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Summary

Muscarinic M1-M5 acetylcholine receptors are G protein-coupled receptors (GPCRs) that regulate
many vital functions of the central and peripheral nervous systems. In particular, the M1 and M4
receptor subtypes have emerged as attractive drug targets for treatments of neurological disorders,
such as Alzheimer's disease and schizophrenia, but the high conservation of the acetylcholine-
binding pocket has spurred current research into targeting allosteric sites on these receptors. Here,
we report the first crystal structures of the M1 and M4 muscarinic receptors bound to the inverse
agonist, tiotropium. Comparison of these structures to each other, as well as the previously
reported M2 and M3 receptor structures, reveals differences in the orthosteric and allosteric
binding sites that contribute to a role in drug selectivity at this important receptor family. We also
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report identification of a cluster of residues that form a network linking the orthosteric and
allosteric sites of the M4 receptor, which provides new insight into how allosteric modulation may
be transmitted between the two spatially distinct domains.

The M1 — M5 muscarinic acetylcholine receptors constitute an important family of Class A
GPCRs activated by the neurotransmitter, acetylcholinel. Both the M1 and M4 receptors
have been associated with learning, memory, and cognition?2 and have emerged as attractive
targets for the treatment of various central nervous system disorders, including Alzheimer's
disease, schizophrenia and drug addiction*®. However, the orthosteric acetylcholine-binding
site is highly conserved, and the clinical translation of compounds targeting these receptor
subtypes has remained largely unsuccessful due to adverse side effects from off-target
activity at peripheral M2 and M3 receptor subtypes’-9. Encouragingly, muscarinic receptors
possess spatially distinct allosteric binding sites that offer greater potential for selective
receptor targeting10-12, and the M1 and M4 receptors are prime examples where highly
selective positive allosteric modulators (PAMs) with central nervous system activity and
preclinical efficacy have been identified*13-17,

To date, however, the structural basis of drug action at these receptor types has been largely
restricted to mutational analyses8-21, with the only reported muscarinic receptor crystal
structures being of the M2 and M3 subtypes?223, Thus, to better understand the molecular
basis for orthosteric and allosteric drug interactions with the M1 and M4 receptors, we
sought to obtain high-resolution x-ray crystal structures of both subtypes. To gain additional
insight into potential mechanisms of allosteric modulation, we complemented our findings
with active-state homology modelling to rationalize the effects of targeted mutations on the
interaction between a well-characterized PAM and acetylcholine at the M4 receptor.

Crystallization of the M1 and M4 receptors

To determine the structures of the M1 and M4 muscarinic receptors, we utilized protein
engineering and lipidic cubic phase methodology?4:2°. Both receptors were crystallized in
the presence of the high affinity and clinically utilized inverse agonist, tiotropium (Spiriva®),
to stabilize the inactive-state. Intracellular loop 3 (ICL3) of the M1 receptor was replaced
with a T4 lysozyme fusion protein, and in the case of the M4 receptor a minimal T4
lysozyme (mT4L)26 fusion was utilized to aid crystallization (Extended Data Fig. 1). It was
also necessary to remove the first 21 residues of the N-terminus from the M4 receptor to
improve diffraction. The M1 receptor was also crystallized with the N2Q and N12Q
mutations to remove glycosylation sites, and, unintentionally, an N110Q3-37 mutation.
Importantly, the binding affinities of [SHJQNB (M1 receptor), [BHJNMS (M4 receptor),
acetylcholine or tiotropium were not significantly different at either fusion construct when
compared to the wild-type receptor, suggesting that the alterations did not perturb the
orthosteric site; the M1 N110Q3-37 mutation also had no significant effect on receptor
functionality in the absence of T4 lysozyme (Supplementary Table 1). The M1 and M4
structures were subsequently determined to a resolution of 2.7 A and 2.6 A, respectively
(Extended Data Table 1).
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Comparison of muscarinic receptor structures

Overall, the structures of the M1 and M4 receptor are similar to the previously solved
inactive M2 and M3 receptors?2:23, with similar positioning of the seven-transmembrane
(TM1-7) bundle and root mean squared deviations of 0.6 — 0.9 A (Fig. 1a). Subtle
differences between the receptors are observed on the extracellular and intracellular sides
(Fig. 1b,c) corresponding to regions that are least conserved across the muscarinic subtypes
(Extended Data Fig. 2). For example, the M2 receptor differs from the other receptors in the
tilt and position of TM1 and TM7 (Fig. 1a,b). Notably, the M1 receptor was co-crystallized
with a FLAG peptide co-bound on the intracellular side, which makes extensive contacts
with TM6 and ICL3 (Extended Data Fig. 3a,b), and likely contributes to observed
differences in TM5, TM6, and a variable linkage between TM7-helix8 (Extended Data Fig.
3c). The M1-N110Q3-37 mutation has little effect on the M1 structure other than creating a
slight bulge in TM4 due to the loss of a hydrogen bond with $4°3 (Extended Data Fig. 3d).
More interestingly, the M4 receptor was crystallized with an intact ionic lock (Extended
Data Fig. 3e) a feature uncommonly seen in other GPCRs and not present in the other
muscarinic structures. It is important to note that the observed differences in the intra- and
extracellular sides of the receptor occur in regions that are solvent accessible or are involved
in crystal packing interactions, which could contribute to the observed perturbations between
subtypes; however, none of the crystal packing interactions grossly affect the structure or the
core of the receptor.

