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Summary 

The subcellular localization of adenylate cyclase (ATP pyrophosphate- 
lyase (cyclizing), EC 4.6.1.1) in bovine corpus luteum was studied using iso- 
tonic and hypotonic homogenization and fractionation conditions. All frac- 
tions prepared were assayed for adenylate cyclase, marker enzymes and DNA. 
Only plasma membrane marker enzyme, 5'-nucleotidase paralleled the distribu- 
tion of adenylate cyclase under both isotonic and hypotonic conditions (coeffi- 
cient of correlation = 0.95). Two main fractions prepared under hypotonic 
conditions were subfractionated by discontinuous sucrose gradient centrifuga- 
tion. The highest amount  of adenylate cyclase was found in a fraction having a 
density approximately equal to 1.13 g/cm '~. The specific activity of this frac- 
tion was 4--6 times higher than that  of the homogenate. The electron micro- 
scopic study of this fraction revealed the presence of a single type of particu- 
late material consisting of small vesicles exhibiting a typical unit membrane 
structure. It is concluded that this adenylate cyclase is primarily localized in 
the plasma membranes. Basal adenylate cyclase activity of plasma membranes 
was stimulated 2--3 times by luteinizing hormone (10 pg/ml), 3--4 times by 
prostaglandin E2 (10 pg/ml), 4--6 times by NaF (0.01 M) and two times by 
methanol (0.2%). 

Introduction 

The stimulation of steroidogenesis by luteinizing hormone in bovine 
corpus luteum [1] appears to be mediated by adenosine 3',5 '-monophosphate 

* A p r e l i m i n a r y  r e p o r t  o n  a p a r t  o f  t h i s  r e s e a r c h  s t u d y  w a s  p r e s e n t e d  a t  t h e  1 9 7 4  M e e t i n g  o f  t h e  
F e d e r a t i o n  o f  A m e r i c a n  S o c i e t i e s  f o r  E x p e r i m e n t a l  B i o l o g y  h e l d  at  A t l a n t i c  C i t y ,  N e w  J e r s e y  

[ 4 0 1 .  
* * P r e s e n t  a d d r e s s :  D e p a r t m e n t  o f  P u b l i c  H e a l t h ,  T h e  S t a t e  o f  M i c h i g a n ,  3 5 0 0  N o r t h  L o g a n  S t r e e t ,  

L a n s i n g ,  M i c h .  4 8 9 1 4  ( U . S . A . ) .  
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[2--5] .  In order to understand how luteinizing hormone brings changes in 
adenosine 3 ' ,5 ' -monophosphate (cyclic AMP) and steroidogenesis it is necessary 
to know the site of  its action. It is generally presumed that since luteinizing 
hormone is a protein it does not  penetrate the plasma membranes and probably 
stimulates the corpus luteum adenylate cyclase (EC 4.6.1.1) on the surface of  
the cell. A plasma membrane fraction from bovine corpora lutea has been 
shown to contain a hormone-sensitive adenylate cyclase [6] .  However, the 
complete subcellular distribution of  this enzyme has not been described. The 
importance of this question is emphasized by the reports indicating that homo- 
genates of  luteinized rat ovaries have more than one sedimentable component  
with a marked binding affinity for radiolabelled gonadotropins [7,8].  The 
purpose of  this investigation was to thoroughly document  the subcellular locali- 
zation of this adenylate cyclase by correlating its activity in subcellular frac- 
tions with classical markers and confirming this localization by electron micro- 
scopy. 

Materials and Methods 

Materials 
Bovine luteinizing hormone (NIH-LH-B-7) was supplied by National Insti- 

tutes of Health, Bethesda, Md. Pr0staglandin E2 was a gift from the Upjohn Co., 
Kalamazoo, Mich. Adenosine 5-tri [a_32 p] phosphate tetrasodium salt, (spec. act. 
8.7 Ci/mmol) was obtained from International Chemical and Nuclear Corp., 
Irvine, Calif. The [8-3H]adenosine 3',5'-cyclic phosphate ammonium salt, 
(spec. act. 27.5 Ci/mmol) was obtained from Amersham/Searle Corp., Arling- 
ton Heights, Ill. Cyclic AMP, 5 '-AMP, ATP, GTP, and Tris were purchased from 
Sigma Chemical Co., St. Louis, Mo. Theophylline was obtained from Nutri- 
tional Biochemicals, Cleveland, Ohio. 

Homogenization and fractionation under isotonic conditions 
Ovaries from cows in first 6 months of  pregnancy as determined by the 

size of  the fetus [9] were obtained at slaughter and transported to the labora- 
tory in ice-cold 154 mM NaC1. The corpora lutea were dissected free of  adja- 
cent ovarian tissue in a cold room at 4°C. Each corpus luteum was cut into four 
sections and the luteal tissue was separated from its connective tissue capsule 
by using the blunt edge of a Stadie-Riggs slicing blade. The luteal tissue was 
finely minced with a pair of  scissors. Approx. 5 g of  minced corpus luteum 
tissue were homogenized (1 : 3, w/v) in an isotonic homogenizing medium 
consisting of 0.25 M sucrose, 3 . 1 0 - 3 M  MgC12 and 0.05 M Tris, pH 7.4 
(Fig. 1). Homogenization was accomplished with eight up and down strokes of 
a motor-driven Potter-Elvehjem glass-Teflon homogenizer. The homogenate was 
then strained through four layers of  cheese cloth to remove unhomogenized 
tissue and connective tissue. The homogenate was fractionated as shown in 
Fig. 1 by differential centrifugation using a refrigerated Lourdes centrifuge 
(Model A-2, rotor  9 RSL) and a Beckman ultracentrifuge (Model L, rotor Type 
40). The fractions consisted of five pellets and a supernatant. Each pellet was 
washed once with the homogenizing medium and suspended in an assay me- 
dium (0.02 M glycylglycine, 0.01 M MgSO4, p H  7.4) for assays of  various 
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TISSUE HOMOGENIZED (1:3 W/V)  IN HM: 

