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l l / I -Hydroxys t e ro id  dehydrogenase  (ll /~-HSD) is a m ic rosoma l  enzyme complex responsible for the 
in te rconvers ion  of  active 11-hydroxy glucocort icoids to inactive 11-oxo metabol i tes .  It has long been 
cont rovers ia l ly  discussed whe ther  11-dehydrogenat ion and  11-oxoreduction are ca ta lysed by a single 
b id i rec t ional  enzyme  or i f  the 11/I-I-ISD sys tem comprises  2 kinet ical ly dis t inct  m i c r o s o m a l  enzyme  
activities,  11-dehydrogenase and  l l -oxoreduc tase .  However,  11-oxoreduction of  homogenous ly  
pur i f ied  11/I-HSD could not  be d e m o n s t r a t e d  under  in vitro condit ions unt i l  today.  We have pur i f ied 
11/I-I-ISD f r o m  mouse  liver mic rosomes  to homogene i ty  by a pur i f ica t ion  m e t h o d  which affords a 
gentle m e m b r a n e  pro te in  solubil izat ion as well as providing a favourable  de te rgent  su r round ing  
dur ing  the var ious  c h r o m a t o g r a p h i c  steps. Following l 1 -dehydrogenat ion  of  cor t icos terone and  
11-oxoreduct ion of  dehydrocor t i cos te rone  s imul taneous ly  t h roughou t  the ent i re  pur i f ica t ion  pro-  
cedure  we could d e m o n s t r a t e  t ha t  111g-I-ISD retains  both  oxidative and reduct ive  activit ies in a lmos t  
the same rat io,  which is also t rue  for the homogenous ly  pur i f ied enzyme.  Deducing f r o m  the 
coincidentaUy increasing specific activities of  11-dehydrogenat ion and  11-oxoreduction the con- 
clusion can be d rawn  tha t  both  activit ies reside within the same protein.  F u r t h e r m o r e ,  in addi t ion  
to NADP(H) also NAD(H) can serve as cosubstrate ,  which is ma in ly  t rue  for the oxidative direct ion.  
In conclusion, our  resul ts  provide evidence tha t  the oxidative and  reduct ive  behaviour  of  11fl-HSD 
can be explained by the concept  of  a unique,  reversible oxidoreductase  thus  disproving the two 
enzyme  theory.  
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~TRODUCTION 

llfl-Hydroxysteroid dehydrogenase ( l lf l-HSD) is a 
microsomal enzyme responsible for the conversion 
of the active glucocorticoid cortisol to the inactive 
metabolite cortisone (in the rat and mouse cortico- 
sterone to 11-dehydrocorticosterone) [ 1]. A physiologi- 
cal role for 11fl-HSD has recently been demonstrated 
in the kidney, where it protects the mineralocorticoid 
(Type I) receptor from exposure to cortisol or cortico- 
sterone, thereby allowing preferential access for aldos- 
terone [2, 3]. Deficiency of 1 lfl-HSD, either congenital 
[4] or when the enzyme is inhibited by liquorice [5] or 
carbenoxolone [6], results in activation of mineralo- 
corticoid receptors by cortisol or corticosterone with 
resultant sodium retention and hypertension. 

11fl-HSD is also found in glucocorticoid target 
tissues, notably the liver [7, 8] and preliminary studies 
indicate that it may regulate exposure of active gluco- 
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corticoids to the classical glucocorticoid (Type II) 
receptor. 

The conversion of the 1 lfl-hydroxycorticosteroids 
cortisol and corticosterone to the 11-dehydrocortico- 
steroids cortisone and dehydrocorticosterone is revers- 
ible in vivo under normal circumstances. It has long 
been controversially discussed, whether 1 lfl-dehydro- 
genation and 11-oxoreduction are catalysed by a single 
bidirectional enzyme or by two distinct enzymes 
[9, 10]. Patients with AME (apparent mineralocorti- 
coid excess) [4, 11] lack 11-dehydrogenase but express 
l l-reductase activity, consistent with the idea that 
these activities reside in different proteins. The two 
enzyme hypothesis was further supported by the find- 
ings that the rat hepatic 1 lfl-HSD complex expresses 
different kinetic properties of the 11-dehydrogenation 
and ll-reduction components [10]. Another poss- 
ible hypothesis of the 1 lfl-HSD protein composition 
includes a single multifunctional enzyme that contains 
distinct dehydrogenation and reduction sites. 

Lakshmi and Monder [12] have purified the cortico- 
steroid 11-dehydrogenase component of the 11/3-HSD 
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complex from rat liver microsomes to homogeneity, 
which they showed to be devoid of any corticosteroid 
l l-reductase activity. They  did not find evidence 
that rat liver contains a single enzyme which is able 
to catalyse both forward and reverse reaction. These 
authors have recently cloned the gene encoding 
rat hepatic l l f l - H S D  [13]. Although purified l l -  
dehydrogenase from rat liver had no 11-oxoreductase 
activity [12], expression of the l l -dehydrogenase 
cDNA in Chinese hamster ovary (CHO) cells, how- 
ever, resulted in an enzyme with both dehydrogenase 
and reductase activities [14], casting doubt on the two 
enzyme theory. 

A possible argumentation for these conflicting find- 
ings is that 11-oxoreductase activity of 1 l f l -HSD from 
rat liver microsomes is more labile than l l -dehydro -  
genase, which may be successively destroyed during 
the purification procedure. Consequently, until today 
l l-oxoreductase activity of homogenously purified 
l l f l - H S D  could not be demonstrated under in vitro 
conditions. 

