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Background: Nicotinic acetylcholine receptors are activated by agonists at an orthosteric site and modulated by ligands at
allosteric sites.
Results: We identify amino acids required for the coupling between orthosteric and allosteric sites.
Conclusion: Allosteric activation can occur even when the orthosteric binding site is nonfunctional.
Significance: Insights are provided into the cooperative functions of orthosteric and allosteric activators of the �7 nAChR.

GAT107, the (�)-enantiomer of racemic 4-(4-bromophenyl)-
3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide,
is a strong positive allosteric modulator (PAM) of �7 nicotinic
acetylcholine receptor (nAChR) activation by orthosteric ago-
nists with intrinsic allosteric agonist activities. The direct acti-
vation produced by GAT107 in electrophysiological studies is
observed only as long as GAT107 is freely diffusible in solution,
although the potentiating activity primed by GAT107 can per-
sist for over 30 min after drug washout. Direct activation is sen-
sitive to �7 nAChR antagonist methyllycaconitine, although the
primed potentiation is not. The data are consistent with
GAT107 activity arising from two different sites. We show that
the coupling between PAMs and the binding of orthosteric
ligands requires tryptophan 55 (Trp-55), which is located at the
subunit interface on the complementary surface of the
orthosteric binding site. Mutations of Trp-55 increase the direct
activation produced by GAT107 and reduce or prevent the syn-
ergy between allosteric and orthosteric binding sites, so that
these mutants can also be directly activated by other PAMs such
as PNU-120596 and TQS, which do not activate wild-type �7 in
the absence of orthosteric agonists. We identify Tyr-93 as an
essential element for orthosteric activation, because Y93C
mutants are insensitive to orthosteric agonists but respond to
GAT107. Our data show that both orthosteric and allosteric
activation of �7 nAChR require cooperative activity at the inter-
face between the subunits in the extracellular domain. These coop-
erative effects rely on key aromatic residues, and although muta-

tions of Trp-55 reduce the restraints placed on the requirement for
orthosteric agonists, Tyr-93 can conduct both orthosteric activa-
tion and desensitization among the subunits.

The concept of ligand-gated ion channels as mediators of the
transduction of chemical signals at synapses into electrical sig-
nals was introduced with the characterization of the nicotinic
acetylcholine receptors (nAChR)3 at neuromuscular junctions.
Like all nAChR, muscle-type receptors are pentameric com-
plexes of subunits, and like most nAChR, they contain both
�-type and non-�-type subunits that form specialized binding
sites for the natural agonist acetylcholine (ACh) and chemical
analogs such as nicotine. Such heteromeric nAChR mediate
synaptic transmission through autonomic ganglia and have a
variety of effects in the central nervous system, although usually
not through point-to-point synaptic transmission.

The evolutionary precursors of heteromeric nAChR were
pentamers of identical �-type subunits (1), and the predomi-
nant nAChR subtype that retains this ancestral feature is the
homopentameric �7 nAChR. �7 nAChR lack numerous spe-
cializations that evolved for synaptic transmission. They are
relatively inefficient at generating ion channel currents, and
they lack specializations that would make them strictly “acetyl-
choline receptors” because they are also activated by the ACh
precursor choline (2). The specialized ACh-binding sites of
heteromeric nAChR, of which there are two per pentamer,
convert to a conformation with very high affinity for ACh
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regard to ion channel activation. Homomeric �7 nAChR
have five agonist-binding sites per receptor, and with high
levels of occupancy of these sites, �7 receptors also desensi-
tize, although the binding sites do not significantly change
their affinity for agonist, allowing the receptors to readily
return to their resting conformation (3).

Consistent with their “ancestral” character, �7 receptors are
found in both neuronal and non-neuronal cells such as macro-
phages (4). It is unclear that the �7 receptors in non-neuronal
cells are capable of ion channel activation, but it has been amply
demonstrated that they mediate other forms of signal transduc-
tion (5). Presently, �7 receptors are being pursued as therapeu-
tic targets for diverse indications such as Alzheimer disease,
schizophrenia, and inflammatory diseases such as arthritis and
asthma. However, it is unclear whether drugs optimized for
these indications will work upon the receptors in the same
ways, and it has been proposed that some �7-mediated effects,
such as those related to cognition, require ion channel activa-
tion, although other functions may be ion channel-independent
(6, 7).

nAChRs are allosteric proteins (8), and the conformational
equilibrium among the resting, activated (i.e. conducting), and
desensitized states is affected by the binding of agonists such as
ACh to the orthosteric site as well as other ligands to allosteric
sites. The first generation of drugs selectively targeting �7
receptors were agonist analogs presumed to bind at the same
sites as ACh. Although there has been some limited success at
developing such drugs therapeutically (9 –11), an alternative
approach has been to develop positive allosteric modulators
(PAMs) (12) that appear to have selectivity for �7, at least in
part, because they can destabilize the forms of desensitization
that are unique to �7, and in the absence of the PAM, the desen-
sitized state(s) profoundly limit the probability of ion channel
activation (3). PAMs have been hypothesized to bind at allos-
teric sites within the transmembrane domains of the receptor,
at a distance from the “orthosteric” site, which binds ACh and
other agonists and is located in the extracellular domains at the
interface between subunits (13).

PAMs may profoundly increase ion channel activation and
may also impact other forms of signaling as well (14 –18). By
definition, true PAMs bind at secondary sites and enhance
receptor activation by orthosteric agonists. Type II PAMs are
agents that are effective at producing both transient and pro-
longed increases in channel activation, with the long term
effects associated with the destabilization of desensitized states
(19). PNU-120596 is one of the most well studied type II PAMs;
however, a new class of drugs was recently discovered based on
structural modifications of an alternative type II PAM, TQS.
4BP-TQS can produce �7 ion channel activation without the
requirement of an orthosteric agonist (20), making it the pro-
totype for “ago-PAMs.” We have previously identified (21) the
active stereoisomer of 4BP-TQS, GAT107 (compound 1b,
the (�)-enantiomer of racemic 4BP-TQS with 3aR,4S,9bS
absolute stereochemistry). The identification of GAT107 as a
molecule that can both function as a direct (allosteric) activator
of the channel and as an allosteric modulator of concurrent or
subsequent orthosteric agonist-evoked responses (21) suggests
it as a tool to dissect the interaction between the orthosteric and

allosteric binding sites of the receptor. To do this, we conducted
a systematic analysis of the multiple forms of GAT107 activity
and supplemented that analysis with the study of mutants
known to alter orthosteric activation. In this work, we charac-
terize three forms of GAT107 activity as follows: direct allos-
teric activation, direct allosteric modulation, and a primed form
of potentiation based on long lasting priming of the receptor
presumably via a GAT107/receptor-bound state. Some of these
activities require coupling between the orthosteric and allos-
teric binding sites. We identify amino acids on either side of the
subunit interface that proscribe the orthosteric binding site and
control this coupling, and we describe mutations that can mod-
ify or eliminate that coupling.

