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the role of neutral and negatively charged lipids

Carl Sunshine and Mark G. McNamee
Department of Biachemistry and Biophysics, Unicversity of California, Daris CA (USA)

(Received 24 January 1992}

Key words: Nicotinic acelylcholing receptar; Fourier transform; lon flux response: Protein-lipid interaction: Cholesterol;
Alfinity-state transition; (7. californica)

The effects of negatively charged and neutral lipids on the function of the reconstituted nicotinic acclylcholine receptor from
Torpedo cafifornica were determined with two assays using acetylcholine receptor-containing vesicles: the jon flux responsc and
the affinity-state transition. The receptor was reconstituted imto three diffcivii Hipid enviranments. with and without neutral
lipids: (1) phosphatidylcholinc/ phosphatidylserine; (2) phosphatidylcholine/ phosphatidic acid; and (3) phosphatidylcholine /
cardiolipin. Analysis of the ion flux responses showed that: (1) ali thrce negatively charged lipid environments gave fully
functicne! acetylcholine receptor ion channels, provided neutral lipids were added; (2) in cach lipid environment, the neutral
lipids 1csted were functionally cquivalent to cholesterol; and (3) the rate of receptor desensitization depends upon the type of
neutra} Jipid and negatively charged phospholipid reconstituted with the veeeptor. The functional cffects of neutral and
negatively charged lipids on the acetylchuline receptor are discussed in terms of protein-lipid interactions and stabilization of

protein structuse by lpids.

Introduction

The mcotinic acetylcholine receptor (AChR) from
Torpedo californica has been purified and reconstituted
into defined lipid environments (1), providing a model
system to study protein-lipid interactions. The AChR
is a pentameric integral membrane protein which is
necessaty for cholinergic synaptic fransmission [2). The
binding of acetyicholine to the AChR is coupled to the
opening of a cation-specific channel. In the continued
presence of an activating ligand, the ionic permeability
of the AChR is inhibited. This process, termed ‘de-
sensitization’, is correlated with the shift of the AChR
from a low-affinity state for agonist binding to a high-
affinity state [3}. The opening of the ion channel and
the affinity-state transition involve conformational
changes of the AChR, which are sensitive to the mem-
brane lipid environment [4].

Previously, this laboratory has shown ihal choles-
teral (CH) and negatively charged phospholipids, such
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as phosphatidic acid (PA), are required for an optimal
ion flux response of the reconstituted AChR [5]. These
effects on activity are correlated with the affinity of
these lipids for the AChR. For example, sterol and
phosphatidic acid spin-labels showed a relatively high-
affinity for the AChR, compared to other spin-labeled
phospholipids [6). Results from FTIR studies of the
ACHR have suggested an important role for cholesterol
and negatively charged lipids in stabilizing the sec-
ondary structure of the protein (7] Increasing the CH
or PA concentration in reconstituted membrancs re-
sulted in an increase in the a-helix and B-sheet of the
AChR, respectively.

The cffects of cholesterof on the structure and func-
tion of the AChR appear to be correlaied with the
binding of cholesterol to the protein. Evidence from
fluorescence quenching studies of reconstituted mem-
branes have suggested the existence of two classes of
cholestero! binding sites on the AChR (81 The first
class of sites (annular sites) were accessible to
phospholipids, while the sccond class of sites were not
(non-annular sites), The non-annular sites were shown
to have a 20-fold preater affinity for cholesterol than
the annular sites.

Furthermose, photoaffinity labeling experiments [9]
have shown that a very closely related cholesterol
derivative can directly bind to the AChR in native
membranes,



A current hypothesis, which correlates all of the
above observatians, is that cholesterol binding to the
non-annular sites on the AChR stabilizes a-helicies,
which are necessary to support a functional ion chan-
nel. Cholesterol might perform this function by inter-
acting with a-helicies, which span the membrane. To
examine the specificity of the putative AChR-
cholesterol interactions, we have saried the structure
of the sterol and observed the function of the AChR in
three different negatively charged lipid cnvirenments.

We repart here that cholesterol-like sterols, such as
cholestanol, and other neutral lipids, such as -
tocopherol and squalene, which are unrelated to
cholesterol in structure, can effectively substitute for
cholesteral in providing a membrane lipid cnvironment
to suppott an optimal ion flux response. The results
suggest that the AChR-cholesterol effects may depend,
predominanily, on the association of the ncutral lipids
with a hydrophobic pocket on the AChR.

