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Solubilized band 3 protein from human erythrocyte membranes (the anion transport protein) interacts 
strongly and specifically with monolayers of cholesterol spread at the air-water interface whereas, at pH 
7-10, it shows only moderate interactions with phospholipid monolayers (Klappanf, E. and Schubert, D. 
(1979) Hoppe-Seyler's Z. Physiol. Chem. 360, 1225-1235). When band 3 protein, at pH 7 and an ionic 
strength of approx. 100 mM, is added to the subphase of mixed cholesterol-glycerophospholipid monolayers, 
the changes A~t in monolayer surface pressure induced by the protein depend on the mole fraction X of sterol 
in the mixture. However, A~(X) only increases with increasing X towards the high values of A~ that are 
characteristic of cholesterol monolayers if X> 0.67 + 0.04; at lower cholesterol content, A~(X) is practically 
identical to the value obtained with the pure glycerophospholipid. With mixtures of coprostanol and 
glycerophospholipids, the break in the A~r(X) curves occurs when X = 0.33 ± 0.03. Cholesterol-sphingomyelin 
and epicoprostanol-phosphatidylethanolamine mixtures show an increase of A~v(X) when X>0. The data 
seem to support earlier claims that cholesterol can form stoichiometric complexes with glycerophospholipids , 
the stoichiometries revealed by the band 3-monolayer interactions being 2:1 and 1:2. They also show that 
cholesteroi-sphingomyelin complexes, if they should exist, must be structurally different from the cholesterol- 
glycerophospholipid complexes. 

Introduction 

Since cholesterol is a main lipid component of 
many biological membranes, numerous studies 
have been performed to elucidate the structure of 
model membranes composed of this sterol and 
phospholipids and to characterize the interactions 
occurring in them. Despite all efforts to effectuate 
this, both topics are still highly disputed (for re- 
views, see Refs. 1 and 2). 

The most controversial problem concerning 
mixed cholesterol-phospholipid bilayers and 
monolayers seems to be the existence and possible 
stoichiometry of sterol-phospholipid complexes. 
Several workers have presented putative evidence 
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for the occurrence of complexes of fixed 
stoichiometry. Thus, data from a variety of experi- 
mental techniques have led to the proposal that 
complexes of stoichiometries 1:2, 1 : 1 and 2:1 
(cholesterol: phospholipid) may exist in hydrated 
lipids [3-10], and from spectroscopic measure- 
ments the occurrence of 1 : 1 and 2:1 complexes 
was ascribed to dry lipids [8,11]. The 2:1 and 1:1 
complexes have been regarded in some cases as 
metastable [8,9]. Stable 1:2 complexes have also 
been claimed to exist in monolayers adsorbed at 
the air-water interface [12]. On the other hand, 
many other authors could not find evidence in 
favour of the occurrence of cholesterol-phos- 
pholipid complexes of fixed stoichiometry (e.g. 
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Refs. 13-18), and some of them strictly deny their 
existence. 

During the last few years, our group has studied 
the interactions between lipid monolayers spread 
at the air-water interface and solubilized band 3 
protein (the anion exchange protein) from human 
erythrocyte membranes. We have shown that in- 
jection of this protein into the subphase of 
cholesterol monolayers induces large changes A~- 
in monolayer surface pressure whereas, at neutral 
or alkaline pH, A~r is much smaller with phos- 
pholipid monolayers of the same initial surface 
pressure 7r i [19,20]. Experiments on mixed mono- 
layers of phospholipids plus cholesterol or 
coprostanol have now shown that, apparently, the 
dependency of A~r on lipid composition can give 
an insight into the arrangement of the lipid mole- 
cules in the monomolecular film. These studies, 
which seem to add new arguments in favour of the 
existence of cholesterol-phospholipid complexes, 
will be described in this paper. A preliminary 
account of our work has appeared in abstract form 
[211. 

