
Molecular Neurobiology 
Copyright �9 1999 Humana Press Inc. 
All rights of any nature whatsoever reserved. 
ISSN0893-7648/98/20(1 ): 45-59/$13.75 

Molecular Investigations on the Nicotinic 
Acetylcholine Receptor 

Conformational Mapping and Dynamic Exploration Using 
Photoaffinity Labeling 

Florence Kotzyba-Hibert* Thomas Grutter, and Maurice Goeldner 

Laboratoire de Chimie Bio-Organique, UMR 7514 CNRS, Facult6 de Pharmacie-Universit6 Louis 
Pasteur, 74 Route du Rhin, BP 24, 67401 IIIkirch Cedex, France 

Abstract 

The nicotinic acetylcholine receptor (nAChR) is a well-understood member of the ligand-gated 
ion channels superfamily. The members of this signaling proteins group, including 5HT3, GABAA, 
glycine, and ionotropic glutamate receptors, are thought to share common secondary, tertiary, and 
quaternary structures on the basis of a very high degree of sequence similarity. Despite the 
absence of X-ray crystallographic data, considerable progress on structural analysis of nAChR 
was achieved from biochemical, mutational, and electron microscopy data allowing the emer- 
gence of a three-dimensional image. Photoaffinity labeling and site-directed mutagenesis gave 
information on the tertiary structure with respect to the agonist/antagonist binding sites, the ion 
channel, and its selectivity filter. 

nAChR is an allosterical protein that undergoes interconversion among several conformational 
states. Time-resolved photolabeling was used in an attempt to elucidate the structural changes that 
occur in nAChR on neurotransmitter activation. Tertiary and quaternary rearrangements were 
found in the cholinergic binding pocket and in the channel lumen, but the structural determinant 
and the functional link between the binding of agonist and the channel gating remain unknown. 
Time-resolved photolabeling of the functional activated A state using photosensitive agonists might 
help in understanding the dynamic process leading to the interconversion of the different states. 

Index Entries: Acetylcholine; nicotinic receptors; time-resolved photoaffinity labeling; photo- 
sensitive agonists. 

Abbreviations: nAChR, nicotinic acetylcholine receptor; ACh, acetylcholine; NCB, non- 
competitive channel blocker; [3H]MBTA, N-(4-maleimido)benzyltrimethylammonium iodide; 
[3H]DDF, [3H]p-(N,N-dimethylamino) benzenediazonium fluoroborate; [3H]CPZ: [3H]chlorpro- 
mazine; [3H]TPMP +, [3H]triphenylmethylphosphonium cation; [125I]TID, 3-trifluoromethyl-3-(-m- 
[125I]iodophenyl)diazirine; [3H]QA, [3H]quinacrine azide; [3H]DAF, 2-[3H]diazofluorene; 
[3H]DCTA, [3H]diazocyclohexadienoylpropyl, trimethyammonium. 
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Introduction 

Nicotinic acetylcholine receptors (nAChRs) 
are transmembrane glycoproteins, which, in 
response to the binding of the neurotransmitter 
acetylcholine (ACh), mediate the translocation 
of cations across the plasma membrane in which 
they reside. They form hetero- (or homo) pen- 
tamers with various combinations of the 16 dif- 
ferent cloned subunits located either in the 
peripherical system in skeletal muscles (ctl, [31, 7, 
8, and ~) or in the central nervous system (t~2<t9, 
132-134) (reviewed in (1-3). nAChRs are involved 
in many pathologies, such as congenital myas- 
thenia, family epilepsies, and neurological and 
psychiatric disorders (Alzheimer's disease, 
Tourette's syndrome, schizophrenia) (reviewed 
in (4,5). The knowledge of the structural compo- 
nents of nAChR necessary for agonist binding 
and agonist-induced changes in structure is very 
important for therapeutic perspectives. 

