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N icotinic acetylcholine receptors (nAChRs) are ion
channels involved in a broad range of synaptic
activities throughout the nervous system and

are the targets of therapeutic drugs for a variety of con-
ditions (1). These drugs are often agonists or competi-
tive antagonists that bind the nAChR transmitter bind-
ing sites (TBSs) in a state-selective manner. A strong
agonist exhibits a high affinity for the closed state and
an even higher affinity for the open state, promoting the
efficient conformational change from the closed state
to the open state (i.e., gating). A strong competitive an-
tagonist exhibits a high affinity for the closed state but
not for the open state, making gating inefficient. Estab-
lishing chemical metrics that correlate with closed-state
affinity and open-state affinity may be useful in the de-
sign of drugs that modulate nAChR activity. For example,
structure�activity relationships (SARs) have been used
to develop nAChR antagonists that can be used as
muscle relaxants (2). However, SAR parameters such
as molecular shape, charge, and hydrogen bonding abil-
ity have had limited utility in guiding the design of neu-
romuscular blocking agents. In the brain, nAChRs have
been proposed to be targets for treating nicotine addic-
tion, depression, and a variety of neurological disorders
(3). SARs for these drug candidates are typically cen-
tered on derivatives of nAChR agonists or antagonists
derived from natural sources, such as nicotine or epiba-
tidine. However, the small molecule drugs that bind
nAChRs are structurally very diverse, and the identifica-
tion of simple, independent parameters that correlate
with binding or gating would be useful for expanding the
scope of SAR-guided drug design for these targets.

Cation-� binding ability is a computationally acces-
sible parameter that may be useful in this regard. Like

*Corresponding author,
lichts@mit.edu.

Received for review August 4, 2008
and accepted September 23, 2008.

Published online November 21, 2008

10.1021/cb800189y CCC: $40.75

© 2008 American Chemical Society

ABSTRACT Agonists and antagonists of the nicotinic acetylcholine receptor
(nAChR) are used to treat nicotine addiction, neuromuscular disorders, and neuro-
logical diseases. In designing small molecule therapeutics with the nAChR as a tar-
get, it is useful to identify chemical parameters that correlate with ability to acti-
vate the receptor. Previous studies have shown that cation-� interactions at the
transmitter binding sites of the nAChR are important for receptor activation by
strong agonists such as acetylcholine. We hypothesized that a calculated esti-
mate of cation-� binding ability could be used to predict the efficiency for chan-
nel opening (i.e., the gating efficiency) associated with activation of the acetylcho-
line receptor by a series of structurally related organic cations. We demonstrate
that the calculated cation-� energy is strongly correlated with gating efficiency but
only weakly correlated with closed-state binding affinity. Our results suggest that
cation-� interactions contribute significantly to the open-state affinity of these cat-
ions and that the calculated cation-� energy will be a useful parameter for design-
ing nAChR agonists and antagonists.
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hydrogen bonds and salt bridges, cation-� interactions
are well-characterized noncovalent interactions that are
strong enough (4−6) to drive a protein conformational
change if that change alters the interaction strength.
Cation-� interactions have been shown to be important
for the function of nAChRs and other members of the
Cys-loop superfamily (7, 8). Cation-� interactions be-
tween charged small molecules and the nAChR were
originally proposed because of the large number of aro-
matics situated at the TBSs (9). The muscle-type nAChR,
the archetype for the Cys-loop superfamily, is a pentam-
eric ion channel consisting of two � subunits, a � sub-
unit, a � subunit, and either a � or � subunit. One TBS is
situated at the �-� interface, and a second TBS is situ-
ated at the �-� interface (in fetal receptors) or the �-� in-
terface (in adult receptors). Structural and biochemical
studies of the nAChR and the acetylcholine binding pro-
tein (AChBP) have identified an “aromatic cage” at the
two TBSs, consisting of residues �Tyr93, �Trp149,
�Tyr190, �Tyr198, and �Trp55 (or �/�Trp55) (10−17).
When agonist is bound, the aromatic cage is contracted,
increasing its favorable contacts with the agonist
(Figure 1). Unnatural amino acid mutagenesis has al-
lowed structure�activity studies analogous to those
employed in classical physical organic chemistry to be
carried out on the nAChR, providing evidence that
cation-� interaction is important for binding of agonists
(15−18). By using unnatural amino acid mutagenesis,
�Trp149 was shown to form cation-� interactions with
cholinergic agonists (18, 19). Substitution of fluorine on
the indole ring of this residue increased the concentra-
tion necessary for half-maximal nAChR activation, the

