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Summary. The artificial insertion of increasing amounts of un- 
saturated fatty acids into human erythrocyte membranes modu- 
lated ATPase activities in a biphasic manner, depending on the 
number and position of double bonds, their configuration, and 
the chain length. Uncharged long-chain fatty acid derivatives with 
double bonds and short-chain fatty acids were ineffective. Stearic 
acid stimulated Na+K+-ATPase only. Anionic and non-ionic 
detergents and c~-lysophosphatidylcholine failed to stimulate 
ATPase activities at low, and inhibited them at high concentra- 
tions. 

Mg2+-ATPase activity was maximally enhanced by a factor 
of 2 in the presence of monoenoic fatty acids; half-maximal 
stimulation was achieved at a molar ratio of cis(trans)- 
configurated C18 acids/membrane phopholipid of 0.16 (0.26). 

Na+K+-ATPase activity was maximally augmented by 20% 
in the presence of monoenoic C18 fatty acids at 37~ Half- 
maximal effects were attained at a molar ratio oleic (elaidic) acid/ 
phospholipid of 0.032 (0.075). Concentrations of free fatty acids 
which inhibited ATPase activities at 37 ~ were most stimulatory 
at reduced temperatures. At 10~ oleic acid increased Na+K +- 
ATPase activity fivefold (molar ratio 0.22). 

Unsaturated fatty acids simulated the effect of calmodulin on 
Ca2+-ATPase of native erythrocyte membranes (i.e., increase of 
V~, x from 1.6 to 5 gmol PO] - phospholipid- 1. hr 1, decrease of 
K~a from 6 gM to 1.4-1.8 gM). Stearic acid decreased K~, (2 gM) 
only, probably due to an increase of negative surface charges. 

A stimulation of Mg2+-ATPase, Na+K+-ATPase, and Ca 2+- 
ATPase could be achieved by incubation of the membranes with 
phospholipase A 2. 

An electrostatic segregation of free fatty acids by ATPases 
with ensuing alterations of surface charge densities and disorder- 
ing of the hydrophobic environment of the enzymes provides an 
explanation of the results. 
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Introduction 

Alte ra t ions  of  the act ivi ty  of  m e m b r a n e - e m b e d d e d  
enzymes resul t  f rom changes  in the  fatty acid  com-  
pos i t ion  of  m e m b r a n e  phospho l i p id s  [for a review, 
see Ref. 19]. However ,  in recent  years  there  is in- 
creasing evidence tha t  even free fatty acids  m a y  
serve as m o d u l a t o r s  of  m e m b r a n e  funct ions :  free fatty 

acids were found to s t imula te  guany la te  cyclase 
[35], cyclic nuc leo t ide  phosphod ies t e ra se  [14, 37], 
b ra in  phospha t idy l inos i t o l  phosphod ies t e ra se  [16], 
and  ei ther  to s t imula te  [13, 23] or  to inhibi t  aden-  
ylate  cyclase [2, 9]. F o r  example ,  Or ly  and 
S c h r a m m  [23] found tha t  the inser t ion  of free fatty 
acids  enhanced  h o r m o n e - a c t i v a t e d  adeny la t e  cyclase 
from turkey  ery throcytes  up  to 25-fold. F luorescence  
po l a r i za t i on  measu remen t s  [13] conf i rmed their  sug- 
ges t ion tha t  unsa tu r a t ed  fatty acids which were mos t  
po ten t  in s t imula t ion  of  adeny la te  cyclase m a y  fluid- 
ize p l a s m a  membranes .  Addi t iona l ly ,  free fat ty acids 
increase the densi ty  of  negat ive  surface charges of 
cell m e m b r a n e s  which per se m a y  act as regula tors  
of m e m b r a n e - b o u n d  enzymes [1, 36]. The  work  of 
F i e h n  and  Hasse lbach  [12] and  The  and  Hasse lbach  
[33] has shown tha t  fatty acids are  sufficient to 
recons t i tu te  the ca l c ium-dependen t  A T P a s e  of de- 
l ip ida ted  sa rcop lasmic  membranes .  

Since fluidizing and e lec t ros ta t ic  effects should  
also affect o ther  l i p id -dependen t  react ions,  the influ- 
ence of  free fatty acids on  ATPases  of  h u m a n  eryth-  
rocyte  m e m b r a n e s  was invest igated.  In  the present  
s tudy it could  be shown tha t  the i n c o r p o r a t i o n  of 
free fatty acids in to  nat ive  e ry th rocy te  m e m b r a n e s  
or  their  l ibe ra t ion  by phospho l i pa se  A 2 enhances  
M g 2 + - A T P a s e ,  N a + K + - A T P a s e ,  and  C a 2 + - A T P a s e  

activities.  U n s a t u r a t e d  fatty acids  mimick  the effect 
of  ca lmodu l in  by  increas ing Vm, x and  Ca 2§ affinity, 
whereas  s tear ic  acid  increases Ca 2 + affinity only.. 

Materials and Methods 

Chemicals  

Fatty acids and their derivatives, c~-lysophosphatidylcholine, phos- 
pholipase A 2 (from Naja naja venom), fatty acid-free albumin, 
Triton X-100, and Triton WR-1339 were obtained through Sigma 
(Miinchen, FRG), aprotinin through Serva (Heidelberg, FRG), 
and ethylphenylpolyethyleneglycol (on the average nonamer, 
Nonidet | through Fluka (Neu-Ulm, FRG). Detergents were 
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chromatographically purified by a weak cation exchange resin be- 
fore use. (1-14C)oleic acid with a specific activity of 57 mCi/ 
mmol was from Amersham Buchler GmbH (Braunschweig, FRG) 
and ProtosoI | (a 0.5 M quarternary ammonium solution) from 
NEN Chemicals GmbH (Dreieichenhain, FRG). All other sub- 
stances were purchased in analytical grade from Merck (Darm- 
stadt, FRG). 

Preparation of Human Erythrocyte Membranes 

Membranes were prepared from freshly drawn and washed red 
cells in analogy to the procedure of Dodge et al. [8]. The use of 
10ram Tris/HC1 buffer of pH 7.6 with 0.1raM EGTA yielded 
calmodulin-deficient membranes [11]. Calmodulin-containing 
membranes were prepared according to the method of Farrance 
and Vincenzi [10]: erythroeytes were hemolyzed in is|174 
(310mosM) imidazole/HC1 buffer of pH 7.4, followed by washes 
with 10 mM Tris/HC1 buffer, pH 7.6, without EGTA. 

