












least under the conditions tested, seems indistinguishable
from simple competition, suggesting that the binding of 77-
LH-28-1 must either overlap with that of the orthosteric site
or be linked to the binding of ACh with a very high degree of
negative cooperativity that could not be differentiated from
orthosteric competition over the concentration range tested
in the calcium assay.

Effects of Key M1 mAChR Mutations on Agonist
Pharmacology. The preceding studies indicated that the
novel agonists display pharmacology that is consistent with
both orthosteric and allosteric modes of action, depending on
the experimental design. It is possible that such compounds
recognize epitopes in both these regions of the receptor and
adopt more than one binding pose depending on whether the
orthosteric site is occupied by another ligand or not. To fur-
ther probe these interactions at the molecular level, we ex-
amined the pharmacology of the novel agonists at M1

mAChRs containing key point mutations. Specifically, we
determined the affinity and efficacy of AC-42 and 77-LH-28-1
at Y381A, W101A and F77I mutant M1 mAChRs. Tyr381 in
TM6 is a known key component of the ACh orthosteric bind-
ing site that, when mutated to alanine, reduces the potency
of prototypical orthosteric agonists such as ACh and carba-
chol but has relatively little effect on the response to novel
agonists such as AC-42 and N-desmethylclozapine (Ward et
al., 1999; Spalding et al., 2002; Sur et al., 2003). Trp101 in
TM3 of the M1 mAChR has previously been shown to be part
of a “second shell” of residues that surround the orthosteric

binding site (Hulme et al., 2003), and the W101A mutation
markedly increases the potency of structurally related, selec-
tive agonists such as AC-260584 (Spalding et al., 2006) and
77-LH-28-1 (Lebon et al., 2009) at the receptor. Finally,
Phe77 was identified in preliminary work as a residue that,
when mutated to isoleucine, caused a reduction in the po-
tency of AC-42 (Jacobson et al., 2004).

U2OS cells were transduced with different numbers of
plague-forming units per cell to attain roughly similar levels
of receptor expression for mutant versus wild-type receptors,
as determined by whole-cell [3H]QNB binding (Table 1); we
used this radioligand because its affinity is substantially less
affected by mutation of key residues, such as W101A and
Y381A, compared with the binding of [3H]NMS (Ward et al.,
1999; Lebon et al., 2009). Although variations in expression
were still noted between mutants, the estimated Bmax values
were used to correct for these variations after application of
an operational model of agonism (eq. 6) to obtain agonist
efficacy estimates (Log�c values; Table 2) for Ca2� elevation.
[3H]QNB and the agonists tested each displayed affinities at
the wild-type M1 mAChR consistent with their previously
described pharmacology at this receptor subtype. The W101A
mutation resulted in a small, but significant, reduction in
affinity of ACh, pilocarpine, and [3H]QNB (Table 1), consis-
tent with a role for Trp101 as part of the second shell of
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Fig. 4. Novel agonists have lower efficacy at the M1 mAChR relative to
ACh. A, effect of different expression levels of M1 mAChR on ACh potency
and maximal effect for mediating intracellular Ca2� elevation in U2OS
cells transiently transduced using BacMam technology. B, comparison of
orthosteric agonist (ACh, pilocarpine) and novel agonist (77-LH-28-1,
AC-42)-mediated intracellular Ca2� elevation in U2OS cells transiently
transduced with 2 pfu/cell of M1 mAChR. Points represent the mean �
S.E.M. of three experiments performed in duplicate. Where error bars are
not shown, they lie within the dimensions of the symbol.
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Fig. 5. Functional interaction between ACh and 77-LH-28-1 is consistent
with competition. Effect of increasing concentrations of atropine (A) or
77-LH-28-1 (B) on ACh-mediated intracellular Ca2� elevation in U2OS
cells transiently transduced with 0.5 pfu/cell of M1 mAChR. The curves
superimposed on the data points represent the best global nonlinear
regression curve fit of a competitive Schild model (A) or operational model
(B). Points represent the mean � S.E.M. of four or five experiments
performed in duplicate. Where error bars are not shown, they lie within
the dimensions of the symbol.
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residues forming the orthosteric binding site. Conversely,
this mutation resulted in significant increases in the affinity
of AC-42 and 77-LH-28-1 (Table 1), in agreement with pre-
vious binding studies (Lebon et al., 2009). It is noteworthy
that this mutation did not alter the efficacies of ACh and
pilocarpine (Table 2; Fig. 6), but enhanced the efficacy of
AC-42 (though not 77-LH-28-1).

