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SUMMARY 

To determine whether changes in unsaturation of fatty acids in rat liver plasma 
membranes might alter activities of membrane-associated enzymes, liver plasma 
membranes were prepared from rats fed purified diets lacking or supplemented with 
essential fatty acids. Two methods of membrane purification were used. A similar 
degree of purification was obtained with both methods for both depleted and control 
membranes, as indicated by marker enzyme purification. The proportion of essential 
fatty acids of the linoleate series was significantly lower in phospholipids from deplet- 
ed rats. The specific activity of 5'-nucleotidase was lower, and the activity, V and 
apparent K m for total (Na + + K + + M g  2+)-ATPase were higher in the depleted liver 
plasma membranes. Arrhenius plots of total ATPase activity showed a discontinuity at 
the same temperature for both the depleted and control membranes. Activity with the 
depleted membranes was higher at all temperatures tested. Supplementation of 
deficient rats with a source of essential fatty acids (corn oil) restored V and apparent 
K m values to normal. Adenylate cyclase activity in the presence of fluoride, glucagon 
or glucagon plus GTP was significantly lower in the depleted plasma membranes. 

INTRODUCTION 

Considerable evidence indicates the importance of phospholipids in the 
activity of plasma membrane-associated enzymes such as (Na + + K  +)-ATPase [1, 2], 
MgZ+-ATPase [3-6] and adenylate cyclase [7-10]. Phosphatidylserine and phos- 
phatidylinositol appear to have specific roles in the function of (Na + + K  +)-ATPase 
[1, 6, 11 ], and variations in chain length and degree of unsaturation of phospholipid 
fatty acids have been shown to affect the activity of this enzyme [12]. The evidence 

Abbreviations: (Na + +K+)-ATPase:  Na + and K+-stimulated and Mg 2+ requiring ATPase 
or ouabain-sensitive ATPase; Mg2+-ATPase is Mg2+-stimulated, ouabain-insensitive ATPase. 
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for phospholipid effects has been obtained in vitro with isolated preparations of 
(Na + ÷ K  +)-ATPase from which lipids have been removed and replaced with specific 
phospholipids. The function of Mg2+-ATPase is not definitely known, but it con- 
stitutes a large portion of the plasma membrane ATPase activity [3, 5] and may be 
involved in the primary steps of insulin action in adipose tissues [13] or in lymphocyte 
transformation [14]. Hormonal activation of adenylate cyclase is phospholipid 
dependent [7-10], and phosphatidylserine and phosphatidylinositcl may be spe- 
cifically involved. 

As yet, we do not know how fatty acid structures affect the activity of mem- 
brane-associated enzymes or the physiological effects that might result from changing 
these activities. In animals, including humans, significant changes can be made in 
the unsaturated fatty acid composition of cell membranes by varying dietary intakes 
of essential fatty acids [15]. Maximum changes occur in animals made essential fatty 
acid-deficient by feeding a diet lacking essential fatty acids. Consequently, if these 
membrane-bound enzymes were influenced by the unsaturated fatty acid composition 
of the associated lipids, then one would expect large changes in the activity of these 
enzymes in liver plasma membranes from essential fatty acid-deficient animals. 

Evidence for this hypothesis has been obtained recently. An increase in the 
specific activity of (Na+÷K+)-ATPase has been found in brain homogenates and 
in isolated synaptosomal membranes from essential fatty acid-deficient mice [16]. 
A decrease in the specific activity of 5'-nucleotidase has been observed in brain 
homogenates from essential fatty acid-deficient rats [17]. The ability of Na + and K + 
to activate ATPase of erythrocyte ghosts is decreased in cells from rats fed a fat-free 
diet [18 ]. The results with erythrocyte ghosts led to the suggestion that the interaction 
of Na + and K + with the enzyme might be affected by the fatty acid composition of 
the plasma membrane, with subsequent modification of the structure of the mem- 
brane-bound ATPase. 

Previously, Chandrasekhara and Ananth Narayan [19] reported a lower 5'- 
nucleotidase activity in liver plasma membranes from essential fatty acid-deficient 
rats fed a purified diet, but no difference was found in total (Na++K+4-MgZ+)-  
ATPase activity. Unfortunately, this experiment was not properly controlled, since 
the deficient rats were compared with those fed a chow diet. Laboratory "chow" diets 
differ from purified diets in so many respects, in addition to essential fatty acid con- 
tent, that it is very possible that the experimental results might reflect these other 
differences rather than specific effects of essential fatty acid deficiency. It is clearly and 
abundantly documented that metabolic responses differ between rats fed complete 
purified diets and those fed "chow" diets [20]. 