H M -  HOMOGENIZING 

MEDIUM 

0 2 5  M SUCROSE 

0.003 M MgCI  2 

0.05 M TRIS, pH 7 4  

I 
Y 

HOMOGENATE 
250 × g × 7.5 min 

I 
PELLET; WASH 1× WITH HM 

t 

PELLET #1; SUSPEND IN AM 

1560×g x10 mln 

I 
PELLET; WASH 1× WITH HM 

t 
Y 

PELLET # 2 ;  SUSPEND IN A M  

5000 × g × 10 rain 

I 
PELLET; WASH 1 × WITH HM 

I 

PELLET # 3 ;  SUSPEND IN A M  

A M  ASSAY MEDIUM 

0.02 M GLYCYLGLYCINE, 

pH 7 4  

0.01 M M g S O 4  

I 
SUPERNATANT 

I 
SUPERNATANT 

I 
SUPERNATANT 

SUPERNATANT 

8000 × g × 25 min 

I I 
PELLET; WAS4 1 × WITH HM SUPERNATANT 

PELLET # 4; SUSPEND IN AM 

105,000 x g × 60 mi 

l I ? 
SUPERNATANT 

PELLET II 5; 
SAVE 5ml & 

SUSPEND IN A M  
ADJUST TO A M  

Fig .  1. H o m o g e n i z a t i o n  a n d  f r a c t i o n a t i o n  o f  b o v i n e  c o r p o r a  l u t e a l  t i s s u e  u n d e r  i s o t o n i c  c o n d i t i o n s .  P r o c e -  
d u r a l  d e t a i l s  a re  d e s c r i b e d  u n d e r  M a t e r i a l s  a n d  M e t h o d s .  

enzymes. The supernatant was adjusted with a small volume of 0.2 M glycylgly- 
cine, 0.1 M MgSO4, pH 7.4, so that  it contained the same concentration of 
glycylglycine and MgSO4 as in the suspended pellet fractions. 

Homogenization and fractionation under hypotonic conditions 
The homogenization and fractionation under hypotonic conditions was 

adapted from the procedure of Neville [10] which is directed toward the 
isolation of the plasma membranes. About 5 g of minced bovine corpus luteum 
tissue, prepared as described above, were homogenized (1 : 4, w/v) in a hypo- 
tonic homogenizing medium consisting of 1 mM NaHCO3 and 5 mM dithio- 
threitol, pH 7.5 (Fig. 2). Homogenization was accomplished with three up and 
down strokes of a motor-driven Potter-Elvehjem glass-Teflon homogenizer fol- 
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TISSUE HOMOGENIZED (5:20 w / v ) I N  HM: 

ADD 300 ml HM 
FILTER THROUGH 4 LAYERS 

OF CHEESE CLOTH 

HOMOGENATE 

6300 x g x 10 rain J 

I 

J HM = H_OMOGENIZING _MEDIU.... M 

0.001 M NaHCO 3, pH 7.5 
0.005 M DITHIOTHREITOL 

PELLET # I  SUSPEND IN AM 

10,300 × g× 30 min 

PELLET # 2 
/ \  

/a/, y,\~, 
SUSPEND IN AM 

SUSPEND IN 5 ml OF HM 
LAYER ON DISCONTINUOUS 

SUCROSE GRADIENT 

SUPERNATANT 

I 
I 

S U P E R N A I A N T  

28,700 × g × 30 min 

PELLET # 3 SUPERNATANT 

SAVE 5 ml AND 
ADJUST TO AM 

TREAT AS PELLET # 2 

J• 
~ INTERFACE 

SUCROSE J T SUSPEND EACH 
30% 51,500xgx150min INTERFACE IN 10ml OF .liD- 

12 
37% ~ : ~ : : : ~ :  HM & CENTRIFUGE AT 

13 36,900xg ×30 min 
45% ' ' ~  ~i "~ 

SUSPEND EACH RESULTING 
PELLET IN AM 

Fig .  2. H o m o g e n i z a t i o n  a n d  f r a c t i o n a t i o n  o f  b o v i n e  c o r p o r a  l u t e a l  t i s s u e  u n d e r  h y p o t o n i c  c o n d i t i o n s .  

