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Summary 

The nicotinic acetylcholine receptor regulates the ion permeability of 
the postsynaptic membrane. This report presents evidence that  the transmit- 
ter binding site and the ion channel may be located on distinct subunits. By 
hybridisation of receptor complexes, in which the transmitter binding site 
was blocked with complexes in which the ion channel was irreversibly inhib- 
ited, we reconstituted active acetylcholine receptor complexes. The recon- 
stituted system was similar to the native receptor in its ability to regulate the 
ion permeability of lipid vesicles in response to nicotinic cholinergic effectors 

Cell surface receptors convey biosignals by various mechanisms from the 
outside, through the cell membrane, to the inside of the cell. In some cases 
they regulate an enzymatic activity located in the membrane producing a 
compound which is released into the cytoplasm as a 'second messenger'. Hor- 
mone receptor-adenylate cyclase systems belong to this class. In other cases 
the receptor regulates the ion permeability of the membrane, thereby affect- 
ing the membrane potential directly. Certain neurotransmitter receptors, es- 
pecially the nicotinic acetylcholine receptor, appear to belong to this class. 
For the hormone-regulated adenylate cyclase, it has been shown that  recep- 
tor and enzyme are distinct molecules which form a complex in the mem- 
brane, but which can be separated by methods of cell biology [1] and bio- 
chemistry [2].  The same adenylate cyclase appears to form varying com- 
plexes with different hormones, an observation which led to the formulation 
of  the 'mobile receptor'  concept [3, 4] .  It is unknown, however, whether an 
analogous relationship exists between neurotransmitter receptors and their 
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ion channels. In this report  we present evidence that  in the case of  the nico- 
tinic acetylcholine receptor  from the electric organ of Torpedo californica, 
the transmitter binding site and the ion channel are not  necessarily on the 
same polypept ide chain. By hybridisation of receptor  complexes, in which 
the transmitter binding site is blocked with complexes in which the ion chan- 
nel is irreversibly inhibited, we were able to reconsti tute active acetylcholine 
receptor  complexes. The reconsti tuted system was similar to the native recep- 
tor  in its ability to regulate the ion permeability of  lipid vesicles in response 
to nicotinic cholinergic effectors. 

The hybridisation experiment was performed with membrane fragments 
enriched in acetylcholine receptor  prepared from the electric organs of  Tor- 
pedo californica as described in Ref. 5 with the slight modifications described 
in Ref. 6. One sample of  the receptor-enriched membranes was treated with 
~-bungarotoxin, a strong competit ive inhibitor of  the transmitter binding 
site in nicotinic acetylcholine receptors. Another sample of this preparation 
was treated with quinacrine mustard (for experimental details see the legend 
to the Fig. 1). Quinacrine has been shown to act upon the postsynaptic mem- 
brane of  nicotinic cholinergic synapses as a local anaesthetic [ 7 ], character- 
ized by its blocking effect  on the ion translocation through the membrane 
without  competit ively inhibiting transmitter binding. We have shown that 
the alkylating derivative, quinacrine mustard, irreversibly blocks the ion per- 
meability response to agonists in receptor-enriched membrane microsacs [8] .  
These modified membranes still contained at least 50% of their high-affinity 
binding sites for [3H] acetylcholine. 

Both these modified samples were dissolved in detergent supplemented 
with egg lecithin, separately at first for the controls, jointly later for the hy- 
bridisation experiment. Reconst i tut ion of the detergent-solubilized mem- 
branes to functional liposomal receptor-membrane systems was performed 
by column chromatography with Sephadex G-50 as described before [6] .  
Receptor  function was measured by determining the 22Na ÷ efflux from recon- 
st i tuted vesicles by the Millipore filtration assay developed by Popot  et al. 
[9] .  Maximum efflux was determined by adding gramicidin to the vesicles 
(open squares in Fig. 1). 

