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Summary-The following general characteristics of Zl-hydroxylase activity were determined using pooled 
microsomes obtained from three glands. Enzyme activity exhibited a broad pH dependence, being optimal 
between pH 7.4-pH 7.8, and was maximal with NADPH in the range 2 to 4.75 x 10-4mol/l. No 
microsomal 21-hydroxylase activity was detected in the absence of NADPH or substrate and when heat 
denatured microsomes were employed. Enzyme activity was depressed by >75% in the presence of 100% 
oxygen or nitrogen. 

In a second set of experiments, microsomal fractions were prepared individually from 7 glands. In the 
presence of 17a-hydroxy progesterone (2.0 x IO-’ and 2.0 x 10-6mol/l) product formation was linear 
with time for up to 90s when the microsomal protein concentration was 5, 10 and 20pg/ml. Between 
5 and 30% of the substrate was converted during the first 60 s. In f of the glands the addition of the 
autologous cytosol (20 pg protein/ml) was without effect, and enzyme activity (using a 60 s reaction and 
either 2.0 x IO-’ or 2 x lo-* mol/l 17a-hydroxy progesterone was directly proportional to the microsomal 
protein concentration (range I?-20pg/ml). With the other 2 adrenals 21-hydroxylation was not propor- 
tional to the same range of microsomal protein concentrations, although it became so upon the addition 
of cytosol. which significantly augmented activity. 

There was considerable variation in enzyme activity between glands from different individuals (Y,,,*, 
ranging from 2.6 to 16.6 x 10~ymol/min/mg protein) and in the apparent Km’s (from 0.22 to 
1.1 x lo-‘mol/l). In the two preparations sensitive to cytosol, the V=% increased 2-fold, and the Km was 
3 times lower. Cytosol was without effect upon the kinetic characteristics of the other 5 microsomal 
preparations. Ascorbic acid (1 x lo-’ mol/l) depressed enzyme activity by 25-43x whereas oxidised and 
reduced glutathione (1 x IO-) mol/l) showed a slight and variable effect upon 21-hydroxylation. 

INTRODUCTION 

Microsomal cytochrorne P4.50-21-hydroxylase is a 
NADPH-dependent mixed function oxidase which in 
the adrenal catalyses the conversion of I%-hydroxy 
progesierone and progesterone to 11 -deoxycortisol 
and 1 l-deoxy~orti~osterone respectively [l]. Al- 
though there are a few reports on the characteristics 
of the human adrenal enzyme, [2, 31 little is known 
about its regulation. Recent work on bovine adrenal 
21-hydroxylation (in both cell free and cell culture 
systems) indicates that a variety of factors may 
interact in the control of this enzyme [4,5,6]. Thus, 
components in cell cytosol, attributed to oxidised and 
reduced glutathione, can stimulate 21-hydroxylation 
by bovine microsomes which can also be inhibited by 
ascorbate [S], the role of which in adrenal and ovarian 
steroidogenesis has long been the subject of debate. 

In the present communication, we describe the 
basic characteristics of human adrenal microsomal 
21-hydroxylase activity. We report a kinetic analysis 
of 7 enzyme preparations derived from individual 
human glands. Finally, we have attempted to eluci- 
date further some of the mechanisms by which 
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21-hydroxylase activity may be modulated, particu- 
larly with regard to the effects of cytosol (autologous 
to the microsomal preparation), ascorbate and gluta- 
thione. Some of this work has been presented in a 
preliminary from elsewhere [7,8]. 

EXPERIMENTAL 

Chemicals 

17a-Hydroxy[1,2,6,7-3H]progesterone(55 Ci/mmol) 
and 17a [ 1 ,2-3H(N)]-hydroxy- 1 I-deoxycorticosterone, 
(51 Ci/mmol) were purchased from Amersham 
International and from New England Nuclear re- 
spectively. The steroids (confirmed to be > 98% pure) 
were diluted in ethanol to 50 pCi/ml which served as 
our working standard. Non-labelled steroids and 
cofactors were purchased from Sigma, Fancy Road, 
Poole, Dorset. 

