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A stepwise mechanism for acetylcholine receptor
channel gating
Prasad Purohit1, Ananya Mitra1 & Anthony Auerbach1

Muscle contraction is triggered by the opening of acetylcholine
receptors at the vertebrate nerve–muscle synapse1–4. The M2 helix
of this allosteric membrane protein lines the channel, and contains
a ‘gate’ that regulates the flow of ions through the pore. We used
single-molecule kinetic analysis to probe the transition state of the
gating conformational change and estimate the relative timing of
M2 motions in the a-subunit of the murine acetylcholine recep-
tor5. This analysis produces a ‘W-value’ for a given residue that
reflects its open-like versus closed-like character at the transition
state. Here we show that most of the residues throughout the
length of M2 have a W-value of 0.64 but that some near the
middle have lower W-values of 0.52 or 0.31, suggesting that aM2
moves in three discrete steps. The core of the channel serves both
as a gate that regulates ion flow and as a hub that directs the
propagation of the gating isomerization through the membrane
domain of the acetylcholine receptor.

Nicotinic acetylcholine receptors (AChRs) are ion channels that
gate between ion-impermeable closed (C) and ion-permeable open
(O) conformations. The membrane domain of each of the five AChR
subunits has four helices (M1–M4). The structure of the unliganded-
closed Torpedo AChR (at 4 Å resolution) shows that a narrow part of
the channel is formed by residues at the mid-section of the second
transmembrane helix, M26,7. Here, interactions between side chains
in different subunits form a ‘hydrophobic girdle’ that presumably
shuts off ion flow in the C conformation and, hence, might act as a
gate6. Results obtained with substituted cysteine8,9 or histidine10

accessibility methods suggest that the main barrier to the diffusion
of ions in closed AChRs is near the cytoplasmic limit of M2. However,
similar experiments with other Cys-loop receptors indicate that in
these closely-related proteins it is the middle of M2 that serves this
function11,12. Computational studies13 support the idea that the mid-
dle of M2 is a barrier to ionic conduction, and mutagenesis14 and
accessibility15 studies show that M2 equatorial residues move during
C«O gating, as required for a gate.

The aM2 helix comprises 27 residues that run from the intracel-
lular limit of the membrane (19) to the extracellular domain (279;
Fig. 1). The character of the di-liganded, C«O transition state
ensemble (TSE) was probed by measuring the single-channel open-
ing (ko) and closing (kc) rate constants for sets of side chain substitu-
tions of individual amino acids. The intermediates of the gating
reaction are too brief to be observed directly but some properties
of the TSE can be deduced from W, the slope of a log–log plot of ko

versus Keq (ko/kc) for each mutational series16. One interpretation of
W is that it gives the relative timing of the movement of the perturbed
residue, with higher values indicating earlier, and similar values indi-
cating temporally-correlated, gating motions5 (see Methods).

W-values have been reported previously for three aM2 residues,
S279 (0.64), V179 (0.61) and L99 (0.26)17. The step decrease in W in
aM2 (0.35 units between 179 and 99) is roughly similar in magnitude

and location to that in dM2 (0.25 units between 129 and 99)18. We
interpret these breakpoints in W to indicate that in the a- and d-sub-
units the upper part of M2 moves before the middle. That is, in both
subunits the mid-section of M2 appears to be a flexible junction.

