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Summary 

The interaction of acetylcholine receptor and acetylcholinesterase with lipid 
monolayers was followed by measuring changes in surface pressure. 

When injected into the subphase of a lipid monolayer,  the proteins caused 
increases in surface pressure from 5 ~o 10 dynes/cm, indicating a penetration of 
protein into the monolayer. At pH values below the isoelectric point of the 
proteins the incorporation was improved. The same was observed when Ca 2. 
(2 mM) was added. 

The presence of the enzyme in the mixed film could be demonstrated by 
using diiso[ 3H]propyl fluorophosphate-labelled acetylcholinesterase as well as 
by measuring enzyme activity. Acetylcholine receptor was shown to be present 
in the mixed film by using a complex made of the receptor and a-[3H]neuro- 
toxin. 

Introduction 

In the last few years several laboratories have focused their studies on the 
following question: is the acetylcholine receptor in excitable membranes 
identical to the ionic channel responsible for permeability changes, or is it only 
part of it? One way to approach this problem was to reconstitute an excitable 
membrane by incorporating the acetylcholine receptor into planar lipid bilayers 
and to measure the permeability changes after addition of a cholinergic agonist 
to the bathing solution. Such experiments were reported by different authors 

Abbreviations: BBOT, 2,5-bis-[5'-tert-butylbcnzoxazolyl-(2')]thiophene; iPr2P-F, diisopropyl 
f luorophosphate ;  Nbs2, 5,5'-dithiobis(2-nitro-benzoie acid); O-CH3-phosphatidylcholine,  1,2- 
dipalmitoyl-3-P-methoxy-phosphat idylchol ine.  
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using acetylcholine receptor from several sources [1--5].  Another method was 
to incorporate receptors into liposomes loaded with 22Na + and to study the 
release of  these ions upon addition of carbamylcholine [6]. The permeability 
changes observed in these two kinds of  experiments would indicate that the 
reincorporated receptor displayed both the acetylcholine binding site and the 
molecular features for ion translocation. However,  it should bc noticed that a 
similar effect was reported by using acetylcholinesterasc, a protein not 
supposed to contr ibute to ion movements  [7--9].  A third method for the 
formation of bimolecular lipid membranes consists of combining two mono- 
layers preformed at the air-water interface [10].  In this system the incorpora~ 
tion of  a protein into one of the monolayers can be measured directly by 
monitoring the increase in surface pressure caused by the penetrating protein. 
Acetylcholine receptor  [ 11--14] and acetylcholinesterase [ 15--17 ] can now be 
isolated in highly purified form. In order to gain further knowledge on the 
respective roles of  acetylcholine receptor and acetylcholinesterase in inducing 
possible permeability changes it would be interesting to form bilayers according 
to that  last method.  These could contain acetylcholine receptor and/or acetyl- 
cholinesterase. In the present report  we characterize the interaction of these 
proteins with monolayers made of different lipids in order to establish the, 
optimal conditions for the formation of a bimolecular membrane exhibiting 
cholinergic properties. A preliminary account  was presented elsewhere [181. 

Materials and Methods 

Materials 
Trypsin (EC 3.4.21.4) (Type III from bovine pancreas) was purchased from 

Sigma Chemicals Co. (St. Louis, Mo., U.S.A.). Bovine serum albumin was from 
Poviet Producten (Amsterdam) and BBOT from Ciba-Geigy (Basel). Triton 
X-100 was from Rohm and Haas (Philadelphia), phenylmethylsulfonyl  fluorid~ 
from Merck (Darmstadt), Nbs2 from Fluka (Buchs). O-CH3-phosphatidylcholine 
was obtained from Berchtold, Biochemisches Labor (Bern). Edrophonium 
chloride (3-hydroxyphenyldimethyle thylammonium chloride) was a gift from 
Hoffmann-La Roche (Basel). 

