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Summary 

Adenylate cyclase specific activities in membranes isolated from chicken 
embryo fibroblasts transformed by Rous sarcoma virus are significantly lower 
than the specific activity of the enzyme in normal membranes. Since normal 
and transformed membranes have different phospholipid and fatty acid com- 
positions, adenylate cyclase activities were examined in normal and trans- 
formed membranes which had been supplemented with polar head groups or 
fatty acids. Basal, fluoride, and prostaglandin El-stimulated activities changed 
systematically with phospholipid composition. Increases in the primary amino 
group of the phospholipid polar head groups or the average degree of fatty acid 
unsaturation both inhibited adenylate cyclase activity. In general, adenylate 
cyclase activities in normal membranes were more sensitive to phospholipid 
compositional changes compared to adenylate cyclase in transformed mem- 
branes. The data indicate that the lower adenylate cyclase activities in trans- 
formed membranes are not solely attributable to phospholipid changes but do 
suggest that increases in the percentage of phosphatidylethanolamine may 
contribute to the lower adenylate cyclase activities in transformed membranes. 

Abbreviation: SDS, sodium dodecyl  sulfate. 



264 

Introduction 

The specific activity of adenylate cyclase in membranes isolated from Rous- 
sarcoma-transformed chicken embryo fibroblasts is significantly lower com- 
pared to normal membranes [1--3]. The mechanism for changes in adenylate 
cyclase activity accompanying Rous sarcoma transformation has not been 
elucidated. Anderson and Pastan have proposed that a viral product causes 
some modification of the plasma membrane which decreases adenylate cyclase 
activity [4]. This general hypothesis was strengthened by solubilization studies 
which demonstrated that the specific activities of adenylate cyclase from 
normal and Rous-sarcoma-transformed chicken embryo fibroblasts were 
identical when the enzyme was solubilized with a number of different nonionic 
detergents [3]. Detergent solubilization studies suggested that the differences 
between adenylate cyclase activities in normal and transformed membranes are 
due either to differential modulation of enzyme activity by an effector which 
requires intact membranes for its effects, or indirect effects due to altered 
membrane environment. 

A number of studies have implicated the importance of membrane lipids for 
adenylate cyclase activity [5--15]. Technology has now been developed for the 
in vivo modification of the fatty acid or polar head group composition of 
chicken embryo fibroblasts in tissue culture [16,17]. In the present study, the 
effects of membrane phospholipid composition changes on adenylate cyclase 
activity in normal and transformed membranes axe compared. 

Materials and Methods 

Materials. Calf serum and trypsin were purchased from GIBCO. Tryptose 
phosphate broth was from Difco. Fatty acid free bovine serum albumin was 
purchased from Pentex. Fatty acids were from Nucheck and they were more 
than 99% pure. Choline, N,N-dimethylethanolamine, N-methylethanolamine, 
and ethanolamine were from Eastman Kodak while 3-aminopropanol, and 
(--)-2-aminobutanol were purchased from Aldrich Chemicals. Prostaglandin 
El was the kind gift of Dr. John Pike, Upjohn Co. 

Primary cell culture. Chicken embryo fibroblasts were grown as previously 
described [18]. Primary cultures were prepared from 10-day-old chicken 
embryos from which the head and internal organs had been removed. The 
carcass was then incubated with 0.25% trypsin to dissociate the cells. The cells 
were centrifuged at 1200 rev./min for 10 rain and resuspended in Dulbecco's 
modified Eagle medium high glucose formula containing penicillin and strepto- 
mycin and supplemented with 4% calf serum and 1% heat inactivated chicken 
sara. Cells were plated at 6 • 106 cells/100 mm dish and grown for 3 days at 
41°C before replating as secondary cultures. 

Secondary and tertiary cell cultures for lipid supplementation studies. Lipid 
supplementations of chicken embryo fibroblasts were carried out by the 
method of Hale et al. [16]. Cells were grown as described above, but were 
plated in either the standard medium, the standard medium plus biotin but 
without tryptose phosphate broth, or in delipidated medium (Dulbecco's 
medium without choline supplemented with biotin, dellpidated calf and 
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chicken sera). Removal of lipid from calf and chicken sera was accomplished 
by multiple alcohol and ether extractions as previously described [19]. Phos- 
pholipid polar head group supplementations were performed on secondary 
or tertiary cultures plated in delipidated medium with a biotin concentration 
of 1 ~g/ml. Choline or its analogues were added as supplements 3 to 6 h after 
plating at a concentration of 40 pg/ml. Normal cells were plated at 1.25 • 106 
to 3.75.106 cells/100 mm dish and transformed cells at 1.88.106 to 
6.00.106 cells/100 mm dish. These plating densities resulted in similar cell 
densities for all cell types when cells were harvested. Transformed cells were 
harvested approximately 28 h and normal cells approx. 40 h after supplementa- 
tion. 

