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The recently identified small molecule, 3-amino-5-chloro-
6-methoxy-4-methylthieno[2,3-b]pyridine-2-carboxylic acid
cyclopropylamide (LY2033298), is the first selective allosteric
modulator of the muscarinic acetylcholine receptors (mAChRs)
that mediates both receptor activation and positive modulation
of the endogenous agonist, acetylcholine (ACh), via the same
allosteric site on the M, mAChR. We thus utilized this novel
chemical tool, as well as ACh, the bitopic (orthosteric/alloste-
ric) agonist, McN-A-343, and the clinically efficacious M;/M,
mAChR-preferring agonist, xanomeline, in conjunction with
site-directed mutagenesis of four different regions of the M,
mAChR (extracellular loops 1, 2, and 3, and transmembrane
domain 7), to identify regions that govern ligand-specific modes
of binding, signaling, and allosteric modulation. In the first
extracellular loop (E1), we identified Ile®® and Lys®* as key resi-
dues that specifically govern the signaling efficacy of LY2033298
and its binding cooperativity with ACh, whereas Phe'®® in the E2
loop was identified as a key contributor to the binding affinity of
the modulator for the allosteric site, and Asp*3” in the E3 loop
appears to be involved in the functional (activation) cooperativ-
ity between the modulator and the endogenous agonist. In con-
trast, the highly conserved transmembrane domain 7 residues,
Tyr*3® and Tyr**3, were identified as contributing to a key acti-
vation switch utilized by all classes of agonists. These results
provide new insights into the existence of multiple activation
switches in G protein-coupled receptors (GPCRs), some of
which can be selectively exploited by allosteric agonists,
whereas others represent global activation mechanisms for all
classes of ligand.

The GPCR? superfamily comprises nearly 1000 7-transmem-
brane (TM)-spanning proteins that represent the largest target
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class for all current drugs (1). The mAChRs are prototypical
family A GPCRs that mediate, along with the ionotropic nico-
tinic receptors, the actions of the neurotransmitter, ACh. As
with all biogenic amines, the orthosteric binding pocket for the
endogenous agonist is located within the core of the helical TM
bundle of these receptors. For the mAChRs, major contact
points conserved across all five receptor subtypes include
Asp3‘32, Tyr3'33, Tyr6.51’ Asn®?2, Tyr7'39, Cys7‘42, and Tyr7'43
(Ballesteros-Weinstein numbering) (2), whereas Leu®?°, Asn*?’,
Thr®3°, Thr®2, and Ala®>%® constitute “second shell” residues
that stabilize the primary binding pocket (3). Understanding
the activation mechanism of GPCRs is an area of intensive cur-
rent research. The binding event for ACh is intimately linked to
the subsequent conformational changes that result in transmis-
sion of a stimulus to the cell. Key initial events in this process
include the formation of an ionic bond between the positively
charged ammonium head group of ACh and the negatively
charged Asp®?? and an enclosure of the headgroup in an aro-
matic cage composed of Tyr*3?, Tyr®>!, Tyr”?°, and Tyr”*?
(3-5). Tightening of this aromatic cage around ACh, as well as
the formation of new intramolecular contacts, triggers both a
rotational and vertical movement (widening of the intracellular
face of the receptor) of TM6 and TM7 relative to TM3 to ulti-
mately transduce ACh binding into receptor activation (3, 5).
Because the mechanism of orthosteric agonist binding and
activation is highly conserved across all mAChR subtypes,
the development of subtype-selective mAChR activators that
target this orthosteric region remains a significant challenge.
However, there has been exciting recent progress toward the
development of allosteric ligands that bind to a site distinct
from the orthosteric site on mAChRs (6, 7). A number of pro-
totypical allosteric ligands of the mAChRs have now been iden-
tified that bind to the receptor simultaneously with orthosteric
ligands and modulate the binding and/or signaling of the latter
agent (8). More recently, allosteric GPCR ligands have been
reported that also appear to activate receptors in their own
right, in the absence of orthosteric ligand (9). One such ligand is
the novel small molecule, LY2033298 (Fig. 1E), which is a selec-
tive allosteric potentiator of ACh binding and function at the
M, mAChR subtype but is also capable of activating multiple
signaling pathways linked to this receptor (10—12). The discov-
ery of this novel allosteric modulator/agonist represents a sig-

PERK, phosphorylated ERK; QNB, quinuclidinyl benzilate; NMS, N-methyl-
scopolamine; GppNHp, guanosine 5'-(B,y-imido)triphosphate.
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nificant advance in mAChR biology for two reasons. First,
selective activation of the M, mAChR may be a novel approach
for improving cognitive symptoms associated with disorders
such as schizophrenia (13). Second, LY2033298 is the first
mAChR agonist whose activity has been unambiguously shown
to arise purely from an allosteric binding site (12).

