal
adrenalvein
A dense network of nerves supplies the gland. Cholinergic innervation and also
immunoreactive
intestinal
(VIP)
nerve fibres have been identified
peptide
vasoactive
(Kleitman et al. 1985,Holzwarth 1984). In addition to interacting with adrenocytes,
thesenerves may assist in the control of adrenal blood flow, a factor important in
hormonesecretionrate (L'age et al. 1970).
1.2. Products and function of the adrenal cortex.
The adrenalcortex synthesisesand secretesa greatervariety of steroid hormonesthan
any other steroidogenicorgan. The steroid hormonesare derived from cholesterol
which is progressivelymodified by a seriesof locus- and orientation-specificenzymecatalysedreactionswhich progressivelyshortenthe side chain and add substituents
suchas hydroxyl groups(seebelow). They may be classified as C19 compounds,the
adrenalandrogens,and C21 compounds,the corticosteroids.
1.2.1. Androgens

The principal adrenal androgens are androstenedioneand
,

dehydroepiandrosterone
(DHEA) and its sulphate(DHEAS). They are synthesisedin
the zonafasciculata,andreticularis (Figure 1.1a). Their function in normal subjectsis
unclearbut they may contributeto virilisation in someforms of adrenaldiseaseand in
post-menopausal
women. Reduced levels of DHEA and DHEAS are associatedwith
the aging process(Verineulen 1995). Increasedlevels of DHEA are also associated
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injection
direct
DHEAS
in
Studies
that
of
showed
mice
with reducedcancerrates.
into the brain improved long term memory (Robertset al. 1987). A recent study has
in
high
impairment
the
elderly
with
a
ratio of
shown an associationof cognitive
high
1998).
This
(Kahnijn
below)
DHEAS
that
(see
et
al.
suggests
cortisol
over
levels
The
low
DHEAS
the
associated
with
aging
process.
subject
are
and
cortisol
remainscontroversial.
1.2.2.Corticosteroids In man, the functionally most important C21 products are
is
in
Cortisol
(Figure
1.2a).
the zona
synthesised
mainly
cortisol and aldosterone
fasciculatawhile aldosterone is a product of zona glomcrulosaand exists in solution
is
form.
(The
in
hemiacetal
the
adrenal
cortex
rat
unable to synthesisel7ocmainly
hydroxylated steroids; its principal zona fasciculataproduct is corticosterone). In
have
been
isolated
large
of
other
corticosteroids
and characterised
number
addition, a
(Figure 1.2a, Table 1.2). These are frequently intermediatesin the biosynthesisof
the corticosteroidend productsand their importancewill becomeevident later in this
review.
The corticosteroids may be subdivided on the basis of their metabolic effects.
Aldosteroneacts on the distal nephronto promote sodium reabsorptionin exchange
for potassiumand hydrogenions. The large intestineand the salivary glands are also
target organsas is the amphibianbladder. Aldosteroneis thus a mineralocorticoid.
DOC has much lower potency but may becomeimportant in some adrenaldiseases
(see section 1.8). Mineralocorticoidsinfluence blood pressurepartly by modulating
intravascular volume and partly because extracellular sodium (and potassium)
concentrationsdeterminevascularsmoothmuscle sensitivity to pressoragonistssuch
as angiotensin II.

Recently, it has been shown that aldosteronemay affect the

function of tissuesnot usually associatedwith electrolyte transport e.g in the heart
where it is thought to be associatedwith cardiac fibrosis and arrhythmias (Rahman
1992) and also in the central nervous system and vascular smooth muscle where it
may affect blood pressure(Gomez-Sanchez.1997, Takeda et al. 1995). Thus, high
levels of aldosteronepromotecardiacremodelling and stimulatecollagen synthesisin
cardiac fibrocytes, resulting in cardiac fibrosis (Brilla ct al. 1992). The aldosterone
antagonist,spironolactone,inhibits this process(Brilla et al. 1993). Aldosterone at
very
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CH20H
HO

low concentrationsalso stimulatesNa+/H+ exchangein leucocytes(Wehling.1997),
possiblyby activating a novel membranereceptor(seebelow).
Cortisol (corticosteronein the rat) is defined as a glucocorticoid. It has profound
effects on intermediary metabolism, stimulating gluconeogenesis,enhancingprotein
catabolism and, in excess, increasing fat deposition of characteristic central
distribution. Glucocorticoids are important as inhibitory factors of the immune
responseand inflammatory processes and are used as immunosuppressants,for
example, in organ transplantation. However, it is important to emphasisethat
glucocorticoidsalso have profound effects on blood pressure. Although the precise
mechanismof these effects is not understood,glucocorticoids affect renal function
(GFR, tubular flow, Na+/H+ exchange)and also control the rate of synthesisof many
other hormonesand factors which alter vascular and peripheral nerve function (see
review Fraser and Blackhurst in press). A much used and potent synthetic
glucocorticoidis dexamethasone(Figure 1.2a,Table 1.2)

1.3 Mechanism of action
Steroid hormones are lipophilic and thus are readily able to penetrate the cell
membrane.In common with thyroid hormonesand retinoids, they act by binding to
intracellular receptors(in the case of corticosteroids,in the cytoplasm) to form a
steroid-receptorcomplex which binds to chromatin and inducesthe synthesisof new
proteins.For this reason,in contrastto hormonesacting on cell membranereceptors,
there is significant delay - 'latent period' - between steroid binding and hormone
effects.The glucocorticoid (type2; GR) and mineralocorticoid (typel; MR) receptors
belong to this large nuclear receptor super family and are distinguished by their
different ligand affinities. However,their basic mechanismsof action are similar. The
cDNAs for all the major receptorshave been cloned and much is known about their
cytoplasmic state, alteration on binding to the ligand and the processeswhich
subsequentlylead to alteredratesof genetranscription. While the GR has beenmore
intensively studied,it is likely that the MR actsin a similar manner.
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COMMON

SYSTEMATIC

NAME

NAME

II -Deoxycortisol (S)

17,21-dihydroxy-pregn-4-ene-3,20-dione

Cortisol (F)

11P,17a, 21-trihydroxy-pregn-4ene-3,20dione

11-Deoxycorticosterone
(DOC)

21-hydroxypregn-4-ene-3,20-dione

Corticosterone(B)

I121

18-Hydroxycorticosterone

-dihydroxy-4-ene-3,20-dione
11 18,21-trihydroxy-4-ene-3,20-dione

(I 8-OHB)
11 21-dihydroxy-pregn-4-en-18al-3,

Aldosterone(Aldo)

20-dione
18-OHDOC

18,21-dihydroxy-4-ene-3,20-dione

(DEX)
Dexamethasone

9a-fluoro-16(x-methyl,1-dehydrocortisol

Table 1.2 Commonand sytematicnamesof adrenalsteroidsand Dexamethasone.
In the ligand-free state , the GR exists as a31 Okdacomplex. It was first cloned and
isoforms
1985).
Two
(Hollenberg
have been identified GRcc
in
1985
et
al.
expressed
form
does
bind
latter
GRP.
The
not
active glucocorticoids but is involved in
and
ligand independentnegative regulation of glucocorticoid action (Bamberger et al.
1995).The activatedreceptor is much smaller (90KDa) indicating a dissociationof a
multicomponent complex (Figure 1.3a). Further researchhas shown that the free
receptorcomplex consistsof a single receptormolecule associatedwith two 90KI)a
heat shock protein 90 (Hsp90) molecules as well as one each of Hsp56 and Hsp70
(for review see Panarelli and Fraser 1994). Another smaller peptide constituent, p53,

has also been identified. Finally, several heat stable molecules such as
polyunsaturatedfatty acids and mninoetherphosphoglycerideshave been isolated
from the complex. Hsp90is a crucial componentof the complex, acting as a structure
inactivation
loss
by
heat
Its
decreases
or
mutation
chaperone
protein.
-stabilising
ligand binding affinity to about 1% and increases turnover rate (Werner ct
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1992). It is thought to protect the DNA-binding domain (see below) of the ligand -free
receptor. The receptor protein consists of domains responsible for the specific
functions (Figure 1.3b), principally

a DNA-binding domian and C-terminal figand-

binding domain. The immunogenic region occupies the N-terminus.
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Figure 1.3 b. Diagram of human
mineralocorticoid receptor (MR) and
glucocorticold receptor (GR).
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Binding of the ligand decreasesthe receptoraffinity for the chaperonesproteinswhich
dissociate and the hormone-receptorcomplex enters the nucleus as a homodimer
whereit binds to a specific, hormone-responsiveelement(HRE) by meansof a highly
institute
in
domain
(Figure
1.3a)
finger
DNA-binding
the
to
or
conservedzinc
motif
inhibit RNA-polymeraseactivity. A large number of other transcription factors are
also involved such as activation-protein I (AP-1), cAMP-responseelement binding
protein and nuclear factor KB (NF-KB); GR binds NF-rB to inhibit transcriptional
activation of NF-Y.B-dependentgenes. It is known that GR, but not MR, can inhibit
induction of of AP-1-dependentgenesby interaction of fos/jun heterodimers(Pearce
et al. 1993)but on the other hand,jun/jun homodimersand the GR mutually synergise
eachothersactivity (Teurich 1995).
The GR binds cortisol, corticosterone and dexamethasone.It is widely, almost
in
importance
has
in the liver, brain, vascular
tissues
and
great
ubiquitously expressed
tissue,kidney and the immune system. Glucocortiocoids,for example,modulatethe
activities of severalneurotransmittersystemssuch as the adrcnergicand cholinergic1991).
(Torres
Moreover, they exert an important influence
et
al.
muscarinicsystems
in
the control of sensitivity to pressor agents such as
tone,
assisting
on vascular
ANGII and noradrenaline(Kornel 1993, Scott et al. 1987). Independentlyof this,
they affect the transcription of the genesencoding angiotensinogen,renin, the AT-1
receptor,the endothelin(ET-1) receptor,endothelin,the metabolism of noradrenalin,
prostaglandinandnitric oxide (for review seeFraserand Blackhurst , In press).
Their effects on intermediarymetabolismhave alreadybeenmentioned. The GR can
have either inhibitory action, as is the case in the immune sytem where it has an
immuno-supressant
effect, or stimulatory effectsas seenin the liver.
The MR is less specific. It binds cortisol and aldosteronewith equal affinity (Funder
1997). Sincecortisol circulatesin normal subjectsat concentrationsup to 1000times
thoseof aldosterone,it should (a) preventaldosteronebinding to the MR and (b) exert
potent mineralocorticoid effects itself. That it does not is due to the action of II Phydroxysteroid dchydrogenasetype 2, the 'cortisol-cortisone shuttle' (Stewart et al.
1991).This microsomalenzymeis presentin mincralocorticoid-responsivetissuesand
oxidisescortisol to cortisonewhich doesnot bind to the MR.
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The major site of aldosteroneaction in the nephron of the kidney is in the distal
is
dense
tubules
there
the
tubule
cortical
where
a
population
and
collecting
convoluted
of MR (Schwartz et al. 1978, Horisbergeret al. 1983). However, thesereceptorsare
also expressedin the liver, hippocampuspituitary, peripheralblood leucocytes, colon
and the salivary glands (Orth et al. 1992, deKloet et al. 1998). In the basolateral
2+dependent,Na+Ký -dependent
membraneof the luminal cells of the tubules, Mg
ATPases mediate sodium:potassium exchange and maintain the electrochemical
is
When
the
aldosterone
cell
membrane.
administered chronically,
gradient across
thesecells undergochangesin structureand the basolateralmembranesurfaceareais
increasedwith higher expressionof the genesencodingthe cc-and P- subunitsof the
Na+KýATPase(Komesaroff et al. 1994). The epithelial Amiloride-sensitive channel
is
in
distal
(Rossier
1994)
found
the
also regulatedby aldosteroneand
nephron
also
helpsto maintain Na+balance,extracellularvolume and blood pressureby controlling
Na+ entry into the cells of the distal nephron(Canessaet al. 1994).
Aldosterone-sensitivesodium reabsorptionby the distal nephronconstitutesonly 5%
of filtered sodium; the remaining 95% has already been absorbedprior to arriving at
thesesites. Never the less,the remaining 5% constitutesabout 80 gramsper day and
therefore the regulation of its absorptionby aldosteroneis crucial in the control of
extracellularelectrolytes,volume and blood pressure. Hydrogen ion secretionis also
regulatedby the kidney by the intercalatedcells of the collecting tubule. Aldosterone
acts on the AT? -dependentapical hydrogen ion pump combined with regulation of
the basolateralmembraneCl-/HC03 exchanger(Hays 1992). The net result of these
effects on sodium, potassium and hydrogen ions is to increase the extracellular
volume and increaseblood pressure.Aldosterone excessresults in hypokalaernia,
metabolic alkalosis, raised exchangeablesodium content and a low body potassium
(Ferriss et al. 1983,Kremer et al. 1977).
Recently, studieshave beenpublishedwhich suggestthat aldosteronemay affect cell
functions other than electrolyte transport. A specific example is that aldosterone
mediated via a non-epithelial non-protectedMR can induce experimental cardiac
hypertrophy and fibrosis (Brilla et al. 1992). The receptors described above are
cytosolic. However, a membranereceptorhas been reported (Wehling et al. 1997).
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This receptor is found on the red blood cell membrane,has a very high affinity for
increases
it
Na+/Hblood
In
and
cells,
aldosteroneand a very rapid response. white
in cardiacfibrocytes it is associatedwith increasedcollagensynthesis.

Cholesterolis the principal building block of steroid hormone biosynthesis.Steroid
hormone biosynthesis occurs mainly in the mitochondria of steroidogenic tissues
belong
haem-containing
to
the
the
which
majority
of
enzymes,
of
where a series
cytochromeP450 superfamily, convert cholesterolto endogenoussteroids.
1.4.1 Steroidogenesis

The biosynthetic pathwayswithin the adrenalgland will be discussedin some detail
later in this section. Firstly however, cholesterol must be delivered to the
in
be
It
the adrenal cortex de novo from acetateor
synthesised
can
mitochondria.
in
intracellular
from
cholesterol
esters
pools. Approximately 80% of
mobilised
is
derived
from
circulatory lipoproteins, predominantly low density
cholesterol
lipoprotein (LDL). Acting at a cell surfacereceptor(Gwynnc and Strauss1992),the
LDL particle is internalised by receptor-mediated endocytosis, releasing the
for
biosynthesis
(Kovanen 1979, Brown
the
cell
steroid
within
esters
cholesterol
1979). Adrenocortical cells, particularly those of the zona fasciculata (ZF), are
characterisedby abundantfat vacuoles packed with stores of esterified cholesterol
limiting
for
The
steroidogenesis.
rate
stepof steroidogenesiswas
are
mobilised
which
originally thought to be cholesterolconversionto pregnenoloneby the cytochrome
P450 side chain cleavageenzyme(P450scc)(seebelow) but it is now well-established
that the mobilisation and delivery of cholesterol to this enzyme within the
mitochondriais the real rate-limiting factor. The enzyme,cholesterolesterdesmolase,
hydrolysescholesterolesters,releasingfree cholesterolavailable for steroidogenesis
in responseto hormonal stimulation (seesection 1.5). Oncemobilised, the cholesterol
must cross the outer and inner mitochondrial membrane.A number of cholesterol
carrier/translocationsystemshavebeenidentified.
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1.4.2Cholesterol translocation

Sterol carrier protein, SCP2 is a well-characterisedcarrier of sterols and is found in
the liver. It also enhancesthe formation of pregnenolonefrom cholesterolin adrenal
been
in
has
Involvement
this
adrenal
steroidogenesis
of
protein
mitochondria.
documented(Vahouny et al. 1985). Following hydrolysis of cholesterol esters,the
facilitated
by
inner
is
to
the
transferred
a
a
membrane,
process
mitochondrial
sterol
SCP2-likeprotein.
More recently, a cholesterolcarrier protein localisedto the mitochondria,and induced
in steroidogeniccells by ACTH (see section 1.5) has been identified (see review
Stocco 1998) and is known as steroidogenic acute regulatory protein (StAR). As
levels of cholesterol increasewithin the mitochondria, so too do levels of StAR
(Straussabstr. 1998). StAR actsdirectly at the mitochondrial surface,possibly with a
import
forms
core through which cholesterol flows down a
an
surfaceprotein, and
inner
into
When
from
to
the
the
the
membrane.
outer
cholesterol
moves
gradient
(Strauss
StAR
stops
activity
abstr. 1998). Missensemutations
matrix,
mitochondrial
in the StAR genehave been detectedin patients with Congenital lipoid hyperplasia.
Patientshave a total inability to make steroidsand the adrenalcortex is packedfull of
the steroidbuilding block cholesterol. The resulting defective StAR protein is unable
to carry cholesterolto the mitochondrial enzymes.
In the last ten years, a novel cholesterol transport mechanism distinct from those
describedabovehasbeenidentified. It is basedon the peripheral-typebenzodiazepine
receptor PBR (Papadopoulos1993) and occurs in response to acute hormonal
stimulation (see section 1.5). Benzodiazepinesare a class of anticonvulsantdrugs
which act in the CNS at GABAA receptors(Haefly et al. 1975, Costa et al. 1979).
However, a different receptor from that in the CNS has been identified in the
periphery and localised specifically to the outer mitochondrial membrane(Anholt et
al. 1986). It is associatedwith a voltage-dependentanion channelprotein (VDAC)
and an inner mitochondrial membrane adenine nucleotide carrier (McEnry et al.
1992). This suggeststhat the PBR is a multimeric complex. The VDAC protein is a
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large diameter ion channel which is located in outer membrane of mitochodria at
junctions or contact sites with the inner mitochondrial membrane (Levitt et al. 1990).
VDAC, as well as anions, allows small molecules to be translocated from the
cytoplasm to the inner mitochondrial membrane (Levitt et al. 1990). PBR molecules
are found in clusters and are associated with these VDAC

channels.

Their

arrangement on the outer mitochondrial membrane at contact sites enables them to
transport free cholesterol from the outer to the inner mitochondrial membrane. The
mechanism by which the translocation of cholesterol is controlled will be discussed in
section 1.7.
After

translocation

modification.

into

the

mitochondria,

cholesterol

undergoes complex

A series of hydroxysteroid dehydrogenases and mixed function

oxidases catalyse the biosynthesis of adrenal steroid hormones. The oxidases belong
to a superfamily of haern-containing mono-oxygenases which also includes liver
enzymes such as those involved in drug detoxification (Williams
enzymes are either microsomal or mitochondrial.

1973). Adrenal

Side chain cleavage enzyme, II P-

hydroxylase and Aldosterone synthase are mitochondrial.

They require a coupled

coenzyme system which transfers electrons to the P450 enzyme as the reducing
equivalents necessary for the hydroxylation reaction (see figure 1.4a)

NADPH
NADPH
r NADP
FMN

02

FAD

NADP

I Redu
0-ACn
-ACA

(b) Microsomal

(a) Mitochondrial
S= steroid substrate
Adx = adrenodoxin
Adx R= adrenodoxin

reductase

Figure 1.4a. Steroidogenic electron transfer system in (a) mitochondria
and (b) microsomes. Adapted form Kominani et al (1984).

33

1.4.3.Electron sourcesfor hydroxylation
Two suchelectrontransportsystemsare found in man. The adrenodoxin/adrenodoxin
P-hydroxylase
is
II
by
and
side
chain
cleavage
enzyme,
utilised
reductasesystem
(Kimura
Suzuki.
1967).
are
and
which
mitochondrial
aldosterone synthase
Adrenodoxin, a non-haem iron protein, is linked to the flavoprotein adrenodoxin
from
from
NADPH
the citric acid
supplied
mainly
electrons
accepts
reductasewhich
by
In
adrenodoxin
and
reductase
are
each
encoded
single
adrenodoxin
cycle. man,
isoforms
due
has
(Solish
DNA
to
two
the
alternative
splicing
et al.
reductase
genes;
1988). There are also two adrenodoxinpseudogenes.The adrenodoxin/adrenodoxin
is
illustrated
in
flgure Ma.
"electron
system
shuttle'
reductase
By providing electrons,NADPH transforms adrenodoxinreductaseinto its reduced
statewhich in turn reducesadrenodoxin. This then transfersreducing equivalentsto
the P450 enzyme. Its active site has a single iron protoporphyrin prosthetic group
where dioxygen binds, is reducedand cleaved. The steroid substratebinds the low
3+P450 enzyme to generatea high spin ferric
Fe
spin
complex. An electron from
3+
Fe
NADPH converts
to Fe2+which is then able to bind molecular oxygen. This
is
followed
by
addition of 2H+ with consequentsubsequent
reduction
secondelectron
dioxygen
its
The
thus
achieves
of
water.
elimination
activated atomic form, the
3+
haem
is
is
Fe
the
enzyme
returnedto the
substrate oxidised and
state. This process
is illustrated in flgure 1.4b.

The second type of electron transport system uses P450 reductase,a flavoprotein.
which is microsomal and different from adrenodoxin.reductase.It is coupled to 17(xhydroxylase and 21-hydroxylase(Kominami et al.1984). P450 reductasetransfers
two electronsfrom NADPH to theseenzymesin a processanalogousto that in figure
1.4b.

17cc-Hydroxylase and 21-hydroxylase also employ cytochrome b5

(YanagibashiandHall, 1986).
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Figure 1.4b. The sequenceof reactions in P450 catalysed hydroxylation.
Adapted from Dawson (1988).

Both electron transportmechanismsenablethe mono-oxygenasesto insert one atom
of oxygen into the substrate(Hall et al. 1985,Gwynne and Mahaffee,1986); the other
H+
to form water. The overall reactionis as
atom of molecularoxygencombineswith
follows:

Substrate-H+ NADPH + H+ + 02 = Substrate-OH+NADP+ +H20
1.4.4Boosyntheficpathways
The sequenceof reactionsleading to the formation of the corticosteroidhormonesis
summarisedin flgure 1.4c. Briefly, the stepsare as follows.
(a) Cortisol and Corticosterone
1. Cholesterol enters the inner mitochondrial membranewhere side chain cleavage
enzyme converts it to pregnenolone. Side chain cleavage enzyme catalyses
hydroxylationsat the 22R and 22S positions. The side chain is cleavedas isocaproic
acid leaving the C21 steroid, pregnenolone(Strott et al. 1990). This enzyme is
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is
in
15
(CYP11A)
by
all
and
expressed
on chromosome
a single gene
encoded
(Chung
1986a).
tissues
et
al.
steroidogenic
2. Pregnenoloneis converted to progesteroneby the enzyme 3p-hydroxysteroid
(3p-HSD). It is also able to catalysethe conversionof 17(xdehydrogenase/isomerase
hydroxypregnenoloneto l7a-hydroxyprogesterone (see below).

This is not a

(Berube
by
I
is
It
P450
a
single
gene
on
chromosome
encoded
enzyme.
cytochrome
isoforms
1989).
The
tissue-specific
expression
and
a
number
of
gene exhibits
et al.
havebeendescribed(Lachanceet al. 1991).

3.

Pregnenoloneleaves the mitochondria, passing to the smooth endoplasmic

by
it
is
l7a-hydroxyderivative
17cc-hydroxylase.
to
the
converted
reticulum where
This enzymeis encodedby a single gene,CYP17A, on chromosome10 (Mattesonet
is
17(x-hydroxyprogesterone
1986).
17a-Hydroxypregnenolone
to
converted
as
al.
described in 2. Progesteronemay also be 17(x-hydroxylated to produce 17cchydroxyprogesterone.

These 17a-hydroxysteroids are required for cortisol

biosynthesis. The enzymepossesses
an additional 17-20lyase activity which converts
l7a-hydroxylated C21 steroids into C19 steroids, the adrenal androgens
(dehydroepiandrosterone(DHEA), androstenedioneand testosterone (Orth ct al.
1992). There is no l7a-hydroxylase activity in the ZG. Moreover, the rat adrenal
gland containsno 17(x-hydroxylase.
4. l7a-Hydroxyprogesteroneis then convertedto 11-deoxycortisol in the ZF by the
in
21-hydroxylase,
the smooth endoplasmicreticulum. Progesterone
also
enzyme
from 2. can also be convertedto 11-deoxycorticosterone(DOC) by P450C21. This
enzymeis encodedby the CYP21A genewhich lies on chromosome6. A highly
homologousinactive pseudogene,CYP21P, lies in tandemwith CYP21A within the
Major HistocompatibityComplexregion.
5.1 I-Deoxycortisol (S) is shuttledback to the inner mitochondrial membranewhere
II P-hydroxylaseconverts it to cortisol (F), the major human glucocorticoid. This
enzyme is encodedby CYPIIBI which resideson the long arm of chromosome8
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(8q22) (Mornet et al. 1989). As well as cortisol formation, this enzyme can II Phydroxylate 11-deoxycorticosterone(DOC) to produce corticosterone(B), and 18(18-OHDOC),
1818-hydroxydeoxycorticosterone
19-hydroxylate
to
produce
and
hydroxycorticosterone (B) and 19-hydroxy-11-deoxycorticosterone(19-OHDOC)
respectively,also in the ZF.
DOC

10.18-OHDOC

10' F

s

B
19-OHDOC
18-OHB

(b) Aldosterone

Conversion of cholesterol to DOC in the ZG is identical to steps 1-2 and step 5
convertsprogesteroneto pregnenoloneabove. Production of aldosterone,the major
humanmineralocorticoid,from DOC is catalysedby the enzymealdosteronesynthase
and involves three enzymaticreactions,II P-hydroxylation, 18-hydroxylationand 18is
by
CYPllB2
This
the
encoded
enzyme
oxidation.

gene and also resides on

chromosome8 situated in tandem approximately 40kb upstream of CYPllBl

(see

section 1.6). Aldosteronesynthaseis exclusively expressedin the ZG and it is in this
zonethat the threeterminal stagesof aldosteronebiosynthesisoccurs.
1. DOC is the preferredsubstrateof aldosteronesynthase.
The II P-hydroxylaseactivity of this enzymeconvertsDOC to corticosterone(B) by
addinga hydroxyl group at C11.
2. Corticosterone(B) is then convertedto 18-hydroxycorticosterone(180HB) by 18hydroxylation and addition of a hydroxyl group at position C18.
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3.18-OHB is finally convertedto aldosteroneby the final 18-oxidation step which
convertsthe hydroxyl group at C 18 to an aldehydewith subsequentremoval of water.
DOC -

00

00.18-OHB

B

'

0'

Aldosterone

There has been some controversy over the existenceof an 18-oxo product in the
interconversion between 18-OHB and aldosterone and an 18-hydroxysteroid
dehydrogenase
activity of aldosteronesynthasebetween18-OHB and aldosteronehas
been described. 18-OHB has a hydroxyl group at C18 and aldosteronehas an
aldehyde group at this position.

This suggests that an 18-hydroxysteroid

dehydrogenasecatalysesthe interconversion. However, when 18-OHB is incubated
with aldosteronesynthase,a small amount of aldosteroneis produced (Vinson and
VAýiitehouse1970). It is therefore the consensusopinion that aldosteronearises
through a secondhydroxylation at C18 with subsequentwater loss to produce an
aldehyde and hence aldosterone. The absolute requirement for reduced NADP is
strongevidenceof this (FraserandLantos 1978).
In vitro studies using cloned human aldosteronesynthaseshowed that B was less
efficient at producing 18-OHB and aldosteronethan DOC (Denneret al. 1995). These
findings show that DOC is the preferedsubstrateand that it probably staysbound to
the active site throughout the three stagesof conversion releasing B and 18-OHB
is
Aldosterone
by-products.
the major, most potent mineralocorticoid in
only as
human subjects and is produced in small amounts (100-500pM). It is this aspect
which delayedits discovery.
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Figure 1.4c Biosynthetic pathway
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1.5 Control of Corticosteroid biosynthesis and secretion.
Cortisol (corticosterone in the rat) and aldosterone are thus synthesised from
cholesterolby a complex pathway comprising a series of reactions which remove
introduce,
in
the
a coordinatemanner,a seriesof substituents,
and
chain
side
most of
in
is
into
Each
4-ring
the
hydroxyl
the
step
structure.
pathway
groups,
mainly
locus
for
by
the
and orientation of the substituent
nature,
catalysed an enzymespecific
(or
The
corticosterone)and aldosteroneare
of
cortisol
synthesis
rates
of
moiety.
be
In
independently.
the
these
this
nature
of
control
systems
will
section,
controlled
describing
in
but
briefly
the
the
of
aim
changes
second
principal
with
outlined
determine
the rates of
the
cell
which
will
adrenocortical
messengeractivity within
expressionof the genesencodingthe steroidogenicenzymes. The following sections
will then dealwith the chemistry,biochemistry and geneticsof the pathway.

The functioning of the hypothalamic-pituitary-adrenal(BPA) systemis surnmarisedin
flgurel. 5a.

In responseto a variety of 'stress stimuli' (physical, metabolic, psychological),
hypothalamic neurones release corticotrophin releasing hormone (CRH) into the
hypothalamic-pituitary-portalsystem(AVP may also be an important releasingfactor)
to act via G-protein-linkedreceptorson the corticotroph cells. ACTH is synthesised
as part of a precursor molecule, pro-opiomelanocorticotropin(POMC), which also
contains P-endorphin, melanocyte-stimulating hormone and a number of other
is
ACTH
function.
a 39 arnino acid peptide,the first 24 residues
peptidesof uncertain
of which arehighly conserved.Biological activity residesin the N-terminal region (I18); the C-terminal region is immunogenic. ACTH is releasedfrom POMC during
post-translational modification by enzymatic cleavage. Its secretion follows a
in
highest
the morning and lowest late at night. ACTH
early
circadian rhythm,
immediately,
the secretionof cortisol and corticosteronefrom the
stimulates,almost
zona fasciculata/reticularis. It also stimulates adrenal blood flow and, chronically,
promotes hypertrophy of the zona fasciculata. Acutely and in vitro, aldosterone
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secretionfrom the zona glomerulosais also enhanced.However, continuedACTH use
in vivo leadsto inhibition of secretionand eventualatrophyof the zone.
STRESS
ENDOGENOUSRHYTHMS

VE
HYPOTHALAMUS
CRH

VE
ANTERIOR PITUITARY
ACTH

ANTERIOR PITUITARY
POW
i

ZF
ADRENAL
F

ACTH

Figure 1.5a.The hypothalamic-pituitary-adrenal (HPA) system
ACTH's primary action is to increasecortisol secretionby activating its synthesis;
intra-adrenalstorageof cortisol is minimal (Dickermanet al. 1984,Hall 1985). At the
cellular level, ACTH acts on the zona fasciculata cells by binding to high-affinity
specific cell surface receptors on the plasma membrane, initiating a series of
intracellular secondmessengersystems. The adrenocorticalcell membraneis said to
possessapproximately 3600 ACTH-binding sites (Orth et al. 1992). Only a small
receptor occupancyis required to obtain a maximal steroidogenicresponse. ACTH
binding stimulates the guanine nucleotide binding protein, Gs, which stimulates
adenylate cyclase and the production of cAMP (Figure 1.5b). This intracellular
cyclic nucleotide then phosphorylatesa number of proteins and transcription factors
which leadsto the transcriptionof enzymesrequiredfor steroidhormonebiosynthesis.
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Adapted from The Adrenal Cortex. Ed. Vinson, Whitehouse and Hinson (1992).
For example, cholesterol ester desmolaseis phosphorylated directly and converts
From
fatty
free
these
to
cholesterol.
stores, cholesterol is then
cholesterol esters
transported to the, site of steroid hormone biosynthesis, the inner mitochondria
increases
ACTH
1.4).
(see
transcription and expressionof side
membrane
section
21-hydroxylase,
llp-hydroxylase,
17(x-hydroxylaseand
enzyme,
chain cleavage
adrenodoxingenesin vitro in bovine adrenocorticalcells and similarly, cAMP also
demonstratestheseeffects (Simpsonand Waterman1988). The mechanismby which
ACTH-dependentcAIVIP increasestranscription is discussedin depth later in this
section.
Chronic effects of ACTH include increasedsynthesisof the steroidogenicenzymes
(excluding aldosteronesynthase) as well as actions on cell growth (Hall 1985,
Simpson and Waterman 1988). Prolonged absenceof ACTH causes levels of
steroidogenicenzymesand RNA to fall in associationwith atrophy of the adrenal
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few
days
However,
these
over
a
period
of
a
when ACTH
effects are reversed
cortex.
is re-administered(Orth et al. 1992).
ACTH may also affect other secondmessengersystemssuch as intracellular calcium
[Ca2+]i. Extracellular Ca2+is required to promote hormone-receptorinteraction and
to maintain receptor occupancy(Haksar and Peron 1973, Cheitlin et al. 1985). The
influx
by
ACTH
stimulation
requires
an
of extracellular Ca2+
generationof cAMP
(Kojima et al. 1985)which inturn causesa rapid transientincreasein [Ca2+]i(Kojima
intracellular
1986).
The
these
mechanismsare discussedlater in this
effects of
et al.
section.

Angiotensin II (ANG-II)

is a pressor octapeptide and is the product of the renin

).
1.5.
Briefly, the enzyme renin is secreted from
(RAS)
(Figure
c
angiotensin system
juxtaglornerular
the
apparatus of the afferent glomerular arterioles
epitheloid cells of
in response to a decreasein intravascular volume or sodium levels. In the circulation,
it cleaves an inactive decapeptide, ANG-1, from an a2-globulin,

angiotensinogen,

which is of hepatic origin. Plasma and tissue angiotensin converting enzyme (ACE)
hydrolytically removes two further amino acid residues to release ANG-11. This has a
short half-life and is rapidly degraded by angiotensinases. Recent studies have shown
that complete RAS systems also exist in the brain, vasculature, adrenal cortex and

other tissues(Sarnani1994).

ANG-Il acts on target cells via specific membrane receptors. Two have been
identified, ATI and AT2. Most biological responsesare mediated through ATI
receptors.ZG cells respond via AT1 receptorswhich, on binding ligand, stimulate
phospholipase C (PLC) hydrolysis of phosphatidyl inositol biphosphate (PIP2),
generating diacyl glycerol (DAG) and inositol triphosphate (IP3) which releases
bound Ca2+from intracellular stores, thus increasing [Ca2+]i. Studies using the
technique of patch clamping or following the rate of K+ flow across the cell
membranehave shown that ANG-II also rapidly depolarisesthe ZG cell membrane.
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As a result, voltage-dependent-Ca2+
channelsopen. Since [Ca2+],massively exceeds
[C2+]i, there is a rapid influx which also contributesto the increasein[Ca2+],(Connor
et al. 1987, Shepherd1989).

BLOOD VOLUME OR
SODIUM
ýF+
A(11,

ANGIOTENSINOGEN

RENIN
Juxtaglomerular cells
KIDNEY
ANGIOTENSIN

I
of

Proximal renal
-I*Na+

ANGIOTENSIN

ACE
PLASMA/TISSUE
11

reabsorption
Growth
promoting effect
ALDOSTERONE
SECRETION

DIRECT PRESSOR
EFFECT

Fig 1.5c.The Renin-angiotensin system

ANG-II is a key regulator of sodium statusand extracellularvolume. It is perhapsnot
surprising,therefore,that sodium statusitself modulatesthe quantitative relationship
between ACTH, ANG-II or K+ with aldosterone.Thus infusion of ANG-II into
sodium deplete subjects produces higher increasesof aldosteronethan the same
amountof ANG-II than in sodium loadedsubjects(Oelkers et al. 1974,Gordon ct al.
1980). The oppositeis true for pressorsensitivty to ANG-11. The mechanismof this
modulation has been the subject of much researchbut has yet to be satisfactorily
resolved. The ANG-II receptoris up-regulatedin the kidney in responseto Na+ but
this is not the casein the adrenal(Aguilera and Catt 1978a).
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1.5.3Potassium

Cells of the ZG are extremely sensitive to changesin extracellular K+. Increased
extracellular Ký levels increasealdosteronesecretion (Muller 1987) which in turn
facilitates renal potassium excretion thus, controlling body potasssium balance.
Potassium, like sodium, can modify response to other agonists. High dietary
while low potassiunireducesthe response
potassiumintake enhancesresponsiveness,
(Dluhy et al. 1972). In the rat, Northern blotting showed that adrenal aldosterone
synthasemRNA levels increased some 5 to 6 fold following dietary potassium
supplementationand sodiumrestriction (Tremblay et al. 1992). Rat 11P-hydroxylase
by
dietary
levels
these
altered
changeswhich is consistent with
mRNA
were not
unchangedcortisol levels. Captopril, an inhibitor of angiotensinconverting enzyme
(ACE), significantly decreasedthe level of aldosteronesynthasemessageinducedby
these monovalent cation changes, indicating that these effects require ANG-11
production (Tremblay et al. 1992).
1.5.4Potassium activates Calciuuchannels
In rat ZG cells in vitro, an increasein extracellularK+ of as little as 0.5 mM produces
an increasein cytoplasmic [Ca2+]i (Pralong et al. 1992) underlining the extreme
sensitivity to K+. This increase in [Ca2+]ioccurs by the activation of voltagedependentCa2+ channels (VDCC's) (Cohen et al. 1988, Durroux et al. 1988).
VDDC's in thesecells are mostly of the T-type (Vamai et al. 1995) but there have
alsobeenreportsof L-type channels(Durroux et al. 1988,Varnai et al. 1995). T-type
channelsare low activation threshold (-69mV) , transient, rapid activation channels
whereasL-type are high threshold (4OmV) with larger Ca2+conductance(Vamai et
al. 1995). The T-type channelin rat ZG cells is activatedevenby raising extracellular
[Ký] by an incrementnot exceedingthe physiological range. Tbus it is possible that
theseT-channelsor a sub-typedo not require membranedepolarisationfor activation
which suggeststhe occurrenceof a non-voltage-operatedCa2+influx (Vamai et al.
1995). Further channel subtypes are receptor-operated and second-messenger
operated.ZG cells have a Ký activated, C2+ permeablechannel possessinga Ký
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binding site (Pardoet al. 1992). Variations in extracellular [Ký] thereforemodify the
in
[C2+]i
(see
figure
to
influx
Ca2+
through
alter
order
a
of
channels
variety
rate of
of
1.5d ).
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Figure 1.5d. Calcium channels and routes of entry
Adapted from Heist and Schulman (1998).

More and more endogenousligands are joining the list of control factors exerting
effectson aldosteronesecretion.A few of the well-known onesare shownin table 1.5
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CONTROL

REFERENCE

RECEPTOR/

EFFECT

MECHANISM

FACTORS
Atrial natriuretic:

Inhibitory

ANP Receptor

Goodfriend

peptide

Wdosterone

ýpregnenolone

et al 1984

Adrenaline,

Stimulatory

0-adrenergic

Noradrenaline

TAIdosterone

Acetylcholine

Stimulatory

De Lean
et al.1984

receptors
Muscarinic

TAIdosterone

Hadjan. 1981

receptors
Holzwarth et al.1984

Synergiseswith

Vasoactive

Stimulatory

intestinalpeptide

TAIdosterone

Dopamine

Inhibitory

Tonic inhibition

Norbiato et al. 1977,

ýAldosterone

via DA receptor

Dunn et al. 1981,

ACTH

Connell et al 1987
Adrenomedullin

Receptormediated

Inhibitory
lAldosterone

Mozzochi et al. 1996
I

Table 1.5. Table showing effectsof severalcontrol factorson aldosteronesecretion.
Thus, agonists of the adrenal cortex have certain common effects on intracellular
secondmessengersystems.From the point of view of eventual translation of these
is
it
into
now necessaryto consider what changes
activity,
changes
altered enzyme
It
be
transcription.
these
on
gene
would
expectedthat the
evoke
eachof
messengers
indirectly
interact
directly
or
within specific control siteson
secondmessengerwould
the genepromoter.Thesearediscussedin the following sections.

ACTH, but not ANG-II or potassium, stimulates levels of cAMP. As a second
messenger, cAMP results in the phosphorylation of a variety of proteins required for

transcriptionof genesinvolved in adrenalsteroidogenesis.It activatesprotein kinase
A (PKA) which uses ATP to phosphorylate a number of proteins and increases
nuclear mRNA production of a number of ACTH-dependent genes (Daniel et al.
1998). Phosphoprotein.
phosphatases(PP1 and/or PP2) are also required to maintain
steroidogenicresponsesto ACTH and cAMP in rat ZG cells (Sayed et al. 1997).
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These enzymesdephosphorylatephosphoproteinsand recent evidence suggeststhat
they may be involved in the regulation of the activity of a phosphoproteinwhich acts
beforePKA activation(Sayedet al. 1997). Activation of the PKA pathway in H295R
cells (a human adrenal cell line) using an exogenousactivator of this pathway,
dibutyryl cAMT or forskolin, preferentially increasesmRNA levels of CYP11131
which suggeststhat ACTH may act through this pathway to increase CYPIIBI
transcription(Denneret al. 1996).
Levels of StAR (see section 1.4) mRNA and StAR protein are increasedby cAMP
through increasesin the rate of transcription also mediatedby PKA phosphorylation
(Clark et al. 1995, Kiriakidou et al. 1996). More recently, northern and western
blotting showedthat administrationof ACTH to hamstersin vivo causeda 2- to 3fold increasein StAR mRNA and a 1.5-fold increasein StAR protein respectively, 1
hour post-treatment(Fleury et al. 1998). This small mammal is a good model for
studying the in vivo effects of ACTH because,like man, cortisol is the major
glucocorticoid(LeHoux et al. 1992).
cAMP regulates the expression of specific genes by mediating the PKA-dependent
phosphorylation of cAMP-responsive element binding protein (CREB) transcription
factor (Gonzalez et al. 1989) see flgure 1.5e. It interacts directly with CREB in the
cytosol of adrenocortical cells. This protein forms part of a cAMP -dependent protein
kinase. CREB then binds CPB (CREB binding protein) and this complex then
interacts directly with genes such as the CYP 11B1 and CYP II B2 which have a CRE
(cAMP responsive element) (see section 1.6) in their control regions.

Recently,

ANG-II and Ký have been shown to regulate human CYP II B2 transcription in H295R
cells through common steroidogenic factor-I (SF-1) and CRE-like cis-elements, thus
providing a plausible molecular mechanism by which these physiological regulators
may combine to control aldosterone production (Clyne et al. 1997). cAMP activation
of PKA preferentially activates gene transcription of CYPllB1
in vitro (Denner et al. 1996).
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activation of
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genes by CREB
Adapted from Hardingham
et al (1998)

Steroldogenic factor I (SF-1), also known as adrenal 4-binding protein (Ad4BP), is a
major regulator of tissue specific expression of

the cytochrome P450 steroid

hydroxylase enzymes of the adrenal cortex and the gonads (Lala et al. 1992,
Morohashi et al. 1992). It is thought to be activated by PKA phosphorylation (Pon et
SFfrom
I
human, bovine,
hormone
is
SF-I
1986).
and
cDNAs
receptor
a nuclear
al.
known
functional
importance
of
with other
rat and mouse share conserved regions
SF-I
(Evans
1988).
this
cDNA is highly homologous with
members of
superfarnily
known transcription factors: embryonal long terminal repeat-binding protein (ELP)
from mouse embryonal carcinoma cells (Tsukiyarna et al, 1992) and fushi tarazu
factor- I (FTZ F I), a Drosophila orphan nuclear receptor (Ueda et al. 1990, Lavorgna
et al. 1991) which are involved in retroviral expression and developmental regulation
fingers
domains
functional
two
These
of
consist
zinc
which mediate
respectively.
DNA binding, an AF-2 transactivation domain at the carboxy terminus, a proline -rich
domain which is thought to mediate transactivation and also a consensus site for PKA
phosphorylation in response to cAMP.

The mechanism by which SF-I exerts its

regulatory effects on gene transcription is not known. However, in a recent study, SFI has been shown to mediate cAMP and phorbol ester upregulation of some
human
3P-HSD
directly(Bakke
bovine
&
P45017
as
and
steroldogenic enzymes, such
Lund 1995, Leers-Suchetat et al 1997). The efficiency with which SF-1 activates
transcription is increased upon binding 25-OH-cholesterol (Lala et al. 1997).
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Recentlyan interactionbetweenCREB and SF-I hasbeendemonstratedin the control
of bovine CYP11A, CYPIIB and aromatasegene transcription (Morohashi et al.
1993, Michael et al. 1997). This interaction may mediate cAMP-dependentgene
activation or SF-I may exert a direct effect on the CREB-binding protein itself
(Smith et al. 1996).

