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Nicotinic acetylcholine receptors (AChRs) mediate signaling in the
central and peripheral nervous systems. The AChR gating conforma-
tional change is powered by a low- to high-affinity change for
neurotransmitters at two transmitter binding sites. We estimated
(from single-channel currents) the components of energy for gating
arising frombinding site aromatic residues in theα-subunit. All muta-
tions reduced the energy (TyrC1>>TrpB≈TyrC2>TyrA), with TyrC1
providing∼40%of the total. Considered one at a time, the fractional
energy contributions fromthearomatic ringswere TrpB∼35%, TyrC1
∼28%, TyrC2 ∼28%, and TyrA ∼10%. Together, TrpB, TyrC1, and
TyrC2 comprise an “aromatic triad” that provides much of the total
energy from the transmitter for gating. Analysis of mutant pairs
suggests that theenergy contributions fromsome residues are nearly
independent. Mutations of TyrC1 cause particularly large energy
reductions because they remove two favorable and approximately
equal interactions between the aromatic ring and the quaternary
amine of the agonist and between the hydroxyl and αLysβ7.

allosteric | conformation | ligand-gated

Allosteric proteins receive energy from the environment at
sensors and transfer it, via a global conformational change,

to an effector site that controls the protein’s functional output. In
ion channels, the sensor energy can be chemical, electrical, me-
chanical, or thermal and the effector is a “gate” that regulates the
ionic conductance of the pore. The nicotinic acetylcholine re-
ceptor (AChR) is a pentameric ligand-gated ion channel that
mediates fast chemical transmission at vertebrate neuromuscular
synapses. Agonist molecules, including the neurotransmitter
ACh, bind at two sites that can undergo a low- to high-affinity
conformational change that increases the probability of the protein
adopting an active, ion-permeable shape. In this report, we de-
scribe some of the key sources of energy at the transmitter binding
sites that serve to promote the AChR gating isomerization.
The adult neuromuscular AChR is composed of four different

but homologous subunits (1, 2) (α12βδε; Fig. 1A). Each subunit
has a β-barrel and four transmembrane α-helices. The five
β-barrels form the extracellular domain, and the five sets of he-
lices comprise the transmembrane domain. The two transmitter
binding sites are in the extracellular domain at the α-δ and α-ε
subunit interfaces. Each of these sites is ∼55 Å from the gate
region in the transmembrane domain.
The extracellular domain of the AChR α1-subunit has 59% of

its sequence conserved with the Lymnaea stagnalis acetylcholine
binding protein (AChBP). In the X-ray structures of AChBPs,
the primary subunit of the ligand binding site (α-subunit in
AChRs) has four conserved aromatic residues in three different
loops: TyrA, TrpB, TyrC1, and TyrC2 (3) (Fig. 1B). These res-
idues were previously identified in AChRs (4–8), and many
studies of the functional consequences of mutations confirm that
all four contribute to both the agonist binding and channel gating
phases of AChR activation (9–16). In these experiments, the
roles of the aromatic residues in AChR activation were assayed
by measuring mutation-induced changes in binding affinities,
dose–response EC50 values of whole-cell currents, or activation
rate constants estimated from single-channel currents. Our goal
was to measure the effects of mutations of these four aromatic

residues in terms of the energy that they provide toward the
liganded gating conformational change.
To estimate these energies, we invoked a cyclical scheme for

AChR activation (17–19) (Fig. S1). In this model, an AChR al-
ternatively adopts two global shapes, resting (R) and active (R*),
with each having a different affinity for ACh and a different
functional output. The R shape has a low affinity and closed
channel, and the R* shape has a high affinity and open channel.
E2 and E0 are the R ↔ R* “gating” equilibrium constants of
diliganded and unliganded AChRs, and Kd and Jd are the equi-
librium dissociation constants for ACh in R and R*, respectively.
Without any external energy (other than from the agonist) and
with two approximately equivalent binding sites (20), E2/E0 =
(Kd/Jd)

