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The cholesterol content of human erythrocyte membranes has been modified by incubation of intact cells 
with sonicated egg phosphatidylcholine/cholesterol vesicles and with egg phosphatidylcholine vesicles. 
(Na + + K + )-ATPase ATP hydrolyzing activity was measured as a function of membrane cholesterol content. 
High membrane cholesterol inhibits the ATPase activity of the enzyme and low membrane cholesterol 
activates that enzyme activity. The most likely mechanism of inhibition is suggested to comprise direct 
cholesterol-protein interactions which lead to a low activity conformation. Ouabain binding studies show that 
the inhibition is not due to a loss of enzyme from the membrane. 

Cholesterol can influence a number of human 
erythrocyte properties. One of the most notable is 
an extensive folding of the plasma membrane due 
to increased membrane cholesterol levels [1]. Spur 
cell anemia can develop due to increased plasma 
cholesterol levels resulting from liver cirrhosis that 
leads to increased cholesterol/phospholipid ratios 
in the human erythrocyte membrane [2]. Recently, 
some transport functions of the membrane have 
been shown to be differently affected by varying 
the cholesterol content of the human erythrocyte 
membrane [3]. 

(Na + + K + )-ATPase hydrolyzing activity from 
other sources has been shown in recombinant 
membrane systems to be inhibited by cholesterol 
[4]. In the human erythrocyte membrane, conflict- 
ing views of the effects of cholesterol on the (Na ÷ 
+ K ÷)-ATPase transport function have been ad- 
vanced [1,5-7]. The purpose of this study was to 
look at the effect of membrane cholesterol on 
(Na ÷ + K ÷ )-ATPase hydrolyzing activity. Since 
20-50% of the total production of cellular ATP is 
used by the (Na + + K ÷)-ATPase [8], any effects 
of membrane cholesterol on ATP utilization by the 
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(Na ÷ + K ÷ )-ATPase might have important conse- 
quences for cellular metabolism. In this study, 
membrane cholesterol levels are shown to mod- 
ulate the ATP hydrolyzing activity of the (Na ÷ + 
K ÷ )-ATPase in the human erythrocyte membrane, 
with high levels inhibiting the enzyme and low 
levels activating the enzyme relative to normal, 
unmodified erythrocytes. 

Materials and Methods 

Acrylamide, N, N'-methylenebisacrylamide, 
sodium dodecyl sulfate and other electrophoresis 
supplies were purchased in electrophoresis grade 
from Bio-Rad Laboratories. Triton X-I00 was ob- 
tained from Calbiochem. Pyruvate kinase, lactate 
dehydrogenase, histidine, ouabain, NADH, ATP 
and ADP were obtained frorth~Sigma. Cholesterol 
was obtained from Eastman and exhibited a single 
spot when analyzed on thin-layer chromatography 
in petroleum ether/diethyl ether/glacial acetic acid 
(90:10:1, v/v) visualized by acid charring. Egg 
phosphatidylcholine was supplied by Avanti Bio- 
chemicals and produced a single spot with two-di- 
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mensional thin-layer chromatography: (a) chloro- 
fo rm/methanol /ammonia  (65 : 25 : 5) and (b) 
chloroform/acetone/methanol /acet ic  acid/water  
( 6 : 8 : 2 : 2 : 1 ) .  The plates were developed by 
sulfuric acid charring. 3H-labeled ouabain was ob- 
tained from New England Nuclear at a specific' 
activity of 14.0 Ci/mmol.  

Fresh blood was drawn after an overnight fast 
from normal human donors with no known recent 
medication history and between 22 and 35 years of 
age. No clinically obese individuals were among 
the group. Blood was drawn into a 1% EDTA 
solution in normal saline and used immediately. 
Erythrocytes and plasma were separated by 
centrifugation in an SS-34 rotor in an RC5-B 
superspeed centrifuge at 20000 × g for 15 min at 
5°C. The buffy coat was aspirated away, 

Erythrocytes were washed with 10 vol. of the 
incubation buffer by recentrifugation as described 
above. The incubation buffer comprised 150 mM 
NaCI/5  mM KC1/5.5 mM NazHP04/0.8 mM 
N aH 2 P OJ0 . 5  mM CaC12/10 mM glucose (pH 
7.4). 