1.5.7Effects of Calcium as an intraceIlular messenger
The routesby which Ca2+entersthe cell are shownin figure 1.5d.
ANG-II and extracellular K+ induce aldosteronesecretionby increasing [Ca2+]ivia
signal transductionmechanisms (Spat et al. 1991, Ganguly et al. 1994). A recent
studyhas shownthat a sustainedincrease [Ca2+]iincreasesthe levels of mitochondrial
NADPH, ATP and GTP in ZG cells stimulated with ANG-Il or Ký. This may
contributeto increasedhormoneproduction(Rochaset al. 1997)by increasingthe rate
of steroidhydroxylation (Rochaset al. 1997). As well as ANG-II and Ký stimulation
of aldosteroneproduction, C2+ has been implicated in the mechanism of ACTH
stimulation of cortisol synthesis(Davieset al. 1985).
There is increasingevidencethat the calcium-signallingpathway can directly utilize
CREs to increasetranscription via the calcium/calmodulin-dependentprotein kinase
pathway by phosphorylationof CREB (Schwaningeret al. 1993, Eckert et al. 1993,
Gonzalez.et al. 1989, Lee et al. 1990, Sun. et al. 1996). Ca2+binds to calmodulin
(CaM). Stimulation of adrenocorticalcells with ACTH increaseslevels of CaM in ZF
nucleii (Harper et al. 1980), a changeassociatedwith the phosphorylationof CREB
(Deisseroth et al. 1998). The Ca2+/CaM complex then activates a series of
Ca2+/cahnodulin-dependent
protein kinases(1,11or IV) which mediate the action of
many other agonistswhich also elevate[Ca2+]i(Hansonet al. 1992,Braun et al. 1995,
Schulmanet al. 1998). Thesekinasesactivate a number of nuclear proteins such as
transcriptionfactorsand other DNA-binding proteins(Heist and Schulman1998).
CaMkinasesI and IV phosphorylateCREB at serine 133 (Sun et al. 1996) which
increasestranscriptionalactivation by CREB of geneswith CREs (Krebs and Beavo
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1979) CaMkinaseII phosphorylatesCREB serinesat positions 133 and 142 causing
inactivation (Sun et al. 1994,Sun and Maurer 1995). CaMkinaseIV, once activated
by C2+lCaM complexes, can phosphorylate CREB with similar kinetics

to

CaM
kinase
The
CBP
1995).
(Enslen
by
PKA
cascade
activates
al.
et
phosphorylation
which then binds CREB and associatesas a complex with CRE elementson gene
kinases
CaM
The
CRE-dependent
transcription.
to
are expressed
promoters activate
in adrenocortical cells and appear to be involved in the acute stimulation of
1995,
Clyne
1990,
Fem
1995,
(Papadopolous
al
et
al.
et
al
et
aldosteroneproduction
Pezzi et al.1996)(seefigure 1.5e).
Evidence for possible involvement of this pathway in ACTH-induced StAR
from
ZF
(Nishikawa
has
been
adrenal
of
cultured
cells
studies
et
expression
obtained
al 1997). It is known that cAMP and protein kinase C -dependentprocessesplay a
crucial role in the regulation of expressionof StAR protein when bovine cells are
increases
ACTH
in
bovine
ZF
by
ACTH.
Also
cells,
cytosolic [Ca2+]and
stimulated
activatesStAR expressionwith a resultantincreasein cortisol production (seesection
1.3). Pre-treatmentwith a specific inhibitor of CaM kinase 11,KN-93, inhibited the
stimulatory effects of ACTH on both StAR and cortisol production. This suggests
that ACTH can enhance StAR expression and cortisol not only through cAMP
mechanismsbut also via the calcium/calmodulindependentpathway (Nishikawa et al.
1997).

Activated CaM has a variety of other functions such as binding and activation of
binding
RNA
involved
in
RNA-processing
or
splicing,
proteins
proteins and nuclear
findings
further
1998).
These
(Agell
al.
suggestthe existanceof
ribosomalproteins
et
cross-talkmechanismsbetweenintracellular messengerpathways.

It is well known that CYP11B1 expressionin the adrenalcortex is restrictedlargely to
the ZF and CYPIIB2 is expressedexclusively in the ZG cells. The reasonfor this
zone-specific expression and tight regulation within the adrenal cortex remains
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involvement
data
have
described
Some
the
of activatedprotein
controversial.
recent
(AP-1) transcriptionfactor in the zone-specificexpressionof CYPI 1131.
The immediateearly genessuch as c-fos can be activatedby Ca2+,cAMP, DAG and
other secondmessengers(Morgan et al.1991, Ghosh et al. 1995). Their promoters
have CRE sequences,the regulation of which involves Ca2+activation of CREB
(Shenget al. 1990). The productsof the immediateearly genesFos and Jun produce
jun (c-jun, junB, junD) and fos (c-fos, fosB, Fra-1, Fra-2) family proteins.
Homodimer or heterodimer complexes between jun and fos members which then
function as a transcription factor known as activated protein (AP-1) transcription
factor. AP-1 transcription factor binds a regulatory element AP-I in the promoter
region of target genes. The human CYPllB1 gene promoter has two sequence
elementssimilar to the consensussequencefor binding AP-1 (Kawamoto et al 1990).
The exactrole of theseelementsin humanCYPIIBI transcriptionis not yet known.
A recent study in ZF cells from rat adrenalcortex showedthat an AP-I transcription
factor is found only in ZF cells of the adrenalcortex (Mukai et al. 1995). It binds to a
regulatoryelementof the rat CYPIIBI promoter,an AP- I binding site responsiblefor
transcriptionalactivation of CYP11B1 in responseto ACTH or cAMP (Mukai et al.
1995).
The combinationof AP-I dimers in responseto ACTH and cAMP induction hasbeen
studied in rat ZF cells (Mukai et al. 1998). These cells constitutively expressbasal
levels of jun and fos family members: c-jun, JunB and Fra-2. ACTH or cAMP
induction increasesc-jun to 3-times the basal level and also causea rapid transient
increase in junB and c-fos (Mukai et aL 1998). Heterodinier protein complex
combinationsall bind to the AP- I elementwith similar strengths(Mukai et al. 1998).
To determine which heterodimers mimicked the transcriptional activation of
CYPIIBI by ACTII and cAMP, genesencodingthe various early geneproteinswere
cotransfectedinto cells (Mukai et al. 1998). Combinationsof c-jun and c-fos genes
dramatically increased transactivation of

the CYPHBI

synergistically. In non-stimulatedcells, heterodimer AM

gene and worked

complexes are different

from complexesseenin cells exposedto ACTH or cAMP (Mukai et al. 1998). This
suggests that ACTH or cAMP regulate CYPIIBI
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transcription by inducing a

particular subsetof theseproteins that mediatezone-specificexpressionof CYPIIBI
in ZF cells in the rat. The activation of theseproteins may involve the cAMP/PKA
pathway(Mukai et al. 1998). WhetherANG-II regulatesZG cells in a similar manner
is not known but recentdata show that ANG-11in ZF cells, in vitro, causeda different
pattern of stimulation of fos and jun complexes comparedto ACTH (Viard et al.
1992). Thus, in normal ZF cells ACTH and ANG-II regulate these compnonents
differently which may account for differences in action of ACTH and ANG-II on
differentiated adrenalcell function (Viard et al. 1992). Whether ANG-II induces a
particular subsetof transcription factors exclusive to the ZG which regulateszone
specific expressionof CYPII B2 is not known. Moreover, whether finding in animals
are applicable to man is uncertain. However, the human CYPI1BI promoter does
have two AP-1 binding sites which may be involved in transcription of this gene in
the ZF (seesection 1.4)
1.5.9 Summa

In summary,ACTH, ANG-II and Ký stimulate cAMP and Ca2+levels respectively
within the cell. Thesesecondmessengersactivate a seriesof intracellular pathways
which ultimately switch on gene transcription and hence control cortisol and
aldosteroneproduction.
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The previous section discussedthe mechanismsby which ACTH, ANG-II and K+
control cortisol and aldosterone secretion respectively and the intracellular
mechanismswhich lead to transcription of those genesrequired for steroid hormone
biosynthesis.In this section,the structureof the genesencoding 11P-hydroxylaseand
discussed.
be
aldosteronesynthasewill
110-Hydroxylase and aldosterone synthase are encoded by the

CYPlIBI

and

CYPlIB2 genesrespectively and lie in tandem on chromosome8q2l-22 in man
(Chua et al 1987,Momet et al 1989,Wagner et al 1991). Studiesof large restriction
fragmentsseparatedby pulse field electrophoresissuggestthat the two genesare only
approximately40kb apart (Lifton et al. 1992a,Pascoeet al. 1992a). This arrangement
is also known to exist in the mousewhere CYPII B2 lies on the left if the genesare
shown being transcribed right to left (Domalik et al. 1991). In man, no genomic
clones have been identified which have the genesin this arrangementbut studiesof
patients with congenital hypoaldosteronismdue to aldosteronesynthasedeficiency
(corticosterone methyloxidase II deficiency) (Pascoe et al. 1992b) or with
hyperaldosteronism
(see
section 1.8) suggest that a
glucocorticoid-suppressible
similar arrangementexists. Each gene spansapproximately 7Kb of genomic DNA
and is composedof 9 exonsand 8 introns (seeflgure 1.6 a)
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Figure 1.6a Exonic-intronic arrangement of CYPIlBl/1132 genes
(not to scale) >8000bp

The coding region nucleotide sequenceof their exons is 95% identical and their
intronic regions share90% identity. The putative proteins encodedare composedof
503 amino acids including a 23 amino-acid signal peptide (Kawamoto et al. 1992).
Their amino acid sequencesshare93% identity. Due to sequencesimilarities, these
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genes have been assignedto a specific sub-group of the cytochrome P450 gene
superfamily (Nelson et al. 1993). CYPI IA, the gene encoding side chain cleavage
enzymehas a similar arrangementof exons and introns and the protein shares36%
identity with aldosteronesynthaseand II P-hydroxylase(Morohashi et al. 1987).
The 5' LJTR(promoter)regions of the CYPIIBI and B2 genesshareleast homology,
presumablydue to differences in transcriptional regulation of these genes. In both
genes, the TATA box (GATAAAA) lies at position -35 to -29 upstream of the
transcription initiation site. Binding sites for transcription factors such as CREB, SFI and AP-I (seesection 1.5) which switch on genetranscriptionhave beenidentified.
The cANIP-responsiveelement (CRE) is a palindromic sequence (TGACGTA)
upstreamof the TATA box which binds cAMP-responsiveelement binding protein
(CREB). The promoterregionsof the CYPI lB1 and B2 genesare shown in (Figure
1.6 b).

C:: ) CRE
4C::ý SF- I
0
AP-I(CYPIIBI)orAP-2(CYPlIB2)

-2015
-1521
HumanCYPlIB2 promoter

413

-864

-221

t

Human CYPI IBI promoter,

U
460

-'1324

-65

-1'093

.

-ý05

-294

1'05
.

ý7

Figure 1.6b promoter regions of human CYPI I Bl and CYPI I B2 genes

Sequenceanalysis of the CYPI.IB I promoter revealeda CRE at position
to
-71 -64
and two AP-I elementsat -383 to -377 and -139 to -133 (Kawamotoet al. 1990).
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In vitro expressionstudies of the CYPllB1 promoter where successivedeletions
CRE
demonstrated
transcription
through
the
have
that
regulates
cAMP
were made
(Kawamoto et al. 1990) (Figure 1.6c). Promoterconstructsfused to a CAT reporter
genewere expressedin Y-1 cells, a mouseadrenalcortex turnour cell-line, and tested
for their responseto 8-bromo-cAMP, a cAMP analogue. The 5' flanking region of
up to -1324 had promoter activity but deletion up to -1094 increased
activity 4-fold. This suggeststhat a negativecis elementsuppressingtranscription is

CYPIIBI

present in the region deleted. Constructs deleted further to -761 caused a marked
decreasein activity, suggestingthat the region between-1094 and -761 is requiredfor
full promoter activity. Deletion to -506, -295, -105 and -47 progressivelydecreased
activity further (Kawarnoto et al.1990). These results suggestthat there are several
in
from
for
full
the
to
region
elements
necessary
positive cis acting
-1094
-47
promoter activity (see figure 1.6c). From these experiments,the CRE and the two
AP- I binding sites identified are essentialfor CYP11BI promoter activity and other
positive regulatory elementspresent in the region -1093 to -506 are also required.
Recent evidence has shown transcriptional activation of CYP1lB1 by AP-1
transcription factors in responseto ACTH and cAMP in rat, ovine and bovine ZF
cells. Theseare thought to mediatezone-specificexpression(seesection 1.5).

CYPIIBI. and CYPIIB2 differ in the control of their expressionand consequently
differ most at the structural level at their control regions.
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in
but
CYPHB2
is
from
to
not
long
A
present
palindromic sequence
-1734 -1001
CYPllBI (Kawamoto et al. 1992). According to Kawarnoto et al (1992), 8-bromo
between
the
differs
the
two
of
genes
when
regions
cAMP-responsivepromoter ability
to
CAT
The
deleted.
was
used
measure
system
expression
respectivepromoter are
CAT
Expression
in
Y-1
construct containing up
in
a
of
cells.
promoter activty vitro
8-bromo
did
to
CYP
1
IB2
flanking
cAMP.
5'
respond
not
to -2015 of the
region of
Progressivedeletionto -1490, -654 or -373 also did not respond but deletion up to
8-bromo
basal
to
by
increased
response
promoter
a
small
producing
expression
-64
inhibits
the
to
of
the
activity
This
that
promoter
region
suggested
cAMP.
-65
-2015
CYPII B2 (Kawarnotoet al. 1992)whereas,in CYPIIB1, a large section- 1093to -47
1990)(see
(Kawamoto
increase
et
al,
activity
promoter
contains elements which
figure 1.6d)
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Figure 1.6 d CYP11B2 promoter constructs

++

However, results conflicting with those of Kawamoto have recently been reported
lines
In
different
due
have
been
this second
to
the
cell
used.
the
although conflict may
by
ANG-II
Ký
through
human
CYPllB2
and
stimulated
was
expression
study,
in
Concentrations
Ký
1997).
(Clyne
this study
of
used
et al.
common cis-elements
were much higher than the physiological range and therefore one must considerthat
the effects observedby this stimulus in vitro are not representativeof the in vivo
identified
CRE
flanking
5'
Analysis
the
a
at position -71 to -64
region
of
situtation.
(TGACGTGA) and an SF-I binding site at -129 to -114 (CTCCAGCCT).
Electrophoreticmobility shift assaysdemonstratedthat the - 129 to - 114 elementcould
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bind SF-I. Promoterdeletion constructsshowedthat the first 2015 bp of 5' flanking
region was sufficient to direct basal reporter gene transcription when expressedin
H295R cells (human adrenaltumour cell-line). Progressivedeletions, -1521, -864, 413 to -221 retained similar basal activity but deletion to -65 reduced promoter
activity to 15%. Theseresults indicate that there are DNA sequencesbetween-221
and -65 which are essentialfor basal CYPII B2 gene expression(Clyne et al.1997)
(seeflgure 1.6e).

Basal

ANG-11

-2015

K+

(BU)2

cAMP

++

-1521

+++
-864

1
-413

Clyne et al. 1997
H295R cells

+4-

++

-221
-65

000

0

Figure 1.6 e CYPllB2 promoter constructs

When cells transfectedwith the constructcontaining the 2015bp 5'flanking region of
CYPII B2 were treatedwith ANG-II or Ký, the basal activity was increased5.5 and
4.5 fold respectively. Deletion mutantsup to -221 retained this augmentedresponse
to ANG-II and W' but deletion up to -65 completely abolished ANG-II or W
induction (Clyne et al. 1997).
Another analogueof cAMP, (Bu)2cAMP, was usedto test the efficiency of promoter
constructs. The full promoter construct activity increasedby 13 times basal level
whereas deletion to -864 reduced the responseby 50-60% and deletion to -65
completely abolishedthe response(Clyne et al 1997). This suggeststhat there are
CRE's in the region between-2015 to
between
and
-864
-864 and -221 which are
required for full promoter activity in responseto cAMP (Clyne et al 1997). These
findings are also in conflict with those of Kawamoto et al (1992) who suggestedthat
the region -2015 to -65 repressedpromoter activity but this may again be due to the
different cell lines in which they were expressed.It is possiblethat cAMP stimulates
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inducesdifferent sub-setsof regulatory proteins in the two cell-lines which have very
different consequences.
Thesefindings collectively show that the -221 to -65 region
for
basal
C2+
is
CYPIIB2
the
and
cAMPand
essential
promoter
of
-induced
transcription.

DNasel footprinting analysis was performed using H295R cell nuclear extracts to
identify protein binding sites within the promoter. The -129/-114 element binds SF-I
and is required for full basal and agonist-induced reporter activity and the -71/-64
by
increased
for
induction
[C2+]i
(Clyne et
is
CREB
binds
and necesssary
element
al. 1997). Mutation of the CRE -71/-64 reduced basal activity to 50% and drastically
decreased induction by ANG-Il, Ký and cAMP. Thus, this CRE is required not only
for response to cAMP but also to increased [Ca2+]i. This element itself, however, is
SF-1-129/-114
deletion
further
for
full
basal
the
of
as
element
activity
not sufficient
reduced this activty.

Therefore, it follows that CYPI 1B2 promoter activty requires

the interaction of the CRE and SF-I binding sites for full transcriptional activity
(Clyne et al. 1997). These results once again contradict the findings of Kawarnoto et
differing
due
be
differences
(1992);
to
the
these
cell-lines utilised. From
may
al
from
SF-I
of
sequences
other
species,
another
site at position -351/studies
alignment
343 has been identified in the human CYPIIB2 promoter. Deletion studies have,
however, ruled out a functional role for this site even though it binds SF-I tightly
(Clyne et al. 1997). SF-I sites also bind another factor called chicken ovalbumin
upstream promoter transcription factor (COUP-TF).

Like SF-I, this factor is an

in
SF-1
Two
the CYP II B2 promoter which
additional
sites
orphan nuclear receptor.
bind COUP-TF in H295R cells were identified (Clyne et al. 1997). In the bovine
CYP17 promoter, COUP-TF competes with SF-I for the binding site. Possibly
COUP-TF functions in this way to repress transcription (Lund et al. 1995). Whether
COUP-TF is a repressor or activator of human CYP 11B2 transcription is not known.

and B2 consist of a9 exon structural component and a
interaction
for
contains
specific
sites
with known transcription
promoterregion which
In summary, CYPIIBI

factorswhich are essentialfor both basaland agonist-stimulatedactivity.
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Two polymorphismshave beenidentified in the human CYPI lB2 gene.The first is a
polymorphism in the consensussequencefor the SF-1 binding site at position -351/343 and the second is a gene conversion in intron 2. The SF-1 binding site
in
binding
SF-l
involves
the
site
putative
a
substitution
polymorphism
-344C/T
(White et al. 1995). In functional studies,the -344C allele binds SF-1 4 times more
Deletion
1995).
the
(White
of
the
constructs
than
et
al
allele
strongly
-344T
CYP11B2 promoter show that this SF-1 site has no apparentfunctional importancein
is
1997).
It
(Clyne
therefore unlikely that the -344C allele
et
al
activity
promoter
in
CYP
11
B2
The
in
increases
this
transcription
subjects
carrying
of
allele.
causes
intronic conversion,also identified in the human CYPllB2 gene, has almost all of
intron 2 replacedwith that of CYPlIBI (White et al. 1995). The -344T and the
intronic conversion are in linkage disequilibrium.
Studies of these two biallelic polymorphisms have been performed in hypertensive
Benetos
1997,
in
1998,
Davies
(Brand
et
al.
al.
et
al.
et
and control populations
intronic
in
higher
hypertensive
frequency
There
the
the
a
conversion
of
was
press).
in
in
frequency
There
(Davies
no
change
al.
was
et
press).
observed
population
betweenthe two groups in studiesby Benetos(1997) and Brand (1998). There was a
SF-1
hypertension
the
the
of
site
with
allele
essential
of
association
significant
-344T
(Brand et al 1998, Davies et al. in press).Benetoset al (1997) found an association
levels.
increased
In
486
from
the
aldosterone
plasma
subjects
allele
and
with
-344C
the North Glasgow MONICA normotensivepopulation, subjectswith the SF-1 -344
TT or TC genotypehad significantly higher excretion rates of tetrahydroaldosterone
(the excretory product of aldosteronefound in urine) (Davies et al. in press). In
agreementwith the other studies,the intronic conversionshowedno associationwith
hypertensionor urinary excretion rate of aldosterone(Davies et al. in press).Thus a
possible intermediatephenotypehas been identified on the basis of higher urinary
aldosteroneexcretion in subjects bearing the allele which is overrepresentedin
patients with essential hypertension. Aldosterone rate, together with

TT/CT

genotype,may thus be linked to raisedblood pressure.In a different study, the -344C
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allele was shownto be associatedwith higher plasmaaldosterone(Pojoga et al. 1998,
Benetos et al. 1997). The
has
been
be
to
allele
also
shown
a predictor of
-344C
increasedleft ventricular mass(Kupari et al. 1998).
From thesestudies,it is apparentthat there is considerabledisagreementover which
allele is important and is associatedwith hypertension. One would expect the same
allele to be associatedwith increasesin blood pressure,increasedplasma aldosterone
or increasedurinary aldosteroneas well as increasedleft ventricular massbut this is
not the case. It is possible that, due to the small number of studies, that the
observationsare a consequenceof type II statistical error. In a recent linkage study,
the CYP11132was not significantly associatedwith hypertension. Similar studies
from other populations are required to establish whether this locus is a usefill or
reliable marker for hypertension. Further studies are also required to define the
precisenatureof the intermediatephenotypeand the physiological implications of this
association.
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1.7 Protein structur
The exact structure of mammalian cytochrome P450 enzymes are unknown but
have
been
bacterial
P450
crystallised and their
enzymes
simpler
cytochrome
structuresdetermined.Theseprovide the basic and core structureon which modelling
of human and other cytochrome P450s can be performed. Specific enzyme
architecturedeterminesindividual activities and substratespecificity. The following
sectionsdescribethe protein structureand how its featuresaccount for the catalytic
properties.

1.7.1Bacterial/microsomal P450 structur
The high resolution crystal structure of camphor mono-oxygenase (P450c. from
"')
Pseudomonas putida was determined in 1987 (Poulos et al. 1987). In depth
biochemical and biophysical studies followed and it is this structure which has
become the model for the study of all other cytochrome P450s. Various techniques
were used to investigate the relation of structure to function including studies of
various inhibitor/substrate complexes and recombinant expression utilising

site-

directed mutagenesis. Both techniques have identified domains and key residues of
structural and functional importance. Residues essential for and characteristic

of

cytochrome P450 structure have been shown by sequencecomparison to be absolutely
conserved in all cytochrome P450s and will be discussed in detail. More recently,
other prokaryotic P450 enzyme crystal structures have been determined: microsomal
P450BM3(Ravichandrin et al. 1993), P450t.

(Hasemann et al. 1994) and most

recently P450MF (Cupp-Vickery et al. 1994). Comparison of these structures has
identified similar secondary and tertiary structure and key functional regions
(Hasemann et al. 1995). These are discussed below.

1.7.2 Protein topology: appearance.
Despite low sequence identity (less than 20%), the overall folding patterns and
topology of cytochrome P450s are very similar. From this information, it is probable
that all P450 enzymes, including membrane-bound enzymes such as human 110hydroxylase and alclosterone synthase, have a conserved tertiary structure. The
polypeptide chain is composed of an cc-helical (A-L) rich region (cc-domain) towards
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the C-terminal end and a P-sheetrich region (P-domain)towards the N-terminal end.
The long cc-helicesand P-sheetslie in a plane parallel to the plane of the haem, thus
inner
forms
C-terminal
The
flat,
the
triangular
portion
molecule.
producing a
shaped
core of the moleculewith helices I and L bracketing either side of the haem; any Pstructurein the C-terminal portion is towardsthe surfaceof the molecule (Figure 1.7
of P450,,,,).

HELICES
37-45
A
67-79
B
108-121
C
123-143
D
149-156
E
176-185
F
192-205
G
218-225
H
234-267
1
268-276
J
282-292
K
359-378
L

P-sheets
1 56-62
2 226-233
3 296-301
315-320
4 305-312
5 390-400

Taken from FEBS (Suppl.) Cytochrome P450 systems: from structure to
application. Bernhardt 1998: L13.
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Comparisonof P450c

P450BM3

important
for
has
P450tep
regions
and
revealed

their structureand function.
(a). Haem-binding

W

P450 enzymes have haem groups and use iron-oxo intermediates for oxidative
in
(see
haem
1.4).
Helices
the
section
reactions
are arrangedaround
an orientationthat
leavesa cavity enablingthe substrateto bind to the oxyferryl centrein the heart of the
molecule. The haem containing domain and the region surrounding it are well
conservedand include the central 1-helix,the cys pocket (seebelow), the L-helix and
the J-helix (Hasemann et al. 1995). The haem.is maintained in a hydrophobic
environmentdue to the conservationof no-polarresiuesin this region.
The eyspocket.
A cysteineresidueat position 357 (P450,.,,,numbering)which is absolutelyconserved
in all P450 enzymesforms the 5th ligand to the haemprostheticgroup and is found at
the N-terminus of the L-helix. The haem iron is covalently bound to the cysteine
throughthe sulphur atom in the cys pocket, loop or P-bulge. In P450,., residues350400 form the cys ligand loop. Lying closest to the haem, this is the most highly
conservedregion betweenall P450 enzymes.The P-bulge, which forms part of the
loop, createsa hydrophobicenvironmentor pocket aroundthe cys ligand. This region
is hydrophobicwhich is requiredto maintain the anionic fonn of the sulphur ligand in
the cys pocket on which the redox potential of the haem im and substratebinding
depend(Kassneret al. 1973).
Propionate co-ordinaflon
The haern has propionategroups(seetable 1.7b) which interact with residuesof the
protein holding the haernin a specific orientation (termed propionate co-ordination)
which influencesthe redox potential of the haerniron (Gunner 1991,Mathews 1985).
These residues are polar or charged (see table 1.7b) (Hasemannet al 1995). In
P450t., two residuesare found at the amino terminal end of the C-helix, anotherin
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PI-4 and another in the cys pocket (Hasemannet al. 1995). These residues are
Hisl 10, ArgI 14, Arg319 and His375 respectively.In P450BM3,
residue319 is a lysine
but this residue is chemically similar to arginine and therefore still maintains the
environmentrequiredto stabilisethe haemA-ring propionate(Hasemannet al. 1995).
Other amino acids occupy this position in other P450 enzymesbut their properties
must be such as to still maintain the polar environment. However, there may be
important exceptions.For example,the residueswhich interact with propionatesin
P450scchave been identified as Arg 357 and Arg 421 (Vijayakamur and Salerno
1992). Only two residuesare involved, eachforming two bonds.From the secondary
structureprediction, 357 lies in P-sheet3 andpresumably421 is within the cys pocket
(Vijayakamur and Salemo 1992) which suggeststhat residues forming propionate
bonds are not located in exactly the same regions in all P450 enzymes. This
information is relevant to 11P-hydroxylaseand aldosteronesynthaseas arginine
residue(R448) in theseenzymesis thought to be involved in haembinding (VAlite et
al. 1991)(seesection 1.8).
The Meander and ERR-tr*ad
The meanderis a region of the K-helix and the cys pocket which has neither a-helices
nor P-sheetconfiguration. The ERR-triad is three residues,Glu-Arg-Arg, which are
conserved.The first two residuesof the triad are invariant and found in the K-helix of
all P450swhereasthe third residuecan be Arg, His or Asn (Hasemarmet al. 1995).
The ERR triad forms a set of salt bridges.As a consequencethe third residue of the
triad can form H-bonds with camohyl oxygens. These bonds produce a highly
conserved3-D structure, establishing a folding motif which holds the cys pocket
firmly in place and provides a stable associationbetween haern and protein. This
network of H-bonds connectsthe haernto the K-helix. The location of the meander
suggeststhat it may be involved in redox-partner interaction, for example with
adrenodoxin(seelater).

Substrate binding re2ion
The substratebinding regionsexibit most diversity. Gotoh et al (1992) proposed,from
analysisof CYP2 family proteins,that all eukaryoticP450 enzymeshave six regions
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involved in substraterecognition. These regions or substraterecognition sequences
(SRS)are describedbelow:
SRS1

B'helix

SRS2

Carboxyterminal of F helix

SRS3

Amino terminal of G helix

SRS4

CentralI helix

SRS5

P6-1 and P1-4 (P6-1 is presentin somebut not all P450
structures)

SRS6

P4

SRSI varies most betweenP450 enzymes,probably due to amino acid insertions at
both ends.Residueswhich alter substratespecificity have been identified in the turn
betweenB'-C helices in a variety of enzymes(Matsungaet al. 1990, Lindberg et al.
1989,Kronbach et al. 1989,Halpert et al. 1993).-Severalamino acids of the F-helix
(SRS2) have been identified as substratecontact points in a number of enzymes
(Lindberg et al. 1989, Iwasaki et al. 1993, Juoven et al. 1991). Where the loop
betweenhelices F and G, is very large this may alter the position of the G-helix
(SRS3)so that it doesnot have any contactwith substrate(Hasemannet al. 1995).In
most eukaryoticP450 enzymesthe loop is large. Therefore,this region is unlikely to
act as an SRSin the eukaryoticenzymes. The D' helix and F-G regionsare thought to
form part of the substrateaccesschannel.We would expect these areasto be most
variableto allow selectiveaccessof different substratesto the active site. SRS4is the
central I-helix and has the least inter-cytochromeP450 variabilty. It is involved in
the proton delivery essential for catalysis (see section below). Between P450'aln,
P45013M3
and P450,,p, this region is the most conserved(Hasemannet al. 1995).The
I-helix is associatedwith both substrateandhaernbinding. A threonineor an aspartate
at position 252, found at the local widening of this helix in P450,,,, plays a crucial
role in enzyme catalysis by activating molecular oxygen. It is conserved in all
cytochromeP450 enzymes(Imai et al. 1989,Martinis et al. 1989, Raag et al. 1991).
This key catalytic group is discussed in depth later. In Ilp-hydroxylase and
aldosteronesynthase, residues288,301,302 and 320 in the I-helix have been shown
to affect substratespecifity and enzyme activity (Bottner et al. 1996, Cumow et
al.1997)(seesection 1.8.)
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SRSS,the P6-1 and PI-4 regions,spanspart of the haembinding domain and contains
several residues which have been shown to influence catalytic activity in several
enzymes(Lindberg et al. 1989,Halpert et al. 1993,Hsu et al. 1993,He et al. 1992).
SRS6has somevariability betweenP450,.,,,,P450BM3and P450tem
in terms of length
andcomposition.
The above sectionshave describedconservedstructural regions betweencytochrome
P450 enzymes.It is possible to align these regions with eukaryotic P450 enzymes
suchas 11P-hydroxylaseand aldosteronesynthaseto predict where SRSregions lie in
theseenzymes. The sectionsbelow describehow thesestructurescorrespondto their
catalytic function.
(c). Binding and cleavage of molecular o2jygen and proton delivery
The residue Thr252,

found at the local widening

group involved

catalytic

is
key
in
helix
I
P450,
the
*am
a
of
,

in the cleavage of molecular

oxygen, a process requiring

It is in a stretch of residues directly adjacent to the oxygen binding site.

protonation.

This region, bewteen residues 248 to 253, acts as a pocket to accomodate the bound
oxygen (Poulos et al. 1987). The threonine residue 252 interacts by H-bonding
0 of Gly248

carbonyl

and directly

donates a proton to molecular

threonine is replaced by other residues, there is uncoupling
substrate hydroxylation
Martinis

11 P-hydroxylase

corresponding threonine is at position 318. Mutation
completely

section 1.7).
which

of electron transfer and no

and aldosterone

of this residue to a methionine,

in vitro (Curnow

abolishes enzyme activity

synthase, the

et al. 1993) (see

This threonine residue may also exert steric control over the way in
binds.

oxygen

hydroxylation

oxygen. When

(Imai et al. 1989, Furuya ct al. 1989, Imai et al. 1989,

et al. 1989). In human

T318M,

to the

Other

residues

into the active site for 0-0

may

shuttle

the

protons

required

for

bond cleavage; an example is Asp25 1,

another highly conserved residue, which ion pairs with Lys178 and Arg186 (P450,
mn
numbering)
generating
aldosterone

(Ortiz
protons

de Montellano

1992).

exists in eukaryotic

synthase.
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It

enzymes

is

likely

that

such as human

a similar

system

11 P-hydroxylase

for
and

(d). Redox partner interaction
Splitting of molecular oxygen dependson the binding of the enzyme to its redox
delivery
The
of
permits
association
enzyme
redox-partner
partner e.g. adrenodoxin.
iron.
haern
The
in
haern
the
to
the
of
potential
redox
causes
a
shift
electrons
which
redox potential of the haem influencesactivity but this is also dependenton the spin
state of the iron and binding of the substrate(see section 1.4). In the substrate-free
haem
have
hydrated,
P450cam,
P450BM3
P450teTp
the
are
sites
active
structuresof
and
t
low spin state iron and a low redox potential (Hasemannet al. 1995). In P450,,,p,
when substratebinds, all the solvent moves out of the active site (Hasemannet al.
1994)with an accompanyingincreasein redox potential; the iron is then in high spin
state(seesection 1.4). The electron donor (e.g. adrenodoxin)has negatively charged
amino acidswhich associatewith positive amino acid chargeson the enzymeredoxGeren
1991,
docking
(Coughlan
P450
the
et
site on
partner
et al.
cytochrome
surface
al. 1984, Wada and Waterman 1992). A tyrosine at position 82 on adrenodoxinhas
beenshownto be important for binding to 11P-hydroxylase(Beckert et al. 1994).The
positive charges are centred around the cys pocket but are assymmetrically
distributed, thus producing a molecular dipole which stabilises the redox partner
interactionby pulling the partnercloseto the protein surface. Mutations of CYP1IA,
which encodesside chain cleavageenzyme,within the K-helix at positions K377 and
K381 dramatically decreasebinding of adrenodoxinto side chain cleavageenzyme
(Wada and Waterman 1992), showing that these residues are involved in redoxpartner interaction. In II P-hydroxylaseand aldosteronesynthase, residue R374 is
thought to be involved in adrenodoxininteraction (Curnow et al. 1993, see section
1.7).

1.7.4. Modelling based on crystallised structures
The above sections have described briefly the core structure using information based
P450BM3 and P450"rp This information has
on the crystalline structures of P450camp
.
been used to model eukaryotic P450 enzymes such as bovine side chain cleavage
enzyme (Vijayakamur and Salemo 1992). The first problem of this approach is that,
unlike bacterial structures, eukaryotic P450 proteins possess an N-terminal membrane

68

has
been
P450
Alignment
to
performed
chain
cleavage
enzyme
anchor.
of side
. ....
beginning after this anchor sequenceso that the N-terminal sequenceis excluded.
Structurescommon to P450s start after this region. In a separatestudy, the first 44
residuesof human cytochromeP450s could not be aligned to the core structure of
P450, (Zvelebil et al. 1991). Sequenceanalysissuggeststhat residues 1-26 fonn a
.,,n,
single membranespanningsegment(Zvelebil et al. 1991). The tables below show
(1.7a) the secondarystructure prediction of side chain cleavage enzymebased on
P450c.,,,and (1.7b) the haernpropionatebonds (Vijayakamur and Salerno 1992).The
key catalytic residue Thr252 in P450cam is found at position 291 in side chain
cleavageenzymeand the cysteinehaemligand is found at position 423.

Secondary Structure

bovine

P450,,,

side chain cleavage
enzyme

1

a-helix A

3746

56-65

a-helix B'

89-96

105-112

a-helix C

106-126

124-143

a-helix D

127-145

144-162

cc-helix F

173-185

214-224

cc-helix G

192-214

231-253

a-helix 1

234-267

273-306

a-helix L

359-378

425444

P3

295-301

353-359

315-323

374-382

P4

305-312

363-370

05

382405

448-471

146-150

163-167

1

1

Table 1.7.a Conservedsecondarystructureof side chain cleavageenzymecompared
to P450,. (Vijayakwnur and Salemo1992).
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I

P450,
am
haern0 IA Arg 299

bovine side chain cleavageenzyme

haern02A Arg 299

Arg 357

haern02D His 355

Arg 421

Arg 357

haernOID Arg 112

1

Arg 421

1

Table 1.7.b Haem-propionatebonds of cytochromeP450c.,,comparedto side chain
cleavageenzyme(Vijayakamur and Salerno1992).

This aligmnent showsthat there is indeedconservationof structurebetweenbacterial
be
P450
A
used with
cytochrome
and eukaryotic
enzymes.
similar comparison can

confidence to predict the structure of

II P-hydroxylaseand aldosteronesynthase
is
highly
basic
The
to
structure
which are closely related side chain cleavageenzyme.
in
between
but
P450
the
variations
conserved
membersof
superfamily
cytochrome
substratebinding regions between more closely related enzymes such as Ilphydroxylaseand aldosteronesynthaseare due to changesin tertiary structurewhich
tightly regulate substrate specificity and it is these regions which share least
homology.
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Previous studieshave discussedthe structureof the CYP11BI and CYP11B2 genes
(Chua et al. 1987, Mornet et al. 1989, Wagner et al. 1991) and describedwhat is
currently known about the primary , secondaryand tertiary structureof the proteins
they encode, Ilp-hydroxylase and aldosterone synthase. These enzymes are
structurally highly homologousbut their catalytic properties are markedly different.
What are the differences, in terms of amino acid sequenceand 3-dimensional
structure,which accountfor thesedistinct properties?
Although there is as yet no completeanswerto this question,relevant information is
availablefrom two generalsources,the effectsof mutationsin man and the rat, which
have pathological consequencesand more recent experimentsin which site-specific
mutations have been introduced and the biochemical consequencessubsequently
examinedin vitro. The following sectionsdealwith this in detail.
1.8.1 Disorders of corticosterold biosynthesis,
Characteristic diseases are associated with both excess and deficiency of particular
corticosteroids. Excess cortisol secretion, such as occurs in Cushing's syndrome
where the excessmay be due to a cortisol-secreting turnour in the adrenal cortex or an
ACTH-secreting

adenoma in the arterior pituitary,

leads to hypertension and

bone
intolerance
altered
metabolism
and
metabolic abnormalities such as glucose
among others.Conversely, inability to synthesise cortisol, for example, when the
ACTH receptor is non-functional, results in neonatal death.

Similarly,

excess

secretion of aldosterone by an adrenocortical adenoma (Conn's syndrome) causes
sodium retention, hypokalaernia, a metabolic alkalosis and hypertension.

In

Addison's disease or in rare inherited diseases(see below), a deficiency of aldosterone
results in sodium loss, hyperkalaernia, hypovolaernia and hypotension. With the
possible exception of the adrenocortical turnour tissue (see below), these syndromes,
which are not inherited, provide little
relationships.

71

insight into enzyme structure-function

The biosynthesisof cortisol and aldosteronefrom cholesterolis illustrated in flgure
1.4c. Genetic defects have been describedfor each of the many enzyme-catalysed
reactionsin thesepathways(New et al. 1998). While the biochemistry of theseinborn
errors of corticosteroidbiosynthesisand its relationshipsto pathology have in most
cases been understood for many years, the underlying explanation in terms of
molecularbiology is more recent. Since the concernof this thesis is the cytochrome
P450-containing enzymes, 3P-hydroxysteroiddehydrogenase/isomerase
deficiency
will not be considered. Similarly, although originally thought to be due to
cytochromeP450sccdeficiency, congenitaladrenallipoid hyperplasiais now thought
to be due to StAR protein deficiency andwill not be discussedfin-ther. The following
discussion will concentrate on inherited deficiences of Ilp-hydroxylase and
aldosteronesynthase. Those of 17(x-hydroxylaseand 21-hydroxylase deficiencies
will be mentioned where relevant. In addition, a discussion of glucocorticoidsuppressiblehyperaldosteronismis relevanthere.
1.8.2 Congtnital

adrenal hyperplasia (CAH)

Congenital adrenal hyperplasia (CAH) is due to decreased production of

cortisol

which is required to exert feedback inhibition on ACTH secretion. Deficiences of
17a-hydroxylase

in
deficiency
P-hydroxylase
11
cortisol
all
result
or
,21 -hydroxylase
(in 21-hydroxylase deficiency, aldosterone may also be deficient). As a consequence,
ACTH secretion is high and causes hyperplasia of the adrenal cortex and excessive
production of steroid precursors and other products. These steroids, produced in
inappropriately large amounts, cause undesirable effects such as hypertension and
disturbance of

secondary sex characteristics and reproduction.

The

steroid

abnormalities can be treated and corrected by glucocorticoid replacement therapy.

1.8.3 11D-Hydroxylasedefleiency
Dcficiency of 11P-hydroxylase,an autosomalrecessivedisorder, again causesCAR
Most casesof CAH which are due to 21 hydroxylasedeficiency, presentwith saltwasting but a small proportion develop hypertension when cortisol synthesis is
impaired (White et al.1994). In II P-hydroxylasedeficiency, which constitutes5-8%
of CAH cases (Zachmann et al. 1983), activity of this enzyme is impaired but
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aldosterone biosynthesis, a process requiring Ilp-hydroxylation

but which is

accomplishedby aldosteronesynthase,is unaffected.Plasma aldosteronelevels are
low but this effect is due to suppressionof renin production (Bongiovanni and
Eberlein 1967). The adrenalcortex fails to synthesisecortisol in the zona fasciculata
becauseII P-hydroxylaseis required to convert I 1-deoxycortisol(S) to cortisol (F).
ACTH levels are elevateddue lack of negativefeedbackinhibition resulting from low
levels of cortisol. 11P-Hydroxylasecatalysesthe conversionof S to F and DOC to B.
Abnormally high levels of 17cc-hydroxy-21-deoxycompoundsresulting from high
ACTH drive are shuntedinto adrenalandrogenbiosynthesiscausingmasculinization
of external genitalia in females and premature appearanceof secondary sexual
characteristicsin males.

Cholesterol

PREGNENOLONE

--W-17cr-HYDROXYPREGNENOLONE

PROGEýTERONE

--b-

11-DEO

17ct-HYDROXYPRýESTERONE

YCORIICOSTERONE

DHEA

--*-

Androstenedione

11-D; OXYCORTISOL

llß-hydroxylas,
CORTICOSTERONE
4

CORTISOL

18-HYDROXYCORTICOSTERONE
i
ALDOSTERONE

'*ýHORMONES
EFICIENT

Figure 1.8a Deficiency of 11P-hydroxylase in man.
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The elevated levels of DOC, which possessesmineralocorticoid activity, causes
hypertension,suppressionof the renin-angiotensinsystem and hypokalemia. If the
patients are left untreated,approximately two-thirds become hypertensive and this
usually occursbefore adulthood(Rbsler et al. 1988)(seefigure 1.8a).

The 11P-hydroxylaseenzymeis encodedby the CYPIIB1 gene(seesection 1.6). To
date, 25 different mutations in the CYPllB1 causing Ilp-hydroxylase deficiency
havebeen identified which can be characterisedas missense,nonsense,frameshift or
insertions (Table 1.8a and Table 1.8b). For amino acid names, abbreviationsand
symbols see appendix 1. Missense mutations abolish in vitro llp-hydroxylase
activity (Table 1.8c). Amino acid names,symbols and abbreviationsare shown in
appendix2. All other mutationsresult in a prematurestop codon which would result
in a non-functional truncatedprotein lacking haern and substratebinding domains.
All mutationsresult in II P-hydroxylasedeficiency.
Missense mutation R448H in exon 8 of CYP11BI changes an arginine residue to a
histidine. Its frequency is 115000births in a Jewish population

of Moroccan origin

(White et al. 1991). This residue lies within a conserved haem-binding region
containing a cysteine residue (C450) which forms the fifth ligand to the iron atom of
the heme prosthetic group. This arginine R448 residue is conserved among all known
eukaryotic cytochrome P450 enzymes (Gotoh et al. 1989, Nebert et al. 1991) (see
section 1.7). In Pseudomonasputida P450cam, however, the residue at the analogous
position is a histidine (Gotoh et al. 1989). The R448H mutation abolishes in vitro
Ilp-hydroxylase

activity

when

simulated

in

a transient

incorporating the eukaryotic expression vector pCMV4 and
COS-1 cell-line (Curnow et al. 1993). At this position,

transfection

assay

a non-steroidogenic

substituting a different

residue, R448C, also abolishes in vitro activity (Geley et al. 1996).
Mutation R427H was found in combination with V384A and a 5bp insertion at codon
121 in an Asian patient of Kenyan origin (Skinner ct al. 1994). The insertion itself
would produce a truncated non-fimctional protein. R427 also lies within the haem-
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binding region, is highly conserved(Nelson and Strobel 1987) and is thought to be
involved in adrenodoxininteraction(Ravichandranet al. 1993).

Mutation
AC32
+ possible splice
variant (htz)
A28bpEx2 +
V129M
(compound htz)
W116X
(hmz)
Ins 5bpl2l+
V348A, R427H
(compound htz)
Ins 5bpl2l,
R427H (hmz)
A28bpEx2 (htz)+
G267R
(hmz)
K174X +R384Q
(htz)
W247X

(hmz)
W247X, R448H
(htz)
W247X, E371G
(htz)
Q338X (hmz)

Exon

Typeof

I

mutation
Frameshift

Ethnic
Group
White

2

Frameshift/

Caucasian

Geley et al.
1996

Japanese

Nakai et al.
1993
Skinner et al.
1994

missense
2

Nonsense

2,6,8

Frameshift/
missense

2,8-

Frameshift/

2,5

missense
Frameshift/

3,7

Nonsense/

Skinner et al.
1996
Skinner et al.
1996

White

Curnow et al.
1993

Caucasian

Geley et al.

missense
4

Nonsense

4,8

6

Q356X
(hmz)

6

Nonsense

Ins2bp394
(hm)

7

Insertion/
Frameshift

Ins3bp464
(hmz)

8

Insertion/
Frameshift

4,6

Complex mutations in the CYPIIBI

deficiency. hmz=homozygous, htz--heterozygous.
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Curnow et al.
1993

Indian
Asian
Caucasian

missense

Nonsense/
missense
Nonsense/
missense
Nonsense

Table 1.8a

Asian
Kenyan

Reference

1996
Caucasian Geley et al.
1996
Caucasian Geley et al.
1996
Indian
Cumow et al.
Sikh
1993
AfroCurnow et al.
American
19939
&
Skinner et al.
Nigerian1996
African
Jewish
Helmberg et
al. 1992
Caucasian

Geley et al.
1996

gene causing Ilp-hydroxylase

Mutation

Exon

G267D hmz or
+ possible
splice
vanant(htz)
T318M (hmz)
A33 IV (hmz)
R374Q (hmz)
R384G (hmz)
V441G (hmz)
R448H, or
R448C (hmz)

5

C494F(hmz)
or + possible
splice
variant(htz)

9

5
6
7
7
8
8

Ethnic
Group
Caucasian

Yemenite
Caucasian
Lebanese
Japanese
White
Morroccan&
Caucasian/Iranian
Jews
Indian(Asian)
Turkish

Reference
Geley et al. 1996

Cumow et al. 1993
Geley et al. 1996
Cumow et al. 1993
Yang et al. 1995
Cumow et al. 1993
Curnow et al. 1993,
Geley et al. 1996
Skinneret al. 1996

Table 1.8b Missense mutations in the CYP11131gene causing Ilp-hydroxylase
deficiency.hmz=homozygouslitz = heterozygous.
If this mutation or other mutations within this region, were found alone and were
homozygous,they would probably influence enzymeactivity (Skinner et al. 1994).
The substratebinding domain is a highly conservedareaand spansresidues362-375
(White et al. 1987). ResiduesE371 and R374 lie within this region (Cumow et al.
1993). Two other residueswithin this region have been shown to be essentialfor
binding of adrenodoxin,an electron transport protein, in a closely related enzyme
(Wada and Waterman 1992) (see section 1.7.3d). ResiduesT318 and R384, where
missensemutationshavebeenidentified, arehighly conservedamongmembersof the
P450 family (Gotoh et al. 1989). R384 forms part of a P-sheet thought to be
important in substratebinding (Cumow et al. 1993). T318 is specifically involved in
the proton transferwhich cleavesmolecular oxygen (seesection 1.7.3c). Residuesat
positions 331,337 and 427 are arginines or histidines in all cytochrome P450
importance
have
They
and mutations at thesesiteswhich replace
structural
enzymes.
them with innappropriateresidueswill thereforeexert detrimentaleffects on helices1,
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K and L respectivelyand henceon the secondarystructureof the protein (Geley et al.
1995).

