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RECONSTITUq[1ON OF ACETYLCHOLINE RECEPTOR FUNCTION IN LIPID VESICLES OF 
DEFINED COMPOSITION 
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The effect of specific lipids on the functional properties of the acetylcholine receptor were examined in 
reconstituted membranes prepared from purified Torpedo eali[ornica acetylchoUne receptor and various 
defined lipids. Cholesterol and negatively charged lipids greatly enhanced the ion influx response of the 
vesicles as measured by the effect of a receptor agonist on cation translocation across the vesicles. Part of the 
lipid-dependent effects could be attributed to alterations in the average size of the vesicles. All lipid mixtures 
used permitted complete incorporation of receptor and retention of ligand binding properties. Quantitative 
differences in ion flux properties suggest a modulating role for specific lipids in acetylcholine receptor 
function. 

Introduction 

The nicotinic acetylcholine receptor is a trans- 
membrane protein found at vertebrate neuromusc- 
ular junctions and at synapses in the electric organs 
of certain electric fish, such as the electrical eel 
(Electrophorus electricus) and various marine rays 
(Torpedo species). The acetylcholine receptor 
specifically binds cholinergic activators and trans- 
duces the binding into a large increase in cation 
permeability through a receptor-associated ion 
channel. In the prolonged presence of activators, 
the receptor channel becomes inactivated, a re- 
versible phenomenon known as desensitization. All 
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of these functional properties are preserved in 
membrane vesicles isolated from electric organs, 
and sensitive assays have been developed to mea- 
sure ligand binding, flux activation and desensiti- 
zation (for reviews, see Refs. I-3). Torpedo-derived 
membranes have emerged as a preferred choice for 
detailed biochemical and biophysical studies, since 
membranes containing up to 50% of their total 
protein as functional acetylcholine receptor mole- 
cules can be isolated [3]. 

Using Torpedo membrane vesicles, Andreasen 
and McNamee [4] showed that the ion permeabil- 
ity control properties of the receptor were ex- 
quisitely sensitive to lipid perturbations brought 
about by treatment with phospholipase A 2. Com- 
plete inhibition of agonist-stimulated ion flux was 
observed at low phospholipase A 2 concentrations 
that caused only partial hydrolysis of phos- 
phatidylethanolamine and no hydrolysis of phos- 
phatidylcholine. Andreasen and McNamee sug- 
gested that the lipid protein interface might pro- 
vide a preferred site for enzyme action. In further 
studies, they showed that unsaturated fatty acids 
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(one of the phospholipase hydrolysis products) 
could also reversibly block ion flux responses [5,6]. 
Interestingly, the fatty acids had no effect on the 
ligand-binding properties of the receptor, includ- 
ing a ligand-induced binding affinity transition 
that is generally assumed to be associated with 
desensitization [7]. Thus, the fatty acids appeared 
to block flux by a mechanism independent of the 
desensitization phenomenon. 

Using biophysical techniques, Marsh et al. [8] 
and McNamee et al. [9] provided evidence that the 
lipids of the native Torpedo membranes existed in 
two distinct domains, as indicated by the electron 
paramagnetic resonance spectra of membrane-as- 
sociated spin-labelled fatty acids and phospholi- 
pids. One of the spectral components was char- 
acteristic of a motionally restricted environment 
and suggested the presence of a 'boundary layer' 
[10] about the protein [8,9]. 

Although the Torpedo membranes represent one 
of the best systems for studying both membrane 
structure and function, they do have limitations. 
The complex lipid composition of the vesicles [1 l] 
limits the analysis of specific lipid effects, and the 
heterogeneity of the vesicle populations with re- 
spect to both size and protein components further 
complicates detailed analysis. A more subtle limi- 
tation arises from the high density of acetylcholine 
receptor sites on the surface of the membranes. 
Rapid kinetics measurements on the millisecond 
time scale can still only partially resolve the initial 
rates of ion flux, since the vesicles rapidly equi- 
librate with external ions in the presence of activa- 
tors [12-14]. 

All of these limitations could be avoided by 
using a system in which both the protein and lipid 
composition were completely controlled. A major 
advance in this direction was achieved in 1978 
when Epstein and Racker [15] first convincingly 
demonstrated that detergent-solubilized acetylcho- 
line receptor could be reincorporated into lipid 
vesicles with recovery of ion permeability control 
properties. The lipid used was Asolectin, a crude 
soybean lipid preparation. The success of the ap- 
proach of Racker can be appreciated by the speed 
with which many other groups reproduced and 
extended the observations [16-20]. Purified 
acetylcholine receptor can now be reconstituted 
into lipid vesicles and into planar bilayer mem- 

branes (for reviews, see Refs. 21, 22). Interestingly, 
the reconstitution requires that the receptor be 
maintained in the presence of lipids throughout all 
purification procedures, thus reemphasizing the 
importance of lipids in acetylcholine receptor 
function. 

In order to extend the earlier biophysical and 
biochemical studies, we have begun to examine 
systematically the lipid requirements for successful 
reconstitution [18]. In this paper we analyze the 
effects of negatively charged lipids and cholesterol 
on the size and ion flux properties of reconstituted 
membrane vesicles containing purified acetylcho- 
line receptor. 

Materials and Methods 

Acetylcholine receptor membrane preparation 
Live Torpedo californica rays were obtained from 

Pacific Biomarine (Venice, CA) and killed im- 
mediately upon arrival, and the excised electroplax 
tissue was frozen in liquid nitrogen, A crude mem- 
brane fraction was prepared from the frozen tis- 
sue. Typically, 600 g tissue were thawed and ho- 
mogenized with 600 ml homogenization buffer (10 
mM sodium phosphate/5 mM EDTA/5 mM 
EGTA/10 mM iodoacetamide/0.1 mM P M S F /  
0.02% NaN 3, pH 7.5) with a Polytron PCU-2-110 
in four 30 s bursts at setting 7. The homogenate 
was centrifuged for 10 min at 5000 rpm in a 
Sorvall GSA rotor and the supernatant was filtered 
through four layers of cheesecloth and saved. The 
pellet was rehomogenized in 200 ml homogeniza- 
tion buffer and centrifuged as above. All steps 
were carried out at 0-4°C. The pooled super- 
natants were centrifuged at 34000 rpm in a Type 
35 rotor in a Beckman L5-65 centrifuge for 45 
min. In experiments where the receptor was puri- 
fied prior to reconstitution, the pellet was resus- 
pended in approx. 75 ml buffer A (100 mM 
NaC1/10 mM Tris-HC1/0.1 mM EDTA/0.02% 
NAN3, pH 7.4) and used as the starting material 
for chelate extraction (see below). For experiments 
in which acetylcholine receptor was extracted di- 
rectly from membranes and used without addi- 
tional purification, a more highly purified mem- 
brane fraction was prepared. Briefly, the high- 
speed pellet corresponding to 200 g original tissue 
was resuspended in 32 ml buffer comprising 28% 
w / w  sucrose/10 mM sodium phosphate/0.1 mM 