Tissibe preparalion 

Human adrenal glands (3.0-5.6 g wet wt) were 
obtained from kidney donors (decerebated but other- 
wise healthy accident victims who had been main- 
tained on ventilators) immediately prior to trans- 
plantation (by permission of Dr R. W. Johnson, 
Consultant Transplant Surgeon, Manchester Royal 

67 



68 M. T. &RWN et al. 

Infirmary). Donors had been medicated with phen- 
tolamine (a-blocker) bicarbonate and heparin. If 
urine volumes were low, frusemide was employed. 
There was no steroid treatment. The ages of the 
donors were 1145 (n = 5, male) and 22-39 (n = 2, 
female). The glands were chilled in ice-cold NaCi 
(0.9%) and frozen in liquid nitrogen within 2-3 h 
after removal. Following thawing, individual glands 
(n = 7 five males, two females) or pooled adrenal 
glands (n = 3) were homogenised in ice-cold sucrose 
(2.5 x IO-’ mol/l) buffered with (5 x lo-*mol/l) 
phosphate buffer (pH 7.4). Mitochondrial precip- 
itates (10,000 g for 15 min), microsomal precipitates 
(105,OOOg for 90 min) and cytosol (105, OOOg super- 
natant fluid) were obtained by a conventional 
differential centrifugation [9]. Precipitates were re- 
suspended in glycerol buffered with (5 x lo-* mol/l) 
phosphate buffer (pH 7.4), 25:75, v/v and stored in 
aliquots at - 70°C for 1-6 weeks at a protein concen- 
tration of 5000 pg/ml. No loss of 21-hydroxylase 
activity was found under these conditions. Protein 
estimations were determined by the method of 
Bradford[ lo]. 

The determination of 21-hydroxylase activity 

Unlabelled (2.0 x lo-’ to 2.0 x 10-6mol/l) and 
‘H-labelled 17cc-hydroxy progesterone (3.6 x 
10 9 mol/l) were added to a total volume of 1 ml 
phosphate buffer, (5 x lo-* mol/l, pH 7.4) containing 
microsomal protein (l-40 fig/ml) and saturating 
levels of NADPH, (2.5 x 10-4mol/l) Cytosol 
(20 pg protein/ml) ascorbate (1 x lo-’ mol/l), ox- 
idised and reduced glutathione (1 x 1O-3 mol/l) were 
added as required. There was no loss of buffering 
efficiency on the addition of any of these components. 
Reactions were performed at 37°C in air and were 
initiated after 5 min preincubation by the addition of 
substrate. The reaction was terminated between 20 s 
and 10 min later by snap freezing in a cardice-acetone 
mixture. The steroids were later extracted with 
diethylether (6 ml), dried overnight in air and recon- 
stituted in ethanol (0.5 ml) containing 40 pgg/ml un- 
labelled 17a-hydroxy progesterone and 1 l-deoxy- 
cortisol which acted as chromatographic carriers and 
aided U.V. detection of the steroids. The ethanolic 
extracts (50 ~1) were subjected to chromatography on 
TLC plates pre-coated with silica gel (Whatmann 
LK6DF Linear K) using the system chloroform- 
ethanol (95:5, v/v) as the solvent. 

The U.V. absorbing 17a-hydroxy progesterone and 
1 I -deoxycortisol areas were scraped into scintillation 
vials and radioactivity counted in a toluene-PPO 
solution (3.5 ml) using a LKB 1216 model rack-beta 
counter. The counting efficiency for ‘H was 43.0%. 
Total recoveries of substrate and product (assessed 
by the fate of [3H]17a-hydroxy progesterone, and 
[‘HI1 1-deoxycortisol from control incubations lack- 
ing only microsomes) were 91.2 + 11.5% and 
82.7 _t 9.0% (mean f SD, n = 32) respectively. Each 
experimental point was derived from quadruplicate 
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Fig. 1. Effect of pH on 21-hydroxylation of 17a-hydroxy 
progesterone by human adrenal microsomes. 17a-Hydroxy 
progesterone (5 x IO-’ mol/l) was incubated for 2 min with 
pooled microsomal protein (20pg/ml) and NADPH 
(2.5 x 10m4 mol/l) in phosphate buffer (5 x 10-2mol/l) over 
a pH range 6.4-8.2. Estimations are the mean k SD of 

quadruplicate values. 

