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ABSTRACT. Structural determinants of L-[3H]nicotine binding to the sequence flanking Cys 192 and Cys 193
of the Torpedo acetylcholine receptor a1 subunit were investigated using synthetic peptides (residues 181–200)
and fusion proteins (residues 166–211). Nicotine binding at a single concentration (30 nM) was compared with
71 peptides and fusion proteins in which individual amino acids at positions 181–200 were substituted.
Substitution of Lys 185, Tyr 190, Cys 192, Cys 193, Thr 196, and Tyr 198 resulted in the greatest reduction in
nicotine binding. Equilibrium binding of [3H]nicotine to peptide 181–200 revealed a binding component with
an apparent KD of 1.2 mM. Substitution of Lys 185 (with Glu), His 186, Tyr 190, Cys 192, Cys 193, and Tyr
198 resulted in a significant reduction in affinity. Affinity was not affected significantly by substitution of Arg
182, Lys 185 (with Gly or Arg), Val 188, Tyr 189, Pro 194, Asp 195, Thr 196, and Asp 200. It is concluded that
Lys 185, His 186, Tyr 190, Cys 192, Cys 193, and Tyr 198 play the greatest role in nicotine binding to residues
181–200 of the a1 subunit. Previous studies have implicated Tyr 190, Cys 192, Cys 193, and Tyr 198 in agonist
binding to the acetylcholine receptor. These results confirm a role for these residues and also demonstrate a
function for Lys 185 and His 186 in nicotine binding. BIOCHEM PHARMACOL 55;3:341–347, 1998. © 1998
Elsevier Science Inc.
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The nicotinic AChR\ transduces a chemical signal, the
neurotransmitter ACh, into an electrical event leading to
contraction of the muscle cell. Upon binding of ACh, the
AChR undergoes a conformational change in which a
channel is opened allowing cations to enter and depolarize
the membrane. The AChR from Torpedo californica electric
organ and that on the postsynaptic surface of the neuro-
muscular junction are transmembrane glycoproteins com-
posed of four subunits arranged in a stoichiometry of 2a1,
b1, e or g, and d [1, 2]. This pentameric complex contains
the binding sites for agonists, e.g. ACh, carbamylcholine,
and nicotine, and for competitive antagonists, e.g. a-Btx
and d-tubocurarine. Torpedo and immature muscle AChRs
contain two cholinergic binding sites located at the inter-
faces of the a and g and the a and d subunits [1–4]. The a
subunit contains major determinants for binding of agonists
and competitive antagonists. Amino acid residues on the g

and d subunits also contribute to the cholinergic binding
site [4–6].

Synthetic peptides and fusion proteins have proven
useful in localizing components of the neurotoxin binding
site on the a subunit and in studying structural determi-
nants for toxin binding through multiple, systematic sub-
stitution of residues (reviewed in Ref. 7). Short peptide
sequences have the potential disadvantages that they may
not reflect the function of the intact receptor, may not fold
into the native conformation, and may exclude discontin-
uous components of the binding site. Still, they have been
shown repeatedly to retain the ability to bind curaremi-
metic neurotoxins and cholinergic ligands by virtue of their
ability to compete with neurotoxin binding. Studies inves-
tigating the binding of a-Btx to synthetic peptides [8–15]
and fusion proteins containing receptor sequences [16–19]
located a major neurotoxin binding site in the sequence
flanking Cys 192 and Cys 193 and identified residues that
are critical for neurotoxin binding. Although the binding
sites for neurotoxins and agonists appear to overlap, there
are significant differences between the two sites [20]. A
previous study investigated the binding of L-nicotine to
synthetic a1 subunit peptides [20]. It was demonstrated that
[3H]nicotine binding to peptides could be assayed directly,
that binding could be competed with cholinergic agonists
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and antagonists, and that nicotine and a-Btx interact
preferentially with different determinants within residues
a1 173–204.

Nicotine, an agonist of the AChR, is addictive and a
drug of abuse but also has potential as a medication in
disorders such as ulcerative colitis, Alzheimer’s disease, and
Parkinson’s disease [21, 22]. Characterization of the mech-
anism of nicotine interaction with the AChR could iden-
tify potential targets for therapeutic intervention in addic-
tion and in diseases in which cholinergic function is
disrupted. Here, we investigated structure–function rela-
tionships of nicotine binding to the AChR by comparing
the binding of L-[3H]nicotine to 71 synthetic sequences and
fusions proteins of the AChR a1 subunit in which individ-
ual amino acids at positions 181–200 were substituted. We
found that residues Lys 185, His 186, Tyr 190, Cys 192, Cys
193, and Tyr 198 play a role in nicotine binding to this
region of the a1 subunit.