In contrast to the relatively well defined binding and activa-
tion mechanism of orthosteric agonists such as ACh, the
molecular mechanisms underlying action of allosteric agonists
are largely unknown. This is in part due to the fact that most
structure-function studies of putative allosteric agonists do not
differentiate between effects of GPCR mutations on the affinity
of the modulator for the allosteric site on the unoccupied recep-
tor, the cooperativity between the modulator and the orthos-
teric ligand on the occupied receptor, and any direct signaling
effects of the modulator; all of these can contribute to changes
in observed allosteric agonist potency. Previous studies have
found that the binding pocket for prototypical allosteric mod-
ulators of the mAChRs is located more extracellular relative to
the orthosteric pocket and likely involves regions in the extra-
cellular loops and the top of the TM helices (14 —16). Prelimi-
nary mutagenesis studies suggest that such regions may also
be important for the actions of LY2033298. For instance, the
triple substitution of Thr-Val-Ile®*~86(265-267)4 3¢ the junction
of TM2 and the E1 loop from the M, mAChR in place of the
equivalent residues (Ile-Ile-Lys”*~°%) of the M, mAChR
increased the ability of LY2033298 to potentiate the function of
ACh in a calcium mobilization assay, whereas substitution of
Ser*?® and Asp*32(73? in the E3 loop with the equivalent resi-
dues found in the M, mAChR decreased the ability of
LY2092298 to potentiate ACh function (10). However, this ini-
tial study did not identify what molecular components of the
actions of LY2033298 were affected by the mutations.

The current study thus aimed to resolve key questions sur-
rounding the structural basis of binding, cooperativity, and effi-
cacy of LY2033298 as a modulator and agonist of the M,
mAChR. Specifically, we focused on four key regions of the
receptor, namely, the E1-E3 loops, as well as a key activation
switch in TM7 that has been implicated in the efficacy of ortho-
steric agonists (4, 17, 18). As comparator ligands (Fig. 1, B-D),
we have included the endogenous orthosteric agonist, ACh, an
M, /M,-prefering agonist (xanomeline) that has shown clinical
efficacy in the treatment of cognitive episodes associated with
schizophrenia, and the functionally selective agonist, McN-A-
343, which was recently shown to be a bitopic orthosteric/allo-
steric ligand at the M, mAChR (19). We present new evidence
for differential effects on allosteric agonist affinity, cooperativ-
ity, and signaling efficacy depending on the region of the recep-
tor involved. We also identify activation mechanisms that are
likely to be common to orthosteric and allosteric agonists, as
well as residues involved in ligand-specific receptor activation.

EXPERIMENTAL PROCEDURES

Materials—Chinese hamster ovary-FlpIn cells were from
Invitrogen, hygromycin B was purchased from Roche Applied
Science (Indianapolis, IN). Dulbecco’s modified Eagle’s medium

“Numbers in parentheses indicate Ballesteros and Weinstein (2) numbering.
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and fetal bovine serum (FBS) were from Invitrogen and JRH
Biosciences (Lenexa, KS), respectively. Primers used for the
generation of mutant receptors were purchased from Sigma
and Geneworks (see supplemental Table 1). The AlphaScreen
SureFire phospho-ERK1/2 reagents were kindly donated by
Drs. Michael Crouch and Ron Osmond (TGR Biosciences,
South Australia), whereas the AlphaScreen streptavidin donor
beads and anti-IgG (protein A) acceptor beads used for phos-
phorylated ERK1/2 (pERK1/2) detection, [*H]quinuclidinyl
benzilate ([*H]QNB; specific activity, 52 Ci/mmol) and [*H]N-
methylscopolamine ([*H]NMS; specific activity, 72 Ci/mmol)
were purchased from PerkinElmer Life Sciences. Xanomeline
and LY2033298 were synthesized in-house at Eli Lilly (Indian-
apolis, IN). All other chemicals were from Sigma.

Receptor Mutagenesis and Generation of Cell Lines—The
desired M, mAChR mutations were introduced into a triple
hemagglutinin-tagged human M, mAChR in pEf5/frt/v5-dest
(Invitrogen) using the Stratagene QuikChange site-directed
mutagenesis kit. Purified DNA was stably transfected into a
Chinese hamster ovary-Flpln cell line, selected using 0.4 mg/ml
hygromycin and maintained at 0.2 mg/ml hygromycin in media
(Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS and 16 mm HEPES). Cells were harvested using 2 mm
EDTA in phosphate-buffered saline (137 mm NaCl, 2.7 mm KCl,
4.3 mm Na,HPO,, 1.5 mm KH,PO,) for all experiments.

[PHJQNB Binding Assays—To determine the affinity of
[®H]QNB at each of the M, mAChR receptor constructs, satu-
ration binding assays were performed by incubating varying
concentrations of [PH]QNB with 50 ug of membrane (see Ref.
11 for membrane preparations) at 37 °C for 1 h, in a final vol-
ume of 1 ml of binding buffer (20 mm HEPES, 100 mm NaCl,
and 10 mm MgCl, at pH 7.4). Subsequently, radioligand inhibi-
tion binding assays were performed by co-incubating 50 ug of
membrane with a K, concentration of [’H]QNB (see Table 1)
and varying concentrations of the nonradiolabeled test com-
pound in 1 ml of binding buffer in the presence of the guanine
nucleotide, GppNHp (100 um), which was used to promote
receptor-G protein uncoupling. Interaction studies were also
performed between [PH]QNB, ACh, and 1Y2033298 by co-in-
cubating 50 ug of membrane, a fixed concentration of ACh (see
“Results”), and ~100 pm [*’H]QNB with increasing concentra-
tions of LY2033298. GppNHp (100 M) was included in the
0.5-ml final volume of binding buffer, and the reaction was left
to reach equilibrium for 3 h at 37 °C. For all experiments, non-
specific binding was defined in the presence of 100 uMm atropine,
total binding was determined in the absence of the test ligand,
and vehicle effects were determined with 1% DMSO. The assays
were terminated by vacuum filtration through GF-B glass fiber
filters and washing three times with ice-cold 0.9% NaCl. The
[*H]QNB radioactivity was measured using a Packard 1600 TR
liquid scintillation beta counter.