Like the inactive M3 receptor, the M1 and M4 receptors were crystallized in complex with
the inverse agonist, tiotropium, and this binding site is buried deep within the
transmembrane core (Fig. 1d). The binding pose of tiotropium and surrounding residues
between these three structures is nearly identical (Fig. 1d-f), which is not surprising given
the near absolute conservation of residues lining the orthosteric site in the muscarinic family
(Extended Data Fig. 2). However, this high degree of sequence conservation does not
preclude the possibility of differences in tertiary structure with respect to the orthosteric site.
Indeed, one surprising difference is a change in the rotamer of D1123-32 of the M4 receptor
(Fig. 1 f,g); a residue that is conserved throughout the biogenic amine GPCRs and serves as
the counter ion for positively charged neurotransmitters?’. This rotameric change points
D1123-32 away from tiotropium and is accompanied by slight movements of Y4397-39 and
Y443743  allowing them to form a network of hydrogen bond interactions between D1123-32
and S85257, W1083-28, Y4397-39 and 443743, which is distinct from the M1, M2 and M3
muscarinic receptor structures (Fig. 1g).

Further comparison of the M1, M3 and M4 tiotropium bound structures with the M2
receptor, which was crystallized with the structurally similar inverse agonist, QNB, also
reveal considerable differences around residues D3-32, Y739 and Y743, These three residues
surround the amine group, which is slightly more bulky for QNB than tiotropium (Fig. le-
g). Indeed, previous mutagenesis studies?® on the M1 receptor revealed ligand specific
changes in binding affinities of NMS and QNB upon mutation of Y7-3% and Y743 to alanine.
For the ligand NMS, which has a structurally similar tropane ring to tiotropium, a 25- and
48-fold loss of binding affinity was observed for the Y7-39 and Y743 mutations, respectively,
whereas little effect was observed for QNB. This suggests a potential role for these two
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residues in stabilizing different inactive-state conformations with QNB potentially making
compensatory interactions unavailable to NMS. The fact that the orthosteric site of the M4
receptor is in some ways closer to the M1 than the M2 subtypes may also allow some
rationalization of the relative subtype selectivity for canonical orthosteric antagonists such as
pirenzepine, which has long been known to have a rank order potency of
M1>M4>M3>M22°, We performed induced fit docking (IFD) experiments of the antagonist
into the inactive-state structures of the M1-M4 receptors. The overall poses for pirenzepine
were very similar, with slight variability in the positioning of the methylpiperazine moiety
(Extended Data Fig. 4a). However, there were still distinct differences in the orientation of
residues D332 and Y7-39 between the M1, M3 and M4 subtypes versus the M2 receptor, with
D332 oriented towards and Y7-39 away from the methylpiperazine group in the M2 IFD
(Extended Data Fig. 4b). These differences should be interpreted with caution, as it is
possible they reflect a restricted sampling in the IFD protocol, and may not be reflective of a
genuine M2 specific preference. Nevertheless, these results suggest that the differences in
positions of D3-32 and Y7-39, which surround the methylpiperazine group, could contribute to
the marked difference in potency for pirenzepine between the M1 and M2 subtypes?®.

Allosteric binding and cooperativity

A comparison of all four solved muscarinic receptor structures illustrates the strikingly high
degree of conservation of the residues comprising the orthosteric site (Fig. 2, green), thus
providing a structural basis for the difficulty in achieving subtype selectivity when targeting
this region. In contrast, muscarinic receptors possess a large extracellular vestibule that
contains residues contributing to an allosteric site. As shown in Fig. 2 (blue), comparison of
these residues reveals a striking divergence between subtypes, due to differences in amino
acid composition (Extended Data Fig. 2) and likely additional tertiary structure changes that
arise as a consequence of the dynamic nature of the extracellular loop regions. Also shown
in Fig. 2 (yellow) are residues that have been previously suggested to form the “roof” of the
orthosteric site and “floor” of the allosteric site20:30, These “shared” residues show an
intermediate degree of tertiary structure divergence between subtypes when compared to the
orthosteric and allosteric site residues, and are conserved among all five subtypes with the
exception of the M2 receptor where L in ECL2 is replaced by F.

Comparison of the electrostatic surface potential of each receptor (Fig. 3) also reveals
distinct differences in both the shape and charge distribution of the allosteric site and can
explain why some of the best-studied muscarinic receptor allosteric modulators are cationic
compounds3L. For example gallamine32, a prototypical negative allosteric modulator of
muscarinic receptors, has a binding potency order of M2 > M1,M4 > M3,M523, The acidic
EDGE sequence (Fig. 3b) of the M2 receptor has been shown to be important for gallamine
affinity and cooperativity, and indeed, replacement of M1 residues LAGQ with the EDGE
(Fig. 3b) significantly improved gallamine affinity at the M1 receptor33.

Interestingly, inspection of our M4 receptor data also revealed that the precipitant,
polyethylene glycol 300 (PEG 300), is able to occupy the allosteric binding site of the
inactive-state receptor (Extended Data Fig. 5), a finding consistent with the recent structure
of the M3-mTA4L receptor8. Surrounding the PEG 300 molecule are residues that form the
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allosteric site from the top regions of TM2, TM3 and TMs 5-7 (Extended Data Fig. 5b).
Furthermore, PEG 300 sits immediately above the aromatic cage composed of Y1133-33,
Y416%-51, Y4397-39 and Y443743 (Extended Data Fig. 5a). These residues have been
implicated in regulating the dissociation of antagonists from the orthosteric binding site34,
and we confirmed the ability of PEG 300 to act as an allosteric modulator in its own right
through its ability to retard the dissociation of [BHJNMS in a concentration-dependent
manner with a calculated apparent affinity of approximately 10 mM for the [SH]NMS-
occupied M4 receptor (Extended Data Fig. 5c,d).

