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ABSTRACT: Acetylcholine-receptor channels (AChRs) are allosteric membrane proteins that mediate synaptic
transmission by alternatively opening and closing (“gating”) a cation-selective transmembrane pore.
Although ligand binding is not required for the channel to open, the binding of agonists (for example,
acetylcholine) increases the closedh open equilibrium constant because the ion-impermeablef ion-
permeable transition of the ion pathway is accompanied by a low-affinityf high-affinity change at the
agonist-binding sites. The fact that the gating conformational change of muscle AChRs can be kinetically
modeled as a two-state reaction has paved the way to the experimental characterization of the corresponding
transition state, which represents a snapshot of the continuous sequence of molecular events separating
the closed and open states. Previous studies of fully (di) liganded AChRs, combining single-channel kinetic
measurements, site-directed mutagenesis, and data analysis in the framework of the linear free-energy
relationships of physical organic chemistry, have suggested a transition-state structure that is consistent
with channel opening being an asynchronous conformational change that starts at the extracellular agonist-
binding sites and propagates toward the intracellular end of the pore. In this paper, I characterize the
gating transition state of unliganded AChRs, and report a remarkable difference: unlike that of diliganded
gating, the unliganded transition state is not a hybrid of the closed- and open-state structures but, rather,
is almost indistinguishable from the open state itself. This displacement of the transition state along the
reaction coordinate obscures the mechanism underlying the unliganded closedh open reaction but brings
to light the malleable nature of free-energy landscapes of ion-channel gating.

The muscle acetylcholine-receptor channel (AChR)1 is the
neurotransmitter-gated ion channel that mediates neuromus-
cular synaptic transmission in vertebrates (1). Although the
structure of this large pentameric transmembrane protein
(∼470 residues per subunit) is not known with atomic
resolution, a wealth of structural information exists, mainly
from mutational studies, affinity labeling, chemical modifica-
tion of specific residues, electron microscopy, and crystal-
lography (reviewed in ref2). As is the case for any other
allosteric protein, the dynamic behavior of this receptor
channel can be understood in the framework of thermody-
namic cycles, with conformational changes and ligand-
binding events as the elementary steps (3-5). Thus, the
AChR can adopt a variety of different conformations that
can interconvert (closed, open, and desensitized “states”),
and each conformation has a distinct ligand-binding affinity
(low affinity in the closed state and high affinity in the open
and desensitized states) and a particular “catalytic efficiency”

(ion-impermeable in the closed and desensitized states, and
ion-permeable in the open state). To meet the physiological
requirement of a small closedh open (“gating”) equilibrium
constant for the unliganded receptor, and a large gating
equilibrium constant for the ACh-diliganded receptor, the
affinity of the AChR for ACh must be higher in the open
than in the closed conformation (4-6). This follows from
the notion that the equilibrium constants governing the
different reaction steps (ligand binding and gating) of these
cyclic reaction schemes are constrained by the principle of
detailed balance.

Hence, irrespective of whether the receptor is diliganded,
monoliganded, or unliganded, two changes must take place
in going from the closed state (low ligand affinity and ion-
impermeable) to the open state (high ligand affinity and ion-
permeable): (a) the pore becomes permeable to ions, and
(b) the transmitter-binding sites, 50 Å away from the pore
domain (7), increase their affinity for the ligand (with the
reverse changes taking place during closing). The apparent
lack of stable intermediates between the closed and open
conformations, inferred from kinetic modeling of the di-
liganded-gating reaction (8), suggests that these two changes
occur as a result of a one-step, global conformational change.
The question, then, arises as to whether this concerted
conformational change proceeds synchronously (i.e., every
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residue of the protein moves “in unison”) or asynchronously
(i.e., following a sequence of events;9) and, if the latter
were the case, whether multiple, a few, or just one sequence
of events is actually traversed by the channel to “connect”
the end states.

Analysis of the correlation between rate and equilibrium
constants of gating in diliganded AChRs has allowed us to
address some of these issues by probing the structure of the
transition state (8, 10-12), that is, the intermediate species
between the end states of a one-step reaction that can be
most easily studied. Interpretation of these results in the
framework of the classical rate-equilibrium free-energy
relationships of physical organic chemistry (13, 14) revealed
that AChR diliganded gating is a highly asynchronous
reaction, and suggested that the transition-state ensemble is
quite homogeneous, as if the crossing of the energy barrier
were confined to a narrow pass at the top of the energy
landscape. In the opening direction, the conformational
rearrangement that leads to the low- to high-affinity change
at the extracellular binding sites precedes the conformational
rearrangement of the pore that renders the channel ion-
permeable. This propagated global conformational change,
which we have referred to as a “conformational wave” (11),
must reverse during channel closing so that closing starts at
the pore and propagates all the way to the binding sites.

It is not at all obvious why thediliganded-gating confor-
mational change starts at the binding sites when the channel
opens, nor even why the conformational change propagates
at all through the receptor, instead of taking place synchro-
nously throughout the protein. Is there any correlation
between the location of the domain that binds agonist and
the location of the initiation site for the opening conforma-
tional change? Could the latter have started from the
intracellular end of the pore, for example, and have propa-
gated to the (extracellular) transmitter-binding sites? What
difference does it make to be liganded or unliganded as far
as the mechanism of the gating conformational change is
concerned? To address these issues, I set out to explore the
mechanism of gating inunliganded AChRs by probing the
structure of the corresponding transition state using kinetic
measurements, site-directed mutagenesis, and the concepts
of rate-equilibrium free-energy relationships andΦ-value
analysis.

Briefly, a Φ-value can be assigned to any position in the
protein by estimating the slope of a “Bro¨nsted plot”2 [log-
(gating rate constant) versus log(gating equilibrium constant)]
where each point in the plot corresponds to a different amino
acid substitution at that given position. More coarse-grained
Φ-values can also be obtained by using different agonists
or different transmembrane potentials, for example, as a
means of altering the rate and equilibrium constants of gating.
Very often, rate-equilibrium plots are linear, and 0< Φ <
1. A value ofΦ ) 0 suggests that the position in question
(in the case of a mutation series) experiences a closed-state-
like environment at the transition state, whereas a value of
Φ ) 1 suggests an open-state-like environment. A fractional

Φ-value suggests an environment that is intermediate
between those experienced in the closed and open states (16).