2. By taking the logarithms, this relationship can be
expressed as energies: GDL − Gi = 2ΔGB. GDL is the R* vs. R
energy difference in diliganded AChRs, Gi is the intrinsic R* vs.
R energy difference (with only water at the binding sites), and
ΔGB is the binding energy arising from the low- to high-affinity
change at each site. ΔGB is the quantity we seek to measure and
is related to the experimental equilibrium constants by:

ΔGBðkcal=molÞ¼− 0:59 * ln
�
√  ðE2=E0Þ

�
[1]

ΔGB
ACh has been measured previously for adult mouse wild-type

(wt) AChRs. E2
ACh = 25.4 (21) and E0

wt = 7 × 10−7 (20); thus,
we calculate ΔGB

ACh = −5.1 kcal/mol. The increase in affinity at
the two transmitter binding sites combined generates −10.2 kcal/
mol, which is sufficient to overcome the +8.4-kcal/mol energy
difference that separates R and R* (at −100 mV) when the
binding sites are unoccupied by agonists to generate a high open-
channel probability (22).
To estimate the energy that ACh provides to power gating in

mutant AChRs it is necessary to measure both E2
ACh and E0 for

each construct. Estimating E2
ACh in AChRs with binding site

mutations is challenging because side chain substitutions here
often substantially debilitate both gating (reduce E2

ACh) and
resting affinity (increase Kd

ACh). Estimating E0, too, is prob-
lematic because this constant is small and openings from unli-
ganded AChRs are rare. As described in Methods, we have used
a combination of membrane depolarization and background
mutations to facilitate the measurement of both E2

ACh and E0 in
AChRs that have mutations of binding site residues (21).
These engineering techniques, along with single-channel elec-

trophysiology and the cyclical model, have allowed us to estimate
ΔGB

ACh for ∼40 different mutations of the four conserved
α-subunit aromatic binding site amino acids. The energy changes
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caused by a few mutations of these (and other) binding site
residues have been reported previously (23–25).

Results
Fig. 1 shows the Torpedo AChR and a ligand binding site of
AChBP. The aromatic residues we studied in the AChR are in
the primary (α) subunit of the binding site, in loops A (TyrA;
αY93 in mouse), B (TrpB; αW149), and C (TyrC1 and TyrC2;
αY190 and αY198). These four residues are completely con-
served in all AChBPs and mouse AChRs with the exception of
α5, which has TyrA-F and TyrC1-D substitutions. Considering
other, related pentameric ligand-gated ion channels, the TyrC2
and TrpB positions are also conserved in 5-HT3A, GABAA, and
Gly receptors.
For consistency, each aromatic residue was mutated to (at

least) F, W/Y, H, S, and A. Both E2
ACh and E0 were measured

for each construct, from which the low- to high-affinity energy
change was calculated by using Eq. 1.

TrpB. Fig. 2A shows analyses of two TrpB mutants activated by
ACh. Openings occurred in clusters that each reflect the activity
of an individual AChR. The intracluster effective opening
rate increased with increasing [ACh] to reach a plateau at ∼30
mM, signifying that at this concentration, the binding sites were
fully occupied by transmitter molecules. From the intracluster
opening/closing rate constants, we estimate E2

ACh ∼1.1 for
TrpB-F and E2

ACh ∼0.1 for TrpB-A (Table S1). The wt value is

∼25.4; thus, each of these TrpB mutations caused a substantial
decrease in the diliganded gating equilibrium constant.
To estimate energy, it is also essential to quantify the effect of

a mutation on E0, which is the intrinsic tendency of the protein to
adopt the active conformation in the absence of agonists. Fig. 2B
shows unliganded gating in TrpB mutants. The F and A sub-
stitutions each increased E0 relative to the background by ∼3.3-
fold and ∼7.9-fold, respectively (Table S1). For the F and A
mutants, we calculate that ΔGB