The first control  experiment was aimed to show that,  under the condi- 
tions of  the reconsti tution experiment,  the bungarotoxin block is virtually 
irreversible (top frame of Fig. 1, labelled T for toxin). The t ime-dependent 
22Na÷ efflux from vesicles reconsti tuted with toxin-blocked receptor  could 
not  be stimulated by 0.1 mM carbamoylcholine although considerable amounts 
of  radioactivity could be released with gramicidin. A similar result was ob- 
tained in the second control experiments with quinacrine mustard-blocked 
receptor (middle frame of the figure, labelled Q): the 22Na÷ efflux from vesi- 
cles reconsti tuted with mustard-blocked receptor could also not  be stimu- 
lated by 0.1 mM carbamoylcholine (in this experiment unstimulated leakage 
of  22Na ÷ was higher as compared to the T-experiment: this increased leakage 
was consistently observed with quinacrine-modified membranes [8] and may 
be due to the increase of  lipid fluidity caused by the local anaesthetic). 

Reconst i tut ion of  a 1:1 mixture of  toxin-blocked and quinacrine mus- 
tard-blocked receptor-rich membranes resulted in vesicles in which the 22Na÷ 
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Fig. 1. 22Na + eff lux f r o m  r e c o n s t i t u t e d  ace ty lcho l ine  r e c e p t o r  con ta in ing  lipid vesicles. R e c o n s t i t u t i o n  
of  ace ty l cho l ine  r e c e p t o r  func t i on  b y  hybr id i sa t ion  of  ~ - b u n g a r o t o x i n - b l o c k e d  and  qu inacr ine  mus-  
t a rd -b locked  recep to r - r i ch  m e m b r a n e s .  T, r ecep to r - r i ch  m e m b r a n e s  were  b lo ck ed  wi th  ~ - b u n g a r o t o x i n  
be fo re  r e c o n s t i t u t i o n  ( c o m p e t i t i v e  an tagonis t ) .  No agonis t - s t imula ted  22Na* eff iux was observed  f r o m  
the  r e c o n s t i t u t e d  r e c e p t o r  vesicles con ta in ing  the  ~ - b u n g a r o t o x i n - b l o c k e d  acetylcho~line r ecep to r .  Q, 
r ecep to r - r i ch  m e m b r a n e s  were  b locked  wi th  the  cova len t ly  reac t ing  local anaes the t ic ,  qu inacr ine  mus-  
tard,  be fo re  r e c o n s t i t u t i o n  ( n o n c o m p e t i t i v e  an tagonis t ) .  No agonis t - s t imula ted  ef f lux  was obse rved  
wi th  l ipid vesicles con ta in ing  the  qu inacr ine  m u s t a r d - b l o c k e d  ace ty l cho l ine  r ecep to r .  TQ,  ~-bungaro-  
tox in-  and  qu inac r ine  m u s t a r d - b l o c k e d  recep to r - r i ch  m e m b r a n e s  are c o m b i n e d  be fo re  recons i tu t ion .  As 
r econs t i t u t ion .  An  eff lux can  be s t imu la t ed  wi th  1 . 1 0  "~ M c a r b a m o y l c h o H n e  w h e n  the  ~-bungaro tox in .  
and  qu inacr ine  m u s t a r d - b l o c k e d  recep to r - r i ch  m e m b r a n e s  were  c o m b i n e d  be fo re  r econs t i t u t ion .  As 
wi th  the  na tu ra l  m e m b r a n e s ,  this  eff lux can  be b loc ke d  wi th  1 . 1 0  -~ M to x in  f r o m  Naja naia siamensis. 
In  all of  the  th ree  e x p e r i m e n t s  g ramic id in  A, an  ion  p o r e - f o r m i n g  o l igopept ide ,  causes eff iux of  22Na + 
ind ica t ing  t h a t  b i layer  vesicles have  been  fo rme d .  The  ace ty l cho l ine  r e c e p t o r  func t i on  was m e a s u r e d  

