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Cations Mediate Interactions between the Nicotinic Acetylcholine Receptor
and Anionic Lipids

Raymond M. Sturgeon and John E. Baenziger*
Department of Biochemistry, Microbiology, and Immunology, University of Ottawa, Ottawa, Ontario, Canada

ABSTRACT Interactions between the nicotinic acetylcholine receptor (hnAChR) and phosphatidic acid (PA) are bidirectional in
that membranes containing PA are effective at stabilizing an agonist-responsive nAChR, whereas incorporation of the nAChR
into the same membranes leads to a substantial increase in lipid lateral packing density. A previous study suggested that the
ability of PA to adopt a dianionic ionization state is key. We monitored the ionization state of PA in both reconstituted and
protein-free membranes. In model membranes composed of PA and 3:2 (mol/mol) phosphatidylcholine (PC)/PA, the monoa-
nionic-to-dianionic transition of PA was detected with a pKa of 8.7 and 6.5, respectively. In the reconstituted 3:2 PC/PA
membranes, however, PA was stabilized in a monoanionic state at pH values up to 10. Although dianionic PA does not play
a role in NAChR function, we found that both the stabilization of monoanionic PA and the concentration of other cations at the
bilayer surface can account for changes in bilayer physical properties that are observed upon incorporation of the nAChR into
3:2 PC/PA membranes. A nAChR-induced concentration of cations at the bilayer surface likely mediates interactions between
the nAChR and the anionic lipids in its membrane environment.

INTRODUCTION

The earliest attempts to isolate and structurally identify both
the agonist-binding and ion channel functions of the nico-
tinic acetylcholine receptor (nAChR) from Torpedo showed
that this pentameric ligand-gated ion channel exhibits essen-
tial interactions with its membrane environment (1-3).
Although the sensitivity of nAChR function to lipid compo-
sition is not an unusual characteristic for a membrane
protein, the nAChR also exhibits the intriguing ability to
modify the physical properties of its surrounding membrane
environment in a lipid-selective manner (4—7). Incorporation
of the nAChR into a PC membrane containing anionic lipids,
particularly phosphatidic acid (PA), leads to a substantial
lateral tightening of the bilayer. In contrast, the effects of
the nAChR on the physical properties of a PC membrane
lacking anionic lipids are minimal (4,5).

The ability of the nAChR to undergo allosteric transitions,
and thus flux cations across the membrane, is optimal in a
reconstituted PC membrane containing both cholesterol
(Chol) and the anionic lipid PA (2-5,8-12). The nAChR in
3:1:1 (mol/mol/mol) PC/PA/Chol membranes (PC/PA/Chol-
nAChR) is stabilized predominantly in an agonist-responsive
resting conformation similar to the conformation adopted in
native membranes (13). In contrast, the nAChR in PC mem-
branes that lack PA and Chol (PC-nAChR) is unresponsive
to agonist, because it adopts an ‘“‘uncoupled’” conformation,
where allosteric communication between the agonist-binding
sites and the transmembrane pore is lost, even though these
sites adopt structures with pharmacologies suggestive of
the resting state (13). One possible mechanism by which
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membranes influence coupling is by modulating the associa-
tions between the ““post-M4” transmembrane helix and the
coupling interface between the agonist-binding and trans-
membrane pore domains (13). Lipids, such as Chol, may
also bind to interhelical sites, stabilizing the transmembrane
domain structure (14—17) and thus its ability to interact with
the agonist-binding domain. Although both potential mech-
anisms are intriguing, the molecular details by which lipids
ultimately influence function remain to be defined.

We and others have shown recently that anionic lipids
exhibit strikingly different efficacies for stabilizing the
agonist-responsive resting state (9,18). For example, high
levels of PA in a PC membrane are most effective at stabi-
lizing the resting conformation (4,5,8,13,18). Mixtures of
PC and phosphatidylglycerol (PG) are less effective, because
they stabilize a larger proportion of desensitized nAChRs. In
contrast, PC membranes containing either phosphatidylser-
ine (PS) or phosphatidylinositol (PI) are relatively ineffective
at stabilizing a resting conformation, because they favor the
uncoupled state (18). From a mechanics perspective, an
important question to address is why PA, and to a lesser
extent PG, is more effective than other anionic lipids in a
PC membrane at stabilizing an agonist-responsive nAChR.

The optimal effects of PA on nAChR function could
reflect the small size of its headgroup, which will influence
lipid packing, leading to altered bulk membrane physical
properties (19,20). The inclusion of PA, and to a lesser extent
PG, in a reconstituted PC membrane could alter the mem-
brane physical environment in a manner that favors the
resting state. Alternatively, or in addition, PA is unique
among anionic lipids in that it adopts both mono- and dia-
nionic ionization states (pKa of ~8.7 in pure PA bilayers)
(21-23) (Fig. 1 A). It has been suggested that the nAChR
stabilizes the dianionic form of PA, which may be essential
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FIGURE 1 Chemical characterization of the reconstituted nAChR

membranes. (A) Primary lipids used in this study. R refers to the acyl chains:
R1, palmitoyl; R2, oleoyl. (B) High-performance TLC of lipid standards and
lipids extracted from reconstituted nAChR membranes. Lane 1, PC/PA/
DAG 3:1.6:0.4 (mol/mol/mol) standard; lane 2, 3:2 (mol/mol) PC/PA stan-
dard; lane 3, lipids extracted from 3:2 PC/PA-nAChR; lane 4, PA standard;
lane 5, lipids extracted from PA-nAChR; lane 6, PC standard; lane 7, lipids
extracted from PC-nAChR. The lipid standards were extracted from aqueous
solutions of the cholate-solubilized lipid that were used as lipid washes
during affinity purification. (C) Sodium dodecyl sulfate polyacrylamide
gel electrophoresis of the nAChR from PC-nAChR, PA-nAChR, and
PC/PA-nAChR reconstitutions. For each reconstitution, 5 ug nAChR was
loaded in the well.

for nAChR function (21). The optimal ability of PA to influ-
ence nAChR function could reflect essential interactions
between dianionic PA and polar side chains on the nAChR
surface.