An aliquot of the hemoglobin-free membrane suspension was 
dissolved in NaOH (final concentration 0.5 M) to determine the 
protein concentration by the Coomassie method of Sedmak and 
Grossberg [28]; bovine serum albumin served as standard. The 
membrane suspension was adjusted to 1 mg protein per ml with 
buffer and dithioerythritol (final concentration 2 mN). In order to 
measure the phospholipid-P of the cell membranes, 0.1 ml of the 
membrane suspension was digested with 0.5 ml of perchloric acid 
(70~, wt/vol) at 180~ The colorless and cooled digest was 
diluted with 2 ml of aqua bidest. Phosphate standards were han- 
dled in the same way and phosphate was determined using mal- 
achite green as described below. Membranes were stored at 4 ~ 
and used only within 2 days after preparation; during this time 
ATPase activities remained stable. 

A 7Pase Assay t 

Cleavage of ATP was measured in a total volume of 1 ml in the 
presence of (final concentrations) 2 mM MgC12, 2 mM Na2ATP, 
100 mM NaC1, 100 mosM Tris/HCl of pH 7.4; to this basal me- 
dium the following agents were added: for Mg2+-ATPase activity 
0.1ram ouabain+2mM EGTA; for Mg 2+, Na+K+-ATPase 
20mMKCI+2mM EGTA; for Mg 2+, Ca2+-ATPase 0.1 mM oua- 
bain + 
i) 0-150~tM CaC1 z or (ii) 5m~ EGTA+I.5-4.5mM CaCI> re- 
spectively. The pH values of the media were adjusted to 7.4 at the 
temperatures at which the ATPase assays were carried out. The 
incubation temperatures are given in the legends to the figures. 

After temperature adjustment of the ATPase media, the 
ATPase reactions were initiated by addition of 0.2ml (Mg 2+- 
ATPase and Mg z+, CaZ+-ATPase) or 0.5 ml (MgZ+-ATPase and 
Mg ~+, Na+K+-ATPase), respectively, of the membrane suspen- 
sion. Unless otherwise noted, after 5 and 20 rain of incubation 
0.2 ml were withdrawn from the reaction mixture and thoroughly 
mixed with an equal volume of CHC13 (this procedure requires 
less than 10 sec to stop the reaction and avoids an acid hydrolysis 
of ATP). After short centrifugation in a Beckman microfuge, the 
precipitated protein was found at the water/CHC13 interface. The 
samples were stored on ice until inorganic phosphate was mea- 
sured spectrophotometrieally by the Penney method [24] with a 
slight modification, since it was found that the addition of 
Nonidet | (600 mg malachite green per liter of aqua bidest, with 
0.1 ~ Nonidet | increased the accuracy of the assay [for details, 

1 The terms Mg 2+, CaZ+-ATPase and Mg 2+, Na+K*-ATPase 
characterize the corresponding enzyme activities including Mg 2+- 
ATPase activity. The terms Ca2+-ATPase and Na+K+-ATPase 
mean that Mg2+-ATPase activity has been determined in parallel 
and has been subtracted from total enzyme activity. 

see 27]. ATPase activities were calcuIated in terms of inorganic 
phosphate liberated between 5 and (usually) 20 rain. 

Calculation of free Ca 2+ Concentrations 

The apparent dissociation constant K' of EGTA for Ca in de- 
pendence of pH and temperature and the corresponding free 
Ca z+ concentrations of the Ca/EGTA buffers were calculated 
according to equations given by Scharff [26]. K' was found to be 
0.1 'aM for pH 7.4 and 0.57 ,aM for pH 7.0. With molar ratios of 
Ca/EGTA>0.9, the calculated free Ca z+ concentrations deviate 
considerably from values measured with the calcium electrode 
[26]. Therefore, in order to obtain free Ca 2+ concentrations in 
the range of 1-5 ,aM at a molar ratio of Ca/EGTA<0.9, Ca 2~-- 
ATPase was also analyzed at pH 7.0. 

For even higher concentrations of free Ca 2+, Cag+-ATPase 
activities were measured in EGTA-free media. In the absence of 
added calcium, the calcium content of these media and of the red 
cell membranes was estimated by atomic absorption spectropho- 
tometry (Philips SP9 atomic absorption spectrophotometer) ac- 
cording to the method of McDonald et al. [21]. The calculation 
of free Ca z+ was based on total calcium concentrations (en- 
dogenous Ca+added Ca) and the logarithmic stability constants 
of ATP for Mg and Ca quoted by Scharff [26]. 

Insertion of Fatty Acids into Erythrocyte Membranes 

Fatty acids (and derivatives) were dissolved in absolute ethanol; 
5-,al aliquots were added from adequate stock solutions to the 
sonicated ATPase medium without red cell membranes. Controls 
without fatty acids received an equal volume of ethanol. The 
sonication of the medium with added fatty acids was terminated 
after about 1 min; immediately thereafter, the ATPase reaction 
was started by addition of the membrane suspension as described 
above. 

The completeness of the incorporation of fatty acids into 
erythrocyte membranes was confirmed with 14C-oleic acid. Red 
cell membranes corresponding to 0.45 ,amol of membrane phos- 
pholipid were added to 0.5-200 nmol of ultrasonically dispersed 
t4C-oleic acid and incubated with magnetic stirring at 37 ~ for 
15rain. After three ensuing washes by centrifugation and re- 
suspension in 10 ml of 10 mM Tris/HC1 buffer at 4 ~ the pellet 
was dissolved in 0.5 ml of Protosol | (a tissue solubilizer com- 
patible with toluene-based scintillators). The radioactivity was 
estimated in 10ml of scintillator (5g PPO and 0.2g POPOP in 
1 liter of toluene) by liquid scintillation spectrometry in a Pack- 
ard Tricarb | 2660. At a molar ratio of l*C-oleic acid/membrane 
phospholipid below one, 95 ~ (+4~o, sD) of the added radioac- 
tivity was recovered; the incorporation decreased to about 90~, 
when the molar ratio exceeded one. 

Insertion of e-lysophosphatidylcholine (oleoyl) 
into Erythrocyte membranes 

e-Lysophosphatidylcholine was added to the sonicated ATPase 
media without membranes as described for fatty acids; however, 
the volume of the ethanolic solution was increased to 10 gl since 
this led to a higher incorporation into cell membranes. In order 
to ascertain the completeness of incorporation, membranes were 
incubated with the lysolipids at 37~ with magnetic stirring as 
described above for fatty acids in the absence of ATP. After 
15 rain of incubation, an aliquot was diluted with a 10-fold vol- 
ume of Tris/EGTA buffer. Membranes were spun down at 34,000 
x g for 20 rain in a Sorvall centrifuge. The pellet was resuspended 
in a small volume of buffer; protein and phospholipid-P were 
measured as described above. The lipid-P/protein ratio increased 
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linearly when increasing amounts of c~-lysophosphatidylcholine 
were added to erythrocyte membranes. The recovery of c~-ly- 
sophosphatidylcholine-P was found to be 72+_9 % in the range of 
32-760 nmol per 0.45 p, mol of membrane phospholipid. Higher 
concentrations of c~-lysophosphatidylcholine led to a reduction of 
recovery of cell membranes by centrifugation. This was probably 
due to the disintegration of red cell membranes by cMysophospha- 
tidylcholine micelles. 

