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Conventional nicotinic acetylcholine receptor (nAChR) agonists,
such as acetylcholine, act at an extracellular “orthosteric” binding
site located at the interface between two adjacent subunits. Here,
we present evidence of potent activation of α7 nAChRs via an
allosteric transmembrane site. Previous studies have identified a
series of nAChR-positive allosteric modulators (PAMs) that lack
agonist activity but are able to potentiate responses to orthosteric
agonists, such as acetylcholine. It has been shown, for example,
that TQS acts as a conventional α7 nAChR PAM. In contrast, we
have found that a compound with close chemical similarity to TQS
(4BP-TQS) is a potent allosteric agonist of α7 nAChRs. Whereas the
α7 nAChR antagonist metyllycaconitine acts competitively with
conventional nicotinic agonists, metyllycaconitine is a noncompet-
itive antagonist of 4BP-TQS. Mutation of an amino acid (M253L),
located in a transmembrane cavity that has been proposed as
being the binding site for PAMs, completely blocks agonist activa-
tion by 4BP-TQS. In contrast, this mutation had no significant ef-
fect on agonist activation by acetylcholine. Conversely, mutation
of an amino acid located within the known orthosteric binding site
(W148F) has a profound effect on agonist potency of acetylcholine
(resulting in a shift of ∼200-fold in the acetylcholine dose-response
curve), but had little effect on the agonist dose-response curve
for 4BP-TQS. Computer docking studies with an α7 homology
model provides evidence that both TQS and 4BP-TQS bind within
an intrasubunit transmembrane cavity. Taken together, these find-
ings provide evidence that agonist activation of nAChRs can occur
via an allosteric transmembrane site.

allosteric potentiation | neurotransmitter receptor

Nicotinic acetylcholine receptors (nAChRs) are pentameric
neurotransmitter-gated ion channels and are members of

the superfamily of Cys-loop receptors that includes receptors for
5-hydroxytryptamine (5-HT), GABA, and glycine (1). Nicotinic
receptors are, themselves, a diverse family of receptors (2, 3). In
vertebrates, 17 nAChR subunits (α1–α10, β1–β4, γ, δ, and ε) have
been identified and can coassemble to generate a wide variety of
nAChR subtypes with distinct biophysical and pharmacological
properties (3). For example, important nAChR subtypes ex-
pressed in the brain include heteromeric receptors (such as those
containing α4 and β2 subunits) and homomeric receptors (such
as those containing five copies of the α7 subunit). Nicotinic re-
ceptors have been implicated in a number of neurological and
psychiatric disorders, including Alzheimer’s disease, Parkinson
disease, epilepsy, and schizophrenia (4–6). As a consequence,
nAChRs are viewed as being important targets for therapeutic
drug discovery (7, 8).
3D structural information is available for individual nAChR

subunit domains (9) and for intact nAChRs (10). In addition,
high-resolution structural information has been obtained from
acetylcholine binding proteins, which share close sequence sim-
ilarity to the nAChR extracellular region (11). Such data have
helped to confirm that conventional agonists (such as acetyl-
choline) and competitive antagonists [such as methyllycaconitine
(MLA)] bind to an extracellular agonist-binding domain (the
“orthosteric” binding site) located at the interface between ad-

jacent subunits (12, 13) and distinct from the transmembrane
ion-channel pore. Each of the five subunits in a nAChR con-
tains four α-helical transmembrane domains (TM1–4), with
the pore of the channel being lined by the second of these
transmembrane domains.
In addition to extensive studies aimed at characterizing

nAChR-selective agonists and antagonists, considerable interest
has been generated by the identification of a diverse group of
allosteric modulators of nAChRs (14–16). These modulators
include both positive allosteric modulators (PAMs) and non-
competitive antagonists (also referred to as negative allosteric
modulators). Studies of α7-selective PAMs have identified two
classes (type I and type II). Although both types potentiate ag-
onist-evoked responses, they differ in their effects on receptor
desensitization. Type I PAMs increase peak agonist-evoked
responses but have little or no effect on the rate of desensi-
tization of α7 nAChRs (17, 18), whereas type II PAMs also cause
a dramatic reduction in desensitization (19, 20). Here, we have
examined the properties of 4-(1-napthyl)-3a,4,5,9b-tetrahydro-
3H-cyclopenta[c]quinoline-8-sulfonamide (TQS), which is a type
II PAM, as has been described previously (20). In addition,
we report studies conducted with 4-(4-bromophenyl)-3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide (4BP-TQS),
a compound that is similar in chemical structure to TQS (Fig. 1),
and which we have found to have potent, but atypical, agonist
activity on α7 nAChRs.
In previous studies (21) we have identified an intrasubunit