The initial goals of this study were to test the hypothesis
that the nAChR stabilizes the dianionic ionization state of
PA and to explore possible mechanisms by which dianionic
PA interacts with and thus stabilizes different nAChR con-
formational states. In contrast to our hypothesis, our data
show that the nAChR stabilizes monoanionic PA, likely by
concentrating protons at the bilayer surface. Although the
ability to form a dianionic ionization state does not play a
role in the efficacy of PA at stabilizing the resting nAChR,
we find that an nAChR-induced stabilization of monoanionic
PA does account for most of the changes in bilayer phys-
ical properties that occur upon reconstitution of the nAChR
into PA-containing membranes. Our data suggest that the
nAChR concentrates cations at the membrane surface in
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a manner that influences its interactions with surrounding
lipids.

MATERIALS AND METHODS

The nAChR was affinity-purified on a bromoacetylcholine affinity column
as described elsewhere (4). High-performance thin-layer chromatography
(TLC) silica gel plates (60-A, 4.5-uM, particle size 200 uM) were run using
the CHCl3/CH;COH/HCOOH/H,0 50:37.5:3.5:2 (vol/vol/vol/vol) solvent
system and stained with Coomassie Blue. Infrared spectra for assessing
the pH dependence of lipid phosphate vibrations were recorded using the
attenuated total reflectance technique, with nAChR membrane films depos-
ited on a germanium internal reflection element. Protocols for recording the
various Fourier transform infrared (FTIR) and fluorescence spectra are
described in the Supporting Material.

RESULTS

Characterization of reconstituted nAChR
membranes

To test the hypothesis that dianionic PA plays a role in stabi-
lizing a functional nAChR, we first characterized affinity-
purified and reconstituted nAChR membranes composed of
the lipids PC (PC-nAChR), 3:2 (mol/mol) PC/PA (3:2 PC/
PA-nAChR), and PA (PA-nAChR). Sodium dodecyl sulfate
polyacrylamide gel electrophoresis shows the expected four-
band pattern for each reconstitution, corresponding to the a-,
8-, v-, and d-subunits at the expected stoichiometric ratio of
2:1:1:1 (Fig. 1 C). Each reconstitution also exhibits the
expected lipid composition, except that both 3:2 PC/PA-
nAChR and PA-nAChR contain an unexpected lipid band
whose mobility corresponds to that of diacylglycerol (DAG;
Fig. 1 B, lane I). Mass spectroscopy confirmed the identity
of the unexpected lipid as 1-palmitoyl-2-oleoyl-DAG (42),
suggesting that it is a hydrolysis product of the endogenously
supplied 1-palmitoyl-2-oleoyl-PA. Based on the lipid stan-
dards shown in lane 1 of Fig. 1 B, DAG constitutes only
~5 mol % of the final lipid composition of the PC/PA recon-
stitution, so the actual lipid composition of this membrane is
3:2>1.6:<0.4 (mol/mol/mol) PC/PA/DAG. Control studies
suggest that further hydrolysis of PA does not occur after
nAChR is reconstituted into the PC/PA membrane (data
not shown). For simplicity, we still refer to these membranes
as PC/PA-nAChR (see below for further discussion of
DAG).

We examined the ability of the nAChR to undergo
agonist-induced allosteric transitions in each of the three
membranes (Fig. 2). Infrared difference spectra provide a
comprehensive map of the vibrational and thus structural
changes induced in the nAChR upon agonist binding
(24,25). Carbamylcholine (Carb) difference spectra recorded
from 3:2 PC/PA-nAChR, PA-nAChR, and PC-nAChR
exhibit a positive vibration near 1722 cm~ ' due to nAChR-
bound Carb (26), negative and positive vibrations near 1620
and ~1515 cm ™', respectively, due to physical interactions
between the quaternary amine of Carb and aromatic residues,
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C FIGURE 2 Modulation of agonist-
induced nAChR conformational change
in different membrane environments.
(A) Carb difference spectra recorded
from 3:2 PC/PA-nAChR (i), PA-nAChR
(i), 3:2 PC/PA-nAChHR in the presence
of 200 uM dibucaine (iii), and PC-
nAChR (iv). The control spectra, in
gray, were obtained from the same
samples, but represent the difference
between two spectra recorded in the
absence of Carb. Spectra shown are aver-
ages of at least 55 difference spectra
recorded from at least two different re-
constitutions. (B) Carb-induced changes
in ethidium fluorescence for nAChR in
the same membranes as in A. At the indi-
cated times (solid circles below spectra),
30 pg nAChR, 500 uM Carb, and
500 uM dibucaine were added to a
0.3-uM ethidium solution. Asterisks de-
note breaks where intensity changes due
to pipette tip insertion were removed. (C)
Dibucaine displaceable fluorescence of
the nAChR-reconstituted membranes in
the absence (—) or presence (4) of
500 uM Carb (mean * SD, n = 6).
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Labels i—iv refer to the traces in A and B. (D) Carb difference spectra are calculated by subtracting a spectrum of the agonist-free state from one of the Carb-bound
state. In most cases, these correspond to resting (R) and desensitized (D) states, respectively. The difference spectrum in trace iii was held in the D state (with and
without Carb) by the presence of excess dibucaine (stars). Triangles, Carb. (E) Schematic for ethidium fluorescence measurements. Definition of symbols is the

same as in D.

