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Acetylcholine Receptor Channel Structure 
Probed in Cysteine-Substitution Mutants 

Myles H. Akabas, David A. Stauffer, Ming Xu, Arthur Karlin* 
In order to understand the structural bases of ion conduction, ion selectivity, and gating in 
the nicotinicacetylcholinereceptor,mutagenesisand covalent modificationwerecombined 
to identify the amino acid residues that line the channel. The side chains of alternate 
r e ~ i d u e s - s e r ~ ~ ~ ,LeuZ5O,Serz52,and Thrz54-in M2, a membrane-spanningsegment of 
the a subunit, are exposed in the closed channel. Thus ct248-254probablyforms a p strand, 
and the gate is closer to the cytoplasmic end of the channel than any of these residues. 
On channel opening, Leuz5' is also exposed. These results lead to a revised view of the 
closed and open channel structures. 

Nicotinic receptors transduce the binding 
of acetylcholine (ACh) into the opening of 
a cation-conducting channel (1). The five 
subunits (2) of these receptors form a pseu-
dosymmetric (3) ring around a central 
channel (4). Each subunit contains four 
membrane-spanning segments, M1 through 
M4 (3, 5);both the NH2-terminusand the 
COOH-terminus of each subunit are extra-
cellular (6, 7). The cation-conducting 
channel must be formed by residues of the 
membrane-spanning segments. Mutagene-
sis of charged residues flanking M2 (Fig. 1) 
in all four subunits demonstrated the influ-
ence of these residues on ion conduction 
(7, 8) and selectivity (9). Within M2, 
mutations of residues homologous to Thr244 
of the Torpedo ci subunit altered cation 
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selectivity (10,1 1) , mutations of residues 
homologous to Ser248and Ser252of the ci 
subunit influenced the binding of the chan-
nel blocker QX-222 (12) ,and mutation of a 
residue homologous to Torpedo ct sub-
unit Leu251decreased Kapp(concentration of 
agonist eliciting a half-maximal response), 
revealed a new high-conductance state, 
decreased the rate of desensitization, and 
abolished block by QX-222 (13). In a dif-
ferent approach, Torpedo ct subunit Ser248 
(14, 15) and the homologous residues in 
the p (14, 16), y (1 7), and 6 subunits (18) 
were photolabeled by noncompetitive in-
hibitors that are believed to bind within the 
channel. Other M2 residues photolabeled 
were the residues in the p (16) and y 
subunits (17) homologous to ci subunit 
LeuZ5land a residue in the y subunit (17) 
homologous to ct subunit Thr244.A residue 
flanking M2, ct subunit G ~ u ~ ~ ~ ,was also 
labeled (19). 

We assume (i) that residues lining the 
cation-conducting pathway of the receptor 
constitute a portion of the water-accessible 
surface of the protein; (ii) that these resi-
dues are accessible to sufficiently small, 
charged reagents, at least in the open state 
of the channel; (iii) that the addition of a 
charged group to a channel-lining residue 
would alter ion conduction; and (iv) that 
residues in the membrane-spanning seg-

ments but not exposed in the channel are 
inaccessible to charged, lipophobic re-
agents. We mutated consecutive residues in 
M2 of the mouse muscle ct subunit to 
cysteine and expressed the mutant receptors 
in Xenopus oocytes. We determined the 
susceptibility of these mutant receptors to 
irreversible channel-block by small, 
charged, sulfhydryl-specific reagents. The 
technique of substitution of residues with 
cysteine and chemical modification of the 
new sulfhydryls has been used in structural 
studies of the aspartate receptor (20), coli-
cin (2I) ,  and bacteriorhodopsin (22). 