nAChR is a protein that undergoes allosteric 
transitions on agonist binding (6). Two distinct 
sites are involved, on peripherical receptor, in 
the indirect interaction between the agonist 
binding site located mainly on both tx-subunits 
and the noncompetitive channel blocker (NCB) 
site lining in the central axis of ion channel. At 
least four discrete interconvertible conforma- 
tional states of the Torpedo nAChR have been 
characterized using fluorescent agonist dansyl- 
C6-choline, (7,8)  and electrophysiological 
recordings of response activation and desensiti- 
zation (9). These states are called resting (R), 
active (A), intermediate (I), and desensitized (D) 
(Fig. 1). Agonist binding leads to channel open- 
ing (A) followed by rapid (I) and slow (D) 
desensitization after prolonged exposure to ago- 
nist. The rate of isomerization between R and A 
lies in the microsecond to millisecond time scale, 
whereas transition from R to I is in the millisec- 
ond to 100-ms time range and from R to D in the 
minute time range. Native receptor (without any 
effector) pre-exists mainly in the R state with 
minor D state <20% (7,10). It may interconvert 
into D state with competitive antagonists, such 
as d-tubocurarine, or NCBs, such as meproad- 
ifen (11,12). According to the conformational 

R A CB Agonist 

~ ~ ~ ~  Nalciigh affinity site) 

/(low affinity sites) 

Fig. 1. nAChRs are ligand-gated ion channels 
that undergo allosteric transitions on effectors acti- 
vation. A minimum four-state model is proposed by 
Changeux and coworkers (7,8), including resting (R), 
active (A), and desensitized (I,D) states. The prefer- 
ential binding of several classes of ligands to the dif- 
ferent states as indicated--CB: competitive blockers; 
Agonist; NCB: noncompetitive channel blockers 
(high- and low-affinity binding sites). All these states 
are discrete, interconvertible, and for some of them, 
present before ligand binding: native nAChR pre- 
exists mainly on the R state with <20% D state 
(7,10). Allosterical transitions leading to desensitiza- 
tion (I, D states) from R state may occur not only 
through the actived A state with agonists, but also 
directly with some antagonist (d-tubocurarine), 
some NCB (Meproadifen) (11, 12), and with intracel- 
lular phosphorylation (83). 

state of the receptor, pronounced differences in 
affinities are observed, in particular for binding 
of agonists. For example, the KD of ACh for the A 
state is in the 100494 range and decreases to 10 
nM for the high-affinity D state (7,8). 

Photoaffinity labeling was extensively used to 
probe the structural changes that occur on 
desensitization of Torpedo nAChR. These experi- 
ments used the Torpedo ray electric organ, which 
provides high amounts of nAChR whose struc- 
tural and functional properties are very close to 
those of muscular and brain nicotinic receptors, 
according to recombinant DNA technologies 
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(13). The ACh binding site was mapped done 
with the efficient photosensitive probe [3H]DDF 
(14-16). The labeled amino acid residues were 
identified in both resting and desensitized states 
of the receptor (17). Similarly, the NCB [125I]TID 
has been used to map channel-forming regions 
of Torpedo nAChR in resting and desensitized 
conformations (18). The interconversion of the 
resting state to the desensitized state proceeds 
via the active A state in which the channel 
remains open for a short period of time (few mil- 
liseconds). To trap this transient state by pho- 
toaffinity labeling, the development of adapted 
technologies is required, i.e., rapid mixing tech- 
niques coupled with efficient photoirradiation. 

Probing the channel-forming regions in the 
open state has been investigated with time- 
resolved photolabeling coupled to stopped-flow 
using different NCBs, such as [3H]chlorpro- 
mazine (19,20), [3H]trimethylphenylphospho- 
nium (21,22), or [3H]quinacrine azide (23-25). 
Structural changes were detected in the quater- 
nary structure of nAChR on activation. How- 
ever, the functional link between the binding of 
agonist and the gating of ion channel remains 
yet to be elucidated. 

Conformational Mapping of nAChR 
in Closed States (R and D) 

The ACh Binding Site: Photoaffinity Labeling 
and Mutagenesis 
Muscle and Torpedo nAChR formed by pen- 

tameric oligomers are composed of five sub- 
units (2cz, [~, Y/G and 3) organized around a 
central pit. The agonist binding sites are located 
in the NH2 terminal domain at the interface of 
the cz-subunits and other subunits (3 or y). Two 
clockwise subunit arrangements around the 
channel are presently suggested: 0t~[~o~y8 
(where [3 is located between the two 0t) accord- 
ing photoaffinity labeling of Torpedo nAChR 
with photoactivatable derivatives of an c~-neu- 
rotoxin from Naja nigricollis (26) and electron 
microscopy (27), and ~70~813 (where Y is 
located between the two cz) from coexpression 
studies (28,29) and crosslinking experiments 

with photoactivatable derivatives of an o~-neu- 
rotoxin II from Naja naja oxiana (30). From coex- 
pression experiments, it was shown that c~ and 
y chains expressed together yielded a high- 
affinity pair, with respect to antagonist binding, 
and a low-affinity pair for cz and 8 coexpres- 
sion, whereas ot and [~ chains coexpression gave 
no antagonist binding at all (28,29). Similarly, 
the antagonist d-tubocurarine was found to 
bind with high affinity to the cz/y interface (0t~) 
and with low affinity to the cz/8 interface (0~) 
(31). On the other hand, recent studies showed 
that cz-Conotoxin M1, isolated from venom of 
cone snails (32), binds more tighly to the o~ site 
than to the 0t5 site (33). 

