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Electron Spin Resonance Studies of Acyl Chain Motion in Reconstituted
Nicotinic Acetylcholine Receptor Membranes
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ABSTRACT The electron spin resonance spectra of spin-label positional isomers of stearic acid (n-SASL) incorporated into
nicotinic acetylcholine receptors (nAcChoR) reconstituted into dioleoylphosphatidylcholine (DOPC) were deconvoluted into
bilayer- and protein-associated components by subtraction under conditions of slow exchange. The selectivity of n-SASL (n
= 6, 9, 12, and 14) for the lipid-protein interface of the nAcChoR was threefold greater than that of DOPC and independent
of the spin label position. The temperature at which exchange became apparent as judged from lineshape broadening of the
mobile lipid component spectrum was dependent upon the position of the spin-label moiety; near the bilayer center,
exchange broadening occurred at lower temperatures than it did closer to the lipid headgroup. This suggests that the lipid
headgroup region of boundary lipids is relatively fixed, whereas its acyl chain whips on and off the protein with increasing
frequency near the bilayer center. Motions on the microsecond time scale were examined by microwave power saturation.
Each n-SASL saturated more readily when incorporated into vesicles containing the nAcChoR than when in pure DOPC
liposomes. Therefore, lipid mobility is perturbed by the nAcChoR on the microsecond time scale with an apparent magnitude

that is relatively modest, probably due to exchange on this time scale.

INTRODUCTION

The nicotinic acetylcholine receptor (nAcChoR) is a well
characterized cation-selective integral membrane protein. It
is a member of the superfamily that includes the GABA,
glycine, and NMDA receptors (Galzi et al., 1991). It is the
only member of this receptor superfamily that can be iso-
lated in sufficient quantities and reconstituted into defined
lipid bilayers for biophysical study. Such studies have
shown that lipid-protein interactions are important determi-
nates of receptor function (Fong and McNamee, 1987). For
example, modifying the membrane lipid composition alters
the ion flux activity of the nAcChoR (Fong and McNamee,
1986; Sunshine and McNamee, 1994).

Electron spin resonance (ESR) spectroscopy is a useful
method for studying lipid dynamics and can be used to
probe lipid-protein interactions (Esmann et al.,, 1985;
Marsh, 1985; Pates et al., 1985; Pates and Marsh, 1987).
The spectral lineshapes obtained with conventional ESR
spectroscopy are sensitive to motions having correlation
times in the range of 10~° to 10™7 s. ESR spectra of lipids
spin-labeled near the bilayer core and incorporated into
membranes containing the acetylcholine receptor reveal the
presence of two lipid environments defined by different
motional properties. In one environment, the rotational mo-

Received for publication 6 December 1994 and in final form 3 March 1995.
Address reprint requests to Dr. Douglas E. Raines, Department of Anes-
thesia, Massachusetts General Hospital, 32 Fruit Street, Boston, MA
02114.

Abbreviations used: DOPC, dioleoylphosphatidylcholine; ESR, electron
spin resonance; MOPS, 3-(N-Morpholino)propanesulfonic acid; nAcChoR,
nicotinic acetylcholine receptor; PC, phosphatidylcholine; PA; phospha-
tidic acid; SA, stearic acid; n-SASL, n-(4,4-dimethyl-N-oxyoxazolidine)-
stearic acid, where n denotes the position on the acyl chain.

© 1995 by the Biophysical Society

0006-3495/95/08/498/08  $2.00

bility of lipids is relatively high, similar to that in protein-
free lipid bilayers (bulk lipids). In the other environment,
the mobility of lipids is restricted by the receptor. This
motionally restricted environment represents lipids that are
in direct contact with the nAcChoR (boundary lipids). Us-
ing spectral subtraction, it is possible to determine the
fraction of lipids in this region and to estimate their rota-
tional mobility. Such studies of the nAcChoR reconstituted
into lipid bilayers at various lipid:receptor ratios indicate
that ~50 lipids surround each receptor (Ellena et al., 1983;
Abadji et al., 1993). They also conclude that the relative
affinity of a lipid for the interface of the nAcChoR varies
with headgroup structure. In general, negatively charged
lipids such as stearic acid generally exhibit higher affinities
than neutral ones.

By measuring the saturation properties of spin-labeled
probes, the motional sensitivity of conventional ESR spec-
troscopy can be extended into the microsecond time domain
(Squier and Thomas, 1986; Squier and Thomas, 1989).
Therefore, the slow motions of boundary lipid acyl chains
can be resolved from bulk lipids even when spectral line-
shape overlap precludes spectral subtraction. Such tech-
niques may be useful for studying boundary lipid motions
near the lipid headgroup or in the gel phase where spectral
subtraction is made difficult by the high degree of anisot-
ropy of the mobile component.