The small, charged, sulfhydryl-specific 
reagents, which we synthesized, are the 
three methanethiosulfonate (MTS) deriva-
tives, CH3SO2SCHZCH2NH3+(MTSEA), 
CH,S02SCH2CH2NMe3+(MTSET), and 
CH3S02SCH2CH2S03- (MTSES) (23). 
These MTS derivatives are at least 2500 
times as soluble in water as in n-octanol 
(23). Although they differ somewhat in 
size, each MTS derivative fits into a cylin-
der about 0.6 nm in diameter and about 1 
nm in length; hence each should fit into the 
open channel of the ACh receptor, which 
conducts organic cations up to 0.65 nm in 
diameter (24). Nevertheless, these reagents 
might not react even with a solvent-ex-
posed side chain due to steric hindrance 
because their lengths are greater than the 
minimal diameter of the channel. These 
reagents specifically add the -SCH2CH2R 
moiety to reduced sulfhydryls to form mixed 
disulfides (25). The MTS derivatives were 
added to the oocytes at concentrations of 1 
mM for MTSET, 2.5 mM for MTSEA, and 
10 mM for MTSES in order to compensate 
for their different reactivities with non-
protein sulfhydryls (23). 

We mutated one at a time nine consec-
utive residues in M2 (246 to 254) of the 
mouse muscle ct subunit to cysteine (Fig. 1) 
and injected the mutant ct subunit mRNA, 
together with wild-type P, y, and 6 subunit 
mFWAs, into oocytes (26). One to 3 days 

240 250 260 
I I I I I I 

Z M 
CCCCCCCCC 

TDSGEKMTLSISVLLSLTVFLLVIVELIPS -------------------
IN M2 EX 

Fig. 1. Partial sequence of the mouse muscle 
ACh receptor a subunit, numbered by align-
ment with Torpedo a subunit. M2 segment 
underlined; EX, extracellular; IN,  intracellular; 
Z, labeled by chlorpromazine (15) and triph-
enylmethylphosphonium (14) and M ,  labeled 
by meproadifen mustard (19),all in Torpedo 
a;C, mutated to cysteine as described in text. 
Single-letter codes for the amino acids are 
used (37). 
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later, all mutants gave robust responses to 
ACh (27), We tested the susceptibility of 
wild-type and mutant receptors to irrevers
ible inhibition by a 1-min application of the 
MTS derivatives in the presence and ab
sence of ACh (Fig. 2A). During 1-min 
applications of ACh, slow desensitization 
caused a decline from peak current that 
ranged from 3 to 42%; therefore, a large 
fraction of the receptors were opening dur
ing the entire 1-min period (Fig. 2B). 

MTSEA, added for 1 min in the absence 
of ACh, irreversibly inhibited the mutants 
S248C, L250C, and S252C significantly 
more than the wild type (28) (Fig. 3 A). We 
infer that the side chains of the correspond
ing wild-type residues line the channel and 
are accessible from the extracellular end of 
the channel in its closed state. The acces
sibility of Ser248 and Ser252 is consistent 
with previous results of labeling and muta
genesis (12, 14-18); the accessibility of 
Leu250, however, is surprising not only be
cause there is no indication from previous 
work that Leu250 is exposed in the channel 
but also because its accessibility is incom
patible with an a-helical conformation for 
residues from 248 to 252. An a-helical 
conformation of all four membrane-span
ning segments, including M2, has been 
widely assumed. If this were the case, 
Leu250 would be on the side of an a-helix 
opposite to Ser248 and Ser252. The side 
chains of all three residues, however, would 
be on the same side of a segment in a 
P-strand conformation. 

Because T254C was inhibited more by a 
1-min application of MTSEA than was the 
wild type, we tested a 5-min application of 
MTSEA on T254C, S246C, and wild type. 
The longer exposure to MTSEA resulted in 
23% ± 5% (n = 3) irreversible inhibition 
of T254C, 9% ± 0% (n = 2) of S246C, 
and 8% ± 4% (n = 3) of wild type. T254C 
was inhibited more than wild type (P < 
0.02), but S246C was not. We infer that in 
the channel of the wild-type receptor the 
side chains of Ser248, Leu250, Ser252, and 
Thr254 are exposed and probably are in a 
P-strand conformation. 

