Pharmacological Research 191 (2023) 106759

Contents lists available at ScienceDirect [sspT
Pharmacological

Pharmacological Research

journal homepage: www.elsevier.com/locate/yphrs

FI. SEVIER

Check for

Potentiation and allosteric agonist activation of a7 nicotinic acetylcholine &
receptors: binding sites and hypotheses™

Victoria R. Sanders, Neil S. Millar

Division of Biosciences, University College London, London WCIE 6BT, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:

Acetylcholine receptor
Allosteric agonist

Allosteric modulation

Binding site

Nicotinic acetylcholine receptor
Positive allosteric modulator

Considerable progress has been made in recent years towards the identification and characterisation of novel
subtype-selective modulators of nicotinic acetylcholine receptors (nAChRs). In particular, this has focussed on
modulators of a7 nAChRs, a nAChR subtype that has been identified as a target for drug discovery in connection
with a range of potential therapeutic applications. This review focusses upon a7-selective modulators that bind to
receptor sites other than the extracellular ‘orthosteric’ agonist binding site for the endogenous agonist acetyl-
choline (ACh). Such compounds include those that are able to potentiate responses evoked by orthosteric ago-
nists such as ACh (positive allosteric modulators; PAMs) and those that are able to activate a7 nAChRs by direct
allosteric activation in the absence of an orthosteric agonist (allosteric agonists or ‘ago-PAMs’). There has been
considerable debate about the mechanism of action of a7-selective PAMs and allosteric agonists, much of which
has centred around identifying the location of their binding sites on a7 nAChRs. Based on a variety of experi-
mental evidence, including recent structural data, there is now clear evidence indicating that at least some a7-
selective PAMs bind to an inter-subunit site located in the transmembrane domain. In contrast, there are differing
hypotheses about the site or sites at which allosteric agonists bind to o7 nAChRs. It will be argued that the
available evidence supports the conclusion that direct allosteric activation by allosteric agonists/ago-PAMs oc-
curs via the same inter-subunit transmembrane site that has been identified for several a7-selective PAMs.

1. Introduction nAChRs is associated with a conformational change resulting in the

opening of the ion-channel pore and an influx of cations into the cell.

Nicotinic acetylcholine receptors (nAChRs) are oligomeric trans-
membrane proteins that are activated by the binding of the neuro-
transmitter acetylcholine (ACh). They are also members of a larger
family of pentameric ligand-gated ion channels (pLGICs) that includes
receptors for several other neurotransmitters, including 5-hydroxytryp-
tamine, y-aminobutyric acid and glycine [1,2]. A variety of experimental
approaches have provided evidence that, in common with other pLGICs,
nAChRs are assembled from five transmembrane subunits; each of which
is a single polypeptide containing an N-terminal extracellular domain,
four transmembrane a-helices (M1-M4) and an intracellular domain
formed largely by the region between the M3 and M4 helices (Fig. 1) [3].
Five nAChR subunits assemble in a ring-like structure to create a central
cation-selective ion channel pore and agonist activation of cell-surface

There are sixteen different nAChR subunits in humans (al-a7, o9,
al0, B1-p4, v, d and €) and these can assemble into a wide variety of
nAChR subtypes with differing subunit composition [4]. Most nAChRs
are ‘heteromeric’ (containing more than one type of subunit), however
there are restrictions on which nAChR subunits can productively
co-assemble with which others to produce functional pentameric re-
ceptors. Nevertheless, there is a considerable degree of heterogeneity in
terms of subunit composition, particularly amongst nAChR subtypes
that are located within the central nervous system [4]. Amongst the
sixteen human nAChR subunits, the «7 subunit is unusual in that it is
capable of assembling into a functional nAChR containing five copies of
the same subunit (a ‘homomeric’ nAChR) [5]. Homomeric a7 nAChRs
are also unusual in that they display very rapid desensitisation following
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activation by the endogenous agonist, ACh [5]. Indeed, desensitisation
of a7 nAChRs in response to activation by ACh is so rapid that when a
population of receptors is examined by standard electrophysiological
techniques, desensitisation begins long before all of the receptors in the
population have been activated. Homomeric a7 nAChRs have also been
implicated in a range of neurological disorders and this has led to a
considerable amount of interest in understanding the relationship be-
tween its structure and function, and in identifying novel a7-selective
ligands [6]. In addition to its ability to form homomeric receptors, the
nAChR o7 subunit is also able to co-assemble with 2 to form hetero-
meric o7p2 nAChRs, resulting in slower desensitisation kinetics and
altered pharmacological properties [7]. In addition, in humans, the
exons 5-10 of the gene encoding the a7 subunit (CHRNA?) is duplicated
and fused to FAM7A to produce a hybrid gene (CHRFAM7A), producing
a truncated subunit, lacking the extracellular N-terminal domain
(dupa7) [8] and there is evidence that the a7 subunit can co-assemble
with dupa?, resulting in altered functional properties [9].

1.1. Orthosteric and allosteric binding sites

A common feature of pLGICs is that they can be modulated by a
variety of ligands that bind to multiple distinct binding sites. To reflect
this, it has become common for the well-defined extracellular agonist
binding to be described as the ‘orthosteric site’, thereby distinguishing it
from other sites on pLGICs at which ligand binding can modulate re-
ceptor function (‘allosteric sites’). The nAChR orthosteric binding site is
located in the extracellular domain at the interface of adjoining sub-
units. Indeed, its precise location is very well defined, having been
confirmed by the determination of several high-resolution structures of
nAChRs containing bound orthosteric agonists [10-13]. Ligands that are
capable of influencing receptor function by binding at a location other
than the orthosteric site are classified as allosteric modulators and can
mediate a range of pharmacological effects. There can, however, be
some inconsistency about whether certain nAChR binding sites are
considered to be ‘orthosteric’ or ‘allosteric’ sites, particularly in het-
eromeric receptors. In a homomeric nAChR, such as a7, there are five
extracellular orthosteric binding sites located at the interfaces between
adjacent subunits, all of which are capable of binding ACh [14]. How-
ever, as has been discussed in detail elsewhere [15], during the evolu-
tion of heteromeric nAChRs (which is presumed to have occurred from
homomeric ancestors), the analogous binding sites at some subunit in-
terfaces may have lost the ability to bind ACh. Binding of ligands other
than ACh to such ‘unorthodox orthosteric sites’ or ‘non-canonical sites’
in heteromeric receptors can potentially influence responses to ACh
mediated at conventional orthosteric site [15]. The effects mediated by
such sites are sometimes described as allosteric modulation, however it
is probably more common for allosteric modulators to be viewed as li-
gands that act at sites other than at these structurally- and
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evolutionarily-related orthosteric, unorthodox or non-canonical extra-
cellular sites.