Mutation
CYP11BI
V129M

EXON
2

Activity
in vitro
0

G267R

5

NA

G267D
T318M

5
5

NA
0

A331V

6

0

V348A

6

NA

E371G

6

0

R384Q

7

0

Functional
signiflcance
substrate
binding

alters proton
transfer
disturbs Ihelix
Little effect
conservative
Adx
interaction
K-helix.
P-strand/
substrate
binding

R384G

7

R427H

8

V441G

8

0

as above

0

Adx
interaction/
haem binding
Alters

R448H

8

0

secondary
structure
Haem binding

R448C

8

0

as above

C494F

9

NA

Substrate/Adx
interaction

Reference
Geley et al.
1996
Skinner et al.
1996
as above
Curnow et al.
1993
Geley et al.
1996
Skinner et al.
1994
Geley et al
1996
Curnow et al.
1993
Yang et al.
1995
Skinner et al.
1994, Skinner
et al. 1996
Cumow et al.
1993
Curnow et al.
1993, Geley et
al. 1996
Geley et al.
1996
Skinner et al.
1996

Table 1.8c Effects of missensemutations of CYPHBI on lI P-hydroxylase
activity in vitro .
Residue337 is also thought to be important in adrenodoxininteraction (Geley et al.
1996). An insertion of a leucineat position 464 also disturbsL-helix structure(Geley
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its
function
but
is
highly
129
1996).
The
exact
conserved
also
valine at residue
et al.
is unknown.
A recent in vitro study showedthat 1112,which lies close to V 129, is important for
hydroxylation potency and is perhaps involved in substratebinding (see section
1.9.2). The exact structural and functional role of the other residues affected by
from
is
it
is
However,
their clinical
known.
clear
missense mutations
not
494
267,441
Residues
important
for
and
that
they
enzymeactivity.
are
consequences
from
but,
family
P450
highly
between
the
conserved
cytochrome
membersof
are not
this evidence,must be important.
An additional 10 mutationshavebeenidentified which result in prematuretermination
Mutations
of
the
truncated,
coding sequenceand a
of
non-functional gene product.
this kind are nonsensemutations; K174X, Q338X, Q356X, W116X and W247X or
frameshift mutations; AC32,2bp insertion at codon 394, a 28bp deletion or a 5bp
duplication in exon 2 (seetables 1.8a to 1.8c for references).The haem-bindingand
lack
binding
domains
the
incomplete
of enzyme
substrate
are absentor
which explains
activity.
It is clear that all the mutations identified within CYPIIBI exert detrimental effects.
However, they do not provide enough information to explain in detail the relation
betweengene/proteinstructure and enzymeactivity.

1.8.5Aldosterone synthasedefldt=
Inborn errorsof aldosteronebiosynthesiswere first describedby Ulick and colleagues
in 1976. It was originally thought that the final conversion steps in aldosterone
biosynthesis involved two enzymes, corticosterone methyloxidase type I which
generated 18-hydroxycorticosteroneand corticosterone methyloxidase type II,
is
It
for
this concept which led to the
the
aldosterone.
of
generation
responsible
classification of the disorders as CMO-I and CMO-II deficiencies which are
categorisedby either deficient levels or elevatedlevels of 18-hydroxycorticosterone
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(18-OHB) respectively(Ulick et al. 1992). In CMO-I deficiency, there is loss of the
18-hydroxylation capacity of aldosteronesynthasewhich should be reflected in a
build up of corticosteronealthoughthis may be difficult to detect.On the other hand,
in CMO-II deficiency, the problem is directed towards the 18-oxidative capacity of
18C18
the
the
of
position
at
oxidation
aldosterone synthase and prevents
hydroxycorticosteroneto aldosterone.In both cases,there is a lack of aldosteroneand
consequentlydisruption of the fine balanceof fluid homeostasiswhich may result in
kidney
loss.
disorder
becomes
less
The
the
this
matures.
sodium
as
marked
severityof
improves and the
Sodium reabsorptioncapacity, which is aldosterone-independent,
symptomsof the disorder apparentlybecomeincreasingly undetectablein adulthood,
occurring only during sodium losing crises such as vomiting, diarrhoea, excessive
sweatingor menstruation(R6sleret al. 1984)(seefigure 1.8b).

DOC

DOC

DOC
ttt

B

B

B

DEFECT

ttt

IowI8-OHB

18-OHB

ALDOSTERONE

no aldosterone

LjEFEC`r
low aldosterone

Normal

TYPEI

TYPE ii

HIGH B

HIGH 18-OHB

180HB

Figure 1.8b Aldosterone synthase deficiencies type I and Il

CMO-I and II deficienciesare autosomalrecessiveinherited disordersdue to a defect
in the CYPII B2 gene.Mutationshavebeenidentified in coding regionsof CYPII B2
in nearly all casesof aldosteronesynthasedeficiency and are shownin table 1.8d.
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Mitsuuchi et al (1993) identified homozygousinheritanceof a 5bp deletion in exon I
of the CYPII B2 gene which results in a prematurestop codon in CMO-I deficient
patients.A prematurestop codonin exon 4 (E255X) was identified (Peteret al. 1997)
in a patient describedby Visser and Cost (1964). The mutant enzymewas predicted
to lack the 5 terminal exons that contain the haem-binding domain. Homozygous
amino acid substitutionR384P also causesCMO-I deficiency (Geley et al. 1995).A
similar mutation has been identified CYP11BI which completely completely
is
This
1.8.4).
(Cumow
(see
1993)
abolishesenzyme activity
arginine
et al.
section
highly conservedin all mitochondrial cytochromeP450 enzymesand is involved in
binding of the haem group (Geley et al. 1995). More recently, a homozygouspoint
mutation, IA61P, which lies in exon 8 and is involved in the putative haem-binding
site, has been identified (Nomoto et al. 1997). Expression of missensemutations
causingCMO-I deficiency in vitro have been shownthat they causecompleteloss of
aldosteronesynthaseactivity (Table 1.8e).
This is surprising as the biochemical phenotype, in vivo, suggests that only 18hydroxylase activity is deficient. In a recent study, a patient with classical CMO-I
deficiency was homozygous for three mutations (R173K, E198D and V386A)
(Portrat-Doyen et al. 1998). R173K and V386A are polymorphic in the French
population (Portrat-Doyen et al. 1998). In vitro studies have shown that R174K is no
different from wild-type aldosterone synthase (Fardella et al. 1996b). V386A and
E198D, when introduced singly, reduced aldosterone production only mildly but a
construct with all three mutations (R173K, E198D and V386A) had reduced llphydroxylase and some residual 18-hydroxylase activity but no 18-oxidase activity
(Portrat-Doyen et al. 1998). The mutant construct suggests that the patient should
have CMO-H deficiency and not CMO-I as there is still some 18-hydroxylase activity
(Portrat-Doyen et al. 1998). Thus, the relationship between phenotype and genotype
is not as clear as once thought.
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CM04

Mutation
5bp
dcletionExl
(hmz)
E255X

Ethnic
Group
Amish
North America

1

4

Nonsense

Netherlands

Mitsuuchi et al
1993
Nomoto et al
1997
Peter et al 1997

7

Missense

White

Geley et al.1995

8

Missense

Turkish

3,7

Missense

French

Nomoto et al
1997
Portrat-Doyenet
al. 1998.

3,7

Missense

Iranianj ews

O=)
R384P
(hm)
L461P
(hmz)
R173K,
E198D,
V386A (hmz)
CMO_11
Mutation
R181W/
V386A
hmz
AC372/RI81W
one allele
+
T318M/V386
A
other allele
(Compound
htz)
Exon 3+4
conversion

Reference

Type of
mutation
deletion

Exon

Zhang et al 1995

7/3
+
5/7

3/4

Pascoeet al
1992,Mitsuuchi
et al 1992

Conversion

Scot/Ifish/
Afro-American

Fardella et al
1996

Table 1.8d Complex mutations in the CYP II B2 gene causing aldosterone synthase

deficienciesCMO-I and Il. hmz=homozygous,htz=heterozygous
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Severalmutationshavebeenidentified in the coding regions of the CYP 11B2 genein
this disorder (Table 1.8d). However, it is possible that mutations in the promoter
region or other non-codingregions,or mutationsin genesother than CYPI.I B2 which
exertcontrol over CYPII B2 expressionor enzymefunction, may causethe syndrome.
Of course,this may also apply to other inherited syndromesof corticosteroidexcess.
For example,a polymorphism in one of the SF-1 binding sites within the promoter
identified
been
intronic
has
in
intron
CYP11132
2
region and also an
conversion
of
(seesection 1.6).
Two substitutions,R181W and V386A, have beenidentified in patientswith CMO-II
deficiency (Pascoe et al. 1992b). Individuals affected by the disorder were
homozygous for both mutations but relatives who were homozygous for either
R181W or V386A were unaffected (Pascoeet al. 1992b). Also, recently a T1851
mutation, which lies close to RI 81, was identified in two casesof CMO-II deficiency
(Peteret al. 1998a).
Expression studies in vitro demonstrated that a mutant enzyme carrying both
substitutions resulted in loss of both 18-hydroxylase and 18-oxidase activities of
aldosterone synthase (Pascoe et al. 1992b). When considered individually, the mutant
enzyme with R181W had reduced 18-hydroxylase and a complete loss of 18-oxidase
activity, whereas mutant V386A had only mildly impaired

aldosterone synthase

capacity (Pascoe et al. 1992b). In combination with the biochemical in vivo
observations, this suggests that the R181W mutant still produces a very small amount
of aldosterone in vivo and that, in vitro, this is undetectable (Pascoe et al. 1992b).
Several other mutations have been identified.
combination in CYPllB2

However, again these occur in

and are somewhat complex. In one patient, AC372 was

found on one allele and two substitutions, T318M and V386A, on the other allele
(Zhang et al. 1995). We know that T318 is highly conserved and plays a crucial role
in proton transfer and, from the previous study (Pascoe et al. 1992b), V386A results
in slightly impaired loss of function of P450AIdo. However, we do not know the
combined effect of these mutations in vitro. This suggests that, although one allele is
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totally dysfunctionaland carriesAC372, the other less affected allele determinesthe
biochemical phenotype (Zhang et al. 1995). Effects of missense mutations on
in
in
aldosterone synthase vitro are shown table 1.8e.

Missense
Mutation
R173K

Exon
3

normal
aldosterone

R181W

3

18Hydroxylase
no 18-

R181W,
V386A

3,7

E198D

3

Activity
in vitro

oxidase
as above

slight
reduced
aldosterone
as above, no
change

V386A

7

R173K,
E1981),
V386A

3,7

'Wiphydroxylase
no 18functions

D147E

3

KISIN
1248T
Ex3/4

3
4
3,4

conversion
D147E,
,
K151N,
I248T
R384P

normal
aldosterone
as above
as above
normal
aldosterone

7

L461P

Functional
significance

enzyme activity

enzyme activity
conformational
change
highly
conservedfunctional role

Fardella et al.
1996b, PortratDoyen et al. 1998
Pascoe et al. 1992,
Mitsuuchi et al.
1992
as above

Portrat-Doyen et al.
1998
Mitsuuchi et al.
1992, Pascoe et al.
1992, Zhang et al.
1995, Portrat-Doyen
et al. 1998.

conformational
changein
protein

Portrat-Doyen et al.
1998.

-

Fardella et al. 1996a

-

as above
as above
asabove

Sunstrate
binding

Geley et al. 1995

I
1 enzyme activity

8

Reference

Nomoto et al. 1997

Table 1.8e Effects of missensemutationsof CYPI 1132on a1dosterone
synthase
activity in vitro .
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A possible gene conversionevent betweenCYPllB1 and CYP11132exons 3 and 4
has been identified in a patient with CMO-II deficiency (Fardella et al. 1996). This
producedan aldosteronesynthaseenzymecontaining all residuesfrom exons3 and 4
of

110-hydroxylase. Aldosterone synthase and 110-hydroxylase are' highly

homologousandbetweenthe regionsencodedby exons3 and 4, only 3 residuesdiffer
in the protein (at positions 147,152 and 248). Seven constructs were prepared
expressingeachmutation singly, eachof the three possiblepairs of mutationsand the
triple mutant. In vitro expressionstudies only measuredaldosteroneproduction.
None of the -mutants affected aldosteroneproduction. No attempt was made to
identify which of the several functions of aldosteronesynthasewas affected in the
patient. From thesefindings, it appearsthat this geneconversionevent is associated
with, but is not the causeof, the deficiency (Fardella et al. 1996a). Other factors
affecting aldosteronebiosynthesismay be responsible. Polymorphisms/mutationsof
the CYPHB2 gene have not been restricted to aldosteronesynthase deficiency.
Recently a genetic variant of aldosteronesynthasewas identified in Chilean patients
with low renin essentialhypertension(Fardella et al. 1996b). In this disorder, the
ratio of aldosterone concentration to plasma renin activity (PRA) is high, as
aldosterone levels are normal but renin levels are low. It is possible that
inappropriatelyincreasedaldosteronebiosynthesiscould be due to a CYPII B2 defect.
The CYP11B2 geneswere sequencedand found to possesstwo allelic variantswhich
resultedin a aldosteronesynthasewith Arg173 or Lysl73. In vitro expressionstudies
revealed that both had similar Vmax and Km values. Although these variants
apparently exert no detrimental effects on enzyme function, the Arg173 variant of
CYP11132 had a higher frequencyin patients with low renin essentialhypertension
(Fardella et al. 1996b). Recently, homozygous deletion of R173 in aldosterone
synthasehasbeenidentified in a patient with CMO-II deficiency (Peteret al. 1998b).
Deletion of this residuewhich lies in helix-D may alter secondarystructure(Peter et
al. 1998b). This does suggetsthat this specific locus of aldosteronesynthaseis
important.
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1.8.8Glucocorticoid-suppressible hyperaidosteronism (GSH)

The previous sectionshave discussedmutationsin the CYP11B1 and B2 genes.GSH
is due to the presenceof a chimeric gene formed betweenCYPllB1 and CYPIIB2
briefly
To
is
thought
to
summarise,
occur via unequal crossover at meiosis.
and
CYPHBI and B2 are found approximately40kb apart on chromosome8q22 in a
Lifton
1992,
(Pascoe
CYP21P
CYP21
et al.
to
that
et al.
and
similar arrangement
of
1992). CYPllB1 is regulatedby ACTH, can convert DOC to B and S to F and is
by
is
in
ZG,
in
is
ZF.
CYPlIB2
the
regulated
the
expressedexclusively
expressed
ANGII in vitro and is required for the conversion of DOC to aldosterone.The
biochemical phenotype of GSH arises from a chimeric gene possessingcontrol
regions of CYPllBl

fused to the coding regions of CYPllB2

and expressed

ectopicallyin the ZG (Lifton et al. 1992a).
Hybrid genes of this description has been observed in several kindreds with this
disorder (Pascoeet al. 1992, Lifton et al. 1992a, Lifton et al. 1992b). This rare
hypersecretion
dominantly
by
inherited
disorder
is
of
autosomal
characterised
hypokalaemia.
hypertension
and
aldosteronewith suppressedplasma renin activity,
Theseabnormalitiesare successfullyreversedby administrationof small dosesof the
by
levels
dexamethasone.
to
Aldosterone
are
subject
control
glucocorticoid,
synthetic
ACTH and the diurnal variation in plasma cortisol levels correlate strongly with
plasmaaldosteronelevels asdo levels of DOC (Connell et al. 1986).
Steroid ratios of DOC:B and S: F are elevated, suggestingan additional defect in
Ilp-hydroxylation (Jamiesonet al. 1996, Fallo et al. 1994). The chimeric enzyme
further metabolisescortisol in the ZF to 18-hydroxy and 18-oxocortisol. In normal
(Corrie
18-hydroxycortisol
are
secreted
et al. 1985). In
of
patients, small amounts
both
18-hydroxy
18-oxocortisol
GSH,
of
rates
and
urinary
secretion
are
patientswith
markedly raised (Ulick and Chu 1982, Gomez-Sanchez.1984, Connell et al. 1986).
Both 18-hydroxycortisol and 18-oxocortisol are structurally similar to 18-
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hydroxycorticosteroneand aldosterone(an alternativename for 18-hydroxycortisolis
(seeflgure 1.8c).
17a-hydroxyaldosterone)

18-oxocortisol

Aldosterone
H20H

0 H20H

H

-OH
ým

ý

dc

18-hydroxycortisol

H

18-hydroxycorticosterone

H2OH
OH

OH

Figure 1.8c. 18-oxocortisol and 18-hydroxycortisol

18-Hydroxycortisolhas extremelylow affinity for both GR and MR (Gomez-Sanchez
for
both
but
1984);
18-oxocortisol
has
higher
18-hydroxycortisol
than
ct al.
affinity
(3%) (Ulick et
still very low when comparedto aldosterone(1%) and dexamethasone
al . 1983,Gomez-Sanchez
et al. 1985).It is thereforeunlikely that thesesteroidsexert
significant mineralocorticoid or glucocorticoid actions in vivo. As mentioned
GSH.
is
defective
in
P-hydroxylation
It has been
II
with
patients
previously,
inhibitors
18-hydroxycortisol
19-oxocortisol
that
may
act
as
suggested
and
of enzyme
activity (seechapter6).
In summary, patients with GSH have excessive levels of aldosterone, 18hydroxycortisol and 18-oxocortisolwhich is responsiveto ACTH. This suggeststhat
there is ACTH-responsivealdosteronesynthaseactivity in the ZG and the ZF. These
hypokalaemia
hypertension,
the
and suppressionof the
changesare associatedwith
in
affected
subjects
vary
although
severity of phenotype
system
renin-angiotensin
which is even absentin some subjectspossessingthe chimeric gene.The alternative
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CYPllB2
5'regions
the
of
chimera which possesses

fused to the 3' regions of

CYPIIB1, hasnot to datebeenfound.

By Southernblotting, the chimeric genewas identified in subjectsfrom a single North
American kindred (Lifton et al.1992). DNA from patients was digested with the
restriction enzyme BamHI, and transferredto a nylon membrane.A radiolabelled
was used to probe the membrane.
Individuals with GSH had threehybridising species,the two normal species8.5kb and
4.5kb for CYPIlB1 and CYPllB2 respectively, and an additional 6.3kb band

probe containing exons 3-4 of CYPllB1

representingthe chimeric gene.
Linkage analysis of the kindred yielded a maximum lod score of 5.23 for complete
linkage of the 6.3kb band with GSH. Using densitometry,the band intensities were
bands
the
The
6.3kb
band
50%
intensity
that
of
analysed.
of
showed
approximately
have
CYPllB1
CYPllB2.
one
This
representing
and
suggeststhat affected subjects
copy of the additional chimeric gene in addition to their normal copies of the
CYPllB1 and CYPllB2 genes. From these observationsevolved the idea of the
unequal crossover event. The resulting gene would possessthe 5' regions of
CYPI IBI fused to the coding regions of CYPI IB2. In subjectsfrom four unrelated
kindreds,a similar genehasbeenidentified, thus confirming Lifton's findings (Pascoe
et al. 1992a).In this latter study, the chimeric geneswere selectively amplified in all
four subjects using the polymerase chain reaction (PCR). Primers were designed
which were specific to CYPllB1 and B2 to locate the crossover site. Twelve
kindreds of Celtic origin have been reported (Lifton et al. 1992). Eight out of the
twelve had Irish ancestry(Lifton et al. 1992). In the United Kingdom, sevenkindreds
have been identified, all of which were of Scottish origin except one Irish kindred.
Therefore, of the 21 kindreds studies so far affected with GSH, 15 have a Celtic
background. A founder effect is unlikely as sequenceanalysis has shown that there
in
least
different
7
are at
chimeric genes thesekindreds (Lifton et al. 1992, Jamieson
1995).
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The sitesof crossoverhavebeendetemiined(Pascoeet al. 1992b,Lifton et al. 1992a).
In all cases,the site is betweenintron 2 and intron 4 and always before exon 5 of
CYPII B2 (Lifton et al. 1992,Miyahara et al. 1992).This information alone indicates
that the aldosteronesynthesisingcapacityof human P450aldois conferredby amino
acids specific to this enzymeencodedby exons5-9 of the CYPI IB2 gene. All GSH
kindreds studiedso far have inherited a copy of the chimeric Bl/B2 gene from either
parent which includes exon 5 of CYPllB2.

To investigatethe effect of the exonic

arrangementof thesechimeric genes,in vitro studiesof the steroidogenicactivity of
DNA
CYP
II
B2
CYP
IIBI
exonic
cDNA constructswith variable proportionsof
and
have been perfonned (Pascoeet al. 1992a).Constructsand in vitro enzymeactivity
are shownin figure 1.8d.

% conversionfrom DOC

cDNA constuct

B 18-OHB

Aldo

B2

30

22

11

HI

21

7

5

H3

28

9

6

H5

8

0

0

H7

13

0

0

BI

74

0

0

Exon I

Exons2-3 Exons4-5 Exons6-7

Exons8-9

B2 Exons 1-9 of CYP II B2 only
HI Exon I from CYPIIBI -Exons2-9 from CYPllB2
H3 Exons 1-3 from CYPIIBI- Exons 4-9 from CYP11132
H5 Exons 1-5 from CYPIIBI-Exons 6-9 from CYPlIB2
H7Exons 1-7 from CYPIIBI-Exons 8-9 from CYP11132
BI Exons 1-9 of CYP IIBI only

Figure 1.8d Aldosterone synthase activity of chimeric CYPIlBl/CYPllB2

cDNA

constructs in vitro.

Constructspossessingexons 1-3 of CYP11B1 fused to exons 4-9 of CYP II B2 have
full aldosteronesynthaseactivity. Constructswith exons 1-5 or more of CYPIIBI
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had no detectable aldosteronesynthase activity. This confirms that exon 5 of
CYPII B2 encodesresiduesimportantfor aldosteronesynthaseactivity.
In a recent study, crucial residuesof CYPI1132important for aldosteronesynthase
activities were identified in exons 4,5

At
1998).
6
(Mulatero
the
al.
et
and

for
in
the aldosterone
CYP
IIB1,
the
replaced
residues
were
correspondingpositions
had
CYP11131
In
the
aldosterone
construct
mutant
synthasespecific residues. vitro,
be
found
1998).
If
in
this
(Mulatero
gene
would
vivo,
et al.
synthesisingcapacity
be
the result
by
ACTH
but
would
regulated
possessaldosteronesynthaseactivity and
II
B2
CYP
11
BI
CYP
between
6
between
4,5
the
and
exons
and
of a conversionevent
found
in
GSH.
In
was
genes and result
all cases studied, no such a conversion
(Mulatero et al. 1998).
In summary,GSH is causedby chimeric geneswhere the crossoveris in the first 4
exons of CYPIlBland fused to exons 5-9 of CYPllB2. These exons contain the
both
domains,
haern-binding
active site consisting of the
and substrate-binding
CYPIIB2
for
function.
Specific
these
of
exons
essential
enzyme
residueswithin
The
precise
aldosterone
confer
synthaseactivities of the chimeric gene product.
importanceof theseindividual residueshasbeeninvestigated(seesection 1.9)

Steroidogenesisand adrenalcytochromeP450 enzymesin the DahI salt sensitive(S)
and salt- resistant (R) rat models of salt-inducedhypertensionhave provided useful
insights into structure-functionrelationships.The pathophysiological mechanisms
underlying blood pressureregulation in these strains have been studied extensively.
Dahl et al (1962) selectivelybred rats for their blood pressureresponseto high sodium
dietary intake. Two strains were identified. The Dahl S rat is sensitive to the
hypertensiveeffects of sodiumwhereasthe DaM R rat is resistant. Differencesin the
structure of both CYPllBI

and B2 may be responsible. 18-Hydroxy-11-

deoxycorticosterone(18-OHDOC) secretionby the adrenal glands of the DahI S rat
R
(Rapp
Dahl
higher
2-fold
the
than
those
rat
and Dahl 1972) suggestingthat
of
was
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the DaM R rat had a reducedcapacityto synthesise18-OHDOC due to mutations in
CYPIlBl.

RT-PCR and sequenceanalysis of the CYPIIBI

from the DahI S and R models

R127C,
five
differences
changes,
amino
acid
caused
of which
revealedsix nucleotide
V351A, V381L, 1384L, V443M ( Matsukawaet al. 1993, Cicila et al 1993). When
the cDNA was expressedin COS-7 cells, 18-OHDOC synthesiswas dramatically
formed
Hybrids
1993).
S
(Matsukawa
Dahl
to
the
et al.
cDNA
reducedcompared
between DahI S and R cDNA were constructedto determine the effects of these
diferenceson steroid production. Replacementof R127 and V351 of DahI S with
18did
S
(V)
(C)
R
DahI
DahI
the
not
alter
cDNA
and cysteine
of
within
valine
OHDOC productionof DahI S. Replacementof V381,1384 and V443 of DahI S with
leucine (L), leucine (L) and methione (M) of DahI R within the Dahl S cDNA
from
18-OHDOC,
DahI
S
like
the
that
altered
making
markedly
production more
Dahl R cDNA.
The reverse of these changeswere also constructed.Substituting DahI R residues
381,384and 443 with the DahI S equivalentin the DahI R cDNA madeDahI R more
like DahI S (Matsukawaet al 1993). Therefore,the alternative residuesat 127 and
351 do not determinethe ratesof IIP and 18-hydroxylationin the Dahl rat P45011P.
Residues 381,384 and 443 are within

a region which affects UP and 18-

hydroxylation (Matsukawaet al. 1993). Residues351,381 and 384 are locatednear
Ozol's region (Ozol 1989)which is important for orientation of the substrateand the
haemin the active site (Nonakaet al. 1989).It has alsobeenimplicated in the electron
transfer interaction between cytochrome P450s and adrenodoxin (Wada and
Waterman 1992). Residues381 and 384 reside in a region known to be a substrate
recognition site (SRS-5) in this family of P450s (Gotoh et al 1992) (see section
1.7.3b).Although located near the haem binding region, residue 443 probably does
not affect substrateorientation(Matsukawaet al. 1993).
From thesestructuralobservations,it is most likely that the alterationsof amino acids
dramatic
in
for
decrease
18381
in
384
R
the
DaM
the
at residues
and
rat account
OHDOC (Matsukawaet al. 1993). In the DahI S rat, high levels of 18-OHDOCmay
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be at least partly responsiblefor pressorsensitivity to dietary sodium. Cicila et al
(1993) showed that in inbred Dahl S and R rats, CYPIIBI polymorphisms
blood
18-OHDOC
both
to
pressure.
the
and
with
synthesise
capacity
with
cosegregate
This CYPllB1 locus has been implicated as a hypertensionQTL (quantitative trait
locus) in chromosome7 (Garretet al. 1998).
Aldosterone synthase cDNA is anotherpotential candidatefor the chromosome7
QTL (Cicila et al. 1997). The Dahl R rat aldosteronesynthasehas amino acid
(Cover
S
Dahl
Q251R,
E136D
to
the
et al
rat enzyme
compared
and
substitutions,
1995).cDNA's from both were expressedin vitro. When corticosterone(B) was used
the
than
Dahl
R
times
>1000
the
aldosterone
more
as substrate,
rat cDNA produced
Dahl S cDNA (Cover et al. 1995). Kinetic experiments followed but I Ideoxycorticosterone(DOC) was used as substrate (the reason for this switch in
Vn,,
increased
is
R
Dahl
This
enzymewith an
substrate not explained).
producesa
The
1995).
(
Cover
gross
K..
S
Dahl
in
ct al.
and reduced
comparedto
enzyme vitro
does
S
Dahl
the
to
rat
by
R
Dahl
rat compared
over- productionof aldosteronein vitro
in
difference
biochemical
2-fold
is
plasma
the
not reflect
phenotypeas there only a
Kusano
1978,
levels
between
(Rapp
et al.
these strains
et al.
aldosterone
reported
1986). This suggeststhat other factors, in addition to inherent enzymaticproperties,
control aldosteronelevels (Cover et al. 1995).
Mutations of human aldosteronesynthasewere prepared,at the analogouspositions
to thoseidentified in the DahI R rat, to yield three constructsaltering E 136D, K25 IR
K251R
both
(Fardella
Transfection
that
the
1995).
revealed
studies
or
et al.
18-OHB
4
in
3
than wild-type
times
to
more
substitution,
particular, produced
aldosteronesynthaseas well as a 50% increasein aldosterone(Fardella et al. 1995).
Substitutionsof this kind which increasealdosteroneproduction may be implicated in
humanhypertension(Fardellaet al. 1995).

In summary,mutations have been identified in the CYP11BI and B2 genesof the
DahI R strain which have functional implications. In the case of CYP11132,these
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mutations produce an overactive aldosterone synthase. Similar mutations
manufacturedin the humanCYPII B2 had lessereffectsthan the rat mutationsbut did
increasehumanaldosteronesynthaseactivity. A mutation of this kind found in human
subjectswould be likely to causehypertension. The use of animal modelsprovides a
useful tool by which the mechanismof diseasecan be understood.This particular
model has provided useful information concerning adrenal steroids and their
involvementin hypertension. -
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Disorders of the adrenal gland and its steroidogenic enzymes are often the
consequenceof rare mutations. For example,in Ilp-hydroxylase deficiency, all of
the mutationsdescribedto datecompletelyabolish enzymeactivity which explainsthe
resulting clinical changes(see section 1.8.2). These mutations, therefore, do not
information
important
the
much
useful
are
structurally
provide
about
residueswhich
or thosewhich are essentialfor enzymaticactivity and substratespecificity. Mutations
on the otherhandwhich increaseactivity or provide a new activity for the enzyme are
much more interestingand are very likely to be in close proximity to the active site.
As previously discussed, Ilp-hydroxylase and aldosterone synthase are highly
homologousisozymes. However, their enzymaticproperties differ dramatically and
this must be due ultimately to the residueswhich differ between the two isozymes.
Therefore,it is of interest to identify those residuesresponsiblefor the aldosterone
synthesisingcapacity and the lower II P-hydroxylaseactivity in aldosteronesynthase
compared to

Ilp-hydroxylase. It is also important to identify those natural

polymorphic residues which do not contribute to their structural and enzymatic
differences.The amino acid differences between llp-hydroxylase and aldosterone
synthaseare shownin figure 1.9a.
To date neither II P-hydroxylasenor aldosteronesynthasetertiary structurehas been
determined. Their associationwith the inner mitochondrial membrane has made
preparation, purification and crystallisation difficult.

Regions of structural

importancehave been deducedby close comparisonwith the crystallised bacterial
P450 enzymes.Although displaying low homology with the bacterial P450 enzymes,
all p450s in this family have highly conservedsecondaryand tertiary structure. This
information along with a knowledge of the residuesthat differ between aldosterone
synthaseand 11P-hydroxylase,will enableprecise identification of residueswhich
are structurally important as well as those residues conferring specific enzymatic
activities (seesection 1.7).
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Figure 1.9a.Differencesin amino acidsbetweenhuman
II P-hydroxylase (CYPlIBI)
and aldosterone synthase
(CYPlIB2). The diagram shows 35 residue differences with
locations of exon junctions. Asterisks are naturally occurring
polymorphismswhich do not alwaysdiffer.

The molecularbiological explanationof GSH hasbeendescribed(section 1.8). Many
pedigreeshave been studied. All chimeric geneshave exons 1-4 of CYPHBI and
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indicates
intron
4.
This
that
CYPI1132
5-9
the
crossoversite within
exons
of
with
for
in
5-9
aldosteronesynthase
essential
are
synthase
of
aldosterone
residues exons
have
in
Hybrid
(Pascoe
1992).
transfection
clearly
studies
vitro
cDNA
et
al.
activity
shown that the crossoverpoint must lie upstreamof exon 5 for the resultant enzyme
hybrid to possessefficient 18-hydroxylaseand 18-oxidaseactivities (Pascoeet al.
1992). When the genes are fused after exon 3, aldosteronesynthase activity is
retained. However, if the genes are fused after exon 5 (Le retaining exons 6-9 )
aldosteronesynthaseactivity is lost. This suggeststhat exon 5 is essential for 18hydroxylase and 18-oxidaseactivities (Pascoeet al. 1992). Similar hybrid cDNA
constructionhas beenperformedbetweencloned rat CYP11131and CYP11132(Zhou
et al. 1994). A hybrid containingthe first five exons;of CYPIIB1 fused to the last 4
exons of CYP11132,when expressedin COS-7 cells and incubated with DOC,
possessedII 0-hydroxylaseactivity but had no 18-hydroxylaseor 18-oxidaseactivity.
That is, it synthesisedcorticosteronebut not 18-hydroxycorticosteroneor aldosterone.
This suggeststhat residuesupstreamof exon 6 of aldosteronesynthaseare required
for aldosteronesynthesisingcapacityin the rat. The reverseof this construct,exons 15 of CYP11132fused to exons 6-9 of CYP11131)was also studied. It was inactive.
Thus residuespresent in the first 5 exons of CYP11131are essential for the llphydroxylaseactivity in the rat (Zhou et al.1994).

Exon 5 encodesamino acidsessentialfor aldosteronesynthaseactivity. This exon and
part of exon 6, which encodesresidues299-388 of human aldosteronesynthaseand
Ilp-hydroxylase, were aligned to the I-helix region of P450cam, P450BM3 and
P450terpwhich forms the active site domain in thesesimpler enzymes(Bottner et al.
1996). This careful alignment permitted the investigation of the different activities
and substrate specificities in the two human enzymes (Bottner et al. 1996). As
described above, hybrid cDNAs constructed between these two human genes
demonstratedthat the crucial breakpointwas amino acid 256 (exon 4) and that the Cterminal portion beyondthis residueof aldosteronesynthaseseemsto be important in
aldosteronesynthesisingcapacity (Pascoeet al. 1992). In P450cam, this I-helix
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is
252,
Thr
In
to
the
an
earlier
study,
which
site.
region contributesmainly
active
highly conservedin all P450 proteins (Bernhardt et al. 1995), was reported to be
in
key
(Imai
1989,
for
P450
activity
et
al.
stage
enzyme
oxygen
activation,
a
required
Martinis et al. 1989,Raaget al. 1991) (seesection 1.7). From this information alone,
it is probable that residuesclose to or within this domain play functional roles in
enzyme activity. At positions 296,301,302,320

and 355, aldosteronesynthase-

specific residues(K, L, E, A and D respectively) which align to this domain were
replacedby the 11P-hydroxylaseequivalents(N, P, D, V and N respectively). The
in
COS-I cells and conversionof 11-deoxycortisol(S)
expressed
mutantcDNAs were
and DOC measuredby HPLC or radioimmunoassay(Bottner et al. 1996). With
respectto ability to convert S to F, i. e. 11P-hydroxylaseactivity, mutantsK296N and
D335N showed a slight increase in activity compared to wild-type aldosterone
synthase. However, greatly increased11P-hydroxylationwas observedwith mutants
L301P, E302D or A320V. When these single mutations were combined, a more
pronouncedpositive effect on II P-hydroxylation was seen. Double substitution of
L301P and A320V increased11P-hydroxylationby aldosteronesynthaseto 60% of
wild-type llp-hydroxylase

(aldosterone synthase llp-hydroxylase

activity is

normally only 10% of wild-type llp-hydroxylase). Conversion of DOC to
aldosteronewas suppressedcomparedto wild-type aldosteronesynthase,the triple
mutant L301P/E302D/A320V losing 90% of its aldosteronesynthesisingcapacity.
The replacementof theseresiduesdemonstrateda switch in the substratespecificity of
aldosteronesynthase,increasingits ability to convert S, the preferred 11P-hydroxylase
substrate,by replacingresidueswith thoseessentialfor 11P-hydroxylationby human
II P-hydroxylase.

A more recent careful alignment study of human aldosteronesynthase and 11Phydroxylase with the equivalent enzymesof other species,has identified two key
residues which contribute to the 18-oxidase and 18-hydroxylase activities (i. e.
aldosterone-synthesising
capacity)of aldosteronesynthase(Curnow et al. 1997).
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Substitution within

Effect on S to F

I-helix of

conversion

Aldosterone synthase
Slight T compared to

K296N

WT aldosterone
synthase
L301P

TTT

E302D

-TTT

A320V

TTT

D355N

Slight T compared to
WT aldosterone
synthase
TTTTT (60% of WT

L301P, A320V

11P-hydroxylase activity)
L301P, E302D, A320V

TTTTT

I

Table 1.9a Effects of replacing aldosteronesynthasespecific residueswith the II Phydroxylaseequivalentson S to F conversionin vitro (Bottner et al. 1996).
Residues248-340 (a region encodedby part of exon 4-6) of human aldosterone
synthasewere alignedto the correspondingregion of aldosteronesynthasesfrom other
species and also to human II P-hydroxylase. Residues G288 and A320 were
in
in
conserved aldosteronesynthase all species.Interestingly, at the corresponding
loci in human II P-hydroxylase, there were a S288 and a V320 respectively (Curnow
ct al. 1997). Using in vitro

sitc-directed mutagenesis, progressive C-tenninal

substitutionswere performed. Resulting cDNA mutants were expressedin vitro in
COS-7 cells and conversionof DOC to B, 18-OHB and ALDO measuredby TLC
I
8-hydroxylation
18Results
RIA.
that
and
efficient
showed
with subsequent
located
between
248
dependent
the
ten
central
on
nature
of
residues
oxidation were
and 339.18-Oxidase activity was markedly reduced when exon 6 residues of
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aldosteronesynthase(A320, D335,1339) were replacedby those of 11P-hydroxylase
(V320, B335, A339). On the other hand,when the differing residuesof exon 4 and 5
(248,281,285,288,296,301,302) of Ilp-hydroxylase were replaced by those of
aldosteronesynthase,this II P-hydroxylasemutant was able to produce low levels of
aldosterone (Curnow et al. 1997). Further substitution of the Ilp-hydroxylase
residuesP301 and B302 with the correspondingaldosteronesynthaseresiduesL301
andZ302 did not influencethis low level of aldosteroneproducedby this hybrid II Phydroxylase(Curnow et al. 1997).The most profound effect was seenwhen residues
S288and or V320 of II P-hydroxylasewere substitutedfor their aldosteronesynthase
equivalentsG288 and A320. This alone was sufficient to confer 18-hydroxylaseand
18-oxidase activities respectively upon II P-hydroxylase, enabling aldosterone
synthesis(Curnow et al. 1997). Thus, efficient 18-hydroxylationrequiresa glycine at
position 288 and subsequent18-oxidationrequires an alanine at position 320. Such
mutations, should they occur naturally, might have important implications

in

hypertension.Screeningof normal and hypertensivepopulations for mutations and
polymorphismswithin thesegenesmay revealsomeinterestingresults.
Substitution

Activity

within
llp-hydroxylase
S288G

Confers 18-hydroxylase activity

V320A

Confers 18-oxidase activity

S288G, V320A

Full aldosterone synthase activity

Table 1.9b Amino acid substitutions conferring a1dosterone
synthesisingcapacityon
I P-hydroxylase(Cumow et al. 1997).
A more recent study, also based on structural alignement, focussed on the
regioselectiverole of isoleucine (I) at position 112 (exon 2) in human aldosterone
synthase (Bechtel and Bernhardt 1998). Structural and sequencecomparisonwith
P450camsuggestedthat 1112of humanaldosteronesynthasemay be of importanceto
the enzymescatalytic properties. Site-directed mutagenesiswas used to alter this
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residue to either a serine I112S (the equivalent residue found in human Ilphydroxylase) or a proline Il 12P (residue found at correspondingposition in mouse
and rat II P-hydroxylase). The resultantmutantswere then expressedin COS-I cells
and the rate of conversionof DOC to aldosteronecomparedto wild-type aldosterone
synthase.The rates of all three stagesof aldosteronebiosynthesisfrom DOC were
increased by the I112P mutation but unaffected by the I112S mutation: UPhydroxylation was increasedby 30%, 18-hydroxylationby 78% and 18-oxidationby
22%. This residuemay be excludedfrom forming interactionswith the substratedue
to its distance from the active site but, from this study, it is clearly important for
hydroxylation by aldosteronesynthase(BetchelandBernhardt 1998).
1.9.3 Summa

It is clear from thesestudiesthat severalresiduescloseto the active site play essential
roles in the specific functions of thesetwo enzymes. However, little is known about
residuesoutwith this region and their role, if any, in enzymatic function with the
exceptionof residue 112 in exon 2 whoserole has been clearly defined (Betchel and
Bernhardt 1998). It is unwise to classresiduesas functionally irrelevant solely on the
basisof their locii. Although they may lie at somedistancefrom the active site, they
may still influence enzymaticfunction. Possibleroles may be initial substratecontact
points, binding of facilitatory proteins and protein folding all of which will contribute
to activity and function.
1.9.4Alms of this study.
From the survey of the literature there is strong evidence that corticosteroid
metabolism is frequently changedand may be involved in the aetology of essential
hypertension.In order to establishthis relationshiptwo things are necessary.Firstly, a
clearerunderstandingof the relationship of structure-functionof alosteronesynthase
and II P-hydroxylasenot only at sitesof known functional importancebut throughout
the molecule is required. Secondly,to determinewhether mutations/polymorphisms
occuring in essentialhypertensionchangeactivity, bearing in mind that changesin
the pattern of steroid synthesis,for example the synthesisof abnormalsteroids,may
,
indirectly affect fanction.This problem has been addressedusing techniques of
molecularbiology and establishedbiochemicalmethods.
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CHAPTER 2
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2.1.1. Plasmids
The cDNA encoding human llp-hydroxylase

(CYP11BI) and aldosterone synthase

(CYP I IB2) were in the vector pCMV4; named pCMVB 1 and pCMVB2 respectively
(referred to as BI or B2) and were kindly provided by Professor Perrin White
(Curnow et al. 1991). The inserts constitute 1.5kb and the plasmid vector is 4.8kb.
The cDNA encoding bovine adrenodoxin was contained in the plasmid pCD Adx
(Okamura et al. 1985) and was a gift from Prof. J Ian Mason. As a reporter gene for
transfection studies, the plasmid pSVP-gal (Promega, Madison , USA) was used. All
DNA
Plasmid
CMV-derived
was
promoter.
plasmids share a common general
large-scale
both
DNA
by
CsCl/EtBr
preparation
and
small-scale
purification
prepared
protocols (see below).
2.1.2 Preparation of competent cells
A stock of E.coli DH5 a in glycerol was used to inoculate 2ml L-broth supplemented
in
incubated
37*C
(lOmM)
MgC12
(0.2%
at
an
and
overnight
w/v) and
with glucose
into
inoculated
100ml
fresh
I
(225rpm).
this
overnight
culture
was
ml
of
shaker
orbital
incubated
(0.2%
GOMM)
MgC12
L-broth
and
at
w/v),
supplemented with glucose
of
37*C with orbital shaking (225rpm). When the optical density at 600nm was between
0.2 and 0.3, the culture was placed on ice/water for 10 minutes to cool to 4'C. The
in
then
pre-cooled sterile 250ml
pelleted
cells were

centrifuge

bottles by

decanted
for
4*C.
The
15
3000
was
at
supernatant
and
minutes
rpm
centrifugation at
the cells were resuspended by pipetting and gentle triturating in 10ml of ice-cold
"Miller"

transformation solution (see appendix 3). The resuspension was completed

by gentle swirling. The suspension was divided into aliquots (100gl), frozen on "dry
ice' and stored at -70"C until required.