Because the cationic MTSEA can pen
etrate into the closed channel from its 
extracellular end at least to Ser248, the 
gating element that blocks cation conduc
tion in the closed state of the channel must 
be closer to the cytoplasmic end of the 
channel than Ser248. 

In the presence of ACh as in its absence, 
MTSEA irreversibly inhibited S248C, 
L250C, and S252C (Fig. 3B). In contrast, 
L251C was strongly irreversibly inhibited 
by MTSEA when applied in the presence of 
ACh (Figs. 2A and 3B), but not in its 
absence (Fig. 3A). The ACh-dependent 
accessibility of the cysteine residue substi
tuted for Leu251 reflects a structural change 

308 

in the channel lining attendant on channel 
opening or desensitization or both. The 
gate itself, however, is closer to the cyto
plasmic end of the channel than Leu251. 

In the presence of ACh, three consecu-
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tive residues—Leu250, Leu251, and Ser252— 
are accessible to MTSEA. Three consecu
tive residues are simultaneously accessible 
to solvent when they are located at the ends 
of P strands or a helices or in turns, bends, 

ACh ACh ACh ACh 

1 /xA 

Fig. 2. The effect of MTSEA plus ACh on the response of mutant L251C. (A) The susceptibility of wild 
type and all mutants to the MTS derivatives was tested by recording the voltage-clamp current while 
perfusing with the following sequence of solutions: 20 JJLM ACh (10 s), Ringer solution (R) (5 min), 
20 JJLM ACh (10 s), Ringer solution (5 min), MTS derivative ± 20 |xM ACh (1 min), Ringer solution (5 
min), 20 JJLM ACh (10 s), Ringer solution (5 min), 20 |xM ACh (10 s). The responses of a single oocyte 
are shown: Two precede and two follow a 1-min application of 2.5 mM MTSEA plus 20 JJLM ACh. 
Solution changes are at the arrows. (B) For comparison, the response of the same mutant as in (A) 
in another oocyte to a 1-min application of 20 JJLM ACh and no MTSEA. 
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Fig. 3. The irreversible inhibition of the response of wild-type and mutant receptors to ACh resulting 
from a 1-min application of MTS derivatives. The derivatives added (2.5 mM MTSEA, 1 mM MTSET, 
and 10 mM MTSES) are indicated along the tops of the panels, and the presence or absence of ACh 
during the addition of the MTS derivative is indicated within each panel. The fractional inhibition was 
calculated as 1 - (mean final response/mean initial response). This inhibition was corrected by 
subtracting the decline in the average response for the same receptor when 20 |xM ACh alone (no 
MTS derivative) was applied to the oocyte for 1 min. These corrections ranged from 0 to 6%, except 
for S246C for which the correction was 9%. The means, SEMs, and number of independent 
experiments are shown. Three-way analysis of variance showed significant three-way interactions 
(P < 0.001). One-way analysis of variance showed significant (P < 0.001) differences between 
mutants within each of six groups of the three MTS derivatives with and without ACh. The differences 
between the means were evaluated by the least significant difference procedure. Solid bars, 
mutants for which the inhibition was significantly different (P < 0.05) than for wild type. 



and loops (29). Alternatively, Leu2j0, 
Leu2j1,and Ser2j2are not necessarily simul-
taneously exposed in a single a subunit 
because in the presence of ACh we are 
sampling receptors in any of three states: 
open, closed, and desensitized. In either 
case, flexibility is required in the channel 
structure around Leu2j'. 

MTSET contains a quaternary ammoni-
um group and is an agonist. In the wild type 

and in L251C, 1 mM MTSET induced 
approximately 75% of the current induced 
by 20 pM ACh. Consistent with its agonist 
activity, MTSET inhibited similarly in the 
presence and absence of ACh (Fig. 3, C and 
D). MTSET irreversibly inhibited S252C, 
L251C, and L250C, as did MTSEA in the 
presence of ACh. Unlike MTSEA, MTSET 
did not inhibit S248C. This difference could 
be due to the difference in the size of the 
head groups. The -N(CH3), group of MT-
SET has a diameter of about 0.58 nm com-
pared to 0.36 nm for the -NH3 group of 
MTSEA, and the channel may narrow near 
its cytoplasmic end (10, 30). 