[PHINMS Dissociation Kinetic Assays—[>*H]NMS dissocia-
tion time-course experiments were performed by preincubat-
ing 50 pg of membrane with [PH]NMS (final assay concentra-
tion of 500 pm) for 1 h. At various time intervals (0, 2, 5, 8, 10, 15,
and 30 min) atropine (100 um) alone or in the presence of
LY2033298 (30 um) was added to the reaction containing
GppNHp (100 uMm) to make up a 0.5-ml final reaction volume.
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Total binding was defined at the 0 time interval. Nonspecific
binding was defined in the presence of atropine over the entire
time course. Following full dissociation time-course experi-
ments, two time points were chosen (10 and 40 min) to define
dissociation in the presence of multiple concentrations of
LY2033298 (10 um, 30 M, and 100 um). Nonspecific and total
binding were defined as before, and assays were terminated as
described above.

PERK1/2 Assays—Cells were seeded and washed as described
previously (11) and serum-starved at 37 °C overnight. Concen-
tration-response assays were performed by incubating increas-
ing concentrations of each ligand (5 min for ACh or LY2033298
and 8 min for xanomeline or McN-A-343 as determined in
time-course experiments) at 37 °C with Dulbecco’s modified
Eagle’s medium in a final volume of 200 ul per well. For all
experiments, 10% FBS was used as an internal control, and
media or 0.1% DMSO were used as vehicle controls. The reac-
tions were terminated and measured as described previously
(11).

Data Analysis—Data were analyzed using Prism 5.03
(GraphPad, San Diego, CA). For radioligand saturation bind-
ing, nonspecific and total binding data were analyzed as
described previously (20) to derive radioligand dissociation
constant (K,) and receptor density (B,,,,) estimates. For radio-
ligand orthosteric inhibition binding experiments, specific
binding of each ligand was analyzed according to a one-site
binding equation (20). The negative logarithm of the equilib-
rium dissociation constant (pK3) of each ligand was determined
using the Cheng and Prusoff equation (21). Interaction experi-
ments between [PH]JQNB, ACh, and LY2033298 were fitted to
the following allosteric ternary complex model,

Brarl Al
el

where K,, K, and K| represent the equilibrium dissociation
constants of the radioligand, allosteric ligand, and the orthos-
teric inhibitor, respectively, [A], [B], and [I] denote their respec-
tive concentrations, and o' and « are the cooperativity factors
for the interaction between the allosteric ligand and radioligand
or unlabeled ligand, respectively. In all instances, the value of '
was not significantly different from 1 and was fixed as such for
all analyses.

Dissociation kinetic experiments were fitted to a monoexpo-
nential decay equation while concentration-response data gen-
erated from ERK1/2 phosphorylation assays were normalized
to the 10% FBS response and fitted to a sigmoid concentration-
response equation (20), see supplemental Table 2, as well as to
the following operational model of agonism (22),

Y =
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Y = Basal + (Eq.2)

where E_, is the maximal possible response of the system (not
the agonist), Basal is the basal level of response in the absence of
agonist, K, denotes the functional equilibrium dissociation
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constant of the agonist (A), 7 is an index of the coupling effi-
ciency (or efficacy) of the agonist. To define the E,, and 7 for
each mutant and assay, the K, for each agonist was constrained
to equal the Kj; value derived from radioligand binding assays
(see “Results”) in the nonlinear regression procedure.

All parametric measures of potency, affinity, operational effi-
cacy, and cooperativity were estimated as logarithms (23). A
one-way analysis of variance with a Dunnett’s post test was used
to determine statistical differences between the wild-type M,
mAChR and the M, mutants, where p < 0.05 was considered
significant.

RESULTS

Effects of Mutations on Orthosteric and Allosteric Ligand
Affinity—Fig. 1A shows a snake diagram highlighting the TM
helices of the M, mAChR and identifies the residues mutated in
the current study. Ile-Ile-Lys®>~°¢5=267) (E1), and Ser**® and
Asp**27-32) (E3/TM7 junction), were mutated to the equivalent
residues in the M, mAChR based on our recent finding that the
combined mutation of these residues can affect the potency of
LY2033298 in modulating ACh activity (10); in addition to the
triple substitution of Ile-Ile-Lys®*~9°¢5=267) ywe also made the
individual point substitutions. In the E2 loop, we mutated
Phe'®® to Ala because all mAChRs (except the M, mAChR)
possess an aromatic amino acid residue in this region, and it has
previously been shown that Tyr'”” in this position of M,
mAChR is important for the activity of prototypical mAChR
modulators, as well as the bitopic agonist, McN-A-343 (19, 24).
Finally, we created alanine substitutions of the following con-
served TM7 residues, Tyr*3°7-39, Cys*2(742) and Tyr**3743),
because these have previously been identified to be critical
for the binding and signaling of a variety of mAChR agonists,
suggesting that they may contribute to a global activation
switch (4, 17).