2. Allosteric modulators

Allosteric modulators of nAChRs that lack intrinsic agonist activity
but which are able to potentiate responses evoked by orthosteric ago-
nists are commonly referred to as positive allosteric modulators (PAMs)
but allosteric modulators also include ligands that can inhibit agonist-
evoked responses, such as non-competitive antagonists or negative
allosteric modulators (NAMs) [16]. The term silent allosteric modulator
(SAM) has also been used to describe compounds that have no obvious
effect on responses evoked by orthosteric agonists but which can block
the effects of allosteric modulators such as PAMs or NAMs [17]. Allo-
steric agonists comprise a further class of allosteric modulator and are
compounds that are able to cause direct activation of the receptor but
which do so by binding to a site that is distinct from the conventional
orthosteric site. All such compounds that have been identified as allo-
steric agonists of a7 nAChRs also act as potentiators (PAMs) of responses
to orthosteric agonists and, as a consequence, have also been referred to
as ‘ago-PAMs’.

A considerable amount of interest has focussed around the identifi-
cation of novel a7-selective PAMs and these are frequently classified as
either ‘type-I’ or ‘type-II’ PAMs. While both of these types of PAM
typically increase agonist efficacy, as illustrated by increased peak
agonist-evoked responses, type-II PAMs cause a marked reduction in the
normally very rapid agonist-induced desensitisation of a7 nAChRs
(Fig. 2) [16,18,19]. In addition, type-Il PAMs (but not type-I) are able to
facilitate reactivation of a7 nAChRs from a desensitised state [16,19,
20]. However, this classification of ‘type-I' and ‘type-II’ PAMs is an
over-simplification, since compounds with intermediate effects have
also been identified [16,21,22]. Nevertheless, this terminology has been
retained in the present article, since it is in widespread use and there are
situations where the distinction can be useful.

2.1. Positive allosteric modulators

Several compounds have been identified that potentiate a7 nAChRs
but which are relatively non-selective (in the sense that they also
modulate other nAChR subtypes or other pLGICs). Examples include
small molecules such as 5-hyroxyindole [23] and large macrocyclic
lactones such as ivermectin [24]. There is also evidence of potentiation
of a7 nAChRs by proteins such as serum albumin [25]; the tyrosine ki-
nase inhibitor, genistein [19] and the Ly-6/uPAR-related protein,
SLURP-1 [26]. However, there has been considerable interest in the
development of PAMs that display either higher potency or greater
specificity for a7 nAChRs. It is a goal that has been motivated, at least in
part, as a consequence of a7 nAChRs having been identified as potential

Fig. 1. Schematic representation of a homo-pentameric a7
nAChR. Evidence from a variety of sources (including high-
resolution structures containing bound orthosteric and
allosteric ligands) supports the conclusion that orthosteric
ligands bind to an inter-subunit extracellular site and that
at least some a7-selective allosteric modulators bind to a
transmembrane inter-subunit site. In addition, it has been
proposed previously that activation by allosteric agonists
might require binding to both a transmembrane site and
also a distinct ‘direct allosteric activation site’ located in
the extracellular domain [40, 64].
\ Figure modified from Chatzidaki and Millar (2015) [12].
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Fig. 2. Representative traces illustrating the effects of a type-I PAMs, type-II
PAMs and ago-PAMs on a7 nAChRs. A) Type-I PAMs potentiate responses to
ACh but have little or no effect on the rate of desensitisation. B) Type-II PAMs
potentiate responses to ACh and cause significantly reduce the rate of agonist-
evoked desensitisation. C) Ago-PAMs are able to activate «7 nAChRs in the
absence of an orthosteric agonist and typically display a slower activation rage
and induce considerably less desensitisation that orthosteric agonists. Hori-
zontal scale bars are 5 s. Vertical scale bars are 0.2 pA (A and B) and 1 pA (C).

targets for therapeutic intervention in a range of neurological disorders.
In addition to work conducted in academic research groups, this has also
included many compounds that have been identified by pharmaceutical
companies. Selected examples of novel a7 PAMs that were first
described by pharmaceutical companies (many of which emerged from
high-throughput screening approaches) include: PNU-120596 (identi-
fied by Pfizer) [20], LY 2807101 (Eli Lilly) [27], NS1738 (Neuro-
Search/Abbott) [28], TQS (Abbott) [19], SB-206553 (Wyeth/Siena
Biotech) [21], A-867744 (Abbott) [29], JNJ-1930942 (Johnson &
Johnson) [22], Lu AF58801 (Lundbeck) [30], RO5126946 (Roche) [31],
BNC375 (Bionomics/Prestwick Chemicals) [32] Compound 65 (Gedeon
Richter) [33] and LL-00066471 (Lupin) [34]. In addition, numerous
additional a7 nAChR PAMs have been described in patent applications
[35] and also by academic research groups. This selective list of PAMs
that were identified by pharmaceutical companies helps to illustrate the
widespread interest in the possibility that PAMs acting on a7 nAChRs
might have useful therapeutic applications [6,36]. Frustratingly, how-
ever, whilst several of these compounds have shown promise in
pre-clinical studies, none as yet have progressed from clinical trials into
therapeutic use. Somewhat ironically, galantamine (an acetylcholines-
terase inhibitor that is used in the treatment of Alzheimer’s disease),
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which is the only compound that is currently in clinical use that has been
suggested to have a7 PAM activity [37], has subsequently been reported
to lack any clear reproducible potentiating effect on a7 nAChRs [38]. As
was mentioned previously, in humans (but not in other species) the a7
subunit can co-assemble with dupa?, a truncated a7 subunit that lacks
the extracellular agonist-binding domain [8,9]. It is of interest that
co-assembled a7/dupa? complexes retain the ability to be modulated by
a7-selective PAMs [9,39,40]. However, the existence dupa? in humans
(but not in animal models that are used widely in drug discovery) has
been suggested as a possible factor contributing to the development of
therapeutic drugs targeting «7nAChRs.