The anionic MTSES had no significant 
effects on wild-type or mutant channels 
either in the presence or absence of ACh 
(Fig. 3, E and F). The -SO3 group, al-
though smaller than the -N(CH3), group, 
is larger than the -NH3 group. If size alone 
were the criterion, then MTSES would 
have access to at least the same residues as 
MTSET. The lack of effect of MTSES on 
S252C, L251C, and L250C, therefore, is 
due to selection against anions either in this 
region or between the extracellular end of 
the channel and this region. 

From Ser248to Thr2j4, which we have 
inferred form a p strand, the effect of cys-
teine substitution on the Kapp for ACh 
alternates (Fig. 4, A and B). Kappwas 2.6 -f 
0.4 pM (n = 12) for wild type and was 0.2 
to 129 pM for the mutants. The KaPp'sof the 
mutants in which the residue altered faces 
the closed channel-S248C, L250C, 
S252C, and T254C-were greater than that 
of the wild-type receptor, whereas the KaPp's 
of S246C, L251C, and L253C were less. 
The effect depends more on the position of 
the residue altered than on the identity of 
the side chain in the wild-type receptor. 

Because these residues are far from the 
ACh binding sites, the effects on K,,, 
probably result from changes in the rates of 
channel opening and closing rather than in 
ACh binding affinity. Thus we can estimate 
the effect of mutation on the free-energy 
difference between the open and closed 
states (Fig. 4B, upper scale) (31). Mutation 
of the residues that face the channel lumen 
in the closed state increases the free-energy 
cost of channel opening; mutation of resi-
dues that face the protein interior either 
decreases the free-energy cost of channel 
opening, in the cases of Leu2j3and Leu2j1, 
or has no effect on the free-energy change, 
in the case of In particular, the 
hydrophobic interactions of Leu2j1 and 
Leu2j3 with the interior of the protein in 
the closed state and their less favorable 
interactions in the open state may restrain 
spontaneous opening of the channel. The 
binding of ACh provides the energy to 
overcome this energy barrier. The substitu-
tion of the smaller cysteine at these posi-

o . o I , ' ,  , , , , I , , '  
-7  -6 -5 -4 -3 

IogtAChI (MI 

AGO mutant -AGO,,,, (kcaurnol) 

-1.6 -0.8 -0.0 0.8 1 .6  2.4 

tions may lower this barrier. 
The only channel for which a high-

B 

resolution structure has been elucidated is a 
p-strand structure. The porin channel is 
formed by a 16-strand P barrel (32). In 
addition, the pore of the voltage-gated K+ 
channel may be formed by an eight-strand 
p barrel (33). If Ser248to Thr2j4 of the 
ACh receptor a subunit forms a P strand 
and there is fivefold pseudosymmetry 
around the channel. then the analogous 

T254C 

" 

residues in the p, y, and S subunits also 
would form P strands. A symmetrical, five-
strand, parallel P cylinder is formed by 
seven residues of human rhinovirus-14 cap-
sid VP3 subunits (34), and, although this 
structure has a lumen less than 0.6 nm in 
diameter, a similar structure with greater 
tilt of the strands would have a larger 
lumen. Another possible fivefold symmetri-
cal structure would be a ten-strand, anti-
parallel P barrel (35), which, in the case of 
the ACh receptor, would require a contri-
bution by a membrane-spanning segment in 
addition to M2, for instance, M1 (36). Our 
approach' will permit us to determine 
whether the residues of M1 face the chan-
nel lumen. Moreover, the approach should 
be applicable to all cloned ion channels. 
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Calcium Channels Coupled to Glutamate Release 
Identified by W-Aga-IVA 