Materials and Methods 

Band 3 protein from human erythrocyte mem- 
branes was isolated by zonal electrophoresis in 
acetic ac id /H20/sucrose  mixtures [22]. The pre- 
paration of the protein for the monolayer experi- 
ments was described earlier [20], as were the origin 
and purity of the phospholipids, steroids and other 
reagents used [20,23]. If not stated otherwise, the 
lipids were dissolved in chloroform at a concentra- 
tion (determined by weighing or, for the phos- 
pholipids, by phosphorus analysis [24]) of 1.0-2.0 
raM. Lipid mixtures were prepared by mixing 
stock solutions. 

Surface pressure measurements of lipid mono- 
layers spread at the air-water interface were per- 
formed in rectangular teflon troughs (11.0 × 6.5 × 
2.0 cm) by the Wilhelmy plate method [19,20]. The 
subphase of the monolayers was 100 mM NaC1, 10 
mM sodium phosphate (pH 7.1). Subphase tem- 
perature was (22.0---1.0)°C. Band 3 protein was 
injected underneath the monolayers to a final con- 
centration Cp = 4 # g / m l  (corresponding to the 
plateau region of the A~r(cp)-curves [20,23]). If 
possible, only a single protein preparation was 

used for a series of measurements (one phos- 
pholipid species, varying sterol content). However, 
for each protein batch appropriate controls were 
performed to ensure that the behaviour of the 
protein did not deviate from normal. 

Results 

Mixed monolayers of cholesterol and glycero- 
phospholipids 

Injection of band 3 protein into the subphase of 
cholesterol or phospholipid monolayers at the air- 
water interface leads to an increase in monolayer 
surface pressure ~- which is rapid during the first 
few minutes but afterwards becomes slower, and 
after 1-8h, a constant value of A~r is obtained. 
Monolayers prepared from different lipid classes 
differ, however, in respect of the magnitude of A~r 
induced by band 3: e.g. at an initial lipid pressure 
~r i = 10 mN• m-  1, pH values between 6.5 and 10, 
an ionic strength of approx. 100 mM and protein 
concentrations cp > 3 # g / m l ,  /x~r for cholesterol 
monolayers is approx. 22 mN.  m ~ whereas, for 
monolayers of the more abundant phospholipid 
classes of the erythrocyte membrane, A~r is only 
9-16 m N . m  J (depending essentially on the 
phospholipid head group) [20,23]. With mixed 
monolayers of cholesterol and glycerophospholi- 
pids, the time dependence of surface pressure is 
similar to that observed with the pure lipids * 
Surprisingly, however, at low or intermediate rela- 
tive molar cholesterol content X in the mono- 
layers, Art(X) does not assume values intermediate 
between those of the constituents of the mixture 
but is practically identical to those found for the 
pure phospholipids; only for cholesterol contents 
above 65-70% does A~(X) increase with increas- 
ing X towards the high values characteristic for 
cholesterol monolayers. This behaviour was ob- 
served for mixtures of cholesterol with all phos- 
phoglycerides studied: phosphatidylcholine and 
phosphatidylethanolamine from egg yolk, phos- 

* To study a possible influence of oxidation of the lipid during 
the relatively long duration of the experiments, especially 
with monolayers containing a high percentage of cholesterol 
[25,26], control experiments were performed in a N 2 atmo- 
sphere and with degassed subphase solutions. The results 
obtained were identical to those performed without these 
precautions. 
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Fig. I. Dependency of A~r on molar cholesterol content for mixed monolayers of cholesterol and egg yolk phosphatidylcholine (•),  
bovine spinal cord phosphatidylserine (~) (part A), egg yolk phosphatidylethanolamine (O) and bovine brain sphingomyelin (©) 
(part B). Initial lipid pressure: ~r i = 10 raN-m i. The monolayers were formed 5-30 min before injection of the protein. The bars and 
figures at the data points represent standard deviation and number of measurements, respectively. For the construction of the dotted 
lines, see text. 

phatidylserine from bovine spinal cord and 1,2- 
distearoylphosphatidylcholine (Figs. 1, 2). Tests 
with the latter system have shown that the results 
are independent of the initial lipid pressure rti 
(Fig. 2). They are also independent of the time 
interval between spreading of the lipid monolayer 
and addition of the protein (z = 3-120 rnin). Fur- 
thermore, Art was unaffected by the use of ethanol 
instead of chloroform for the spreading of the 
monolayer (cholesterol/phosphatidylcholine mix- 
tures, rti = l0 m N - m  -1)  or by gentle magnetic 
stirring of the monolayer subphase. On the other 
hand,  with monolayers  containing 5 0 - 7 0 %  
cholesterol, rigorous stirring in the presence of the 
protein led to an increase in Art *. 