EDTA/0.02% NaN 3, pH 7.0. 8-ml aliquots were 
layered on top of a discontinuous sucrose gradient 
consisting of 10 ml 30% sucrose (w/w), 12 ml 35% 
sucrose (w/w) and 7 ml 41% sucrose (w/w),  all in 
10 mM NaPO4/0.1 mM EDTA/0.02% NaN 3, pH 
7.0. The samples were centrifuged at 26 000 rpm in 
an SW 27 rotor for 4 h. The membrane band on 
top of the 35% sucrose layer was removed and 
diluted 1 : 1 with water and centrifuged at 35 000 
rpm in a Type 35 rotor for 35 rain. The mem- 
branes were base-extracted by resuspending the 
pellet to approx. 0.5 mg /ml  protein in water and 
adjusting the pH carefully to 11.0 with NaOH. 
The suspension was stirred for 30-45 min and 
then centrifuged at 35 000 rpm for 45 min. The 
pellet was resuspended in buffer A. 

Cholate extraction 
Acetylcholine receptor-containing membranes 

(either the crude or highly purified fractions) cor- 
responding to an original membrane preparation 
from 200 g tissue were diluted to 2 mg protein/ml  
in buffer A and 10% sodium cholate (w/v)  in 
buffer A was added to give a final cholate con- 
centration of 1%. The mixture was stirred for 30 
rain and then centrifuged at 35 000 rpm in a Type 
35 rotor for 30 min. The supernatant from highly 
purified membranes was used directly for recon- 
stitution (see Reconstitution). The supernatant 
from crude membranes was applied at a flow rate 
of 1 ml /min  to a 15 ml affinity column prepared 
from Affi-Gel 401 (Bio-Rad, Richmond, CA) and 
bromoacetylcholine [24]. The column was previ- 
ously equilibrated with buffer A supplemented 
with 1% sodium cholate and 2 mg/ml  di- 
oleoylphosphatidylcholine (DOPC; Avanti Bio- 
chemicals, Birmingham, AL). The column was 
washed with 6-10 column volumes of buffer A 
containing the 1% cholate and 2 mg/ml  DOPC 
and then eluted with 50 ml 10 mM carbamylcho- 
line chloride (carbachol) buffer. The acetylcholine 
receptor emerged as a sharp peak just after the 
void volume of the column. Protein concentration 
during washing and elution was monitored by 
measuring absorbance at 280 nm. (Empirically, an 
absorbance of 1.0 corresponded to a value of 0.6 
mg prote in/ml  as measured by the procedure of 
Lowry et al. [25].) The column could be used at 
least five times without noticeable loss in yield or 
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quantity of acetylcholine receptor if it was washed 
extensively with buffer B and then with water 
containing 0.02% NaN 3. 

The purified acetylcholine receptor (typically 1 
m g / m l  in approx. 10 ml buffer) was either used 
immediately for reconstitution or frozen in liquid 
N 2 after adding solid sucrose to give a 0.5 M 
solution. 

Reconstitution of acetylchofine receptor in liposomes 
The same general procedure was used for both 

membrane-extracted and purified acetylcholine re- 
ceptor. Typically, 0.7 ml of the acetylcholine re- 
ceptor cholate solution at a protein concentration 
of 1-1.65 mg/ml  was mixed with 0.3 ml of a 65 
mM lipid suspension (see below) in 4.16% cholate 
in buffer A. The entire mixture (2% final cholate 
concentration) was dialyzed for 48 h against 1000 
vol. buffer A with three or four changes of buffer. 
The buffer was bubbled with N 2 for 10-15 min 
before use. In some experiments [14C]cholesterol 
or [ 14C]phosphatidylcholine was added to the lipids 
before dialysis and there was no detectable loss of 
lipids through the dialysis tubing. 

Different procedures were used to prepare the 
lipid suspensions depending upon the lipids used. 
For Asolectin (Associated Concentrates, Wood- 
side, NY) the desired amount was weighed, sus- 
pended in 1 ml 4.16% cholate and sonicated for 20 
re_in under nitrogen. For purified phospholipids 
and cholesterol, the desired amounts were pre- 
mixed as chloroform solutions, evaporated to dry- 
ness under nitrogen and then placed under vacuum 
at room temperature for at least 2 h to remove 
residual solvent. The dried lipids were then resus- 
pended in 4.16% cholate as described for Asolec- 
tin. After dialysis the vesicles were either stored on 
ice and assayed as soon as possible or frozen in 
liquid nitrogen and then thawed on ice before 
assays were done. 

Assays of acetylcholine receptor function 
Acetylcholine receptor samples were assayed 

for equilibrium binding of ~25I-labeled a- 
hungarotoxin in Triton X-100 at room tempera- 
ture using the DEAE filter disc assay originally 
described by Schmidt and Raftery [26] as modified 
[27]. The rate of t25I-labeled a-bungarotoxin bind- 
ing to membrane bound receptor was measured in 
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the absence and presence of carbachol in the ab- 
sence of detergent as described previously [27]. 
The amount of acetylcholine receptor on the out- 
side was determined by preincubating the vesicles 
with unlabeled Naja naja siamensis ct-neurotoxin 
before carrying out an equilibrium toxin binding 
assay with ~25I-labeled a-bungarotoxin. 