In this study, we have characterized the interactions be-
tween the nAcChoR and membrane lipids using a series of
fatty acid spin-label positional isomers that sense acyl chain
motions at different membrane depths. A population of
motionally restricted lipids directly interacting with the
nAcChoR was detected at various membrane depths. The
spectral lineshapes and saturation characteristics of motion-
ally restricted lipids are distinct from those of more mobile
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lipids that are not directly interacting with the nAcChoR.
The temperature at which lipid exchange between mobile
and restricted environments becomes significant on the con-
ventional ESR time scale was found to vary with spin-label
position; spin-labels near the bilayer center exhibited ex-
change at lower temperatures than those closer to the polar
headgroup. These results suggest that the headgroups of
motionally restricted lipids are relatively fixed on the con-
ventional ESR time scale, whereas their acyl chains move
on and off the protein with increasing frequency near the
bilayer center.

MATERIALS AND METHODS

Affi-Gel 102 was purchased from Bio-Rad (Richmond, CA). Diisopropy-
Ifluorophosphate was from Sigma Chemical Co. (St. Louis, MO). Buffer A
contained 10 mM MOPS, 100 mM NaCl, 0.1 mM EDTA, and 0.02%
sodium azide, its pH adjusted to 7.4 with concentrated sodium hydroxide.
Doubly distilled, deionized water was used to make all buffers. DOPC was
purchased from Avanti Polar Lipids (Birmingham, AL). Stearic acid iso-
mers spin-labeled at carbons 5, 6, 9, and 12 were purchased from Molec-
ular Probes (Eugene, OR). Stearic acid spin-labeled at the 14th acy] carbon
was a gift from Dr. Anthony Watts (Oxford University, Oxford, U.K.).

Reconstitution of nAcChoR into DOPC

Receptor-rich membranes were obtained from the electric organ of Tor-
pedo nobiliana (Biofish Associates, Georgetown, MA) and frozen in liquid
nitrogen and stored at —80°C until used (Braswell et al., 1984). The
nAcChoR was reconstituted into DOPC using a modification of the pro-
cedure of Ellena et al. (1983) in which Affi-Gel 201 was derivatized with
DL-N-acetylhomocysteine thiolactone and used in place of Affi-Gel 401,
which is no longer commercially available. The protein content of recon-
stituted nAcChoR membranes was determined as described by Markwell et
al. (1978) using BSA as the standard. The lipid content was determined by
assaying for phosphorous (McClare, 1971). The lipid/protein ratio was
calculated assuming a receptor molecular weight of 250,000.

Incorporation of spin-labeled lipids into
membranes containing the nAcChoR and into
DOPC liposomes

Aliquots of ethanolic solutions of spin-labeled lipids were dried to a film
under a stream of nitrogen. Reconstituted nAcChoR membranes in buffer
A (0.25-0.5 ml; 1-3 mg of protein/sample) were added and equilibrated
with the spin-labeled lipid for 15-30 min. The final ratio of DOPC to
spin-labeled lipid was always >100:1 to minimize spin-spin interactions.
Receptor membranes were washed free of unincorporated label by two
cycles of centrifugation (13,600 X g for 10 min).

DOPC liposomes were labeled by adding spin-labeled lipid directly to
DOPC in chioroform, drying to a film under a stream of nitrogen, and then
placing under vacuum for at least 2 h. Liposomes were formed by hydrat-
ing the lipid film with buffer and bath-sonicating at a power of 80 W (Heat
Systems Ultrasonics, Plainview, NY). The final ratio of DOPC to spin-
labeled lipid was always >100:1 to minimize spin-spin interactions.

Spectral subtraction

Samples were transferred into capillary tubes and spectra were obtained on
a Bruker ER200 spectrometer interfaced with an 1IBM 9000 computer.
Temperature was controlled to within *+0.5°C using a thermostated insert
within the ESR cavity. Microwave frequency was 9.4 GHz, microwave
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power incident upon the TE,,, cavity was 10 mW, modulation amplitude
was 2 G, modulation frequency was 100 kHz, and sweep width was 120 G.
To facilitate spectral deconvolution, spectral acquisition was done at a
temperature low enough to minimize exchange of spin-labeled probe
between boundary and bulk regions but high enough to allow for visual
resolution of bulk and boundary lipid spectral components. Spectral base-
line correction and subtraction were performed on an Apple Macintosh
computer using a program developed in IGOR (Wave Metrics, Lake
Oswego, OR). The mobile component was modeled with a spectrum of the
appropriate spin-labeled stearic acid in DOPC liposomes. Except where
noted, the DOPC and reconstituted nAcChoR subtraction pairs were ob-
tained at the same temperature. We estimate the error in the determination
of the fraction of motionally restricted component to be ~=*0.03.