The  aim of our study was the purification of l l f t -  
H S D  from mouse liver microsomes in order to promote 
the elucidation of the current discussion of whether 
1 l f l -HSD activity is the resultant of the action of two 
separate, interdependent enzymes, l l -dehydrogenase  
and l l-oxoreductase, or whether this microsomal 
enzyme is a unique, bidirectional oxidoreductase. 

In order to preserve l l -oxoreducing activity of 
l l f l - H S D  during the purification procedure we devel- 
oped a new purification method which affords a gentle 
membrane protein solubilization as well as providing 
a favourable detergent surrounding during the sub- 
sequent chromatographic steps. On the other hand, we 
chose mouse liver microsomes as the biological source 
of l l f l -HSD,  because mouse liver l l f l -HSD might 
possibly be more stable and less sensitive in the purified 
state within the artificial detergent surrounding. 

E X P E R I M E N T A L  

Animals 

Female N M R I  mice (25-30 g) were used for the 
experiments. Animals were raised in our institute and 
were kept on a standard laboratory pellet diet and water 
ad libitum at a fixed 12-h light-dark cycle starting at 
06:00 h. Mice were not fasted before killing. 

Chemicals 

Glucocorticoids (cortisol, cortisone, corticosterone 
and l l -dehydrocort icosterone)  were purchased from 
Sigma Chemie G m b H  (Munich, Germany).  Enzymatic 
tests were performed using NAD ÷, N A D H ,  N A D P  ÷ 
and N A D P H  from Boehringer Mannheim (Mannheim, 
Germany).  For  H P L C  acetonitrile of HPLC-grade  
from E. Merck (Darmstadt,  Germany) was used. 
Enzyme purification was carried out with octyl-  
sepharose CL-4B and red-sepharose A from Pharmacia 
Fine Chemicals (Uppsala, Sweden) and D E A E -  
cellulose from Sigma. The  detergents listed below were 

supplied from the following companies: Emulgen 913 
(Kao-Atlas Co., Tokyo,  Japan), sodium cholate and 
Tr i ton X-100 (E. Merck). Th e  low molecular weight 
markers were obtained from Sigma. All other chemicals 
used in the experiments were reagent grade and were 
obtained from commercial suppliers. 

Preparation of liver microsomes 

The  animals were killed by means of dislocation 
of the cervical spinal cord. After perfusing the livers 
with an ice cold isotonic solution of KC1 they were 
homogenized in 4vol  of 2 0 m M  Tris-HC1 buffer, 
pH 7.4, containing 2 5 0 m M  sucrose, 1 m M  E D T A  
and 1 m M  phenylmethanesulphonylfluoride (PMSF)  
using a glass-Teflon Potter-Elvehjem homogenizer. 
The  homogenate was centrifuged at 6 0 0 g  for 10 min 
and at 10,000g for 10min to sediment nuclei, cell 
debris and mitochondria. The  supernatant at this stage 
was centrifuged at 170,000g for 1 h to sediment the 
microsomes. The  microsomal pellet was resuspended 
and washed with 0.15 M KC1 to remove glycogen and 
then resuspended in the homogenization buffer without 
P M S F  finally yielding a protein concentration of about 
20 mg/ml. 

Purification of the enzyme 

Enzyme solubilization. For solubilization of mem- 
brane associated proteins the microsomal suspension 
was diluted with an equal volume of a 10 m M  sodium 
phosphate buffer, pH 7.2, containing 1 m M  EDTA,  
1 M NaC1, 40% glycerol (w/v) and 0.4% (w/v) of the 
nonionic detergent Emulgen 913. Th e  solution was 
gently stirred for 45 min and subsequently centrifuged 
at 210,000 g for 60 min. Th e  supernatant was adjusted 
to 0.4% (w/v) of sodium cholate before being applied 
to the octyl-sepharose CL-4B column. 

Octyl-sepharose chromatography. In order to separate 
the enzyme from microsomal monooxygenase com- 
ponents a hydrophobic interaction chromatography 
according to Kling et al. [15] was performed. The  
following buffers were used: Buffer A: 10 m M sodium 
phosphate, 1 m M  EDTA,  500 m M  NaC1, 20% (w/v) 
glycerol, 0.5°,/0 (w/v) sodium desoxycholate, pH 7.4; 
Buffer B: 1 0 m M sodium phosphate, l m M  EDTA,  
400 m M  NaC1, 20% (w/v) glycerol, 0.4% (w/v) sodium 
cholate, 0.1% (w/v) Emulgen 913, pH 7.4; Buffer C: 
10 m M  sodium phosphate, 1 m M  ED TA ,  20% (w/v) 
glycerol, 2% (w/v) Emulgen 913, pH 7.4. 

Solubilized microsomes (maximum 24ml) were 
applied to the octyl-sepharose CL-4B column (1.8 × 
25 cm) previously equilibrated with 300 ml of buffer A. 
Elution was performed with buffer A until the end of 
peak 2, then with buffer B until the end of peak 3 
followed by buffer C finally eluting peak 4. The  elution 
profile was monitored measuring the absorbance of 
the fractions at the wavelength of 417 rim. The  column 
flow rate was 84 ml/h and the volume per fraction 
5 ml. Enzyme activity coincides only with peak 3, the 
fractions of which were collected, concentrated through 
an Amicon PM-10 membrane to about 20ml  and 
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dialysed overnight against 5 m M  sodium phosphate 
buffer, pH 7.4. 