P r o c e d u r a l  d e t a i l s  are  d e s c r i b e d  u n d e r  M a t e r i a l s  a n d  M e t h o d s .  

lowed by 20 up and down strokes of  a Dounce homogenizer. The homogenate 
was poured into 300 ml of  the ice-cold homogenizing medium, stirred for 2--3 
min and strained through four layers of  cheese cloth. The strained homogenate 
was fractionated by differential centrifugation using a refrigerated Lourdes 
centrifuge (Model A-2, rotor 9 RSL). The fractions consisted of  three pellets 
(pellet 1, 6300  × g for 10 min; pellet 2, 10 300 × g for 30 min; and pellet 3, 
28 700 X g for 30 min) and a supernatant (28 700 X g for 30 rain). In some 
experiments centrifugation at 10 300 X g for 30 min was omitted and only two 
pellets (6300  × g for 10 min and 28 700 × g for 30 min) were obtained. In 
such cases the pellet obtained by centrifugation at 28 700 × g for 30 min was 
designated as P-2+3. Pellet 1 (P-l)  and aliquots of  pellet 2 (P-2) and pellet 3 
(P-3) were suspended in the assay medium (0.02 M glycylglycine and 0.01 M 
MgSO4, pH 7.4) for the assays of  the various enzymes. The supernatant 
(28 700 X g for 30 min) was also adjusted to the assay medium as mentioned 
previously so that it contained the same concentration of glycylglycine and 
MgSO4 as in the suspended pellet fractions. Pellet 2, pellet 3, pellet 2+3 were 
further fractionated by a 3-layered discontinuous sucrose gradient centrifuga- 
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tion (51 500 × g for 150 min; Beckman L ultracentrifuge, spinco SW 25.1 
rotor). An aliquot of each pellet was suspended in 5 ml of the homogenizing 
medium and layered on top of a discontinuous sucrose gradient consisting of 
(from bot tom to top) 6 ml of  45% sucrose (d = 1.20), 8 ml of 37% sucrose (d = 
1.16) and 8 ml of 30% sucrose (d = 1.13). This discontinuous sucrose gradient 
centrifugation fractionated each pellet into three bands at the interfaces of I i ,  
I2 and I3 as shown in Fig. 2. The material from each interface was suspended in 
10 ml of the homogenizing medium and centrifuged at 36 900 × g for 30 min. 
The resulting pellet of each interface was suspended in the assay medium for 
assays of the various enzymes. 

Enzymes, DNA and protein assays 
Adenylate cyclase was assayed by measuring the conversion of [a- 

3 z p] ATP into cyclic [ 32p] AMP as described by Marsh [3].  Theophyllin (40.0 
mM) was included in the reaction mixture to block the phosphodiesterase 
activity [ 3]. The final concentration of NaF whenever included was 0.01 M. At 
the end of the incubation period 62.5 nmol of carrier cyclic AMP was added 
and the reaction was terminated by immersing the assay tubes in boiling water 
for 3 min. Cyclic AMP was isolated in accordance with the method of Krishna 
et al. [11]. The 32p radioactivity in 3 ml supernatant added to 10 ml of 
scintillation mixture [12] was counted in a scintillation counter. The cyclic 
[ 32 p] AMP purified by this procedure has been shown to be radiochemically pure 
after this precipitation step [3]. The procedural losses were corrected by 
taking into consideration the recovery of carrier cyclic AMP measured by 
means of its maximal absorption at 257 nM. The enzymatic blank value 
(0.002% of the total counts) for adenylate cyclase assay was negligible. The 
addition of theophylline 40.0 mM, in the reaction mixture of this adenylate 
cyclase assay essentially blocked phosphodiesterase activity for the duration of 
the assay. At the termination of the reaction, the percentage recovery of cyclic 
[8-3H]adenosine 3' ,5 '-monophosphate,  included in the reaction mixture of 
adenylate cyclase assay, was 96.5 -+ 1.2 (n = 47). 

The effect of luteinizing hormone and prostaglandin E2 on the adenylate 
cyclase activity of plasma membrane fractions of corpus luteum was deter- 
mined. The final concentration of luteinizing hormone or prostaglandin E2 in 
these assays was 10 pg per ml. During these studies the effect of methanol on 
adenylate cyclase activity of plasma membranes was also evaluated. Methanol, a 
diluent for prostaglandin E2 had a final concentration of 0.2% in the adenylate 
cyclase assay tubes. The effect of GTP, 1 • 10 -4 M, on basal and stimulated 
adenylate cyclase activities of plasma membrane fractions was also determined. 

The activity of 5'-nucleotidase (EC 3.1.3.5), a plasma membrane marker 
enzyme [13--16] was determined at pH 7.2 by the method of Emmelot  and 
Bos [17].  The inorganic phosphate released in this assay was measured by the 
method of Fiske and SubbaRow [18]. Succinate dehydrogenase (EC 1.3.99.1), 
a mitochondrial marker was assayed according to Green et al. [19]. The homo- 
genate and fractions assayed for succinate dehydrogenase activity were preincu- 
bated with a solution (5%) of digitonin (9 : 1, V/v) at 4°C for 15 min. Acid 
phosphatase (EC 3.1.3.2), a lysosomal marker was assayed at  pH 4.8 using 
p-nitrophenyl phosphate as the substrate [20]. The activity of microsomal 
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marker, NADPH-cytochrome c reductase (EC 1.6.2.3) was determined accord- 
ing to Phillips and Langdon [21] .  Glucose-6-P dehydrogenase (EC 1.1.1.49) a 
cytosol  marker was determined according to Durham and Adams [22] .  All 
enzymic assays were conducted under linear conditions with respect to time 
and concentration of  enzymes. The nuclear marker, DNA was determined by 
the diphenylamine method [23] .  Protein concentration was determined by the 
method of  Lowry et al. [24] .  

