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The order and the mobility of the lipids in the membrane were measured by the ESR method for the erythrocytes with 
both normal and modified intracellular concentration of ATP. The lipid order did not depend on the ATP level, but the 
lipid mobility was affected by the intracellular ATP concentration. The lipid mobility was higher in the cells with a 
larger concentration of ATP. 

1. Introduction 

The intracellular concentration of adenosine 5'-tri- 
phosphate (ATP) in erythrocytes influences the morpho- 
logical and mechanical properties of the cells [1-5]. A 
long-term storage of red cells, or their metabolic starva- 
tion, caused a decrease of the microviscosity of the cell 
membrane [6-8]. 

This effect was attributed to a decrease of intra- 
cellular concentration of ATP. However, an increase of 
lipid order and a decrease of lipid mobility during in 
vivo ageing of erythrocytes were also associated with a 
decrease of the ATP level [9]. Moreover, a total ATP- 
depletion of the cells led to irreversible, or only partly 
reversible effects [7,8]. These inconsistencies between 
the data and the observed effect of the ATP on critical 
cell volume of erythrocytes prompted us to do research 
on a correlation between the dynamical state of mem- 
brane lipids and the intracellular concentration of ATP 
at a physiological level. Apart from the commonly used 
metabolic starvation of the cells we have also investi- 
gated the effect of increasing the ATP level by phos- 
phate activation of glycolysis [10] on the order and the 
mobility of the membrane lipids. These last parameters 
were evaluated from the ESR spectra of 5-, 12- and 
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16-doxylstearic acids placed into the membranes of 
intact bovine erythrocytes. 

2. Materials and Methods 

2.1. Erythrocytes 
Preparation of erythrocytes, modifications of activity 

of glycolysis and ATP measurement were described in 
the accompanying paper [11]. 

2.2. Cholesterol content 
The erythrocyte suspension of 50% hematocrit was 

mixed with ice-cold butanol in the ratio 100:75. The 
extraction of lipids at 0 ° C took 30 min. The suspension 
was then centrifuged at 20000 × g for 5 min [12]. The 
supernatant was collected and butanol was evaporated 
under vacuum. The dry residue of lipids was weighted. 
The quantity of the cholesterol was determined accord- 
ing to Ref. 13 using a standard kit from POCH, Gliwice, 
Poland. 

2.3. Lipid order and mobility 
Fatty acid spin labels, 5-, 12- and 16-doxylstearic 

acids, were purchased from Sigma. The spin labels were 
added in methanol solution, methanol was subsequently 
evaporated and the tubes with the dry residue and a 
highly concentrated erythrocyte suspension were shaken 
mechanically for 30 min at ambient temperature. An 
appropriate amount  of the spin label was used to 
maintain the label to lipid molecular ratio 1 : 50. 

The ESR spectra were recorded on the SE/X-28 
spectrometer manufactured at the Technical University 
of Wroc/aw. The field sweep was 100 G, time constant 
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0.3 s and scan time of 500 s. The temperature of the 
sample was controlled by a thermocouple. The measure 
of the lipid order was the order parameter calculated 
according to Hubbel and McConnell [14] from the 
spectra of 5-doxylstearic acid. The measure of the lipid 
mobility was the correlation time % calculated accord- 
ing to Kivelson [15] from the spectra of 12- and 16- 
doxylstearic acids. 

3. Results 

3.1. A TP and the order of membrane lipids 
The order parameter S was computed from the 

parameters of the spectra of 5-doxylstearic acid located 
in membranes of intact erythrocytes. No correlation 
between the order parameter and the intracellular con- 
centration of the ATP was found (r  = 0.06, n = 11). It is 
well known, however, that the lipid order depends 
strongly on the cholesterol in the membrane [16-18]. 
Such dependence was also found for the red cell from 
the studied population of animals. The correlation coef- 
ficient was r =  0.89 (n = 11) and it was statistically 
significant at P < 0.001. In order to check if the intra- 
cellular concentration of ATP affects the lipid order we 
compared eight pairs of samples paired according to a 
similar content of cholesterol. The mean differences of 
the cholesterol content, of the order parameter and of 
the ATP concentration between the samples in each 
pair are shown in Table I. These differences were com- 
pared with the value and its standard deviation of the 
corresponding average parameter in the studied popu- 

TABLE l 

The effect of the intracellular concentration of A TP on the order of lipids 

The mean differences of cholesterol content, of the order parameter 
and of the ATP concentration were calculated for eight pairs of 
samples paired according to a similar content of cholesterol. These 
differences were compared with the value and its s tandard deviation 
of the corresponding average parameter in the studied population of 
animals which were equal (mean+S.D.) :  (a) cholesterol content = 
(25.1 + 2.6)% (w/w) of total lipids; (b) ATP concentration = 373 + 86 
ttM; (c) order parameter S = 0.616 ± 0.027 (at 30 o C for 5-doxylstearic 
spin label). The number  of pairs n = 8, the confidence limits are given 
for the confidence level 1 -  P = 0.95. The correlation coefficient for 
the relationship between the differences of the ATP concentration and 
of the order parameter was r = 0.11 (n = 8) and it was not  significant. 