Earlier results indicated that theΦ-values obtained by
varying the transmembrane potential are different in di-
liganded and unliganded AChRs. TheseΦ-values, which are
a measure of the closed-state-like versus open-state-like
character of the channel’s voltage-sensing elements at the
transition state, are 0.070( 0.060 in diliganded receptors
(17) and 1.025( 0.053 in unliganded AChRs (11, 18). The
present study reveals that residues at the transmitter-binding
sites (Figure 1), the extracellular loop that links the second
(M2) and third (M3) transmembrane segments (M2-M3
linker), and the upper and lower half of M2, which during
diliganded gating haveΦ-values of∼1 (11), ∼0.7 (10),
∼0.35 (8, 11, 12), and ∼0 (12), respectively, also have
Φ-values very close to 1 during unliganded gating. This
generalized shift inΦ-values suggests that the diliganded
f unliganded perturbation deforms the energy landscape of
gating in such a way that the “new” transition state occurs
very close to the open state, to such an extent that all tested
positions experience an open-state-like environment at the
transition state of unliganded gating. Thus, the transition state
occurs so “late” (i.e., so close to the open state) that its
inferred structure does not provide any clues as to the
intermediatestages of this reaction.

Hence, the mechanism of unliganded gating remains
obscure. The change in the position of the transition state
along a reaction coordinate, as a result of perturbations to
the energy landscape, is a very well-known phenomenon in
organic chemistry (e.g., refs20-26) and protein folding (e.g.,
refs27-34). In this paper, I show that this phenomenon can
also take place in the case of allosteric transitions and,
therefore, that the structure of the transition state of a global

2 “Brönsted plot” is actually a misnomer. In the original work (15),
the plotted rate and equilibrium constants correspond to twodifferent
reactions. However, the name is so widely used now to designate the
rate-equilibrium type of plot used in this paper (rate and equilibrium
constants correspond to the same reaction) that I decided to keep it.

FIGURE 1: Putative threading pattern of an AChR subunit through
the membrane. This pattern is thought to be conserved throughout
the superfamily of Cys-loop receptor subunits (which includes, in
vertebrates, the subunits that form acetylcholine nicotinic receptors,
serotonin type 3 receptors, glycine receptors, andγ-aminobutyric
acid type A and type C receptors). The M2 domain is thought to
be a transmembrane, mostlyR-helical segment with 19 intramem-
brane residues (referred to as 1′ to 19′, from the intracellular to the
extracellular end). Five M2 segments, each contributed by a
different subunit of the pentameric receptor channel, form most of
the lining of the membrane pore (2). An alternative threading pattern
with M1 having as many as three nonhelical transmembrane passes
has been recently proposed (19). This discrepancy, however, does
not compromise the conclusions of this work. The adult form of
the muscle-type AChR is formed by four different subunits (R, â,
δ, andε) in an R2âδε stoichiometry.
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conformational change need not be fixed; rather, it can
change depending on the experimental conditions.

EXPERIMENTAL PROCEDURES

Mutagenesis and Expression.Mouse cDNA clones cor-
responding to theR, â, δ, andε subunits of the muscle AChR
were generously provided by Dr. S. M. Sine (Department
of Physiology and Biophysics, Mayo Foundation, Rochester,
MN) in the CMV-based expression vector pRBG4 (35), and
are described in ref36. The mutantsRY93F,RY190W, and
RD200N in pRBG4 were also a generous gift of Dr. S. M.
Sine. MutationsRL251A, RS269I,âT265S,δL265T,δS268A,
δS268I, δS268N, andδS268Y were engineered using the
QuikChange site-directed mutagenesis kit protocol (Strat-
agene, La Jolla, CA). MutationsδS268T andεT264S were
engineered by overlap PCR (37). All constructs were
confirmed by dideoxy sequencing.

Human embryonic kidney fibroblast cells (HEK 293) were
transiently transfected using a calcium phosphate precipita-
tion protocol. A total of 3.5µg of cDNA per 35 mm culture
dish in the ratio 2:1:1:1 (R:â:δ:ε) was applied to the cells
for approximately 20 h, after which the culture medium was
changed. Electrophysiological recordings started∼30 h later.

Cell-Attached Single-Channel Recordings.Recordings
were performed in the cell-attached patch configuration (38)
at ∼22 °C. The bath solution was Dulbecco’s phosphate-
buffered saline (137 mM NaCl, 0.9 mM CaCl2, 2.7 mM KCl,
1.5 mM KH2PO4, 0.5 mM MgCl2, and 8.1 mM Na2HPO4,
pH 7.3). The pipet solution was either a K+/HEPES saline
(142 mM KCl, 5.4 mM NaCl, 1.8 mM CaCl2, 1.7 mM
MgCl2, 10 mM HEPES/KOH, pH 7.4) or the Na+/phosphate
saline also used as the bath solution. Patch pipets pulled from
borosilicate capillaries were coated with Sylgard (Dow
Corning Co., Midland, MI) and fire-polished. Pipet resis-
tances ranged between 7.5 and 12.5 MΩ. Cell-attached
single-channel currents were recorded using an Axopatch
200B (Axon Instruments, Foster City, CA) at a bandwidth
of 100 kHz, digitized at a frequency of 94.4 kHz (VR-10B,
fc ) 37 kHz; Instrutech Corp., Port Washington, NY), and
stored on videotape. For analysis, the recordings were
transferred to a PC via either an Instrutech VR111 or a
National Instruments PCI-MIO 16E-4 (National Instruments
Corp., Austin, TX) digital interface, at a sampling frequency
of 94.4 or 100 kHz, respectively. The pipet potential of the
cell-attached patches was generally held at+65 mV, and
the average single-channel current amplitude recorded in the
different cell-attached patches was-6.45 pA. Given the
value of 74.5 pS for the single-channel conductance of
unliganded AChRs (18), a value of-6.45 pA corresponds
to a transmembrane potential of∼-87 mV.

Single-Channel Analysis.Single-channel data analysis was
performed using QuB software (www.qub.buffalo.edu;39).
Schematically, the data analysis consisted of three steps. First,
the digitized recordings were visually inspected to identify
and remove noisy sections and those containing simultaneous
openings of two or more channels. The durations of these
removed sections were kept, however, so that each recording
remained as an uninterrupted stretch of time. Typically,
>98% of the original recording “survived” this step. Second,
the recordings were idealized using a hidden-Markov model-
ing procedure (recursive Viterbi algorithm; “SKM” in QuB

software), which also estimates the current amplitudes (40).
The bandwidth of the recordings prior to this idealization
step was further reduced by filtering the data digitally. This
final bandwidth ranged between DC-18 and DC-23 kHz.
Third, the idealized series of dwell times were used to
estimate the rate constants that, given a kinetic model, fit
the data best. This was done by using an interval-based full-
likelihood algorithm that includes an approximate solution
to the missed-events problem (“MIL” in QuB software). Prior
to this step, a consistent time resolution was imposed on the
idealized open and shut intervals (the same for both) by
considering all intervals shorter than a given value (“dead
time”) as belonging to the conductance of the flanking
sojourns. A dead time of 25µs was used throughout.