MATERIALS AND METHODS
Nicotine

Nicotine, L-(-)-[N-methyl-3H]-, was purchased from the
NEN/Dupont Co. Upon receipt, [3H]nicotine was diluted
1:10 in 0.02 M phosphate buffer, pH 7.2, divided into
aliquots, and stored at 220°. The initial specific activity of
[3H]nicotine was 75–125 cpm/fmol.

Synthetic Peptides

Synthetic peptides comprising residues 181–200 of the
Torpedo a1 subunit sequence were those employed by
Conti-Tronconi and coworkers [14, 15] to investigate the
binding of a-Btx. The peptides and single residue substi-
tuted analogs of that sequence were synthesized by manual
parallel synthesis, and their purity and amino acid compo-
sition were characterized as described previously [14]. Ly-
ophilized peptides were resuspended in 50% acetonitrile/
H2O to a concentration of 0.5 mg/mL.

Fusion proteins, also used to investigate a-Btx binding
[19], were produced as described previously [18, 19]. Briefly,
a fusion protein consisting of the TrpE protein fused to
Torpedo a1 subunit residues 166–211 was produced in
Escherichia coli. A 138 bp fragment of Torpedo a1 subunit
cDNA was inserted into a pATH 10 expression vector and
used to transform E. coli strain XL1 Blue. The residues
between positions 184 and 200 were mutated either by
means of oligonucleotide-directed mutagenesis or a poly-
merase chain reaction-based method. Bacterial clones con-
taining cDNA fragments were induced and harvested as
described. Partially purified bacterial lysates were resus-
pended in distilled H2O containing 0.01% phenylmethane-
sulfonyl fluoride to a concentration of 1 mg/mL and stored
at 270°.

The sequence of residues 181–200 of the native Torpedo
a1 subunit is shown in Table 1. The rationale for the amino
acid substitutions has been described previously. Each

residue in peptide a1 181–200 was nonconservatively
substituted with a glycine residue [14]. In addition, a series
of conservative substitutions were made [15]. In the fusion
protein, amino acids were substituted with residues present
in the snake a1 subunit, with an alanine, or with a
functionally dissimilar residue [19]. Substituted peptides
and fusion proteins are designated by the one-letter code of
the native residue, followed by the position in the sequence
and the one-letter code for the substitution.

Binding of [3H]Nicotine to Synthetic Peptides

[3H]Nicotine binding to synthetic peptides was measured
by a solid phase assay as described [20]. For coating wells,
stock solutions of peptides and fusion proteins were diluted
in distilled H2O, and 100 mL containing 8 mg peptide or 5
mg fusion protein was placed in the wells of a microtiter
plate (Immulon Removawell Strips, Dynatech Laborato-
ries) and allowed to evaporate overnight at 45°. Wells were
washed three times with 200 mL PBS. In the case of fusion
proteins, wells were quenched with 300 mL of 5% bovine
serum albumin in PBS. After washing, the wells were
incubated with [3H]nicotine in 50 mL of 0.02 M phosphate
buffer (;150,000 cpm, 30 nM) for 30 min. Wells were
washed rapidly two times with PBS. Then wells were placed
in vials containing the fluorophore Cytoscint (ICN) and
counted in a scintillation counter. Background binding to
wells lacking peptide but exposed to labeled ligand was
subtracted from the binding in the presence of peptide. All
determinations were performed in triplicate, and all pep-
tides and fusion proteins were assayed at least three times.

Equilibrium saturation experiments were performed for
[3H]nicotine binding to some peptides in the solid phase
assay system described above. Wells were coated with
peptides and incubated with increasing concentrations of
[3H]nicotine (0.16 to 20 mM). Incubation was performed
for 3 hr at room temperature. Equilibrium binding data were
analyzed in Scatchard plots. Because the peptides exhibited
non-specific binding at high concentrations of nicotine,
the data were corrected for non-specific binding as de-
scribed by Chamness and McGuire [23]. Significance of
differences in dissociation constants (KD) between native
and substituted peptides was determined with the two-
tailed Student’s t-test. Competition studies with unlabeled
nicotine were performed as described [20]. The IC50 values
were determined from logit-log plots of the competition
data [24].