Electron microscopy 
An aliquot from pellet 2-I1 (P-2-I1) was fixed in 5% glutaraldehyde (in 

0.1 M phosphate buffer, pH 7.2) for 10 h followed by a post fixation in 2% 
OsO4 (in 0.1 M phosphate buffer, pH 7.2) for 2 h. The pellet was then dehy- 
drated, embedded (in Spurr's resin), and thin sectioned. The sections were 
stained with uranyl acetate followed by lead citrate. The specimens were ex- 
amined on an AEI 801 microscope by Dr Rober t  L. Gulley of the Department 
of Biological Structure of  the University of Miami School of  Medicine. 

Results 

Homogenization and fractionation under isotonic conditions 
The percentage distribution of  NaF-stimulated adenylate cyclase, the 

marker enzymes and DNA in different fractions prepared under isotonic condi- 
tions of  homogenization and fractionation is shown in Table I. Adenylate 
cyclase was found to be distributed in all the five pellets, but none was present 

T A B L E  I 

T H E  P E R C E N T A G E  D I S T R I B U T I O N  O F  N a F - S T I M U L A T E D  A D E N Y L A T E  C Y C L A S E ,  M A R K E R  

E N Z Y M E S  A N D  D N A  IN B O V I N E  C O R P U S  L U T E U M  F R A C T I O N S  P R E P A R E D  U N D E R  I S O T O N I C  
C O N D I T I O N S  O F  H O M O G E N I Z A T I O N  A N D  F R A C T I O N A T I O N  

A p p r o x .  5 g o f  m i n c e d  co rpus  l u t e u m  t issue were  h o m o g e n i z e d  (1 : 3, w / v )  in an i so ton ic  h o m o g e n i z i n g  
m e d i u m  (0 .25  M sucrose ,  3 • 10 -3 M MgCI 2 and  0 .05  M Tris,  pH  7.4).  The  h o m o g e n a t e  was  s epa ra t ed  in to  

f r a c t i o n s  as s h o w n  in Fig.  1. The  f r ac t ions  were :  250 X g fo r  7.5 m i n  pel le t  (P - l ) ,  1560  × g for  10 ra in  

pel let  (P-2), 5 0 0 0  × g for  10 m i n  pel le t  (P-3), 8000  X g for  25 m i n  pel le t  (P-4), 1 0 5 0 0 0  X g for  60 m i n  

pel le t  (P-5), and 1 0 5 0 0 0  × g for  60 ra in  s u p e r n a t a n t  (S). The  f r a c t i o n s  were  assayed  for  a d e n y l a t e  cyclase,  
m a r k e r  e n z y m e s  and D N A .  The  f inal  c o n c e n t r a t i o n  in the  r eac t i on  m i x t u r e  (0.61 ml )  for  a d e n y l a t e  cyclase  
was  Tr i s  (pH 7.4),  39.3 m M ;  theophy l l i ne ,  40 .0  m M ;  g lycy lg lyc ine  (pH 7.4),  13.1 mM;  MgSO4,  6 .56  m M ;  
ATP c o n t a i n i n g  10 pCi  [~_32p] ATP,  1.97 mM;  bov ine  s e rum a l b u m i n ,  0 .2  m g / m l ;  NaCI,  2 .52  mM,  and 

N a F ,  0 .01 M. The  r eac t i on  was  car r ied  at  30°C for  10 m i n  in a D u b n o f f  m e t a b o l i c  shak ing  i n c u b a t o r .  Each  
value r ep r e sen t s  m e a n  o f  th ree  e x p e r i m e n t s .  

E n z y m e  or  m a r k e r  Pe rcen t  o f  ini t ia l  h o m o g e n a t e  to ta l  ac t iv i ty  or 
a m o u n t  in f r ac t ions  

P-1 P-2 P-3 P-4 P-5 S 

Tota l  
r ecove ry  
(%) 

A d e n y l a t e  cyclase  6.0 
5 ' -Nuc l eo t i d a se  3.4 

Acid p h o s p h a t a s e  4.7 
Succ ina t e  d e h y d r o g e n a s e  3.3 
N A D P H - c y t o c h r o m e  c r e d u c t a s e  1.0 
Glucose-6-P d e h y d r o g e n a s e  0 .0  
D N A  43 .4  

8.6 12.6 9.7 21.7 0 .0  58.6 
13.4 16.6 14.8 23.6 0.0 71.8  

5.3 8.7 10.5 19.6 24.7 73.5  
4 .4  50.6 30.5  8.4 0 .0  97 .2  

5.2 21.3 17.2  37.3 0 .0  82.0  
0 .0  0.0 0 .0  0.5 76.7 77.2  

41.1 9 .2  4.7 4 .0  0 .0  102 .4  
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in the supernatant. Pellet 5 which is usually considered to be a microsomal 
fraction contained most of the recovered adenylate cyclase activity (21.7%). 
This pellet, however, also contained the highest amount  of the plasma mem- 
brane marker, 5'-nucleotidase (23.6%) as well as the microsomal marker, 
NADPH-cytochrome c reductase (37.3%) indicating that it was composed of 
fragments of both plasma membranes and endoplasmic reticulum. Thus on the 
basis of these experiments alone, adenylate cyclase could have been localized 
on either of  these two subcellular components.  The nuclei, the mitochondria, 
the lysosomes or the cytosol did not  appear to be associated with adenylate 
cyclase. 