Rate-Equilibrium Free-energy Relationships andΦ-Val-
ues.The end states of a chemical reaction (involving changes
in either covalent or noncovalent bonds) can become
stabilized or destabilized upon a perturbation, and the balance
between these free-energy changes determines the magnitude
and direction of the change in the equilibrium constant.
However, given only the latter, nothing can be said about
the changes in the underlying rate constants although, in
many cases, an “extrathermodynamic” (13, 14) relationship
between rate and equilibrium constants holds for reactions
that occur in one step. In the context of ion-channel gating

whereG°p
open - G°open, G°p

closed - G°closed, andGqp - Gq

denote the Gibbs free-energy changes upon perturbation
experienced by the open state, the closed state, and the
intervening transition state, respectively, andΦ is the
weighting factor. The closerΦ is to 1 (or 0), the closer the
free-energy change undergone by the transition state is to
that undergone by the open (or closed) state. Thus,Φ is a
measure of how open-state-like versus closed-state-like the
sensitivity of the transition state’s free energy is. Because
this energetic resemblance must have a structural correlate
(e.g., ref 41), Φ also measures the extent to which the
microenvironment of the perturbed region of the protein, at
the transition state, structurally resembles that in the open
state (with 1 - Φ measuring the “closedness” of the
transition state). Hence,Φ provides an indication of reaction
progress at the particular moment when the transition state
occurs. Since every residue of the protein can be perturbed
using site-directed mutagenesis, a residue-by-residue picture
of the transition state can, in principle, be obtained in terms
of the resemblance to either end state. Equation 1 can be
rearranged into eqs 2 and 3,

which allow the estimation ofΦ from experimentally
estimated rate constants.â and R are the channel opening
and closing rate constants, respectively, of the different
members of a reaction series (e.g., a number of mutants
differing only in the amino acid residue at a given position),
ko (the intrinsic gating rate constant, a constant value for
each series) is the value ofâ and R when the equilibrium

Gqp - Gq ) Φ(G°p
open- G°open) +

(1 - Φ)(G°p
closed- G°closed) (1)

log â ) Φ log â/R + log ko (2)

log R ) (Φ - 1) log â/R + log ko (3)

Transition State of Nicotinic-Receptor Gating Biochemistry, Vol. 42, No. 50, 200314979



constant is unity, andΦ (or Φ - 1) is the slope of the linear
fit. Therefore, given a change in a reaction’s equilibrium
constant upon perturbationand the Φ-value corresponding
to the perturbed region, the underlying forward and backward
rate constants become uniquely determined, and can be
analytically estimated even if they are, say, too fast to be
measured.

RESULTS

To probe the structure of the transition state of the
unliganded closedh open reaction in muscle AChRs, I
performed a Bro¨nsted type of analysis, of the sort typically
done for the investigation of reaction mechanisms in organic
chemistry (e.g., ref42), enzymology (e.g., ref43), protein
folding (e.g., ref44), and, more recently, allosteric transitions
(5, 11, 45-47) and RNA folding (e.g., ref48). More
specifically, I made mutations to various parts of the AChR
(Figure 1) as a means of generating receptor variants with
different combinations of unliganded-gating rate and equi-
librium constants, and analyzed the correlation between them.
Thus, this approach turns out to be virtually identical to what
is known, in the protein-folding field, as “protein-engineering
Φ-value analysis”, the staple fare of two-state protein-folding
studies (e.g., ref49).

Unliganded-Gating Kinetics.The concept of rate-equi-
librium free-energy relationships (see eqs 1-3 in the
Experimental Procedures) applies to reactions that occur in
a single kinetically distinguishable step. In our previous
single-channel studies, we found evidence that AChR di-
liganded gating can, indeed, be modeled as a one-step
isomerization because both closed- and open-interval dura-
tions are monoexponentially distributed (8). In the case of
unliganded gating, however, establishing whether this is the
case turned out to be impossible because the statistical
distributions of open and shut intervals (in the context of
this paper “shut” refers to intervals that represent sojourns
in nonconductive states, irrespective of whether these cor-
respond to closed or desensitized conformations of the
channel) were complex and could not be interpreted physi-
cally. Moreover, adding to this complexity, the reaction
scheme that fitted the data best varied from mutant to mutant,
and even from patch to patch in cells expressing the same
mutant.

Figures 2-4 show example single-channel traces, and the
corresponding open- and shut-time distributions, for the M2-
M3-linker mutantRS269I, and for the M2 9′ position mutants
δL265T and RL251A, respectively. Depending on the
experiment, up to three exponential components were needed
to fit the distribution of unliganded open times. Regardless
of the particular number, however, open lifetimes always
“fell” into a well-defined category of brief (ten to a few
hundred microseconds), intermediate (several hundred mi-
croseconds), or long (several milliseconds) duration. The
brief type of opening was present in all patches, and in those
cases where more open components were present, this brief
type still accounted for the majority of openings (77% of all
openings in these patches, on average). When two exponen-
tial components were required, either the brief and the
intermediate or the brief and the long-lived types of openings
were present. These long-lived openings, which, when
present, were always the least frequent (9.5%, on average),

were particularly striking as they occurred in “bursts” of
(∼1.5) openings separated by short (<200 µs) gaps, a type
of activity that is a hallmark of diliganded AChRs in the
presence of low concentrations of ACh (<5 µM), in both
the wild type (50) and “gain-of-function” mutants (6).
However, I dismiss the idea that these openings reflect
contamination of the recording system with cholinergic
ligands. For example, in the case of the M2-M3-linker
mutant, the only recording that displayed bursts of long-
lived openings was obtained the same day, using the same
dish of transfected cells, and using the same bath and pipet
solutions as three other recordings that did not exhibit this
type of activity. Also, I investigated the putative role of
HEPES itself (present in the patch-pipet solution), as the
ligand causing these openings, by replacing it with a mixture
of phosphates (see the Experimental Procedures). Under these
conditions, I recorded single-channel currents from two M2
9′ mutants (RL251A andδL265T), and found no correlation
whatsoever between the presence of either pH-buffer system
in the pipet solution and the occurrence of multiple open
states.