Mutation of Y381A in TM6 did not result in a change of
[3H]QNB affinity (Table 1), consistent with previous obser-
vations that this residue is able to discriminate between the
binding of [3H]QNB and [3H]NMS (Ward et al., 1999). How-
ever, mutation of Y381A markedly reduced the affinity of
orthosteric agonists ACh and pilocarpine, consistent with its
role as a key binding partner in the orthosteric agonist bind-
ing site. This mutation also reduced ACh and pilocarpine
efficacy, suggesting that Tyr381 is also involved in receptor
activation by orthosteric agonists (Table 2; Fig. 6). Likewise,
Y381A reduced the efficacies of AC-42 and 77-LH-28-1 but
moderately increased their affinity compared with the wild-
type receptor, suggesting that although the role of Tyr381 in
receptor activation may be common to all the agonists tested,
only orthosteric agonists rely on this residue for binding to
the receptor.

Phe77 is located in TM2, and had been reported in a pre-

liminary study to selectively diminish the potency of AC-42
when mutated to isoleucine (Jacobson et al., 2004). We have
now found that this mutation did not alter the affinity of any
of the ligands tested (except for a small reduction in 77-LH-
28-1 affinity; Table 1). However, the efficacies (Log �c values)
of both AC-42 and 77-LH-28-1 were substantially reduced by
F77I, whereas those of ACh and pilocarpine were unaltered
(Table 2; Fig. 6). This indicates that mutation of F77I selec-
tively affects the ability of AC-42 and 77-LH-28-1 to signal,
unlike the Y381A mutation, which reduced the efficacy of all
the agonists tested.

To further verify this novel observation, the activity of all
four agonists was examined at both the wild-type and F77I
constructs in a second signaling assay, that of ERK1/2 phos-
phorylation. All agonists displayed Log�c values somewhat
lower than those observed in the Ca2� assay (Table 3; Fig. 7),
suggesting that the receptor coupling efficiency in the
pERK1/2 assay is lower. In agreement with the previous
dataset, mutation of Phe77 did not alter the efficacy of ACh or
pilocarpine but reduced the efficacy of 77-LH-28-1 and abol-
ished the agonist activity of AC-42 (Table 3; Fig. 7). Thus the
selective modulation of the efficacy of the novel agonists by
F77I was not restricted to a single pathway but observed for
both Ca2� elevation and ERK1/2 phosphorylation.

Modeling and Ligand Docking. In addition to the ra-
dioligand binding and functional studies, molecular modeling
and ligand docking were performed to rationalize the results
seen with AC-42 and 77-LH-28-1. All reasonable docking
solutions suggested that the aspartate residue (Asp105) in
TM3 was forming a charge-charge interaction with the pro-
tonated nitrogen of 77-LH-28-1. This placed the aromatic
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Fig. 6. Novel agonists display divergent sensitivity to key M1 mAChR
mutations relative to prototypical orthosteric agonists. Effect of increas-
ing concentrations of agonist on M1 on mAChR-mediated intracellular
Ca2� elevation in U2OS cells transiently transduced with the indicated
mutant M1 mAChR. Points represent the mean � S.E.M. of three exper-
iments performed in duplicate.
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Fig. 7. Differential effect of M1 mAChR F77I mutation on novel agonist
efficacy is independent of signaling pathway. Effect of increasing concen-
trations of agonist on M1 on mAChR-mediated phosphorylation of
ERK1/2 in U2OS cells transiently transduced with the indicated mutant
M1 mAChR. Points represent the mean � S.E.M. of three experiments
performed in duplicate and are normalized to the response mediated by
10% FBS. Where error bars are not shown, they lie within the dimensions
of the symbol.
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benzoyl portion of 77-LH-28-1 between helices 2, 3, and 7,
with the phenyl ring adjacent to the flipped-out tryptophan
(Trp101) and encircled by a number of other aliphatic and
aromatic residues: Trp91, Leu102, Tyr82, and Tyr85. The butyl
linker between the aromatic ring and the piperidine ring
transverses a hydrophobic region defined by Tyr82, Leu83,
Leu102, and Ile180, and the piperidine ring is interacting with
Ser78 and Tyr404. The aliphatic butyl tail of AC-42 is located
deep within the receptor and is forming hydrophobic inter-
actions with Ile74, Trp378, and Cys407. It is noteworthy that
the phenylalanine residue Phe77, located on the external side
of TM2, does not seem to be interacting with the ligand; it
does, however, seem to be playing a role in the stabilization
of the flipping of Trp101 by forming a �-� stacking interaction
when Trp101 is in its flipped-out gauche negative state. 77-
LH-28-1 sits some distance from Tyr381 in TM6, consistent
with previous reports of a lack of effect of mutation of this
residue on AC-42 function (Spalding et al., 2002). The ty-
rosine residue Tyr381 is behind the Tyr404 residue on TM7
that is only partly in contact with the piperidine portion of
77-LH-28-1.