Homogenization and fractionation under hypotonic conditions 
The percentage distribution of NaF-stimulated adenylate cyclase, the 

marker enzymes and DNA in different fractions prepared under hypotonic  
conditions of  homogenization and fractionation is shown in Table II. Most of 
the adenylate cyclase activity was present in pellet 2 and 3. No adenylate 
cyclase was present in the supernatant. The subfractionation of  pellet 2 by the 
discontinuous sucrose gradient centrifugation yielded 8.4, 2.7 and 2.4% of total 
adenylate cyclase activity at Ii (d = 1.13), I2 (d = 1.16) and I3 (d = 1.20) 
interphases, respectively. This indicated that only 40.7% of the total adenylate 
cyclase of  pellet 2 was recovered*. Most of this loss seemed to be due to 
procedural losses rather than enzyme inactivation since only 50.4% of the total 
protein content  of pellet 2 was also recovered** after subfractionation. Sub- 
fractionation of pellet 3 also yielded the highest amount  of adenylate cyclase 
activity at interphase I~. 

Again the percentage distribution pattern of  5'-nucleotidase appeared to 
follow that of adenylate cyclase. The fraction, P-2-I1 contained most of the 
5'-nucleotidase activity (13.9%) as well as most of the adenylate cyclase ac- 
tivity (8.4%). The distribution of the activities of the other  markers did not  
correspond to that  of the adenylate cyclase activity. 

The specific activity of  NaF-stimulated adenylate cyclase of the different 
fractions prepared under hypotonic  conditions of homogenization and frac- 
t ionation is shown in Table III. A small degree of purification of adenylate 
cyclase was achieved under these conditions. Fraction P-2-I1 and fraction 
P-3-I1 had 4.2 and 6.3 times higher respective specific activities compared to 
that of the homogenate.  The specific activity of 5'-nucleotidase in these frac- 
tions followed a pattern similar to that of the adenylate cyclase indicating 
copurification. 

Electron microscopy 
The electron microscopic examination of the fraction, P-2-I1, showed the 

presence of a homogeneous population of small vesicles ranging from 0.5 to 
1 nm (Fig. 3). The fraction exhibited a typical unit membrane structure. Mito- 
chondria, r ibosomes of  other cytoplasmic contaminants were not  found. 

* P e r c e n t a g e  r e c o v e r y  o f  a d e n y l a t e  cyc l a s e  after  d i s c o n t i n u o u s  sucrose  gradient  c e n t r i f u g a t i o n  = 

( s u m  o f  t h e  a c t i v i t y  o f  t h r e e  i n t e r p h a s e s ] a c t i v i t y  o f  p e l l e t  2) × 1 0 0  = 1 3 . 3 1 3 2 . 7  X 1 0 0  = 40 .7 .  

** Percentage  recovery  o f  p r o t e i n  af ter  d i s c o n t i n u o u s  s uc ro se  gradient  c e n t r i f u g a t i o n  was  c a l c u l a t e d  

in the  s a m e  m a n n e r  as t h a t  o f  t h e  a d e n y l a t e  cyc l a s e  m e n t i o n e d  in the  p r e c e d i n g  f o o t n o t e .  



261 

T A B L E  II  

T H E  P E R C E N T A G E  D I S T R I B U T I O N  OF  N a F - S T I M U L A T E D  A D E N Y L A T E  C Y C L A S E ,  M A R K E R  

E N Z Y M E S ,  A N D  D N A  IN B O V I N E  C O R P U S  L U T E U M  F R A C T I O N S  P R E P A R E D  U N D E R  H Y P O T O N I C  

C O N D I T I O N S  O F  H O M O G E N I Z A T I O N  A N D  F R A C T I O N A T I O N  

A p p r o x .  5 g of  m i n c e d  c o r p u s  l u t e u m  t i ssue  were  h o m o g e n i z e d  (1 : 4, w / v )  in a h y p o t o n i c  h o m o g e n i z i n g  

m e d i u m  (1 m M  N a H C O 3 ,  5 m M  d i t h io th r e i t o l ,  pH  7.5).  The  h o m o g e n a t e  was  sepa ra t ed  i n t o  f r a c t i o n s  as 
s h o w n  in Fig.  2. The  f r a c t i o n s  were :  6 3 0 0  X g fo r  10 ra in  pel le t  (P - l ) ,  1 0 3 0 0  X g for  30 m i n  pel le t  (P-2), 

2 8 7 0 0  X g fo r  30 ra in  pel le t  (P-3),  and  2 8 7 0 0  × ~ fo r  30 m i n  s u p e r n a t a n t  (S). The  s u b f r a c t i o n a t i o n  of 

pel le t  P-2 on  d i s c o n t i n u o u s  sucrose  g r ad i en t  s epa ra t ed  it  in to  th ree  f r a c t i o n s  (P-2-I l, P-2-I2, and  P-2-I3). 
The  f r a c t i o n s  were  assayed  fo r  a d e n y l a t e  cyclase ,  m a r k e r  e n z y m e s  and D N A .  T h e  n u m b e r  of  separa te  

e x p e r i m e n t s  s h o w n  in p a r e n t h e s e s  was  f r o m  2 to 5. Mean  values  are given.  