As will be discussed in more detail later, strong evidence has accu-
mulated to suggest that many of these a7-selective PAMs bind to an
allosteric site located in the nAChR transmembrane domain.

2.2. Allosteric agonists (‘ago-PAMs’)

Following the discovery of novel a7-selective PAMs, Millar and co-
workers reported in 2011 that a7 nAChRs could be activated by an
allosteric agonist (4BP-TQS) that acted through a site other than the
conventional orthosteric site (Fig. 2) [41]. As will be discussed in more
detail later, evidence has been obtained that suggests that direct allo-
steric activation of a7 nAChRs by compounds such as 4BP-TQS occurs by
it binding to a site in the transmembrane domain [17,41-44]. Note: for a
discussion of alternative nomenclature of 4BP-TQS and of other a7-se-
lective allosteric modulators, see Section 2.4.

The starting point for the identification of a7-selective allosteric
agonists was the knowledge that a7 nAChRs could be potentiated by
PAMs such as TQS [19] (Table 1, Fig. 3). It was found that replacement
of the naphthalene group of TQS with a 4-bromo-phenyl group (to create
4BP-TQS) resulted in a compound that displayed potent agonist activity
on a7 nAChRs in the absence of an orthosteric agonist [41]. In contrast
to the very rapid desensitisation of a7 nAChRs when activated by ACh,
activation by 4BP-TQS causes little or no desensitisation [41]. In addi-
tion, in comparison to the endogenous agonist ACh, 4BP-TQS was found
to have significantly higher efficacy and potency than ACh on o7
nAChRs [41]. The discovery in 2011 of 4BP-TQS [41] formed the bases
for the synthesis and characterisation of an extensive series of
TQS-related allosteric agonists that have been described by Millar and
co-workers [17,42] and Papke and co-workers [45,46] (see Table 1,
Fig. 3). More recently, an allosteric agonist B-973 has been identified
that is chemically unrelated to the TQS-series of allosteric modulators
[47]. As is the case with all of the TQS-series of allosteric agonists, B-973
also acts as a type-Il PAM a7 nAChRs, as illustrated by its ability to
potentiate responses to ACh [47,48].

2.3. Diversity of allosteric modulators

An interesting finding to emerge from studies with the TQS-series of
compounds has been that only minor changes in chemical structure can
dramatically alter their pharmacological effects as allosteric modulators
of a7 nAChRs [17,41]. Indeed, this can occur as a result of altering just a
single atom attached to a phenyl ring [42]. For example, replacing the
bromine atom of 4BP-TQS with fluorine (a smaller halogen atom) to
create 4FP-TQS results in the loss of allosteric agonist activity but the
retention of PAM effects [42]. Similarly, allosteric agonist activity is lost
(but PAM activity is retained) when a bromine atom is attached to either
the ortho or meta position on the phenyl ring (2BP-TQS and 3BP-TQS),
rather than to the para position (as in 4BP-TQS) [42]. These findings
illustrate that both the position and the size of groups attached to a
phenyl ring can be critical in determining allosteric agonist activity.
Further evidence of how relatively small changes in chemical structure
can have profound effects on allosteric modulation has been obtained
from a series of nineteen compounds in which all combinations of
methyl substitution of a single aromatic ring were examined [17]. Most
of the nineteen methyl-substituted TQS compounds were found to be
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Table 1
Nomenclature and chemical names of TQS-related o7 nAChR allosteric
modulators.

Common Alternative names Chemical name
name [REF] [REF]
2,3MP-TQS cis-cis-4-(2,3-Dimethylphenyl)— 3a,4,5,9b-
[17] tetrahydro-3H-cyclopenta[c]quinoline-8-
sulfonamide
2,3,4MP-TQS cis-cis-— 4-(2,3,4-Trimethylphenyl)—
[17] 3a,4,5,9b-tetrahydro-3H-cyclopental[c]
quinoline-8-sulfonamide
2,3,4,5MP- cis-cis-4-(2,3,4,5-Tetramethylphenyl)—
TQS[17] 3a,4,5,9b-tetrahydro-3H-cyclopental[c]
quinoline-8-sulfonamide
2,3,4,6MP- cis-trans-4-(2,3,4,6-Tetramethylphenyl)—
TQS[17] 3a,4,5,9b-tetrahydro-3H-cyclopental[c]
quinoline-8-sulfonamide
2,3,5MP-TQS cis-cis-4-(2,3,5-Trimethylphenyl)—

[17] 3a,4,5,9b-tetrahydro-3H-cyclopental[c]
quinoline-8-sulfonamide

2,3,5,6MP- 2,3,5,6TMP-TQS cis-trans-4-(2,3,5,6-Tetramethylphenyl)—
TQS[17] [50]; TMP-TQS[51] 3a,4,5,9b-tetrahydro-3H-cyclopental[c]
quinoline-8-sulfonamide
2,3,6MP-TQS cis-trans-4-(2,3,6-Trimethylphenyl)—

[17] 3a,4,5,9b-tetrahydro-3H-cyclopental[c]
quinoline-8-sulfonamide
2,4,5MP-TQS cis-cis-4-(2,4,5-Trimethylphenyl)—
[17] 3a,4,5,9b-tetrahydro-3H-cyclopental[c]
quinoline-8-sulfonamide