The ion permeability control properties of re- 
constituted acetylcholine receptor were assessed by 
S6Rb+ influx in the presence and absence of 
carbachol. External cations were separated from 
trapped ions by the ion exchange procedure of 
Epstein and Racker [15] using Dowex 50W-X8 
resin and disposable 2 ml Isolab columns (QSY). 
For 22Na+ influx, 15 ml PCS were added to  the 
eluate. For S6RB+, no scintillation fluid was ad- 
ded. (In the presence of scintillation fluid, a minor 
contaminant in 86Rb + contributes to a high back- 
ground. In the absence of scintillant, the counting 
efficiency is decreased only 50% and the back- 
ground is essentially zero.) In a typical assay, 50/~1 
vesicles were mixed with 10 #1 of a solution con- 
taining 1-2 #Ci isotope and 6 mM carbachol (or 
no carbachol). Influx was allowed to proceed for 
10 s and then 50 #1 were applied to a column and 
eluted with 3 ml 175 mM sucrose. The assays were 
run in triplicate or quadruplicate at room tempera- 
ture. 

To measure the total internal volume of the 
vesicles aliquots were allowed to incubate for 48 h 
at 4°C with the radioisotope and then they were 
passed through the columns. Internal volumes are 
expressed as nl internal volume per #mol exoge- 
nous lipid. Phospholipid content was measured by 
the method of McClare [28] and over 90% of the 
lipid phosphorus was recovered after passage of 
the vesicle through the column. 

Sucrose gradient analysis of reconstituted mem- 
branes 

Duplicate 200 ~1 aliquots of the reconstituted 
samples were incubated with sufficient t25I-labeled 
a-bungarotoxin for 30 min to saturate approx. 
5-10% of the binding sites. The labeled toxin was 
then used as a marker for the presence of 
acetylcholine receptor. The aliquots were placed 
either at the top or the bottom of a 5-20% sucrose 
gradient in buffer A and centrifuged at 60 000 rpm 
for 18-20 h in an SW60 rotor. For samples placed 

at the bottom, the aliquots were diluted with an 
equal volume of 60% sucrose before injecting them 
carefully at the bottom of the tube. Control 
centrifugations included samples of acetylcholine 
receptor only (no added lipids) and lipids only. 
150-#I fractions were taken from each tube and 
assayed for tzsI cpm or for lipid phosphorus. In 
some samples containing mnc-labeled lipids, the 
~4C-labeled lipids were counted directly and no 
iodinated toxin was added. 

Miscellaneous chemicals 
Carbamylcholine and cholesterol were obtained 

from Sigma Chemical Co; 22Na+, SrRb+ and 
JzSI-labeled a-bungarotoxin were obtained from 
New England Nuclear; pure phospholipids were 
obtained from Avanti. 

Results 

Extraction and purification of acetylcholine receptor 
In order to simplify the interpretation of mem- 

brane protein function in a reconstituted system, it 
is essential to isolate and purify the functional 
components. In these experiments, acetylcholine 
receptor was obtained in two ways. First, a highly 
purified membrane fraction was obtained by a 
combination of differential and sucrose density 
gradient centrifugation followed by alkaline ex- 
traction of peripheral membrane proteins [23]. Ex- 
traction of these membranes with cholate gave a 
soluble protein fraction containing up to 40% 
acetylcholine receptor. Second, acetylcholine 
receptor was purified to homogeneity by an affin- 
ity chromatography technique using carboxymeth- 
ylcholine as the column-bound ligand [24]. The 
acetylcholine receptor was extracted from partially 
purified membranes with cholate and all washing 
and elution steps were carried out in the presence 
of added phospholipid (DOPC). It has been shown 
that failure to include lipid results in irreversible 
loss of acetylcholine receptor ion permeability 
control properties [29]. The affinity column puri- 
fied acetylcholine receptor provides a simpler 
molecular species to analyze, and thus far we have 
detected no differences between membrane-ex- 
tracted acetylcholine receptor and purified 
acetylcholine receptor. For some of the lipid com- 
binations to be described later, only one of the two 



kinds of acetylcholine receptor preparation was 
used, 

Table I provides a summary of acetylcholine 
receptor purification by the affinity chromatogra- 
phy procedure. Typically, 600 g tissue gave 30-50 
mg purified acetylcholine receptor. The purity was 
assessed both by iodinated a-bungarotoxin bind- 
ing and by SDS-polyacrylamide gel electrophore- 
sis. Fig. 1 shows a scan of the Coomassie brilliant 
blue staining pattern of purified receptor. The four 
subunits (a, /3,  ~/, 8) of molecular weight 40, 50, 60 
an 65 kDa are the only species present and the 
stoichiometry (~t2/378) is typical of pure receptor 
[30]. The specific activity for toxin binding re- 
ported in Table I is also typical of purified 
acetylcholine receptor (8 n m o l / m g  protein). In 
some preparat ions containing Asolectin, the 
specific activities were about one-half the expected 
values, even though the SDS gel patterns appeared 
normal. We attribute the lower values to inter- 
ference by the Asolectin during the filtration step 
of the assay. As observed by Lindstrom et al. [16] 

TABLE I 

EXTRACTION AND PURIFICATION OF TORPEDO 
CALIFORN1CA ACETYLCHOLINE RECEPTOR 

Methods for extraction, purification, and assay are described in 
Materials and Methods. Results are for a typical preparation 
starting with 600 g frozen electric tissue from T. californica. 
The lipid used in the column washing step was di- 
oleoylphosphatidylcholine. For six different preparations the 
yields of pure receptor varied from 22-41%. The specific 
activities (nmol.mg protein) varied from 7.7-8.4. In four pre- 
parations using Asolectin as the lipid, the final specific activi- 
ties averaged 4.2 nmol/mg. 

Stage of Protein 125I-labeled a-toxin 
purification binding 

mg % 
nmol % nmol/mg 

protein 

Crude 
membrane 
preparation 1550 100 716 100 0.46 

1% cholate 
mixture 1 541 99 652 91 0.42 

1% cholate 
supernatant 990 64 626 87 0.63 

Purified and 
reconstituted 
receptor 32 2 268 37 8.38 
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Fig. 1. Scan of the Coomassie brilliant blue staining pattern of 
purified Torpedo acetylcholine receptor after SDS gel elec- 
trophoresis on a 1 mM slab gel. The four receptor subunits of 
40 (a), 50 (/3), 60 (3'), and 65 (8) kDa are the only poly- 
peptides and the subunit stoichiometry of a2fl-/8 is apparent. 
Acetylcholine receptor was purified as summarized in Table I. 
The scan was done with a Zeineh soft laser scanner. 

the SDS gel patterns appear to provide the most 
reliable indication of purity in the chola te /  
Asolectin mixtures. 