Treatment with Phospholipase A 2 

For measuring the influence of phopholipase A 2 on Mg a+, Ca 2§ 
ATPase, 20 gl of phospholipase A 2 (corresponding to 2 gg) and 
0.4 ml of membrane suspension were simultaneously added to the 
EGTA- fiee Ca2+-ATPase medium (100 gg CaC12, total volume 
of 2 ml). After 5, 10, 15, 20, 25, 30 and 35 rain of incubation at 
37 ~ 0.2 ml samples were withdrawn from this reaction mixture 
and assayed for PO]- as described above. In parallel control 
experiments, Mg 2+, CaZ+-ATPase was measured either in the 
presence of fatty acid-free albumin (final concentration 1 mg/ml) 
with and without phospholipase A 2 or in the absence of both 
albumin and phospholipase A 2. Additional controls contained 
1.4-14 units/ml (final concentration) of the trypsin inhibitor apro- 
tinin. 

In similar experiments, after 15 and 25 min of incubation in 
the presence of phospholipase Az, the cleavage of ATP by the 
CaZ+-ATPase was terminated by complexation of free Ca 2+ with 
50 btl of a concentrated EGTA solution (final concentration 
2mM). The residual Mg2+-ATPase activity was determined by 
following the liberation of PO]- until 20 min after addition of 
EGTA. 

The effect of phospholipase A 2 on Mg2§ and Mg 2§ 
Na+K+-ATPase activities was examined by preincubating the 
original membrane suspension (1 mg protein/ml) at 100 gg CaC12 
in the absence or presence of 0.1 btg (1 gg) of phospholipase A 2 
per mg of membrane protein at 37~ (30~ After different 
lengths of preincubation, 0.5-ml samples of this reaction mixture 
were withdrawn and subject to the assay for Mg2+-ATPase and 
Mg 2+, Na+K+-ATPase activities in the presence of 2 mM EGTA, 
sufficient for an effective complexation of Ca. The membranes 
were incubated at the same temperatures at which they had been 
pretreated. Na+K+-ATPase activity was calculated as ouabain 
inhibitable activity. 

Results 

1. Preparation of Red Cell Membranes 

Different procedures for the prepara t ion  of  red cell 
membranes  were reinvestigated. An increase of  the 
p H  value of  the hypoton ic  lysis and washing buffer 
from p H 6 . 4  to 8.4 led to a decrease of  protein 
content  (including hemoglobin)  relative to phospho-  
lipid-P of  red cell ghosts. In  parallel, all ATPase  
activities increased. Red cell ghosts prepared with 
10mM buffer of  pH  7.6 were hemoglobin-free and 
exhibited maximal  ATPase  activities. Independent  of  
the nature of  the buffer substance (Tris, Hepes, imid- 
azole), p H  7.6 membranes  of red cells f rom one do- 
nor  yielded nearly identical Mg2+ -AT Pa se  and 
N a + K + - A T P a s e  activities. The results were not  in- 
fluenced by the mode  of  hemolysis, which was car- 

ried out  isosmotically in 310mosM imidazole/HC1 
buffer or hypotonical ly  in 10 mM Tris/HC1 or Hepes/  
N a O H  or imidazole/HC1 buffer of p H  7.6, respec- 
tively. Highest  CaZ+-ATPase  activities of  4.8- 
5.0 gmol  P O ~ -  liberated per gmol  membrane  phos- 
pholipid per hour  were measured after isosmotic 
lysis and subsequent washing with an EGTA-free  
hypoton ic  buffer. If  0.1 mM E G T A  was included into 
the hypoton ic  washing solution, Ca 2 +-ATPase  
amoun ted  to 1.5-1.8 lamol PO 3-  per gmol  phospho-  
lipid per hour  only, irrespective of  whether the in- 
itial lysis was carried out  isosmotically or hypotoni -  
cally. Intermediate  Ca2+-ATPase  activities were 
measured after hypoton ic  lysis and washing of the 
membranes  in an EGTA-free  buffer of  p H  7.6. 

The differences of Ca2+-ATPase  activities are 
apparent ly  due to the binding of  calmodul in  [4, 10]. 
Therefore, for defined states of  the CaZ+-ATPase,  
erythrocyte membranes  were prepared by two dif- 
ferent procedures:  10raM buffer of p H 7 . 6  with 
0.1 mM E G T A  was used to prepare calmodulin-free 
membranes.  For  calmodulin containing membranes,  
red cells were isosmotically lysed in imidazole/HC1 
buffer of  p H  7.6; for the subsequent  hypo ton ic  wash- 
ing, E G T A  was omitted. 

2. Inhibition of ATPase Activities of pH 7.6 
Membranes by Detergents 

ATPase  activities of p H  7.6 membranes  remained 
unchanged  at low concentrat ions and were inhibited 
at higher concentra t ions  of  detergents like Nonide t  | 
(Fig. 1), Tr i ton  X-100, Tr i ton WR-1339,  Na-desoxy-  
cholate, or saponin, respectively. Similarly, freezing 
and thawing and ul t rasonicat ion of  p H  7.6 mem- 
branes led to a decrease of  Mg2+-ATPase ,  N a + K  +- 
ATPase  and CaZ+-ATPase  activities. On  the other 
hand, the submaximal  ATPase  activities of  mem- 
branes prepared at a p H  below 7.2 were found to 
increase upon  addit ion of detergents and freeze- 
thawing (Table 1). However,  even in compar ison  
with these detergent-treated or freeze-thawed mem- 
branes, ATPase  activities of  untreated p H  7.6 mem- 
branes were considerably higher (Table 1). 