Materials and Mcthods

Materials

Chioroform solutions of all the synthetic phospho-
lipids were purchased from Avanti Polar Lipids (Bir-
mirgham, AL) with 2 dioleayl (18: 1) fatty acid compo-
sition. Cholesterol was obtained from Calbiochem (L2
Jolla, CA). All other sterols, neutral lipids and cholic
acid were obtained from Sigma (St. Louis, MO). Dowex
SOW-X8 cation exchange rtesin was obtained from
Sigma and DESI filters were obtained from Whaiman
{Maidstone, UK). ['*1]lodinated a-bungarotoxin
{""1|BgTx, >200 mCi/mmol} was obtained from
Amersham (Arlington Heights, iL) and *Rb* (10 mC?}
was obtained from New England Nuclear (Boston,
MA).

Acetylcholine receptor pwrification and reconstitution of
ACHR

Receptor was purified from frozen T. californica
electric organ by affinity chromatography, as described
by Ochoa et al. [10} and then dialyzed to remove the
cholate detergent. The receptor was either used imme-
diately or frozen in Liquid nitrogen and then thawed
immediately hefore use.

Chloroform solutions of phospholipids and neutral
lipids were mixed in the amounts recessary to obtain a
mole ratie of 60:20:20 for PC/negatively charged
lipid / neutral lipid and a final lipid/ protein mole ratio
of 10000:1. The lipids were then dried down under
nitrogen and lyophilized, Subsequently, the fipids were
sonicated in the presence of 6% {w/v) cholate for 3
min to give homogeneous suspensiors. Purified AChR
was mixed with the lipid suspension in a ratio of 2:1
(v/v). The final chotate and pi-tein concentrations
were 2% and 1 mg/ml, respectively. The solubilized
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lipid-protein micellar suspension was then extensively
dialyzed against buffer A (100 md NaCl, 10 mM
Maps, 0.1 mM EDTA, 0.02% NaNj,, pH 7.4) to remove
the cholate and allow the formation of vesicles.

lon flux assays

Carbamylcholing-stimulated influx of *Rb* into
AChR-containing vesicles was measured according to
Fong and McNamee [4]. Flux assays were performed at
4°C in triplicate on each sample. Typically, jon flux was
allowed ta accur for 30 s in the presence or absence of
activating ligand, prior to separation of the external
solution from the vesicles by cation exchange chro-
matography. The total internal volume of the vesicles
was determined by allowing influx to occur for at least
48 h,

Determination of toxin binding sites on AChR
Equilibrium binding of ['*I)BgTx to AChR in Tri-
ton X-100 was measured by trapping negatively charged
AChR-toxin complexes on DEAE (DES8)) filters, ac-
cording to Fong and McNamee [4], with one modifica-
tion. DEBI filters were placed in Packard Pony Vials, 4
ml of CytoScint liquid scintillation fluid added, the
filters were incubated overnight at room temperature
and the vials were then counted for 1 min on a Packard

Tri-Carb 1500 Liquid Scintillation Analyzer set to count
125 1

Rate of toxin binding assays

The rate of ['*1]BgTx was measured in the absence
of detergent, as described by Fong and McNamee [4].
Three different types of binding rate constants were
deterinined at 20°C: (1) k, the pscudo first-order rate
constant in the absence of Carb; (2) k_,, the pseudo
first-order Tate constant when 10 uM Carb was added
at the same time as toxin; and (3) k., the pseudo
first-order rate constant determined after exposure of
the vesicles to 10 pM Carb for 30-60 min at 20°C. For
cach toxin binding reaction, samples were taken at 30,
60, 90, 120, 150 s and 1 h and filtered through DE8I
filters. The filters were treated and counted as de-
scribed above,

Time course of AChR desensitization

The effect of lipid composition on desensitization
was determined by preincubating AChR-containing
vesicles with 1 mM Carb at 4°C for a defined period of
time and then performing the manual ion flux assay on
the sample. The cpm value measured in the absence of
Carb preincubation was used as a basis for the calcula-
tion of the fraction of remaining cpm. Semilogarithmic
plots of the fraction of remaining **Rb* cpm trapped
in the vesicles vs. Carb preincubation time were con-
structed, and a least-squares linear regression was de-
termined for each graph, using the Sigma-Plot program
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on an IBM-PC. The slopes of such graphs give the
rates for AChR desensitization,

