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Cholesterol stabilizes the structure of the nicotinic acetylcholine
receptor reconstituted in lipid vesicles
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Membrane fluidity
A i of Ileat i of gar in binding sites, has been used to probe structural alterstion of the
icotini when g d into by lipid vesicles containing different amounts of added

cholesterol. The profiles of Ileat inactivation of x-bungarotoxin binding sites are gradually shifted to higher tempera-
tures, as the cholesterol /phosplmhlmi molar ratio in the reconstituted vesicles is increased from 0 fo 0.4, thus,

icating that p of ch within the lipid matrix produces a structural stabilization of the reconstituted

ucetyldmlme receptur protein. ’l'he observed stabilization of receptor induced by is such that,
upon the used to form the vesicles by dialysis dures, the
prollluollleu ivation for the vesicles at a chol 1/ phospholipid molar ratio of 6.4
become ishable from that exhibited by native Achoi b isolated from the electric
organ of Torpedo. I g the con: ion in the ituted vesicles also induces a decrease in the
apparent ‘Illmhly ol the lllemlmme which correlues very closely with the observed stabilization of the receptor protein.
Such a does not ily imply that changes in receptor structure are caused by perturbations
oftlnemembnm‘ﬂm:ﬁty’ﬂuscondusmn-slmsedon il using local hetics, well known to cause
of b lipid d; ics, but unable to modify the characteristic heat-inactivation profiles from native

i b As a possible al ive to the above observations, it is suggested that the effects of
cholesterol on reeeptor structure could be exerted through direct interaction with the receptor protein. Also, since
high ions of chol 1 have been reported to be required for opnmﬂ unon—ganng :ctmty of
reconstituted i P we pret our data as indicative of a | and
functional alterations of the i ptor induced by the p: of choll 1 within the membrane bilayer.
Introduction membrane depolarization (for a recent review, see Refs.

1-4).

The nicotini Icholl ptor is a A major advance in the understanding of this cation
brane glycoprotein found at the vertebrate neuromuscu- channel linked membrane receptor was aclueved by the
lar juncl.ion and in the electric organ of Torpedo and duction of b in

1her species of eleclnc fish. Bmdmg of cholinergic these studies. Such procedures, allow the reinsertion of

to (synaptic) domains on the re- g0 lubilized acet; ptor into lipid

ceptor protein promotes a larg: increase in cation pei- vesicles or planar bilayers with retention of functional
meab:hty through the formation of a transient cation properties ch istic of native \, bound re-
ible for the indication of postsynaptic ceptor. Among other contributions, reconstitution into

liposomes of defined lipid composition [5-11], has pro-
vided an excellent model system in which to charac-
terize the lipid dependence of functional aspects of the
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tection of agonist-induced affinity state transitions
[5.7-10). On the other hand, very little is known of
whetner the presence of cholesterol within the bilayer,
determines structural aspects of the reconstituted recep-
tor protein [11]. Funhermore. although choleslcml may
be important for the fi of
inctuding the acetylcholine receptor, it is nol clear
whether its effects are exerted through alteration of
properties of the lipid bilayer, i.e., the so-called mem-
brane ‘fluidity’ [12), or to more specific interactions
with the membrane protein [13].

We previously reported on the use of thermal per-

the lipid/ deterg i were ded by sonica-
tion using a Soniprep 150 apparatus. When cholate was
used as the detergent, it was included in the hydration
buffer and, therefore, the dried lipid films were pre-
pared in the absence of detergent. For either detergent,
the final of phospholipids (in terms of
lipid phosphorus) and detergent in these mixtures were
of 4(1 mM and 4% (w/v), respecuvely Alkaline-treated

ing acetyl ptor (1.0-1.5
ml at 2 mg protein/ml) were solubilized by mixing
(1:1, v/v) with the detergent/lipid mixtures from
above, so that final concentrations in all solubilized

turbation techniques, using native t
ing acetylcholine receptor, to monitor structural changes
in the receptor protein caused by the p of

were 20 mM iipid phosphorus, 2% (w/v) de-
tergent and 1 mg protein,/ml, plus an additional amount
of chol 1 present only in those samples designed to

cholinergic ligands or membrane perturbants [14,15]. In
this paper, we are extendmg our observations tc recon-
stituted b Acholine receptor
and different amounts of cholesterol within the lipid
matrix. Our goal is to contribute evidence for a possible
role of cholesterol as an effector on receptor structure.