MATERIALS AND METHODS

Chemicals—Solvents and reagents were purchased from
Sigma. Cell culture supplies were purchased from Invitrogen.
Hanks’ balanced saline solution (I methyllycaconitine) con-
tained (in mM) the following: 1.26 CaCl2, 0.493 MgCl2, 0.407
MgSO4, 5.33 KCl, 0.441 KH2PO4, 4.17 NaHCO3, 137.93 NaCl,
0.338 Na2HPO4, and 5.56 D-glucose. PNU-120596 (1-(5-chloro-
2,4-dimethoxyphenyl)-3-(5-methylisoxazol-3-yl)-urea) was syn-
thesized by Dr. Jingyi Wang and Kinga Chojnacka as described
previously (3). GAT107 ((3aR,4S,9bS)-4-(4-bromophenyl)-3a,4,5,
9b-tetrahydro-3H-cyclopenta[c]quinoline-8-sulfonamide) and
TQS (4-(1-naphthyl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]-
quinoline-8-sulfonamide) were synthesized as described previ-
ously (21, 22). Mecamylamine ((1S,2R,4R)-N2,3,3-tetramethyl-
bicyclo[2.2.1]heptan-2-amine) was purchased from Sigma. Fresh
acetylcholine (ACh) stock solutions were made each day of exper-
imentation. PNU-120596, TQS, and GAT107 stock solutions were
prepared in DMSO, stored at �20 °C, and used for up to 1 month.
GAT107, TQS, and PNU-120596 solutions were prepared freshly
each day at the desired concentration from the stored stock.

Heterologous Expression of �7 nAChRs in Xenopus Oocytes—
The cDNA clones of human �7 nAChR and human resistance-
to-cholinesterase 3 (RIC-3) were provided by Dr. Jon Lind-
strom (University of Pennsylvania, Philadelphia) and Dr. Millet
Treinin (Hebrew University, Jerusalem, Israel), respectively.
Mutations at positions 55 and 93 were introduced using the
QuikChange site-directed mutagenesis kit (Agilent Technolo-
gies, Santa Clara, CA) following the manufacturer’s instruc-
tions. Mutations were confirmed with automated fluorescent
sequencing. Note that the Y93C mutation was made in the Cys-
null pseudo-wild-type C116S background (23) to prevent the
possible formation of spurious disulfide bonds. Subsequent to
linearization and purification of the plasmid cDNAs, cRNAs
were prepared using the mMessage mMachine in vitro RNA
transfection kit (Ambion, Austin, TX).

Oocytes were surgically removed from mature female Xeno-
pus laevis frogs (Nasco, Ft. Atkinson, WI) and injected with
cRNAs of �7 nAChR and RIC-3 as described previously (24).
The RIC-3 chaperone protein can improve and accelerate �7
expression with no effects on the pharmacological properties of
the receptors (25). Frogs were maintained in the Animal Care
Service facility of the University of Florida, and all procedures
were approved by the University of Florida Institutional Animal
Care and Use Committee. In brief, the frog was first anesthe-
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tized for 15–20 min in 1.5 liters of frog tank water containing 1 g
of 3-aminobenzoate methanesulfonate (MS-222) buffered with
sodium bicarbonate. The harvested oocytes were treated with
1.4 mg/ml collagenase (Worthington) for 3 h at room temper-
ature in a calcium-free Barth’s solution (88 mM NaCl, 1 mM KCl,
2.38 mM NaHCO3, 0.82 mM MgSO4, 15 mM HEPES, and 12
mg/liter tetracycline, pH 7.6) to remove the follicular layer.
Stage V oocytes were subsequently isolated and injected with 50
nl of 6 ng of �7 nAChR subunit cRNA and 3 ng of RIC-3 cRNA.
Recordings were carried out 1–7 days after injection.

Two-electrode Voltage Clamp Electrophysiology—Experi-
ments were conducted using OpusXpress 6000A (Molecular
Devices, Union City, CA) (24). Both the voltage and current
electrodes were filled with 3 M KCl. Oocytes were voltage-
clamped at �60 mV except when determining the effect of
voltage on channel activation. The oocytes were bath-perfused
with Ringer’s solution (115 mM NaCl, 2.5 mM KCl, 1.8 mM

CaCl2, 10 mM HEPES, and 1 �M atropine, pH 7.2) with a flow
rate of 2 ml/min. To evaluate the effects of experimental com-
pounds on ACh-evoked responses of �7 nAChRs expressed in
oocytes, two initial control responses to applications of ACh
were recorded before test applications of experimental drugs
alone or co-applied with the ACh. The agonist solutions were
applied from a 96-well plate via disposable tips, and the drugs
were either co-applied with ACh by the OpusXpress pipette
delivery system or bath-applied using the OpusXpress system
to switch the running buffer. Drug applications were 12 s fol-
lowed by a 181-s washout period and usually alternated
between control and test solutions. Control concentrations of
ACh were 60 �M for wild-type �7 and �7M254L, 100 �M for
�7Trp-55 mutants, 300 �M for �7Y93A, and 1 mM for �7Y93G.
Because �7Y93C and �7Y93S did not respond to ACh or other
orthosteric activators, 3 �M GAT107 was used as a control in
some experiments for these receptors. In other experiments
with �7Y93C, the data were not normalized but just expressed
as absolute magnitude of peak current (�A) or net charge (�A
seconds) (26). After experimental drug applications, follow-up
control applications of ACh were made to determine primed
potentiation, desensitization, or rundown of the receptors.

Data were collected at 50 Hz, filtered at 20 Hz, analyzed by
Clampfit 9.2 (Molecular Devices) and Excel (Microsoft, Red-
mond WA), and normalized to the averaged current of the two
initial control responses (26). Data were expressed as means �
S.E. from at least four oocytes for each experiment. Responses
were measured as both peak currents and net charge as
reported previously (26). Net charge is a more reliable indica-
tor of the concentration dependence of �7 activation by
orthosteric agonists and comparisons of effects on peak cur-
rent, and net charge is the feature that distinguishes type I (ratio
of amplification close to 1) and type II PAMs (higher amplifica-
tion of net charge than of peak current) (19). In most experi-
ments, the normalized effects of drug applications were calcu-
lated as the ratio of the experimental response (peak current or
net charge, as indicated) to the average of the two control ACh-
evoked responses obtained prior to any drug applications. Data
were plotted by Kaleidagraph 3.0.2 (Abelbeck Software, Read-
ing, PA), and curves were generated as the best fit of the average
values from the Hill equation.

RESULTS

Three Forms of GAT107 Activity—Using our standard proto-
col of alternating control ACh applications with applications
of experimental drugs, we identified three distinct forms of
GAT107 (Fig. 1A) effects on the currents of Xenopus oocytes
expressing human �7 nAChR (Fig. 1). We observed, as
expected (20), significant transient activation of the �7 ion
channels during the direct application of GAT107 (Fig. 1B).
These currents were much larger than control responses to
ACh and decayed to baseline as GAT107 was washed out of the
bath. The second form of GAT107 activity observed was the
expected direct potentiation obtained when GAT107 and ACh
were co-applied (Fig. 1C). The third form of GAT107 activity
we term “primed potentiation.” This mode involves potentia-
tion of agonist-evoked responses after GAT107 has been
applied, with an intervening washout period prior to the agonist
(e.g. ACh) application. This is evident in the ACh control
responses after the GAT107 direct activation (Fig. 1B) or
primed potentiation (Fig. 1C). This prolonged aftereffect of
GAT107 has not previously been characterized in detail and
shows that the drug is working on two different time scales
because the primed potentiation is observed after the direct
activation has been terminated by drug washout and, unlike
direct potentiation, requires only the application of the
orthosteric agonist.