Transformation efficiency tests were

performed on transformed cells.
2.1.3 Transformation

of bacterial cells

Plasmid DNA (10-100ng) was added to a

100ýtl suspension of competent E. coli

DH5a. in a 1.5ml Eppendorf tube. The mixture of cells and DNA was stored on ice
for 30 minutes and then subjected to a heat shock of 30 seconds at 37C. The cells
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were allowed to recover on ice for 2 minutes before adding 500111of L-broth
supplementedwith glucose(0.2% w/v), MgC12(lOmM) and incubating at 37"C for 45
minutes in an orbital shaker(225rpm).The cells were pelleted by microfuging for 30
secondsand all but 100gl of the supernatantwas removed. The cell pellet was
resuspendedin this residual medium and spreadonto L-agar plates (L-broth, 1.5%
agar) containing 100gg/ml ampicillin. The plates were allowed to dry and then
invertedand incubatedovernight at 37T. Colonieswere visible after 16 hours.
2.1.4 Screening transformed col

*

L-agar ampicillin plates allow the selection of clones containing closed circular
intact,
DNA
with
an
ampicillin-resistant gene. Analysis of clones was
plasmid
performedby restriction analysisand sequencingasnecessary(seebelow)
2.1.5a Small scaleplasmid purification by alkaline lysis method
A transformed colony was used to inoculate 2ml L-broth supplemented with
100ýig/mlampicillin and incubatedovernight at 37T with orbital shaking. 1.5ml of
the resulting culture was pelleted in a microcentrifuge at 40OOrpmfor 5min and the
supernatantwas removed.The pellet was resuspendedin 1001ilof ice-cold solution 1,
pH 8.0 (50mM glucose,25mM Tris, lOmM EDTA), then 200[d of freshly prepared
room temperaturesolution 2 was added (1% SDS, 0.2M NaOH). The mixture was
inverted 5 times and stored on ice. 1501il of ice-cold solution 3, pH 4.8 (3M
potassiumacetate,5M aceticacid) was addedand the suspensionwas mixed by gentle
vortexing in an inverted position and then stored on ice for 15 minutes. Cell debris
was removed by centrifugation at 120OOrpmfor 5 minutes. The DNA in the
supernatantwas then precipitatedwith ethanol(seebelow) and resuspendedin 50gl of
TE buffer (IOmM Tris.HCl pH 8.0, ImM EDTA, pH 8.0) or sterile water,
supplementedwith DNase-freeRNaseat a final concentrationof 20gg/ml.
2.1.6aLarge scaleDNA puriflcation
A single colony was used to inoculate 2ml of L-broth supplementedwith 1009'g/ml
ampicillin. It was incubatedovernight at 37T in an orbital shaker (225rpm). This
overnight culture was used to inoculate 500ml of L-broth supplemented with
100pg/ml ampicillin in a 2L flask which was incubated for 16hours at 370C with
orbital shaking at 225rpm. Cells were harvested by centrifugation in a Sorval
ultracentrifuge (Beckman J seriesrotor) at 50OOrpmfor 5minutes at 4*C in 250ml
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in
ice
(see
I
l8mls
bottles.
The
solution
of
cold
pellet
was
resuspended
centrifuge
2.1.5a).Freshly preparedlysozyme(2ml) (10mg/ml in I OmM Tris.HCI (pH8.0)) was
then added.Freshly preparedsolution 2 (40ml) was then added,the suspensionmixed
by inverting 10 times and then storedon ice for 5 minutes. Ice cold solution 3 (20MI)
ice
by
inverting
10
times
the
then
gently
and
stored
on
added, suspensionmixed
was
for 15 minutes until a white flocculent precipitate appeared.The bacterial lysate was
then centrifuged at 100OOrpmfor 15 minutes at 4*C. The centrifuge was allowed to
decelerategently without braking. The supernatantwas filtered through four layersof
isopropanol
bottle
(0.6
into
fresh
48ml
250ml
containing
of
a
centrifuge
sterile gauze
left
for
10 minutes. The
This
temperature
then
at
room
mixed
and
was
x volume).
DNA
50ml
Beckman
to
tube
transferred
a
ultracentrifuge
and
mixture
was
resulting
for
120OOrpm
15
by
minutes at room temperature.
at
centrifugation
was recovered
The supernatantwas decantedandthe pellet was rinsed in 70% ethanoland allowed to
dry. The pellet was then resuspendedin 7ml H20 or TE. Plasmid DNA was then
purified by CsCl-EtBr gradientcentrifugation.
2.1.6b Caesium chloride-ethidium bromide density gradient centrifugation
For every ml of DNA solution, Ig of solid caesiurn chloride (CsCl) was added.
Ethidiurn bromide (EtBr, 10mg/ml in water), 0.8ml, was added for every IOMI of
DNA/CsCI solution. The tubes (Beckmanquick-sealcentrifuge tubes) were balanced
using mineral oil and centrifugedat 490OOrpmfor 16 hours at 20T (with a WO rotor
in a Beckman centrifuge).The DNA was detectedas fluorescentbandsusing a long
wavelengthUV light sourceand the lower band containing supercoiledplasmid DNA
is
higher
band
The
collected
syringe.
chromosomal DNA. EtBr was
was
using a
removedby successiveextractionswith an equal volume of water-saturatedbutanol.
Water (3 x volume) was addedfollowed by 2 volumes (DNA solution +3 volumes
water) of ethanoland the mixture placedon ice for 15 minutes.It was then centrifuged
at 15000rpm for 20minutesat 4'C. The supernatantwas removedand the pellet was
in
by
dialysis
dH20CsC1
Iml
againstdH20 or TE
sterile
was
removed
resupended
for 24 hourswith approximately6-8 changesof dH20 or TE.
2.1.6cEthanol precipitation
Nucleic acids were precipitatedby adjusting the monovalent cation concentrationto
0.3M using 3M sodium acetate(pH 5.7) stock solution, adding 2.5 x volumes of

103

The
for
incubating
30
acids
were
nucleic
precipitated
minutes.
at
ethanoland
-20"C
70%
The
in
12
OOOrpm.
120OOrpm
with
was
washed
pellet
a centrifugeat
pelleted at
(v/v) ethanoland air-driedbeforeresuspensionin water or TE.

The concentration of each preparation was determined by measuring the optical
density of samplesat 260run.Five microlitres of the DNA solution were addedto a
final volume of Iml of H20 in a quartzcuvetteand the extinction measuredat 260mn
in a dual beam spectrophotometer
with a deuteriumlamp. An optical density OD260
An
OD260
I
DNA.
double
I
50ýtg/rnl
to
of
correspondsto
stranded
of
of corresponds
40jig/ml of RNA. The optical densityof pure preparationsof DNA and RNA have an
(Sambrook
1.8
2.0
260/280
et al.
and
respectively
ratio of approximately
extinction
1989).

DNA quality and identification

of the individual plasmids was verified by

sequencing,digestionby restriction enzymesand gel electrophoresis.

Two microgramsof plasmid DNA was placed in a 1.5ml Eppendorftube with 1PI of
high concentrationof the desired enzyme and 2ptl of IOX buffer (specific for each
enzyme, see Appendix 4). The enzyme Spel for example was used to distinguish
pCMV4-B I from B2. Double digests,Not I/BgI II and BamHI/HindIII, were usedto
digest pCD-Adx and pSV-P-gaIrespectively.Where required, 2ýd of lOx BSA was
added. H20 was added to make the final reaction volume of 20gl. Digests were
incubated at 37*C for at least 2hours or overnight. The completenessof each
digestion and characteristicbandsgeneratedwere identified by electrophoresisof the
total reactionvolume plus 5ptl of loading buffer (seeAppendix 3) on a 1.0% agarose
gel.
2.1.9 Preparation of agarosegels for electrophoresis.
Agarose(1% w/v) was addedto 100ml of TAE buffer (see appendix 3), mixed and
heatedin a 650W microwave oven for 120 seconds.Whilst cooling, I jil of ethidium
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bromide was addedto the agarose,the agarosemixed andpoured into gel moulds with
teflon combs.The gel was allowed to set for Ihour before removing the combs.Gels
buffer
in
100ml
TAE
tanks
of
and
standard
electrophoresis
with
were placed
connectedto a constantpower sourceat 60V for Ihour.
2.2. Direct DNA sequencing from PCR products.
The sequenase system.
Determination of nucleotide sequencesto confirm mutations created by site directed
incorporated
that
were
ensure
undesirable
mutations
not
was
mutagenesis and
performed on PCR-amplified

plasmid DNA

by a modification

of the chain

termination method using a commercially available Sequenase kit (United States
Biochemicals, Ohio, U. S.A). Dimethyl sulphoxide (DMSO) was included to enhance
breakdown of DNA secondary structure.

Buffer ingredients and details are in

appendix3.
The chain termination method involves the synthesis of a DNA strand by DNA
polymerase in vitro using a single-stranded DNA template. Synthesis is initiated at the
site of hybridisation of a target specific sequencing primer which anneals to the DNA
is
interest
DNA
a
strand
elongated until the reaction is terminated by the
of
and
incorporation of a nucleotide analogue that does not permit finther elongation. Such
analogues include the 2', 3'-deoxynucleoside Y-triphosphates (ddNTP's) which lack
the YOH group required for DNA chain elongation. Four such reactions are carried
out in parallel using different ddNTP's mixed with the complementary dNTP's to
provide complete sequence information

A radioactively labelled nucleotide is

included in the synthesis so that the labelled chains of varying length can be
visualised by autoradiography after high resolution electrophoresis.
2.2.1 Sequencing protocol
Annealing
Each of the reactions listed below was carried out in a sterile Eppendorf tube:
a)

4 tubes containing 2.5 pl of each of the four ddNTP's in a termination mix

were prepared.
b) A mixture was preparedcontainingthe following:
DNA

6 ýtl (I pg/ pl)

105

H20

1 [11

DMSO 25%

1 ýd

Sequencingprimer

2 pl (10 pM)

Total volume

10 P1

The mixture was placed on a heating block at 99*C for 5 minutes to denatureDNA
and then centrifugedbriefly. The tube was then placed on a mixture of dry ice and
100%ethanol.
2.2.2 Preparation of the label reaction
C)

In a sterlie Eppendorftube:

DTT

I ýtl

label mix

2 pl (1:5 diln)

35S-ATP label

1 [11 ,

All subsequent reactions

were performed behind perspex to shield against

radioactivity.
d) The plasmid mix from a) was gently thawedand centrifugedbriefly. Immediately2
pl of Sequenasebuffer was added and mixed well. After 5 minutes at room
temperatureto allow completedenaturation,the samplewas briefly spun and stored
on ice.
Dilution of SeQuenase
enzyme
e) I pI Sequenaseenzymewas diluted with 7 pI Sequenasedilution buffer to give a
1:8 dilution, mixed well, centrifugedbriefly and transferreddirectly onto dry ice.
f) 2 til of diluted enzymefrom e) was addedto the label reaction from c) mixed well
and transferreddirectly onto ice.
g) 5.5 til of this mixture from f) was addedto the denaturedplasmid DNA from step
d) mixed well, spun briefly and stored on ice. This mixture was referred to as the
'total mix'.
h) The four ddNTP tubes from a) were placed on a pre-heatedblock at 37*C for I
minute. Then 3.5 pI of total mix was added,the tubes cappedto prevent evaporation
and incubatedfor a further 5 minutes at 37*C. To each reaction were 4 P1of stop
solution (see appendix 3) was added and stored at -20*C until run on a
polyacrylamidegel.
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2.2.3 Polyacrylamide gel preparation
Polyacrylamide gels were prepared using a modification of a standard protocol. Two
glass plates were cleaned using isopropanol and then siliconised and left to dry in air
with teflon spacers in place. A 6% polyacrylamide gel with urea was prepared:

Acrylamide:bisacrylamide(40%, 19:1)

22.5ml

I OXTBE

15ml

Urea

63g

Thesewere mixed and the volume adjustedto 150ml with H20. The acrylamide:urea
mix was polymerisedby addition of 150ýtlof 25% ammonium persulfate and 150ýd
TEMED, and poured.Combswere insertedinto the top of the gel and the gel allowed
to set for approximately3 hours.
2.2.4 Polyacrylam*de gel electrophoresis
The gel heatedto 45"C. The laneswere clearedof bubbles by a fine-tipped Pastuer
pipette and the loading combsreplaced.
Sampleswere removedfrom -20'C storageand placed on a heating block at 75"C for
2 minutes before loading. For each lane of the gel, 3.5 pt of the terminated
sequencingmix were placed in a well. Four reactionswere run in parallel on the gel
for eachsequencingpimer in the order: GATC allowing the completesequenceof the
DNA to be determined.Gels were run at 55-70 Watts, ensuring that the surface
temperatureof the gel did not rise above 50*C. Gels were run from 3 to 5 hours
dependingon the primer site in relation the region to be sequenced.
After electrophoresis,the gel was removedfrom the tank and the plates soakedin cold
water in a flat tank for 30 minutes.The top plate was then carefully removedand gels
were absorbedonto 3mm Whatmanpaper,coveredin clingfilm and then dried for 60
minutes. The dried gels were subjected to autoradiography overnight and
autoradiographsdeveloped(Kodak X-Omat ).

Sequences
were determineddirectly from the autoradiographand comparisonwith the
consensussequenceof the CYP IIBI

and CYP 11B2 genes.
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2.2.7 Automated Cycle Sequenc*ng
Automatedsequencingwas performedusing the ABI Prism BigDye Terminator Cycle
SequencingReaction Kit (PE Applied Biosystems,Foster City, CA, USA) using a
Perkin Elmer ABI Prism 377XL DNA Sequencerby Dr Wai Kwong Lee and Nick
Brain (Blood Pressure Group). The technique is an adaptation of the dideoxy
terminationmethodof sequencing(Sangeret al. 1977).
Sequencingreaction:

100-500ngof templateDNA
3.2 pmol of primer
8pl ReadyReactionMix (suppliedin kit)
Total
20ý11

Reactionswere overlaid with 40pl of mineral oil. The reactionwas run over 25 cycles
block:
Perkin
Elmer
PCR
a
on
Protocol:

96*C for 30s
(Annealing Temp *C primer) for 25s
60"C for 4min

Prior to the gel run, sequencingproducts were precipitated in sodium acetateand
25mM EDTA
ethanol(2.1.6c).To the pelleted DNA 6pl of 5: 1 deionisedfon-narnide:
with 50mg/ml blue dextrandye, pH8.0 was added,the samplevortexed and denatured
at 95"C for 2min. 1.5pl of eachsamplewas loadedonto a 5% polyacrylamidegel ( 36
cm "well-to-read" distance,0.2mm thick). Sampleswere electipohoresedin afield of
1.68kV at 51*C in TBE buffer. At these settings the instrument resolves at
100bp/hour.The ready reaction mix contains 2', 3' dideoxy terminators which are
labelled with dichlor-rhodamine fluoresecent dyes. Each ddNTP flouresces at a
particular wavelength between 532 and 620nm. As the labelled DNA fragments
migarte down the gel, an argon-ionlaser scanshorizontally back and forth emmitting
two wavelengthsof 488nm (blue light) and 514.5nm (green light). This emmission
excitesthe flourescentdye on eachDNA fraginnentwhich flouresces,emmitting light
at a particular wavelength.This is detectedby the instrument and the data sent to a
Power macintosh G3 computer and analysedusing ABI Prism Sequencinganalysis
v3.0 (Perkin Elmer).
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2.3. Screening of the CYP1 1B1 and CYPI IB2 genes for mutations in normal and
hypertensive populations
2.3.1 Blood samples
Blood samples were taken using Vacutainer needles and bottles (Becton Dickson,
Europe, Meylan, Cedex-France).
2.3.2 Genomic DNA extraction from blood
Genomic DNA was extracted from leukocytes using a variation of the method of
Sambrook (Sambrook et al. 1989). Ten millilitres of EDTA-preserved whole blood
(10ml) was placed in a Universal tube and 40ml of cell lysis mix (appendix 3) added.
Tubes were left on ice for 10 minutes before centrifugation at 2800 rpm. for 10
in
3ml of nucleic lysis mix
4*C.
The
was
resuspended
resulting pellet
minutes at
(appendix 3), 200pl 10% SDS and 100ýd proteinase K (10mg/ml) were added.. After
overnight incubation at 370C incubation, I ml of 6M NaCl was added with vigorous
shaking, then 5ml of phenol: chloroform: isoamyl alcohol (25: 24: 1), (PH aqueous
phase >7.6) and the tubes centrifuged at 2800 rpm for 20 minutes at 4*C. The upper
aqueous phase of the supernatant was then transferred to a fresh universal container
and two volumes of ethanol added. DNA was then spooled out with a glass rod,
washed in 70% ethanol, allowed to air dry and then suspended in 100ýtl TE buffer and
stored at 4*C.
2.3.3 PCR amplfficatoon of genornic DN
Preparaflon of synthetic oligonucleotides
Synthetic oligonucleotides which were HPLC-purified were designed from published
sequences of CYPIIBI

and CYPIIB2

and obtained from a commercial source

(Oswel DNA Service, Southampton). Primers were generally between 20-24 base
pairs and had approximately 50% guanine and cytosine nucleotides (G/C). The melting
temperature TM of primers was around 65*C. The primer was also designed not to
contain any hairpin structure.
2.3.4 Polymerase chain reaction ampifficateon
Amplification of genomic DNA exons for SSCP analysis was performed using the
polymerase chain reaction (PCR). Genomic DNA extracted from the blood of
individuals from both normotensive and hypertensive subjects were used as the
in
Reactions
template.
out
sterile polypropylene Eppendorf
were
carried
reaction
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tubes.A standardprotocol was usedfor amplification reactionsof genomic DNA and
oligonucleotideprimers were alteredaccordingto the geneand exonic region. Before
actual SSCP was performed, the PCR conditions were optimised using genomic
DNA from 4 normal subjects.
A IpI ( approximately 50ng/pl) aliquot of the genomic DNA to be amplified was
placedin a sterile Eppendorftube andthen placedon ice.
A reaction"pre-mix" was preparedfor addition to the DNA prior to incubation:
dH20:

15.75ýd

dNTP's (ImM each):

2.5ptlof mixture of dATP, dCTP, dGTP,
dTTP

MgC12

0.75ýtl

(25mM):

Senseprimer:

I pl (I Opmoles/pLI)

Antisenseprimer:

I ýLl(I Opmoles/gl)

I OXBuffer:

2.5ýtl

Taq Polymerase:

0.5ýtl (5U/ýLl)

The total reaction volume was 25pl.

Taq polymerase, a thermostable DNA

polymerase,was used.Reactionmixtures were coveredwith 50 gI of mineral oil and
placed in a thermal cycler. The heating block temperaturewas raised to 94*C for 3
minutesfor the initial reactionto allow completedenaturationof the DNA templateto
occurprior to cycling.

I. Denaturation:

94*C for 60seconds

2.Annealing:

65*C for 60seconds(dependenton primers)

3.Extension:

72"C for 120seconds

I to 3 were repeatedfor 35 cycles and followed by a final extensionstepof 72*C for 7
minutes.
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Different pairs of primers were used to amplify different exons of the two different
in
2.
3
4
tables
Details
and
of
appendix
these
shown
are
and
exons
primers
of
genes.
For some exons it was not possible to obtain primers specific for each gene. When
this was the caseprimers chosenamplified both CYP11BI and B2 exons.It was then
into
by
T-vector
from
CYP11132
to
CYPllBl
to
subcloning
separate
necessary
facilitate sequencing(detailedlater).
Following completion of the PCR, sampleswere placed on ice until run on 1%
desired
bromide
the
to
the
of
verify
presence
agarosegels stained with ethidium
reactionproducts.

Once the PCR reaction had been optimised, conditions for SSCPwere set up. This
techniqueis used to detectmutations in DNA sequenceswhich have been amplified
from genomic DNA by PCFL It uses a PCR product which, by incorporating a
itself.
becomes
labelled
These
in
PCR
labelled
the
reaction,
substrate
radioactively
PCR products are then run on a non-denaturingacrylamide gel. The electrophoretic
mobility of single-strandednucleic acidsdependson size and sequence.Using singlein
be
detected
base
fragments
250bp
the
sequence
can
as
changes
single
stranded
of :9
mobility shifts on the gel.
2.3.7 SSCP PC
PCR conditions were the same as those detalied in section 2.3.5. PCR products greater
than 250bp were digested to generate fragments of size suitable for SSCP (see 2.3.8).
Details of restriction enzymes used are shown in the table 3. In each run of SSCP a
total of 50 (1pl) genomic DNA samples were run simultaneously. This consisted of 10
in
from
the Monica IV survey, a
normotensive participants
samples chosen at random
in
lists
the
samples
of
patients
on
of Glasgow
random
coronary
project surveying
risk
general practitioners and 40 samples from patients with essential hypertension. A
reaction PCR mix was prepared adequate for 60 samples. To this mix, 2ýd of
behind
dCTP
the
mixture
carefully
mixed
perpsex.
added
and
was
radioactive

III

Aliquots (24pl) of the radioactive mix was then added to each DNA sample and
in
Reactions
were covered with mineral oil and placed a thermal cycler as
mixed.
describedin 2.3.6.

In some cases the PCR product amplified required digestion in order to obtain
fragmentsizesof 250 basesor smaller.A non-denaturingSSCPgel is more sensitive
in detectionof band shifts in fragmentsof this size. Details of the enzymesused are
shownin table 3 appendix 2.
An enzyme reaction mix was prepared and added directly to the completed PCR
reaction:
Enzyme

0.5111

Buffer

2.51il

Total

5.0ýtl

Again a mastermix sufficient for 60 reactionswas preparedand 5ýtl aliquots pipetted
into eachcompletedPCR reaction,carefully mixed and incubatedovernight at 37"C.

A 5ýtl aliquot of the completedSSCPPCR reactioncontaining digestedor undigested
fragmentswas transferredto fresh tubesand I Opl of stop blue (seeappendix 3) was
added and carefully mixed. 101il of this mixture were loaded per well on a nondenaturingSSCPgel.
2.3.10 Preparaflon of the non-denaturing gel for SSCP
Gels for SSCP (30 x 40 cm) were prepared using a modification of a standard
protocol. Two glass plates were cleaned using isopropanol and the top plate
siliconised

and left to dry in air with (0.2mm) teflon spacers in place. Unlike

sequencing gels, there is no urea present in a non-denaturing gel. The mixture for a
polyacrylamide 6% gel was prepared as follows:

112

Acrylamide:bisacrylamide(30%, 37.5:1)

30ml

I OXTBE

15ml

Glycerol

7.5ml

0.5M pH 8.0 EDTA

0.3ml

dH20

97.2ml

Total

150ml

The resulting 6% polyacrylamidegel contained5% glycerol. The acrylamidemix was
150
25%
150
by
ammonium
persulfate
and
ýLlTEMED.
pI of
polymerised addition of
2.3.11 SSCPgel electrophoresis
Approximately IL of IX TBE was addedto the apparatustank. The lane combswere
removedand the gel equilibratedat room temperature.
Sampleswere removed from storageand placed on a heating block at 95*C for 5
lane
blue
5PI
PCR
before
loading
denature.
For
the
the
to
of
each
gel,
of
stop
minutes
mix were placed in a well. Gels were run for approximately4 to 5 hours at 30 Watts
(1875V, l6mA) at room temperature,ensuring that the surfacetemperatureof the gel
did not rise above50*C.
2.3.12 Preparation and autoradfography

of SSCP gels

After completion of the electrophoresis, the gel was removed, dried and exposed to
before.
film
as
photographic

The bandingpatternof the individual sampleswere compared.Sampleswith a unique
band shift were urther analysedby sequencingto detect base changesin the DNA
sequenceas describedin 2.2 to 2.2.6.
2.4.14 Sub-cloning into T-vector
For some exons it was not possible to select primers which amplified selectively only
CYP 11BI or CYP II B2. In these instances exonic regions were amplified using nonselective primers which produced CYP 11BI and CYP 11B2 amplicons. The resulting
PCR products were sub-cloned into T-vector (Promega) to facilitate sequencing.
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2.4.15T-vector ligation reaction
0.6 ýtl PCR product (ze25ng)
1.0 ýil DNA ligase
1.0 pl ligasebuffer
I ILIVector
6.4 pl dH20
10 ýjl Total
Incubatedat 4*C for 16 hours.The ligation reactionwas then transformedinto JM 109
LB-amp
in
described
the
and
plated
onto
plates
protocol
manufacturers'
cells as
(2.1.3). 20 coloniesexpressingampicillin resistancewere picked off and 2ml cultures
inoculated.Thesewere grown overnight at 37"C and shakenat 225rpm in an orbital
in
(2.1.5a).
The
described
DNA
resulting DNA was ran on a
extracted
as
shaker.
was
1% agarose gel to check quality and then sequenceddirectly following ethanol
precipitation.
More colonies were screened as necessary to decide whether a subject was
homozygousor heterozygousfor a particular polymorphism.

2.4 Site-directed mutallenesis.
Mutations identified in either CYPIIBI

or CYPllB2, detected by SSCP, which

altered the amino acid sequenceof either Ilp-hydroxylase or aldosteronesynthase
for
both
in
the
cDNAs
cloned
genes:plasmids pCMV4were constructed vitro using
BI or pCMV4B2. Other constructswere also preparedwhich resulted in aldosterone
synthase-specific residues being altered to the II P-hydroxylase equivalent in
aldosteronesynthaseand in somecasesvice versa in an attempt to identify residues
which accountfor their differing activities.
Site-directed mutagenesis was performed using the Quick-Change site-directed
mutagenesiskit (StratageneLtd., Cambridge,UK). Mutation of nucleotides which
altered the amino acid sequencewas carried out by PCR using senseand antisense
primers incorporating the desiredmutation. The primers used are shown in table I
and2 andwere purified by HPLC (Oswell DNA Service,University of Southampton).
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2.4.1The PCR reaction contained:
5ýtl reactionbuffer (1Ox)
2pl plasmid DNA (pCMV4-B I or B2,20ng/pl)
I pl (I 25ng) senseprimer
I pl (I 25ng) antisenseprimer
I pl dNTP mix (I OmM)
I pl pfu DNA polyinerase(2.5U/ýtl)
4AH2, Q
50al total.

2.4.2 The PCR protocol consistedof :
95*C for 30 secs initial denaturationstep
1.95"C for 30secs denaturation
2.55'C for Imin

annealing

3.68"C for 14 min

extension

1,2 and 3 were repeatedfor 12 cycles.

2.4.3 Digestion of parental strand
Parental (non-mutated) supercoiled dsDNA template remaining in the PCR reaction
was digested by addition of lpl of the restriction enzyme Dpn I for Ihour at 37"C.
Dpn I specifically digests DNA which is methylated and of bacterial origin. Therefore
the newly PCR synthesised strand remains intact.
2.4.4 Transformation

of bacterial cells with mutant plasmid

Epicurion Coli XLI-Blue

supercompetent cells (50ýtl) (Promega Corp. Southampton

UK. ) were transformed with Iýd of the PCR reaction after DpnI digestion by heat
shock at 42"C for 45 seconds and grown at 37*C in NZY+ broth for I hour. Details of
ingredients
in
medium
are shown appendix 3. The transformation reaction was plated
onto LB/ ampicillin plates (100pg/ml) and incubated at 37*C for >16hours. Single
white colonies were selected and innoculated into 2ml of LB/ ampicillin

broth

(100pg/ml). Plasmid DNA was prepared and the entire insert sequenced to ensure the
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desired mutation had been incorporated as described in 2.2 to 2.2.6. Large scale
plasmid DNA preparationswere carried out by CsCI/Etbr purification centrifugation
asdescribedin 2.1.6ato 2.1.6c.
2.5 Trans*ent transfection system
2.5.1 COS cell maintenance
The preparation of media and all cell handling procedures were performed in a type II
vertical laminar flow tissue culture hood COS-7 cells (African Green Monkey kidney
cells, European cell culture collection) were maintained in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 2mM L-glutamine. The culture medium
was supplemented with 5% foetal calf serum, lOOU/mI pennicillin

G, lOOPg/ml

streptomycin and amphotericin B. The latter three reagents were supplemented as an
antibiotic/antimycotic complex solution( Gibco BRL). Cells were either cultured in
175CM2culture flasks (containing 20ml medium) or 100mm. dishes (containing 10ml
medium) and placed in a humidified atmosphere of 5% C02 and 95% air at 37C.
2.5.2 Sub-culturing
Cells were passaged upon reaching 90% confluence. Medium was aspirated and the
cells washed twice with phosphate-buffered saline (PBS). Trypsin solution (0.25%
trypsin and 0.02% EDTA in Dulbecco's buffered saline) was layered over the the cell
monolayer and then aspirated off. Cells were incubated at 37*C for 5 minutes. Cells
were suspended in fresh medium and pelleted at 10OOrpmfor 5 minutes to remove
traces of trypsin solution and resuspended in the appropriate growth medium at the
required density.
2.5.3 Storage and revival of frozen stocks
Cells grown to 90% confluence were trypsinised and pelleted as before and then
resuspended in media containing 10% dimethyl sulfoxide (DMSO). Aliquots (Iml)
were transferred to 1.5ml cryovials which were placed in Nalgene cryo I*C freezing
container. This was placed in a -70"C freezer for 24 hours to ensure gradual chilling
of the cells (approximately PC/minute). These vials were then transferred to a liquid
nitrogen freezer for long term storage. Cells were removed from liquid nitrogen
source for use when required and quickly thawed by placing in a 37*C water bath.
The cells were washed in DMEM, supplemented as before, to remove DMSO and
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in
fresh
The
then
growth medium and transferredto a
pelleted.
pellet was
resuspended
incubated
C02
flask.
Cells
were
at 37"C, 5010
small
2.5.4 COS cell Transfection
COS-7 cells are non-steroidogenicapart for some basal 11P-HSD activity and are
therefore suitable for transfection with aldosteronesynthaseand II P-hydroxylase
genes.Transfectionswere carried out using DOTAP Liposomal TransfectionReagent
(Boehringer Mannheim, Germany). The reagent and DNA form cationic DNAliposomecomplexeswhich fusewith the cell membrane.Approximately 5x 107 cells
for
in
dishes
100mm
3 hours with 8mls of
80%
were
pre-incubated
at
confluence
Optimem I Reduced Serum Medium supplementedwith 100 units /mI penicillin,
O.Img/ml streptomycinand 0.025mgamphotericin-B(antibiotic-antimycotic solution
from Sigma-Aldrich Company, Dorset, England, UK). A transfection mixture was
then supplementedand the cells were exposedto this for 8 hours. The transfection
mixture was preparedas follows sufficient for duplicatedishes:
VIAL A

VIAL B

DNA (I jig/[tl)

(A

Adx,

P-gal Test

20mM HEPES

DOTAP

20mM HEPES

10

20

150

150

50

20

Vial A was mixed with that of vial B and incubated at room temperaturefor 15
minutes.DOTAP was supplementedaccordingly so that the DOTAPONA ratio was
3: 1.200pl of the mixture was carefully poured over the cells per 100mm dish and
evenly distributed.
The test plasmidswere:
wild-type plasmids:pCMV4-B I or pCMV4-B2
CYPI IB2 mutants:B2-Q43R,B2-DI47E, B2-1248T,B2-K357N or
B2-T493M
CYPI.IBI, mutants:BI-HI07Y, Bl-E147D or BI-LI86V.
Control transfectionswere alsoperformed
1. lOpg of pSV-P-gaI
2.1 OpgpSV-P-gaIplus 5[tg of pCD-Adx
3. lOpg pSV-P-gal,5pg of pCD-Adx plus lOpg plasmid vehicle.
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For every pg of DNA transfected,3 ýd of DOTAP was usedand the total volume was
dish.
Control
buffer
20mM
HEPES
200
transfectionswere
to
per
with
made up
pI
in
also performed duplicate. 200 Id of transfection mixture was used per IOOMM
tissue culture dish. Also a negativecontrol was also performedwhere cells were not
exposedto any transfectionmixture. After 24 hours, the cell medium was replaced
with DMEM and incubatedfor 48 hoursto allow protein expression.

2.5.5 Steroid Incubation
After 48 hours, cells were permeabilised with 10% DMSO in PBS for 2 minutes at
room temperature and then washed twice with PBS. Transfected cells were then
incubated with DMEM supplemented with 5pM 11-DOC plus [3H] 11-DOC (10 000
cpm,36 Ci/mmol) or 51iM I I-deoxycortisol plus [3H] I 1-deoxycortisol (10 000 cpm,
50 Ci/mmol) for a further 48 hours. When more accurate quantification of steroids
was required, non-tritiated steroids were incubated and the resultant steroid products
analysed by radioimmonoassay. All transfections were performed in duplicate and
repeated 4 times. Medium was retained for steroid analysis and cell extracts prepared
for protein measurement and P-galactosidase activity. RNA was prepared for semiquantative RT-PCR.

2.6 Measurement of transfection efficiency
Protein and 0-galactosidasemeasurements
COS-7 cell extracts were prepared post-transfectionfor measurementsof protein
content (Biorad Laboratories Ltd., Hertfordshire) and P-galactosidaseactivity
(Promega Corp. Southampton UK. ) following the manufacturers' protocols.
Transfectionefficiency was determinedusing thesedata and steroid results corrected
asnecessary.
2.6.1 Preparation of cell lysates
Cell lysateswere preparedusing ReporterLysis Buffer (Promega).Steroid-containing
medium was removedand stored for analysisand then cells were washedtwice with
PBS and any residual tracesof PBS removed. Iml of Ix Reporter lysis buffer was
addedper 100mrndish to ensurecompletecoverageof the cell surface. Disheswere
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incubated at room temperaturefor 15 minutes with gentle rocking of the dishes
several times during the incubation. The cells were scraped off using a 'rubber
ice.
1.5ml
Eppendorf
tube
transferred
to
and
placed
on
a pre-chilled
policeman',
Tubes were then vortexed for 10-15 seconds and centrifuged at full speed in a
microcentrifugefor 2 minutesat 41C.The supernatantwas then assayeddirectly for Pgalactosidaseactivity. For the protein assay, the whole cell lysate was used to
determinethe protein concentrationandthis was retainedat -70"C until use.
2.6.2 Promega 0-galactosidaseau-U
This proceedurewas carried out according to the manufacturer's protocols.
Galactosidaseactivity was determinedin cell extractstransfectedwith the pSV-p-gal
reporter gene. The standardassay was used where an equal volume of standards
(150ýil: 1-6 milli units purified P-galactosidase
enzyme)in duplicate or appropriately
diluted samples(150gl) were addedto an equal volume of 2x assay buffer which
contains the substrateONPG (o-nitrophenyl-p-D-galactopyranoside).Sampleswere
mixed by vortexing and incubatedat 37C for 30 minutes. During this time, a faint
hydrolysesthe colourlesssubstrateto oyellow colour appearsas the P-galactosidase
nitrophenol which is yellow. The reactionswere terminatedby addition of 500ptlof
IM sodium bicarbonate and vortexed. The absorbancewas read at 420nm in a
concentrationwas determinedusing the standard
spectrophotometer.P-Galactoisdase
curve.
2.6.3 Worad Protein Assa
Bovine serum albumin standardsolutions (100pl: 200-1400ýtg/nil)were preparedin
duplicate.Biorad reagentconcentratewas diluted I in 5 and filtered through Whatman
No I filter paper. Diluted dye reagent(5ml) was added to standardsand 100ýfl of
appropriatelydiluted samplesto be analysed,gently vortexed and incubatedat room
temperature for 5-30 minutes. Absorption was measured at 595run. Protein
concentrationwas determinedusing the standardcurve.
2.7. Semi-quantitative RT-PC
A semi-quantitative PCR system was used to detect noticeable differences in the
transcriptional levels of wild-type and mutant cDNAs.
=plification

Using this method PCR

of the CYP 11BI and B2 cDNAs was carried out and and standardised

119

GAPDH
the
expressed
against
ubiquitously

(Glyceraldehyde 3-phosphate

dehydrogenase,a key enzyme in glycolysis) gene. In tissues or cells of the same
levels
be
the
level
GAPDH
transcription
the
same,
providing
similar
should
of
origin
is
is
isolated
DNA
RNA
For
RNA
this
technique,
any
and
residual
are utilised.
of
digestedwith Dnase. mRNA is then selectedusing oligo dT primers which selectthe
is
The
the
reverse transcribed to produce
mRNA
mRNA.
poly adenylation site of
by
PCR.
Primers
desired
were chosen which
the
amplified
region
cDNA and
amplified a region of the GAPDH mRNA or which amplified a region of the test gene
Le Bl, B2 or mutants.
2.7.1 RNA isolation
RNAzol B (Biogenesis,Poole, England,UK. ) was used to isolate RNA. COS-7 cells
flask/dish.
Using
B
Iml
RNAzol
PBS
then
twice
a
added
per
of
with
and
were washed
'rubber policeman', the resulting mixture was transferredto a sterile, prechilled 1.5ml
Eppendorf tube and placed on ice. 100 pl of chloroform were added per tube,
ice
for
further
5
The
tubes were
to
a
minutes.
on
shaken
mix
and
placed
vigorously
then spun at 4"C for 5 minutes at 3200rpm.The top layer was retainedand transfered
to a fresh tube containing an equal volume of isopropanol(500 ýtl). This was gently
mixed and left on ice for 15 minutes to precipitate the RNA. The RNA pellet was
for
4"C
The
15
100OOrpm.
by
at
supernatant
minutes
at
microcentrifagation
obtained
was removed and the pellet was washedwith 70% ethanol, gently resuspendedand
onceagainmicrocentrifugedfor 15 minutesat 41C at I 00OOrpm.The pellet was left to
air-dry on ice and then resuspendedby gentle trituring in 100 P1 of cold (diethyl
pyrocarbonate)DEPC H20, which preventsRNA degradation.The RNA was stored
at -70"C.
2.7.2 Agarose Gel Electrophoresis of RNA
A 1% (w/v) agarose gel containing 2ýtl of ethidium bromide was prepared in 100mls
Ix TAE. The gel was allowed to set for Ihour before removing the combs. Gels were
buffer
in
100ml
TAE
tanks
and connected to
with
of
standard
electrophoresis
placed
a constant power source. A mixture of 2gl of RNA solution, 3gl of DEPC H20 and
5gl of 6x loading dye was added to per well with 6gl of X HaeIII digest as a marker in
one well to ensure the gel was runing correctly. The gel was run at 5V/cm (-55V per
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illuminator.
UV
Distinct
for
45
then
rRNA
a
using
visualised
about minutes and
gel)
bandswere visualised.
Any contaminatingDNA was digestedwith RNasefree DNase for 1 hour at 37"C as
follows.

MgC12 (25mmol/L)

20 ýtl

2+
lox Mg free PCR buffer

10 PI

RQ1 DNase (IU/pl)

20 gl

RNA (I Opg)

50 jil

The reaction was terminatedby addition of an equal volume of phenol/chloroform.
The tube was then vortexed and spun at 14 000 rpm at 4*C for 5 mins. The aqueous
top layer was removedand an equal volume of chloroform added. This was spun at
14 000 rpm at 4"C for 5 mins, the top layer removedand 3 volumes of 100% ethanol
The
RNA
3M
0.1
DEPC
treated
acetate
were
added.
was
sodium
volumes
of
and
for
14
000
4C
30mins.
The
for
30
spun
at
rpm
and
at
mins
at
precipitated -20'C
dried
for
in
15
The
70%
and
air
pellet was
mins.
ethanol
pellet was washed
resuspendedin I Oulof DEPC water and quantified.

2.7.3 Reverse Transcription
The following components were placed in a Perkin-Elmer tube. All solutions were
kept on ice throughout:

RNA (I pg/gl)

LOPI

M902 (25pM)

4. Opl

I OX PCR Buffer Il

2.Opl

dATP (lOgM)

2.Ogl

dCT? (I OpM)

2.Opl

dGTP (I OpM)

2.0ýtl
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dTTP (lOgM)

2.Ogl

RNaseinhibitor (20U/jil)

LOPLI

MuLV- reversetranscriptase(5OU/pl)

1.Ogl

Oligo-(dT)16 primers (25pM)

I. Ogl

DEPC-treatedwater

2.Opl

Total

20.Opl

Control reactionswere also constructedomitting either reversetranscriptase(R.T.) or
RNA (water blank). In all the above cases,alterations in the various amounts of
componentsthat were addedwere compensatedfor by altering the volume of DEPCH20, such that a final volume of 20 pI was achieved.Each reaction was overlayed
with a drop of mineral oil.
The reactionswere then incubated in a Perkin-Elmerthermal cycler as follows:
15mins

4211C

5mins

990C

5mins

50C

Sampleswere stored at -20*C until requiredfor PCR.
2.7.4 PCR of first strand eDN
The completed reaction product from 2.7.3 was prepared for PCR by adding the
following componentsto Perkin Elmer tubes: Primers used amplified GAPDH or
CYPIIBI or CYPII B2 (seetable 5 appendix 2). The number of cycles carried out
for CYPIIBI/B2 and GAPDH was 30 and 34 respectively,which are in the linear
part of the amplification curve (seeFigure 3.6a, chapter3).
Components

Volume

R.T. reactionproduct

20.0ýtl

1OXPCR buffer II

8.0ýd

Primers(sense)(1.5pmoles/ýtl)

LOPI

Primers(antisense)(I. Spmoles/pl)

1.0ý11

M902 (25pM)

4.Opl
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AmpliTaq DNA polyinerase

0.5ýtl

Water

65.5gl

Total

100.0[d

The tubes were centrifugedbriefly in a microcentrifuge and then placed in a Perkin
Elmer cycle. The optimisedprogramswere as follows:

CYPI I Bl/B2

GAPDH

94*C for 3 min

94"C for 3 min

94'C for I min

94"C for 45 secs

56"C for lmin

30 cycles

60"C for 45 secs

72*C for I min

72*C for 2 mins

72"C for 7min

72"C for 7min

>34
cycles

PCR reactionswere run on 1% agarosegel where lOptl of loading dye was addedto
each sample,then 30pl was loaded on the agarosegel. 6ýtl of HaeIII OX174 digest
and/orHindHI X digestwere addedasmarkers.The gel was run at 80V for a length of
time appropriateto the amplified fragment size and then visualised under UV light.
The intensity of the GAPDH and CYPllBl/B2

bands were measured by

phosphorimaginganalysis.The ratio of the CYPIIBI /B2: GAPDH was calculatedfor
eachRNA sample.Ratios for RNA samplesfrom wild-type plasmid transfectedcells
were comparedto mutants.
2.8 Enzyme activity and steroid production
This was assessed 48 hours post-transfection. by measuring the conversion of the

3H-11
B,
18-OH-B,
18-OH-deoxycorticosterone
(18to
substrate
aldosterone
or
-DOC
OH-DOC). In some experiments,the conversionof 3H -11-deoxycortisolto cortisol
was also measured. Alternatively, non-tritiated products were measured by
radioimmunoassays.
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2.8.1 Steroid extraction
Steroids were extracted from Iml aliquots of culture medium with 5 volumes of
freshly distilled methylene chloride. Phaseswere separatedby centrifugation at
1500gat room temperaturefor 5 min and the aqueouslayer aspiratedand discarded.
The organicphasewas washedwith dH20 Oml) to removethe residualmedium.
2.8.2 Measurement of tritiated products
For measurement of tritiated products unlabelled ll-DOC,

B, 18-OH-B and

(3ýLg)were addedas carriersto eachorganic phase,which was evaporated
a1dosterone
to dryness under a stream of N2 at 37"C. The residues were resuspendedin
chloroform:methanol(2: 1,20ýtl) and applied to glass-backedsilica F254-coatedTLC
in
developed
The
Standards
(3pg)
were
methylene
were
also
applied.
plates
plates.
chloride-methanol-water(300:20:1). Steroids were located under UV light and

3H

content measuredby liquid scintillation spectrometry. These results were used to
construct ratios of product to substrate(e.g. B: DOC or F:S, 18-OHB:B, Aldo: 18OHB) which are indices of the individual enzyme activities II P-hydroxylation, 18hydroxylation or 18-oxidationrespectively.
2.8.3 Radioimmunoassay.
Concentrationsof steroidswere measuredby radioimmunoassayafter extraction and
partial purification by paperchromatography(Belkien et al. 1980,Fraseret al. 1975).
Iml samples to which 3H-steroid standardshad been added were extracted with
freshly distilled dichloromethaneand the extract evaporatedto drynessunder nitrogen
at 30*C. The residueswere chromatographedon paper (Whatman 2) using a volatile
system(appendix 3) and the steroidregionslocatedusing isotopescanningand eluted
in methanol. Aliquots of corticosteroneand 18-hydroxycorticosteronewere assayed
3
using H-steroids and antisera raised in rabbits to steroid-3-carboxymethyloxine
conjugatedto bovine serumalbumin. Bound and free steroidwere separatedusing the
dextran-coatedcharcoal method (Fraser et al 1975). Measurementof aliquots of
aldosteronewere performed using a solid phase (coated tube) radioimmunoassay
(Diagnostic products (UK) Ltd). The coefficient of variation is <10.4% and the limit
of detection Ing/dL. Cortisol measurementswere also made using a commercially
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(Diagnostic
(UK)
Ltd).
kit,
tube
products
coated
radioimmunoassay
a
available
using
The coefficient of variation is <6.4% and the limit of detectionis 0.2ýtg/dL.
ibiti

Cells used were parental V79 cells, stably transfectedCYP IIB1 or CYP11B2 V79
lung
hamster
Chinese
These
cell-lines which expressthe necessary
cells
are
cells.
by
P-450
transport
cytochrome
enzymes.
required
proteins
electron
2.9.2 Cell culture conditions
V79 cells were grown, handledand maintainedin the samemanneras COS-7 cells as
describedin 2.5 to 2.5.2.
2.9.3 Subculturing cell lines
2
A 175cm. tissue culture flask containing cells at confluence was submitted to the
following protocol: the culture medium was removed and cells washed with 10ml
5ml
Ix
buffered
(PBS)
to
trypsin-EDTA
a
prelude
washing
with
as
saline
phosphate
solution (Gibco, Life Technologies,Paisley, Scotland,UK). The cells were incubated
at room temperaturefor 2min and then resuspendedin 10ml of cell culture medium.
The cell suspensionwas then transferredinto a sterile universal and spun for 5min at
The supernatantwas removedand the pellet of cells resuspendedin
37*C at 10OOrpm.
90ml of cell culture medium. Of this volume, 20ml was transferredto a fresh large
flask as the continuing flask (producing a splitting ratio of 1:4 approx). Of the
remaining suspension,4ml aliquots were transferredper well into 6-well plates. In
order to provide adequatewells for a single experiment, 2 large flasks were required
and treatedin exactly the sameway as describedabove.Following 24 hours culture,
cells in the 6-well plateswere usedin inhibitor studies.
2.9.4 Steroid incubation in presenceand absenceof potential steroid Inhibitors
Steriod Substrate incubation
A 1mg/ml working concentrationof DOC, S or 18-OHDOC was prepared in pure
ethanol. For experiments, concentrations ranging from 10,3jiM to I OýM were
preparedin tissueculture medium.
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Steroid effectors
lmg/mI working solutions in ethanol were prepared of the following potential
inhibitors: 18-OHDOC, 18-OXOF and 18-OHF. As a starting point, 10ýLM of
inhibitor was used. This was added to

medium containing

either a fixed

from
"3
10
IpM
PM to
substrate
concentrations
ranging
concentrationof
substrateor
IpM of substratesDOC or S. This was performed for both substratesused and
in
in
duplicate.
One
the presenceof
set
was
prepared
concentrationrangeswere setup
inhibitor.
2.9.4 Steroid incubation
Each concentrationpoint, in the presenceand absenceof inhibitor, was set up in
quadruplicateusing 4 wells of a 6-well plate. 4ml of each of the steroid medium
hours
(determined
by
incubated
for
24
time-course
of
a
period
mixtures were
per well
experiments)and at the end of this time-point, medium was transferredto a 5ml tube,
cappedand storedat -20"C for steroid analysis.Cell lysateswere preparedfor protein
determination.
2.9.5 Preparation of cell lysates
Following removal of steroid medium, cells were washedtwice with PBS. The cells
in
Iml
PBS
the
then
the
and
of
and
of
well
resuspended
off
surface
were
scraped
transferredto pre-chilled 1.5ml Eppendorftubes.The resultant cell lysate was stored
ice,
vortexed at full speed for 10secsand then stored at -20*C until protein
on
concentrationwas determined.
Determination of protein concentration
Protein concentrationof cell lysateswas determinedusing Biorad protein Assay kit as
describedin section2.6.3.
2.9.6 Radioimmunoassay
Steroidswere extracted,partially purified by paper chromatographyand measuredby
radioimmunoassayas

described in section 2.8.3. Steroid measurementswere

correctedfor protein concentration.
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In the zona fasciculata(ZF) of the adrenal cortex, II P-hydroxylaseis regulatedby
ACTH and catalyses the conversion of 11-deoxycorticosterone(DOC), a weak
It
18-OH-DOC
19-OH-DOC.
18-OHB,
(B),
to
or
mineralocorticoid, corticosterone
(S)
(F).
In
11-deoxycortisol
the
to
the
cortisol
zona
of
conversion
also catalyses
by
is
II
(ZG),
and potassium
controlled
angiotensin
aldosteronesynthase
glomerulosa
(seesection 1.5). It catalysesthe initial IIP hydroxylation to convert DOC to B, and
is then able to perform the necessary18-hydroxylation and dehydration steps to
is
It
18-hydroxycorticosterone
clear that the
respectively.
and aldosterone
produce
influence
P18-hydroxylation
11
the ratio of
strongly
will
and
relative efficiency of
by
the adrenalcortex.
secreted
glucocorticoid:mineralocorticoid
The genes encoding Ilp-hydroxylase (CYPIlBI)
and aldosterone synthase
(CYPlIB2) lie in tandem on chromosome8 in man. They share 93% nucleotide
functional
(see
have
different
1.6)
have
identity
but
which
properties
quite
sequence
been outlined above.To investigatethe molecular basis of the functional differences
betweenthe enzymesand to determinethe effects of small geneticchangeson steroid
production, aldosteronesynthase-specificamino acids (Glutamine Q43, Aspartate
D147, Isoleucine 1248 and Threonine T493) were substituted for Ilp-hydroxylase
specific-residues(Arginine R43, Glutamate E147, Threonine T248 and Methionine
M493) respectivelywithin aldosteronesynthase.Mutants which causeda significant
alterationin DOC conversionwere further investigatedby constructingthe analogous
P-hydroxylase
Le
II
specific residues for the aldosterone
of
mutation
substitution
(Glutarnate
Ilp-hydroxylase
E147 to Aspartate
specific
residues
within
synthase
D147).