2,4,6MP-TQS cis-trans-4-Mesityl-3a,4,5,9b-tetrahydro-
[17] 3H-cyclopenta[c]quinoline-8-sulfonamide
2,4MP-TQS cis-cis-4-(2,4-Dimethylphenyl)— 3a,4,5,9b-
[17] tetrahydro-3H-cyclopenta[c]quinoline-8-
sulfonamide
2,5MP-TQS cis-cis-4-(2,5-Dimethylphenyl)— 3a,4,5,9b-
[17] tetrahydro-3H-cyclopenta[c]quinoline-8-
sulfonamide
2,6MP-TQS cis-trans-4-(2,6-Dimethylphenyl)—
[17] 3a,4,5,9b-tetrahydro-3H-cyclopental[c]
quinoline-8-sulfonamide
2BP-TQS[42] cis-cis-4-(2-bromophenyl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide
2MP-TQS[17] cis-cis-4-0-Tolyl-3a,4,5,9b-tetrahydro-3H-
cyclopenta[c]quinoline-8-sulfonamide
2 N-TQS[42] cis-cis-4-(naphthalen-2-yl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide
3,4,5MP-TQS cis-cis-4-(3,4,5-trimethylphenyl)—
[17] 3a,4,5,9b-tetrahydro-3H-cyclopenta[c]
quinoline-8-sulfonamide
3,4BP-TQS cis-cis-4-(3,4-dibromophenyl)— 3a,4,5,9b-
[42] tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide
3,4MP-TQS cis-cis-4-(3,4-Dimethylphenyl)— 3a,4,5,9b-
[17] tetrahydro-3H-cyclopenta[c]quinoline-8-
sulfonamide
3,5MP-TQS cis-cis-4-(3,5-Dimethylphenyl)— 3a,4,5,9b-
[17] tetrahydro-3H-cyclopenta[c]quinoline-8-
sulfonamide
3BP-TQS[42] cis-cis-4-(3-bromophenyl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide
3I-TQS[42] cis-cis-4-(3-iodophenyl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide
3MP-TQS[17] cis-cis-4-m-Tolyl-3a,4,5,9b-tetrahydro-3H-
cyclopenta[c]quinoline-8-sulfonamide
4BP-TQS[41] GAT107 *[49]; cis-cis-4-(4-bromophenyl)— 3a,4,5,9b-

GAT106 *[46] tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide
cis-cis-4-(4-chloroophenyl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide
cis-cis-4-(4-fluorophenyl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide

4CP-TQS[42]

4FP-TQS[42]
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Table 1 (continued)

Common Alternative names Chemical name

name [REF] [REF]

4HP-TQS[42] cis-cis-4-(4-hydroxyphenyl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide

41P-TQS[42] cis-cis-4-(4-iodoophenyl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide

4MP-TQS[42] cis-cis-4-p-tolyl-3a,4,5,9b-tetrahydro-3H-
cyclopenta[c]quinoline-8-sulphonamide

GAT154[45] cis-cis-4-(5-Bromothiophen-2-yl)—
3a,4,5,9b-tetrahydro-3H-cyclopenta[c]
quinoline-8-sulfonamide

GAT155[45] cis-cis-4-(4-Bromothiophen-2-yl)—
3a,4,5,9b-tetrahydro-3H-cyclopentalc]
quinoline-8-sulfonamide

GAT193[45] cis-cis-4-(4-(3-Bromopropyl)phenyl)—
3a,4,5,9b-tetrahydro-3H-cyclopentalc]
quinoline-8-sulfonamide

GAT904[45] cis-cis-4-(4-(Bromomethyl)phenyl)—
3a,4,5,9b-tetrahydro-3H-cyclopental[c]
quinoline-8-sulfonamide

GAT927[46] cis-cis-4-(4,5,6,7-tetrahydrobenzo[b]

thiophen-3-yl)— 3a,4,5,9b-tetrahydro-3H-
cyclopenta[c]quinoline-8-sulfonamide

PentaMP-TQS cis-trans-4-(2,3,4,5,6-

[17] Pentamethylphenyl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulfonamide

P-TQS[42] cis-cis-4-phenyl-3a,4,5,9b-tetrahydro-3H-

cyclopenta[c]quinoline-8-sulphonamide
cis-cis-4-(napthalen-1-yl)— 3a,4,5,9b-
tetrahydro-3H-cyclopenta[c]quinoline-8-
sulphonamide

TQS[19]

* Note: the name ‘GAT106’ has been used for the inactive (-)-enantiomer of 4BP-
TQS and ‘GAT107’ for the active (+)-enantiomer.

either type-II PAMs or allosteric agonists (ago-PAMs), the exceptions
being those that contain two ortho methyl groups (at positions 2 and 5 of
the phenyl ring) and which exhibited effects typical of type-I PAMs,
NAMs and SAMs [17].

2.4. Stereoisomers, enantiomers and nomenclature

A feature of several a7-selective allosteric modulators is that they can
exist as different stereoisomers. In the case of the TQS-series of com-
pounds it appears to be only the cis-cis diastereoisomers that act as
allosteric agonists (ago-PAMs) [17,42,49]. In contrast, type-I PAM and
NAM activity is observed with TQS compounds that preferentially form
cis-trans diastereoisomers [17]. Individual stereoisomers can also exist
as mirror images, referred to as (+) and (—) enantiomers, but are typi-
cally synthesised as racemic ( & ) mixtures. Recent studies have sepa-
rated the two enantiomers of 4BP-TQS and have examined separately
the (+) and (—) enantiomers [49]. It was found that only the (+) en-
antiomers was active [49], which would suggest that the purified (+)
enantiomer and the racemic (#+ ) mixture of 4BP-TQS would have
essentially identical properties. When the two (+) enantiomers of
4BP-TQS were described by Thakur and co-workers, they were given
new names. The active enantiomer (+)— 4BP-TQS has been named
GAT107 [49] and the inactive enantiomer (—)— 4BP-TQS has been
named GAT106 [46]. What is perhaps unfortunate is that the name
GAT107 is now occasionally used in the literature without it being clear
that this is an enantiomer of a what has been referred to frequently in the
prior literature as 4BP-TQS. Another compound in the TQS-series of
a7-selective allosteric modulators that has subsequently been renamed
is 2,3,5,6MP-TQS (a name that was intended to denote the presence of
methyl groups at the 2, 3, 5 and 6 positions of the phenyl ring) [17].
When this compound was subsequently examined it was renamed with
the addition of an additional ‘T’ as 2,3,5,6TMP-TQS (although, this may
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- - : s Fig. 3. Chemical structures of the ‘TQS-series’ of o7-se-
Allosteric agonlsts ( AgO-PAMS ) lective nAChR allosteric modulators. As is illustrated on the
left, all compounds in this series contain a quinoline ring
SR ot sty AETR e attached to cyclopentane and sulfonamide groups, together
with a variable aromatic group (R). Compounds isolated as
either cis-cis diastereoisomers or cis-trans diastereoisomers
are indicated by a solid or a hatched wedge-shaped bond at
& the R position, respectively. Although the distinction be-
23,4MP-TaS S SARETGS SANEToS 3AMPTOS T tween type-I and type II PAMs is an oversimplification (as
discussed in the text), for simplicity the compounds have
been grouped into those displaying effects typical of allo-
steric agonists, type-I PAMs, type-II PAMs, NAMs and
SAMs.
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have been an inadvertent error) [50]. Subsequently, this new name has
been abbreviated to ‘TMP-TQS’ [6,51], perhaps because ‘TMP’ was seen
as a simpler way of denoting the presence of four (or ‘tetra’) methyl
groups on the phenyl ring. However, this may have the potential to
cause confusion since there were two separate compounds described in
the original study of ‘methyl-TQS’ a7 modulators that contained four
methyl groups but which exhibit different allosteric properties (2,3,4,
5MP-TQS and 2,3,5,6MP-TQS) [17]. Of course, it is not uncommon for
compounds used in pharmacological studies to be referred to by
different names but it is something that can potentially cause confusion.
For example, one a7-selective PAM has been referred to in scientific