DEAE-cellulose chromatography. The  dialysed en- 
zyme solution was applied to a column (1.6 x 20 cm) 
packed with DEAE--cellulose and previously equili- 
brated with 5 m M  sodium phosphate buffer, pH 7.4. 
T h e  column was washed with the equilibration buffer 
and the adsorbed enzyme was then eluted with a 
40 m M  phosphate buffer, pH 7.4, at a flow rate of 
36 ml/h and fraction volumes of 3 ml. Enzymatically 
active fractions were pooled, concentrated through 
an Amicon PM-10 membrane to about 2 -3ml  and 
supplemented with glycerol to a final concentration of 
30%. 

Red sepharose chromatography. Fractions from 
DEAE-cel lulose chromatography were directly applied 
on a red sepharose A column (1.2 x 5 cm), previously 
equilibrated with a 10 m M  phosphate buffer, pH 7.4. 
The  column was rinsed successively with the equili- 
bration buffer, then with the equilibration buffer con- 
taining 0 .8 raM NaC1 and 2 m M  N A D P  ÷ and then 
with the same buffer containing 1 M NaC1 and 2 m M  
N A D P  ÷ . The  enzyme was finally eluted with a 10 m M  
phosphate buffer, pH 7.4, containing 1 M NaCl, 
2 m M  NADP *  and 0.1% Emulgen 913. The  fractions 
with high enzyme activity were pooled, concentrated 
through an Amicon PM-10 membrane to about 2-3 ml 
and stored in 0.2 ml aliquots at - 7 0 ° C .  

Throughou t  the purification the temperature was 
kept at 4°C. 

Enzyme assays 

Assay of 1 l f l - HSD dehydrogenation activity during 
the purification procedure was performed by pre- 
incubating 20#1 of 50 raM sodium phosphate buffer, 
pH 9, 10 #1 of N A D P  ÷ (final concentration 3.2 mM) 
and 10 #1 of corticosterone (final concentration 1 mM) 
for 3 min at 37°C. Corticosterone was dissolved in 50% 
ethanol. Control experiments were determined in the 
presence of various quantities of the solvent which did 
not influence enzyme activity up to an ethanol concen- 
tration of 10°/0. The  reaction was started by adding 
10 #1 of enzyme solution. After 30 min incubation time 
the reaction was stopped and corticosterone as well 
as its oxidized metabolite dehydrocorticosterone were 
extracted by adding 150~1 of ice cold acetonitrile. 
T h e  samples were centrifuged for 6 min at 8000 g in 
the cold and 20/~1 of the supernatant served for the 
determination of glucocorticoids by H P L C  analysis. 
Control experiments without biological material were 
performed to determine nonenzymatic substrate con- 
version. Specific activities are expressed as ~mol of 
dehydrocorticosterone formed per mg of protein within 
30 min. 

Assay of l l f l - HSD l l -oxoreducing activity during 
the purification was performed by preincubating 
20/~1 of 50 m M  sodium phosphate buffer, pH 7.4, 10 #1 
of N A D P H  (final concentration 3 .2mM) and 10/~1 
of dehydrocorticosterone (final concentration 1 mM). 
Incubation conditions and metabolite detection were 

the same as described under  l l f l -H S D  dehydrogena- 
tion activity, except that incubation periods were 
2 h. Specific activities are expressed as nanomoles 
of corticosterone formed per mg of protein within 
30 rain. 

Kinetic parameters of purified 1 l f l -HSD were calcu- 
lated from experiments performed with substrate 
concentrations between 0 .0125mM and 0 . 4 m M  of 
glucocorticoid. T ime and enzyme protein concen- 
trations were chosen so that reaction velocities were 
time linear which was found to be true at least for 4 h. 
pH values for glucocorticoid conversion were pH 9 for 
cortisol and corticosterone oxidat ion and pH 7.4 
for cortisone and dehydrocorticosterone reduction, 
and were both based on the pH opt imum of each 
reaction, respectively. Kinetic parameter estimations 
were made using the GraphPad InPlot kinetic com- 
puter software. 

Metabolite determination by HPLC 

After enzymatic conversion oxidized or reduced 
glucocorticoids were detected on a BioRad (Munich, 
Germany) reversed phase H P L C  system, with an 
Octadecyl-Si 100 polyol (Serva, Heidelberg, Germany) 
matrix column (4.5 mm x 25 cm), a UV monitor and 
an H R L C  integration software (BioRad). Using a 
me thano l -H20  (58:42, v/v) eluent and a flow rate 
of 0 .5ml/min the following retention times were 
achieved, cortisone: 16 min, cortisol: 20 min, cortico- 
sterone: 18min, dehydrocorticosterone: 30min.  
Glucocorticoids were monitored at 262 nm and concen- 
trations were calculated referring to corresponding 
calibration curves ranging from 0.3 to 10 nmol of the 
respective glucocorticoid. 

S D S-polyacrylamide gel electrophoresis 

Sodium dodecyl sulphate (SDS)-polyacrylamide 
gel electrophoresis was carried out as described by 
Laemmli [16] using 10°/0 acrylamide in the separating 
gel. Protein bands were visualized by staining with 
Coomassie blue or by applying the silver stain tech- 
nique according to Ansorge [17]. 