The following procedure was used to add 
cholesterol to the erythrocytes. A 1 : 1 weight ratio 
of egg phosphatidylcholine and cholesterol was 
dissolved in chloroform, dried under a stream of 
nitrogen and then under vacuum. A buffer with 
150 mM NaC1/10 mM Tris (pH 8) was added and 
the lipid was suspended at 8 mg /ml  by repeated 
pipetting with a Pasteur pipette at 23°C. This 
suspension was sonicated in an ice bath for three 
5-min periods and centrifuged at 40000 rpm in a 
50 rotor in a Beckman L5-50B ultracentrifuge at 
5°C. The upper 85% of the supernatant was col- 
lected. Then 6 ml of the vesicles were added to 2 
ml of the washed cells and 12 ml of the incubation 
buffer were added. The cells were incubated at 
37°C for 18 h, under N 2, in a shaking water bath. 

The following procedure was used to lower the 
cholesterol content of the erythrocytes. Lyophi- 
lized egg phosphatidylcholine was suspended in 
the incubation buffer at 3 mg/ml  by repeated 
pipetting with a Pasteur pipette at 23°C. The 
suspension was sonicated and centrifuged as de- 
scribed above. To 2 ml washed cells were added 6 
ml of the sonicated vesicles and 12 ml of the 
incubation buffer. The cells were incubated at 
37°C for 18 h under N 2 in a shaking water bath. 

Normal cells were incubated in the same buffer, 
but without vesicles, at 37°C for 18 h under N 2 in 
a shaking water bath. 

After the incubations described above, the cells 
were washed by centrifugation, as before, three 
times with the incubation buffer. Then, using the 
procedure of Dodge et al. [9], white or slightly 
pink ghosts were made. All buffers were purged 
with nitrogen before use to reduce oxidation. The 
ghosts were frozen and the ( N a + +  K+)-ATPase 
assays were performed another day. 

Analysis of ghosts 
The ghosts were analyzed for (Na ÷ + K + ) -  

ATPase activity as described below. They were 
analyzed for phosphate content by the method of 
Barlett [10], for protein according to Lowry et al. 
[11] using 3% sodium dodecyl sulfate, and for 
cholesterol by the enzymatic method of Allain et 
al. [12] in Triton X-100. The phospholipid content 
was examined with thin-layer chromatography of a 
chloroform/methanol  (2 : 1) extract of the aqueous 
membrane preparation (4: 1, organic/aqueous). 
Two-dimensional thin-layer chromatography was 
employed as described as described above on silica 
gel G plates. The plates were first developed with 
ninhydrin to locate phosphatidylethanolamine and 
phosphatidylserine. The plates were then charred 
after spraying with 50% sulfuric acid, to locate the 
sphingomyelin and the phosphatidylcholine. To 
determine the relative amount of phospholipid in 
each spot, the spots were scraped from the plate 
and a phosphate analysis was performed. A clear 
area of the plate was scraped to serve as a blank. 
Finally, the proteins of the membrane were sub- 
jected to sodium dodecyl sulfate polyacrylainide 
gel electrophoresis as described below. All assays 
including electrophoresis, were performed in tri- 
plicate. 

Electrophoresis 
Sodium dodecyl sulfate polyacrylamide gel elec- 

trophoresis was performed in tube gels in a 
water-jacketed Buchler electrophoresis apparatus 
maintained at 15°C with a Fisher refrigerated 
water bath. A discontinuous system was employed 
using a 3% stacking gel at pH 8.8 on top of a 6% 
running gel at pH 6.8. Gels were stained with 
Coomassie blue and scanned on a Gilford gel 



scanner at 550 nm. Photocopies of the gel scans 
were obtained, and the peaks cut and weighed to 
determine the relative amount of protein. All 
analyses were performed in triplicate. 