TABLE 1. Sequence of residues 181–200 of Torpedo a1
subunit*

181 185 190 195 200
z z z z z
Y R G W K H W V Y Y T C C P D T P Y L D

* Substitutions shown in Table 2 and Fig. 2.
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RESULTS

Binding of [3H]nicotine to peptide a1 173–204 was de-
scribed previously [20]. To compare the sequences a1
166–211 and a1 181–200 with the peptide a1 173–204, we
tested the ability of unlabeled nicotine to compete with
[3H]nicotine. The IC50 values for nicotine competition to
the sequences a1 166–211, a1 173–204, and a1 181–200
were 8.4 3 1027, 1.4 3 1026, and 1.9 3 1026 M,
respectively (Fig. 1). Thus, [3H]nicotine binding to the
three sequences was comparable.

[3H]Nicotine binding to synthetic peptides and fusion
proteins in which individual residues were substituted was
compared in a solid-phase radioassay at a single concentra-
tion of nicotine (30 nM) (Table 2; Fig. 2). Binding to the
native sequence was taken as 100%. The following substi-
tutions resulted in at least a 50% reduction in nicotine
binding: K185G, K185E, K185R, Y190G, Y190A, C192H,
C192/G/C193, C193H, C193V, T196S, Y198A, and
Y198F. Other substitutions resulted in a lesser reduction
(40–50%) in binding: R182G, H186G, V188I, Y189F,
Y190H, C192V, P194G, P194GG, and T196V. In four
cases, the peptide and fusion protein had the same substi-
tution. For the W184F and C192G substitutions, nicotine
binding to the peptide and fusion protein was comparable.
On the other hand, the difference in binding to the peptide
and fusion protein for the V188T and T191S substitutions
was statistically significant (P , 0.01). The differences
could indicate a modulatory effect of the TrpE protein of
the fusion protein on the nicotine binding site.

Comparison of binding at a constant nicotine concen-
tration can give an estimate of relative binding. However,
there can be inaccuracies if substituted peptides differ in
their solubility or ability to adhere to plastic. For this

reason, equilibrium binding studies were performed on
selected peptides, and KD values were determined. Analysis
of nicotine binding to peptide a1 181–200 yielded a
binding component with an apparent KD of 1.2 mM (Fig.
3). This value is comparable to the major binding compo-
nent of peptide a1 173–204 (KD 5 1.6 mM) [20].

When substituted peptides were compared with the
nonsubstituted sequence, the following peptides showed a
significant reduction in KD: K185E, H186G, Y190T,
Y190H, C192H, C193H, Y198F, and Y198H (Table 2; Fig.
3). These include some peptides that did not show a drastic
reduction in [3H]nicotine binding in the binding assay in
which a single concentration of [3H]nicotine was used. The
following peptides did not show a significant reduction in
KD: R182G, K185G, K185R, V188I, Y189H, P194G,
D195G, T196V, T196S, and D200G. D195G and D200G
were tested because Asp 195 and Asp 200 are candidates for
an anionic subsite and P194G because of a possible role of
Pro 194 in conformation, which could affect binding. These
substituted peptides did not show a reduction in affinity
relative to the unsubstituted peptide.

DISCUSSION

These studies point most strongly to a role of the a1 subunit
residues Lys 185, His 186, Tyr 190, Cys 192, Cys 193, and
Tyr 198 in nicotine binding within residues 181–200 of the
a1 subunit. Substitution of these residues resulted in
reduced nicotine binding and decreased affinity for nicotine
relative to the unsubstituted sequence. These residues may
be involved in binding through direct interaction of func-
tional groups with the ligand. Alternatively, substitution of
these amino acids could reduce binding by altering the
conformation of the peptide to one less conducive to
binding or by affecting the functional properties of neigh-
boring residues. This could be the case with residues where
some amino acid substitutions reduced binding, while
others had no effect (e.g. Lys 185, Tyr 198). Another
possible limitation is that the peptides may not completely
mimic the nicotine-binding site on the native receptor.

The ligand-binding site on the AChR should be chem-
ically complementary to the three-dimensional arrange-
ment of the essential groups of ligands. Nicotinic agents are
characterized by a positively charged alkylammonium moi-
ety (quaternary ammonium group of ACh and pyrrolidine
nitrogen in nicotine) located 5.9 Å from a hydrogen bond
acceptor (carbonyl oxygen in ACh and pyridine nitrogen in
nicotine) [25]. Thus, the binding site on the AChR should
contain at least two subsites: an anionic center and a
hydrogen-bonding site that is likely to also contain hydro-
phobic residues [1].