Membrane preparations from essential fatty acid-deficient rats offer consider- 
able potential for studying relationships between membrane fatty acid composition 
and properties of membrane-associated enzymes. Therefore, it was important (a) to 
eliminate the possibility that the results of Chandrasekhara and Ananth Narayan [ 19] 
arose from differences in dietary components other than essential fatty acids and (b) to 
determine whether other enzymatic differences in liver plasma membranes might 
exist between deficient rats and control rats fed the same purified diet supplemented 
with a source of essential fatty acids. In the present report, we have made such a 
comparison. Results for 5'-nucleotidase, ATPase and adenylate cyclase are reported. 
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M E T H O D S  

Rats and diets. Essential fatty acid deficiency was produced by feeding weanling 
male Sprague-Dawley rats a 20 % casein-sucrose diet containing 5 % hydrogenated 
coconut oil. Control rats were obtained by feeding the same 20 % casein-sucrose diet, 
supplemented with 5 % corn oil as the source of essential fatty acid [21]. The rats 
were caged in pairs in galvanized, suspended wire-bottom cages. Food and tap water 
were supplied ad libitum. 

Preparation of liver plasma membranes. After at least 6 weeks of essential fatty 
acid-depletion, the deficient rats were sacrificed by decapitation without anesthesia. 
A control rat of the same age was sacrificed at the same time, so that deficient and 
control plasma membranes were always prepared in sets of two. The rats had access to 
food up to the time of sacrifice. The livers were perfused with ice-cold saline (0.15 M) 
through the portal vein, then excised and processed as described by Ray [22]. The 
resulting pellets from the low-speed centrifugation were then purified by the sucrose 
gradient method of Ray [22] or the two-phase polymer method of Lesko et al. [23]. 

Gel electrophoresis. Slab-sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis was performed by techniques similar to those described by Ames [24]. The 
discontinuous buffer system of Laemmli [25] was used. The stock solution of acryl- 
amide and N,N'-bis-methylene-acrylamide (30 %, 0.8 %) was diluted to 12.5 % 
acrylamide in the running gel for this electrophoresis procedure. 

Enz)'DIC assa),s 
5'-Nucleotidase (EC 3. l.3.5) was assayed at 30 °C as described by Solyom 

and Trams [26]. Inorganic phosphate was determined as described [27] with ferrous 
sulfate as reducing agent. 

A TPase (EC 3.6.1.3). In the preparation of plasma membranes, ATPase activity 
was measured by inorganic phosphate release from ATP at 30 °C. For determination 
of temperature dependence, V and Kin, ATPase was assayed by the method of Barnett 
[28] in which ADP formation is coupled with NADH oxidation. In both assays, the 
incubation medium contained 3 mM ATP, 3 mM MgCI2, 80 mM NaC1, 10 mM KC1, 
and 50 mM Tris • HC1 buffer, pH 7.5. In the NADH oxidation method, the incuba- 
tion medium contained also 2 mM NADH, 2 mM phosphoenolpyruvate, 20 units 
lactate dehydrogenase (EC 1.1.l.27) and 200 units pyruvate kinase (EC 2.7.1.40) 
per ml. 

Adenylate cyclase. The assay system [29, 30] contained in total volume of 
0.20 ml: 30 mM Tris • HC1 pH 7.5, 4 mM MgC12, 0.2 mM 1-methyl-3-isobutylxan- 
thine, 1 mM EDTA, 1.25 mM ATP, 0.01 mg bovine serum albumin, 10 mM phospho- 
creatine and 7.5 units creatine phosphokinase (EC 2.7.3.2). Reactions were started 
by adding 0.04 mg membrane protein and stopped after 15 min at 34 °C by adding 
sodium acetate/acetic acid buffer, pH 4.5, to a final concentration of 50 mM. Samples 
were frozen at --20 °C until analysis for cyclic AMP [31]. 

Alkaline phosphatase (EC 3.1.3.1) was measured by hydrolysis of p-nitro- 
phenylphosphate at pH 9 [22]. The assay system contained 1 mM p-nitrophenyl- 
phosphate, 2.5 mg MgCI2, 0.1% Triton X-100, and 100mM Tris-HCI, pH 9.0. 
The change in absorbance at 410 nm was recorded with a Gilford spectrophotometer. 

Glucose-6-phosphatase (EC 3.1.3.9) was assayed at 30 °C according to H/ib- 
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scher and West [32]. Succinate-cytochrome c reductase was used as a marker for 
mitochondrial membranes [33]. The degree of contamination for microsomes or 
mitochondria was calculated, according to Newkirk and Waite [34], as the ratio of 
the recovery of either enzyme in the plasma membrane fraction to the recovery of 
5'-nucleotidase in the plasma membrane fraction. 

