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The two transmitter binding sites of the neuromuscular ace-
tylcholine (ACh) receptor channel contain several aromatic res-
idues, including a tryptophan located on the complementary,
negative face of each binding pocket. These two residues,
Trp-55 in the � subunit and Trp-57 in the � subunit, were
mutated (AEFHILRVY), and for most constructs the rate con-
stants for acetylcholine binding and channel gating were esti-
mated by using single channel kinetic analyses. The rate con-
stants for unliganded channel opening and closing were also
estimated for some mutants. From these measurements we cal-
culated all of the equilibrium constants of the “allosteric” cycle
as follows: diliganded gating, unliganded gating, dissociation
from the C(losed) conformation, and dissociation from the
O(pen) conformation. The results indicate the following. (i)
These aromatic side chains play a relatively minor role in ACh
receptor channel activation. (ii) Themain consequence ofmuta-
tions is to reduce the affinity of the O conformation of the bind-
ing site for ACh, with the effect being greater at the � subunit.
(iii) In � (but not �) the aromatic nature of the side chain is
important in determining affinity, to a slightly greater degree in
the O conformation. � value analyses (of both tryptophan resi-
dues) show � �1 for both the ACh binding and diliganded gat-
ing reactions. (iv) This suggests that the structural boundaries of
the dynamic elements of the gating conformational changemay
not be subunit-delimited, and (v) the mutated tryptophan resi-
dues experience energy changes that occur relatively early in
both the ligand-binding and channel-gating reactions.

Acetylcholine receptor channels are allosteric proteins that
“gate” the flow of ions at the vertebrate nerve-muscle synapse
(1–3). As with other members of this five-subunit (“Cys loop”)
receptor family, the two AChR2 agonist-binding sites are
located in the extracellular domain of the protein, about 50 Å
above the middle of the membrane. The occupancy of these
sites by appropriate ligands alters the equilibrium constant for
gating, which we define as the global and reversible isomeriza-
tion of the protein between a stable, low affinity, nonconduct-
ing C conformation and a stable, high affinity, ion-conducting
O conformation.

Structures of the heteromeric Torpedo muscle-type AChR
(4), the homomeric ELIC (5), GLIC (6), and acetylcholine-bind-
ing proteins (7, 8) show that each ligand-binding site contains
several aromatic residues that are mostly conserved among
these pentameric receptors (Fig. 1). In AChRs, residues Tyr-93,
Trp-149, Tyr-190, and Tyr-198 are in the �� or �� subunit (the
positive face of the binding site), and residues Trp-55 and
Trp-57 are in the complementary � or � subunit (the negative
face), respectively. The foci of this report are these two minus-
side tryptophan residues, which we will refer to as the W�

amino acids.
Affinity labeling studies of AChRs show that the two W�

residues are located near the ACh-binding site and participate
in the channel activation process. In Torpedo, �Trp-55 and
�Trp-57 are sites of photo-incorporation of the competitive
antagonist d-tubocurarine (9, 10), and �Trp-55 is labeled by the
agonist nicotine (11). Also, constitutively active AChRs are
formed following the incorporation of a series of tethered qua-
ternary ammonium derivatives at �Trp-149, �Tyr-93, and
�Trp-55/�Trp-57 (12, 13). These experiments indicate that the
W� residues are close to the agonist-binding site but more dis-
tant compared with �Trp-149 and �Tyr-93 (for which shorter
tethers were effective). Structures of acetylcholine-binding
protein confirm this conclusion; theminus-side residue Trp-53
makes limited aromatic contacts with bound ligand, whereas
the plus-side aromatic residues Trp-143 and, to a lesser extent,
Tyr-185 and Tyr-192 (8), form the main part of an “aromatic
box” (14) that surrounds the ligand (Fig. 1, right).