and a positive vibration near 1690 cm ™' due to a physical
interaction between the ester of Carb and an unidentified
residue in the binding site (27,28). These and other vibra-
tions show that Carb binds to the nAChR in each membrane
with a similar pattern of recognition (Fig. 2 A).

Carb difference spectra recorded from 3:2 PC/PA-nAChR
also exhibit relatively intense positive amide I and II bands
near 1655 and 1545 cm_l, respectively, which reflect struc-
tural changes induced in the polypeptide backbone upon
Carb binding (Fig. 2 A, i). As these bands are absent from
Carb difference spectra recorded from 3:2 PC/PA-nAChR
when the reconstituted membrane films are preincubated
with the desensitizing local anesthetic dibucaine, we conclude
that they reflect the resting-to-desensitized conformational
transition (Fig. 2 A, iii). Comparing the intensities of these
two amide vibrations to those observed in Carb difference
spectra recorded from native nAChR and PC/PA/Chol-
nAChR (data not shown) suggests that a substantial propor-
tion of 3:2 PC/PA-nAChR is stabilized in a resting state that
undergoes Carb-induced allosteric transitions. PA-nAChR
exhibits moderate positive intensity at both frequencies, sug-
gesting that PA alone can stabilize a resting nAChR (Fig. 2 A,
ii). In contrast, intensity at both frequencies is absent in
spectra recorded from PC-nAChR (Fig. 2 A, iv), because
PC-nAChR is “locked’” in an uncoupled conformation (13).

As a further test of the ability of each membrane to stabi-
lize an agonist-responsive nAChR, we examined the ability

of the nAChR in each environment to interact with the con-
formationally sensitive probe ethidium bromide. Ethidium
binds with high affinity to a hydrophobic site within the
ion channel pore of the desensitized nAChR (Kp = 0.3 uM),
but not the resting nAChR (Kp = 1 mM (29). Relative to
aqueous ethidium, the nAChR-bound ethidium exhibits
greater fluorescence emission intensity, and its emission
maximum shifts from 605 (aqueous) to 590 nm (nAChR-
bound).

Addition of 3:2 PC/PA-nAChR to 0.3-uM aqueous
ethidium leads to an increase in fluorescence emission inten-
sity (Fig. 2 B, i). Some of this increase is attributable to
the scattering of incident light by the membrane vesicles.
The remaining slow increase in emission intensity is due
to the slow binding of ethidium to sites preexisting in the
high-affinity ethidium-binding desensitized state. The addi-
tion of 500 uM Carb leads to a substantial increase in dibu-
caine-displaceable ethidium fluorescence, showing that Carb
binding shifts the nAChR pore into a desensitized conforma-
tion with high affinity for ethidium. Consistent with the FTIR
data, the fluorescence traces show that a proportion of 3:2
PC/PA-nAChR is stabilized in a resting conformation that
undergoes Carb-induced allosteric transitions. Also consis-
tent with the FTIR data, a smaller proportion of PA-nAChR
is stabilized in an agonist-responsive conformation (Fig. 2 B,
if). Finally, PC-nAChR adopts an uncoupled conformation
that binds ethidium with a low affinity, even in the presence
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of Carb (Fig. 2 B, iv). Collectively, these data show that
when included in a reconstituted PC membrane, PA is effec-
tive at stabilizing the nAChR in a resting conformation.

lonization state of PA in model lipid membranes

To determine whether the ability of PA to adopt a dianionic
ionization state plays a role in its efficacy at stabilizing a
resting nAChR, we first ascertained whether infrared spec-
troscopy is capable of monitoring PA ionization state in
model lipid membranes (i.e., no nAChR) composed of PC,
3:2 PC/PA, and PA. The phosphate stretching region
(1250950 cm™") in spectra of PC exhibits bands due to
both asymmetric (v,(PO,7)) and symmetric (v4(PO,"))
stretching of the monoanionic phosphate group near 1230
and 1087 cm ', respectively (30-32). Other prominent
vibrations in this region, near 1067 and 971 cmfl, have
been attributed to the »(C-O-PO, ") and »(N " (CH3);) stretch-
ing vibrations of the PC headgroup (31-33). The »(CO-O)
vibrations of the two lipid acyl chains also contribute inten-
sity to this region (typically 1150-1180 cm™"). Significantly,
these control spectra are virtually superimposable over the
entire pH 4-10 range (Fig. 3 A, i). The lack of spectral
changes as a function of pH shows, as expected, that PC
does not undergo a change in phosphate headgroup ioniza-
tion state between pH 4 and 10.

