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The topography of nicotinic acetylcholine receptor
(AChR) membrane-embedded domains and the relative
affinity of lipids for these protein regions were studied
using fluorescence methods. Intact Torpedo californica
AChR protein and transmembrane peptides were deri-
vatized with N-(1-pyrenyl)maleimide (PM), purified, and
reconstituted into asolectin liposomes. Fluorescence
mapped to proteolytic fragments consistent with PM
labeling of cysteine residues in aM1, aM4, gM1, and gM4.
The topography of the pyrene-labeled Cys residues with
respect to the membrane and the apparent affinity for
representative lipids were determined by differential
fluorescence quenching with spin-labeled derivatives of
fatty acids, phosphatidylcholine, and the steroids cho-
lestane and androstane. Different spin label lipid ana-
logs exhibit different selectivity for the whole AChR
protein and its transmembrane domains. In all cases
labeled residues were found to lie in a shallow position.
For M4 segments, this is compatible with a linear a-hel-
ical structure, but not so for M1, for which “classical”
models locate Cys residues at the center of the hydro-
phobic stretch. The transmembrane topography of M1
can be rationalized on the basis of the presence of a
substantial amount of non-helical structure, and/or of
kinks attributable to the occurrence of the evolutionar-
ily conserved proline residues. The latter is a striking
feature of M1 in the AChR and all members of the rapid
ligand-gated ion channel superfamily.

The muscle and electric organ nicotinic acetylcholine recep-
tor (AChR)1 is a pentameric integral transmembrane protein of
homologous a2bgd subunits. The AChR belongs to a superfam-

ily of ligand-gated ion channels, together with the glycine re-
ceptor, a subtype of the serotonin receptor (5-HT3), and the
GABAA receptor (1–4). Each AChR subunit contains a rela-
tively large amino-terminal extracellular domain of ;200
amino acids followed by four hydrophobic domains of 20–30
amino acids in length (M1-M4) connected by hydrophilic loops
of varying length and ending with a very short extracellular
carboxyl terminus (reviewed in Ref. 5).

Although the exact topology of the AChR relative to the
membrane has not yet been determined unambiguously, it is
usually accepted that the four hydrophobic segments M1-M4
correspond to transmembrane (TM) domains (6–7). There is
still contradictory evidence on their secondary structure. The
original postulation of a four-helix bundle with an all-helical
secondary structure (8) has been challenged by the results of
cryoelectron microscopy of frozen AChR tubules (9–10) and
computer-aided molecular modeling indicating that the dimen-
sions of the AChR TM region are not compatible with a pen-
tameric four-helix bundle (11). Site-directed mutagenesis data
combined with patch clamp electrophysiology, and results from
photoaffinity labeling with noncompetitive channel blockers,
support the notion that the M2 domain lines the walls of the ion
channel proper and are indicative of a-helical periodicity in the
residues exposed to the lumen of the channel (4). Recent NMR
spectroscopy studies of the dM2 segment (12), indicate that this
domain is inserted in the bilayer at an angle of 12° relative to
the membrane normal, with no kinks, and in totally a-helical
configuration. A synthetic peptide corresponding to the Tor-
pedo aM2 segment in chloroform:methanol containing LiClO4

also adopts a totally a-helical configuration (13).
The cryoelectron microscopy studies are further interpreted

to indicate that the other putative TM domains (M1, M3, and
M4) are relatively featureless, with a large portion of the
polypeptide chain in an extended (or unresolved) b-sheet con-
figuration, arranged in the form of a large b-barrel outside the
central rim of M2 channel-forming rods (9–10). This interpre-
tation is in contrast to the studies using photoactivatable hy-
drophobic probes, in which the observed periodicity of the lipid-
exposed residues in M4 and M3 is consistent with an a-helical
pattern (6, 14, 15) and with deuterium-exchange FTIR studies
which indicate a predominantly a-helical structure in the
AChR TM region (16). In addition, secondary structure anal-
ysis (CD and FTIR spectroscopy) of isolated and lipid-recon-
stituted TM AChR peptides indicate a-helical structure for
M2, M3, and M4 segments (17). Furthermore, two-dimen-
sional 1H NMR spectroscopy of a synthetic peptide correspond-
ing to the aM3 segment of Torpedo AChR showed a totally
a-helical structure (18), and a recent NMR study of a synthetic
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gM4 peptide is also compatible with an a-helical secondary
structure (19).