Protein determination 

Protein concentration was determined by the method 
of Lowry et al. [18] using bovine serum albumin as 
standard. 

Glycoprotein staining 

A highly sensitive silver stain method for the detec- 
tion of carbohydrates in the homogeneous l l f l - H S D  
preparation after SDS-polyacrylamide gel electro- 
phoresis was performed according to the method of 
Dubray and Bezard [ 19]. In brief: after electrophoresis, 
the protein was fixed by incubating the gel overnight in 
25% isopropyl alcohol and 10°/0 acetic acid at room 
temperature. Th e  gel was then washed for 30 min in 
7.5% acetic acid and subsequently incubated for 1 h 
in 0.2~o aqueous periodic acid at 4°C. After having 
washed the gel for 3 h in several changes of distilled 
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Table 1. Summary of purification of mouse liver 1113-HSD using corticosterone as substrate for 
11 -dehydrogenation 

Total protein Total activity Specific activity Recovery Purification 
Step (mg) ( #mol/30 min) (/~mol/mg • 30 min) (%) (fold) 

Microsomes 254.48 14.91 0.059 100 1.0 
Solubilized microsomes ~ 216.72 36.60 0.169 246 2.9 
Octyl-sepharose CL-4B 10.03 29.68 2.959 199 50.2 
DEAE-cellulose 0.95 7.30 7.686 49 130.3 
Red sepharose A 0.49 4.84 9.880 32 167.5 

l l f l -HSD activity was assayed in 50mM sodium phosphate buffer, pH 9, 3.2mM NADP ÷ and 1raM 
corticosterone as substrate for ll-dehydrogenation. Activity is expressed as ~mol dehydrocorticosterone 
formed in 30 min per mg of protein. 

aThe solubilized microsomal suspension used in this reaction mixture did not contain sodium cholate. 

water, it was incubated in 100 ml freshly made ammo- 
niacal silver solution (1.4ml of fresh NH4OH were 
added to 21 ml of 0.36 NaOH; to this solution, 4ml 
of 19.4% AgNO3 were added slowly while agitating 
vigorously and completing it with H20). The gel was 
removed from the ammoniacal silver solution, washed 
for 2 rain in distilled water and then developed in a 
freshly prepared solution containing 0.05% citric acid, 
0.019% formaldehyde and 10% methanol. 

RESULTS 

Purification of I I ~ - H S D  

11/~-HSD from mouse liver microsomes was solubil- 
ized by use of the nonionic detergent Emulgen 913 and 
resulted in a 3-fold increase in specific activity 
of corticosterone oxidation (Table 1) indicating that 
l lfl-HSD is bound to the membranes of the endo- 
plasmic reticulum in a latent state [20]. The addition 
of sodium cholate to the solubilized microsomes 
was critically important before being applied to 
the hydrophobic interaction chromatography on octyl- 
sepharose. On the one hand, sodium cholate turned out 
to decrease enzyme activity (data not shown) [21]. On 
the other hand, without sodium cholate no separation 
of l l/~-HSD from microsomal monooxygenase com- 
ponents could be achieved on octyl-sepharose chroma- 
tography. Hydrophobic interaction chromatography 
resulted in a 50-fold increase in specific activity of 
ll/~-HSD (Table 1). 

On subsequent DEAE--cellulose chromatography 
l l/~-HSD eluted without additional detergents by 

simply raising the ionic strength of the phosphate 
buffer to 40 raM. In this case detergent concentration 
was sufficient from the previous chromatographic step. 
Specific enzyme activity after DEAD-cellulose could be 
enhanced 130-fold compared to that in microsomes 
(Table 1). 

During the last step of the purification procedure 
llfl-HSD was bound to red sepharose A and eluted 
with 1 mM NaC1, 2raM NADP ÷ and 0.1% Emulgen 
913 in a single step as an apparently homogenous 
protein. 

Table 1 summarizes the purification procedure 
of 1 lfl-HSD with corticosterone as substrate for 11- 
dehydrogenation. Compared to microsomes the specific 
activity of homogenously purified l lfl-HSD could 
finally be enhanced to about 168-fold. During the 
purification procedure respective enzyme preparations 
were also tested for ll-oxoreductase activity. Using 
dehydrocorticosterone as substrate for 11-oxoreduction 
the specific activity of corticosterone formation could 
likewise be progressively enhanced throughout the 
purification procedure and finally amounted 102-fold 
that of the crude microsomal fraction (Table 2). How- 
ever, in this case the mere solubilization did not yield 
a marked increase in specific activity, which is possibly 
due to distinct dehydrogenation and reduction sites 
within the same enzyme molecule. 