Results

Ion flux activity of ACRR in vesicles of differemt lipid
composition

Sealed vesicles are required to measure the ion flux
activity of the AChR. Therefore, receptor samples with
a lipid to protein mole ratio of 10000: 1 were reconsti-
tuted to allow the formation of appropriate vesicles.
Table [ lists the results of the rubidium ion influx
assavs for AChR vesicle samples containing different
negatively charged and neutral lipids. The structures
for the phospholipids and many of the neutral lipids
used here are depicted in Fig. 1. Each *Rb* influx
reaction was allowed to occuy for 30 s at 4°C in the
presence or absence of Carb. Because the *Rb* influx

TABLE!
Ton flux responses of AChR-containing vesicles ©

is affected by the vesicle size and AChR concentration,
a parameter, termed ‘response’ was calcutated by nor-
malizing the internal volurae (IV) of trapped "¥Rb* to
both the equilibrium internal volume (EIV) and the
number of ['ZHBgTx sites.

Comparison of the different samples suggests that
an ion flux response of less than 0.03 uM™! corre-
sponds to an inactive sample. We shall consider 0.03
M~ Gon flux response in PC/PA vesicles) as the
basal level of AChR activity. Table I indicates that only
the PC/PS/AChR vesicles were inactive. The flux
responses of PC/PS/CH and of PC/PA/CH were
typically enhanced 3-4-fold and 10-fold, respectively,
compared to PC/PS and PC/PA vesiclrs. Comparison
of samples cantaining cholesteral to other sterols, such
as cholestanol and vitamin D-3, and other neutral
lipids, such as squalere and a-tocopherof, shows that
these hydrophobic molecules are functionally equiva-

Lipids® +Carb ~Carb EIV 13 EIv Response ©
(cpm) {cpm) {cpm) (ul/ml) (ul/md) (uM-H(x10?)
PC/PA i 1335 3047 052 643 33105
PC/PA/CH ms s08 26407 153 560 143115
PC/PA/CHS 8440 2568 36836 1.24 781 72107
PC/PA/CHL 5191 504 23243 1.2 493 108415
PC/PA/VD 5916 415 20779 117 440 142414
PFC/PA/TO 9574 535 16794 192 356 30.+44
PC/PA/AN 6153 460 18186 1.21 385 130417
PC/PA/SQ 9847 1124 44362 1.85 940 21109
PC/CA 2359 654 29391 0.37 642 31108
PC/CA/CH 9195 562 40405 189 883 100410
PC/CA/CHS 4508 944 43632 0.78 953 40405
PC/CA/CHL 1479 77 20992 1.5% 635 113111
PC/CA/ND 6493 354 25362 134 554 92£1.5
PC/CA/TO 10388 448 33968 217 742 11.6+08
PC/CA/AN 10064 479 27732 219 6.06 103+ L6
PC/CA 'SQ 177 2558 47938 KAl 1048 11.7+1.9
PC/¥S 1032 841 16350 [1112] 345 05401
PC/PS/CH 1919 n 13462 034 2.84 57404
PC/PS/CHS 307 1305 32857 051 6.93 30105
PC/PS/CHL 1815 368 12788 031 270 45404
PC/PS/VD 1887 p ] 12339 034 260 59+08
PC/PS/TO 5426 30 14348 108 308 176426
PC/P5/AN 1983 368 9934 034 2.10 68+1.1
PC/P5/58Q 7723 618 27218 149 5.75 126408

* Vesicle internal velume (1V) is defined as the internal volume filled in response to 30 s exposure to Carb, subtracting the internal volume filled
in the absence of Carb, per total volume after addition of ®Rt* 10 the external mediun. Equilibrium internal volume (EIV) was measured by
allowing the influx reaction to proceed for 48 h a1 4°C,

® Abbreviations: PC, dioleoyiphosphatidylcholine; PA, dioleoylphosphatidic acid; CA. cardiolipin (bovine brain); PS, dlolenylphosphaudylsenne,
CH, chol 1; CHL, chol 1; CHS, chol | hemisueci VD, vitarnin D-3 (choleealiferol); TO, (1 ) herol; AN, and)
$0Q, squalene. Most of the vesicle les contain PC, negatively ¢charged lipid and neutsal lipid in the mole rallo 60:20:20. Samples
containing only PC and negatively charged lipid have a lipid mole ratio of 80:20.

