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The nicotinic acetylcholine (ACh) receptors cycle among classes of
nonconducting resting states, conducting open states, and non-
conducting desensitized states. We previously probed the struc-
ture of the mouse-muscle ACh receptor channel in the resting state
obtained in the absence of agonist and in the open states obtained
after brief exposure to ACh. We now have probed the structure in
the stable desensitized state obtained after many minutes of
exposure to ACh. Muscle-type receptor has the subunit composi-
tion a2bgd. Each subunit has four membrane-spanning segments,
M1–M4. The channel lumen in the membrane domain is lined
largely by M2 and to a lesser extent by M1 from each of the
subunits. We determined the rates of reaction of a small, sulfhy-
dryl-specific, charged reagent, 2-aminoethyl methanethiosulfon-
ate with cysteines substituted for residues in aM2 and the aM1–M2
loop in the desensitized state and compared these rates to rates
previously obtained in the resting and open states. The reaction
rates of the substituted cysteines are different in the three func-
tional states of the receptor, indicating significant structural dif-
ferences. By comparing the rates of reaction of extracellularly and
intracellularly added 2-aminoethyl methanethiosulfonate, we pre-
viously located the closed gate in the resting state between aG240
and aT244, in the predicted M1–M2 loop at the intracellular end of
M2. Now, we have located the closed gate in the stable desensi-
tized state between aG240 and aL251. The gate in the desensitized
state includes the resting state gate and an extension further
into M2.

The nicotinic acetylcholine (ACh) receptors cycle among
three classes of functional states: resting, open, and desen-

sitized (1). The receptor is conducting in the open state and
nonconducting in the resting and desensitized states. The resting
state is the most stable state when no agonist is bound, whereas
the desensitized state is the most stable state when agonist is
bound. Muscle-type ACh receptors have two ACh binding sites
corresponding to the two a subunits in the pentameric complex
(Fig. 1, refs. 2 and 3). In the prevailing cycle of transitions,
receptors in the resting state bind two molecules of ACh,
isomerize to the open state, and, in the continued presence of
ACh eventually desensitize. After the removal of free ACh and
its dissociation from the binding sites, receptors in the desensi-
tized state predominantly isomerize directly to the resting state.
This cycle of activation, desensitization, and recovery has been
extensively studied electrophysiologically (1, 4–7). The role of
desensitization in cholinergic neurotransmission under normal
physiological conditions is uncertain but is evident under some
pathological conditions and in neurotransmission by other neu-
rotransmitters (8).

Desensitization occurs in stages (9). Receptor isomerizes to a
transient, fast-onset desensitized state on the 0.1- to 10-s time
scale and to a stable, slow-onset desensitized state on the 10- to
100-s time scale (10–17). The ACh affinities of the transient,

fast-onset and stable, slow-onset desensitized states are, respec-
tively, 2 and 4 orders of magnitude greater than the affinity of
the resting state (18, 19).

The structural bases for the functional properties of the ACh
receptors have been investigated by various means. Two-
dimensional crystalline arrays of receptors in Torpedo electro-
cyte membrane have been analyzed by cryo-electron microscopy,
and, although the functionality of the receptors in these arrays
was undetermined, aspects of the structures in the long-term
presence of ACh (putative desensitized state) (20) and in the
short-term presence of ACh (putative open state) (21) were
different from the structure in the absence of ACh (putative
resting state). In particular, the structures of possible ACh-
binding sites in the a subunits were different in the presence and
absence of ACh (22), and kinks in five membrane-spanning rods
were inferred to block the channel in the absence of ACh and to
move out of the way within milliseconds after the addition of
ACh (21).

Changes in the chemical reactivities of amino acid side chains
have long been used to probe structural changes in proteins. In
the ACh receptor from Torpedo electrocytes there were marked
differences between the resting and desensitized states in the
susceptibility of the ACh-binding site disulfide bond (23) to
reduction (24) and in the photolabeling of ACh-binding site
residues (25). Desensitization changed the extent of incorpora-
tion of hydrophobic photolabels into the membrane-spanning
domain of the receptor, altered the distribution of the labeling
among the subunits, and changed the pattern of labeling in
the channel-lining, membrane-spanning segment, M2 (Fig. 1)
(26–29).

Noncompetitive inhibitors bind stoichiometrically within the
conduction pathway, and the labeling of the membrane-spanning
segments with photoactivated noncompetitive inhibitors was
quite different in the resting and the desensitized states (29, 30).
Also, differences between the resting and the open states were
observed in rapid-mixing photolysis experiments with photoac-
tivated noncompetitive inhibitors (31–33).