Fatty acid supplementation was performed on secondary or tertiary cultures 
plated in delipidated medium with a biotin concentration of 10 -4 pg/ml. 
Normal cells were plated at approximately 2.5.106 cells/100 mm dish and 
transformed cells at 3.1 • 106 cells/100 mm dish for all fatty acid supplements. 
Cells supplemented with different fatty acids were at comparable cell densities 
when harvested. Fatty acids were added to the medium at a final concentration 
of 20 pg/ml in the form of bovine serum albumin complexes. Bovine serum 
albumin fatty acid complexes were prepared by the method of Spector and 
Hoak [20]. Fatty acid supplements were added 20 h after plating and the cells 
were harvested 26 h later. 

Viral infection was performed by adding the Schmidt-Ruppin strain of Rous 
sarcoma virus, subgroup A (RSV-SR-A), at a multiplicity of infection of 
approximately one. 

Cells were harvested and membranes were prepared as previously described 
[3]. Membrane preparations were stored in 1 mM Tris-HC1, pH 7.5 at --60°C. 

Lipid determinations. Lipids were extracted by the general method of Bligh 
and Dyer [21] as described by Ames [22]. For phospholipid determinations, 
the cells were grown for two passages in [32P]phosphate to uniformly label all 
phospholipids. Phospholipids were separated by two<limensional thin layer 
chromatography on Silica gel G [23]. Phospholipids were visualized by auto- 
radiography on Kodak No-Screen film, eluted and counted for 32p in scintilla- 
tion cocktail. Fatty acid compositions were determined after extraction of the 
phospholipids by the method of Bligh and Dyer and separations of phospho- 
lipids from neutral lipids on a short unisil column [24]. Fatty acid methyl 
esters were prepared in sodium methoxide-methanol. The methyl esters were 
analyzed by gas-liquid chromatography on a 1.5 M column of 10% SP-2340 on 
100/120 Chromasorb W AW. The cis-trans isomers were resolved in a 3 M 
column of 15% OV-275 on 100/120 Chromasorb PAW-DMCS. Cholesterol con- 
centrations were determined by gas liquid chromatography using a 1.5 M 
column of 3% SE-30 on 80/100 Gas Chrom Q. 

Adenylate cyclase assay. Adenylate cyclase was assayed at 37°C according to 
the general method of Salomon et al. [25] in 50 pl containing 1 mM a.[a2p]. 
ATP (400 cpm/pmol), 2 mM cyclic AMP, 5 mM MgC12, I mM EDTA, 1 mM 
~-mercaptoethanol, 5 mM theophylline, 1.1% bovine serum albumin, and 20 
mM Tris-HC1, pH 7.5. 1 mg/ml creatine kinase and 20 mM phosphocreatine 
were present as an ATP regenerating system. ATP used in assays was purified by 
DEAE-Sephadex A-25 chromatography followed by Dowex AG-50 chromatog- 
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raphy. The concentrations of GTP, Gpp(NH)p, NaF, prostaglandin El and 
epinephrine, when present, were 100 /JAM, 100 y_M, 15 mM, 14 plVl and 50 p2Vl, 
respectively. Recovery of cyclic AMP was monitored using 3H-labeled cyclic 
AMP. Each sample contained 40 to 100 pg of  membrane protein. Data points 
are the mean of triplicate determinations with the standard deviation of less 
than 5%. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis, l~otein samples 
were subjected to electrophoresis on 7.5% SDS polyacrylamide slab gels using 
the method of  Laemmli [26]. 

Protein. Protein was determined by the method of  Lowry et al. [27] using 
bovine serum albumin as standard. 