Radioligand saturation binding with the orthosteric antago-
nist, [’H]JQNB, demonstrated that each receptor was expressed
at approximately equivalent levels compared with the wild type
(Table 1). The affinity of [PHJQNB was also similar between
receptors, with the exception of Ile?***® — Thr and Ser**® —
Pro, where modest increases were noted (Table 1). Substitution
of Ile-Tle-Lys®3~9°¢5-267) for Thr-Val-Ile had no significant
effect on the binding affinity of any of the agonists tested (Table
1 and Fig. 2), although the individual mutation of Ile?**¢% —
Thr caused an increase in the affinity of xanomeline and McN-
A-343 for the M, mAChR.

In contrast, the mutation of Phe™®® — Ala had a striking
inhibitory effect on the affinity of LY2033298, as estimated by
application of a ternary complex model to the interaction
between the modulator, [PHJQNB, and ACh, where a pK value
for the modulator could not be determined (Fig. 3 and Table 1).
This latter finding could reflect an inability of LY2033298 to
bind to the mutant receptor, or it could be due to neutral coop-
erativity (&' = a = 1) between the modulator and both the
orthosteric radioligand and orthosteric agonist. To differenti-
ate between the two mechanisms, we examined the effects of
LY2033298 on the dissociation kinetics of another orthosteric
antagonist, [PH]NMS (which has substantially faster dissocia-
tion kinetics than [*’H]QNB); the interaction between [PH]NMS
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FIGURE 1. Mutations and ligands investigated in the current study. A, snake diagram of the M, mAChR highlighting mutated residues. B-E, structures of the
endogenous agonist, ACh (B), the M,/M,-preferring agonist, xanomeline (C), the functionally selective bitopic agonist, McN-A-343 (D), and the allosteric ligand,
LY2033298 (E).

TABLE 1
Equilibrium binding parameter estimates for ligands at M, mAChR constructs
Values represent the mean * S.E. from at least three experiments performed in triplicate.

[PHIQNB PK;*
Receptor S - Log o
B,.." pK} ACh Xanomeline McN-A-343 LY2033298
pmol/mg

M, WT 0.23 = 0.05 10.33 + 0.06 4.74 + 0.05 6.67 = 0.08 4.86 + 0.05 521 *0.15 1.72 £ 0.09 (53)
M, 193T/194V /K951 0.28 = 0.05 10.34 = 0.03 4.69 + 0.11 6.64 = 0.07 4.97 +0.02 4.82 = 0.36 2.14 = 0.17° (138)
M, 193T 0.28 = 0.05 10.76 *= 0.03¢ 4.97 = 0.04 7.22 + 0.11¢ 5.23 = 0.01° 5.36 £ 0.09 2.42 * 0.16° (263)
M, 194V 0.22 = 0.04 10.32 + 0.08 4.71 + 0.06 6.47 + 0.06 4.85 + 0.02 5.17 = 0.08 1.74 = 0.07 (55)
M, K951 0.25 = 0.03 10.21 = 0.10 4.86 + 0.05 6.38 = 0.05 5.01 = 0.02 5.20 * 0.14 1.24 £ 0.04° (17)
M, F186A 0.26 = 0.04 10.29 = 0.09 4.85 + 0.06 6.50 = 0.08 5.30 £ 0.04° ND/ ND

M, S428P 0.11 = 0.02 10.77 = 0.13¢ 5.14 = 0.03° 6.73 = 0.07 5.31 = 0.03° 517 = 0.15 1.81 £ 0.11 (65)
M, D432N 0.13 = 0.03 10.60 *+ 0.07 5.19 = 0.04¢ 6.72 = 0.08 5.15 = 0.01° 5.21 = 0.20 1.37 £ 0.04 (23)
M, Y439A 0.22 = 0.01 10.24 = 0.08 3.33 = 0.10° 6.30 = 0.07¢ 4.54 = 0.02° 5.84 £ 0.12 0.49 = 0.03° (3)
M, C442A 0.26 = 0.05 10.01 *+ 0.06 4.04 + 0.07¢ 6.33 = 0.10° 4.87 = 0.03 5.35 = 0.06 1.81 * 0.03 (65)
M, Y443A 0.17 = 0.05 10.22 *+ 0.09 3.36 = 0.01° 6.13 = 0.03¢ 4.44 + 0.10° 6.22 = 0.05° 1.16 £ 0.01° (15)

“ Maximum density of binding sites.

b Negative logarithm of the radioligand equilibrium dissociation constant.

¢ Negative logarithm of the unlabeled ligand equilibrium dissociation constant.

4 Logarithm of the cooperativity factor for the interaction between LY2033298 and ACh; antilogarithms are shown in parentheses.
¢ Significantly different (p < 0.05) from WT value as determined by one-way analysis of variance with Dunnett’s post-hoc test.
/ND, not determined.

and LY2033298 is characterized by weakly negative to almost  occupied receptor will be close to (albeit slightly below) its
neutral cooperativity (10, 12), and thus the potency of the mod-  affinity of the modulator for the allosteric site (25). As shown in
ulator to inhibit radioligand dissociation from the [PH][NMS-  Fig. 4, mutation of Phe'®® — Ala had a profound inhibitory
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The Tyr mutations also reduced the
binding of xanomeline and McN-A-
343 but not to the extent of the
effect on ACh (Fig. 2 and Table 1).
The binding of xanomeline was
weakly reduced at the Cys**>(7? —
Ala mutant, although McN-A-343
was unaffected. Interestingly, the
affinity of LY2033298 was only sen-
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sitive to mutation of Tyr**37-43 —
g { Ala, but in the opposite direction to

the other agonists, i.e. its affinity was
increased at this mutant by a factor
of ~10. Although this surprising
effect may suggest that Tyr**3-4%
represents another contact resi-
due for LY2033298, this cannot be