Quantity Mean 
difference 

Mean difference relative to 
the value of the populat ion's  

mean S.D. 

Cholesterol 0.1±0.2% 0.4± 0.8% 
content ( w / w  of total 

lipids) 

3.8 ± 7.6% 

ATP con- 
centration 85±42  (~M) 31 ±15% 98 ±49% 

Order 
parameter 0.006±0.016 1 ± 3% 22 ±59% 

TABLE II 

Effect of modifications of intracellular concentration of A TP on order 
and mobility of lipids 

The number  of experiments n = 6, the confidence limits are given for 
the confidence level 1 - P = 0.95. All values are relative with respect 
to the control values, which were equal (mean+S.D.) ;  (a) ATP 
concentration = 400 + 40/~M; (b) z c at 30 ° C  for 12-doxylstearic acid 
spin label ( 1 2 - D S A ) = ( 6 . 8 + 1 . 3 ) . 1 0  -9  s; (c) % at 3 0 ° C  for 16- 
doxylstearic acid spin label (16-DSA) = (2.25 ± 0.45). 10-9 s; (d) S at 
30 ° C  for 5-doxylstearic acid spin label (5-DSA). All differences 
between the control and the modified samples are statistically signifi- 
cant at P < 0.01 (Student 's  paired statistics t-test). 

Sample % 

Parameter: ATP con- r c for ~c for S for 
centration 12-DSA 16-DSA 5-DSA 

With activated 
glycolysis 126+15 85+  8 8 8 + 7  99.6+1.2 

Metabolically 
starved 6 2 + 2 0  135+18 115±8  100.5±1.6 

lation of animals. There is no statistical correlation 
between those data. 

The activation of glycolysis resulted in an increase of 
the intracellular ATP concentration by about 25%, while 
the metabolic starvation decreased it by about 40% 
(Table II). No significant change of the order parameter 
for confidence level 1 - P = 0.95 was observed for both 
ATP changes (Table II). 

The lipid mobility was expressed by the parameter ~'c, 
which for the rapid isotropic motion of the spin-labelled 
molecule, is related to the rotational correlation time 
[15]. However, it may also be useful as a measure of the 
relative lipid mobility when used in the same system 
and under the same conditions [19]. For the cells studied 

Z 
0 
I -  
< 

,-fi,, 
r r  
r ' r  
0 
( .J 

11 

9 

7 

5 
I 

© 
T r I 

0 

I 
3OO 

0 

0 

0 Io o 
I 

o {o 
J 

500 
ATP CONCENTRATION (~uM) 

Fig. 1. The effect of the ATP intracellular concentration on the lipid 
mobility measured from the ESR spectra of 12-doxylstearic acid. Each 
point (open circles) represents data for erythrocytes from one animal, 
correlation coefficient r = -0 .81  (n =11,  P < 0.01). ~ ,  • and ~ ,  
represent average vah ies+S.D,  for erythrocytes with an increased, 

normal  and decreased concentration of ATP, respectively. 
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Fig. 2. The effect of the ATP intracellular concentration on the lipid 
mobility measured from the ESR spectra of 16-doxylstearic acid. Each 
point (open circles) represents data for erythrocytes from one animal, 
correlation coefficient r = - 0 . 7 0  ( n = l l ,  P<0.01) .  ~9, • and ~ ,  
represent average values+S.D, for erythrocytes with an increased, 
normal and decreased concentration of ATP, respectively. The mean 
values overlap due to spread of values of the correlation time, 
associated with the different individuals whose blood was studied. 
However, the differences between the values corresponding to the 
control and modified cells were statistically significant in confidence 

interval and t-paired tests (Table II). 

mation about the relative order and mobility of the 
membrane lipids as previously tested [19]. 

4.2. Effect of cholesterol and of intracellular concentration 
of A TP on the lipid order 

Both N M R  [16] and ESR [17,18] studies clearly 
indicated that cholesterol molecules affect the lipid order 
within a model biomembrane. 

Such a dependence was also found in the membrane 
of bovine erythrocytes. In order to find any relationship 
between the intracellular concentration of ATP and the 
lipid order we compared the differences between both 
ATP concentrations and the S parameters in samples 
paired according to their almost similar cholesterol con- 
tent. While the difference in the ATP concentration was 
significant, comparable with the standard deviation of 
the average ATP concentration in the whole population 
of animals studied, the mean difference in the S param- 
eter was negligibly small. 