Protein was determined by the method of Lowry et al. [35], with bovine serum 
albumin as standard. 

Lipid analysis. Plasma membranes (10-12 mg protein) were extracted with 
chloroform/methanol (2:1,  v/v) containing 0.001 ~o hydroquinone as described 
previously [36]. Phospholipid fractions were separated by thin-layer chromatography 
on silica gel H plates with chloroform/methanol/glacial acetic acid/water (25 : 15  : 4 : 

2, v/v) as developing solvent [37]. Aliquots of membrane lipids containing about 
2 mg fatty acid were applied to the plates and compared with known standards 
(0.5 mg of phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine 
spotted adjacent to the sample). The phospholipid bands were located by spraying 
with 2',7'-dichlorofluorescein (0.4 %o in methanol) and viewing under ultraviolet light. 
The bands were scraped from the plates and transmethylated directly [36] with an 
appropriate amount cf heptadecanoic acid as an internal standard. The methyl esters 
were extracted into petroleum ether, and analyzed by gas-liquid chromatographic 
analysis, as previously described [36]. 

Materials. Phosphoenolpyruvate, ATP, GTP, NADH (disodium salt), phos- 
phocreatine, glucagon, lactate dehydrogenase, pyruvate kinase (salt-free) and creatine 
phosphokinase were from Sigma. Omnifluor was from New England Nuclear, 
and cyclic [3H]AMP from Amersham. 

RESULTS 

Isolation of plasma membranes. Initially both the sucrose gradient method of 
Ray [22] and the two-phase polymer method of Lesko et al. [23] were used for liver 
plasma membrane preparation in order to determine how membranes from essential 
fatty acid-deficient rats responded to different conditions of purification. Both methods 
produced a similar degree of purification (Table I) for membranes from either de- 
ficient or control rats, based on the values for 5'-nucleotidase, alkaline phosphatase, 
and ATPase as marker enzymes. The yield of membrane protein per weight of liver 
was greater with the two-phase polymer method, in agreement with the results of 
Lesko et al. [23]. The degree of contamination by mitochondria and microsomes 
(Table II) was similar in both deficient and control membranes. The values for 
specific activities, purification and recovery data for our preparations are similar to 
previously reported purification values (10-25 times) based on 5'-nucleotidase activity 
of sucrose gradient preparations [3844]. Pohl et al. [38], assaying 5'-nucleotidase at 
30 °C, obtained specific activity values of 32 and 38, with a 17- and 19-fo!d purifica- 
tion. With both methods of preparation, the specific activity of the 5'-nucleotidase 
was significantly lower in membranes from the deficient rats. ATPase activity, when 
measured by inorganic phosphate release, was higher in deficient than in control 
membranes, but the difference was not statistically significant. 

The lower specific activity of 5'-nucleotidase could be attributed in part to the 
lower degree of purification of the depleted membranes, i.e. 14-fold cf. 17-fold in the 
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T A B L E  1 

E N Z Y M E  ACTIVITIE S  1N R A T  L I V E R  P L A S M A  M E M B R A N E S  P R E P A R E D  BY S U C R O S E  
G R A D I E N T  O R  T W O - P H A S E  P O L Y M E R  M E T H O D S .  E N Z Y M E S  ASSAYS W E R E  D O N E  
A T  30 °C. V A L U E S  A R E  M E A N  ± S . D .  N U M B E R S  IN P A R E N T H E S E S  A R E  T H E  N U M B E R  
O F  P R E P A R A T I O N S  A N A L Y Z E D  

Enzyme  - e s s e n t i a l  fatty acid - -essent ia l  fatty acid 

Spec. act. Re- Purifi- Spec. act. Re- Purifi- 
(/~mol P, • m g -  ~ cov- cat ion /mao[ PI • m g -  1 cov- cat ion 
protein • h -  J ery (RSA)* protein  - h -  t ery IRSA)* 

5 ' -Nucleot idase  2.70:1 0.50 (6) 2,21 ±0 .76  16) 
homogena te  
p lasma  m e m b r a n e s  

Ray  36.8 2- 8.4 ~3) 2%6 :!: 5.7 (3) 
Lesko 45.1 2- 6.3 (6) 9.0 17 31.2 3 6.2 (6) 

ATPase  
homogena te  5.92 ~ 1.25 (6) 7.55 1.26 (6) 
p lasma  m e m b r a n e s  

Ray 50.4 (1) 69.8 _~ 15.1 (2) 
Lesko 57.8 2-13.8 161 5.4 10 67.2 !:22.5 (6) 

Alkal ine phospha tase  
homogena t e  0.144_ 0.03 (6) 0 . 2 3 5 : 0 . 0 8  16) 
p lasma  m e m b r a n e s  

Ray  1.70J 0.69 (3) 1 .20k  0.31 (3) 
Lesko 1.43 E 0.66 (6) 6.8 10 2.552- 0.89 (6) 

12 14 

6.1 9 

8.7 I1 

* RSA is the ratio o f  specific activity o f  enzyme in the p lasma membrane  fraction to the specific 
activity in the homogena te .  