3.2 Methods (seesection 2)
Mutants were prepared using site directed mutagenesis(section 2.4). Large scale
preparationsof mutant plasmids,wild-type plasmids pCMV4-BI and B2, pSV-0-gal
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and pCD-Adx were made(section2.1.6a.). Thesewere analysedby restriction digests
(section 2.1.8) and mutant plasmids were sequenced (section 2.2). Transient
3H
in
in
COS-7
(section
2.5). 5ýtM
transfection vitro was performed
cells
or nontritiated substrateswere addedto the medium of transfectedcells and incubated for a
period of 48 hours. (section2.5.5). Steroid conversionrate was measuredby liquid
scintillation andproductionrate by radioimmunoassay(section2.8). Cell lysateswere
prepared (section 2.6.1) and protein (section 2.6.3) and P-galactosidaseassays
performed (section 2.6.2) . RNA was preparedfrom cells for semi-quantitativeRTPCR (2.7). Where a mutation showeda significant alteration in DOC conversionrate,
kinetic studies were performed. This was as described above except that varying
concentrationsof substrate,ranging from 0.01 to 15ýLM,were used.
3.3 RESULTS
3.3.1 Restriction digests of plasmids
Plasmid DNA was digested using restriction enzymes to identify and assessits
quality. Spe I was used to digest both pCMV4-B1 and B2 plasmids. This enzyme
hydrolyses a unique site in pCMV4-B1 but cuts pCMV4-B2 at two sites, therefore
clearly distinguishing the two plasmids.Double digestswere used for pCD-Adx and
pSV-P-galwhich were Not I/ Bgl II and BamHI/HindIIl respectively.SpeI digestsare
shownin figure Ma.

3.3.2. Conflrmation of mutant sequences
The incorporation of the mutationswas verified by sequencing.Codon 43 in exon I
was altered from CAG to CGG, thus changing a glutamine to an arginine residue.
Codon 147in exon 3 was alteredfrom GAT to a GAA, thus changingan aspartateto a
glutamateresidue.Codon 248 in exon 4 was altered from ATC to ACC, thus coding
an isoleucine instead of threonine residue. Codon 493 in exon 9 was altered from
ACG to ATG, thus coding a threonine instead of methionine. Codon 147 of
CYPIIB1 cDNA was altered from GAA to GAT thus changing a glutaxnateto an
aspartate.Sequencedataare shownin flgures 3.3b, 3.3c and 3.3d.
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Figure 3.3a Spe I digests of wild-type plasmids pCMV4-BI
and pCMV4-B2
A I% agarose gel showing Spe-I digests of pCMV4-B I and
pCMV4-B2. Uncut plasmids are shown in lanes 3 and 4
respectively with digests in lanes 4 and 5. Lane I shows
DNA I kb ladder and lane 2 shows k DNA Hae III digest as a
marker. Spe-I linearises pCMV4-B I to generate a 6.3Kb band.
Spe-1cuts pCMV4-B2 twice to generate two fragments of 4.2
and 2.1Kb approximately.
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Figure 3.3b.
Sequence of wild-type plasmid pCMV4-B2 and mutant
constructs B2-Q43R and 132-T493M
A portion of nucleotide sequence of exon I from wild-type
plasmid pCMV4-B2 and from mutant B2-Q43R are shown in
the top panel. In the panel directly above, a portion of
nucleotide sequence of exon 9 from the wild-type plasmid
pCMV4-B2 and from mutant 132-T493M are shown. Arrows
indicate where the mutations have been incorporated at codons
43 and 493.
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Figure 3.3c.
constructs tsz-v 1,4/L ang tsz-iz, 4zii
A portion of nucleotide sequence of exon 3 from wild-type
plasmid pCMV4-B2 and from mutant 132-13147Eare shown in the
top panel. In the panel directly above, a portion of nucleotide
from
4
the wild-type plasmid pCMV4-B2 and
sequence of exon
from mutant 132-1248T are shown. Arrows indicate where the
mutations have been incorporated at codons 147 and 248.
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CYP1 I BI Exon 3-147

GATCGATC

Figure 3.3d.
Sequence of wild-type plasmid pCMV4-BI and
construct Bl-E147D
A portion of nucleotide sequence of exon 3
plasmid pCMV4-BI and from mutant BI-EI47D
arrow indicates where the mutation has been
codon 147.
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Figure 3.3e.
Th effect of increasing transfected pSV-D-gal DNA on cell
lysate P:galactosidaseactivity expressedas millo-units (m-units)
per mg of protein. COS-7 cells were transfectedwith 10ýtgof
increasing
P-galactosidase
doses
of
pSV-p-gal.
or
pCMV4 vehicle
activity was perfonnedon cell lysates.
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14-

lo. 6--

2
0
10ýtg

lpg

5pg

logg

pCMV4
vehicle

pCD-Adx

pCD-Adx

pCD-Adx

-ve control
Eign-MI'lE
Effect of various pCD-Adx co centration in transfected cells on
substrate conversion.
The effect on steroid conversion of I I-deoxycortisol (S) of varying
in
11
Ptransfected
with
wild-type
cells
pCD-Adx
concentrationsof
hydroxylase. COS-7 cells transfectedwith either 10ýtg of pCMV4
vehicle (-ve control) or increasingdosesof pCD-Adx and 10ýtgof
3H
3H-steroids
S
for
hours.
incubated
5pM
48
with
pSV-0-gal were
from the medium were extractedand separatedby TLC and analysed
in duplicate by liquid scintillation counting. Results are expressedas
ratio of product to substrate(cortisol) F:S which is an index of 11
hydroxylaseactivity.
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F*gure 3.3g.
Effect of Optimem -I on transfection efficiency.
Incubation of COS-7 cells with Optimem-I prior to, and for the
duration of transfection increases P-galactosidase activity in cell
lysates. COS-7 cells were transfected with lOpg of pCMV4 vehicle
or 10ýLgof pSV-P-gal. P-galactosidase activity was performed on
cell lysates.
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3.3.3 Transient transfection system
Optimal conditions for transfcctions were assessed.Varying doses of pSV-P-gal and
pCD-Adx

lowest
dose
determine
the
to
transfected
which produced the
were

maximum response (Figures Me

and 3.3f). Increasing the dose of pSV-P-gal

transfected increased the cell lysate P-galactosidase activity. A dose of 10ýtg was
dose
lowest
the
this
for
transfections
providing
was
as
all subsequent
chosen
increased
doses
in
Increasing
vitro enzyme activity,
of
pCD-Adx
maximum activity.
as determined by steroid conversion, which reached a plateau at concentrations greater
than Spg. This dose was chosen as it produced the maximum steroid conversion at the
lowest dose of pCD-Adx. The effect of incubating cells with Optimern I, a form of
induces
cells to enter simultaneously the same phase of the
which
starvation medium
Pfor
duration
transfection
transfection
to
the
of
on
efficiency
of
and
cell-cycle, prior
galactosidase was also assessed(Figure 3.3g). Transfection efficiency values were
P-galactosidase
lysates
by
to
concentrations
of
cell
and
converting protein
calculated
milli-units

(m-units) P-galactosidase per mg of protein. These values were then

Use
transfection.
the
to
pSV-P-gal
control
of
of
maximum
converted
percentages
Optimem I clearly increases transfection efficiency by 20%.

3.4.1 Steroid conversion ratios of aldosterone synthasemutants
3
from
H-DOC steroid incubations are expressedas ratios of product to
The results
substrate,which are indices of the individual enzymatic activities of aldosterone
synthase. The B: DOC, 18-OH-B:B and aldosterone:18-OH-DOC ratios represent
110-hydroxylase, 18-hydroxylase and 18-oxidase activities respectively.

The

aldosterone :B ratio is indicative of combined 18-hydroxylase and 18-oxidase
activities. All steroid results were correctedfor transfectionefficiency as necessary.
The ratios of product:substratefor the wild type aldosteronesynthaseand the four
mutantsare shown in figures 3.4a. and 3.4b. Comparedto the wild-type aldosterone
increased
B2-DI47E
the B: DOC ratio from 0.5 ± 0.1 to
significantly
synthase,mutant
3±0.4 (P<0.001,n--8), suggestingthat II P-hydroxylasefunction was increased. B2D147E also causeda small but nonethelesssignificant decreasein the 18-OH-B:B
(p<0.05).
There
0.7
0.1
from
I±0.1
to
±
was no significant
ratio
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Figure 3.4a,

Mutants B2-Q43R and B2-T493M conversion ratios are shown
COS-7
(CYPlIB2).
to
cells
synthase
wild-type aldosterone
compared
transfected with 10[ig of pCMV4 expression vector, 5ýig of pCD-Adx
3H
incubated
5ýtM
DOC for 48 hours.
I
0ýtg
with
and
of pSV-P-gal were
3H steroids from the medium were extracted and separated by TLC and
analysed in duplicate by liquid scintillation counting. Results are
expressed as ratios of product to substrate B: DOC, 18-OHB: B, Aldo: 18OHB which are indices of II P-hydroxylase 18-hydroxylase and 18,
8-function.
I
Aldo:
B
The
ratio
represents
overall
activities.
oxidase
Results are mean ± SEM from four separate transfections, each done in
duplicate. Statistical analysis was done by the Mann-Whitney U test.
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132-DI47E and 132-1248T conversion ratios are shown
compared to wild-type aldosterone synthase (CYP11132). COS-7 cells
transfected with IOVtg of pCMV4 expression vector, 5pg of pCD-Adx
3H
5
lOpg
DOC for 48 hours.
of pSV-P-gal were incubated with pM
and
3H steroids from the medium were extracted and separated by TLC and
analysed in duplicate by liquid scintillation counting. Results are
expressed as ratios of product to substrate B: DOC, 18-OHB: B, Aldo: 18OHB which are indices of II P-hydroxylase, 18-hydroxylase and 18oxidase activities. The Aldo: B ratio represents overall I 8-function.
Results are mean ± SEM from four separate transfections, each done in
duplicate. Statistical analysis was done by the Mann-Whitney U test.
Mutants
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B betweenthe wild-type
differencein the ratio of aldosterone:I 8-OH-B or aldosterone:
had
B24248T
B2-T493M
B2-Q43R,
B2-DI47E,
no
and
aldosteronesynthaseand
significant effect on steroidproductioncomparedto wild-type aldosteronesynthase.
3.4.2.

Comparison of aldosterone synthase mutant B2-D147E with wild JYJ&

IM-hydroxylase
As Ilp-hydroxylation

was increased, the effect of B2-DI47E on the conversion of

DOC to B with wild-type II P-hydroxylase was compared. Figure 3.4c. shows that,
as expected, the B: DOC ratio for the wild-type II P-hydroxylase was high: 6.2 ± 0.4

(p<0.001).
The
B:
0.5
0.05
±
to
which
was
synthase
aldosterone
wild-type
compared
DOC ratio for B2-D I 47E was 3.0 ± 0.4 (n--8) suggestingthat the II P-hydroxylase
fimction of the mutant is not as cfficient asthat of wild type II P-hydroxylase.
3.4.3 Effect of B2-DI47E on overall steroid production
The previous results show the effects of the mutants on the individual enzymatic
functions of aldosteronesynthase.The effects,in terms of overall steroid production,
in
in
f1gure
3.4d.
These
total
calculated
as
a
of
counts
were
percentage
are shown
each lml sample. Comparedto wild-type aldosteronesynthase,mutant B2-DI47E
increased B production 85%, 18-OH-B by 50% and aldosterone by 25%. The
productionof 18-OH-DOC,which can be synthesisedfrom DOC by 11P-hydroxylase,
its
However,
production was not significantly affected by B2was also measured.
D147E.

3.4.4. Conversion of 11-deoxycorfisol to cortisol by a1dosterone synthase mutan
B2-D147E
As B2-D 147E causes an increase in II P-hydroxylation, its effect on the conversion of
11-deoxycortisol, the principal substrate of llp-hydroxylase,

to cortisol was also

studied. Figure 3.4e. shows the effect of B2-Dl47E on the F: S ratio. The ratio of
wild type llp-hydroxylase

was 9.6 ± 1.2 compared to 0.3 ± 0.02 for wild-type

aldosterone synthase and 0.3 ± 0.03 for B2-D 147E. (n--6; P<0.00 1).
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Figure 3.5a.
B: DOC ratio of II ý-hvdroxvlase mutant BI-EI47D
Comparison of B: DOC ratio of II P-hydroxylase mutant Bl-El47D with
wild-type I lp-hydroxylase (CYPI 1131).COS-7 cells transfected with
I Oýigof pCMV4 expression vector, 5ýLgof pCD-Adx and I Opigof pSVP-gal were incubated with 5[tM 3H-DOC for 48 hours. 3H-steroids from
the medium were extracted and separated by TLC and analysed in
duplicate by liquid scintillation counting. Results are expressed as ratio
of product to substrate B: DOC, which is an index of II P-hydroxylase
activity. Results are mean ± SEM from four separate transfections, each
done in duplicate. Statistical analysis was done by Mann-Whitney-U
test.
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Figure 3.4d.
Effect of aldosterone synthase mutant B2-D147E on overall
steroid production compared to wild-type a1dosterone synthase
(CYP11B2).
COS-7 cells transfected with 10ýtg of pCMV4 expression vector, Spg
3H
incubated
lOpg
5pM
of pCD-Adx and
of pSV-P-gal were
with
DOCfor 48 hours. 3H-steroids from the medium were extracted and
in
duplicate by liquid scintillation
by
TLC
separated
and analysed
counting. Results are expressed a percentage of total counts in I ml of
steroid medim. Results are mean ± SEM from four separate
transfections, each done in duplicate.
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Figure 3.4e.
F; S ratios of a1dosterone synthase mutants B2-DI47E and B2-1248T.
The F: S ratios of 132-13147Eand 1248Tare shown compared to wild-type
a1dosteronesynthase (CYP I 1132)wi Id-type IIP -hydroxylase(CYP IIB I).
COS-7 cells transfected with IOVg of pCMV4 expression vector, 5vig of
3H
lOpg
5pM
S for 48
of
pSV-P-gal
were
incubated with
pCD-Adx and
hours 3H-steroids from the medium were extracted and separated by TLC
.
in
by
liquid
duplicate
scintillation counting. Results are
and analysed
expressed as ratio of product to substrate (cortisol) F: S which is an index
of II P-hydroxylase activity. Results are mean ± SEM from four separate
transfections, each done in duplicate. Statistical analysis was done by the
Mann-Whitney U test.
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3.5.1 Effect of 115-hydroxylase mutant BI-E147D on B: DOC steroid ratio
The Ilp-hydroxylase mutant BI-EI47D B:DOC ratio was significantly decreased
comparedto wild-type 11P-hydroxylasefrom 9.5 ± 2.7 to 2.1 ±1.3 (n=6) (P<0.0001).
Figure 3.5a.. shows that, as expected, the B: DOC ratio for the wild-type 110hydroxylasewas high (9.5 12.7) comparedto wild-type aldosteronesynthase(0.6 ±
0.08; p<0.001). This suggeststhat the BI-EI47D mutant decreasedllp-hydroxylase
efficiency comparedto wild type II P-hydroxylasebut that it is still more efficient at
11P-hydroxylating than aldosteronesynthase.

3.5.2 Cortisol production by BI-E147D.
All subsequentsteroid measurementswere performedby radioimmunoassay.Figure
3.5b. shows cortisol production expressedas nmol/mg/48 hours. Wild-type 11Phydroxylaseproduced 22 ± 2.7 nmol/mg/48 hours and mutant BI-EI47D produced
20.6 ± 2.6 nmol/mg/48 hours (n--6). This showsclearly that BI-EI47D has no effect
on the efficiency of Ilp-hydroxylation of 11-deoxycortisol.
3.6 Semi-quantitative RT-_PCRof transfected cell RN
Westernblotting to assessprotein expressionwas not an available option during the
course of these experiments. No human antibodies were available at that time.
However, recently human antibodieshave been raised to both II P-hydroxylaseand
aldosteronesynthasewhich are currently being tested.As protein expressionwas not
an option, semi-quantitativeRT-PCR was usedto measurethe level of transcription.
For RT-PCR, the number of cycles used has to be within the linear part of the
Figure 3.6a shows the RT.PCR amplification curve for
GAPDHandCYPllBl/B2.
In subsequentexperiments, the optimised cyclenumber
amplification curve.

GAPDH and CYPI IB 1/132,was 34 and 30 respectively.
Figure 3.6b shows representativeRT-PCR amplification of GAPDH and CYPII B2
for wild-type aldosteronesynthaseand mutant B2-DI47E. The levels of CYPllB2
expression(arbitrary units calculatedby band intensity) were standardisedby dividing
by the levels of GAPDH expression,calculatedin the sameway.
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Figure 3.5a.
B: DOC ratio of II P-hydroxylase mutant BI-EI47D
Comparison of B: DOC ratio of II P-hydroxylase mutant BI -El 47D with
wild-type II P-hydroxylase (CYP IIB 1). COS-7 cells transfected with
lOpg of pCMV4 expression vector, 5pg of pCD-Adx and 10[ig of pSVP-gal were incubated with 5[LM 3H-DOC for 48 hours. 3H-steroids from
the medium were extracted and separated by TLC and analysed in
duplicate by liquid scintillation counting. Results are expressed as ratio
of product to substrate B: DOC, which is an index of II P-hydroxylase
activity. Results are mean ± SEM from four separate transfections, each
done in duplicate. Statistical analysis was done by Mann-Whitney-U
test.
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Figure 3.5b.
F production from I IB-hvdrqxyIase mutant BI-EI47D
Comparison of cortisol (F) production from II P-hydroxylase mutant
BI -E I 47D with wild-type II P-hydroxylase. COS-7 cells transfected
with 10[tg of pCMV4 expression vector, 5pg of pCD-Adx and 10ýtg
of pSV-0-gal were incubated with 5juM II -deoxycortisol (S) for 48
hours. Steroids from the medium were extracted and separated by
in
duplicate
by
paper
chromatography
and
analysed
radio i mmunoassay. Results are expressed as mean ± SEM from four
separatetransfections, each done in duplicate.
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Figure 3.6a Optimisation of cycle-number for RT-PC
Phosphorimage analysis of CYPllBl/B2
and GAPDH PCR
RT-PCR
was carried out on
number.
cycle
varying
with
amplicon
RNA (Ipg) for 22-40 cycles and the intensity of the band analysed.
SubsequentRT-PCR was carried out using the number of cycles
CYPllBl/B2
30
linear.
For
the
cycles were
remained
graph
where
usedand for GAPDH 34 cycleswere used.
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Figure 3.6b RT-PCR of RNA from cells transfected with wild-typ
CY PI I B2 or a1dosterone synth ase mutant B2-D I 47E
Representative examples of semi-quantitative RT-PCR analysis of RNA
(Ipg) from COS-7 cells transfected with wild-type CYPIIB2
or
a1dosterone synthase mutant B2-DI47E. The top panel shows the
CYPIIBI/B2
amplicon (594bp) in 3 flasks transfected with B2-DI47E
(lanes 2-4) and 4 flasks transfected with wild-type CYP II B2 (lanes 710). The corresponding GAPDH amplicon (452bp) is shown in the
bottom panel. Lanes 5 and 6 show water blanks. The intensity of the
bands was analysed by phosphorimaging analysis.

148

Im

Table 3.6 shows the range of CYPIIBI/B2: GAPDH ratios for the wild-type
constructsand the mutantstested.Mutant constructvaluesarewithin the rangesof the
wild-type constructs.

CYPlIBl/B2: GAPDH

CONSTRUCT

RATIOS
CYPllB1

0.88 to 1.82(n--3)

CYPllB2

0.8 to 1.6 (n=4)

B2-DI47E

0.7 to 1.2 (n--3)

B2-1248T

0.6 to 1.3 (n=3)

B2-K357N

0.6 to 0.7 (n--2)

BI-EI47D

0.7 to 0.9 (n=2)

Table 3.6 CYP11B1/B2: GAPDH ratios for RT-PCR

The results clearly show that residue 147 of aldosterone synthase and II Phydroxylaseare important for efficient II P-hydroxylationof 11-deoxycorticosterone.
Results from semi-quantitativeRT-PCR show that the level of transcription was
similar in transfectedcells which suggeststhat the alteredsteroid production was due
to an effect on enzymeactivity and not to an increasein genetranscription. They did
not, however,allow a decisionon whetherprotein expressionhad been altered.If this
was the case,all three activities of aldosteronesynthasewould be increasedin similar
proportions. However, only the 11P-hydroxylase function was affected. To assess

whethertheseamino acid changesaffect binding affinity for II -deoxycorticosterone,
kinetic analysiswas performed.

Kinetic experimentswere performed for mutants B2-Dl47E and BI-EI47D using
DOC as substrateat concentrationsranging from 0.01 to 10 and 15pM respectively.
As before, the mutants and wild-type plasmids were transiently expressedin COS-7
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for
B
Time
the
course
experiments
were
performed
cells with
necessarycontrols.
production, as measuredby radioimmunoassay(2.8.3), to determine the end-point
kinetics.
follows
first
in
linear
but
the
rate
order
rangewhich
which was maximal
still
An end-pointof 8 hourswas chosenas determinedby figure Ma.
3.7.1 Kinetic analysis of aldosterone synthase mutant B2-D147E compared to
wild-We aldosterone synthase
Dose-response curves

of

steroid

products:

corticosterone

(B),

18-

hydroxycorticosterone(18-01113)and aldosteroneagainst 11-deoxycorticosterone
(DOC) concentrationfor aldosteronesynthaseand the mutant B2-DI47E are shownin
figures 3.7b, 3.7c and 3.7d. B productionby aldosteronesynthasemutant B2-DI47E
was significantly increased at all concentrationsof DOC compared to wild-type
aldosteronesynthase.Resultswere analysedby ANOVA followed by Student'sWest.
Lineweaver-Burkeanalysis and derivation of Kin was performed (Figure 3.7e). As
Kin is independentof enzymeconcentration,it can be derived even though precise
quantification of enzyme concentrationwas not possible. Vmax on the other hand
largely dependson enzymeconcentration.Thereforeit is unacceptableto use this data
for
for
The
Lineweaver-Burke
Vmax
B
to
wild-type
values.
plot
analysis
set obtain
aldosteronewas y=0.0005x

+ 0.0001 and for B2-DI47E was y=0.00007x

+

0.00005.The data points show the mean ± SEM for four individual plates of cells.
The values for Km for wild-type aldosteronesynthaseand B2-DI47E, derived from
these equations, were 5pmol/L and 1.4pmol/L respectively. These values differ
significantly. Thus, mutant B2-DI47E has a lower apparentKm for conversion of
DOC to corticosteronethan that of wild-type aldosteronesynthase.
18-OHB production from B2-D147E was also increased compared to wild-type
aldosteronesynthasebut to a lesserextent than B production. No attempt to derive
Km valueswas made.
3.8. Kinetic analysis of 110-hydroXYlasemutant BI-EI47D compared to wild
We 11D-hydroxylase
B
18-OHB
Dose-response
and
against DOC concentration
curvesof steroidproducts;
for II P-hydroxylaseand the mutant B1-E I 47D are shown in flgures 3.8a., and 3.8b.
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Figure Ma.
Time-course of B production from COS-7 cells transientl
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COS-7cells transfectedwith 10ýtgof pCMV4 expressionvector, 5Pg
of pCD-Adx and 10ýtgof pSV-P-gal were incubatedwith 5ýLMDOC
between 0 and 48 hours. Steroids from the medium were extracted
and separatedby paperchromatographyand analysedin duplicateby
from
four
SEM
Results
J:
separate
are mean
radioimmunoassay.
transfections.

151

Wild-type
CYPl1B2
B2- D147E

30
rA

20
A

m

10

0
0.01

0.1

15

10

DOC ýM

Figure 3.7b.
B production fro
concentrations of DOC from
aldosterone svnthase mutant B2-DI47E comDared to wild--tvDe

COS-7 cells transfectcdwith lOgg of pCMV4 expressionvector,
5gg of pCD-Adx and lOgg of pSV-P-gal were incubated with
varying concentrations DOC for 8 hours. Steroids from the
medium were extractedand separatedby paperchromatographyand
analysed in duplicate by radioimmunoassay.Results are mean ±
SEM from four separate transfcctions and were analysed by
ANOVA. B production by B2-DI47E was significantly higher that
wild-type aldosteronc synthasc at all concentrationsof substrate
(n=4, p<0.05, Student'sMcst)
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18-OHB production

from v
entrations of DOC o
a1dosterone synthase mutant B2-D147E compared to wild-typ
a1dosterone synthase (CYP11M
COS-7 cells transfected with lOpg of pCMV4 expression vector,
5ýtg of pCD-Adx and 10ýtg of pSV-P-gal were incubated with
varying concentrations DOC for 8 hours. Steroids from the medium
were extracted and separatedby paper chromatography and analysed
in duplicate by radioimmunoassay. Results are mean ± SEM from
four separatetransfections.
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Figure 3.7e.
Lineweaver-Burke analysis and derivation of Kin for aldosterone
synthase mutant B2-DI47E compared to wild-type aldosterone
synthase (CYPlIB2) for DOC to B conversion (data taken from
figure 3.7b). The axes are the reciprocal of the substrate
concentration in micromolar (1/S) and the reciprocal of the velocity
in
B
production
nmol per mg/8 hours (I/V). COS-7 cells
of
transfected with lOgg of pCMV4 expression vector, 5lig of pCDAdx and lOgg of pSV-P-gaI were incubated with various
concentrations of DOC for 8 hours. Steroids from the medium were
extracted and separated by paper chromatography and analysed in
duplicate by radioimmunoassay. Results are mean ± SEM from four
separatetransfections.
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B production from var*ous concentrations of DOC from 110110hydroxylase mutant B1-E147D compared to wild-We
hydroxylase (CYP11B1)
COS-7 cells transfected with lOgg of pCMV4 expression vector,
5ýtg of pCD-Adx and 10ýtg of pSV-P-gal were incubated with
varying concentrations DOC for 8 hours. Steroids from the
medium were extracted and separatedby paper chromatography and
analysed in duplicate by radioimmunoassay. Results are mean ±
SEM from four separate transfections and were analysed by
ANOVA followed by Student's West. B production by BI-EI47D
was significantly lower that wild-type aldosterone synthase at all
concentrations of substrate (n=4, p<0.0001, Student's West).
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18-OHB production from va
itrations of DOC from
JIL-hydroxylase mutant B1-E147D compared to wild-type 1ILhydroxylase (CYPIIBI)
COS-7 cells transfected with lOpg of pCMV4 expression vector,
5pg of pCD-Adx and lOpg of pSV-P-gaI were incubated with
varying concentrations DOC for 8 hours. Steroids from the
medium were extracted and separatedby paper chromatography and
analysed in duplicate by radioimmunoassay. Results are mean
SEM from four separatetransfections.
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Figure 3.8c.
Lineweaver-Burke analysis and derivation of Km for UPhydroxylase mutant BI-E147D compared to wild-type Ilphydroxylase,(CYPIIB 1) for DOC to B conversion(data taken from
figure 3.8a). The axes are the reciprocal of the substrate
(1/S)
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and the reciprocal of the velocity
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of B production in nmoles per mg/8 hours (I/V). COS-7 cells
transfectedwith 10ýigof pCMV4 expressionvector, 5jig of pCDAdx and lOpg of pSV-P-gaI were incubated with various
concentrationsof DOC for 8 hours. Steroidsfrom the medium were
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by
and
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extractedand separated
duplicateby radioimmunoassay.Resultsare mean± SEM from four
separatetransfections.
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respectively. B production for llp-hydroxylase mutant Bl-E147D was significantly
decreased at all concentrationsof DOC compared to wild-type Ilp-hydroxylase.
Resultswere analysedby ANOVA followed by Student's West. Lineweaver-Burke
is
in
figure 3.8c. The Lineweaver-Burke
derivation
Kin
the
shown
and
analysis
of
for
for
P-hydroxylase
II
0.0224x
0.0088
+
analysis
wild-type
and
regression
was y=
BI-EI47D was y--0.2239+ 0.0299.The valuesforKm forwild-type Ilp-hydroxylase
from
derived
BI-E147D,
these equationswere 2.5 ýLmol/Land 7.5
the
mutant
and
gmol/L respectively.Thesevalues differ significantly. This shows that mutant BlEI 47D hasa higher apparentKin for conversionof DOC to corticosteronethan that of
in
P-hydroxylase
decrease
II
the
which
explains
corticosteroneproduction.
wild-type
18-OHB production from BI-EI47D was decreasedcompared to wild-type llphydroxylasebut to a lesserextentthan B production.No attemptsto derive Kin values
was made.

3.5 Discussion
Aldosterone synthase and II P-hydroxylase are key enzymes in the terminal stages of
in
biosynthesis
the adrenal gland. Functionally these enzymes are quite
corticosteroid
different. II P-Hydroxylase is expressed principally in the ZF and is regulated by
ACTH (White et al. 1994). It catalyses the conversion of the mineralocorticoid, DOC
to B, 18-OH-DOC or 19-OH-DOC.

It also catalyses the conversion of I I-

deoxycortisol (S) to cortisol (F). In contrast, aldosterone synthase is expressed solely
in the ZG under the control of angiotensin 11and potassium (White et al. 1994), and
converts DOC to aldosterone via B and 18-OH-B.

Despite these functional

differences, the genes which encode these two enzymes are highly homologous. Only
7% of amino acid residues differ between these two enzymes and these account for
the key differences in enzymatic activities and substrate specificity.

To investigate the molecular basis of these functional differences, specific amino
acids of aldosteronesynthasewere mutated and the effects on steroid production
studied. Molecular studies by other groups have already shown the absolute
requirementof a glycine residueat position 288 and an alanineresidueat position 320
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for efficient 18-hydroxylation and subsequent18-oxidation in aldosteronesynthase
(Curnow et al. 1997).Also II P-hydroxylasespecific residues301,302 and 320 have
been shown to be important for II P-hydroxylaseactivity (Bottner et al.1996). From
the current study, it may be possible to gain ftirther insight into the role played by
other amino acid residueswhich differ betweenthe two enzymes.
Four separateamino acid substitutionswere examined,in eachinstancereplacing an
aldosteronesynthase-specificresiduewith the II P-hydroxylaseequivalentand, in one
case, replacing the II P-hydroxylase-specificresidue with the aldosteronesynthase
equivalent. The selection of which residuesto study was guided, in part, by the
exampleof the Dahl salt-resistant(R) and salt-sensitive(S) rat models which have
been used to investigate the genetic component of salt-sensitivehypertension (see
1.8). In the S strain, there is increased18-OH-DOC production which is thought to
accountfor approximately20% of the excessblood pressurein this model. Studiesof
the CYPI1131 gene in the R strain have revealed mutations which alter UPhydroxylaseactivity and decrease18-OH-DOC production (Matsukawaet al. 1993).
These mutations co-segregatewith reduced adrenal capacity to synthesise18-OHDOC and resistanceto the hypertensinogeniceffects of salt (Cicila et al. 1993)
.
Studiesof CYP11132gene have also identified 7 mutations in the Dahl R rat, 2 of
which alter the predictedamino acid compositionof the protein (Exon 3, Glu 136 to
Asp and Exon 4, Gln 251 to Arg). Theseappearto encodean enzymewith a greater
apparentVmax and a lower apparentKm, resulting in an increasedrate of conversion
of DOC to aldosterone(Cover et al. 1995). Exact replication of these mutations in
human aldosteronesynthase,increasedB and aldosteroneproduction (Fardella et al.
1995). Further examinationof exons 3 and 4 of the human genesshowed 6 codons
which differ between the CYPllB1 and B2 genes,4 of which code for different
amino acids. Two examplesare codons 147 (exon 3) and 248 (exon 4), which code
for the amino acidsglutamateand isoleucinein aldosteronesynthaseand aspartateand
threonine in II P-hydroxylase.To determine the functional significance of these
residues,which lie close to thoseidentified in the Dahl R rat and have beenshown to
have major effects on enzyme activity, aldosteronesynthase-specificresidueswere
replaced with the II P-hydroxylase equivalents. A converse mutant in II P-
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hydroxylase replacing was prepared where residue 147 was substituted with the
aldosteronesynthaseequivalent.In addition, residues43 and 493 which are found in
exons I and 9 respectively,were mutated. Theseare distant from the putative active
site of the enzyme and unlikely to exert a major effect on the enzyme activity of
aldosteronesynthase. A recent study, where chimeric proteins were constructed
between llp-hydroxylase and aldosteronesynthaseto investigatethe importanceof
residuesdiffering in their C-terminal regions, showedthat residues471,472,492,493
and 494 were not important for steroid hydroxylation (Bottner et al. 1998). The
different residuesat this position in aldosteronesynthaseand II P-hydroxylasedo not
therefore account for the differences in enzyme activity between these enzymes
(Bottner et al. 1998).They provide a useful control for the two mutations in exons3
for thesemutationsand it is possible
and 4. The conversionof S to F was not assessed
that they may affect cortisol production but this is unlikely. Whether analogous
substitutionof theseresiduesin 11P-hydroxylasefor the aldosteronesynthase-specific
residuesaffectsenzymeactivity of II P-hydroxylaseis not known.
The results showedclearly that alterationsof residues43,248 and 493 of aldosterone
synthaseto the corresponding 11P-hydroxylaseresidues had no effect on steroid
production. This strongly suggeststhat these amino acids do not confer functional
specificity. Although they differ betweenthe two enzymes,they may be naturallyoccuring polyrnorphismswhich have been conserved. It is relevant that, since this
investigationwas completed,therehasbeena further report suggestingthat this is the
casefor residue43 in aldosteronesynthase(Curnow et al. 1997). Amino-acids 1-44,
the mitochondrial anchor,have recently been shown to be necessaryfor insertion of
mitochondrial cytochrome P450 enzymes into the membrane. Removal of these
is
residues not detrimentalto enzymefunction (Zvelebil et al. 1991).It is thereforeto
be expected that mutation of residue 43 does not alter enzymatic function. In
addition, a recent study has identified a mutation in residue 173 of aldosterone
synthasein a group of subjectswith low renin essentialhypertension. However, it
had no demonstrableeffect on the enzymekinetics of aldosteroneproduction in vitro
(Fardellaet al. 1996b).No attemptwas madeto assesswhetherit influenced B or 18OHB production.
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The major finding of the current studywas that altering aspartate147 residue(exon 3)
of aldosteronesynthase to the corresponding llp-hydroxylase-specific glutamate
residue causeda dramatic increase in B production and a smaller but significant
increase in aldosteroneproduction. Closer inspection of the individual enzymatic
activities of aldosteronesynthaserevealedthat there was a large increasein the ratio
of B: DOC, a small but nonethelesssignificant decreasein the 18-OH-B:B ratio and no
B ratios. This suggeststhat the
changein the aldosterone:18-OH-B or aldosterone:
increase in B and aldosteroneproduction was due to an increase in the UPhydroxylase activity

of

aldosterone synthase and

not

increased 18-

hydroxylase/oxidaseactivity. It seemslikely that the small decreasein the 18-OH-B:B
ratio was causedby increasedavailability of substrate(B) coming from the previous
reaction, rather than an actual decreasein 18-hydroxylaseefficiency. However, the
use of B and 18-OH-B as substrateswould provide a clearerpicture of the effects of
B2-DI47E on 18-modifying functions of the enzyme.Unfortunately, studiesby other
groupshave shown that thesemake poor substratesfor aldosteronesynthase(Vinson
and Whitehouse 1970, Denner et al. 1995). To further emphasisethe importanceof
this locus for 11P-hydroxylation, the conversemutation, where substitution of the
11P-hydroxylase-specificresidue 147 was mutated to the aldosterone synthase
equivalent,had the oppositeeffect on II P-hydroxylase.WhereasB2-D 147Eincreased
II P-hydroxylationof aldosteronesynthase,B1-E I 47D dramatically reducedthe II Phydroxylation efficiency of 11P-hydroxylaseby reducingthe ratio of B: DOC. It could
be arguedthat the changesin enzymefunction are due to altered levels of expression
of the modified proteins. This seems extremely unlikely as only one function is
majorly affected.If the effects were due to for example,an increasein expressionof
aldosteronesynthasemutant B2-DI47E, then a proportional increasein B, 18-OHB
andaldosteronewould be observed.That the llp-hydroxylase mutant, Bl-E147D, has
the exactoppositeeffect and decreasesII P-hydroxylationis further evidencethat the
effects are not due to changesin protein expression. At the time of this study
antibodiesagainsthuman aldosteronesynthaseand 11P-hydroxylasewere not readily
available. These could have been used for Western blotting to demonstratethat
protein expressionwas similar. Recently antibodieshave becomeavailable which are
currently being tested(Paul Stewartand Bill Rainey,personalcommunication).Semi-
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in
differences
detect
transcriptional
RT-PCR
to
obvious
any
was used
quantitative
levels mutant cDNAs compared to wild-type cDNAs. No major differences were
detected.Whilst it must be recognisedthat this technique does not indicate any
changesat the expressionallevel, it doesprovide good evidencethat transcription of
the mutant andwild-type cDNAs are similar.
147Eincreasesthe II P-hydroxylasefunction of aldosterone
Having shown that 132-1)
P-hydroxylase
II
the
to
the
this
ability
of
wild-type
was
compared
with
synthase,
convert DOC to B.

The B:DOC ratio of the wild-type Ilp-hydroxylase is

approximately 6, whereasfor wild-type aldosteronesynthaseit is approximately 1.
The B: DOC ratio for B2-Dl47E is betweenthesetwo (approximately 3), suggesting
that although residue 147 plays an important role in 11P-hydroxylation , there are
other residueswhich contribute to the greaterefficiency of 11P-hydroxylaseactivity
in II P-hydroxylase.Indeed, studies by other groups have shown that amino acid
involved
in
II P-hydroxylation(Curnow et
301,302
320
384
also
and
and
are
residues
P-hydroxylase
lI
Bottner
1996).
Similarly,
1993,
the
et
al.
mutant BI-EI47D was
al.
also compared to wild-type aldosteronesynthase.The B: DOC ratio for wild-type
aldosteronesynthasewas 0.88 ± 0.11 which was lower than that for the mutant 131E147D. This suggeststhat, although mutation of residue 147 of llp-hydroxylase
decreasesthe B:DOC ratio, it remainshigher than that of aldosteronesynthase,again
suggestingthat other residuescontribute to Ilp-hydroxylase activity. Mutations of
Ilp-hydroxylase have been described in

Ilp-hydroxylase

deficiency; these

completely abolish enzymeactivity (see section 1.8). This disorder results in severe
hypertensiondue to the increasedlevels of DOC. It is possiblethat mutant BI -E I 47D,
if found in vivo, may result in increasedDOC levels.
As B2-D I 47E increasesII P-hydroxylation,its ability to convert II -deoxycortisol,the
principal substrateof II P-hydroxylase,to cortisol was also studied.The F:S ratio for
II P-hydroxylasewas approximately10. In contrast,the F:S ratio with B2-DI47E was
not significantly different from that of wild-type aldosteronesynthase,which doesnot
convert S to F in vivo. This suggeststhat residue 147 plays a key role in the 11Phydroxylation of DOC but not of S and, moreover,that some functions conferredby
Similarly, mutant BI-EI47D
specific amino acids appearto be substrate-dependent.
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II
P-hydroxylase,
levels
F
those
of
wild-type
again
comparable
with
produced
of
showing that this residue exerts effects on II P-hydroxylation which are substratespecific for DOC. It is unlikely that II P-hydroxylasemutant BI -E I 47D, if found in
vivo, would causecortisol deficiency which is a result of II P-hydroxylasedeficiency.

In the light of thesefindings, kinetic experimentswhich looked at 11P-hydroxylation
147
DOC
that
of aldosteronesynthasereducedthe Kin
of
residue
revealed
mutation
of
value for DOC and mutation of residue 147 of 11P-hydroxylaseincreasedthe Km
value for DOC compared to wild-type aldosteronesynthaseand II P-hydroxylase
is
independent
Measurement
Km
of
of enzyme concentration and
respectively.
therefore any changesin Km reflect true changesin enzyme activity. Aldosterone
synthasecatalysesthe conversionof DOC to aldosteronevia three sequentialsteps.
The efficiency of each individual step will therefore be directly affected by that of
previous steps. To overcome this, the enzymes should be incubated with the
intermediateprecursorsas substratesLe corticosteroneor 18-hydroxycorticosteroneto
determine Knis for the conversion of B to 18-OHB and 18-OHB to aldosterone
respectively.However, as already statedboth steroids are poor substrates.This may
be why such kinetic experimentswere not performed by Bottner et al. (1996) and
Curnow et al. (1997). In this experiment,the efficiency of II P-hydroxylationhasbeen
assessed;it was increasedin mutant B2-DI47E comparedto wild-type aldosterone
synthase(Le lower Km for DOC). Increasesin 18-OHB production were probably due
to increasedavailability of B. This was particularly clear in the initial experiments
where the ratio of 18-OHB:B was slightly decreaseddue to increasedB production
(figure 3.4b). Aldosterone levels were not significantly increased for mutant 132D147E comparedto wild-type aldosteronesynthase.