3. Modulation of ATPase Activities 
by Free Fatty Acids 

The insertion of  increasing amounts  of  unsaturated 
fatty acids into native erythrocyte membranes  mod-  
ulated Mg2+-ATPase ,  N a + K + - A T P a s e ,  and Ca 2+- 
ATPase  activities in a biphasic manner.  The number  
and the posi t ion of  double  bonds, their configu- 
ration, and the chain length of the fatty acids proved 
to be critical for the modulat ion.  
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Fig. 1. Inhibition of ATPase activities of pH 7.6 membranes by a non-ionic detergent (Nonidet| Red cell membranes were incubated at 
37 ~ in the presence of varying amounts of Nonidet | The volume fraction of Nonidet | in the reaction mixture is indicated on the 
abscissa. Ca 2 +-ATPase activity was measured in an EGTA-free medium at a total calcimn concentration of 150 p,~. ATPase activities are 
given in percent of basal enzyme activities without detergent. Each point represents the mean of three experiments. Assuming a 
molecular weight of about 600 for Nonidet | concentrations of 160gM (Na+K+-ATPase), 180gg (Ca2+-ATPase) and 1.6ram (Mg 2+- 
ATPase) inhibited half-maximally 

Table 1. Effect of freeze-thawing and detergent on ATPase activ- 
ities of pH 6.8 and pH 7.6 membranes 

Treatment Mg2 +-ATPase Na§ + - 
membranes ATPase 
prepared at membranes 

prepared at 

pH 6.8 pH 7.6 pH 6.8 pH7.6 

None 0.21 0.43 0.16 0.77 
Freeze-thawing 0.24 0.43 0.24 0.75 
Nonidet| 0.01 #1/ml 0.26 0.37 0.16 0.77 
Nonidet| 0.1 #l/ml 0.30 0.33 0.38 0.68 
Nonidet | 1.0 #l/ml 0.22 0.22 0.00 0.00 

ATPase activities are given in gmolPO]- liberated per gmol 
membrane phosplaolipid per hour. All incubations were carried 
out at pH 7.4 and 37 ~ 

3.1. Modula t ion  of Mg2+-ATPase  

Figure 2 shows the concentra t ion-dependent  effect of  
long-chain fatty acids on Mg2+-ATPase  activity. 
The largest increase, about  90~o, was produced  by 
monoeno ic  acids with the double bond  in the po- 
sition 9 or  11 (myristoleic acid, oleic acid, elaidic 
acid, cis- and trans-vaccenic acid). The activation 
exhibited a max imum at a mola r  ratio of  cis-con- 
figurated fatty acids /membrane phospholipid of 
about  0.9 (petroselinic acid, oleic acid, cis-vaccenic 
acid, nervonic acid) or 0.4 (myristoleic acid), respec- 
tively. The trans-configurated elaidic acid and trans- 
vaccenic acid st imulated the enzyme maximally at a 

molar  ratio of  1.8. The EDso was about  the same for 
the cis-configurated C-18-acids (molar  ratio 0.15- 
0.17), whereas the trans-configurated isomers acti- 
vated half-maximally at a molar  ratio of  0.26. Stea- 
ric acid was ineffective in st imulating Mg 2+- 
ATPase,  but inhibited the enzyme at a molar  ratio 
of  free fatty acid/phosphol ipid above 3. Cis-vaccenyl 
alcohol, cis-vaccenic acid methyl  ester, and cis-vac- 
cenyl acetate were found to be without  an effect, just 
as short-chain fatty acids (valeric acid, caproic acid, 
crotonic  acid) in the concentra t ion range investi- 
gated. 

Polyunsatura ted  fatty acids st imulated Mg 2+- 
ATPase  maximally at a molar  ratio of  fatty acid/  
phospholipid of 0.3 (Fig. 2B). Fat ty  acids with 2-3 
double bonds already attained their half-maximal 
effects at a molar  ratio of  0.046-0.056. Concerning  
the maximal  effect, they were inferior to the mo-  
noenoic  analogues. The maximal  s t imulat ion was 
also smaller when fatty acids contained a double 
bond  in posit ion 6; this results from a compar ison 
of petroselinic acid with oleic acid and cis-vaccenic 
acid (Fig. 2A), and of  y-linolenic acid with linolenic 
acid (Fig. 2B). Arachidonic  acid and ricinoleic acid 
which activated half-maximally at molar  ratios of  
0.03 or 0.002, respectively, were found to be particu- 
larly effective to stimulate Mg2+-ATPase  at low 
concentra t ions;  however, the maximal  increase 
amounted  to only 40 ~ in the case of  ricinoleic acid. 

Figure 3 demonstrates  alterations in the temper- 
ature dependency of  the Mg2+-ATPase  of  eryth- 
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rocyte  membranes ,  into which different amoun t s  of 
oleic acid  (Fig. 3A) or  e la idic  acid (Fig. 3B) have 
been inserted.  W i t h o u t  free fat ty acids, the Ar-  
rhenius  p lo t  shows a weak  b reak  at  30~ (a in 
Fig. 3), but  it is p rac t ica l ly  l inear  in the  presence of  
low concen t ra t ions  of  free fatty acids (b, c). Below 
30~ oleic and  ela idic  ac id  decreased  the energy of 
ac t iva t ion  (E,) from 22 to 17 kca l /mo l ;  in the tem- 
pe ra tu re  range 30-40 ~ the s lopes are  similar .  

At  a m o l a r  ra t io  of fatty a c i d / m e m b r a n e  phos-  
pho l ip id  of  2.2, fatty acids a l tered the the rmal  be- 
hav io r  of  the enzyme m o r e  marked ly .  Inf lect ion 
po in ts  occur red  at  35 ~ with dis t inct  decreases of  acti-  
va t ion  energies. In  the t empe ra tu r e  range  above  
35 ~ this decrease  of  E a led to a r educ t ion  of  the 
enzyme s t imula t ion .  Hence,  this behav io r  is t h e  rea- 
son for the b iphas ic  effect of  fatty acids:  when the 
a m o u n t  of  oleic a c id /phospho l i p id  was raJised above  
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the molar ratio of 1, the enzyme stimulation de- 
creased at 37~ even though these high concen- 
trations were most effective at reduced temperatures. 
These alterations were more obvious with oleic acid 
(Fig. 3A) than with the trans-configurated isomer 
(Fig. 3B). Similar results as presented in Fig. 3 were 
obtained with cis- and trans-configurated vaccenic 
acid (data not shown). 

3.2. Modulation of Na+K+-ATPase  Activity 

The stimulating effect of unsaturated fatty acids on 
Na§ at 37~ was much less pronounced 
than that on Mg2+-ATPase. Na§  ac- 
tivity was maximally augmented by 20 ~ ( + 4  ~o, SD) 
at a molar ratio of fatty acid/phospholipid of 0.1 
(oleic acid and petroselinic acid), 0.2 (cis-vaccenic 
acid), 0.3 (elaidic acid) or 1 (trans-vaccenic acid), 
respectively. Oleic acid and petroselinic acid acti- 
vated half-maximally at a molar ratio of 0.032, cis- 
vaccenic acid at a molar ratio of 0.05, elaidic acid at 
a molar ratio of 0.075, and trans-vaccenic acid at a 
molar ratio of 0.12. Stearic acid produced a variable, 
but significant increase of Na§  activity 
of maximally 15 ~o at a molar ratio of 0.42-2.0. A 
steep decline of Na+K+-AYPase activity was ob- 
served when the fatty acid/phospholipid ratio was 
raised above 0.3 (oleic acid and petroselinic acid), 
0.5 (cis-vaccenic acid), 1 (elaidic acid) or 2 (trans- 
vaccenic acid), respectively. Cis-vaccenic acid methyl 
ester and cis-vaccenyl acetate were found to be in- 
effective in modulating Na+K+-ATPase  activity. 