Methods 
Preparation of acetylcholinesterases. Electric organ (100 g) of Electrophorus 

electricus was homogenized for 90 s in a VirTis 45 apparatus at 50% of the 
maximal speed in 200 ml of ice-cold buffer I (0.01 M sodium phosphate 
(pH 7 .4) /1 .0M NaC1/0.001 M phenylmethylsulfonyl  fluoride/0.05% (w/v) 
NaN3). The resulting slurry was centrifuged (20 min, 19 000 • g) and the super- 
natant (220 ml) thoroughly mixed with toluene (110 ml). The phases were 
treated as described earlier [19].  The enzyme (20 000--60 000 units in 280 ml 
of  buffer I) was added to 50 ml of an affinity gel prepared according to Ott  et 
al. [20].  All the following steps were carried out  at 4°C. After adsorbing the 
enzyme overnight, the gel was separated from the supernatant by centrifuga- 
tion (30 min, 5000 ×g) and washed in buffer I until the supernatant was 
colourless, usually 3--4 times. The gel was then packed into a column (2.3 
20 cm) and rinsed for 4 days with buffer I. Acetylcholinesterase (EC 3.1.1.7) 
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was eluted with buffer II (0.01 M sodium phosphate (pH 7.4)/0.8 M NaC1/ 
0.001 M phenylmethylsulfonyl  f luor ide/0 .02M edrophonium chloride and 
0.05% (w/v) NAN3). The enzyme eluted in the first 50 ml was dialysed against 
buffer  I. The specific activity was 6000 I.U./mg protein. Aeetyleholinesterase 
from human erythrocyte  was purified as described by Ott  et al. [20].  The 
specific activity was 3800 I.U./mg protein. 

Enzyme assay. Acetylcholinesterase activity in solution was determined 
according to the method of Ellman et al. [21].  The assay mixture (3 ml) 
contained acetylthioeholine (1 mM), Nbs2 (0.125 mM) and sodium phosphate, 
pH 7.4 (100 mM). 

Radioactive labelling of  acetylcholinesterase with diiso[3H]propyl fluoro- 
phosphate. Acetylcholinesterase (490 I.U. in 180 ~1 buffer I) was mixed with 
20 nmol of [3H]iPr2P-F in 20 /~1 of propylene glycol (final concentration 
0.1 raM) and incubated at room temperature in a sealed recipient. Excess [3H]- 
iPr2P-F was removed by gel filtration on a Sephadex Go25 column (0.5 X 8 cm) 
equilibrated with buffer I without  phenylmethylsulfonyl  fluoride. 

Preparation of  acetylcholine receptor. Acetylcholine receptor from the 
electric organ of Torpedo marmorata was purified according to the method 
described by Klett et al. [11] for E. electricus with the following modifica- 
tions: before elution of the receptor, the hydroxyapat i te  column was washed 
extensively (20 volumes) with a buffer containing 0.01% Triton X-100 instead 
of  1%. This low detergent concentration was also present in the elution buffer. 
The material desorbed from hydroxyapat i te  was subsequently dialysed over- 
night at 4°C against a buffer containing (0.1 M Tris • HC1 (pH 7.4)/0.1 M NaC1 
and 10% (v/v) glycerol. Under these conditions the final Triton concentration 
was lower than 0.01%. A specific activity of 8 nmol 12SI-labelled a-bungaro- 
toxin per mg protein was obtained. 

Radioactive labelling of  acetylcholine receptor with c~-[3H]neurotoxin. ~- 
Toxin, purified from the venom of the cobra Naja naja siamensis was labelled 
with tritium according to the method described by Cooper and Reich [22].  In 
order to make the receptor-toxin complex, aeetyleholine receptor was first 
incubated for 1 h with a 5-fold excess of  a-[3H]toxin. The unbound a-[3H]- 
toxin was then separated by gel filtration using Sephadex G-100. The complex 
was adsorbed on a DEAE-cellulose column (2 ml) equilibrated with a buffer of 
potassium phosphate,  pH 7.4 (0.01 M) containing 0.01% Triton X-100. The 
column was washed with 100 ml of the same buffer and the complex eluted 
with a buffer of  potassium phosphate, pH 7.0 (0.05 M) containing 0.01% 
Triton X-100 and dialysed against 0.01 M Tris • HC1 (pH 7.4)/0.1 M NaC1. Solu- 
tions containing 0.1 mg protein/ml and 56 400 cpm/ml were obtained. 