Mutations of residues in various parts of the receptor were
found to alter the rates of channel opening and closing or
desensitization. A number of mutations were found to alter the
extent or rate of desensitization of muscle-type and neuronal-
type receptors. These were in the extracellular domain (34–36)
and in the M2 (37–46), M3 (47, 48), and M4 (49) membrane-
spanning segments. The mutated residues could take part in the
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structural transitions between states, although indirect effects of
the mutations on expression and folding have not, in most cases,
been ruled out. In addition to the above alterations in residues,
phosphorylation of residues in the M3–M4 cytoplasmic loop also
affects desensitization (50).

The substituted-cysteine-accessibility method (SCAM) is an
approach to the characterization of channel structure (51–53)
and binding-site structure (54–56) that probes the environment
of any residue by mutating it to Cys and by characterizing the
reaction of the Cys with sulfhydryl-specific reagents. Both be-
cause of the polarity of the methanethiosulfonates used (51, 54)
and because these reagents react at least 10 orders of magnitude
faster with ionized thiolates than with unionized thiols (57), the
reactions are directed to Cys at the water-accessible surface of
the protein. Small, charged reagents can serve as surrogates for
permeant ions within a channel (51). Their reactions with Cys
substituted in membrane-spanning segments can be sensitively
monitored electrophysiologically by the effects of the reactions
on current. The relative reactivities of substituted Cys can be
used to identify channel-lining residues, determine the accessi-
bility of these residues in conducting and nonconducting states
of the channel, assess secondary structure, locate selectivity
filters and gates, map binding sites within the channel, and
estimate the electrostatic potential in the vicinity of accessible
residues (53).

In the application of SCAM to the mouse-muscle ACh
receptor, each residue in the M1 and M2 membrane-spanning
segments and in the M1–M2 loop of both the a subunit and the
b subunit was mutated to Cys and probed with charged meth-
anethiosulfonate derivatives. Of 106 Cys-substitution mutants
expressed in Xenopus oocytes or HEK 293 cells, 105 appeared at
the cell surface and conducted cations when activated by ACh,
38 reacted with at least one charged methanethiosulfonate, and
24 reacted with appreciably different rate constants in the resting
and open states of the receptor (52, 58–61). The reactivities of
the substituted Cys were different in the resting and open states
in the N-terminal third of the M1 segments, close to the
extracellular side of the membrane, and along the entire length
of the M2 segments. Clearly, the molecular environments of the
channel-lining residues are different in the resting and open
states. By comparing reaction rates of extracellularly and intra-
cellularly added 2-aminoethyl methanethiosulfonate (MTSEA),
we were able to locate the resting gate† of the channel in the
vicinity of aE241, close to the intracellular end of the M2
segment (62). One of the consequences of the closing of this gate
is that the large, negative intrinsic electrostatic potential in the
open channel, which itself is almost entirely due to aE241 and

the aligned glutamates in the other subunits, changes by about
100 mV in the positive direction (61, 63).

Although the channel is closed in both the desensitized states
and the resting state, the evidence, reviewed above, indicates
that the structures of the channel in these states are different. In
addition, the gate in the transient desensitized state was postu-
lated to be different from the gate in the resting state (7). In this
paper, we report our use of SCAM to investigate further the
structure of the channel in the stable desensitized state and to
compare this structure to the structures in the resting and open
states. We report the rate constants of the reactions of MTSEA
with accessible substituted Cys in aM2. Several rate constants
were different in the desensitized state than in either the open
state or resting state. One conclusion from the pattern of
reactivities is that the gate is more extensive in the desensitized
state than in the resting state.

Methods
Molecular Biology and Expression. Cysteine mutants of the M2
segment of mouse muscle a subunit and wild-type a, b, g and d
subunits were constructed in the pSP64T plasmid for expression
in Xenopus oocytes and in the pCIneo plasmid for expression in
HEK 293 cells as described (62).

Reaction of Extracellularly Applied MTSEA with Desensitized Recep-
tor. The currents evoked by ACh were recorded from voltage-
clamped Xenopus oocytes as described (63). Oocytes were
continuously perfused by a bath solution of 115 mM NaCl, 2.5
mM KCl, 1.8 mM MgCl2, and 10 mM Hepes, pH 7.2, or by ACh
or methanethiosulfonate reagents made up in this bath solution.
All solutions were at 18°C.

