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J a p a n e s e  g roup  fol lowing t h e  m a x i m u m  swell ing s t a t e  of 
ch lo rop la s t s  in  t h e  l ight .  P r e l i m i n a r y  i nves t i ga t i ons  to  
explore  t h e  cause  of t h i s  d i s c r e p a n c y  p r o v i d e d  ev idence  
t h a t  g r o w t h  cond i t i ons  a n d  t he  age of s p i n a c h  leaves  
m i g h t  be  t h e  clue. 

T h e  m e c h a n i s m  b y  wh ich  swell ing is acce le ra ted  b y  
l i gh t  ha s  n o t  ye t  been  conc lus ive ly  exp la ined .  However ,  
t h e  f ac t  t h a t  l i g h t - i n d u c e d  swell ing is associa ted ,  a t  l eas t  
d u r i n g  t h e  f i r s t  30 ra in  of i n c u b a t i o n ,  w i t h  energy-  
d e p e n d e n t  ions T M  a n d  w a t e r :  u p t a k e  po in t s  to  a close 
r e l a t i onsh ip  of these  p h e n o m e n a  to  p h o t o c h e m i c a l  reac-  
t i ons  in  ch loroplas ts .  T h e  T a b l e  i l l u s t r a t e s  such  a corre-  
la t ion .  I n  45 m i n  ch lo rop la s t s  doub l ed  t h e i r  v o l u m e  in  
t h e  l i gh t  ( e x p e r i m e n t  1) whi le  oxygen  evo lu t i on  b y  t h e  
s a m e  l i g h t - i n c u b a t e d  ch lo rop la s t s  d i m i n i s h e d  to  40% of 
i t s  in i t i a l  r a t e  ( e x p e r i m e n t  4). Also, p h o t o p h o s p h o r y l a t i o n  
was  d r a m a t i c a l l y  affected,  showing  a 73% d rop  in i t s  
o r ig ina l  r a t e  ( e x p e r i m e n t  5). A l t h o u g h  less affected,  l igh t -  
t r igge red  A T P a s e  was  r educed  48% ( e x p e r i m e n t  6). Af t e r  
135 min,  al l  of t h e  a b o v e  p h o t o c h e m i c a l  ac t iv i t i e s  h a d  
a l m o s t  c o m p l e t e l y  d i sappeared .  S ince  t h e  b l e a c h i n g  of 
ch lo rophy l l  d u r i n g  t h e  e x p e r i m e n t a l  pe r iod  m i g h t  h a v e  
been  t h e  cause  of t h e  i n h i b i t i o n  of t h e  p h o t o c h e m i c a l  
reac t ions ,  i t  was  d e t e r m i n e d  b y  e s t i m a t i n g  t h e  op t i c a l  
d e n s i t y  changes  a t  652 n m  of t h e  d i lu t ed  ch lo rop la s t  sus- 
pens ion  ( expe r imen t  2). T h e  degree of ch lo rophy l l  b l each-  
ing  was  of a v e r y  m u c h  smal l e r  m a g n i t u d e  t h a n  t h e  
o b s e r v e d  i n h i b i t i o n  of p h o t o c h e m i c a l  ac t iv i t ies .  Thus ,  i t  
a p p e a r e d  t h a t  a 135-min l igh t  i n c u b a t i o n  of ch lo rop la s t s  
a t  20°C o b l i t e r a t e d  t h e  m a i n  ene rgy  t r a n s f e r  r eac t i ons  
w h i c h  are  necessa ry  for  s u b s e q u e n t  CO~ reduc t ion .  

However ,  t he  p h o t o r e d u c t i o n  a c t i v i t y  was a n  e x c e p t i o n  
to  t h i s  genera l  p a t t e r n  in t h a t  i t  was  n o t  a f fec ted  b y  a 
45-rain l igh t  t r e a t m e n t  a n d  was  on ly  14% i n h i b i t e d  a f t e r  
135 ra in  ( e x p e r i m e n t  3). Th i s  m i g h t  suggest t h a t  chloro-  
p la s t s  are  u n c o u p l e d  w h e n  i n c u b a t e d  for  a long  pe r iod  of 
t i m e  in  s a t u r a t e d  l ight .  