Determination of  protein. Protein concentration was estimated according to 
the method of  Lowry et al. [23] using bovine serum albumin as standard. 

Immobilization of  trypsin. Trypsin was immobilized on Sepharose CL-4B 
using the buffer activation method described by Parikh et al. [24].  

Isolation of  lipids. Human erythrocyte  ghosts were obtained according to 
Dodge et al. [25] and the total lipids extracted following the procedure of 
Foleh et al. [26].  Sphingomyelin and phosphatidylcholine were isolated from 
the total lipid extracts as described by Kramer et al. [27].  Eel lipids present in 
100 ml of  toluene phase obtained during the preparation of acetylcholinesterase 
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were extracted twice with 200 ml of water. The mixture was centrifuged 
(7000 × g, 15 min) and the organic phase evaporated to dryness. The lipids 
were taken up in chloroform (2 mg/ml) and stored under nitrogen at --20°C. 

Measurement of the surface pressure (monolayer technique). The surface 
pressure was determined by the Wilhelmy plate method as described by Morse 
[28] .  The teflon trough of the Wilhelmy balance contained two compartments 
of  approx. 7 ml each which were separated by a barrier. The lipid film spread 
over the surface of  one liquid compartment could be transferred to the other 
by movement of that barrier. Thus the film could be exposed to the two sub- 
phases. For penetration studies the proteins were injected with a syringe into 
one of  the subphases. The final protein concentration in the subphase was 3 ug/ 
ml. 

Results 

When eel acetylcholinesterase or Torpedo acetylcholine receptor were 
injected into a subphase at pH 7 in the absence of  a lipid film, a surface pressure 
of 17--19 dynes/cm was reached after 60 min. No differences were obtained 
for pH values of  3--7. 

Penetration of acetylcholinesterase into lipid monolayers 
When native eel acetylcholinesterase was injected into the subphase of a 

lipid monolayer made of  erythrocyte lipids, a surface pressure of 24 dynes/cm 
was reached after 60 min. The surface pressure increase measured at different 
initial surface pressures and under different pH conditions is shown in Fig. 1. 
Even above the surface pressure of the protein alone (17--19 dynes/cm) an 
increase was observed. The total increases in the surface pressure were higher at 
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Fig .  1.  E f f e c t s  o f  n a t i v e  ee l  a c e t y l c h o l i n e s t e r a s e  o n  t h e  s u r f a c e  p r e s s u r e  o f  a m o n o l a y e r  m a d e  o f  t o t a l  
e r y t b r o c y t e  l i p i d s  m e a s u r e d  at p H  3 . 0 ,  4 . 5  a n d  7 . 0 .  S u r f a c e  p r e s s u r e  i n c r e a s e s  are r e p r e s e n t e d  as  a f u n c -  
t i o n  o f  t h e  in i t ia l  s u r f a c e  p r e s s u r e .  T h e  s u b p h a s c s  c o n t a i n e d  2 m M  CaCl  2.  T h e y  w e r e  b u f f e r e d  w i t h  
1 0  m M  s o d i u m  a c e t a t e ,  p H  3 . 0  ( A ) ;  p H  4 . 5  ( i )  a n d  Tr is  - H C I ,  p H  7 . 0  ( e ) .  
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Fig.  2. M e a s u r e m e n t  of  the  eel a c e t y l c h o l i n e s t e r a s e  ac t iv i ty  p r e se n t  in a l ipid f i lm.  A c e t y l c h o l i n e s t e r a s e  

( 1 4 0  I .U. ,  20 pg in 40 ~1 of  0 .01 M s o d i u m  p h o s p h a t e  (pH 7.4)]1 M N a C l ] 0 . 0 5 %  (w]v)  NAN3) was 
i n j ec t ed  u n d e r n e a t h  a m o n o l a y e r  m a d e  of  to ta l  e r y t h r o c y t e  l ipids.  The  subphase  was  0 .01 M Tris  - HCl 