Materials and Methods

Chol 1 ine hydrochloride, sodium cholate
and crude extracts of phosphatidylcholine from soy
(type 2-5, in lipids) were p from Sigma

and B-p-octylglucoside was from Pharmacia. Neutral
lipids present in asolectin, were eliminated by passing
the Lipid extracts, dissolved in chloroform, through a
silica gel 60 (230-400 mesh, Merck) column, followed

by elution with chloroform. Phospholipids in
were then eluted from the column by using chloroform/
methanol mixtures. {'%°[}-a-B in was purch

from New England Nuclear and the ﬂuorescence probe
1,6-diphenyi-1,3,5-hexatriene was from Molecular
Probes.

contain it. Under these solubilization conditions, the
ive’ (micellar) of detergent [18], is
maintained much lower than those causing loss of ionic
channel activity [4]. Insoluble material remaining upon
approx. 30 min incubation at room , Was
removed by centrifugation and the supernatants were
dialyzed against 3 X 0.5 1 changes of hydration buffer,
followed by 2Xx 0.5 1 changes of Hepes buffer. Ef-
ficiency of reconstitution under these conditions was
80-90% [17] The reconstituted vesicles were frozen in
liquid N, pnor to use.
“Heat i i refers to
teristic loss of a-bung; il binding by
t as heat is d to the !
A detailed description of the procedures vsed in ‘heat
inactivation’ has been given elsewhere [14,15].

g the charac-

Steady-state fl ion was
on a Perkin-El LS-5 sp imeter equipped
with an ic polarization y and a thermo-

stated cell holder. Membrane samples were diluted to a
final lipid phosphorus concentration of 20-40 uM to
secure constant ‘dilute’ polanzauon values [19] and

iene (1 mM), dissol in
grade tetrahydrofuran, was added to the membranes at

The electric organ of live Torpedo was diphenylh
used to prepare membranes hxghly enriched in acetyl-
choline receptor, as previously described, including al-

a fl ph to phospholipid molar ratio of 1,/1000.

kaline extraction of penpheral membrane proteins [16].
These alkaline-treated membranes were suspended in 10
mM Hepes buffer (pH 7.4) containing 100 mM NaNO,
(Hepes buffer) and had specific activities of approx. 4
nmol of a-bungarotoxin bound/mg of membrane pro-
temn.
R itution of Icholine receptor into vesicles
f b hospholipids and chol 1 in
different propomons was achieved through a modifica-
tion of a p 1y reported d dialysis proce-
dure {17). When oclylgluoosnde was used as the deter-
gent, mi bolinid chal i and
octylglucoside, dissolved i m chloroform. were dried un-
der vacuum as thin films in glass tul2s. A volume of
hydration buffer (10 mM Tris, pH 7.4, containing 0.1
mM EDTA and 100 mM NaCl) was then added, and

After 2 h incub at room p the probe
was excited at 365 nm with slit widths set at 4 nm. A
Corning 3-73 filter was used in the emission beam to
eliminate scattered light.

Results

hgs 1land 2 show ‘heat-macuvatlon proflles corre-
p g to d by de-
tergent dlalysw procedures, in the presence of different
amounts of added cholesterol. Cholate and octylgluco-
side were selected as the detergents to be used in these
experiments, because of a previous study [14] in which it
was shown that the destabilizing effects on receptor
structure induced by treatment with either of these
detergents, can be reversed upon elimination of the
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ry " TABLE |
10044 Effects of cholesterol on the Ty, values from heat inactivation of toxin
binding sites in receptor differing
in cholesterol content
g Reconstituted membranes used in these swudies were made from either
) octylglucoside or cholate-solubilized extracts, using whole asolectin or
$ purified asolectin phospholipids. Reported Ty, values (°C) are the
3 50 average from 3-6 different experiments. Standard deviation of heat
5 inactivation data is within 0.3°C.
L]
Type of membrane Cholesterol /phospholipid (mol /mol)
o 02 04
FEA) E] % 5 % E3 3 o
Temperatare (-0 whole asolectin 57 585 60
Fig. 1. Heat inactivation of a-bungarotoxin (a-Bgt) binding sites in Octylglucoside.
acetylcholine receptor membranes (approx. 1 mg protein/ml) recon- asolectin phospholipids 5 57 59
stituted in whole asolectin/cholesterol lipid mixiures, from octyi-
glucoside (panel A) or cholate (panel B) -solubilized extracts. Cholate.
Cholesterol /lipid phosphorus molar ratios in the reconstituted vesicles whole asolectin 36 5 b
were G (a), 0.2 (a) and 0.4 (0). The profile of heat inactivation i Cholate,
a-bungarotoxin binding sites in native acetylcholine receptor mem- asolectin phospholipids 54 56 58

branes (®) is also included for a better comparison with the recon-
stituted samples.

detergent by dialysis. Qualitatively, all the results shown
in Figs. 1 and 2 suggest lha| increasing the cholesterol

in the i b causes a ther-
mal stabilization of the neurotoxin binding sites on the
acetylcholine receptor. Moreover, when an added
choleslerol/phosphohpxd molar ratio of 0.4 is used 10

prepare the the corresp
ing ‘heat-i ’ profiles are identical (Fig. 1A), or
closely ble that exhibited by native Acholi
receptor membranes.