The extent of reaction of MTSEA with a substituted Cys was
estimated from the change in the peak currents at a holding
potential of 250 mV evoked by test applications of ACh. The
initial peak current was measured during a 20-s application of
ACh at a concentration approximately 10 times the EC50 for the
given mutant. After 20 s, the concentration of ACh was increased
to 1 mM, and this concentration was applied for 5 min to induce
desensitization. At the end of the 5 min, the oocyte was washed
with bath solution for 45 s to remove ACh. MTSEA (200 mM to
20 mM) was applied for either 5, 10, or 15 s, depending on the
rate of reaction, the oocyte was washed with bath solution for 7
min to reverse desensitization, and the peak current during a 20-s
application of the test concentration of ACh was recorded. These
steps, starting at the 5-min perfusion with 1 mM ACh immedi-
ately after the test response and ending with the next test
response, were repeated several times. The peak currents as
a function of the cumulative times of exposure to MTSEA
were fitted by the first-order reaction rate equation, It 5 I` 1
(I0 2 I`)exp(2k9t), where It is the peak ACh-evoked current
after t sec of cumulative MTSEA exposure, I0 is the initial peak
current, I` is the peak current when the reaction is complete, and
k9 is the pseudo first-order rate constant for the reaction. The
second-order rate constant, k, is given by k 5 k9y[MTSEA].

Reaction of Intracellularly Applied MTSEA with Desensitized Receptor.
The currents evoked by ACh were recorded from whole-cell,
patch-clamped (64) HEK 293 cells expressing ACh receptors, as
described (62). MTSEA was applied to the intracellular side of
the membrane via the patch pipette, which was filled with 20 mM
MTSEA in 140 mM CsCl, 10 mM EGTA, 10 mM Hepes, and 1
mM MgCl2, pH 7.2 (62). Electrode resistance was between 2 and
5 MV. The cells were superfused extracellularly with a bath
solution of 135 mM NaCl, 5.4 mM KCl, 5 mM Hepes, 1.8 mM
CaCl2, and 1 mM MgCl2, pH 7.2. All recordings were made at
a holding potential of 250 mV and at 22–26°C.

Within 30 s of establishing continuity between the interior of
the pipette and the cytoplasm, we applied ACh extracellularly,

†We prefer resting gate to activation gate, for the gate closed in the resting state,
consistent with the desensitization gate, the gate closed in the desensitized state.

Fig. 1. The arrangement of the ACh receptor subunits (A) and their common
topology (B). The extracellular (EX) and intracellular (IN) sides of the mem-
brane are indicated. The region of Cys substitution is enclosed in a dashed
rectangle.
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at a concentration approximately 10 times the EC50, for 10 s, and
measured the peak current (IInitial). To desensitize the receptors
maximally and to maintain the receptors in the desensitized
state, we continued for either 10 or 25 min to apply the same
concentration of ACh combined with 5 mM proadifen, a desen-
sitizing, noncompetitive inhibitor (65). At the end of this period,
we superfused the cell for 5 min with bath solution, which was
sufficient to reverse desensitization in HEK 293 cells. Finally, we
applied the initial concentration of ACh (with no added proa-
difen) for 10 s, and we recorded the final peak current, IFinal.
During the interval starting 1 min after the initial ACh appli-
cation and ending 1 min before the final ACh application, the
voltage clamp was turned off.

The extent of reaction of MTSEA between the two test
responses to ACh was estimated as (1 2 IFinalyIInit)y(1 2
IInfyIInit). For each receptor mutant, the fraction IInfyIInit was
estimated from the maximal extent of inhibition of the mutant
by MTSEA added extracellularly. For each mutant, the extents
of reaction of several cells with intracellular MTSEA were
determined after 10 min of ACh and proadifen and 5 min of
washing, taken as a reaction time of 15 min, and several more
cells after 25 min of ACh and proadifen and 5 min of washing,
taken as a reaction time of 30 min. In the case of G240C, we also
determined the extent of reaction after 5 min of ACh and
proadifen and 5 min of washing, taken as a reaction time of 10
min. These results were combined and fit with the above
first-order reaction rate equation to estimate the rate constant.

Results
Desensitization and Recovery from Desensitization of Receptors Ex-
pressed in Oocytes. The application of ACh at the test concen-
tration to wild-type and mutant receptors in oocytes evoked
currents that typically peaked after about 5 s and declined
thereafter, reaching one-half of the initial peak current after
about 20 s. This is exemplified by the mutant L251C (Fig. 2A).
The application of 1 mM ACh, starting at 20 s and continuing for
5 min, caused the current amplitude to decline further to a
plateau, which was 13% of the peak current in this case and in
the range of 4% to 16% overall (Fig. 2B). Because a considerable
fraction of the receptors was likely to be desensitized already at
the time of the initial peak current, the fraction of the total
receptors contributing to the plateau current was likely less than
4–16%; i.e., after the 5-min application of ACh, more than
84–96% of the receptors were desensitized.

