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SUMMARY 

Studies were carried out to determine the Hill coefficients for the inhibition by 
F -  of the erythrocyte membrane-bound Mg/+-ATPase, (Na + +K+)-ATPase  and 
acetylcholinesterase from rats fed with seven different diets. Five groups were fed with 
different natural fats or oil supplements, one with a hydrogenated fat supplement and 
the other with fat-free diet. The responses of the red cell fatty acids to dietary fats 
were recorded. The values of n for the inhibition by F -  of the three enzymes revealed 
a particular and different behaviour in each group. Correlations between the fatty 
acid compositions of erythrocyte membranes and cooperativity of each enzyme were 
calculated. The results indicate that neither the essential fatty acid family nor the 
non-essential ones are particularly involved in the allosteric phenomena. The increase 
of the double bond index/saturation ratio of fatty acids, which is taken as indicative 
of membrane fluidity, was accompanied in an inverse manner by changes in allosteric 
transitions of the (Na + +K+)-ATPase  and acetylcholinesterase, whereas the Mg 2+- 
ATPase was not dependent on this ratio. Diminution of membrane fluidity, carried 
out by in vitro increase of its cholesterol content, yields confirmatory results of this 
regulatory mechanism since the value ofn  for acetylcholinesterase shifted as predicted. 

These facts indicate that the membrane fluidity is a physiological regulator for 
the allosteric behaviour of the membrane-bound enzymes and that each enzyme 
exhibits a particular behaviour in this phenomenon. 

* The initial part of this work was carried out at the Departamento de Quimica Biol6gica, 
Facultad de Ciencias Qufmicas, Universidad Nacional de C6rdoba, Ciudad Universitaria, C6r- 
doba, Argentina. A partial account of this work was presented at the National Meeting of the 
Sociedad Argentina de Investigaciones Bioqulmicas, Corrientes, Argentina, September 1972. 

** To whom reprints request should be sent. 
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INTRODUCTION 

The allosteric regulation of membrane-bound enzymes has been investigated by 
our laboratory. This regulation phenomenon was previously reported in erythrocyte 
membrane-bound ATPases from rats fed a fat-free diet l'z. In these animals, the fatty 
acids of the oleic acid family ( n - 9 )  are increased and the fatty acids of the linoleic 
acid family ( n - 6 )  are decreased 3. 

The isolation of mutants of Escherichia coli 4 which require an unsaturated fatty 
acid for growth has made possible investigations into the presence of the oleic and 
linoleic acid families in the lipid composition and its effect on the allosteric behaviour 
of the membrane-bound ATPase 5. 

In both systems, animal and bacterial, a decrease in the allosteric behaviour was 
observed when the ( n - 9 )  fatty acid content increased in the fatty acid composition of 
the membrane 1' 2,5. The assumption of a relationship between the "phenotypic alloste- 
ric desensitization phenomenon ''6 and ( n - 9 )  fatty acid content seems therefore 
plausible. However, we describe in this paper, that when the rats were fed a hydro- 
genated fat supplement in order to produce an essential fatty acids deficiency, the 
accumulation of ( n -  9) fatty acid was not accompanied by a decrease in the allosteric 
behaviour of the ATPases. In addition, even though low values of n were previously 
observed with rats fed a commercial diet 7, a high ( n -  6) fatty acid content is reported 
here for erythrocytes from this groups of animals. 

Experiments are described which furnish further evidence for the role assumed 
by the unsaturated fatty acids in the regulation exerted by the membrane structure on 
the allosteric behaviour of bound enzymes. It is shown that changes in the fatty acid 
composition of the erythrocyte membrane lipids, induced by the nature of the dietary 
fat, are accompanied by marked changes in the allosteric inhibition by F -  of the 
ATPases (ATP phosphohydrolase, EC 3.6.1.3) and acetylcholinesterase (acetylcholine 
hydrolase EC 3.1.1.7). An inverse relationship between the double bond index/satura- 
tion ratio and the absolute values of n for the inhibition by F -  of (Na ÷ + K ÷)-ATPase 
was observed. The situation was the opposite for acetylcholinesterase since the al- 
losteric transitions increased with the rise of the double bound index/saturation ratio. 
MgZ+-ATPase presented no correlation between these parameters. 