Topographical mapping of residues contribut- 
ing to ACh binding on Torpedo nAChR was 
achieved with the photosensitive antagonist 
labels [3H]DDF (15,16), [3H]d-tubocurarine (34), 
and with the agonist [3H]nicotine (35,36). From 
theses studies, three discontinuous domains of 
the cz-subunit centered around czTyr-93 (loop A 
(16)), 0~Trp-149 (loop B (15)), 0~Tyr-190, 0tCys 192, 
~zCys193, and czTyr-198 (loop C (15,34,35)) have 
been identified (Fig. 2). Convergent data have 
been obtained on reduced nAChR with the affin- 
ity label [3H]MBTA (0tCys 192 and o~Cys193 
(37)), and on native nAChR with a tritiated ana- 
log of lophotoxine (czTyr-190 (38)) and 
[3H]acetylcholine mustard (czTyr-93 (39)). More 
recent work showed that 5- and y-subunits are 
also involved in the cholinergic binding pocket 
as [3H]d-tubocurarine photolabeled yTrp55 and 
8Trp 57 (loop D (34)) and [3H]nicotine, yTrp55 
(loop D (36)). Crosslinking experiments with S- 
(2-[3H] glycylaminoethyl)dithio-2-pyridine (40) 
demonstrated that some y/SAsp residues lie 
within 9 A of the proximal cysteines at position 
192 and 193 of the cz-subunit. 8Asp180 and 
yAsp174 are thought to be involved in that cova- 
lent interaction, since their mutation to Asn dra- 
matically decreased their apparent agonist 
affinity with greater effect on 8Asp180 mutant 
(loop E) (41,42). Additional amino acid pairs 
contributing to agonist selectivity were identi- 
fied on fetal mouse muscle nAChR y- and 8-sub- 
unit chimeras coexpressed with 0~-subunits (43). 
Three-dimensional mapping of the agonist bind- 
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Fig. 2. Mapping of the cholinergic binding 
pocket on desensitized Torpedo nAChR. Pentameric 
organization of Torpedo nAChR subunits around the 
channel is illustrated here as the clockwise arrange- 
ment c~y~8~; o~ and 0~ are the high-affinity and 
the low-affinity d-tubocurarine binding sites, 
respectively. A five-loop model is proposed (for c~ 
here) according to affinity, photoaffinity labeling, 
crosslinking, and mutagenesis experiments. The 
amino acids covalently labeled (0~ and 8) are as fol- 
lows: [3H]MBTA: c~Cys 192, o~Cys 193 in loop C 
(37); [3H]acetylcholine mustard: o~Tyr 93 in loop A 
(39); [3H]DDF: ~Trp 86 and 0~Tyr 93 in loop A, 
RTryp 149 and ~Trp 151 in loop B, c~Tyr 190, ~Cys 
192, (xCys 193, RTyr 198 in loop C (15,16); 
[3H]nicotine: (xTyr 190, c~Cys 192, (xTyr 198 in loop 
C (35), and yTryp 55 in loop D (36); [3H]lophotoxin 
analog: ~Tyr 190 (38) in loop C; [3H]d-tubocu- 
rarine: c~Tyr 190, c~C 192, o~Tyr 198 in loop C, and 
~,Trp 55, 8Trp 57 in loop D (34). An additional loop 
E containing 3Asp180 (~,Asp174 on o~) is proposed 
to constitute the binding pocket according 
crosslinking (40) and mutagenesis experiments 
(41,42). Amino acids labeled are identified as a sin- 
gle letter in black. 

ing cleft on R5 and o%, was obtained with these 
site-directed labels and mutagenesis experi- 
ments (Fig. 2). However, photocoupling experi- 
ments were performed at equilibrium on the 
desensitized D state of nAChR (preincubation 
with [3H]d-tubocurarine (34) and [3H]nicotine 
(35,36) or with the NCB phencyclidine for 
[3H]DDF) (15,16). 