Despite the extent of desensitization, it was completely re-
versed by 8 min of washing with bath solution, after which the
response to the test concentration of ACh was nearly identical to
the initial response before desensitization (Fig. 3A). Further-
more, for each of the mutants except L245C and E262C, the
cycle of desensitization and recovery could be repeated many
times without variation of more than 10% in the response to
ACh.

Although after 8 min of washing with bath solution, the
receptors were fully recovered from desensitization, after only
45 s of washing, there was relatively little recovery, as measured
by IPost (Fig. 2 A and C). In the mutants, aS248C and aL251C,
IPost was about 18% of I0, whereas IPlat was about 15% of I0. In
several cases, notably wild type, the IPost after a 45-s wash was
smaller than IPlat. Thus, after 5 min of 1 mM ACh and 45 s of bath
solution, at least 84% of the receptors were desensitized, and the
remainder were in the resting state. It was in this mixed state of
the receptors that MTSEA was applied.

Reaction of Desensitized Receptors with Extracellularly Applied
MTSEA. The protocol to determine the rate of reaction of
extracellularly applied MTSEA with desensitized receptors is
exemplified by an experiment with the mutant L251C (Fig. 3 B
and C). After a 5-min application of 1 mM ACh and a 45-s wash

with bath solution, 200 mM MTSEA was applied for periods
from 5 to 15 s (Fig. 3B). MTSEA application resulted in a
progressive decrease in the test responses. As a function of the
cumulative exposure time to MTSEA, the test responses de-
creased exponentially with a pseudo-first order rate constant of
0.065ys and a half-time of 11 s (Fig. 3C). MTSEA itself did not
evoke current in any mutant.

Fig. 2. Desensitization due to prolonged application of 1 mM ACh on
receptor. (A) A typical recording from an oocyte expressing aL251C and
wild-type b, g, and d, with IPEAK, IPLAT, and IPOST indicated. (B) The fraction of
current remaining at the end of the desensitizing application of 1 mM ACh,
IPLATyIPEAK, for each mutant and wild type. (C) The degree of recovery of
current after a 45-s washout of 1 mM ACh, IPOSTyIPEAK, for each mutant and
wild type. Means 6 SEM and numbers of experiments are shown.

Fig. 3. Measurement of the rate of reaction of MTSEA applied extracellularly
to the L251C mutant in the desensitized state. (A) Control, no MTSEA. (B)
Repeated application of MTSEA for 5 s (F), 10 s (■), and 15 s (}). (C) The peak
current was normalized and plotted against cumulative time of exposure
either to buffer (E, plotted at 15-s intervals) or 200 mM MTSEA (F). The solid
line is the least-squares exponential fit to the data (see Methods).
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A second-order MTSEA reaction-rate constant was calculated
from the pseudo first-order rate constant for each mutant tested
(Fig. 4A, squares). These can be compared with the rate con-
stants previously determined for the resting (closed) state and
the open state (61). For Cys-substituted mutants in the extra-
cellular half of M2, the rate constants were larger in the
desensitized state than in the resting state. This was particularly
marked for aL251C (Fig. 4B). For aS248C and aT244C, the rate
constants were smaller in the desensitized state than in the
resting state. The reactions of aE241C, flanking the intracellular
end of M2, were very slow in both the closed and the desensitized
states, with the latter somewhat larger than the former. In all
cases, except aS252C, the rate constant in the desensitized state
was less than that in the open state (Fig. 4C).

For aL245C and aE262C, the rate constants in the resting and
the open states were determined previously, but we could not
determine the rate constants for the reactions with MTSEA in
the desensitized state because there was too much variation in
the responses during repeated cycles of desensitization and
recovery.

Reactions of Desensitized Receptors with Intracellularly Applied
MTSEA. We previously bracketed the location of the gate in the
resting (closed) channel by comparing the reactions of MTSEA
added extracellularly and intracellularly (62). To locate the gate
in the desensitized channel, we also applied MTSEA extracel-
lularly and, separately, intracellularly to the desensitized recep-
tor. Intracellular application was via the patch pipette, which
contained 20 mM MTSEA. The reversibility of desensitization
(albeit slow) and the continuous presence of MTSEA in the
cytoplasm prevented our obtaining from each cell more than an
initial response and a final response to estimate the extent of
reaction of MTSEA.