Results 

Modification of the phospholipid composition 
In order to modify the phospholipid polar head group composition, the cells 

were plated in delipidated medium and allowed several hours to attach to the 
culture dish. Choline or choline analogues were added to the medium, and the 
cells were grown for 28 h (transformed} or 42 h (normal) and then harvested. It 
had been previously established [16] that  incorporation of  polar head group 
analogues was essentially complete 24 h after supplementation. Transformed 
cells were harvested earlier than normal cells because the transformed cells 
detach readily from the tissue culture dish at later periods of  time. The growth 
of  normal or transformed cells was unaffected by supplementation with either 
choline analogues or fatty acids. 

The phospholipid compositions of  normal and transformed cells grown in 
delipidated medium supplemented with choline (control) or choline analogues 
are reported in Table I. Incorporation of  the supplements into membrane 
phospholipids was generally very good. For example, normal cells supple- 
mented with N,N<limethylethanolamine synthesized phosphatidyldimethyl- 
ethanolamine as 58% of  the total phospholipid content.  With the exception of 
ethanolamine supplementation of normal cells, most choline analogues were 
incorporated to at least 40% of the total phospholipid content.  Although 
ethanolamine supplementation of normal cells increased the phosphatidyl- 
ethanolamine composit ion 10.7% over choline supplemented cells, phos- 
phatidylcholine levels still exceeded phosphatidylethanolamine. Supplementa- 
tion with choline analogues had little or no effect on the phosphatidylinositol 
plus phosphatidylserine, sphingomyelin or cardiolipin content.  The supple- 
ments generally replaced phosphatidylcholine and phosphatidylethanolamine 
to varying degrees. In ethanolamine supplemented cells, the increase in phos- 
phatidylethanolamine appeared to be a consequence of  direct replacement of 
phosphatidylethanolamine for phosphatidylcholine. 

Supplementation with choline or choline analogues also had some effects on 
the phospholipid fatty acid composition (Table II). Cells supplemented with 
ethanolamine or (--)-2-aminobutanol had a higher percentage of long chain 
fatty acids compared to other supplemented cells. The number of  double 
bonds/100 fatty acids remained relatively constant, although normal cell mem- 
branes consistently contained more unsaturated fatty acids than transformed 
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cell membranes. This compositional data indicates that the phospholipid polar 
head group composition cannot be varied without  some minor changes in the 
fatty acid composition. However, the changes in polar head group composition 
affected by supplementation with choline analogues were generally quite large 
compared to fluctuations in fatty acid composition. 

Modification of the fatty acid composition of chicken embryo fibroblasts 
Fatty acid supplementation was carried out  by addition of fatty acid-bovine 

serum albumin complexes to the delipidated medium 20 h after plating the 
cells and then allowing growth to continue for another 26 h. These conditions 
allowed for both maximal incorporation of the supplement and good growth 
of the cells. The fatty acid composition of membrane phospholipids isolated 
from cells supplemented with several unsaturated fatty acids is reported in 
Table III. Incorporation of all fatty acid supplements was excellent. Supple- 
mentat ion with 18: l ( t )  markedly reduced the percentage of saturated fatty 
acids, but  did not  alter the percentage of polyunsaturated nor long chain fatty 
acids compared to choline supplemented cells (Table IV). Growth of the cells 
in the presence of 18:2, 18:3 or 20:4 increased the percentage of poly- 
unsaturated fatty acids approximately five-fold. Concommitant  with the 
increases in polyunsaturated fatty acids were large increases in the number  of 
double bonds/100 fatty acids. In each case, fatty acid supplements appeared to 
replace 16:1 and 18:1. The phospholipid composition of fatty acid supple- 
mented cells was essentially invariant (Table V). 

Since changes in membrane cholesterol can affect physical properties of the 
membrane and adenylate cyclase activity [10,28--30], the cholesterol contents 
of the lipid supplemented membranes were also determined. No major changes 
in cholesterol content  of normal or transformed membranes occurred as a con- 
sequence of fatty acid or polar head group supplementations. 

Protein composition of supplemented membranes 
Membranes obtained from all lipid supplemented cells were subjected to 

SDS-polyacrylamide gel electrophoresis. No changes in SDS gel patterns as a 
consequence of either polar head group or fatty acid supplementation were 
evident. 