Towhat extents do theW� side chains influence ligandbind-
ing and channel gating? In Torpedo AChRs, a leucine substitu-
tion at either �Trp-55 or �Trp-57 increases the response to
EC50 and increases the equilibrium dissociation constants for
both agonists and antagonists (10). Replacement of Trp-54 in
�7 neuronal AChRs (homologous to �Trp-55/�Trp-57 in mus-
cle AChRs) by Phe, Ala, or His produces similar effects (15), as
do substitutions at homologous positions in other Cys loop
receptors (16–18). At the level of rate and equilibrium con-
stants (estimated by single channel kinetic analysis), the main
effect of the mutations �W55F and �W57F in mouse AChRs is
to slow the forward C 3 O rate constant, with more minor
effects on the backwardC4O rate constant and the affinity of
the C receptor for ACh (19).
Here we extend these single channel studies of the two W�

residues in recombinant (�1)2���mouseAChRs.We examined
mutants of these positions and were able to estimate binding,
diliganded gating rate, and equilibriumconstants formost. Fur-
thermore, for some constructs we also measured the unligan-
ded gating parameters, which allowed us to separately deter-

* This work was supported, in whole or in part, by National Institutes of Health
Grant NS-23513. The costs of publication of this article were defrayed in
part by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

1 To whom correspondence should be addressed. Tel.: 716-829-3450; Fax:
716-826-2569; E-mail: auerbach@buffalo.edu.

2 The abbreviations used are: AChR, acetylcholine receptor; ACh, acetylcho-
line; WT, wild type.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 13, pp. 8582–8588, March 27, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

8582 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 13 • MARCH 27, 2009



mine the functional effects of the side chain substitutions on the
equilibrium dissociation constants of the C versus the O
conformations.

EXPERIMENTAL PROCEDURES

Detailed methods are given in Jha et al. (20). Mutant AChRs
were transiently expressed in human embryonic kidney cells,
and single channel currents were recorded in the cell-attached
patch configuration at 23 °C. The bath and pipette solutions
were Dulbecco’s phosphate-buffered saline containing (in mM)
the following: 137 NaCl, 0.9 CaCl2, 2.7 KCl, 1.5 KH2PO4, 0.5
MgCl2, and 8.1 Na2HPO4 (pH 7.3). The currents were digitized
at a sampling frequency of 50 kHz. Acetylcholine was added to
the pipette solution at concentrations of 30, 100, 300, 500, 1000,
3000, and 5000 �M (Fig. 2). Usually the membrane potential
(Vm) was approximately �100 mV, but in some experiments at
high [ACh] the pipette potential was set to �70 mV (Vm
approximately�40mV) to relieve channel block by the agonist.
This voltage perturbation was assumed only to increase the
closing rate constant by 10-fold (21).
Rate constant estimation (12 kHz bandwidth) was done by

using QUB software. Clusters of individual channel, diliganded
C7O activity were usually selected by eye or by using a critical
time of 50ms (theminimumduration of the intervals flanking a
cluster of openings). Clusters produced by �W55R had too low
of an open probability for analysis. For all other mutants, the
intra-cluster opening and closing rate constants (n� 3 patches)

were estimated from the interval durations by using a maxi-
mum likelihood algorithm (22) after imposing a dead time cor-
rection of, typically, 50 �s (2.5 samples). In some patches, an
additional nonconducting state was connected to the conduct-
ing state, to accommodate a component associated with short
lived desensitization.
The diliganded opening rate constant (f2) was estimated

from the saturation of the “effective” opening rate (f*) profile
(Fig. 3). The fitting function was the logistic equation: f* �
f2/(1 � es(x-i)), where s is the slope, x is [ACh], and i is the
inflection concentration. The diliganded closing rate con-
stant (b2) was estimated from the inverse of the open channel
lifetime obtained at low ACh concentration (to avoid errors
arising from channel block). The diliganded gating equilib-
rium constant was E2 � f2/b2. We could not estimate f2 for
the �Trp-55 Cys, His, Leu, and Ser constructs because of
insufficient saturation of the dose-response curves.
The ACh association (k�) and dissociation (k�) rate con-

stants were estimated by fitting intra-cluster conducting and
nonconducting intervals across twoor three differentACh con-
centrations. Because eachW� mutation was expected to influ-
ence only a single binding site, the kinetic Scheme 1 used to fit
the interval durations had two equivalent and independent
binding sites, where A is the agonist in Scheme 1. In the fitting
process, f2 was fixed to the value determined by the method
described above, and one association and the corresponding
dissociation rate constant were fixed to the wild type values of
167 �M�1 s�1 and 24,745 s�1 (23). The remaining three free
parameters were k�

mut, k�
mut, and b2.