( p H  7 .0 ) ]2  m M  CaCl 2. In i t ia l  su r f ace  pressure  was  18 .0  d y n e s / c m .  A f t e r  1 h it  was 21.8  d y n e s / c m .  The  

m i x e d  f i lm was  w a s h e d  by  five changes  of  the  subphase .  The  e n z y m e  ac t iv i ty  was d e t e r m i n e d  a f t e r  addi-  

t ion  of  a c e t y l t h i o c h o l i n e  ( f ina l  c o n c e n t r a t i o n  1 m M )  by  m e a s u r i n g  the  t h iocho l ine  release in to  the  sub- 

phase :  D u r i n g  the  f i rs t  4 rain,  s amp le s  ( 1 0 0  pl) were  w i t h d r a w n  every  30 s and  a d d e d  to 100 pl of  a solu- 

t i on  of  d e c a m e t h o n i u m  (f ina l  c o n c e n t r a t i o n ,  20 m M ) .  An a l iquo t  (100  ~1) of  the  resu l t ing  m i x t u r e  was  

a d d e d  to 3 ml  of  a so lu t i on  of  Nbs  2 ( 0 . 1 2 5  m M ) .  The  a b s o r b a n c e  was m e a s u r e d  at 412  n m  (m). A f t e r  
4 m i n  the  m i x e d  f i lm was  r e m o v e d  by  a sp i r a t i on  w i t h  a Pas t eu r  p ipe t  (~t) and  res idua l  e n z y m e  ac t iv i ty  

was m e a s u r e d  in the  s a m e  c o m p a r t m e n t .  As con t ro l  s p o n t a n e o u s  h y d r o l y s i s  o f  a c e t y l t h i o c h o l i n c  was  

m e a s u r e d  (o) .  

pH 3 than at pH 7. With the same enzyme preparation, the penetration rate 
was about five times higher at pH 3.0 than at pH 4.5 or 7.0. When other lipids 
(phosphatidylcholine and sphingomyelin from human red cell membranes or 
total lipids extracted from the electric organ of the eel or O-CH rphosphatidyl-  
choline) were used the surface pressure increases and penetration rates were 
similar to those described above. 

Native eel acetylcholinesterase occurs in multiple molecular forms [29]. 
These were modified by t reatment  with trypsin-Sepharose and thereafter used 
for penetration studies. With a monolayer made of erythrocyte lipids the 
modified enzyme yielded at pH 7.4 a surface pressure increase of 3.9 dynes/cm 
and a penetration rate of 3.1 dynes/cm per 10 min at an initial surface pressure 
of 18.6 dynes/cm. 

Two additional methods were used to show the presence of acetyl- 
cholinesterase in erythrocyte  lipid films: 

(a) Acetylcholinesterase activity was measured by adding acetylthiocholine 
and determining thiocholine released into the subphase. After the unpenetrated 
enzyme was removed by repeated washes (Fig. 2) a total activity of 0.45 unit 
was found under these conditions, which represented 0.32% of enzyme activity 
originally injected. When the mixed film was removed by aspiration, the thio- 
choline release into the subphase dropped to the blank value. Table I shows the 
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T A B L E  I 

A C E T Y L C H O L I N E S T E R A S E  A C T I V I T Y  IN M I X E D  F I L M S  

U s i n g  e r y t h r o c y t e  a c e t y l c h o l i n e s t c r a s e ,  an  i nc rea se  in  su r f ace  p r e s s u r e  o f  7 .4  d y n e s / e r a  and  a p e n e t r a t i o n  

ra te  o f  1 .2  d y n e s / e r a  pe r  10 m i n  a t  an i n i t i a l  su r f ace  p r e s s u r e  o f  13 .4  d y n e s / c m  were  o b t a i n e d .  

p H  I n i t i a l  su r f ace  Inc rea se  in E n z y m e  

p r e s s u r e  su r face  a c t i v i t y  

( d y n e s / c m  p r e s s u r e  ( I .U . )  

pe r  10 m i n )  ( d y n e s / e r a )  