We focused our attention on the aM2 residues between 169 and 29,
a region that forms a narrow bore of the channel and brackets the
presumptive gate6. Figure 2 shows W-value analyses for 12 aM2 posi-
tions (Supplementary Fig. 1 and Supplementary Tables 1 and 2).
Mutations of three additional positions (S109, I59 and T29) exhibited
only wild-type gating kinetics. This result makes it unlikely that these
residues, one of which sets the conductance of the open channel
(29)19, are moving parts of a ‘gate’, but does not rule out gating
motions below 299,10,20. We cannot conclude definitively that a small
excursion in Keq indicates that there is relatively less gating motion
(for example, at the cytoplasmic end of M2), because little or no
change may be apparent if a side chain and its local environment
move in register, and because the magnitude of the change in Keq may
not reflect the magnitude of a residue’s motion.
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Figure 1 | The location of aM2. The ad-, e- and ae-subunits of the AChR; for
clarity the d- and b-subunits are not shown. The thick horizontal lines mark
the approximate location of the membrane. The M2 helix forms the lumen of
the channel. In each a-subunit, in black is residue W149 at the two
transmitter binding sites and residues 179–29 (top to bottom) in each aM2
helix. The distance from W149 to the 99 residue of aM2 is ,60 Å (Torpedo
AChR, PDB database accession number 2bg9.pdb). Below, the amino acid
sequence (N-to-C) of M2 in the mouse a-subunit. K09 and E219 are likely to
be in the cytoplasmic domain and E209 is likely to be the first residue in the
extracellular ionic compartment.
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Of the 13 positions between 179 and 29 that were sensitive to
mutation, six (179, 169, 159, 129, 99 and 79) mainly increased and
three (149, 89 and 69) mainly decreased Keq. At four positions (139,
119, 49 and 39) side-chain substitutions either increased or decreased
Keq, by up to ,100-fold. The mutated residues are far from the
transmitter binding sites (Fig. 1), and we hypothesize that these
changes in Keq arise mainly from parallel changes in the unliganded
gating equilibrium constant rather than from changes in the closed/
open affinity ratio21 (Supplementary Fig. 2).

Nine aM2 residues had W-values between 0.59 and 0.72 (Fig. 3 and
Supplementary Table 2). Included in this group are residues near the
cytoplasmic limit (39), close to the equator (89), in the upper half
(179) and at the extracellular limit of the helix (279). We conclude
that during di-liganded gating, the movements of most of aM2, from
amino to carboxy terminus, are correlated temporally, with
W < 0.64.

Two clearly exceptional residues were 99 (W 5 0.26) and 129

(W 5 0.35), both of which are near the aM2 equator. The average
W for these two residues (0.31) is similar to those in the lipid-facing
surface of aM3 (0.30)22, the upper half of dM2 (0.31)18, the M2 99

residues of the b- and e-subunits (0.32)17 and eM4 (0.33)23. Three
other aM2 mid-section residues (139, 119 and 79) had W-values of
0.51, 0.48 and 0.52, respectively. A weighted k-means cluster analysis
of W-values for all aM2, aM3 and aM4 residues (Fig. 3a) shows that
there are only three populations of W value in these domains; it also
shows that 1391119179 and 991129 are distinct from the bulk of
aM2 and instead belong to the aM4 and aM3 populations, respect-
ively. We conclude that the gating motions of aM2 probably occur in
three steps, with most of the residues throughout the length of the
helix moving first (W 5 0.64), followed by 1391119179 (W 5 0.52),
followed by 129199 (W 5 0.31).

The motions of M2 are part of the overall AChR isomerization, in
which domains having temporally correlated gating motions (‘W-
blocks’) move in sequence to generate a propagated, brownian con-
formational ‘wave’ (Fig. 4)24,25. In the a-subunit, agonist binding
triggers the movement of loops A, B and C in the extracellular
domain, which causes a ,104-fold increase in the affinity for ACh
at each of the two transmitter binding sites (W < 0.93; purple in
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Figure 2 | W-value analysis. Plots of normalized log opening rate constant
(ko) against normalized log equilibrium constant (Keq 5 ko/kc, where kc is
the closing rate constant) for 12 positions between 169 and 39. The wild-type
(WT) side chain (Keq 5 0) is unlabelled; both the rate and equilibrium
constants were normalized by the WT values. Three additional aM2
positions are not shown because all constructs exhibited only WT gating