T the case because the residue has
3 been well established as a key con-
£ tact point for ACh (4, 18), and

T I LY2033298 prefers to bind to the
ACh-occupied receptor. Thus, the
alternative interpretation of this
finding is that the effect of the
Tyr***743 — Ala mutation is an

&
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FIGURE 2. Agonist affinity estimates are differentially modified by M, mAChR mutations. Bars represent
the difference in pKg of each agonist, derived using either a competitive or allosteric ternary complex model
(see “Experimental Procedures”), relative to the wild-type receptor value for that agonist. Data represent the
mean = S.E. of at least three experiments performed in triplicates. n.d. indicates that there was no detectable
binding; *, significantly different to wild-type, p < 0.05, one-way analysis of variance, Dunnett’s post-test.

effect on the ability of LY2033298 to reduce [’H]NMS dissoci-
ation, with a resulting pEC,, estimate of 4.0 = 0.1 compared
with 5.0 = 0.2 (n = 3) for the wild type. In contrast, this muta-
tion had no effect on any of the other agonists with the excep-
tion of McN-A-343, where a slight enhancement of its affinity
was noted (Table 1 and Fig. 2). Collectively, these results indi-
cate that Phe'®® is possibly a direct contact residue for the bind-
ing of LY2033298; the effect on McN-A-343 binding may be
indirect as this compound is bitopic and thus interacts appre-
ciably with the orthosteric site as well as an allosteric site (19).

Although our previous study suggested a possible role for the
combination of the E3/TM7 mutants, Asp***3? — Asn and
Ser*?® — Pro, in the functional potency of LY2033298, our
binding interaction study has now revealed no significant effect
of either (individual) mutation on the affinity of the modulator
for the M, mAChR allosteric site. This suggests that any func-
tional effect of these residues is likely to reflect a change in the
cooperativity between LY2033298 and ACh, or the signaling
efficacy of either ligand (see below); it is of note that these muta-
tions did have a slight but significant enhancing effect on the
affinity of ACh and McN-A-343 (Table 1 and Fig. 2).

As expected, mutation of the key TM7 residues, Tyr
Ala, Cys442(7'42) — Ala, and Tyr443(7‘43) —> Ala, had significant
inhibitory effects on the binding of ACh (Fig. 2 and Table 1).

439(7.39) _,
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indirect one through a network of
contacts onto the allosteric binding
pocket.

Effects of Mutations on Allosteric
Modulation—The interaction stud-
ies performed between [*H]QNB,
ACh, and LY2033298 afforded not
only the determination of modula-
tor binding affinity at the various M,
mAChR constructs but also the cooperativity between the
modulator and ACh. As illustrated in Fig. 3 for some of the key
mutations, the experimental paradigm involved the determina-
tion of L'Y2033298 titration curves in the presence of a fixed
concentration of both [?’H]JQNB and ACh; the allosteric effect
of LY2033298 on ACh affinity was inferred from the changes in
the ability of the orthosteric agonist to displace the radiolabeled
antagonist, and the parameters describing the interaction esti-
mated from the application of Equation 1 to this two-curve
design.

These studies revealed that a key effect of the triple Ile-Ile-
Lys?3-95(265-267Thr_Val-Ile substitution was to substantially
increase the positive cooperativity between LY2033298 and
ACh (Table 1). Analysis of the individual mutations indicated
that this was largely governed by Ile®***> — Thr (Fig. 3 and
Table 1), because [le**>°® — Val had no effect, whereas
Lys**@¢7 — [le actually reduced the cooperativity (Table 1).
We propose that this cooperativity affect is a key molecular
mechanism for the increase in functional L'Y2033298 potency
noted following mutation of these three residues in our initial
study of the effects of the modulator on ACh-mediated Ca>"
mobilization (10).

With regards to the role of the E2 loop, no interaction
between ACh and 1LY2033298 was noted at the Phe'®® — Ala
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/

mutant (Fig. 3 and Table 1),
because, as described above, this
residue is likely to constitute a direct
contact point for the modulator in
the allosteric binding pocket. In the
E3 loop/TM7 region, the mutation
of Asp*2(732 — Asn reduced the
cooperativity between ACh and

Log [LY2033298] (M)

LY2033298 from ~50-fold to ~20-
fold, although this was not statisti-
cally significant; Ser**® — Pro had
no effect on the binding cooperativ-
ity between the two agents.
Interestingly, both Tyr mutations
in TM7 resulted in a significant
blunting of the positive cooperativ-
ity between LY2033298 and ACh
(Fig. 3 and Table 1). Given that these
residues also have a profound effect
on the binding affinity of ACh, this
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suggests that they form a key region
in the network of interactions that
govern the transmission of cooper-
ativity between the orthosteric and
allosteric sites.