T A B L E  1I 

M I T O C H O N D R I A L  A N D  M I C R O S O M A L  C O N T A M I N A T I O N  OF  L I V E R  P L A S M A  M E M -  
B R A N E  P R E P A R A T I O N S  M A D E  BY T H E  T W O - P H A S E  P O L Y M E R  S Y S T E M  (LESKO 
ET AL. )  E N Z Y M E  AS S AYS  W E R E  D O N E  A T  30 °C. V A L U E S  A R E  T H E  M E A N  4-S.D. 
T H E  N U M B E R S  1N P A R E N T H E S E S  A R E  T H E  N U M B E R  O F  P R E P A R A T I O N S  A N A L Y Z E D  

Enzyme  +essen t i a l  fatty acid - essential fatty acid 

Spec. act. Re Con-  Spec. act. Re Con-  
p m o l  • m g -  ~ coy- tami-  / tmol  • m g -  l cov- tami-  
protein - h -  ~ ery na t ion  prote in  • h -  i ery na t ion  

o / "  (~o) (°/,3 (%) (%) 

Glucose-6-phospha tase  
homogena t e  5.77 ±0 .82  (6) 
p lasma m e m b r a n e s  3.72 2-1.30 (6) 0.4 4 

Succinic-cytocbrome 
reductase 
bomogena te  0.0262-2__0.010 (6) 
p lasma  membranes  0 .01550 .015  (6) 0.5 5 

7.50 2-1.1 (6) 
5.16 ± 1 . 9  (6) 0.5 4 

0.0222-0.011 (6) 
0 .012±0.005 (6) 0.6 6 
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controls, if the ratio of  the specific activity of the membrane preparation to the 
homogenate specific activity is used to calculate purification. However, when allow- 
ance is made for lower purification, the calculated specific activity of 5'-nucleotidase 
in the deficient membranes remains lower than in control membranes (37.0 cf. 45.1 
/tmol/mg protein/h). Chandrasekhara and Ananth Narayan reported a 50 ~o decrease 
in 5'-nucleotidase or only a 7-fold purification in the deficient liver plasma mem- 
branes, in contrast to a 13-fold purification in liver plasma membranes of the non- 
deficient rats. Based on ATPase activity (measured by inorganic phosphate release), 
their purification was about 6-fold with both deficient and control preparations. 

Fig. 1 shows the slab gel electrophoresis patterns for membranes prepared by 
the two methods. Pairs of one deficient and one control rat were sacrified together, 
and the membranes were prepared under identical conditions, i.e., lanes 1 and 2, 
lanes 3 and 4, and lanes 5 and 6. These preparations were made from rats fed the 
experimental diets for 4 months. 

With either method of preparation, the patterns of the membranes from defi- 
cient rats were very similar to the patterns from the control rats. The bands observed 
in the control membranes were found in the deficient membranes, although some 
bands in the deficient preparation stained more intensely. However, it is obvious that 
the twc methods of preparation did not  give identical patterns. Membranes made by 
the two-phase polymer method showed more bands at the front of the gel. The nature 

...... ............... ~i~!i~i~i iii~ii!i!il ~ .......... ~ ~ 

L a n e :  1 2 3 4 5 6 

E F A  : + - + - -  + - -  

Fig. l. Slab gel electrophoresis patterns of liver plasma membranes prepared from essential fatty acid- 
deficient (EFA-- )  and control rats. Lanes 1 ~,  represent preparations made by the two-phase polymer 
method. Lanes 5-6 are preparations made by the sucrose gradient method. Lanes 1, 3 and 5 are 
essential fatty acid-supplemented (EFA+)  control preparations. Lanes 2, 4 and 6 are the corre- 
sponding essential fatty acid-depleted preparations made at the same time. 
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and significance Gf these lower molecular weight bands are unknown, but this differ- 
ence in electrophoretic pattern did not measurably affect the specific activity of the 
enzymes considered as "marker" enzymes for liver plasma membranes. Since the 
twc-phase polymer method appeared satisfactory for the plasma membrane prepara- 
tion from both deficient and supplemented rats, this method was used subsequently 
because of its rapidity and greater yield of membranes. 