In the present work the spatial relationship between mem-
brane-embedded domains of the Torpedo californica AChR and
the membrane bilayer was studied using fluorescence spectros-
copy. The location of the pyrene-labeled cysteine residues with
respect to the membrane was determined by differential
quenching with spin-labeled lipids. Both in intact AChR and in
reconstituted individual TM peptides, Cys residues were lo-
cated close to the membrane-water interface, as predicted for
the segments aM4 and gM4 (6, 14, 15). In the case of M1
segments, our fluorescence studies indicate that these mem-
brane-embedded domains are not a straight a-helix and/or
possess pronounced kinks. Our observations lend support to
the hypothesis that M1 membrane-embedded domains in gen-
eral depart from linear structures, thus extending the conclu-
sion of cysteine-scanning mutagenesis (20), fluorescence (21),
and CD and FTIR spectroscopy (17) studies on aM1.

EXPERIMENTAL PROCEDURES

Materials—The spin-labeled fatty acids, derived from the stearic acid
substituted on positions 5 (5-SASL, 5-doxylstearic acid), 7 (7-SASL,
7-doxylstearic acid), and 12 (12-SASL, 12-doxylstearic acid), and the
equivalent phosphatidylcholine derivative 12-PCSL, were obtained
from Avanti Polar Lipids, Birmingham, AL. Nitroxide-labeled CSL
(3b-doxyl-5a-cholestane spin label) and 3-doxyl-17b-hydroxy-5a-andro-
stane spin label (ASL) were from Aldrich Chemical Co., and used as
received. The formula of the spin-labeled lipid analogs are shown in
Scheme I.

Pyrene maleimide (PM) was obtained from Molecular Probes and
[125I]TID (10 Ci/mmol) from Amersham Pharmacia Biotech. Affi-Gel 10
was purchased from Bio-Rad, Genapol C-100 (10%) from Calbiochem,
and sodium cholate from Sigma. Asolectin, a crude soybean lipid ex-
tract, came from Avanti Polar Lipids and Spectra/Por Dispo Dialyzers
(molecular mass cutoff: 2,000 Da) from Spectrum.

Affinity Column Purification of AChR Labeled with PM and Recon-
stituted into Lipid Vesicles—AChR-rich membranes were isolated from
the electric organ of T. californica (Aquatic Research Consultants, San
Pedro, CA) according to the procedure of Sobel et al. (22), with the
modifications described previously (23). The final membrane suspen-
sions in ;36% sucrose/0.02% NaN3 were stored at 280 °C. The Torpedo
AChR was solubilized in 1% sodium cholate, and PM (2 mM) was
allowed to react with available cysteine residues (1 h incubation). The
labeled AChR (PM-labeled AChR) was purified by affinity chromatog-
raphy in the presence of asolectin lipids. Affinity column purification
was performed using an acetylcholine affinity matrix (24) with a num-
ber of modifications (25). Briefly, the affinity column matrix was pre-
pared by coupling cystamine to Affi-Gel 10 (Bio-Rad), reduction with

dithiothreitol, and final modification with bromoacetylcholine bromide.
Affinity purified PM-AChRs were reconstituted with asolectin at a
lipid:protein ratio of 800:1 on a mol/mol basis and stored at 280 °C. The
ability of PM-AChR to undergo agonist-induced conformational transi-
tions was verified by examining the extent of [125I]TID photoincorpora-
tion into PM-AChR subunits in the absence and presence of agonist.
The amount of [125I]TID photoincorporation into AChR subunits is
;10-fold greater in the resting state AChR than in the desensitized
state and therefore [125I]TID subunit labeling is an extremely sensitive
indicator of the conformational state of the AChR as well as of agonist-
induced state transitions (26, 27).

Isolation and Reconstitution of Proteolytic Fragments of AChR Sub-
units Containing PM-labeled Transmembrane Segments—Proteolytic
fragments of AChR subunits which contain the M1 or M4 transmem-
brane segment of the a- and g-subunit were prepared as described in
Corbin et al. (17). Each TM peptide contains either a single cysteine
residue (aM1, gM1, and gM4) or two cysteine residues (aM4), as shown
in Scheme II. The isolated fragments in 0.1% sodium dodecyl sulfate
were reacted with pyrene maleimide (3 mM) overnight. The PM-labeled
peptides were purified by reverse-phase HPLC using a Brownlee Aqua-
pore C4 column (100 3 2.1 mm). Solvent A was 0.08% trifluoroacetic
acid in water, and solvent B was 0.05% trifluoroacetic acid in 60%
acetonitrile, 40% 2-propanol. The flow rate was maintained at 0.2
ml/min and 0.5-ml fractions were collected. Peptides were eluted with a
nonlinear gradient from 25 to 100% solvent B in 80 min. The elution of
peptides was monitored by the absorbance at 210 nm as well as by
fluorescence emission (350 nm excitation, 400 nm emission).