EC50, for epibatidine and acetylcholine. The observed in-
crease in EC50 correlated with the calculated decrease
in cation-� binding ability of the fluorinated analogs. A
similar correlation was not observed for the other bind-
ing site aromatic residues, suggesting that �Trp149 is
primarily responsible for the cation-� interaction be-
tween acetylcholine and the muscle-type nAChR (19−21).

Analogously to KM in enzyme kinetics, EC50 reflects
both binding and conformational or chemical equilib-
ria. For an ion channel, the gating equilibrium can be a
significant component of EC50. Therefore, the correlation
between EC50 and cation-� binding energy is consis-
tent with three possibilities. The cation-� energy might
contribute entirely to binding/closed-state affinity, indi-
cating that the interaction fully forms when agonist
binds the closed state. Alternatively, the cation-� en-
ergy might contribute to both binding and gating, indi-
cating that the interaction forms in the closed state and
strengthens in the open state. Finally, the cation-� en-
ergy might contribute entirely to the open-state affinity
(gating), indicating the interaction only exists in the
open state. In all three cases, attenuation of the cation-�
energy would increase the EC50.

It has been hypothesized that the correlation be-
tween EC50 and cation-� energy primarily reflects contri-
butions to binding (18). Both 5-hydroxytryptamine (5-
HT) and acetylcholine (ACh) are strong agonists for the
serotonin receptor 5-HT3AR, an nAChR-related channel.
For both 5-HT and ACh, channel activation is attenuated
by fluorination of �Trp149, and EC50’s are linearly corre-
lated with calculated cation-� binding energies for the
fluorination series. For all combinations of agonists and
mutated receptors, maximal currents of similar magni-
tude were observed when saturating concentrations of
agonist were used, suggesting gating efficiency was not
severely compromised (22). However, with the strong
agonists used in these studies, changes in gating effi-
ciency could lead to relatively small changes in channel
maximal currents. The authors of the previous studies
therefore did not rule out the possibility that the interac-
tion between agonist and �Trp149 changes with gating
(18, 19, 22).

To test the hypothesis that cation-� interactions con-
tribute mainly to closed-state binding affinity, we calcu-
lated cation-� interaction energies between benzene
and a series of organic cations and measured closed-
state agonist binding affinity (KD) and gating efficiency

αTyr198

αTyr190

αTrp149

αTyr93

δTyr55

Figure 1. The binding site aromatic cage: green, the apo-
AChBP structure (PDB 2BYN); cyan, the epibatidine-bound
AChBP structure (PDB 2BYQ). The bound epibatidine mol-
ecule has been removed for clarity. In the nAChR itself,
�Trp55 takes the place of �Tyr55 in the AChBP structure.
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(�2) for activation of muscle-type nAChRs by these cat-
ions. Single-channel electrophysiology was used to
measure microscopic rate constants directly, allowing
discrimination of �2 and KD in the measurements. Small
organic cations were used so that the role of the aro-
matic cage in agonist binding and gating could be
probed without having to deconvolve the effect of sec-
ondary elements such as the ester moiety of ACh. For the
set of compounds tested, there is a strong correlation
between the ab initio calculated cation-� binding energy
and �2, but there is only a weak correlation with KD.
Our results provide evidence that cation-� interactions
can be an important factor in determining open state af-
finity and that calculated cation-� interaction energies
have the potential to be used as a parameter in predict-

ing whether small molecules will be nAChR agonists or
competitive antagonists.