Discussion
The past decade has witnessed a virtual renaissance in the

pharmacology of mAChR agonists, spearheaded by the dis-
covery of compounds such as AC-42, which preferentially
activate the muscarinic M1 mAChR subtype (Spalding et al.,
2002; Langmead et al., 2006). It is noteworthy that a common
mechanism invoked to explain the functional selectivity of
these agonists has been one involving the possibility that
they are allosteric (Sur et al., 2003; Langmead et al., 2006;
Spalding et al., 2006; Jones et al., 2008). Our current findings
suggest that these novel agonists indeed adopt different
poses within the M1 mAChR relative to prototypical orthos-
teric agonists, such as ACh, but are unlikely to result in a
purely allosteric mode of action.

It is noteworthy that in previous studies (Langmead et al.,
2006; Lebon et al., 2009) and in our current study, the inter-
actions between 77-LH-28-1 or AC-42 with orthosteric antag-
onists were consistently characterized by very high degrees
of negative cooperativity (Log � values 	 �2), as determined
by application of an allosteric ternary complex model to the
data. Such highly negative allosteric interactions are virtu-
ally indistinguishable from a competitive interaction at equi-
librium. This is in contrast to prototypical allosteric modula-
tors, such as C7/3-phth, which can be shown to interact via a
purely allosteric mode in both equilibrium (Fig. 2B) and
kinetics (Fig. 3) studies. The ability of ligands such as C7/3-
phth and 77-LH-28-1 to alter the dissociation rate of an
orthosteric ligand is a key indicator of an allosteric interac-
tion, but it should be noted that this type of assay monitors
interactions on a receptor that has been prelabeled with an
orthosteric radioligand; dissociation kinetics experiments
can reveal whether a ligand is able to adopt an allosteric
binding pose but cannot be used to conclude that this pose is
relevant to a receptor that does not have an orthosteric
ligand present. Indeed, functional interaction studies using
77-LH-28-1 were in agreement with the equilibrium binding
studies in that the interaction between this agent and the
orthosteric agonist ACh were consistent with a simple com-
petitive mechanism (Fig. 5) or very high negative cooperat-

ivity. This finding also complements previous data that
showed the functional interaction between 77-LH-28-1 and
scopolamine or pirenzepine to be indistinguishable from sim-
ple competition (Langmead et al., 2008a). Although our find-
ing of apparent competition between 77-LH-28-1 and C7/3-
phth on the [3H]NMS-occupied receptor indicates that the
novel agonist has the capacity to recognize epitopes that
constitute the prototypical allosteric binding site on the M1

mAChR, the log affinity of the agonist for the occupied recep-
tor (
4.3) is markedly lower than its log affinity for the free
receptor (
6.3). Given that the novel agonists have a much
lower affinity for the allosteric site on the M1 mAChR when
the receptor is occupied by orthosteric ligand, it is unlikely
that their purely allosteric properties will play a prominent
role in their pharmacological effects at concentrations that
are physiologically relevant.