Reconstituted Icholi b used

similar effects in stabilizing the acetylcholine receptor
structure in both systems. those using whole asolectin
lipids are more efficient than those containing only the
phospholipids from asolectin, in allowing the re-
constitutzd :cetylcholine receptor 1o recover ‘heat-in-
activation’ profiles resembling more ciosely ihai
hibited by native receptor membranes. These effects of
whole asolectin might be related to the presence of
additional neutral lipids in these extracts which, in the
absence of added choleslerol were shown to be critical
for fi ional of Icholine receptor in
asolectin vesicles [20]. Also. lhe use of cholate or octyl-

in these studies, were formed en(her from whole asolec-
tin lipids (Fig 1A and B) or from neutral lipid-depleted
asolectin (Fig. 2A and B). A comparison between Figs.
1 and 2 shows that, while addition of chol | has

i ide in the d does not
appear to cause qualitative dlfl'erenoes in the effects of
added cholesterol. However, it can be observed that,
under our experimental conditions, reconstitution from

extracts (Figs. 1A and 2A) is slightly
more efficient than lhal from cholate (Figs. 1B and 2B)

@ -Bgl binding (%)

in allowing the d receptor to regain ‘heat-in-
activation’ proflles similar to that of native membranes.
The sigmoid-like patterns of ‘ heat-inactivation” curves
can be more easily expressed in terms of their Ty,
values, i.¢., the temperatures at which 50% of the initial
capacity of the membranes to bind a-bungaroto:un
remains (Table I). D ding upon the of
added cholesterol, 7;,, values ranged from 54°C for the
less stable d system (
in the absence of added cholesterol, using cholate as the
detergent) to 60°C (whole asolectin and cholesterol at a
hell hospholipid molar ratio of 0.4, using octyl

5 4“5 55 65 25 45 55 65
Temperature {*C)
Fig. 2. Experimental conditions and symbols used here are the same
as those described in Fig. 1 except that purified asolectin phospho-
lipids (see Materials and Methods) instead of whole asolectin, were
used for reconstitution.

glucoside as the detergent), which is also the Ty, value
characteristic of native acetylcholine receptor mem-
branes {14}

The effects of cholesterol on bulk properties of the
lipid matrix ha. been investigated using diphenyl-
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Fig. 3. of the i of
i Ih T il d into ine receptor mem-

branes reconstituted in whole asolectin/cholesterol lipid mixtures,

from octylglucoside (panel A) or cholate (panel B) -solubilized ex-

tracts. Cholesterol /lipid phosphorus molar ratios in the reconstituted

samples were 0 (a), 0.2 (A) and 04 (0) The lemperaulre dependence

of the of

into native acetylcholine receptor membranes (@), is also included for
comparison with the reconstituted samples.

hexatriene te probe the apparent *fluidity’ of the recon-
stituted membranes. Fig. 3 shows represem.anve results
obtained from several of the

tions are similar to those reported by others [10,23]
based on the order parameter obtained from electron
spin Py to assess app “fluidity’
of receptor membranes.

For either the cholate or the octylglucoside-recon-
stituted membrane series differing in the contents of
added cholesterol, plots of the steady-state anisotropy
values d at a given versus the T;,
values from ‘heat-inactivation’ curves, yield siraight lines
with excellent linear regression coefficients (plots not
shown), thus suggesting that the stablllzmg effects on
the P protein d
could be mediated by modification of *fluidity’ proper-
ties of the lipid matrix. Such a conclusion, however, is
not supported by the results in Fig. 4 in which it is
shown that high a of i a
quaternary amine local anesthetic well known to pro-
duce large changes in the lipid order parameter [24], has
no effects on the thermal stability of the neurotoxin
binding sites on the receptor protein. Similar observa-
tions were made using mepivacaine, instead of tetra-
caine (data not shown),

D .

used in the above ‘heat-inactivation’ studies. At any
given temperature, none of the samples investigated
exhibited apparent ‘fluidity’ values identical to those
from native membranes. This is not surpnsmg because
of the diffe m hpld p the
native and the i d