Two records, one obtained with wild type (Fig. 5A) and the
other with aE241C (Fig. 5B), illustrate the protocol. Within
about 30 s of patch rupture, before MTSEA could reach an
effective concentration within the cell (62), a control response to
a 10-s application of ACh was measured. This was immediately
followed by the extracellular application of 5 mM proadifen, a
noncompetitive desensitizing antagonist, in the continued pres-
ence of ACh. This resulted in rapid and complete desensitization
within 1 min in all cases. After either 10 or 25 min, a 5-min wash
removed ACh and proadifen and allowed the receptors to
recover from desensitization, after which a final response to a
10-s application of ACh was recorded. In the examples in Fig. 5,
the final response was smaller than the initial response in
aE241C but not in wild type.

For wild type and three of the mutants probed with intracel-
lular MTSEA, the extent of inhibition after 15 and 30 min, and
additionally after 10 min in the case of G240C, are plotted (Fig.
6). In addition, we have plotted the expected time course of
inhibition of the ACh-induced current in the open state (dashed
line) and the resting state (solid line) based on the rate constants
obtained previously for intracellular application of MTSEA to
these mutants in HEK 293 cells (62). Although we could not
measure the reaction rates precisely, it is clear from the approx-
imate fits (solid lines) that the time courses of the reactions of
G240C, E241C, and T244C with intracellular MTSEA in the
desensitized state more closely resembles the time courses in the
resting state than in the open state. We also applied MTSEA
intracellularly to L251C, but in this mutant we detected no
reaction.

Protection Against Extracellular MTSEA by QX-314. The quaternary
ammonium lidocaine derivatives QX-222 and QX-314 bind
within and block conductance through the open channel of the
receptor (66–69). QX-222 and QX-314 also protect a number of
substituted Cys in the channel-lining M2 segment from reaction
with MTSEA in the open state but not in the resting state (70).
One substituted Cys that was protected was aL251C. The rate
constant for the reaction of extracellular MTSEA with aL251C

Fig. 4. The second-order rate constants for the reaction of extracellularly
applied MTSEA with mutant ACh receptors in different states. (A) Second-
order rate constants for receptors in the desensitized state (shaded squares;
n 5 3–7; this work) and in the resting (F) and open (E) states (from ref. 61). (B)
The log of the quotient of the rate constant, kD, in the desensitized state
divided by the rate constant, kR, in the resting state, for each mutant. (C) The
log of the quotient of the rate constant, kD, in the desensitized state divided
by the rate constant, kO, in the open state, for each mutant.

Fig. 5. The effect of the intracellular application of MTSEA to aE241C in the
desensitized state. The current evoked by ACh for 10 s was recorded, and the
application of ACh continued, with the addition of 5 mM proadifen, for 25 min.
The cell was washed for 5 min, and ACh was applied again for 10 s. The voltage
clamp was turned off 1 min after the initial application of ACh and turned on
again 1 min before the second application of ACh. Traces are shown for wild
type (A) and aE241C (B).
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in the QX-314-blocked open state was 30% of the rate constant
in the unblocked open state. We determined the effect of
QX-314 on the reaction of MTSEA with aL251C in the desen-
sitized state. In contrast to the open state, there was no change
in the rate of reaction in the presence of 300 mM or 3 mM
QX-314 (300 mM QX-314 reduces current in the open state by
50%). In this respect, the desensitized channel resembles the
resting channel in not being susceptible to protection by QX-314.

Discussion
What SCAM Tells Us About Channel Structure. The rate constant for
the reaction of a given Cys with a methanethiosulfonate (or other
reagent) depends on (i) the intrinsic reactivity of the reagent, (ii)
rates of reagent transport to and from the target Cys, and (iii) the
reactivity of the Cys sulfhydryl (61). Access and egress rates
depend on steric and electrostatic factors along the pathways and
at the reaction site. The reactivity of the target Cys itself depends
on local steric factors and crucially on the extent of deprotona-
tion of the Cys sulfhydryl (63). The electrostatic contributions to
the transport rates and the ionization of the sulfhydryl arise from
the transmembrane electrostatic potential and from what we
called the intrinsic electrostatic potential due to the interaction
of the charged reagent with fixed charges and dipoles in the
protein surrounding the lumen and in the lumen itself. There is
a major energetic cost of transferring a charged or polar reagent
from bulk water outside the membrane to the restricted volume
and lower effective dielectric constant in the channel lumen.

Depending on the charges on the reagent, this positive energy
can be compensated by the interaction of the reagent charges
with fixed charges in the protein (63).