In addition, we offer biochemical evidence regarding the molecular basis of  
the interaction of membrane lipids and membrane enzymes through studies of the 
effect of cholesterol-dependent fluidity on the allosteric behaviour. 

METHODS 

Animal s  and diet 
Male Sprague-Dawley rats were put on solid diets after weaning and used after 

15 weeks. The composition of the basic diet without fat supplement has been published 
previously 2. In order to produce a deficiency in essential fatty acids, the rats were fed 
with a fat-free diet and a diet with a hydrogenated fat (5%) supplement. In the fat- 
sufficient diets, 5% corn oil, olive oil, linseed oil or lard were used as fat supplements. 
One group of rats was fed a standard rat diet manufactured by Molinos, Rio de la 
Plata (Argentina). 
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Enzymatic preparation 
Red cell ghosts were prepared by the method of Dodge et al. 8 with the addition 

of 1 mM EDTA in the 20 mosM sodium phosphate buffer (pH 7.4). They were washed 
twice with a solution of ! m M  cysteine in 20 mM imidazole buffer (pH 7.5), and then 
resuspended in the same buffer. The determinations of the ATPase activities were 
performed with freshly prepared cell ghost suspensions or with preparations which 
had been kept frozen in liquid nitrogen for not more than 1 week. Suspensions of 
freshly prepared red cell ghosts in 20 mosM phosphate buffer (without additional 
washes with imidazole buffer) or preparations which had been kept at 4 °C for not 
more than 3 days were used for determinations of acetylcholinesterase activity. 

Solubilization and reaggregation o fred cell ghost acetylcholinesterase 
The solubilization of the acetylcholinesterase and the preparation of membrane- 

like material were carried out by the method previously described 6. The membrane- 
like reconstituted material was loaded with cholesterol by adding it before dialysis. 

Assays of enzyme activities 
The reaction mixture for the determination of total-ATPase, which is the sum 

of the activities of the MgZ+-ATPase and (Na++  K+)-ATPase, consisted of: 25 mM 
Tris-HCl buffer (pH 8.0); 2 mM MgCI2; 1 mM ATP (Tris salt); 80 mM NaC1; 33 mM 
KCI, 40-80/zg of ghost protein, in a final volume of 2 ml. The Mg z +-ATPase com- 
ponent of the total-ATPase was determined by omitting Na + and K + from the reac- 
tion mixture. The mixture was incubated at 37 °C for 30-60 min. The reaction was 
stopped by the addition of 0.3 ml 40% trichloroacetic acid, and after 5 min at 0 °C 
it was centrifuged. Pi liberated was estimated in the supernatant fluid by the method 
of Fiske and SubbaRow 9. 

Acetylcholinesterase activity was determined in the following incubation 
mixture; 100 mM sodium phosphate buffer, (pH 8.0); 0,87 mM MgC12, 0.5 mM 
acetylthiocholine iodide, 20-40/zg ghost protein, final volume 3 ml. The thiocholine 
liberated was determined by the method of Ellman et alJ °. The mixture was incubated 
at 30 °C for 30 rain. 

Inhibition by F -  was investigated by measuring the enzymatic activities in 
presence of a concentration o f F -  from 0.3 to 2.5 mM. The values o fn  and K~ of the 
acetylcholinesterase, Mg2+-ATPase and (Na++K+)-ATPase  were determined 
graphically by using the following equations: 

log(v/Vo - v) = logK i - n log( l )  (refs 11 and 12) and 

l og (v  ~ -  Vbvb 1)=logKi+nalog( I  ) (ref. 2) 