Concentration-response studies of the direct activation of �7
by 12-s applications of GAT107 indicated that GAT107-evoked
peak currents and net charge values were 38 � 8-fold and 514 �
28-fold (Fig. 1D), larger than initial control responses to ACh,
respectively. The data were not well fit by the Hill equation.
Maximal peak currents and net charge were obtained at con-
centrations of 30 and 100 �M, respectively (Table 1, Direct acti-
vation). As noted above, direct activation was only observed as
long as drug was in the bath solution, presumably without
requiring any added orthosteric ligand.

The first crystal structures of the molluscan acetylcholine-
binding protein, a pentameric protein that has been the basis
for structural models of the �7 extracellular domains, had mol-
ecules of the buffer HEPES in the orthosteric binding site (27).
Because the normal Ringer’s recording solutions are HEPES-
buffered, we also conducted some experiments (data not
shown) in HEPES-free (phosphate/bicarbonate-buffered)
Hanks’ balanced salt solution. These experiments confirmed
that the direct activation of �7 by GAT107 did not depend on
HEPES acting as a surrogate orthosteric ligand. Likewise, direct
activation produced by 10 �M GAT107 did not require the prior
control applications of ACh in our usual protocol. Cells (n � 6)
that were treated with GAT107 without previous ACh had peak
currents of 12.4 � 1.5 �A, whereas cells from the same injection
set recorded on the same day had peak currents in response to
10 �M GAT107 of 11.1 � 1.7 �A after two previous control
applications of 60 �M ACh. Note that the standard errors for
the responses evoked by GAT107 are relatively large, as would
be expected. We have previously published (3, 28) that the
effect of an efficacious PAM such as PNU-120596 is to increase
the activity of a very small percentage of the channels (1–2%) by
a very large factor (200,000-fold). The stochastic nature of such
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effects will naturally produce large variances in the macro-
scopic responses, because a small change in the number of open
channels will produce large changes in the size of a summated
response.

Concentration-response studies of the direct potentiating
effects of varying concentrations of GAT107 co-applied with a

fixed concentration of 60 �M ACh are shown in Fig. 1E. The
maximal peak currents and net charge values of responses
evoked by these co-applications were 3–5-fold larger than
those evoked by the direct activation with GAT107 alone
(Table 1, Direct potentiation). The data were not described by
the Hill equation because responses to co-applications of ACh

FIGURE 1. GAT107 and three phases of its activity on human �7 nAChR expressed in Xenopus oocytes. A, structure of GAT107. B, representative data
illustrating a control response of human �7 nAChR to a 12-s application of 60 �M ACh followed by 10 �M GAT107 and then 60 �M ACh again. Note that the
application of GAT107 alone produces a robust transient “direct response” and that there is a residual effect that produces primed potentiation. C, represent-
ative data illustrating a control response of human �7 nAChR to a 12-s application of 60 �M ACh followed by the co-application of 10 �M GAT107 plus 60 �M ACh
and then 60 �M ACh alone. The large response from the co-application is direct potentiation. Primed potentiation is the increased response to ACh following
the application of GAT107 applied alone or with ACh. Note that primed potentiation is greater after direct activation (B) than after direct potentiation (C). Note
that traces in A and B are scaled relative to their initial ACh controls. D, concentration-response data for direct activation by GAT107 applied alone. E,
concentration-response data for direct potentiation by GAT107 co-applied with 60 �M ACh. F, concentration-response data for primed potentiation of
ACh-evoked responses by prior application of either 10 �M (circles) or 60 �M GAT107 (squares) applied alone. D–F, the peak currents (open symbols, left scale) and
net charge (filled symbols, right scale) of the GAT107-evoked responses are compared with the respective measurements from the average of two control 60 �M

ACh-evoked responses obtained from the same cells prior to the application of GAT107 applied alone (D and F) or in combination with ACh (E). Each point is the
average of at least four cells (�S.E.). See Table 1 for summary data. G, effect of ACh co-application with GAT107 on the primed potentiation of subsequent
responses to ACh applied alone. *, p � 0.05. Responses following the application 10 �M GAT107 alone were significantly higher (**, p � 0.01) than those
following the co-application of GAT107 and ACh (see B and C).
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with 100 �M GAT107 were less than those with 30 �M GAT107.
This is consistent with previous studies of the PAM PNU-
120596 (3), which indicated that high concentrations of a
PAM can preferentially induce a PAM-insensitive form of
desensitization.

The primed potentiation of ACh-evoked responses pro-
duced by prior application of GAT107 was dependent on both
the GAT107 concentration used for priming and the concen-
tration of ACh subsequently applied (Fig. 1F). Priming with the
higher concentration of GAT107 not only produced larger
responses but also increased the apparent potency of ACh
(Table 1, Primed potentiation). Although primed potentiation
could be produced by either prior direct activation (Fig. 1B) or
direct potentiation (Fig. 1C), it was less when it followed the
stronger stimulation of direct potentiation (Fig. 1G). This is also
consistent with strong activation producing a form of PAM-
resistant desensitization (Di), previously described for PNU-
120596 (3).

There are two fundamental modes for the positive allosteric
modulation of �7 nAChR (12). One mode, barrier modulation,
affects the energy barriers between conducting and noncon-
ducting states but not the absolute free energy of the states. This
mode will operate on a population of receptors responding syn-
chronously to agonist application and will produce a transient
increase in channel opening. PAMs, which are classified as type
I (19), appear to operate strictly in this mode. The other mode is
equilibrium modulation, which affects the relative stability of
conducting and nonconducting (i.e. desensitized) states. Equi-
librium modulation will produce protracted increases in cur-
rent and may reverse some forms of desensitization (Ds states)
promoted by agonist binding, although other nonconducting
states (Di states) may remain insensitive to the effects of the
PAM. Like PNU-120596, GAT107 has both barrier and equilib-
rium modulation effects, which are apparent when the drug is
bath-applied for a prolonged period of time. However, as shown
in Fig. 2, the kinetics of direct activation by application of
GAT107 alone are relatively slow when the drug is at low con-
centration, consistent with the effects being largely on the con-

formational equilibrium among conducting and nonconduct-
ing states. When ACh was added to the bath applications along
with GAT107, there was a shift in the pattern of activation, with
a large but transient initial phase of activation that decayed to a
protracted steady-state balance between activating and desen-
sitized channels. With strong initial phases of activation, the
steady-state currents were less, and upon washout there
appeared to be relaxation of some of the equilibrium desensiti-
zation. Similar currents with large initial transient responses
decaying to a low steady state were observed when ACh was
bath-applied following a single priming application of GAT107
(Fig. 2B). There was no pronounced effect of the ACh concen-
tration when bath applications of 60 or 300 �M were made on
either phase of the responses, and there were no significant
differences in the accumulated net charge values. Note, how-
ever, that the brief 2-min washout was sufficient to resensi-
tize the receptors for another large current due to primed
potentiation.