Our finding above illustrates an inherent difficulty in obtaining inactive-state structures with
prototypical negative allosteric modulators bound in the open muscarinic extracellular
vestibule, as PEG 300 is a required precipitant and is present at concentrations of over 1.0
M. However, a recent breakthrough was the solution of the active-state structure of the
related M2 muscarinic receptor bound to a high efficacy agonist, iperoxo, in the absence or
presence of the PAM, LY2119620, which preferentially bound in a more tightly closed
vestibule that arises in the active-state35. Because the M4 receptor is most closely related to
the M2 subtype, and M4 receptor PAMs are highly pursued as novel therapeutic agents*36,
we undertook a combined mutagenesis and molecular modelling study to complement our
structural work and gain additional insights into mechanisms governing positive allosteric
modulation at this muscarinic receptor subtype.

We investigated the interaction between the well-characterized PAM, LY203329813-15.20.21
and the cognate agonist, acetylcholine. Based on the recent structure of the active M2
receptor bound to the LY 2033298 congener, LY21196203%:37:38 it is likely that such PAMs
bind to an essentially pre-formed closed state of the extracellular vestibule. As such, residues
whose mutation might alter the cooperativity between acetylcholine and LY2033298 fall into
three general categories: (i) those that make tighter contacts with the ligands in the closed
state than the open state, (ii) those that are immaobilized by the binding of either ligand, such
that the entropic cost is paid by the first binding event, (iii) non ligand-contact residues that
alter the free energy of activation of the receptor and thus the open to closed transition. We
chose to focus on residues within and between the extracellular vestibule and orthosteric
sites, which are likely to reflect the first two categories; mutagenesis of non-contact residues
that govern the free energy of receptor transitions are beyond the scope of the current work.

Because prior mutagenesis studies suggested a role for aromatic residues in receptor
interaction with LY2033298, we generated alanine mutations of selected aromatic residues
near the top of the receptor and applied an allosteric ternary complex model to the data
(Methods) to determine the effect of each mutation on the affinity of acetylcholine (Ka) or
LY 2033298 (Kp) for the free receptor and the magnitude of positive cooperativity (a)
between the two ligands. We also chose to investigate selected (non-aromatic) residues that
line the proximal and distal ends of ECL2, given the important role this region plays in the
binding of modulators to the extracellular vestibule18:39-41. The results of these experiments
are summarized in Supplementary Tables 2-4 and include prior mutagenesis results from our
laboratory for the same set of ligands. To rationalize our findings, we used the recent active
state M2 receptor structure as a template to generate a homology model of the M4 receptor
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bound to acetylcholine and LY2033298, and compared this to our inactive state crystal
structure (Fig. 4, Extended Data Fig. 6).

The most dramatic effect on the affinity of the PAM was noted upon mutation of W4357-35
at the top of TM7, with a complete loss in LY2033298 binding, similar to our previous
observations?! upon alanine substitution of F186ECL2 (Fig. 5, Extended Data Fig. 7, and
Supplementary Tables 3-4). Alanine mutations of residues Y1133-33, Y416%-51 and Y4397-39,
which form the roof of the orthosteric site led to significant decreases in cooperativity. A
slight increase in modulator affinity and significant decrease in cooperativity was also noted
with mutation of Y8926 together with our prior identification of residues W1083-28 and
1.1093-29 as likely contributors to the PAM binding pocket29. Comparison of our inactive
state structure to the active state model now provides a mechanistic rationale for our
findings, specifically a contraction of the extracellular vestibule that results predominantly in
an inward movement of N423%-58 F186ECL2 and W4357-35 allowing nt-stacking interactions
to occur with the modulator in the active state (Fig. 4b). With regards to the acetylcholine-
binding pocket, there is a contraction of the pocket mediated by an inward movement of the
top of TM6 to accommodate the large difference in size between acetylcholine and
tiotropium resulting in significant movement of residues Y4166-51, N4176-52 \WW4136-48 and
Y4397-39 (Fig. 4c). Additionally, D1123-32 is reoriented to interact with the choline head-
group of acetylcholine, and is no longer stabilized by the same hydrogen bond network that
is seen in the inactive state (Fig. 1g).

Importantly, mapping of the amino acid residues that significantly affect the cooperativity
between acetylcholine and LY2033298 upon mutation also identified, for the first time, a
network that appears to link the allosteric and orthosteric sites, involving the interface
between TMs 2, 3, 6 and 7, and extending along the top of ECL2 (Fig. 5; orange coloured
residues); this network is consistent with views of allosteric modulation that propose a
preferred energetic link between orthosteric and allosteric sites*2 but, to our knowledge, has
never been directly mapped before in a GPCR. Interestingly, a comparison of the side chain
locations between the inactive M4 structure and active M4 model for residues in the
allosteric network reveals that the majority of residues at the TM2/3/7 interface that
contribute to cooperativity are not predicted to undergo appreciable movement between
states, whereas comparison of residues further away from the interface (F186ECL2, Y4166-51,
N4236-58 and W4357-35) are predicted to move significantly between the two states
(Extended Data Fig. 8). The TM2/3/7 interface, which forms part of the hydrophobic core of
the receptor, may act as a hinge mediating conformational rearrangements in the
extracellular vestibule between the inactive (open extracellular vestibule) and active (closed
extracellular vestibule) states of the receptor. Disruption of this hinge by mutagenesis alters
the packing interactions within the interface and might change the energetic barrier between
the open and closed conformations of the receptor leading to either an increase or decrease
in PAM cooperativity. Thus, binding of a PAM to the allosteric site might stabilize the
conformation of the allosteric network residues that are otherwise found in a more dynamic
state. Presumably, structures of the inactive state and active M4 model described here
represent the lowest energy conformations, as they were obtained using crystallography, or
are based on the x-ray structures of the active M2 receptor3® (Extended Data Fig. 8).
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Another noteworthy feature of LY2033298 is that it is selective towards the M4 receptor
versus the M1 receptor when tested against acetylcholine!®. This difference in selectivity
could arise either through differential binding affinities of LY 2033298 or through a
difference in the cooperativity between LY2033298 and acetylcholine between the two
subtypes (Extended Data Fig. 9).