Alteration of adenylate cyclase activity in polar head group supplemented 
membranes 

Changes in the phospholipid polar head group composition of normal or 
transformed cells had significant effects on adenylate cyclase activity (Table 
VI). Supplementation with the series choline-dimethylethanolamine-methyl- 
ethanolamine~thanolamine illustrates an interesting correlation. This series 
progresses from a quaternary amine to a primary amine by successive removal 
of methyl  groups from the nitrogen. With transformed and normal cells, succes- 
sive removal of  methyl  groups lowered basal adenylate cyclase activity. How- 
ever, adenylate cyclase in transformed membranes was much less sensitive to 
these phospholipid compositional changes than adenylate cyclase in normal 
membranes. Both normal and transformed adenylate cyclase activities 
exhibited a negative correlation with the primary amino character of the mem- 
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T A B L E  IV 

F A T T Y  A C I D  C O M P O S I T I O N A L  P A R A M E T E R S  F O R  C E L L S  G R O W N  IN D E L I P I D A T E D  M E D I U M  + 
C H O L I N E  + E X O G E N O U S  F A T T Y  A C I D  * 

T h e  p a r a m e t e r s  c a l c u l a t e d  f r o m  d a t a  in  T a b l e  III.  

Cells a n d  ~>CI 8 % % Po ly -  D o u b l e  b o n d s  1 8  : I / 2 0 : 4  
s u p p l e m e n t  S a t u r a t e d  u n s a t  t t ra t  ed  p e r  I 0 0  

f a t t y  a c i d s  * 

N o r m a l  cel ls  
Cho l i ne  1 3 . 9  3 2 . 6  1 2 . 6  9 8  7 . 3 0  
+ 1 8 : l ( t )  1 0 . 7  9 .3  I i . I  6 6  ( 1 2 0 )  3 . 6 2  ( 1 3 . 5 )  
+ 1 8 : 2  2 3 . 0  2 4 . 5  6 1 . 4  1 6 0  0 . 9 6  
+ 1 8 : 3  21 .6  1 9 . 7  6 1 . 8  2 1 7  1 . 4 9  
+ 2 0 : 4  5 4 . 0  2 9 . 0  54 .0  2 0 9  0 . 3 4  

T r a n s f o r m e d  cel ls  
C h o l i n e  10 .1  3 2 . 3  9 . 2  9 1  1 3 . 4  
+ 1 8 : 1 ( t )  7 .4  1 1 . 2  8 .3  6 1  ( 1 0 9 )  7 . 0 8  ( 2 0 . 0 )  
+ 1 8 : 2  1 6 . 6  2 9 . 8  5 3 . 5  1 3 7  2 .51  
+ 1 8 : 3  16 .1  2 2 . 8  5 6 . 8  2 0 0  2 . 2 0  
+ 2 0 : 4  50 .9  29 .7  50 .7  1 9 5  0 . 5 8  

* C o r r e c t e d  f o r  d i f f e r e n t  w e i g h t  o f  d i f f e r e n t  f a t t y  ac ids .  N u m b e r s  in  p a r e n t h e s e s  i n c l u d e  1 8 : l ( t r a n s ) .  

brane phospholipids. This parameter was calculated from the phospholipid 
compositions (Table I) by assigning phosphatidylethanolamine a value of 1; 
phosphatidylmethylethanolamine, 2/3; phosphatidyldimethylethanolamine, 
1/3; and phosphatidylcholine, 0 (Fig. 1). 

Stimulation by fluoride varied somewhat with polar head group supple- 
mentation; however, these changes were not pronounced. In contrast, stimula- 

T A B L E  V 

P H O S P H O L I P I D  C O M P O S I T I O N  O F  C E L L S  G R O W N  IN D E L I P I D A T E D  M E D I U M  + C H O L I N E  + E X O -  
G E N O U S  F A T T Y  A C I D  

PC,  p h o s p h a t i d y l e h o l i n e ;  P E ,  p h o s p h a t i d y l e t h a n o l a m i n e ;  PI ,  p h o s p h a t i d y l i n o s i t o l ;  PS ,  p h o s p h a t i d y l s e r i n e ;  
Sp,  s p h i n g o m y e l i n ;  CL ,  c a l d i o H p i n ;  P M E A ,  p h o s p h a t i d y l m e t h y l e t h a n o l a m i n e .  