SDS-polyacrylarnide gel electrophoresis of the purifi- 
cation steps 

A sample taken from the various purification steps 
was subjected to SDS-polyacrylamide gel electro- 

Table 2. Summary of purification of mouse liver I I[~-HSD using dehydrocorticosterone as substrate for 
l l-oxoreduction 

Total protein Total activity Specific activity Recovery Purification 
Step (mg) (nmol/30 min) (nmol/mg • 30 min) (%) (fold) 

Microsomes 254.48 1205.39 4.74 100 1.0 
Solubilized microsomes" 216.72 1298.51 5.99 108 1.3 
Octyl-sepharose CL-4B 10.03 1416.45 141.22 118 29.8 
DEAE-cellulose 0.95 292.47 307.86 24 65.0 
Red sepharose A 0.49 235.69 481.00 20 101,5 

ll/~-HSD activity was assayed in 50mM sodium phosphate buffer, pH 7.4, 3.2raM NADPH and l mM 
dehydrocorticosterone as substrate for 11-oxoreduction. Specific activity is expressed as nmol corticosterone 
formed in 30 rain per mg of protein. 

aThe solubilized microsomal suspension used in this reaction mixture did not contain sodium cholate. 
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Fig. 1. SDS-PAGE of the purification steps of m o u s e  
liver 11#-HSD. Lane 1----protein profile of mouse liver 
microsomes; lane 2 = a f t e r  octyl--sepharose; lane 3 = after 
DEAE-cellulose; lane 4-----after red sepharose. Visualizing of 
protein bands was carr ied out by Coomassie blue staining. 

1 2 

Fig. 2. Carbohydrate staining of purified l l p -HSD after 
SDS-PAGE according to the method of Dubray and Bezard 
[19], which is b a s e d  o n  a p e r i o d i c  acid silver stain. For details 
cf. "Experimental" .  Lane 1 = Coomassie blue staining; l a n e  

2 = carbohydrate  staining. 

phores i s  fo l lowed  by  Coomass i e  b lue  or  s i lver  s ta in ing ,  
as shown  in Fig .  1. L a n e  1 r ep resen t s  the  to ta l  q u a n t i t y  
o f  m i c r o s o m a l  p ro t e in ,  wh ich  was p rog res s ive ly  
dec reased  b y  the  s u b s e q u e n t  c h r o m a t o g r a p h i c  pur i f i -  
ca t ion  p r o c e d u r e .  T h e  last  s tep  y i e lded  a s ingle p r o t e i n  
b a n d  in the  34 k D a  reg ion  as c o m p a r e d  to the  p r o t e i n  
s t anda rd ,  g iv ing  ev idence  tha t  1 1 f l - H S D  was pur i f i ed  
to homogene i t y .  

Carbohydrate staining 

T h e  p resence  o f  c a r b o h y d r a t e  in 1 1 f l - H S D  was 
d e t e r m i n e d  acco rd ing  to the  m e t h o d  o f  D u b r a y  and  
Beza rd  [18], wh ich  is based  on  a pe r iod i c  acid  s i lver  
s ta in for  1,2 diol  g roups  o f  g lycop ro t e in s  in p o l y a c r y l -  
a m i d e  gels.  As shown  in Fig .  2, the  pur i f i ed  enzyme  
gives a s t rong  pos i t ive  c a r b o h y d r a t e  s ta in ing  af ter  
S D S - p o l y a c r y l a m i d e  gel  e l ec t rophores i s  in the  34 k D a  
m o l e c u l a r  mass  reg ion ,  i nd i ca t i ng  tha t  1 1 f l - H S D  is a 
g lycopro te in .  

Kinetic properties of 1 l f l -HSD 

T h e  k ine t ic  p r o p e r t i e s  o f  h o m o g e n o u s l y  pur i f i ed  
11 /3 -HSD toge the r  wi th  the  e s t ima ted  in t r ins ic  c lear-  
ance values  o f  the  r e spec t ive  g lucocor t i co ids  are 
p r e s e n t e d  in T a b l e  3. T h e s e  da ta  also ind ica te  tha t  
b o t h  1 1 - d e h y d r o g e n a t i o n  and  11 -oxo reduc t i on  can 
be  ca ta lysed  by  pur i f i ed  1 1 f l - H S D .  I n  detai l ,  the  
1 1 f l - h y d r o x y  fo rms  cor t i so l  and  co r t i cos t e rone  are 
ox id i zed  to the  respec t ive  11-oxo forms  in the  p re sence  
of  N A D P  ÷ (or N A D  ÷) and,  reverse ly ,  the  l l - o x o  
fo rms  cor t i sone  and  d e h y d r o c o r t i c o s t e r o n e  are  r e d u c e d  
to the  respec t ive  l i f t - a l c o h o l s  in the  p resence  of  the  
r e d u c e d  p y r i d i n e  nuc leo t ides  N A D P H  (or N A D H ) .  

A c c o r d i n g l y ,  one and  the  same enzyme  is able  to 
cata lyse  the  revers ib le  o x i d o r e d u c t i o n  at  c a rbon  11 
of  g lucocor t i co ids ,  a l t hough  in t r ins ic  c learance  values  
reveal  tha t  ox ida t ion  is f avoured  over  r educ t ion .  T h e s e  
resul t s  thus  s u p p o r t  the  one enzyme  hypo thes i s  o f  

1 l f l - H S D .  
As expec ted ,  cor t i cos te rone ,  the  p r e d o m i n a n t  g luco-  

cor t i co id  in ra ts  and  mice ,  has h ighe r  in t r ins ic  c learance  
values  than  cor t i so l ,  wh ich  is the  act ive g lucocor t i -  
co ld  in man .  C o m p a r i n g  the  in t r ins ic  c learance  values  