Overall, the profile of behaviors exhibited by the novel
agonists are qualitatively and quantitatively similar to that
displayed by the mAChR partial agonist McN-A-343, the
mechanism of action of which was the subject of debate in the
literature (Birdsall et al., 1983; Christopoulos and Mitchel-
son, 1997; May et al., 2007). More recently, radioligand bind-
ing and functional and mutagenesis studies using fragments
of McN-A-343 revealed it to be a bitopic ligand (i.e., a hybrid
molecule capable of interacting concomitantly with the recep-
tor via both orthosteric and allosteric sites) (Valant et al.,
2008). This is a mode of interaction that is distinct from a
“pure” allosteric mode. Because of its recognition of epitopes
within the orthosteric pocket, McN-A-343 seems competitive
in equilibrium binding or functional assays but uses regions
of the allosteric site to derive functional selectivity; when the
orthosteric site is prebound with radioligand, it adopts a
second purely allosteric binding mode with much lower af-
finity. Given the parallels in the pharmacology, this may be
a likely mechanism by which 77-LH-28-1 interacts with the
unoccupied muscarinic M1 mAChR, one that we have pro-
posed for this agonist at the M2 mAChR (Gregory et al.,
2010).

Our modeling and ligand docking also support the notion
that 77-LH-28-1 and AC-42 are bitopic ligands (Valant et al.,
2008, 2009). Both agonists have basic centers that are likely
to interact with Asp105 in the orthosteric binding site; previ-
ous mutational data support the requirement of this residue
for receptor activation by these agonists (Lebon et al., 2009).
However, the benzoyl aromatic group of 77-LH-28-1 is pre-
dicted to occupy space between TM domains 2, 3, and 7, near
the extracellular loops. It is noteworthy that Trp101 is
thought to form the base of the binding site for the prototyp-
ical allosteric modulators such as C7/3-phth (Matsui et al.,
1995). This binding mode would explain the observation that
77-LH-28-1 seems to compete (at least in part) for the same
binding site as C7/3-phth (Fig. 3B). It is likely that interac-
tions in this region are responsible for the observed allosteric
effects of 77-LH-28-1 when the receptor is prebound with
[3H]NMS. When the receptor is simultaneously exposed to
77-LH-28-1 and either [3H]NMS (equilibrium binding) or
ACh (functional Ca2� studies), the interaction of 77-LH-28-1
seems competitive, primarily because of the interaction with
Asp105.

The residues chosen for mutagenesis, Trp101, Tyr381, and
Phe77, also proved useful in identifying patterns of behav-
ior that can be used to differentiate prototypical orthos-
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teric agonists from novel selective agonists (including pu-
tative bitopic agonists). The first two residues were
selected as their mutation has been shown to have diver-
gent effects on orthosteric and putatively allosteric ago-
nists (Spalding et al., 2002, 2006; Lebon et al., 2009),
although their precise in role in ligand binding and recep-
tor activation have not been fully established. Phe77 was
highlighted as a residue that, when mutated to isoleucine,
caused a reduction in the potency of AC-42 to activate the
muscarinic M1 mAChR (Jacobson et al., 2004). Trp101,
when in the gauche negative state, is predicted to be ad-
jacent to the phenyl ring of 77-LH-28-1. Mutation of this
residue to alanine has been shown to increase the potency
of AC-42 and related compounds (Spalding et al., 2006).
The same mutation significantly reduced ACh and pilo-
carpine affinity but significantly enhanced AC-42 and 77-
LH-28-1 affinity (Table 1); there was no change in agonist
efficacy with the exception of a reduction in the Log�c value
for AC-42 (Table 2). These data suggest that Trp101 pri-
marily plays a role in the binding of 77-LH-28-1, probably
by “flipping out” to accommodate the ligand; therefore the
absence of the side chain reduces the free energy required
for ligand binding.

Mutation of Y381A significantly reduced the affinity of pi-
locarpine and ACh for the M1 receptor (Table 1), consistent
with a role in the orthosteric binding site (Ward et al., 1999).
It is noteworthy that this mutation moderately increased the
affinity of AC-42 and 77-LH-28-1 (Table 1) but significantly

reduced the efficacy of all agonists tested (Table 2). Thus,
Tyr381 seems key to receptor activation but is only directly
involved in the binding of ACh and pilocarpine. This is sup-
ported by the ligand docking, where 77-LH-28-1 is positioned
some distance from Tyr381 (Fig. 8), unlike dockings of ACh
(Hulme et al., 2003; Goodwin et al., 2007).