The reasonfor the effect of substitutingresidue147 from CYPI 1131to CYPI 1132and
vice versa on 11-hydroxylase activity is uncertain and surprising in that the amino
acid changeis conservative(acidic for acidic). In this regard,it is relevantthat human
aldosteronesynthaseand 11P-hydroxylasehave not yet been crystallised and little is
known about the structure of the protein. However, crystallised protein structures
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have been determined for several bacterial P450 enzymes, for example P450cam,
P450bm3and P450terp,which show that they are composedof a number of helices
(A to L) (see section 1.7). Although these enzymes share low homology with
One
highly
P450
there
such
regions.
conserved
are some
enzymes,
mammalian
295-346
the
through
helix,
is
I
the
runs
acid
which
residues
amino
spanning
region
binding
domains.
haem
the
the
and
substrate
protein molecule and contains
core of
Putative models of the 3D-structure of aldosteronesynthaseand llp-hydroxylase
in
interact
147
that
some way with this active core, possibly to
may
residue
suggest
That
the
the
active
site.
the
of
substrate
within
orientation/position
correct
maintain
differ
is
S
DOC
DOC
this
and
conversion
unusual.
residue only affects
mutation of
is
have
in
It
they
that
by
17cc-hydroxy
their
steroid structure.
possible
group
a
only
different contact points with the enzyme and that residue 147 affects contact with
DOC and not S. From information obtainedfrom protein modelling studiesbasedon
these known crystalline bacterial structures, it is possible to superimposehuman
(see
4).
From
P-hydroxylase
II
this model,
them
on
chapter
synthase
and
aldosterone
interface
between
helix
is
Dlikely
be
147
the
the
to
and a stretch
at
situated
residue
of rope. It is possiblethat alterationof this residue,even conservatively,may alter the
local environment such that the position of the helix with which it is closely
associatedmay be slightly altered, possibly creating changesin the orientation of
other nearby helices involved in particular substratebinding or recognition and, as a
decrease
the conversionof this substrate.
or
consequence,enhance
In conclusion, the data show clearly how a conservative change in amino acid
composition can cause a profound change in enzymatic function and steroid
production. It is likely that residueswork synergistically to determinethe activity or
activities of a particular enzyme.Residuechangesmay have subtleor severestructural
effects dependingon their position and amino acid properties.This type of mutation
plays a role in some forms of hypertension,where steroid ratios are altered. Mutant
B2-DI47E showeda small increasein aldosteroneproduction. Although small and of
borderline significance,small changesin aldosteroneproduction may in vivo have a
dramaticeffect. For exampleat the peripherallevel, tissuesare extremely sensitiveto
small changesin aldosteroneand it is possiblethat a mutation such as B2-D147E may
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have a large effect on thesetissues.A small increasein aldosteronein the brain, for
example, may have dramatic effects on blood pressure (Gt5mez-Sanchez1997).
Mutant BI-EI47D may, if found in vivo, causehypertensiondue to the reduction in
DOC to B conversionwith resulting accumulationof DOC precursor.Mutations such
as this may lead to a new form of llp-hydroxylase deficiency where cortisol
biosynthesis is unaffected. However, their contribution to essential hypertension
remainsto be determined.
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Chapter 4
4.1 Modelling of human a1dosterone synthase and 11D-hydroxylase structures.
110-Hydroxylase and aldosterone synthase are mitochondrial
enzymes which insert molecular oxygen at positions II

cytochrome P450

and 18 on the steroid

Aldosterone
form
hydroxyl
to
synthase can also catalyse the
groups.
molecule
formation of the C18 aldehyde group (see section 1.4). These enzymes belong to the
binding
P450
to
the
characteristics
attributable
of
possessing
cytochrome
superfamily,
haem to a highly conserved cysteine residue on the polypeptide which enables the
iron-enzyme complex to absorb light at 450mn. It is obvious that the unique
in
depend
differences
their threethese
on
subtle
must
enzymes
properties of
dimensional structures. Several bacterial members of this family are soluble proteins (
e.g. P450,.,

P450BM3and P450tep). Their crystal structures have been determined

(Poulos et al. 1987, Ravichandran et al. 1993, Hasemann et al. 1994). However,
steroidogenic enzymes are associated with cell membranes. For example, side-chain
cleavage enzyme, II P-hydroxylase and aldosterone synthase are mitochondrial and
21-hydroxylase and 17cc-hydroxylase are microsomal. Membrane association has
made crystallisation of these mammalian enzymes difficult and attempts to date have
not been successful. However, since the chemical reactions are analogous, several
functional domains have been conserved.

It is possible therefore to model

mammalian proteins on those crystal bacterial structures. This technique has proven to
be a useful tool in determining regions of structural and functional importance.

Sequencealigriment studiesof the P450 superfamilyproteins and modelling basedon
P450c haverevealedthat all of theseproteinshavea similar folded structure(Nelson
and Strobel 1989). They possessa common structural core on which the tertiary
structures of all P450 proteins can be based. One such study modelled bovine
P450scc,which is closely related to II P-hydroxylaseand aldosteronesynthase, on
the crystal structureof P450c Sequencehomology and physical propertieswere also
,.n,.
considered.This showedthat there were regions that were highly conservedsuch as
the haembinding domain and regions involved in oxygen activation, and regions that
were less well conservedsuch as the substratebinding regions. These latter regions
will display greatestvariabilty as they catalysethe conversion of substrateswhich
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differ in size, shape,origin and chemistry. It is therefore to be expectedthat P450
enzymeswhich catalysethe samereactionsand are from different specieswill display
greatesthomology. This being the case,it is possibleto use the structureof a simple
bacterial P450 to model the unknown structuresof the more complex mammalian
enzymes.

Protein sequencesobtained from the Swissprot database. Accession numbers are
listed below:

II P-hydroxylase

humanp15538,sheepp51663,
rat BI p15393& B3 p30100,mousep15539,
bovinep15150.

Aldosteronesynthase

humanp19099,rat p30099.

Side chain cleavageenzyme

humanp05108,pig p 10612,rat p 14137,
bovine pOO189,oncrny Q07217.

The crystalline structureswere obtainedfrom pdb Brookhaven( BrookhavenNational
LaboratoryProtein Databank)(Bernsteinet al. 1977)
Accessionnumberswere:
P450,

PDB:lCP4

P450BM3:

PDB: 2BPD

P450terp:

PDB: 1CPT

P450NOR:

PDB: IROM

P450ERY:

PDB: I OXA

Multiple SequenceAlignment
Sequencealignmentwas performedusing the Multi-align Maxhorn multiple sequence
alignment. Human 11P-hydroxylaseand aldosteronesynthaseamino acid sequences
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were aligned using multi-align to the bacterial enzyme P450c

P450BM3,

P450te
"P,

P450NOR
known crystal structures.
andP450ERy
Human II P-hydroxylaseand aldosteronesynthaseeach have 503 amino acids. The
bacterial enzymes used in the alignment exercise have 60-100 fewer residues.
Additional residuesare distributed throughoutthe molecule but 30-50 residuesat the
start or N-terminus of II P-hydroxylaseand aldosteronesynthaseproteins constitute
the mitochondrial sequencewhich inserts and anchorsthese enzymesinto the inner
mitochondrial membrane. As the crystallisedbacterial structuresare not mernbranebound, the aligriment begins after this N-terminal sequence in human II Phydroxylase and aldosteronesynthase.Gaps were introduced where regions lacked
homology. The size and numberof thesegapswere varied by the program to optimise
the positioning of gaps relative to highly conservedregions such as the oxygen
binding site or the areasurroundingthe thiolate ligand. Thesegapsidentify regions in
human II P-hydroxylaseand aldosteronesynthasewhere insertionsmay have occurred
to accomodatethe larger substrate.Human 11P-hydroxylaseand aldosteronesynthase
and side chain cleavageenzymescan also be aligned to the sameenzymesfrom other
species.Again the introduction of gapswas necessarybut to a lesserextent as these
enzymessharegreaterhomology.
Secondary structure prediction
Secondarystructurepredictionwas performedby Procheck(Laskowski et al. 1993).
Modelling
The program Swiss-model was used to model the three-dimensional (3-D) structure of
human 11P-hydroxylase and aldosterone synthase based on a consensus structure
derived from the crystal structures of P450,.,

P450BM3,P450t"P, P450NOR and

P450ERY (Pietsch 1996). The predicted 3-D structure was superimposed on the
crystalline structure of P450c,,, The model was refined manually to remove
unrealistic features such as loops or wandering regions which, from their appearance,
could contribute to or form a P-sheet or an cc-helical structure.

4.3 Results

The resultsof sequencealigrunentsare shownin flgures 4.3a and 4.3b.
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Sequencealigmnent of human II P-hydroxylaseand aldosteronesynthasewith the
bacterial cytochrome P450 crystal structures(figure 4.3a) shows that there are 12
absolutely conserved residues between human Ilp-hydroxylase and aldosterone
synthaseand all five crystal structuresincluded in the alignment.The cysteineresidue
which forms the thiolate ligand is absolutely conserved in all cytochrorne P450
enzymesand is markedwith an asterisk.The threonineinvolved in oxygen activation
is also indicated. Between human I.I P-hydroxylaseand aldosteronesynthaseand
P450,,,.,, there are 40 invariant residues.Absolutely conservedresiduesfound in all
the enzymesincluded in the alignmentare in upper casein the consensusrow and are
shownin red.
Sequencealignment of human with other mammalian 11P-hydroxylase,aldosterone
synthaseand side chain cleavageenzymes(figure 4.3b) shows a greaternumber of
absolutelyconservedresiduesthan that seenin figure 4.3a. There are 120 out of the
500 residues aligned within this group that are invariant. Finally between II Phydroxylaseand aldosteronesynthaseenzymesfrom various species, 264 residues
are invariant. The putative I-helix, steroid-bindingdomain and mitochondrial leader
are indicatedin flgure 4.3b.
4.3.2 Secondary Structure prediction
The predicted secondarystructurebasedon sequenceand aligriment alone is shown
below:
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420-440 L

Basedon mutations and structure-functionstudiesof these enzymesin the literature,
residues299-338 form part of the I-helix (Nonaka et al. 1989). Also mutation of
residues331,337 and 427 disturb helicesI, K and L respectively(Geley et al. 1996).
Mutation of the leucine at position 464 in 11P-hydroxylasealso disturbs the L-helix
(Geley et al. 1996).Modelling, basedon P450cam,
of the closely related bovine sidechain cleavage enzyme (Vijaykamur and Salemo 1992) has identified particular
helices (A, B', C, D, F, G, I and L) and P-sheetregions (P3. N and PD. From these
observations,it is possibleto assignsome of the helical regions and P-sheetregions
from the secondarystructure prediction of human aldosteronesynthase and 11Phydroxylasea specific locus nomination.Theseare indicatedabove.
4.3.3 Modelling based on known structures
A model three-dimensional structure of human aldosterone synthase and 11
hydroxylase with the incorporated haern is shown in flgure 4.3c. The model structure
could be superimposed on that of P450carn indicating that in this model the
positioning of the helices was conserved. The largest helix, the I-helix, runs through
the centre of the molecule in close proximity to the haem. Residues of interest to this
present study (chapters 3 and 5) are indicated on the structure.
From the model these residues can be assigned to particular regions of the molecule.
43

Rope/loop flanking helix A (exterior of the molecule)

107

Helix B' surrounding core

147

Flanking helix at interphase between rope/helix

(betweenC and D).
186

At end of helix D.

248

Helix towards haern core (G-helix)

357

P-sheet exterior of molecule

493

P-sheet exterior of molecule

Using this method it is possible to assign residues to particular regions and
hypothesise structural and functional roles.
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Figure 4.3b
Sequence alignment of aldosterone synthase, 110-hydroxylase and
side-chain cleavage enzymes from human, rat and bovine species.
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Fieure 4.3c
3-Dimensional model of human alclosterone synthase and
II P-hydroxylase enzymes.
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4.4 Discussion
It is clear that all P450's have a common folded structure despite having low sequence
homology. From this present study, sequencealignment identified regions displaying
a high degree of homology between bacterial protein sequences and those from
known
based
Modelling
structures showed that the predicted three
on
mammals.
dimensional model of human Ilp-hydroxylase

and aldosterone synthase could be

P450cam.
The
length
known
overall
sequence
such
as
structures
superimposed upon
is greater in mammalian enzymes than in the bacterial enzymes but these are
distributed throughout the molecule as inserts in loops and are probably of little
consequence.

The positioning of the helices remains the same in all P450's and is especially
conservedsurrounding the haern group. It is obvious that regions surrounding the
haemand the I-helix, the key catalytic and functional centre,will display the greatest
degreeof structuralsimilarity and that modelling shouldtake this featurestrongly into
accountto position the remaininghelices.
Helices I and L form primary contactpoints with the haemand constitutethe inner Cterminal domain (see section 1.7). The large I-helix is in the centre of the model
running through the core in closeproximity to the haem.The N-terminal domain is to
the exterior of the molecule, controlling entry and binding of substrates,and is
wrapped around the inner domain . These N-terminal regions are more difficult to
model as they display the highest degreeof variability betweenP450s.In this model
of human aldosteronesynthaseand II P-hydroxylase,the N-terminal regions required
manualmodification, indicating that therewas significant structuraldifferencesdue to
the lack of homology betweenthem and their bacterialrelatives.
From secondary structure prediction and modelling studies, various residues of
interestto this presentstudy were assignedto a particular region. In chapter3, several
residuesin aldosteronesynthasewere substitutedfor the II P-hydroxylaseequivalent
at positions 43,147,248 and 493. Also, the analogoussubstitutionwas made in II Phydroxylase at position 147. These enzymes are highly homologous yet have
strikingly different properties.Substitutionswere performed to assessthe functional
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consequenceof changes of particular residues.

In chapter 5, screening of

in
for
hypertensive
the genes encoding
mutations
normotensive and
populations
identified
llp-hydroxylase
(CYP11131)
(CYP11132)
and
aldosterone synthase
differencesin the nucleotidesequencewhich result in amino acid changesat positions
107,186 of llp-hydroxylase and 357 of aldosteronesynthase.Using the structural
information obtained from modelling and results from structure-function studies, it
for
Secondary
these
to
residues.
structure prediction
suggest
roles
was possible
P-sheets
formed
loops
betweenthem.
they
of
(x-helices,
or
of
part
revealedwhether
The location of thesestructuralsegmentsis not exact;regions of helices, for example,
distance
longer
than the secondary structure
acid
or
amino
may span shorter
flanking
helices,
for
in
Areas
fact
as
predicted
example,
may
prediction suggests.
form part of that helical structure itself. Progressing from secondary structure
prediction to the three-dimensionalmodel emphasisesthis.
Residue43 clearly lies in a region of loop or rope. Structure-functionstudiesrevealed
that substitutionat this locus in aldosteronesynthaseto the 11P-hydroxylaseresidue
(Q43R) had no effect on conversion of DOC (see chapter 3). This implies that a
glutamate (Q) or arginine (R) at this locus are only accomodatedin the structureand
do not have a specific functional role. Residue 147 is positioned in the model at the
immediate boundary of helix-D. Mutations at this locus may have functional
implications. For example,mutationsmay alter the positioning of the adjacenthelix
and thus effect overall protein conformation which may have effects on enzyme
activity. This residue of aldosteronesynthase (D147) was replaced for the UPhydroxylaseequivalent (E147) and was shown to increase 11P-hydroxylaseactivity
which was specific for the substrate,DOC (chapter 3). The converse mutation
decreased110-hydroxylaseactivity. It is therefore possible that Ilp-hydroxylasespecific glutamic acid (E147) positions the helix in an orientation more favourablefor
the II P-hydroxylationof the substrateDOC.
From thesepredictionsresidues107,186 and 248 lie within helical regions 13',at the
end of D and G respectively. Helix B' surrounds the active core and has been
designatedas SRS-I in P450cam
(Gotoh et al. 1992).This region and part of the F-G
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Residues
form
the
to
thought
substrate
access
channel.
within this
of
part
regions are
region may form substrate-specificcontactpoints. Residue248 at the end of helix G,
like residue 107,may play a role in substrateaccessand recognition. However, results
from structure-functionstudies,wherethe aldosteronesynthasespecific residue(1248)
(T248)
by
(chapter3), suggestthat this
II
P-hydroxylase
the
equivalent
was replaced
is not the caseand, like residue43,248 contributesto the framework of the molecule.
It is possible that, in each enzyme,the isoleucine (I) and threonine (T) perform the
same function. This is a relatively conservative amino acid change and perhaps
alteration at this locus to a residue with properties distinct from those of isoleucine
demonstrable
threonine
effects.
exert
may
and
Residues357 and 493 are within regions forming P-sheetwhich may form Part Of P3%
N or P5. Both residues are exposed at the surface of the molecule and so any
functional roles they may have could involve interactionwith adrenodoxinor with the
in
involved
is
be
P3
thought
to
adrenodoxin binding whereas N is a
substrate.
(Gotoh et al. 1992). Mutation K357N did
substraterecognition sequencein P450c,,,
-n
not alter substratespecificity or enzyme activity which suggeststhat this particular
for
(K)
lysine
an asparagine(N), does not alter substrateinteraction
substitution, a
(chapter 5). Substitution of the aldosteronesynthase-specificresidue, T493 for the
11P-hydroxylase-specificresidue M493, did not alter in vitro enzyme activity. That
this conservativesubstitution does not alter activity does not preclude the idea that
substitution at this locus with an amino acid with different properties may alter
fimction.
Summaj:y
Using modelling techniques,residuesof interestpertaining to this presentstudy have
been assigned to particular regions of the enzyme molecule and their possible
functional implications discussed.Although a valuable method, it is important to
emphasisethat the secondarystructureand three-dimensionalmodel are theoretical.
To obtain an accuratepicture of these enzymes it is necessaryto obtain a high
resolutionx-ray structure.
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Mutations of the CYPllB1

and CYPllB2

genes cause llp-hydroxylase and

aldosterone synthase deficiencies respectively (see 1.8.4 and 1.8.6). In UPhydroxylasedeficiency, mutations completely abolish enzymeactivity and are found
in all exonsbut cluster in exons6,7 and 8 (Cumow et al. 1993).Mutations consist of
frameshift, insertions or nonsensemutations which ultimately result in a premature
stop codon resulting in a truncated non-functional protein. Other mutations are
functional
have
deleterious effects on
residues
critical
and
mutate
missensewhich
II P-hydroxylasein this condition.
In aldosteronesynthasedeficiencies,CMO-I and II, mutations affect the 18-functions
of aldosterone synthase causing accumulation of B or 18-OHB respectively. In
comparisonto II P-hydroxylasedeficiency, mutations causing aldosteronesynthase
deficienciesare less severein their in vivo manifestationsas there is not complete
aberrationof enzyme activity. When expressedin vitro however, CMO-I mutations
inactivate the encodedenzymewhereasCMO-II mutations causeslight decreasesin
Ilp-hydroxylation and loss of both 18-functions. In several instances multiple
in
individual
have
identified
been
cases.The effects of these mutations
mutations
individually and in combinationhave been assessedin vitro. It is clear that effects of
mutations differ in their degreeof severity. Milder mutations such as V386A may
causesubtle changesin aldosteroneproduction which are not obvious in vivo. It is
possible that subtle steroid abnormalities may also exert detrimental effects, for
example on blood pressure.Mutations which cause a mild increasein aldosterone
productioncould be implicated in someforms of hypertension.
Essentialhypertensionis a multifactorial disease,the cause of which, unlike II Phydroxylase deficiency-induced hypertension, is unknown. Several studies have
inferred that some essential hypertensiv6shave differences in their urinary and
plasmasteroidscomparedto control subjects(De Simoneet al.1985, Soro et al.1995)
Whether these differences are due to mutations in the genes which produce these
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steroids is not known. In this study, the CYPHBI

and CYPIIB2 genes from

hypertensiveand normotensivecontrol populations were screenedexon by exon to
look for mutations.
5.2 Methods
Genomic DNA was extracted from blood (2.3.2) and individual exons of the
CYPIIBI

and CYPIIB2

genes amplified using PCR (2.3.3). Single stranded

conformationalpolymorphism (SSCP)was usedto detectsequencechangesin exonic
in
by
determined
electrophoretic mobility (2.3.6). As the
changes
regions as
fragments
is
decreased
PCR
SSCP
with
greatly
greater than 300bp
sensitivity of
(Hayashi et al. 1991), digestionswere performed to obtain fragmentsof suitable size
(2.3.8). Where possible,primers were designedto specifically amplify CYP11BI or
B2. However, becauseof the high degreeof homology, this was not always possible
and someprimer pairs amplified CYP11BI and CYP11B2 within the samereaction.
Therefore,to differentiate betweenthe CYPIIB1 and B2 amplified alleles, the PCR
products were subcloned into T-vector which facilitated allele separation and
in
(2.3.14).
Where
the nucleotides resulted in amino acid
alteration
sequencing
functional
in
in vitro studieswere performedusing
the
protein,
encoded
substitutions
transient transfection in COS-7 cells (2.5). Mutations found in subjects were
mimicked in pCMV4 BI or B2 constructsby site-directedmutagenesisusing primers
containingthe desiredmutation (2.4).
5.3 Results
Screening of exonic regions of the CYP11B1 and CYP11B2 genesfor mutaflons
5.3.1 PCR optimisat*
Prior to SSCPscreening,PCR conditionswere optimised for eachpair of primers.The
annealingtemperatureswere set 5-10*C below the melting temperatureof primers and
increasedincrementally until PCR conditions were optimised. Typical examplesfor
exons5 and 6 of CYPlIB2 are shown in flgure 5.3a. PCR reactionswere performed
on 4 genomic DNA samples chosen at random where the primers used were
T2141,T2138 and T2142, T2140 respectively.Amplification of exons 5 and 6 using
theseprimers producedPCR ampliconsof 337 and 224 bp respectivelyas determined
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1353
1078
872
603

337bp

301

«0*- 224bp

1

10

11

Fi
A 1% agarose gel showing optimised PCR of exons 5 and 6 of
CYP11132 using primers T2141, T2138 and T2142, T2140
respectively (see tables 3 and 4 appendix 2). PCR conditions for
both were 94 for Imin, 60 for Imin, 72 for Imin for 30 cycles.
Lane I shows k DNA Hae III digest as a marker. Exon 5
amplicons were 337bp and are shown in lanes 2-5. Exon 6
in
224bp
lanes 7-10. Lanes 6 and
and
are
shown
were
amplicons
II show water blank controls.
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by agarosegel electrophoresisusing XHae III digest as a marker. Primer sequences,
in
in
detailed
4
table
temperatures
are
appendix3
used
specificity and annealing

Figure 5.3b. Showsa representativeareaof SSCPanalysisof PCR amplified exon I
detected
in
No
CYPIIB2
the
the
mobility
variants
were
electrophoretic
gene.
of
for
This
the
case
exons 2,3,4,5,7
was
also
sample number studied.
CYPII B2 and also exons4,5,7,8

and 8 of

and 9 of CYP11B 1. Exons 1 and 6 of CYPIIBI

were not screened.
5.3.3 SSCP analysis-Of exon 2 of the CYP11B1 and CYP1lB2 genes
It was not possible to amplify exon 2 of CYP IIBI

or B2 selectively. In this case,

primers (Y6265, Y6266) amplified this region of both genes and SSCP analysis
(Figure 5.3c.) shows electrophoretic mobilty variants, from a representative area,
following Rsa I digestion. Samples showing variants were subcloned into T-vector to
facilitate separation of CYP 11BI and CYP II B2 alleles and sequence analysis of the
allele containing the mutation.

5.3.4 SSCPanalysis of exon 3 of the CYP11BI and CYP11B2 genes
Again, due to the high degreeof homology, exon 3 of CYPIIBI or B2 could not be
in
described
As
5.3.3 both CYPIIBI and CYPII B2 exon 3
selectively amplified.
,
were amplified using primers Y6263, Y6264. SSCPanalysisof a representativearea
(Figure 5.3d. ) shows electrophoreticmobility variants following HhaI digestion.
Those samplesexpressingdifferencesin mobility, as indicated by the arrows, were
sub-clonedinto T-vector asdescribedin 5.3.3.
5.3.5 SSCP analysis Of exon 6 of the CYP11B2 gene
Exon 6 of the CYP 11B2 gene was selectively amplified using primers T2142, T2140.
As the amplicon size was less than 250bp no digestion was required. SSCP analysis is
shown in (flgure 5.3e). Electrophoretic mobility variants of exon 6 were detected in
one single sample as shown by the arrows.
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CYPI I B2 exon I SSCP

Figure 5.3b. CYPI I B2 exon I SSCP
SSCP analysis of PCR amplified/ Hha I digested DNA fragments
of exon I of the human CYPIIB2 gene. PCR conditions and
in
table 3 appendix 2. Non-denaturing
are
shown
specific primers
acrylamide gel electrophoresis (6%) gel was carried out at room
temperature (RT), 30W for 4/5 hours in the presence of 10%
glycerol and IX TBE. No electrophoretic variants were detected.
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CYPI I BI and CYPI I B2 exon 2 SSCP

Band shift

lip

Figure 5.3c. CYPI I Bland CYPI I B2 exon 2 SSCP
SSCP analysis of PCR amplified/ Rsa I digested DNA fragments
and CYPI1132 genes. PCR
of exon 2 of the human CYPIIBI
conditions and specific primers are shown in table 3 appendix 2.
Non-denaturing acrylamide gel electrophoresis (6%) gel was carried
out at room temperature (RT), 30W for 4/5 hours in the presence of
10% glycerol and IX TBE. Electrophoretic variants are shown by the
arrows which were subsequently analysed.
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CYPI I BI and CYPI I B2 exon 3 SSCP

lialld "llift
44

Figure 5.3d. CYPI I BI and CYPI I B2 exon 3 SSCP
SSCP analysis of PCR amplified/ Hha Idigested DNA fragments
and CYPllB2
of exon 3 of the human CYPlIBI
genes. PCR
conditions and specific primers are shown in table 3 appendix 2.
Non-denaturing acrylamide gel electrophoresis (6%) gel was carried
out at room temperature (RT), 30W for 4/5 hours in the presence of
10% glycerol and IX TBE. Electrophoretic variants are shown by the
arrows which were subsequently analysed.
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CYPI I B2 exon 6 SSCP

Figure 5.3c. CYPI I B2 exon 6 SSCP
SSCP analysis of PCR amplified DNA of exon 6 of the human
CYP II B2 gene. PCR conditions and specific primers are shown in
table 3 appendix 2. Non-denaturing acrylarnide gel electrophoresis
(6%) gel was carried out at room temperature (RT), 30W for 4/5
hours in the presence of 10% glycerol and IX TBE. Electrophoretic
variants are shown by the arrows which were subsequently analysed.
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5.3.6 SSCPanalysis Of exon 9 of the CYPI1B2 gen
(S6719,
specific
primers
using
amplified
was selectively
M6641). The amplicon size was 403bp. SSCP analysis is shown in figure 5.3E
Exon 9 of CYPllB2

following Stu I digestion.A single variant is indicatedwith an arrow.

5.4 Analysis of electrophoretic mobility variants
Variants were detectedin exons6 an 9 of CYP11B2 and exons2 and 3 of CYP11BI
into
A
T-vector.
instance
PCR
latter
B2.
In
summary
sub-cloned
were
this
products
or
in
5.4.
below
table
are
shown
of nucleotidechanges

EXON

Amino acid

Mutation

change
2 CYPI 1B 1

CAT to TAT

H107Y

3 CYPlIB1

CTG to GTG

L186V

6 CYP I IB2

AAG to AAT

K357N

9 CYPIIBI

TGC to TTC

C494F

Table 5.4 Summary of nucleotide differences and resulting amino acid change

Autoradiograph(Figure 5.4a. )showsthe nucleotide sequence5' to 3' of a sectionof
CYPI.
I
B2.
The
hypertensive
to
6
the
compared
a
normal
sample
sense
of
exon
primer T2142 used in the PCR amplification was used to sequencethe region
amplified. Using the antisenseprimer T2140 the region was also sequencedin the
opposite direction (not shown) to ensurethat the sequencechangewas incorporated
CAG
(356)
both
the
top
The
at
starts
with
codon
and endswith
sequence
on
strands.
for
is
in
(see
1)
A.
The
this
the
appendix
sequence
region
shown
published
nucleotide
normal sequence CAG AAG GCA ACC A. The corresponding hypertensive
both
ACC
A
AAG
GCA
AAT
is
CAG
AAG/T
showing
and
at codon 357.
sequence
The presenceof an aberrantT band indicatesheterozygosity.
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CYPI I B2 exon 9 SSCP

04

Band shift

Figure 5.3f, CYPI I B2 exon 9 SSC
SSCP analysis of PCR amplified/ Stu I digested DNA fragments
of exon 9 of the human CYPI 1132gene. PCR conditions and specific
primers are shown in table 3 appendix 2. Non-denaturing acrylarrilde
gel electrophoresis (6%) gel was earned out at room temperature
(RT), 30W for 4/5 hours in the presence of 10% glycerol and IX
TBE. An electrophoretic variant is shown by the arrow which was
subsequently analysed.
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CYPI1B2 exon 6- 357 sequence from hypertensive subject
carrying the mutation and a normal subject without the mutation.

GATCGATC

AAT/A-AG
-10-

Non-nal

Hypertensive

Figure 5.4a. CYPI I B2 exon 6 DNA sequence
Nucleotide sequence analysis of a portion of exon 6 of CYP II B2. A
portion of sequence ladders of exon 6 in CYP II B2 from a normal
healthy individual
(normal) and an essential hypertensive
(hypertensive) patient are shown. The arrow denotes the point
mutation at codon 357.
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5.4.2 Sequenceanalysis of exon 9 of CYPIIB2
Figure 5.4b. showsa region of exon 9 of CYPII B2 from a hypertensivepatient. The
CTC.
CCC
491
The published sequencefor
and
ends
with
at
codon
sequencestarts
,
this region is CCC AGC ATG TGC CCC CTC CTC( see appendix 1). The
hypertensivesequenceis CCC AGC ATG TTC CCC CTC CTC showing a TTC at
codon494.

5.4.3 T-vector subcloning and subsequentseQuenceanalysis of exon 2
Figure 5.4c. showsa region of exon 2 of CYPIIBI from a hypertensivepatient. The
105
CAC.
AGC
The published sequencefor
and
ends
with
codon
at
sequencestarts
,
this region is AGC CTG CAT CCC CAC ( see appendix 1). The hypertensive
sequenceis AGC CTG TAT CCC CAC showing TAT at codon 107. The PCR
reaction contained CYPllB1

and CYP11132exon 2 regions. It was therefore
into
in
T-vector
PCR
to
the
necessary subclone
products
order to identify which gene
had the nucleotidechangeand to assesswhether it was presenton both alleles of the
gene.This was then transformedinto bacteria.Mini-prep DNA was preparedfrom 20
single colonies and sequenceddirectly. All CYP11132alleles had sequencesas
published.Only CYPI 1BI alleleshad the nucleotidechange.Both normal and mutant
CYP11BI alleleswere detectedindicating heterozygosity.
5.4.4 I-vector subdoning and subsequentsequenceanalysis of exon 3
Figure 5.4d. showsa region of exon 3 of CYP IIB1 from a hypertensivepatient. The
sequencestartsat AGC , codon 183 and endswith TAG. The published sequencefor
this region is AGC CTG ACC CTG GAC GTC CAG ( see appendix 1). The
hypertensivesequenceis AGC CTG ACC GTG GAC GTC TAG showing GTG at
codon 186 followed by a prematurestop codon. The PCR products were sub-cloned
into T-vector as described in 5.4.3. All CYPlIB2 alleles were normal and had
sequencesas published. Only CYPllB1 alleles had the nucleotide change. Both
normal andmutant CYP11BI alleleswere detectedindicating heterozygosity.
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CYP1 I Bl exon 9- 494 sequence from hypertensive subject
carrying the mutation.

C CC ilýGC.7-,TGECCCCTCCTC

Fieure 5.4b. CYP1IB1 exon 9 DNA sequence
Nucleotide sequenceanalysis of a portion of exon 9 of CYPI IB1. A
from an essential
portion of sequence of exon 9 in CYPIIBI
hypertensive patient is shown. The box denotes the point mutation at
codon 494.
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CYP1 1Bl exon 2- 107 sequence from hypertensive subject
carrying the mutation.

Figure 5.4c. CYP1 I BI exon 2 DNA sequence
Nucleotide sequence analysis of a portion of exon 2 of CYPI IBI. A
from
CYPIIBI
2
an essential
in
portion of sequence of exon
hypertensive patient is shown. The box denotes the point mutation at
codon 107.
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CYPllBl

exon 3- 186 sequence from hypertensive subject
carrying the mutation.

IAGCCTGýCCFG-T

ýG
GACGTCTAG

Figure 5.4d. CYPI 1BI exon 3 DNA sequence
Nucleotide sequence analysis of a portion of exon 3 of CYPI IB1. A
from an essential
portion of sequence of exon 3 in CYPIIBI
hypertensive patient is shown. The box denotes the point mutation at
codon 186.
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5.4.5 Screeningby restriction enzyme digestoon
Mutations in exons3 and 6 generatea restriction enzymesite. In future studiesuse of
restriction digestion may facilitate screening of a large number of samples in an
attcmptto dctcrminethe frcqucncyof thcsemutations.
Restriction

Recognition

enzyme

sequence

CYP11B2 exon 6

Bsm I

CYPI IBI exon 3

Dsa I

5'GAATGCN*' 3'
3'CTFACAGN 5'
T' C CRK
-Y
--GG 3'
3' GGYRC^C 5'

EXON

Supplier

Promega
BoehringerMannheim

Table 5.4.5 Screening by resrtiction enzymes

B2-K357N
The incorporationof the mutationswas verified by sequencing.Codon 357 in exon 6
was altered from AAG to AAT, thus changing a lysine (K) to an asparagine(N)
residue(figure 5.5a). The sequencingprimer usedwas Z0895. (seeappendix2 table 2
for sequencesof primers).
The incorporation of the mutations was verified by sequencingof exons 2 and 3
respectivelyusing primers pCMV4 (s) and N4019. Codon 107 in exon 2 was altered
from CAT to TAT, thus changinga histidine (H) to a tyrosine (Y) residue. Codon
186 in exon 3 (figure 5.5b.) was alteredfrom CTG to GTG, thus changing a leucine

-

(L) to a valine (V) residue. Wild-type plasmid pCMV4 B1 sequenceis shown in
appendix1.
Corticosterone(B) production expressedas nmol/ mg/48 hours from 5ýM DOC was
measured by radioirnmunoassay(figure 5.5c). Wild-type aldosterone synthase
produced62.3 ± 7.1 mnol/mg/48 hours and mutant B2-K357N produced 57.4 ± 5.6
mnol/ mg/48 hours (n--6). This showsthat B2-K3 57N hasno effect on I 10-
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TCCCCRG=GCAACCACC

wild-type

ATCCCCHG=GCAACCACC

B2-K357N

Figure 5.5a. Sequence of wild-type plasmid pCW4B2
and
mutant construct B2-K357N.
A portion of nucleotide sequence of exon 6 from wild-type pCMV4
B2 and from mutant construct B2-K357N are shown. The box
indicates codon 357 where the mutation has been incorporated.
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BI-H107Y

BI-L186V

C TG A CC

F

TGýG -ý CG TC

Figure 5.5b. Sequence of 110-hydroxylase mutants B1-H1O7Y
and B1-L186V.
A portion of nucleotide sequence of exon 2 and exon 3 from mutant
constructs BI -H I 07Y and BI -L I 86V are shown. sequencing primers
PCMV4 (S) was used to sequence exon 2 and N4019 for exon 3. See
table 2 of appendix 2 for details of primers. The boxes indicate
codons 107 and 186 where the mutations have been incorporated.
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Corticosterone production

250
coý

00
ýT

200

150
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w
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0
Wild-type
CYPIIB2

Wild-type
CYPIIBI

B2-K357N

Figure 5.5c. B production from DOC from a1dosterone synthase
mutant B2-K357N.
Comparison of corticosterone (B) from aldosterone synthase mutant
B2-357 with wild-type aldosterone synthase (CYPI I B2) and II PCOS-7 cells transfected with 1OVig of
hydroxylase (CYPIIBI).
pCMV4 expression vector, 5ug of pCD-Adx and I Opg of pSV-P-gal
were incubated with 5pM 11-deoxycorticosterone for 48 hours.
Steroids from the medium were extracted and separated by paper
chromatography and analysed in duplicate by radioinimunoassay.
Results are expressed as SI units. Results are mean ± SEM from
three separate transfections, each done in duplicate. Statistical
analysis was done by Student's t-test.
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hydroxylation of the substrateDOC. Wild-type 11P-hydroxylaseproduced208 ± 20.4
mnol/mg/48 hours which is significantly greaterthan wild-type aldosteronesynthase
or B2-K357N (n--6;p<0.0001,Student'sWest).
5.5.4 18-OHB and a1dosteroneproduction from DOC by mutant B2-K357N
18-OHB and aldosteroneproduction are expressedas pmol/mg/48 hours from SýLM
DOC as measuredby radioimmunoassay(flgure 5.5d). For 18-OHB, wild-type
aldosteronesynthaseproduced30.6 ± 1.3 pmol /mg/48 hours and mutant B2-K357N
produced 24.9± 1.7 pmol/mg/48 hours (n--6). This shows that B2-K357N has no
effect on 18-hydroxylation comparedto wild-type aldosteronesynthase.Wild-type
Ilp-hydroxylase produced 35.7 ± 4.9 pmol/mg/48 hours 18-OHB (n--6).

For

aldosterone production, wild-type aldosterone synthase produced 40 ± 2.9
pmol/mg/48 hours and mutant B2-K357N produced 34.6 ± 1.6 pmol/mg/48 hours
(n=6). This shows that B2-K357N has no effect on 18-oxidation comparedto wildtype aldosteronesynthase(n--6).
5.5.5 F production from S by mutant B2-K35M
F production expressedas runol/L from 5gM S was measuredby radioimmunoassay
(flgure 5.5e) Wild-type aldosteronesynthaseproduced 69.7 ±6 nmol/mg/48 hours
and mutant B2-K357N produced80 ± 9.2 nmol/mg/48 hours (n=6). This shows that
B2-K357N has no effect on II P-hydroxylationof the substrateS comparedto wildtype aldosterone synthase. Wild-type llp-hydroxylase

produced 246 ± 41

nmol/mg/48 hours which is significantly greaterthan wild-type aldosteronesynthase
or B2-K357N (n--6; p<0.0001,Student'sMest).

5.6 F production from 110-hydroxylase mutant Bl-HI07Y
F production expressed as nmol/mg/48 hours from 5ýtM S was measured by
radioimmunoassay(figure 5.6) Wild-type Ilp-hydroxylase produced 10.1 ± 1.7
nmol/mg/48hourswhereasmutantBI -H I 07Y produced69.4 ± 7.1 nmol/mg/48 hours
which

is

significantly

greater
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than

wild-type

II P-hydroxylase

45

I

Aldosterone

n

mnan
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5
0
Wild-type
CYP11B2

Wild-type
CYP11BI

B2-K357N

Figure 5.5d. 18-OHB and a1dosterone producteon from DOC
from aldosterone sylithase mutant B2-K357N.
Comparison of 18-OHB and aldosterone production from
aldosterone synthase mutant B2-K357N with wild-type aldosterone
(CYPIIBI).
COS-7
synthase (CYPlIB2)
and Ilp-hydroxylase
cells transfected with lOgg of pCMV4 expression vector, 5pg of
pCD-Adx and lOgg of pSV-P-gaI were incubated with 51iM 11deoxycorticosterone (DOC) for 48 hours. Steroids from the medium
were extracted and separatedby paper chromatography and analysed
in duplicate by radioimmunoassay. Results are expressed as SI units.
Results are mean ± SEM from three separate transfections, each
done in duplicate. Statistical analysis was done by Student's West.
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Cortisol production
300

200
a

loo
4.

0
Wild-type
CYPI I B2

Wild-type
CYP11131

B2-K357N

Fi
Comparison of cortisol (F) from aldosterone synthase mutant 132K357N with wild-type aldosterone synthase (CYP I 1132)and II Phydroxylase (CYPIIBI).
COS-7 cells transfected with 10[tg of
pCMV4 expression vector, 5pg of pCD-Adx and l0lig of pSV-P-gal
11-deoxycortisol (S) for 48 hours.
were incubated with 5pM
Steroids from the medium were extracted and separated by paper
chromatography and analysed in duplicate by radioirnmunoassay.
Results are expressed as Sl units. Results are mean ± SEM from
three separate transfections, each done in duplicate. Statistical
analysis was done by Student's t-test.
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Cortisol production
80

)01
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Bl-H107Y

Wild-type
CYPHBI

FiLlure 5.6. F Droduction frffmA-W-hvdroxvlase

mutant Bl--

Comparison of cortisol (F) production from II -deoxycortisol (S)
from 110-hydroxylase mutant BI-HI07Y
with wild-typc Ilphydroxylase (CYPIIBI).
COS-7 cells transfected with 10ýtg of
pCMV4 expression vector, 5pg of pCD-Adx and I Opg of pSV-P-gal
for
incubated
11-deoxycortisol
(S)
48 hours.
5pM
were
with
Steroids from the medium were extracted and separated by paper
chromatography and analysed in duplicate by radioinimwioassay.
Results are expressed as SI units. Results are mean ± SEM from
three separate transfections, each done in duplicate. Statistical
analysis was done by Student's t-test.
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(n=6; p<0.0001,Student'sWest).

In this study, single strandedconformational polymorphism (SSCP) was used to
detect mutations in the CYPHB1 and CYPIIB2

genes in normotensive and

hypertensive subjects. Whilst this is a convenient, PCR-based technique which
enablesrapid detectionof nucleotidevariantsby changesin electrophoreticmobility,
it does have some limitations.