Timothy J. Turner,* Michael E. Adams, Kathleen Dunlap 
Presynaptic calcium channels are crucial elements of neuronal excitation-secretion cou-
pling. In mammalian brain, they have been difficult to characterize because most presyn-
aptic terminals are too small to probe with electrodes, and available pharmacologicaltools 
such as dihydropyridines and o-conotoxin are largely ineffective. Subsecond measure-
ments of synaptosomal glutamate release have now been used to assess presynaptic 
calcium channel activity in order to study the action of peptide toxins from the venom of 
the funnel web spider Agelenopsis aperta,which is known to inhibit dihydropyridine and 
o-conotoxin-resistant neuronalcalcium currents.A presynapticcalcium channel important 
in glutamate release is shown to be w-Aga-IVA sensitive and w-conotoxin resistant. 

T h e  key step in excitation-secretion cou-
pling in presynaptic nerve terminals is the 
influx of Ca2+ through voltage-sensitive 
Ca2+ channels (1). Analysis of Ca2+ cur-
rents in neuronal soma 12-5) and in certain 
nerve terminal preparations' (6-8) has pro-
vided evidence for multiple types of Ca2+ 
channels. The sensitivity of presynaptic 
Ca2+ channels at amphibian (91, reptilian 
(81,and avian synapses (10, 1 1) to w-cono-
toxin (w-CgTx) has led to widespread ac-
ceptance of a predominant role for N-type 
channels in neuronal excitation-secretion 
coupling. However, in mammalian systems, 
Ca2+ entry, neurosecretion, and synaptic 
transmission are only partially inhibited 
(12-15) or largely resistant to o-CgTx and 
dihydropyridines (16-1 81,suggesting that 
the exocytotic Ca2+channel at most mam-
malian brain synapses is a distinct subtype. 

Venom of the funnel web spider Agele-
nopsis aperta contains toxins that have been 
shown to inhibit Ca2+ channels in verte-
brates. These toxins include funnel toxin 
(FTX) (19, 201, a low molecular weight 
polyamine, and the peptides o-Aga-IIIA 
and w-Aea-IVA, two members of a familv-
of at least four o-agatoxins (21) . In mam-
malian neuronal somata, high-voltage-ac-
tivated Ca2+ channels of the L- and 
N-types (221, as well as those of the P-type 
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(23), are blocked by w-Aga-IIIA. In con-
trast, w-Aga-IVA has been reported to be 
more selective, targeting the P-type cur-
rents of cerebellar Purkinje cells and rat 
sensory neurons (1  8). The potent block of 
45Ca2+uptake into rat brain synaptosomes 
by w-Aga-IVA (18) suggests that presynap-
tic P-type channels may trigger neurosecre-
tion in mammalian brain. We report that 
w-Aga-IIIA and o-Aga-IVA partially (but 
potently) block [3H]glutamaterelease from 
rat brain svnaDtosomes. These results Dro-, L 

vide additional pharmacological criteria 
that can be used to identify presynaptic 
Ca2+ channels involved in excitation-se-
cretion coupling on the basis of sensitivity 
to w-Aga-IVA and resistance to w-CgTx. 

The effect of the peptide toxins on 
presynaptic Ca2+ channels was assayed on 
the basis of the ability to block ['Hlgluta-
mate release from synaptosomes (a prepara-
tion enriched in intact presynaptic nerve 
terminals), obtained by homogenizing rat 
frontal cortex in isotonic sucrose. The ter-
minals were incubated in a solution con-
taining [3H]glutamateto metabolically la-
bel an exocytotic pool that can be released 
in a Ca2+-dependentmanner when depo-
larized by an increase in the external K+ 
concentration. The loaded synaptosomes 
were immobilized on a glass fiber filter and 
secured in a chamber where thev were 
superfused with solutions of defined compo-
sition. The effluent stream containing re--
leased radioactivity was collected in 70-ms 
segments in vials juxtaposed on the perim-
eter of a phonograph turntable. The com-
bination of superfusion flow rates of 1 to 2 
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