A thorough inspection of Figs. 1 and 2 reveals 

* In  all cases ,  if n o  p ro t e in  was  a d d e d ,  m o n o l a y e r  su r f ace  
p r e s s u r e  d id  no t  v a r y  for  m o r e  t han  ± 1 r a N .  m -  i for  a t  least  

5 h. Thus ,  a r t i f ac t s  d u e  to  s u r f a c t a n t  impur i t i e s  o f  the bu f f e r s  

used [27] were absent or at least negligible in our experi- 
ments. 

that the experimental data for all glycerophos- 
pholipids can be fitted quite well; (i) for cholesterol 
contents X between 0 and 66.7% by a parallel to 
the abscissa through the mean value of all data 
from this region, and (ii) for higher values of X by 
a straight line from the point at X =  66.7% on the 
former line to the Art value for cholesterol mono- 
layers (dotted lines in Figs. 1, 2). This way of fit- 
ting the data will be further justified below. In 
alternative fits following this procedure, but allow- 
ing for different abscissa values of the 'break'  in 
the fitted curves, the position of the break will not 
differ for more than +--4% from the former value, 
despite the considerable scatter of the data points. 
Thus, the position of this break on the X-axis 
corresponds closely to a molar ratio cholesterol: 
glycerophospholipid of 2.0. 

The behaviour of cholesterol-sphingomyelin mixtures 
Monolayers made of mixtures of cholesterol 

and sphingomyelin from bovine brain react en- 
tirely differently towards band 3 than those con- 
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Fig. 2. Dependency of A~r on molar cholesterol content for 
mixed monolayers of cholesterol and distearoylphosphati- 
dylcholine. ~r i = 2.5, 10.0, or 17.5 mN.m-u. For further details 
see legend to Fig. I. The apparent nonlinearity of the ATr(~i )" 
dependency for the pure phospholipid is due to the use of 
different band 3 preparations [20,23]. 

taining phosphoglycerides: as is also shown in 
Fig. 1, there is a strong and linear increase of A~r 
with increasing cholesterol content, X, even at low 
values of X, and at X values around 70% A~r 
reaches the range observed with cholesterol mono- 
layers. However, if sphingomyelin from bovine 
erythrocyte membranes was used, the behaviour of 
the system was more complicated: with some 
batches of band 3, the results were identical to 
those obtained with sphingomyelin from bovine 
brain, whereas with other batches the increase of 
A~- with increasing X was much less pronounced 
than in the former case. 

In the human erythrocyte membrane,  at least 

80-85% of the sphingomyelin is located in the 
membrane 's  outer monolayer, sphingomyelin mak- 
ing up approx. 44% of the phospholipid of this 
half of the membrane [28,29]. Therefore, the dif- 
ferences in the behaviour of glycerophospholipid- 
cholesterol and sphingomyelin-cholesterol mix- 
tures towards band 3 could be highly relevant with 
respect to the problem of band 3-cholesterol inter- 
actions in the erythrocyte membrane. Studies on 
this subject are now in progress. 

Mixtures  of  glycerophospholipids with coprostanol or 
epicoprostanol 

The A~r values induced by band 3 in coprostanol 
monolayers are very similar to those for cholesterol 
[20]. Mixed monolayers of coprostanol and the 
glycerophospholipids studied also behave similarly 
to cholesterol-glycerophospholipid mixtures as long 
as the molar coprostanol content X'  is below ap- 
prox. 35%. At higher sterol content, however, A~r 
strongly increases with increasing X' (Fig. 3). If  the 
data points are fitted in an analogous way as are 
those for cholesterol-glycerophospholipid mono- 
layers, the 'break '  in the curves is found to occur 
at a sterol content of (33-+ 3)%. This corresponds 
to a molar ratio coprostanol:glycerophospholipid 
of 0.50. 