Functional properties of reconstituted membranes 
The most important  functional property of 

acetylcholine receptor is the opening of a cation- 
selective ion channel in response to activator bind- 
ing. We have used carbamylcholine stimulated in- 
flux of radioactive cations into membrane vesicles 
as our principal assay for successful reconstitution 
of acetylcholine receptor function. If  a flux re- 
sponse is obtained there is a guarantee that at least 
some of the receptors are oriented properly in 
sealed vesicles and retain both the ligand binding 
and ion permeability control properties of the 
receptor. A more difficult (but no less important) 
aspect of reconstitution is to determine quantita- 
tively the fraction of acetylcholine receptor mole- 
cules that are active and contribute to the mea- 
sured flux response. 

A typical 10 s influx response in a reconstituted 
vesicle preparation is shown in Table II. The 
vesicles were prepared with purified acetylcholine 
receptor and Asolectin, a crude'soybean lipid mix- 
ture. Asolectin was chosen for these experiments 
because it is the lipid most commonly used in 
reconstitution studies and it will serve as a refer- 
ences point for the defined lipid studies described 
later. Carbachol at a concentration of 1 mM greatly 
increased the influx of 86Rb+ into the membranes. 
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TABLE I1 

SrRb+ INFLUX INTO RECONSTITUTED TORPEDO 
MEMBRANES 

Reconstitued membranes were prepared from purified Torpedo 
acetylcholine receptor and Asolectin as described in Materials 
and Methods. Vesicles were pre-treated for 10 min with buffer 
only, 1 mM carbachol, or 1 m M  (+)- tubocurare  before measur- 
ing ~rRb+ influx for 10 s at room temperature in the presence 
or absence of 1 mM carbachol. For the data shown, the final 
lipid concentration was 20 m g / m l ,  the acetylcholine receptor 
concentration was approx. 1 m g / m l  and the total S6Rb+ cpm 
applied to the column were 6.2.106 . In the absence of mem- 
branes, the background counts not retained by the ion-ex- 
change column were very low, as shown. Values given are the 
results of triplicate measurements_+ S.E. For six different pre- 
parations normalized to the same 86 Rb + cpm, the no-carbachol 
values ranged from 1500 to 4500 cpm and the values with 
carbachol ranged from 12500 to 31 500. 

Sample S6Rb+ uptake (cpm) 

No membranes 
Membrane + no carbachol 
Membrane+  l mM Carbachol 
Membrane + 1 mM ( + )-tubocurare 

+ 1 mM carbachol 
Membrane + 1 mM carbachol 

10 min preincubation 
+ 1 mM carbachol 

245 4- 87 
4012_+ 120 

14895_+ 1012 

3381_+ 174 

4460_+ 513 

The effect was completely blocked by (+)-  
tubocurare and also by prior incubation with 1 
mM carbachol, thus demonstrating the expected 
properties of antagonist blocking and agonist-in- 
duced desensitization. For the best preparations, 1 
mM carbachol caused a 16-fold increase in the 
Rb ÷ uptake. 

Effects of lipid composition on acetylcholine recep- 
tor-mediated ion flux responses 

In an earlier communication Dalziel et al. [18] 
showed that cholesterol dramatically increased the 
flux response when membrane -ex t r ac t ed  
acetylcholine receptor was reconstituted in the 
presence of a defined lipid mixture containing 
phosphatidylethanolamine (PE) and phosphati- 
dylserine (PS) in a 3:1 ratio. A more striking 
cholesterol effect is shown in Table III for recon- 
stituted vesicles prepared with purified acetylcho- 
line receptor and assayed for ion flux by the ion 
exchange method instead of the filtration proce- 

TABLE III 

EFFECTS OF CHOLESTEROL ON ACETYLCHOLINE 
RECEPTOR-MEDIATED CATION INFLUX 

Reconsti tuted membranes  were prepared from purified 
acetylcholine receptor and the method for sample preparation 
and influx assay are described in Materials and Methods. PE is 
egg phosphatidylethanolamine, PS is bovine brain phosphati- 
dylserine and the ratio is a mole ratio. Response is measured as 
the difference in cpm between samples with and without 1 mM 
carbachol (car&). All assays were done in triplicate at 25°C on 
non-frozen membranes and the values were all within 5% of 
each other. The experiment was replicated twice with similar 
results. 

Mol% cholesterol in 
a P E  : PS (3 : l) mixture 

86Rb+ influx (cpm)(x  10 -3)  

- Carb. + Carb. response 

0 0.7 6.0 5.3 
10 0.9 12.9 12.0 
25 2.2 18.5 16.3 
35 2.9 30.3 27.4 
50 3,6 50.1 46.5 

dure used previously [19]. The presence of 50 
mol% cholesterol resulted in a 10-fold enhance- 
ment of flux response compared to the no- 
cholesterol control. A representative summary of 
influx data for vesicles prepared with other lipid 
mixtures is provided in Table IV. The presence of 
either PE or PS appeared necessary for a flux 
response. 

In an effort to simplify further the analysis of 
lipid effects, mixtures consisting of PC and phos- 
phatidic acid were analyzed with and without 
cholesterol. Phosphatidic acid is a negatively 
charged lipid and can easily be prepared from PC 
by phospholipase D hydrolysis. PC/phosphatidic 
acid mixtures were attractive from a biophysical 
viewpont, since the effects of chain length and 
unsaturation could be tested by taking advantage 
of the ready availability of many synthetic PC 
molecules. In contrast, PE and PS molecules are 
difficult to synthesize, expensive to buy, and avail- 
able only in a limited number of acyl chains. The 
effects of PC/phosphatidic acid mixtures on ion 
flux are summarized in Table V for membranes 
prepared both from purified and membrane-ex- 
tracted acetylcholine receptor. As observed for the 
PE and PS mixtures, the addition of cholesterol 



TABLE IV 

EFFECT OF D I F F E R E N T  LIPID COMPOSITIONS ON 
A C E T Y L C H O L I N E  RECEPTOR M E DIAT E D CATION IN- 

FLUX 

Procedures were as described in legend to Table 1I. PE, egg 
phosphatidylethanolamine; PS, bovine phosphatidylserine; PC, 
dioleoylphosphatidylcholine; chol., cholesterol). All lipid mix- 
tures were used in simultaneous reconstitutions on the same 
extracted receptor preparation from purified Torpedo mem- 
branes. Influx responses were measured in quadruplicate and 
all values were within 10% of the mean. The relative flux 
responses represent actual results from one preparation. In 
separate experiments with different lipid combinations, qualita- 
tively similar results were obtained but  the relative responses 
varied. For example, PS/cholesterol mixtures gave a small flux 
response in some preparations. 