In contrast, control spectra recorded from pure PA mem-
branes exhibit numerous intensity changes over the pH
4-10 range (Fig. 3 A, iii). Increasing pH converts PA from
the mono- to the dianionic ionization state (22,34) and thus
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leads to a decrease in intensity of vibrations arising from the
monoanionic form of PA. The infrared spectra reveal a
decrease in intensity of only two bands centered near 1176
and 1070 cm~'. Given that these two vibrations are close in
frequency to the vibrational frequencies attributed to the
monoanionic phosphate stretching frequencies of PC (see
above), nucleotide phosphomonoesters (30,31), and phospho-
proteins (30,31) (typically ~1230 and ~1080 cm ™', respec-
tively), we tentatively assign vibrations near 1176 cm™' to
the asymmetric (v,(PO, ")) and those near 1070 cm! to the
symmetric (v4(PO,7)) stretching vibrations of monoanionic
PA. Acyl chain »(CO-O) and headgroup »(C-O-PO, ™) vibra-
tions also contribute substantial intensity to the 1176 and
1070 cm ™" vibrations, respectively. Note that an alternative
interpretation is that both the symmetric (v4(PO, ")) stretching
vibrations of monoanionic PA and the asymmetric stretching
(v,(PO5>7)) vibration of dianionic PA (see below) contribute
to the band at 1090 cmfl, and that the 1070 cm ™" is thus due
entirely to the »(C-O-PO, ™) vibration of the PA headgroup.
Increasing pH leads to formation of the dianionic form of
PA and thus the appearance of new intensity arising from
the dianionic stretching of the PA phosphate group.
Increasing pH leads to an increase in intensity of two vibra-
tions near 1090 cm ™' and 1023 cm™'. Given that these are
the only vibrations that increase in intensity with pH, and
that their frequencies are similar to the dianionic vibrations
of nucleotide phosphomonoesters (30,31) and phosphopro-
teins (30,31) (1110 and 980 cm™"), we tentatively attribute
vibrational intensity near 1090 and 1023 cm ™' to the asym-
metric (v,(PO5>7)) and symmetric (r,(PO5*7)) stretching

FIGURE 3 The phosphate vibrational region of infrared
spectra recorded as a function of pH to monitor the PA ioni-

zation state. (A) Stacked plots of spectra recorded from pH
4 to pH 10 from (i) PC bilayers, (i) 3:2 PC/PA bilayers, and
(iii) PA bilayers. (B) Stacked plots of spectra recorded from
pH 4 to pH 10 from (/) PC-nAChR and (if) 3:2 PC/PA-
nAChR. Spectra in each titration were scaled at the lipid
ester carbonyl peak (~1735 cm ™', not shown). Each titra-
tion is representative of three different experiments. (C)
Plot of intensity for the dianionic PA symmetric stretching
peak as a function of pH. Boltzmann sigmoidal curves were
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vibrations, respectively, of dianionic PA. Note that the spectra
of PA also exhibit an unassigned band near 990 cm ™', which
is close in frequency to the symmetric (I/S(PO327)) dianionic
stretching vibrations observed in nucleotide phosphomo-
noesters and phosphoproteins (30,31). However, this vibra-
tion is observed at pH 4, where PA adopts a monoanionic
ionization state. It also does not change in intensity with
increasing pH and thus cannot be due to the symmetric
(r(PO5%7)) stretching vibration of dianionic PA. Further,
aplot of the increase in intensity near 1023 cm ™" as a function
of pH leads to a calculated pKa of 8.7 = 0.1 for the
monoanionic-to-dianionic ionization state transition (n = 2)
(Fig. 3 C, open squares), which is identical to values reported
in the literature (22,23). The close correlation between the
pKa value measured here and those reported in the literature
lends support to our infrared band assignments. Of more
importance, this correlation shows that regardless of the
band assignment, the intensity at 1023 cm ™" can be used to
monitor the ionization state of PA. An unequivocal assign-
ment of the origin of this vibrational band is beyond the scope
of this investigation.

Note also that a precise frequency correlation between the
mono- and dianionic phosphate stretching vibrations as-
signed here for PA and those observed for other biological
molecules (i.e., PC, nucleotide phosphomonoesters, and
phosphoproteins) is not expected, given the sensitivity of
molecular vibrations to local chemistry and environment.
Regardless of the band assignments, our control spectra
show that pH-dependent changes in intensity at 1176, 1070,
1090, and 1023 cm ! are observed with membranes contain-
ing PA. Given the lack of similar intensity changes with
pH in control spectra acquired from PC membranes, these
pH-dependent changes in intensity can be attributed
unequivocally to changes in the PA ionization state, as
validated by the pKa measurement.