Effects of Mutations on Signaling
Efficacy—Finally, to investigate the
effects of the selected mutations
on the signaling capacity of the
M, mAChR, we determined the
concentration-response profile for

8
Log [vaosszsa] (M)

Il +ACh (WT)

mAChR. The competition between 100 pm [®

2"3 100
n
OF186A

§ 751
T
‘7_5 50- -
g
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Log [LY2033298] (M)

FIGURE 4. [*HINMS dissociation kinetic studies confirm that Phe®¢ likely
contributes to the allosteric binding site for LY2033298 at the M,
mAChR. Concentration-effect relationships for LY2033298 on the dissocia-
tion rate of [PHINMS at the wild type or F186A M, mAChR stably expressed in
membranes from Chinese hamster ovary-Flpin cells. Data represent mean =
S.E. of three experiments performed in triplicates.
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Log [LY2033298] (M)

[1+ACh (Mutant)

FIGURE 3. Identification of residues that govern LY2033298 affinity and cooperativity with ACh atthe M,
HIQNB and a fixed concentration of ACh was determined in the
absence (bars) or presence (circles) of increasing concentrations of LY2033298 at the indicated mAChR con-
structs. The fixed concentration of ACh was 10 um for all experiments except for F186A (30 um) and Y439A (1
mm). The curves drawn through the points represent the best global fit of an allosteric ternary complex model
(Equation 2) to each pair of datasets, with the cooperativity between LY2033298 and [*HIQNB (') fixed to a
value of 1. Data points represent the mean = S.E. of at least three experiments performed in triplicates.

7 6 5 4 ERK1/2 phosphorylation in re-
sponse to each of the orthosteric,
allosteric, and bitopic agonists. The
potency (pEC,,) and maximal ago-
nist effect (E,,,) parameters for
these studies are shown in sup-
plemental Table 2. However, be-
cause potency is a composite of both
affinity and signaling efficacy, we
applied an operational model of
agonism (Equation 2) incorporating
the pKy values determined for each ligand at each receptor
construct (Table 1) to estimate the effect of the mutation on the
operational efficacy () of each ligand, without the confounding
influence of any effects on affinity. The estimated log 7 values
are summarized in Table 2.

Interestingly, the effect of the E1 loop mutations on
LY2033298 efficacy trended with the effects noted on the
cooperativity with ACh, i.e. both the triple substitution (Fig.
6 and Table 2) and the individual 11e”3*?°% — Thr mutation
(Figs. 5 and 6 and Table 2) increased the operational efficacy
of LY2033298 as an agonist, whereas I1e***°® — Val had no
effect and Lys®***”) — Ile reduced allosteric ligand efficacy
(Figs. 5 and 6 and Table 2). This finding suggests that the
cooperativity between ACh and LY2033298 is linked to the
ability of the modulator to drive the receptor toward an
active state. However, there were no appreciable effects of
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these mutations on any of the other agonists, indicating a
degree of specificity for mediating allosteric, as opposed to
orthosteric, agonism.

TABLE 2
Coupling efficiency of ligands at M, mAChR constructs

Values represent the mean * S.E. from at least three experiments performed in
triplicate.

Log
Receptor

ACh Xanomeline McN-A-343 LY2033298
M, WT 233 £004 073*0.06 070*008 1.35=*0.07
M, 193T/194V/K951 2.62 +0.08 0.86*0.12 0.68*0.11 232=* 0.18%
M, 193T 239+006 044 +005 035+006 243 +021°
M, 194V 233*+0.07 072%019 0.52*0.09 1.23=*0.06
M, K951 2.02+0.03 066006 0.37*003 0.63=*0.07°
M, F186A 2.02*0.09 074=*=013 0.31*=0.08 ND*
M, S428P 1.87 +0.07 0.08 +0.01> 0.02+0.12° 1.28+0.18
M, D432N 216 +0.10 0.31*028 055*0.11 1.15=*0.17
M, Y439A 0.59 *+ 0.17°  0.11 = 0.14 ND ND
M, C442A 1.52 +0.14”> 0.65 = 0.10 ND 0.85 £ 0.30
M, Y443A 0.44 + 0.14* 0.54 + 0.76 ND ND

“ Logarithm of the operational efficacy parameter, 7, determined via nonlinear regres-
sion of the concentration-response data to an operational model of agonism.

? Significantly different (» < 0.05) from WT value as determined by one-way anal-
ysis of variance with Dunnett’s post-hoc test.

¢ND, not determined.

93T

PERK1/2
(% FBS)

As expected, mutation of Phe'®® — Ala in the E2 loop com-

pletely abolished functional responses to LY2033298 while
having no significant effect on any of the other agonists (Fig. 5
and Table 2). A slightly more complex profile of responses was
noted at the E3 loop/TM7 junction mutations, with no effect on
ACh, a small reduction in the efficacy of xanomeline and
McN-A-343 and, surprisingly, no substantial effect on the
signaling efficacy of LY2033298 (Fig. 5 and Table 2). Given
the overall modest nature of the effects of mutations in this
region on signaling, however, it is unlikely that these resi-
dues play a major role in the activation of the receptor by
either orthosteric or allosteric agonists, at least with respect
to ERK1/2 phosphorylation.