Fatty acid composition of liver plasma membrane phospholipids. The glycero- 
phospholipid fractions from deficient rats all showed the expected decreases in the 
proportions oflinoleate and arachidonate (Table II1). The greatest difference between 
deficient and control preparations in archidonate was in phosphatidylcholine, and 
the least difference was in phosphatidylserine. In preparations from deficient rats, 
the proportions of arachidonate still present in phosphatidylethanolamine, phosphati- 
dylserine, and phospbatidylinositol were definitely higher than in phosphatidyl- 
choline. The values for arachidonate were approximately the same for phosphatidyl- 
ethanolamine, phosphatidylserine and phosphatidylinositol for control preparations, 
i.e. 33 ~, 37 ~, and 37 o/,,. 

TABLE Ill  

F A T T Y  A C I D  C O M P O S I T I O N  OF LIVER PL A SMA M E M B R A N E  LIPIDS* 

Lipid class EFA Fatty acid. ~ by weight 

1 4 : 0  1 6 : 0  16:1  1 8 : 0  18 :1  1 8 : 2  2 0 : 3  2 0 : 4  

Total lipids + 1.0 21.0 2.9 25.2 11.4 10.5 - 26.0 
±0.3  ± 1.8 -!:1.0 ± 3.0 ± 1.3 4- 1.8 ± 1.4 

1.2 19.8 5.8 23.3 19.5 1.6 15.7 7.0 
~0 .2  i 2.0 ±1.3  ± 2.4 ± 2.4 , 0.4 ix 2.8 : !  3.0 

Phosphatidyl- ~ 0.6 24.2 3.3 18.9 10.8 10.8 - 27.2 
choline ~0.8  ! 3.4 , 0 . 2  , 3.0 , 1.3 , 1.0 , 2.5 

- -  0.7 21.2 7.2 18.9 21.8 1.8 19.0 3.4 
±0.1 i 0.8 ! 0 . 2  , 2.5 ± 4.5 , 0.2 ± 1.1 5~ 0.6 

Phosphatidyl- , 0.5 17.2 1.5 26.3 7.6 5.9 - 33.3 
ethanolamine , 0 . 5  ± 1.4 , 0 . 4  E 1.8 , 1.6 , 1.2 , 4.0 

-- 0.6 15.4 3.3 23.2 13.0 1.1 25.1 11.2 
, 0 . 3  -L 3.1 --0.5 ± 1.5 " 3.1 " 0.2 3~ 4.8 i: 4.3 

Phosphatidyl- + 0.5 8.9 3.3 38.9 4.2 3.2 - 36.7 
serine , 0 . 4  ~ 2.3 _t:4.0 4-~ 6.7 ± 0.3 , 0.9 :L 5.9 

-- 0.5 8.0 2.0 39.3 6.0 0.8 17.6 18.0 
, 0 . 2  i 1.0 ~0.4 L 2.7 , 0.6 , 0.2 ~ 7.5 ~ 7.6 

Phosphatidyl- + 0.8 9.8 1.0 36.6 5.2 2.5 - 37.2 
irtositol .+_0.4 2- 3.5 A0.2 ± 2.0 , 1.2 , 2.0 A 3.6 

-- 1.6 8.3 2.0 33.3 7.4 0.8 27.7 9.6 
-L. 1.3 ± 3.3 - 0 . 9  ± 4.7 ± 1.9 t- 0.2 -- 3.1 J- 6.6 

* Average and S.D. of  three membrane  preparations,  except for total lipids which are from five 
preparations.  E F A  = essential fatty acid. Minor fatty acids or  fatty acids with retention times 
greater than 20 : 4 have been omitted because these measurements were less reliable due to the 
limited amounts  of  membrane  available for analysis. The data show clearly that the rats were essential 
fatty acid-deficient, as indicated by the decrease in 18 : 2 and 20 : 4 and the increases in 20 : 3. 



157 

ATPase. Since ATPase activity in deficient membrane preparations tended to 
be higher than in controls, as assayed by inorganic phosphate release, we wondered 
whether a significant increase in phosphate release from ATP might be obscured by 
variations in phosphate released from hydrolysis of the ADP formed in the reaction. 
Formation of AMP by ADPase action would also provide substrate for 5'-nucleo- 
tidase activity, which was higher in the control membranes. ADPase activity has been 
detected in liver plasma membranes [45]. Assay of inorganic phosphate released 
from ADP showed somewhat more activity in control membranes, i.e. 0.85 l~mol 
P~/min/mg protein for control cf. 0.50 for the deficient membranes. Therefore, it was 
possible that the higher 5'-nucleotidase activity, coupled with an equivalent ADPase 
activity, could elevate Pi release from ATP by control membranes, even though the 
ATPase activity of deficient membranes might be higher. 