estimations and the results reported were corrected 
for experimental losses and expressed as x 10e9 mol/l 
1 1-deoxycortisol (mean f SD). Interassay coefficient 
of variation was < 18% for each individual adrenal 
gland, and intraassay coefficient of variation < 12% 
per experiment (n = 20 samples, each assayed in 
quadruplicate). 

Data analysis 

Kinetic parameters were determined by weighted 
non-linear regression [l 1] using initial velocity data. 
Comparisons were made using unpaired t-tests. 

RESULTS 

General characteristics of 21-hydroxylase activity in 
microsomes derived from three pooled human adrenal 
glands 

Enzyme activity was exhibited over a broad pH 
range, being optimal between pH 7.4 and 7.8 (Fig. 1) 
and was maximal with NADPH concentrations in 
excess of 2 x 10e4 mol/l (Fig. 2). No 21-hydroxylase 
activity was detected in the absence of NADPH or 
substrate and when heat denatured microsomes were 
employed. Enzymes activity was depressed by > 75% 
in the presence of 100% oxygen or nitrogen. Radio- 
activity was distributed into two discrete areas on the 
chromatographic plates (Rr values 0.61 + 0.1 and 
0.36 + 0.1, mean f SD, n = 25) corresponding to the 
pure 170: -hydroxy progesterone and 11 -deoxycortisol 
used as standards. There were no other detectable 
products. There was no 21-hydroxylation of 
17a-hydroxy progesterone by the cytosolic fraction. 

When the microsomal protein concentration was 
held at 20 pg/ml and the reaction performed at 
pH 7.4, and 37°C and in the presence of a saturating 
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NADPH lx 10-4mol/l) 

Fig. 2. Effect of NADPH (o-4.75 x 10-4mol/l) con- 
centration on 21-hydroxylase activity. 17a-Hydroxy 
progesterone (5 x lo-‘mol/l) was incubated with pooled 

microsomal protein (20 pg/ml) for 2 min at pH 7.4. 

concentration of NADPH (2.5 x 10e4 mol/l) but with 
varying substrate concentrations, enzyme activity 
was linear with time for up to 8 min with the highest 
concentration (5 x 10e6 mol/l) of substrate [with 7.3, 
35.4 and 52.5% being converted after 1, 5 and 8 min 
respectively] (Fig. 3). With the two lower concen- 
trations (1 .O and 5.0 x lo-’ mol/l 17a -hydroxy pro- 
gesterone) the reaction proceeded quickly to com- 
pletion, being linear with time for only l-2 min (Fig. 
3). In these latter cases 14.6% (5 x lo-‘mol/l) and 
45.1% (1.0 x lo-‘mol/l) of the substrate was con- 
verted into 1 I-deoxycortisol in the first minute, with 
> 70% being transformed after 5 min. 

21 -HydroxyIase activity in microsomes from individual 
adrenal glands 

In the presence of 17u-hydroxy progesterone 
(2.0 x lo-’ and 2 x lO-6 mol/l) 21-hydroxylase activ- 
ity was linear with time for up to 90s when the 
microsomal protein concentration was held at 5, 10 
and 20pg/ml (Fig. 4). 
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Fig. 3. The effect of time on the production of 
1 I-deoxycortisol by 21-hydroxylase at varying substrate 
levels. Pooled human microsomal protein (20pg/ml) was 
incubated at pH 7.4 with NADPH (2.5 x 10e4 mol/l) and 
with varying concentrations of 17a-hydroxy progesterone 

(1.0 x lo-‘, 5 x lo-’ and 5 x 10-6mol/l) for 0-10min. 
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Fig. 4. The effect of time on the production of 
1 I-deoxycortisol using microsomal fractions prepared from 
an individual adrenal gland. Microsomal protein (5, 10, 
20 yg/ml) was incubated with 17a-hydroxy progesterone 
(2.0 x lo-’ or 2 x lO-6 mol/l) for up to 90 s in the presence 

of NADPH (2.5 x 10-4mol/l) at pH 7.4. 