kinetics (S109RA, T, V; I59RA, G, S, T, W; and T29RA, C, I). The plots for
aM2 positions 279, 179 and 99 were reported previously17. The error bars (for
both ko and Keq) are 6 s.e.m. (Supplementary Table 1). W, the slope of the
plot (estimated using the inverse errors on both axes as weights), is shown at
lower right of each plot (Supplementary Table 2).
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Figure 3 | Distribution of W-values. a, Statistical analysis of W-values for
a-subunit residues in M2, the M2-M3 linker (M2M3L) (A. Jha, D. Cadugan,
P.P. and A.A., manuscript in preparation), M322 and M417 (Supplementary
Methods). The W-values are clustered into three populations (mean 6 s.d.):
0.64 6 0.02 (green), 0.52 6 0.02 (blue) and 0.30 6 0.03 (red). Inset, the total
sum squared deviation (SSQ) shows that there are three populations of W.
The aM2 equator has residues in all three populations. b, Expansion of the
dashed region in a. Most of the residues throughout the length of aM2 move
relatively early in the gating reaction, but some at the mid-section (79–139)
move later. No W-values are shown for 29, 59 and 109 because mutations here
did not significantly change Keq. The order of motion is M2 . M4 . M3.
c, Cartoon structure (Torpedo AChR, PDB accession number 2bg9.pdb) of
the dashed region in b, coloured by W-value (see above; white, ,3-fold
change in Keq).
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Fig. 4)21,25. This local conformational change then triggers the move-
ment of residues at the base of the extracellular domain, in loop 7 (the
Cys-loop) and loop 2 (W < 0.78; orange)26. Next, residues in the
M2-M3 linker (A. Jha, D. Cadugan, P.P. and A.A., manuscript in
preparation) and throughout most of aM2 move approximately
synchronously (W < 0.64; green), followed in sequence by aM4
and the 139, 119 and 79 residues at the aM2 mid-section (W < 0.52;
blue). Finally, 129 and 99 in aM2 move, along with residues in the
above-mentioned domains of the a-, b-, d- and e-subunits (W <
0.30; red), at which point we speculate that ions begin to flow rapidly
through the pore. Together, these reversible domain motions provide
the framework, if not the structural details, of the AChR channel-
opening conformational change.

Two residues have been proposed as key points of energy transfer
between the extracellular domain and aM2. Unwin7 proposed that
V46 in loop 2 (W 5 0.78) interacts with S269 in M2 (W 5 0.64) to
drive opening by a ‘pin-into-socket’ mechanism. Lummis et al.27 and
Lee and Sine28 suggested that the motion of a proline in the M2-M3
linker (P272 in AChRs) is coupled to the gating motion of M2 by a
cis–trans isomerization or through interactions with a nearby salt
bridge (R209–E45) plus V46. Residues in the M2-M3 linker (includ-
ing P272) have a W-value of ,0.64 (A. Jha, D. Cadugan, P.P. and
A.A., manuscript in preparation), which indicates that this region
moves synchronously with aM2, after the motion of F135 in the Cys-
loop (W 5 0.78). Also, the pairs F135–P272 and V46–S269 are both at

the boundary between the 0.78 and 0.64 W-blocks, and mutation of
all four of these residues significantly changes Keq.

The propagation of gating energy appears to not be concentrated
at a single ‘on-off’ switch but rather to be spread over at least four
W-block boundaries (0.93 « 0.78 « 0.64 « 0.52 « 0.31), with the
exchange of energy at each boundary occurring at multiple sites.
AChR gating (the conformational pathway through the TSE) is nei-
ther instantaneous nor smooth but instead is characterized by back-
and-forth, brownian motion of nanometre-sized domains, on the
10–100 ns timescale24.

The W-values suggest that the channel opening motions in the
membrane are asynchronous. The ends of aM2 move first, then
the aM2 centre-flanking regions along with aM4, then the 129 and
99 residues of aM2 along with the 99 residues of bM2, eM2 and aM3.
In the dM2 segment, the extracellular end moves about this time,
followed by the 99 residue and the intracellular end18. Although our
experiments do not address directly whether or not the conforma-
tional changes at the middle of M2 regulate ionic conductance, the
pattern of W-values support the following notion. A ‘gate’ is located
at the middle of M2 (between 99 and 129); this gate’s structure reg-
ulates ionic conductance by movements in the a-subunits that sub-
sequently propagate to the other subunits, rather than by a
synchronous, symmetrical motion in all subunits. Previously it was
shown that in hybrid AChRs (having only one mutated a-subunit)
the two 179 positions have the same W-value but the 99 positions have
different W-values (0.0 and 0.32) and, hence, move asynchronously17.
Because W 5 0.26 for the double 99 mutant, we speculate that the
difference in W for 99 occurs only in the hybrid constructs and that
the gating motions in the M2 double mutants are synchronous.