Peptide-containing HPLC fractions were pooled and dried by vacuum
centrifugation. Peptides were resuspended in 1 ml of 2% octyl-b-gluco-
side and asolectin lipid in 2% sodium cholate was added to achieve an
estimated lipid to peptide molar ratio of ;200:1. The octyl-b-glucoside
and sodium cholate were removed by dialysis using Spectra/Por CE
Dispo Dialyzers with a 2000 Mr cutoff, for 2 days against phosphate
buffer (10 mM phosphate, 5 mM NaCl, pH 7.0). Each sample was con-
centrated to 200 ml using a Centricon-3 and stored at 280 °C. A small
aliquot of each sample was subjected to NH2-terminal amino acid se-
quence analysis in order to confirm the identity of the peptide and
estimate its concentration (aM1, Ile210-Lys242; aM4, Val401-Arg428, gM1,
Lys218-Lys251; gM4, Val446-Arg485). An additional aliquot was labeled
with the hydrophobic photoreagent [125I]TID. The labeled peptide was
resolved on a 1.0-mm thick Tricine gel (28) and the dried gel subjected
to autoradiography. Labeling with [125I]TID served as an additional test
of peptide purity and to confirm that no significant peptide aggregation
(irreversible) had occurred.

Sequence Analysis—Amino-terminal sequence analysis was per-
formed on a Beckman Instruments (Porton) Model 20/20 protein se-
quencer using gas phase cycles (Texas Tech Biotechnology Core Facil-
ity). Peptide aliquots (;10 ml) were immobilized on chemically modified
glass fiber discs (Beckman Instruments), which were used to improve

SCHEME I. Structural formulas of the spin-labeled probes used
in this study.

SCHEME II. T. californica AChR transmembrane peptides. The
transmembrane region of aM1 is indicated by the shorter line according
to Ref. 21 and by the longer line acording to Ref. 19. For the other
fragments the extension of the transmembrane domains are taken from
Ref. 19.
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the sequencing yields of hydrophobic peptides. Peptides were subjected
to 10 sequencing cycles and initial yield (Io) and repetitive yield (R) were
calculated by nonlinear least square regression of the observed release
(M) for each cycle (n): M 5 IoR

n.
Fluorescence Measurements—These were carried out using an SLM

model 4800 spectrofluorimeter (SLM Instruments, Urbana, IL) with its
cuvette holder thermostated at 20 °C. Whole PM-labeled AChR recon-
stituted in asolectin was made to a final concentration of 0.05 mM in 5 3
5-mm quartz cuvettes. Fluorescence quenching was carried out with
nitroxide spin-labeled phosphatidylcholine (12-PCSL), spin-labeled cho-
lestane (CSL), and androstane (ASL), and the spin-labeled stearic acid
analogs 5-SASL, 7-SASL, and 12-SASL. The highest nitroxide concen-
tration employed was 24 mM. Lipid concentration was kept at 37 mM. In
the case of PM-labeled AChR peptide fragments, they were resus-
pended at a final concentration of 0.05 mM. Lipid concentration was 8
mM. Titration with spin-labeled probes was made up to a final concen-
tration of 8 mM. Pyrene was excited at lexc 5 345 nm and its emission
was monitored at lem 5 382 nm. Slits of 5 nm were used in both
monochromators.

Relevant corrections were taken into account, as follows: (i) inner
filter effect due to the quencher absorption. The nitroxide labels used
have a weak absorption in the UV, l430 nm 5 14 M21 cm21 (29). From the
absorption tail a value of E 5 100 M21 at the pyrene excitation wave-
length (lexc 5 345 nm) is determined. The molar absorptivity of pyrene
is 38,000 (30). From Equation 1 the correction factor C for the fluores-
cence intensity is obtained as,

C 5 ~Atotal/Af! 3 ~~1 2 102A
f!/~1 2 102A

total!! (Eq. 1)

where Af is the pyrenyl absorption and Atotal the absorption of both
PM-labeled AChR (or peptide) and nitroxide spin label. Under the
experimental conditions used, this factor amounts to only 0.2% for the
highest concentration of nitroxide used. (ii) Effective quencher concen-
tration in the membrane. The determination of effective spin label
concentrations in the membrane volume [Q]L, should take into account
the different incorporation of the various fatty acid probes in the bilayer
described by its partition constant Kp. This was carried out using the
relationship (31),

@Q#L 5 ~Kp/~1 1 ~Kp 2 1!*gL*@L#!*@Q#T (Eq. 2)

where gL is the lipid molar volume and [Q]T the analytical quencher
concentration. The partition constants used for the spin-labeled fatty
acids are: 9.6 3 104 (5-SASL), 9.8 3 104 (7-SASL), and 2.9 3 104