I n  darkness ,  a c o n d i t i o n  u n d e r  w h i c h  ch lo rop la s t  swell- 
ing occurs  a t  a m u c h  s lower  r a t e  t h a n  in t h e  l igh t  a n d  
where  ch lo rophy l l  b l e a c h i n g  is negligible,  t he  ab i l i ty  of 
ch lo rop las t s  to  ca r ry  o u t  p h o t o c h e m i c a l  r eac t i ons  also 
d i m i n i s h e d  b u t  to  a lesser  degree  t h a n  in t h e  l igh t  (Table).  
Af t e r  a 135-min i n c u b a t i o n  per iod,  ch lo rop la s t s  sti l l  r e t a i n  
50% of t h e i r  c a p a c i t y  to  evo lve  0 2 a n d  to  p h o s p h o r y l a t e .  
On ly  a f t e r  5 h, w h e n  ch l o r op l a s t  v o l u m e  was  t h e  s ame  as 
in  t he  l ight ,  h a d  t h e  ch lo rop la s t s  los t  these  ac t iv i t ies .  I n  
darkness ,  as in  t h e  l ight ,  ch lo rop la s t s  d id  r e t a i n  t h e i r  
p h o t o r e d u c t i o n  capac i ty .  

Thus ,  i t  a p p e a r s  t h a t  m a x i m u m  swel l ing of ch lo rop las t s  
co r responds  to  t he  abo l i t i on  of all  t h e  m e a s u r e d  p h o t o -  

chemica l  r eac t ions  ca r r ied  o u t  b y  these  organel les  w i t h  
t h e  e x c e p t i o n  of p h o t o r e d u c t i o n .  Th i s  s t r e n g t h e n s  t h e  
v iew t h a t  th i s  p h e n o m e n o n  is a d e t e r i o r a t i v e  process.  
Such  a process  occurs  s lowly in t he  d a r k  ( n a t u r a l  aging) 
a n d  is acce l e ra t ed  in t he  l ight .  T h e  causes  a n d  t h e  
cond i t ions  u n d e r  wh ich  such  a d e t e r i o r a t i v e  process  occurs  
a n d  i ts  r e l a t i on  to  swell ing are  u n d e r  i n v e s t i g a t i o n  1". 

Rdsumd. U n e  i n c u b a t i o n  pro long6e  de  ch lo rop la s t e s  
isol6s d ' 6 p i n a r d  A l ' obscur i t6  p r o v o q u e  u n  g o n f l e m e n t  des  
p la s t ides  e t  une  i n h i b i t i o n  c o n c o m i t a n t e  de  leurs  a c t i v i t f s  
p h o t o c h i m i q u e s  (~ l ' excep t i on  de  la p h o t o r 6 d u c t i o n  du  
fe r r i cyanure ) .  U n  t r a i t e m e n t  l u m i n e u x  acc61~re ces ph6no-  
m~nes  qui,  p r o b a b l e m e n t ,  s o n t  associ6s k des  p rocessus  
de d6 t6 r io ra t ion  de  l ' a p p a r e i l  p h o t o s y n t h 6 t i q u e .  
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The Intermediate Role of 18-Hydroxycort icosteroids  in Aldosterone Biosynthes is  

The  role of 18-desoxycor t i cos te ro ids  as i n t e r m e d i a t e s  
of t he  a ldos t e rone  b io sy n t he s i s  is well  es tabl ishedX-a.  I t  
s t i l l  r e m a i n s  unc lear ,  however ,  w h i c h  of t h e  poss ib le  18- 
h y d r o x y c o r t i c o s t e r o i d s  is (are) t he  essen t ia l  precursor (s )  
of a ldos t e rone  4. 

Q u a r t e r s  of lef t  a n d  r i g h t  a d r e n a l s  of ma le  Sprague-  
D a w l e y  r a t s  were  i n c u b a t e d  s e p a r a t e l y  in  K r e b s - R i n g e r  
b i c a r b o n a t e  glucose (200 m g % )  so lu t ion  for  4 h w i t h  
e i t h e r  0.2 vC 4- :~C-progesterone (57 m C / m M )  or  0.5 t~C 
1 ,2 -3H-11-desoxycor t i cos te rone  (10 C / m M )  a d d e d  pe r  
100 m g  tissue:  4 t~g/mg t i ssue  of e i t he r  l l - d e s o x y c o r t i -  
cos terone ,  cor t icos te rone ,  l l - d e h y d r o c o r t i c o s t e r o n e ,  18- 