The direct activation previously reported for racemic 4BP-
TQS was hypothesized to be due solely to binding at the same
site (20) as for allosteric modulation. However, it is unclear if
this is the case because the direct activating effects are only
manifested when GAT107 is in the external solution, although
the PAM effects persist long after the free drug is washed away.
It was previously reported that the direct activation produced
by 4BP-TQS was sensitive to methyllycaconitine (MLA). We
confirmed that was also true for the direct activation produced
by GAT107 (Fig. 3, A and B). Although MLA is considered to be
a competitive antagonist of orthosteric agonists, as reported
previously (20), we found that the inhibition of GAT107 direct
activation was not surmountable by increasing concentrations
of GAT107 (data not shown). This is consistent with MLA act-
ing as a sort of an inverse agonist, as we have previously seen
when it was applied to receptors with tethered agonists (29).
Although this effect of MLA is consistent with GAT107 not
producing direct activation by binding to the orthosteric site, it
is not sufficient to prove that GAT107 is working exclusively at
a single allosteric site to produce both potentiation and direct
activation. In fact, co-applications of MLA with GAT107 sup-
pressed direct activation, and MLA had no significant effect on
the primed potentiation (Fig. 3C). The differences in reversibil-
ity and MLA sensitivity indicate clear differences in the
GAT107 mode and site of action for direct activation and
primed potentiation.

There are several lines of evidence that indicate that the state
of the receptor in the ion conduction pathway is different when
conducting ions following PAM potentiation, compared with
when it is conducting ions following activation at the
orthosteric site alone. For example, channels activated by ACh
alone or ACh and PNU-120596 differ in their sensitivity to non-
competitive antagonists (30). Additionally, it has been shown
that PNU-120596-potentiated ion currents do not show the
inward rectification that characterizes �7 currents under con-
trol conditions (30, 31). Consistent with these observations, our
data indicated that currents directly activated by GAT107 were
also large when the cells are held at �50 mV (data not shown),
and the application of GAT107 at �50 mV was effective at
producing primed potentiation. Likewise, when direct activa-

TABLE 1
Efficacy and potency of GAT107 effects

† Imax values are fold-increases over 60 �M ACh-evoked control responses.
* Note that the concentration-response data for direct GAT107 activation and

potentiation of responses evoked by co-application with 60 �M ACh were not
suitable for fit by the Hill equation, and the Imax values reported are those em-
pirically measured at the indicated concentrations.
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tion was generated at �60 mV and then the primed potentia-
tion was tested at �50 mV, the GAT107 potentiated currents
showed similar relief of inward rectification as reported for
PNU-120596 potentiated currents (data not shown).

We characterized the duration of the potentiation primed by
GAT107 and the effects of ACh co-applications on decreasing
that activity. We investigated the stability and duration of
primed potentiation by making single applications of 10 or 60
�M GAT107 followed by eight ACh applications at 4-min inter-
vals (Fig. 4A). The priming effects of a single GAT107 applica-
tion appeared relatively long lasting, suggesting either very
slowly reversing binding to the allosteric site or the induction of
a very stable conformational state. Following a single applica-
tion of 10 �M GAT107, ACh-evoked net charge responses
became stable after the second ACh application at levels �150-
fold greater than the ACh controls, with no decrease up to 32
min. When the priming application of 10 �M GAT107 was

paired with 60 �M ACh, the primed potentiation was less, as
expected, and remained stable at 50 – 60-fold over the ACh
controls for the full 32 min. When 60 �M GAT107 was used for
priming, the magnitude of the potentiation was greater and the
effect of pairing the GAT107 with ACh was less. After 32 min,
the ACh-evoked responses were 297 � 80 and 243 � 26 times
greater than the initial ACh controls for cells receiving GAT107
alone or in combination with ACh, respectively.

We have previously reported that the potentiating effects of
PNU-120596 are also relatively long lived. In Fig. 4B, we com-
pare the aftereffects of a single application of 10 �M GAT107 to
those produced by a single application of either 30 �M PNU-
120596 or TQS. There was similar persistence of the primed
potentiation for all three agents; however, the magnitude of the
potentiation differed. Although the GAT107-primed potentia-
tion was stable at about a 150-fold increase over the initial ACh
controls, the TQS net charge-primed potentiation was approx-

FIGURE 2. A, concentration and time dependence of direct activation and direct potentiation of human �7 expressed in oocytes by GAT107. Representative
traces of responses were obtained when varying concentrations of GAT107 (GAT) were bath-applied for 20 min with or without ACh at the indicated concen-
trations. All traces are scaled relative to their initial ACh controls. The values above the traces are the peak current amplitudes recorded in the first 120 s (left) or
the offset from baseline recorded at 60 s prior to the end of the bath application (right). The units are fold-increases relative to the average peak currents of two
control 60 �M ACh-evoked responses obtained from the same cells prior to the bath applications. Values are the average of at least four cells (� S.E.). t tests were
conducted to determine whether amplitude of the initial peaks were significantly different from the baseline offset at the end of the application (*, p � 0.05;
**, p � 0.01). B, primed potentiation of ACh-evoked currents with prolonged (20 min) bath applications of ACh following a single application of 10 �M GAT107
(GAT). Traces are scaled relative to their initial ACh controls. There was no significant difference in the net charge (n � 4) of the responses to the bath application
of 60 or 300 �M ACh. After 20 min there appeared to be a large amount of equilibrium desensitization that reversed after a brief wash.
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imately a 45–50-fold increase, and the PNU-120596-primed
potentiation was only a 2–3-fold increase.

Repeated applications of GAT107 to cells expressing �7
produced direct activation responses of relatively stable
magnitude. To determine whether primed potentiation
accumulated during these repeated applications, we com-

pared ACh responses after three 10 �M GAT107 applications
to one 10 �M GAT107 application followed by two applica-
tions of Ringer’s solution or 60 �M ACh. As shown in Fig. 4C,
the primed potentiation of the ACh application was signifi-
cantly greater (p � 0.05) after three applications of GAT107
than with the other protocols.

Hypothesis of Multiple Modes and Multiple Binding Sites—
To provide a framework for the interpretation of GAT107’s
effects on wild-type receptors and a context for an analysis of �7
mutants, hypothetical models for the three forms of GAT107
activity (summarized in Table 2) are presented in Fig. 5.
Although the location of the binding site for orthosteric ago-
nists (A) has been well characterized, the binding site(s) for
PAMs (P) are less well characterized but probably located in the
transmembrane domains (13). Our data suggest the site associ-
ated with the direct activation produced by GAT107 (G) is
likely to be distinct from the PAM site, because the activity
associated with this site differs from the PAM activity in being
rapidly reversible (on the time scale of solution washout) and
MLA-sensitive. We hypothesize that this distinct site might be
located in the region of the interface between the extracellular
and transmembrane domains, because studies of chimeric
receptors implicated this as a domain of secondary significance
for allosteric modulation (32). This location is also supported
by preliminary docking studies of GAT107 into an �7 homol-
ogy model (data not shown). We show in Fig. 5B the hypothet-
ical free energy landscapes, as described previously for ACh and
PNU-120596 (3), that might be associated with receptors with
ligands bound to the orthosteric, allosteric, and direct activa-
tion sites. Because GAT107 appears to dissociate rapidly from
the direct activation site but slowly from the PAM site, we rep-
resent these sites in Fig. 5B as a hexagon and a triangle, respec-
tively, to suggest greater complementarity between the ligand
(also represented as a triangle) and the PAM site.