In mixed monolayers of phosphatidylethanol- 
amine and epicoprostanol (which shows weaker 
interactions with band 3 than cholesterol or 
coprostanol [20]), an increase of A~r towards the 
value for epicoprostanol is detectable at a sterol 
content as low as 10-20%. A good fit of the data is 
obtained assuming that the increase of A~r, as 
compared to the value for the pure phospholipid, 
is initially proportional to the sterol content of the 
monolayer (Fig. 3b). 

Discussion 

Band 3 protein from human erythrocyte mem- 
branes shows strong and highly specific interac- 
tions with cholesterol monolayers. In our opinion, 
this effect is due to the existence of a sterol 
binding niche in the surface of the band 3, the 
shape of which closely follows the shape of the 
cholesterol molecule. The bonds responsible for 
the formation and stability of the band 3- 
cholesterol complex would, in this model, be a 
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Fig. 3. Dependency of ATr on molar sterol content for mixed monolayers of coprostanol and phosphatidylcholine (11) or phosphati- 
dylserine (~)  (partA), coprostanol and phosphatidylethanolamine (0) and epicoprostanol and phosphatidylethanolamine (O) 
(part B). ~r i = l0 raN. m- I. For further details see legend to Fig. 1. The differences in A~r for phosphatidylserine between Figs. I and 3 
are due to the use of different band 3 preparations. 

hyd rogen  b o n d  involving the 3fl-OH group of  
choles terol  and  a combina t i on  of  h y d r o p h o b i c  and  
van  der  W a a l s  b o n d s  a long the apo la r  region of  
the  s terol  molecule  [20]. 

W h e n  b a n d  3 is a l lowed to pene t ra te  mixed  
c h o l e s t e r o l - g l y c e r o p h o s p h o l i p i d  mono laye r s  of  
mo la r  choles terol  contents  be low 67%, the p ro te in  
molecules  appa ren t l y  do  not  in terac t  wi th  the 
sterol ,  the A~r values induced  b y  them in the 
m o n o l a y e r  be ing  ident ica l  to those induced  in 
mono laye r s  of the  pure  phosphol ip ids .  However ,  
above  a s terol  con ten t  of  67%, cholesterol  mole-  
cules become  avai lab le  for in terac t ions  wi th  
b a n d 3 ;  their  n u m b e r  increases  wi th  increas ing 
s terol  concen t ra t ion  *. Thus, in mixed  cholesterol-  
g lyce rophospho l ip id  mono laye r s  of  sterol  contents  
be low 67%, choles terol  seems to exist in a s ta te  or  
n u m b e r  of states where  it is p reven ted  f rom inter-  
ac t ion  with its h igh-af f in i ty  b ind ing  site on b a n d  3 
b y  s t rong s te ro l -g lycerophosphol ip id  in te rac t ions  

* It could be argued that one of the curves of Fig. I and two of 
Fig. 2 could also be fitted drawing a gradual transition from 
one of the straight lines drawn by us to the other. This could 

( the a l ternat ive  in te rp re ta t ion  that  this effect is 
due  to b lockage  of  the b ind ing  site by  b a n d  3- 
p h o s p h o l i p i d  in te rac t ions  is ru led  out  by  the re- 
suits ob t a ined  wi th  copros tano l  or  ep icopros tanol ) .  
O n  the o ther  hand ,  at  a higher  cholesterol  conten t  
an  add i t iona l  s ta te  seems to appea r  which allows 
for  h igh-aff in i ty  b a n d  3-cholesterol  in teract ions .  
The  pos i t ion  of the ' t r ans i t ion '  on  the X-axis  corre- 
sponds  to a mola r  ra t io  choles terol :  phospho l i p id  
of  2.0. This  ra t io  s t rongly  suggests that  the  molecu-  
lar  basis  of  the occurrence  of the t rans i t ion  could  
be  the  fo rma t ion  of s to ich iomet r ic  complexes  be-  
t w e e n  two  c h o l e s t e r o l  m o l e c u l e s  a n d  one  