RESULTS AND DISCUSSION
Activation and Blockade by Organic Cations. To de-

termine binding and gating equilibrium constants for ag-
onists, single-channel activity was first measured as a
function of agonist concentration. Single-channel cur-
rents from the �G153S nAChR (see Methods) (23) were
measured using tetramethylammonium (TMA), ethyltri-
methylammonium (ETMA), diethyldimethylammonium
(DEDMA), triethylmethylammonium (TEMA), and tetram-
ethylphosphonium (TMP) as agonists (Figure 2). Clus-
ters of openings and closings were analyzed to ensure
that the kinetics represent the activity of only one chan-

TMA ETMA DEDMA TEMA TMP

100 ms
1 pA

100 ms
1 pA

100 ms
1 pA

100 ms
1 pA

100 ms
1 pA

10

50

200

1000

5000

µM

Figure 2. Examples of clustered single-channel activity evoked by the organic cations TMA, ETMA, DEDMA, TEMA, and TMP
at concentrations of 10 �M to 5 mM.

TABLE 1. Dose�Response Parameters

Agonist PO
Maxa EC50

a na KB
b �2

c �2
d KGap

e

TMA 0.8 	 0.03 50 	 7 1.2 	 0.1 7000 	 2000 10300 	 500 700 	 70 0.24 	 0.05
TMP 0.77 	 0.04 310 	 50 1.6 	 0.1 2900 	 300 5200 	 100 900 	 40 0.22 	 0.08
ETMA 0.6 	 0.04 80 	 10 1.7 	 0.2 2000 	 100 3400 	 200 1030 	 90 0.33 	 0.09
DEDMA 0.3 	 0.03 230 	 60 1.6 	 0.2 1000 	 100 380 	 30 1400 	 100 1.4 	 0.4
TEMAf 0.03 	 0.01 400 	 200 1.5 500 	 20 60 	 40 2000 	 100 30

aFrom a Hill fit of intracluster open probability. EC50 in 
M. bSee Figure 3, panel a. KB in 
M. cSee Figure 3, panel b. �2 in s�1. dSee Figure 3,
panel c. �2 in s�1. eSee Figure 3, panel d. KGap is unitless. fTo obtain PO

Max, EC50, and �2 for TEMA, n was constrained to 1.5. PO
Max

was used to calculate KGap and constrain fitting in Figure 3, panel d to obtain a KD for TEMA.

ARTICLE

www.acschemicalbiology.org VOL.3 NO.11 • 693–702 • 2008 695



nel (24). The agonist concentration dependence of the
open probability within clusters (PO) was fitted to a Hill
equation (eq 1), where EC50 is the concentration for half-
maximal open probability and n is the Hill coefficient
(Table 1).

PO � PO
Max ·

[Agonist]n

EC50
n � [Agonist]n

(1)

Activation by TEMA was weak, and the Hill coeffi-
cient was constrained to a value of 1.5 to produce a re-
liable fit. Hill coefficients have been generally observed
to be 1�2 for nAChR agonists (25). In this range, the
maximal open probability (PO

Max) varied from 0.028 to
0.053 (see Supporting Information), and the standard
deviation of this range of values was used to estimate
the uncertainty in PO

Max.
It is important to measure the magnitude of unre-

solved open-channel blockade because fast blockade
will cause an overestimation of open probabilities. Cat-
ionic agonists can block the open channel by binding
the open pore and interrupting current flow (26). When
blockade kinetics are sufficiently fast, the current inter-
ruptions are unresolved because of limited recording
bandwidth, and a reduction in open-channel current at
high concentrations is observed (Figure 3). The apparent
current amplitude in the presence of unresolved open-

channel block is a function of the maximal current in
the absence of blocker, i0, and the blocking dissocia-
tion constant, KB (27) (eq 2). The agonist concentration
dependence of current amplitude was fitted to obtain KB