Despite the energetic cost of transferring a charged reagent
from bulk solution to the channel lumen, the cost of transferring
it either to the interior of the protein or into the lipid bilayer
should be higher. Furthermore, in these latter regions the
ionization of the Cys thiol to the reactive thiolate would be
suppressed. Thus, the reactions of the charged methanethiosul-
fonates are expected to be much faster with water-accessible Cys
than with buried Cys. When we compare a continuous sequence
of Cys mutants in a membrane-spanning segment, the Cys
exposed in the channel to water should react much faster than
those not exposed, allowing us to identify the residues forming
the channel lining and, when the pattern of exposure is regular,
to infer the secondary structure of the exposed residues (51, 52).
We also can compare the reaction rates of a set of Cys-
substituted residues in different functional states; if the rates are
different we can conclude that the structures around the residues
or along the pathways leading to them are different in the
different states.

Although there are several determinants of the rates of
reaction in the channel, individual determinants can be exam-
ined by taking the ratio of rate constants that vary in that one
determinant. We have located the resting gate by comparing the
rates of reactions in the resting and open states of Cys substituted
for a sequence of residues spanning the gating region with
reagent added from one side or the other of the membrane (62).
We also have estimated the intrinsic electrostatic contributions
to the overall rate constants of the reactions of substituted Cys
by comparing the rate constants of differently charged meth-
anethiosulfonates (54, 61, 63).

Reaction Rate Constants in the Different States. We previously
found that at many positions in both M1 and M2 of the a subunit
and the b subunit, the reactivities of substituted Cys were
different in the resting and the open states (51, 52, 58–61). We
have now also examined exposed positions in aM2 in the stable
desensitized state and find that at many of these positions the
rate constants of the reactions of extracellularly applied MTSEA
differ in the desensitized state from the rate constants in either
the resting state or the open state (Fig. 4A). That the rate
constants in the desensitized state and the open state are
different (Fig. 4C) is not surprising, but that the rate constants
in the desensitized state and the resting state are quite different
from each other is more remarkable because both are noncon-
ducting. The largest differences are in the rates of reaction of
L251C, which reacts 70 times more rapidly in the desensitized
state than in the resting state, and of T244C, which reacts 50
times more slowly in the desensitized state (Fig. 4B). It is notable
that in the desensitized state, among the residues tested, L251C
reacts with the largest rate constant and S248C, one helical turn
below L251C, reacts with the smallest rate constant, 900 times
more slowly than L251C (Fig. 4A). For L251C and the substi-
tuted Cys on its extracellular side the rate constants in the
desensitized state are larger than those in the resting state. By
contrast, on the intracellular side of L251C, the rate constants
for S248C and T244C in the desensitized state are considerably
smaller than the rate constants in the resting state (Fig. 4A). In
the desensitized state, L251 divides M2 into the half toward the
extracellular side in which the substituted Cys are more reactive
in the desensitized state than in the resting state and the half
toward the intracellular side in which the substituted Cys are less
reactive in the desensitized state than in the resting state.

The rate constants for the reaction of intracellularly applied
MTSEA with Cys substituted for residues in the region of the
resting gate are much smaller than the rate constants in the open
state and are indistinguishable from the rate constants in the

Fig. 6. The time courses of the reactions of intracellular MTSEA. MTSEA was
applied as in Fig. 5, for the times indicated along the abscissa. The current
evoked by ACh after application of MTSEA was normalized by the initial
pre-MTSEA current and plotted against the time elapsed between the two
ACh pulses. Effects are shown for wild type (A), aT244C (B), aE241C (C), and
aG240C (D). The means, standard errors of the mean, and the number of
individual time points (and cells) are shown. In C and D, the data were fit by
an exponential decay function with k 5 0.0017ys for aG240C and k 5
0.00073ys for aE241C (solid lines). Based on the rate constants obtained
previously under otherwise similar conditions (62), we plot the time courses of
the reactions of intracellular MTSEA with the mutants in the resting state (long
dashes) and open state (dash-dots).
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resting state (Fig. 6). In the desensitized state, as in the resting
state, intracellular MTSEA does not get into the region of the
resting gate or through it to T244C (Fig. 7).