(12-SASL) (32). These values are reported for a lipid system also in the
fluid phase (egg phosphatidylcholine), and at 25 °C, a temperature close
to the one used in this work. It should be stressed that since the
partition constants depend on the mean occupation number of the
quencher in the lipid structure, the ones corresponding to the lower
occupation numbers were used. Incorporation of the ASL, CSL, and
12-PCSL was considered to be quantitative. For the lipid molar volume
the value gL 5 0.95 dm3 mol21 was used, as estimated from published
data (33, 34). The values for [Q]L were also corrected for the dilution
effect due to the quencher incorporation. (iii) Blank intensity correc-
tions. Fluorescence intensities in the absence (Fo) and the presence (F)
of quencher were corrected by subtracting intensities measured upon
injection of an equivalent amount of the ethanol solution according to
Equation 3,

~Fo/F!corr 5 1/~1 2 ~F/Fo!ethanol 1 ~F/Fo!Q! (Eq. 3)

From the fluorescence quenching data, Stern-Volmer plots were ob-
tained according to Equation 4,

~Fo/F! 5 1 1 Ksv@Q#L (Eq. 4)

where Fo and F correspond to the fluorescence emission of pyrene-
labeled AChR or transmembrane fragments in the absence and pres-
ence of spin-labeled lipids and [Q] is the concentration of the quencher.
Plots of Fo/F versus [Q] yield a slope equal to Ksv, the Stern-Volmer
constant, i.e. the product of the bimolecular rate constant kq and the
fluorophore lifetime (t) (dynamic mechanism), which was considered
invariant for all the fragments. Ksv is a measure of the quencher
concentration in the fluorophore vicinity, which allowed us to obtain
topological information on the labeled cysteine transverse location. Any
contribution from static quenching does not hamper the conclusions
regarding the topography of the cysteine with respect to the membrane
bilayer, as dealt with in a previous publication (31).

RESULTS

Labeling of the Intact AChR and Transmembrane Fragments
by PM—For labeling of the intact AChR at free cysteine resi-
dues, the AChR was solubilized from T. californica AChR-rich
membranes in 1% sodium cholate and allowed to react with PM
(2 mM) for 1 h. The PM-labeled AChR was then affinity purified
and reconstituted into asolectin lipid vesicles (see “Experimen-
tal Procedures”). SDS-PAGE of PM-labeled AChRs showed that
the majority of the fluorescence is localized in the a- and
g-subunits. The fluorescence was further mapped to large pro-
teolytic fragments of the a- and g-subunits: a-V8-20 (Ser173-
Glu338), a-V8-10 (Asn339-Gly437), g-V8-24 (Ala167-Glu372), and
g-V8-14 (Leu373-Pro489) (Fig. 1A). In the fragment a-V8-10
there are only two cysteine residues, Cys412 and Cys418, both of
which are located in the transmembrane segment M4. In
a-V8-20 there are three cysteine residue, Cys222 in the trans-
membrane segment M1 and Cys192 and Cys193 which are lo-
cated extracellularly and contribute to the agonist recognition
site. In the intact AChR, Cys192 and Cys193 form a vicinal

FIG. 1. Proteolytic mapping of the sites of PM reaction on the
AChR a- and g-subunits using Saccharomyces aureus V8 prote-
ase (A) and reverse-phase HPLC purification aM1-containing
fragment (B). A, AChRs reacted with PM were affinity purified and
reconstituted into lipid vesicles. Approximately 25 mg of PM-labeled
AChRs were resolved by SDS-PAGE on an 8% polyacrylamide slab gel.
Following electrophoresis the principal fluorescent bands, the a- and
g-subunit, were visualized on a ultraviolet light box (365 nm) and
excised. The excised subunit bands were transferred to the wells of a
15% mapping gel, overlaid with 4 mg of S. aureus V8 protease, and
electrophoresed (15). Shown is the fluorogram of the mapping gel as
viewed on the ultraviolet light box. The mapping gel was then stained
with Coomassie Blue and the corresponding fluorescent bands identi-
fied from the well established V8 protease fragment pattern of each
AChR subunit (15). B, reverse-phase HPLC purification aM1-contain-
ing fragment from a tryptic digest of a-V8-20 (Ser173-Glu338) labeled
with PM, prepared and purified as described under “Experimental
Procedures.” The elution profile from an Aquapore C4 reverse-phase
HPLC is shown. The elution of the labeled peptide was monitored by
absorbance at 210 nm (dashed line) and by fluorescence emission (350
nm excitation; 400 nm emission (solid line)).
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disulfide bond leaving Cys222 as the site of reaction with PM.
The ability of PM-labeled AChRs to undergo agonist-induced

state transitions was tested by measuring the agonist sensitivity
of the AChR with the hydrophobic photoreactive probe [125I]TID.
The extent of [125I]TID photoincorporation into AChR subunits is
;10-fold greater in the resting state AChR than in the desensi-
tized state, and in the resting state the extent of [125I]TID incor-
poration into the g-subunit is ;4-fold greater than that into the
a-, b-, or d-subunit (22–23). For PM-labeled AChRs we also found
a greater extent of [125I]TID incorporation into the g-subunit
relative to the other subunits and the addition of agonist results
in a substantial reduction of subunit labeling, indicating that
labeled AChRs retain the ability to undergo agonist-induced
state transitions (data not shown).