E n z y m e  or  m a r k e r  Pe rcen t  o f  ini t ial  h o m o g e n a t e  

to ta l  ac t iv i ty  or  a m o u n t  in f r a c t i o n s  

Tota l  Pe r c e n t  o f  ini t ia l  h o m o -  
r ecove ry  gena t e  to ta l  ac t iv i ty  or  
(%) a m o u n t  in s u b f r a c t i o n s  

f r o m  P-2 

P-1 P-2 P-3 S I 1 12 13 

A d e n y l a t e  cyclase  (5) 22.7 32.7  38 .2  0.0 93.6  8.4 2.7 2.2 

5 ' -Nuc l eo t i d a se  (5) 16.1 36 .5  31.7 0.0 84.3 13.9 6.0 3.2 

Acid p h o s p h a t a s e  (5) 27.9 29.3 28.0  29.9 115.1  4.6 2.9 0.9 

Succ ina t e  d e h y d r o g e n a s e  (3) 51.4 24.5  10.1 0.0 86 ,0  0 .0  13.5  3.0 
N A D P H - c y t o c h r o m e  c 

r educ t a se  (3) 15.6 18.7 13.1 51.8 99 .2  5.1 3.7 1.9 

D N A  (2) 67.4  6.6 5.4 0.6 80.0  2.1 1.4 1.5 

Correlation between different markers and adenylate cyclase 
A significant positive correlation (coefficient of correlation, r = 0.95) was 

found between 5'-nucleotidase and adenylate cyclase under both isotonic and 
hypotonic conditions of  homogenization and fractionation (Table IV). No 

T A B L E  I I I  

T H E  S P E C I F I C  A C T I V I T Y  OF  N a F - S T I M U L A T E D  A D E N Y L A T E  C Y C L A S E  IN B O V I N E  C O R P U S  

L U T E U M  F R A C T I O N S  P R E P A R E D  U N D E R  H Y P O T O N I C  C O N D I T I O N S  O F  H O M O G E N I Z A T I O N  
A N D  F R A C T I O N A T I O N  

The  p r e p a r a t i o n  of  f r ac t i ons  u n d e r  h y p o t o n i c  c o n d i t i o n s  of  h o m o g e n i z a t i o n  and f r a c t i o n a t i o n  is s h o w n  in 
Fig.  2. Each  value r e p r e s e n t s  specif ic  ac t iv i ty  ( m e a n  + S.E.).  

F r a c t i o n  N u m b e r  o f  Spec i f ic  ac t iv i ty  o f  a d e n y l a t e  cyc lase  
e x p e r i m e n t s  (pmol  cyclic  AMP - ra in  - l  - m g  -1 p r o t e i n )  

H o m o g e n a t e  5 13.4  -+ 4.7 
6 3 0 0  X g for  10 m i n  pel le t  (P - l )  5 16.5  -+ 4.2 

1 0 3 0 0  X g for  30 m i n  pel le t  (P-2) 5 35.4  + 9.0 

2 8 7 0 0  X g for  30 m i n  pel le t  (P-3) 5 64.1 +- 12 .5  

S u b f r a c t i o n s  f r o m  P-2: 

P-2-I1 5 56.8 -+ 15.0  
P-2-I2 5 15.6 + 6.3 
P-2-I3 5 31.3  -+ 7.3 

S u b f r a c t i o n s  f r o m  P-3: 

P-3-I1 2 83.9 + 6.9 
P-3-I2 2 41.6  -+ 1.1 
P-3-13 2 32.8  +- 19.6 
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Fig .  3. A r e p r e s e n t a t i v e  f i e ld  o f  p l a s m a  m e m b r a n e  f r a c t i o n  (P-2- I  1) a t  a m a g n i f i c a t i o n  o f  54  0 0 0 - f o l d  ( A )  
a n d  7 5  0 0 0 - f o l d  (B) .  A n  a l i q u o t  f r o m  f r a c t i o n  P-2-I  l w a s  f i x e d  in  g l u t a r a l d e h y d e .  T h e  f i x a t i o n  w a s  

f o l l o w e d  b y  a p o s t - f i x a t i o n  iN OSO4.  T h e  p e l l e t  w a s  d e h y d r a t e d  e m b e d d e d  a n d  s e c t i o n e d .  T h e  s e c t i o n s  
w e r e  s t a i n e d  w i t h  u r a n y l  a c e t a t e  a n d  l e a d  c i t r a t e .  T h e  u n i t  m e m b r a n e  s t r u c t u r e  is v i s ib le  a t  t h e  a r r o w .  

M i c r o s o m e s  o r  o t h e r  c y t o p l a s m i c  c o n t a m i n a n t s  w e r e  a b s e n t .  T h e  m e m b r a n e s  s h o w e d  a h o m o g e n e o u s  

p o p u l a t i o n  o f  v e s i c l e s  r a n g i n g  f r o m  0 . 5  to  1 . 0  n m .  

other marker was significantly correlated with adenylate cyclase under both 
these conditions. A positive correlation (r = 0.94) between NADPH-cyto- 
chrome c reductase and adenylate cyclase was found under isotonic condition 
of fractionation, however, no relationship (r = --0.09) between these two 
enzymes was revealed by the data obtained on fractions prepared under hypo- 
tonic conditions of fractionation. A possible correlation (r = 0.62) between 
acid phosphatase and adenylate cyclase was suggested by the data obtained on 
fractions prepared under hypotonic conditions but no relationship (r = --0.02) 