Studies that used affinity-labeling reagents and native
AChR have identified residues on the a1 subunit that
likely contribute to the cholinergic-binding site [26–30].
They are Tyr 93, Trp 149, Tyr 190, Cys 192, Cys 193, and
Tyr 198. These residues are expected to be in close
proximity in the native AChR molecule [31]. [3H]Nicotine

FIG. 1. Competition of [3H]nicotine binding to Torpedo a1
166–211 fusion protein (E), 173–204 32mer (h), and 181–
200 20mer (Ç). Wells of microtiter plates were coated with
fusion protein or peptide, washed, and incubated with [3H]-
nicotine (150,000 cpm) and a range of concentrations of unlabeled
nicotine for 30 min. The wells were washed, and bound
radioactivity was measured. Values represent the average of
three replicates. Data for 173–204 32mer are from Lentz [20].
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photolabeled primarily Tyr 198 and, to a lesser extent, Tyr
190 and Cys 192 [32]. The present study also indicates a
role for Tyr 190, Cys 192, Cys 193, and Tyr 198 in nicotine
binding.

There are several possibilities as to how these residues
might interact with cholinergic agents. Aromatic residues
could form an electronegative subsite [13, 27–29, 33]. It has
been proposed that the quaternary ammonium group could
interact with an aromatic hydroxyl of Tyr 93 [34, 35] and of
Tyr 190 [35] and with the aromatic ring of Tyr 198 through
a cation-p interaction [34–36]. On the other hand, evi-
dence has been presented that acidic residues (aspartate
and glutamate) in the g and d subunits contribute to the
negative subsite [1, 6]. The present study indicates that
negatively charged residues (Asp 195 and Asp 200) of the
a1 subunit do not contribute to the anionic subsite for
nicotine. It has been noted that both carboxylate and
aromatic side chains could form the negative subsite [1]. In

this model, other aromatic side chains, possibly including
Tyr 190, may contribute to the second subsite and interact
with the other end of agonists through hydrogen bonding
and hydrophobic interactions [1].

Cys 192 and Cys 193 are present in all nicotinic AChR
a subunits and substitution of these residues reduced
nicotine binding and affinity. These residues are labeled by
affinity alkylating agents and are located 9–12 Å from the
negative subsite [26]. In the native receptor, the cysteines
form a disulfide bond necessary for the action of agonists
[37]. It was proposed that the lone pair electrons on the
sulfur of cysteine could contribute to the electronegativity
of the anionic subsite [27]. Alternatively, substitution of
these residues could change the conformation of the pep-
tides to one less conducive to binding. On the other hand,
substitution of other residues that might affect conforma-
tion (Pro 194 and Pro 197) did not affect nicotine binding
significantly.

TABLE 2. Effects of amino acid substitutions on [3H]nicotine binding to AChR a1 subunit peptides and fusion proteins

Peptide

% Binding to
unsubstituted

peptide
KD

(mM) P* Peptide

% Binding to
unsubstituted

peptide
KD

(mM) P*

Native 100 1.2 6 0.1
Y181G 105 6 5 C192G 68 6 9
R182G 59 6 6 1.7 6 0.6 . 0.10 †C192G 63 6 11
G183A 79 6 4 †C192A 77 6 3
W184G 106 6 7 C192S 60 6 7
W184F 94 6 7 C192H 46 6 7 3.1 6 0.2 , 0.001
†W184F 97 6 6 C192V 54 6 5
K185G 49 6 7 1.3 6 0.2 . 0.10 C192/G/C193 46 6 4
K185E 38 6 10 2.6 6 0.3 , 0.001 C193G 72 6 9
K185R 39 6 6 1.2 6 0.3 . 0.10 †C193A 69 6 10
†K185W 99 6 9 C193S 61 6 6
H186G 60 6 6 3.4 6 0.4 , 0.001 C193H 31 6 7 3.6 6 0.2 , 0.001
†H186A 96 6 7 C193V 41 6 9
W187G 104 6 5 P194G 60 6 7 1.4 6 0.3 . 0.10
W187F 82 6 7 †P194L 93 6 7
†W187S 92 6 7 P194GG 53 6 6
W187M 107 6 6 D195G 94 6 8 1.2 6 0.2 . 0.10
W187Y 82 6 5 †D195A 95 6 6
V188G 90 6 6 D195E 90 6 7
V188I 51 6 6 1.7 6 0.4 . 0.05 D195N 68 6 8
V188T 83 6 3 †D195K 94 6 2
†V188T 95 6 4 T196G 86 6 9
Y189G 101 6 11 †T196A 64 6 5
Y189F 57 6 5 T196S 44 6 9 1.4 6 0.2 . 0.10
Y189H 73 6 9 1.4 6 0.3 . 0.10 T196V 52 6 5 1.6 6 0.5 . 0.10
Y189T 97 6 5 P197G 100 6 9
†Y189N 96 6 8 †P197A 73 6 4
†Y190G 46 6 10 P197GG 85 6 8
†Y190A 36 6 10 Y198G 105 6 8
Y190F 88 6 4 †Y198A 44 6 7
Y190H 59 6 10 3.2 6 0.1 , 0.001 Y198F 45 6 9 3.8 6 0.3 , 0.001
Y190T 69 6 8 3.9 6 0.8 , 0.01 Y198H 72 6 9 3.6 6 0.8 , 0.01
T191G 100 6 7 Y198T 87 6 6
T191S 61 6 4 L199G 75 6 9
†T191S 81 6 12 D200G 66 6 3 1.2 6 0.2 . 0.10
T191V 78 6 6 †D200A 86 6 7