The functional states in which we measured the rate con-
stants were in all cases mixtures of different states (61, 62).
When we apply MTSEA in the absence of ACh, both wild-type
and mutant receptors are almost entirely in the resting state.
The reactions in this state cannot be explained by the very
small fraction of the time that the channels open spontane-
ously. During the short-term application of ACh for seconds,
receptors are opening and closing, but also entering the
transient desensitized state. Although we cannot rule out the
contribution of the transient desensitized state to the reactions
early in the application of ACh, the characteristics of the
reactions in the immediate presence of ACh and after the

long-term application of ACh are so different, that unless the
transient desensitized state and the stable desensitized state
are very different structurally, the reactions immediately after
the addition of ACh can be ascribed mainly to the open state.
It is in this admittedly mixed state that we have detected the
opening of a gate between aG240 and aT244 and accessibility
to this region from both sides of the membrane, and this
channel configuration cannot be ascribed to a desensitized
state (62). The many differences between the reactions in the
stable desensitized state and in the resting state indicate that
the former state is not likely to be much contaminated by the
latter state.

One particular mutant, aL251C, needs to be considered
further, because mutation of the homologous residue, a7L247 to
Thr stabilized the open state relative to the resting state and the

Fig. 7. The reactivities of Cys substituted for the residues in aM2 and the aM1–M2 loop in resting, open, and desensitized states. Two aM2 segments are
represented schematically, facing the channel lumen. Where the lumen is black, the channel is relatively impermeable to MTSEA and presumably to inorganic
cations. The second-order rate constants are divided into order-of-magnitude bins by rounding log(k) to the nearest integer. The rate constants are color-coded
as indicated so that the warmer the color, the greater the rate constant. MTSEA was applied extracellularly by continuous superfusion of the cells, and its
concentration was constant and known; hence we could calculate the second-order rate constant by dividing the pseudo first-order rate constants by this
concentration. MTSEA was applied intracellularly, however, by diffusion out of the patch pipette, and its concentration at the intracellular surface of the
membrane was neither constant nor known, both because of the hydrolysis of MTSEA and the unknown rate of diffusion from the pipette to the membrane.
For the purpose of representation, we converted the time constants for the reactions of intracellular MTSEA to second-order rate constants, on the same scale
as the second-order rate constants for the reactions with extracellular MTSEA, by multiplying the inverse of the time constants by 28100. For each of G240C, E241C,
and K242C, we divided the second-order rate constant for the reaction of extracellular MTSEA by the inverse of the time constant for the reaction of intracellular
MTSEA, both reactions in the open state. Log(28100) equals the average of the logs of these quotients. In the case of the desensitized state, all rate constants
for the reactions with extracellular MTSEA were obtained in oocytes. Substituted Cys that reacted with MTSEA but for which the rate constants have not been
determined are indicated by gray filled circles.
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desensitized state (37). This result was obtained in a homomeric
complex of a7, in which all five subunits bore the mutation. In
the heteromeric mouse-muscle receptor, after the aligned Leu in
only one or two subunits was mutated, there was some stabili-
zation of the open state relative to the resting state but little
effect on desensitization (40, 41). Furthermore, in our experi-
ments, we observed the extent of stable desensitization both
before and after the removal of ACh and the addition of
MTSEA. The relatively fast rate of reaction of aL251C in the
stable desensitized state, much closer to that obtained in the
open state than in the resting state (Figs. 4 and 7), cannot be
ascribed to contamination either by the open-channel state or by
the resting state. We cannot rule out the possibility, however,
that the mutation of aL251 (or any other residue) to Cys in itself
results in the mutant a subunits adopting a near open-state
structure even while the other subunits and the receptor overall
were in a nonconducting, desensitized state.

Structural Implications of the Rate Constants. We previously
showed that there is a unique gate that blocks the passage of
MTSEA in the channel in the resting state but not in the open
state; this gate is located between G240 and T244 (62). We
argued that this is the resting gate that also blocks the passage
of inorganic cations. Notwithstanding the absence of a gate at
the extracellular end of the channel, the rate constants of the
reactions of extracellularly added MTSEA with the substituted
Cys from L245C to L258C are low in the resting state (Fig. 4A
and ref. 61). The rate constant of the reaction of T244C is,
however, quite fast. Low rate constants could result from local
steric hindrance around the Cys sulfhydryl, obstructing the
formation of a transition-state complex, and a locally low
dielectric constant, suppressing the ionization of the sulfhydryl
and decreasing the residence time in the vicinity of the Cys of
charged MTSEA. Residues in the N-terminal third of the M1
membrane-spanning segment, toward its extracellular end, are
also exposed in the channel and could contribute to the local
obstruction of the substituted Cys in the half of M2 toward its
extracellular end (58, 59). The sulfhydryl of substituted Cys
could be sterically hindered, and at the same time the channel
lumen itself could be wide enough to allow rapid passage of
MTSEA.