since the inhibition by F -  approached 100% (not shown). In the latter equation, V t 
and V b are the maximal reaction velocities for the total- and MgZ+-ATPase, respec- 
tively; v t and v b the reaction velocities for the total- and Mg2+-ATPase, respectively; 
Ki, the Hill equation constant; n a is the Hill coefficient a n d / i s  the F -  concentration. 
The % of (Na + + K  +) activation in the ATPase system was calculated as the ratio 
x 100 of the (Na + + K+)-ATPase and the total ATPase activities. 
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Chemical analyses 
The method of Lowry et alJ 3 was used to determine the protein contents. The 

cholesterol determinations were performed by the method of Zlatkis et al. 14. 
The analysis of ghost fatty acids were carried out on samples extracted according 

to the method of Folch et al. 15. Lipids were transesterified with 14% boron trifluoride 
in methanol for 90 rain in sealed ampoules. The methyl esters were purified by thin- 
layer chromatography and analyzed by gas-liquid chromatography. The antioxidant 
BHT (2,6, di-tert-butyl-p-cresol) was used throughout the procedure in order to avoid 
autoxidation of the highly unsaturated fatty acids 16. As an aid in identification of 
fatty acid methyl esters of overlapping peaks on chromatograms, samples were 
fractioned according to their degree of unsaturation by thin-layer chromatography on 
Ag(NH2)zNO3-impregnated silica gel before gas chromatographic running. Gas- 
liquid chromatography was performed with an F and M instrument Model 700 
equipped with paired 6-ft columns of EGSS-X 10% on chromsorb W. AW DMCS 
(Applied Sciences Lab. Inc.) and dual flame-ionization detectors. The peaks were 
identified by comparison with standards (Sigma Chem. Co. and Applied Science Lab. 
Inc.). Quantitation was achieved by multiplication of the peak height by the width 
at half-height. 

RESULTS 

Effects o f  dietary fat  on erythrocyte fatty acids 
Variations in the nature of the dietary fat resulted in changes in the mixed fatty 

acid composition of rat erythrocytes 17. The analytical fatty acid compositions of 
dietary fat supplements and erythrocyte membranes are presented in Table I. The 
fatty acid composition of red cells was remarkably reproducible in different animals 
of the same groups. These were essentialy the same as described by several authors ~a' 19 

~ 50 1.7 

40 16 

~30  1.5 

~ 
10 11.3 

m 
A B C D E F 6 

DIET SUPPLEMENT 
Fatty acid families: ~ (n-3) Double bound 

I~1 (n~6) index: ~ 1  
( n - 7 )  

FT~I (n -9)  

Fig. 1. Effect of dietary fat supplements on the content of unsaturated fatty acids and double 
bond index of erythrocyte lipids. Diet supplements: A, fat-free; B, hydrogenated fat; C, lard; 
D, olive oil; E, corn oil; F, linseed oil; and G, standard diet. 
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A marked distinction between the fat ty acid families which can be synthesized 
endogenously and those which are dependent  on a dietary source can be seen in Fig. 1. 
Evidence o f  a regulated synthesis and distribution of  fat ty acid, as described above, 
has been reported 3'17. Al though  the rats were able to maintain fairly constant  the 
p ropor t ion  o f  unsaturated fat ty acid in spite of  the wide differences in the unsaturat ion 
o f  the dietary supplements, they were unable to maintain a constant  number  of  total  
double bounds  in the membrane  (Fig. 1 and refs 20 and 21). No  dietary influence was 
observed in the cholesterol and lipid phosphorus  content  (not shown). 

Essential fa t ty  acid deficiency and the allosteric inhibition by F -  o f  the ATPases 
Similar and typical signs of  essential fat ty acid deficiency were found in rats 

fed the fat-free diet and the diet with a hydrogenated fat supplement.  An increase o f  
( n - 9 )  and a reduct ion o f  ( n - 6 )  fat ty acids were observed (Fig. 1). Holman  23 showed 
that  when the ratio 20: 3(n - 9)/20: 4 (n - 6) was higher than 0.4, the rats were deficient 
in essential fat ty acids. This ratio was similar and higher than 0.4 in red cells f rom 
bo th  groups o f  animals;  (0.58 for fat-free and 0.61 for hydrogenated-fat  fed rats). 
The kinetic parameters  for F -  inhibit ion o f  the ATPase system of  the two groups o f  
essential fat ty acid-deficient animals are presented in Table I1. As can be observed, 
the values o f  n for the ATPases of  animals fed a diet with a hydrogenated  fat supple- 
ment  are significantly higher (P < 0.001) than those corresponding to animals fed a 
fat-free diet. The values of  K~ were similar for the enzymes of  the two groups (not 
shown). The % of  ( N a + +  K+)-act ivat ion showed no difference between both groups. 