Consequently, we assayed ATPase by the coupled N A D H  oxidation method 
[28]. This method has the following advantages over methods based on Pi formation: 
(a) formation of ADP is recorded continuously, and a linear time course is obtained 
as long as NADH and phosphoenolpyruvate are in excess; (b) the hydrolyzed ATP 
is regenerated, and the initial velocity at any substrate concentration is maintained 
throughout the reaction until N A D H  becomes limiting. The coupled enzymatic 
assay is therefore less sensitive to the action of enzymes releasing inorganic phosphate 
from ADP or AMP. Some ATP could be hydrolyzed by adenylate cyclase, but the 
activity of this enzyme in liver plasma membranes is much less ( ~ I i~) than that of 
ATPase. 

ATPase assay by the coupled oxidation method showed that the activity was 
significantly higher in the essential fatty acid-deficient membranes. Estimation of V 
and apparent K~ by Lineweaver-Burk plots showed that these values were significantly 
greater for membrane preparations from deficient rats in comparison with membranes 
from paired control rats of the same age (Table IV). When deficient rats were fed on 
the 5 o~ corn oil diet for one week, the V and K~ values decreased to the levels ob- 
tained with membranes from control rats of the same age. 

TABLE 1V 

Km (mM ATP) A N D  V (/ tMOL A D P / M G  P R O T E I N / M I N )  FOR TOTAL ATPase ACTIVITY 
OF SIX P A I R E D  P R E P A R A T I O N S  OF LIVER PLASMA M E M B R A N E S  F R O M  C O N T R O L  
A N D  ESSENTIAL F A T T Y  A C I D - D E F I C I E N T  RATS. E A C H  PAIR OF C O N T R O L  A N D  
D E F I C I E N T  RATS W E R E  S A C R I F I C E D  AT T H E  SAME T I M E  

Pair Control membranes  Deficient membranes 

Km V Km V 

1 0.37 0.85 0.67 1.36 
2 0.32 1.25 0.69 1.86 
3 0.37 1.36 0.48 1.68 
4 0.36 1.46 0.46 1.81 
5 0.45 1.80 0.55 2.50 
6 0.36 1.08 0.55 2.50 

Mean 0.37 1.30 0.57* 1.95** 
~-S.E. 0.018 0.33 0.038 0.45 

* P <0 .005 ;  ~r. p . 4 0 . 0 5 .  



158 

. c  
E 

o 
E 
=t_ 

¥ 

~, ~12 3'3 ;, ~'5 3!~ 
a/r ~ i o  ~ 

Fig. 2. Arrhenius plot for ATPase activity of liver plasma membranes from essential fatty acid- 
deficient and control rats. Units of activity are/tmoles of ADP formed per rain per mg of membrane 
protein. O-Q, liver plasma membranes from deficient rats; O-O,  liver plasma membranes from 
control rats. 

Arrhenius plots of  ATPase activity f rom 6 to 43 °C were almost identical for 
the essential fatty acid-depleted and control membranes (Fig. 2). Both plots showed a 
break at about 26 °C, maximum activity at 37 °C, and decreased activity at higher tem- 
peratures. At all temperatures, the essential fatty acid-depleted membranes showed a 
higher activity. Maximum activity between 3 5 4 0  °C has been reported previously for 
ATPase of rat liver plasma membranes [46, 47]. 

Adenylate cyclase. Adenylate cyclase activity was measured after stimulation 
by F - ,  glucagon or glucagon plus GTP in the presence of 4 m M  Mg 2+ and 1.25 mM 
ATP (Table V). The specific activity with these activators remained lower in the 
liver plasma membranes f rom the essential fatty acid-deficient rats (P < 0.001 for 
F - ;  < 0.01 for glucagon; < 0.05 for glucagon plus GTP).  However, the relative 
activation (increase over basal) of  adenylate cyclase by F - ,  glucagon or glucagon 
plus GTP was similar in both deficient and control membranes. Glucagon plus 
G T P  produced greater activation than glucagon alone with both deficient and control 
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T A B L E  V 

A D E N Y L A T E  CYCLASE ACTIVITY I N  LIVER PL A SMA M E M B R A N E S  F R O M  ESSENTIAL 
FATTY A C I D - S U P P L E M E N T E D  OR D E F I C I E N T  RATS A F T E R  A C T I V A T I O N  BY F - ,  
G L U C A G O N  OR G L U C A G O N  PLUS GTP. M E A N  A N D  S.E. SIX P R E P A R A T I O N S / G R O U P . *  
E F A  = ESSENTIAL F A T T Y  ACID.  RESULTS GIVEN I N  PMOL CYCLIC AMP F O R M E D  
PER M I N / M G  P R O T E I N  