cavity, located between the four transmembrane α-helices, as the
allosteric binding site for both type I and type II PAMs acting
on α7 nAChRs (21, 22). Here, we provide evidence that ligand
binding at this transmembrane allosteric site is able to activate
nAChRs in the absence of agonist binding at the orthosteric site.
We conclude that ligand-induced channel activation can be driven
by both orthosteric and allosteric agonists, presumably by affect-
ing rate constants for transitions between resting and open states.

Results
Agonist activation of α7 nAChRs by acetylcholine caused rapidly
desensitizing responses (Figs. 2A, 3, and 4A), a finding that is
consistent with previous studies (23). In contrast, TQS, an α7-
selective type II PAM (20), displayed no agonist activity on α7
nAChRs but caused dramatic potentiation of agonist-evoked
responses, together with a dramatic reduction in the rate of
desensitization (Fig. 2A). These findings are also in agreement
with previous independent studies (20). Dose-response data de-
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termined from a range of concentrations of TQS revealed that it
potentiated responses to a submaximal concentration of acetyl-
choline (100 μM, close to the EC50 for ACh), with an EC50 value
of 6.2 ± 0.6 μM and a Hill coefficient of 1.5 ± 0.1 (n = 3) (Fig.
2B). It has also been reported previously that type II PAMs can
cause reactivation of α7 nAChRs from a desensitized state (21).
We have confirmed that, as was shown previously for the type II
PAM PNU-120596 (21), coapplication of TQS with acetylcho-
line causes reactivation of desensitized α7 nAChRs (Fig. 3).
Despite the absence of agonist activity of TQS on α7 nAChRs,

even at the highest concentrations tested (0.1 mM), a compound
with very close chemical similarity to TQS (4BP-TQS) (Fig. 1)
was found to act as a potent agonist of α7 nAChRs (Fig. 4A).
However, in contrast to agonist activation by acetylcholine,
responses evoked by 4BP-TQS displayed no evidence of de-
sensitization (Fig. 4A). Responses to 4BP-TQS had a relatively
slow onset and were slow to reach a plateau (Fig. 4A). The dif-

ferences in kinetics and in the extent of receptor desensitization
suggest that acetylcholine and 4BP-TQS activate α7 nAChRs
through different mechanisms. A further difference between
agonist activation by the two compounds is that the agonist dose-
response curve observed with 4BP-TQS is significantly steeper
(nH = 2.3 ± 0.4) (Fig. 4B) than that observed with acetylcholine
(nH = 1.3 ± 0.2) (Fig. 4C). Additionally, responses generated by
a maximal concentration of 4BP-TQS were substantially larger
(45 ± eightfold) than maximal acetylcholine responses recorded
from the same oocyte. Half-maximal agonist activation of
α7 nAChRs occurred with lower concentrations of 4BP-TQS
(EC50 = 17 ± 3 μM) than with acetylcholine (EC50 = 128 ± 12 μM)
(Fig. 4 B and C). At high concentrations (above ∼30 μM) an
increase in the response was observed after agonist application
ceased (Fig. 4A), suggesting that 4BP-TQS also has some re-
ceptor/channel blocking activity at high concentrations. As
shown above for TQS (Fig. 3), exposure of desensitized α7
nAChRs to 4BP-TQS also resulted in recovery of receptors from
the desensitized state (Fig. 3).
In previous studies, aimed at characterizing the binding site of