The long-lived type of opening was not observed in
recordings from wild-type AChRs, which, in most cases,
displayed two open components (the brief and intermediate
ones), in agreement with earlier observations made by
Jackson (51). In fact, there appears to be a correlation
between the incidence of long-lived openings and the location
of the mutation in the receptor. Indeed, this type of opening
was recorded in 28 out of a total of 31 patches containing
AChRs mutated in M2, in only 1 out of 7 patches with
receptors mutated in the M2-M3 linker, and in 0 out of 13

FIGURE 2: Continuous recording of single-channel inward currents
and corresponding dwell-time histograms from unligandedRS269I
AChRs. (A) Openings are downward deflections. For display
purposes only, the bandwidth was reduced to 6 kHz. (B) Experi-
mental dwell-time histograms and calculated density functions. The
latter were computed from the rate-constant estimates (see legend
to Figure 5), taking into account that a dead time of 25µs was
imposed on the idealized open and shut intervals. In this particular
patch, the time constants (and areas) of the shut-time distribution
were 99µs (0.021), 124µs (0.011), 7.6 ms (0.041), and 167 ms
(0.927). For the open times, these were 95µs (0.570), 280µs
(0.403), and 4.0 ms (0.027). The longest lived openings occurred
in bursts of 1.8 openings, on average. In other words, 30% of these
openings occurred as isolated events, 27% occurred as pairs of
openings separated by one brief gap, 18% formed triplets containing
two gaps, 11% came as quartets with three gaps, and so on.
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patches with AChRs bearing binding-site mutations. This
suggests that these slow unliganded openings are favored
by mutations in M2.

The grouping of consecutive openings in a burst is a
typical observation in single-channel recordings from wild-
type muscle AChRs in the presence of low concentrations
of ACh (50). The openings within each burst are interpreted
to arise from a receptor channel that is bound to a given
pair of ACh molecules, and that opens and closes repeatedly
until entry into long-lived desensitized states or ligand
dissociation (from either the closed or the open conformation)
occurs (6). Thus, the unexpected observation that mutant
AChRs can open in a burst-like manner even when unli-
ganded suggests the existence of an additional mechanism
for the channel to generate bursts of openings, and calls for
further investigation. It is not clear whether this multiplicity
of open states reflects the existence of a heterogeneous
channel population (receptors with different extents of
posttranslational modifications, for example) or the existence
of different open conformations that are made accessible to
the unliganded AChR by mutations. It is curious that the
statistical distribution of open times in unliganded AChRs
is more complex than that in diliganded receptors.

The distribution of shut times was also far from straight-
forward, consisting of up to six exponential components in
some patches, and it was much less predictable than the
distribution of open times. Again, it is not clear what these
multiple shut states represent, but they may well reflect the
existence of a variety of desensitized conformations that
mutant AChRs can visit even in the absence of ligand, and

not necessarily the existence of multiple closed states.
Because it was impossible to interpret the various shut
intervals as reflecting sojourns of the AChR in either closed
or desensitized conformations, and because the number of
channels in each patch was not known (the probability of
an unliganded channel being open is so low that multiple
channels may be gating at the same time without this being
evident as overlapping openings), the interval between any
two consecutive openings in a recording could not be
ascribed any physical meaning. The distinction between
channel sojourns in closed conformations and desensitized
conformations (which can usually be made with currents
from liganded receptors) is of fundamental importance
because it is the closed-interval durations that are needed to
estimate an opening rate constant.

Presented in this way, the complexity of unliganded AChR
gating kinetics appears to be irreconcilable with the simple
two-state reaction scheme that is required to characterize a
transition state. However, a number of experimental observa-
tions point to the possibility that gating of unliganded AChRs
can still be described by a two-state, closedh open reaction
scheme. First, diliganded gating can be kinetically modeled
as a one-step reaction, so it is likely that its unliganded
counterpart is a one-step process as well. Second, the shortest
lived type of opening accounted for the majority of the
recorded openings, so irrespective of the origin of the
multiple exponential open components, the main properties
of the unliganded openf closed reaction should be captured
by the sole description of the briefest component of the open-

FIGURE 3: Continuous recording of single-channel inward currents
and corresponding dwell-time histograms from unligandedδL265T
AChRs. (A) Openings are downward deflections. For display
purposes only, the bandwidth was reduced to 6 kHz. (B) Experi-
mental dwell-time histograms and calculated density functions. The
latter were computed from the rate-constant estimates (see the
caption to Figure 5), taking into account that a dead time of 25µs
was imposed on the idealized open and shut intervals. In this
particular patch, the time constants (and areas) of the shut-time
distribution were 36µs (0.009), 166µs (0.025), 877µs (0.038), 23
ms (0.250), 47 ms (0.667), 283 ms (0.009), and 2.0 s (0.001). For
the open times, these were 149µs (0.589), 600µs (0.347), and 4.7
ms (0.064). The longest lived openings occurred in bursts of 1.7
openings, on average. In other words, 33% of these openings
occurred as isolated events, 28% occurred as pairs of openings
separated by one brief gap, 18% formed triplets containing two
gaps, 10% came as quartets with three gaps, and so on.

FIGURE 4: Continuous recording of single-channel inward currents
and corresponding dwell-time histograms from unligandedRL251A
AChRs. (A) Openings are downward deflections. For display
purposes only, the bandwidth was reduced to 6 kHz. (B) Experi-
mental dwell-time histograms and calculated density functions. The
latter were computed from the rate-constant estimates (see the
caption to Figure 5), taking into account that a dead time of 25µs
was imposed on the idealized open and shut intervals. In this
particular patch, the time constants (and areas) of the shut-time
distribution were 16µs (0.006), 36µs (0.006), 370µs (0.008), 22
ms (0.923), 49 ms (0.056), and 382 ms (0.001). For the open times,
these were 130µs (0.583), 452µs (0.379), and 3.1 ms (0.038).
The longest lived openings occurred in bursts of 1.4 openings, on
average. In other words, 54% of these openings occurred as isolated
events, 29% occurred as pairs of openings separated by one brief
gap, 11% formed triplets containing two gaps, 4% came as quartets
with three gaps, and so on.
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time distribution. With this in mind, I fitted the data (i.e.,
series of shut- and open-interval durations) to a kinetic
scheme where the different types of openings are isolated
from one another (Figure 5). In this way, the fastest (and
main) closing rate constant is simply the reciprocal of the
mean lifetime of the briefest open component, and the
presence of additional open components can be easily
disregarded. Figure 5 shows a particular example of this
model, which was used to fit data that displayed the three
types of openings (O1, O2, and O3), the short gaps within
bursts of long-lived openings (C4), and only one more shut
exponential component (C0). Because of the ambiguities
associated with the physical interpretation of shut intervals,
only the closing (k10, k20, andk30) and the intraburst (k34 and
k43) rate constants were used to analyze the effect of
mutations. Thek01, k02, andk03 rate constants were used only
as ratios, to estimate the proportion of each type of opening.