ACh was −3.9 kcal/mol and −2.8
kcal/mol, respectively. Both of these energies are smaller (more
positive) than that of the wt (−5.1 kcal/mol). To relate energy to
physiological impact, note that a+2.0-kcal/mol change inΔGB

ACh

corresponds to a ∼900-fold lower E2
ACh and a decrease in the

maximum open probability from 0.97 to 0.03.
We repeated these experiments for an additional eight sub-

stitutions at TrpB (Fig. 3 and Table S1). The mutations all de-
creased E2

ACh relative to the wt but could either increase or
decrease E0. Considering all side chains, the range in E2

ACh was
∼10,200-fold (W-to-M) and that in E0 was ∼370-fold (C-to-H)
(Fig. 4). The substantial range in E0 values for the mutants
highlights that E2 (or EC50) measurements alone do not gener-
ally reflect accurately the energetic consequence of a mutation
on binding energy.
All the TrpB mutations reduced ΔGB

ACh in the order (smallest
to largest reduction) YFHTAVCSMN. When the aromatic nature
was preserved (Y, F, and H), there was a relatively small

Fig. 1. Transmitter binding site. (A) Torpedo AChR (PDB 2bg9) (2). The as-
terisk indicates a transmitter binding site. (B) Aromatic residues in the
Lymnaea AChBP (PDB 1uv6) (32). Loops: A, pink; B, green; and C, tan. Car-
bamylcholine (CCh), white. (C) Contributions from the side chains. The
numbers are energies (kcal/mol) from the corresponding chemical moiety.
TrpB, TyrC1, and TyrC2 comprise an “aromatic triad” that contributes most
of the total energy. One exit path for energy is TyrC1-Lysβ7.

Fig. 2. Mutations of TrpB. (A) Diliganded gating. (Upper) Low-time-reso-
lution view of TrpB-F currents (140 mM ACh, +100 mV). Openings (up) occur
in clusters, each from one AChR. (Lower) Intracluster opening frequency
increases with increasing [ACh] to reach at plateau (arrow, 30 mM ACh).
(Inset) Example clusters (TrpB-F). (B) Unliganded gating. (Upper) Low-time-
resolution view of unliganded TrpB-F currents (−100 mV). Openings (down)
occur in clusters even in the absence of any agonists. (Lower) E0 for each
mutation on a log scale. The H and M mutations decreased, and all others
increased, E0

wt. Traces are examples of unliganded current clusters.
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reduction in ΔGB
ACh. For the other substitutions, the changes

were similar and larger.

TyrC1. Loop C has two conserved tyrosine residues. Fig. 3 shows
the effects of mutating TyrC1. From the opening/closing rate
constants at saturation (and after correction for the back-
grounds), we estimate E2

ACh ∼0.02 in TyrC1-F and only
∼0.00005 in TyrC1-A (Table S1). These effects are greater than
those for the same side chain substitutions at TrpB.
Compared with TrpB, the TyrC1 mutations had smaller effects

on E0 (Fig. 4). Nonetheless, we were able to measure E2
ACh only

for a few TyrC1 mutants. Although 10 different side chain sub-
stitutions were examined, most of these reduced the resting
AChR affinity (increased Kd) to such an extent that the intra-
cluster opening frequency did not reach a plateau even at the
highest ACh concentration tested (140 mM). Hence, we were
able estimate ΔGB

ACh only for five TyrC1 substitutions.
The TyrC1-F mutation caused a significant decrease in

ΔGB
ACh. The removal of the hydroxyl group resulted in ∼+2.0

kcal/mol loss of energy for gating from ACh. The order in which
TyrC1 mutants reduced ΔGB

ACh was FWHSA. It is likely that
the five side chains for which E2

ACh could not be measured
caused even larger energy losses (ERTLD).