publications by at least four different names (for example, AVL-3288
[52], CCMI [53], XY-4083 [54] and Compound 6 [55]).

3. Binding sites for a7-selective allosteric modulators

3.1. A transmembrane binding site for a7-selective type-II PAMs
PNU-120596 was identified in 2005 as an o7-selective PAM that

caused a dramatic loss of agonist-induced desensitisation [20] and it was

the first example of what has been described as an a7-selective ‘type-II’
PAM. Subsequently, in 2008, further functional characterisation of
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PNU-120596 involving the use of a7 subunit chimeras was conducted in
two independent laboratories and led to the suggestion that the PAM
effects of PNU-120596 were mediated via a transmembrane binding site
[56,57]. Initially, a transmembrane site was proposed at an
intra-subunit location [57]. This hypothesis was based, in part, on mo-
lecular docking studies that had been conducted with an a7 homology
model that had originally been developed in 2006 by Changeux and
co-workers [58] and which was based on the structure of a nAChR from
the marine ray Torpedo marmorata (PDB 2BG9) [59]. However, when
higher resolution structures of pLGICs were obtained, it became clear
that a region of amino acids in the transmembrane region of the Torpedo
nAChR structure had been incorrectly assigned to the electron density
data in the original 2BG9 structure. This, in turn, suggested that the a7
homology model constructed in 2006 [58] was also likely to be incor-
rect. In 2017, a new a7 homology model was constructed by Millar and
co-workers [43]. Once again, it was based on the Torpedo nAChR
structure but, importantly, after correcting the presumed error in the
transmembrane domain [43]. Molecular docking studies conducted with
this revised a7 homology model led to the proposal that o7-selective
type-1I PAMs such as PNU-120596 bound to a transmembrane site at the
interface of adjacent subunits (an inter-subunit site) [43], rather than at
an intra-subunit transmembrane site, as had been proposed previously.

Recently (in 2021) two independent groups succeeded in generating
high-resolution structures of the human a7 nAChRs [12,13] by means of
cryogenic electron microscopy (cryo-EM). Furthermore, both groups
obtained structures of a7 in complex with the type-II PAM, PNU-120596
(PDB 7KOX and 7EKT) [12,13]. Whilst it was not possible to determine
the position of the bound PNU-120596 in one of these structures (7KOX)
[12], the position of PNU-120596 in 7EKT was clearly identified and was
located at an inter-subunit site in the transmembrane domain [13].
Remarkably, the position of the bound PAM is in very close agreement
with the position that had been predicted by molecular docking studies
in the revised (2017) a7 homology model [43]. In addition,
PNU-120596 was found to interact in the cryo-EM structure with a
methionine residue at the 15’ position of the second transmembrane
helix (TM2) that had been shown previously by site-directed mutagen-
esis to be a critical determinant of potentiation by both PNU-120596 and
other chemically diverse a7-selective allosteric modulators [17,41-43,
57,60,61].

This would seem to provide overwhelming evidence that type-II
PAMs such as PNU-120596 bind to an inter-subunit cavity in the a7
transmembrane domain. A mechanism has been proposed, whereby the
binding of a PAM (in the absence of an orthosteric agonist) is insufficient
to stabilise the open conformation of the receptor but when an agonist is
bound to the orthosteric site, the combined effect of the two ligands is to
stabilise the receptor in a non-desensitised open state. In addition, a
considerable amount of experimental data has been obtained that is
consistent with this being the binding site for all currently identified o7-
selective type-Il PAMs. This includes data derived from studies with
subunit chimeras, site-directed mutagenesis, radioligand binding and
molecular docking. It also includes studies conducted with a range of
type-II PAMs, including A-867744, LY-2087101, PNU-120596, TBS-516
and TQS [17,42,43,56,57,60-63].

On the basis of early studies with subunit chimeras it was suggested
that the nAChR extracellular domain played a role in allosteric modu-
lation by type-I PAMs such as NS1738 [56], whereas there is pharma-
cological data supporting the proposal that type-I and -II PAMs can act
competitively, as might be expected if they shared an overlapping or
mutually-exclusive transmembrane binding site [61]. It seems plausible
that the allosteric effects of both type-I and type -II PAMs (and also PAMs
described as having intermediate effects) might all be mediated via a
common transmembrane site, although the possibility that they act
through different sites is also possible.
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3.2. A transmembrane binding site for allosteric agonists (ago-PAMs)

As was discussed in the previous section, following the recent
determination of the cryo-EM structure of an a7 nAChR bound to PNU-
120596 [13], there seems little doubt that a7-selective type-II PAMs
exert their potentiating effects by binding to an inter-subunit trans-
membrane site. In addition, there is considerable amount of experi-
mental evidence to suggest that this is also the site at which a7-selective
ago-PAMs such as 4BP-TQS act as allosteric agonists. This would also be
consistent with evidence that allosteric agonists of other pLGIC act via
transmembrane binding sites [64-66]. However, since the precise
location of the binding site for a7-selective ago-PAMs is currently a
somewhat contentious issue, it will be reviewed in more detail here.