SSCP can show false positives. Firstly, Taq

polymerasemay misincorporatenucleotidesduring amplification. Secondly, DNA
strandshaving identical sequencescan have different stableconformationswhich can
present as electrophoretic variants. In addition, false negatives which are a
consequenceof the limitations of sensitivity of this technique can occur. SSCP is
ranging from 100-300bpin its detectionof
approximately97% sensitivefor sequences
nucleotide differences, leaving 3% of nucleotides which could potentially avoid
detection.The gel usedin this study is by far the most informative but varying the gel
composition (i. e glycerol concentration and acrylamide) and temperature may
occassionallyidentify mutationswhich have previously gone undetected. One added
problem in this study was the high degree of homology of the CYPIIBI

and

CYPIIB2 geneswhich made it difficult to design primers which would selectively
amplify the desiredregion of either gene,a problem which necessitatedsub-cloningof
ampliconsinto T-vector.
Using the SSCP conditions described, several differences in coding regions of
CYPIIBI and CYPllB2 were detectedwhich alter amino acids in the encoded
proteinswhich may have functional implications. Out of 40 hypertensivepatients and
10 normal patients,an AAG to an AAT was identified in a single caseat codon 357 of
exon 6 in CYPlIB2. This alters a lysine (K) to an asparagine(N) in the protein. In
order to rule out the possibility of false negatives,several other hypertensivesand
normals, chosen at random, were also sequencedbut were not different from the
publishedsequence(seeappendix1). Manual sequencinganalysisof the subjectwith
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the exon 6 variant demonstratedthat the patient was heterozygousas shown by coexistanceof wild-type andmutant alleles.
Residue 357 in aldosteronesynthaseis located in a region which, from secondary
(see
forms
P-sheet
4).
In
the closely
3-D
chapter
modelling,
structureprediction and
353-359
363370
bovine
and
acid
regions
amino
enzyme,
related
side shaincleavage
(bovine numbering) form sheetsdenoted P-3 and P-4 as predicted from modelling
based on P450cam (Vijayakamur & Salerno 1992). P-4 is a substraterecognition
is
from
human
It
1992).
the
in
(Gotoh
P450cam
model
of
obvious
al.
et
sequence
known
based
P-hydroxylase
II
crystal structuresand the
on
aldosteronesynthaseand
bovine side chain cleavageenzymemodel (seechapter4 figure 4.3c), that this residue
is exposedto the exterior of the molecule.This suggeststhat any role it may havemay
be involved with interactionwith substratesor electrondonors.Indeed,in bovine side
involved
is
be
in
known
K-helix
to
the
adrenodoxin
closeby
chain cleavageenzyme,
interaction where mutation of residuesK377 and K381 dramatically reducebinding
of adrenodoxin(Wada& Waterman1992).
To assessthe functional significance of this residue change (K357N), the mutation
in
by
incorporated
in
CYPllB2
plasmid
site-directed
pCMV4-B2
cDNA
was
had
in
COS-7
the
When
cells,
mutant
cDNA
no effect on the
mutatgenesis.
expressed
conversionof DOC to B, 18-OHB and aldosteronecomparedto wild-type aldosterone
is
for
DOC
the
S
F
to
preferred
substrate
aldosterone
conversion.
synthasenor on
synthase.Incubationswith S were performedto assesswhether the mutation causeda
switch in substratespecifity to improve or decreaseS to F conversion. That this
substitutiondoesnot have any detrimentaleffects on enzymeconversionsuggeststhat
it does not appear to have a role in substrateinteraction. Indeed the amino acid
substitution is lysine (K) to asparagine(N) which changesa basic to an uncharged
residue.This may not be sufficient to alter the chemicalpropertiesat the surfaceof the
interaction
to
or
with other cofactors.
molecule alter substraterecognition
Although therewas no effect of mutant 357 in vitro, in vivo, it is possible that the B2
357 mutation may be found in in combinationwith other as yet unidentified mutations

204

interact
These
to effect
mutations
may
which may also changeamino acid residues.
identified
in
function.
Several
enzyme
mutations
protein conformationand subsequent
these geneshave been shown in vitro to exert very little, if any effect, on enzyme
known
in
However,
to reduce activity,
another
mutation
combination
with
activity.
they exacerbatethe detrimentaleffect (Pascoeet al. 1992,Portrat-Doyenet al. 1998).
Indeed,all mutations/polymorphismsof the CYP11BI and CYP11B2 genesdescribed
in this chapterhave been confined to 5 patients, suggestingthat single subjectsmay
have several mutations/ polymorphisms on the same allele. Sequencing of the
is
followed
by
both
to
this
necessary
establish
genes
of
complete coding region
functional studiesusing constructscontainingall mutations.
In addition, a numberof other mutationswere identified. In the CYPIIB1 gene,three
in
in
differences
the encodedprotein. These
missensemutationsresulted amino acid
included nucleotide changesin CYPIlB1 which resulted in amino acid differences;
L83S*, H107Y and H125R*(exon 2), L186V (exon 3) and C494F (exon 9). * Those
indicated were identified by Christine Holloway (Blood Pressure Unit).
To
.
determine the effects of these mutations on enzyme activity, in vitro functional
studiesarerequired.Preliminary in vitro functional analysiswas performedfor mutant
BI-H107Y.

llp-Hydroxylase mutant BI-HI07Y

increases conversion of 11-deoxycortisol to

cortisol comparedto wild-type 11P-hydroxylasein vitro. From thesestudies it is not
possibleto statewhetherthis is purely a functional effect or may be due to an increase
in protein expression. In vivo, an increasein cortisol production may affect overall
adrenal secretionrate to switch off ACTH drive. Indeed, higher secretion rates of
DOC and S have been reported in cases of essential hypertension where IIP.
hydroxylation is abnormal,indicating that this may be a key locus (deSimoneet al.
1985).The effect on DOC conversionhasyet to be assesssed.
Nonsensemutations were also identified in the CYPlIB1 gene at codon 189. A
in
identified
identified
in
deletion
and
a
codon
one
subject
stop
nucleotide
was
in
be
Both
to
premature termination of the coding
result
expected
another.
would
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regions and a truncatednon-functionalproduct. The stop 189 was found in a subject
also carrying L186V. If this subject were to be homozygous then the stop would
determine phenotype and not the L186V mutation. However, this would most
definitely result in a severely altered steroidogenicprofile which would have been
detected in the clinic. It is also possible that subjects may have the L186V
polymorphism/mutationon its own. Effects of this on enzymeactivity have yet to be
assessed.
In CYPII B2 exon 8, a missing codon (464) was detectedin a single patient. It is
interesting that in anotherstudy, a 3bp insertion (homozygous)was detectedat this
codon in a patient with 110-hydroxylasedeficiency (Geley et al. 1996), suggesting
that this codonor thosein the immediatevicinity are important for enzymefunction.
As yet it is unclear whether the mutations found in this study are unique to the
patients studied or whether they occur frequently. Large population studies are
necessaryto determinethe frequencyof a mutation. Mutations whose frequency are
greaterthan 2% are generally termed polymorphic. The polymorphism may or may
not changean amino acid and/orthe function of the enzyme.Although not carried out
in this study, readily available and simple techniques such as restriction enzyme
digestion and allele specific oligonucleotideshould enablerapid and high throughput
screening. Indeed restriction enzymeshave been identified for some of mutations
found in this study.
Other polymorphismshavebeenidentified in the CYP I IB2 gene,for exampleQ43R,
R173K, B296K, V386A (Momet et al. 1989, Kawamoto et al. 1990, Fardella et al.
1996b, Portrat -Doyan et al. 1998) and also C494F which, from our findings and
comparisonwith the published sequencecan encodea phenylalanineor a cysteine at
this codon in CYPI 1131.The functional significanceof this substitution has not been
established.V386A, although characterisedas a polymorphism, has been reportedby
some groups to cause a small decreasein enzyme activity in vitro (Pascoeet al.
1992).
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Although somemutationsmay causeonly mild effects on enzymeactivity and steroid
production and may not lead to significant alterations in circulating corticosteroid
concentrations,they may still have important implications in vivo. Indeed, there is
now increasingevidenceto suggestthat the CYPI 1BI and CYP1IB2 genesare also
expressedin other tissuessuch as the CNS, heart and vascularsystemwhere they are
thought to be involved in cardiovascular/bloodpressurehomeostasis. In the CNS,
intracerebroventricular(icv) administration of aldosteroneat doses too low to act
systemically, cause dramatic increasesin blood pressure in rats (Gomez-Sanchez
1997). Therefore,it is possiblethat subtle changesin aldosteroneproduction caused
by mutations in the CYPllB2 gene may result in higher local concentrationsin
tissuessuchasthe brain and causesignificant changesin phenotype.
Polymorphismsmay be markersof certain forms of hypertension. In a recent study,
codon 173 of CYPllB2 was shown to be polymorphic in a Chilean population
encodingan arginine(R) or a lysine(K) (Fardella et al. 1996b). The R173 variant of
CYP11B2 had a higher frequencyin patientswith low-renin hypertension(Fardella et
al. 1996b)which is characterisedby suppressedrenin activity which may result from
elevated aldosteronesecretion. It is also possible that polymorphisms may be in
linkage disequilibrium with other genotypicvariants.To assessthis proposal,a larger
number of subjectswould have to be screenedto determinewhether polymorphisms
occur only in hypertensivesand thus predict succeptabilityto hypertension.Screening
the CYPllB1 and B2 genesin a well-characterisedgroup of hypertensivesubjectsfor
example, low-renin hypertensives,may lead to the identification of mutations with
greaterfunctional significance.
Whilst this study has concentratedon the exonic-codingregions of thesegenes,other
studies have shown an intronic conversion and a SF-1 polymorphism in the noncoding and 5' untranslatedregionsof the CYPI IB2 gene(see 1.6) (Brand et al. 1998
Davies et al. 1999, White et al. 1991). There was a significant associationof the
344T allele of the SF-I site with essentialhypertension(Brand et al. 1998, Davies et
al. 1999). Screeningof the promoter and intronic regions of both genesmay also be
informative.
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In summary, a number of mutations have been identified in this study. In vitro
functional implications for someof them have been assessed.Whether thesein vitro
observationsare applicableto the in vivo situation is not known. No attempt has been
madeto comparegenotypewith phenotype,as all of the hypertensivepatientsstudied
were anonymous. However, future studies should examine how these mutations
affect circulating concentrationsof componentsof the renin-angiotensin-aldosterone
systemandblood pressureresponseto therapy.
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Chapter. 6.
6.1 Effects of 18-OXOF, 18-OHF and 18-OHDOC on 11D-hydroxylation of 11deoxycortisol and 11-deoxycorticotserone by human aldosterone synthase and
110-hydroxylase in vitro in stably transfected V79 cells.

In

the

rare

autosomal dominant

disorder,

glucocorticoid-suppressible

hyperaldosteronism(GSH) aldosteronesynthaseactivity is ectopically expressedin
the adrenal zona fasciculataand is subject to ACTH control (see section 1.8). In
addition to aldosterone,the chimeric enzyme also catalysesthe synthesis of 18hydroxycortisol (18-OHF) and 18-oxocortisol (18-OXOF) from cortisol (F). These
are secretedin large quantities. It has been suggested that the impaired 11Phydroxylation observed in this condition (Jamiesonet al. 1996) is due either to
inhibition
by thesemetabolites.A numberof other
to
competitiveor non-competitive
18-hydroxycompoundsare madein the normal adrenalcortex which may also exert
inhibitory
control. In this study, the effect of 18-OXOF, 18-OHF and
endogenous
18-OH-DOC on the conversionof 11-deoxycorticosterone(DOC) to corticosterone
(B) and 11-deoxycortisol (S) to cortisol (F) was investigatedusing cell lines stably
transfectedwith CYP11BI or CYP11B2.

6.2 Methods.
Stably transfectedcell lines were a kind gift from Prof Rita Bernhardt and were
handledas describedin section(2.9.1). CYP11BI and CYP II B2 cells stably express
human II P-hydroxylaseand aldosteronesynthaserespectively. Steroid incubations
(24hours) were performed as describedin section (2.9.4). 18-OXOF and 18-OHF
were synthesisedand subsequentlypurified by CE Gomez-Sanchez.They were then
re-purified by paper chromatography. Steroid products were measured by
radioimmunoassay(section 2.8). Cell lysates were prepared (section 2.6.1) and
assayedfor protein (section 2.6.3) All steroid measurementswere correctedand are
expressedasmnol/pmol per ing of protein per 24 hours.
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Time courseexperimentswere performedto determinethe point of maximum steroid
conversion.An end-point of 24 hours was chosen(figure 6.3a) for both B and F
production from DOC and S respectivelyin both cell lines.
Stably transfectedCYP11B1 cells were incubatedwith (I gM) DOC in the presence
18-OHF.
10
20gM
18-OXOF
In vivo 18-OHFurinary levels in
and
or
absence
of
and
patientswith GSH are approximately 10 times the upper limit of the normal range.
The results are shown in flgure 6.3b. Neither 18-OXOF nor 18-OHF had any effect
on B production from cells stably transfectedwith CYPIIB1 at theseconcentrations.
Figure 6.3c shows the results of incubating cells stably transfectedwith CYPIIBI
with (IpM) S in the presenceand absenceof 10 and 20pM 18-OXOF or 18-OHF.
Thesesteroidshad no effect on F production.
Stably transfected CYPllB2

cells expressing human aldosterone synthase were

treatedas decribedin flgures 6.3b and 6.3c. Similar results were obtained (figures
6.3d and 6.3e). In stably transfected CYPllB2

cells incubated with DOC, 18-

hydroxycorticosterone(18-OHB) and aldosteronewere also measured.18-OXOFor
18-OHFhad no effect on 18-OHB or aldosteroneproduction from DOC in thesecells
(flgure 6.3f and 6.3g.)
Summary
From theseresults, 18-OXOF and 18-OHFat concentrationsof 10 and 20ýM do not
affect B or F production from DOC and S respectively by human aldosterone
synthaseor II P-hydroxylase,nor do they affect 18-OHB or aldosteroneproduction
from DOC by humanaldosteronesynthase.
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Figure 6.3a
Time course of-corticosterone (B) and cortisol (F) production from
CYP11BI and CYPI1B2 stably transfected V79 cells.
V79 cells (CI06) were incubated with IýLM of 11-deoxycorticosterone
(DOC) or 11-deoxycortisol (S) for 0 to 48 hours. Steroids from the medium
were extracted and separated by paper chromatography and analysed in
duplicate by radioimmunoassay. Results are mean ± SEM from
quadruplicate incubations.
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B production from DOC+/- 18-OXOF in cells
stably transfected with CYP 11B1
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Figure 6.3b
Corticosterone(B) production from IgM 11-deoxycorticosterone
(DOC) in the presence and absence of 10 and 20gM of 18oxocortisol (18-OXOF) and 18-hydroxycortisol (18-OHF) in V79
cells stably transfectedwith CYPIIB1.
V79 cells (CI06) were incubated for 24 hours. Steroids from the
medium were extractedand separatedby paperchromatographyand
analysed in duplicate by radioirnmunoassay.Results are mean
SEM from quadruplicateincubations.
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F production from S +/- 18-OHF in cells stablytransfected with CYPI lBl
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Figure 6.3c
11-deoxycortisol (S) in the
Cortisol (F) production fromlýM
presence and absence of 10 and 20ýM of 18-oxocortisol (18-OXOF)
in
(I
8-OHF)
V79 cells stably transfected with
18-hydroxycortisol
and
V79 cells (C106) were incubated for 24 hours. Steroids
CYPlIBI.
from the medium were extracted and separated by paper
in
duplicate by radioimmunoassay.
chromatography and analysed
Results are mean ± SEM from quadruplicate incubations.
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B production from DOC +/- 18-OXOF in cells
stably transfected with CYPI 1B2
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B production from DOC +/- 18-OHF in cells
stably transfected with CYPI 1B2
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Figure 6.3d
Corticosterone (B) production from 1ýM 11-deoxycorticosterone
(DOC) in the presence and absence of 10 and 20ýM of 18oxocortisol (18-OXOF) and 18-hydroxycortisol (18-OHF) in V79
cells stably transfected with CYPllB2. V79 cells (CI06) were
incubated for 24 hours. Steroids from the medium were extracted
in
duplicate
by
and
chromatography
analysed
paper
and separated
by radioirnmunoassay. Results are mean ± SEM from
quadruplicate incubations.
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F production from S +/- 18-OHF in cells stably
transfected with CYPllB2
w
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F production from S +/- 18-OXOF in cells stably
transfected with CYP11B2
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F*Zure 6.3
11-deoxycortisol (S) in the
Cortisol (F) production fromlýM
20ýM
18-oxocortisol
(18-OXOF)
10
of
and
presence and absence of
in
V79
(18-011F)
18-hydroxycortisol
cells stably transfected with
and
CYPIIB2. V79 cells (cIO6) were incubated for 24 hours. Steroids
from the medium were extracted and separated by paper
in
duplicate by radioimmunoassay.
chromatography and analysed
Results are mean ± SEM from quadruplicate incubations.
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Figure 6.3 f
18-hydroxycorticosterone (18-OHB) production from IPM 11deoxycorticosterone (DOC) in the presenceand absenceof 10 and
20pM of 18-oxocortisol (18-OXOF) and 18-hydroxycortisol (18Ol-IF) in V79 cells stably transfected with CYP II B2. V79 cells
(006) were incubated for 24 hours. Steroids from the medium
were extracted and separated by paper chromatography and
analysed in duplicate by radioimmunoassay. Results are mean
Sal from quadruplicate incubations.
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Aldosterone production from DOC +L- 18-OXOF in cells
CYPI
1
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Aldosterone production from DOC +L- 18-OHF in cells
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Figure 6.3 g
Aldosterone (Aldo) production from I gM 11-deoxycorticosterone
(DOC) in the presence and absence of 10 and 20gM of 18in
18-hydroxycortisol
(18-OHF)
V79
(18-OXOF)
and
oxocortisol
cells stably transfected with CYPIIB2. V79 cells (c106) were
incubated for 24 hours. Steroids from the medium were extracted
and separated by paper chromatography and analysed in duplicate
by radioimmunoassay. Results are mean ± SEM from
incubations.
quadruplicate
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18-OHDOC was also investigatedas a potential inhibitor of B and F production.
Initial studies using (1ýtW DOC or (11M) S with 10ýtM 18-OHDOC showed a
both
in
by
F
B
types
the presenceof 18-OHDOC.
cell
production
of
and
reduction
To characterisethis inhibition further, a range of substrateconcentrationsbetween
0.001and I pM were usedin the presenceand absenceof I OgM 18-OHDOC.
Figure 6.4a shows B production from DOC in the presenceand absenceof IOPLM
18-OHDOCfrom cells stably transfectedwith CYP11B 1. At concentrationslessthan
0.01gM steroid concentrations were at the limits

of

detection of the

radioimmunoassay.At all other concentrationsof substrate,there was a significant
reduction in B production of about 40-50% in the presence of 18-OHDOC
(n=4;p<0.05; impaired Student's West). At 0.01,0.1

and

I gM substrate

concentrations,B productionwas reducedfrom 0.08 ± 0.11 to 0.04 ± 0.03,1 ± 0.1 to
0.4 ± 0.05 and4.8 ± 0.7 to 2.2 ± 0.2 nmol/mg/24 hoursrespectively.
Figure 6.4b shows F production from S in the presenceand absenceof 10ýLM18OHDOC in cells stably transfectedwith CYP1IBI. Therewas a significant reduction
of about 40-50% in F production in the presenceof 18-OHDOC (n=4; p<0.05). At
0.01,0.1 and I[LM substrateconcentrations, F production was reducedfrom 0.7 ±
0.09 to 0.1 ± 0.02,2.4 ± 0.2 to 0.7 ± 0.1 and 14.0 ± 1.9 to 7.3 ± 0.9 nmol/mg/24
hoursrespectively.

stably transfected cells.
Cells stably transfected with CYPI IB2 were treated as described in flgures 6.4a and

6.4b. Similarly, B and F production from DOC and S respectively,were significantly
reducedin the presenceof 18-OHDOC(figures 6.5a and 6.5b).
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B production from DOC+L- IOgM 8-OHDOC from stably
transfected CYP11BI cells
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Figure 6.4 a
Corticosterone (B) production from 0.001 to I ýtm 11.
deoxycorticosterone(DOC) in the presenceand absenceof 10 pM of
18-hydroxydeoxycorticosterone(18-OHDOC) in V79 cells stably
transfectedwith CYP11BI. V79 cells (cIO6) were incubated for 24
hours. Steroids from the medium were extracted and separatedby
duplicate by
paper chromatography and analysed in
radioimmunoassay.Results are mean ± SEM from quadruplicate
incubations.
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Figure 6.4 b
Cortisol (F) production from 0.001 to IgM 11-deoxycortisol(S) in
10
18the
of
absence
tLM
of
and
presence
hydroxydeoxycorticosterone (18-OHDOC) in V79 cells stably
transfectedwith CYP11B 1. V79 cells (C106)were incubated for 24
hours. Steroids from the medium were extracted and separatedby
duplicate by
paper chromatography and analysed in
SEM
from
Results
±
are
mean
quadruplicate
radioimmunoassay.
incubations.
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B production from DOC+L- 101!M 18-OHDOC in
stably transfected CYP1 1B2 cells
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Figure 6.5 a
Corticosterone (B) production from 0.001 to I ýIm 11deoxycorticosterone (DOC) in the presence and absence of 10 ýLM of
18-hydroxydeoxycorticosterone (18-OHDOC) in V79 cells stably
transfected with CYPIIB2. V79 cells (CI06) were incubated for 24
hours. Steroids from the medium were extracted and separated by
in
duplicate
by
paper
chromatography
and
analysed
radioimmunoassay. Results are mean ± SEM from quadruplicate
incubations.
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F production from S +/- I OjjM 18-OHDOC in cells
stably transfected with CYPIIB2
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Figure 6.5 b
Cortisol (F) production from 0.001 to IýLM 11-deoxycortisol (S) in
10
18the
of
ýtm
absence
of
and
presence
hydroxydeoxycorticosterone (18-OHDOC) in V79 cells stably
transfected with CYPlIB2. V79 cells (C106) were incubated for 24
hours. Steroids from the medium were extracted and separated by
in
duplicate
by
and
analysed
chromatography
paper
radioimmunoassay. Results are mean ± SEM from quadruplicate
incubations.
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At 0.01,0.1 and lgM substrateconcentrationsB was reduced from 0.2 ± 0.01 to
0.05 ± 0.02,0.5 ± 0.06 to 0.3 ± 0.02 and 4.2 ± 0.7 to 2.1 ± 0.2 nmol/mg/24 hours
from
0.3
0.02
0.18
0.06,1
±
F
±
Similarly,
to
reduced
was
production
respectively.
0.16 to 0.5 ± 0.06 and 7.2 ± 0.4 to 4.4 ± 0.7 nmol/mg/24 hours respectively.
In CYP11132cells, 18-OHB and aldosteroneproduction from DOC in the presence
in
As
figure
6.5c.
18-OHDOC
10ýM
measured.
shown
and
were
and absenceof
6.5d, 18-OHDOC caused a significant increase in 18-OHB and aldosterone
At
0.001,0.01,0.1
lpM
and
substrate
production at all concentrations.
increased
from
0.4
0.08
5.2
1.2,1.3
±
±
to
18-OHB
was
production
concentrations,
0.1 to 6.1 ± 0.6,4.0 ± 0.3 to 9.3 ± 0.7 and 11.9± 2.1 to 21.6 ± 2.1 pmol/mg/24 hours
increased
from
0.8 ± 0.6 to 6.6 ±
Similarly,
was
production
aldosterone
respectively.
0.7,2.9 ± 0.5 to 7.8 ± 0.7,4.2 ± 0.9 to 6.7 ± 0.5 and 5.3 ± 0.7 to 11.3 ± 3.2
pmol/mg/24hours respectively.

Figure 6.6a shows 18-OHB and aldosteroneproduction from concentrationsof 18OHDOC ranging from 0.5 to 10ýtMin CYPII B2 cells expressinghuman aldosterone
synthase.
With increasingconcentrationsof 18-OHDOC,there was a dose-dependentincrease
in 18-OHB and aldosterone production. This shows that 18-OHDOC can act as a
Aldosterone
for
human
synthase.
production from DOC and
aldosterone
substrate
18-OHDOCwas comparedand is shownin figure 6.6b. There was a dosedependent
increase in aldosterone production with increasing concentrations of substrate.
Results were analysed by ANOVA followed by Student's Mest. Aldosterone
higher
from
DOC
than aldosteroneproduction from 18significantly
was
production
OHDOC at all substrateconcentrations(n=4; p<0.05; Students'Mest).
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18-OHB production from DOC +/- 10 L!M 18-OHDOC in
cells stably transfected with CYP1 1B2
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Figure 6.5 c
18-hydroxycorticosterone(18-OHB) production from 0.001 to I[IM
11-deoxycorticosteronein the presenceand absenceof 10 PM of 18hydroxydeoxycorticosterone (18-OHDOC) in V79 cells stably
transfectedwith CYP11B2. V79 cells (c 106)were incubated for 24
hours. Steroids from the medium were extracted and separatedby
duplicate by
paper chromatography and analysed in
radioimmunoassay.Results are mean ± SEM from quadruplicate
incubations.
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Aldo production from DOC +/- IOUM 18-OHDOC in
cells stably transfected -with CYPIIB2
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Figure 6.5 d
Aldosterone (Aldo) production from 0.001 to IpM
11deoxycorticosterone(DOC) in the presenceand absenceof 10 gM of
18-hydroxydeoxycorticosterone(18-OHDOC) in V79 cells stably
transfectedwith CYP11B2. V79 cells (C106)were incubated for 24
hours. Steroids from the medium were extracted and separatedby
duplicate by
paper chromatography and analysed in
radioimmunoassay.Results are mean ± SEM from quadruplicate
incubations.
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Figure 6.6 a
Aldosterone (Aldo)
(18-OHB)
and 18-hydroxycorticosterone
10ýM
18-hydroxydeoxycorticosterone
from
0.5
(18to
production
OHDOQ in V79 cells stably transfected with CYP II B2. V79 cells
(cIO6) were incubated for 24 hours. Steroids from the medium were
extracted and separated by paper chromatography and analysed in
duplicate by radioimmunoassay. Results are mean ± SEM from
quadruplicate incubations.
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Figure 6.6 b
Aldosterone (Aldo) production from 0.5 to IOPM 18hydroxydeoxycorticosterone(18-OHDOC) and Ildeoxycorticosterone
(DOC) in V79 cells stably transfectedwith CYP11B2. V79 cells (c 106)
from
Steroids
incubated
hours.
for
24
the medium were extracted
were
and separatedby paper chromatographyand analysedin duplicate by
radioimmunoassay.Results are mean ± SEM from quadruplicate
incubations.
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The approximateKin values for aldosteroneproduction from DOC and 18-OHDOC
in
determined.
Lineweaver-Burke
analysis
and
equations
are
regression
shown
were
figure 6.6c. The Kin for 18-OHDOCwas 9.09 ýLmol/L.The Kin value for DOC was
1.73 pmol/L. These Kin values are significantly different suggestingthat human
aldosteronesynthaseusesDOC more effectively than 18-OHDOC.
6.7 18-OHDOC as a substrate for 18-OHB production in CYPIIB1 stabi
transfected cells.
Figure 6.7 shows 18-OHB production from concentrationsof 18-OHDOC and DOC
human
1
IP-hydroxylase.
in
CYPI
IBI
101iM
from
0.5
to
cells
expressing
ranging
18-OHB production from 18-OHDOC was very poor indicating that 18-OHDOC is
P-hydroxylase
for
human
11
in vitro. Results were analysed
not a good substrate
dose
increase
in
There
dependent
followed
by
Student's
ANOVA
West.
was
a
using
18-OHB production with increasingconcentrationsof DOC which was significantly
higher, at all concentrations,than 18-OHB production from 18-OHDOC (n=4;
p<0.0001;Student'sWest).

229

0.16
1/vl80HDOC
*y=0.0145x + 0.0016

0.12

R2 = 0.9827

'10

''*'

1/v DOC

y=0.005lx + 0.003
R2=0.9509

0.08

0.04
0
0
o2

1/s
Figure 6.6 c
Lineweaver-Burke analysis and derivation of the Km for human
aldosterone synthase for 11-deoxycorticosterone(DOC) and 18hydroxydeoxycorticosterone (18-OHDOC)
to
conversion
Aldosterone (Aldo). The axes are the reciprocal of the substrate
concentrationin micromolar (11S)and the reciprocal of the velocity
of aldosteroneproductionin pmol per mg per 24 hours (IN).
Stably transfectedV79 CYPII B2. cells (c 106)were incubated for 8
hours. Steroids from the medium were extracted and separatedby
in
duplicate by
and
analysed
chromatography
paper
radioimmunoassay.Results are mean ± SEM from quadruplicate
incubations.

230

10

**P<0.0001
DOC
0 18-OHDOC

5-

**

EI

I
CII

-I..
I

00
-

0

I
i*I**l

0.5

10

12

Substrate concentration (liM)

Figure 6.7
18-OHB production from 0.5 to lOgM 18-hydroxydeoxycorticosterone
(18-OHDOC) and 11deoxycorticosterone(DOC) in V79 cells stably
transfectedwith CYPllB1. V79 cells (cl.06) were incubated for 24
hours. Steroidsfrom the medium were extractedand separatedby paper
in
duplicate
by
analysed
radioimmunoassay.
chromatography and
Resultsare mean± SEM from quadruplicateincubations.
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In GSH, aldosteronebiosynthesisis dysregulated.In all kindreds studied,all affected
individuals have inherited a chimeric geneconsisting of the 5' regulatory regions of
CYPIIBI fusedto the 3' coding regions of CYPII B2 (seesection 1.8). High levels
due
in
GSH
further
to
18-OXOF
18-OHIF
metabolismof cortisol
are
produced
of
and
hybrid
is
18-OHF
18-oxidase
18-hydroxylase
the
the
activities
of
enzyme.
and
via
by
110-hydroxylase
in
through
metabolism
cortisol
of
produced normal subjects
levels
in
However,
GSH patientsare
has
18-hydroxylase
urinary
activity.
which also
in
(Ulick
10-fold
those
than
normal
subjects
observed
et al. 1982,
greater
some
Gomez-Sanchezet al. 1984)
In a recent study, the indices of 11P-hydroxylation, ST and DOC:B ratios, were
measuredin patientswith GSH after ACTH-stimulation and under resting conditions
(Jamieson et al. 1996). Compared to control subjects, both resting and ACTHstimulated,both indices of 11P-hydroxylation were altered in patients, suggesting
that therewas inhibition of DOC to B and S to F conversion.The explanationfor this
is not known but one suggestionwas that 18-OXOF and 18-OHF may inhibit II Phydroxylation. In this study, 18-OXOF, 18-OHF and also 18-OHDOC, another 18hydroxy derivative, were assessedin vitro for effects on II P-hydroxylation by
humanaldosteronesynthaseand II P-hydroxylase.As statedabove,urinary levels of
18-OHF are some 10-fold greaterthan normal levels in GSH patients. Comparable
concentrationsof 18-OXOF and 18-OHF did not affect 11P-hydroxylation of S or
DOC by either II P-hydroxylaseor aldosteronesynthasein vitro.

In addition,

neither steroid had any effect on DOC conversion to 18-hydroxycorticosteroneor
aldosteroneby aldosteronesynthase.
It is possible that higher concentrationsare necessaryto exert inhibitory action but
higher concentrations may exceed the pathophysiological range. However, the
question arises as to whether urinary excretion rates reflect levels in the blood or
levels
is
local
importantly
It
tissue
the
adrenal
within
cortex.
probable that
more
higher
18-OXOF
levels
18-OHF
than those observedin urine as,
and
are
of
adrenal
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effect
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synthase,may
Alternatively, thesein vitro observationsmay reflect the in vivo situation. Since 18OXOF and 18-OHFthemselvesdo not directly inhibit II P-hydroxylation,what other
P-hydroxylation
in
defective
11
for
the
observed
patients
explanationsmight account
is
One
high
the
GSH?
the
There
consequence
of
rate of
possibilities.
are several
with
in
in
itself
ZF
ZG
(Pascoe
the
the
the
and
also
et al.
gene
expressionof
chimeric
1995). CYP11132expressionis down-regulateddue to suppressionof the reninangiotensinsystemand thereforeDOC to B and S to F conversionmust be due to the
sum of the activities of the chimeric enzyme and llp-hydroxylase. Levels of
levels
CYP
11BI mRNA (Pascoeet al.
in
ZF
than
the
of
are greater
chimeric mRNA
1995).The chimerarespondsmore sensitively to ACTH and is more easily switched
off by dexamethasoneadministration. This may explain why, although CYPIIBI
is
5'
have
the
the
the
regions,
regulatory
same
chimera
expressedat
and
chimera
higher levels. As statedpreviously, levels of aldosterone,18-OXOF and 18-OHF are
abnormally high in GSH. It is possiblethat high aldosteroneconcentrations in vivo
cause product inhibition of the further conversion of DOC by the chimeric
aldosteronesynthase.It then also follows that 18-OHF may similarly inhibit II Phydroxylase or the chimera to prevent finther conversion of S to F and 18-OHF.
This mechanismhasbeendescribed;exogenouslyadministeredaldosteronehas been
shownto inhibit formation of corticosteronein cultured adrenocorticalcells (Vinson
and Whitehouse. 1979). It is possible that the defective DOC to B and S to F
is
in
GSH
totally attributable to the chimera steroid products
conversionobserved
is
P-hydroxylase
II
that
converting DOC to B and S to F normally. However, it
and
is not possibleto distinguishthe contributionsof the chimeraand 11P-hydroxylasein
is
far more complex and
The
both
ACTH.
in
to
situation
vivo
are responsive
vivo as
it is probable that other factors may contribute to the lower apparent II Phydroxylaseactivity.
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The unequal crossover event between CYPIIBI and CYPllB2 has occurred at
in
theory could occur which has the 5'
The
which
alternative chimera
meiosis.
CYPIIBI
5'
fused
CYPIIB2
the
to
regions
of
regions of

to date, has not been

found. That it would haveany major effect on steroidoigenesisis unlikely.
A closely related 18-hydroxysteroid was also used in this study. 18-OHDOC
decreasedproduction of B and F by inhibiting II P-hydroxylation of S and DOC by
is
The
P-hydroxylase.
II
mechanism
probably competitive
aldosteronesynthaseand
inhibition. 18-OHDOC can act as a substratefor aldosteronesynthasewhere II Phydroxylation converts it to 18-OHB and subsequent18-oxidaseactivity produces
but
18-OHDOC
18-OHB
to
UP-Hydroxylase
produces
convert
can
aldosterone.
only small quantities.Therefore, 18-OHDOC may reduce the conversion of S to F
for
P-hydroxylation
II
both
by
DOC
DOC
B
to
substrate
as
a
competing
with
and
and S. However, this is unlikely as compared to DOC, 18-OHDOC is a poor
substrateof II P-hydroxylaseand not likely to competewith DOC or S for the active
site. It was not possibleto perform Lineweaver-Burkeregressionanalysison the data
Studies
few
too
used.
of adrenal steroids displaying
were
points
as
concentration
inhibitory effects have been reported (Matkovic et al. 1995). In mitochondrial
fractions from rat adrenals,cortisol completely inhibited the conversion of B, 18OHB or 18-OHDOCto aldosteronebut had no effect on conversionof DOC to 18OHDOC or B (Matkovic et al. 1995). This may have been due to F competing for
18-hydroxylaseand 18-oxidaseactivities with B, 18-OHB and 18-OHDOC which
were usedas substratesin this study. DOC to B conversionis performedby an II Phydroxylation. Cortisol alreadyhas an 11P-hydroxyl group. This may explain why it
did not inhibit DOC to B conversion.
18-OHDOC was shown unequivocally in these experimentsto be a substratefor
human aldosteronesynthaseand, to a much lesserextent, II P-hydroxylase in vitro,
producing 18-OHB and aldosteroneand small quantities of 18-OHB respectively.
Whetherit is an important substratein vivo remainsto be established.In the rat, 18OHDOC is said to be producedby II P-hydroxylase,sequesteredwithin the adrenal
for
biosynthesis
(see
aldosterone
substrate
as
an
alternative
cortex and available
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below).

18-OHDOCwas first isolated and identified in 1961 (Birmingham and Ward 1961,
Peron 1961).As early as 1979,18-OHDOC was thought to contribute to someforms
of hypertensionby acting as a mineralocorticoid (Nicholls et al. 1979). In the rat,
high ratesof secretionare associatedwith increasesin blood pressure. Thus, in the
DahI R rat, mutationsin CYPIIBI result in an enzymewhich produces2-fold less
18-OHDOCthan the Dahl S rat in vitro (Matsukawaet al. 1993) and this is now an
accepted explanationof the difference in sensitivity of blood pressureto salt (see
1.8.10). In man, 18-OHDOC levels are slightly greater than those of aldosterone
(Melby et al. 1972,Messeril et al. 1976,Ulick et al. 1976)but its mineralocorticoid
potencyis much lower. Therehavebeenoccasionalreports of mildly raised levels of
18-OHDOC in some forms of hypertension. However, that the associated
mineralocorticoid effects observedin thesepatients with higher 18-OHDOC levels
in
increases
be
to
aldosteroneproduction through
may attributable consequentsmall
18-OHDOCconversionby aldosteronesynthase,while possible,is unlikely.
The question arisesas to whether 18-OHDOC is an important substratein vivo for
in
human
P-hydroxylase
II
subjects.There are severalfactors
aldosteronesynthaseor
which suggestthat it is not. The local tissueconcentrationsof adrenalsteroidsare not
known. For the sakeof argument,one may assumethat the relative concentrationsin
plasma and urine excretion rates reflect their relative local concentrations.Normal
plasma/urine rangesfor DOC, B and 18-OHDOC are 80 to 500 pM, 2.3 to 23 nM
and 0.6 to 4.6 nM respectively.Taking theseas indices of their relative local adrenal
concentrations,it then follows that 18-OHDOCconcentrationmay be some 10-fold
higher than that of DOC. This would suggestthat 18-OHDOC would be a readily
accessiblesubstratefor aldosteronesynthase.This study however, shows that DOC
has a much lower Km for a1dosterone
synthasethan does 18-OHDOC. Thus, despite
somewhat higher concentrations,that 18-OHDOC can compete effectively with
DOC for the aldosteronesynthaseactive site seems unlikely. The Km of II Phydroxylase for 18-OHDOC was not assessedas conversion to 18-OHB from 18OHDOC was so poor. 18-OHDOC was convertedto 18-OHB but the yield of 18-
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OHB was much lower than from DOC. This suggeststhat 18-OHDOC is probably
for
llp-hydroxylase in vivo. The efficiency of 18important
substrate
not an
OHDOC conversionto aldosteroneby cloned rat aldosteronesynthasein vitro has
been shown to be poor (Zhou et al. 1995). Also, bovine II P-hydroxylasecatalyses
aldosteronesynthesisand 18-OHDOChas recently beenshown not to be a preferred
substrate( Imai et al. 1998).
Another important uncertainty is whether 18-OHDOC is sequesteredby protein
binding in man as it is in the rat (Vinson et al. 1992) and also whether this pool of
18-OHDOC is readily availableto the enzymes.In the rat, 18-OHDOC can only be
releasedfrom ZF-sequesteredstores in vitro by trypsinisation of cultured adrenal
sectionsor by prior sodium depletion(Vinson et al. 1995).The mechanismby which
ZF-produced 18-OHDOC finds its way to the ZG is not known but may involve a
carrier and active transport.Whether in human subjects, ZF-produced 18-OHDOC
has accessto the ZG is not known. That 18-OHDOCis madeby human aldosterone
synthasein situ in the ZG in realistically useful quantitiesis also unlikely. In the rat,
low
levels
very
of 18-OHDOC (Okarnato &
aldosteronesynthaseproduces only
Nonaka 1992). Moreover, to use sequestered18-OHDOC, aldosteronesynthase,
which has a relatively low affinity for this steroid, must competewith the putative
binding protein which, from in vitro evidenceat least,binds it strongly. Thereforein
important
is
18-OHDOC
substratefor aldosteronebiosynthesis
an
vivo,
probably not
in man. Recentstudieshave claimed that 18-OHDOCmay be utilised in aldosterone
synthasedeficiency (Portrat-Doyanet al. 1998).This too is unlikely as conversionof
18-OHDOCto aldosteronerequires II P-hydroxylation and 18-oxidation.This latter
function requires aldosteronesynthase.In summary, it is clear from the present in
vitro study that 18-OHDOCinhibits DOC to B and S to F conversion and also that it
can be convertedto aldosteroneand 18-OHB by human aldosteronesynthaseand
llp-hydroxylase respectively. However, the affinity of 18-OHDOC for these
indicating
is
lower
DOC,
that
than
that it is not a preferred
of
enzymes much
substrate.
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Enzymefunction, like that of any catalyst,is structurally dependent.Substancessuch
into
brought
the
with
enzyme active
close
proximity
are
cofactors
as substratesand
for
into
the
appropriate
reaction and
orientations
precise
site and manipulated
transformation.In the globulin protein enzymemolecule, this complex but precise
topographyis derived from the folding of a linear polypeptide comprising cc-helices
i.
differences
Clearly,
loops.
the
linking
P-sheets
of
sequence
effect
and
with
- e.
depend
to
they
the
extent
which
may change
on
will
mutations or polymorphisms
P-hydroxylase
11
is
This
to
the
of
as aldosterone
studies
relevant
conformation.
in
in
described
two ways.
thesis
this
synthase
1) As emphasisedfrequently in previous sections, aldosteronesynthaseand II Phydroxylase have extensive structural homology but functions which, while
llpboth
While
different.
catalyse
overlapping, are

and 18-hydroxylation, only

hydroxylation
C18
inducing
is
the
second
at
capable
of
aldosterone synthase
in
Moreover,
have
biosynthesis.
this
thesis
for
studies
shown
necessary aldosterone
that substratespecificities are quantitatively different (see chapter3,5 and 6). This
differencein potential lies mainly in the haemand substratebinding regions encoded
by exons6,7 and 8. Evidencein this thesiscorroboratesand extendsthat of previous
information
by
This
was
obtained
site-directed
structure-function studies.
by
CYPIIB1
B2
and
and
expressingthe altered
mutagenesisof specific codonsof
in
Careful
in
evaluation this study of the effects of mutations on the
genes vitro.
kinetics of each componentreaction using each of the physiological substrateswas
accomplishedusing specific steroid analysis. Less predictable,but of greatpotential
interest, was the finding that a relatively conservativemutation at some distance
from domainsapparentlydirectly involved in catalysis(eg. the I helix, K-helix and
P-sheets3 and 4, see section 1.7,1.8 and 1.9) had significant quantitative and
for
In
to
the
the
establish
reasons
such effects,
order
on
reactions.
qualitative effects
it is necessaryto know their relative positions.Mutation of residueswhich appearto
be in significant regions may have functional implications. In chapter4, an attempt
has been made to study this using modelling techniquesbasedon simpler bacterial

238

43,107,147,186,248,357
Residues
P450
and
positions
at
enzymes.
cytochrome
493 have been highlighted in this study. The regions to which they have been
is
43
by
techniques
within the membraneanchor,
residue
shows:
assigned modelling
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haern
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P-sheets
K357N
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or
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lie
T493M
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and
within
and
which
it
is
function.
However,
did
interaction,
alter
probablethat
not
substrateladrenodoxin
the chemical propertiesof an amino acid are important to the function. While these
different
it
function,
that
did
amino acids at
possible
remains
not alter
substitutions
the samelocus might do so. It is also possible that the modelling is imprecise and
that residuesarewrongly positionedresulting in a false expectationof the effects of a
have
been
The
this
and
are
obvious
emphasised.
of
approach
mutation.
shortcomings
In order to obtain reliable information, it will be necessaryto obtain the crystal
for
Milligram
these
are
quantities
necessary
protein
structure of
enzymes.
for
large-scale
This
protein
using
techniques.
expression
will require
crystallography
isolation
Baculovirus
and purification.
and
subsequent
system,
example,a
2) The practical implications of these findings, the second way in which the
important,
relate to their possible clinical significance.
structure-functionstudiesare
As describedin sections1.6 and 1.8 and chapters3 and 5, the aetiology of essential
hypertensionis unknown but there is strong evidenceof an inherited componentin
the blood pressurerise and this may, at least in part, be explained by changesin
corticosteroid synthesisand catabolism.Moreover, recent evidence obtained from
twins (Inglis et al. 1998) suggeststhat secretionof many corticosteroidsis strongly
Screening DNA from patients with essential hypertension in our
departmenthas already revealed a number of polymorphisms in CYPllBI and
heritable.

CYPllB2 (chapter 5). Their clinical significance is not established. Using the
techniquesestablishedin this study to prepare these altered genes and carry out
kinetic analysisit will be possibleto assesstheir potential influence on endogenous
hormonelevels. Used in conjunction with the results of crystallographicanalysis,it
develop
future
be
in
their
to
to
and
the
perhaps
effects
also
predict
possible
may
finiction.
to
control
gene
pharmaceuticalagents
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The results outlined and discussedin previous chapters could be improved and
extendedin severalways. For example,in chapter3, since the principal aim was to
investigatethe specificbasisof aldosteronesynthesis,only thoseresiduespotentially
important to this activity were studied in detail. Residue 147 was found to be
important in the II P-hydroxylationcomponentof aldosteronesynthesis;it was also
important to the activity of Ilp-hydroxylase. However, although manipulation of
residues43,248,357 and 493 was without effect on aldosteronesynthaseactivity, it
cannotbe assumedthat they are similarly inconsequentialto I 10-hydroxylase. This
must be tested experimentally. The choice of residues to mutate may have been
investigated
before the experimentalwork
been
had
the
affected
computermodelling
began. This may have identified more key residuesinvolved in specific enzyme
activities.

As explainedin chapter1,11 P-hydroxylasealso catalyses18- and 19-hydroxylation.
Studiesin the DahI rat strongly indicate that it is the balanceof theseactivities that
determinesphysiological and pathophysiologicaloutcome.Moreover, it is possible
that the timecoursesof thesevarious transformationsare different. Future studies
induced
follow
therefore
the
of
or naturally-occurring mutations of
should
effect
II P-hydroxylaseon the ratio of IIP: 18: 19-hydroxy products, not at a single time
point (48h) but as it changeswith time.

The enzymes studied interact with their respective substrateswith characteristic
affinities (chapter3). It is important to emphasisethat they also interact with cofactors, notably adrenodoxin. In the studies described herein, cells were
cotransfectedwith bovine adrenodoxinwhereasthe human protein may have been
more appropriate. While there are reports that such species-compatibleconstructs
are more efficient, a thorough study of species and dose-responserelationships
would be valuable.
No evidence that either 18-oxocortisol or 18-hydroxycortisol inhibit aldosterone
synthaseor II P-hydroxylasewas obtained(chapter6). This conclusion was based
in
based
(10ýM),
turn
the
a
choice
on the levels of
on
use of a single concentration
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18-hydroxycortisolin GSH patentscomparedto control subjects. Again, it must be
emphasisedthat the local in vivo tissue concentrationsof thesecompoundsin GSH
or in normal subjectsare unknown, nor is it known whether the fact that they are
intracellular in vivo and extracellularin vitro may alter their action. Certainly, the
low conversionratesof substratesteroidsin this in vitro systemsuggestthat it may
not havebeenoptimal. Furtherstudiesof tissueconcentrationswould be helpful.
Finally, consideration of the crystallographic structure of human aldosterone
synthaseand llp-hydroxylase were necessarilyspeculative although it produced
some interestingideas. More detailed analysisis required and hence determination
of the crystal structure.
Like all good researchendeavours,this work commencedwith a small series of
related questions. Some have been answered;some have not. Importantly, the
researchhas raised a larger series of important questions to be addressedin the
future.
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APPENDIM

Listed below arethe nucleotidesequencesfor CYPIIBI and CYP 11D2 obtainedfrom the
Human Genomedatabank.
Accessionnumbersfor the sequencesare as follows:
CYPIIBI

CYPIIB2

5' flanking region andexon I

D10169,D90428,X55765

D10170, D90429

Exon I and 2

M32863, J01540

M32864, J05140

Exon 38

M32878, J01540

M32880, J05140

Exon 9

M32879 J01540

M32881 J05140

Exons are indicatedby bold type. The position of oligonucleotideslisted in appendix
III are indicatedby bold lettersabovethe relevantsequenceand underlined.Senseand
antisenseoligonucleotideare indicatedby > and< respectively.
CYPllBl
TTTTCTAGTTCTTTTAATTGTGATGTTAGGGTGTCAGTTTTGGATCTTTCCTGCTTTCTC

60

TTGTGGGCATTTAGTGCTATAAATTTCCCTCTACACACTGCTTTGAATGTGTTCCAGAGA 120
TTCTGGTATGCTGTGTCTTTGTTCTCGTTGGTTTCAAGAACATCTTTATTTCTGCCTTCA

180

TTTTGTTACGTACCCAGTAGTCATTCAGGAGCAGGTTGCTCAGTTTCCATGTAATTGAGC 240
GGTTTTGAGTGAGTTTCTTAATCCTGAGTTCTAGTTTGATTGCACTAAAATTTTTAAAAA

300

GTAAAAAAAATACATGTGGTTTAATACAATTCATGCCAACTCATTCCCTCGTTTTTTGCT

360

ATAAACCTTGCAAGGAGATGAATAATCCAAGGCTCTTGGATAAGATAAGGGCCCCATCCA 420
TCTTGCTCCTCTCAGCCCTTGGAGGAGGAGGGAGAGTCCTTTTCCCCTGTCTACGCTCAT480
GCACCCCCAATGAGTCCCTGCCTCCAGCCCTGACCTCTGCCCTCGGTCTCTCAGGCAGAT
540
CCAGGGCCAGTTCTCCCATGACGTGATCCCTCTCGAAGGCAAGGCACCAGGCAAGATAAA
600
AGGATTGCAGCTGAACAGGGTGGAGGGAGCATTGGAATGGCACTCAGGGCAAACZCAGAG
660 ex
GTGTGCATGGCAGTGCCCTGGCTGTCCCTGCAAAGGGCACAGGCACTGGGCACGAGAGCC
720
GCCCGGGTCCCCAGGACAGTGCTGCCCTTTGAAGCCATGCCCCGGCGTCCAGGCAACAGG
780
TGGCTGAGGCTGCTGCAGATCTGGAGGGAGCAGGGTTATGAGGACCTGCACCTGGAAGTA
840

243

1

900
CACCAGACCTTCCAGGAACTGGGGCCCATTTTCAGGTAAAGCCCTCCCTGGCCCTCGCTG
960
GAACACCCAGTGCCCTGCCCTTGCTGCCCAGGACCCTGCCGGGCACTCAGCACTGCCATT
1020
CCCAGCAGGTCCCGGCACTCTGCATCCTTTGGAAGAGGGAAGATCGAGCACGTGCTGTCT
1080
GTGCGCTGCAGGGCAGGGCATGTGCAGAGCAAATGGGAGCTCGGCTGCAGAGAGGGCAGG
1140
ACTCAGAGGCACTGAAGTTAAGAGGTTCCGGGCAGTCAGCAAGAGGGCGTTTAGCTGTGA
Y6265>
1200
AGCCGCTAATCCAGGAGAGGGGAGGGTGGACAGGAGACACTTTGGATTGGGACTGCAGGG
1260
TGGGGCCAGCAGGGACTAGACCCCGTCCAGCAGGGCCTCCTGCTTGGCCCCACAGGTACG

ex 2

1320
ATTTGGGAGGAGCAGGCATGGTGTGTGTGATGCTGCCGGAGGACGTGGAGAAGCTGCAAC
C3130>
C3131<
1380
AGGTGGACAGCCT= TCCCCACAGGATGAGCCTGGAGCCCTGGGTGGCCTACAGACAAC
C0222>
1440
ATCGTGGGCACAAATGTGGCGTGTTCTTGCTGTAAGCGGCGAGCTGAGAGCTGGGAGCAG
C0223<
GGTGGGCAGCCTGGGTGTAGGGGGGAGGCGAGAGAGGCAGGAAAAGCTTGACAACAGGGG
1500
TCAGTTCCTTTCTTGCAGAAAATCCCTCCCCCCTACTACAGGGAGGGCCCGCATGGGTGA1560
1620
GGTGGTGCCAGACTTGGGGCGCCAGGTCCCGGGAATGACCTCAGTTACCCTGTCAGCACC
TGTGGGCAGAAGCTACCATCTCATCCCTGCTTAGACCTGAGTGGCCTTTGTCCAGCACCT1680
1740
GGAGGCCGTCTGAGAAAAGGCTGCAGCTCGAACACAAACAGGCAGCTTCTACCAGGGCCC
Y6263
1800
CCAGTCAGCTCCCTGCAGGCCGATTCCCCTTGGGACAAGGAGGATGGGATACGGGTCAGG
GCCTGTGTTTTGCTGGGGCGGCCTCACAAGCTCTGCCCTGGCCTCTGTAGGAATGC,
GCCT 1860
C8489<
Y6130>
Y6131<
GAATr. GCC.CTTCAACCGATTGCGC.
CTGAATCCAGAAGTGCTGTCGCCCAACGCTGTGCAG1920

ex 3

AGGTTCCTCCCGATGGTGGATGCAGTGGCCAGGGACTTCTCCCAGGCCCTCAAGAAGAAG
1980
GTGCTGCAGAACGCCCGGGGGAGCCTGACCCTGGACGTCCAGCCCAGCATCTTCCACTAC
2040
Y6264<
ACCATAGAAGGTGTGGGCCACATGGGTTGATCCAGCCTCAGAGACCCTGGAGTGGCCAGG
2100
GACGGGGATGGGGGACTGAAGGGAGTGTGGGGAGGCAGCCAGGAGGCCCGGTTCCCTTGT
2160
GCTCAGCAGTGCATCCTCCCCGCAGCCAGCAACTTGGCTCTTTTTGGAGAGCC.
GCTGGGC 2220
S6718>
CTGGTTGGCCACAGCCCCAGTTCTGCCAGCCTGAACTTCCTCCATGCCCTGGAGGTCATG

2280

TTCAAATCCACCGTCCAGCTCATGTTCATGCCCAGGAGCCTGTCTCC.