Mutational Analysis.Since the aim of this study was to
compare the transition-state structure in diliganded and
unliganded AChRs, I decided to estimate the unliganded
Φ-values in regions of the protein where, according to our
previous studies (8, 10-12), the closedh open allosteric
transition ofdiligandedAChRs has progressed to different
extents at the transition state. Thus, I chose residues at, or
near, the transmitter-binding sites (RY93, RY190, and
RD200), a residue in the M2-M3 linker (RS269), three
residues in the extracellular half of M2 (12′ position,âT265,
δS268, andεT264), and two residues in the middle of M2
(9′ position,RL251 andδL265).

Here, I compare these positions’Φ-values in unliganded
receptors to those in AChRs diliganded with ACh (binding-
site mutants) or the weak agonist choline (all other mutants).
For each construct, and assuming that the effect of mutations
and presence/absence of ligand are independent, the different
“background” (i.e., unliganded versus diliganded) corre-
sponds to a∼107-108-fold change in the gating equilibrium
constant (∆∆G° = -10.0 kcal/mol) when the ligand is ACh,
and to a∼104-105-fold change (∆∆G° = -6.0 kcal/mol)
when the ligand is choline. The fact that the wild-type
AChR’s unliganded gating equilibrium constant is not known
with accuracy (I am assuming here a value of 10-6, on the
basis of previous experimental data;18, 51) adds some

uncertainty to these calculatedn-fold changes, but as we will
see below, this does not compromise the conclusions at all.

Transmitter-Binding Sites.The transition state of un-
liganded gating was probed with three binding-site mutations
(RY93F, RY190W, and RD200N) which, in addition to
possible effects on the affinity of the receptor for the ligand,
decrease the unliganded-gating equilibrium constant (18).
Because the latter is already very small in the wild type,
these mutations were engineered on the background of a
gain-of-function construct that displays an increased un-
liganded activity: the M2 12′ double mutantδS268T +
εT264S.

In recordings from the unliganded triple mutants (RY190W,
RD200N, orRY93F on the double-mutant background), only
the brief type of opening was observed. In the case of the
background construct, both the brief and long-lived types
were present, but the brief component accounted for as much
as 86.4% of the total openings (18). The fastest closing rate
constants,k10 (see Figure 5), of the triple mutants were 15855
( 4588 s-1 (mean( SE;n ) 3 patches) forRY190W, 8157
( 817 s-1 (n ) 5) for RD200N, and 8483( 570 s-1 (n )
4) for RY93F, whereas that of the background construct was
10648 ( 583 s-1 (n ) 4). An inspection of these rate
constants suggests that the decreased unliganded activity
caused by the three binding-site mutations must be due to a
slower opening rate constant because the closing rate constant
(k10) changes very little, or even in the “wrong” direction,
upon mutation. In terms ofΦ-values, these results imply that
Φ = 1 for these three residues during unliganded gating.
We have previously found thatΦ is also∼1 at, or near, the
binding sites during diliganded gating (11). It can be
concluded then that, regardless of whether the binding sites
are liganded or unliganded, the conformational rearrangement
of the transmitter-binding sites that occurs upon opening is
almost complete at the transition state (or, from microscopic
reversibility, that the conformational rearrangement of the
transmitter-binding sites that occurs uponclosing has not
even started when the transition state is reached).

M2-M3 Linker.The transition state of unliganded gating
was probed with one mutation (RS269I) that increases the
diliganded-gating equilibrium constant by a factor of∼90,
having little, if any, effect on ligand-binding affinities (10).
In the framework of the thermodynamic cycles that are used
to interpret the function of allosteric proteins, this suggests
that this mutation should increase the unliganded-gating
equilibrium constant∼90-fold as well. The increased un-
liganded activity caused by theRS269I mutation is exempli-
fied in Figure 2.

The value of the fastest closing rate constant,k10, was
11633( 426 s-1 (mean( SE; n ) 7 patches), and that of
the background construct (wild type) was 12187( 1104 s-1

(n ) 5). This suggests that the∼90-fold increase in the
unliganded-gating equilibrium constant must be due to a
∼90-fold faster unliganded opening rate constant because
the closing rate constant hardly changes upon mutation (Φ
= 0.99). This contrasts with the situation during diliganded
gating where the∼90-fold increase in the equilibrium
constant caused by this mutation is due to a∼30-fold
increase in the opening rate constant and a∼3-fold decrease
in the closing rate constant (Φ = 0.76). Evidently, the
structural rearrangement of the M2-M3 linker that ac-
companies the closedf open reaction has progressed to

FIGURE 5: Example reaction scheme used to interpret unliganded
AChR single-channel currents. The letters “C” and “O” denote
nonconductive (“shut”) and conductive (“open”) conformations of
the receptor channel, respectively. The number of states in the model
depended on the extent to which their inclusion/omission affected
the maximum log likelihood of the fit. Additional states were
justified only if their inclusion increased this value by at least five
units per state. The O1 state was needed in all the recordings,
whereas O2 and O3 were needed in only some of them. Additional
shut states, which were needed in most experiments, were added
to C0 as a linear chain.
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different extents at the transition states of diliganded and
unliganded gating.

M2. Diliganded-gatingΦ-values define two domains in
the M2 segment of theδ subunit (12). The extracellular half
of this 19-residue segment has an averageΦ-value of 0.32
( 0.03 (mean( SE; four positions tested, 12′, 13′, 17′, and
19′), whereas the intracellular half has an averageΦ-value
of -0.07( 0.03 (five positions tested, 2′, 5′, 7′, 9′, and 10′),
suggesting that the rearrangement of the extracellular half
precedes that of the intracellular half in the closedf open
direction. To compare the transitions states of diliganded and
unliganded AChR gating in this pore-lining transmembrane
segment, I performed aΦ-value analysis of unliganded gating
at positions 12′ (extracellular half) and 9′ (intracellular half).