Table 3. Kinetic properties of purified mouse liver l lfl-HSD 

Substrate Cosubstrate Vm~ Km Vm~, / K,~ 

Corticosterone NADP + 9.88 0.66 14.97 
NAD + 13.42 1.00 13.42 

Cortisol NADP + 3.24 0.34 9.53 
NAD ÷ 3.27 0.73 4.48 

Dehydrocorticosterone NADPH 0.160 0.22 0.73 
NADH 0.097 0.44 0.22 

Cortisone NADPH 0.149 0.184 0.81 
NADH 0.029 0.239 0.12 

1 lfl-HSD activities were assayed as described in the Experimental 
section. Kinetic parameters of purified 11fl-HSD were cal- 
culated from three individual enzyme preparations and were 
performed with substrate concentrations between 0.0125mM 
and 0.4 mM of glucocorticoid. Standard deviations did not 
exceed values of 20%. Time and enzyme protein concentrations 
were chosen so that reaction velocities were time linear, pH 
values for glucocorticoid conversion were pH 9 for cortisol and 
corticosterone oxidation and pH 7.4 for cortisone and dehydro- 
corticosterone reduction. Kinetic parameter estimations were 
made using the GraphPad InPlot kinetic computer software. 
Vm~ : (pmol/30 min/mg); Kin: (mM). 
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estimated with both pyridine nucleotide forms 
NADP(H)  or NAD(H)  it turns out that, in the oxi- 
dative direction, both pyridine nucleotides can function 
as cosubstrate. In detail, using corticosterone and cor- 
tisol as substrates, intrinsic clearance values with 
NAD ÷ were 90 and 47%, respectively, compared to 
those with N A D P  ÷. In the reductive direction, using 
dehydrocorticosterone and cortisone as substrates, only 
weak intrinsic clearance values were obtained with 
N A D H  compared to those with N A D P H  (30 and 15%, 
respectively). 

DISCUSSION 

The  enzyme 1 l f l -HSD (EC 1.1.1.146) is assumed to 
protect the nonselective mineralocorticoid (Type I 
adrenocorticoid) receptor in mineralocorticoid target 
tissues from exposure to excess of cortisol or cortico- 
sterone by converting the much higher levels of active 
l l-hydroxyglucocorticoids to the receptor inactive 
l l-oxoglucocorticoids cortisone and l l -dehydro -  
corticosterone, respectively [1]. The  resulting inactive 
1 l-oxo metabolites have a much lower affinity to the 
mineralocorticoid receptor thus allowing preferential 
binding of aldosterone [2, 3]. Congenital deficiency of 
11 fl-HSD, the syndrome of apparent mineralocorticoid 
excess (AME), is associated with severe hypertension, 
hypokalaemia, and suppression of plasma aldosterone 
and plasma renin activity [3]. Similarly liquorice 
and carbenoxolone, which are potent inhibitors of 
1 l f l -HSD cause activation of mineralocorticoid recep- 
tors by corticosterone or cortisol in animals and man, 
respectively [5, 6]. 

All body organs have the capacity to metabolize 
glucocorticoids, but the liver is recognized as the most 
metabolically active tissue for the interconversion of 
11-oxocorticosteroids and 1 lf l-hydroxycorticosteroids 
by the action of l l f l -HSD [7,8]. It has long been 
assumed that the l l f l -HSD system comprises 2 
kinetically distinct microsomal enzyme activities, 11- 
dehydrogenase and 11-oxoreductase, because the oxi- 
dative and reductive behavior of l l f l -HSD could not 
be explained by the concept of  a unique reversible 
oxidoreductase [1, 9, 10, 22]. Other  possible patterns of 
the 1 l f l - HS D system which have been considered are 
a single multimeric enzyme containing distinct dehy- 
drogenase and reductase sites or a single-site enzyme 
that undergoes conformational changes, permitting 
the enzyme to shuttle between l l f l -hydroxy and 
11-oxosteroid specific configurations. 

Lakshmi and Monder  [12] have purified the l l-  
dehydrogenase component of the l l f l -HSD system 
from rat liver microsomes, which they showed to be 
devoid of any l l -oxoreducing activity. However,  
the same authors demonstrated that expression of the 
11-dehydrogenase cDNA in CHO cells results in an 
enzyme with both dehydrogenase and reductase activi- 
ties [13, 14] which means that both reside within the 
same primary amino acid sequence, but behave as if 
they were distinct enzymes. 

It is likely that l l-oxoreductase of I l f l -H S D  from 
rat liver microsomes is more labile than 11-dehydro- 
genase, which may be successively destroyed during 
the purification procedure. Possibly 11-oxoreductase 
activity of 1 l f l -HSD is strictly dependent on a favour- 
able surrounding architectural structure of the phos- 
pholipid bilayer, or, in the case of a purified enzyme, 
of the artificial detergent embedding. Therefore,  11- 
oxoreductase activity of purified rat liver 11fl-HSD 
could not be demonstrated under in vitro conditions 
until today. 

In the present study we have purified 11fl-HSD 
from mouse liver microsomes. In order to preserve 
11-oxoreducing activity of 1 l f l -HSD during the purifi- 
cation procedure we developed a new purification 
method which affords a gentle membrane protein solu- 
bilization as well as providing a favourable detergent 
surrounding during the subsequent chromatographic 
steps. 