Peptides containing the TM segments aM1 (Ile210-Lys242),
aM4 (Tyr401-Arg429), gM1 (Lys218-Lys251), and gM4 (Val446-
Arg485) were isolated from proteolytic digests and receptor
subunits and their identity confirmed by amino-terminal se-
quence analysis (15) (see Scheme II).

Peptides were labeled with PM and purified by reverse-
phase HPLC. Fig. 1B shows the reverse-phase HPLC elution
profile of the fragment aIle210-Lys242, which contains the trans-
membrane segment aM1. Peak HPLC fractions (arrow) were
pooled, the solvent removed, the peptide resuspended in deter-
gent (octyl-b-glucoside) and reconstituted into asolectin lipid
vesicles.

Quenching of Whole PM-labeled AChR Reconstituted into
Asolectin Vesicles by Spin-labeled Lipid Analogs—The fluores-
cence spectrum of whole PM-labeled AChR reconstituted into
asolectin vesicles consisted of only pyrenyl monomer emission
(Fig. 2a). The extrinsic fluorescence of pyrene-labeled AChR
was quenched with three different types of nitroxide spin-
labeled lipid analogs: (a) 12-PCSL; (b) the CSL and ASL, with
the nitroxide group at carbon 3; and (c) spin-labeled stearic acid
analogs, with the nitroxide group at positions 5, 7, and 12 along
the acyl chain (5-SASL, 7-SASL, and 12-SASL).

Fig. 2b depicts the Stern-Volmer plot of whole AChR quench-
ing by spin-labeled lipid analogs. No deviation from linearity is
apparent, and the data were therefore not fitted to a model
assuming a fraction of non-accessible fluorophores (e.g. Ref.
35). The Stern-Volmer constants KSV are given in Table I.

It is apparent that 5-SASL and ASL were the most effective
quenchers of the pyrene fluorescence of whole AChR reconsti-
tuted into asolectin vesicles. In the case of spin-labeled stearic
acid derivatives, the 5-SASL isomer quenched more effectively
than the 7-SASL and the 12-SASL analogs (Table I), indicating
a superficial location of the cysteine-bound pyrenes.

Quenching of Asolectin-reconstituted PM-labeled AChR

Transmembrane Peptide Fragments—PM-labeled AChR TM
peptides (see Scheme II) were reconstituted into asolectin ves-
icles and studied by fluorescence spectroscopy. Upon excitation
at 345 nm, pyrenyl monomer emission with maxima at 382 and
402 nm was observed in all cases (Fig. 3). For the gM4 frag-
ment, an additional weak emission from the single tryptophan
residue (Trp453) was observed upon excitation at a wavelength
corresponding to intrinsic fluorescence (lexc 5 280 nm, not
shown). Although aM4 possesses two cysteine residues, and
hence two potential pyrene tags, pyrenyl emission was not
observed to be any stronger with this TM fragment, nor was
there any indication of pyrenyl excimer emission (lem 5 480
nm).

Upon addition of the quenchers, a decrease in intensity was
observed in all cases (Fig. 4 and Table I). As is observed for aM4
in Fig. 4, the Stern-Volmer plot shows a linear dependence. The
two cysteines in aM4 are several residues apart, and are thus
likely to exhibit different accessibility to the quenchers. If the
two Cys residues had reacted with PM, a deviation from line-
arity would result; this is not the case (Fig. 4). Thus, of the two
potential tags only a single cysteine in aM4 appears to have
reacted to any significant extent (Cys412 or Cys418). Further-
more, and on the basis of previous studies showing that Cys412

exhibits a preferential reactivity to structurally diverse hydro-
phobic probes (15), it is likely that Cys412 is the residue labeled
with pyrene in aM4. Quenching of the pyrenyl fluorescence in
the other TM fragments followed the same pattern as that of
aM4.