The values o f  n f rom rats fed a fat-free diet presented in Table II  agreed with 
the values communica ted  in a previous work 2. 

TABLE lI 

ACTIVATION BY N a + + K  + AND n VALUES FOR THE INHIBITION BY F-- OF THE 
ATPases FROM RATS FED FAT-FREE AND HYDROGENATED FAT-SUPPLEMENTED 
DIET 

The enzymatic assays and the calculation of the kinetic parameters were performed as described 
under Methods. (N), number of experiments. The results are expressed as the mean _+ S.E. 

Diet ( N) Kinetic parameter 

n °//o Activation 

Mg2+-ATPase (Na+ + K+)-ATPase 

Fat-free 8 -1.34_+0.06 --1.86+0.13 57_+3 
Hydrogenated fat- 

supplemented 8 -1.81+0.06 -2.86-+0.19 45_+7 

* The values for the two groups are significantly different (P< 0.001). 

Effects o f  dietary fa t  on the allosteric inhibition by F -  of  the ATPases 
The fact that  rats fed the diet with a hydrogenated fat supplement show values 

o f  n similar to that  reported for rats fed a fat-sufficient diet z indicates no apparent  
relation between the allosteric behaviour  of  ATPases and essential fat ty acid deficiency. 
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The  behav iour  of  m e m b r a n e - b o u n d  ATPases ,  under  cond i t ions  where the  
in terac t ions  between pro te ins  and l ip ids  might  be a l te red  by var ia t ions  in the  na ture  
o f  the  d ie ta ry  fa t -supplement ,  m a y  provide  a sensit ive ind ica tor  o f  s t ruc tured  features  
in the a l loster ic  changes.  W a l k e r  and  K u m m e r o w  24 showed tha t  when rats  were fed 
diets  differing in thei r  fa t - supplement ,  the  essential  fa t ty  acid ( n - - 6 ) c o n t e n t  of  the  
e ry throcy tes  was re la ted  to  the  resistance of  the  red b lood  cells to  haemolysis .  Con-  
sequently,  with these ideas we s tudied the re la t ionsh ip  be tween al loster ic  modi f ica t ion  
of  ATPases  and l ip id  compos i t ion .  

The Hill  coefficient for the  inh ib i t ion  by F -  of  the  ATPases  was de t e rmined  
in e ry th rocy te  membranes  ob ta ined  f rom five groups  of  rats  fed wi th  different  fat-  
supp lemen ted  d ie t  (Table  III).  The  values o f  n for  (Na  + + K + ) - A T P a s e  ranged  f rom 
- 2 . 0  for rats  fed on a s t andard  d ie t  to  - 3 . 0  for  those fed on the l inseed oil  diet .  
Signif icant  differences between some groups  are presented.  The Mg2+-ATPase  o f  the  
rats  fed on the die t  wi th  the  l inseed oil  supp lemen t  and on the s t anda rd  d ie t  are  
signif icat ively different in the i r  a l los ter ic  behav iou r  f rom the o the r  groups.  The  low n 
values found  for  rats  fed the  s t anda rd  d ie t  agreed with  those  previous ly  observed  7. 
The O//o of  ac t iva t ion  by (Na + + K +) was the  same in all  five cases. The  values of  K i 
and the specific act ivi t ies  showed no differences be tween the groups  (not  shown). 

TABLE I l l  

ACTIVATION BY ( N a + + K  +) AND n VALUES FOR THE INHIBITION BY F-- OF THE 
ATPases FROM RATS FED DIFFERENT DIETS 

The enzymatic assays and the calculation of the kinetic parameters were performed as described 
under Methods. (N), number of experiments. The results are expressed as the mean +_ S.E. 