(Table 1).

i � i0 ·
KB

KB � [Blocker]
(2)

Measurement of Diliganded Gating Rate Constants
and �2. The diliganded opening rate constant, �2, can
be measured from the dose�response relationship of
the intracluster closed times (Figure 3, Table 1). The ef-
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Figure 3. Analysis of single-channel clusters. a) Fast, unresolved open-channel block causes a decrease in apparent single-
channel current with increasing agonist concentration. b) The effective opening rate �2= approaches the true opening rate
�2 as agonist saturates the receptor. c) The closing rate is inversely proportional to the unblocked mean open lifetime.
d) Fitting the intracluster open probability using Scheme 1 provides estimates of the closed-state affinity, KD. TEMA data
are also shown with independent scaling in Supporting Information.

Scheme 1. nAChR model for conformational transitions:
C, closed states; O, open states; G, gap states; B, blocked
state; A, bound agonist; k�, association rate constant; k�,
dissociation rate constant; KD 	 k�/k�, dissociation
constant; �2, diliganded opening rate constant; �2, clos-
ing rate constant; �2, gating equilibrium constant; KB 	
k�B/k�B, blocking dissociation constant; KG 	 k�Gap/
k�Gap, gap equilibrium constant.
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fective opening rate, �2=, reflects gating and agonist
binding transitions and is inversely proportional to the
major intracluster closed time component, which scales
with agonist concentration (28). As the agonist concen-
tration increases, the receptor saturates so that �2= ap-
proaches the true opening rate �2 (eq 3) (28). Estima-
tion of �2 in this manner (29, 30) does not require
assumption of a specific model.

�2' � �2 ·
[Agonist]n

KApparent
n � [Agonist]n

(3)

For TEMA, constraining the Hill coefficient n to 1.5
also affects the estimate of �2. The estimate of �2 is
fairly sensitive to n, and the uncertainty in this rate con-
stant was estimated as the standard deviation of val-
ues obtained from fits where n was constrained to
values ranging from 1.0 to 2.0 (see Supporting
Information). This procedure gives an estimate of �2 �

60 	 40 s�1 for activation of the �G153S nAChR by
TEMA.

The diliganded closing rate constant �2 can be esti-
mated from the mean length of single-channel open-
ings. Open lifetimes increased with agonist concentra-
tion (Figure 3), consistent with the presence of fast,
unresolved open-channel blockade as described above.
The increase in mean open lifetime, �tO, is linearly re-
lated to concentration (eq 4). The value of �tO in the
limit of low blocker concentration represents the un-
blocked open lifetime and is inversely proportional to
the diliganded closing rate constant �2 (Table 1). Mea-
surement of both the closing and opening rate con-
stants allows determination of the gating equilibrium
constant: �2 � �2/�2 (Table 2).

�tO� �
1

�2

�
1

�2

·
[Blocker]

KB

(4)

Estimation of KD From the PO Dose�Response
Curve. The closed state affinities, KD, were estimated
by fitting the PO dose�response relationships using
Scheme 1, with the values of KB and �2 measured
above used as constraints (Figure 3) (30, 31). PO equals
the total steady-state occupancy of all open states
within the cluster (eq 5) and is a function of the agonist
concentration, A.

PO � ��A2

KD
2

· �2� � �A2

KD
2

· �2 ·
A

KB
�� ⁄ �1 � �2 · A

KD
�

� �A2

KD
2� � �A2

KD
2

· �2� � �A2

KD
2

· �2 ·
A

KB
� � �A2

KD
2

· �2 · KG�
� �A2

KD
2

· �2 ·
A

KB

· KG�� (5)

We used the model-independent measurements of
KB and �2 obtained above to constrain the model-
dependent analyses, an approach often used to pro-
duce physically relevant fitted solutions (23, 25, 29, 30).
These constraints prevent overparameterization and
prevent optimization to values inconsistent with the ob-
served data (Table 2).