22 + by  the  Na eff lux m e t h o d  desc r ibed  in Ref.  9 wi th  the  fo l lowing modi f i ca t ions :  R inger ' s  so lu t ion  
was used  for  b o t h  the  i n c u b a t i o n  m i x t u r e  and  the d i lu t ion  m e d i u m .  At  the  t ime  ind ica ted ,  a l iquots  of  
the  d i lu t ion  m e d i u m  were  r e m o v e d  a nd  f i l tered t h r o u g h  Millipore filters (0 .45  # m  pore -wid th ,  0 .05  m g  
p ro te in  each) .  T he  a m o u n t  of  22Na+ r e t a ined  on  the  Miilipore fil ter in lipid vesicles is p lo t t ed  against  
t ime  a f t e r  d i lu t ion  of  the  22Na+-equilibrated vesicle suspension.  • =, Eff iux  of  22Na + f r o m  recons t i -  
t u t e d  receptor-ves ic les  in the  absence  of  agonist ,  o-----o Eff lux  in the  presence  of  1 . 1 0  -4 M c a r b a m o y l -  
chol ine,  a - - - ~ ,  Eff iux f r o m  the  r e c o n s t i t u t e d  r e c e p t o r  vesicles p r e i n c u b a t e d  wi th  1 0 0 /~g /ml  gramici-  
din A (15  rain).  • --, Eff iux a f t e r  p r e i n c u b a t i o n  wi th  1 . 1 0  -4 M tox in  f r o m  Naja naja siamensis (30  
ra in)  and  add i t i on  of  1 . 1 0  -~ M c a r b a m o y l c h o H n e .  
E x p e r i m e n t a l  details: ace ty lcho l ine  recep tor - r i ch  m e m b r a n e s  in 0.1 M NaC1/0.01 M Tris-HCl bu f f e r  
( pH  7 .3 ) /0 .02% NaN s (4 - -5  m g  pro te in ,  specific b ind ing  ac t iv i ty  ap p ro x .  1 n M / m g )  p r e p a r e d  f r o m  the  
electr ic  organs  of  Torpedo californiea as descr ibed  in Ref .  6 were  e i ther  i n c u b a t e d  wi th  a 2-fold m o l a r  
excess  of  a - b u n g a r o t o x i n  or  2 0 - - 6 0  ~uM quinacr ine  m u s t a r d ,  a cova len t  reac t ing  local  anaes the t i c  [ 8 ] .  
A f t e r  40  rain i n c u b a t i o n  a t  r o o m  t e m p e r a t u r e  the  m e m b r a n e s  were  washed  and  cen t r i fuged  th ree  t imes  
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efflux could be stimulated by 0.1 mM carbamoylcholine (bottom frame, la- 
belled TQ) and 0.1 mM acetylcholine (not shown).  This stimulation {open 
circles) was prevented by preincubation of  the reconstituted TQ-vesicles with 
Naja naja siamensis toxin, another competitive inhibitor of  nicotinic acetyl- 
choline receptors (closed squares). 

The simplest explanation of  this result would be based on the following 
model (Fig. 2): the nicotinic acetylcholine receptor of  the Torpedo mem- 
brane is composed of  two types of  subunit, one carrying the transmitter bind- 
ing site (being the receptor 'sensu stricto'), the other translocating the cations 
(being the ion channel, ionophore).  In the T-experiment of  Fig. 1 only the 
binding subunits are blocked (Fig. 2b), in the Q-experiment all the ion chan- 
nel subunits are blocked but at least 50% of  the binding subunits are still ac- 
tive [8] (Fig. 2c). In the TQ-experiment these binding subunits form func- 
tional receptor-ion channel complexes  with the active ion channel subunits 
of  the T-sample (Fig. 2f). 

One alternative possibility cannot be excluded: the receptor could be 
composed of  identical polypeptide chains, each chain carrying both a trans- 
mitter binding site and an ion channel. In our reconstitution experiment a 
complementat ion could have occurred, the unblocked binding site of  the one 
chain interacting with the unblocked ion channel of  the other. In this case 
our result shows an exchange of  these identical polypeptide chains and one 
would have to postulate a dimer or oligomer as the functionally active unit. 
A receptor dimer cross-linked by a disulfide bridge has been found, but no 
evidence exists that this dimerization is a prerequisite for activity. In our ex- 