The structural reorganization that occurs in 
the cholinergic binding domains on desensitiza- 
tion was studied at the amino acid level with 
[3H]DDF using flash photolysis coupled to a 
stopped flow apparatus (17). nAChR was prein- 
cubated with ACh (0.6 ~G'I, 450 ms) to saturate 
the 17-20% D state existing in the absence of any 
effector (7,10) and then mixed with [3H]DDF for 
15 ms and briefly irradiated (<5 ms). Under 
these conditions, possible effects of [3H]DDF per 
se on receptor interconversions were minimized, 
and photolabeling of the R state was possible. 

The comparison of the labeling pattern 
obtained in the two states (R and D) confirm 
the hypothesis of local conformational changes 
in the cholinergic binding area on desensitiza- 
tion (Fig. 3): 

1. The labeling of the o~-subunit involved the same 
set of amino acids as on the R state, but was 
enhanced in the D state in agreement with the 
increased affinity for cholinergic ligands. 

2. The labeling on peptide loops A (Tyr93) and B 
(Trp149) increased up to sixfold on D state, but 
loop C (Tyr 190, Cys 192, Cys 193, and Tyr 198) 
was labeled in a roughly identical manner. 

3. A peptide loop from the 6-subunit was more 
heavily labeled on D state by [3H]DDF. 

4. A peptide loop from the y-subunit was less inten- 
sively labeled on D state by [3H]DDF. 

In summary, a reorganization of the tertiary 
structure of cholinergic binding sites occurred 
on desensitization with additional interactions, 
possibly with loops A and B on the 0~-subunits 
and with a loop on the 3-subunit. 

Site-directed mutageneses were performed 
on residues photolabeled with DDF on periph- 
erical nAChRs (loop C in Torpedo (44) or mouse 
muscle (45) or chick brain ~7 homo-oligomeric 
nAChRs (loops A, B, C (46,47) and on residues 
photolabeled with d-tubocurarine on the o~ 7- 
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Fig. 3. Conformational mapping of the cholinergic binding pocket with [3H]DDF on R and D states of Tor- 
pedo nAChR (17). The DDF binding domain on the R~-subunit, composed of peptide loops from ~- and &sub- 
units is shown in the R and D states of nAChR. Loops A ((~Tyr 93) and B (~Trp 149) and the additional loop on 
the 8-subunit whose labeling increases in the D state are coming closer to DDF, but a loop on y-subunit moves 
away (for 0~ site, not shown). Labeling of loop C (0Gyr 190, ~Cys 192, RCys 193, RTyr 198) remains unchanged 
on desensitization. 

V201-5HT3 chimera nAChR (loop D (48)). All 
these mutations altered agonist affinity and 
also desensitization process (46), showing their 
functional importance in cholinergic recogni- 
tion and in the ionic transmission process. 

The NCB Binding Site: Photoaffinity 
Labeling and Mutagenesis 
NCBs block nAChR action by binding to a 

site or sites distinct from the ACh binding sites. 
Two classes of binding sites have been 
described so far: a high-affinity site that 
appears to bind NCBs with a stoechiometry of 
1 per nAChR (12) and numerous low-affinity 
sites (up to 30) located at the interface receptor- 
membrane lipids (Fig. 1). 

According to amphipatic analysis, four 
hydrophobic segments (M1-M4) common to all 
nAChR subunits and other ligand-gated ion 
channels are thought to form membrane-span- 