Addition 

Treatment  Basal + N a F  +g lucagon  + G T P  +-glucagon 

+ E F A  30~-3 92~:7 7 2 ~ 4  111 ±11 
- - E F A  13 L2 4 6 ± 5  4 0 ~ 6  57+_7 

* NaF,  10 raM; glucagon, 10 -6 M; GTP, 10 -4  M 

TABLE VI 

G L U C A G O N  C O N C E N T R A T I O N  M A N D  A C T I V A T I O N  OF A D E N Y L A T E  CYCLASE IN 
LIVER PLASMA M E M B R A N E S  F R O M  ESSENTIAL FATTY A C I D - S U P P L E M E N T E D  OR 
ESSENTIAL F A T T Y A C I D - D E F I C 1 E N T  RATS. MEAN A N D  S.E. FIVE LPM P R E P A R A T I O N S  
PER GROUP.  EFA - - E S S E N T I A L  F A T T Y  ACID.  RESULTS G I V E N  IN PMOL CYCLIC 
AMP F O R M E D  PER M1N/MG P R O T E I N  

Treatment 0 10 -9 l0 - s  l0 -7 5 • l0 -T l0 -6 

+ E F A  3 6 ~ 7  57±8  66_+_9 7 5 ± 9  84±8  96 ~ 12 
- - E F A  16: t 5 32+-10 5 0 ± 4  60+-6 6 6 ± 6  72 L5 

membranes. A level of  1.25 mM ATP was used in the assay system because preliminary 
experiments showed that maximum activity with both deficient and control mem- 
branes occurred at this ATP concentration in the presence of 10 mM F -  and 4 mM 
Mg 2+, concentrations previously used [8, 29 ] for measurement of  adenylate cyclase e f  
liver plasma membranes. (Maximum activity with 10 mM F - ,  4 m M  Mg 2+ and 1.25 
mM ATP agrees with other results at similar concentrations [48]). In other experi- 
ments, Mg 2+ concentration was increased from 4 to 6 mM in the presence of 1.25 m M  
ATP and 10 mM F - ,  but the activity of deficient membranes did not change and was 
still lower than that of controls. When Mg 2+ was increased to 8 mM, the activity of  
deficient membranes increased slightly, but the activity of  controls decreased. 

Dose-response curves to glucagon with both deficient and control membranes 
(Table VI) showed that activity increased as the glucagon concentration increased 
f r o m  10 - 9  t o  l0  - 6  M. However, at all concentrations tested, the specific activity in 
the deficient membranes was lower than in controls. The glucagon concentration for 
one-half maximum stimulation of activity was 6.5~2.7 nM for membranes from 
deficient rats and 3.5~2.7 nM for controls (mean±S.E . )  

D I S C U S S I O N  

As Neville [49] has pointed out, each isolation procedure for plasma mem- 
branes is essentially a selection procedure. Therefore, similar degrees of purification 
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with two different preparation methods would be evidence against the possibility that 
one method was selecting preferentially for a certain population ef  membrane frag- 
ments. This problem is especially important in attempts to isolate membranes with 
altered structural components. Membranes with such alterations could respond differ- 
ently to isolation procedures which were developed for "normal"  membranes, and 
different populations of membrane fragments might then be isolated from the "al- 
tered" membranes. Our results show that the two-phase polymer method and the sucrose 
gradient method gave a comparable purification of marker enzymes for liver plasma 
membranes from both essential fatty acid-deficient rats and controls, as indicated by 
the ratio of specific activity in the membrane preparation to specific activity in the 
homogenate. The degree of purification is similar to that reported by others [38-44]. 

Although membrane purification, as indicated by marker enzymes, was similar 
for both methods of purification, the gel electrophoresis patterns show clearly that the 
membrane preparations made by the two methods were not identical. Nevertheless, 
with either method of purification, the gel patterns from deficient and control rats 
were very similar. This indicates that either method isolated corresponding popula- 
tions of membrane fragments from both types of animal and strengthens the con- 
clusion that the differences in enzyme activity indicate valid enzymatic differences as 
a result of essential fatty acid deficiency, rather than isolation of different l~opulations 
of  membrane fragments varying in enzyme complement. 