( 3 0  m i n  a t  2 0  0 0 0  × g w i t h  d i l u t i o n  in  2 0  m l  o f  t he  s a m e  b u f f e r  as above ) .  Egg  l ec i t h in  (2  g/ l)  a n d  
s o d i u m  c h o l a t e  (1 .5%,  w/v)  we re  a d d e d  t o  t h e  l abe l l ed  m e m b r a n e s  ( f ina l  p r o t e i n  c o n c e n t r a t i o n  a p p r o x .  
4 g/1 in  a v o l u m e  o f  1 .4  ml) .  
F o r  t he  h y b r i d i s a t i o n  e x p e r i m e n t ,  0 .7  m l  o f  ~ - b u n g a r o t o x i n -  a n d  0 .7  m l  o f  q u i n a c r i n e  m u s t a r d - b l o c k e d  
r e c e p t o r  m e m b r a n e s  we re  c o m b i n e d  ( c o n t r o l  e x p e r i m e n t s  we re  p e r f o r m e d  w i t h  1 .4  m l  o f  l abe l l ed  re-  
c e p t o r  m e m b r a n e s ) .  Th i s  m i x t u r e  was  f i l t e r ed  t h r o u g h  a S e p h a d e x  G - 5 0  c o l u m n  ( 4 ° C ,  f l o w  r a t e  7 
m l / h ,  c o l u m n  size 3 0  × 1 c m ,  2 .2  g S e p h a d e x  G - 5 0  m e d i u m  e q u i l i b r a t e d  o v e r n i g h t  in  t he  s a m e  b u f f e r  
as above ) .  The  f r a c t i o n s  c o n t a i n i n g  r e c e p t o r  l ip id  vesicles  we re  d i a l y s e d  f o r  1 4  h a t  4~C aga in s t  0 . 1 6  M 
NaC1/5  m M  KC1/2 m M  MgCI 2 / 2  m M  CaCI 2 / 3  m M  s o d i u m  p h o s p h a t e  b u f f e r  ( p H  7 . 0 ) / 0 . 0 2 %  N a N  3 ac-  
c o r d i n g  to  t h e  r e c o n s t i t u t i o n  p r o c e d u r e  d e s c r i b e d  in  Ref .  6.  T h e  r e c e p t o r  vesicles  w e r e  f ina l ly  i ncu -  
b a t e d  w i t h  22Na+ ( 1 0 - - 4 0  # C i / m l ,  2 4  h) .  

Fig.  2. S u m m a r y  o f  t h e  r e c o n s t i t u t i o n  e x p e r i m e n t s  e x p l a i n e d  in  a s imple  m o d e l  o f  t he  a c e t y l c h o l i n e  
r e c e p t o r .  (a) R e c o n s t i t u t i o n  o f  t h e  n a t u r a l  r e c e p t o r - r i c h  m e m b r a n e s  w i t h o u t  m o d i f i c a t i o n  o f  t he  
a c e t y l c h o l i n e  r e c e p t o r  [ 6 ]  y i e ld s  ac t ive  r e c e p t o r  c o m p l e x e s .  (b)  R e c o n s t i t u t l o n  o f  a - b u n g a r o t o x i n -  
b l o c k e d  r e c e p t o r - r i c h  m e m b r a n e s .  O n l y  t h e  a g o n i s t - b i n d i n g  s u b u n l t  o f  t he  r e c e p t o r  is l abe l led :  b l o c k e d  
r e c e p t o r  c o m p l e x e s  are  o b t a i n e d  (see a l so  Fig .  1,  T).  (c) R e c o n s t i t u t i o n  o f  q u i n a c r i n e  m u s t a r d - b l o c k e d  
r e c e p t o r - r i c h  m e m b r a n e s .  T h e  i o n  c h a n n e l  s u b u n i t  is l abe l led .  Because  o f  t he  n o n s p e c i f i c i t y  o f  q u i n a -  
c r ine  m u s t a r d  the  b i n d i n g  s u b u n i t  c o u l d  be  l abe l l ed  t o o ,  b u t  h igh  a f f i n i t y  b i n d i n g  o f  a c e t y l c h o l i n e  is 