�gating was estimated as the slope of the rate-equilibrium
(R/E) plot for gating, which is a log-log plot of f2 versus E2 (Fig.
4A). �binding was estimated as the slope of the log-log plot of
(k�

mut) versus k�
mut/k�

mut (Fig. 4B). The slopeswere estimated
by an unweighted, linear fit using Origin Pro 7.0.
We attempted to measure unliganded gating (no agonist

added to the pipette) in 17 mutant constructs (Ala, Glu, Phe,
His, Leu, Arg, Val, and Tyr at �Trp-55 or �Trp-57, plus Ile at
�Trp-57). These mutations were expressed on a triple mutant
background, either �P272A/�D97A/�Y127F (20, 24, 25) or
�S269I/�D97A/�Y127F (24–26), which by themselves
increase the unliganded gating equilibrium constant (E0) by a
factor of 2.2 or 1.1 � 106, respectively and, hence give rise to
clusters of unliganded openings (27). We were unable to meas-
ure E0 on these backgrounds for two W� mutants; �W55V
exhibited only a high open probability mode, and �W55R did
not give rise to unliganded clusters of openings. A spreadsheet
ofmutants and equilibriumconstantmeasurements is shown in
Fig. 1, bottom.

RESULTS

We recorded single channel currents and were able to esti-
mate both ACh binding and diliganded gating rate constants
for 13 different W� mutants. An example analysis of one
mutant (�W55F) is shown in Fig. 2. As the concentration of
ACh increases, the occupancy of un- andmono-liganded states
decreases, and the lifetime of the predominant, slowest intra-
cluster nonconducting component becomes briefer. We could
estimate a high concentration asymptote for this parameter

FIGURE 1. Structure and mutants. Top, Lymnaea stagnalis acetylcholine-
binding protein (Protein Data Bank code 1UV6). Left, the “plus” subunit is
green, and the “minus” subunit is white. The bound ligand (carbamylcholine,
yellow) is surrounded by several aromatic residues. The arrow marks the W�

residue. Right, close-up of the ligand-binding site showing the aromatic resi-
dues (�7 Å from the ligand nitrogen); only the quaternary ammonium moiety
of carbamylcholine is displayed. Atom colors: N, blue; O; red; C green (plus
subunit), white (minus subunit) or yellow (ligand). Bottom, equilibrium
constant measurements for the AChR W� residues; circles indicate that
the constant was estimated for that mutant. E2, diliganded gating equilibrium
constant; Kd, ACh dissociation constant from C; E0, unliganded gating equilib-
rium constant; Jd, ACh dissociation constant from O.
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(the inverse of which is an estimate of the diliganded channel
opening rate constant) for six �Trp-55 mutants and eight
�Trp-57 mutants.

The diliganded opening (f2) and closing (b2) rate con-
stants, and their ratio, the diliganded gating equilibrium
constant (E2), for these mutant AChRs are shown in Table 1.
All of the W� mutations modestly decreased E2. In �, the
largest reductions were for the Ala, Val, and Tyr substitu-
tions (14-fold average reduction), and in � the largest reduc-
tions were for the Arg and Val substitutions (13-fold average
reduction). Considering all of the mutations, substitution
with regard to E2 was somewhat greater in � (�1.2 kcal
mol�1) than in � (�0.7 kcal mol�1).