T A B L E  I V  

C O R R E L A T I O N  B E T W E E N  D I F F E R E N T  M A R K E R S  A N D  A D E N Y L A T E  C Y C L A S E  

T h e  c o e f f i c i e n t s  o f  c o r r e l a t i o n  ( r )  b e t w e e n  d i f f e r e n t  m a r k e r s  a n d  a d e n y l a t e  c y c l a s e  w e r e  c a l c u l a t e d  as 
o u t l i n e d  b y  S t ee l  a n d  T o r r i e  [ 2 5 ] .  T h e  m e a n  v a l u e s  o f  t h e  p e r c e n t  d i s t r i b u t i o n  o f  t h e  d i f f e r e n t  m a r k e r s  
a n d  a d e n y l a t e  c y c l a s e  in  t h e  f r a c t i o n s  o b t a i n e d  b y  b o t h  i s o t o n i c  a n d  h y p o t o n i c  p r o c e d u r e s  w e r e  u s e d  t o  

c a l c u l a t e  t h e s e  c o e f f i c i e n t s .  

M a r k e r  v e r s u s  a d e n y l a t e  c y c l a s e  r V a l u e s  u n d e r  d i f f e r e n t  c o n d i t i o n s  o f  
h o m o g e n i z a t i o n  a n d  f r a c t i o n a t i o n  

I s o t o n i c  (n = 6 )  H y p o t o n i c  (n = 7)  P o o l e d  d a t a  (n = 1 3 )  

5 ' - N u c l e o t i d a s e  0 . 9 5 *  
N A D P H - c y t o c h r o m e  c r e d u c t a s e  0 . 9 4 *  

S u c c i n a t e  d e h y d r o g e n a s e  0 . 3 0  
A c i d  p h o s p h a t a s e  - 0 . 0 2  
D N A  - 0 . 1 9  
G l u c o s e - 6 - P  d e h y d r o g e n a s e  - 0 . 6 5  

0 . 9 5 *  0 . 9 5 * *  
- 0 . 0 9  0 . 1 6  

0 . 4 7  0 . 3 7  
0 . 6 2  0 . 5 3  
0 . 2 9  0 . 1 4  

* r d i f f e r s  f r o m  z e r o  P < 0 . 0 5 .  
**  r d i f f e r s  f r o m  z e r o  P < 0 . 0 1 .  
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T A B L E  V 

E F F E C T  OF L U T E I N I Z I N G  H O R M O N E ,  NaF,  P R O S T A G L A N D I N  E 2 AND M E T H A N O L  ON 
A D E N Y L A T E  C Y C L A SE  A C T I V I T Y  IN P L A S M A  M E M B R A N E S  OF B O V I N E  CORPUS L U T E U M  

The p r e p a r a t i o n  of  p l a s m a  m e m b r a n e  f rac t ions  is descr ibed in Materials  and Me th o d s  sect ion.  Each value 
represen ts  m e a n  +- S.E. The  n u m b e r  in pa ren theses  indicates  the  n u m b e r  of  e x p e r i m e n t s  c o n d u c t e d .  The  
c o m p a r i s o n  b e t w e e n  a t r e a t m e n t  and  the  co r r e spond ing  basal ( con t ro l )  was  m a d e  by  S t u d e n t ' s  t-test 
[ 26 ] .  n.d.0 no t  de t e rm i ned .  

T r e a t m e n t  Ade ny l a t e  cyclase  ac t iv i ty  (pmol  cyclic AMP • m in  -1 - m g  - l  p ro te in )  

in p l a sma  m e m b r a n e  f rac t ions  

P-2-I 1 P-3-I 1 P-2+3-I ! 

Basal 14.2-+ 3,9 (4) 11,2 + 1.2 (4) 14.4+- 2,8 (4)  
Lute in iz ing  h o r m o n e ,  10 p g / m l  37.5 -+ 7.5* (4) 37.0 + 9.8* (4) 41 .4  -+ 5.3* (4) 
NaF,  0 .01 M 66.1 + 8 . 1 "*  (9) 78.6 -+ 1 4 . 6 " *  (6) 111 .8  -+ 1 1 . 7 " *  (4) 
Pros tag landin  E2, 10 pg / m l  + 

m e t h a n o l  0.2% n.d. n.d. 5 6 . 3  +- 7.4** (4)  
Methanol ,  0.2% n.d. n.d.  28.3 + 5 .4*** (4) 

* Differs f rom the co r re spond ing  basal  cont ro l ,  P ~ 0.05.  
** Differs f rom the  co r re spond ing  basal cont ro l ,  P ~ 0 .01.  

* ** A p p a r e n t l y  di f fers  f r o m  the  co r r e spond ing  basal cont ro l ,  P ~ 0 .10.  

between these two enzymes was indicated by the data obtained on fractions 
prepared under isotonic conditions (Table IV). 

Effect of luteinizing hormone, NaF and prostaglandin E2 
It was of  interest, to determine if the adenylate cyclase activity of plasma 

membrane fractions would respond to agents such as NaF, luteinizing hormone 
or prostaglandin E2 which had been shown to stimulate adenylate cyclase in 
homogenates of corpora lutea [2,3] .  The adenylate cyclase activity (Table V) 
in all these fractions was stimulated by luteinizing hormone (2--3-fold) and 
NaF (4--8-fold). Prostaglandin E2 dissolved in methanol significantly stimu- 
lated (3--4-fold) the adenylate cyclase activity of  plasma membrane fraction 
P-2+3-I1. Part of  this effect seemed to be due to the solvent since methanol 
(0.2%) also appeared to stimulate adenylate cyclase activity of  plasma mem- 
branes about  2-fold. The addition of  GTP (1 • 10 -4 M) had no effect on basal, 
or stimulated adenylate cyclase activities of  plasma membrane fractions P-2-I1, 
P-3-Il or P-2+3-I1 . 