Values are means 6 SD, N 5 3–6.
* Significance level for difference between KD of unsubstituted and substituted peptides.
† Fusion protein.
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While roles for Tyr 190, Cys 192, Cys 193, and Tyr 198 in
binding are established, there is little previous evidence for
functions of Lys 185 and His 186 in agonist binding to the
AChR. Both residues are conserved or conservatively substi-
tuted in most a subunits. Both could participate in hydrogen
bonding. It has been suggested that His 186 could act as a
proton acceptor responsible for tyrosinate production [38].
However, mutation of His 186 produced only a small change
in activation of the receptor by ACh [39]. While these
residues could have an effect on their environment, there is
evidence that nicotine can interact directly with histidine and

lysine residues. Nicotine has been reported to bind to histidine
residues of the 42-residue amyloid b-peptide and to inhibit
amyloid formation by the peptide [40]. Binding is mediated by
the N-CH3 and 59-CH2 pyrrolidine moieties of nicotine.
There is also evidence that nicotine interacts with lysine in
the amyloid protein.*

*Zagorski MG, In molecular modeling of nicotine binding to the amyloid
protein, the Lys 16 side chain is hydrogen bonded to the aromatic nitrogen
of nicotine. Personal communication; cited with permission.

FIG. 2. Comparison of [3H]nicotine binding to native and substituted fusion proteins and peptides. Wells of microtiter plates were
coated with peptides or fusion proteins, washed, and incubated with 150,000 cpm [3H]nicotine (30 nM) for 90 min. The wells were
washed, and bound radioactivity was measured. Binding to the native sequence is taken as 100%. Values represent the averages of at
least three experiments with three replicates each. Error bars show the standard deviation. Key: * 5 fusion protein.
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Of the residues playing a role in nicotine binding to the
Torpedo a1 subunit, Cys 192, Cys 193, and Tyr 198 are
invariant in muscle a1 subunits of different species and in
neuronal a subunits (a2–a9). Tyr 190 is present in all a
subunits except a5. Lys 185 and His 186 are conserved in
muscle a1 subunits but less so in neuronal a subunits. In
the latter, Lys 185 is most often substituted with a Tyr or
Arg residue, whereas His 186 is most often substituted with
an Asn residue.

a-Btx binding to these peptides [14, 15] and fusion
proteins [19] has been described. Substitution of His 186,
Tyr 190, Cys 192, Cys 193, and Tyr 198 affected both a-Btx
and nicotine binding, indicating that antagonists and
agonists share some binding determinants. On the other
hand, substitution of Val 188, Tyr 189, Pro 194, Asp 195,
and Pro 197 affected only a-Btx binding, whereas substi-
tution of Lys 185 affected only nicotine. Tyr 198 is the
residue primarily photoaffinity labeled by [3H]nicotine [32],
while Tyr 189 is present in muscle AChRs that bind a-Btx
with high affinity. Substitution of Tyr 189 did not affect
nicotine binding. Thus, Tyr 189 appears to play a unique
role in a-Btx binding, while Tyr 198 plays a major role in
nicotine binding. The relatively large a-Btx molecule
appears to interact with more residues than does nicotine.
The finding that substitution of proline residues affects

a-Btx binding more than nicotine binding suggests that
conformation may play a greater role in the binding of the
neurotoxin molecule than of nicotine.
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