α7-selective PAMs such as PNU-120596, we exploited a series of
chimeras containing domains from the α7 nAChR subunit and
the 5-HT3A subunit (21). The rationale behind these experi-
ments was that PNU-120596 acted as a potentiator of α7
nAChRs but had no effect on 5-HT3 receptors. We have ex-
amined the influence of 4BP-TQS on 5-HT3A and detected no
evidence of agonist activity. Similarly, when 4BP-TQS was tested
on an α7 subunit chimera (α74TM-5HT3A) containing the trans-
membrane region from 5-HT3A (24), no agonist activity was
observed. This finding suggests that agonist activation of α7
nAChRs, like allosteric modulation by compounds such as PNU-
120596, is dependent on the α7 transmembrane region.
We have shown previously that mutations located within

a proposed intrasubunit transmembrane cavity of α7 nAChRs
reduce levels of potentiation by both type I and type II PAMs
(21, 22). For example, a single-point mutation (M253L) located
in the second transmembrane domain (TM2), reduced levels of
potentiation by PNU-120596 to about 10% of that observed with
wild-type α7 nAChRs (21). Here, the influence of the M253L
mutation was examined with regard to potentiation by TQS and
was found to have an even more dramatic effect, causing
a complete loss of potentiation (Fig. 2B), even at the highest
concentrations of TQS tested (0.1 mM). The M253L mutation
had a similarly dramatic effect on the agonist activity of 4BP-
TQS, causing a complete loss of drug-evoked responses, even at
concentrations of 4BP-TQS that produced maximal agonist ac-

Fig. 1. Chemical structure of TQS and 4BP-TQS.

Fig. 2. Positive allosteric modulation of α7 nAChRs by TQS, examined by
two-electrode voltage-clamp recording in Xenopus oocytes. (A) Represen-
tative recordings are shown illustrating responses to the application of
acetylcholine (100 μM) (Left) and of acetylcholine (100 μM) coapplied with
TQS (100 μM) (Right). The duration of agonist applications are indicated by
a horizontal line. (Scale bars: vertical, 1 μA; horizontal, 5 s.) (B) Dose-response
data are presented for a range of concentrations of TQS (0.03–100 μM) on
responses evoked by a submaximal (EC50) concentration of acetylcholine.
Data were obtained with either wild-type α7 nAChRs (●) or α7 nAChRs
containing the M253L mutation (○). Data are means ± SEM of at least three
independent experiments, each from different oocytes.

Fig. 3. TQS and 4BP-TQS facilitate recovery of α7 nAChRs from de-
sensitization. Prolonged exposure of α7 nAChRs to a high concentration of
acetylcholine (100 μM) results in receptor activation, followed by rapid de-
sensitization. In the continued presence of acetylcholine (100 μM), coappli-
cation of either TQS (10 μM) (Left) or 4BP-TQS (10 μM) (Right) results in
reactivation of desensitized receptors. Applications of acetylcholine and al-
losteric modulators (TSQ or 4BP-TQS) are indicated by horizontal lines. (Scale
bars: vertical, 0.5 μA; horizontal, 10 s.)
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tivity on wild-type α7 nAChRs (0.1 mM) (Fig. 4B). In contrast,
the M253L mutation had no significant effect on agonist activity
of acetylcholine (Fig. 4C). These findings provide further support
for the hypothesis that acetylcholine and 4BP-TQS activate α7
nAChRs through different mechanisms of action.
The binding site for orthosteric agonists, such as acetylcholine,

is well established and mutations located at this site in α7
nAChRs have been shown to cause a substantial rightward shift
in the dose-response curve for acetylcholine (25). Here, we ex-
amined the influence of one such mutation (W148F), located
close to the known binding site of acetylcholine. Comparison of
wild-type and mutant (W148F) α7 nAChRs revealed that the
W148F mutation caused a large (188-fold) rightward shift in the
acetylcholine dose-response curve (Fig. 4C). The same mutation
caused a much smaller rightward shift (∼twofold) in the 4BP-
TQS dose-response curve that was not significantly different
from wild-type (Fig. 4B). Therefore, we have found that a mu-
tation located close to the known orthosteric binding site

(W148F) causes a greater reduction in agonist potency of ace-
tylcholine, whereas a mutation close to the proposed trans-
membrane binding site of allosteric modulators (M253L) has
a selective effect on agonist activity of 4BP-TQS.
MLA is a potent reversible competitive antagonist of α7