In 3 of the microsomal preparations, the addition 
of the cytosol derived from the same gland was 
without effect, and enzyme activity (assayed for 60 s 
with either 2.0 x lo-’ or 2 x lo-” mol/l 17a-hydroxy 
progesterone) was directly proportional to the micro- 
somal protein concentration over the range 
0-20pgg/ml (see Fig. 5a and b). However, with the 
remaining two preparations, 21-hydroxylation was 
not proportional to the same range of microsomal 
protein concentrations, although it became so upon 
the addition of cytosol which significantly augmented 
activity (see Fig. 6a and b). 

The effect of incresing substrate concentration 
(range &2 x 10-6mol/l) under initial velocity rate 
conditions (pH 7.4, 37°C 2.5 x 10e4 mol/l NADPH, 
10 pg/ml microsomal protein, 60 second reaction) 
was then examined with the individual microsomal 
preparations. In all 7 adrenals the substrate-activity 
relationship was hyperbolic and demonstrated that 
the enzyme system was fully saturated with substrate 
concentrations of > 1.5 x low6 mol/l. Using this type 
of data for the kinetic analysis it can be seen (Table 
1) that there was considerable variation in enzyme 
activity from gland to gland with the V,,,,, ranging 
from 2.6 to 16.6 x 10m9 mol 1 I-deoxycortisol/min/mg 
protein and the apparent K,,, varying between 0.22 
and 1.1 x 10-6mol/l. The addition of cytosol was 
without effect on the kinetic characteristics in i of the 
preparations (adrenals 3 to 7) but increased the V,,,,, 
2-fold whilst decreasing the apparent K, 3 fold in the 
other 2 preparations (adrenals 1,2, Table 1). There 
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Fig. 5a and b. The effect of cytosol on 21-hydroxylase 
activity in microsomes from adrenal 7. 17a-Hydroxy pro- 
gesterone (2.0 x lo-’ or 2 x 10e6 mol/l) was incubated with 
microsomal protein (0-20pgg/ml) for 60s in the presence 

[O] and absence [ x ] of cytosolic protein (20 pg/ml). 
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Fig. 6a and b. The effect of cytosol on 21-hydroxylase 
activity in microsomes from adrenal 1. 17a-Hydroxy pro- 
gesterone (2.0 x lo-’ or 2 x 10m6 mol/l) was incubated with 
microsomal protein (t&20 pg/ml for 60 s in the presence [a] 

and absence [ x] of cytosolic protein (20 pgg/ml). 

was no correlation between enzyme activity and the 
HLA status of the adrenal donor. 

ESfect of ascorbate and glutathione 

Ascorbate (1 x lo-’ mol/l) caused a significant 
(p < 0.01) inhibition (between 2543%) of 
21-hydroxylase activity in five of the six microsomal 
preparations tested (Table 2). These included a prep- 
aration sensitive to cytosolic stimulation (adrenal 2). 
Both oxidised and reduced glutathione 
(1 x 10~3mol/l) showed variable effects on 
21-hydroxylation. In two cases, (adrenals 3 and 4) 
the presence of oxidised glutathione, significantly 
stimulated enzyme activity (11.7 and 38.8% activa- 
tion respectively), with other preparations (adrenal 2 
and 7) slight inhibition was found (30.8 and 16% loss 
of activity respectively). Similarly reduced gluta- 
thione both stimulated (adrenal 4, 30.3% increase) 
and inhibited enzyme activity (adrenal 3, 11.5’/, loss). 