Diet ( N) Kinetic parameter 

n ~ Activation 

Mg2+-ATPase (Na+ + K+)-ATPase 

Standard 6 -1.31_+0.03" -2.04+0.15 45_+7 

Supplemented with : 

Lard 6 -1 .84+0.10 -2.93+_0.16"* 52+_3 
Olive oil 7 -1.80+_0.10 -2.23+0.10 52_+3 
Corn oil 9 -1.87_+0.09 -2.13+_0.06 58+_3 
Linseed oil 11 - 1.51 _+0.03* -2.99_+0.10"* 54_+2 

* Significantly different from the other groups (P< 0.005). 
** Significantly different from the other groups (P<0.001). 

Effects o f  dietary fat  on the allosteric inhibition by F -  of  the acetylcholinesterase 
Studies  s imilar  to  those  descr ibed  above  were car r ied  out  w i th  ace ty lchol ines te -  

rase. The  values o f  n = - 1.0 for  the  inh ib i t ion  by  F -  in ra ts  fed a fat-free d ie t  were 
previous ly  r epo r t ed  6. As can be observed,  the  values o f  n ranged  f rom - 0 . 9  in the  
case of  l a rd - supp lemen ted  ra ts  to  - 1.6 in the  case of  corn o i l - supp lemen ted  ones.  
Significative differences are presented  be tween  several  groups  (Table  IV). 
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TABLE IV 

HILL COEFFICIENT (n) VALUES FOR THE INHIBITION BY F-- OF ACETYLCHOLIN- 
ESTERASE FROM RATS FED DIFFERENT DIETS 

The enzymatic assays and the calculation of n were performed as described under Methods 
(N), number of experiments. The results are expressed as the mean + S.E. Values followed by 
the s:~me letters are not significantly different (P> 0.05). 

Diet (N) n 

Standard 7 - 1.44 + 0.05 ~ 
Fat-free 6 - 1.06 + 0.03 e,d 

Supplemented with : 
Hydrogenated fat 7 - 1.00 + 0.08 e,a 
Lard 7 -- 0.94 + 0.03 e 
Olive oil 6 - 1.25 ± 0.05 h 
Corn oil 6 - 1.58 _+0.06 ~ 
Linseed oil 7 - 1.19 ± 0.04 b,d 

Differing from that  found with the ATPase system, the values of n for the F -  
inh ib i t ion  of erythrocyte acetylcholinesterase of rats grown on a hydrogenated fat 
diet  were indis t inguishable  from those of animals  fed a fat-free diet. But  it is interes- 
t ing to remark  that  low n values were not  characteristic of erythrocytes con ta in ing  10w 
(n-6)  fatty acid levels, as can be seen in the case of lard-fed rats ( - 0 . 9 ) .  Values of 
K i and specific activities were similar in all seven cases (not  shown). 

Correlations between the allosteric behaviour o f  the enzymes and fatty acid composition 
Several relat ions were calculated with the data presented in this work. The mole 

percentage of the ( n - 9 )  ( n - 6 )  ( n - 3 )  fatty acid families were plot ted against  the 
values of n for the ATPases and acetylcholinesterase. No significative values were 
found  for the correlat ion coefficient in all cases. This discards the possibil i ty tha t  the 
allosteric modif icat ion of m e m b r a n e - b o u n d  enzymes could be due to the direct act ion 
of some fatty acid family. However,  inverse and  specific effects of oleic and linoleic 
acid contents  on the values of n of the acetylcholinesterase is i l lustrated in Fig. 2. 
The allosteric t rans i t ions  of the ATPases presented no rela t ionship with any fat ty 
acids. 