The Φ-value analysis at M2 12′ was performed using a
series of mutations, which allows the presentation of the data
in the form of rate-equilibrium plots (Figure 6). M2 12′
mutations increase the diliganded (8) and unliganded (18)
gating equilibrium constants, and the effect on ligand-binding
affinities appears to be negligible. This implies that the
changein the unliganded-gating equilibrium constant caused
by any of the 12′ mutations used here should be very close
(identical actually, if the binding affinities were completely
unaffected) to the change caused by the same mutation in
the diliganded equilibrium constant. This concept is an
important one because it allowed me to plot the rate-
equilibrium plots ofboth diliganded and unliganded gating
using the (log of the) diliganded-gating equilibrium constant
in thex-axis (unlike that of diliganded gating, the equilibrium
constant of unliganded gating could not be estimated
experimentally because of the uncertainties associated with
the physical interpretation of shut intervals noted above).
Since it was the closing rate constants (and not the opening
rate constants) of unliganded gating that were determined
experimentally, unliganded and diliganded closing rate
constants were used in they-axis of the rate-equilibrium
plot, and hence,Φ ) 1 + slope. The “diliganded plot”, which
has been previously described (11), includes data from 12
different constructs differing only in the amino acid residue
at positionδ12′, and it is used here for comparison with the
“unliganded plot”. The latter includes data from the wild-
type construct,δ12′ mutants (δS268A, T, I, Y, and N), a
â12′ mutant (âT265S), a â12′ + δ12′ double mutant

(âT265S + δS268T), and aδ12′ + ε12′ double mutant
(δS268T+ εT264S). The unliganded-gatingΦ-value turns
out to be∼1.03, implying that changes in the equilibrium
constant upon mutation are mostly due to changes in the
opening rate constant, and suggesting that this portion of
M2 experiences an “open-state-like” environment at the
transition state of unliganded gating. As is the case for the
M2-M3 linker, the M2 12′ unligandedΦ-value differs from
the diliganded value, but in this case, the difference is larger
(diligandedδ12′ Φ = 0.26).

To probe the intracellular half of M2, I studied a mutation
at theδ9′ position (δL265T). In previous studies (12), we
found that this mutation increases the diliganded-gating
equilibrium constant by a factor of∼23, and here I show
that this mutation increases unliganded gating as well (Figure
3). The fastest closing rate constant,k10, was 8142( 858
s-1 (mean( SE;n ) 3 patches), which represents a modest
∼1.5-fold decrease from the wild-type value of 12187 s-1.
This implies that the increased unliganded activity of this
δ9′ mutant is mostly due to a faster unliganded opening rate
constant. Indeed, calculation of theΦ-value assuming that
the unliganded equilibrium constant also increases by a factor
of 23 yieldsΦ = 0.87. This suggests that, like the other
AChR domains probed (transmitter-binding sites, M2-M3
linker, and the extracellular half of M2), this portion of M2
experiences an open-state-like environment at the transition
state of unliganded gating. This is in stark contrast with the
situation during diliganded gating, where the∼23-fold
increase in the equilibrium constant caused by theδL265T
mutation is almost entirely due to a slower closing rate
constant (Φ = 0.03).

Analysis of the effect of a mutation in the 9′ position of
theR subunit (RL251A) lends further support to the notion
of a late transition state for the unliganded gating reaction.
This mutation increases the unliganded activity, and the
fastest closing rate constant,k10, was 8191( 657 s-1 (mean
( SE;n ) 3 patches). This also represents a small decrease
(<1.5-fold) from the wild-type value. This implies that the
increased unliganded activity of thisR9′ mutant is mostly
due to a faster unliganded opening rate constant and, hence,
that Φ should be close to 1, as for all the other residues
probed. The increased unliganded activity caused by this
mutation is exemplified in Figure 4.

To calculate all theΦ-values above, I have assumed that
the AChR’s unliganded-gating equilibrium constant (which
could not be determined experimentally) changes upon
mutation by the same factor as the diliganded-gating equi-
librium constant (whichcould be determined). In fact, that
this may indeed be the case was only tested in a few of the
mutants studied here (6, 8), so this assumption is a
generalization of a limited observation. In any case, the effect
of mutations on the unliganded activity was so obvious that
even if this assumption were not quantitatively exact for all
the constructs, it is clear that the gating equilibrium constant
of unliganded AChRs decreases in the binding-site mutants,
and increases in the M2-M3-linker and M2 mutants. Also,
it is clear from the data that the “main” closing rate constant
of the unliganded receptor remains close to the background
value (∼10000 s-1) upon mutation. Thus, even a qualitative
analysis of these observations suggests that the transition state
of unliganded gating looks much like the open state.

FIGURE 6: Rate-equilibrium plots of diliganded and unliganded
gating for an M2 12′ mutant series. The slope of the choline-
diliganded plot was-0.737 (Φ ) slope+ 1 ) 0.263;8, 11). The
slope of the unliganded plot, however, was 0.033 (Φ ) 1.033).
Thus, the gatingΦ-value at position M2 12′ depends on the
occupancy status of the transmitter-binding sites.
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Actual Limit or Technical Limitation?The results indicate
that the unliganded closing rate constant remains roughly
the same (∼10000 s-1) upon mutations and, hence, that the
opening rate constant must be “absorbing” all the changes
in the equilibrium constant. Because the ability to estimate
a rate constant correctly is expected to decrease as the rate
constant becomes faster, it seemed prudent to ask whether
the limit of ∼10000 s-1 represents an actual property of the
muscle AChR or, simply, a technical limitation. To address
this point, I simulated single-channel currents using a closed
h open kinetic scheme under conditions that reproduce my
experimental settings (a dead time of 25µs, a sampling rate
of 100 kHz, a bandwidth of 20 kHz, a signal of∼6 pA, and
a root-mean-square noise of∼1.6 pA for the open channel
and of∼1.5 pA for the closed channel, both measured with
a 20 kHz bandwidth) and with a variable closing rate
constant. Kinetic analysis of the simulated data, following
exactly the same procedures as for experimental recordings,
yielded the relationship shown in Figure 7. It can be
concluded from this figure that the value of∼10000 s-1 is
well in the region where rate constants are estimated
correctly, and that faster values, had they occurred, could
have been detected with considerable accuracy at least up
to ∼75000 s-1 (in which case the ratio between the estimated
and simulated rate constants is∼0.9). It seems that the
closing rate constant of muscle AChRs cannot be made much
faster than∼10000 s-1, at least by the type of perturbations
used in this paper. It is perhaps worth noting here that the
closing rate constant of ACh-diliganded or choline-diliganded
AChRs is in the 2000-3000 s-1 range.