Because TEMA is a weak agonist, channel closures
were long enough that short-lived desensitization was
frequently observed within clusters. An additional con-
straint was placed on KG (the equilibrium constant for
the short-lived desensitized state) to obtain an estimate
of KD for TEMA. KG can be set so that the fitted curve
saturates at the observed PO

Max (eq 6). From our esti-

TABLE 2. Calculated cation-� energy and measured gating and binding equilibria

Agonist Cation-�a �2 (s�1) �R·T·ln(�2)b KD
c �R·T·ln(KD)d

TMA �28.45 	 0.01 15 	 2 �6.7 	 0.3 120 	20 �22.3 	 0.4
TMP �26.97 	 0.05 5.8 	 0.3 �4.4 	 0.1 530 	 50 �18.7 	 0.2
ETMA �27.19 	 0.19 3.3 	 0.4 �2.9 	 0.3 120 	 10 �22.4 	 0.3
DEDMA �26.28 	 1.80 0.27 	 0.03 3.3 	 0.3 110 	 20 �22.7 	 0.3
TEMAd �23.31 	 1.62 0.03 	 0.02 9 	 2 200 	 200 �21 	 3

aCation-� energies are reported as the mean 	 SD for three repeated HF6-31g(d,p)//HF6-31g(d,p) geometry optimizations. bEnergies in
kJ/mol. R is the gas constant. T � 298.15 K. cDissociation constants in 
M. dFor TEMA, n was constrained to 1.5 to obtain an diligan-
ded opening rate constant used to estimate �2, and KGap was constrained to 30 to obtain and estimate of KD.
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mate of PO
Max for TEMA, KG was constrained to a value

of 30.

PO
Max � lim PO �

1

1 � KG

(6)

Because we obtained estimates of PO
Max and �2 for

TEMA by constraining the Hill coefficient to n � 1.5, we
examined the sensitivity of KD estimation to the values
of PO

Max and KG. Sensitivity analysis of PO
Max and �2

produced a range of 11 values for each parameter (see
Supporting Information). We estimated KD for the 121
possible combinations, and the standard deviation of
these 121 values was used to estimate the uncertainty
in the dissociation constant for TEMA, KD � 200 	

200 
M.
Calculation of Cation-� Interaction Energies. Ab ini-

tio calculations of benzene�cation complexes were car-
ried out using the Gaussian 03 program (32). Geom-
etries were optimized and Hartree�Fock energies were
calculated in the gas phase, using the 6-31g(d,p) basis
set. The cation-� energies calculated for TMA, ETMA,
DEDMA, and TMP were similar, and the calculated en-
ergy for TEMA was obviously lower (Table 2). As shown
in previous computational studies (5, 6, 33, 34), calcu-
lated energies for cation-� interactions were compa-
rable to observed gas-phase dissociation energies (4).
The distance between the cation heteroatom and the

benzene ring ranged from 4.8 to 5.0 Å, in agreement
with other calculations for quaternary ammoniums (33,
34). For all optimized complexes, three � carbons are
oriented with protons facing the benzene � system in a
facial conformation, as has been previously observed
(see Supporting Information) (33).

Calculated Cation-� Energy Correlates Strongly with
Gating Energy. The calculated cation-� binding ener-
gies are linearly correlated with the diliganded gating en-
ergies for simple organic cations (Figure 4). Single-
channel recording allowed us to experimentally
measure the diliganded rate constants �2 and �2 for
TMA, ETMA, DEDMA, TEMA, and TMP, and the diligan-
ded gating equilibrium, �2, was calculated from these
microscopic rate constants. There is a clear linear corre-
lation between cation-� energy and the diliganded gat-
ing energy, �R·T·ln(�2). A slope of m� � 3.1 	 0.6 (R2