1.7 

- -  t 5  

,< 1.1 

0 9  

A 
o 

y= 0.79.0.06x 
r = 0.85 p <~0.02 

B 

i.o sr.o ~0 ";.0 910 I~.0 I~.0 ~0 
°/, L,NO'E,C AC,O % OLE,C ACre 

Fig. 2. Relationship between absolute values of n for inhibition by F-- of acetylcholinesterase 
and (A) linoleic acid, (B) oleic acid content of erythrocyte lipids. 
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The decrease of oleic acid was compensated by an increase in the content of 
linoleic acid (Table I), the sum of them being the same in all the diets examined. 
Other authors showed the same compensatory changes in unsaturated fatty acids 21'25. 
This fact could be due to an equally important effect of oleic acid and linoleic acid on 
the physiological allosteric regulation by the cell membrane. 

The plots of the unsaturated/saturated fatty acids ratio against the absolute 
values of n for ATPases and acetylcholinesterase are presented in Fig. 3A. The correla- 
tion coefficient was significant for (Na ÷ +K+)-ATPase  but not for Mg2+-ATPase 
and acetylcholinesterase. 

Since the fluidity of a lipid may be more directly dependent upon the total 
number of double bonds present than upon the percentage of unsaturated fatty acids, 
the double bound index/saturated fatty acids ratio was calculated and plotted against 
the absolute values o fn  for the enzymes. As can be seen in Fig. 3B the animals with 
a higher double bond index/saturated ratio exhibit minor n values for (N a++  K+) - 
ATPase. This relation is inverse for acetylcholinesterase. Mg2+-ATPase presented 
no significant correlation. 
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Fig. 3. Relationship between absolute values of n for inhibition by F-- of (Na + + K+)-ATPase (@), 
Mg2+-ATPase ( x ), and acetylcholinesterase (©) and the ratio (A) unsaturated/saturated and (B) 
double bond index/saturation of fatty acids from erythrocyte lipids. 

Reconstitution of the membrane in the presence of cholesterol and the allosteric behaviour 
of acetylcholinesterase 

Since the correlation seen above suggest that the (Na + +K+)-ATPase  and 
acetylcholinesterase are regulated by the fluidity of the lipid portion of the membrane, 
we have studied the effect of increasing its cholesterol content. The addition of 
cholesterol to phospholipid suspensions or to monolayers restricts the motion of the 
hydrocarbon chains 17. The values of n for acetylcholinesterase in membrane-like 
material obtained in the presence or absence of cholesterol from rats grown on the 
corn oil-supplemented diet are shown in Table V. As can be observed, the Hill 
coefficient is low only in reconstituted membrane obtained in the presence of choles- 
terol. The increase of cholesterol content in solubilized enzymatic preparation has 
no effect on the allosteric behaviour. These facts indicate that cholesterol perturbed 
the acetylcholinesterase behaviour only when incorporated into the membrane matrix. 
The fatty acid composition remained unchanged during the reconstitution experiment 6. 
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TABLE V 

EFFECTS OF THE FORMATION OF MEMBRANE-LIKE STRUCTURE IN THE PRES- 
ENCE OF ADDITIONAL CHOLESTEROL ON THE VALUES OF n FOR ACETYL- 
CHOLINESTERASE FROM RATS FED A CORN OIL-SUPPLEMENTED DIET 

1.5 ml of 20 mM sodium phosphate (pH 7.4) containing 5.5 mg ghost protein from rats fed 
a corn oil-supplemented diet were treated with 1.5 ml 1 ~ Triton X-100. Then, 2 nag of cholesterol 
were added to the mixture (the cholesterol was not fully solubilized). This suspension was cen- 
trifuged and dialysed for 24 h against three changes of 500 ml of 5 mM sodium phosphate (pH 6.0) 
containing 10 mM MgC12. The suspension obtained was centrifuged at 30000×g for 30 rain 
and the pellet was resuspended in 100 mM sodium phosphate (pH 8.0) (Expt 2). The insoluble 
material was resolubilized with 0.2~ Triton X-100 and centrifuged at 100000 xg for 1 h (Expt 3). 
The control experiment was carried out in the same way without the addition of cholesterol. 