The magnitudes of the effects on
E2 are small compared with muta-
tion of other residues in the extra-
cellular domain of the AChR, where
side chain substitutions in � (20, 28)
and � (29) can reduce diliganded
gating by �500-fold (��3.7 kcal
mol�1). Perhaps because of the
small magnitude of the effect, we
could not discern a clear relation-
ship between side chain chemistry
and the effect onE2. In the � subunit,
the order ofE2magnitudewasWI�
EF � AVY, and in the � subunit the
order was WEYA � FHL � RV.

At the level of rate constants, the
W� mutations reduced E2 mainly
by reducing the channel opening
rate constant (f2) rather than
increasing the channel closing rate
constant (b2). The forward and
backward gating rate constants,
recast in the form of a rate-equilib-
rium relationship (R/E plot, which is
a log-log plot of f2 versus E2 � f2/b2),
are shown in Fig. 4A. The slope of
this R/E plot (�gating) for �Trp-55
(0.97 � 0.12; mean � S.E.) was sim-
ilar to that for �Trp-57 (0.94 �
0.11). These values are also indistin-
guishable from those for agonists
(0.93 � 0.04) (30) or mutations of
positive-side position �Trp-149
((0.87� 0.03) (27)). One interpreta-
tion of �gating is that it gives (on a
scale from 1 to 0) the relative timing
of the gating motions of the per-
turbed residues (early to late) (31,
32). Using this interpretation, this
result suggests that theW� residues
experience their C versus O energy
change synchronously with each
other, as well as with the agonist
molecules and residues in the posi-
tive face of the binding site, approx-

imately at the onset of the channel opening process.
The equilibrium dissociation constant for ACh binding to

the C conformation (Kd) is the ratio of the (single-site) dissoci-
ation/association rate constants (k�/k�). We were able to esti-
mate these parameters for all of the mutants except Glu and Ile
(in �) andHis, Leu, and Arg (in �) (Table 2). All of the side chain
substitutions modestly increased Kd, on average by �10-fold
(approximately �1.4 kcal mol�1). The average effect was
approximately equivalent in the � and � subunits. In �, the aro-
matic side chains Tyr and Phe caused less of an increase in Kd
compared with the nonaromatic side chains, but this pattern
was not apparent in �. The consequence of an Ala substitution
was approximately iso-energetic in both subunits.

FIGURE 2. Example single channel kinetic analysis. A, currents from the mutant �W55F activated by 500 �M

ACh (opening is down). Top, low time resolution, continuous current trace; the long shut intervals between
clusters of openings are sojourns in desensitized conformations. Bottom, expanded view of one cluster (boxed);
intervals within clusters are diliganded, C7 O gating events. B, clusters and interval duration histograms at
different [ACh]. The membrane potential was approximately �100 mV except at 5 mM ACh (�40 mV, to relieve
channel block). C, cross-concentration fitting, to estimate the ACh association and dissociation rate constants.
The solid lines were calculated from the globally optimized rate constants for all three patches (number of
events: 30 �M, 2925; 100 �M, 4545; 300 �M, 5176).
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The effect of the mutations on Kd was mainly because of a
decrease in k�. We next applied R/E analysis to the binding
reaction (A � C 7 AC), in the same way that we previously
applied it to the gating reaction (C7O). The R/E plots for the
�Trp-55 and �Trp-57 ACh binding reactions are shown in Fig.
4B, as log-log plots of k� versus Ka (� 1/Kd). The slopes of these
R/E curves (�binding) were 0.87 � 0.25 for �Trp-55 and 0.89 �
0.22 for �Trp-57. Despite the large uncertainty, this result sug-
gests that at the transition state for ligand binding the twoW�

side chains aremostly “bound-like” in energy (structure), which
implies that they change energy relatively early in theA � C7
AC binding process.
In the final series of experiments, we measured the unli-

ganded gating equilibrium constant (E0) for some mutants
by using a high, gain-of-function, background construct (Fig.
5). These experiments avoid the problems associated with
estimating E2 in the presence of a high [ACh], which under
our experimental condition is accompanied by a significant
reduction in the single channel current amplitude because of