� 0.87) was measured.
Although the slope m� cannot be directly interpreted

as a measurement of cation-� interaction energy, it
might be expected to be less than unity, since the pre-
dicted gas-phase cation-� interaction energy is a rea-
sonable upper limit for the expected interaction energy
of a cation solvated by the aqueous/protein environ-
ment. The slope m�  1 suggests that either the calcu-
lated cation-� binding energy underestimates the
strength of the interaction in the nAChR binding site or
multiple cation-� interactions are important to open-
state affinity. We used a simple model system to per-
form ab initio calculations of cation-� binding energies
between the cations and benzene. In reality, the aro-
matic cage of the nAChR TBSs contains both tyrosine
and tryptophan residues. The cation-� binding ability
of benzene and phenol have been calculated to be
nearly equal, but an indole has significantly greater
cation-� binding potential (35, 36). Thus, if the cations
are primarily interacting with the indoles of tryptophan
residues, our calculations may underestimate the true
cation-� binding energy, leading to a slope greater than
unity. It is also reasonable to expect that the cation can
form cation-� interactions with the multiple aromatic
residues when the aromatic cage is compactly arranged
in the open state. Although previous studies using un-
natural amino acids suggested that the aromatic cage
residues other than �Trp149 do not make cation-� inter-
actions with acetylcholine in the muscle-type nAChR
(19, 21), other studies have shown that different ago-
nists can bind with different favorable contacts (12, 13,

Figure 4. Correlations between calculated cation-� binding
energy, gating, and closed-state affinity; red lines repre-
sent linear fits. a) Cation-� binding energy is strongly cor-
related with gating and therefore open-state affinity.
b) Cation-� binding energy does not correlate well with
closed-state binding affinity.
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18, 22, 37). Notably, residues �Tyr190 and �Tyr198 ap-
pear to be in significantly greater contact with the ago-
nist molecule in bound AChBP structures (12, 13). NMR
studies also suggest that the cationic head of acetylcho-
line comes within 3.9 Å of all five aromatic cage resi-
dues when bound to the nAChR (38).

Calculated Cation-� Energy Correlates Weakly with
Close-State Affinity. The calculated cation-� binding
energies exhibit only a weak correlation with the closed-
state affinity (Figure 4). When the binding energies,
�R·T·ln(KD), are plotted versus the calculated cation-�
binding energies, TMP is a clear outlier. Even when TMP
data are excluded, the correlation is weak (slope mK �

0.3 	 0.1, R2 � 0.50; see Supporting Information). The
slope mK is significantly smaller than the slope m�, sug-
gesting that gating is more sensitive than binding to dif-
ferences in the abilities of simple agonists to form
cation-� interactions. These results suggest that the
cation-� binding interactions make a relatively small
contribution to the total closed-state binding affinity of
simple organic cations to the nAChR. However, they do
not rule out a role for cation-� interactions in the closed
state. The lack of a strong correlation may be due to
other factors, such as hydrophobicity (see Supporting
Information), having a stronger influence on affinity than
the cation-� interaction does.

Implications for the nAChR Binding and Activation
Mechanism. The strong linear correlation between cal-
culated cation-� energy and gating energy suggests that
cation-� interactions are important for open-state affin-
ity of organic cations to the nAChR TBSs. There is a weak
linear correlation between closed-state binding affini-
ties and calculated cation-� energies with a near-zero
slope, suggesting other agonist-channel interactions are
more important than cation-� interactions in the closed
state. Simple organic cations are not positioned for a
strong closed-state cation-� interaction by any mecha-
nisms other than partitioning to the binding site and
conformational sampling. In contrast, agonist-bound
AChBP structures suggest the TBS aromatic cage can as-
sume a compact arrangement around an organic cat-

ion in the open state (12, 13). The increase in favorable
contacts between the cation and aromatics improve po-
sitioning for cation-� interactions in the open state.