¢ Response = [V /EIV/[AChR]. AChR concentration is sxpresscd as the molar concentration of {'*1)BgTx binding sites. Errors are given as the
standard deviation of the mean of at leas triplicate samptles.




lent to cholesterol in eliciting an optimal ion flux
response. Similar results were obtained for each of the
three negatively charged lipid compositions studied.
Table I shows that in lipid environments containing
PA or PS, vesicles with tocopherol showed 2- and
3-fold increases in ion flux response with respect to
cholesterol, respectively. Comparison of tie three neg-
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atively charged phospholipid enviranments shows that
the responses in PS are about 2-fold lower than those
in PA or cardiolipin. We do not attach great signifi-
cance to the quantitative differences listed abave be-
cause the ion flux response includes contributions from
the rates of fast and slow desensitization, in addition to
the rate of channel activation.
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Fig, 2. Time course of | **1}BgTx binding 1o reconslituted AChR-cuntaining membranes for two repr ive lipid in the presence

and absence of Carb. Toxin hinding '#as initiated by the addition of AChR ¢ by (lipid fpratein male tatio of 1000G: 1, 5-10 nM

in toxin binding sites) to Buffer A containing 30 aM ["S1BgTx. Aliquots were fillered and covnted as described in Methods. The lipid
compositions were: {A) PC/PS and (B} PC/PA/TO. B, No Carb added; 4. co-incubation with 10 xM Carb; O, membranes preincubated with
10 #M Casb for 30 min and then binding measured in the presence of 10 g M Carb.

Affinity-state transition of AChR in different lipid envi-
ronments

Fig. 2 shows piots of —In (1 ~ cpm(t) /cpm{eq)) vs.
time (s) for membranes containing PC/PS and
PC/PA/TO, where cpml(z) is the counts of ['Z1]BgTx
bound to AChR at time t, after the initiation of the
reaction and cpmieq) is the equilibrium value of the
counts bound to AChR, measured after 1 h. The slopes
of these plots directly give the pseudo first-order toxin
binding rate constanis, which are given in Table 1. The
plots illustrate the difference between an inactive sam-
ple (PC/PS), where &, and k,,, are very ciose in
value, and an active one, in which there is a relatively
large difference between &, and & ..

Table I lists the values of ["*"lfBng binding rate
constants to AChR in different membranes. We will
define the AchR as undergoing the affinity-state transi-
tion if kg, is at least 2-fold lower than k. It is
apparcnt that only PC/PS vesicles do not undergo the
affinity-state transition. The remaining vesicle samples
show a significantly smaller value of &, than of k.
Fong and McNamee [11] have previously shown that

TABLE il

Pseudo-first-order |'°1]BgTx binding rate consiants for ACR recan-
stitured i six different lipid environments (s =) (% 16) ¢

Lipids [ kg [
PC/PS 408 20 1.89
PC/PA 3 241 0
PC/PS, CH 558 297 077
PC/I'4/CH 19 1.66 030
PC/PS/TO 358 3 048
PC/PA/TO 240 1.3 us!

a ["5§]BgTx binding 10 AChR was measured in the presence and
absence of Carb as described in Materials and Methods and
Results.

 Rale constants were determined from the slope of plots of —Injl
—cpmit)/cmpteq)] vs. lime (s), as detailed under Results,

the AChR can undergo the transition in PC/PA/CH
and PC/PS/CH (lipid mole ratio 56:19:25) mem-
branes,

Rate of AChR desensitization in different lipid environ-
ments

Fig. 3 shows scmilogarithmic plots of the percentage
remaining ¢cpm vs. Carb preincubation time (s) in four
different lipid environments. The slopes of these plots
directly give the rate constants for desensitization listed
in Table H1. Table HI gives the rates for AChR desen-
sitization and the calculated half-lives for this process.
The rate of desensitization is dependent on the type of