Finally, the spectra of PC/PA at a 3:2 mol/mol ratio exhibit
all the individual features that are observed in spectra of both
PC and PA, including the bands tentatively attributed to
mono- and dianionic phosphate vibrations, as well as the
vibrations due to the choline headgroup of PC, etc. As
with the pure PA bilayers, increasing pH leads to increasing
intensities of vibrations near 1088 and 1020 cm ™' that have
been tentatively attributed to dianionic PA. These intensity
changes are accompanied by decreasing intensities of vibra-
tions near 1178 and 1068 cm ™' that have been attributed
tentatively to monoanionic PA. The change in intensity near
1020 cm ™' suggests a pKa for the monoanionic-to-dianionic
transition of 6.5 + 0.15 (n = 3) (Fig. 3 C, open diamonds).
The drop in pKa in the mixed 3:2 PC/PA versus pure PA
membranes likely reflects a combination of effects, including
1), a reduction in electrostatic charge repulsion between
adjacent PA molecules when the PA is diluted with PC,
and 2), changes in both the physical and chemical environ-
ment surrounding the PA headgroup in the PC/PA versus
PA bilayers. The latter may lead to novel interactions with

993

divalent cations (20,34). Note that this pKa value is consis-
tent with the membrane phase transition data measured for
3:2 PC/PA membranes at different pH values (see below). Of
greatest importance, the above analysis shows that infrared
spectroscopy can monitor the ionization state of PA in mixed
3:2 PC/PA bilayers.

lonization state of PA in reconstituted nAChR
membranes

Control spectra were next recorded to test whether infrared
spectroscopy can be used to monitor the ionization state of
PA in reconstituted nAChR membranes. These controls show
that although the nAChR exhibits protein vibrations that over-
lap with the phosphate vibrations of PC and PA, they are broad
and do not distort the main lipid phosphate stretching vibrations
(Fig. S1 in the Supporting Material). Also, infrared spectra
recorded from PC-nAChR over the pH range of 4-10
(Fig. 3 B, i) do not reveal changes in the phosphate stretching
region that can be attributed to changes in the ionization states
of protein side chains. Finally, we recorded spectra of PC-
nAChR (and PC/PA-nAChR) over the limited pH 7-10 range.
Within experimental error, the spectra are superimposible with
the data presented in Fig. 3 (data not shown).

We were surprised to find that infrared spectra recorded
from 3:2 PC/PA-nAChR with increasing pH (Fig. 3 B, ii)
exhibit no detectable changes in any of the vibrations in
the phosphate stretching frequency region with increasing
pH. Specifically, there is no increase in intensity at frequen-
cies attributed to dianionic PA (1088 and 1020 cmfl). There
is no decrease in intensity at frequencies attributed to mono-
anionic PA (1178 and 1068 cm™'). Even at pH 10, the
spectra exhibit phosphate vibrational band shapes consistent
with the absence of the dianionic form of PA. Specifically,
the ratio of the asymmetric dianionic stretching vibration at
1087 cm ™' to the symmetric monoanionic stretching fre-
quency near 1067 cm ™" in spectra of 3:2 PC/PA-nAChR is
similar to the ratio of the same peaks at pH 4 in the spectra
of pure 3:2 PC/PA. Also, there is no observed intensity due
to the symmetric stretch of dianionic PA near 1020 cm ™' in
spectra of 3:2 PC/PA-nAChR (note that the weak vibration
observed at 1015 cm ™" is due to PC (Fig. 3 A)). The spectra
of 3:2 PC/PA-nAChR show that PA is stabilized in the
monoanionic ionization state over the pH range 4-10. This
finding is in direct contrast with the suggestion that the
nAChR stabilizes the dianionic form of PA (21). We also
examined the ionization state of PA in reconstituted PA
membranes lacking PC. Although we could not detect any
pH-induced changes in the ionization state of PA in these
membranes, our data were somewhat inconclusive, because
the phosphate stretching vibrational band shapes were dis-
torted relative to those observed in the pure PA bilayers
(data not shown). In conclusion, the ability of PA to adopt
a dianionic ionization state does not play a role in the effi-
cacy of PA at stabilizing a functional nAChR.
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Stabilization of monoanionic PA increases lateral
packing density

Although dianionic PA does not play a role in stabilizing
a functional nAChR, an nAChR-induced stabilization of
mono- over dianionic PA might explain the changes in
bilayer physical properties that occur upon incorporation of
the nAChR into 3:2 PC/PA membranes. Incorporation of
the nAChR into 3:2 PC/PA leads to an increase in the gel-
to-liquid-crystal phase transition of the bilayer from ~13 to
~25°C, and a reduction in the degree of water penetration
into the bilayer, as monitored by the proportion of lipid ester
carbonyls exhibiting strong hydrogen bonds to water
(Fig. S2). The changes in both parameters are consistent
with a nAChR-induced increase in the lateral packing
density of the bilayer. PA in a 3:2 PC/PA membrane lacking
the nAChR exists in both mono- and dianionic forms (pKa
6.5, see above). The intermolecular electrostatic repulsion
between dianionic PA molecules is greater than that between
monoanionic PA molecules (22). A nAChR-induced stabili-
zation of monoanionic PA should thus lead to a reduction in
intermolecular lateral charge repulsion and hence might
account for the higher lateral packing density observed
upon incorporation of the nAChR.