nAChRs. As has been demonstrated previously, MLA causes
a surmountable block of acetylcholine-evoked responses (22, 26).
Here, MLA was found to act as a reversible antagonist of
responses evoked by 4BP-TQS (Fig. 5 and Fig. S1A). However,
in contrast to its effects on acetylcholine (22, 26), antagonism of
4BP-TQS responses by MLA was not surmountable (Fig. 5),
a feature that is characteristic of noncompetitive antagonism.
The reversible nature of antagonism by MLA (Fig. S1A) indi-
cates that it is reasonable to attribute the nonsurmountable block
of 4BP-TQS responses to noncompetitive binding, rather than
irreversible binding. Antagonism of 4BP-TQS responses was also
observed with α-bungarotoxin. However, in contrast to MLA,
antagonism by α-bungarotoxin was not readily reversible (Fig.
S1B). Typically, antagonism by α-bungarotoxin required more
than 6 min to achieve complete block and responses did not
recover substantially, even after washing for 15 min (Fig. S1B).
The differential effect of MLA (noncompetitive, rather than
competitive antagonism) provides strong evidence that 4BP-TQS
binds at a site that is distinct from the conventional orthosteric
binding site and supports the mutagenesis studies above, showing
that 4BP-TQS causes agonist activation of α7 nAChRs via a
distinct site.
An interesting question is whether, in addition to its action as

an allosteric agonist, 4BP-TQS is also able to act as a potentiator
of acetylcholine responses. To examine this question, acetyl-
choline was coapplied with a submaximal concentration of 4BP-
TQS (10 μM). After preapplying 4BP-TQS, coapplication of 25
μM acetylcholine (equivalent to an EC10 concentration in the
absence of 4BP-TQS) resulted in a dramatically potentiated re-
sponse to acetylcholine (Fig. 6). Indeed, the magnitude of the
secondary response (i.e., that caused by the coapplication of an
EC10 concentration of acetylcholine) was 542 ± 32-fold (n = 3)
larger than the response elicited by an EC10 concentration of
acetylcholine applied in the absence of 4BP-TQS (Fig. 6). Fur-
thermore, this potentiated response to acetylcholine was 41 ± 5-
fold larger than that of a maximal concentration of acetylcholine
applied in the absence of 4BP-TQS (Fig. 6). In addition, the
potentiated acetylcholine responses showed no evidence of de-
sensitization, a feature that is characteristic of type II PAMs,
such as TQS. Similar experiments were performed with α7
nAChRs containing the M253L mutation and revealed that this
single-point mutation abolished completely both the agonist and
potentiating effects of 4BP-TQS (Fig. S2).

Fig. 4. Agonist activation of α7 nAChRs by acetylcholine and 4BP-TQS, ex-
amined by two-electrode voltage-clamp recordings in Xenopus oocytes. (A)
Representative recordings are shown illustrating responses to the applica-
tion of acetylcholine (3 mM) (Left) and of 4BP-TQS (60 μM) (Right). The
duration of agonist applications are indicated by a horizontal line. (Scale
bars: vertical, 1 μA; horizontal, 5 s.) Dose-response data are presented for
a range of concentrations of 4BP-TQS (B) or acetylcholine (C), with wild-type
α7 nAChRs (●) or with α7 nAChRs containing either the W148F mutation (△)
or the M253L mutation (□). Data are means ± SEM of at least three in-
dependent experiments, each from different oocytes.

Fig. 5. MLA is a noncompetitive antagonist of 4BP-TQS. Dose-response data
are presented for a range of concentrations of acetylcholine acting on α7
nAChRs either in the absence (●) or presence (○) of MLA (5 nM). In all cases,
MLA was preapplied for 15 s and then coapplied with 4BP-TQS. Data are
means ± SEM of at least three independent experiments, each from differ-
ent oocytes.
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Mutations of amino acid L247 (such as L247T) in α7 nAChRs
have been found to have particularly dramatic effects on the
functional properties of this receptor (27, 28). The effects of the
L247T mutation include increased potency of agonists such as
acetylcholine, reduced levels of desensitization (27), and an in-
crease in spontaneous openings (29). Indeed, the desensitization
profile of acetylcholine responses on α7 receptors containing the
L247T mutation resembles that observed in wild-type α7 recep-
tors in the presence of type II PAMs, such as PNU-120596 and
TQS (19, 20). In addition, the L247 mutation causes some
competitive antagonists to act as agonists (28). Because of these
interesting and diverse effects, we examined the influence of the
L247T mutation on α7 PAMs. Interestingly, we find that the
L247T mutation converts TQS, an α7-selective type II PAM, into
an agonist (Fig. 7). Higher concentrations of TQS were required
to obtain half-maximal activation of α7L247T nAChRs (EC50 =
1.2 ± 0.3 μM) than with acetylcholine (EC50 = 0.4 ± 0.04 μM).
However, whereas the allosteric agonist 4BP-TQS generated
much larger maximal responses than acetylcholine in wild-type
α7 nAChRs (45-fold) (Fig. 4A), maximal responses to TQS on
α7L247T nAChRs were not significantly larger than the maximal
responses to acetylcholine (Fig. 7A).
Previously, computer-docking simulations were conducted