TyrC2. The results of mutating the second loop C tyrosine, TyrC2,
are also shown in Fig. 3. All substitutions here decreased E2

ACh

and, like its companion TyrC1, had relatively minor effects on E0
(Fig. 4). Unlike TyrC1, an F substitution at TyrC2 had a small
effect on ΔGB

ACh and reduced this energy relative to the wt by
only ∼+0.14 kcal/mol (close to our resolution limit). However,
mutation of TyrC2 to A decreased the energy substantially. The
other side chain substitutions at TyrC2 caused graded decreases
in ΔGB

ACh, in the order WHNSTAL. The nonpolar, branched
Leu weakened the energy by nearly +3 kcal/mol.

TyrA. Of the four aromatic αTBS residues, mutations of TyrA
resulted in the smallest changes to ΔGB

ACh (Fig. 3). Whether
mutated to a negative (E) or small nonpolar (A) side chain, the
net energy from ACh decreased only by <∼+1.1 kcal/mol. Here,
the order of effect was FWEHCAGST, with the T mutation
decreasing the energy by ∼+1.7 kcal/mol. Most TyrA mutations
decreased E0, but the largest effect was for the C substitution,
which decreased unliganded gating only by ∼11-fold (Fig. 4).

Φ-Analysis. Single-channel analysis affords the estimation of rate as
well as equilibrium constants (Table S2). We plotted (on a log-log
scale) the forward, channel-opening rate constant vs. the gating
equilibrium constant (normalized by the wt values) for the mutants
of all four aromatic residues, for both diliganded and unliganded
conditions (Fig. 4). The slope of the linear fit of this rate-equilib-
rium relationship is calledΦ. AΦ-value of 1 (only the opening rate
constant changes withmutation) suggests a relatively “early” energy
change of the mutated residue in the overall channel-opening
process, and a Φ-value of 0 (the opening rate constant does not
change) suggests a relatively “late” energy change (26, 27). The
Φ-values of all four aromatic positions were high for both the
liganded and unliganded conditions, suggesting that these residues
in both cases change energy close to the onset of the forward,
channel-opening isomerization. However, in most cases, Φ-values
were slightly lower for unliganded compared with diliganded gat-
ing. TheΦ-values for E2

ACh were in the range of 0.9–1.0, and those
for E0 were in the range of 0.7–0.9 (Table S3). These results suggest
that during channel opening, the α-subunit aromatic residues
change energy somewhat earlier with vs. without ACh present.

Energetic Interactions Between Aromatic Residues. We next ex-
plored whether or not the energy losses associated with each
point mutation are independent of the others. To address this,
we made sets of double mutants, either F-F or S-S, for different
residue pairs and measured both E2

ACh and E0 for each con-
struct. We could not study double S-S mutants using TyrC1 be-
cause the huge loss in energy (and resting affinity) caused by
even a single mutation here prevented the estimation of E2

ACh in
the mutant pairs.
The results are given in Table S4. There was only a small

amount of energy interaction for the F-F pairs. The largest

Fig. 3. Energies of the aromaticmutants. InwtAChRs,ΔGB
ACh =−5.1 kcal/mol

(topmost bar). All mutations of all the residues reduced ΔGB
ACh. Mutations of

TyrC1 caused the largest reductions, and those of TyrA caused the smallest
reductions. The error limits on the ΔGB

ACh values are given in Table S1.

Fig. 4. Φ-Analysis. The rate and equilibrium constants were normalized by
the wt values. Each symbol is a different mutant (average of ≥3 patches).
Filled circles (●) illustrate diliganded ACh gating, and open triangles (△)
illustrate gating without any agonists. The slopes (Φ) are somewhat higher
with ACh compared with without any agonists.
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interaction was between the two loop C tyrosines, but it was only
∼−0.4 kcal/mol. The negative sign indicates that ΔGB

ACh in the
double mutant was more negative (stronger) than expected from
independent actions. This result implies that each of these
hydroxyls can compensate, to a small extent, for the loss in en-
ergy caused by the removal from its companion. With regard to
unliganded gating, E0 coupling for the double F-F constructs was
also small (Table S5).
Similar results both with and without ACh were found with

two tested S-S mutant pairs, between TyrA-TyrC2 and TrpB-
TyrC2. Overall, we detected only a small degree of ΔGB

ACh

interactions in eight different double-mutant constructs.