The use of a families of nitroxide spin-labeled analogs having
known graded series of depths in the membrane has set the
experimental basis (30, 32, 36–39) for the well established
differential quenching methodologies. From inspection of Table
I it can be concluded that the fluorophore is in all cases very
close to the membrane-water interface: quenching is highest
for 5-SASL, much lower, similar values are obtained for
7-SASL and 12-SASL. The very high value of 5-SASL compared
with the nearby located 7-SASL points to a very specific loca-
tion of the former at a shallow position in the membrane.

The quenching efficiency for CSL was determined for the
gM4 fragment (Table I). The absolute value of the Stern-
Volmer constant is very low, and much lower than that ob-
tained for a similar steroid (ASL), pointing to a preferential
distribution of the latter in the vicinity of the peptide (cf.
Table I).

DISCUSSION

This work constitutes the first study comparing the topogra-
phy of whole AChR and four constituent TM fragments with

FIG. 2. a, Fluorescence spectra of 1-pyrenemaleimide-labeled AChR before (solid line) and after quenching by nitroxide spin-labeled stearic acid
analogs (5-SASL, close dots; 7-SASL, spaced dots; 12-SASL, hyphens). b, Fo and F correspond to the fluorescence emission of the PM-labeled AChR
in the absence and presence of spin-labeled lipids 5-SASL (Œ), 7-SASL (D), 12-SASL (E), ASL (f), CSL (●), 12-PC-SL (l), respectively (excitation:
345 nm; emission: 382 nm). A control with addition of ethanol alone was performed in each case (dotted line and 1 symbols).

Nicotinic Receptor Transmembrane Topology37336



respect to the membrane framework. Use was made of the
extrinsic fluorescence of pyrene, a probe having advantageous
properties for studying the structure and dynamics of proteins.
For this reason, we introduced pyrenyl ligands for the study of
proteins in living cholinergic synapses (40) and pyrene adducts
have been successfully used to label purified AChR (21, 27, 30,
41). Here, we obtained relevant structural information using
differential quenching of pyrene-labeled AChR and constituent
peptides by fatty acid, phospholipid, and steroid spin labels.
These probes, having nitroxide groups at different positions,
act as molecular rulers that enabled us to learn about the
spatial relationship between the pyrene-labeled AChR TM do-
mains and the membrane bilayer.

In their previous study of isolated AChR fragments, Corbin
et al. (17) were aware that their structural specificities might
not reflect those of the whole AChR. Here we present experi-
mental evidence showing that the same topological pattern is
obtained for reconstituted whole AChR and derived transmem-
brane peptides, thus validating the inferences made on the
intact receptor topology from studies using lipid-reconstituted
peptides.

Quenching of PM-labeled AChR—The extrinsic fluorescence
of the intact, pyrene-labeled AChR was more readily accessible
to quenching by 5-SASL and ASL than by PC or cholestane
analogs (Table I). The quenching efficiency (Ksv) of the whole
AChR with the phospholipid spin-labeled 12-PCSL was much
lower than with the equivalent fatty acid probe, 12-SASL (cf.
Table I). If we assume there is no significant variation in
nitroxide moiety between the two probes, this means that the

fatty acid analog exhibits a stronger affinity than the PC ana-
log for the peptide, in agreement with previous experimental
work (42, 43). Alternatively, the difference in Ksv may reflect
differences in the topography of fatty acid and phospholipid
sites.

Quenching of PM-labeled AChR TM Segments Reconstituted
in Asolectin Liposomes—The weak Trp453 emission in the gM4
fragment upon excitation at its absorption maximum (lexc 5
280 nm) is most likely due to an efficient energy transfer to the
nearby pyrene in Cys451. This assumption was used previously
to calculate the Cys451-Trp453 inter-residue distance of 18 Å on
the basis of a Förster radius of 20 Å (30). A major finding of the
present work is that pyrene-labeled Cys residues lie near the
lipid-water interface in whole AChR and all receptor-derived
fragments studied. This is to be analyzed in the light of current
models on the possible secondary structure and topological
disposition of AChR transmembrane regions. A refined theo-
retical prediction of AChR secondary structure was recently
reported (44). The TM segments are predicted to be in a mixed
a/b form, with a stronger contribution from a-helices. The
precise length of the segments in the membrane is described as
“poorly accurate.” In addition, no information about the orien-
tation of the TM domains in the bilayer could be obtained,

TABLE I
Stern-Volmer constants (KSV), for the quenching of pyrene labeled transmembrane fragments and whole AChR by spin-labeled positional

isomers of fatty acids, phosphatidylcholine, and the steroids cholestane and androstane