with an α7 nAChR homology model and provided support for
the proposal that α7 nAChR PAMs, such as PNU-120596, act via
a transmembrane binding site (21). Using the same approach, we
have obtained evidence that both TQS and 4BP-TQS bind fa-
vorably at a similar transmembrane location on the α7 nAChR.
The most favorable (lowest energy) docked conformation of
TQS was in a position broadly similar to that identified previously
for PNU-120596 (21), within a presumed intrasubunit cavity lo-
cated between the four α-helical transmembrane domains (Fig.
8). The lowest energy docked conformation of 4BP-TQS was also
within the transmembrane intrasubunit cavity but was located
closer toward the inner face of the M2 helix and was in very close
proximity (within 3Å) of M253, the amino acid which, when
mutated, caused a dramatic loss of agonist activity by 4BP-TQS.

Discussion
Ligand-gated ion channels such as nAChRs are complex multi-
subunit allosteric proteins, containing a variety of binding sites
for pharmacologically active compounds (13, 30). In the present
study, we have presented evidence demonstrating that 4BP-TQS
acts as an agonist of α7 nAChRs by binding to an allosteric
transmembrane site. Several lines of experimental evidence
support the hypothesis that 4BP-TQS and conventional agonists

such as acetylcholine exert their agonist effects on α7 nAChRs
through different mechanisms. The most obvious difference be-
tween agonist activation by acetylcholine and 4BP-TQS is that
activation by acetylcholine causes rapid desensitization of α7
nAChRs, whereas no desensitization was observed when recep-
tors were activated with 4BP-TQS (Fig. 4A). Indeed, the non-
desensitizing responses to 4BP-TQS resemble responses with
acetylcholine in the presence of allosteric potentiators, such as
TQS (20). In addition, responses to acetylcholine had a much
faster onset that those evoked by 4BP-TQS (Fig. 4A). At high
concentrations of 4BP-TQS (above ∼30 μM), an increase in the
response was observed after agonist application ceased (Fig. 4A).
This finding would suggest that 4BP-TQS also has some re-

Fig. 6. 4BP-TQS acts as potentiator of acetylcholine responses. Represen-
tative traces showing agonist responses on α7 nAChRs to a maximal con-
centration (3 mM) (Left) and an EC10 concentration (25 μM) (Center) of
acetylcholine. Also shown (Right) is a response to 4BP-TQS (10 μM). After the
response to 4BP-TQS had reached a plateau, acetylcholine (25 μM) was
coapplied with 4BP-TQS (10 μM), resulting in a secondary response of much
greater magnitude (542 ± 32; n = 3) than was observed when the same
concentration of acetylcholine was applied alone (Center).

Fig. 7. The α7 nAChR transmembrane mutation L247T converts TQS from
a PAM into an agonist. (A) Representative recordings are shown illustrating
responses to the application of acetylcholine (3 μM) (Left) and of TQS (100
μM) (Right). The duration of agonist applications are indicated by a hori-
zontal line. (Scale bars: vertical, 0.5 μA; horizontal, 5 s.) (B) Dose-response
data are presented for a range of concentrations of acetylcholine (●) and
TQS (○) acting on α7 nAChRs containing the transmembrane L247T muta-
tion. Data are means ± SEM of at least three independent experiments, each
from different oocytes.

Fig. 8. Computer-docking simulation performed with a homology model of
the α7 transmembrane domain (21). The backbone of the four trans-
membrane α-helices (TM1–TM4) are shown in gray. The side chain of M253 is
in red (with atoms represented as spheres) the lowest energy (highest pre-
dicted binding affinity) docked position of 4BP-TQS is illustrated in blue. For
comparison, the lowest energy docked position of TQS is illustrated in green.
The model is shown from a side-on view (Left) and as viewed from above,
looking down from the extracellular face of the lipid membrane (Right).
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ceptor/channel-blocking activity, a feature that is also observed
with high concentrations of conventional agonists, such as ace-
tylcholine (31).
The agonist dose-response curve observed with 4BP-TQS is