Determination of half-height linewidths, spectral
outer hyperfine splittings (2A4,,,.,), and effective
rotational correlation times (7,)

Lowfield and highfield peak half-height linewidths for motionally re-
stricted components were determined by iterative fitting of these peaks to
a Gaussian function as described previously (Raines et al., 1993). The outer
hyperfine splittings were calculated from the maxima and minima of the
low field and high field Gaussian fits.

Effective rotational correlation times, 7,, for spin-labels were estimated
from their spectral outer hyperfine splitting assuming a Brownian rota-
tional diffusion model for isotropic motions:

A b
7= a(l - A,"“‘) (M

where A, is half of the measured outer hyperfine splitting of the mo-
tionally restricted component (Freed, 1976). A},,,, half of the hyperfine
splitting for the completely immobilized spin-label, was taken as 33.6 G
(Gaffney, 1976). The values for a and b are 54 X 107" and —1.36,
respectively, as derived previously by Freed (1976) from spectral simula-
tions for slow isotropic rotational motion assuming a linewidth parameter
of 3 G (Freed, 1976).

Effective rotational correlation times for all motionally restricted com-
ponents were also estimated from their lowfield and highfield peak half-
height linewidths. Again, assuming Brownian diffusion:

A\
T, = a'(E - 1) )

where 4, is the half-height linewidth of the low field (i = I) or high field
(i = h) lines of the motionally restricted component. The values for Al,
half-height linewidth of the completely immobilized spin-label, have been
derived by Freed (1976) using spectral simulations. For a linewidth pa-
rameter of 3 G, Al is 4.77 G and A] is 5.43 G (Freed, 1976). For the
lowfield peak, @’ = 1.15 X 10° ® s and b’ = —0.943 and for the highfield
peak, a' = 212 X 107* s and b’ = —0.778 (Freed, 1976).

Continuous wave saturation studies

Saturation studies were performed on a Varian E-109 Century Series ESR
spectrometer equipped with a Medical Advances (Milwaukee, WI) XP-
0201 loop gap resonator and a Miteq X-band field effect transistor for
signal amplification. The magnetic field sweep of 120 G was controlled by
a scan card (University of Denver, Department of Engineering, Denver,
CO). The ESR signal (1000 points per 120 G) was digitized by a Real Time
Devices (State College, PA) A/D card and routed to a Dell 316SX com-
puter for averaging by the ESR Ware software (Scientific Software Ser-
vices, Bloomington, IL). Temperature was controlled by flowing chilled
nitrogen gas into a Q-band size dewar (Wilmad Glass Co., Buena, NJ)
around the resonator. Temperature was measured with an Omega Engi-
neering (Stamford, CT) Model 412B digital temperature indicator fitted
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with a 36-gauge copper-constantan thermocouple that was inserted into the
resonator. Samples were deoxygenated by flowing nitrogen past the gas-
permeable (TPX) sample cell for at least 30 min before study. All mea-
surements were performed at 0 = 0.5°C.

The microwave field amplitude was calibrated by measuring the broad-
ening of the resonance line of 0.9 mM potassium nitrosodisulfonate solu-
tion (Poole, 1983). Conventional in-phase absorption (V) spectra of mem-
brane samples were recorded over a range of microwave field amplitudes
from 0.015 to at least 0.6 G using a modulation amplitude of 1.0 G.
Baseline correction and double integration was performed with the ESR
Ware software.

Continuous wave saturation curves were analyzed by nonlinear least-
squares fitting to the following equation (Horvath et al., 1993):

Scw = Sewll (1 + &5 (PIPY )] 3

where Sy is the double integral of the first derivative ESR spectrum, S2,
is the double integral of the first derivative ESR spectrum that would be
obtained in the absence of saturation (determined from the low power
region of each saturation curve), a3, = 3, P is the microwave power, and
P}, is the microwave power at half-saturation.

RESULTS

Conventional ESR spectroscopy and
spectral subtraction

ESR spectra of stearic acid spin-labels incorporated into
reconstituted nAcChoR membranes reveal the presence of
two motionally distinct environments (Fig. 1): a mobile
environment composed of lipid not directly interacting with
the nAcChoR and a motionally restricted environment aris-
ing from lipid adjacent to the nAcChoR. In contrast, only a
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FIGURE 1 ESR spectra of 14-SASL, 12-SASL, 9-SASL, and 6-SASL
incorporated into nAcChoR reconstituted into DOPC vesicles ( ) and
into protein-free DOPC liposomes (- - - ). Spectra were obtained at 0°C,
15°C, 20°C, and 25°C for 14-SASL, 12-SASL, 9-SASL, and 6-SASL,
respectively. Spectra of nAcChoR reconstituted into DOPC vesicles are
normalized to the same central line height. They are aligned to the central
peak. Spectra of protein-free DOPC are scaled appropriately for spectral
subtraction. The lipid/protein ratio is 245:1.
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single mobile component is observed in ESR spectra of pure
DOPC liposomes containing spin-labeled stearic acid.