FIGURE 3. Dose-response curves. The effective opening rate is the inverse of
the predominant (and slowest) intra-cluster nonconducting interval compo-
nent, whose high concentration asymptote is an estimate of the channel
opening rate constant. Top, �Trp-55 mutations. W (WT), dashed black line (cal-
culated from the rate constants in Tables 1 and 2); F, black; E, red; A, blue; I, pink;
V, gold; Y dark red. Inset, C (cyan), S (purple), H (green), and L (orange) mutants
showed insufficient saturation to estimate an asymptote. Bottom, �Trp-57
mutations. F, black; E, red; A, blue; V, gold; Y, dark red; H, green; L, orange; R, dark
pink.

FIGURE 4. R/E plots for diliganded channel gating (top) and ACh binding
to the C conformation (bottom). The WT side chain is boxed. A, slope of the
gating R/E curve (�gating) is �1 for the two W� positions. This suggests that
these residues experience a change in energy (structure) relatively early in the
C3 O channel opening process, approximately at the same time as do the
agonists and the “�” residue �Trp-149. B, slope of the binding R/E curve
(�binding) is �1 for the two W� positions. This suggests that these residues
move relatively early in the conformational change that accompanies ACh
binding to the C conformation.

SCHEME 1

TABLE 1
Diliganded gating parameters
f2 indicates diliganded opening rate constant; b2 indicates diliganded closing rate
constant; E2 indicates diliganded gating equilibrium constant (� f2/b2); 		G indi-
cates free energy, � 0.59�ln(E2WT/E2mut). A positive value indicates that the muta-
tion destabilizedO relative to C.

Construct
Rate constant Equilibrium constant
f2 b2 E2 Fold change ��G

s�1 kcal mol�1

WTa 48,000 1700 28.2
�W55A 3860 1970 1.9 14.4 �1.6
�W55E 8670 1960 4.4 6.4 �1.1
�W55F 5440 1200 4.5 6.2 �1.1
�W55I 32,660 1730 18.9 1.5 �0.2
�W55V 5190 3120 1.7 17.0 �1.7
�W55Y 4360 1670 2.6 10.8 �1.4

�W57A 29,510 1720 17.2 1.6 �0.3
�W57E 19,050 810 23.6 1.2 �0.1
�W57F 11,880 1690 7.0 4.0 �0.8
�W57H 14,720 1830 8.0 3.5 �0.7
�W57L 14,000 1990 7.0 4.0 �0.8
�W57R 5490 3280 1.7 16.9 �1.7
�W57V 5670 1980 2.9 9.8 �1.4
�W57Y 26,910 1650 16.3 1.7 �0.3

a Data are from Ref. 39.
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channel block by the agonist. Also, analyses of unliganded
gating allowed us to probe the extent to which the change in
E2 depends on a change in E0 versus the C versus O affinity
ratio (�; see under “Discussion”).
The results of experiments without any agonist are shown in

Table 3. Overall, the W� substitutions did not have a large
effect on E0. In both � and �, only three substitutions increased
E0 by �2-fold. The energy difference between the largest and
smallest values of E0 was �1.1 kcal/mol for �55 (Trp-to-His)
and �1.6 kcal/mol in �57 (Leu-to-His). These free energy dif-
ferences are rather small in comparisonwith the effect ofmuta-
tions of positive-side residue �Trp-149, where the energy dif-
ference between His versus Cys side chains was �3.4 kcal/mol
(a 337-fold difference in E0 (27)). Although the W� mutant
unliganded gating energy changes were small, we note that all
�Trp-55 mutations increased E0, whereas most �57 mutations
decreased E0. This trend implies that without agonists, the rel-
ative stability of the O versus C conformation with a Trp is
modestly less at position �55, and modestly more at position
�57, compared with most other side chains.