h y d r o x y p r o g e s t e r o n e ,  1 8 - h y d r o x y - l l - d e s o x y c o r t i c o s t e r -  
one  or  1 8 - h y d r o x y c o r t i c o s t e r o n e  were  a d d e d  to  t h e  r i g h t  
ad rena l s  p r io r  to  i n c u b a t i o n .  T h e  s a m p l e  w i t h  t h e  le f t  
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adrenals served as control with no further additions. 
18-Hydroxy-ll-desoxycorticosterone,  corticosterone, 18- 
hydroxycorticosterone and aldosterone were isolated from 
the incubation media and the radioact ivi ty incorporation 
into each of the 4 steroids was estimated ~. Inhibit ion of 
radioact ivi ty incorporation (radioactivity dilution, com- 
pet i t ive or product  inhibition) into 1 or several of the 
isolated corticosteroids by a particular unlabelled steroid 
added was expected to provide information about  the 
intermediate role of this steroid in aldosterone bio- 
synthesis. 

Results are summarized in Figure 1 as differences in 
radioact ivi ty incorporation by the control (left) adrenals 
and by those adrenals (right) which had been exposed to 
unlabelled steroid substrate. The differences are expressed 
in % of the control incorporation (%-changes). Each bar 
represents the averaged results of 5 or 6 independent 
experiments. Proof for the validity of the left-right com- 
parison, also referred to previously ~, has been achieved 
by independent incubation of left and right adrenals under 
identical conditions (unlabelled substrate added: 'none'). 
The incorporation of 4-~C-progesterone into the 4 steroids 
isolated from the incubation media of either Ieft or right 
adrenals did not differ significantly. 

1 l-Desoxycorticosterone showed the most remarkable 
inhibitory effect on the incorporation of both radioactive 
precursors into each of the 4 corticosteroids analyzed. 
This confirms the importance of l l -desoxycort icosterone 
as key intermediate of the biosynthesis of 18-hydroxy- 
11-desoxycorticosterone, corticosterone, 18-hydroxycorti- 
costerone and aldosterone, and it also confirms the validity 
of our experimental  design. Since the incorporation of 
1, 2-*H-11-desoxycorticosterone was inhibited by 11-des- 
oxycorticosterone as well as tha t  of 4A~C-progesterone 
this inhibition must  be due to radioactivity dilution rather 
than to product  inhibition of the progesterone-21-hy- 
droxylation. Corticosterone did not  significantly change 
the incorporation of either radioactive precursor into 
18-hydroxy-ll-desoxycorticosterone nor into corticoster- 
one. Since corticosterone is the major product of the rat  

adrenal cortex, larger amounts of corticosterone may be 
required to cause product inhibition. Radioact ivi ty in- 
corporation into 18-hydroxycorticosterone and aldoster- 
one was reduced significantly by corticosterone, most 
probably due to radioact ivi ty dilution. This result points 
to the fact tha t  corticosterone is a precursor of 18- 
hydroxycorticosterone and aldosterone ~,~, and it confirms 
again the val idi ty  of our working hypothesis. 

11-Dehydrocorticosterone almost resembled corticoster- 
one in its effects. There were no significant changes in the 
incorporation of z~C or ~H into 18-hydroxy-11-desoxy- 
corticosterone and corticosterone, while the incorporation 
into 18-hydroxycorticosterone and aldosterone was sig- 
nificantly diminished. These data might suggest partici- 
pation of 11-dehydrocorticosterone in the formation of 
18-hydroxycorticosterone and aldosterone. Incorporation 
of 4-~C-11-dehydrocorticosterone into 18-hydroxy-11- 
dehydrocorticosterone and aldosterone by rabbit  adrenal 
slices has been reported by FAZEKAS and KOKAI ~. In 
similar studies with bull frog adrenals, DE NICOLA, 
KRAULIS and ]~IRMINGHAM s failed to find any incorpora- 
tion of 1, 2-~H-1i-dehydrocorticosterone into 18-hydroxy- 
l t-dehydrocorticosterone or Mdosterone. In our experi- 
ments with l l-dehydrocorticosterone large amounts  of 
UV-absorbing material  were observed at  the chromato- 
graphic site of corticosterone, thus suggesting tha t  a 
great portion of the l l -dehydrocort icosterone added was 
reduced to corticosterone during incubation. Therefore, 
we tend to the view that  the inhibitory effect of 11- 
dehydrocorticosterone is in fact due to radioact ivi ty 
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Unlabelled subtrate % changes (-*SEH) of the incorporation of ~--l~C-progesterone into 
added: 