ning 0~-helices (49-51). Photoaffinity, affinity 
labeling with NCBs, and mutagenesis provided 
insight on the location of the high-affinity NCB 
site (reviewed in ref. (52). The NCBs [3H]CPZ 
(53-55), [3H]TPMP+(56), and [125I]TID (18) 
specifically photolabeled, under equilibrium 
conditions, residues within the M2 sequence. 
[3H]CPZ and [3H]TPMP + both label a homolo- 
gous set of serine residues (~Ser248, ~Ser254, 
~Ser257, and 8Ser262). [3H]CPZ also labeled 
leucine and threonine residues (yLeu260, 
~Leu257, yThr253), suggesting that homolo- 
gous residues on each of the subunits con- 
tribute to the [3H]CPZ binding site. These 
results support the hypothesis of the helicity of 
M2 with one-side labeling (Fig. 4). 0~Glu262 was 
also identified as the site of incorporation of the 
affinity label [3H]meproadifen mustard (57). 
Mutations within the M2 channel domain of 
the three rings of [3H]CPZ- and [125I]TID- 
labeled amino acids in the neuronal 0~7 nAChR 
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Fig. 4. Mapping of the high-affinity site for NCBs 
within the ion channel on Torpedo nAChR desensi- 
tized state D. Each subunit (3 shown here) spans the 
plasma membrane four times according to literature 
(49-51). The channel pore is composed of the M2 
segments of each subunit, arranged as ideal c~- 
helices. Rings of homologous residues are identified 
as targets of NCB's (photo)-alkylation. [3H]CPZ bind- 
ing site extends over the rings of serines (RSer248, 
[3Ser254, ~er257, 8Ser262), leucine (yLeu260, 
~Leu257), and threonine (yThr 253) (53-55). 
[3H]TPMP + photolabeled the CPZ-serine ring (56), 
but the [1251]TID binding s i te  overlaps the 
CPZ/TPMP + binding site ([3Ser 254) and extends to 
the upper ring of valine (13Val261 and ~3Val269) and 
the lower serine (13Ser 250) (18). The affinity label 
[3H]meproadifen mustard alkylates 0~Glu262 at the 
upper part of M2 (57). Amino acids labeled with 
[3H]CPZ are in gray, with [1251]TID in white, com- 
mon to [3H]CPZ and [1251]TID in black. 

(Thr244Gln, Leu247Thr, and Va1251Thr, respec- 
tively, c~7 numbering) affected the apparent 
affinity not only of channel blockers, but also 
that of agonists and competitive antagonists. It 
also abolished desensitization of 0~7 mutants 
(58). In particular, a new conducting desensi- 
tized state was detected in the mutant 
Leu247Thr, activated by a low ACh concentra- 

tion and several competitive antagonist of the 
wild type (58,59). Mutations of only two 
residues (Leu to Cys on the 0~-subunit) from the 
leucine ring in mouse muscle nAChR increased 
apparent ACh affinity and slightly reduced 
desensitization (60). This leucine ring of amino 
acids would thus play a critical role in the clos- 
ing of the ion channel on desensitization. 

In summary, mutations of residues belong- 
ing to the cholinergic binding site or to the 
c~M2 domain can affect the coupling between 
the binding site and the channel, possibly by 
changing the rate (or equilibrium constant) for 
interconversion between open and closed 
channel states with no associated changes in 
the intrinsic properties of the allosteric states. 
A reconsidered allosteric model was proposed 
to explain the large diversity of functional 
properties and the widely pleiotropic pheno- 
types, which arise from point mutations in 
nAChR subunits (61). 

[125I]TID photolabeling provided the first 
evidence, at the molecular level, for an agonist- 
dependent rearrangement of the M2 o~-helices 
(18). Whereas homologous aliphatic residues 
(13Leu257, 8Leu265, ~Va1261, and yVa1269) in 
the M2 region of three subunits were labeled 
without agonist, their labeling was reduced 
(90%) and broadened to a set of CPZ-labeled 
residues near the cytoplasmic domain of M2 
([3Ser250, 13Ser254) in the presence of the ago- 
nist carbamylcholine. A model of the nAChR 
was proposed where [125I]TID incorporates 
similarly to [3H]CPZ into the amino-terminal 
half of 13M2 and 8M2 facing the channel. In the 
absence of agonist, [125I]TID was tighly bound 
at the level of these unreactive Leu and Val 
residues. On agonist activation, a broad pat- 
tern of labeling was obtained involving 
residues above and below the Leu and Val 
rings. These results demonstrated a wideness 
of the pore in the desensitized state. The ineffi- 
ciency of labeling in the presence of agonist 
was possibly owing to the quenching of photo- 
generated carbene by water molecules that 
have access to the pore in the desensitized state 
(18). This new set of photolabeled residues 
might be the result of a mixture of photolabel- 
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ing patterns of nAChR in the resting and 
desensitized states, since TID stabilizes the 
resting state probably through strong and tight 
hydrophobic interactions with residues of the 
hydrophobic rings (18). Rapid-mixing experi- 
ments show that TID might act either on the 
resting or desensitized state in preference to 
the open state of nAChR (62). 2-[3H]diazofluo - 
rene ([3H]DAF) photolabeling recently pro- 
vided further characterization of an 
agonist-induced rearrangement of the ion 
channel. In the absence of agonist, [3H]DAF 
specifically labels ~Va1261 and 3Va1269, but in 
the presence of agonist, a 90% reduction of 
labeling was observed and residues closer to 
the cytoplasmic end of M2 were labeled 
(~Leu257, ~Ala258, 3Ser262, and 5Leu265) (63). 