Expt Enzyme preparation Cholesterol (rag~rag protein) Values of  n 

+ Cholesterol Control + Cholesterol Control 

1 100000 × g supernatant 0.32 0.23 - 1.7 -- 1.8 
2 Material reaggregated by dialysis 0.38 0.26 - 1.0 - 1.7 
3 Supernatant after 

treatment of reaggregated 
material with Triton X-100 0.61 0.72 -1.6 --1.6 

The value of n = - 1.7 found in the superna tan t  after t reat ing the cholesterol-loaded 
mater ial  with detergent  indicates tha t  the low value ( -  1.0) obta ined  in it was not  a 
consequence of allosteric desensi t izat ion of the enzyme dur ing  dialysis. The increase 
of cholesterol content  has no influence on the specific activity and K~ of the enzyme. 
The specific activity increased 4-fold th roughout  the procedure in bo th  preparat ions  6. 

DISCUSSION 

The allosteric nature  of the inh ib i t ion  by F -  of the ATPases and acetylcholines- 
terase from rat red cells has been reported 2'6 showing that  they belong to the V system 
according to Monod  et al. 26. I t  was demonst ra ted  in these allosteric systems tha t the  
same enzymes were present in rats fed fat-sufficient and fat-free diets and that  the 
decrease of the allosteric behaviour  observed in fat-deficient animals  could be inter-  
preted as the uncoupl ing  of the in teract ion wi thout  modifying the site for the F -  
effector, due to a conformat iona l  a l te ra t ion  in the pro te in  provoked by changes in 
the membrane  lipid composi t ion.  Recent  comparat ive  studies have shown that  ery- 
throcyte m e m b r a n e - b o u n d  p-n i t rophenyl  phosphatase from rats fed fat-sufficient and 
fat-deficient diets are both  allosteric, but  the dis t r ibut ion between the two intercon- 
vert ible forms R and T, predicted by the model  of M o n o d  et al. 26, is different in both  
groups z7. This fact has been fully elucidated with acetylcholinesterase from rats fed 
a fat-free diet:  the release of this enzyme from the membrane  provokes a reor ienta t ion 
in it in such a way that  the stereospecific interactions with the F -  effector are re- 
established 6. The data presented here demonstrate  that the changes in the distr ibution 
between the two forms R and T of the m e m b r a n e - b o u n d  enzymes occur independent ly  
of the presence of essential fatty acids in the diet. 
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Based on the n values and fatty acid compositions obtained, several correlations 
were calculated. No connection was found between ( n - 3 )  ( n - 6 )  and ( n - 9 )  fatty 
acid families and allosteric changes of the ATPases and acetylcholinesterase. 

The correlation between the allosteric transitions of acetylcholinesterase and 
the linoleic acid content is in agreement with the effect reported by Walker and 
Kummerow 24 when studying the rate of haemolysis and ( n - 6 )  fatty acid content. 
However, the picture that emerges from this fact is limited and insufficient for the 
explanation of the allosteric regulation of the membrane-bound enzymes by changes 
in fatty acid composition, since only acetylcholinesterase presented this behaviour. 
The fact that the double bond index/saturation ratio was correlated with the allosteric 
transitions of (Na + + K+)-ATPase and acetylcholinesterase, might represent a more 
sensitive indication for the membrane as a regulator of its bound enzymes. In addition, 
obviously the increase of linoleic acid content affects the double bond index in the 
same direction and this is in accordance with the positive correlation between the 
values of n for acetylcholinesterase and both relations (Figs 2A and 3B). 

Studies performed on the diffusion of different solutes out ofliposomes prepared 
from lecithins indicated consistent positive correlation between the degree of un- 
saturation of the fatty acid residues and permeability 28-33. Experiments with phos- 
pholipid monolayers have revealed that increasing the degree of unsaturation of the 
fatty acid residues results in an increase of the fluidity of the lipid film because of 
the rise of the area per molecule 34. The physical studies on membranes indicate that 
the membrane lipids are directly related to the membrane fluidity 35- 4o. Saturated fatty 
acids tend to render the membrane less fluid, while unsaturated fatty acids have the 
opposite effect. From the above considerations the double bond index/saturation 
ratio could be taken as an indicative of membrane fluidity. In agreement with this 
hypothesis, recent physical studies carried out with rats fed fat-free and fat-sufficient 
diet suggest that the freedom of molecular motion of a spin label in alkyl domains 
could be proportionate to the unsaturation index 41. 