Conclusions

Muscarinic receptors remain important drug targets, and designing molecules to selectively
target the orthosteric binding site has proved challenging, as highlighted by the lack of
prominent differences between the receptor subtypes. Alongside the previously determined
M2 and M3 structures, the M1 and M4 structures presented here now offer a near complete
view of the inactive state of this important subfamily of GPCRs. Excitingly, comparison of
these structures clearly reveals a divergence in residues lining the allosteric site, highlighting
the importance of this region for designing selective drugs. Moreover, our enriched
structure-function analysis of the M4 receptor indicates that it is possible to combine crystal
structure and mutagenesis data to uncover new insights into GPCR allosteric modulation,
and our results point to the TM2/3/7 interface as a network for further studies on the
mechanistic basis of allostery at Class A GPCRs. Together with the recent solution of the
inactive M2 and M3 receptors, as well as the active and PAM-bound M2 receptor, our study
has contributed to an emerging picture of mechanisms of allostery at a therapeutically
important receptor family that may facilitate the design of novel agents targeting a variety of
CNS disorders while avoiding peripheral off-target effects.

Methods

M1 and M4 receptor expression and purification

The human M4 muscarinic receptor gene (cdna.org) was cloned into a modified pFastBacl
vector to give a receptor containing an amino-terminal FLAG epitope tag and a carboxyl-
terminal 8 x histidine tag. Residues 226-389 of ICL3 were removed and replaced by a
minimal Cys-free T4 lysozyme fusion protein26. The human M1 muscarinic receptor gene
was also cloned into the modified pFastBacl vector, and residues 219-354 of ICL3 were
removed and replaced by a Cys-free T4 lysozyme fusion protein. Both fusion proteins were
expressed using the Bac-to-Bac Baculovirus Expression System (Invitrogen) in Sf9cells.
Cells were infected at a density of 4.0-5.0 x 10° cells mL-1, treated with 10 UM atropine,
and harvested at 60 hours. Receptor was solubilized and purified in the presence of
tiotropium as previously described for the M322 receptor using Ni-NTA chromatography,
FLAG affinity chromatography, and size exclusion chromatography. The N-terminus of the
M4 receptor was removed by cleavage with HRV 3C protease at a concentration of 2%
(w/w) during concentration of the receptor prior to size exclusion chromatography (~2hr at
4 °C). Post size exclusion chromatography, purified receptor was concentrated to 85 AU
(~50 mg mL1) and flash frozen in small aliquots using liquid nitrogen.
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Pharmacology of crystallization constructs

Sf9 cells expressing wild type M4 or M4-mT4L receptor, as described above, were pelleted
and washed with PBS three times for 1 h each to remove any bound atropine. Cells were
resuspended in binding buffer (10 mM HEPES pH 7.5, 100 mM NacCl, and 10 mM MgCI2)
and flash frozen with liquid nitrogen. Saturation binding assays were carried out using
approximately 20,000 cells per well with 9 different concentrations of [SH]NMS in a total
volume of 0.5 mL for 3 h at 37 °C. Competition binding assays with acetylcholine and
tiotropium were carried out in the presence of a fixed concentration of [3BH]NMS over 10
different concentrations of ligand for 3 h at 37 °C. Non-specific binding was measured in the
presence of 10 uM atropine, and reactions were harvested by rapid filtration through GF/B
filters. Data were analysed using Prism 6.0d. Similar methods were applied for binding
assays using wild type M1 and M1-T4L, except that [SH]JQNB was used as the radioligand.

Crystallization

Purified M1-T4Letiotropium and M4-mT4Letiotropium were crystallized using lipid cubic
phase technology. Each receptor was reconstituted by mixing the protein solution into 10:1
(w/w) monoolein:cholesterol (Sigma) in 1:1.5 parts w/w protein:lipid ratio using the two-
syringe method?4. For the M1 receptor, samples of 50 nL (20-40 nL for M4) were spotted
onto 96-well glass plates and overlaid with 800 nL (600 nL for M4) of precipitant solution
for each well using a Gryphon LCP (Art Robbins Instruments). Glass plates were then
sealed using a glass cover film and incubated at 20 °C. Initial crystals for the M1 receptor
formed after 24 hours in conditions containing 33% PEG 300, 100 mM sodium acetate, and
100 mM Bis-Tris Propane (pH 8.0). For the M4 receptor, initial crystals formed after 24
hours in conditions containing 25-40% PEG 300, 50-100 mM EDTA (pH 8.0), and 100 mM
MES (pH 5.5-6.5). M1 and M4 crystals were harvested using mesh grid loops (MiTeGen)
and stored in liquid nitrogen before use.