Discussion
Residue Comparison. All the mutations of the α-subunit binding
site aromatic residues decreased ΔGB

ACh, which is the energy for
gating generated by the R→ R* affinity increase for ACh at each
transmitter binding site. It may be that the wt neuromuscular
AChR binding site is optimized to derive the maximum energy
from the transmitter molecule to power gating.
The energy changes caused by side chain substitutions com-

mon to all four aromatic positions are summarized in Fig. 5A.
Regardless of the side chain, the energy loss was always largest at
TyrC1. Indeed, considering all substitutions, this residue appears
to provide ∼40% of the total energy from the four aromatic
residues combined. The energy from the binding site confor-
mational change that powers gating is, to a large extent, derived
from TyrC1. The reason for the particularly large energy con-
tribution of TyrC1 is discussed below.
The smallest energy changes were for mutations of TyrA. With

ACh as the agonist, this residue provides only a small amount of
energy. The other two α-subunit binding site aromatics, TyrC2
and TrpB, were of intermediate importance.

Below, we dissect the sources of energy from each aromatic side
chain by comparing the consequences of different side chain
substitutions. These results are summarized in Fig. 1C. In the
following discussion, we will make two assumptions. First, we will
assume that removing a chemical moiety from a side chain does
not incur new energetic consequences, either at the residue itself
or at other structural elements of the binding site. For instance, we
will assume that the energy change associated with an F-to-A
mutation reflects only the loss of the aromatic ring and not new
interactions arising from the A substitution or from changes in the
positions of the agonist or other binding site amino acids. Two
pieces of evidence support this assumption. The coupling ener-
gies we were able to measure were weak (∼0.5 kcal/mol), and A
and S substitutions had similar energetic consequences (below).
However, we were unable to measure such secondary energetic
effects in general (e.g., by more extensive mutant cycle analysis);
thus, as a first approximation, we will assume that these were
small. Second, in what follows, we will assume that the energetic
consequence of each mutation was equivalent at the two trans-
mitter binding sites. Although it has been shown experimentally
that in wt AChRs, ΔGB

ACh is approximately the same at the α-ε
and α-δ binding sites (20), we have not tested whether or not the
effects of mutations, too, are equal. Hence, the ΔGB

ACh values
we report are the average of the energies at the two transmitter
binding sites.

Energy from the Aromatic Group. For each position, we estimated
the energy contribution of just the aromatic moiety by comparing
the reduction in ΔGB

ACh caused by F/W-to-A substitutions (Fig.
5B, Top and Table S6). The reduction was largest at TrpB (+2.3
kcal/mol), somewhat smaller and the same at TyrC1 and TyrC2
(+1.9 kcal/mol), and smallest at TyrA (+0.7 kcal/mol). The
pattern of the energy change was similar when we considered F/
W-to-S substitutions at each position. The slightly smaller energy
losses with S vs. A substitutions at TyrC1 and TyrC2 suggest that
the hydroxyl group of a serine in these positions provides a small
amount (∼−0.4 kcal/mol) of stabilization energy to ACh.
The ΔGB