The pattern of total membrane fatty acids in control rats agrees well with 
values reported by Gerson [50] for rats fed a purified diet supplying 4 ~ corn oil. The 
values for the membranes fiom the essential fatty acid-deficient fats are comparable 
to those reported for deficient rats fed a purified fat-free diet [50]. The more rapid 
depletion of arachidonate from phosphatidylcholine than from phosphatidylethanol- 
amine is well established during essential fatty acid deficiency [36, 51 ]. The phospho- 
lipid fatty acid patterns in our control membranes are quite like those reported by 
Van Hoeven et al. [52] for liver plasma membranes from rats fed a chow-type diet. 

The significance of the decreased 5'-nucleotidase activity in deficient mem- 
branes is not yet known, as the function of this enzyme in plasma membranes is still 
undefined [14, 53]. Decreased 5'-nucleotidase activity has been reported in brain 
homogenates from essential fatty acid-deficient rats [17] and in liver plasma mem- 
branes from hypophysectomized rats [54], but the degree of membrane purification 
was not reported for either the hypophysectomized rats or the normal rats. Alterations 
in pituitary function have been reported in essential fatty acid deficiency [55]. Con- 
sequently, the decreased 5'-nucleotidase activity in the deficient membranes might 
result from altered pituitary function, perhaps in response to altered prostaglandin 
production, as well as from changes in membrane fatty acid composition. 

The Arrhenius plot of ATPase activity showed a discontinuity at ~ 26 °C 
for both deficient and control membranes. This discontinuity is not an artifact 
produced by variation in pH of the medium at different temperatures since we 
adjusted the pH to 7.5 at each temperature. Such an adjustment may be necessary to 
avoid creation of artifacts in studying the temperature dependence of enzyme activity. 
Boldyrev and coworkers [56] detected no discontinuities in Arrhenius plots of Mg 2 +- 
ATPase or (Na + -k-K-)-ATPase of rabbit sarcolemma preparations when the pH was 
adjusted at each temperature. However, a break occurred in the (Na + + K  + )-ATPase 
activity when the pH was adjusted only at room temperature before the start of the 
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assays. Several inflections have been detected in Arrhenius plots of ( N a + + K + +  
MgZ+)-ATPase in plasma membrane preparations from mouse LM cells [57]. 
However, we were able to detect only one discontinuity with rat liver plasma mem- 
brane preparations under our conditons of measurement. 

The ATPase activity of liver plasma membranes is chiefly Mg2+-ATPase 
[3-5, 22, 23]. Quite wide variaton has been reported in the proportion of (Na÷÷ 
K÷)-ATPase, i.e. from 10 to 33 ~o, as has been noted by Emmelot and Bos [3, 4]. 
We have not yet been able to determine whether essential fatty acid deficiency has 
altered the proportion of (Na++K+)-ATPase because of problems in estimating 
(Na+--K+)-ATPase [58], especially in preparations of low activity such as liver 
plasma membranes. The major part of the ATPase activity in membranes from both 
deficient and control rats was ouabain-insensitive Mg2+-ATPase, and the specific 
activity was higher in deficient rats. It remains to be established whether the increased 
ATPase activity in deficient membranes results from altered membrane fatty acid 
composition or whether altered pituitary function is involved [55]. Increased Mg 2 +- 
ATPase activity has been reported for liver plasma membranes from hypophysectom- 
ized rats [54]. 

The lower adenylate cyclase activity in membranes from deficient rats is espe- 
cially interesting because phospholipids are involved in the hormonal activation of 
the enzyme system. The lower adenylate cyclase activity in the presence of F- ,  
glucagon, or glucagon plus GTP could result if (a) the deficient membranes consisted 
of a different population of membrane fragments containing adenylate cyclase 
systems not identical with the systems isolated in control membranes; (b) the amount 
of enzyme protein were reduced in deficient membranes; and/or (c) altered fatty acid 
composition produced structural changes which modified the concentration of co- 
factors required for adenylate cyclase activation, perhaps because of decreased binding 
affinity or changes in the number of receptor sites. 

Determination of the amount of adenylate cyclase protein is not yet possible 
because purification of the enzyme complex is difficult [59, 60]. Additional work 
is needed to determine to what extent the activity in the deficient membranes might 
be increased by altering concentrations of cofactors required for adenylate cyclase 
activation. Consequently, one should interpret cautiously the lower activation by 
F- ,  glucagon or glucagon plus GTP with membranes from the essential fatty acid- 
deficient rats. Conditions permitting maximum adenylate cyclase activation for control 
membranes may not be optimal for membranes from the essential fatty acid-deficient 
rats. However, we have observed [61] that the rise in liver cyclic AMP after glucagon 
injection is less in essential fatty acid-deficient rats. Thus, the decreased adenylate 
cyclase activity in liver plasma membranes can be related to evidence for decreased 
activity in vivo. 
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