The analysis of the temperature dependency of 
Na+K+-ATPase  in the presence of different amounts 
of artifically inserted oleic acid (Fig. 4) revealed 
that the stimulating effect was much more distinct at 
reduced temperatures: for example, at a molar ratio 
oleic acid/membrane phospholipid of 0.22, Na+K +- 
ATPase activity was increased fivefold at 10~ At 
the higher molar ratios employed, the thermal be- 
havior of the enzyme became markedly altered. The 
transition temperature was shifted by 5~ from 30 
to 25 ~ and activation energies were reduced below 
and above the transition temperature. As in the case 
of the Mg2§ the reduction of activation 
energies at high concentrations of free fatty acids led 
to a decrease of the stimulating effect or even an 
inhibition of enzyme activity at higher temperatures. 

3.3. Modulation of Vma x and C a  2+ Affinity 
of the Ca2+-ATPase 

The modulating effect of free fatty acids on Ca z+- 
ATPase depended on both the amount of free fatty 
acid inserted into membranes and the free Ca 2+ 
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Fig. 4. Effect of oleic acid on the temperature dependency of the 
Na+K+-ATPase of erythrocyte membranes. Mg2+-ATPase and 
Mg 2+, Na+K+-ATPase activities were analyzed in parallel at the 
following molar ratios of oleic acid/membrane phospholipid: (a) 
0; (b) 0.022; (c) 0.22; (d) 2.2. Each assay system contained 
0.45 gmol membrane phospholipid in a total volume of i ml. The 
incubation time was 30rain for the temperature range 10-25 ~ 
ControI experiments showed that the ATPase media in the ab- 
sence of free fatty acids always gave V,,,a • of the enzyme reaction. 
Na+K+-ATPase activity was obtained by subtracting Mg ;+- 
ATPase activity and is expressed as nmol PO]-  liberated per 
gmol phospholipid per hour. Numbers shown in the figure give the 
energy of activation in kcal/mol 

concentration. Therefore, the studies were carried 
out either at a constant concentration of free Ca 2+ 
or at a constant molar ratio of free fatty acid/mem- 
brane phopholipid. 

3.3.1 Constant concentration of free Ca 2+. The con- 
centration-dependent effect of free fatty acids on 
Ca2+-ATPase activities of calmodulin-deficient and 
calmodulin-containing membranes were investigated 
at a free Ca 2 + concentration of 0.2 ~tM in a Ca/EG- 
TA-buffered medium. In the absence of free fatty 
acids, Ca2+-ATPase activities were below detect- 
ability at this Ca 2+ concentration even in the pre- 
sence of calmodulin. With both membrane prepara- 
tions, unsaturated fatty acids produced about the 
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Fig. 5. Ca2+-ATPase activities of calmodulin-deficient membranes 
in the absence and presence of free fatty acids compared with 
Ca2+-ATPase activities of catmodulin-containing membranes. 
Calmodulin-deficient membranes were additionally washed twice 
with 10 mM Tris/HCl buffer of pH 7.6 without EGTA by centri- 
fugation and resuspension and were adjusted to the original pro- 
tein concentration (1 mg/ml). 0.2 ml of membranes equivalent to 
0.2 mg protein were incubated in the absence (zx) and presence of 
stearic acid (A) or oleic acid (o), respectively (molar ratio fatty 
acid/phospholipid=0.56) in an EGTA-free Ca2+-ATPase medium 
(total volume 1 ml) at 37 ~ with magnetic stirring. Calmodulin- 
containing membranes prepared by isosmotic lysis of red cells 
from the same subject were incubated without free fatty acids 
only (v). Ca2+-ATPase activities in terms of gmol PO]- libe- 
rated per gmol membrane phospholipid per hour were calculated 
by subtracting Mg2+-ATPase from Mg z+, Ca2+-ATPase acti- 
vities; both activities were measured in parallel for each type of 
membrane preparation. Atomic absorption measurements demon- 
strated a calcium content of ATPase medium and membranes of 
2 p,M at zero calcium added 

same maximal stimulation of Ca2+-ATPase to 0.7- 
0.8 gmol P O ] -  liberated per gmol phospholipid per 
hour. Half-maximal (maximal) stimulation was 
achieved at a molar  ratio of 0.33 (0.56) with oleic 
acid, linoleic acid, v-linolenic acid, and linolenic 
acid; of 0.42 (0.67) with cis-vaccenic acid and arachi- 
donic acid; of 0.58 (1.1) with petroselinic acid. 

3.3.2 Constant molar ratio of free fatty acid/phospho- 
lipid of 0.56. With C a / E G T A  buffers the free Ca 2+ 
concentration amounts to only 5 FM at a molar  ratio 
C a / E G T A  of 0.9. For  examining the CaZ+-ATPase 
at higher free Ca 2+ concentrations, activities were 
measured in an EGTA-free medium_ with total cal- 
cium concentrations between 2 and 150 iiM. In Fig. 5 
the effects of free fatty acids on CaZ+-ATPase activ- 
ities are compared with those of calmodulin. In the 
absence of free fatty acids, Vmax/2 of the Ca 2+- 
ATPase of calmodulin-deficient membranes  was 
achieved at 6 laM free Ca 2+. Oleic acid increased 
b o t h  C a  2+ affinity (K~a 1.3 gM) and Vm, x of calmodu- 
lin-deficient membranes  to an extent similar to that 
of calmodulin (K~a 2 gM) without any effect on Vm, x. 