Data collection, processing, and structure determination

X-ray diffraction data were collected at the Advanced Photon Source at Argonne National
Laboratories at GM/CA beamline 23I1D-D. Crystals were located by initial rastering using an
80 um by 30 um beam with five-fold attenuation and 1 s exposure. Regions that contained
strong diffraction were then sub-rastered using a 10 um collimated beam with five-fold
attenuation. Data were then collected with the 10 um beam using no attenuation with 1-2
second exposures and 1 degree oscillations. To prevent radiation damage, data were
collected in wedges of 3-10 degrees before moving onto either a different site on the same
crystal or a new crystal. Diffraction data were processed using HKL2000 (M1 receptor) or
XDS46 (M4 receptor) and statistics are summarized in Extended Data Table 1. Both
structures were solved by molecular replacement using Phaser4’. For the M1 receptor, the
inactive M3 structure?2 (PDB: 4DAJ) was split into its receptor and T4L components and
used as corresponding search models. The refinement was carried out using Refmac548 with
manual building in coot#?. For the M4 receptor, the inactive M2 structure?3 (PDB: 3UON)
and the inactive M3-mT4L26 (PDB: 4U15) were used as search models for the receptor and
mT4L fusion domains, respectively. The resulting model was completed by iterative
refinement in Phenix°% and manual building with Coot#. MolProbity®! was used for
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structure validation, and figures were prepared using PyMol®2. Final refinement statistics are
reported in Extended Data Table 1.

Induced fit docking of pirenzepine

Molecular

Molecular

The inactive state structures of M1, M2, M3 (PDB 4U15, chain B) and M4 (chain A)
receptors were processed by the protein preparation wizard of the Schrodinger 2014-2
suite®3, after deleting the lysozyme insertion region. Missing sidechains were added by
Prime and hydrogens refined by minimization with the OPLS2.1 force field. Binding grids
were defined using the default settings in Glide, centering the grid on the crystallized
orthosteric ligand in each case. The PEG ligand in the extracellular vestibule of M3 and M4
receptors was deleted before grid generation. The ligand, pirenzepine, was treated with
ligprep software to generate initial protonated 3D structures. Compound structures were
docked using the induced fit docking protocol with default settings, which involves the use
of the OPLS_2005 force field to refine residues around poses docked by Glide SP, followed
by redocking into the generated receptor conformations, also with Glide SP. The poses with
the lowest induced fit score were selected. This scoring function takes into account an
estimate of the protein conformational penalty along with a protein-ligand interaction
docking score.

modelling of active M4 receptor

A homology model of a human active-state M4 receptor was constructed using the Prime
program implemented in Maestro version 2014.1 from Schrodinger. The crystal structure of
the M2 receptor with an orthosteric and allosteric agonist bound (PDB: 4MQT) was used as
a template to build the M4 model. The M2-M4 sequence alignment generated by Prime
needed no adjustment due to the overall significant sequence homology between the two
isoforms. The initial M4 receptor model was built with the allosteric ligand (LY2119620)
present in the M2 crystal structure bound in the M4 allosteric site and with iperoxo bound in
the orthosteric site (as also present in the M2 structure). The binding mode of LY 2119620 in
M4 was used as a guide to manually dock LY2033298 into the M4 allosteric binding site. In
addition, iperoxo from the M4 model was manually modified into acetylcholine (ACh). The
M4-ACh-LY 2033298 complex was then subjected to 500 steps of energy minimization
(MacroModel implemented in Maestro 2014.1 from Schrodinger>3) in order to optimize key
interactions in the binding sites. The resulting model of ACh and LY2033298 bound to M4
was used in subsequent modelling studies described in this paper.

modelling of active M1 receptor

The active state of the M1 receptor was modelled based on the active state structure of M2
bound to iperoxo (PDB: 4MQT), using the automated protein structure homology modelling
web server Swiss-Model®45%, The nanobody structure was removed and the resulting
coordinates were used as a template to model the M1 primary sequence without intracellular
loop 3 residues (resi: 213-240). The model was built using Promod-I1, minimized by
steepest descent energy minimization using a GROMOS96 force field and the quality was
assessed by the QMEAN scoring function. ACh and LY2033298 were docked in the M1
homology model using Swiss-Dock®®, using steric and chemical considerations such as
shape, charge complimentary, and keeping the protein structure constant. The top scoring
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clusters were evaluated manually based on chemical and steric considerations to pick the
favourable pose. Due to static docking, the top four ACh poses did not affect the docking
results for LY2033298. For ACh, the selected pose is in the trans conformation similar to the
M4eACheLY2033298 model. Finally, the structures with the ligand were energy minimized
using Chimera with standard Steepest Descent and Conjugate Gradient steps.

Receptor mutagenesis and generation of cell lines

DNA encoding the human M4 mAChR with a triple HA20 or cmyc?! tag at its amino
terminus was subjected to QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA)
to generate M4 mAChR sequences with the desired amino acid substitutions. DNA
constructs in pEF5/frt/V/5 (Invitrogen) were stably expressed in FlpIn™ CHO cells, which
were maintained in high-glucose Dulbecco's modified Eagle's medium containing 10% FBS,
16mM HEPES, and 400 ug/ml hygromycin B.

Radioligand binding assays

Cell membranes were prepared as described previously#7. [BH]QNB affinity (KA) at the
M4 WT receptor and mutants was determined by saturation binding assays, performed by
incubating varying concentrations of [BH]JQNB with 10-100 pg of membranes at 37 °C for 1
h, in a final volume of 0.5-1 ml binding buffer (20 mM HEPES, 100 mM NaCl, and 10mM
MgCI2 at pH 7.4).