Single-ChannelVersus Ensemble Measurements.If single-
channel measurements are made, then the forward and
backward rate constants of one-step gating reactions can be
estimated separately. This leads to rate-equilibrium plots
that are linear, and toΦ-values that are related to the slopes
of these plots in a trivial manner. This is, for example, the
case of choline-diliganded AChRs. A variety of other ion
channels, however, cannot be studied at the single-molecule
level because their single-channel conductances are exceed-
ingly low (among neurotransmitter-gated ion channels, this
is the case for serotonin type 3A, andγ-aminobutyric acid
type C receptors, for example). Instead, these channels have
to be studied at the macroscopic or “ensemble” level, with
the (apparent) disadvantage that the opening and closing rate
constants cannot be estimated separately. What would rate-
equilibrium plots look like in this case? CouldΦ-values still
be extracted from the macroscopic data? Figure 8 illustrates
the simple case where the opening and closing rate constants
can only be estimated as their sum, as would be the case if
the macroscopic current through a neurotransmitter-activated
ion channel that gates with two-state kinetics were measured
upon rapidly stepping the concentration of agonist from zero
to saturating. The figure plots what would be the “observed
macroscopic opening rate” (or, rather, the reciprocal of the
time constant of the monoexponential current rise) as a
function of the gating equilibrium constant for different
Φ-values. Although these plots of log(rate) versus log-
(equilibrium constant) are not straight lines, as they would
be if the opening and closing rate constants could be
estimated separately,Φ-values can still be easily obtained
by fitting the underlying function. The conclusion is that, as
long as the mathematical relationship between the observed

macroscopic time constant and the individual rate constants
is known, Φ-values can be estimated, and single-channel
measurements are not imperative. Indeed, this is the case
for Φ-value studies in the context of protein folding, which
usually do not involve single-molecule measurements, and
where the folding and unfolding rate constants can only be
estimated as their sum. Not surprisingly, “slices” of the 3-D
plot in Figure 8, perpendicular to theΦ-value axis, are
reminiscent of the V-shapedcheVron plots of two-state
protein folding.

DISCUSSION

The finding that mutations at the transmitter-binding sites
affect the gating equilibrium constant of unliganded channels
(18) strongly supports the notion that the low- to high-affinity
change at the binding sites occurs upon gating even if these

FIGURE 7: Relationship between simulated and estimated rate
constants. To mimic the experimentally recorded unliganded AChR
data, single-channel currents were simulated using a two-state,
closedh open kinetic scheme with QuB software. To determine
how accurate the estimates of the fastest closing rate constant are,
the opening rate constant was fixed at an arbitrary value of 500
s-1, whereas the closing rate constant was varied from 5000 to
200000 s-1. The single-channel current amplitude (6.0 pA) and the
root-mean-square noise of the closed (1.5 pA; 20 kHz bandwidth)
and open (1.6 pA; 20 kHz bandwidth) current levels were set to
values similar to those recorded experimentally. Simulated currents
were idealized (20 kHz bandwidth) using the SKM algorithm, and
the corresponding rate constants were estimated using the MIL
algorithm, both in QuB software. Each point in the plot represents
the average of five rate-constant estimates, each resulting from an
independent simulation. In turn, each rate-constant estimate was
the result of the analysis of the same number of open/shut intervals
(5000 after the imposition of a dead time). Hence, the deviation
from the ideal relationship (dotted lines in both plots) cannot be
ascribed to differences in the number of intervals analyzed. The
shape of these plots is very sensitive to a number of variables,
including the signal-to-noise ratio of the current recordings, the
rate at which the currents were digitized, the bandwidth used for
idealization, and the dead time imposed on the idealized data before
the estimation of rate constants (the latter is explicitly illustrated
in the figure; the experimentally recorded data were analyzed with
a value of 25µs). Therefore, these plots should not be regarded as
a general property of the algorithms implemented in the software
but merely as an indication of the accuracy with which rate constants
were estimated in this particular paper.
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are not occupied by cholinergic ligands. Also, the fact that
the conductances of liganded and unliganded AChRs are
indistinguishable suggests that the conformations of the ion
pathway in the closed and open states are oblivious to the
presence or absence of ligand in the binding sites. It follows,
then, that the molecular rearrangements that take place during
gating are likely to be very similar regardless of whether
the receptor channel is diliganded or unliganded.

But can we say anything about theirmechanisms? If we
defined “mechanism” as the entire sequence of transient
conformations that the AChR adopts in going from the closed
to the open state, and vice versa (the conformations are the
same in either direction; only the order in which they occur
is reversed), then what can be said is limited. The best that
can be done to address the issue of mechanisms, at least for
the time being, is to characterize the conformation of the
transition state, and the only way of doing this is by analyzing
the reaction’s kinetics in the framework of the linear free-
energy relationships of physical organic chemistry (13, 14).
Of course, because the “transition state” is just one or, rather,
a few conformations along the reaction pathway, the
underlying continuous mechanism is not uniquely determined
by even the most thoroughΦ-value analysis, but at least it
becomes firmly “anchored”.

The results presented here indicate that the transition state
of gating is very different in diliganded and unliganded
AChRs. In the former case, the transition state is somewhat
polarized, with regions that are closed-state-like, regions that
are open-state-like, and regions that lie somewhere in
between. In the case of unliganded gating, in contrast, all
the residues that were probed with mutagenesis (this paper)
and the transmembrane-voltage-sensing domains (11, 18)
have open-state-like environments at the transition state.
Accordingly, the structure of the transition state inferred from
the unligandedΦ-values casts no light on the intermediate
stages of this allosteric transition, let alone on its mechanism.
Thus, the question of whether opening of unliganded AChRs
proceeds through the same sequence of conformational
changes as opening of diliganded AChRs (that is, initiating
at the transmitter-binding sites and propagating toward the
intracellular end of the pore domain), or even whether the
unliganded conformational change propagates at all, instead

of taking place in a synchronous manner, cannot be
answered.

Changes in the position of the transition state on a
reaction’s energy landscape are very well documented in
organic chemistry and in protein-folding studies, and can be
rationalized in a number of ways. One such way is known
as the “Hammond/anti-Hammond postulate” (20-22, 24, 25,
52), which posits that the transition state passively “slides”
on a perturbed energy landscape until it “finds” its new
location. The magnitude and direction of this displacement
depend on a variety of factors that include the extent of the
energy-landscape deformation, the steepness of the free-
energy surface in the vicinity of the transition state, and the
specific region of the landscape being deformed. Conse-
quently, the mere fact that two different perturbations change
the equilibrium constant of a reaction by the same factor
does not imply that they will move the transition state to
the same new location, or that the reaction’sΦ-values will
all be shifted in the same direction and by the same amount.
If we describe the displacement of the transition state as a
vector, then its projection on an axis parallel to the reaction
pathway is usually referred to as a Hammond type of
movement, while the projection perpendicular to the reaction
pathway is referred to as anti-Hammond. Movement along
(parallel to) the reaction pathway occurs in such a way that
the transition state slides away from the stabilized region of
the landscape, whereas movement in the perpendicular
direction occurs toward the stabilized region (24, 25). Thus,
the shift in Φ-values observed when unliganded and di-
liganded AChR gatings are compared (all probedΦ-values
become∼1 in unliganded receptors) is consistent with the
displacement of the transition statealong the reaction
pathway, away from the more stabilized end state. This result
is in accord with the main prediction of the Hammond
postulate (20), namely, thatall parts of the reacting molecule
should become more product-like as the products are desta-
bilized relative to the reactants. This prediction follows from
the ideas that a ground state cannot be made more unstable
than the transition state itself, and that the closer two species
are in free energy, the closer they are in structure, as well.
If the Hammond phenomenon were indeed the basis of the
observed transition-state movement, then the mechanism of
gating would be largely preserved. In other words, gating
of unliganded AChRs would proceed through a very similar
cascade of molecular rearrangements as diliganded gating
because the transition state would stayon the reaction
pathway (or, more realistically, very close to it) as it slides.
It is clear that the Hammond/anti-Hammond postulate is
essentially correct, and that the predicted movements of the
transition statemust necessarily occur in response to the
deformation of the free-energy surface. What is not clear,
however, is the extent to which this phenomenon accounts
for the experimentally observed changes in transition-state
Φ-values. A Hammond-postulate behavior has been invoked
frequently (e.g., refs27, 30, 32, and 53-58), perhaps
improperly in many cases (23, 52, 59, 60), in the context of
organic-chemistry and protein-folding reactions.