ACh estimates are free energies that incorporate all
possible interactions between the side chain and the quaternary
amine (QA) of ACh. The primary interaction between the aromatic
moieties and the QA is cation-π (16), which is consistent with the
observation that differences in ΔGB values between agonists are
generated mainly by differences in enthalpy (28). We can compare
the above free energy losses consequent tomutations with estimates
of the relative strengths, specifically, of cation-π interactions. Fluo-
rination of the aromatic ring, which decreases cation-π forces,
increases the EC50 for ACh at TrpB and TyrC2 but not at TyrA (12,
13, 16). That cation-π interactions are large at TrpB and TyrC2 is in
agreement with our free energy estimates. No information could be
obtained at TyrC1 using the unnatural substitutionmethod because
fluorine substitutions eliminated thewhole-cell current (12), but our
results show that the aromatic-QA free energy provided by TyrC1 is
about the same as that provided by TyrC2. In previous studies (16,
29), it was stated that the strength of the TrpB cation-π interaction
with ACh is ∼−2 kcal/mol, whereas our free energy estimate is
∼−0.3 kcal/mol greater. This small discrepancy could exist because
some of the unnatural mutations changed E0, because not all the
interaction is by cation-π forces, or perhaps because the AChRs had
different subunit compositions (γ vs. ε). Regardless, our results
support the view that most, if not all, of the interaction energies
between the aromatic groups and the QA of ACh are cation-π.
From the single mutations, we estimate that the benzene

groups of the two loop C tyrosines contribute about equally to
the affinity change of the binding site. Considering the mutations
one at a time, the fractional contributions of the four aromatic
groups were ∼56% for TyrC1 and TyrC2 combined, 35% for
TrpB, and only 10% for TyrA. Three amino acids, TyrC1, TyrC2,

Fig. 5. Relative effects of mutations. (A) Change in ΔGB
ACh for substitutions

common to all four aromatic residues. For each substitution, the loss of energy
(positive; rightward)was largest for TyrC1 (black) in all cases. TheAla substitution
caused the largest energy loss at all positions except TyrA. (B) Energy changes for
different substitutions. (Top to Bottom) Removing the aromatic group had the
largest effect at TrpB, swapping the aromatic group (F↔W) had little effect at
TyrC2 and TyrA, and removing the OH group had the largest effect at TyrC1.
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and TrpB, form an “aromatic triad” that appears to provide
much of the energy from the ligand for gating.
The sum of the energy losses for the four F/W-to-A substitutions

(+6.9 kcal/mol) is greater than the net energy change for ACh
(−5.1 kcal/mol). This suggests that there is some degree of energy
coupling between the aromatic groups with regard to their in-
teraction with the QA. We observed a small degree of coupling
(−0.4 kcal/mol) between the serine mutations of TyrC2 and TrpB,
but wewere unable tomake similar measurements for TyrC1-TrpB
and TyrC1-TyrC2 mutant pairs. This degree of coupling, however,
is sufficient to account for the difference between the sum and the
net energies. It is possible that the moving parts of the aromatic
triad apparatus operate independently to some extent. More
measurements of energy couplingmay illuminate this issue further.
We can compare the energies of benzene vs. indole rings by

comparing the consequence of an F-to-W substitution at each
of the four positions (Fig. 5B, Middle). The largest effects on
ΔGB

ACh with this exchange were at TrpB (∼−1.3 kcal/mol,
stronger energy with W) and TyrC2 (∼+1.1 kcal/mol, stronger
energy with F). The effect of the substitution was negligible at
both TyrC1 and TyrA. Hence, the energies provided by these
different aromatic groups are different at TrpB and TyrC2 but
are almost the same at TyrC1 and TyrA. Note that after F, Y, and
W, the next smallest energy loss at TrpB, TyrC1, and TyrC2 was
for H, a side chain that has some capacity for cation-π bonding.

Energy from the Hydroxyl Group. We can estimate the effect of
removing the hydroxyl group at the three tyrosines by comparing
the energy losses of F mutations (Fig. 5B, Bottom). The effects
of OH removal at both TyrC2 and TyrA were small, <+0.5 kcal/
mol. (Also, there was little effect of OH removal at TrpB,
comparing Y vs. F mutations.) Kearney et al. (12) reported that
substituting the hydroxyl group of TyrA and TyrC1 increased the
EC50, whereas substitutions at TyrC2 had little effect. In agree-
ment, our energy estimates show a large contribution from the
hydroxyl at TyrC1 and almost none at TyrC2. However, we also
observed only a small energy change consequent to hydroxyl
removal at TyrA, which does not support the conclusion that this
moiety is important for ligand gating. It is likely that the large
loss in gating observed by Kearney et al. (12) was caused mainly
by the substantial reduction in E0 apparent with the TyrA-F
mutation (Table S1). Our results indicate that the OH groups
of TyrC2 and TyrA contribute little to stabilizing the liganded,
high-affinity R* conformation of the transmitter binding site.
There was, however, a large energy loss consequent to the