DISCUSSION

Mutations of the twoW� residues impair ACh bindingmore
than channel gating, but in either case the effects were not par-
ticularly large. These aromatic side chains appear to play a rel-
atively minor role in AChR activation. Although other minus-
side residues need to be examined, this result suggests that the
plus-side of the binding site is the principal structural entity
with regard to both ACh binding and channel gating. As far as
energy is concerned, the often used phrase describing an
AChR-binding site as being “at the interface between subunits ”
applies to large antagonists (33, 34), but it may be less appro-
priate in the case of small agonist molecules. All of the �Trp-55
and �Trp-57 mutations for which rate and equilibrium con-
stants were estimated reduced E2 and increased Kd, which sug-
gests that a Trp at either position is required for the most effi-
cient binding and diliganded gating.

We now quantify the extents to which the magnitudes of E2
in themutantswere determined by the effect of the substitution
on the C versus O affinity ratio (�). The AChR is an allosteric
protein in which ligand binding and the gating conformational
change are coupled energetically (35). Because the W� muta-
tions change only one of the two binding sites (Equation 1),

�mut � 
E2/E0�
mut/�wt (Eq. 1)

Using the experimental values for E2 (Table 1) and E0 (Table 3),
and theWTvalue�WT � 15,600 (27), we calculate� values for
mutants at the twoW� positions. In the � subunit, the replace-
ment of the Trp (with Ala, Glu, Phe, or Tyr) reduced �, on
average, by �15-fold (Table 4) and increased E0 by �0.6-fold
(Table 3). We conclude that for these constructs, the �8.5-fold
decrease in E2 (Table 1) arises mostly from a decrease in the C
versus O affinity ratio. Here, the reduction in � for nonaro-
matic side chains was about twice that for aromatic side chains.
In the � subunit the pattern was more complex. For three
mutants (Ala, Glu, and Leu), the � values were approximately
the same as in the WT. In the �W57Y construct, the � value
was �3-fold lower than the WT, and in the remaining four
constructs (Phe, His, Arg, and Val), the affinity ratio was �10-
fold lower than theWT.Also, in � therewas no clear distinction
between aromatic and nonaromatic side chains. Overall, the
effects of W� mutations on the affinity ratio were greater in �
compared with �.

InWTAChRs the equilibriumdissociation constant of theO
conformation (Jd) is �10 nM (27). We can calculate Jd for the
W� mutants from the experimental estimates of Kd by using
the relationship� �Kd/Jd (Table 4). For bothW� positions, all
of themutations increased Jd (reduced theO-state affinity). The
fold increases in Jd were greater than those in Kd, except for
�W57� and �W57L, where the reductions in affinity were
approximately equal in C and O. We conclude that the main
effect of W� mutations is to specifically reduce the affinity of
theO conformation of the AChR for the transmitter.
We next consider the effects ofW� mutations on ACh bind-

ing to C and O AChRs in terms of energy. A 		G for ACh
binding to theO conformation (Jd) was calculated for aromatic
versus nonaromatic side chain substitutions (last column of
Table 4). At �55, the (unfavorable) energetic consequence of
replacing the Trp with an aromatic side chain (Phe, Tyr; �2.0
kcal/mol)was less comparedwith replacingwith a nonaromatic
side chain (Ala, Glu; �3.5 kcal/mol). Similarly, with regard to
binding to theC conformation (Kd; last column of Table 2), the
energetic consequence of replacement of Trp with an aromatic
side chain (Phe, Tyr; �0.6 kcal/mol) was less compared with
replacing with a nonaromatic side chain (Ala, Glu, Ile, and Val;
�1.6 kcal/mol). The magnitude of the energy difference
between aromatic and nonaromatic was only slightly greater in
Jd comparedwithKd. This implies that at �Trp-55, the aromatic
nature of the Trp side chain contributes a stabilizing energy of
approximately �1.5 kcal/mol for ACh binding to C, and
approximately �1.0 kcal/mol for binding toO. These energies
may arise from a cation-	 interaction with the ligand, from
interactions with residues (or water) on the plus side of the
binding site, or both.