Discussion 

When the corpus luteum fractions were prepared under isotonic condi- 
tions there was a high correlation of the adenylate cyclase activity with the 
marker enzymes for both plasma membranes (5'-nucleotidase) and the endo- 
plasmic reticulum (NADPH-cytochrome c reductase), indicating that the aden- 
ylate cyclase could be associated with either or both of these subcellular or- 
ganelles. Under these isotonic conditions the highest amount  of adenylate 
cyclase also appeared in the fraction where fragments of endoplasmic reticulum 
are usually expected to accumulate, but  this fraction was apparently contami- 
nated to a large extent  by fragments of  plasma membranes as judged by the 
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amount  of 5'-nucleotidase detected. A similar phenomenon was observed by 
House et al. [27] during the isolation of plasma membranes from rat liver 
under isotonic conditions (buffered 0.25 M sucrose). They reported the isola- 
tion of a microsomal fraction which contained 30--35% of the total crude 
homogenate 5'-nucleotidase activity. E1-Aasser and Reid [28] reported that 
even with the mildest homogenization only one half of the 5'-nucleotidase 
activity was associated with crude nuclear fraction, the remainder was asso- 
ciated with the microsomal fraction. 

In the studies where the fractions were prepared under hypotonic condi- 
tions the distribution of adenylate cyclase only correlated well with the plasma 
membrane marker enzyme (5'-nucleotidase). There was some correlation be- 
tween the adenylate cyclase and the lysosomal marker enzyme (acid phospha- 
tase), but the possible localization of adenylate cyclase with lysosomes was 
ruled out by the data obtained from isotonic fractionation mentioned earlier. 
Similarly, the possibility that  adenylate cyclase is associated with the endoplas- 
mic reticulum, as suggested by the isotonic studies, was ruled out by the data 
obtained with hypotonic fractionation. The only possibility that we are left 
with then is that adenylate cyclase of this tissue is associated with plasma 
membranes. This interpretation is arrived at not only because adenylate cyclase 
correlated extremely well with a classical enzyme marker for plasma mem- 
branes [13~-16], but also because the markers for the other organelles did not 
correlate with adenylate cyclase. A further piece of evidence was that  an elec- 
tron micrograph of one of the fractions with a high adenylate cyclase specific 
activity revealed only membrane fragments with no indication of the presence 
of ribosomes or other cytoplasmic contaminants. It is concluded, therefore, 
that the adenylate cyclase of bovine corpora lutea is primarily if not exclusively 
localized on the plasma membrane. 

Rao and Saxena [29] have also concluded that adenylate cyclase is pre- 
dominantly localized on the plasma membranes obtained from luteinized rat 
ovaries. This conclusion was, however, based on a limited amount  of fractiona- 
tion data in which no biochemical characterization of the fractions by standard 
markers was reported. Menon and Kiburz [6] have recently reported the exis- 
tence of adenylate cyclase in a "plasma membrane" fraction obtained from 
bovine corpora lutea, but the purpose of this study was not to determine the 
subcellular localization of the adenylate cyclase. No at tempt was made to 
ascertain if their "plasma membrane" fraction was the primary localization of 
this enzyme or to what extent this fraction was contaminated by other or- 
ganelles. 

The level of stimulation of adenylate cyclase activity of plasma mem- 
branes of corpora lutea by luteinizing hormone (Table V) is just about the same 
as that observed previously in whole homogenates of bovine corpora lutea 
[2,3]. Recently, Menon and Kiburz [6] also reported a 3-fold stimulation of 
adenylate cyclase activity of a "plasma membranes" fraction of bovine corpora 
lutea by human chorionic gonadotropin. The stimulation of adenylate cyclase 
by prostaglandin E2 indicates the presence of a prostaglandin E2 -sensitive aden- 
ylate cyclase in the plasma membranes of corpora lutea. The stimulatory effect 
of this prostaglandin on cyclic AMP accumulation has been reported in a varie- 
ty of ovarian tissue, but the biological significance of this effect is obscure 
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[ 3 ,30- -37] .  NaF produced a greater stimulation of  adenylate cyclase activity in 
the plasma membrane fraction of  this tissue than either luteinizing hormone or 
prostaglandin E2. The fluoride stimulation of  adenylate cyclase activity has 
been consistently observed in the study of  luteinizing hormone and other hor- 
mones [2 ,36 ,38] .  The stimulation of  adenylate cyclase activity by methanol 
appears to be a non-specific effect because a similar effect of  ethanol on aden- 
ylate cyclase activity in plasma membranes of rat liver and kidney and bovine 
thyroid has been reported [39] .  It was suggested that this effect may be due to 
a perturbation of  the plasma membrane structure [ 39 ] .  

In conclusion, it is reported that adenylate cyclase of  bovine corpus lu- 
teum is primarily localized in the plasma membranes. The adenylate cyclase 
activity of  isolated plasma membranes is stimulated by luteinizing hormone, 
prostaglandin E2, NaF and methanol. 
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