Lipid mixture (mol%) 

PE PS PC Chol. 

Relative 
response 
(%) 

56 19 0 25 I00 
0 19 57 25 47 

56 0 19 25 56 
0 0 75 25 0 
0 75 0 25 0 

(Asolectin) 73 

had a large effect on the flux amplitude. The most 
striking effect was the absence of a flux response 
when DOPC only was used as the lipid. The data 
also show that the total lipid concentration had a 
large effect on the measured responses, as ex- 
pected. 

Effects of lipids on acetylcholine receptor binding 
properties 

In parallel with the ion flux studies, the effects 
of different lipids on the ligand binding properties 
of the acetylcholine receptor were examined by 
measuring both equilibrium toxin binding and the 
rate of toxin binding. The effect of agonists on 
toxin binding rates has been shown to provide a 
sensitive indicator of the functional state of the 
receptor [27]. None of the synthetic lipid mixtures 
had any differential effect on toxin binding in 
detergent solution. In addition, none of the lipids 
altered the effects of carbachol on the rate of 
binding of toxin in the absence of detergent. 
Carbachol has been shown to induce a time- and 
concentration-dependent increase in the binding 
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TABLE V 

A C E T Y L C H O L I N E  RECEPTOR ION FLUX RESPONSE 
IN LIPID MIXTURES C O N T A I N I N G  DOPC, PHOS- 
PHATIDIC ACID (PA) A N D  CHOLESTEROL (CHOL) 

Membranes were prepared as described in Materials and Meth- 
ods. Preparations A and C used affinity column purified 
acetylcholine receptor, whereas preparation B used acety]cho- 
line receptor extracted from highly purified membranes.  The 
l ipid/protein ratio was calculated using the known amounts  of 
lipid added to the reconstitution mixture and the protein 
concentration measured after dialysis. Flux response is 
expressed as the difference in pmol of Rb + taken up by the 
vesicles per nmol of acetylcholine receptor in the presence and 
absence of 1 mM carbachol during a I0 s influx assay. Flux 
responses were measured in quandruplicate and the values 
given are the means. The standard error was less than 10% for 
all samples. 

Lipid Prep- Total Lipid Flux 
aration lipid protein re- 

concen- ratio sponse 
tration (w/w)  
(mM) 

DOPC (100%) 

DOPC + PA 
(75% + 25%) 

DOPC + PA + Chol. 
(56% + 19% + 25%) 

DOPC + Chol 
(75% + 25%) 

A I1 19 0 
B 27 50 1144 
C 33 84 0 

B 27 42 5616 
C 33 84 14820 

A 11 19 11407 
B 27 42 41616 
C 33 67 41361 

m - 

B 27 39 72 

affinity of acetylcholine receptor for agonists [31]. 
Preincubation of membranes with carbachol re- 
sults in a transition to a higher affinity state that 
can be detected as an increased effect of carbachol 
in slowing down the initial rate of toxin binding. 
The effect has been exploited to measure both the 
low- and high-affinity K d values for carbachol 
binding [27]. The high-affinity binding sites are 
characteristic of fully desensitized acetylcholine 
receptor. Fig. 2 shows that the carbachol-induced 
binding transition was preserved in reconstituted 
vesicles containing only DOPC and acetylcholine 
receptor under conditions in which no flux re- 
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Fig. 2. Effect of agonist (10 #M carbachol) on the initial rate of 
a-bungarotoxin binding to reconstituted membranes. Mem- 
branes containing purified acetylcholine receptor in DOPC 
were preincubated for 10 min in buffer and then reacted with 
12~l-labeled a-bungarotoxin (125Ia-BgTx) in detergent-free 
buffer with or without 10 /~M carbachol. The rate of toxin 
binding was measured by filtering aliquots at various times as 
described previously [27,18]. (A) No carbachol during prein- 
cubation on reaction; (B) no carbachol during preincubation, 
10/~ M carbachol present during reaction; (C) 10/x M carbachol 
present during preincubation and reaction. 

sponse was measurable. Similar binding results 
were obtained previously [18] and indicate that the 
lack of a flux response was not  due to a loss of 
binding sites or to a shift to a fully desensitized 
binding state. 

The rate binding data  also provide evidence 
that a significant fraction of  the toxin binding sites 
must  be exposed to the external medium, since the 
assay was done in the absence of  detergent and the 
toxin ( M  r 8000) cannot  penetrate the vesicles [32]. 
A more quantitative analysis of  exposed acetylcho- 
line receptor sites was made by using increasing 
amounts  of  unlabeled Naja naja siamensis ct-neu- 
rotoxin to block external acetylcholine receptor 
sites prior to a normal  equilibrium binding assay 
with iodinated bungarotoxin.  A typical profile is 
shown in Fig. 3 and the break is taken to represent 
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Fig. 3. Sidedness of acetylcholine receptor in reconstituted 
membranes. Aliquots of reconstituted membranes containing 
approx. 150 pmol each of a-bungarotoxin binding sites were 
preincubated with 0-250 pmol of unlabeled Naja naja siamen- 
sis a-neurotoxin for 30 min in I00 mM NaCI/10 mM Mops 
(pH 7.4)/1 mg/ml bovine serum albumin for 60 min at room 
temperature to label exposed binding sites. A standard equi- 
librium 125 I-labeled a-bungarotoxin ( 125 l-a-Bgtx) binding assay 
was then performed in detergent solution. The amount of 
labeled toxin bound is plotted against added unlabeled toxin. 
100% is taken as the value in the absence of added unlabeled 
toxin. The break in the curve is due to the presence of inacces- 
sible binding sites in the absence of detergent. 

saturation of  external sites. For  the data shown, 
approx. 75% of the binding sites were exposed. 
Generally, the exposed values have ranged from 
75-90% in six different reconstituted preparations. 
For  native Torpedo membranes,  typical values are 
90-100% (Walker and McNamee,  unpublished 
data; see also Refs. 33, 34). 