Radioligand inhibition binding assays were performed by co-incubating 10-100 ug of
membranes with a K concentration of [3HJQNB (determined in saturation assays,
Supplementary Table 2) and varying concentrations of the non-radiolabeled test compound
in 0.5-1 ml binding buffer in the presence of the guanine nucleotide, GppNHp (100 uM),
which was used to promote receptor-G protein uncoupling. These experiments determined
the concentration of ACh that inhibited 20% [H]QNB binding, defined as the I1Cyq
concentration of ACh, which was used in subsequent interaction studies between [3H]QNB,
ACh, and LY2033298. These experiments were performed by co-incubating 10-100 ug of
membranes, an 1C»q concentration of ACh, and a Ka concentration of [PHJQNB with
increasing concentrations of LY2033298 in binding buffer containing GppNHp (100 pM).
The reaction was left to reach equilibrium for 3 h at 37 °C. For all experiments, nonspecific
binding was defined in the presence of 10 uM atropine, total binding was determined in the
absence of the test ligand, and vehicle effects were determined with 0.1% DMSO. The
assays were terminated by vacuum filtration through GF-B glass fibre filters, which were
washed three times with ice-cold 0.9% NaCl. [BH]QNB radioactivity was measured using a
Packard 1600 TR liquid scintillation beta counter. Due to a lack [BH]JQNB binding, affinity
data for W164A%>7 were determined from functional pERK1/2 experiments performed as
previously described20:21,

Data Analysis

Data were analysed using Prism (GraphPad, San Diego, CA). For radioligand saturation
binding, nonspecific and total binding data were analysed as described previously®8.
Inhibition binding curves between [3H]QNB and ACh were fitted to a one-site binding
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model®®8. Interaction experiments between [3HJQNB, ACh and LY 2033298 were fitted to the
following allosteric ternary complex model20.21.59:

Y= BIIl‘(LX[A]
K, K [, [B] , o[1B]
[ (e ) (iR )

where Yis the specific radioligand binding, Bmax is the total number of receptors, [A], [B],
and [I] are the concentrations of radioligand, allosteric modulator, and unlabeled orthosteric
ligand, respectively, Ka, Kg, and K are the equilibrium dissociation constants of the
radioligand, allosteric modulator, and unlabelled orthosteric ligand, respectively, and a’ and
a are the cooperativity factors between allosteric modulator and the radioligand or unlabeled
orthosteric ligand, respectively. The value of a’ was taken as 1 when the binding of
[3H]JQNB changed by less than 10% at 10> M LY 2033298 relative to zero LY2033298, and
was fixed as such for all analyses. Otherwise, the value of a’ was determined using a global
fit to the allosteric ternary complex model. Statistical differences between pharmacological
parameters at WT versus mutant M4 receptors were determined by oneway ANOVA with
Dunnett's post hoc test, where p<0.01 was considered statistically significant.
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Extended Data Figure 1. Crystallization construct design, purification and crystallization
a-b, Crystallization constructs used for the (a) M1 receptor and (b) M4 receptor. All

constructs contain an N-terminal FLAG epitope (coloured yellow), C-terminal histidine tag
(coloured purple), and a T4L lysozyme fusion protein (coloured red). For the M4 receptor,
initial constructs diffracted out to 4 A, however, the diffraction data appeared to suffer from
a lattice translocation disorder and were unsolvable. The final crystallization construct
contained a shortened N-terminus with a HRV 3C cleavage site shown in dark green and a
minimal T4 lysozyme fusion (mT4L)25, shown in red. ¢, Snake-plot diagram of the best
diffracting M4 mAChR construct coloured according to (a). Residues coloured blue are
single point mutations from this study, and residues coloured orange are previously studied
mutations2%-21, d, Size exclusion chromatography trace of purified monodispersed M4-
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mT4L bound to tiotropium. e, Crystals of M4-mT4L obtained in lipidic cubic phase and

observed under circularly polarized light.
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Extended Data Figure 2. Sequence conservation across the muscarinic receptor subfamily
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a-c, The sequence alignment of the human M1 — M5 receptors (d) was determined on the
ConSurf server to calculate amino acid conservation scores®0:61, Conservation scores for
each residue were mapped52:63 onto the M4 structure and coloured as a gradient from blue
(highly conserved) to red (least conserved) with views from the (b) extracellular and (c)

intracellular sides. The radius of the cartoon increases as the residues at each position

become more poorly conserved. Tiotropium and PEG 300 from the M4 structure are shown
as spheres and coloured with carbon in white, oxygen in red, nitrogen in blue, and sulphur in
yellow. d, Amino acid sequences of the human M1-M5 receptors were aligned using the
ClustalW?2 serverb4. Alpha helical regions are shown as blue boxes as determined by the
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consensus of the M1-M4 structures. The most conserved residue in each TM (X.50) is in
bold lettering. Regions of the N-terminus, C-terminus and ICL3 regions are removed for
space and clarity. Insertion points of the T4 lysozyme fusion proteins between TM5 and
TMG6 are underlined with bold lettering. Residues from the orthosteric binding-site are
highlighted in red and allosteric binding-site residues in blue. Residues that contribute to
both sites are coloured in yellow.