This mode of binding may differ with other agonists,
and the different contributions cation-� energies make
to closed-state or open-state affinities for different ago-
nist can be tested. For example, 5-HT and ACh are both
more complex than the organic cations investigated
here, and cation-� interactions for these strong ago-
nists are hypothesized to contribute primarily to bind-
ing rather than channel gating (18). For more complex
agonists, the structural components separate from the
cationic center may help position the molecule for a
cation-� interaction in the closed state. For example,
the backbone carbonyl of �Trp149 affects activation,
an effect that may be due to hydrogen-bonding interac-
tions between the agonist and the carbonyl group (18).
For 5-HT and ACh, the noncationic moieties might posi-
tion the cationic center optimally for a strong cation-� in-
teraction. In that case, the strength of the closed-state
interaction would be nearly maximal, and the interaction
would not strengthen in the open state to a large extent.

Cation-� Interaction Energy as a Parameter for
SARs. These results suggest that the calculated cation-�
binding energy between a charged agonist and an aro-
matic ring will be a useful parameter for SARs that dis-
tinguish agonists from antagonists. For simple organic
cations, we have shown that the cation-� energy is
strongly correlated with gating. Thus, similar small mol-
ecules that can bind the closed state well but do not
form cation-� interactions are likely to be good candi-
dates for activity as antagonists, whereas those that do
form such interactions are more likely to be agonists.
Cation-� interactions have been shown to impact the
function of a broad array of ion channels, both ligand-
gated and voltage-gated, and enzymes (39). The results
of this work thus suggest that calculated cation-� bind-
ing energies may be a useful parameter for predicting
agonist versus antagonist activity of a variety of drug
candidates.

METHODS
Materials. TMA chloride, TEMA chloride, and TMP bromide

were from Aldrich. ETMA iodide was from TCI. DEDMA hydrox-
ide from Fluka was neutralized with hydrochloric acid. Cell cul-
ture reagents were from Invitrogen. Plasmids for expression of
the adult mouse �, �, �, and � subunits were generously pro-

vided by Professor Anthony Auerbach at SUNY Buffalo (40). The
gain-of-function �G153S mutation was engineered using site-
directed mutagenesis (Quickchange Kit, Qiagen) and verified by
sequencing (MIT Biopolymers Laboratory).

Justification for Use of the �G153S Mutant. The organic cat-
ions assayed in this work are weak agonists and cause fast
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open-channel block of the wild-type nAChR at high concentra-
tions. The advantage of using the �G153S mutant is that it en-
ables clustered single-channel activity to be recorded and ana-
lyzed at lower agonist concentrations, where open-channel
block is not as severe and can be compensated for in the analy-
sis. The �G153S mutation primarily increases agonist affinity
(23) by influencing the allosteric transduction mechanism (41).
Although this mutation occurs at the binding site, it is not part of
the aromatic cage. The �G153S mutation is not likely to di-
rectly impair the cation-� interaction between �Trp149 and the
agonist, and �Trp149 has been shown to be primarily stabilized
by �D89 and a redundant hydrogen-bonding network (42, 43).
Furthermore, the cation-� interaction has been shown to be ro-
bust to variations in TBS sequence and structure, existing in sev-
eral different Cys-loop receptors (37). We therefore use this mu-
tant assuming that its effects are equivalent for the series of
agonists used here. As a control to demonstrate that the muta-
tion affects the series of cations equivalently, a rate-equilibrium
free energy relationship (REFER) was shown to be linear with a
slope of approximately 1, as has been observed previously for
energetic changes at the TBSs due to mutation or ligand varia-
tion (see Supporting Information) (44, 45).