Cells a n d  P h o s p h o l i p i d  c o m p o s i t i o n  (% p h o s p h a t e )  
s u p p l e m e n t  

PC P E  PI  + PS S p  C L  P M E A  O t h e r  * 

N o r m a l  cel ls  
C h o l i n e  5 1 . 5  2 0 . 0  1 3 . 3  8 .9  1 .7  2 .4  2 .2  
+ 1 8 : 1 ( t )  4 6 . 8  2 4 . 2  1 3 , 5  8 .3  1 .7  3 .0  2 .4  
+ 1 8 : 2  5 0 . 9  2 0 . 6  1 2 , 5  11 .1  1 . 8  1 .9  1 . 2  
+ 1 8 : 3  5 1 . 4  21 .1  1 1 . 0  11 .1  1 . 5  2 .6  1 .3  
+ 2 0 : 4  5 1 . 2  1 7 . 8  1 2 . 9  1 2 . 1  1 . 3  2 .0  2 .7  

T r a n s f o r m e d  cel ls  
C h o l i n e  4 5 . 8  2 6 . 0  1 2 . 4  1 0 . 4  2 .0  1 . 4  2 .1  
+ 1 8 : 1 ( t )  4 1 . 7  2 9 . 9  1 1 . 9  1 2 . 1  1 .6  1 .1  1 . 8  
+ 1 8 : 2  4 3 . 2  2 8 . 6  1 1 . 0  1 1 . 1  1 .5  2 . 6  1 .3  
÷ 1 8 : 3  4 2 . 3  2 6 . 8  1 1 . 8  1 1 . 7  1 ,8  3 .4  2 .2  
+ 2 0 : 4  4 3 . 9  2 5 . 6  1 3 . 2  1 2 . 3  1 , 2  1 .8  2 .0  

* O t h e r  p h o s p h o H P i d s  i n c l u d e d  p h o s p h a t i d y l g l y c e r o l ,  l y s o p h o s p h a t i d y l c h o l i n e  ( ~ 0 . 0 5 % )  l y s o p h o s p h a t i -  
d y l e t h a n o l a m i n e  a n d  o t h e r  u n i d e n t i f i e d  c o m p o u n d s .  
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TABLE VI 

ADENYLATE CYCLASE ACTIVITIES OF CELLS GROWN IN DELIPIDATED MEDIUM + CHOLINE 
OR CHOLINE ANALOGUE 

Numbers in parentheses indicate fold s t imula t ion  over basal activi ty.  

Cells and 
supplement  

Adenylate cyclase activities (pmol /mg/10 rain) 

Basal Fluoride Prostaglandin E l 

Normal cells 
Choline 110 1626 (15) 264 (2.4) 
Dimethyle thanolamine  95.7 1734 (17) 258 (2.7) 
Methyle thanolamine 66.0 1360 (21) 238 (3.6) 
Ethanolamine 46.2 980 (21) 224 (5.3) 
Aminobutanol  63.6 880 (14) 230 (3.6) 
Aminopropanol  60.5 756 (13) 244 (3.7) 

Transformed cells 
Choline 34.0 898 (26) 88.4 (2.6) 
Dimethyle thanolamine  27.0 826 (31) 78.3 (2.7) 
Methyle thanolamine 24.6 740 (30) 68.9 (2.7) 
Ethanolamine 22.2 817 (37) 122 (5.5) 
Aminobutanol  19.4 570 (29) 42.7 (2.2) 
Aminopropanol  18.0 442 (25) 59.4 (3.3) 

tion by prostaglandin El Was much more sensitive to phospholipid composi- 
tional changes. For example, supplementation with phosphatidylethanolarnine 
increased the degree of prostaglandin E~ Stimulation by a factor of two in 
normal and transformed membranes. (Prostaglandin E, + GTP) and (prosta- 
glandin El + Gpp(NH)p) stimulated adenylate cyclase 2.4-fold and 10-fold, 
respectively, both in normal and transformed ceils grown in the presence of 
choline. 

Ethanolamine, 2-aminobutanol, and 3-aminopropanol constitute a set of 
related analogues which all contain a primary amino group but differ in the 
structure of the alkyl chain between the amino and alcohol functions. Basal 
adenylate cyclase activity in transformed membranes was relatively insensitive 
to these phospholipid structural changes, although fluoride and prostaglandin 
E~ stimulated activities decreased considerably upon supplementation with 
2-aminobutanol or 3-aminopropanol. In contrast, supplementation of 
normal cells with these two analogues increased basal adenylate cyclase activity 
with little or no effect on fluoride and prostaglandin E~ stimulated activities. 