Physical properties of the reconstituted membranes 
The results thus far provide a strong indication 

that lipid composit ion has a large effect on 
acetylcholine receptor-mediated ion flux. How- 
ever, the flux response as measured is very sensi- 
tive to the concentrat ion of acetylcholine receptor 
in a given vesicle, the internal volume of  the 
fluxing vesicle populat ion,  and the integrity of the 
acetylcholine receptor-containing vesicles. For  
example, the lack of  a flux response for acetylcho- 
line receptor in D O P C  vesicles could result from 
improper  (or non-existent) incorporat ion of  the 
protein into the vesicle, a very small internal 
volume, leaky vesicles, a specific D O P C  effect, or 
some combinat ion of  all of  the above. Popot  et al. 
[35] have suggested that some lipids might exclude 



acetylcholine receptor molecules from the mem- 
branes during the reconstitution process. 

In order to examine some of these possibilities, 
reconstituted vesicles were centrifuged through a 
sucrose density gradient to separate unincorpo- 
rated protein from lipid vesicles. In some experi- 
ments, the reconstituted mixture was placed at the 
bottom of the centrifuge tube. The movement of 
the protein up the tube during centrifugation as 
shown in Fig. 4 provides good evidence that the 
protein was associated with the lipids and avoids 
artefactual co-migration of lipids and proteins 
down the tube when both are placed on top. When 
acetylcholine receptor alone without added lipid 
was placed at the bottom of a 5-20% sucrose 
gradient it remained on the bottom, as expected 
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Fig. 4. Analysis of reconstituted membranes on sucrose density 
gradients. A 200 /~1 aliquot of a reconstituted sample was 
carefully injected at the bottom of a 5-20% linear sucrose 
gradient in buffer A. (A) Acetyleholine receptor in DOPC/  
phosphatidic acid/cholesterol vesicles incubated with 1251- 
labeled a-bungarotoxin to label approx. 5% of the available 
sites; (B) DOPC/phosphatidic acid/cholesterol vesicles with 
no acetylcholine receptor. [14C]Cholesterol (New England 
Nuclear) was added before dialysis; (C) acetylchohne receptor 
alone labeled with 12SI-labeled a-bungarotoxin (125I-et-BgTx). 
The samples were centrifuged for 19h at 55000 rpm in an 
SW60 rotor at 4°C. 150-/xl fractions were collected from each 
tube and counted. 
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from its density. For all lipids used, including the 
non-fluxing DOPC vesicles, greater than 85% of 
the acetylcholine receptor co-migrated with the 
lipid peak. Identical results were obtained with 
both top-loading and bottom-loading of the sam- 
ples. 

The equilibrium internal volume of the vesicles 
was measured after 48 h of incubation with radio- 
active cations in order to determine the relative 
sizes of the vesicles prepared with different lipids. 
The DOPC vesicles had a very small internal 
volume, whereas the Asolectin and DOPC/phos- 
phatidic acid/cholesterol vesicles had a signifi- 
cantly larger internal volume (Table VI). For lipid 
compositions in which the cholesterol concentra- 
tion was increased while maintaining a constant 
total lipid concentration, the internal volume in- 
creased with increasing cholesterol concentration, 
but not as dramatically as the flux responses. At 
the lipid concentrations used in most of these 
experiments (30 mM), the calculated diameter for 
a homogeneous vesicle population with an internal 
volume of 500 nl/~mol would be 400 A [36]. 

TABLE VI 

EFFECT OF FREEZE-THAW PROCEDURE ON THE IN- 
TERNAL VOLUME AND ION FLUX RESPONSE OF RE- 
CONSTITUTED MEMBRANES 

Reconstituted membranes were prepared from purified 
acetylcholine receptor as described in Materials and Methods. 
Lipid-to-protein ratios (w/w) were 50:1 and the total lipid 
concentration was 33 raM. Internal volumes are expressed as nl 
solution trapped within the vesicles per/~mol total added lipid 
after 48 h equilibration at 4°C as measured by the amount of 
s6 Rb + that elutes with the vesicle fractions after ion exchange 
chromatography. Influx response is measured as [SrRb+ 
cpm( + carbachol) - s6 Rb + cpm( - carbachol)]/s6 Rb + cpm( - 
carbachol) after correction for background cpm in the absence 
of membranes. Results are the average of triplicate measure- 
ments. 

Lipid Internal volume Influx response 
composition (n l /#  tool lipid) 

Non Frozen 
Frozen 

Non Frozen 
Frozen 

DOPC 87 2 445 0 0.91 
DOPC/PA/chol .  
(57:19:25) 398 1259 0.51 3.39 
Asolectin 418 1826 16.0 2.26 
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Previous electron microscopy data has shown that 
500 ,~ is a typical size for Asolectin vesicles [37]. 
For the most active vesicles used here, the influx 
response observed in the presence of l mM 
carbachol for 10s accounted for 60% of the total 
internal volume. 