Initial evidence that compounds such as 4BP-TQS activate o7
nAChRs via a different mechanism from that of orthosteric agonists was
provided by its much slower activation rate than ACh [41], its ability to
activate a7 nAChRs without causing rapid desensitisation [41] and the
differences in single channel kinetics when a7 nAChRs are activated by
4BP-TQS, rather than by ACh [67]. In addition, there is evidence that
activation of a7 nAChRs by ACh and 4BP-TQS display differing tem-
perature sensitivity [68]. Further evidence that compounds such as
4BP-TQS do not exert their agonist effects via the conventional extra-
cellular orthosteric site came from studies conducted with antagonists
such as methyllycaconitine (MLA). MLA is as a competitive antagonist of
responses to ACh, as is illustrated by its antagonist effects being sur-
mountable at high agonist concentrations. However, MLA causes
non-surmountable antagonism of responses to 4BP-TQS [41]. In addi-
tion, competition radioligand binding experiments have shown that a7
allosteric agonists do not displace the binding of radioligands to the
orthosteric site of a7 nAChRs [17].

Some of the most direct experimental evidence suggesting that o7-
selective allosteric agonists act at a transmembrane site comes from
studies with a7 subunit chimeras. For example, allosteric agonists such
as 4BP-TQS display no agonist activity on subunit chimeras containing
the o7 extracellular domain fused to the transmembrane domain from a
pLGIC subunit that is insensitive to such compounds (Fig. 4) [41].
Conversely, allosteric agonist-activity is retained in subunit chimeras
that contain the o7 transmembrane domain fused to the extracellular
domain of a pLGIC subunit that is insensitive to such compounds (Fig. 4)
[69].

In addition, there are several examples where site-directed muta-
genesis of individual amino acids has resulted in dramatically differing
effects on activation by orthosteric and allosteric agonists. For example,
mutation of a single tyrosine residue that is close to the extracellular
orthosteric binding site of the o7 nAChRs abolishes activation by
orthosteric agonists but has little or no effect on direct activation by
allosteric agonists (Fig. 4) [70]. Similarly, mutation of the 15’ position in
the TM2 helix of the a7 transmembrane domain (which is an amino acid
that PNU-120596 was found to interact with in the o7 cryo-EM structure
7EKT [13]) has dramatic effects on responses to allosteric agonists but
not orthosteric agonists. When the methionine at this position in a7 is
mutated to leucine (M253L) it has no significant effect on agonist re-
sponses to orthosteric agonists but completely abolishes direct allosteric
activation by ago-PAMs (Fig. 4) [17,41,42]. It is a remarkably dramatic
effect and one that has been observed with many different a7-selective
ago-PAMs, including 4BP-TQS [17,41,42]. Interestingly, whereas
a7-selective PAMs such as TQS have no allosteric modulatory effects on
heteromeric nAChRs such as a4f2, mutations at the same (15) position
of the TM2 helix of the p2 subunit enables a7-selective PAMs such as
TQS to act as allosteric agonists on a4p2 nAChRs [46].

In addition, molecular docking studies have provided further support
for a7-selective allosteric agonists such as 4BP-TQS bind to a trans-
membrane site. For example, when docking studies were performed
with 25 different a7-selective allosteric modulators from the TQS-series
of compounds (11 ago-PAMs and 14 type-II PAMs), all 25 compounds
docked preferentially in overlapping positions and in the same
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a7 with transmembrane (M2-15’) mutation
Orthosteric agonists (e.g. ACh) active
Allosteric agonists (e.g. 4BP-TQS) inactive

a7 with extracellular (M93C) mutation
Orthosteric agonists (e.g. ACh) inactive
Allosteric agonists (e.g. 4BP-TQS) active

Chimera with a7 extracellular domain
Orthosteric agonists (e.g. ACh) active
Allosteric agonists (e.g. 4BP-TQS) inactive

Chimera with a7 transmembrane domain
Orthosteric agonists (e.g. ACh) inactive
Allosteric agonists (e.g. 4BP-TQS) active

Fig. 4. Studies conducted with subunit chimeras and by site-directed mutagenesis. Whilst it is possible that both site-directed point mutation and subunit chimeras
may cause long-range conformational changes, the results of several such studies (as discussed in the text) are consistent with the hypothesis that a7-selective ago-
PAMs such as 4BP-TQS act as allosteric agonists by binding to a transmembrane site.

orientation at an a7 inter-subunit transmembrane site [43]. Signifi-
cantly, this predicted binding site for both a7-selective type-II PAMs and
ago-PAMs is in very good agreement with the recently identified
transmembrane binding site for PNU-120596 in the a7 nAChR cryo-EM
structure (7EKT) [13].

An important contribution to our understanding of how compounds
in the TQS series may interact with the a7 nAChR has come from the
separation of their (+)- and (—)-enantiomers. Whilst it was known that
both type-II PAMs and ago-PAMs in the TQS series were cis-cis-di-
astereoisomers [17,42], it has also been shown that only one of the two
(+)/(-) enantiomers (which are mirror-images of one another) are
active. For example, it has been found that the active enantiomer of
4BP-TQS (an ago-PAM) is its (+)-enantiomer [49], whereas the active
enantiomer of TQS (a type-II PAM) is its (—)-enantiomer [46]. Impor-
tantly, however, it turns out that the active forms of these two com-
pounds ((+)— 4BP-TQS and (—)-TQS) have the same stereochemistry
(3aR,4 S,9bS) and hence the same relative geometric orientation. This is

a finding that would certainly be consistent with the two classes of
allosteric modulator (type-II PAM and ago-PAM) interacting with a
common binding site, albeit, presumably differing in their ability to
stabilise an open channel conformation in the absence of an orthosteric
agonist.

3.3. Is a second (extracellular) site required to explain direct allosteric
activation?

Whilst there appears to be a general consensus that both PAMs (such
as TQS) and ago-PAMs (such as 4BP-TQS) bind to a transmembrane
‘PAM site’, it has been suggested that, in order to exert their allosteric
agonist effects, ago-PAMs also need to bind to a second independent site
in the extracellular domain, referred to as the ‘allosteric direct activation
binding site’ [70]. Whereas this two-site hypothesis may have initially
been proposed as being just one possible explanation for the differences
between PAMs (such as TQS) and ago-PAMs (such as 4BP-TQS) [70], in
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recent years it has been presented as an almost settled argument. For
example, it has been stated that direct allosteric activation by ago-PAMs
‘involves binding to two distinct sites’ (transmembrane and extracel-
lular) [71] and that a7-selective allosteric agonists ‘bind to an allosteric
activation (AA) site in the extracellular domain’ (in addition to the
transmembrane PAM site) [72].