At first sight, the role of Phe77 seems to be difficult to
resolve based on the receptor model, because the residue
faces away from the proposed ligand binding site (Fig. 8).
However, mutation of this residue has a clear effect in selec-
tively reducing the efficacy of AC-42 and 77-LH-28-1 (Tables
2 and 3). On this basis, we postulate that the aromatic side
chain of Phe77 plays a role to stabilize the flipped-out gauche
state of Trp101 via a �-� stacking interaction between the
aromatic rings; this selectively enhances the function of
AC-42 and 77-LH-28-1 but leaves pilocarpine and ACh unaf-
fected. Therefore, removal of the aromatic ring prevents this
stabilization and reduces the ability of 77-LH-28-1 to mediate
receptor activation once bound.

Based on the data presented herein, AC-42 and 77-LH-28-1
may be better classed as bitopic, rather than allosteric, ago-
nists, but definitive demonstration that such molecules con-
tain both pure orthosteric and allosteric fragments is still
required. Nonetheless, our mutational data have identified
Tyr381 and Trp101 as selective differentiators of orthosteric
versus novel agonist binding affinity and have revealed
Phe77 as a novel and selective regulator of novel agonist
efficacy. It will be interesting to determine whether addi-
tional functionally selective agonists that have been previ-
ously classed as “allosteric agonists” exhibit similar patterns
of behavior.
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FP, McKinzie DL, and Felder CC (2008) Selective muscarinic receptor agonist
xanomeline as a novel treatment approach for schizophrenia. Am J Psychiatry
165:1033–1039.

Skjaerbaek N, Koch KN, Friberg BL, and Tolf BR (2003), inventors; Acadia Phar-
maceuticals, assignee. Tetrahydroquinoline analogues as muscarinic agonists.
World patent WO/2003/057672, 17 Jul 2003.

Spalding TA, Ma JN, Ott TR, Friberg M, Bajpai A, Bradley SR, Davis RE, Brann MR,
and Burstein ES (2006) Structural requirements of transmembrane domain 3 for
activation by the M1 muscarinic receptor agonists AC-42, AC-260584, clozapine,
and N-desmethylclozapine: evidence for three distinct modes of receptor activa-
tion. Mol Pharmacol 70:1974–1983.

Spalding TA, Trotter C, Skjaerbaek N, Messier TL, Currier EA, Burstein ES, Li D,
Hacksell U, and Brann MR (2002) Discovery of an ectopic activation site on the
M(1) muscarinic receptor. Mol Pharmacol 61:1297–1302.

Sur C, Mallorga PJ, Wittmann M, Jacobson MA, Pascarella D, Williams JB, Bran-
dish PE, Pettibone DJ, Scolnick EM, and Conn PJ (2003) N-desmethylclozapine,
an allosteric agonist at muscarinic 1 receptor, potentiates N-methyl-D-aspartate
receptor activity. Proc Natl Acad Sci USA 100:13674–13679.

Valant C, Gregory KJ, Hall NE, Scammells PJ, Lew MJ, Sexton PM, and Christo-
poulos A (2008) A novel mechanism of G protein-coupled receptor functional
selectivity. Muscarinic partial agonist McN-A-343 as a bitopic orthosteric/
allosteric ligand. J Biol Chem 283:29312–29321.

Valant C, Sexton PM, and Christopoulos A (2009) Orthosteric/allosteric bitopic
ligands: going hybrid at GPCRs. Mol Interv 9:125–135.

Ward SD, Curtis CA, and Hulme EC (1999) Alanine-scanning mutagenesis of trans-
membrane domain 6 of the M1 muscarinic acetylcholine receptor suggests that
Tyr381 plays key roles in receptor function. Mol Pharmacol 56:1031–1041.

Wess J, Eglen RM, and Gautam D (2007) Muscarinic acetylcholine receptors: mutant
mice provide new insights for drug development. Nat Rev Drug Discov 6:721–733.

Address correspondence to: Prof. Arthur Christopoulos, Drug Discovery
Biology and, Department of Pharmacology, Monash Institute of Pharmaceuti-
cal Sciences, Monash University, Parkville, Victoria 3052, Australia. E-mail:
arthur.christopoulos@med.monash.edu.au

104 Avlani et al.

 at A
SPE

T
 Journals on July 22, 2017

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/