Effect of freezing on vesicle properties 
In earlier experiments [18] it was observed that 

freezing of the reconstituted vesicles in liquid 
nitrogen followed by thawing at room temperature 
increased the retention of the vesicles on Millipore 
filters. The effect of the freeze-thaw cycle on ves- 
icle flux, internal volume and size was examined 
for reconstituted membranes with different lipids. 
In all cases the freeze-thaw cycle increased the 
internal volume of the vesicles (Table VI). The 
effect was most dramatic for the DOPC vesicles. 
After the freeze-thaw cycle, the internal volume of 
the DOPC vesicles had increased 10-fold and was 
greater than the volume of the Asolectin and 
DOPC/phosphat id ic  acid/cholesterol vesicles. 
Fusion of pure lipid vesicles after freeze-thaw 
cycles is well documented [38], and the large in- 
creases in internal volume observed here are at- 
tributed to vesicle fusion. Repeated freeze-thaw 
cycles did not change the properties of the vesicles 
any further. The frozen vesicles appeared to be 
considerably more heterogeneous than the un- 
frozen vesicles and showed some evidence of mul- 
tilamellar structures in preliminary electron mi- 
croscopy studies. A detailed electron microscopy 
and gel filtration analysis of the vesicles is in 
progress. Recent independent studies by Artholt et 
al. [39] provide good evidence for increased vesicle 
size after freeze-thaw cycles. The fraction of 
bungarotoxin binding sites exposed to the external 
solution was unaltered by the freeze-thaw cycle 
indicating that no significant amount  of 
acetylcholine receptor was associated with the in- 
ternal membranes of multilamellar vesicles. 

The freeze-thaw procedure had a large effect on 
dose-response curves for carbachol-stimulated ion 
flux. For DOPC/phosphatidic  acid/cholesterol 
vesicles, the concentration of carbachol that gave a 
half-maximum flux response (ECso) was shifted by 
up to two orders of magnitude to higher con- 
centrations of carbachol following freezing (Fig. 5). 
In many preparations a smaller shift (5-10-fold) 
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Fig. 5. Dose-response curves for carbachol-stimulated S6Rb+ 
influx into reconstituted vesicles prepared from purified 
acetylcholine receptor and DOPC/phospha t id ic  acid/choles-  
terol. Influx assays were carried out in triplicate as described in 
Materials and Methods for each of the carbachol concentra- 
tions ([CARB]) shown. ' ~ '  represents no carbachol. The results 
shown for the non-frozen ( t )  and frozen (O)  vesicles are for 
different preparations of reconstituted vesicles. The actual max- 
imum response in the non-frozen preparation was 15% of the 
max imum response in the frozen vesicles. 

was observed, mainly due to an increase in the 
EC~0 for the non-frozen vesicles. The shift reflects 
the fact that the flux response in non-frozen vesicles 
is probably limited by the small internal volumes. 
Thus, apparent saturation occurs at carbachol con- 
centrations well below the concentrations neces- 
sary to saturate all the ligand binding sites. Initial 
rate measurements carried out on Asolectin vesicles 
containing acetylcholine receptor have clarified the 
relationship between dose-response curves and 
acetylcholine receptor activation [40]. The fall off 
in flux responses at very high carbachol concentra- 
tions reflects the onset of a fast desensitization 
process [40]. Similar dose response curves for 
non-frozen vesicles under conditions similar to 
those used here have been observed previously by 
Lindstrom et al. [16] in Asolectin-acetylcholine 
receptor vesicles. 

The most striking result of the freeze-thaw pro- 
cedure was the recovery of a flux response in 
vesicles containing DOPC as the only added lipid. 
The absence of a flux response in non-frozen 
vesicles may be attributed, at least in part, to the 
small size of the vesicles. However, even after 
freezing, the DOPC vesicles were not as active as 



the DOPC/phosphatidic acid/cholesterol and 
Asolectin vesicles (Table VI). 

Discussion 

The effects of different lipids on the ion per- 
meability control properties of the acetylcholine 
receptor can be very dramatic, as illustrated in 
Table II for cholesterol. However, the internal 
volume measurements and the freeze-thaw data 
indicate that the different lipids may be more 
important in affecting the process of reconstitution 
than in affecting the function of the acetylcholine 
receptor itself. When acetylcholine receptor was 
purified and reconstituted by the cholate dialysis 
technique in the presence of phosphatidylcholine 
alone, the resulting vesicles showed no ion permea- 
bility control properties although itcould be shown 
that acetylcholine receptor was associated with the 
lipid vesicles and retained all its specific binding 
properties. However, after a single freeze-thaw 
cycle the vesicles showed a 10-fold increase in 
internal volume and gave a modest ion flux re- 
sponse. Since the size of a flux response measured 
under the conditions used here (10 s influx time) is 
limited by the accessible internal volume in the 
active vesicles [40] the failure to observe a flux 
response before the freeze-thaw cycle can prim- 
arily be attributed to the small size of the DOPC 
vesicles. The observations reported here are gener- 
ally consistent with those obtained by Popot et al. 
[35] except that we always observe acetylcholine 
receptor association with lipids even when using 
pure phosphatidylcholine. 

Little is known about the molecular process by 
which lipids and proteins reassociate during deter- 
gent removal to form sealed bilayer vesicles, but it 
is not surprising that cholesterol and negatively 
charged lipids have a large effect on the process. A 
crude lipid mixture such as Asolectin often gives 
the best reconstitution results before freeze-thaw, 
and most of the reconstitution studies involving 
acetylcholine receptor have been carried out using 
both cholate and Asolectin. 

It is not known whether the lipid effects on 
vesicle size and function observed here will be seen 
with other detergents. Martinez-Carrion and col- 
leagues [41] have used octylglucoside to recon- 
stitute acetylcholine receptor function using ex- 
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tracted lipids from Torpedo membranes. They claim 
not to require added lipids during the purification 
stages. In contrast, Lindstrom and co-workers [29] 
showed that octylglucoside irreversibly inhibited 
channel activity when used in their reconstitution 
process with Asolectin. It is likely that the combi- 
nation of particular lipids with particular deter- 
gents is critical. 

Our demonstration of a flux response in recon- 
stituted vesicles containing only DOPC and pure 
acetylcholine receptor after the freeze-thaw cycle 
represents the simplest system yet developed in 
which all the functional properties of the 
acetylcholine receptor can be studied. We are pre- 
paring to measure the initial rates of the ion influx 
using quench flow techniques with millisecond 
times resolution [42]. The initial rate studies will 
allow us to determine whether the acetylcholine 
receptor in DOPC vesicles is as quantitatively 
functional as it is in native Torpedo membranes 
[13,14] and in reconstituted membranes prepared 
with Asolectin [39]. If the DOPC vesicles are fully 
functional, they will be ideally suited for biophysi- 
cal studies of the effects of lipid-protein interac- 
tions, phase transitions, bilayer fluidity and bi- 
layer thickness on acetylcholine receptor function. 