Both the decrease and the increase of the intra- 
cellular concentration of ATP, caused by a modification 
of the activity of glycolysis, did not influence the lipid 
order of the erythrocyte membrane, either. Therefore, 
the intracellular concentration of ATP does not seem to 
affect the lipid order of the membrane of bovine red 
cell. 

% was calculated from the ESR spectra of 12- and 
16-doxylstearic acid incorporated into membranes of 
intact erythrocytes. The dependences of the % on the 
intracellular ATP concentration for the cells labelled 
with 12- and 16-doxylstearic acid are shown in Figs. 1 
and 2, respectively. There is a statistically significant 
correlation between the data. The lipid mobility in 
membranes of erythrocytes with an elevated level of 
ATP was increased, with respect to the normal control, 
while it decreased in the membranes of partially ATP- 
depleted cells. The results are shown in Table II. The 
points which represent the mean values and the stan- 
dard deviations of the changes of both the % and the 
intracellular ATP concentration are also indicated in 
Fig. 1 and Fig. 2 showing the plots of % vs. ATP 
concentration for the whole population of animals. 

4. Discussion 

4.1. The order and the mobility of membrane lipids 
The order parameter S and the correlation time % 

used here to evaluate the lipid order and the mobility, 
respectively, are operationally defined parameters and 
they were not used in their original physical meaning, 
valid for the isotropic spin probe mobility, fast enough 
on the ESR time scale [18]. However, since we have 
studied the same system (the membrane of intact bovine 
erythrocyte) and under the same conditions throughout 
the experiments these parameters have given the infor- 

4.3. Effect of A TP concentration on lipid mobility 
The correlation between the intracellular ATP con- 

centration and the lipid mobility was evident in the 
unmodified red blood cells as well as in the cells with a 
modified activity of glycolysis. The dependence of the 
lipid mobility on the intracellular ATP concentration, 
and its lack for the lipids' order, may seem to be 
surprising, however, a correlation between the rates of 
molecular motion and the degree of molecular order in 
a system such as the erythrocyte membrane is not 
necessary [18]. 

The question was what had been the cause and what 
the effect? The permeability of the membrane for glu- 
cose, which is small for bovine erythrocyte [20], could 
have been a rate-limiting step of glycolysis. Since the 
glucose permeates the erythrocyte membrane by facili- 
tated diffusion, which may depend on the membrane 
fluidity [18], the lipid motion could have therefore af- 
fected the intracellular concentration of the ATP. The 
significant changes of the lipid motion after modifica- 
tions of the ATP level indicated that the dependence 
was reversed. Our results contradict those obtained 
upon long-term storage of cells [6,8], or a total ATP- 
depletion [7]. However, such treatment of the cells leads 
to a loss of asymmetry of membrane lipids [28] and to 
vesiculation of the cell membrane [29]. These phenom- 
ena may be linked with a total disintegration of the 
membrane skeleton due to dephosphorylation of its 
elements [30]. The observed increase of the fluidity of 
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m e m b r a n e  l ipids due to an ATP-dep l e t i on  resul ted f rom 
an appea rance  of  a f luid phase  which d id  no t  exist at  
the physiological  level of the A T P  as it had  been  
previously  shown by  the ESR s tudy [7]. The  cor re la t ion  
be tween the in t racel lu lar  concen t ra t ion  of  the  A T P  at 
the physiological  level, observed by  us, reflects p r o b a b l y  
a role of the A T P  in the regula t ion  of  the d y n a m i c  
proper t ies  of  the membrane .  The  increase  of  the mem-  
b rane  f luidi ty  af ter  a long- te rm storage [6,8], or  a to ta l  
ATP-dep le t ion  [7] seems to .be re la ted  with s t ructura l  
changes of the cell membrane .  A s imilar  dua l i ty  of  the 
ATP-effec t  on the shape  of  e ry throcytes  has been  found  
[5]. The mechan i sm of  the corre la t ion  be tween  the A T P  
level and  the l ipid mobi l i ty  can only  be, at present ,  a 
subject  for speculat ions.  The  in t race l lu la r  level of  A T P  
influences the s ta te  of bo th  m e m b r a n e  l ip ids  and  p ro -  
teins [21-27].  The  m e m b r a n e  of  bovine  e ry throcy te  is 
relat ively rich in po lyphospha t e  phospha t idy l inos i to l  
[31]. The repulsive electrostat ic  forces be tween the nega- 
t ively charged heads  of  these l ipids  could  loosen the 
l ip id-pro te in  mat r ix  and thus increase  the l ip id  mobi l i ty .  

The l ipid mobi l i ty  is also affected b y  the p r o t e i n - l i p i d  
in teract ions  [32,33]. The  poss ible  re laxa t ion  of  the mem-  
b rane  skeleton after  a phospho ry l a t i on  of  b a n d  4.1 
pro te in  [22,23] and  of  ankyr in  [21] could,  therefore,  
inf luence also the l ip id  mobi l i ty .  
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