As we have hypothesized for ACh and PNU-120596 (3), the
free energy landscapes will vary as a function of the fractional
occupancy of the multiple sites on the five �7 subunits. For the
purpose of this illustration, we have selected landscapes that
would correspond to the level of occupancy most likely to pro-
mote activation, based on previous studies of fractional occu-
pancy of ACh and PNU-120596 (3). Note that we omit one
feasible configuration of site occupancy, that of “G” only. This
configuration could exist only briefly at the beginning of an
application of GAT107 alone. Therefore, it is likely that the
currents generated during direct activation arise from binding
at both the G and “P” sites. This is consistent with the observa-
tion that the M254L mutation, which strongly limits the direct
potentiation effects of both PNU-120596 and 4BP-TQS (13,
20), also limits the direct activation by GAT107 (data not
shown).

The hypothetical free-energy landscapes in Fig. 5B can be
viewed in two different ways as follows: changes in energy bar-
riers for conformational transitions or relative equilibrium
energy of the states. The perspective provided by the energy
barriers is most relevant to the nonstationary conditions that
follow from an abrupt change in ligand concentration, which
initially affects a population of receptors in synchrony, gener-
ating a large transient activation that subsequently decays

FIGURE 3. A, sample traces illustrating effects of MLA co-application on the
direct activation and primed potentiation produced by 10 �M GAT107 on
human �7 expressed in oocytes. B, average data on the effect on MLA on the
responses directly activated by co-application with 10 �M GAT107. C, average
data on the effect on MLA on ACh-evoked responses following the applica-
tion with 10 �M GAT107 with or without MLA. B and C, each bar represents the
average net charge response of at least four cells (� S.E.) relative to the aver-
age of two initial ACh control responses from the same cells. The post GAT107
ACh applications were 60 �M at the standard 4-min interval, as in A. Asterisks
indicate conditions where MLA significantly reduced currents relative to
those obtained in the absence of MLA (*, p � 0.05; **, p � 0.01).
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toward an equilibrium distribution of receptors among the
states (see Fig. 2). In terms of the raw data measured in voltage
clamping, this corresponds to peak height. This process is illus-
trated in Fig. 5C for a population of receptors (represented by
the red circle) that are in the resting state prior to a rapid appli-
cation of ACh and GAT107. The progression of the receptors
through the conformational landscape will be initially influ-
enced exclusively by the energy barriers for transitions out of
the resting state, but after the receptors equilibrate among the
states, they will approach a distribution associated with their
relative energy levels, qualitatively related to net charge and
ultimately to steady-state current.

Structural Basis for Activation Coupling between Orthosteric
and Allosteric Binding Sites—Previous studies of site-directed
mutants have identified critical residues for the functioning of
the orthosteric and allosteric binding sites of �7 nAChR. The
orthosteric binding site has been extensively mapped (33), and
critical residues like Tyr-188 and Trp-149 were identified (34 –
37). Likewise, amino acid Met-254 in the transmembrane
domain has been identified to be essential for the function of
allosteric potentiators, whereas mutations in the second trans-
membrane domain, such as L248T (L9�T), have effects on their
own that are similar to those of allosteric potentiators. How-
ever, it remains an open question how the activity of these two
domains are coupled so that the potentiating effects of agents
such as PNU-120596 and TQS also require the effects of
orthosteric agonists, or how orthosteric agents modify the
effects of the ago-PAM GAT107 for both direct and primed
potentiation. An attractive target domain in which to look for
residues that might mediate such coupling is the interface
between subunits on the periphery of the orthosteric binding
site. One residue in this domain, Trp-55, has previously been
implicated for determining the efficacy and selectivity of spe-
cific orthosteric ligands in both �7 and heteromeric receptors
such as those containing �4 and �2 subunits (35, 38).

FIGURE 4. A, persistence of primed potentiation of net charge responses to
repeated applications of 60 �M ACh produced by single applications of either
10 or 60 �M GAT107 applied alone or co-applied with 60 �M ACh on human �7
expressed in oocytes. Co-applications produced greater initial responses but
less primed potentiation. Each point represents the average net charge
response of at least four cells (�S.E.) relative to the average of two initial ACh
control responses from the same cells. B, persistence of primed potentiation
of net charge responses to repeated applications of 60 �M ACh produced by
single applications of 30 �M PNU-120596 or TQS compared with the data for
10 �M GAT107 applied alone from A. Co-applications produced greater initial
responses but less primed potentiation. Note that the primed potentiated
responses were relatively stable for 30 min. Each point represents the average
net charge response of at least four cells (� S.E.) relative to the average of two
initial ACh control responses from the same cells. C, accumulation of primed
potentiation. To determine whether repeated applications of GAT107 pro-
duce more primed potentiation than single applications, even though the
direct responses to GAT107 do not increase with repetition, cells were given
an application of 10 �M GAT107 and two follow-up applications of 10 �M

GAT107, 60 �M ACh, or Ringer’s solution. Although the primed potentiation
measured as net charge at 12 min was the same for cells receiving ACh or
Ringer’s follow-up, it was significantly larger (p � 0.05) for cells receiving
GAT107 follow-ups. Each point represents the average net charge response
of at least four cells (�S.E.) relative to the average of two initial ACh control
responses from the same cells.

TABLE 2
Three forms of GAT107 activity on wild-type �7 nAChR

Direct activation
Activation independent of orthosteric agonists
Requires GAT107 freely diffusible in solution

Reverses rapidly upon washout
Blocked by co-application with MLA
Hypothesized to require binding to a unique site

Primed potentiation
Activation requires pre-application of GAT107, followed by orthosteric

agonist alone
Requires agonist in solution but persists after GAT107 is washed out
Is induced by GAT107 application in the presence of MLA
Is reduced following strong activation of GAT107 co-applied with agonist

Direct potentiation
Requires co-application of GAT107 and orthosteric agonist
Associated with large transient and variable steady-state currents

Kinetics depend on agonist and GAT107 concentrations
Inverted “U” concentration- response function
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GAT107 is a very effective direct activator of the W55A �7
mutant (Fig. 6A), to such a degree that co-application of
GAT107 with ACh did not significantly increase responses
compared with GAT107 alone. This effect was observed across
ranges of GAT107 and ACh concentrations (Fig. 6B) and
appeared to be due to fundamentally larger direct activation
responses compared with wild type (Fig. 6C). Similar results
were obtained with other �7Trp-55 mutants (Table 3) and with
alternative orthosteric agonists on W55A (data not shown).

The enhanced activity of GAT107 when applied alone to
�7W55A was not consistent with the direct activation of wild-
type �7 in several important regards. Although direct activation
of wild-type �7 persisted only as long as GAT107 was freely
diffusible in the bath (Fig. 7A), the activations of �7W55A were
more persistent, and residual activation accumulated with
repeated or prolonged applications (Fig. 7A). The response to a
prolonged bath application of GAT107 to �7W55A-expressing
cells also produced a distinctly more biphasic or even triphasic
response, resembling, to some degree, the responses of wild-
type �7 to ACh plus GAT107, except with a much larger steady-
state component (Fig. 7B). Additionally, although the direct
activation of wild-type �7 by GAT107 was MLA-sensitive (Fig.
3), responses of �7W55A to 10 �M GAT107 were insensitive to
co-application of 1 �M MLA (Fig. 8A). Note that, in addition to
producing prolonged activation of �7W55A, GAT107 could still

produce primed potentiation of this mutant (Fig. 8B), although the
effect was not as large as with wild-type �7 and was suppressed
following prolonged GAT107 application (Fig. 7B).