To test whether an nAChR-induced stabilization of mono-
anionic PA can account for the changes in bilayer physical
properties of a 3:2 PC/PA membrane upon incorporation
of the nAChR, we compared the physical properties of
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pure 3:2 PC/PA bilayers (no nAChR) at pH 4, 7, and 10.
According to our pKa measurements, these pH values should
stabilize monoanionic PA, a mixture of mono- and dianionic
PA, and dianionic PA, respectively (Fig. 4 A). At pH 10,
where the PA headgroup is primarily dianionic, the gel-to-
liquid-crystal phase transition of the PC/PA 3:2 bilayers is
~2°C (Table 1). The bilayers at 22.5°C also exhibit a rela-
tively large proportion of strong hydrogen-bonded lipid ester
carbonyls, suggesting a relatively high degree of water pene-
tration into the bilayer. The low gel-to-liquid-crystal phase
transition and high degree of water penetration both suggest
that there is relatively low lateral packing density as a conse-
quence of the high charge repulsion between adjacent mole-
cules of dianionic PA. At pH 7, where there is a mixture of
mono- and dianionic PA, the gel-to-liquid-crystal phase tran-
sition temperature is ~13°C, which is intermediate between
those of PC alone (~4°C) and PA alone (~28°C) (22) at
pH 7. In contrast, at pH 4, where PA is predominantly mono-
anionic, the gel-to-liquid-crystal phase transition of the
bilayer increases to ~19°C and there is a much lower degree
of water penetration into the bilayer, both effects correspond-
ing to a higher lateral packing density. The ionization state of
PA thus has a dramatic effect on the physical properties of a
3:2 PC/PA bilayer. These phase transition temperatures vali-
date our pKa measurements for the PC/PA bilayer. Note,
however, that the gel-to-liquid-crystal phase transition tem-
perature of 3:2 PC/PA at pH 4, where PA is monoanionic,
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TABLE1 Effects of the nAChR, pH, salt, and DAG on the gel-to-liquid-crystal phase transition temperatures of PC and PC/PA bilayers
Membrane lipid composition T, of pure lipid (°C) T, of lipid + nAChR (°C) Change in T, with nAChR (°C)
PC -39 + 1.8 (4) —18 + 05(3) 2.1
PC/PA 3:2 13.1 = 02 (4) 247 = 0.2 (3) 11.6

T, at pH 4 (°C) T, atpH 7 (°C) T at pH 10 (°C) Change in T, from pH 7 to 4 (°C)
PC —46 + 04 (2) —39 + 1.8 (4) —44 + 1.6 4) —0.7
PC/PA 3:2 19.0 = 0.0 (3) 13.1 £ 0.2 4) 23 +£0.0(?2) 5.9

Tm 1x TR salt (°C) T, 5x TR salt (°C)

T 10x TR salt (°C) Change in T, from 1x to 10x salt (C°)

PC* -39 £ 1.8(2) —
PC/PA 3:2' 19.0 = 0.0 (3) 23.6 = 0.3 (3)

0.7 £ 0.7 (2) 4.6
248 = 04 (2) 4.8

T, of pure lipid (°C) T, of lipid + nAChR (°C) Change in T,, with nAChR (°C)

PC/PA 3:1 29 +0203) 17.7 = 0.4 (3)
PC/DAG 3:1 18.5 = 0.5 (3) 18.8 = 1.1 (3)
PC/PA/DAG 3:1.5:0.5 17.1 = 0.4 (3) —
PC/PA/DAG 3:1:1 20.7 = 0.2 (3) 252 + 04 (3)
PC/DAG 3:2 24.1 = 0.4 (3) —

14.8
0.3

45

Values represent 7,,, = SD. Numbers in parentheses represent the number of measurements for each membrane type. TR, Torpedo Ringer buffer.

*PC bilayers at pH 7.0.
"PC/PA 3:2 bilayers at pH 4.0.

is not as high as that observed for reconstituted 3:2 PC/PA-
nAChR. Although the stabilization of monoanionic PA upon
incorporation of the nAChR into PC/PA 3:2 membranes may
account for some of the observed changes in bilayer physical
properties, other phenomena must be involved.

Previous studies have shown that ion channels, including
the nAChR and the potassium channel, concentrate cations
at the membrane surface (5,35,36). An increased proton
concentration could account for the stabilization of monoa-
nionic PA in the presence of the nAChR. We next tested
whether an nAChR-induced concentration of the other
cations found in Torpedo Ringer buffer (Na™, K™, Ca®>", and
Mg*") at the bilayer surface might influence bilayer physical
properties once PA is already stabilized in the monoanionic
state.

The gel-to-liquid-crystal phase transition temperatures and
the degree of water penetration into bilayers composed of
both pure PC and mixed 3:2 PC/PA membranes were re-
corded at pH 4.0, where PA is monoanionic, with increasing
concentrations of the other cations found in the Torpedo
Ringer buffer. For both membranes, increasing the concen-
trations of all cations up to 10 times the initial concentration
in Torpedo Ringer buffer led to an increase in the gel-to-
liquid-crystal phase transition temperature of ~5°C (Fig. 4).
The increased cation concentrations also led to a decrease
in water penetration into the bilayer. The effects of divalent
cations on the phase transitions were slightly more substan-
tial than those of monovalent cations (Table S1). Note
that the 3:2 PC/PA membranes at pH 4 with 5 and 10 times
the cation concentrations of Torpedo Ringer buffer exhibit
gel-to-liquid-crystal phase transitions of 24°C and 25°C,
respectively, similar to the phase transition temperature of
the reconstituted 3:2 PC/PA-nAChR (25°C). In addition,
treatment of the 3:2 PC/PA-nAChR membranes with

EDTA led to a slight reduction in the gel-to-liquid-crystal
phase transition temperature of the bilayer (Table S1). An
nAChR-induced increase in local cation concentration at
the bilayer surface concomitant with the stabilization of
monoanionic PA can thus account for the changes in the
physical properties of the 3:2 PC/PA membrane that are
observed upon incorporation of the nAChR.