Single-Channel Recordings. Adult mouse, muscle-type recep-
tors containing the �G153S mutation were heterologously ex-
pressed in HEK-293 cells as previously described (30), and
single-channel recording was performed in the cell-attached
mode (46). The bath solution was Dulbecco’s phosphate buff-
ered saline (DPBS) containing (in mM): 137 NaCl, 0.9 CaCl2,
0.5 MgCl2, 2.7 KCl, 1.5 KH2PO4, 8.1 Na2PO4, pH 7.3. Pipette so-
lutions were DPBS supplemented with agonist. Cell membrane
potentials were typically �30 to �40 mV, and a command volt-
age of �70 mV was used during recording. Single-channel cur-
rents were amplified with an Axopatch 200B patch-clamp ampli-
fier (Axon Instruments) and recorded through a low-pass Bessel
filter at 10 kHz. Data were digitized at a sampling rate of 20
kHz using a NI 6040 E Data Acquisition Board (National Instru-
ments). Data was recorded using QuB software (www.qub.
buffalo.edu) (47−51). The baselines of single-channel records
were adjusted manually using QuB. A 5 kHz Gaussian digital fil-
ter was applied, and records were idealized using either the seg-
mental k-means or half amplitude algorithms in QuB (47). All
records were examined visually in their entirety, and misideali-
zations were corrected manually.

Analysis of Single-Channel Clusters. Single-channel analysis
was carried out on clusters of openings as previously described
(see Supporting Information) (30, 31). At high agonist concen-
trations, clusters of openings represent activity from one nAChR.
Each cluster is a series of openings flanked by long closed du-
rations in which all channels are desensitized. Clusters are de-
fined as those series of openings for which these flanking closed
durations are longer than a critical time (�crit). The value of �crit

is assigned as the intersection of the predominant closed com-
ponent of the single-channel closed-time distribution and the
succeeding component of longer duration. The predominant
component scales with agonist concentration and reflects tran-
sitions between nAChR closed and open conformations, includ-
ing binding and gating steps. The value of �crit was chosen to
minimize the percentage of misclassified events, and the frac-
tion of misclassified events was typically less than 5%. Clusters
with multiple-conductance levels (more than one channel) or
fewer than five events were excluded.

Analysis of clustered activity at the single-channel level al-
lows measurement of microscopic rate constants and distinc-
tion of binding and gating steps. To estimate the diliganded
closing rate constant �2, the diliganded opening rate constant
�2, and the diliganded gating equilibrium constant �2 � �2/�2,
the intracluster closed and open dwell-time distributions were

analyzed in QuB. To estimate the closed-state affinity KD, intra-
cluster open probabilities were analyzed according to the
equivalent binding sites model shown in Scheme 1. A gap state
is included as previously described (30). The gap state encom-
passes short-lived desensitized states that has a lifetime on the
order of 1�10 ms (30). The gap state is accessible from both
the unblocked and blocked open state. The resting and desen-
sitization gates have been shown to be distinct entities (52, 53),
and it has also been shown that the desensitization gate can
close while the open pore is blocked (54).

Fitting was performed in Origin (OriginLab, Northhampton,
MA).

Computations. Ab initio calculations were carried out using
the Gaussian 03 program package (32). Gas phase calcula-
tions have previously been used for investigating the trends in
a cation-� perturbation series (18, 19, 22, 33, 35, 36). Geom-
etry optimization and Hartree�Fock energies were calculated in
the gas phase using the 6-31g(d,p) basis set. As a simple model
system, we examined the binding energy trends between ben-
zene and the cations experimentally investigated in this work
(33−36). The binding energy was estimated as the difference in
energies of benzene and the cation optimized separately versus
the energy of the pair optimized in complex. The cation was ini-
tially placed 4.5 Å above the benzene ring in at least three dif-
ferent orientations; for example, TMA was placed with one, two,
or three methyl groups facing the benzene ring. The conforma-
tions of the benzene-cation complexes optimized to approxi-
mately the same final conformation in each case, and the mean
and standard deviation of the calculated binding energies were
used throughout the work. No constraints were placed on the
conformation of the benzene ring or the benzene-cation dis-
tance. The calculated TMA-benzene interaction energy and con-
formation agreed with the previously published value using this
method and basis set (33).
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