mean that, at cholesterol concentrations of approx. 50%, part 
of the sterol is already available for interaction with band 3 
protein but that extensive protein-cholesterol interaction can- 
not occur until significant 'microphases' of cholesterol are 
present. However, this is ruled out by the data on the 
mixtures sphingomyelin-cholesterol (Fig. I) and phos- 
phatidylethanolamine-epicoprostanol (Fig. 3). These data 
demonstrate that, as soon as 'accessible" sterol is present, Aw 
increases strongly with increasing sterol content. In addition, 
the obvious linearity of this increase fully justifies our proce- 
dure of fitting the data for the other lipid mixtures studied 
by us. 
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glycerophospholipid molecule. The position of the 
corresponding transition for coprostanol- 
glycerophospholipid mixtures at a molar ratio of 
0.50 could indicate that, in addition to the 2:1 
comPlexes, complexes consisting of one sterol and 
two glycerophospholipid molecules could also ex- 
ist. 

As has been described in the introduction, the 
occurrence of cholesterol-phospholipid complexes 
of fixed stoichiometry has been suggested earlier 
[3-12]. According to the picture derived from some 
of these studies, there is a close connection be- 
tween the existence of these complexes and the 
phase behaviour of the lipid mixtures: below a 
molar ratio X of cholesterol and phospholipid of 
1 : 2, a phase of pure phospholipid coexists with a 
phase of 1:2 complex; at 0 . 3 3 < X < 0 . 6 7 ,  either 
complexes of ratios 1:2 and 2:1 coexist as sep- 
arate phases, or a phase of 1:2 complex and a 
phase of pure cholesterol coexist (depending on 
the conditions), and at X~>0.67 coexistence of 
either a phase of 1:2 or 2:1 complexes and a 
cholesterol phase is assumed to occur [9,12]. At 
least under some conditions, the 2:1 complexes 
and thus the corresponding phases are thought to 
be unstable [8,9,12]. The same holds for the 1:1 
complex [9], the existence of which was inferred 
from a variety of experiments [4,5,7-10], though 
its relation to the simple phase diagram described 
is not clear. However, many other authors not only 
arrived at more complex phase diagrams for the 
cholesterol-phospholipid mixtures but also could 
not find evidence for the existence of stoichiomet- 
ric complexes between the two kinds of molecules 
(e.g. Refs. 13-18). 

It is obvious that the results presented in this 
paper are fully consistent with the assumption that 
cholesterol-glycerophospholipid complexes with a 
stoichiometry of 1:2 and 2:1 do exist (though our 
data do not seem to prove or disprove the occur- 
rence of separate phases). These complexes may, 
however, be short-lived. Within the frame of this 

* Colacicco and co-workers, studying the penetration of rabbit 
r-globulin into mixed cholesterol-phosphatidylcholine mono- 
layers, observed a 'break' in the Act(X) curves at X=0.50. 
The position of the break was, however, shifted to lower 
values of X by vigorous stirring of the monolayer subphase 
[33,34]. This may indicate the occurrence of a 1 : 1 complex 
of low stability. 

assumption, the data indicate that the putative 
sterol binding site on the surface of band 3 protein 
has to compete with glycerophospholipid mole- 
cules for cholesterol, and that the glycero- 
phospholipid-cholesterol interaction is stronger 
than the band 3-cholesterol interaction (as long as 
the glycerophospholipid is not complexed to two 
cholesterol molecules). Since the interactions be- 
tween phospholipids and sterols decrease in the 
order  cholesterol-  copros tanol -  epicoprostanol  
[1,30], the absence of breaks in the A~r(X)-curves 
at X =  0.67 for coprostanol and X =  0.33 and 0.67 
for epicoprostanol fits into this picture and will 
mean either that the corresponding complexes do 
not exist or that the interactions between these 
sterols and glycerophospholipids are weaker than 
the corresponding band 3-sterol interactions. Of 
course, our data do not argue against the occur- 
rence of complexes different from the 2 : 1 and 1 : 2 
complexes or of additional phase boundaries (e.g. 
a 1:1 complex or a phase boundary at X =  0.20 
[31,32]) but could simply mean that band 3 is not a 
suitable probe for their detection *. On the other 
hand, we were unable to find a reasonable inter- 
pretation of our data, the basis of which is not the 
formation of cholesterol-glycerophospholipid com- 
plexes of the stoichiometries described, and we 
therefore regard our findings as a strong argument 
in favour of their existence. In addition, the pre- 
sent data represent the first evidence for the occur- 
rence of the 2:1 complex in mixed monolayers at 
the air-water interface. It may be added that all 
these considerations are independent of whether or 
not the band 3 preparations used by us are partly 
or even completely denatured. 