The effects of DAG on bilayer physical properties

Our TLC analysis (Fig. 1 B) showed that a small amount of
PA is hydrolyzed to DAG during the affinity purification/
reconstitution. The appearance of DAG has not been de-
tected previously, possibly due to the fact that previous lipid
analyses were not performed using high-performance TLC
plates stained with Coomassie Blue. Coomassie Blue has a
particular staining efficacy for DAG. Given the small head-
group, it is possible that the presence of DAG might also
influence the physical properties of the reconstituted ““PC/
PA” membranes. DAG may thus contribute to the observed
changes in bilayer physical properties upon incorporation of
the nAChR.

We compared the physical properties of PC/PA mem-
branes containing increasing levels of DAG at the expense
of PA. The results presented in the Supporting Material
(Fig S3) show that although DAG has a substantial effect
on the physical properties of a PC membrane, complete
hydrolysis of all the PA in the PC/PA membranes to DAG
would be required to achieve a gel-to-liquid-crystal phase
transition temperature close to that of 3:2 PC/PA-nAChR.
These results suggest that although the formation of
DAG contributes to the changes in bilayer physical proper-
ties observed upon incorporation of the nAChR, the stabili-
zation of monoanionic PA likely plays a prominent role.
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DISCUSSION

PA exhibits an unusual efficacy at stabilizing the nAChR in
an agonist-responsive resting state (4,5,8,9,18). The 3:2 PC/
PA membrane, which contains small amounts of DAG, is
more effective than PC membranes containing PG, PS, PI,
or cardiolipin at stabilizing resting versus both desensitized
and uncoupled conformations. In fact, the 3:2 PC/PA mem-
brane is as effective as most PC/Chol/anionic lipid mixtures
at stabilizing the nAChR in resting conformation that
undergoes Carb-induced allosteric transitions. One possible
chemical property that could account for the unusual efficacy
of PA at stabilizing a resting nAChR is the ability of PA to
adopt both mono- and dianionic ionization states. It has
been suggested that the nAChR stabilizes dianionic PA,
and that interactions between dianionic PA and the nAChR
are essential for nAChR function (21). The optimal ability
of PA to influence nAChR function could reflect the forma-
tion of important interactions between dianionic PA and
polar side chains on the surface of the nAChR.

We show here that infrared spectroscopy can monitor the
ionization state of PA in both pure PA and mixed 3:2 PC/PA
bilayers. We measured the pKa of PA in pure PA and 3:2 PC/
PA bilayers as 8.7 and 6.5, respectively, the former being
identical to values reported in the literature (22,23). In recon-
stituted 3:2 PC/PA-nAChR membranes, however, we were
unable to detect the transition from mono- to dianionic ioni-
zation states with increasing pH. In fact, the phosphate
stretching vibrations of the 3:2 PC/PA-nAChR membranes
were all indicative of the monoanionic state, even at pH
values up to 10. Our data suggest that the nAChR stabilizes
the monoanionic, as opposed to the dianionic, form of PA.
The unique ability of PA to stabilize a predominantly resting
conformation of the nAChR thus cannot be attributed to its
unique ability to adopt a dianionic ionization state.

The finding that the nAChR stabilizes the monoanionic
form of PA is important in that it shows that PA exhibits
the same net ionic charge as other anionic lipids in reconsti-
tuted nAChR membrane. As other anionic lipids vary sub-
stantially in their ability to stabilize an agonist-responsive
nAChR, the ionic charge of PA alone cannot account for
its unusual efficacy at stabilizing the nAChR in an agonist-
responsive conformation. PA must impart other physical or
chemical properties onto a reconstituted PC/PA membrane
that are essential for stabilizing a functional state.

One possibility is that PA is more effective than other
anionic lipids because of the small size of its headgroup
(20,34). A small headgroup will influence the packing of
lipids in the bilayer, which in turn will influence the bulk
physical properties of the membrane (19). In support of
this hypothesis, the anionic lipid PG is also capable of stabi-
lizing a resting nAChR (18). PG, like PA, has a smaller head-
group cross-sectional surface area than other anionic lipids
and thus an increased ability to influence the packing of
lipids in a PC bilayer (37). The ability of an anionic lipid
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to influence the bulk physical properties of the membrane
may account for the unusual efficacy of PA, and to a lesser
extent PG, at stabilizing a functional resting nAChR. Note
that the reconstituted PC/PA membranes also contain small
amounts of DAG, which could contribute to the efficacy of
this bilayer at stabilizing an agonist-responsive receptor.
DAG has an even smaller headgroup than PA. The presence
of small amounts of DAG in our reconstituted membranes
may have a similar impact on bilayer physical properties,
contributing to the stabilization of a resting nAChR.