Provided that the mobilities of the bulk lipids and the
protein-associated lipids are sufficiently different, it is pos-
sible to resolve these two components by spectral subtrac-
tion. This condition is best fuifilled deep in the membrane
where bulk lipids exhibit high mobility. Nearer the mem-
brane surface, the motion of the bulk lipids in the bilayer is
slower and spectral overlap with motionally restricted lipid
increases. In this case, resolution may be enhanced by
elevating the sample temperature to decrease the ESR lin-
ewidth of spin-labels in the bulk lipid environment. How-
ever, at higher temperatures exchange between the two
environments may cease to be slow on the conventional
ESR time scale. This restriction can be minimized by choos-
ing a spin-labeled lipid that has a relatively high affinity for
the lipid-protein interface. For this reason, we chose to use
spin-labeled isomers of stearic acid (n-SASL). For each of
the spin-labels in Fig. 1 (n = 6, 9, 12, and 14), we selected
a temperature that was sufficiently high to permit adequate
resolution of the motionally restricted component but low
enough to minimize exchange between restricted and mo-
bile environments as judged by broadening of the bulk lipid
component. These temperatures were 25, 20, 15, and 0°C
for lipids labeled at the 6th, 9th, 12th, and 14th acyl carbons,
respectively. For 5-SASL, the two components could not be
resolved at any temperature before the onset of fast ex-
change. Exchange broadening of the mobile component for
16-SASL could be eliminated only by cooling to tempera-
tures below the freezing point of the buffer. Because 16-
SASL requires an exceptionally low temperature to ade-
quately reduce exchange and because its position even in
simple lipid bilayers is not well defined, we elected not to
examine this probe in detail (Ellena et al., 1988; Altenbach
et al., 1994).

The spectral lineshapes of 14-SASL and 12-SASL in
the bulk environment of reconstituted nAcChoR mem-
branes at 0 and 15°C, respectively, are relatively narrow
(Fig. 1). Thus, the highfield and lowfield spectral features of
the motionally restricted component can be readily re-
solved. However, for 9-SASL and 6-SASL, there is consid-
erable overlap of the mobile and motionally restricted spec-
tral components in membrane spectra even at higher
temperatures.

The motionally restricted component for 6-SASL,
9-SASL, 12-SASL, and 14-SASL can be derived by sub-
tracting a spectrum of the appropriate spin-labeled stearic
acid in pure lipid from the composite reconstituted nAc-
ChoR spectrum (Fig. 2). The resulting lineshape has the
lowfield and highfield peaks characteristic of a motionally
restricted spin-label (Ellena et al., 1983; Marsh, 1985; Pates
et al., 1985; Pates and Marsh, 1987; Raines and Miller,
1993). Frequently, some spectral intensity can be observed
as narrow spikes on either side of the central peak. This is
commonly observed in motionally restricted lineshapes ob-
tained by spectral subtraction (Ellena et al., 1983; Pates and
Marsh, 1987; Raines and Miller, 1993). It results from a
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FIGURE 2 The motionally restricted lineshapes obtained by subtraction
of the spectral pairs shown in Fig. 1. In the top spectrum, the dotted lines
illustrate the Gaussian fits of the high field and low field peaks, which are
used to determine half-height linewidths and outer hyperfine splittings.

small quantity of aqueous spin-label (always <2% in this
study) and, more significantly, from the difficulty in match-
ing exactly the sharp central line of the spectra. The latter
may be the result of exchange broadening of the mobile
component. This can be reduced by simulating the bulk lipid
component with a lipid bilayer spectrum that has been
broadened either by lowering the temperature or by adding
cholesterol (Pates and Marsh, 1987; Raines and Miller,
1993). However, we chose experimental temperatures at
which exchange broadening was minor so that a reasonable
lineshape for motionally restricted spin-labeled stearic acid
could be obtained by subtracting the ESR spectrum of pure
DOPC vesicles recorded at the same temperature as that
used for the nAcChoR membranes.