2340

CTGGACCAGCCCC

AAGGTGTGGAAGGAGCACTTTGAGGCCTGGGACTGCATCTTCCAGTACGGTGAGGCCAGG

2400

B4251<
GACCCGGGCAGTGCTATGGGGAAGGACACCATCGGGCCCCCAATTTCTCCCTCTCCACCA

2460

2CCAGTGGGGAATGGAGGCCACAGGGAGGGGTCGGGGATTCCTCACCGTCCTGCCAGGGA

2520

GATTGGTGTGAGGCTGGGGCTGGGCTGGGCTGATCCGGAGAATTTGGGATGAGAGCAGGG

2580

244

ex

4

M6642>
2640
AGACTTGGTGCTGGGCTAGCTGGCAGGAGGAGGACACTGAAGGATGTTTCCCAGCACCAA
AGTCTGAGGGCTGCCTCCCGCTCCCCGGATAGGCGACAACTGTATCCAGAAAATCTATCA2700

ex

5

ex

6

C.rýCTGGCCTTCAGCCGCCCTCAAr-AGTAr-ACCAGCATCGTGGCGGAGCTCCTGTTGAA 2760
2820
TGCGGAACTGTCGCCAGATGCCATCAAGGCCAACTCTATGGAACTCACTGCAGGGAGCGT
2880
GGACACGGTCAGGCCGGCAACCAGCCCCACCCAGAGAGGGTGATGCCAAGCCTGCCTCCC
M6643<
AGGCACTGCCTGCCAATGTCACACGGCGCCCACGTGTCCCATGCCCAGGCTATGGGCCCC

2940

ACATTTCTTACTTGGGATTGTGATGTGATAAACACGTTTGCAGGTTGCCATGGTTGGAAT

3000

GGGGGGTTCCTTTCCTTCTGTGGAGGACTCAGGGAAACGGGGTTTGGATGGGCATTAGGA

3060

TTTGAAGTCTTGGGCTCTGTCGTGCTCAGGGTATGCATGTCTGCACCCCTCACAGGGAGG

3120

TTGTCCTGGGAGGGGTGTCCCGGGGGCTGAGTCCTCCTGTGCAAGGTCTGACCCTGCAGC

3180

TGTGTCTCCTGCAGACGGTGTTTCCCTTGCTGATGACGCTCTTTGAGCTGGCTCGGAACC

3240

CCAACGTC, CAGCAGGCCCTGCGCCAGC. AGAGCCTGGCCGCCGCAGCCAGCATCAGTGAAC

3300

ATCCCCAGAAGGCAACCACCGAGCTGCCCTTGCTGCGTGCGGCCCTCAAGGAGACCTTGC

3360

T2140<
GGTGGGTGCTGGCTGAGGCCTCCCTGTGGCCCTGGCCCTGCTGGAGAGTCAGCCCCCACT

3420

GGGTGGTTGCAGACAGAATCTGGGCTATAAACACCTACCCAGCAGCCATCCTGACTGCTC

3480

TCTCGCGTCAAGGACAGGGAGCTCTTCTTCCTCTGGAATCCCTCTTCAACGCCCTGGGGA

3540

TTAACGTGGGGGCATGTCCTTCTGCGCTCGGGGCTGCTTAAGTTAGGGGAGGTTTGGCCG

3600

GGCTCAGCAGGTGCAAGGAAGCACTTCCTACACCTGGGCTTCCCATGGATCTGGGACCTC

3660

TGCGGGGTCTTCGGTAGGAAGGGTGCAGAGAGCACAGGAACCCCATCCCAGCTGAGACCC

3720

Y6259>

TTTCTATGGATGCCCCCACCTCCAGGCTCTACCCTGTGGGTCTGTTTCTGGAGCGAGTGG3780

ex 7

CGAGCTCAC,ACTTGGTGCTTCAGAACTACCACATCCCAGCTGGGGTGAGTGAGCCCCACA3840
Y6261>
CCCTCGAGCTGAGAACCTCCCTCCCCAGTCATTCCCTGATCCCCGCTCTGCTCCGTCCGC

3900

AGACATTGGTGCGCGTGTTCCTCTACTCTCTGGGTCGCAACCCCGCCTTGTTCCCGAGGC

3960

CTGAGCGCTATAACCCCCAGCGCTGGCTAGACATCAGGC.

GCTCCGGCAGGAACTTCTACC

ex

8

ex

9

4020

4080
ACGTGCCCTTTGGCTTTGGCATGCGCCAGTGCCTTGGGCGGCGCCTGGCAGAGGCAGAGA
4140
TGCTGCTGCTGCTGCACCATGTGAGCAGGCCCGGGGAATTCTGGGCCTGGGCTGTAAGGT
M6635>
4200
GGGGCTGGTCAGGAATGAAACAGGTTGGAGGCCAGGCTGCTGTTCCCCCTTCAGCATAAT
4260
CTCTGCAACTTTGAGGGTCTGAGAAGGCTGCACCACGTCGATGGGCTGCGGACCAAGCCA
4320
GATGGAAACCCGGCTTCTGTCCTAGGTGCTGAAACACCTCCAGGTGGAGACACTAACCCA

245

AGAGGACATAAAGATGGTCTACAGCTTCATATTGAGGCCCAGCATGTGCCCCCTCCTCAC

4380

M6637<
CTTr-AGAGCCATCAACTAATCACGTCTCTGCACCCAGGGTCCCAGCCTGGCACCAGCCTC

4440

CCTTTCTGCCTGACCCCAGGCCACCCCTCTTCTCTCCCACATGCACAGCTTCCTGAGTCA

4500

CCCCTCTGTCTAACCAGCCCCAGCACAAATGGAACTCCCGAGGGCCTCTAGGACCAGGGT

4560

TTGCCAGGCTAAGCAGCAATGCCAGGGCACAGCTGGGGAAGATCTTGCTGACCTTGTCCC

4620

CAGCCCCACCTGGCCCTTTCTCCAGCAAGCACTGTCCTCTGGCAGTTTGCCCCCATCCCT

4680

CCCAGTGCTGGCTCCAGGCTCCTCGTGTGGCCATGCAAGGGTGCTGTGGTTTTGTCCCTT

4740

GCCTTCCTGCCTCTAGTCTCACATGTCCCTGTTCCTCTTCCCCTGCCAGGGCCCCTGCGC

4800

AGACTGTCAGAGTCATTAAGCGGGATCCCAGCATCTAGAGTCCAGTCAAGTTCCCTCCTG

4860

CAGCCTGCCCCCTAGGCAGCTCGAGCATGCCCTGAGCTCTCTGAAAGTTGTCGCCCTGGA

4920

ATAGGGTCCTGCAGGGTAGAATAAAAAGGCCCCTGTGGTCACTTGTCCTGACATCCCCAT4980
TTTCAAGTGATACAACTGAGTCTCGAGGGACGTGTGTTCCCCAGCTGATCGTGTCAGCCT5040
5100
CATGCCCCTGGCCTCATCTTTCATGGACCAGGCCTTGTTCCAGGAGTGGGCGTTGGGTCC
5160
TCTGCTTCCTGTGCTGTCCCCTGGGGAAGGTCCCAAGGATGCTGTCAGGAGATGGAAGAG
5220
TCATGTGGGGTGGGAACCTGGGGTGTGGTTCCAGAAATGTTTTTGGCAACAGGAGAGACA
GGATTGGGCCAACAAGGACTCAGACGAGTTTTATTGACTATTCTCTGACA 5270

CYPllB2
TTTGTC-TACATGTGTTCAAAACCCACAGCATGTTGACCACCAGGAGGAGACCCCATGTGACTCCAG 60
-6
GGCCCCTGGTTGATAACAACGTATCGAGATTCCTCACATGGAACCAGTGCGCTTCTGTGG120
TGGAGGGTGTACCTGTGTCAGGGCAGGGGGTACGTGGACATTTTCTGCAGTTTTTGATCA180
ATTTTGCAATGAACTAATCTCTGGTATAAAAATAAAGTCTATTAAAAGAATCCAAGGGGC 240
CCTCTCATCTCACGATAAGATAAAGTCCCCATCCATTTTGCTCCTCTCAGCCCTGGAGAA 300
360
AGGAGAGGCCAGGTCCCACCACCTTCCACCAGCATGGACCCCCAGTCCAGACCCCACGCC
TTTTCTCAGCATCCTCAGACCAGCAGGACTTGCAGCAATGGGGAATTAGGCACCAGACTT420
T2137>
CTCCTTCATCTACCTTTGGCTGGGGGCCTCCAGCCTTGACCTTCGCTCTGAGAGTCTCAG480
GCAGGTCCAGAGCCAGTTCTCCCATGACGTGATATGTTTCCAGAGCAGGTTCCTGGGTGA540
600 ex
GATAAAAGGATTTGGGCTGAACAGGGTGGAGGGAGCATTGGAATGGCACTCAGGGCAAAG
1
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660
GCAGAGGTGTGCGTGGCAGCGCCCTGGCTGTGCCTGCAAAGGGCACGGGCACTGGGCACT
V5311>
V5312<
720
AGAGCCGCTCGGGCCCCTAGGACGGTGCTGCCGTTTGAAGCCATGCCCr-ACCATCCAGGC
780
AACAGGTGGCTGAGGCTGCTGCAGATGTGGAGGGAGCAGGGTTATGAGCACCTGCACCTG
840
GAGATGCACCAGACCTTCCAGGAGCTGGGGCCCATTTTCAGGTAAAGCCCTCCCTGGCCC
T2139<
900
TCGCTGGGAACACCCAGATCCCTCCCCCTGCTGCCCAGGACACTGCCAGGCACTCAGCAC
960
TGCCATTCCCAGCAGGTCCCGGCACTCTGCATCCTTTGGAGGATGGGGAAGGAGTGCAGC
1020
ACATGCTGGTCTGTGGTGCTGCCAGGGCAGGGGATAGTGCAGAGAAAACCCCAGCTCACT
1080
GCAGAGAGGGCAGGACTCAGAAGCACTAAAGTTGAAAGGTTCCAGGGAGCCAGCAGGAGG
1140
GCTTTAGCTGTGAAGCCGCTAATCCAGGAGCAGGGAGGGTGGACAGGAGACACTTTGGAT
1200
TGGGACTGCAGGGTGGGGCCACGAGGGACATGACCCCGTCCAGCAGGGCCTCCTGCTTGG
CCCCACAGGTACAACTTGGGAGGACCACGCATGGTGTGTGTGATGCTGCCGGAGGATGTG
ex 2

1260

1320
GAGAAGCTGCAACAGGTGGACAGCCTGCATCCCTGCAGGATGATCCTGGAGCCCTGGGTG
N4019>
GCCATCAGACAACATCGTGGGCACAAATGTGGCGTGTTCTTGTTGTAAGCGGCGAGTTGG1380
Y6266<
GAGCTGAGAGCTGGGAGCAGGGTGGGCAGCCTGGGTGTAGGGGGGAGGCGAGAGAGGTAG
1440
1500
GACCCAAAAGCACATCTGCCCTGGGCCCCTGTGGTGGGCAGTGAGGGTGAGCACCCGGCC
1560
CAGAGGACGGCCATCCTGTGGGGTCGCGTCTGCACTGTGGGTTGGGGAAGCAGGGCGGTG
GTGGAGAAATGGGCAGGGGCACCTCTGCAGAGAAGACGCAGAGCAATGAGCCCTTCTGTG
1620
TAGTGAGAACCCGCTCTGCACCAACCTCGGCGGCTGCTTTCTCTTGCGGTCTGGGGACTC
1680
TCCTTCCCATAGGTCAGAAAACTGAGGCCCTGAGAAGGGGACTTCCACTGGCCCAGGTCA
1740
CAGGCTGAGTACTGAGCCTGGTGTTCGCCGGGGCCACAGCCTCCCTCAGGGCGCTCAGGG
1800
TCCCTGCAGAACAGGGGTCACCTCCTTTCTTGGAGAAAAGCCCTACCCTGTTACTACAGG1860
GAGGGCCTGCATGGGTGAGGTGGTGCCAGACTTGGGTCGCCAGGTCCCAGGAATGACCTC
1920
AGTTACCCTGTCAGCACCTGTGGGCAGAAGCTACAGTCTCATCCCTGCTTAGACCTGAGC1980
GGCCTTTGCCCAGCACCTGGAGGTCGCTCTGAGAAAAGGTCTGCAGCTCGAACACAAACA
2040
Y6263>
GGCAGCTTCTACCAGGGCCCCAGTCACTCCTGCAGGCCGATTCCCCTTGGGTACAAGGAG
2100
GATGGGATACGGGGTCAGGGCCTGTGTCTTGCTGGGGCGGCCTCACAAGCTCTGCCCTGG
2160
T3900>
T3901<
CCTCTGTAGGAATGGGCCTC,
AATGGCGCTTCAACCGATTGCGGCTGAACCCAGATGTGCT2220
ex 3
GTCGCCCAAGGCCGTGCAGAGGTTCCTCCCGATGGTGGATGCAGTGGCCAGGGACTTTTC
2280
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2340
CCAGGCCCTCiAGGAAC.
AAGGTGCTGCAGAACGCCCGGGGGAGCCTGACCCTGGACGTCCA
2400
GCCCAGCATCTTCCACTACACCATAGAAGGTGTGGGCCATGCGGGAAGGTCCAGCCCCAG
Y6264<
2460
AGACCCTGGAGTGGCCAGGGATGGGGATGGAGGACTGAAGGGAGTGTGGGGAGGCAGCCA
B4250>
2520
GGAGGTCCGGGGCTGCCTTGTGCTCAGCAGTGCATCCTCCCCGCAGCCAGCAACTTAGCT
ex 4
S6718>
2580
CTTTTTGGAGAGCGGCTGGGCCTGGTTGGCCACAGCCCCAGTTCTGCCAGCCTGAACTTC
CTCCATGCCCTGGAGGTCATGTTCAAATCCACCGTCCAGCTCATGTTCATGCCCAGGAGC2640
T3898>
T3899<
CATC 2700
CTGTCTCGCTGGATCAGCCCCAAGGTGTGGAAGGAGCACTTTGAGGCCTGGGACTC,
2760
TTCCAGTACGGTGAGGCCAGGGACCCGGGCAGTGCTATGGGGAAGGGACACCATGGGGGC
B4251<
2820
CCAATTTCTCCCTCTCCACCACCCAGTGGGGAATGGAGGCCACAGGGAGGGGTCGGGGAT
TCCTCACCTTCCTGCCGGGGAGATTGGTGCGAGGCTGGGGCTGGGCTGGGCTGATCCGGA
2880
T2138>
GAATTTGGGATGAGAGCAGGGAGATTTGGGTGTCGGGGCAGTCTCGGCAGGAGGAGGACA
2940
3000
CTGAAGGATGCTTCCCAGCACCAAGATCTAGGGCTGTCCCCTGCTCCCTGTACAGGTGAC
ex 5
z0895>
AACTGTATCCAGAAAATCTACCAGGAACTGGCCTTCAACCCCCCTCAACACTACACAGGC3060
3120
ATCGTGGCAGAGCTCCTGTTGAAGGCGGAACTGTCACTAGAAGCCATCAAGGCCAACTCT
3180
ATGGAACTCACTGCAGGGAGCGTGGACACGGTCAGGCCAGCAACCAGCCCCACCCAGAGA
T2141<
GGGTGATGCCAAGCCCTGCCTCCCAGCACTGCCTGCCAATGCCACACGGCACCCACGTTC
3240
CCCATCCCCAGGCTACAGGCCCCACATTTCTGTTGCCCTCAGCCTTCCCCCTCCTTTGTT3300
3360
AAGGGATGAGATTTGCAGGGGAGGGGAAATGTGAGCTCCCCCTCACATGAGACTGAGTTT
GCAGTTACCTGTGTGGGGATCCATGCTCCAGGCTGGAAGAAAGTTGGATGAGGCCCTGGA
3420
CACACAGCAGCTCTGTCCCCACTGGAAAGCTCTGGGTGTACAAGGAGAAGGAGGGTTGAG
3480
AGGCAGCTGGAGGACTCCACTGGGCACCCTTCCCAGTGTGCCCGGTCACCTTGGGCCAGA
3540
AATGTACATGCATGGGAGGGCAGGGTTGTGGGGAAGGCAGCAGCACGGGCTCCAGCCAGT
3600
GCAGAGGGGCCTGTGGGTGCACAGTGGGGAGAACTCAATGGAAGCAGAGGGAGCTGGGGC
3660
TCCAGAACTCCCAGGATGATGCTGAGGTCTGGCCCCCTTTTCTAAGGTGGCTGTGAGAAC3720
CCGCCTGAAGAGGCTGCAGGGGACCTGGGCCTTGGTGGAGATGGGGGTCAGCTTTGCGTG
3780
3840
AAGAAGTCAGGGAATCTGGCCCAAGTGGTCATCAAGGTTTCAGATCCGGCGTCCCAGGGC
3900
TCTGTCGTGCTCAGGGCATGGATGTCTCCACCCCTCAGAGGGAGGTTGTCCTGGCTGGGG
T2142>
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3960
TGTCCCGGGGGCTGAGTCCTCCTGTGCAAGGTCAGACCCTGCAGACATGGCTTCTGTAGA
ex 6
4020
CAGCGTTTCCGTTGCTGATGACGCTCTTTGAGCTGGCTCGGAACCCCGACGTGCAGCAGA
Y6132>
TCCTGCGCAAGGAGAGCCTGGCCGCCGCAGCCAGCATCAGTGAACATCCCCAGAAGGCAA
Y6133<

4080

CCACCCAGCTGCCCTTGCTGCGGGCGGCCCTCAAGGAGACCTTGAGGTGGGTGCTGGATG

4140

4200
AGGCCTCCCTGTGGCCCTGGCCCCCTGCTGGAGAGCAGCCCCCACTGGGTGGTGGCAGAC
AGAATCTGGGGCTGATAAACAGCGTCACCCAGCAGCCCATTCCCCTGCACCTGCTCTTCC4260
TCCCCCTCAAGGTCTGGGAGCTCTTCTTCCTCTGAATCCCTCTTCAACACCCTGGGGATT 4320
4380
AACGTGGGGCATGTCCTTCTGCGCTTGGGGCTTCTCAAGTTAGGGGAGGTTTGGCTGGGC
4440
TCAGCAGGTGCAAGGAAGCACTTCGTCACGACCTGGGCTTCCCATGGGCCAGGGAGCTGT
4500
GCGGGGTCTTCGGTAGGAAGGGTGCAGAGAGCACAGGGAGCCCCATCCAGCTGAGGACCC
Y6259>
TTTCTGTGGATGCCCCCACCTCCAGGCTCTACCCTGTGGGTCTGTTTTTGGAGCGAGTGG4560
ex 7
4620
TGAGCTCAGACTTGGTGCTTCAGAACTACCACATCCCAGCTGGGGTGAGTGAGCCCCCAC
Y6260<
Y6261>
ACCCCTCGAGCTGAGAACCTCCCTCCCCAGTCATTCCCTGATCCCTGCTCTGCACCGTCC4680
GCAGACATTGGTACAGGTTTTCCTCTACTCGCTGGGTCGCAATGCCGCCTTGTTCCCGAG
ex

4740

8

4800
CCCTGAGCGGTATAATCCCCAGCGCTGGCTAGACATCAGGGGCTCCGGCAGGAACTTGCA
4860
CCACGTGCCCTTTGGCTTTGGCATGCGCCAGTGCCTCGGGCGGCGCCTGGCAGAGGCAGA
Y6262<
GATGCTGCTGCTGCTGCACCACGTAAGCAGGCCTGGGCCCCTTCAGCATAATTGTTGCAC4920
S6719>
4980
CTGGGACGATGGGAGGAAGCTGCCCCAGGTCCATGGGCTACTGACCAGCGCTGATGGAAA
CCCAGCCTCTGTCCTAGGTGCTGAAGCGCTTCCTGGTGGAGACACTAACTCAAGAGGACA
5040
ex 9
V5315
V5316
TAAAGATGGTCTACAGCTTCATATTGAGGCCTGGCACGTCCCCCCTCCTCACTTTCAGAG5100
CGATTAACTAGTCTTGCATCTGCACCCAGGGTCCCAGCCTGGCCACCAGCTTCCCTCTGC5160
M6641<
CTGACCCCAGGCCACCTGTCTTCTCTCCCACGTGCACAGCTTCCTGAGTCACCCCTCTGT5220
CCAGCCAGCTCCTGCACAAATGGAACTCCCCAGGGCCTCCAGGACTGGGGCTTGCCAGGC
5280
TTGTCAAATAGCAAGGCCAGCGCACAGCTGGAGCGATCTTGCTGCAGGCCTGCCTTGTCC
5340
CCAGCCCCACCTGGCCCCTTCTCCAGCAAGCAGTGCCCTCTGGACACTTGACTCTACTCC6000
TCCCAGCGCTGGCTCCAGGCTCCTCATGAGGCCATGCAAGGGTGCTGTGATTTTGTCCCZ6060
DTTGCCTTCCTGCZZZZCTAGTCTCACATGTCCCTGTCCCTCTCGCCCTGGCCAGGGCCT 6120
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CTGTGCAGACAGTGTCAGAGTCATTAAGCGGGATCCCAGCATCTCAGAGTCCAGTCAAGT6180
TCCCTCCTGCAGCCTGACCCCAGGCAGCTCGAGCATGCCCTGAGCTCTCTGAAAGTTGTC
6240
ACCCAGAAATACGATCCTGCAGGGTAGACTAAAAAGGCCCCTGTGGTCACTTATACTGAC6300
ACATTTTAAGTGATACAACTGAGTCTCGAGGGGCGTGTGTTCCCCAGCTGATCATGTCAG 6360
CCTCATGCCCCAGGCCTCGTCTTTCATGGACCAGGTCTTGTTCAAGCAGCGAGTGTTGGG6420
TCCTCTGCTTCCTGAGCTGTCCCCTGGAAAAGGTCCCGAGGATGCTGTCAGGAGATGGAA
6480
GAGTCATGTGGGGTGGGAACCTGGGGTGTGGTTCCAGAAATGTTTTTGGCAACAGGAGAG
6540
ACAGGATTGGGCCAACAAGGACTCAGATGAGTTTATTGACTCATTCCTCTGGAAGATACG 6600
CAGC
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*
*
*
D
E
F
G
H
I
K
L
M
N
P
Q

Ala
Asx
Cys
Asp
Glu
Phe
Gly
His
Ile
Lys
Leu
Met
Asn
Pro
GI

Alanine
Asparagineor Aspartic acid
Cysteine
Asparticacid
Glutarnicacid
Phenylalanine
Glycine
Histidine
Isoleucine
Lysine
Leucine
Methionine
Asparagine
Proline
Glutamine

R
S

Arg

Arginine

Ser
Thr
Val
Trp
Tyr
GIx

Serine
Threonine
Valine
Tryptophan
Tyrosine
Glutamineor Glutamic acid

*
*
w
Y
z

Amino

M Phe
TTC Phe
ITA Leu
TTG Leu

TCT Ser
TCC Ser
TCA Ser
TCG Ser

TAT Tyr
TAC Tyr
TAA Stop
TAG Stop

TGT Cys
TGC Cys
TGA Stop
TGG Trp

CTT Leu
TCT Leu
CTA Leu
CTG Leu

ccr Pro
CCC Pro
CCA Pro
CCG Pro

CAT His
CAC His
CAA On
CAG On

CGT Arg
CGC Arg
CGA Arg
CGG Arg

ATT Ile
ATC Ile
ATA Ile
ATG Met

ACT Tbr
ACC Thr
ACA Thr
ACG Thr

AAT Asn
AAC Asn
AAA Lys
AAG Lys

AGT Ser
AGC Ser
AGA Arg
AGG Arg

GCT Ala
GCC Ala
GCA Ala
GCG Ala

GAT Asp
GAC Asp
GAA Glu
GAG Glu

GGT Gly
GGC Gly
GGA Gly
GGG Gly

GTT Val
GTC Val
GTA Val
GTG Val
acid codons
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The melting temperatureof primerswas calculatedby:
Tm OC= 2(A +T) + 4(G +Q
The annealingtemperaturewas PC below the melting temperature.

Exon

F

I

Amino acid
change
B2-Q43R

3

B2-Dl47E

4

B2-1248T

6

B2-K357N

9

B2-T493M

CYP1 1B2 MUTATIONS
SENSE

T3898
CCAAGGTG3'
5'GTGAACATCCCCAGAATGC
AACCACCGAGC3'Y6132
5'GAGGCCTGGCATGTCCCCC
V5315
CrCCTCAC3'

5'GTTGCCTGGATGCCGGGGCA
TGGCTrC3'
V5312
5'GGCGACAGCACTTCTGGGTT
CAGCCGC3'
T3901
5'CACCTTGGGGCTGGTCCAGC
GAGACAG3'
T3899
5'GCTCGGTGGTTGCATTCTGG
GGATGTTCAC3'
Y6133
5'GTGAGGAGGGGGGACATGCC
AGGCCTC3'
V5316

CYPllBl
SENSE

ANTISENSE

5'GAAGCCATGCCCCGGCATC
V5311
CAGGCAAC3'
5'GCGGCrGAACCCAGAAGT
T3900
GCTGTCGCC3'

5'CrGTCrCGCrGGACCAGCC

MUTATIONS

Exon

Amino acid
change

2

Bl-HI07Y

5'GGTGGACAGCCTGTATCCC
C3130
CACAGGATG3'

2

Bl-LI86V

5'GGGAGCCTGACCGTGGAC
C0222
GTCCAGC3'

-

I BI-E147D

5'GCGGCTGAATCCAGATGTG

CrGTCGCC3'

EXON
- 5CMV4
* PCMV4
(AS)
2(S)
2(S)
4(S)
5(S)

(S)

ANTISENSE

Y6130

5'CATCCTGTGGGGATACAGGC
TGTCCACC3'
C3131
5'GCTGGACGTCCACGGTCAGG
CTCCC3'
C0223
5'GGCGACAGCACATCTGGAT-f

I CAGCCGC3'

Name
V6776
V6777

SEQUENCING PRIMERS
PRIMER
5'TAGTGAACCGTCAGAATrG3'
5'TAGAGGACACTAGTCAGAC3'

C8489
N4019
S6718
Z0895

5'CAATCGGTTGAAGCGCCATTC3'
5'AGACAACATCGTGGGCACAAATG3'
5'AGTTCrGCCAGCCTGAACTTC3'
5'TACACAGGCATCGTGGCAGAG3'

* primers flanking either side of the pCMV4 cloning site
Table 2 SequencingPrimers
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Y6131

I

EXON
CYPllBl
2
3
4
5
7
8
9
CYPIlB2
1
2
3
4
5
6
7
8
9

Primer Pairs
(AS)
(S)
Y6265
Y6266

Size

Digestio

Fragments

260bp

n
Rsa 1

77,183bp

Bha I
Stu 1
Rsa 1

115,234bp
210,96bp
123,189bp

Hae III

119,143bp

HhaI

199,288bp

Rsa 1
Hha 1
Stu 1
Rsa 1

77,183bp
116,233bp
210,96bp
148,189bp

Hae III
Stu 1

119,143bp
78,100,
1210,15bp

Y6264
B4250
M6642
Y6260
Y6261
M6635
T2137

Y6263
B4251
M6643
Y6259
Y6262
M6637
T2139

349bp
306bp
312bp
147bp
262bp
224bp
487bp

Y6265
Y6264
B4250
T2138
T2142
Y6260
Y6261
S6719

Y6266
Y6263
B4251
T2141
T2140
Y6259
Y6262
M6641

260bp
349bp
306bp
337bp
224bp
147bp
262bp
403bp
1

Table 3 Primer pairs for SSCP, amplecon sizes and digests
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SSCP PRIMER
T2137
T2139
Y6265
Y6266
Y6264
Y6263
B4250
B4251
M6642
M6643
T2141
T2138
T2140
T2142
Y6260
Y6259
Y6262
Y6261
M6635
M6637
S6719
M6641

Sequence
5'Tcc=cATcrAC=GGCTG3'
5'GAATGGCAGTGCTGAGTGCC3'
5'MGGATTGGGACTGCAGGG3'
5,cccAcccTGcrcCCAGCTC*T3'
5'TGGCCACTCCAGGGTCTCrG3'
5'CTGCAGGCCGATTCCCCTTG3'
5'CCITGTGCTCAGCAGTGCAT3'
5'GTGGTGGAGAGGGAGAAATT3'
5'AGGAGGACACTGAAGGATGTT3'
5'GACACGTGGGCGCCGTGTGAC3'
5'GAACGTGGGTGCCGTGTGGC3'
5'AMGGGTGTCGGGGCAGTCT3'
5'AGGGCCACAGGGAGGCCTCA3'
5,GACCCTGCAGACATGGCTTC3'
5'AATGACTGGGGAGGGAGGTT3'
5,TGGATGCCCCCACCTCCAGG3'
5'ACATGGTGCAGCAGCAGCAGC3'
5'CCCTCGAGCTGAGAACCTCC3'
5,cTGTrCCCCCTrCAGCATAAT3'
5'GAGACGTGATTAGTTGATGGC3'
5'TACTGACCAGCGCTGATGGAAAC3'
5'CTGTGCACGTGGGAGAGAAGA3'

SEQUENCE
GAPDH

(S)

GAPDH

(AS)
CYPllBl/B2

(S)

CYP11BI/B2
(AS)_

5'ACCACAGTCCATGCCATCAC3'

P5817

5'TCCACCACCCTGTTGCTGTA3'

P5818

5'AGACAACATCGTGGGCACAAATG3'

N4019 Ex 2

I 5'GCrCCCrGCAGTGAGTrCCAT3'
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C065

Ex 6-

I

Unlessotherwisestatedall standardchemicalsand reagentswere purchasedform Sigma
(Sigma-Aldrich Co Ltd).
Bacterial media and plates
LB medium
lOg bacto-tryptone,5g bacto-yeastextract, lOg NaCI to a final volume
of I litre with deionisedwater, adjustto pH 7.0 with 5N NaOH.
Autoclave (20 minutesat 15lb/sq.in. on liquid cycle)
SOC medium

20g bacto-tryptone 5g bacto-yeastextract,0.5g NaCI to a volume of
,
950 ml of deionisedwater. Dissolve and add 10ml of 250mM KCI,
litre
I
5N
NaOH
to
7.0
to
with
adjust
volume
and
with
adjust pH
deionisedwater.Autoclave as above.Before use add 5ml of 2M MgC12
IM
filter-sterilised
20
glucosesolution.
and ml of a

LB agar

I OgNaCl, I OgTryptone, 5g yeast extract, 20g of agar to a final volume
NaOH
7.0
5N
deionised
Ilitre
to
adjust
pH
with
water,
with
of

L-amp plates

I liter of LB agar,add 20mg of filter-sterilized ampicillin (Sigma)

Miller transformation solution LB broth containing:
10% (w/v) PEG 4000
5% (v/v) DMSO
50mM MgS04 pH 6.5.
9
Chung et al. 1989.

Plasmid preparation alkaline lysis
Modified version of Bimboim andDoly (1979) and Ish-Horowicz andBurke(1981)
Solutions1

50mM glucose,25mM Tris-CI (pH 8-0), 1OmMEDTA (pH 8.0)

Solution II

0.2N NaOH, 1% SDS freshly prepared

Solution HI

Lysozyme

60ml of 5M potassium acetate, 11.5 ml glacial acetic acid and 28.5 ml
of deioinised water. Resulting solution is 3M with respect to potassium

I Omg/mIlysozyme,I OmMTris pH 8.0

Ethidium bromide EtBr(Sigma)

I Omg/mIpreapredin sterile water

Buffers
TE buffer

I OmM Tris-HCI, I mM EDTA, pH 7.5.

TAE buffer

40mM Tris-acetate,I mM EDTA pH 8.0
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TBE Buffer

45mM Tris-phosphate,I mM EDTA pH8.0

Loading dyelagarosegel blue 1.5gFicoll, 25mg BromophenolBlue,

25mg Xylene Cyanol, room tempertaure

Genomic DNA extraction (Sambrook ef AIM
Cell lysis mix
10% sucrose,I OmMTris pH 7.5,5MM MgC12,
1% Triton@ X-100 (Sigma).
Nucleic lysis mix

I OmMTris pH 8.2, OAM NaCl, 2mM EDTA.

ProteinaseK (Sigma) 10mg/mIProteinaseKI%SDS, 2mMEDTA
r-CR
Taq DNA polymerase(Promega)
Storage buffer:

5OmM Tris-HCI (pH 8.0), IOOmM NaCl, ImM DTT,
50% Glycerol, 1% Triton@ X-100.

PCR I OXreactionbuffer w/o MgC]2:(Promega)
MgC12

(Promega)25mM

dNTPs (Promega)I OmMeach
53-CE
Ammonium persulphate (APS) (Sigma) 25%w/v in sterile water

Tetramethylethylenediamine
(TEMED) (Sigma)
30% Acrylainide/Bis Solution 37.5:1 (Biorad)
P] dCTP I OmCi/ml (Amersham)
SSCP Stop Blue

9.5mls formamide, 0.2mls EDTA (0.5M pH8.0),
5mg Bromophenol Blue, 5g Xylene cyanol

Site directed mutagenesis
Quick changesite-directedmutagnesiskit (Stratagene)
Pfu DNA polymerase(2.5U/pl) (Stratagene)
I OXreactionbuffer (Stratagene)
Dpn I restriction enzyme(10 U/jil) (Stratagene)
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Reagentsnot suppliedin kit:
Primers seetable I appendix2
NZY+ broth (Sigma)

I Og of NZ amine (casein hydrolysate), 5g of
yeast extract, 5g of NaCl, 12.5ml of IM MgC12,
12.5ml of IM Mg S04,10ml of 2M filter
litre.
per
solution
sterilised glucose

LB-amp met agarplates

I liter of LB agar,add 20mg of filter-sterilized
ampicillin (Sigma), 80mg of filter-sterilized
methicillin. (Sigma)

Transfections
DOTAP (Boerhinger-Mannheim)
HEPES (Sigma)

PBS 1X buffer (Mg2+and Ca2+free) (Sigma)
DMEM with 4500mgglucose/L,L-glutamine,pyroxidine, HCI andNaHC03 (Sigma)
Fetal bovine serum(FCS) Heat inactivated,cell culture testedand sterile filtered (Sigma)
Antibiotic-Antimycotic 10 000 units/ml penicillin G sodium, 10 000 ýLg/rnlstreptomycin
sulphateand25 jig/ml amphotericinB asFungizone0 (Gibco BRL)
Trypsin-EDTA solution (I X) (Sigma)
Steroids
Working solutions prepared in 100% ethanol (Sigrna)
Paper ChromatograDhv
Whatman2 paper.
Solvent system I was used for separation of B and solvent system 2 was used for
separation of F, 18-OHB or aldosterone.
Solvent system 1:

300ml
700ml
Petrolium Ether (80-100*C) 500ml
500ml
Toluene

Solvent system2:

Hexane
Toluene
Methanol
Water
Triethylamine

Water
Methanol

200ml
1800ml
1000ml
500ml
3.5ml
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WhatmanSilica glass-backedfluorescentplates
Solvent system:MethyleneChloride: Methanol:water
Ratio 300:20:1
EcoscintA Scintillation solution (National diagnostics,Atlanta Georgia30336)
P-gal assay (I! romega)
Reporter lysis buffer (Promega)

2X assaybuffer

200mM sodiumphosphatebuffer, pH 7.3,2mM MgC12,
I OOmMP-mercaptoethanol,1.33mg/mlONPG

P-Galactosidase

(I U/ptl) (Promega)

IM Sodiumcarbonate
Biorad Protein assaykit I
Biorad protein assaydye reagentconcentrate
Bovine serumalbumin (BSA). 1.42mg/ml
Basedon methodof Bradford (Bradford 1976)
Primersseetable 4 appendix2
RNA isolation RNAzol B (Biogenesis)
GeneAmp RNA PCR Core Kit (Perkin Elmer)
Reagentssuppliedin kit:
Reverse trancriptase MuLV (SOU/gl)
RNase Inhibitor (20U/gl)
1OX PCR buffer
dNT? s (I OmM) each
Taq DNA polymerase (5U/gl)
MgC12 (25mM)

Oligo d(T)16 primer (50gM)

DEPC(Sigma) Diethyl pyrocarbonatelOpg/100ml sterile water
Markers:
I Kb, I 00bp ladder(Promega)
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Mind III, Mae III (New EnglandBiolabs)
DNA sequencing
Urea (Sigma)

40% Acrylamide/Bis Solution 19:1 (Biorad)
TEMED and APS as for SSCP.
[35S]dATPaS lOmCi/ml (Amersham)

DNA SequencingKit (Sequenase
Version 2.0)
StorageBuffer
13U/ýdin 20mM KPOOpH7.4, ImM DTT,
O.ImM EDTA, 50% glycerol.
Enzymedilution buffer

lOmM Tris-HCI, pH7.5,5mM DTT, 0.5mg/ml BSA.
OOMM
7.5,1

M902P

Sequenase
buffer (5X)

20omM Tris-HCI, pH
250mM NaCl.

Labelling mix (5X)

7.5pM dGTP, 7.5pM dCTP, 7.5ptMdTTP

Terminationmixes (SX)
ddG

80pM dGT?, 80pM dATP, 8OpMdCTP, 80gM dTTP, 40gM ddGTP, 50mM
NaCl.

ddA

801iMdGT?, 801iMdAT?, 80ýM dCT?, 80ýM dTTP, 40ýiM ddATP, 5OmM
NaCl.

ddT

80gM dGTP, 801iMdATP, 801iMdCTP, 80gM dTTP, 40gM ddTTP, SOmM
NaCl.

ddC

80gM dGT?, 80gM dATP, 80gM dCT?, 801iM dTTP, 40pM ddCTP, SOmM
NaCl.

Stop Solution

95% formamidc, 20mM EDTA, 0.05% Bromophenol blue
0.05% Xylene Cyanol FF.

Autonmated Cycle Sequencing
ABI Prism BigDye Terminator Cycle Sequencing Reaction Kit (PE Applied Biosystems,
Foster City, CA, USA)

ReadyReactionMix
Amplitaq@DNA Polymerase,FS
RTIh pyrophosphatase
Fluorescentlylabelled2', 3'-dideoxynucleotides
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2'-dcoxynucleotides
MgC12

Buffer- Tris-HCI pH 9.0
ddNTPs
ddGTP- Dichloro
ddATP- Dichloro
ddTT? Dichloro
ddCTP- Dichloro

Excitation emission 4.
532
560
594
620

RI 10
[R6G]
TAMRA
ROX

(nm)

Gel 5% polyacrylamide(Long RangerGel Solution,FMC, Rockland,Maine, USA)

BamHI (Promega)

Recognition site G^GATCC
CCTAG^G

IOU/pl

Storagebuffer
lOmM Tris-HCI, 300mM KCI, O.ImM EDTA, ImM DTT, 0,5mglml
BSA, 50% glycerol, pH 7.4.
I OX Reactionbuffer E
6mM Tris-HCI, 6mM MgC12, I OOmMNaCl, I mM DTT, pH 7.5.
SpeI (Boehringer-Mannheim) 10 U/pl

Recognitionsite AýCTAGT
TGATCAA

Storagebuffer
20mM Tris-HCI, I OOmMNaCl, 0. ImM EDTA, I OmM
2-mercaptoethanol, 0.2% (v/v) Triton@ X-100,50% (v/v) glycerol,
pH 8.0.
I OX Reaction buffer
50mM Tris-HCI,

Bgl 11(Promega)

I OOmM NaCl, I OMM MgC12, I mM DTT, pH 7.5.

Recognition site AýGATCT
TCTAG^A

10 U/pl

Storage buffer
lOmM Tris-HCI pH 7.3,3OOmM NaCl, O.1mM EDTA, lmM
DTT, 0.5mg/ml BSA, 50% (v/v) glycerol.

I OXReactionBuffer D
6mM Tris-HCI, 150mM NaCl, 6mM MgC12, ImM DTT, pH 7.9.
EcoR I (Promega)

8-12U/pl
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Recognition site G^AATTC
CTTAAAG

Storagebuffer
I OmMTris-HCI pH 7.4,4OOmMNaCl, O.lmM EDTA, I MM
DTT, 0.5mg/ml BSA, 50% (v/v) glycerol.
I OX ReactionBuffer H
10MM
90mM Tris-HCI, 50mM NaCl,
Hae IH (Promega)

MgC12,

pH 7.5.

Recognition site GG^CC
CC^GG

10 U/pi

Storagebuffer
lOmM Tris-HCI pH 7.4,3OOmMNaCl, O.ImM EDTA, ImM
DTT, 0.5mg/ml BSA, 50% (v/v) glycerol.
I OX ReactionBuffer C
lOmM Tris-HCI, 50mM NaCl, lOmM MgC12,ImM DTT, pH 7.9.
Hha I (Promega)

Recognitionsite GCG^C
C^GCG

10 Ulgi

Storagebuffer
lOmM Tris-HCI pH 7.4,50mM NaCl, O.lmM EDTA, lmM
DTT, 0.5mg/ml BSA, 50% (v/v) glycerol.
I OXReactionBuffer C
I OmMTris-HCI, 5OmMNaCl, I OMM
RsaI (Promega)

MgC12,

I mM DTT, pH 7.9.

Recognitionsite GTAAC
CA^TG

10 U/pi

Storagebuffer
lOmM Tris-HCI pH 7.4,3OOmMNaCl, O.ImM EDTA, ImM
DTT, 0.5mg/ml BSA, 50% (v/v) glycerol.
I OX ReactionBuffer C
lOmM Tris-HCI, 50mM NaCl, IOMM
Stu I (Promega)

M9CI2,

ImM DTT, pH 7.9.

Recognitionsite AGG^CCT
TCC^GGA

10 U/ýtl

Storagebuffer
lOmM Tris-HCI pH 7.4,5OmM NaCl, O.ImM EDTA, IMM
DTT, 0.5mg/ml BSA, 50% (v/v) glycerol.
1OXReactionBuffer B
MgC]2,
6mM Tris-HCI, 5OmMNaCl, 6mM
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ImM DTT, pH 7.5.
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