DISCUSSION 

Inevitably in a study of this kind, the availability 
and control of the source material (i.e. fresh human 
adrenals) was less stringent than in normal labora- 
tory circumstances. Thus, the adrenals (taken at the 
time of kidney removal for transplantation purposes) 
were obtained from subjects in a variety of hospitals 
over a fairly large geographical area (i.e. the North- 
West of England). Nevertheless, the adrenals which 
were stored on ice during transportation were frozen 
to -70°C within 3 h of removal from the body. 
However, although the biological interpretation of 
data obtained from such a in vitro study should be 
made with caution, useful information has been 
obtained. 

Although the characteristics of adrenal microsomal 
hydroxylase activity are reasonably well described for 
some species [12], relatively little is known about the 
regulation of the human enzyme, changes in the 
activity of which are the commonest cause of the 
human adrenal deficiency states [13]. The aim of the 

Table 1. K, and V,,, determinations using individual preparation 
of adrenal microsomes in the presence and absence of autologous 

cytosol 

vmax (x 10~~mol 
I I-deoxycortisoll 

K, ( x 10-h ml/l) min/mgprotein) 

NO With NO ~%ith 
Adrenal cytosol cytosol cytosol cytosol 

l(Il,M) I.1 0.35 2.6 5.7 
2 (30, M) 0.99 0.34 3.4 8.6 
3 (45, M) 0.28 0.27 14.5 IS.2 
4(31,M) 0.22 0.24 15.9 20.4 
5 (39, F) 0.34 0.36 3.8 3.x 

6 (-_, M) 0.32 0.15 8.5 1.2 

7 (22, F) 0.44 0.37 16.6 16.6 

Microsomal preparations (10 pg/ml protein) were incubated with 
17a-hydroxy progesterone (0 to 2.0 x 10e6 mol/l) and NADPH 
(2.5 x IO-~ mol/l) for I min at 37°C in the presence and absence 
of autologous cytosol (2Opg protein/ml). The age and sex of 
each donor are indicated in the brackets. 
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Table 2. The effect of glutathione and ascorbate on the 21-hydroxylation of 17u-hydroxy progesterone using 
microsomes prepared from individual adrenal glands 

Oxidised Reduced 
Adrenal Control Ascorbate glutathione glutathione 

2t 95.4 * 17.0 64.8 f 2.8** 66.0 * 8.3’ 78.2 + 7.2 
3 162.0 f 8.2 92.0 k lO.O** 181.0 + 8.0’ 143.4 + 12.0’” 
4 67.6 + 8.0 34.2 f 1.2” 93.8 + 8.6*’ 88.1 + 3.8* 
5 59.3 k 4.2 38.2 f 2.0” 54.0 f 4.0 50.0 + 7.1 
6 161.2 k 17.0 140.0 + 14.8 164.9 * 11.0 186.3 i 12.0 
7 189.8 * 5.4 140.8 + 6.8” 173.8 + 5.4” 189.9 i 6.8 

The results are expressed as x 10~9mol/l 1 I-deoxycortisol formed/min (n = 4). P* < 0.05. P** c 0.01. 
-iSensitive to cytosol. Microsomal protein (10 pg/ml) was incubated with l’la-hydroxy progesterone 
(2.0 x lO~“mol/l~ for 1 min in the oresence of either ascorbate, oxidised or reduced glutathione 

present study was to describe some of the general 
characteristics of human adrenal 21-hydroxylase ac- 
tivity, to analyse the kinetics of substrate binding and 
finally to examine the effects of possible intra-adrenal 
modulators of this hydroxylation system. 

Optimum activity of the human enzyme was seen 
over the pH range 7.4-7.8 and the NADPH concen- 
tration required to saturate the system was 
2 x 10e4 mol/l. In both cases, these values are slightly 
higher than that described for the bovine enzyme 
[12, 141. The dependence of 21-hydroxylation on 

molecular oxygen is as described earlier [12] although 
the inhibitory effect of 100% oxygen is at variance 
with previous work [12]. 