The results of the above subtractions are presented in
Table 1 for a single reconstituted nAcChoR preparation
with a lipid/protein ratio of 245:1. The fraction of motion-
ally restricted stearic acid was 0.45, 0.43, 0.38, and 0.45 for
6-SASL, 9-SASIL, 12-SASL, and 14-SASL, respectively, at
the optimal subtraction temperatures given above. Within
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the error of the spectral subtraction method, these values
show no significant trends so they may be averaged to yield
0.43 * 0.033 (mean * SD).

The ESR spectral lineshapes (and, consequently, the es-
timated rotational correlation times) of the motionally re-
stricted components of 9-SASL, 12-SASL, and 14-SASL
incorporated into nAcChoR membranes at 20, 15, and 0°C,
respectively, were quite similar. We found that estimates for
correlation times calculated from a spectrum’s half-height
linewidths (23-27 ns) were longer than when determined
from its outer hyperfine splitting (14—18 ns). Such differ-
ences may arise because acyl chain motion is not com-
pletely isotropic (Marsh, 1989).

To examine the effects of temperature on boundary lipid
motions, we varied the temperature in nAcChoR mem-
branes and DOPC vesicles labeled with 14-SASL because it
is the probe that allows spectral subtractions to be per-
formed over the widest range of temperatures without ex-
posing the nAcChoR to temperatures that might cause deg-
radation of the protein. The rotational correlation times
derived from the outer hyperfine splitting decreased steadily
when the sample temperature was increased in two to three
degree increments from —10 to 5°C. Representative data
are given in Table 1. An Arrhenius plot of the temperature
dependence of spin-label mobility (log 7, vs. 1/T) was linear
with an apparent activation energy of 2.8 kcal mol ! deg ™"
This compares with 4.3 in rhodopsin (Pates and Marsh.,
1987). Extrapolation of the temperature dependence data
predicts a doubling of the mobility of 14-SASL with a 20°C
increase in temperature. No significant change in mobility
with temperature was detected from measurements of the
half-height linewidths.

Between —10 and 5°C, we could model the bulk lipid
component of 14-SASL in reconstituted receptor mem-
branes with pure DOPC liposomes at the same temperature
as that used for the reconstituted membranes indicating that
exchange between the bulk and boundary domains was
relatively slow on the conventional ESR time scale (Figs. 3
and 4 A"). At 10°C, exchange becomes significant as judged
by the development of a large spike and marked asymmetry
of the highfield and lowfield peaks in the motionally re-
stricted lineshape when using a spectrum of DOPC at 10°C

TABLE 1 The fraction of motionally restricted component, ESR lineshape features, and calculated rotational correlation times
for each spin-labeled stearic acid in nAcChoR reconstituted into DOPC (lipid:protein = 245:1)

Fraction Lowfield half-height Highfield half-height
Temperature motionally 24, (rotational linewidth (rotational linewidth (rotational
Spin-label (°0) restricted correlation time*) correlation time¥) correlation time¥)
14-SASL 5 0.43 61.4 G (15 ns) 6.8 (26 ns) 10.1 G (24 ns)
14-SASL 0 0.45 62.1 G (18 ns) 6.7 (27 ns) 9.4 G (27 ns)
14-SASL -5 0.48 62.4 G (19 ns) 6.8 (26 ns) 9.8 G (25 ns)
14-SASL -10 0.49 62.8 G (22 ns) 6.8 (26 ns) 9.3 G (28 ns)
12-SASL 15 0.38 61.2 G (14 ns) 6.9 (25 ns) 10.2 G (23 ns)
9-SASL 20 0.43 61.6 G (16 ns) 7.2(23 1) 10.0 G (24 ns)
6-SASL 25 0.45 58.8 G (9 ns) 7.7 (18 ns) 14.3 G (14 ns)

* From Eq. 1.
* From Eq. 2.
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FIGURE 3 ESR spectra of 14-SASL in nAcChoR reconstituted into
DOPC (lipid/protein = 167:1) at —10°C (top) and 10°C (bottom). Spectra
are normalized to the same central lineheight.

to model the bulk lipid spectral component (Fig. 4 B').
Using a DOPC spectrum acquired at 7°C to better allow for
exchange broadening of the bulk lipid component, a mo-
tionally restricted lineshape without much evidence of ex-
change artifact could be obtained (Fig. 4 C’). Thus, for
14-SASL, the onset of exchange on the conventional ESR
time scale occurs between 5 and 10°C. Over this tempera-
ture range (—10 to 10°C), no difference in the fraction of
motionally restricted lipid was detected.

Continuous wave saturation studies

Under appropriate experimental conditions, spectral satura-
tion has been used to detect the motions of boundary lipids
(Horvath et al.,, 1993; Squier and Thomas, 1986). The
degree of spectral saturation is a measure of motion (Squier
and Thomas, 1989). For motions on the microsecond time
scale, spectral saturation decreases with increasing motion.