Alteration of adenylate cyclase activity in fatty acid supplemented cells 
Modification of the fatty acid composition had significant effects on 

adenylate cyclase activities in normal and transformed membranes (Table VII). 
Supplementation with 18:1(0 had little effect with either membrane system. 
However, supplementation with c/s polyunsaturated fatty acids caused a 
decrease in basal, fluoride stimulated and prostaglandin El stimulated adenylate 
cyclase activities. This effect was most  pronounced in normal membranes 
where incorporation of 20:4 decreased basal activity by a factor of three. 

Attempts were made to correlate adenylate cyclase activities with various 
fatty acid compositional parameters. No correlations could be drawn between 
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T A B L E  VI I  

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

N m n b e r s  in  p a r e n t h e s e s  i n d i c a t e  fo ld  s t i m u l a t i o n  ove r  b a s a l  a c t i v i t y .  

Cells  a n d  
s u p p l e m e n t  

A d e n y l a t e  cyc l a se  ac t iv i t i e s  ( p m o l / m g / l O  r a i n )  

Basal  F l u o r i d e  P r o s t a g l a n d i n  E 1 

N o r m a l  cel ls  
Cho l l ne  1 3 2  1 9 0 1  (14 )  4 1 2  ( 3 . 1 )  
+ 1 8 : l ( t )  1 1 6  2 2 0 4  (19)  5 1 0  (4 .4 )  
+ 1 8 : 2  7 7 . 9  1 1 6 9  (15 )  2 2 3  (2 .9 )  
+ 1 8 : 3  3 4 . 3  7 8 9  (23 )  8 0 , 6  ( 2 . 3 )  
+ 2 0 : 4  4 3 . 6  93"/ ( 22 )  1 1 3  ( 2 . 6 )  

T r a n s f o r m e d  cells  
Cho l i ne  3 1 . 8  8 5 1  (27 )  1 1 0  (3 .5 )  
+ 1 8 : 1 ( t )  29 .9  7 8 3  (26 )  1 1 2  ( 3 . 7 )  
+ 1 8 : 2  2 9 . 3  7 1 8  (25 )  73 . ' /  ( 2 . 5 )  
+ 1 8 : 3  1 7 . 2  5 3 3  (31 )  3 6 . 1  (2 .1 )  
+ 2 0 : 4  1 6 . 9  5 0 7  (30 )  3 8 . 4  ( 2 , 3 )  

adenylate cyclase activity and the percentage of fatty acids longer than 18 
carbons, the percent of saturated fatty acids, the percent of  polyunsaturated 
fatty acids or the ratio of 18:1 to 20:4. Excellent correlations ([ r l  > 0.98) were 
found with both basal and prostaglandin El activities and the number  of  cis 
double bonds/100 fatty acids. Increases in the number of double bonds/100 
fatty acids were associated with a decline in both basal and prostaglandin El 

100 

0 

~4o 
20 

o 

~4o 
u 

~ zo  

I0 

I I I I 

o 

I I I I I 

B 

o 

I I I ~ I I I 
0 30 35 40  45 ~v ' 55 60 65 

Primary Amino Groups / 100 Phospholipids 

Fig .  1.  C o r r e l a t i o n  b e t w e e n  b a s a l  a d e n y l a t e  eye l a se  a c t i v i t y  a n d  p r i m a r y  Amino  g r o u p  c h a r a c t e r s  o f  m e m  
b r a n e  p h o s p h o l i p i d s .  D a t a  a r e  t a k e n  f r o m  T a b l e s  I a n d  VI .  A ,  n o r m a l  m e m b r a n e s ;  B,  t r a n s f o r m e d  m e m  
b r a n e s .  
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Fig.  2 .  Correlat ion b e t w e e n  prostaglandin E l - s t imula ted  adeny la te  cyclase  act ivi ty  and number  o f  doub le  
b o n d s / 1 0 0  fatty  acids o f  m e m b r a n e  phospho l ip ids .  Data are taken  from Tables  I V  and VII.  A ,  normal  
membranes ;  B, t rans formed  membranes .  

Fig .  3 .  Correlat ion b e t w e e n  basal  adeny la te  cyclase  act ivi ty  and number  o f  double  b o n d s / 1 0 0  fatty  acids 
o f  m e m b r a n e  phosphol ip ids .  Data are taken from Tables  I V  and VII.  A ,  normal  membranes ;  B, trans- 
f o r m e d  membranes .  

stimulated activities, and this effect was most  pronounced with normal mem- 
branes (Figs. 2, 3). 