In contrast, the ability of all classes of agonists to stimulate
ERK1/2 phosphorylation was hindered following Ala substitu-
tions at Tyr*3*739 and Tyr***7*3, The effects on xanomeline
did not reach statistical significance, however, due to the large
errors associated with determination of response at this muta-
tion. Irrespectively, it is interesting to note that this latter ago-
nist was the most resistant to the mutations, whereas the

responses to ACh were markedly
diminished, and those of McN-A-
343 and LY2033298 were com-

o0 pletely abolished (Fig. 5 and Table
0 2). This finding suggests that these
aromatic residues likely contribute

JAWAEAN to a “global” activation switch that

affects the ability of both orthoste-
ric and allosteric agonists to acti-
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vate the receptor. Substitution of
Cys**2(742) — Ala had a variable ef-
fect on agonist efficacy, reducing ACh
and McN-A-343 efficacy, but having
no significant effect on xanomeline
and LY2033298 signaling.

DISCUSSION

Recent years have witnessed the
discovery of a number of novel

G 8% 8 7 % 5 4 selective agonists of the mAChRs,
Log [Agonist] (M) Log [Agonist] (M) particularly of the M, subtype, that
100.. have been proposed to achieve their

Y443A

754

pERK1/2
(% FBS)
¢

selectivity by virtue of an allosteric
mode of action (9, 26-28). How-
ever, a definitive demonstration
that these agonists activate the
O receptor and modulate the actions

25 of orthosteric ligands via a common

allosteric site (as opposed to sepa-

L n 4 o F 4 = X rate actions at both the orthosteric

Log [Agonist] (M) Log [Agonist] (M) and an allosteric site) is currently

lacking (19, 29). In contrast, we have

@ ACh [[JXanomeline AMCN-A-343 (OLY2033298 recently shown that LY2033298

FIGURE 5. Identification of residues that govern orthosteric and allosteric agonist signaling efficacy
at the M, mAChR. Peak levels of pERK1/2 were assessed as described under “Experimental Procedures”
and normalized to the response elicited by 10% FBS. The curves drawn through the points at each receptor
construct represent the best global fit of an operational model of agonism (Equation 1) to each family of
datasets, with the affinity of each agonist fixed to the pKg value determined in separate binding assays
(Table 1). Data points represent the mean = S.E. of at least three experiments performed in triplicates.
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indeed mediates both receptor acti-
vation and potentiation of the
actions of ACh at the M, mAChR
via the same, allosteric site on that
receptor (12). The discovery of
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Xanomeline

structural differences between the
mAChRs to accommodate such a
degree of selectivity via an allosteric
mechanism. Our earlier study thus

™ used M,/M, chimeric receptors to

L_'__I_I.‘T' M‘T'_T
*

identify potential residues involved
in the subtype-selective actions of
LY2033298 and identified muta-
tions in the E1 and E3 loops that
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resulted in gain and loss of function,
respectively (10). We have now
made a number of important find-
ings that place these previous obser-
vations in a new mechanistic light,
as well as highlighting a vital consid-
eration when performing struc-
ture-function studies of allosteric
ligands. First, the E1/E3 mutations
actually had little effect on the bind-
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ing affinity of the allosteric ligand to
the free receptor, suggesting that
they do not contribute directly to
the binding pocket for this modu-
lator. Second, the gain in function
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FIGURE 6. Agonist signaling efficacy estimates are differentially modified by M, mAChR mutations. Bars
represent the difference in log 7 of each agonist, derived from an operational model of agonism (see “Experi-
mental Procedures”), relative to the wild-type receptor value for that agonist. Data represent the mean = S.E.
of at least three experiments performed in triplicate. n.d. indicates that there was no detectable response; *,
significantly different to wild type, p < 0.05, one-way analysis of variance, Dunnett’s post-test.

LY2033298 as the first “pure” allosteric agonist and modulator
of an mAChR thus afforded the current opportunity to explore
molecular determinants that govern allosteric agonism at this
GPCR family and whether such mechanisms diverge from those of
orthosteric agonists. Our study has now identified important res-
idues of the M, mAChR that govern the binding of the modulator
to its allosteric site (e.g. Phe'®®), the cooperativity between the
modulator and the endogenous agonist (e.g. [le”>*¢), Lys>67),
and Asp**27-3?), and the ability of the modulator to drive the
receptor into an active state (eg I1e”>*®%), Tyr***739 and
Tyr**374%) The differential effects of some of these mutations on
orthosteric and a (putative) bitopic M, mAChR agonist, relative to
LY2033298, clearly indicate the potential for allosteric agonists to
promote unique states of a GPCR that are not necessarily shared
by other agonists. However, the finding that key residues ina TM7
activation region affect the efficacy of both LY2033298 and other
agonists suggests that there are also likely to be global activation
mechanisms shared by all GPCR agonists irrespective of the mode
of binding.

LY2033298 selectively potentiates the binding and function
of ACh at the M, mAChR, while having minimal to no effect on
this agonist at other mAChR subtypes despite being able to
bind to them (10).° This indicates that there are sufficient