3 .5  13 .9  13 .2  0 . 2 6 6  

6 .0  17 .3  6 .2  0 . 1 4 0  

7 .0  1 0 . 2  6 .5  0 . 1 4 7  

7 .0  14 .8  6 .2  0 . 0 9 1  

7 .0  18 .0  3 .8  0 . 4 5 5  

7 .0  18 .4  4 .6  0 . 1 9 6  

7 .0  2 0 . 2  4 .6  0 . 1 1 2  

7 .0  2 0 . 5  3 .5  0 . 3 4 3  

7 .0  2 1 . 0  3 .5  0 . 0 6 3  
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Fig .  3. E f f e c t  o f  2 - p y r i d i n e - a l d o x i m e  m e t h i o d i d e  o n  [ 3 H ] i P r 2 P - a c e t y l c h o l i n e s t e r a s e  in  a l i p i d  f i lm .  [ 3 H J -  

i P r 2 P - a c e t y l c h o l i n c s t e r a s e  ( 2 0  t~g in  50  Fd 0 .01  M s o d i u m  p h o s p h a t e  ( p H  7 . 4 ) / 1  M NaC1, 0 . 0 5 %  ( w / v )  

NAN3)  was  i n j e c t e d  u n d e r n e a t h  a m o n o l a y e r  m a d e  o f  t o t a l  e r y t h r o c y t e  l i p ids .  The  s u b p h a s e  was  0 .01  M 

Tr i s  • HC1 ( p H  7 . 0 ) ] 2  m M  CaCl  2. A f t e r  1 h t he  m i x e d  f i lm  was  w a s h e d  six t i m e s  w i t h  f resh  s u b p h a s e  at 

1 0 - m i n  i n t e r v a l s .  T h e n  2 - p y r i d i n e - a l d o x i m e  m e t h i o d i d e  a t  a f i na l  c o n c e n t r a t i o n  o f  I m M  was  i n j e c t e d  
(~)  a n d  a f t e r  10  m i n  the  f i lm  was  m o v e d  o n t o  the  o t h e r  s u b p h a s e .  2 - P y r i d i n e - a l d o x i m e  m e t h i o d i d e  

was  i n j e c t e d  as b e f o r e  a n d  t he  e n t i r e  p r o c e d u r e  r e p e a t e d  t w o  m o r e  t i m e s .  F i n a l l y  t he  f i lm  t o g e t h e r  w i t h  
t h e  s u b p h a g e  were  r e m o v e d  b y  a s p i r a t i o n  a n d  t he  e m p t y  c o m p a r t m e n t  w a s h e d  w i t h  7 m l  o f  s u b p h a s e  

b u f f e r .  Al l  t he  s a m p l e s  were  l y o p b i l i z e d  a n d  t he  r e s i d u e s  were  t a k e n  u p  in  2 0 0  ~1 wate r .  M e t h a n o l  (6 m l )  

a n d  B B O T  (10  m l  o f  a s o l u t i o n  o f  4 gf l  t o l u e n e )  were  a d d e d  a n d  t he  s a m p l e s  were  c o u n t e d  fo r  r ad io -  

a c t i v i t y  t h r e e  t i m e s  fo r  1 0  m i n .  B a c k g r o u n d  v a l u e s  o f  16  c p m  were  s u b t r a c t e d  f r o m  e x p e r i m e n t a l  va lues .  
S a m p l e s  1- -7  were  s u b p h a s e s  f r o m  the  w a s h i n g  p r o c e d u r e ;  s a m p l e s  8 - - 1 1 ,  s u b p h a s e s o b t a i n e d  a f t e r  in jec -  

t i o n  o f  2 - p y r i d i n e - a l d o x i m e  m e t h i o d i d e ;  s a m p l e  12,  s u b p h a s e  c o n t a i n i n g  the  l i p i d  f i lm  and  s a m p l e  13,  

s u b p h a s e  c o n t a i n i n g  t he  c o n t r o l  b u f f e r .  
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Fig .  4.  E f f e c t  o f  Torpedo a c e t y l c h o l i n e  r e c e p t o r  o n  t he  s u r f ace  p r e s su re  o f  a m o n o l a y e r  m a d e  o f  t o t a l  