It seems that a primary motivation for proposing a second
structurally-independent (extracellular) binding site for the direct
agonist activation of a7 nAChRs was to explain a phenomenon that has
been described as ‘primed potentiation’ [70]. This is an effect that is
observed after the application of a high concentration of an allosteric
agonist, in which long-lasting potentiation of responses to orthosteric
agonists can be detected long after the allosteric agonist has been
washed out of the recording chamber [45,70]. It is this phenomenon of
primed potentiation that appears to have led to the initial suggestion
that allosteric agonists might bind to both a transmembrane ‘PAM site’
(from which it is assumed to dissociate extremely slowly), and also to an
extracellular ‘direct activation site’, from which it is assumed to disso-
ciate much more rapidly.

There may however be an alternative explanation for what has been
described as ‘primed potentiation’. It is connected with the fact that the
‘PAM effects’ of ago-PAMs such as 4BP-TQS can be detected at very
much lower concentrations than are required for direct allosteric acti-
vation. A common observation with compounds such as 4BP-TQS is that
they appear to stick non-specifically but quite persistently to some sur-
faces, such as those that can be found in typical electrophysiological
recording systems (for example, plastic tubing used for perfusion and/or
recording chambers). It may also be possible for compounds to adhere
non-specifically (or to partition into) and then subsequently dissociate
from the large oocyte cells that are frequently used for functional
characterisation of o7-selective ago-PAMs. It seems possible that the
subsequent slow dissociation of low concentrations of ago-PAMs from
such surfaces (and subsequent re-association with the a7 nAChR) could
explain what has been described as primed potentiation. If such an
explanation was correct, there might be no need to postulate two
structurally and topologically distinct selective binding sites for ago-
PAMs on o7 nAChRs (at least as an explanation for primed potentia-
tion). However, the phenomenon of primed potentiation is certainly
intriguing and it is something that is likely to require further study
before we fully understand its mechanism of action. It is undoubtedly
possible that it has a more interesting and unexpected pharmacological
basis than being due to compounds sticking to (and then slowly disso-
ciating from) plasticware or oocyte compartments.

3.4. Why is the second (proposed) ago-PAM site assumed to be
extracellular?

There is certainly a comforting orthodoxy about the idea that allo-
steric agonists bind to the extracellular domain of nAChRs, since this is
where we know it is possible for orthosteric agonists such as ACh to
facilitate receptor activation. However, if it is necessary to propose a
secondary independent binding site to explain effects such as primed
potentiation, a separate question is: why would it be assumed to be
located at the extracellular domain? An argument that has been put
forward is that allosteric agonists such as 4BP-TQS dissociate rapidly
from the ‘direct activation site’ (which might imply a lower affinity site)
but do so more slowly from the transmembrane ‘PAM site’ [70]. The
rationale appears to be that rapid dissociation would be more likely from
an extracellular site than a transmembrane site. Originally, a model was
suggested in which the proposed ‘allosteric direct activation site’ was
below the orthosteric binding site (i.e., closer to the transmembrane
domain than the orthosteric site) [70]. It was an idea that was based on
docking studies with an a7 homology model (although the data was not
presented) [70]. Subsequently, an alternative extracellular location was
proposed that was situated above the orthosteric binding site (i.e.,
further away from the transmembrane domain) and this has been
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referred to as the ‘vestibular site’ [45]. This modified hypothesis was
also based on molecular docking studies which were conducted with a
homology model containing only the extracellular domain o7 receptor
[45]. The homology model of the a7 extracellular domain was based
upon a modified version of an acetylcholine binding protein (AChBP)
from the snail Lymnaea stagnalis (a soluble protein that is considered to
be a structural homologue of the nAChR extracellular domain) [73,74].
Two putative extracellular binding sites were identified and, based on a
variety of arguments, the authors explained why they favoured the
vestibule binding site as the probable site of direct agonist activation
[45]. In subsequent molecular docking studies conducted by the same
group (again, conducted with a homology model corresponding to only
the extracellular domain), docked positions of allosteric agonists were
identified in multiple extracellular sites (including the orthosteric site as
well as the proposed vestibule site) [75]. It was argued that docked
positions that were shared by an allosteric agonist (e.g., 4BP-TQS) and
by a PAM that lacked agonist effects (e.g., TQS) would be unlikely to be
responsible for direct allosteric activation. For that reason, docking
studies with these two allosteric modulators were compared and it was
reported that the two ligands did, indeed, bind in opposing orientations
in the proposed vestibule site [75]. However, it appears that, whereas
docking was performed with the active enantiomer of 4BP-TQS (which,
as discussed earlier, is 3aR,4 S,9bS), these docking results were
compared to an enantiomer of TQS (3aS,4 R,9bR) that has been shown
to be inactive [46]. Becasue the stereochemical relationship of the two
compounds used for these docking studies is essentially that of a mirror
image, the fact that a site was identified at which they were predicted to
bind in opposing orientations would not appear to be a plausible reason
for selecting it as a likely site for direct allosteric activation.

There is no reason, in principle, why an allosteric modulatory site
should not be located in the extracellular domain. Indeed, there is evi-
dence that some compounds that inhibit ACh-induced responses in a7
nAChRs are able to bind to a soluble AChBP that has been modified to
have greater sequence similarity to the a7 nAChR extracellular domain
[76,77]. Similarly, it has also been reported that proteins that can bind
to the extracellular domain of pLGICs (such as single domain antibodies)
can also cause either PAM or NAM effects [78,79]. However, the hy-
pothesis that direct allosteric agonist activation of a7 nAChR requires
the simultaneous binding of a single ligand to two separate and distinct
binding sites (transmembrane and extracellular) could be seen as being
an unusual pharmacological mechanism of action. It is a hypothesis that
would appear to require two structurally and topographically distinct
binding sites on the a7 nAChR to have evolved independently in such a
way that both sites were able to confer selective and specific binding for
structurally dissimilar allosteric agonists (such as 4BP-TQS and B-973).