In order to compare the effects of different un- 
saturated fatty acids, the stimulation of Ca 2+- 
ATPase activities at a molar  ratio of 0.56 was exam- 
ined in a range of free Ca 2+ concentrations between 
0.04 and 5 gM, adjusted by a C a / E G T A  buffer 
(Fig. 6). Fatty acids with one or the first of several 
double bonds in position 9 (oleic acid, cis-vaccenic 
acid, linoleic acid, linolenic acid) attained their half- 
maximal effects at a free C a  2+ concentration of 
1.4 gM (Kca). Petroselinic acid and 7-1inolenic acid 
with the double bonds in position 6 were slightly 
less effective (K~, 1.8 gM). Trans-configurated mono- 
enoic acids activated half-maximally at 3 gM free 
Ca z+. All these fatty acids evoked about the same 
increase of CaZ+-ATPase activity of calmodulin-de- 
ficient membranes to 4.95 gmol (+0.1 ~tmol, SD, for 
9 different fatty acids) PO 3- liberated per lamol of 
membrane  phospholipid per hour and mimicked the 
effect of calmodulin (Vm~x=4.85 gmol PO43- liber- 
ated per gmol of membrane  phospholipid per hour; 
K~, = 1.9 gM). 

The inset in Fig. 6 shows Ca2+-ATPase activities 
of calmodulin-containing membranes  with, and with- 
out oleic acid. Even in the presence of calmodulin, 
oleic acid caused a distinct increase of enzyme ac- 
tivity; however, only at low Ca z+ concentrations 
(0.1-1.0 gM). At 8 gM Ca 2+, Vma x of the calmodulin- 
stimulated enzyme was the same in the presence and 
in the absence of oleic acid. Therefore, in the pre- 
sence of calmodulin, oleic acid increased Ca 2+ af- 
finity only, reducing K ~  from 1.9 to 1.4 gM. 

4. Modulationof ATPase Activitiesby Phospholipase A 2 

Since phospholipase A 2 requires Ca 2+ for activity, 
only Mg 2+, Ca2+-ATPase could be modulated di- 
rectly (Fig. 7). The addition of 1 gg of phospholipase 
A 2 per 0.18 gmol of membrane  phospholipid in- 
creased Mg 2+, CaZ+-ATPase activity at 100gM 
CaC12 immediately. The complexation of Ca by a 
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Fig. 6. Effect of unsaturated fatty acids on Ca2+-ATPase activity 
of erythrocyte membranes in Ca/EGTA buffers. Calmodulin-de- 
ficient membranes (0.18gmol phospholipid/ml reaction mixture) 
were added to 100nmol of ultrasonically dispersed fatty acids 
(corresponding to a molar ratio of fatty acid-membrane phospho- 
lipid of 0.56) and incubated at 37 ~ with magnetic stirring. The 
different concentrations of free Ca 2+ were achieved with Ca/ 
EGTA ratios <0.9 (5 mM EGTA) at pH 7.4 (0.04-1 gM Ca 2+) and 
pH 7.0 (1-5 gM Ca2+). Ca2§ activity was calculated by 
subtracting Mg2+-ATPase from Mg 2+, Ca2+-ATPase activity; 
both activities were measured in parallel in the presence of equal 
amounts of free fatty acids and membrane phospholipid. In anal- 
ogous incubations, Ca2+-ATPase activity was assayed in the ab- 
sence of free fatty acids (A) yielding 1.6 gmol PO43- liberated per 
gmol of phospholipid per hour, measured in an EGTA-free me- 
dium at 1501XM CaC12; V~,~x/2 was reached at 6gM free Ca 2+. 
Inset: Catmodulin-containing membranes were treated with oleic 
acid (t) as described for the calmodulin-deficient membranes. In 
the absence of fatty acids Vm, x of the calmodulin-stimulated 
Ca2+-ATPase (v) was 4.85gmol PO43- liberated per gmol of 
phospholipid per hour at 8 gM free Ca 2+ 

20-fold excess of  E G T A  d e m o n s t r a t e d  that  the rise 
of  PO 3 -  l ibe ra t ion  is ma in ly  due to the enhance-  
men t  of C a 2 + - A T P a s e  activity,  since only  13~o of 
the P O ~ -  was re leased by the s t imula ted  M g  2+- 
ATPase .  W h e n  1 gg of phospho l ipa se  A 2 and  1 mg 
of  de l ip ida ted  a lbumin  were s imul taneous ly  added  
per  ml of  m e m b r a n e  suspension,  the M g  2+, Ca 2+- 
A T P a s e  act ivi ty  was even sl ightly lower  than  in 
con t ro l  incuba t ions  wi thout  phospho l ipase  A 2 in the 
presence or  absence of  a lbumin.  A d d i t i o n  of  1.4-14 

~- o controls with and without albumin 
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Fig. 7. Effect of phospholipase A 2 on Mg 2., Ca2+-ATPase ac- 
tivity of erythrocyte membranes. Erythrocyte membranes 
(0.36gmol of membrane phospholipid in a total volume of 2ml) 
were incubated in the medium for Mg 2§ Ca2+-ATPase (without 
EGTA at 100gMCaCI 2 with l gg/ml phospholipase A 2 (i). In 
parallel experiments, the enzyme activity was measured in the 
presence of 1 gg/ml phospholipase Az+lmg/ml fatty acid-free 
albumin (I). Control experiments were carried out with and with- 
out 1 mg/ml fatty acid-free albumin (o). The PO,~- concentration 
in the reaction mixture is plotted as a function of time 

uni t s /ml  of  the t rypsin  inh ib i to r  ap ro t i n in  left the 
s t imula t ing  effect of phospho l ipase  A 2 unaffected. 

In  o rde r  to invest igate  the ac t ion  of  p h o s p h o -  
l ipase A 2 on  M g 2 §  and  N a + K + - A T P a s e ,  
freshly p repa red  e ry th rocy te  m e m b r a n e s  were pre in-  
cuba ted  at 100 gM CaC12 in the absence  and  in the 
presence of  phospho l ipa se  A 2 (Fig. 8) at  30 and 
37 ~ The  complexa t ion  of  Ca  with 2 m u  E G T A  in 
the A T P a s e  med ia  a l lowed the immed ia t e  analysis  
of  M g  2§ and M g  2+, N a §  Both  ac- 

t ivities were augmen ted  in the t ime range  0.5-4 min  
by ac t ion  of  phospho l ipa se  A2;  however ,  N a + K  § 
A T P a s e  act ivi ty  also increased sl ightly in con t ro l  
exper iments  wi thout  exogenous  phospho l ipa se  A 2 by  
p re incuba t ion  at 100gM CaC12. P ro longed  prein-  
cuba t ion  of  e ry throcy te  m e m b r a n e s  in the presence 
of phospho l ipa se  A 2 led to a steep decl ine of 
N a + K + - A T P a s e  act ivi ty  after abou t  6 min  and of  
M g a - A T P a s e  act ivi ty  after a b o u t  15 min. 
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Fig. 8. Effect of phospholipase A2 on Mg2+-ATPase and 
Na+K+-ATPase activities of erythrocyte membranes. The orig- 
inal membrane suspension (l ing of protein per ml) was prein- 
cubated at 30~ with lgg  (D) or at 37~ with 0.tgg (o), re- 
spectively, of phospholipase A 2 per ml of membranes at 
100 p, NCaC12. Control experiments without phospbolipase A 2 at 
30~ (m) and 37~ (o) were carried out in parallel. At the time 
indicated, samples were withdrawn for Mg2+-ATPase and Mg 2+, 
Na+K+-ATPase assays. ATPase activities are expressed as gmol 
PO]-  liberated per pmol of membrane phospholipid per hour 

5. Inhibition of A TPase Activities 
by e-L ysophosphatidylcholine 

c~-Lysophosphatidylcholine was found to leave 
ATPase activities unaffected at lower and to in- 
hibit them at higher concentrations (Fig. 9). Half- 
maximal inhibition was observed at molar ratios of 
lysolipid/membrane phospholipid of 0.6 (Na+K --- 
ATPase) and 1 (Mg2+-ATPase and Ca2+-ATPase). 