(Na + + K + )-,4 TPase assays 
A coupled enzyme assay was used to measure 

(Na ÷ + K ÷ )-ATPase activity at 37°C. The activity 
was measured in the assay buffer, with and without 
0.1 mM ouabain. The assay buffer comprised 100 
mM triethanolamine (pH 7.2), 5 mM MgSO 4, 100 
mM NaC1, 25 mM KC1, 5 mM ATP, 0.15 mM 
phosphoenolpyruvate, 0.2 mM NADH, 10 IU 
pyruvate kinase/ml and 20 IU lactate dehydro- 
genase/ml.  The course of the reaction was moni- 
tored at 340 nm continuously and was linear for at 
least 0.5 h. In the buffer with ouabain, the KC1 
was omitted and NaC1 substituted. Four different 
concentrations of enzyme (80, 120, 160 and 200 #g 
erythrocyte ghost protein per 1 ml assay buffer) 
were used in each assay, and the results were 
averaged. The activity with ouabain was sub- 
tracted from the activity without ouabain to ob- 
tain the ( N a + + K + ) - A T P a s e  activity. Known 
amounts (from solutions made from dry weight) of 
ADP were used to calibrate the system. 

Ouabain binding 
Binding of 3H-labeled ouabain to normal cells 

and to cholesterol-enriched cells were measured. 
The cells were washed by centrifugation, as de- 
scribed above, three times with 140 mM choline 
chloride. Subsequently, the cells were washed into 
150 mM NaC1/30 mM Hepes (pH 7.4). Packed 
cells were diluted 1 : I0 into this buffer. 3H-labeled 
ouabain was added (2 ng) to 200-#1 aliquots of the 
cells. To determine nonspecific binding, 100 /~M 
ouabain was added in addition to the 3H-labeled 
ouabain. The cells were then incubated at 37°C for 
60 min. Following the incubation the cells were 
washed twice with 1 ml 140 mM choline chloride. 
To the final pellet were added 200/~1 5% trichloro- 
acetic acid. The precipitate was spun down and 
the clear supernatant added to Liquiscint scintilla- 
tion fluid and counted. Cells with cholesterol re- 
moved were not studied due to their fragility. Cell 
counts were obtained with a hemocytometer and a 
phase star microscope. Titrations with unlabeled 
or labeled ouabain showed that the sites were 
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saturated under these conditions. All determina- 
tions were done in triplicate and the results aver- 
aged. 

Results 

The results of modifying the cholesterol content 
of human erythrocytes using the procedure de- 
scribed above can be seen in the abscissa of Fig. 2. 

A 

B 

C 

Fig. 1. Scans of sodium dodecyl sulfate polyacrylamide gel 
electrophoresis of human erythrocyte membrane protein per- 
formed as described in the text. (A) cholesterol-enriched mem- 
branes; (B) cholesterol-depleted membranes; (C) unmodified 
membranes. 
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TABLE I 

PHOSPHOLIPID COMPOSITION OF ERYTHROCYTES (MOL%) 

System Phosphatidyl- Phosphatidyl- Phosphatidyl- Sphingo- 
choline ethanolamine serine myelin 

Normal  304-5 3 0 + 3  19+3 264- 1 
Cholesterol-depleted 35 __. 6 23 4- 6 12 4- 6 30 4- 6 
Cholesterol-enriched 32 4- 3 29 4- 6 16 4- 4 31 4- 1 

The cholesterol/phospholipid ratio is considerably 
altered due to this procedure, which is essentially 
the same as that reported elsewhere [13]. While 
activity measurements proved consistent in all 
cases, the membranes with a lower cholesterol 
content were more fragile and frequently partially 
lysed before the ghosts were made. 

The lack of other modifications to the mem- 
brane was demonstrated in two ways. Fig. 1 shows 
sodium dodecyl sulfate polyacrylamide gel electro- 
phoresis results for each of the preparations from 
a typical experiment. No apparent change in mem- 
brane protein content is noted. Table I lists the 
phospholipid composition of the normal and 
cholesterol modified membranes, determined as 
described in Materials and Methods. No large 
changes in phospholipid composition are noted. 
These results indicate that in most cases no net 
flux of vesicle phosphatidylcholine into the red cell 
membrane occurred during the period in which a 
net flux of cholesterol either into or out of the cell 
occurred. Therefore, the only significant change in 
either lipid or protein content of these membranes 
is a change in the cholesterol content. (In a few 
experiments an increase of phosphatidylcholine 
content did occur in the cholesterol depleted mem- 
branes, but it did not appear to cause a variation 
in the activity results.) 

This study focuses on the effects of such changes 
in cholesterol content on the rate of consumption 
of ATP by the enzymes of the erythrocyte plasma 
membrane. In particular, attention is centered on 
the (Na ÷ + K ÷ )-ATPase. 