The ACh and the NCB Binding Sites: NMR 
and X-ray Crystallography of Ligand 
Binding Fragments 
Biotechnological approaches were recently 

developed to probe the molecular structure of 
ligand-gated ion channel binding sites. The 
crystal structure of the ligand binding core 
$1S2 expressed in Escherichia coli of the 
ionotropic glutamate receptor iGluR2 com- 
plexed with kainate was resolved with high 
resolution (64). Information provided by this 
structure is essential for the understanding of 
receptor-agonist interactions and binding 
specificity. In addition, new insights on ligand- 
induced channel gating and allosteric effector 
action emerged from these data. 

The NMR structure of recombinant M2 seg- 
ments of nAChR (3-subunit) and N-methyl-D- 
aspartate receptor (NMDAR) (NRI subunit) 
reconstituted in bilayers were produced (65). 
Cation-selective channels were formed as moni- 
tored with single-channel recording (65,66). A 
model was proposed for M2 location in the lipid 
bilayer and a funnel-like architecture for chan- 
nel with the wide opening on the N-terminal 
intracellular side was suggested, assuming a 
symmetric pentameric arrangement of M2 
helices. These alternative approaches, comple- 
mentary to photoaffinity labeling, in the 

attempt to probe the molecular structure of pro- 
tein fragments might be used in the future for 
dynamic studies. 

Conformational Mapping of nAChR 
in the Open Activated State A 

Electron Microscopy 
A study by Unwin (67) showed that agonist 

binding to nAChR produced structural transi- 
tions. Electron images of Torpedo nAChR, crys- 
tallized in tubular vesicles at 9-A resolution, 
were analyzed before and after brief exposure 
(<5 ms) to ACh. Comparison of the open and 
closed channel forms gives direct insight into 
the structural disturbances occurring in the 
nAChR during agonist activation and channel 
opening. 

In the extracellular part of nAChR, sets of 
three rods are seen in each subunit, about 30 
above the membrane bilayer. They form a cavity 
that is more pronounced in the ~-subunits and 
is proposed to represent the ligand binding site. 
After ACh exposure, this cavity in the 0~-sub- 
unit disappears in the activated structure, but 
the ~-subunit moves away from the ~5-subunit 
toward the R~-subunit. This coordination of 
structural responses of the two 0~-subunits is 
proposed to be central to the cooperative mech- 
anism responsible for channel opening. 

In the membrane-spanning part of nAChR, 
five rods of density formed a wall around a 
pore. They can be assigned to the 25- to 35-A 
long 0~-helical M2 segment of each subunit 
according to their size and exposition to the 
lumen of the pore. The rest of the molecule was 
shown as a rim of continuous density facing 
the lipids, likely assumed to be composed of ~- 
sheets or turns. This observation was in contra- 
diction to [125I]TID photoalkylation of receptor 
parts in interaction with phospholipids where 
M3 and M4 were identified as s-helices (68). In 
the closed state, the M2 helices kink about their 
midpoint and come close to the central axis of 
the pore to form the gate composed of large 
side-chain residues corresponding probably to 
the leucine ring photoalkylated by NCBs (Fig. 
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Fig. 5. Mapping of the high-affinity site for NCBs within the ion channel on Torpedo nAChR R and A states. 
2. On the closed R state, M2 segments are visualized as m-helices kinked about their midpoint according to 
Unwin (67). [1251]TID binding site on R state is located within the rings of valine ([3Val261,8Val269) and leucine 
(~Leu257, 8Leu265) (18). 3. [3H]QA binding site on A state: according to Unwin (67), on agonist activation, the 
pore opens drawing away gate-forming side chains (Leu in gray) from the central axis. This movement allows 
polar hydroxylic residues to face the channel (RSer and ~Thr in gray), thus falicitating ion translocation. A part 
of M1, schematically represented here as a loop, fills the gap owing to c~-helices M2 rearrangement and con- 
tributes to [3H]QA photolabeling (~Arg209, c~Pro 211) in the open channel state A (24,25). Amino acids labeled 
are represented as a single letter in black. 