As shown in the results, the mere solubilization 
of microsomal mouse liver 11fl-HSD by use of the 
nonionic detergent Emulgen 913 already resulted in 
a 3-fold increase of the 11-dehydrogenation activity 
indicating that 11fl-HSD is bound to the membranes 
of the endoplasmic reticulum in a latent state. The  
addition of sodium cholate to the solubilized micro- 
somes was critically important before being applied to 
the hydrophobic interaction chromatography on octyl-  
sepharose. On the one hand, sodium cholate turned out 
to decrease enzyme activity, which could be due to an 
enzyme inhibition because of an affinity of sodium 
cholate to the substrate binding site of 11fl-HSD. 
On the other hand, without sodium cholate no separ- 
ation of 11fl-HSD from microsomal monooxygenase 
components could be achieved on octyl-sepharose 
chromatography. Using corticosterone as substrate 
for 11-dehydrogenation the enzyme purification 
yielded 168-fold the specific activity of homogenous 
l l f l -H S D  compared to that of the crude microsomal 
fraction. 

After each chromatographic step respective enzyme 
preparations were also tested for 11-oxoreducing 
activity. In this case, the mere solubilization of micro- 
somes did not yield a comparable increase in specific 
activity. The  different behaviour of the two activities 
may be due to distinct dehydrogenation and reduction 
sites within the same enzyme molecule. However,  
following dehydrocorticosterone 11-oxoreduction by 
l l f l -HSD throughout  the entire purification almost 
the same pattern of progressively increasing specific 
activity was obtained. 

Consequently, deducing from the coincidentally 
increasing specific activities of both oxidation and 
reduction during the purification procedure the con- 
clusion can be drawn that homogenously purified 
mouse liver 11fl-HSD is able to mediate both l 1- 
dehydrogenation and 11-oxoreduction, which means 
that both activities reside within the same protein. 
Probably, our purification method does not dramati- 
cally alter the architectural and 3-dimensional structure 
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of mouse  liver l l ~ - H S D ,  thus  preserv ing  l l - o x o  

reduc ing  capabi l i ty  of the purif ied enzyme.  A com-  

par ison  of l 1 -dehydrogena t ion  and  l l - oxo reduc t i on  

d u r i n g  the whole pur i f icat ion procedure  reveals a 
near ly cons tan t  ratio be tween  the two activities indica t -  
ing that  the in te rconvers ion  dynamics  of bo th  react ions 

r ema in  near ly  constant .  
I n  add i t ion  to the gent le  pur i f icat ion procedure  

the reason for the preserved 11-oxoreducing activity 

of the homogenous  enzyme could well be that  mouse  
liver l l / ~ - H S D  is more  stable than  that  of the rat 

liver. 
T h e  pur i ty  of l l f l - H S D  enzyme prepara t ion  after 

the last chromatograph ic  step was checked, on the 
one hand ,  by S D S - P A G E  followed by Coomassie  

b lue  or silver s ta ining,  y ie ld ing  a single b a n d  in the 
34 kDa molecular  mass region,  which parallels the 

molecular  mass value of the rat liver enzyme [12]. 
O n  the other  hand ,  N - t e r m i n a l  aminoac id  sequence 

analysis  revealed a sequence homology  to rat liver 
11/~-HSD [13] of 54% and  thus  s imul taneous ly  proved 
the homogene i ty  of our  enzyme preparat ion.  

C o r r e s p o n d i n g  to rat l iver l l / ~ - H S D  [12] also that  
of  mouse  liver is a glycoprotein ,  as shown by 
carbohydra te  s ta in ing  in the polyacrylamide  gel. 
T h i s  f inding  was fur ther  ev idenced  by deglycosylat ing 

the purif ied l l / / - H S D  which resul ted in a lowered 
molecular  mass in  the 32 kDa region (data no t  shown).  
Un l ike  rat l iver l l / / - H S D  that  of mouse  liver is also 
able to use N A D ( H )  as cosubst ra te  in addi t ion  to 
N A D P ( H ) ,  which  is ma in ly  t rue  for the oxidative 

direct ion.  

In  addi t ion  to catalysing the reversible oxido- 
r educ t ion  of cort icosterone into dehydrocor t icos terone ,  

1 l f l - H S D  of mouse  liver is also capable of med ia t ing  
the reversible  ox idoreduc t ion  of cortisol into cort isone,  

the p r e d o m i n a n t  glucocort icoids in  man.  
I n  summary ,  we have purif ied l l / ~ -HSD  from 

mouse  liver microsomes  by a new purif icat ion 
method .  T h i s  is the first repor t  p rov id ing  evidence 

that  homogenous ly  purif ied l l / / - H S D  retains re- 

vers ibi l i ty  of l 1 -dehydrogena t ion ,  namely  reduc t ion  
of 11-oxo glucocort icoids.  Moreover ,  whereas N A D P  ÷ 
is descr ibed to be the preferred cosubstra te  of rat 
l iver l l f l - H S D ,  the mouse  liver enzyme also accepts 
N A D  + as cosubst ra te  for glucocort icoid l l - d e h y d r o -  
genat ion.  N A D H  as cosubst ra te  for l l - o x o r e d u c t i o n  

plays only  a m i n o r  role compared  to that  with 
N A D P H .  C o r r e s p o n d i n g  to rat l iver 11/J-HSD, mouse  

liver 11 /? -HSD is a g lycoprote in  wi th  a molecular  mass 
un i t  of  3 4 k D a  which prefers cort icosterone as 
substrate ,  ra ther  than  cortisol,  the p r e d o m i n a n t  
glucocort icoid in man.  

I n  conclus ion,  our  results provide  evidence that  the 
oxidative and  reduct ive  behav iour  of l l / / - H S D  can 
be expla ined by  the concept  of a un ique ,  reversible 
oxidoreductase  thus  conclusively  d i sprov ing  the two 
enzyme theory.  