The V,,,,, of 17~ -hydroxy progesterone to 
1 I-deoxycortisol transformation seen in the present 
study (2.6-16.6 x 10-9mol/min/mg) was similar to 
that reported for the foetal human adrenal enzyme 
(8.9 x 10m9 mol/min/mg), [15] but higher than that 
seen with the adult human (OS+ 3.3 x 10-9mol/ 
min/mg) [2] or bovine system (1.9 x 10e9 mol/min/ 
mg) [4]. The apparent K,,, for 17a-hydroxy pro- 
gesterone binding in our work ranged between 0.22 
to 1.1 x 10~6mol/l compared with 4 and 
13 x 10~6mol/l (human foetal), [1.5, 161 and 
0.3 x 10m6mol/l (bovine) [4] and with a KS value of 
1.5 x 1 Om6 mol/l for the human adult [3]. 

The activation of 21-hydroxylation by cytosol has 
been previously described for a bovine system [4] 
although it was not observed for a similar rat micro- 
somal preparation [17]. In the present study, cytosol 
was found to increase enzyme activity in two of the 
seven human microsomal preparations, particularly 
at low substrate and microsomal protein concen- 
trations. This cytosolic effect was characterised by a 
doubling of the V,,,,x and a 3-fold decrease in the K,,, 
and appeared not to be related to the HLA status of 
the donor. To our knowledge this is the first time such 
a finding has been described for the human enzyme. 

Greenfield et a/.[51 have suggested that there is a 
differential cytosolic control of 21-hydroxylase activ- 
ity involving glutathione (activating) and ascorbate 
(inhibiting). We were unable to show any consistent 
effect on 21-hydroxylation by either reduced or ox- 
idised glutathione, even with a preparation which 
showed clear activation by cytosol. Failure to demon- 
strate such a stimulatory effect on the human enzyme 

may be a reflection of the short incubation time used 
in our experimental work. Matthijssen[l8] has re- 
ported that sheep adrenal homogenates depleted of 
glutathione are capable of 21-hydroxylation sug- 
gesting that this antioxidant is not essential for 
maintaining the hydroxylating system over short time 
periods. However, the fact that the glutathiones failed 
to activate the microsomal preparation sensitive to 
cytosol indicates that these antioxidants are unlikely 
to be the main modulators in the cytosol enhancing 
the activity of the human enzyme. 

We were able to confirm the well-known inhibitory 
effect of ascorbate on 21-hydroxylase activity [14, 191. 
The in uiuo relevance of this observation is still 
unclear. Indeed, the role of this vitamin in steroido- 
genesis and in the maintenance of adrenal cortical 
and medullary function is still a fascinating area of 
study. Ascorbate is sequestered in the human adrenal 
gland at 135 mg/lOO g cortex [20] and it is the ACTH- 
stimulated release of this vitamin which formed the 
basis of the first bioassay of this hormone [21]. Vari- 
ous mechanisms have been suggested for the in- 
volvement of ascorbate in steroidogenesis. It could be 
that the efflux of the vitamin releases a “breaking 
effect” on 21-hydroxylase activity [5]. Another sug- 
gestion is that the removal of ascorbate from the 
cortex allows molecular oxygen to interact with cyto- 
chrome P450 and NADPH during steroid hydroxy- 
lation rather than with ascorbate, which is itself an 
efficient oxygen scavenger [22]. More recently another 
role for ascorbate has been described in a bovine 
adrenal cell culture system [23]. It has been 
proposed [24] that the ascorbate eliminates the free 
radicals (lipid peroxides) formed when steroids bind 
in the presence of molecular oxygen to cytochrome 
P450 during hydroxylation reactions and in doing so 
protects the hydroxylation system against free radical 
damage [24]. Such a role for ascorbate would imply 
that the vitamin is required within the cell during 
steroidogenesis, rather than released from the cell 
prior to steroid production. Thus there appears to be 
two apparently contradictory roles for ascorbate in 
the functioning of the adrenal cell. However, it could 
be that the two mechanisms act together in regulating 
steroidogenesis in the following way. 