The first three W-blocks (0.93, 0.78 and 0.64) are structurally con-
tiguous, and their movements link the affinity changes at the two
transmitter binding sites with structural changes in the region of the
gate. However, it is likely that the conductance of the pore does not
increase dramatically until the ‘late’ movements of the equatorial
1391119179 and 129199 residues of aM2. Higher-resolution C
and O structures and a more extensive map of W-values may illu-
minate the chemical details and evolutionary driving forces behind
this three-step, doubly locked gating mechanism.

METHODS
Detailed descriptions are in Supplementary Methods. Briefly, mouse a-, b-,

d-and e-subunits having point mutations in both a-subunits were expressed

in HEK cells, and cell-attached recordings were performed using a high agonist

concentration (Vm < 2100 mV; 22 uC). Interval durations from selected single-

channel clusters were fitted directly to estimate opening and closing rate con-

stants. W is the slope of a log–log plot of opening rate-constant versus equilib-
rium constant for a series of mutations of each residue.

There are three plausible, non-exclusive interpretations for the physical mean-

ing of W. (1) If there are many conformational pathways connecting C and O,

then W is a function of the probabilities of traversing each of these, and reflects

structural heterogeneity of the TSE. (2) If the conformation of an individual side

chain at the TSE is not just either ‘closed’ or ‘open’ but can also be somewhere in
between, then W reflects the fractional extent of reaction at the residue level (the

closed- versus open-like structure of the perturbed side chain). (3) If domains

sequentially and instantaneously flip conformation and in the TSE there is a

mixture (with some domains ‘closed’ and others ‘open’), then W reflects the

fractional extent of reaction at the domain level (the closed- versus open-like

structure of the protein when the perturbed side chain flips). All of these inter-

pretations are consistent with an apparent two-state reaction.

The AChR is large, and undoubtedly there are metastable intermediates

between stable C and stable O. Experiments show that the net dynamics across

the TSE are slow (,ms21)29 and that the map of W is organized. There are

spatially contiguous groups of residues that have approximately the same

W-value, and there is an approximately longitudinal gradient in W that decreases

discontinuously between the transmitter binding site and the gate (Fig. 4)23,25. A

two-pathway mechanism (W 5 0 and 1) cannot explain some fractional

W-values18, and only the domain-level interpretation predicts such an organized

W map. We hypothesize that W reflects the fractional extent of reaction at the

domain level and, hence, gives the relative timing of the perturbed residue’s

motion within the overall reaction cascade24.

Figure 4 | Map of W-values. In the a-subunit shown, W-values are
clustered spatially and decrease discontinuously between the transmitter
binding site and the gate. The vertical line (,20 Å) marks the lumen of the
channel, and the upper and lower arrows indicate W149 (at the transmitter
binding site) and L251 (at the gate). The cytoplasmic domain (M3–M4
linker) is not shown. The residues that have been examined for W-value are
shown as spheres17,21,23,25,26 (A. Jha, D. Cadugan, P.P. and A.A., manuscript in
preparation). The colours are according to W-value: purple, .0.90; orange,
0.75–0.85; green, 0.59–0.72; blue, 0.48–0.57; red, 0.26–0.35; white, no W
value (change in Keq , 3-fold). The map suggests that AChR gating is a
brownian conformational cascade of domain motions that link an
affinity change for agonists at the binding site with a permeability change for
ions in the pore (ae-subunit, Torpedo AChR, PDB accession number
2bg9.pdb).
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