Discussion 

When the activity of an integral membrane enzyme 
is found to be modulated by free fatty acids, the first 
question arising is whether fatty acids unscreen la- 
tent ATPase activity or in fact increase the catalytic 
activity of the enzymes. An unscreening of latent 
ATPase activity by free fatty acids can be expected 
when the membrane preparation yields ATP-im- 
permeable ghosts. Therefore, different procedures for 
the preparation of red cell membranes were rein- 
vestigated. Membranes prepared at pH 7.6 which 
exhibited maximal ATPase activities were subjected 
to procedures which are thought to increase per- 
meability, i.e., freeze-thawing, ultrasonication, and 
addition of detergents. The failure of all of these 
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Fig. 9. Inhibition of ATPase activities by ~-lysophosphatidyl- 
choline. Human erythrocyte membranes were incubated with ul- 
trasonically dispersed e-lysophosphatidylcholine (oleoyl) in mag- 
netically stirred ATPase media at 37~ CaZ+-ATPase activity 
was measured in an EGTA-free medium at 1501XM CaCI z. 
ATPase activities in the presence of c~-lysophosphatidylcholine are 
given in percent of the basal enzyme activity without the lyso- 
lipid. Each point represents the mean of three experiments 

procedures to increase ATPase activities proves that 
the effect of fatty acids cannot be explained by a 
detergent-like action. The results are in accordance 
with those of Bramely et al. [5] who reported that 
ghosts prepared at low ionic strength at pH 7.4 'with 
accordingly low hemoglobin content exhibited max- 
imal ATPase activities, which were not increased 
by sonication or detergents. In membranes prepared 
at a pH below 7.2, the low ATPase activities are 
principally due to the impermeability of the mem- 
branes to ATP. 

The modulation of ATPase activities of eryth- 
rocyte membranes by free fatty acids reported here 
confirms the claim of Orly and Schramm [23] who 
suggested tha t  free fatty acids are useful tools to 
probe membrane-linked reactions. Microviscosity 
measurements indicated that the insertion of cis- 
vaccenic acid progressively increased the fluidity of 
turkey erythrocyte membranes [13]. As in the case 
of catecholamine-stimulated adenylate cyclase [13, 
23], the effects of exogenous fatty acids on ATPases 
were probably caused by alterations of the hydro- 
phobic environment of the enzymes. The following 
data of the present work support this hypothesis: 
only unsaturated fatty acids stimulated ATPases of 
erythrocyte membranes (except for the effect of stea- 
ric acid on Na+K+-ATPase); differences in the effi- 
cacies depended on the degree of unsaturation, the 
position of double bonds, and their configuration 
(Figs. 2 and 6); unsaturated fatty acids altered the 
thermal behavior of the ATPases (data for Ca 2+- 
ATPase not shown) with decreases of activation en- 
ergies (Figs. 3 and 4) and a shift of the break to a 
lower temperature (Fig. 4). The greater potency of 
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cis-configurated monoenoic acids can be attributed 
to the permanent kink in the fatty acyl chain that 
perturbates the packing of the acyl chains of mem- 
brane phospholipids at lower concentrations than 
are required with trans-configurated isomers. These 
effects are all attributable to the hydrophobic part of 
the fatty acids. If this is true, why are the uncharged 
derivatives of cis-vaccenic acid ineffective as modu- 
lators of ATPase activities? 

A differential partitioning of fatty acids by elec- 
trostatic interactions may give an answer to this 
question. Studies of Birrel et al. [3] in chromat- 
ophores with fatty acid spin-labels indicated that 
most of the negatively charged fatty acids were im- 
mobilized on the hydrophobic surfaces of membrane 
proteins in contrast to analogous quarternary 
amines. The authors suggested that this charge selec- 
tivity may be due to electrostatic interactions with 
basic amino acid side-chains at the interface where 
polar groups of proteins and lipids adjoin. Brotherus 
etal. [6] provided evidence that the Na+K § 
ATPase influences its lipid environment by segregat- 
ing negatively charged lipid species and claimed that 
the phenomenon may have general significance. 

The electrostatic accumulation of fatty acids not 
only alters the surrounding lipids and consequently 
hydrophobic interactions between the lipid bilayer 
and the floating enzyme, but also modulates surface 
charges in the environment of the enzyme. Since 
stearic acid was found to be stimulatory for 
Na+K§ only, this effect may be caused by 
the occurrence of additional negative charges. The 
requirement of the Na§ for acidic lipids 
[15] and the lower activity in the absence of nega- 
tive charges [7] support this consideration. 

The increase in the density of negative surface 
charges may also account for the decrease of K ~  of 
the Ca2+-ATPase in the presence of free fatty acids. 
Interestingly, the Ca2+-ATPase stimulator calmo- 
dulin is a highly acidic protein [20]. One of the 
functions of the negative charges may be the binding 
of calmodulin to the ATPase, similar to the elec- 
trostatic segregation of free fatty acids. As calmo- 
dulin, the fatty acids mask positive charges on the 
enzyme and increase the density of negative charges 
in its environment. There is evidence from the pres- 
ent study that this increase is sufficient to explain 
the increase of Ca 2§ affinity: stearic acid evoked an 
increase of Ca z+ affinity similar to that of unsatu- 
rated fatty acids and calmodulin, leaving Vm, x un- 
affected. Only the additional perturbation of hydro- 
phobic interactions between the Ca2+-ATPase and 
the surrounding lipids led to the marked increase of 
Vm~ x. This results from a comparison between the 
effects of stearic acid and unsaturated fatty acids on 

Vma x (Fig. 5). In accordance with this, hydrophobic 
properties of the Cai+-calmodulin complex were 
shown to be important for the activation of cal- 
modulin-dependent enzymes [31]. It should also be 
mentioned that several enzymes activated by calmod- 
ulin [20] can also be stimulated by free fatty acids 
[t3, 14, 23, 35, 37]. 