Another inf luence that would lower the rate of reaction of
MTSEA with Cys in the more extracellular half of M2 in the
resting state is the positive intrinsic electrostatic potential in
the lumen, for example around aL258, 150 mV in the resting
state compared with 225 mV in the open state (61). This
would decrease the probability of MTSEA residing around
aL258C about 20-fold; however, this residue reacted 400 times
more slowly with MTSEA in the resting state than in the
open state, so that the electrostatic potential is not the only
inf luence.

A low effective dielectric constant and an unfavorable intrinsic
electrostatic potential also might account for the lack of pro-
tection afforded by the quaternary ammonium lidocaine deriv-
ative QX-314 against the reaction of L251C with MTSEA in both
the resting (70) and desensitized states (see Results). Also, a local
obstruction toward the extracellular end of the channel could
possibly block access by QX-314 but not of the smaller MTSEA.
QX-314 does protect L251C against MTSEA in the open
state (70).

In the desensitized state, the rate constants for the reactions
of extracellularly applied MTSEA with L258C, V255C, and
S252C are all low, but the rate constant of the reaction of
L251C is moderately high, 75 times that of V255C above.
Clearly there is no desensitization gate above L251C. On the
other hand, S248C and T244C below L251C react even more
slowly in the desensitized state than in the resting state. These
low rates could ref lect greater local obstruction of these

positions in the desensitized state than in the resting state. The
very low rates of reaction of G240C, E241C, and T244C with
MTSEA added intracellularly, as well as extracellularly, imply
that the gate between G240C and T244C is closed in the
desensitized state just as it is in the resting state. Possibly this
resting gate is extended in the desensitized state to occlude
T244 and S248 (Fig. 7). L251, also, could contribute to the
desensitization gate, because if the Leu side chains are ex-
tended into the lumen, then a Cys substituted for one of them
might be quite reactive. We have inferred that aL251 and the
other aligned Leu are more exposed in the water-filled channel
lumen in the open state than in the resting state (51, 60), but
the five aligned Leu do not obstruct the channel in the open
state. In the desensitized state, aL251C reacts 70 times faster
than in the resting state and only six times slower than in the
open state. In the desensitized state also, the side chains of
aL251 and the aligned Leu are exposed in the lumen but could
be close enough together to obstruct the channel and contrib-
ute to the desensitization gate.

This possibility is consistent with the previous suggestion that
in the neuronal ACh receptor composed of five a7 subunits the
five Leu (L247) homologous to L251 in muscle-type a subunit
form the desensitization gate (37). Our results indicate, however,
that in muscle-type receptor, aL251 and the aligned Leu in the
other subunits do not form the desensitization gate alone. If
L251 and the aligned Leu in the other subunits contribute to the
desensitization gate, they are likely to be part of the extension of
the resting state gate (Fig. 7). Our present and previous results
(62) are not consistent with the suggestion that aL251 and the
aligned Leu in the other subunits form the gate in the resting
state (21).

Auerbach and Akk (7) suggested that there are two separate
gates in the channel, a resting gate and a desensitization gate.
They suggested further that in the resting state, the resting
(activation) gate is closed and the desensitization gate is open
and that in the agonist-occupied desensitized state the resting
gate is open and the desensitization gate is closed. Our results
support the idea that the gate structures are not identical in the
resting state and the desensitized state but not the ideas that
they are entirely separate or that the resting gate remains open
when the desensitization gate closes. Auerbach and Akk
analyzed the transient desensitized state that occurs on the
time scale of 0.1–1 s, whereas we analyzed the stable desen-
sitized state after minutes in ACh. Conceivably, in the tran-
sition from the open state to the first stage of desensitization,
the region from T244 to L251 could close before the region
between G240 and T244.

A highly hydrophobic photolabel, 3-trif luoromethyl-3-(m-
iodophenyl)diazirine, reacted in the resting state with residues in
b and d aligned with aL251 and aV255 and with residues aligned
with aT244 and aS248 in the desensitized state (26, 27). These
results were taken as evidence for a resting gate aligned with
aL251; they are also consistent, however, with the side chains of
aL251 and aV255 being in a more hydrophobic environment
than aT244 in the resting state and that aT244 and aS248 are in
a more hydrophobic environment than aL251 in the desensitized
state (Fig. 7). This label could intercalate into clusters of
hydrophobic side chains.

In summary, our application of SCAM to the ACh receptor in
the resting, open, and desensitized states has identified structural
differences in the channel lining in these states and the residues
likely to form the closed gates in the resting state and the
desensitized state.
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