s t i l l  poss ib l e  [ 8 ]  : b l o c k e d  r e c e p t o r  c o m p l e x e s  a re  o b t a i n e d  (see a lso  Fig .  1,  Q).  (d)  R e c o n s t i t u t i o n  o f  
r e c e p t o r - r i c h  m e m b r a n e s  b l o c k e d  b y  b o t h  ~ - b u n g a r o t o x i n  a n d  q u i n a c r i n e  m u s t a r d  ( ' t e r n a r y '  c o m p l e x ) .  
B l o c k e d  r e c e p t o r  c o m p l e x e s  are  o b t a i n e d .  (e) R e c o n s t i t u t i o n  o f  a 1 :1  m i x t u r e  o f  a - b u n g a r o t o x i n -  
b l o c k e d  a n d  ~ - b u n g a r o t o x i n / q u i n a c r i n e  m u s t a r d - b l o c k e d  r e c e p t o r - r i c h  m e m b r a n e s .  B l o c k e d  r e c e p t o r  
c o m p l e x e s  a re  o b t a i n e d .  (f) R e c o n s t i t u t i o n  o f  a 1 :1  m i x t u r e  o f  0 ~ - b u n g a r o t o x i n - b l o c k e d  a n d  q u i n a -  
c r ine  m u s t a r d - b l o c k e d  r e c e p t o r - r i c h  m e m b r a n e s .  Ac t ive  r e c e p t o r  c o m p l e x e s  a re  o b t a i n e d  (see Fig .  1, 
TQ) .  F r o m  e x p e r i m e n t s  a - - d  o n e  c a n  c o n c l u d e  t h a t  in  f a n  e x c h a n g e  o f  s u b u n i t s  h a s  t a k e n  p lace .  The  
m u l t i p l e  l abe l l ing  ( ' t e r n a r y '  c o m p l e x )  d o e s  n o t  cause  a r e m o v a l  o f  t he  i n h i b i t o r s  t h e r e b y  a c t i v a t i n g  
a g a i n  t h e  r e c e p t o r  c o m p l e x  (d ,  e).  T h e  ac t ive  r e c e p t o r  c o m p l e x  in  f c o u l d  stil l  be  l abe l l ed  b y  q u i n a -  
c r ine  m u s t a r d  a t  i t s  b i n d i n g  s u b u n l t  a n d  m a y ,  t h e r e f o r e ,  n o t  r e s e m b l e  e x a c t l y  t h e  n a t u r a l  r e c e p t o r  
c o m p l e x  in  a. 
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periment no disulfide cleaving agent is present which would allow a separation 
and recombination of  such identical polypept ide chains. 

Several further alternatives were investigated and ruled out. The stimu- 
lated efflux is not  due to a dilution of the respective inhibitors by the 1 : 1 
mixing of  the samples in the hybridisation experiment. Doubling the inhibitor 
concentrations gave the same result. It is also not  due to a removal of  bungaro 
toxin by formation of  ' ternary'  complexes with quinacrine mustard in the 
TQ-experiment. Addition of  quinacrine mustard to receptor complexes al- 
ready blocked by a-bungarotoxin has no influence on the blocking effect  (Fig 
2d, e). 

The stimulated efflux from the reconsti tuted vesicles does not  reach the 
maximum value obtained with gramicidin. It varies from 20 to 40% of this 
value. This could be due to low efficiency of  the subunit exchange process 
during reconstitution. A similar only partial efflux was obtained with native 
receptor-enriched vesicles and was attr ibuted to desensitization caused by 
the agonist [ 10] .  Preincubation of  our reconsti tuted vesicles with 0.1 mM 
carbamoylcholine before the efflux assay reduced the amount  of radioactivi- 
ty  released even further, indicating that the receptor may indeed be still sub- 
ject  to desensitization. 

Distinct molecular entities for the acetylcholine receptor and its ion 
channel have been postulated before [11] .  This structure would be especially 
economical where acetylcholine receptors regulate different functions (as has 
been observed in Aplysia neurons [13] ). We have shown that,  at least under 
our reconsti tution conditions, an exchange of  receptor  subunits can occur. If 
the binding site and ion channel are located on different polypeptide chains 
it should be possible to separate the two functional units physically. In this 
.case our reconsti tution method using irreversibly labelled acetylcholine recep- 
tors should provide a useful assay especially for the ion channel subunit.  

This work was supported by  the Deutsche Forschungsgemeinschaft, 
SFB 138, and the Fonds der Chemischen Industrie. 
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