Fig. 5 shows the low and high power ESR spectra of
5-SASL and 14-SASL incorporated into nAcChoR reconsti-
tuted into DOPC vesicles (lipid/protein 85:1) at 0°C. Note that
the signal amplitude of each spectrum has been normalized to
its corresponding microwave field intensity. A plot of the
second integral of the first derivative absorption spectrum as a
function of microwave power is shown for 5-SASL and 14-
SASL in Fig. 6, A and B, respectively, incorporated into either
reconstituted nAcChoR membranes (lipid/protein = 85:1) or
protein-free DOPC liposomes. Fig. 6, A’ and B’ show the same
data normalized to the second integral that would be obtained
in the absence of saturation. These continuous wave saturation

FIGURE 4 ESR spectra of 14-SASL in DOPC liposomes at (4) —10°C,
(B) 10°C, and (C) 7°C. (A") The motionally restricted spectral lineshape
obtained by spectral subtraction of spectra of 14-SASL in DOPC liposomes
(T = —10°C) from nAcChoR reconstituted into DOPC bilayers (T =
—10°C; lipid/protein = 167:1); (B') the motionally restricted lineshape
obtained by spectral subtraction of DOPC liposomes (T = 10°C) from
nAcChoR reconstituted into DOPC (T = 10°C; lipid/protein = 167:1), and
(C’) the restricted lineshape obtained by spectral subtraction of DOPC (T
= 7°C) from nAcChoR reconstituted into DOPC (T = 10°C; lipid/protein
= 167:1). The subtraction artifact arising from exchange broadening of the
bulk lipid at 10°C can be seen on the highfield portion of the lowfield peak
and the lowfield portion of the highfield peak when DOPC at 10°C is used
to simulate the bulk (mobile) component (B’). This artifact is largely
eliminated by using the broader spectrum of DOPC at 7°C (C’). The
fractions of immobile component obtained by double integration of the
ESR spectra are 0.56, 0.58, and 0.57 for A’, B', and C’, respectively.

curves were analyzed by fitting the data to Eq. 3, which
assumes a single component system. We fit the data assuming
one component because at a lipid/protein ratio of 85:1, a great
majority of stearic acid spin-labels (85% as determined from
spectral subtraction of the 14-SASL positional isomer) are at
the lipid-protein interface. Second, a two component analysis
would assume the absence of exchange, which is unlikely on
the time regime of our microwave saturation study. For each
spin-label positional isomer, microwave saturation occurred
more readily when it was incorporated into vesicles containing
the nAcChoR than when incorporated into protein-free lipo-
somes. This was reflected in the values of Py, determined from
fitting saturation curves to Eq. 3 (Figs. 6 and 7). In DOPC, Py
doubles between the Sth and 6th carbon. The 6th, 12th, and
14th carbons all had indistinguishable Py, whereas the 9th
carbon was similar to the Sth. The chain length dependence in
the reconstituted membranes was similar but Py was on aver-
age 36% lower (range 15-47%) at each depth than in the pure
DOPC vesicles (Fig. 7). Even with a large fraction of the lipids
at the lipid-protein interface, the difference in the saturation
properties between membranes containing receptor and pro-
tein-free lipid is not large. Therefore, we did not study the
saturation behavior of reconstituted receptor membranes with
higher lipid/protein ratios.
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FIGURE 5 Low power (0.20 mW; 0.067 G) and high power (10.0 mW;
0.476 G) spectra of 5-SASL and 14-SASL. High power spectra are shown
as dotted lines. Each spectral amplitude is normalized (divided) by its
corresponding microwave field amplitude (V microwave power). The lip-
id/protein ratio is 85:1. T = 0°C.

DISCUSSION

ESR spectra of 6-SASL through 14-SASL incorporated into
nAcChoR reconstituted into DOPC reveal two components
defined by different mobilities. One component has a line-
shape that is not significantly different from that of spin-
labeled stearic acid in protein-free liposomes. The other
component has a lineshape of a motionally restricted spin-
label reflecting lipids directly interacting with the nAc-
ChoR. For stearic acid positional isomers, as the spin-label
moiety was moved closer to the aqueous interface, the
mobile component became progressively broader and it was
necessary to increase the sample temperature to resolve the
two components. Our ability to deconvolute spectra of lip-
ids spin-labeled as close to the headgroup as the 6th acyl
carbon reflects the relatively narrow lineshapes of spin-
labeled stearic acid probes in DOPC (relative to some
cholesterol-containing native membranes) and to the broad
ESR lineshape of motionally restricted stearic acid at the
lipid-protein interface of the nAcChoR compared to other
membrane proteins (Pates and Marsh, 1987; Squier and
Thomas, 1989).