% REMAINING CPM

0100 % ‘ h h 4
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Fig. 2. Rates of ACHR desensitization measured using the ion flux
assay. 50 ul of reconsiituted AChR-containing membranes (lipid/
protein mole ratio 10000:1 and approx. S0 pM in AChR) were
preincubated with 1 mM Carb for the indicated times. 15 pl of 0.5-1
uCi/ml ™Rb* containing 4.33 mM Carb was then added and flux
was allowed to eccur for 30 s at 4°C. A 50 ul aliquot was then
applied 1o o 2 ml Dowex 50W-X8 column and eluted with 3 ml of 175
mM sucsose. The efuate was counted in 2 Packard liguid scintillatien
counter without added scintillant. Lipid compositions of the AChR-
containing membranes were: (0) FC/PA/TO ; (a) PC/PS/TO;
() PC/PA/CH; and (&) PC/PS/CH.



TABLE 111

Rates of AChR desensitization in four different lipid enviromnents ¢
Lipids &(s7H(x10M)° 1, 6)¢
PC/PS/CH 092 0
PC/PA/CH 225 308
PC/PS/TO 4.15 167
PC/PA/TO 1340 2

" Deconsitization of “Rb* jon flux response was measured by
preincubating AChR- i branes with ¥ mM Carb nrior
to addition ef ““Rb* 10 the external medivm.

" First-order rate congants were oblained from the slopes of
semilogarithmic plols of fraction of remamning cpm vs. time, as
detailed under Materials and Methods.

¢ The half-life for desensitization was calcuiated as follows, ¢, .=
0.693/&.

neutral and negatively charged lipid reconstituted along
with the AChR. Membranes containing tocophero] have
a significantly larger rate than those with cholesterol.
Also, membranes containing PA have higher rates than
those reconstituted with PS. The rates measured using
the ion flux assay predominantly represent the slow
phase of AChR desensitization, since fast desensitiza-
tion is probably complete after 1 s of exposure to Carb
[121

Discussian

The work presented here was begun in an attempt
to define the features of the cholesterol molecule which
are necessary to support an optimal ion flux response
of the reconstituted ACRR. We have found that
chalesterol can be replaced by several sterols, some of
which are closely related (cholestanol), and other neu-
tral lipids, such as squalene and e-tocophercd, which
are unrelated in structure to cholesterol, to give func-
tional ion channels. This was true in three different
negatively charged phospholipid environments. These
results suggest that it is not the specific molecular
structure of cholesterol that is important to support
AChR function. The hydrophobicity of the neutral
lipids seems to be the major factor in suppotting the
ion flux activity of the AChR.

The stimulatory effect of neutral lipids was first
demonstrated by Kilian et al. [13] who showed that the
neutral lipid fraction of asolectin {crude soybean lipids)
could be replaced by pure a-tocopherol to yield an ion
flux response which was considerably higher than that
observed with AChR-containing vesicles reconstituted
with asolecthin.

The results reported here extend those of Fong and
McNamee {4}, which confirmed that cholesterol and
PA were necessary to support optimal ion flux activity
of the reconstituted AChR. Fong [1}] also showed that
PA could be replaced by phosphatidylglycerol,
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phosphatidylinositol, or PS to give functional AChR
ion channels. We have shown here that PA can be
replaced by PS or cardiolipin to give functional ion
channels.

Fang and McNamee [4] also showed that the ability
of a specific lipid composition to support an optimal
ion flux response was positively corrclated with the
ability of the AChR to undergo the affinity-state transi-
tion, This transition is thought to be due to conforma-
tional changes in the presence of agonist (Carb), which
results in AChR desensitization [3]. They showed that
only lipid compaositions that gave functional ion chan-
nels could undergo the transition. The results pre-
sented here confirm this interpretation. We found that
five of the lipid compositions which vielded functional
ion channels {Table 11} also underwent the affinity-state
transition. The one sample which was inactive in the
ion flux assay (PC/PS), did not undergo the affinity-
state transition.

The general effect of neutral lipid stiriulation of the
ion flux response of the reconstituted AChR contrasts
with cholesterol stimulation of the Na-Ca exchanger
from cardiac plasma membrane [14], The reconstituted
exchanger in PC/PS or PC/PA vesicles required high
levels of cholesterof for activity. The sterol require-
ment was spe<ific for cholesterol, since analogues with
only minor structural changes, such as epicholesterol,
did not support exchange activity. However, the choles-
terol requirement was lost when the pratein was recon-
stituted into PC/ cardiolipin vesicles. 1n this case, high
exchange activity could be obtained in the presence or
absence of cholesterol or in the presence of several
sterol analogues. Thus, for the Na-Ca exchange pro-
tein, specific cholesterol stimulation was critically de-
pendent on the negatively charged phospholipid envi-
ronment. Our results suggest that neutral lipid stimula-
tion of the AChR ion flux response is not dependent
on the type of negatively charged phospholipid recon-
stituted along with the protein.