Discussion 

The membrane phospholipid composit ions of  normal and transformed 
chicken embryo fibroblasts are significantly different. Since adenylate cyclase 
is an integral membrane protein system, it might be postulated that the lower 
activity o f  the enzyme in transformed membranes is due to  an altered phospho- 
lipid environment.  Changes in the membrane phospholipid or fatty acid com- 
positions can cause significant alterations of  adenylate cyclase activities 
[14 ,15] .  Therefore, the influence o f  membrane phospholipid and fatty acid 
composit ional  changes on adenylate cyclase in normal and transformed mem- 
branes was systematically examined.  

Adenylate cyclase in chicken embryo fibroblasts is quite sensitive to the 
membrane phospholipid and fatty acid composit ion.  Basal adenylate cyclase 
activity in normal membranes varied over a four-fold range, depending upon 
the lipid supplement.  Prostaglandin El-stimulated activity was even more sensi- 
tive to the membrane lipid composit ion and varied over a six-fold range with 
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different lipid supplements. In general, adenylate cyclase activity in ~ans- 
formed membranes was much less sensitive to  polar head group or fatty acid 
compositional changes. 

There are a number  of  systematic correlations between adenylate cyclase 
activities and membrane phospholipid compositional parameters. For example, 
enzyme activity in normal and transformed membranes decreased regularly as 
the degree of  fatty acid unsaturation increased. Increases in the primary amino 
group character of  phospholipids also resulted in a decline in adenylate cyclase 
activity. 

These correlations between chicken embryo fibroblasts adenylate cyclase 
activities and phospholipid compositions are strikingly different from those 
previously identified for adenylate cyclase in LM cell membranes [15]. With 
LM cells, increases in the either the primary amino group character or number 
of  double bonds/fatty acid increased adenylate cyclase activity. These two 
studies suggest that  other components  of  the membrane may moderate the 
sensitivity of the enzyme to its lipid environment. With current technology, it 
is impossible to quantitate the absolute amounts of adenylate cyclase present in 
membrane preparations. Some of the variations in adenylate cyclase activity 
accompanying lipid supplementation could conceivably be due to altered 
amounts of the protein in the membranes. This possibility cannot be rigorously 
excluded; however, SDS gels of the various supplemented membranes were 
indistinguishable. 

The data presented in this study indicate that  the changes in phospholipid or 
fatty acid composition are probably no t  solely responsible for the lower 
adenylate cyclase activities in transformed cells. When normal and transformed 
cells are grown in standard media supplemented with tryptose phosphate broth, 
the ratios of phosphatidylethanolamine to phosphatidylcholine are 0.58 and 
0.81 for normal and transformed membranes respectively. In addition, the two 
membrane systems differ in the ratio of  18:1/20:4 and the number of  double 
bonds/100 fatty acids. When all of  the phospholipid compositional and 
adenylate cyclase data for the supplemented membranes is analyzed, it is 
difficult to unambiguously identify any single lipid compositional parameter 
which may account for the lower adenylate cyclase activity in transformed 
membranes. The data do suggest that  the higher levels of phosphatidylethanol- 
amine in transformed membranes may contribute to the lower adenylate 
cyclase activities. However, it was not  possible to vary the phosphatidylethanol- 
amin composition without  some minor changes in fatty acid composition. 
Therefore, any conclusions concerning the relationship between changes in 
phosphatidylethanolamine and adenylate cyclase which occur during trans- 
formation of  chicken embryo fibroblasts are tentative. 

The adenylate cyclase system in animal cell membranes is a multisubunit 
complex comprised of  several regulatory subunits and a catalytic subunit 
[31--35]. Although changes in the phospholipid composition may contribute 
to the lower adenylate cyclase activities in transformed membranes, there is 
evidence that Rous-sarcoma-transformed chicken embryo fibroblasts contain 
decreased amounts of a protein which activates adenylate cyclase [4]. Since the 
adenylate cyclase activities in normal and transformed membranes are 
normalized by detergent solubflization [3], this implies that  the effects of the 
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regulatory factor may be indirectly dependent upon the membrane environ- 
ment. The data presented in this study are consistent with this hypothesis and 
demonstrate that the enzyme in normal membranes is much more sensitive to 
phospholipid changes than adenylate cyclase in transformed membranes. 
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