It has been suggested that ascorbate exists as two 
pools, [25,26] protein bound and “free” [26] and that 
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only the protein-bound pool is depleted on ACTH 
stimulation [26]. Upon ACTH activation of the 
gland, the protein-bound ascorbate is lost from the 
cells and in doing so releases the block on 
21-hydroxylation by either of the two mechanisms 
described earlier [5,22]. The “free” ascorbate, being 
unaffected by ACTH, remains within the cell and in 
doing so acts on the anti-oxidant which protects the 
cytochrome P450 system against lipid peroxide dam- 
age. Thus, ascorbate can both control and protect the 
steroidogenic function of the gland. 

In conclusion, there is considerable gland to gland 
variation in human adrenal 21-hydroxylase activity. 
In some cases, cytosol changed enzyme activity, 
leading to an increased I’,,,,, and decreased K,,,. This 
effect did not appear to be related to HLA. This 
activation was not due to glutathione. In addition 
ascorbate and some steroids, in concentrations found 
within the gland, are capable of acutely affecting 
21-hydroxylation and these substances may play a 
role in the control of the enzyme’s activity, changes 
in which form the continuum of 21-hydroxylase 
deficiency states (i.e. classical, late onset and cryptic 
congenital adrenal hyperplasia and the more recently 
described minor variant of 2 1 -hydroxylase 
deficiency) [27,28]. In addition to the possibility of 
mutations leading to a modified enzyme it may be 
that regulatory defects involving the factors described 
in this paper form the basis of some of these 
deficiency states. 

Acknowledgements-M.G. and W.R.R. are grateful to the 
North West Regional Health Authority. R.M. similarly 
thanks the Nuffield Foundation. 

1. 

2. 

3. 

4. 

5. 

6. 

I. 

8. 

Finkelstein M. and Shaeffer J.: Inborn errors of steroid 
biosynthesis. Physiol. Rev. 59 (1979) 353-6. 
Nelson F. B. and Brvan G. T.: Steroid hvdroxvlations 
by human adrenal cortex microsomes. J.- clin. Endocr. 
Metab. 41 (1975) 7-12. 
Lewis A. M. and Bryan G. T.: Cytochrome P450 and 
steroid 21-hydroxylation in microsomes from human 
adrenal cortex. Life Sci. 10 (1971) 901-908. 
Chaslow F. I. and Lieberman S.: The activation of 
microsomal 2l-hydroxylase by cytosol from the cortex 
of bovine adrenals. J. biol. Chem. 254 (1979) 3777-3781. 
Greenfield N., Ponticorvo L., Chaslow F. and Lieber- 
man S.: Activation and inhibition of adrenal steroid 
21-hydroxylase system by cytosolic constituents. 
Influence of glutathione, glutathione reductase and as- 
corbate. Archs biochem. Biophys. 200 (1980) 232-244. 
Homsby P. J.: Regulation of 21-hydroxylase activity by 
steroids in cultured bovine adrenocortical cells. Possible 
significance for adrenocortical androgen synthesis 
Endocrinology 111 (1982) 1092-1101. 
Gordon M. T., Robertson, W. R. and Anderson D. C.: 
The stimulation of human adrenal 2 1 -hydroxylase activ- 
ity by cytosolic factors. Acta endocr., Copenh. lOl(1983) 
Suppl. -256 WE-31 1. 
Gordon M. T.. Anderson D. C. and Robertson W. R.: 
Variation in human adrenal microsomal21-hydroxylase 
activity in response to cytosolic stimulation. 3rd BES 
Meeting (Edinburgh) (1984) Abstr. 195. 

9. Chambers J. A. A. and Rickwood D.: Fractionation of 

REFERENCES 

subcellular organelles by differential centrifugation. In 
Centrijiigation: a Practical Approach (Edited by D. 
Rickwood). Information Retrieval Limited, London 
(1978) pp. 33-46. 

10. Bradford M.: A rapid and sensitive method for quan- 
titation of microgram quantities of protein utilising the 
principle of protein-dye binding. Analyt. Chem. 72 
(1976) 248-254. 