Another plausible scenario that can account for changes
in the position of the transition state is based on the idea
that two or more (instead of only one) sequential barriers
may actually exist along the pathway of reactions with two-
state kinetics, provided that only one of the transition states

FIGURE 8: Simulation of rate-equilibrium plots at different
Φ-values in the case where the forward and backward rate constants
of a one-step reaction can only be estimated as their sum. The
intrinsic opening and closing rate constant (i.e., the value of these
rate constants when the equilibrium constant is equal to 1; see eqs
2 and 3 in the Experimental Procedures) was arbitrarily set at 1000
s-1. The particular value of this rate constant does not affect the
shape of this plot; it simply shifts it up or down.
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dominates the kinetics at any single time. The deformation
of the energy landscape upon perturbation would, then, cause
the alternative exposure of the different transition states, thus
accounting for the observed changes inΦ-values. The shift
in Φ-values observed when unliganded and diliganded AChR
gatings are compared is also consistent with this model. The
kinetics of diliganded gating would be dominated by one
transition state, and those of unliganded gating by a later
one (occurring closer to the open state), the switch between
them being caused by the tilt produced in the free-energy
landscape in going from diliganded receptor to unliganded
receptor gating. This model could be referred to as “a change
in the rate-limiting step”, and as long as the number of
sequential barriers is not too large, it could be regarded as a
sort of discrete version of the Hammond postulate, with the
alternative transition states also lying roughly on the same
reaction pathway. Although in principle the two models make
different predictions as to the changes inΦ-values (a
continuous change in the Hammond model, and a change
between a few discrete values in the sequential-barrier
model), identifying which one fits the experimental observa-
tions best is far from unambiguous, even when the experi-
mental data are plentiful (60). In the present case, analyzing
only “two points” (the unliganded and diliganded situations),
these two models cannot be distinguished.

A third possibility is somehow related to the “change-in-
rate-limiting-step” model discussed above, but here, the
alternatively exposed transition states would lie on com-
pletely different reaction pathways. Accordingly, this scenario
could be referred to as “a change in the reaction mechanism”.
This type of model is often invoked in studies of protein
folding (e.g., refs29, 34, 61, and62) to account for those
cases where changes inΦ-values upon perturbation do not
follow a monotonic pattern (someΦ-values increase; others
decrease) and occur abruptly, between two discrete sets of
values. In our case, it is impossible to rule out that unliganded
and diliganded AChR gatings proceed through completely
different mechanisms; the transition state lies so close to the
open state that all information about intermediate stages in
the reaction is lost.

Yet another, quite different, way of rationalizing changes
in Φ-values upon experimental perturbations has been
recently proposed. In an analysis of existing protein-folding
experimental data, Sa´nchez and Kiefhaber (59) concluded
that changes in the structure of the end states, rather than
the usually invoked changes in the structure of the transition
state itself, can account for the observed changes inΦ-values.
In the particular case of the AChR, for example, the
unliganded-gating transition state could look more open-like
simply because the structure of the unliganded open state
has changed, becoming more similar to that of the transition
state, and not because of a change in the structure of the
transition state. BecauseΦ-values are arelatiVe measure of
structure (relative to the end states), the data presented here
do not allow us to tell whether it is the transition state that
“moves” toward the open state or whether it is the open state
that changes, approaching the transition state. In any case,
it is clear that the transition state and the open state become
closer upon the diligandedf unliganded perturbation.

Choosing among these different scenarios to interpret the
experimental data is not trivial. This is because the predic-
tions of the different models overlap to some extent, and

because it is almost impossible to obtain data under the
extreme experimental conditions that need to be probed to
allow a clear distinction. Indeed, quite different interpreta-
tions for exactly the same set of experimental observations
can be found in the literature of protein folding (59, 60). It
is also likely that elements of the four scenarios discussed
above (and perhaps of others as well) are present together
during “real” transition-state movements. Irrespective of the
precise phenomenon underlying the relocation of the transi-
tion state on the energy landscape, however, the changes in
Φ-values reported here reveal that ion-channel gating
landscapes are malleable multidimensional energy surfaces.
This is the central conclusion of this paper.

An implication of a transition state lying very close to
one of the end states is that the activation barrier that needs
to be surmounted to leave that state is the lowest possible.
This happens because the end state and the transition state
are so similar that any further destabilization of the end state
is accompanied by an identical destabilization of the transi-
tion state, and therefore, the height of this residual activation
barrier remains constant. If, as suggested by the experimental
data presented here,Φ = 1 in all regions of the unliganded
AChR, then it is likely that the closing rate constant of the
muscle AChR (be it diliganded or unliganded, mutant or wild
type) cannot be made much faster than∼10000 s-1, the value
consistently found for the unliganded closing rate constant
of wild-type and mutant AChRs. This is in sharp contrast
with the opening rate constant, which is as fast as∼50000
s-1 in ACh-diliganded wild-type receptors, and can probably
be sped up beyond that by mutations (10).

Finally, the fact that the location of the transition state on
the gating free-energy landscape of choline-diliganded
AChRs differs from that in unliganded receptors suggests
that the structure of the transition state in the presence of
choline might also be different from that in the presence of
other agonists. Thus, it is not a foregone conclusion that
choline Φ-values can be used to interpret results in the
presence of ACh, for example. This is an important limitation
because the fast gating kinetics of receptors diliganded with
ACh usually render the experimental estimation ofΦACh-
values extremely difficult (8).

It would be interesting to know whether the malleability
of the gating energy landscape evinced by these experiments
with the muscle AChR is a particular feature of this type of
channel or a property of the physical chemistry of ion-
channel gating in general. To the extent that single-channel
measurements are not needed (as exemplified in Figure 8),
and that ion channels other than the AChR also display two-
state gating kinetics, this issue could be explored experi-
mentally.
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