In contrast to the AChR ion flux response, 2 marked
lipid dependence of the rate of agonist-induced desen-
sitization was found (Table IT). Membranes containing
tacopherol showed a higher rate of densensitization
than those with cholesterol. Also, AChR-containing
membranes reconstituted with PA showed higher rates
than those with PS. These results suggest that the
membrane lipid environment can directly affect the
conformational changes responsible for desensitization.
This is consistent with the results of Fong and Me-
Namee [4] who showed that the fraction of ACHR in
the low-affinity state for ligand binding (desensitized)
was dependent on the phospholipid environment, They
also showed that the Carb dissociation constants were
not sensitive to the lipid enviranment.

Our Carb titrations of the AChR ion flux response
are comsistent with no dependence of K, for Carb
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binding on the membrane lipid environment {data not
shown). We have observed values of EDg,, the Carb
concentration at which the ion flux response is reduced
to half its maximal value, in the range (3-10)- 107 M
Carb for the lipid compositions listed in Table 1L
Values for ED., have previously been used to estimate
K, for Carb binding to the AChR. Because the amount
of trapped ®Rb* in AChR-containing vesicles is de-
pendent upon the rates of slow and fast desensitiza-
tion, in addition to the rate of chanael activation, we
consider this EDy, range insignificant. Our data sup-
port the idea that the membrane lipid environment has
litile or no effect on the binding of agonist (Carb) 1o
the AChR.

Relationship between neurral and negatively charged lipid
binding and AChR structure and function

Previous results obtained in this laboratory [6,8] and
photoaffinity labeling experiments [9], suggest a direct
correlation between cholesterol binding to the AChR
and activation of the ion channel. Fong and McNamee
[7] hypothesized that the AChR-cholesterol interaction
stabilized a-helical structures necessary for the func-
tion of the ion channel. The results reported here
suggest that the putative AChR-cholesterol interaction
is based predominantly on hydrophobic interactions,
since neutral lipids with structures unrelated to choles-
terol supported an optima! ion flux response.

A clue to the location of the putative cholesterol
binding site(s) has come from the fiuorescence quench-
ing experiments of Arias ct al. [15). They showed in
native membranes that local anesthetics, such as pro-
caine and tetracaine, competed for sites on the AChR
with a cholzsteiol-like spin label. loca! anesthetics
have been shown to bind to the AChR at two classes of
sites [16), a specific site, at which histrionicotoxin can
also bind, and several non-specific sites, located at the
lipid/ protein interface. Cholesterol and other neutral
lipids may also possibly bind to the sites far local
anesthetics.

We speculate that the binding of neutral lipids to
the AChR at the putative cholesterol binding site(s)
stabilizes a-helical structures necessary for the func-
tion of the ion channel. One prediction of this hypoth-
esis is that if the concentration of a neutral lipid, such
as a-tocopherol, were increased in reconstituted
AChR-containing membranes, there would be an in-
crease in the a-helical content of the protein, which
could be measured by FTIR methods.

Based on the results reported here and additional
experiments in our laboratory, the nectral lipids and
negatively charged phospholipids act independently to
stimulate the AChR ion flux response. For example,
Bushan and McNamee (unpubiished observations) have
inferred a correlation between the binding of PA to the

AChR, as measured using FTIR, and ion flux re-
sponse, measured as a function of pH. In related
reports, the location of the binding site for a P§
photoaffinity label was shown to be on the M4 trans-
membrane domain of the AChR {17). Previously, it was
shown that a PC photoaffinity label was bound on the
M4 (ransmembrane domain of the receptor [18],
These results suggest that there are distinct binding
sitcs for negatively charged and zwitterionic ohospho-
lipids on the AChR. We can speculate that the puta-
tive AChR-negatively charged lipid interaction is based
predominantly on charge, since the binding of many
different types of lipid can activate the ion channel.
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