significantly steeper (nH = 2.3 ± 0.4) (Fig. 4B) than that observed
with acetylcholine (nH = 1.3 ± 0.2) (Fig. 4C). This finding
may reflect a greater degree of cooperativity associated with
agonist activation by 4BP-TQS, although the difference may be,
at least in part, because of an underestimation of the Hill co-
efficient with acetylcholine caused by the high level of desen-
sitization that occurs with high agonist concentrations (32, 33).
Data obtained from mutated α7 nAChRs provide support for

the conclusion that acetylcholine and 4BP-TQS cause receptor
activation through different binding sites. A mutation located in
the nAChR transmembrane domain (M253L) causes a complete
loss of agonist activity by 4BP-TQS but has no significant effect
on acetylcholine. In contrast, a mutation known to be located
close to the conventional agonist-binding site (W148F) had a
significantly greater effect on agonist potency of acetylcholine
than 4BP-TQS. Mutations do not necessarily have to lie in close
proximity to an agonist binding site to have dramatic effects on
agonist potency, but these data support the conclusion that
acetylcholine and 4BP-TQS act through different mechanisms. It
is well established that W148F is located close to the acetyl-
choline binding site and computer modeling data, presented in
this study, supports the conclusion that M253L is located close to
the binding site for 4BP-TQS.
Perhaps the most direct evidence that acetylcholine and

4BP-TQS bind to distinct sites comes from studies with the α7-
selective antagonist MLA. MLA is a competitive antagonist of
acetylcholine acting on α7 nAChRs (22, 26), but acts as a non-
competitive antagonist of 4BP-TQS. When acting as an antagonist
of acetylcholine, MLA binds competitively at the conventional
(orthosteric) binding site. We assume that the nonsurmountable
antagonism of 4BP-TQS responses by MLA are also a result of
MLA binding to its extracellular (orthosteric) site. In binding to
this site, MLA may stabilize the closed state of the receptor or
may inducing a conformational change that affects binding of
4BP-TQS at a distinct site. We have described this as non-
competitive antagonism, although MLA could also be consid-
ered to be acting as an inverse agonist. In support of the latter
possibility are previous studies demonstrating that MLA can
block spontaneous openings in mutant α7 nAChRs (29). Taken
together, these findings provide strong evidence that acetylcho-
line and 4BP-TQS cause agonist activation of α7 nAChRs by
binding to distinct (orthosteric and allosteric) sites. The site-
directed mutagenesis data support the hypothesis that 4BP-TQS
acts as an agonist by binding to the same allosteric site that is
responsible for potentiation by PAMs, such as LY-2087101,
PNU-120596, and TQS. It has been proposed previously that α7
PAMs, such as LY-2087101 and PNU-120596, bind to an intra-
subunit transmembrane cavity (21). The likelihood that 4BP-
TQS acts as an agonist by binding at a similar location is sup-
ported by computer docking simulations conducted with an α7
nAChR homology model (Fig. 8). It is likely that this intra-
subunit transmembrane cavity corresponds to a conserved allo-
steric modulatory site among Cys-loop receptors. There is
evidence, for example, that GABAA and glycine receptor allo-
steric modulators, such as neurosteroids and volatile anesthetics,
interact in this region (34–36). Furthermore, recent photoaffinity
labeling studies with purified Torpedo nAChR has identified
interactions of photoaffinity ligands, including anesthetics, within
the transmembrane region (37, 38).
There is clear evidence that nAChRs undergo spontaneous

openings in the absence of agonists (39) and that the frequency
of such events can be increased through multiple mechanisms.
For example, increased levels of spontaneous opening of
nAChRs have been reported in several mutated nAChRs (29, 40,