These data suggested that the activating properties of
GAT107 working at the potentiation site were decoupled from
the augmenting effects of ligands at the orthosteric site, and so
we tested the effect of the PAMs TQS and PNU-120596 on
�7W55A mutant receptors. As shown in Fig. 9A, both of these
agents were able to directly activate �7W55A in a manner more
consistent with protracted PAM-like activity than the transient
direct activation of wild-type �7 by GAT107. To determine the
extent to which these PAMs were decoupled from the orthosteric
binding site in �7W55A, we tested them alone or co-applied with
60 �M ACh. As shown in Fig. 9B, responses to 3 and 10 �M TQS
were increased when combined with ACh, but the responses to 30
�M TQS were not increased by co-application with ACh. In con-
trast, at all concentrations of PNU-120596 tested, responses were
larger when the PAM was co-applied with ACh (Fig. 9C) than
when PNU-120596 was applied alone.

Trp-55 is situated on the complementary surface of the
orthosteric binding site. We wished to determine whether
proximal residues on the primary (�-like) side of the subunit
interface might have independent or complementary roles in
coupling orthosteric and allosteric activation. In the homology
model of the �7 receptor derived from the acetylcholine-bind-

FIGURE 5. A, postulated multiple binding sites controlling the activation and desensitization of �7 nAChR. B, different possible configurations of site occupancy
by an orthosteric agonist such as ACh (represented by the filled circle) or the allosteric ligand GAT107 (represented by the filled triangle). Each of the five subunits
would contain all three of these postulated sites and, depending on the ligands available, could have any one of the occupancy patterns indicated. Note that
one additional configuration might occur, with only the G site occupied, but this would exist only briefly and may not be functionally important, so it is not
indicated. The conformational landscapes illustrated in B can be used to visualize the dynamic character of the responses as the population reacts to rapid
change in ligand concentrations, derived from previously published models (3). The schematics are based on rate theory and visually convey information
equivalent to Markov models. The humps represent energy barriers between states, so that the heights of the barriers are proportionate to the logs of the rate
constants in a Markov model, and the positions of the states represent the relative free energy (stability) of the states. There is no intrinsic significance to the
colors of the lines; they are colored only to make it easier to follow them from one state to another. The dotted lines connect the novel conduction state of the
potentiated receptors to the states that are associated with the control condition. With the co-application of ACh and GAT107, the receptors would shift rapidly
from the resting condition with all the sites unbound to the resting condition with A, G, and P sites occupied. C, use of the energy landscapes to predict the
behavior of receptors after a rapid application of ACh and a PAM. The occupancy of specific conformational states as a function of time is represented by the size
of the red circles in the diagrams. Over time, occupancy of the A, G, and P sites will shift the distribution of receptors in the conformational states toward the one
that is most stable (i.e. the Di state).
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ing protein crystal structure, Tyr-93 is positioned just across
the subunit interface from Trp-55 (Fig. 10). We have previously
reported (23) that a cysteine mutation placed at this site (in a
C116S Cys-null pseudo-wild-type �7) failed to yield receptors

that gave functional responses to ACh. From those data, it was
unclear whether �7Y93C formed receptors that were not func-
tional in regard to orthosteric activation or whether the recep-
tors failed to traffic in functional form to the cell membrane. To

FIGURE 6. A, representative data illustrating the effect of the W55A mutation on the relative magnitude of GAT107 direct activation and direct potentiation
compared with controls. B, interaction between GAT107 and ACh for producing direct potentiation of wild-type �7 and �7W55A nAChR, expressed relative to
the net charge of a direct activation response (0 ACh). Each point represents the average net charge response of at least four cells (�S.E.) relative to the average
of two initial ACh control responses from the same cells. Note that the y scale is in log units. C, direct activation (net charge) of wild-type �7 and �7W55A
receptors by three different concentrations of GAT107.
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evaluate this, cells were injected with RNA for wild-type �7 and
various Trp-55 or Tyr-93 mutants, as well as a W55Y,Y93W
double mutant. After 3 days to allow for expression, the cells

were all tested for responses to 100 �M ACh or 10 �M

GAT107. Although the receptors varied greatly in their
responses to ACh, they all responded well to the application
of GAT107 (Fig. 11). Note that although cells expressing
Y93C gave no detectable responses to ACh, as expected, cells
expressing Y93A had small but clearly detectable ACh
responses. We subsequently determined that the size of the
Y93A ACh-evoked responses to 100 �M ACh was in part due
to a reduction in ACh potency for this mutant. The ACh
EC50 for Y93A was determined to be 300 �M (data not
shown), compared with 30 �M for the wild-type (26), so for

FIGURE 7. Persistence of GAT107 direct activation of �7W55A nAChR. A, although repeated applications of 3 �M GAT107 (GAT) to wild-type �7 receptors
produced only a series of small transient responses, a similar series of applications to cells expressing �7W55A produced a progressive build-up of steady-state
current that could be inhibited by an application of 100 �M mecamylamine (MEC). The values above (wild type) or below (W55A) the traces are the average peak
current amplitudes of at least four cells (� S.E.) for each of the GAT107 applications, measured relative to the initial baseline. The units are fold-increases relative
to the average peak currents of two control 60 �M ACh-evoked responses obtained from the same cells prior to the bath applications. Also shown are the
average baseline offsets measured at the indicated points. B, representative trace illustrating the transient and sustained currents activated by a bath
application of 3 �M GAT107 to cells expressing �7W55A (compare with the 1st trace in Fig. 2). The value above the traces is the peak current amplitudes
recorded in the first 120 s (left) or the offset baseline recorded at the indicated time point. The units are fold-increases relative to the average peak currents of
two control 60 �M ACh-evoked responses obtained from the same cells prior to the bath applications. Values are the average of at least four cells (� S.E.).

TABLE 3
Net charge responses of wild-type and Trp-55 mutants to GAT107 � ACh

10 �M GAT107 10 �M GAT107 � 60 �M ACh

WT 127 � 15 332 � 51
W55A 920 � 188 1470 � 286
W55V 1470 � 387 1280 � 144
W55Y 611 � 146 855 � 153
W55F 388 � 60 613 � 114

Regulation of �7 nAChR Allosteric and Orthosteric Activation

FEBRUARY 14, 2014 • VOLUME 289 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4525

 at U
niversity of Florida on A

ugust 8, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


subsequent experiments with Y93A mutants, we normalized
data to 300 �M ACh control responses.

We tested cells expressing the Y93C mutant with an array of
orthosteric agonists, as shown in Fig. 12. Although we failed to
detect significant responses to any of the orthosteric agonists,
cells responded well to application of GAT107. Responses of
cells from the same injection set were smaller (p � 0.01) when
GAT107 was co-applied with 100 �M ACh (Fig. 12A). Cells
expressing �7Y93C did not respond to PNU-120596 (data not
shown) but did respond to TQS (Fig. 12B), albeit at a 10-fold
lower level than to GAT107 (Fig. 12C). Direct activation of
�7Y93C receptors by GAT107 was insensitive to 1 �M MLA
(Fig. 12D) and was robust when cells were clamped at �50 mV
(data not shown). �7Y93A also responded well to GAT107,
TQS, and PNU-120596 applied alone, and these responses were
likewise observed at positive holding potentials and were insen-
sitive to 1 �M MLA (data not shown).