The fraction of stearic acid at the lipid-protein interface
exhibited no systematic variation with temperature or depth
(Table 1) and, therefore, we conclude that there is no
selectivity for different spin-label isomers. Previous studies
utilizing stearic acid spin-labels in membranes containing
rhodopsin or Ca-ATPase also found stearic acid affinity for
the lipid-protein interface to be independent of the position
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FIGURE 6 Normalized double integral of the first derivative absorption
spectra, Scyw, as a function of the Vmicrowave power (top axis is micro-
wave field amplitude in gauss) of 5-SASL (A) and 14-SASL (B) in
reconstituted nAcChoR membranes (@) and DOPC liposomes (O). A’ and
B’ are the data in A and B, respectively, replotted as Scy/Sew, where S,
is the double integral of the first derivative absorption spectra in the
absence of saturation. Curves are fits to Eq. 3, and the derived values of
P?,, are given in Fig. 7. Lipid/protein ratio of reconstituted membranes is
85:1. T = 0°C.

of the nitroxide moiety (Pates and Marsh, 1987; Squier and
Thomas, 1989). An estimate of the affinity of each spin-
labeled stearic acid for the lipid-protein interface of the
nAcChoR relative to DOPC can be made using an equation
derived by Brotherus (Brotherus et al., 1981) and assuming
~50 boundary lipids/receptor (Ellena et al., 1983; Abadji et
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FIGURE 7 Microwave power at half-saturation (P{,,) for stearic acid
spin-label positional isomers for pure DOPC (O) and reconstituted nAc-
ChoR membranes (@). The errors are the SDs derived from the fits.
Lipid/protein ratio of reconstituted membranes is 85:1. T = 0°C.
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al., 1993). The affinities of 14-SASL, 12-SASL, 9-SASL,
and 6-SASL relative to DOPC thus are estimated to be 3.2,
2.4,2.9, and 3.2, respectively. The average value (*SD) is
2.9 * 0.38. This finding is consistent with previous reports
demonstrating that stearic acid has a relatively high affinity
for the nAcChoR and that the doxyl ring does not signifi-
cantly alter the lipid binding affinity for the nAcChoR
(Ellena et al., 1983; Abadji et al., 1993; Raines and Miller,
1993).

At a spin-label’s optimal temperature for spectral sub-
traction, it was generally possible to model adequately the
bulk fluid component with a spectrum of pure DOPC re-
corded at the same temperaturc as that used to obtain the
reconstituted nAcChoR spectrum. Therefore, exchange
broadening of the mobile component was not significant
on the conventional ESR time scale under these optimal
conditions.

In general, the temperature at which exchange becomes
significant, as determined from the broadening of the bulk
fluid component, decreases with depth; there is little ex-
change broadening of the bulk component of 12-SASL at
15°C or 9-SASL even at 20°C, whereas it is clearly evident
for 14-SASL at 10°C (Fig. 4). Thus, our data suggest that at
constant temperature, an “exchange gradient” exists such
that the exchange rate of the restricted component is greatest
near the bilayer center and less near the headgroup. Squier
and Thomas (1989) observed a spectral saturation gradient
at constant temperature in sarcoplasmic membranes con-
taining the Ca-ATPase; spectral saturation decreased toward
the center of the bilayer. This was attributed to a mobility
gradient in which the mobility is greatest near the bilayer
center. Alternatively, the decreasc in saturation with depth
could reflect an increase in the exchange rate near the center
of the bilayer (Horvath et al., 1993). Although these possi-
bilities are difficult to distinguish, clearly neither the frac-
tion bound nor the estimated rotational correlation times
change significantly with temperature or spin-label position.
Therefore, the affinity remains unchanged and the enhanced
cxchange rate must mean that the on- and off-rates must
change in parallel as the chain is descended.

We have shown previously that the relative affinity of
14-SASL for the nAcChoR is largely determined by its
headgroup. Titrating the pH through its carboxyl pK, en-
hances 14-SASL’s affinity for the receptor (Raines and
Miller, 1993). The exchange rate of the headgroup is almost
certainly slower than that of the acyl chain. This exerts an
influence on the acyl chain which diminishes as the spin
label is placed further along the chain. The influence of the
headgroup is sensed as far as the fourteenth carbon because,
in contrast to 14-SASL, 14-PCSL experiences exchange
even at 0°C when incorporated into DOPC vesicles contain-
ing reconstituted nAcChoRs (Abadji et al., 1993). Consis-
tent with this picture, exchange between restricted and mo-
bile environments has been demonstrated in rhodopsin
membrancs even when the spin-labeled lipid analog’s head-
group was covalently attached to the protein (Davoust and
Devaux, 1982). Unfortunately, in this rhodopsin study ex-
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change was examined only at the 16th carbon and, there-
fore, it is not known whether a similar exchange gradient
exists in this membrane. The picture that emerges for the
nAcChoR (and perhaps for other protein systems) is that the
polar lipid headgroup of boundary lipids is relatively fixed
on the conventional ESR time scale, whereas the acyl chain
moves like a whip, its frequency of exchange on and off the
protein surface being greatest near the center of the bilayer.