e r y t h r o c y t e  l i p i d s  m e a s u r e d  a t  p H  3 .0  a n d  7.0.  S u r f a c e  p r e s s u r e  i nc r ea se s  (A)  a n d  p e n e t r a t i o n  r a t e s  (B)  

are r e p r e s e n t e d  as a f u n c t i o n  o f  t h e  i n i t i a l  s u r f a c e  p r e s su re .  The  s u b p h a s e s  c o n t a i n e d  2 m M  CaCl2  a n d  

were  b u f f e r e d  w i t h  0 ,01  M s o d i u m  a c e t a t e  ( p H  3 .0 )  (A) a n d  0 .01  M T r i s .  HCl  ( p H  7 .0 )  ( e ) .  

increase in surface pressure and the enzyme activity after penetration of  acetyl- 
cholinesterase into lipid monolayers of  increasing initial surface pressures. 

(b) Acetylcholinesterase labelled with [3H]iPr2P-F was injected underneath 
an erythrocyte lipid monolayer (Fig. 3). After penetration the excess enzyme 
was removed by repeated washes. When 2-pyridine-aldoxime methiodide was 
added to the subphase, radioactive material was released from the film. Radio- 
active material was also found in the lipid film when it was finally removed by 
aspiration. 
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Fig .  5. E f f e c t  o f  Torpedo a c e t y l c h o l i n e  r e c e p t o r  o n  t h e  su r f ace  P res su re  o f  a m o n o l a y e r  m a d e  o f  t o t a l  
e r y t h r o e y t e  l i p i d s  m e a s u r e d  in  p r e s e n c e  (2  raM,  o)  a n d  a b s e n c e  o f  Ca 2+ (o) .  S u r f a c e  p r e s s u r e  i n c r e a s e s  are 

r e p r e s e n t e d  as a f u n c t i o n  o f  t h e  i n i t i a l  s u r f a c e  p r e s s u r e .  The  s u b p h a s e s  we re  b u f f e r e d  w i t h  0 . 0 1  M Tr is  - 
HC1 ( p H  7 .0) .  
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Penetration of acetylcholine receptor into lipid monolayers 
Surface pressure increases were measured at different initial surface pressures 

and two  ptt values when  ace ty lcho l ine  receptor was injected into the  subphase 
of  lipid mono layers  made of  ery throcyte  lipids (Fig. 4A) .  The total  increases in 
the  surface pressure w e r e  higher  at pi t  3.0 than at 7.0. Fig. IB  relates the 
penetrat ion rate to the  initial surface pressure at these t, wo pH values. When 
these measurements  were performed in absence of  calcium the surface pressure 
increases obta ined were lower than in its pre, sence (Fig. 5), The penetrat ion 
rates were also about  two  t imes lower m~der these condi t ions .  

The presence in the lipid film of the receptor was checked by one  addit ional  
method .  A complex  made of  a . - [3Hltoxin and ace ty lcho l ine  receptor was 
a l lowed t~o penetrate into an ery throcy te  lipid monolayer .  After the un- 
penetrated c o m p l e x  was rumoved by repeated washes,  h e x a m e t h o n i u m  (final 
concentrat ion ,  0.1 M) was injected underneath  the film (Fig. 6) .  Under these 
con d i t i ons  about  44% of  the radioactive material present in the lipid film was 
released into the subphase.  Of the a m o u n t  of  c o m p l e x  injected into the sub- 
phase about  3.5% was actually incorporated.  

34,4( - -  

~ 5 0 C  

2' 
> 

? 

2 5 0  - 

P 

7 

o 

~0 

1 

4 5 8 

.%amp Le n o .  