Extended Data Figure 3. Distinct structural features for the M1 and M4 receptors
The receptors shown are aligned and coloured as in Figure 1. a,b, The M1 receptor was

crystallized with the FLAG peptide (DYKDDDD; coloured cyan sticks) co-bound on the
cytoplasmic surface. Residues of the M1 receptor within 4 A of the FLAG peptide are shown
as magenta coloured sticks with views from the (a) membrane and (b) cytoplasmic side. c,
The linkage between TM7 and helix 8 of the M1 receptor undergoes a bend starting with a
change in rotamer of residue Y7-33, which may be a result of perturbations in TM6 due to the
FLAG peptide. d, The M1-N110Q3-37 mutation causes a slight bulge in TM4 due to the loss
of a hydrogen bond with $#-53, e, Chain B of the M4 receptor has an intact ionic lock with
R3:50 forming hydrogen bonds with T8-34 and E6-30,
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Extended Data Figure 4. Induced fit docking of pirenzepine into the M1-M4 structures

The receptors shown are aligned and coloured as in Figure 1. a, Superposition of the poses

of pirenzepine from the IFD experiments. b, Comparison of the pirenzepine poses for the
M1 and M4 receptor with residues that contribute to the orthosteric site of the M1-M4
receptors (several residues omitted for clarity).
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Extended Data Figure 5. PEG 300 occupies the allosteric binding site of the inactive M4 receptor
a, The cross section of the solvent accessible surface area of the M4 receptor is coloured

blue. Tiotropium and PEG 300 are shown as spheres with respective carbons coloured white
and peach. The aromatic cage of covering tiotropium is highlighted in orange b, View from
the extracellular side with residues that contact PEG 300 shown as spheres. ¢, Dissociation
kinetics of [BHJNMS in the presence of PEG 300. [*H]NMS was incubated with M4-mT4L
membranes at 37 °C for 3 h, followed by addition of 10 uM atropine + PEG 300 at the
indicated concentrations and time points. Representative data from three experiments,
performed in duplicate, fit to a one phase exponential decay are shown. d, PEG 300 has an
apparent binding affinity for the NMS-occupied receptor of approximately 10 mM (LogICsq
=-1.95+0.02).
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Extended Data Figure 6. Ligand interaction diagrams for the M4 receptor
a,b The molecular interactions between the (a) orthosteric and (b) allosteric binding sites are

shown by the program MOE®® for the inactive (M4stiotropium structure) and active states
(M4 acetylcholine «LY2033298 model). Residues with a bold outline were selected in this
study or others2%:21 as single point mutations.
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Extended Data Figure 7. Identification of key residues that govern LY2033298 affinity and
binding cooperativity with acetylcholine (ACh) at the M4 receptor

Competition between a fixed concentration of [BHJQNB and increasing concentrations of
ACh (black circles), LY2033298 (blue triangles) or LY2033298 in the presence of an 1C20
concentration of ACh (red squares) are shown. The curves drawn through the points
represent the best global fit of an extended ternary complex model. For data sets where the
binding of [BH]QNB changed by less than 10% at 10> M LY 2033298 relative to zero
LY2033298, the value of o’ was fixed to 1 (connecting line shown). Data points represent
the mean + s.e.m. of at least three experiments performed in triplicate.
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Extended Data Figure 8. Comparison of cooperativity network residues between the inactive and
active-states

a,b, Chemical structures of (a) the M4 ligands used in this study and (b) the M2 ligands
from the active-state crystal structures (PDB: 4MQT and 4MQS). c-f, Mapping of the
allosteric network onto the (c,d) inactive M4 structure (blue residues), M4 active-state model
(orange residues) and (e,f) the inactive (yellow residues) and active-state M2 structures
(magenta and green residues) with views from the (c,e) membrane or (d,f) extracellular
surface. Ligands are coloured according to element: carbon, cyan; oxygen, red; nitrogen,
blue; sulphur, yellow; chlorine, green.
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Extended Data Figure 9. LY2033298 binding to active-state M1 and M4 models
Comparison of active-state M1 (green) and M4 (orange) models bound to LY2033298 and

acetylcholine, with acetylcholine and LY2033298 shown as sticks and coloured according to
element: carbon, white; oxygen, red; nitrogen, blue; sulphur, yellow; chlorine, green. Several
residues surrounding LY 2033298 are shown as sticks and coloured according to receptor.
M4-N4236-58 js predicted to undergo significant movement between the inactive and active
states to form a hydrogen bond with the methoxy group of LY2033298. In the M1 receptor
this residue is a serine (5388%-8) and is unable to form a similar hydrogen bond. However,
mutation of N423%-58 to alanine at the M4 receptor results in no loss of LY2033298 affinity,
but does result in a 6-fold loss in cooperativity between acetylcholine and LY2033298
(Supplementary Table 3). This is suggestive of selectivity being derived through
cooperativity as a possible mechanism between the M1 and M4 receptors. Additional
determinants for M1 and M4 selectivity could also arise through differences in residues on
TMs 2 and 7, which contribute to (1932-6%) or sit proximal to (D4327-32 and S4367-36) the
allosteric network.
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Extended Data Table 1
Data collection and refinement statistics