KSV Whole AChR a-M1 g-M1 a-M4 g-M4

M
21

5-SASL 9.87 6 1.09 6.59 6 0.48 7.75 6 0.25 11.44 6 1.29 12.79 6 1.45
7-SASL 1.82 6 0.07 1.46 6 0.09 2.07 6 0.14 1.38 6 0.08 1.83 6 0.07
12-SASL 1.88 6 0.04 1.14 6 0.33 2.09 6 0.12 1.45 6 0.02 2.46 6 0.25
12-PCSL 0.78 6 0.05
CSL 0.21 6 0.07 0.39 6 0.06
ASL 3.16 6 1.00 2.75 6 0.41 3.43 6 0.38 2.55 6 0.27 3.59 6 0.58

FIG. 3. Fluorescence spectra of PM-labeled AChR fragments
reconstituted in asolectin and their quenching by nitroxide
spin-labeled analogs. Excitation wavelength, 345 nm. Spectra are
shown before (— —) and after addition of 8 mM of the following nitroxide
spin-labeled lipids: 5-SASL (small dots), 12-SASL (hyphens), and CSL
(dashes).

FIG. 4. Stern-Volmer plot of the quenching of PM-labeled
AChR transmembrane fragments by the nitroxide spin-labeled
analogs 5-SASL (Œ), 7-SASL (�), 12-SASL (M), and ASL (f). Fo and
F correspond to the fluorescence emission in the absence and presence
of spin-labeled lipids, respectively (excitation: 345 nm; emission:
382 nm).
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except for the M2 segment, which appears to lie perpendicular
to the membrane.

The quenching data for the M4 fragments is compatible with
a rather shallow location of the label, occurring on Cys412 at
aM4 and on Cys451 at gM4. In previous quenching studies of
whole AChR labeled with PM at gM4 Cys451, Ksv values of 0.19
and 0.07 were reported for 5-SASL and 12-SASL, respectively
(30). In agreement with the findings of the present work, these
authors concluded that the pyrene-labeled residue was at a
superficial location in the membrane. However, since data were
not corrected for the different partition coefficient of the two
fatty acids or for the effective concentration in the membrane
volume, the Ksv values obtained cannot be compared with each
other. These results are compatible with an a2helical config-
uration of the TM regions involved, as these specific labeled
residues are localized at the beginning of the TM region of the
fragments (see Scheme II).

We have recently obtained complementary information
about the structure of gM4 using magic-angle NMR spectros-
copy and wideline NMR of oriented bilayers. gM4 was prepared
by solid-state synthesis and reconstituted in L-a-dimyris-
toylphosphatidylcholine lipid bilayers. Heteronuclear dipolar
recoupling NMR suggests the distance between Leu458 and
Gly462 to be less than 5 Å, which is consistent with a helical
structure of gM4 (19). Orientational constraints obtained from
wideline NMR of oriented bilayers (“bicelles”) indicate that this
TM domain adopts a tilted orientation relative to the bilayer
normal (19).

The quenching data for the aM1 fragment is compatible with
a rather shallow location of the labeled Cys222. If aM1 were a
linear helix perpendicular to the membrane surface, Cys222

should be located at the center of the hydrophobic stretch (see
Scheme II). In recent work (21), data for the whole AChR under
conditions in which aM1 Cys222 was labeled with PM were
interpreted to mean a shallow location of the pyrene moiety,
close to the membrane-water interface. Assuming a membrane
thickness of ;30 Å and the observation that the nitroxide
group in 5-SASL is located 11.5 Å away from the membrane
center, estimated from the known values for 6-anthroyloxy
stearic acid (10.9 Å, Ref. 37), and 5-PCSL (12.15 Å, Ref. 38), if
M1 were a straight helix it ought to lie at an angle of ;13° with
respect to the membrane plane, i.e. practically “adsorbed” at
the interface, an altogether very unlikely contention. In addi-
tion, it should be stressed that the conclusions obtained for the
structure of aM1 are not due to any perturbation introduced by
the pyrene probe, since the same pattern was obtained in
another experiment in which the cysteine residue was derivat-
ized with a different probe, a nitroxide spin label (21).

The behavior of aM1 may be due to the occurrence of three
Pro residues along the stretch, one of them (Pro221) immedi-
ately adjacent to Cys222. Proline residues are known to intro-
duce torsions of about 26° in a helix, because they eliminate
backbone hydrogen bonds (45). This backbone distortion also
occurs in transmembrane a-helices (46), and is a likely ration-
ale for explaining the experimental data on the proline-rich
aM1 domain. This AChR region is therefore very unlikely to be
a straight a-helix, although recent preliminary NMR data on
an aM1-containing recombinant fragment indicate a predomi-
nantly a-helical secondary structure (47).