A potential source of confusion when discussing this topic is that the
term ‘allosteric activation’ has also been used to describe activation of
a7 nAChRs by compounds such as the a-conotoxin MrIC that have no
intrinsic agonist effect when applied by themselves but which can act as
agonists when co-applied with PAMs and which have been proposed to
act via the postulated vestibular ‘direct allosteric direct activation site’
[51]. a-Conotoxins are small (12-10 amino acid) peptides that typically
act as competitive antagonists of nAChRs by binding to the orthosteric
site [80] however MrIC has been shown to act as an agonist of a7
nAChRs when co-applied with PNU-120596 [81]. Due to its agonist ef-
fects being observed only with PAMs, MrIC has been described as a
‘biased agonist’ by the group that originally characterised its effects
[82], an effect that was presumably assumed to be mediated by MrIC
binding to the same orthosteric site at which a-conotoxins act as
competitive antagonists. However, proponents of the ‘direct allosteric
activation site’ hypothesis, have also argued that MrIC may cause allo-
steric activation via the same proposed vestibular site. Indeed, by per-
forming docking studies that were restricted to just the proposed
vestibular site, a potential binding site for MrIC was suggested in the
proposed vestibular site [51].
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3.5. An alternative single-site hypothesis of cooperative allosteric
interactions

In contrast to the hypothesis that was discussed in the preceding
section concerning the possibility of there being two distinct (trans-
membrane and extracellular) binding sites for allosteric agonists, there
may be a simpler explanation that could account for all of the experi-
mental observations. It involves the idea that the pharmacological ef-
fects of ligands binding to multi-subunit proteins such as nAChRs can be
influenced by the number of binding sites that are occupied. Even for a
‘single’ transmembrane binding site model, there will be five such sites
in a homo-pentameric receptor that are potentially able to cause induced
conformational changes in neighbouring sites within the same oligo-
meric complex. This idea is consistent with the well-established phe-
nomenon of ‘cooperative binding’ of ligands to sites on multi-subunit
proteins. It is possible that, if an allosteric modulator binds with low
occupancy to a subset of the five a7 inter-subunit transmembrane sites,
it might induce a conformational change in neighbouring subunits
within the same oligomer that could alter the kinetics or the selectivity
of ligand binding to those neighbouring sites.

As has been reviewed elsewhere, cooperative binding (both positive
and negative) of ligands to multi-subunit proteins is a mechanism that
has been shown to underly a wide range of biological processes [83].
The cooperative interaction of binding sites is an idea that was proposed
in 1904 as means of explaining the interaction of oxygen with haemo-
globin [84] and has been developed into what is often described as the
‘Monod-Wyman-Changeux’ model of concerted allosteric transitions
[83,85]. It is a mechanism in which ligand occupancy of binding sites in
a multi-subunit protein is not a linear function of ligand concentration
and, depending on the nature of the conformational change that occurs
in neighbouring subunits, the resulting cooperative effect can be either
positive or negative. It seems that such an effect could explain all of the
experimental data that has been obtained concerning allosteric modu-
lation of nAChRs (including primed potentiation).

In fact, to explain several of the effects observed with a7 ago-PAMs
does not necessarily even require ligand binding to be ‘cooperative’,
since the observed effects may depend simply on a cumulative effect,
reflecting how many of the five equivalent transmembrane sites are
occupied. For example, the observation that ago-PAMs require higher
concentrations for direct allosteric activation than are required to exert
PAM effects may simply be a consequence of direct allosteric activation
requiring higher ligand occupancy at the transmembrane sites in order
to stabilise an open conformation. Direct allosteric activation of a7
nAChRs by compounds such as 4BP-TQS has much slower activation
kinetics than is seen with orthosteric agonists [41] and this could
perhaps be explained by direct allosteric activation requiring higher
receptor occupancy by an allosteric agonist at a relatively inaccessible
transmembrane site. This is in contrast to the rapid activation of o7
nAChRs by orthosteric agonists, for which it has been shown that effi-
cient receptor activation can be achieved even with low occupancy of
the five extracellular orthosteric agonist sites [14]. However, if a phar-
macological explanation is needed to explain effects such as primed
potentiation, this could be due to slower dissociation from the allosteric
transmembrane sites when there is lower ligand occupancy of those
sites. Such an effect would be consistent with existing ideas in which
ligand binding can cause cooperative conformational changes in
neighbouring subunits. Similarly, where an antagonist has been
observed to have differing effects on direct allosteric activation than it
does with either PAM effects or with ‘primed potentiation’, as has been
reported with compounds such as 2,3,5,6MP-TQS [72], this could be due
to cooperative conformational changes in the five transmembrane
binding sites resulting from differing ligand occupancy.

4. Conclusion

With the recent determination of a cryo-EM structure of the a7
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nAChR containing a bound PAM, together with a wealth of additional
experimental data, it seems clear that a7-selective type-II PAMs such as
PNU-120596 and TQS bind to an inter-subunit transmembrane binding
site. There also appears to be a general consensus that allosteric
agonists/ago-PAMs (such as 4BP-TQS) also bind to the same site. What
remains unresolved is whether direct allosteric agonist activation also
requires the simultaneous binding of compounds such as 4BP-TQS to an
additional distinct extracellular site, rather than a single transmembrane
site shared with type-II PAMs. A possible attraction of a mechanism in
which direct allosteric activation involves a single set of cooperative
(transmembrane) allosteric sites is its simplicity. In a homo-pentameric
nAChR such as a7, it would involve the binding of allosteric modulators
to a single set of five essentially equivalent transmembrane sites, rather
than to two structurally and topologically distinct sets of binding sites (a
set of five transmembrane sites and, additionally, a set of five extracel-
lular sites). Of course, simplicity (which is often said to underlie the
‘principle of parsimony’, or ‘Occam’s razor’) is not, in itself, a basis upon
which to favour one scientific hypothesis over another. However, the
idea of a single class of binding sites for ago-PAMs, located at the
interface of adjacent subunits in the transmembrane domain (the same
location where we know type-II PAMs bind) is a hypothesis that appears
to fit all of the experimental data and is also consistent with well-
established principles of cooperative binding that has been used to
explain the pharmacological effects of ligand binding to numerous
multi-subunit proteins.
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