(Na ÷ + K ÷ )-A TPase activity 

The activity of the ( N a ÷ +  K÷)-ATPase was 
measured in the membranes with modified 
cholesterol content as described in Materials and 
Methods. Activities could then be expressed per 

mg erythrocyte ghost protein. However, this 
method for normalizing the activity did not prove 
to be satisfactory. Some hemoglobin appeared to 
bind to the membranes of cells depleted of 
cholesterol during the process of making ghosts, 
which produced a small, artificial increase in the 
protein content. Therefore, another method was 
needed. Sodium dodecyl sulfate polyacrylamide 
gel electrophoresis of 40 ~tg erythrocyte ghost 
membrane protein from each preparation was per- 
formed as described in Materials and Methods. 
The gels of all the samples were made and stained 
at the same time with the same material to permit 
direct comparison. Three gels were run on each 
sample and the results were averaged. The inten- 
sity of band 3 was measured and this served as a 
means of comparing the amount of membrane 
material in each of the samples which had been 
assayed for ( N a ÷ +  K÷)-ATPase activity. No 
change in the relative amounts of band 3, spectrin 
(bands 1 and 2), and actin were observed, indicat- 
ing no change in the band 3 'concentration' in the 
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Fig, 2. (Na + + K ÷ ) - A T P a s e  ATP hydrolyzing activity in hu- 
man  erythrocyte ghosts as a function of cholesterol /phos-  
pholipid ratio in the membranes.  The activity is presented as a 
percentage of the normal, as described in the text. The data 
represent the average of the data from six different individuals. 



erythrocytes. This is further substantiated by the 
observation of no significant change in the phos- 
pholipid/protein ratio as determined by phos- 
phate assay and assay by the method of Lowry et 
al. [11], between normal and cholesterol-enriched 
preparations. After adjusting the activity for the 
amount of membrane material determined as just 
described, the activities were recalculated as a 
percentage of the activity observed in the unmod- 
ified membranes. A summary of these data, ob- 
tained from six different individuals, is presented 
in Fig. 2. The activity in the cholesterol-enriched 
erythrocytes was significantly different from that 
in the cholesterol-depleted erythrocytes (a < 0.01, 
two-tailed Student's t-test). The ( N a t +  K+)- 
ATPase activity in a typical experiment without 
cholesterol modification was found to be 6.7 • 10-3 
/~mol Pi/min per mg ghosts protein. This was 
normalized by total protein content and not by the 
procedure, described above, used to normalize the 
data in Fig. 2. 

The normalization procedure using band 3 pro- 
vides an accurate and simple means to compare 
activities provided that the number of ( N a t +  
K ÷)-ATPase enzyme molecules per cell does not 
change during the cholesterol modification experi- 
ments. Therefore, the total number of ouabain- 
binding sites per cell was determined for the nor- 
mal cells and for the cells enriched in cholesterol. 
When the cells were depleted of cholesterol, they 
became too fragile to perform the ouabain-binding 
experiments. The results were calculated in terms 
of pmol ouabain/109 cells (normal = 0.19 _+ 0.02; 
cholesterol-enriched = 0.20 + 0.02). No significant 
difference in the amount of ouabain bound be- 
tween the unmodified cells and the cholesterol-en- 
riched cells was observed at saturation of the sites. 
This result is not surprising, because the (Na t + 
K+)-ATPase is an integral membrane protein 
which requires detergent for its removal from the 
membrane, as is the case for band 3. Therefore, 
the activity changes seen in Fig. 2 are most likely 
due to specific activity changes and not to changes 
in the number of ( N a t +  K+)-ATPase enzyme 
molecules in the membranes. 

Discussion 

These data show that high membrane cholesterol 
in the human erythrocyte inhibits and low mere- 
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brane cholesterol stimulates the rate of hydrolysis 
of ATP by the (Na t + K ÷)-ATPase. These data 
from the enzyme in its native membrane closely 
resemble the results for a ( N a t +  K+)-ATPase 
from a different plasma membrane, reconstituted 
into a defined lipid medium [4]. Thus, the effect of 
high membrane cholesterol on plasma membrane 
(Na ÷ + K ÷ )-ATPase may be systemic rather than 
peculiar to one tissue. This proposal needs to be 
tested experimentally. 