We have used continuous wave saturation measurements
to further examine lipid-protein interactions in this system.
This technique has been shown previously to be useful for
examining motionally restricted lipid rotational dynamics
because it can selectively detect microsecond motions that
arc too slow to be resolved by conventional ESR spectros-
copy (Squier and Thomas, 1989). It is particularly valuable
for detecting changes in the motions of boundary lipids
spin-labeled near the polar lipid headgroup or for studying
boundary lipids in the gel phase where bulk lipid spectral
lineshape overlap hinders resolution of the motionally re-
stricted component (Horvath et al., 1993; Squier and Tho-
mas, 1989). From saturation studies, the mobility of the
motionally restricted component can be determined pro-
vided that the fraction of motionally restricted component is
known independently (Squier and Thomas, 1989). This
permits mobility to be assessed at different membrane
depths without spectral subtraction. Finally, the microsec-
ond motions detected by saturation studies may be more
relevant to nAcChoR function than the faster nanosecond
motions reflected in conventional ESR lineshapes be-
cause microsecond motions occur on the same time scale as
agonist-induced channel opening.

The microwave power at half-saturation was lower for
each spin-label incorporated into nAcChoR membranes
than when incorporated into pure DOPC liposomes. On
average, pure lipid samples required 34% more power to
saturate than receptor-containing samples. A previous satu-
ration study by Horvath et al. (1993) found that membranes
containing myelin proteolipid protein saturate more readily
than protein-free lipid bilayers. This difference in saturation
behavior between protein-containing and protein-free lipid
bilayers was considerable in the gel phase where lipid
cxchange between bulk and boundary regions is negligible
even on the microsecond time scale; Py, was approximately
two- to threefold higher in protein-free lipid bilayers than in
membranes containing protein (the fraction of lipid directly
interacting with protein was ~0.4). In the liquid crystal
phase, however, the difference in between protein-free lipid
bilayers and membranes containing protein was smaller, in
the range that we report here for nAcChoR reconstituted
into DOPC (which at 0°C is in the liquid crystal phase).
Therefore, it seems likely that although boundary lipid
mobility is restricted on the microsecond as well as the
nanosecond time scale, differences in saturation behavior
between membranes containing the nAcChoR and pure
DOPC liposomes are attenuated by exchange of lipids be-
tween mobile and motionally restricted environments on the
microsecond time scale. We did not examine the saturation
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behavior of membranes in the gel phase because the phase
transition temperature of DOPC is approximately —20°C,
which cannot be reached with our current temperature con-
trol system for the loop gap resonator.

In general, in either protein-free or reconstituted mem-
branes, 5-SASL and 9-SASL are the most readily saturated
spin labels. This may reflect a decrease in mobility of
5-SASL due to the proximity of the lipid headgroup and of
9-SASL due to the acyl chain double bond in DOPC. The
role of the latter in “anchoring” the center of the acyl chain
in homogenous lipids has been discussed in detail by Cevc
(1991).

In conclusion, we have examined nAcChoR perturbation
of lipid acyl chain motion on both the microsecond and
nanosecond time scales. Using spectral subtraction, we have
determined that the nAcChoR reduces acyl chain mobility
near the bilayer center as well as closer to the lipid head-
group on the nanosecond time scale. Exchange broadening
of the bulk lipid spectral lineshape occurs at lower temper-
atures for stearic acid probes whose spin-label moiety is
closer to the bilayer core, consistent with a model in which
the polar lipid headgroup interaction is relatively long lived
on the nanosecond time scale, and the acyl chain whips on
and off the protein surface with increasing frequency as the
end of the chain is approached. A more detailed examina-
tion of chain motion, for example taking into account the
effects of temperature, is prohibited because adequate sim-
ulation programs are not available for proteins reconstituted
into DOPC (Abadji et al., 1993). Microwave saturation
studies indicate that the nAcChoR perturbs mobility of lipid
acyl chains on the microsecond time scale, but the ob-
served effects are not large and are probably attenuated by
exchange.
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