Information on structural changes of thc acetyl-
choline can be ined from ic pro-
cedures i differential calorimetry [25]
as well as other thermal perturbation techniques [14,15,
26]. These techniques have the advantage of being highly

mem-
branes. Nonethel d from the behaviour of 1
cholesterol in lipid bllayers [21,22), thereis a progressnve
d in the ’s app fluidity (i
in steady-stat py of the fl probe), as

the cholesterol molar fraction increases. These observa-

100} ;"i"‘:‘\‘\

50

6-Bgt binding (%)

2545 55 65

Temperature {C.)
Fig. 4. Effect of tetracaine on the profile of heat macuvanon of
a-bungarotoxin binding sites. Prior to the heat i assay,

to monitor overall structural alteration of the
acetylcholine receptor protein, thus, overcoming the
contributions of lipid or other proteins to the observed
signal and enabling its use tc study complex samples
such as native membranes. In particular, ‘heat-inactiva-
tion’ of the neurotoxin binding sites on the receptor
protein constitutes a direct and simple approach to
assess changes in ion which might
have occurred as a consequence of ligand binding or
membrane perturbations [14,15).

We report here ‘heat-inactivation’ studies on recon-
stituted  acetylcholi to test
whether cholesterol has a role in altering structural
features of the membrane bound receptor. For euher

cholate or d acetyl re-
ceptor our results ly indi that,
as the chol 1 in the b in-

creases, there is a progressive structural stabilization of
the reconstituted receptor protein which, at sufficiently
high cholesterol/ phospholipid ratios (approx. 0.4,
mol/mol), closely resembles or equals that corre-

native acetylcholine receptor membranes at approx. 2 mg protein/ml,

were preincubated overnight, at 4°C, in the presence of added

aliquots from a mnnemraled soluzion of tetracaine in buffer. Final

i ine in the iucubation mixture were zero
(mnlrol‘ ®),1(0} and 10 (a) mM.

ponding to the in its native
nicmbrane environment. In relation to this, it was previ-
ously shown that increasing the cholesterol concentra-
tion in reconstituted membranes, gradually improves
the ability of the reconstituted protein to recover its



characteristic cation-gating activity [7-9]. Furthermore,
a cholesterol / phospholipid molar ratio of approx. 0.4,
was also reported to be optimal for recovery of canon-
gating activity in functional studies of i
acetylcholine receptor [9].

The effects of cholesterol in stabilizing the receptor
protein structure correlate very closely with the alter-
ation by chol; 1 of the app b “fluidity’,
a term which includes the of all molecul.
motions throughout the lipid bilayer. From such a cor-
relation it is unclear whether the effects of cholesterol
on receptor structure are exerted directly or as a conse-
quence of a dification of the \; ’s physical
properties. In an attempt to distingnish between these
two alternatives, we studied the effects of local anesthet-
ics in our system. At high concentrations, local anesthet-
ics are well known for their ability to perturb membrane
“fluidity’. In fact, the potency of these compounds as
anesthetics correlates with their efficiency in altering
membrane ‘fluidity’ [27-29]. In spite of this, we found
that tetracaine or mepivacaine did not modify the pro-
files of ‘heat inactivation’ in native receptor mem-
branes. Furthermore, local anesthetics were shown not
to have any effects on the transition endotherm charac-
teristic of the acety]chohne receptor protein in differen-
tial 1! p [25]. From this,
we conclude that a change in membrane ‘fluidity” does
not necessarily imply an effect on the receptor protein
structure and, therefore, it could be hypothesized that
such effects could perhaps be exerted through direct
interaction with the receptor protein. Such an hypothe-
sis is consistent with previous observations in which
spin label derivatives of cholesterol were suggested to
interact gly with the choli ptor {23].
Also, it was reported that a photoreactive cholesterol
analogue bmds to the receptor protein |30] and that

quenches the ’s intrinsic
fl [31]. Furtt Fourier transform-in-
frared studles of erylhrocyte membrane prolems 32]
and ptor [11], i
that chol 1 stabilizes b a-helical seg-

ments of the proteins. Receptor protein sites presuma-
bly involved in such an interaction could perhaps be
adscnbed to the hydrophobic M4
g which are to all acetyl-

choline receptor subunits and become covalently labeled
by ph ivable phospholipid anal 133).

Finally, it should be noticed that in our ‘heat-in-
activation’ assay, the observed effects of cholesterol on
the acetylcholine receptor imply that perturbations at
the transmembrane portion of the protein caused by
interaction with lipids, elicits an alterauon on the neu-
rotoxin binding sites, which are located well above the
membrane surface [34]. The oscurrence of similar long-
range perturbations transmitted through thc receptor
protein have been suggested previously [9,15,35]).
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