5A). On activation, helices could bend tangen- 
tially to the central axis and associate side to 
side, thus opening the pore, drawing gate- 
forming side chains away from the central axis 
and allowing polar hydroxylic residues to 
become exposed in the lumen (Fig. 5B). 

Time-Resolved Photolabeling of the NCB 
Binding Site in the A Open State 
To trap the transient A open state of nAChR, 

rapid-mixing photolabeling apparatuses were 
developed by several groups (Fig. 6) 
(19,20,22,23). Heidmann and Changeux stud- 
ied the kinetics of photolabeling of [3H]CPZ 
with Torpedo nAChR in the 100-ms to seconds 
time range (19,20). The four subunits were 
labeled after rapid mixing with ACh and brief 
(20 ms) UV irradiation. The agonist-depen- 
dent, rapid association of [3H]CPZ took place 
with nAChR in its open-channel conformation, 

whereas association with closed state (agonist- 
induced desensitized state) was very slow 
owing to a structural barrier that restricts the 
accessibility of the NCB. High-energy pulsed 
laser coupled to a rapid-mixing photolabeling 
apparatus (22) was used to probe the channel 
with [3H]TPMP § on a ms time resolution 
(dead-time 2.4 ms). In the resting and activated 
states, most of the label was incorporated into 
the 0~-subunit, whereas 8 (and to a lesser extent 
[3) reacted with the probe on agonist-induced 
desensitized nAChR (21,69). 

Torpedo nAChR was also photoalkylated 
with [3H]QA on a 20- to 200-ms time scale. 0~- 
and [3-chains were labeled predominantly with 
an enhancement after brief exposure to ACh. 
This labeling decreased after long exposure to 
ACh (23). nAChR was photolabeled with 
[3H]QA 20 ms after ACh addition: under these 
conditions, the kinetics of the specific labeling 
were consistent with the preferential labeling 
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Fig. 6. Schematic representation of rapid-mixing photolysis apparatus for time-resolved photolabeling. 
Combined stopped-flow and multimixing spectrophotometers with efficient UV source (laser or high-pressure 
mercury lamp) were constructed and used for rapid-mixing photolabeling (19,22,23). ]-he sequential rapid mix- 
ing of up to three solutions (prepared in drive syringes $1-$3) was performed in mixing chambers M1 and M2, 
with possible variation of the length of the delay tube, 1 and 2, and was time-controlled by multimixing control 
module. The mixed solutions were irradiated while passing in the irradiation cell and were collected in the col- 
lect syringe. Flow rate was adjusted by varying the pressure of the air ram. In [3H]DDF's rapid mixing experi- 
ments (17), $1 = Torpedo nAChR, $2 = acetylcholine, and $3 = [3H]DDF. 

of the open state A, since the specific labeling 
reached a maximum at 50 ~M (value close to 
its apparent affinity for activation of ion flux). 
Residues o~Arg209 and o~Pro211 of M1 segment 
were labeled on the 0~-subunits (24,25), demon- 
strating that the extracellular part of M1 is 
involved in the NCB binding site in its open 
state. To reconcile the labeling by [3H]QA of 
the M1 region of ~ and the labeling with 
[3H]CPZ and other NCBs of the M2 regions of 
R, ~, and T, several hypotheses were proposed: 

1. They all bind to the same site, but photoreact 
with different residues, since photogenerated 
species display quite different reactivities 
(nitrene for QA, carbene for TID, and probably 
undefined radical species for CPZ and TPMP +. 

2. They bind to two different NCB sites, since 
0~Ser248 was too distant (2 nm at least) from the 
~Arg209-Pro211 pair assuming that M1 and M2 
are s-helices oriented normally to the mem- 
brane. 