Taken together, these results give evidence that 
the Ca2+-ATPase of native erythrocyte membranes 
can exist in three defined states: 

I. basal activity and low Ca 2+ affinity 

II. basal activity and high Ca 2+ affinity (require- 
ment: increase in the density of negative surface 
charges as caused by stearic acid) 
III. stimulated activity and high Ca 2§ affinity (in- 
crease of negative surface charges and additional 
perturbation of hydrophobic interactions as caused 
by calmodulin or unsaturated fatty acids). 

Niggli et al. [22] recently reported that acidic lipids 
including unsaturated fatty acids mimick the effect 
of calmodulin on purified Ca2+-ATPase of human 
erythrocyte membranes. According to their experi- 
ments, the CaZ+-ATPase exists either in a low af- 
finity state (low Vmax, lOW Ca 2§ affinity) or in the 
high affinity state (high Vm~x, high Ca z+ affinity). 
The present results demonstrate that also in native 
erythrocyte membranes the Ca2+-ATPase exists in a 
high affinity state (III) in the presence of unsaturated 
fatty acids, and they provide evidence for the ad- 
ditional occurrence of state II. 

The artificial insertion of increasing amounts of 
free fatty acids into erythrocyte membranes even- 
tually inactivated ATPases. From Fig. 4 this temper- 
ature dependency of this effect is apparent: the de- 
crease of the stimulating effect at a high molar ratio 
of fatty acid/membrane phospholipid occurs at high- 
er temperatures as a result of a further decrease of 
activation energies. These findings indicate that a 
limited extent of membrane perturbation facilitates 
the conformational changes that the ATPases have 
to undergo during their action; a further increase of 
the disordering of membrane structure probably led 
to a loss of the lateral constraints of lipids on mem- 
brane proteins, which apparently are necessary to 
maintain the active enzyme configurations or to 
stabilize the enzyme in a more reactive confor- 
mation [29]. 

Naturally occurring phospholipids usually carry 
one saturated and one unsaturated fatty acyl chain, 
predominantly with the unsaturated chain in the 2 
position. This fatty acid becomes liberated by the 
action of phospholipase A 2. The enhancement of 
Mg2+-ATPase, Na+K+-ATPase (Fig. 8) and Ca 2+- 
ATPase (Fig. 7) by the action of purified phospho- 
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lipase A 2 from Naja  naja venom agrees well with 
the stimulation caused by exogenously added un- 
saturated fatty acids (Figs. 2, 4 and 6). Experiments 
of Roelofsen et al. [251 demonstrated the purity and 
high activity of this commercially available enzyme 
preparation with only one isoenzyme present. The 
action of phospholipase A 2 additionally leads to the 
production of lysophospholipids. The failure of c~- 
lysophosphatidylcholine to stimulate ATPase activ- 
ities (Fig. 9) indicates that the initial enhancement 
of the cleavage of ATP resulted from the liberation 
of fatty acids by phospholipase A 2. The prevention 
of the increase of Ca2+-ATPase activity by phospho- 
lipase A 2 in the presence of albumin (Fig. 7) sup- 
ports this assumption, since albumin was found to 
extract especially unsaturated fatty acids from the 
membrane [30]. The production of lysolipids may 
contribute to the final inactivation of Mg2+-ATPase 
and Na+K§ activities after prolonged in- 
cubation with phospholipase A z. Previously, a simi- 
lar rise of Mg 2§ Ca2§ activity was ob- 
served with phospholipase A2-treated preparations 
of sarcoplasmic reticulum [30] and human eryth- 
rocyte membranes [32]. 

In view of the multiple membrane-bound en- 
zymes which are affected by the occurrence of free 
fatty acids as reported in literature [2, 9, 13, 14, 16, 
23, 35, 37] and found here, the question arises 
whether or not free fatty acids may physiologically 
act as modulators of enzyme activity. On the one 
hand, the amounts of unesterified fatty acids in 
mammalian cell membranes are low in comparison 
with the relatively high molar ratio of free fatty 
acid/membrane phospholipid required for a marked 
stimulation of ATPase activities. On the other hand, 
membrane-bound phospholipase A 2 activities are 
present in almost every cell [see 34 for references] 
and show an absolute requirement for Ca 2+. The 
activation of an endogenous phospholipase A 2 by a 
rise in cytoplasmic free Ca 2§ secondary to a hor- 
mone- or transmitter-dependent Ca 2§ influx may 
cause a small and transient increase in the con- 
centration of free fatty acids. In the presence of 
equimolar proportions of fatty acids and lysophos- 
pholipids the bilayer structure of membranes re- 
mains preserved [17]. The limitation of hydrolysis 
to phospholipase A~-susceptible domains [18] to- 
gether with an electrostatic segregation of fatty acids 
may restrict the effect to specific membrane-bound 
enzymes. In the work of Taverna and Hanahan 
[32], the liberation of less than 1% of total mem- 
brane fatty acids resulted in a marked stimulation of 
Mg 2+, Ca2§ activity. The rise of free fatty 
acids in the environment of the Ca2§ may 
even contribute to terminate the Ca z+ signal by 

increasing the Ca 2§ efflux. The ensuing fall of in- 
tracellular free Ca 2+ would reduce phospholipase 
A 2 activity, allowing the reacylation of previously 
liberated lysolipids with restoration of the initial 
state. 

The stimulating effect - especially on Na+K § 
ATPase - was more pronounced at reduced tem- 
peratures (Figs. 4 and 8). Therefore, it is conceivable 
that this alteration of the temperature dependency of 
the enzymes may have a functional role in cold 
acclimatation, since poikilotherms and hibernators 
are known to alter enzyme activities by increasing 
the fluidity of membrane lipids at lower ambient 
temperatures [see 19, for a review]. An increase of 
free fatty acids in the plasma membranes of poikilo- 
therms as the result of stimulation of endogenous 
phospholipase A 2 activity would permit an im- 
mediate adaptation of certain transport functions to 
a sudden drop in environmental temperature, fol- 
lowed by a slower increase in the degree of un- 
saturation of membrane phospholipids. The rapid 
onset of the distinct enhancement of ATPase ac- 
tivities by phospholipase A 2 may be taken as an 
indication of a physiological role of the modulating 
effect of free fatty acids. If this assumption is correct, 
phospholipids may be conceived as donors of un- 
saturated fatty acids, providing an instrument to the 
cell for concomitant alteration of surface charge 
densities and the hydrophobic interior of mem- 
branes with subsequent modulation of enzyme ac- 
tivity. 
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