TABLE 2
ACh binding to the C conformation
k� indicates single site association rate constant; k� indicates single site dissociation
rate constant; Kd indicates equilibrium dissociation constant (� k�/k�) to the C
conformation; 		G, free energy, � 0.59�ln(Kd

mut/Kd
WT). A positive value indicates

that the mutation reduced the affinity of the C transmitter binding site for ACh.

Construct
Rate constant Equilibrium constant
k� k� Kd Fold change ��G

�M �1 s�1 s�1 �M kcal mol�1

WTa 170 24,750 150a
�W55A 5 17,890 3740 25.3 �1.9
�W55E 11 17,950 1610 10.8 �1.4
�W55F 27 16,500 620 4.2 �0.8
�W55I 20 66,310 3320 22.4 �1.8
�W55V 27 30,640 1560 10.5 �1.4
�W55Y 37 10,460 280 1.9 �0.4
�W57A 6 26,770 4170 28.1 �1.9
�W57Fb 135 30,590 230 1.5 �0.2
�W57H 57 17,600 310 2.1 �0.4
�W57L 40 70,980 1730 11.7 �1.4
�W57R 21 15,570 750 5.0 �0.9
�W57V 27 17,160 470 3.2 �0.7
�W57Y 20 30,110 1510 10.2 �1.3

a Data are from Ref. 23.
b Data are from Ref. 19.
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This pattern is not apparent at �57. Considering all seven
mutations here, the excess stabilization of ACh inO versusC
was only �0.8 kcal/mol, and with no indication that aro-
matic side chains provide any more favorable binding energy
than nonaromatic side chains, in either the C or O
conformation.
To summarize, at both binding sites W� mutations have a

small effect on unliganded gating, amodest effect on binding to
the C conformation, and a relatively larger effect on binding to
theO conformation. The �Trp-55 residue, and in particular its
aromatic nature, plays a more significant role in determining
ACh affinity compared with �Trp-57.

Two broader conclusions can be
drawn from the � value analyses of
gating and binding. AChR C 7 O
gating has been described as a con-
formational cascade in which
nanometer-sized domains (“�
blocks”), within which all residues
undergo their gating structural
changes approximately synchro-
nously, move with Brownian
dynamics to link the affinity change
at the binding site with the conduct-
ance change in the pore (31, 36).
The�gating values are similar for the
residues on both the minus (plus)
sides of the subunit interface,
including �Trp-55 (�Trp-149),
�Trp-57 (�Trp-149), and �Pro-121
(�Trp-149) (29), where � 1, and
�Ile-43 (�Tyr-127) (28) where �
0.8. These results raise the possi-
bility that the structural boundaries
of � blocks may not be delimited by
the subunits themselves. Rather, we
speculate that the dynamic ele-
ments of the conformational cas-
cade (the � blocks) span the “qua-
ternary” protein structure.
With regard to binding, the high

�binding values for bothW� mutant
families (Fig. 4B) are evidence that
the association of ACh to the trans-
mitter binding site is not diffusion-
limited, in which case perturbation
of Kd should mainly arise from
changes in the dissociation rate con-
stant rather than the association
rate constant (�binding � 0). Simi-
larly, high �binding values were
found previously for a mutational
series of AChR residue �Asp-152
(37), and for different agonists of
WT AChRs (where agonist Kd val-
ues aremainly determined by the k�

rate constant) (38). Further support
for the idea that agonist binding

requires a conformational change is that the association rate
constant is not diffusion-limited. The smaller agonist, tetram-
ethylammonium ion, associates �50 times more slowly than
the larger ACh molecule (38). The experimental observations
that agonists and the above-mentioned residues are bound-like
in energy at the transition state for binding indicates that there
is a conformational change associated with ligand binding,
and at this transition state for this reaction (when the chan-
nel is still nonconducting) the ligand is in intimate contact
with the protein.
The effects ofW� mutations on binding and gating are small