Although the ability of PA to adopt both mono- and
dianionic ionization states does not play a role in how PA
influences nAChR function, it does play a role in another
aspect of nAChR-lipid interactions—the ability of the nAChR
to influence the physical properties of its surrounding mem-
brane environment. Incorporation of the nAChR into
3:2 PC/PA membranes leads to a lateral tightening of the
bilayer, as shown by an increase in the gel-to-liquid-crystal
phase transition temperature and a decrease in the penetration
of water into the lipid bilayer. At neutral pH, the PA in a pure
3:2 PC/PA lipid bilayer (i.e., no nAChR) exists in both mono-
and dianionic states (pKa = 6.5). Increasing the pH to favor
the dianionic form of PA increases the electrostatic repulsion
between adjacent PA headgroups, leading to a decrease in the
lateral packing density of the bilayer. Conversely, favoring
the monoanionic form of PA by decreasing the pH to 4.0
reduces the electrostatic charge repulsion between PA mole-
cules, leading to an increase in lateral packing density. As
the incorporation of the nAChR into 3:2 PC/PA bilayers stabi-
lizes monoanionic PA, this should lead to a reduction in the
electrostatic charge repulsion between adjacent PA molecules
in the reconstituted membrane and thus to a higher lateral
packing density. Our quantitative data suggest that an
nAChR-induced stabilization of monoanionic PA can
account for most of the change in bilayer physical properties
observed upon incorporation of the nAChR.

The mechanisms by which the nAChR influence the ioni-
zation state of PA are currently unclear. The nAChR could
interact directly with adjacent PA molecules to stabilize the
monoanionic form. The nAChR has a high affinity for
anionic lipids (38,39). Alternatively, the nAChR exhibits a
predominantly negative electrostatic surface potential and
could thus increase the concentrations of protons at the
bilayer surface (Fig. S4). Previous studies have shown that
the nAChR does concentrate divalent cations at the bilayer
surface (5). Other cation-selective ion channels concentrate
protons at the bilayer surface in a manner that enhances
ion selectivity (35,36). The nAChR has an overall net nega-
tive charge at pH 7 (pI 4.8) and thus would be expected to
attract cations in the vicinity of the lipid bilayer.

The remainder of the changes in bilayer physical proper-
ties observed upon incorporation of the nAChR into 3:2
PC/PA membranes likely result from an nAChR-induced
concentration of other cations at the bilayer surface, as
well as from the formation of DAG as a consequence of PA
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hydrolysis (42). In model bilayers, increasing the concentra-
tion of cations and/or inclusion of DAG both lead to changes
in the physical properties of the bilayer that are similar to
those observed upon incorporation of the nAChR. Treating
3:2 PC/PA-nAChR membranes with EDTA reverses slightly
the effects observed when nAChR is incorporated into the
lipid membranes, suggesting a role for divalent cations. Note
that incorporation of the nAChR into PC membranes con-
taining other anionic lipids also leads to a lateral tightening
of the lipid bilayer, although the effects are not as dramatic
as with 3:2 PC/PA membranes (18). An nAChR-induced in-
crease in the local concentration of cations at the membrane
surface would account for the moderate changes in bilayer
physical properties observed with other PC/anionic lipid
mixtures.

Finally, the fact that our reconstituted membranes contain
small amounts of the neutral lipid DAG, which likely forms
from hydrolysis of PA, is an intriguing finding. We were able
to detect this lipid because of a careful TLC analysis, which
was initiated because our TLC results consistently showed
that the levels of PA were slightly lower than expected in
our reconstituted membranes. The TLC plates were washed
extensively with solvent immediately before use to eliminate
impurities that run at the solvent front and initially obscured
the presence of DAG. The detection of DAG in our samples
was also a consequence of the use of Coomassie Blue as a
lipid staining agent. Coomassie Blue stains DAG with partic-
ular intensity. We are currently searching for the catalyst that
hydrolyzes PA.

The finding of DAG in our reconstituted membranes and
the demonstration that the nAChR influences its membrane
microenvironment, possibly by concentrating cations at the
bilayer surface, are both of general importance given that
molecular dynamics simulations and model membrane
studies are increasingly used to understand how specific lipid
combinations influence membrane mechanical properties
and thus, ultimately, membrane protein function. Our data
show that the physical environment created by a specific
lipid mixture in a model membrane will not always mimic
the physical environment of the same lipids in a reconstituted
membrane. Direct measurements of the physical properties
of reconstituted nAChR membranes are thus required to
draw correlations between membrane mechanical properties
and membrane protein function. The effects of DAG and an
altered local salt concentration will also have to be taken into
account when considering the potential involvement of the
nAChHR in lipid raft formation (6,7).

In conclusion, our study shows that the ability of PA to
adopt a dianionic state does not play a role in its efficacy at
stabilizing an agonist-responsive resting nAChR. PA is likely
more efficacious than other anionic lipids because it more
effectively influences bilayer packing and thus bulk mem-
brane physical properties in a manner that enhances nAChR
function. We also show that the nAChR is capable of altering
its local membrane environment, likely by concentrating
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cations at the bilayer surface. It is interesting to note, however,
that increasing the cation concentration should generally
favor increased deprotonation of PA to the dianionic state,
whereas in a reconstituted membrane environment, the
nAChHR actually stabilizes PA in the monoanionic ionization
state. Given that the nAChR is thought to exist within rafts in
the plasma membrane, and that its association with lipids
plays an important role in both trafficking and membrane
localization (40,41), factors that influence how the nAChR
interacts with surrounding lipids may have an impact on the
localization of the nAChR at a synapse. The possibility that
the nAChR concentrates cations at the bilayer surface in a
manner that influences how it interacts with its surrounding
membrane environment to influence membrane localization
obviously requires further investigation.

SUPPORTING MATERIAL

Materials and methods, a table, four figures, and discussion are available at
http://www.biophysj.org/biophysj/supplemental/S0006-3495(09)01760-3.
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