In the work of Blanton and Cohen (14), four residues in
Torpedo a M1 (Cys222, Leu223, Phe227, and Leu228) were labeled
with a lipophilic photoreactive probe, and thus are believed to
be in contact with or directly accessible from the membrane.
This pattern is not compatible with either a-helix or b-sheet
alone. Also, CD and FTIR studies indicate substantial amounts
of non-helical structure in aM1 (17). Ortells and Lunt (48) in

their mixed a-helix/b-sheet model of the AChR, constructed
aM1 as a three-strand b-sheet and introduced short loops gen-
erated by searching in the data base of known structures for an
appropriate backbone conformation. The proline residues
themselves cannot be found within a b-strand, so they were
positioned in the loops. The same explanation can be extended
to gM1, having a proline residue (Pro229) immediately adjacent
to Cys230 and two other (Pro222 and Pro 244) at the end of the
TM region (see Scheme II). Thus, the conserved proline resi-
dues in M1 segment might introduce “curls” or kinks in a
manner analogous to that recently reported for one of the
transmembrane segments of the K1 channel (49). In the case of
the gM1 fragment there appears to be no detailed information
on its topography in the membrane as yet.

Relative Affinities of Spin Label Lipid Analogs for the Whole
AChR and Derived TM Segments—Experimental data obtained
in the present work can be further exploited to extract infor-
mation about the relative affinity of spin-labeled lipids for the
whole T. californica AChR and TM AChR peptides. For this
purpose one should compare the relative quenching efficiencies
for probes located at the same depth in the membrane. In this
way, variations in KSV are not due to the specific topography,
but reflect the relative affinities of the probe. There is scant
information in the literature on the location of the sterols
androstane and cholestane in a membrane. The former shows
structural resemblance to 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)amino)-23,24-bisnor-5-cholen-3b-ol-cholesterol; their hy-
droxyl groups are similarly held by the rigid heterocyclic moi-
eties. If the distance of ;5.7 Å from the center of the bilayer
measured for NBD-cholesterol (38) is extrapolated to the loca-
tion of the nitroxide group in ASL, it follows that this is about
the same as that of 12-SASL. In contrast, the hydroxyl group is
substituted by a hydrophobic alkyl chain in the case of CSL,
resulting in a more shallow location of the nitroxide spin label,
close to that of 5-SASL, in agreement with the ESR isotropic
hyperfine splitting factor measurements and the rates of re-
duction of these probes incorporated into membranes (50).

As shown in Table I, the Stern-Volmer constant for gM4
quenching is much larger for 5-SASL than for CSL. Thus, CSL
does not exhibit the strong selectivity for the isolated trans-
membrane gM4 region shown by fatty acids or androstane, in
agreement with previous ESR data on native AChR-rich mem-
branes (51). Let us assume that the local quencher concentra-
tion at each membrane depth [Q], is related to the overall
concentration in the membrane [Q]L by Equation 5 (31),

@Q# 5 b@Q#L (Eq. 5)

where the factor b is introduced to account for the fact that the
quencher molecules in the bilayer volume are not homoge-
neously distributed relative to the fluorophore. From Equation
5 the resulting relative affinities for the pairs 5-SASL:CSL and
12-SASL:ASL are 9:1 and 0.7:1, respectively. These apparent
affinities are to be treated with caution, especially in view of
the fact that for these sterol molar concentrations phase sepa-
ration might occur (52). The same reasoning should be applied
to the whole AChR quenching data, where relative affinities for
ASL.12-PCSL are observed, in this case with a ratio 7:1.

Conclusions—The differential fluorescence quenching by
spin-labeled lipids of whole AChR and transmembrane frag-
ments derivatized in Cys residues with N-(1-pyrenyl)maleim-
ide shows in all cases a superficial location of the chromophore.
This is as expected for the aM4 and gM4 fragments, but not so
for the M1 segments, in which case “classical” models locate
Cys residues at the center of the bilayer. The topography
emerging from the fluorescence data can be rationalized, how-
ever, on the basis of a substantial amount of non-helical struc-
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ture, attributable to the occurrence of proline residues, which
are known to introduce kinks in a-helices. M1 exhibits the fixed
presence of conserved proline residues, not only in the AChR
but also in all ligand-gated ion channels (48). Thus the data is
compatible with either non-linear a-helices or pleated b struc-
tures in M1. Further studies using other methodologies are
needed to clarify the topography of the transmembrane aM1
segment.

Another important conclusion from the present work is that
fatty acid and androstane spin labels exhibit a higher affinity
for AChR and derived TM peptides than do spin-labeled phos-
phatidylcholine and cholestane. This reinforces the view that
AChR possesses selectivity for certain lipid species, in agree-
ment with previous results (42, 51). Interestingly, the behavior
found for the whole reconstituted AChR is the same as for the
peptides, showing that the latter reflect quite faithfully the
properties of the parental molecule.
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