F i g .  6 .  E f f e c t  o f  h c x a m e t h o n i u m  o n  t he  G - [ 3 H ] t o x i n - a c e t y l c h o l i n e  r e c e p t o r  c o m p l e x  in a l ip id  f i l m .  ~- 

[ 3 H ] T o x i n - a c e t y l c h o l i n e  r e c e p t o r  ( 2 0  ILg in  2 0 0  Ill)  w a s  i n j e c t e d  u n d e r n e a t h  a m o n o l a y e r  m a d e  o f  totaJ 

e r y t h r o c y t e  l ip ids .  T h e  s u b p h a s e  w a s  0 . 0 1  M T r i s  . HC1 ( p H  7 . 0 ) / 2  m M  C a t 1 2 .  A f t e r  1 h ,  the  m i x e d  f i l m  

w a s  w a s h e d  five t i m e s  w i t h  a f re sh  s u b p h a s e  at 1 0 - m i n  in terva l s .  T h e n  h e x a m e t h o n i u m  at a f inal  c o n -  

c e n t r a t i o n  o f  0 .1  M w a s  i n j e c t e d  ( ~ ) .  A f t e r  1 0  r a i n  the  m i x e d  f i lm w a s  m o v e d  o n t o  the  o t h e r  s u b p h a s e  
a n d  a s p i r a t e d  w i t h  a P a s t e u r  p i p e t .  Al l  t h e  s a m p l e s  w e r e  c o l l e c t e d ,  l y o p h i l i z e d  a n d  c o u n t e d  for  r a d i o -  
a c t i v i t y  as  d e s c r i b e d  in F i g .  3.  S a m p l e s  1 - - 6  w e r e  s u p h a s e s  f r o m  the  w a s h i n g  p r o c e d u r e ;  s a m p l e  7 ,  sub-  
p h a s e  o b t a i n e d  a f t e r  i n j e c t i o n  o f  h e x a m e t h o n i u m ;  s a m p l e  8 s u b p h a s c  c o n t a i n i n g  t h e  l ip id  f i l m  a n d  

s a m p l e  9 ,  s u b p h a s e  c o n t a i n i n g  7 m l  o f  t he  b u f f e r  u s e d  to  w a s h  the  c o m p a r t m e n t  a f t e r  r e m o v i n g  s a m p l e  8. 
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Discussion 

The monolayer technique has been used by several investigators to study 
lipid-protein interactions [ 28,30--35]. The penetration of a protein into a lipid 
film may be characterized by measuring the increase in surface pressure and the 
penetration rate. The hydrophobici ty  of the protein, the charge of the protein 
and the lipid and the ionic strength of the subphase influence these two factors. 

Interaction of  acetylcholinesterase with lipid monolayers 
Depending on the source, acetylcholinesterase can be regarded as peripheral 

or integral membrane protein according to the distinction made by Singer and 
Nicolson [36]. The eel enzyme, readily solubilized by high salt solutions, 
belong to the former class [37] whereas the one from human erythrocytes,  
solubilized only in presence of detergents to the latter [ 20]. 

In this context  the erythrocyte  enzyme was expected to be readily 
incorporated into a lipid monolayer especially when the lipids used for the 
monolayer were extracted from the same membranes as the enzyme. As a 
matter of fact penetration indeed occurred as shown by the recorded pressure 
increase of 7.4 dynes/cm at an initial surface pressure of 13.4 dynes/cm. Con- 
trary to our expectation, however, this value was only slightly higher than 
those obtained with eel acetylcholinesterase. Detergent-depleted erythrocyte 
acetylcholinesterase assumes aggregated forms of high molecular weights. The 
hydrophobic sites, which in the native membrane interact with the lipid bilayer, 
thus become masked. This could explain the fact that the red cell enzyme does 
not give the increases in surface pressure expected for an integral membrane 
protein. According to these first findings we decided to mainly use the more 
readily available eel enzyme for further studies. It showed a surface activity of 
about 18 dynes/cm at pH 7 in absence of lipids. In their presence substantial 
increases in pressure were observed for initial surface pressures ranging from 10 
to 24 dynes/cm. This indicates that penetration had occurred. When the initial 
surface pressure was superior to 24 dynes/cm, no further increase was recorded. 
No substantial differences were observed when monolayers were made from 
total eel lipids or total erythrocyte lipids. After this finding the well defined 
lipids from red cell membranes were used for further studies. 