11. Crabbe M. J. C.: An enzyme kinetics program for desk 
top computers. Comp. biol. Med. 12 (1982) 263-283. 

12. Ryan K. J. and Engel L. L.: Hydroxylation of steroids 
at carbon 21. J. biol. Chem. 225 (1957) 103-I 14. 

13. New M. I. and Levine L. S.: Congenital adrenal hyper- 
plasia In Advances in Human Genetics (Edited by H. 
Harris and K. Hirschhorn). Plenum Press, New York 
(1980 DD. 251-355. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

Cooper’ D. Y. and Rosenthal 0.: Action of nor- 
adrenaline and ascorbic acid on C-21 hydroxylation of 
steroids by adrenocortical microsomes. Archs biochem. 
Biophys. 96 (1962) 331-335. 
Yoshida N., Sekiba K., Yanaihara T., Sano Y., Shibu- 
sawa H., Okinage S. and Arai K.: Inhibition of fetal 
adrenal 21-hydroxylase by naturally occurring steroids. 
Endocr. Japan. 25 (1978) 349-353. 
Barbieri R. L.. Osanthanondh R.. Canick J. A.. Still- 
man R. J. and Ryan K. J.: Danazol inhibits human 
adrenal 21- and 1 lg-hydroxylation in vitro. Steroids 35 
(1980) 251-263. 
Ogle T.: The effects of enzyme concentration on the 
kinetic behaviour of adrenal 21-hydroxylase and 
1 lg-hydroxylase in the pregnant rat. Steroids 31 (1978) 
697-710. 
Matthijssen C. and Goldziether J. W.: Role of gluta- 
thione in adrenal 21-hydroxylation. Biochim. biophys. 
Acta 60 (1962) 2&25. _ 

. 

Kitabchi A. E.: Inhibition of steroid C-21 hvdroxvlase 
by ascorbate: alterations of microsomal lipids in-beef 
adrenal cortex. Steroids 10 (1967) 567-576. 
Agate F. J., Hudson P. B. and Podberezec M.: Concen- 
tration of ascorbic acid in human adrenal cortex before 
and after ACTH stimulation. Proc. Sot. exp. biol. Med. 
84 (1953) 1099112. 
Sayers M. A.. Sayers G. and Woodbury L. A.: The 
assay of adrenocorticotrophic hormone by the adrenal 
ascorbic acid&depletion method. Endocrinology 42 
(1948) 379-393. 
Chayen J., Daly J. R., Loveridge N. and Bitensky L.: 
The cytochemical bioassay of hormones. Recent Prog. 
Horm. Res. 32 (1976) 33-19. 
Homsby P. J.: Regulation of cytochrome P450 sup- 
ported 114 hydroxvlation of deoxycortisol by steroids, 
oxygen and antioxidants in adrenocortical ceil cultures. 
J. bio[. Chem. 255 (1980) 402&4027. 
Homsby P. J. and Crivello J. F.: The role of lipid 
peroxidation and biological antioxidents in the function 
of the adrenal cortex. Molec. cell. Endocr. 30 (1983) 
123-147. 
Finn F. M. and Johns P. A.: Ascorbic acid transport by 
isolated bovine adrenal cortical cells. Endocrino1og.v 106 
(1980) 811-817. 
Salomon L.: Studies on adrenal ascorbic acid III Ex- 
changeability with extracellular ascorbic acid. Tex. Rep. 
Biol. Med. 16 (1958) 1533165. 
New M. I., Lorenzen F., Lemer A. J., Kohn B., 
Oberfield S. E.. Pollack M. S., DuPont B., Stoner E., 
Levy D. J., Pang S. and Levine L.: Genotyping steroid 
21-hydroxylase deficiency: Hormonal reference data. J. 
clin. Endocr. Merab. 51 (1983) 320-326. 
Gordon M. T., Conway D. I., Anderson D. C. and 
Harris R.: Genetics and biochemical variability of vari- 
ants of 21-hydroxylase deficiency. J. med. Genef. (1985) 
In press. 