The relationship between a decrease of the allosteric transitions for the inhibi- 
tion by F -  of the (Na++  K+)-ATPase and the double bond index/saturated ratio 
could indicate that the condensing effect of the saturated fatty acid of the membrane 
increases the strength of interactions between the allosteric effector sites. In contrast, 
when less tightly packed membranes are obtained, an increase of the cooperativity is 
acquired by membrane-bound acetylcholinesterase. If an extrapolation is then 
permitted, one would expect that when this enzyme is separated from the membrane, 
the maximum absolute value of n should be obtained. In agreement with this hypo- 
thesis, solubilized acetylcholinesterase renders a value of n = - 1 . 6  (Table V). In 
addition, values of n = - 1.0 were obtained in experiments of the reconstitution of 
solubilized membranes from red cell ghosts of rats fed a fat-free diet 6. 

The Mg2+-ATPase appeared to be insensitive to the fluidity parameter. This 
fact may be interpreted in terms of a heterogeneous response to l ipid-protein inter- 
action within the membrane 39. In addition, the allosteric behaviour of membrane- 
bound (Na + +K+)-ATPase and acetylcholinesterase have comparable sensitivities 
to the modulation by fluidity, although their responses present strikingly opposite 
signs. A plausible explanation to this fact could be that acetylcholinesterase is loca- 
lized on the outside of the erythrocyte membrane, whereas (Na++  K+)-ATPase was 
shown to be present on the inner face 42-45. 
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The effect of  increased cholesterol content on lipid-protein interactions in 
membranes were investigated by means of electron spin resonance and infrared 
spectroscopy 46. These results showed that the cholesterol loading of erythrocytes led 
to an increase in the local viscosity of  the lipid phases of the membrane without 
apparent effect on the protein conformation. 

The changes that occur in the values of n for acetylcholinesterase in response 
to an increase in the compression of the membrane lipid phases mediated by choleste- 
rol are in agreement with the correlations found between allosteric behaviour and 
membrane fluidity (Fig. 3). This is an additional proof  on the biochemical phenome- 
non involved in the regulation of allosteric behaviour of  some membrane-bound 
enzymes. Furthermore, we found an inverse shift in the values ofn  for the (Na + + K+)- 
ATPase and acetylcholinesterase when rats grown on the corn oil-supplemented diet 
were fed the same diet with 1% cholesterol for I week. (Bloj, B., Morero, R. D., 
Farias, R. N. and Trucco, R. E., unpublished results). 

It  is interesting to note that, contrary to the findings using physical probes 46, in 
our case protein conformational changes are recorded when the physical properties 
of  membrane lipids are altered. These facts indicate that the study of the allosteric 
changes in membranous enzymes is a sensitive tool for recording modifications in 
membrane lipid-protein interactions in s i tu  (Fig. 3, and refs 1, 2, 5, 6, 27). 

In the membrane, protein-fat ty  acid interactions obviously depend on the 
nature of  the fatty acid pool, which in turn depends on lipid nutrition. The physiolo- 
gical significance of the relation between the allosteric behaviour of  the membrane- 
bound enzymes to the effector F -  is at present matter  of  speculation 27. It is interesting 
to note that the allosteric modification was found in heart and kidney microsomal 
ATPases from rats fed a fat-deficient diet 47, indicating that this regulation pheno- 
menon is not confined to one tissue. In addition, the values o fn  for both Na  + and K + 
activation of the (Na + + K+)-ATPase were changed under conditions in which the 
fatty acid composition of the membrane was modified 1. The latter observation, 
coupled with the fact that the (Na + + K+)-ATPase is intimately associated with Na + 
and K + pumping in many different tissues 48, raises questions about the possible 
effects of  membrane fluidity modifications, caused by dietary fats, on the membranous 
energy-dependent pumps. 
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