Our observation that the behaviour of 
cholesterol-sphingomyelin mixtures towards band 3 
differs greatly f rom that of cholesterol-  
glycerophospholipid systems seems to be surpris- 
ing since the affinity of sphingomyelin towards 
cholesterol was found to exceed or at least to be 
equal to that of phosphatidylcholine and other 
glycerophospolipids [35-39]. However, our data 
do not contradict these results. Rather, in the light 
of these findings, our observations show that the 
structure of mixed cholesterol-sphingomyelin 
monolayers must be different from that of 
cholesterol-glycerophospholipid monolayers and 
that cholesterol-sphingomyelin complexes, if they 
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should exist, must be structurally quite different 
from those between the sterol and glycero- 
phospholipids. Similar conclusions have been de- 
rived from X-ray diffraction studies on oriented 
lipid multilayers [40]. 

The large number of publications on the subject 
of this paper cannot be discussed here, but two of 
them, dealing with mixed cholesterol-phos- 
phatidylcholine monolayers, seem to deserve spe- 
cial attention. Tajima and Gershfeld [12] have 
studied the phase relations in both the aqueous 
dispersions and the equilibrium surface films of 
cholesterol-phosphatidylcholine systems, by mea- 
surements of the equilibrium spreading pressure qr e 
of the dispersions. According to their interpreta- 
tion, clear evidence was obtained for the existence 
of the 1 : 2 complex both in the bulk phase and in 
the adsorbed monolayers (for X>  0.33). Further- 
more, these authors deduced from their data that, 
at 7r<~r e, the m0nolayers would consist of sep- 
arate phases of phosphatidylcholine and 1 : 2 com- 
plex (cholesterol: phosphatidylcholine) when X < 
0.33 whereas at X>0.33, phases of 1:2 complex 
and of pure cholesterol would coexist. However, 
they admit that spread films, due to their metasta- 
ble nature, may also contain 2:1 complexes as 
non-equilibrium states. Clearly, these conclusions 
are fully consistent with our observations and in- 
terpretation, especially since the metastable state 
of the putative 2:1 complex in our experiments is 
indicated by the influence of stirring on the A~r(X) 
curves. On the other hand, in a thorough study on 
the condensing effect of cholesterol on phospholi- 
pids by measurement of the pressure/area rela- 
tionship of spread cholesterol-dipalmitoyl- 
phosphatidylcholine monolayers, MOiler-Landau 
and Cadenhead [17] could find no evidence for the 
occurrence of either stoichiometric cholesterol- 
phospholipid complexes or the corresponding 
phase boundaries. However, neither of the two 
events will necessarily have a distinct influence on 
the pressure/area curves, especially if the contri- 
bution of complex formation to the condensing 
effect of cholesterol should be relatively small (as 
has been claimed by Tajima and Gershfeld [12]). 
Thus, the data of MOiler-Landau and Cadenhead 
do not seriously disagree with our view, though 
they certainly do not support it. 

In summary, the unavailability of cholesterol 

arranged in mixed cholesterol-glycerophospholipid 
monolayers for interaction with band 3 protein at 
molar sterol contents below 67% seems to indicate 
that cholesterol can be complexed to glycero- 
phospholipid molecules up to a maximum stoichi- 
ometry of 2:1 (cholesterol:phospholipid). The 
corresponding accentuation of a sterol content of 
33% in coprostanol-glycerophospholipid mono- 
layers suggests that, besides the 2:1 complexes, 
complexes of stoichiometry 1 : 2 will also exist. 
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