removal of the OH group at TyrC1 (∼+2.0 kcal/mol). For
comparison, this amount of energy loss is only marginally smaller
than was observed with the complete elimination of TrpB (the W-
to-A mutation). Clearly, the TyrC1 hydroxyl group has a major
effect on stabilizing the liganded R* binding site.
Why does removing the OH group have such a large effect at

TyrC1? We think that the answer has already been provided by
Mukhtasimova et al. (30). The hydroxyl group of TyrC1 faces
away from the agonist in the X-ray structures of AChBP and
does not interact directly with the ligand, but it does approach

a conserved lysine in the β7 strand, Lysβ7 (αK145 in mouse).
These authors showed that there is a strong energetic interaction
(with regard to E2

ACh) between the mutations TyrC1-F and
Lysβ7-Q. In addition, other studies show that mutations of Lysβ7
can reduce E2

ACh substantially, with a Φ-value of ∼1 (31). We
hypothesize that the special character of TyrC1 is caused by this
side chain making two equivalent energy contributions to the R*
transmitter binding region, one between the benzene ring and
the QA of the agonist (+1.9 kcal/mol) and the other between the
OH group and the ε-amino group of Lysβ7 (+2.0 kcal/mol).

Energy Changes in the Binding Site Region. The interaction between
TyrC1 and Lysβ7 highlights the fact that ΔGB (or EC50) meas-
urements of mutant AChRs do not exclusively reflect interactions
between side chains and the agonist molecule. The low-affinity↔
high-affinity conformational change of the binding site region
certainly must involve structural changes that allow energy to exit
the binding pocket to launch the global isomerization. In addition,
some of an energy loss consequent to a binding site mutation may
reflect a change in the shape of the overall pocket that may in-
fluence the energy that exits, the energy from interactions of the
aromatic triad and the agonist, or both. For example, mutations of
a conserved glycine in loop B (GlyB2; αG147 in mouse) reduce
ΔGB

ACh substantially (>+2 kcal/mol), even though this residue is
far from the agonist in AChBP structures (25).
Although the TyrC1 energy exit path seems clear, we are un-

able to identify such exit routes for the energies generated by
TrpB, TyrC2, and TyrA. It is possible that the energy changes at
these three positions trigger structural changes in backbone
atoms or water that move energy out of the immediate vicinity,
or that they serve only to support the TyrC1-Lysβ7 exit pathway.
It is unclear whether or not there are multiple routes for energy
to escape from the binding sites and contribute to the global
conformational change of the protein.
We have shown that it is possible to pinpoint, group-by-group,

the sources of free energy for the affinity change provided by
residues at the AChR binding site. It may be worthwhile to apply
these methods to other AChR amino acids and agonists, as well
as to other allosteric proteins, to understand better the energy
sources from ligands that power protein conformational change.

Methods
The QuikChange site-directed mutagenesis kit (Stratagene) was used to make
mutant cDNAsofmouseAChR α-subunits, and their sequenceswere verifiedby
dideoxy sequencing. Transient transfection of HEK 293 cells was performed
using calciumphosphate precipitation. Subunit cDNA (3.5 μg)was added at the
ratio 2:1:1:1 (α, β, δ, ε) to each 35-mm culture dish of cells. Cells were incubated
for ∼16 h at 37 °C and were then washed with fresh media. Single-channel
electrophysiological recordings (cell-attached patches) were performed ∼20 h
posttransfection. A detailed description of themethods is given in SI Methods.
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