REFERENCES 

1. Monder C. and Shackleton C. H. L.: 11fl-Hydroxysteroid 
dehydrogenase: fact or fancy? Steroids 44 (1984) 383-417. 

2. Funder J. W., Pearce P. T., Smith R. and Smith A. I.: 
Mineralocorticoid action: target specificity is enzyme, not recep- 
tor mediated. Science 242 (1988) 583-585. 

3. Edwards C. R., Stewart P. M., Burt D., Brett L., McIntyre 
M. A., Sutanto W. S., de Kloet E. R. and Monder C.: Localis- 
ation of 11 beta-hydroxysteroid dehydrogenase-tissue specific 
protector of the mineralocorticoid receptor. Lancet 2 (1988) 
986-989. 

4. Stewart P. M., Corrie J. E., Shackleton C. H. and Edwards 
C. R.: Syndrome of apparent mineralocorticoid excess. A defect 
in the cortisol-cortisone shuttle..7. Clin. Invest. 82 (1988) 
340-349. 

5. Stewart P. M., Valentino R., Wallace A. M., Butt D., Shackleton 
C. H. L. and Edwards C. R. W.: Mineralocorticoid activity 
of liquorice: llbeta-hydroxysteroid dehydrogenase deficiency 
comes of age. Lancet ii (1987) 821-824. 

6. Stewart P. M., Wallace A. M., Atherden S. M., Shearing C. H. 
and Edwards C. R.: Mineralocorticoid activity of carbenoxolone: 
contrasting effects of carbenoxolone and liquorice on 11 beta- 
hydroxysteroid dehydrogenase activity in man. Clin. Sci. 78 
(1990) 49-54. 

7. Bush I. E., Hunter S. A. and Meigs R. A.: Metabolism of 
ll-oxygenated steroids. Biochem. ft. 107 (1968) 239-257. 

8. Keorner D. R.: Assay and substrate specificity of liver ll/~- 
hydroxysteroid dehydrogenase. Biochim. Biophys. Acta 179 
(1969) 377-382. 

9. Lakshmi V. and Monder C.: Evidence for independent l l -  
oxidase and ll-reductase activities for llfl-hydroxysteroid 
dehydrogenase: enzyme latency, phase transitions and lipid 
requirement. Endocrinology 116 (1985) 552-560. 

10. Monder C. and Lakshmi V.: Evidence for kinetically distinct 
forms of corticosteroid 11 beta-dehydrogenase in rat liver micro- 
somes, ft. Steroid Biochem. 32 (1989) 77-83. 

11. Ulick S., Levine L. S., Gunczler P., Zanconato G., Ramirez 
L. C., Rauh W., Rosier A., Bradlow H. L. and New M. I.: 
A syndrome of apparent mineralocorticoid excess associated 
with defects in the peripheral metabolism of cortisol, ft. Clin. 
Endocr. Metab. 49 (1979) 757-764. 

12. Lakshrni V. and Monder C.: Purification and characterization of 
the corticosteroid 11 beta-dehydrogenase component of the 
rat liver 11 beta-hydroxysteroid dehydrogenase complex. Endo- 
crinology 123 (1988) 2390-2398. 

13. Agarwal A. K., Monder C., Eckstein B. and White P. C.: 
Cloning and expression of rat cDNA encoding corticosteroid 11 
beta-dehydrogenase, ft. Biol. Chem. 264 (1989) 18939-18943. 

14. Agarwal A. K., Tusie Luna M. T., Monder C. and White P. C.: 
Expression of 11 beta-hydroxysteroid dehydrogenase using 
recombinant vaccinia virus. Molec. Endocr. 4 (1990) 1827-1832. 

15. Kling L., Legrum W. and Netter K. J.: Induction of liver 
cytochrome P-450 in mice by warfarin. Biochem. Pharmac. 34 
(1985) 85-91. 

16. Laemrnli U. K.: Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227 (1970) 
680--686. 

17. Ansorge W.: Fast and sensitive detection of protein and DNA 
bands by treatment with potassium permanganate, ft. Biochem. 
Biophys. Meth. 11 (1985) 13-20. 

18. Lowry O. H., Rosebrough N. J., Farr A. L. and Randall R. J.: 
Protein measurement with the Folin phenol reagent, ft. Biol. 
Chem. 193 (1951) 265-275. 

19. Dubray G. and Bezard G.: A highly sensitive periodic acid-silver 
stain for 1,2-diol groups of glycoproteins and polysaccharides in 
polyacrylamide gels. Analyt .  Biochem. 119 (1982) 325-329. 

20. Monder C. and Lakshmi V.: Corticosteroid 11/~-hydroxysteroid 
dehydrogenase activities in vertebrate liver. Steroids 52 (1988) 
515-528. 

21. Perschel F. H., Buhler H. and Hierholzer K.: Bile acids and their 
arnidates inhibit 11 beta-hydroxysteroid dehydrogenase obtained 
from rat kidney. Pflugers Archs 418 (1991) 538-543. 

22. Abramovitz M., Branchaud C. L. and Murphy B. E. P.: 
Cortisol-cortisone interconversion in human fetal lung: contrast- 
ing results using explant and monolayer cultures suggest that 
llfl-hydroxysteroid dehydrogenase (EC 1.1.1.146) comprises 
two enzymes. 07. Clin. Endocr. Metab. 54 (1982) 563-568. 