(compared with mutations of other AChR residues), and in the

FIGURE 5. Unliganded gating of W� mutants. A, example clusters and histograms from the two background
constructs, without any agonist in the pipette. B, unliganded clusters and histograms from the �55 mutants, all
expressed on the �D97A/�Y127F/�P272A background. C, unliganded clusters and histograms from the �57
mutants, expressed on the �D97A/�Y127F/�P272A background except for the Ile construct, which was
expressed on the �D97A/�Y127F/�S269I background (calibrations as in A).
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absence of high resolution structures of both the apo and liganded
neuromuscular AChR, we cannot speculate on the origins of the
energy differences we have quantified. However, we hope that in
the future our experimental estimates can be used, along with
structural and computational results, to identify the precise
sources of the energy changes caused byW� mutations. In addi-
tion, themutantswehave studiedmay somedayprove tobeuseful
with regard to engineering the AChR transmitter-binding site.
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TABLE 3
Unliganded gating parameters
f0 indicates unliganded opening rate constant; b0 indicates unliganded closing rate
constant; E0 indicates unliganded gating equilibrium constant; all W� mutations
were expressed on a triple mutant background that increased E0WT by a factor of
2.2 � 106 (�D97A/�Y127F/�P272A), except for �W57I, which was expressed on a
background (�D97A/�Y127F/�S269I) that increased E0 by 1.1 � 106. 		G indi-
cates free energy, � 0.59�ln(E2WT/E2mut). A positive value indicates that the muta-
tion destabilizedO relative to C.

Construct
Rate

constant Equilibrium constant

f0 b0 E0 Fold change ��G
s�1 kcal mol�1

�D97A/�Y127F/�P272A 840 3290 0.3
�D97A/�Y127F/�S269I 190 3990 0.1
��W55A 1830 5760 0.3 1.3 �0.2
��W55E 5290 5340 1.0 4.0 �0.8
��W55F 2320 4840 0.5 1.9 �0.4
��W55H 3840 2390 1.6 6.4 �1.1
��W55L 1820 5320 0.3 1.4 �0.2
��W55Y 2140 7310 0.3 1.2 �0.1
��W57A 1080 8320 0.1 0.5 �0.4
��W57E 530 3600 0.1 0.6 �0.3
��W57F 1720 4090 0.4 1.7 �0.3
��W57H 2700 3570 0.8 3.0 �0.7
��W57I 130 7550 0.0 0.4 �0.5
��W57L 390 7410 0.1 0.2 �1.0
��W57R 1130 6480 0.2 0.7 �0.2
��W57V 1300 5180 0.3 1.0 0.0
��W57Y 1940 4440 0.4 1.8 �0.3

TABLE 4
Affinity ratio and ACh binding to the O conformation
� indicates the C versus O affinity ratio (� Kd/Jd); 		G indicates free energy,
� 0.59�ln(�mut/�WT). A positive value indicates that the mutation decreased �. Jd
indicates equilibriumdissociation constant for ACh binding to theO conformation;
		G indicates free energy 0.59�ln(Jdmut/JdWT). A positive value indicates that the
mutation reduced the affinity of theO transmitter binding site for ACh.

Construct
Affinity ratio Equilibrium constant

� Fold
change ��G Jd

Fold
change ��G

kcal mol�1 nM kcal mol�1

WT 15,600 10
�W55A 860 0.1 �1.7 4330 433 �3.6
�W55E 630 0.0 �2.0 2560 256 �3.3
�W55F 1330 0.1 �1.5 470 47 �2.3
�W55Y 1270 0.1 �1.5 220 22 �1.8

�W57A 18,660 1.2 �0.1 220 22 �1.8
�W57E 22,170 1.4 �0.2
�W57F 2360 0.2 �1.1 100 10 �1.3
�W57H 1490 0.1 �1.4 210 21 �1.8
�W57L 19,830 1.3 �0.1 90 8 �1.3
�W57R 1390 0.1 �1.4 540 54 �2.4
�W57V 1620 0.1 �1.3 290 29 �2.0
�W57Y 5230 0.3 �0.6 290 29 �2.0

AChR Aromatic Residues

8588 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 13 • MARCH 27, 2009