Consistent with our results obtained with the Y93A mutant,
cells expressing a Y93G mutant showed small but detectable

FIGURE 8. Effects of MLA co-application on the direct activation (A) and
primed potentiation (B) of �7W55A nAChR produced by 10 �M GAT107.
Each bar represents the average net charge response of at least four cells (�
S.E.), relative to the average of two initial ACh control responses from the
same cells. There were no statistically significant effects of MLA.

FIGURE 9. Direct activation of �7W55A by allosteric modulators of wild-
type �7 nAChR. A, sample traces of �7W55A responses to TQS and PNU-
120596 applied alone. B, responses of cells expressing �7W55A to varying
concentrations of TQS applied alone or with 60 �M ACh. Note that including
ACh produced significant increases in the responses evoked by the two lower
concentrations of TQS but not the 30 �M TQS responses. Each bar represents
the average net charge response of at least four cells (�S.E.) relative to the
average of two initial ACh control responses from the same cells. C, responses
of cells expressing �7W55A to varying concentrations of PNU-120596 applied
alone or with 60 �M ACh. Including ACh produced significant increases in the
responses evoked by all concentrations of PNU-120596 tested (p � 0.05).
Each bar represents the average net charge response of at least four cells
(�S.E.) relative to the average of two initial ACh control responses from the
same cells. p � 0.05.
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responses to ACh alone at the high concentration of 1 mM. Cells
expressing a Y93S mutant showed no detectable response to 1
mM ACh. However, despite their relative insensitivity to ACh
alone, both the �7Y93A and �7Y93S receptors could be directly
activated by GAT107 alone and showed both primed and direct
potentiation of ACh responses (data not shown).

Note that although the ACh responses of the small residue
substitutions (A, G, S, and C) at Tyr-93 were compromised, the
Y93W mutants responded well to ACh and in most other ways
were like wild-type �7, with the ACh co-application being
required for PNU-120596 activation and ACh co-application
increasing responses to GAT107 (data not shown). GAT107-
primed potentiation was also robust with �7Y93W receptors
(data not shown).

As noted above, direct activation by GAT107 was greatly
increased in �7W55Y (Table 3) and was decoupled from
orthosteric activation. The direct activation of W55Y mutants
was so increased and protracted that any primed potentiating
activity was essentially masked by the residual effects of the
GAT107, whether the GAT107 was applied alone or co-applied

with ACh (data not shown). Similar results were obtained when
the W55Y mutation was combined with the Y93W mutation.

As with the single �7Trp-55 mutants described, the
�7W55Y,Y93W double mutant responded to the PAMs TQS
and PNU-120596 as allosteric agonists. The PNU-120596-
evoked responses of the double mutant were insensitive to 1 �M

MLA (data not shown) but were reduced when PNU-120596
was co-applied with ACh (data not shown).

A graphic summary of our results with �7 wild-type and the
Trp-55 and Tyr-93 mutants (summarized in Table 4) is pro-
vided in Fig. 13. Fig. 13 schematically represents a comparison
of the ability of the receptors to respond to PNU-120596, TQS,
or GAT107 applied alone or in combination with ACh (shaded
lower bars). The relative size of the ovals in Fig. 13 indicates the
magnitude of the receptor responses. In Fig. 13, the green cir-
cles, representing activation by ACh alone, are scaled 10-fold
relative to the red ovals representing activation potentiated by
the PAMs.

Mutations of Trp-55 were very effective at decoupling the
orthosteric and allosteric activation sites, and the small residue
substitutions at Tyr-93 compromised orthosteric activation,
partially (Y93A) or completely (Y93C), but had relatively little
effect on allosteric activation. However, it should be noted that
the direct activation of �7Y93C by GAT107 was fundamentally
different from direct activation of wild-type �7, because it was
not sensitive to MLA co-application.

DISCUSSION

GAT107 has three modes of activity on wild-type �7 nAChR,
two of which, primed and direct potentiation, are similar to what
have been reported for other type II PAMs, except that the priming
of receptors by GAT107 appears more stable than what has previ-
ously been described for other PAMs. The potentiating activity of
GAT107, like that of PNU-120596, involves two modes, one of
which relies on the rapid perturbation of the population of recep-

FIGURE 10. Image showing the proximity of Tyr-93 on the primary face of
the �7 agonist-binding site to Trp-55 on the complementary side.

FIGURE 11. Evaluation of functional expression of wild-type and mutant �7 nAChR based on their responses to 100 �M ACh or 10 �M GAT107 3 days
after injection. All data were obtained on the same day from the cells acquired from the same frog. Peak current data are expressed in �A, with ACh responses
on the left-hand scale and GAT107 responses on the right-hand scale. Each bar is the average (�S.E.) of at least four oocytes. Note that the EC50 of �7Y93A for
ACh is over 300 �M, and so the low ACh responses represent, in part, the relatively low potency of ACh for this mutant. In the case of �7Y93C, no responses to
ACh at any concentration were ever above our level of detection.
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tors to produce synchronous transient activation, and another
form that is slower to equilibrate and mostly represents the con-
version of one or more desensitized states into novel conducting
states (O�) that are physiologically and pharmacologically distinct
from the normal conduction state (3).

The ability of GAT107 to produce direct activation of �7
nAChR distinguishes it from a prototypical PAM, inviting the
designation as an ago-PAM. It was previously proposed that
both the direct activation and the potentiating activity of 4BP-
TQS were associated with a single binding site in the trans-
membrane domain. Our data suggest that this view is only par-
tially correct and that direct activation is likely to involve either
a second binding site or, less likely, a second mode of activity at
a single binding site. Direct activation relies on the presence of

the molecule in solution so that it can be bound in a way that
involves rapid dissociation and rebinding. Direct activation is
also distinct from potentiation in that it is sensitive to the co-
application of MLA, whereas primed potentiation is not.
Although the actual site for transducing direct activation is
unknown, it is unlikely to be identical to the site for binding
orthosteric agonists. The chemical nature of GAT107 bears no
resemblance to the orthosteric agonist pharmacophore; it lacks
the key cationic element, and the primarily noncompetitive
nature of the MLA blockade is also inconsistent with activity at
the orthosteric site. The data indicating rapid-on and rapid-off
binding for the direct activation are suggestive of a site of action
in the solvent-accessible surface of the receptor, in the extracel-
lular domain, possibly in a position to interact with the Cys