18-OH-DOC Corticoslenone 18-OH-coHicoslerone ^ldoster~ne 

Corticosterone ..... 
1 1 - O e h y d r o c o d i c o s l e r o n e  , ' " ~ 

18 -OH- progesierone ~ ~ ~ 

18-OH-corficosterone , s , 

*20 tO -20 -40 40 *20 -*0 -20 - ~  -60 *20 -*0 -20 -~0 -60 *ZO -*0 -20 "~0 -GO 

70 changes (±SEH) of the incorporation of 1.?-3H-DOC into 

18-0H-00C Coriicosterone 18-OH-corticosterone ^ldosterane 

Corticosterone 
11- Dell.ydrocorficesterone ~ 

*20 ±0 -20 -~0 -60 *20 *-0 -20 40 -60 .20 -*0 -20 -~0 -GO *20 -*0 -20 40  -60 

Fig. 1. Effects of unlabelled substrates added to the incubatiort media on the radioactivity incorporation from 4-z~C-progesterone and 
1, 2-3H-t 1 -desoxycor ticosterone. 
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Fig. 2. Proposed synthesis scheme for the formation of aldosterone from progesterone in rat adrenals. I, progesterone; II, 18.hydroxy- 
progesterone; III, 18-hydroxy-ll-desoxycorticosterone; IV, ll-desoxycorticosterone; V, corticosterone; VI, 18-hydroxycorticoster- 
one; VII, aldostcrone; VIII, llfl-hydroxyprogesterone; IX, llfl, 18-dihydroxyprogesterone. 

dilution by corticosterone formed from the added l l -  
d~hydroderivative. 

18-Hydroxyprogesterone inhibited the incorporation of 
4-14C-progesterone into 18-hydroxy-ll-desoxycorticoster- 
one, corticosterone and 18-hydroxycorticosterone; no 
statistical significance could be found for the inhibition 
of the 4-1*C-aldosterone formation. The fact tha t  the 18- 
desoxy compound corticosterone was inhibited as well as 
18-hydroxy-11-desoxycorticosterone and 18-hydroxy- 
corticosterone suggests true inhibition of progesterone 
oxydation by 18-hydroxyprogesterone rather than  radio- 
activity trapping. 

18-Hydroxy-li-desoxycorticosterone did not  influence 
the incorporation of 4-14C-progesterone into either of the 
4 corticosteroids analyzed. From this result it can be 
concluded that  18-hydroxy-11-desoxycorticosterone is not 
an essential intermediate of the 18-hydroxycorticosterone 
and aldosterone biosynthesis. 

18-Hydroxycorticosterone distinctly inhibited the for- 
mation of radioactive 18-hydroxycorticosterone and 
Mdosterone from 4-~*C-progesterone. Reduction of radio- 
activity incorporation into 18-hydroxycorticosterone by 
18-hydroxycorticosterone may be considered as product 
inhibition. This assumption is supported by RAMAN et al.L 
who reported inhibit ion of 1,2-3H-corticosterone incor- 
poration into 18-hydroxycorticosterone by 18-hydroxy- 
corticosterone during incubation of sheep adrenocortical 
mitochondria. The reduced formation of 4-1~C-aldosterone 
may be explained by additional radioactivity trapping, 

and it  emphasizes the essential role of 18-hydroxycorti- 
costerone as the direct precursor of Mdosterone. 

Summarizing results and conclusions of this s tudy 
together with previous findings of other groups, the scheme 
outlined in Figure 2 may be proposed for the biosynthesis 
of aldosterone from progesterone in rat  adrenals. 

Zusammen[assung. Durch ihre Eigenschaft, bestimmte 
Stufen bei der I3ildung radioaktiv markierten Aldosterons 
aus 14C-Progesteron bzw. 3H-11-Desoxycorticosteron zu 
hemmen, erwiesen sich ll-Desoxycorticosteron, Corti- 
costeron und 18-Hydroxycorticosteron Ms wesentliche 
Zwischenstufen der Aldosteronbiosynthese. 18-Hydroxy- 
ll-desoxycorticosteron hingegen scheint an der ]3ildung 
yon Aldosteron nicht beteiligt zu sein. 
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