V. Nawaratne, K. Leach, C. C. Felder, P. M. Sexton, and A. Christopoulos,
unpublished observations.
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mediated by mutation of the E1 loop
region is due to an increase in both
the positive binding cooperativity
between the modulator and ACh
(Log «, Table 1), and the intrinsic
efficacy of the LY2033298 as an allo-
steric agonist (Log 7, Table 2).
Moreover, this effect is attributable
to the single mutation of [le®**°> — Thr, because mutation of
11e”*%%) — Thr had no effect while Lys®***” — Ile actually
reduced the cooperativity and efficacy of LY2033298. Given
that this region did not affect the efficacy of the other ago-
nists, it also suggests that the E1 loop region may be a selec-
tive mediator of allosteric agonist signaling. Third, the loss in
functional cooperativity noted upon combined substitution
of Ser*?® — Pro or Asp**>7-3>) — Asn, in our original study,
could not be attributed to an effect of either mutation on
LY2033298 efficacy nor on the binding cooperativity
between LY2033298 and ACh. This lack of effect of the single
point Ser**® — Pro mutation is not surprising, given our
previous study that noted minimal effect of the mutation
alone on LY2033298-mediated Ca>" mobilization, but the
finding with the Asp*3?(7-3%) — Asn mutation was surprising,
given the large loss of functional allosterism noted in our
initial study (10). Thus, we interpret these findings to sug-
gest that this E3 loop residue is primarily involved in the
transmission of activation/functional cooperativity between
LY2033298 and the endogenous agonist, rather than binding
cooperativity or modulator affinity. Collectively, these
observations highlight the different mechanisms that can
underlie changes in the potency of allosteric modulators
when determined using functional approaches, and that a
change in potency does not necessarily reflect a change in
affinity of the modulator for the receptor.
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In contrast to the E1 and E3 loop mutations, we did identify a
key residue in the E2 loop that was essential for the binding of
LY2033298 to the M, mAChR. Alanine substitution of Phe'®®
profoundly reduced the binding of LY2033298 to the receptor,
suggesting that this residue may act as a direct contact residue
in the binding site of LY2033298. In the M, mAChR, the equiv-
alent Tyr'”” in the E2 loop is important for the binding of pro-
totypical allosteric modulators, such as C,/3-phth, and for the
functional selectivity that is part of the mechanism of action of
the bitopic agonist, McN-A-343 (19, 24). Similar to observa-
tions made for Tyr177 —> Ala at the M, mAChR, we found only
a moderate (3-fold) change in the binding affinity of McN-A-
343 upon alanine substitution of Phe'®® in the M, mAChR. In
contrast to the M, mAChR, however, the efficacy of McN-A-
343 was not significantly altered, suggesting that McN-A-343
interacts with the M, mAChR in a different manner to the M,
mAChR. This may also explain, at least partly, why McN-A-343
is more efficacious at the M, mAChR than at the M, mAChR.
Not surprisingly, there was no effect on the binding and func-
tion of the other agonists, indicating that Phe'®® in the E2 loop
is primarily essential for the binding of LY2033298. This adds to
the growing body of evidence pointing to a key role of the E2
loop in the action of mMAChR modulators. In this regard, it is of
note that a recent study of a novel allosteric potentiator at the
M, mACAhR, benzyl quinolone carboxylic acid, also found that
the equivalent aromatic residue in the E2 loop of that receptor
(Tyr'”®) was vital for modulator potency (30).

In addition to regions of the receptor that were primarily
important for the actions of LY2033298, we also identified res-
idues in TM7 that were critical for the activity of all classes of
agonist. Perhaps unsurprisingly, these residues are completely
conserved across all five mAChR subtypes. As expected, alanine
substitution of two of these, Tyr***73? and Tyr***"*%, caused
asignificant reduction in the binding affinity of ACh, highlight-
ing their likely roles as contact points for the endogenous ago-
nist. The Cys**?*? — Ala mutation resulted in a smaller
reduction in ACh binding, suggesting that this residue does not
directly contribute to the binding pocket for ACh. Inhibitory
effects of the Tyr*3°739), Cys*2(742 and Try**3"** substitu-
tions on xanomeline and McN-A-343 binding were smaller
than those observed for ACh, consistent with the hypothesis
that these compounds likely adopt different poses within the
orthosteric pocket of the receptor compared with the endoge-
nous agonist. In contrast, these mutations either had no effect
(Tyr**°739 — Ala and Cys***"*? — Ala) or caused a surpris-
ing increase (Tyr**37*3 — Ala) in the affinity of LY2033298 for
the receptor; given the location of these residues, we did not
anticipate any direct effects on the binding affinity of the mod-
ulator. The magnitude of the effect of the Tyr**343) — Ala
suggests that this residue either promotes some sort of steric
hindrance to the binding of the modulator in the more extra-
cellular regions of the receptor, which is unlikely given that the
residue is a direct contact point for ACh, or more likely contrib-
utes to modulator binding via a network of, currently unknown,
interactions.

Despite the differential effects of the TM7 residues on ligand
binding affinity, the common observation for all agonists was
that this region was important for their signaling efficacy. The
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pronounced effect on ACh signaling, especially upon mutation
of the Tyr residues, was not surprising given similar findings at
other mAChRs (4). However, the substantial impairment in the
signaling of LY2033298 and McN-A-343, together with the
more modest effects on the signaling of xanomeline, is a novel
finding consistent with the hypothesis that GPCRs possess glo-
bal activation switches that can be engaged irrespective of the
binding locus of the agonist (31).

In summary, we have identified key regions in the M,
mAChR that are involved in the selective binding and signaling
of LY2033298, and in the transmission of binding and efficacy
cooperativity between the orthosteric and an allosteric binding
site. We have also identified Tyr”-*® and Tyr”** to be key acti-
vation switches that trigger global receptor activation irrespec-
tive of whether the agonist is orthosteric, allosteric, or bitopic.
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