Acknowledgements 

This research was supported by NIH Grant 
NS13050. Enrique L.M. Ochoa was a CONICET 
Fellow sponsored by the Argentine National Re- 
search Council. We thank Pamela Badger for tech- 
nical assistance and Jeffery Walker for advice on 
the toxin binding experiments. 

References 

1 Barrantes, F.J. (1979) Annu. Rev. Biophys. Bioeng. 8, 
287-321 

2 Karlin, A. (1980) in The Cell Surface and Neuronal Func- 
tion (Cotman, C.W. and Nicolson, G.L., eds.), pp. 191-260, 
Elsevier/North-Holland, Amsterdam 

3 Changeux, J.-P. (1981) in The Harvey Lectures, Vol. 75, pp. 
85-254, Academic Press, New York 

4 Andreasen, T.J. and McNamee, M.G. (1977) Biochem. Bio- 
phys. Res. Commun. 79, 958-965 

5 Andreasen, T.J., Doerge, D.R. and McNamee, M.G. (1979) 
Arch. Biochem. Biophys. 194, 468 

6 Andreasen, T.J. and McNamee, M.G. (1980) Biochemistry 
19, 4719-4726 



162 

7 Weiland, G., Georgia, B., Lappi, S., Chignell, C.F. and 
Taylor, P. (1977) J. Biol. Chem. 252, 7648-7658 

8 Marsh, D., Watts, A. and Barrantes, F.J. (1981) Biochim. 
Biophys. Acta 645.97-101 

9 McNamee, M.G., Ellena, J.F. and Dalziel, A.W. (1982) 
Biophys. J. 37, 103-104 

10 Brotherus, J.R., Jost, P.C., Griffith, O.H., Keana, J.F.W. 
and Hokin, L.E. (1980) Proc. Natl. Acad. Sci. U.S.A. 77, 
272-276 

11 Gonzales-Ros, J.M., Llanillo, N., Paraschos, A. and 
Martinez-Carrion, M. (1982) Biochemistry 21, 3467-3474 

12 Neubig, R.R. and Cohen, J.B. (1980) Biochemistry 19, 
2770-2779 

13 Walker, J.W., McNamee, M.G., Pasquale, E., Cash, D.J. 
and Hess, G.P. (1981) Biochem. Biophys, Res. Commun. 
100, 86-90 

14 Hess, G.P., Pasquale, E., Walker, J.W. and McNamee, 
M.G. (1982) Proc. Natl. Acad. Sci. U.S.A. 79, 963-967 

15 Epstein, M. and Racker, E. (1978) J. Biol. Chem. 253, 
6660-6662 

16 Lindstrom, J., Anholt, R., Einarson, B., Engel, A., Osame, 
M. and Montal, M. (1980) J. Biol. Chem. 255, 8340-8350 

17 Changeux, J.P., Heidmann, T., Popot, J .L and Sobel, A. 
(1979) FEBS Lett. 105, 181-187 

18 Dalziel, A.W., Rollins, E.S. and McNamee, M.G. (1980) 
FEBS Lett. 193-196 

19 Huga~ ir0 R.L., Schell, M.A. and Racker, E. (1979) FEBS 
Le'. 108, 155-160 

20 V~ u, W.C.S. and Raftery, M.A. (1979) Biochem. Biophys. 
Res. Commun, 89, 26-35 

21 Anholt, R. (1981) Trends Biochem. Sci. 6, 288-291 
22 McNamee, M.G. and Ochoa, E L M .  (1982) Neuroscience, 

in the press 
23 Neubig, R.R., Krodel, E.K., Boyd, N.D. and Cohen, J.B. 

(1979) Proc. Natl. Acad. Sci. U.S.A. 76, 690 
24 Reynolds, J.A. and Karlin, A. (1978) Biochemistry 17, 

2035 -2038 

25 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, 
R.J. (1951) J. Biol. Chem. 193, 265-275 

26 Schmidt, J. and Raftery, M.A. (1973) Anal. Biochem. 52, 
349-355 

27 Walker, J.W., Lukas, R.J. and McNamee, M.G. (1981) 
Biochemistry 20, 2191-2199 

28 McClare, C.W.F. (1971) Anal. Biochem. 39, 527-530 
29 Anholt, R., Lindstrom, J. and Montal, M. (1981) J. Biol. 

Chem. 256, 4377-4387 
30 Weill, C.L., McNamee, M.G. and Karlin, A. (1974) Bio- 

chem. Biophys. Res. Commun. 61,997-1003 
31 Weber, M. and Changeux, J.-P. (1974) Mol. Pharmacol. 10, 

1-14 
32 Kistler, J., Stroud, R.M., Klymkowsky, M.W., Lalancette, 

R.A. and Fairclough, R.H. (1982) Biophys. J. 37, 371-383 
33 St. John, P.A., Froehner, S.C., Goodenough, D.A. and 

Cohen, J.B. (1982) J. Cell. Biol. 92, 333-342 
34 Strader, C.D. and Raftery, M.A. (1980) Proc. Natl. Acad. 

Sci. U.S.A. 77, 5807-5811 
35 Popot, J.-L., Cartaud, J. and Changeux, J.-P. (1981) Eur. J. 

Biochem. 118, 203-214 
36 Lichtenberg, D., Freire, E. Schmidt, C.F., Barenholz, Y., 

Felgner, P.L. and Thompson, T.E. (1981) Biochemistry 20, 
3462-3467 

37 Wu, W.C.-S. and Raftery, M.A. (1981) Biochemistry 20, 
694-701 

38 Pick, U. (1981)Arch. Biochem. Biophys. 212, 186-194 
39 Anholt, R., Fredkin, DIR., Derrinck, T., Ellisman, M., 

Montal, M., and Lindstrom, J. (1982) J. Biol. Chem. 257, 
7122-7134 

40 Walker, J.W., Takeyasu, K. and McNamee, M.G. (1982) 
Biochemistry, in the press 

41 Gonzales-Ros, J.M., Paraschos, A. and Martinez-Carrion, 
M. (1980) Proc. Natl. Acad. Sci. U.S.A. 77, 1796-1800 

42 Cash, D.J. and Hess, G.P. (1981) Anal. Biochem. 112, 
39-51 