3. QA binds to a site on the open receptor that is in 
contact with lipid bilayer and not in the channel 
lumen (70). 

4. M1 becomes accessible from the inside of the 
channel when the receptor is in the active state. 

According to recent literature (71), the most 
reliable hypothesis would  be that residues 
identified as the reactive sites for QA are 
located in the channel lumen rather than at a 
lipid interface site. On agonist activation and 
channel opening, membrane-spanning pep- 
tides other than M2, such as a part of M1, may 
be involved in filling the gap, assuming that all 
or a part of M1 is not an {x-helix (Fig. 5B). Using 
the substituted-cysteine accessibility method 
(SCAM), Karlin and collaborators showed on 
mouse-muscle nAChR that some ~M1 (72) and 
~M1 (73) residues (N-terminal third) contribute 
to the lining of the channel and undergo struc- 
tural changes during gating. M1 appeared not 
to be helical based on photolabeling with 
[125I]TID of phospholipid interacting parts of 
nAChR (68). Furthermore, 0~Cys222, which was 
supposed to be located at the center of the 
helix M1, was found to be closed to the mem- 
brane-water  interface, suggesting an irregular 
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Fig. 7. Dynamical mapping of the activated state A of nAChR with a photosensitive agonist. Rapid mixing of 
nAChR with the photoprobe triggers channel opening (A) on an ms time scale and in the dark. The activated 
receptor is then UV-irradiated while passing in the irradiation cell (B), and the highly reactive species photo- 
generated in situ in the cholinergic binding pocket reacts covalently and instantaneously with surrounding 
residues (C). A hypothetical mechanism is proposed for rapid coupling of photogenerated carbene from the dia- 
zocyclohexadienone [3H] DCTA with the cholinergic binding pocket. The carbonyl group and the charged qua- 
ternary ammonium of [3H]DCTA mimic the pharmacophore, ensuring cholinergic recognition. X-H represents 
any amino acid belonging to the cholinergic binding pocket. 

structure for M1 (74). M1 would then probably 
contain a [3 strand or 0~-helix segments span- 
ning the membrane in a different way than lin- 
ear m-helix. Finall~ molecular modeling of 
nAChR was performed taking into account 
recent literature (75,76), and in this model, M1 
was built as a three-strand ~-sheet. 

New Perspectives: 
Toward the Dynamic 
Mapping of nAChR 
The topographical mapping of the choliner- 

gic binding site and of the ion channel has been 
elucidated using photoaffinity labeling and 

mutagenesis, as shown here. Nevertheless, we 
do not know the important structural details of 
the ligand binding pocket that triggers the 
channel gating on agonist binding. Time- 
resolved photolabeling of the ACh binding site 
in its active A state using photosensitive ago- 
nists might help to elucidate the structural 
determinants of channel gating. Labeling the A 
state represents a challenge, since the probe 
must necessarily be an agonist possessing pho- 
tochemical properties compatible with ms 
time-resolved photolabeling (for review, see 
(77)). Figure 7 illustrates the different steps nec- 
essary for alkylation of the active state. For this 
purpose, [3H]nicotine is not ideal, because it 
suffers from extremely low labeling efficiency 
under equilibrium conditions (N1%) (35). New 
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photosensitive agonists containing an aryldia- 
zonium salt were developed in our laboratory, 
which allowed very efficient labeling of Torpedo 
nAChR (>50% ACh binding sites labeled (78)). 
Preliminary rapid mixing experiments pointed 
out different patterns of labeling according to 
the state of nAChR (R or D). However, a broad 
labeling pattern involving all four subunits was 
observed, probably owing to the size and flexi- 
bility of the used probe (14.5 A in the extended 
conformation). Therefore, in an attempt to ana- 
lyze more precisely the conformational transi- 
tions within the agonist binding site on nAChR 
activation, we proposed recently a novel class 
of photosensitive agonists of adapted size and 
reactivity (79). They combine a highly photo- 
sensitive moiety with a quaternary ammonium 
group necessary for cholinergic recognition. 
The photoprobe 4-diazo-cyclohexa-2,5-dienone 
generates on UV irradiation extremely reactive 
carbenic species able to react efficiently with a 
nonactivated C-H bond (80) (Fig. 7). One of 
these photoprobes, DCTA, was shown to be a 
functional agonist (81). [3H]DCTA was syn- 
thetized and used successfully to photoalkylate 
the ACh binding site of Torpedo nAChR with 
satisfying incorporation, mainly on the (x-sub- 
units. Preliminary experiments using a 20-ns 
laser flash pulse led to 8% specific labeling of 
the agonist binding sites on D state (82). 

Future experiments with [3H]DCTA using 
time-resolved photolabeling might represent a 
decisive step toward resolution of the dynamic 
photolabeling of the nAChR. A more precise 
molecular understanding of conformational 
changes underlying the dynamic structural 
processes in cholinergic neurotransmission 
should be possible by comparing the topogra- 
phy of the cholinergic binding area before, 
during, and after agonist activation. 
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