. *
Data collection

M1-T4Lstiotropium

M4-mT4Letiotropium

Beamline GM/CA GM/CA
23-1D-D 23-1D-D
Number of crystals 8 64
Space group P2,2,2 P12,1
Cell dimensions
abcA) 58.0, 72.2, 175.7 48.5,172.0,60.7
a, B,y (®) 90, 90, 90 90, 94.4, 90
Resolution (&) 30.00-2.70 (2.80-2.70)  28.99-2.60 (2.69-2.60)
Rmerge (%) 15.5 (83.6) 21.3(94.7)
<lfo> 8.7 (1.9) 8.2 (1.5)
CCypz (%) N.D.7 99.0 (54.5)
Completeness 97.1(98.2) 99.7 (97.9)
Multiplicity 4.3(4.2) 13.1(4.9)
Refinement
Resolution (A) 30.00-2.70 28.53-2.60
No. of reflections working / test set 19,223/1,011 30,299/ 2,146
Ruork/Réree (%) 2281275 22.7124.0
No. of atoms (Chain A / Chain B)
Protein 3439 3058 /3115
Ligands 210 176 /167
Average B-factors (Chain A / Chain B; A2) 73.6 74.0/70.5
Receptor 62.5 63.9/64.6
T4 lysozyme 64.4 99.5/85.3
Tiotropium 66.5 4741479
Allosteric site PEG 300 - 74.9/81.6
Waters 58.1 53.7/46.7
Other ligands 74.8 80.8/78.4
RMS deviation from ideality
Bond length (A) 0.009 0.002
Bond angles (°) 1.39 0.61
Ramachandran statistics?
Favored regions (%) 96.2 99.2
Allowed regions (%) 3.6 0.8
Outliers (%) 0.2 0.0

*
Highest shell statistics in parenthesis

fN.D., Not determined, because the structure was solved before CC1/2 values were introduced 7 1.

JtAs calculated by Molprobity
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Figure 1. Structural comparison of the M1-M4 receptors
a, The overall view of the muscarinic structures is shown as cartoons aligned to the M3

receptor, with the M1 coloured in green, M2 in yellow (PDB: 3UON), M3 (PDB: 4U15,
chain A) in orange and M4 (chain A) in blue. Root mean squared deviations for the
alignment (excluding T4L fusions) of M1, M2 and M4 versus the M3 receptor are 0.86 A,
0.81 A, and 0.62 A, respectively. The ligand, tiotropium, for the M4 receptor is shown as
sticks and coloured according to element: carbon, light blue; oxygen, red; nitrogen, dark
blue; sulphur, yellow. b,c Comparison of the views from (b) the extracellular side and (c) the
intracellular side d, M1 and M4 residues involved in tiotropium binding are shown as sticks
(several residues are omitted for clarity). The black dashed line indicates a bidentate
hydrogen bond between N®-52 and tiotropium. e, Superposition of tiotropium from the M1,
M3 and M4 structures and QNB from the M2 structure. The arrow indicates the main
structural difference between tiotropium and QNB. f, Comparison of the orthosteric binding
site of the M1-M4 receptors with orthosteric site residues shown as sticks. g, The rotameric
change of D1123-32 js stabilized by a network of hydrogen bonds.
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Figure 2. Comparison of orthosteric and allosteric binding site residues across the M1-M4
receptors

a,b The M1 — M4 receptors are aligned to the M3 muscarinic receptor (PDB: 4U15, chain
A) and are shown as grey coloured cartoons with views from the (a) membrane and (b)
extracellular side. Residues in ECL2 are numbered relative to the position of the disulphide-
bonded cysteine. Carbon atoms are coloured by site with the orthosteric residues in green,
dark blue for allosteric conserved residues, light blue for allosteric nonconserved residues,
and yellow for residues that contribute to both sites. Oxygen atoms are coloured red,
nitrogen blue, and sulphur yellow. Non-conserved residues are labelled according to either
the most common residue or by the residue at the M4 receptor. Residues K862 (M1), D-63
(M1) and S8-63 (M3) are shown as alanine due to a lack of electron density on the side
chains.
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Figure 3. Electrostatic and surface properties of the different muscarinic receptor structures
a, Electrostatic potentials (+ 5 kT/e in blue and — 5 kT/e in red) mapped on the surfaces of

the M1 — M4 receptor structures calculated at pH 7.0 using the programs PDB2PQR43:44
and APBS*. b, Residues in ECL2 that make up the EDGE sequence at the M2 receptor and
the corresponding regions at the other subtypes are shown as sticks. Negatively charged
residues in the sequence alignment are coloured red.
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Figure 4. Model of an active M4 receptor bound to acetylcholine and LY2033298
a, Comparison of the M4stiotropium receptor structure (blue) versus an active-state model

(orange) bound to acetylcholine and LY2033298 based on the active
M2eiperoxoeLY2119620 structure (PDB: 4MQT) as viewed from the membrane. The active
M4 model was aligned to the M4stiotropium structure (chain A, excluding T4L) with a root
mean squared deviation of 0.9 A. b,c Cross-sectional views of the (b) allosteric site and (c)
orthosteric site as viewed from the extracellular side with a 90° rotation relative to the
membrane from (a). Residues surrounding each site are shown as sticks (several removed for
clarity). Acetylcholine and LY2033298 are shown as (a) spheres or (b,c) sticks and coloured
according to element: carbon, cyan; oxygen, red; nitrogen, blue; sulphur, yellow; chlorine,
green. Acetylcholine is in the trans conformation and aligns in a similar pose to iperoxo (c,
transparent yellow sticks).
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Figure 5. A cooperativity network at the M4 receptor
a, Changes in either LY 2033298 binding affinity (ApKB, coloured black) or cooperativity

(ALog a, coloured orange) relative to wild-type M4 are shown for each mutation. Mutations
that differ significantly from wild type are indicated by asterisks. Cooperativity and binding
values for F186*1 and W4357-3% were not determined due to a lack of LY 2033298 binding
(see Supplementary Tables 2-4). b,c Residues from (a) were mapped onto the M4 active-
state model and coloured as orange sticks with translucent spheres with views from (b) the
membrane and (c) the extracellular side. LY2033298 and acetylcholine are shown as sticks
and coloured the same as in Figure 4.
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