FIGURE 12. Allosteric activation and orthosteric insensitivity of �7Y93C. A, representative data from a cell expressing �7Y93C showing the failure of
multiple orthosteric agonists to evoke a response, whereas GAT107 produced a large response. The response to 10 �M GAT107 was decreased when GAT107
was co-applied with 100 �M ACh. B and C, although �7Y93C receptors were not significantly activated by PNU-120596 (data not shown), they responded to
relatively high concentrations of TQS, although less well than to a lower concentration of GAT107. Representative data are shown in B, and averaged data (�
S.E.) are provided in C. Note, the data shown are from the Y93C mutant made in the pseudo-wild-type C116S background (see under “Materials and Methods”);
Y93C mutants in the C116C wild-type background were similarly insensitive to ACh yet responded well to GAT107 (data not shown). D, representative traces
of cells expressing �7Y93C to 10 �M GAT107 applied alone or co-applied with 1 �M MLA. Control response to 3 �M GAT107 before and after the 10 �M GAT107
applications are also shown for comparison. The values above (GAT107 applied alone) or below the traces (GAT107 co-applied with MLA) are the average peak
current amplitudes of cells (n � 7) calculated relative to the average of two initial responses to 3 �M GAT107 alone. There were no statistically significant effects
of MLA.
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loop. For the reasons stated above, we propose that direct
activation requires a site or mode of action distinct from the
primary PAM site. Nonetheless, direct activation does rely
on activity at the PAM site because interacting with the G
site (Fig. 5) will necessarily permit binding to the P site as
well, and the direct ion channel activation probably relies on
both of these events. Because freely diffusible binding can
occur on the scale of nanoseconds, binding at the G site
probably happens much more rapidly than at the P site.
However, the time sensitivity of our recording/detection sys-
tem is on the time scale of seconds, which would be long
enough for binding to occur at the P site.

The binding of PAMs, presumably at sites within the trans-
membrane domain, enables the receptor to manifest a very sta-
ble (O�) conducting state(s) that appears to derive from a desen-
sitized state that is unique to �7. With ordinary PAMs the
activation of these states requires coupling with the orthosteric
binding site in a manner that is more stable and may be associ-
ated with higher levels of agonist occupancy than that which
most effectively promotes the normal short lived O* conduct-
ing state (3). It may be the case, therefore, that PAM activity
affects cooperative movements between or among the subunits.

Our data show that the coupling between the sites for recep-
tor potentiation and orthosteric activity relies on Trp-55, such
that the Trp-55 mutants do not require orthosteric ligands for
full activation by GAT107 or high concentrations of the related
compound TQS and have greatly reduced coupling with PNU-
120596. These effects appear to decouple activity at the P site
from requiring activity at either the G or the “A” sites
because the allosteric agonist activity of the Trp-55 mutant is
MLA-insensitive.

Our data show that the Y93C mutation also allows GAT107,
and to a lesser degree TQS, to manifest allosteric agonism (acti-
vation not requiring orthosteric ligands); however, this appears
to be due to a disruption of the function of the orthosteric
binding site. Our data further show that, although Trp-55 and
Tyr-93 may be proximal to one another across the subunit
interface, coupling of orthosteric and allosteric activities is
unlikely to rely on a directly reciprocal interaction between
these residues, at least to the extent that reversal of the amino
acids Tyr and Trp did not normalize receptor function, but
rather, the double mutant showed effects that were more addi-
tive than compensatory.

The location of these key aromatic amino acids at the subunit
interface proximal to the orthosteric binding site is consistent
with both control (i.e. orthosteric) and potentiated activation
requiring cooperative effects among the subunits, with allos-
teric agents able to convert cooperativity that is negative in
regard to channel activation under control conditions (in the
absence of a PAM) into cooperativity that is positive for channel
activation. The question as to what degree do all of the subunits
have to work in concert to achieve these effects is difficult to
address because the dynamic energetic landscape of both con-
trol and potentiated receptors involves both PAM-sensitive
(Ds) and PAM-insensitive (Di) states (3). Although high levels of
PAM and orthosteric agonist binding can promote large tran-
sient activation, they also promote more rapid equilibration
that favors the Di state. It would be useful to know to what

TABLE 4
Effects of mutations at target residues

Trp-55
All mutants respond to both orthosteric agonists and GAT107
Direct activation of all Trp-55 mutants was unlike direct activation of wild

type
Increased in amplitude
Increased in duration
Insensitive to co-application with MLA
Consistent with agonism based strictly on allosteric activity

Allosteric agonism is decoupled from orthosteric activation
Other PAMs (PNU-120596 and TQS) have increased activity

Can activate without co-applied orthosteric agonist
Tyr-93

Required for orthosteric activation
Y93C and Y93S are insensitive to ACh applied alone
ACh has reduced efficacy and potency on Y93A and Y93G

Not required for allosteric activation
Y93C and Y93S are sensitive to GAT107
Y93C and Y93S PAM activities increased by ACh

Allosteric activation of Y93C is MLA-insensitive
Y93W responds to orthosteric and PAMs agonists like wild type does

W55Y,Y93W
Shows additive effects of the single mutation

No compensatory effects
Orthosteric agonists decrease allosteric activation

FIGURE 13. Summary of �7 wild-type and mutant receptor sensitivity to
ACh and the allosteric agents PNU-120596 (PNU), TQS, and GAT107
(GAT). Orthosteric activation by ACh alone is represented by small green dots.
The scale of the green markers is magnified �10-fold relative to allosterically
activated (in the absence of ACh) or modulated (in the presence of ACh)
currents, shown in red. The areas of the circles represent the approximate
relative magnitude of the net charge responses. Note that in some cases there
is a negative modulation of allosteric activated currents produced by ACh, as
in the case of the PNU-120596-stimulated currents of �7W55Y,Y93W nAChR
(data not shown).
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degree the M254L mutation, which limits PAM activity, pre-
cludes PAM binding or simply the coupling of PAM binding to
the triggering effects of orthosteric agonist binding. When the
M254L mutant receptor is co-expressed at a very small fraction
with wild-type subunits, there is a very large suppression of
potentiated activity (Fig. 14A). It is interesting to speculate that
potentiated activity requires highly cooperative interaction among
all the subunits, whereas orthosteric activity may rely on inde-
pendent coupling between pairs of subunits. We have previously
shown that even muscle-type receptors can be fully activated with
just a single binding site available for orthosteric agonists (39).
Likewise, when the ACh-insensitive Y93C mutant was co-ex-
pressed 1:1 with wild-type �7, responses to ACh measured 2 days
after injection were larger (p � 0.05) than the ACh responses of
cells injected with wild-type alone (Fig. 14B), and the co-express-
ing cells responded to ACh with potency (EC50 � 30 � 3 �M, Fig.
14C) comparable with wild-type �7 (26).

The identification of ago-PAMs has opened up an interesting
new area for the evaluation of �7-targeting therapeutic agents
that bring along new challenges and opportunities for under-
standing �7 function in vivo. PAMs have well established ther-
apeutic utility that, in most cases, is hypothesized to rely on the
naturally occurring agonist as a limiting factor. The reasonably
good therapeutic index for benzodiazepines, which are GABA
receptor PAMs, would likely be nullified in an alternative drug
that was a GABA receptor ago-PAM. In this regard, part of the

course for the therapeutic development of �7 ago-PAMs will be
identifying the right indications for which they will be useful.

Future structure-activity studies of ago-PAMs should
endeavor to segregate the pharmacophores for direct activation
and primed potentiation. In this way, we may find full and par-
tial agonist ago-PAMs with different intrinsic efficacies and
various levels of priming activity as well as find concentration-
dependent tuning of the balance between these effects. It may
also be interesting to determine whether specific ligands can be
identified for the G-binding site that could differentially mod-
ulate PAM and ago-PAMs by increasing or antagonizing their
activities, respectively.
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