41) and as a result of the omission of subunits in heterologously
expressed muscle nAChRs (42). In the same way, it is plausible
that stabilization of the open conformation of a nAChR might
occur as a result of ligands binding to multiple distinct sites. Here
we have shown that in α7 nAChRs containing the L247T mu-
tation, a receptor known to have a higher frequency of sponta-
neous openings (29), the allosteric potentiator TQS acquires the
ability to act as an agonist, just as 4BP-TQS has agonist activity
on wild-type α7 nAChRs. By reference to previously described
models for allosteric proteins (30, 43), the agonist effects of 4BP-
TQS and TQS can be explained in terms of their influence on
rate constants for transitions between resting and open states of
the receptor.
Conventional agonists, PAMs, and allosteric agonists, provide

a range of possible avenues for therapeutic drug discovery.
Conventional agonists of α7 nAChRs have been extensively
studied in preclinical models of neuropsychiatric disorders (8),
although few have progressed into clinical studies. Studies of α7-
selective PAMs have been reported in animal models (19, 44, 45)
but there is currently no evidence as to the potential therapeutic
usefulness of allosteric modulators or allosteric agonists acting
on α7 nAChRs. Theoretically, it is possible that a type II PAM
might have therapeutic benefits in situations where stronger
agonist responses were desirable. A nondesensitizing allosteric
agonist, on the other hand, might be particularly beneficial under
conditions of severe loss of endogenous acetylcholine, for ex-
ample in advanced Alzheimer’s disease, where potentiation might
be less effective. A potential concern is that excessive receptor
activation might lead to excitotoxicity because of excessive cal-
cium influx. It is of interest, therefore, that a recent study has
shown that α7-selective type II PAMs do not exert cytotoxic
effects, at least in the cell types that were examined (46).
Agonist activation by ligands interacting with an allosteric site

(sometimes referred to as “ago-allosteric” ligands) has been
described previously with respect to G protein-coupled receptors
(47, 48). There have also been reports demonstrating that allo-
steric potentiators of ligand-gated ion channels can also have
direct agonist activity. Such effects have been described, for ex-
ample, for the barbiturate anesthetic pentobarbital acting on
GABAA receptors, albeit at fairly high concentrations (49). Here
we have identified a compound that is capable of potent agonist
activation of α7 nAChRs. Significantly, however, 4BP-TQS is
a more potent and efficacious agonist of α7 nAChRs than is
acetylcholine (8-fold lower EC50 and 45-fold larger maximal
response). In addition, we have obtained evidence that this ac-
tivation occurs via interaction with a transmembrane site. It is
possible that this allosteric agonist binding site on nAChRs may
provide a novel avenue for pharmaceutical drug discovery.

Materials and Methods
Materials. All chemicals were obtained from Sigma, with the exception of
TQS and 4BP-TQS (Fig. 1), which were obtained from Chembridge Corpo-
ration, and MLA, which was obtained from Tocris Bioscience. Several plas-
mid constructs used in this study have been described previously. These
constructs include plasmids containing human α7 cDNA in pSP64GL (50),
mouse 5-HT3A in pRK5 (51), and an α7/5-HT3A subunit chimera (α74TM-5HT3A)
in pZeoSV2 (24).

Site-Directed Mutagenesis and cRNA Synthesis. Site-directed mutagenesis was
performed on human nAChR α7 subunit cDNA in plasmid pSP64GL (50) using
the QuikChange mutagenesis kit (Stratagene) and verified by nucleotide
sequencing. Plasmid pSP64GL containing wild-type or mutated human α7
cDNA was linearized with BamHI and purified with QIAQuik PCR purification
kit (Qiagen). In vitro synthesis of cRNA was performed using Message Ma-
chine SP6 transcription kit (Ambion). For consistency with previous studies,
the numbering of amino acids altered by site-directed mutagenesis is based
on the predicted signal sequence cleavage site in the mature α7 protein (see
figure 2 in ref. 23).
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Xenopus Oocyte Electrophysiology. Xenopus laevis oocytes were isolated and
defolliculated, as described previously (52). Heterologous expression was
achieved by injection of either cRNA (6–12 ng) into oocyte cytoplasm in the
case of wild-type and mutated α7, or plasmid cDNA constructs (10–30 ng)
into oocyte nuclei in the case of 5-HT3A and α7/5-HT3A subunit chimeras.
Oocytes were injected in a volume of 32.2 nL using a Drummond variable
volume microinjector. Two electrode voltage-clamp recordings were per-
formed essentially as described previously (52).

Computer Docking Simulations. Computational molecular docking was per-
formed with AUTODOCK 4 (53) using a homology model of the human α7
nAChR transmembrane region (54), as described previously (21). To avoid

bias, a blind-docking approach was used in which no assumptions were
made concerning where within the transmembrane region 4BP-TQS and TQS
might be expected to bind. Flexibility of rotatable bonds in 4BP-TQS and TQS
was permitted during the docking simulation.
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