At least three different mechanisms can be sug- 
gested for the inhibition of (Na t + K ÷)-ATPase 
activity. One is that the freedom of movement of 
molecules in the membrane is restricted generally 
by the addition of cholesterol to a phospholipid 
bilayer. Such an effect is seen in permeability 
measurements of phospholipid bilayers containing 
cholesterol [14]. This general restriction, if felt by 
the protein, would reduce the conformational 
flexibility of the membrane-bound enzyme. If such 
flexibility was required for ATPase activity, then 
the hydrolysis of ATP by the enzyme would be 
inhibited by the addition of cholesterol to the 
membrane. This explanation is consistent with the 
data presented here, and has been suggested by 
others [4,15]. 

A second possibility would be to invoke a direct 
interaction between cholesterol and the ( N a t +  
K+)-ATPase which would modulate the activity. 
Direct interaction between cholesterol and pro- 
teins has been suggested for two other human 
erythrocyte membrane proteins, glycophorin (un- 
published data) and band 3 [17]. 

A third mechanism that is possible is a change 
in the lateral distribution of membrane lipids in- 
duced by changes in membrane cholesterol con- 
tent, which then modulates enzyme activity. 

Several pieces of information are available which 
assist in distinguishing between these possibilities. 
It has been shown that a decrease in erythrocyte 
membrane cholesterol content causes an increase 
in the dissociation constant for internal Na t and 
an increase in the Na t flux [7]. No change in 
affinity for external cations was noted [7]. 

The changes in affinity for internal Na t could 
be mimicked by the addition of cationic and neu- 
tral amphiphiles. These resulted in a decrease in 
membrane order, as does removal of cholesterol, 
and an increase in internal Na t affinity [5]. Thus, 



44 

the first mechanism suggested above is useful for 
interpreting changes in internal Na ÷ affinity [5]. 
External cation affinity does not change and is, 
therefore, insensitive to a change in membrane 
order [5]. 

A different mechanism must be invoked to ex- 
plain changes in ATPase activity and Na ÷ flux. 
High pressure, which increases membrane order, 
stimulates the ATPase activity [ 16] while cholester- 
ol, which also increases membrane order, inhibits 
ATPase activity. Therefore, a simple change in 
membrane order cannot explain both effects. Na ÷ 
flux is stimulated by a reduction in cholesterol [7], 
while cationic and neutral amphiphiles do not 
stimulate to the same extent when present at con- 
centrations sufficient to cause changes in mem- 
brane order comparable to that resulting from 
cholesterol depletion [5]. 

The second mechanism above, however, is use- 
ful for interpreting these latter data. A direct 
cholesterol-(Na ÷ + K ÷ )-ATPase interaction could 
modulate ATPase activity by converting the en- 
zyme to a low-activity form, independent of any 
changes in membrane order. This would provide a 
mechanism for inhibition by cholesterol and allow 
for a different mechanism, perhaps a pressure-in- 
duced protein conformation change, to explain the 
pressure effects on ATPase activity. A direct 
cholesterol-protein interaction has also been sug- 
gested to explain cholesterol effects on Na ÷ flux 
[5]. 

The third possibility mentioned above is also a 
possible contribution, but adequate methods do 
not yet exist to investigate fully what role, if any, it 
may have. 

Regardless of the mechanism, the inhibition of 
the (Na ÷ + K +)-ATPase by membrane cholesterol 
has fascinating implications for cellular metabo- 
lism. Since 20-50% of total cellular ATP produced 
in erythrocytes is used by the plasma membrane 
(Na + + K +)-ATPase [8], any change in that usage 
would be important. Thus, cholesterol inhibition 
of the (Na + + K +)-ATPase would lead to a re- 
duced ATP demand, an effect which would feed 
back into glycolysis. 

Several studies have shown that increased serum 
cholesterol levels can lead to increases in plasma 
membrane cholesterol in erythrocytes [18], plate- 
lets [2], macrophages [19], liver cells [20] and 
lymphoblasts [15]. Thus, increased serum choles- 

terol could cause a systemic decrease in plasma 
membrane (Na ÷ + K ÷)-ATPase usage of ATP. A 
possible metabolic effect of such a change is sug- 
gested by the correlation of a reduced number of 
ATPase sites per cell with clinical obesity in hu- 
mans [21]. These suggestions will be explored with 
further experimentation. 
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