Increases in surface pressures were recorded at pH values of the subphase of 
3.0, 4.5 and 7.0. Higher increases were obtained by lowering the pH. According 
to Quinn and Dawson [30,31] such findings could indicate an increase in 
hydrophobic area of the protein due to conformational changes obtained at 
low pH values. Penetration rates were also recorded at pH values of the sub- 
phase of 3.0, 4.5 and 7.0. At pH 3.0 a 5-fold higher rate was obtained than at 
the two other pH values tested, which could reflect more favorable electrostatic 
interactions at pH 3.0, thus enhancing lipid protein complex formation [33]. 
This is of special interest with eel acetylcholinesterase since its isoelectric point 
is 3.2 [38]. However, the contribution of the electrostatic interaction must be 
minor as penetration still occurs when a homogeneous film of positively 
charged lipid (O-CH3-phosphatidylcholine) is used even at pH 3, a value at 
which the enzyme is also positively charged. 

Native eel acetylcholinesterase assumes highly asymmetric forms which in 
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electron microscopy appear as grape-like structures composed of a tail with 
clusters of subunits at tached to it. Trypsin t rea tment  of these forms yields a 
more globular enzyme devoid of the tail-like extension [39].  In situ this exten- 
sion might be responsible for the a t tachment  of the enzyme to the membrane 
[40,41].  The values obtained for increases in surface pressures and penetrat ion 
rates at pH 7 indicate that  in absence of the tail-like structure,  the modified 
enzyme penetrates the film as well as the unmodified one. We therefore 
conclude that at least in our system the tail is not  an essential molecular feature 
for lipid binding. We rather suggest that mainly hydrophobic  interactions 
between the globular part of the enzyme and the lipids are responsible for the 
association with the monolayer .  This is compatible with the idea that  the 
enzyme spreads on the surface of the lipids and the tails form a reticulum-like 
structure [42].  

The presence of the enzyme in the lipid film was confirmed by two different 
experiments.  Their results indicate that the active site of the enzyme is oriented 
towards the aqueous phase as it occurs in situ. It should, however, be noticed 
that only a small percentage of the enzyme injected into the subphase actually 
penetrated the film. 

Interaction of  acetylcholine receptor with lipid monolayers 
Another  protein componen t  of cholinergically excitable membranes to be 

tested in this system is the acetylcholine receptor,  which is regarded as an 
integral membrane protein [43].  It can be readily obtained in a pure form from 
the electric organ of the fish T. marrnorata [11].  Prior to penetrat ion studies 
excess of the detergent used to solubilize the receptor  was removed. In order, 
however, to keep the protein in solution a minimal amount  of 100 ~g/ml of 
Tri ton X-100 is necessary which itself acts as a surface active compound.  At the 
final concentra t ion of 0.45 ~g/ml in the Langmuir trough the detergent was no 
longer responsible for the observed changes in surface pressure. It could, how- 
ever, mask the hydrophobic  regions of the protein. As a consequence the 
increases in surface pressures and penetrat ion rates will not  necessarily reflect 
the hydrophobic  interaction of the protein with its native environment.  These 
facts should be kept  in mind while analyzing the present results obtained with 
the acetylcholine receptor  at two pH values. These experiments confirm that 
the presence of calcium is necessary for optimal interactions of acetylcholine 
receptor  with lipids [2].  

The presence of the acetylcholine receptor  in the lipid film was confirmed 
by an exper iment  in which tri t iated c~-toxin-aeetylcholine receptor  complex 
was used from which the labelled toxin could selectively be displaced after 
penetrat ion.  This result shows also that  the active site of the receptor  was 
available to the competing agent. Though again only a small percentage of the 
molecules injected into the subphase actually penetrated the film, the amount  
nevertheless was larger than that  obtained with acetylcholinesterase. The 
present result show that  both proteins can indeed by incorporated into lipid 
monolayers.  However, the method does not  allow to exactly describe the 
events occurring upon protein binding to the lipids. We cannot  exclude that  
conformat ional  changes of the proteins at the air-water interface are at least 
partly responsible for the observed increases in surface pressure. Thus the 
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environment for the proteins in the lipid monolayer could be quite different 
from the one in the native membrane. 
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